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ABSTRACT

STOCHASTIC PROGRAMMING MODELS FOR SUSTAINABLE
ISSUES: EARTHQUAKE AND FOREST FIRES

This study introduces a stochas_tic’ programming (SP) approach for modelling
sustainable development issues under uncertainty. The aim is to point out how to apply SP
for high risk >with low probability events and how to form the best combination of
mitigation alternatives by using SP logic. Two different problem areas are selected in this
study, namely earthquake and forest fire hazards in Istanbul and its vicinity. For the
earthquake risk mitigation problem, event based scenario approach is developed, and an SP
model is proposed. The notion of utility theory with SP model is applied in the earthquake
risk mitigaﬁon problem. First, we define mitigation alternatives, and the problem of
choosing an alternative out of eight alternatives is described to minimize earthquake risk at
sustainable level. Then, we develop an SP model including the cost of building démages,
loss of lives, infrastructure damage, and the benefit of insurance return for each scenario. It
is shown that “relocation” and “rebuild” options decrease the effect of big earthquakes at
high marginal levels, and buying insurance is more useful especially in case of medium
intensity levels of earthquake risk. In the second part, a different SP approach which is the
time based scenario approach, is applied for the forest fire problem, where time periods
separate stages. This‘modelsearches effective controlling for the forest-level under the risk
of uncertain fire losses. After the problem definition, an SP model is developed to explain
strategies for adaptation to stochastic fire loss. Harvest and enhancement are the decisions
to be made before the fire whereas regeneration and rehabilitation are made after fire. The
important results are that buffer st_ock area should be set in order to reduce fire loss effect
on harvest quantity, and the application of mitigation techniques is effective to reduce fire
loss. Furthermore, it is sho§vn that the stochastic programming approach is a useful method

for solving real life risk mitigation problems.



vi

OZET

DOGA OLAYLARI iCIN STOKASTIK PROGRAMLAMA
MODELLERi‘: DEPREM VE ORMAN YANGINLARI

Bu calisma, belirsizlik faktoriinii igeren kit kaynaklarin iyilegtirilmesi konularim ve
bu kaynaklarla ilgili ¢evresel problemleri modellemek amaciyla bir stokastik programlama
yaklagimini anlatmaktadlr. Calismanin ana amact, stokastik programlama mantigim yiiksek
risk ve diisiik olasilik igeren g¢evresel olaylara nasil uygulayabilece_:gimizi ortaya koymak ve
stokastik programlama yontemini kuflanarak riski ~ azaltict alternatiflerin en iyl
kombinasyonlarlm belirlemektir. Bu gallsméda, ‘istanbul ve ¢evresinde meydana
gelebilecek deprem ve orman yangin: risklerini modelleyen.iki farkli problem uygulamasi
secildi. Deprem riskini azaltma problemi i¢in olay bazh senaryo yaklagim gelistirildi, ve
bu yaklagim1 uygulayan bir stokastik programlama modeli Snerildi. Sonuglarin analizinde
kolaylik icin fayda teorisi yaklagimi stokastik programlama modeli igine dahil edilmistir.
Bu modelde, her bir senaryo igin sigorta segenegiﬁdén elde edilen fayda dikkate almp
deprem riskini azaltic1 sekiz alternatiften en iyi kombinasyon bulundugunda; yasam kaybi,
alt yap1 ve bina hasar maliyetlerini igeren bir stokastik pfogramlama modeli geligtirildi. Bu
model, yer degistirme ve yeniden imar alternatiflerinin biiyitk depremlerin riskini ve
kayiplarmi yiiksek marjinal seviyelerde diigiirdiigiinii ve 6zellikle orta siddetli deprem riski
icin de sigofta yaptlfmamn oldukga faydali bir alternatif oldugunu ortaya koymaktadir.
Aragtrmanin ikinci boliimiinde, orman yangimi problemi i¢in zaman bazli senaryo
- yaklasimini igeren farkli bir stokastik programlama konsepti uygulanmustir. Bu model,
belirsiz yangin risklerine sahip ormanlar igin etkin bir kontrol yontemini aragtirmaktadir.
Stokastik yangin kayiplarin1 azaltici ‘yenileme ve rehabilitasyon segenekleri modelde
dikkate almmuistir. Béylece, bu strafejilerin agag kesim miktarim olumsuz etkileyen yangin
risklerini azalttif1 gt‘)rﬁlmﬁstﬁr. Genel olarak, bu calismada stokastik programlama
kavramimn gergek hayattaki yiiksek risk iceren problemlerin ¢6ziimii igin etkin bir yéntem

oldugu kamtlanmgtir.
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1. INTRODUCTION

In recent years, sustainable development issues including management of restricted
natural resources, natural and men-made hazards, and eéological systems have become
more important. Especially during the last two decades, both men made and natural
disasters occurred more frequently and harmed the balance of environment and people’s
lives at the highest level. Actually, human lives and environment can be considered
together because there is a vital loop and a direct relationship between them. Sustainable
issues cover all the hazards or activities which directly or indirectly affect environment, but
they also contain social factors. Thus, environmental protection and resource conservation

are still challenges faced by scientists and authorities in the public and private sectors.

It is well-known that many studies of management, optimization, and problem
solving through conventional linear programming techniques were undertaken in the real
world. However, linear programming techniques assume that all of the problem or system
requirements are known at deterministic level. That is in conflict with the real life practice
because there is always uncertainty in the real world. As it is estimaté,d, the value of
information about future events is very high in order to overcome uncertainty. Moreover, it
is very complex and costly to organize real data. Beqause of the complexity and uncertainty
in the prescribed environment, there is always a demand for studies that incorpofate various
sustainable issues within a general framework and evaluate policy responses efficiently to
address the analysis of those problems. To cope with uncertainty, one of the most effective
techniques is the stochastic programming apprdach proposed in this study since it handles

the problem without distorting its uncertain nature.

In this study, we focus on earthquake and forest fire hazards at sustainable level by
mitigating their risks. The maiﬁ reason for choosing those issues is that big earthquakes
occurred in Turkey in receﬁt years, and there is a high probability of a major earthquake.
Furthermore, forest fires occur very frequently in Turkey, threaten human and wild life, and
affect the level of timber supply. In addition, spatial and temporal variations exist in many

components of those two ‘problerr'ls. For example, in case the of earthquakes, the



occurrence of earthquake, its time, magnitude, and impact level are not known before it
happens. In the forest fire problem, fire loss is highly variable and has a destructive effect
on trees. Thus, the main aim is to reduce or eliminate high risks in those events by taking
some kinds of precaution before those natural disasters happen. The actions taken before an

hazardous event are more effective than the actions taken during or after those events.

Two stochastic mathematical models are proposed based on the notion of risk
mitigation for earthquake and forest fire problems by considering the basic concepts of
stochastic programming approach. The main difference between those two models is that
the earthquake risk mitigation model is event based whereas the forest fire risk' mitigation

model is time based. Moreover, the utility idea is included in the earthquake model.

This study is organized as follows: Firstly, it defines the main topics which are
earthquake and forest fire problems, their features and basic properties of stochastic
programming in Chapter 2. Then, a brief literature review is included about stochastic
programming, sustainability, earthquake and forest fire separately in Chapter 3. Chapter 4
consists of discussions about the mathematical stochastic earthquake model, mitigation
options, scenarios, specific assumptions, definition of variables and constraints. Moreover,
the experimental 4design and computationa1 results of earthquake risk mitigation model are
given in this chapter. The development of the mathematical model, required data,
experimental design and computational results of forest fire risk mitigation model are

studied in Chapter 5. Finally, concluding remarks are given in Chapter 6.



2. PROBLEM DEFINITION

United Nations Brundtland Report defines sustainable development as ““development
that meets the needs of the present without compromlslng the ability of future generations
to meet their own needs”. The main underlying and simple idea of that definition is equlty,
common usage of world resources including natural resources within and between
generations, and inter-generation equity. Hence a policy for sustainable development is
typically defined as one that leaves future generations with the opportunity to attain similar
or higher levels of well-being than the present one. In an economic sense, “opportunities”
which are left to future generations depend on the total stock of wealth they inherit,
including natural (resource and environmental) capital as well as man-made physical and
human capital. “Social capital” that means social values and institutions could also

importantly influence sustainable development.

A Kkey issue is the degree of substitutability of the various forms of capltal To the
extent they are substitutes, sustainability can be achieved by balancing a decline in natural
capital by a proportionate increase in man-made capital. This is the “weak” concept of
sustainability. The “strong” concept requires that some level of the stock of natural capital
be preserved under any circumstance. In reality some forms of natural capital are critical
for development and can be replaced with man-made capital to only a limited extent, while
others are more fully substitutable. Most non-renewable resources are of the former
category, as are renewable and environmental resources that are prone to very slow
regeneration processes (fishery, forestry, biodiversity, ozone layer, etc.). As long as science
is unable to provide reliable rules for sustainable depletion paths or viable alternatives for
these forms of natural capital, depletion of non-renewable resources could present a high

cost for future generations, because of irreversibility

By taking these issues into consideration globally, various countries signed Kyoto
agreement, and tend to obligate its rules and organize their laws accordingly. The basic
idea of Kyoto Agreement is about how prices could better reflect the social costs of

environmental damage including through subsidy reduction, the role of better exploitation



of knowledge, technology and innovation for resource productivity, and improved

measurement of performance.

The main concern is to keep natural resources at a low level in order to guarantee the
survival of lives for future. However, there are always hazards both natural and man-made
that threaten environment and ecology. Such hazards are earthquakes, ozone depletion,
pollution in air, contamination in water, energy management, radiation spread, floods,
hurricanes, forest fires, global warming etc. Those hazards result in disaster that means any
occurrence causing damage, ecological disruption, loss of human life, deterioration of
health and health services on a scale sufficient to warrant an extraordinary response from

outside the affected community or area.

Most of those hazards have high catastrophic risks, which are characterized by their
less frequent but bulky damages. In order to cope with the risks of disasters, an effective
disaster management which reduces the risks by mitigation should be built. The disaster
management should cover all the layers of a public that include formal and informal
organizations, individual responsibilities of people so on so forth. So it is the vital pdint
that develops mitigation alternatives and policies' in order to overcome and reduce the
impacts of disasters in the presence of life and property. Policies aiming at cost-
effectiveness are important to achieve sustainability as they allow faster wealth
accumulation. There is often considerable uncertainty in the nature of disasters which
affect sustainable development issues and policies. Thus, we propose to use the notion of

stochastic programming in sustainable development issues.

Big earthquakes which occﬁrred' in various places all éver the world in recent years
causéd very high damages. The scientists have been working on earthquake estimation,
which is still very difficult to achieve. Thus, in spite of trying to know the certain
‘occurrence of earthquake, it becomes more important to reduce the risks of earthquakes by
mitigating. If the correct action is done at correct time, there is no more loss of lives and
aam_age even in case of big earthquakes. Rebuilding based on earthquake proof design,
retrofitting, relocation, taking earthquake insurance etc. are some of mitigation options

which can be made before the earthquake. In this research, we focus on the evaluation of



disaster mitigation activities by using stochastic programming idea instead of estimating
occurrence of earthquakes. The intensity of an earthquakes depends on the some special
geographic features of the affected area such as macro-seismic intensity, magnitude of
earthquakes, the seismic activity, frequency of strong earthquakes, the scheme of

lineaments, solidification and structure of land, and epicenter distance.

The second part of this study deals with forest fires. There are also unsystematic and
systematic risks in forests. Unsystematic risks cause independent variations among stands
such as genetic and site variations, whereas systematic risks cause correlated variation
among stands which are fire flaps, insect epidemics, windthrow. It is necessary to
investigate the effect of fire loss at the forest level because fire loss is highly variable and

has the potential to destabilize the structure of forest which is related to timber supply.

In the literature, there are four different forest management models which are with
~and without fire. Those management models are stand level rotation with age control,
forest-level regulation with area control, forest-level simulation with volume control, and
forest-level optimization. The main focus is the forest level optimization model, in which
the stands grow one age class to another class until they are harvested as the time period
passes. If they are harvested, the area returns to the starting point which means that the area
starts self regeneration. This loop continues unless there is a fire. If a fire occurs, the loop is
broken, and the area returns to the starting point unexpectedly. Some treatment actions are
taken to renew the burned areas such as regenerationr and rehabilitation rather than self

regeneration feature.

We can consider‘ forest risk having three modules: 'ﬁr\e risk which is likelihood of a
fire étarting, fire hazard which is the potential fire behavior, and the value of a forest at
risk. Forest value depends on age, species, silviculture, productivity, location, and terrain.
Then, the loss is calculated by subtracting salvage area after the fire from the economic

value»of forest.

Another striking difference is that our earthquake problem is modeled as stochastic

programming with simple recourse whereas the forest fire model is considered as



stochastic programming with complete recourse. In the earthquake mod_el; our first stage
decision is the implementation of mitigation alternatives, and the second stage decisions
are building and infrastructure damages and loss of life in the presence of mitigation
alternatives. In the forest model, harvest and enhancement is the first stage decisions, and
in addition to rehabilitation énd regeneration decisions, harvest and enhancement decisions

are also considered as the second stage decisions.
2.1. Overview of Stochastic Programming

Linear and integer pro'gramming models have been very’useful techniques to solve
problems for many years. Those techniques are based on the assumption that their model
parameters are known and the decisions should be made in deterministic environment.
However, all of the real life problems have uncertainty feature. It causes that the decisions
in real life are made. in very complex and costly environment. To reduce the complexity of

real life problems, they can be transformed to deterministic equivalent problems.

The conCept of solving the problems which have uncertain parameters was born as
“stochastic programming”. Dantzig [1] and Beale [2] introduced stochastic programming
withA recourse as a optimization technique dealing with uncertain pafameters and data. This
technique possesses some characteristic of dynamic programming but more advanced with
simulation. This technique brings meaningful and robust solutions to real life problems.
However, mostly it causes the solution to be far away from optimal solutions. Sometimes,
there can be infeasibility because many oﬁtcomes can occur and affect the objective

function. Methods to overcome infeasibility afe discussed in Birge and Louveaux [3].

In presence of uncertainty, many realizations of a given system are generally
possible. In such cases, a questio_n érises over the specification of the objective function
when a deterministic optimization model is used to represent a stochastic system. Future
uncertainties have usually been examined individually throilgh deterministic (alternate)
scenarios. However, such scenario analyses have a drawbgck: whenever two contrasted
scenarios require us to behave widely different in the immediate future (i.e. prior to the

resolution of uncertainty), this leaves us in a dilemma, since in real life only one set of



 actions may actually be selected. This is precisely what the SP paradigm attempts to clarify,
by merging two or more alternate scenarios in a single model, and by recémmending
actions which are optimal in the preéence of uncertainty. In addition, SP will always select
a single course of action at all periods prior to the resolution of the uncertainty. It is

therefore more realistic than the traditional scenario analysis.

-SP has the scenario-based approach, which implies that it summarizes all possible
results for an event within the écenario framework. Thus, the scenario-based approach
attempts to represent a random parameter by forecasting all its possible future outcomes.
The main drawback of this technique is that the number of scenarios increases
exponentially with the number of uncertain parameters leading to an exponential increase
in the problem size. SP is a mathematical (i.e. linear, integer; mixed-integer, nonlinear)

programming technique but with a stochastic element present in the data.

SP is basically structured in the format of stages, such that stages and their decisions
follow each other respectively. The simplest form of SP is a two-stage program, in which

the set of decisions is divided into two parts:

o A nur-nber of decisions have to be made before the stdchastic experiments. In other
words, we know.some certain parameters at first , and we make our decisions in
accordance with those parameters. This stage is called as the “first stage”. Decisions
made in first stage are called first stage or design variables. (xeRN1, where RN1 is
the first stage matrix) _

e A number of decisions can be taken after the experiment. Those are called the
“second stage decisions, and the corresponding period is called “second stage”. The
decisions are also called the control or recourse variables. (yeRN2, where RN2 is the

second stage matrix)

Since infeasibility can occur frequently in those problems, in the second stage we
need to use recourse to a further degree of flexibility. In this second stage, the decisions

will be dependent on the particular realization of the stochastic elements observed.



2.1.1. Relationship between Deterministic and SP Models

An SP model can be considéred as a Linear Programming (LP) model extended and
refined by the introduction of uncertainty (see Figure 2.1). More precisely, the underlying
LP optimization model is extended by taking into account the probability distribution of the
LP coefficients which are random variables. Such distributions are provided by models of

randomness (implemented in scenario generators), which are specific to the particular

optimization problems under investigation.

Modelling of

Random Parameters

SP
Modelling

LP
Modelling

y
Scenario Analysis

Expected Value
Two Stage Recourse Problem
Multistage Recourse Problem

Chance Constraints Problems

Figure 2.1. Overview of SP models

Therefore, it is always possible to identify an underlyihg deterministic model (also
called the core model), which captures the logical structure of the problem as well as the
dynamic relationships within decision variables, their bounds and the objective function. In
a scenario-based recourse problem; for instgnce, the core represents the model aséociated

with a particular sequence of realizations of the random parameters (scenario).



2.1.2. Underlying Deterministic Model

The core model of the underlying deterministic model could be linked to the model

of randomness in two ways:

e Making variables, parameters and constraints explicitly parametric in the scenario

index.

e Marking the appropriate coefficients as random parameters in such away that they

can be treated implicitly

The first approach requires that a scenario dimension must be introduced a priori and
precludes the possibility of describing models with continuous distributions; it also implies

the replications of variables and constraints.
2.1.3. Definition of the Random Structure

Once the underlying deterministic problem has been implemented, it is necessary to
merge it with the information related to the model of randomness which characterizes the

problem. The items of information can be summarized as follows:

e Scenario tree représents the structure of the event tree for scenario-based problems.

e Stages show the time horizon of the underlying dynamic linear program can be
partitioned into decisional stages. 4

e Scenarios probability shows the (discrete) probability distribution associated with the
scenarios.

o Scenario dimension identifies a scenario index for scenario-based problems.

e Time dimension is the index uéed to describe the temporal horizon in the underlying
model needs to be uniquely identified.

. Random data defines and marks the random parameters of the problem.
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Parameters
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Constraints

Scenario
Probabilities

Parameters

Objectives
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Constraints

Figure 2.2. Construction scheme of SP models

2.1.4. Classification of SP Models
SP models can be classified as shown in Figure 2.3, and will be described briefly.

2.1.4.1. Distribution Problems: The optimization problems which provide the distribution

of the objective function value for different realizations of the random parameters and also

 for the expected value of such parameters are broadly known as the distribution problems.

- Expected Value Problem: The Expected Value (EV) model is constructed by
replacing the random parametérs by their expected values. Such an EV model is thus a
linear program, as the unéertainty is dealt with before it is introduced into the underlying

| linear optimization model. It is.common practice to formulate and solve the EV problem in

order to gain some insight into the decision problem given by:

Z =min cx

subject to
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x>0 ' 2.1

where 4 € Rmxn; c,x € Rn; beR"

[ . SP Problems j

v

Recourse ‘ [ Chance J
Problems Constraint Problems
@it and Seej @xp‘ected Val% [Distributiorﬂ : [Scenario-basedj

based : v

Figure 2.3. Taxonomy of SP problems

h 4
Distribution

Problems'

Let (Q,3,P) denote a (discrete) probability space where &(w), ®eQ denote the
realizations of the uncertain parameters. Let us denote the realizations of A, b, ¢ for a given

event ® as

E() or £ = (4:5,0) @ ' 2)

The associated probabilities of these realizations are often denoted as p(&(w)) or
P¥(w) For notational convenience we denote these probabilities as p(w). Let the feasible

regions corresponding to the problem stated in (2.1) and (2.2) be defined as
F®={x| Ax= b, x 20} for (4,b,¢) 0 &(®) 2.3)
 We can reconsider (2.1) as an expected value or an average value problem where:

(4.5,¢c)=E=E[E)]=2oen p®)Ew)
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and the optimization problem is defined by

Zpy=mincx

where x € F= ‘{x| Ax =b}y (2.4)
where xgp* denotes an optimal solution to the above problem.

This solution can be evaluated for all possible realizations &(w) | ®eQ. We can thus
~ determine the corresponding objective function values and compute the expectation of the

expected value solution:
Zggy = Elc(®) xpr*] | (2.5)

If for some weQ., xgy*¢ F w, that is xgp* is not feasible some realizations of £(w) of

the random parameters, we have

Zggy —>t ‘ , . (2.6)

Wait and See Problems: Wait and See (WS) problems assume that the decision-
maker is somehow able to wait until uncertainty is resolved before implementing the
optimal decisions. This approach therefore relies upon perfect information about the future.
Because of its very assumptions, such a solution cannot be implemented and is known as
the “passive approach”. WS models are often used to analyze the probability distribution of
the objective value, and consist of a family of LP models, each associated with an

individual scenario. The corresponding problem is stated as:

Z(@) = min c(w) x : 2.7

subjectto x € I @

The expected value of the WS solutions is defined as:
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 Zps=ElZ0)] = Swco p(©) Zo) @8

2.14.2. SP Problems with Recourse: SP problems with recourse are dynamic LP models

characterized by uncertain4 future outcomes for some parémeters. In general, SP problems

can be formulated as follows:

minz=c x +'E§ [min q(m)T )]
Subject to:
| Ax=b
T(w) x + W y(0) = h(w)
x20,y(@)=0 - (2.9)

x : first-stage decision vector

y : second-stage decision vector.
o : random event

A : first stage matrix

b : first-stage right hand side

T : technology matrix

h: RHS in second stage

W: recourse matrix.
The first stage decisions are represented by the vector x. Corresponding to x are first
stage vectors and matrices ¢ , b, and 4. In the second stage, a number of random everts ©®

e Q (universe) may realize. For a given realization w, the second stage problem data g(®),

h(w), and T(w) become known.

The second stage value function:

O, E@)= min ,{ 4(@)7 ¥ | 7y= h@)-T(@), y20 ) (2.10)
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The expected value of the second stage function:

Q(w) =Eg O, §()) | (2.11)
and the deterministic equivalent program is

minz=c' x+ ax)
subject to:
| Ax =b,
x>0 : (2.12)

Thus, O(x, &(w)) is referred as recourse function . As the future unfolds in several
sequential steps and subsequent recourse actions are taken, we deal with the generalization
~ of the two-stage recourse problem known as the multistage SP problem with recourse. A
decision made in stage ¢ should take into account all future realizations of the rahdom
parameters and such decisions only affect the remaining decisions in stages t+1 ... T. In SP
this concept is known as non-anticipativity. This implies that if two different scenarios s
and s are identical up to time period T on the basis of information available about them at
that time period, then the values of the variables which depend on these scenarios must also
be identical up to time périod T. The general formulation of a multistage recourse problem

is given below:

Min cxp +
X2

: min ¢3x3 +...+
Z=min [x;+Eg X3 2.13)

™ Eesez | Eeyey-10..82 min Cy Xy

Xy

subject to



15

lrsx¢<w (2.14)

where: £ = 1,..., T represents the planning horizon and the vectors

& = (b, ¢ty AptosdiT) Vte[2,.,T] - (2.15)
are random vectors on a probability space (Q,5,P).

Scenario Based Recourse Problems: Let us reconsider the random parameter vector
&(w) introduced in (2.2) and used in the definition of the given class of models. In the
discrete statement of the problem, the event parameter takes the range of values o=

1,...,|Q], and there are associated random vector realizations £(®) and probabilities p(w)

such that:

- Yeeq p@)=1and EUgeq o) (2.16)

Here E is the set of all random vectors and is often called the set of scenarios. For the
multistage i‘ecourse problem (2.13)-(2.16), if the probability distribution of the random
parameter vectors is discrete, the uncertainty defines a random structure in the form of an
event tree, which represents the possible\ sequence of realizations (scenarios) over the time
horizon . When the event tree is explicitly given, we refer to the model as a scenario based
recourse problem. In general, individual sceilarios are interpreted as leaf enumeration of

the event tree. In the scenario based multistage problem, the event tree serves two

purposes:
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e to specify the model of randomness (the scenario generation) and

e to define the mathematical model structure including hierarchical (or recursive) non

anticipativity restrictions.

Dzstrtbutton Based Recourse Problems: An event tree can be also generated by
defining the probability dlstnbutlons of the random parameters, in which case the model is
called distribution based recourse problem (RP). Gassmann and Ireland [4] expand this
concept in their work. This second élass of problems, however, introduces various
difficulties in the model specification using mathematical modelling languages and in
terms of the solution process, in particular when some of the random parameters are
continuously distributed. An approx1mat1on can be achieved by adopting appropriate

sampling procedures, whereby the distributions may be replaced by an event tree.

2.1.4.3. Chance-Constrained Problems: In this case, some of the constraints or the

objective are expressed in terms of probabilistic statements about first stage decisions. The
| description of the second stage or recourse action is thus avoided. This is especially useful

when the cost and benefits of the second-stage decisions are difficult to assess.
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3. LITERATURE SURVEY

This chapter is divided into two consecutive parts: stochastic programming studies
and sustainable development issues. Sustainable issues are also specified in two parts:
“earthquake” and “forest fire” risks which are our main research areas, focusing on risk
mitigation issues related to stochastic programming. It is obvious that in the literature there

are numerous studies, some of which are cited below without loss of generality.

3.1. Stochastic Programming

SP models aim to find out non-anticipative decisions before the occurrence of
random variables to minimize the total expected recursive costs over the stages. It is
important to note that decisions must be made under uncertainty, and recursive actions

should be considered after the expected event realized.

The stochastic programming formulation and its concept are firstly released by
Dantzig [1] who expressed them under the title of “Linear Programming under
uncertainty”. Beale [2] approaches that new concept from a different perspective by
introducing n-dimensional newsboy problem which has become the example model for

following researches.

Birge and Louveaux [3]organize the basic properties, solution procedures, application
areas of stochastic programming. Their works become an introduction and a basis for
stochastic programming idea for futufe studies. Mulvey [5] introduces the term of robust
optimization to stochastic progfamming solutions which define the solution of stochastic
programming which is near optimal and remains feasible even if the input data are
changed. The robust optimizations include a penalty term to the objective function as
variance or utility measures to keep the solution and model robust. Kanudia and Loulou [6]
introduce thls concept to energy planning, considering climate changes and economic
growth. The analysis indicates significant savings of the overall system cost in using a

hedging strategy over any of the perfect foresight ones. Dowman et al. [7] apply a two
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stage stochastic programming in agricultural area by considering a range of risk aversion

factors in order to get more robust results compared to the corresponding deterministic

model.

Escudero et al. [8] use linear programming and mixed integer techniqueé for the
production and capacity planning problems with demand uncertainty. In the paper,
scenarios are used to characterize the demand uncertainty, and different recourse actions
such as multi period, multi product and single level production decision are defined in

order to compose a non-anticipative policy for each scenario.

Powel and Frantzeskakis [9] introduce the idea that multistage SP problems can be
formulated as networks with random arc capacities. They try to develop a good
approximation for large scale problems by sampling a small number of scenarios to capture
future uncertainties. Then, they point out the concept of hierarchical recourse used to
synthesize and generalize earlier notions of nodal recourse and cyclic recourse. Glockner
and NemHauser [10] develop a scheme called compath decomposition, which is derived
from path decomposition for network flows with random arc éapacities. Then, they use a
polynomial algorithm to find the cheapest ‘compath that can solve sub-problems, and it is

extended to multi-commodity flow problems.

Stochastic programming models have multi-dimensional solutions depending on the
realization of random variables. Monte Carlo approximation is a good technique to track
that kind of stochastic programming models. Shapiro and Mello [11] present numerical
results for two stage stochastic programming with recourse where the random data have
continuos distribution by using Monte Carlo Simulation techniqug. Here, a statistical
inference is developed, and used for estimation of the error, validation of optimality is

calculated, and statistically based stopping criteria are adapted for an iterative algorithm.

Gupta and Maranas [12] apply two stage stochastic programming into supply chain
planning problems. According to the paper, production decisions are made prior to the
resolution of uncertainty whereas supply chain decision are thought as wait and see mode.

They impose normality assumption for stochastic demands, and the evaluation of expected
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second stage costs was achieved by analytical integration of an equivalent convex mixed-
integer nonlinear problem. The study shows that computational requirements for the

proposed methodology are smaller than for Monte Carlo sampling.

Watkins et al. [13] use a primal simplex method and Bender decomposition
techniques in their scenario based multistage stochastic programming model for water
management. The model results can be improved by using a scenario generation technique

based on sensitivity analysis of their model.

Magsood and Huang [14] introduce a two stage interval stochastic programming |
(TISP) model for the planning of solid waste management systems under uncertainty. In the
formulation, penalties are also included. The TISP model is converted into two
deterministic sub-models, which corresponded to lower and upper bounds for desired
| objective value. Two special characteristics of that approach made it unique arhong the
other optimization techniques thaf deal with uncertainties. First, TISP model provided a
linkage to predefined policies determined by authorities that have to be respected when a
modeling is undertaken; secondly, it furnishes the reflection .of uncertainties presented as
both probabilities and intervals, and the model reaches the stable interval solutions with

different risk levels.

Wallace and Fleten [15] use stochasﬁc programming technique for energy
optimization models including electricity, gas, and Qil with uncertainty of both 'demand-and
price. The distribution based recourse problem discussed in the previous chapter is
developed by Gassmann and Treland [4]. They use this concept to show an event tree

coﬁsisting of probability distributions of random parameters.

The basic idea of L-shaped algorithm is approximate the nonlinear term in the
objective of two stage stochastic programming problems. Van Slyke and Wets [16] add the
feasibility and optimality cuts sequentially to L-shaped algorithm. The method uses outer
linearization of random terms. The ch\}ergent cutting-plane and partial-sampling
algorithm of Chen and Powel [1 7] is a sampling-based method lying between the stochastic

decomposition and L-shaped method.
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Ruszczynski [18] develops a decomposition method for multi-stage stoéhastic linear
problems, in which the problem is represented in a tree-like form, and each node of the
decision tree has a certain linear or quadratic subproblem. The sub-problems are solved in a
backward manner to reach either an optimal solution of inconsistency after a number of
finite iterations. The reguiarized decomposition method is also introduced by Ruszczynski
[19], and extended by Ruszczynski and Swietanowski [20] to the new subproblem solution

method underlying the primal simplex algorithm for linear programming.

Generally stochastic programming objects are non-convex. Berglann and Flam [21]
develop an algorithm that combines the method of gradient projection with the heavy-ball
method. Convergence is obtained under weak and natural conditions where an important

condition is that marginal payoff, accumulated alohg the trajectory, yields a sum bounded

above.

Kaut et al. [22] present a heuristic algorithm for generating scenario trees with
specified first four moments and correlations. The algorithm generates a discrete
distribution specified scenario tree by the first four marginal moments and correlations.
The scenario tree is constructed by decomposing the multivariate problem into univariate
ones, and using an iterative procedure that combines simulation to achieve correct
correlation without changing the marginal moments. The heuristic generates large trees and

solve more realistic problems.
3.2. Sustainability Issues

Sustainable issues cover a large area of ecological and environmental topics such as
ozone depletion, greenhouse effects, climate changes effécts, forest fires, floods, and
earthquakes. Especially in recent years, the studies have been advanced in those areas
because they are directly linked with the continuity of human lives in the future. Therefore,
in this section, we try to discuss the main sustainable issues, catastrophic risks of those
issues, and some stochastic programming fesearches out of numerous studies in the

literature. Then, we will study the papers related to earthquake and forest fires respectively.
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Patt [23] mentions about discussion between economists and ecologists on the issue
of sustainable development. In his paper , the tools of cost benefit analysis and the decision
sciences are examined to show members of the two disciplines often reach different results.
First, economists and ecologists start from different perspectives about the point of
reference against which policies should be judged. Secon(i, economists and ecologists tend
to apply different discount rates to future impacts of climate change. Third, economists and

ecologists are likely to interpret differently the substantive findings and expressed

uncertainties of the formal cost-benefit analysis.

Stripple [24] considers how to reduce the catastrophic risks of climate change, and
distribution of financial losses. He analyzes securitization a new mechanism for spreading
risks that is of interest to insurance companies to assure the supply of adequate financial
capacity. Vourc’h and Jimenez [25], and van den Noord and Vourc’h [26] investigate
sustainable growth in Finland and Norway respectively. Both emphasize that
environmental issues need to be more closely integrated into sector policies, much of

which conflicts with the country’s environmental policy objectives.

Most of the sustainable issues related to natural hazards have generally catastrophic
risks. Thus, in the literature, there are more researches about catastrophic risks and
reduction of their effects.»Bertens et al. [27] develop a conceptual approach towards risk
assessment to synthesize physical and social components and to implement natural disaster
management as a comprehensive and continuous activity. Ekenberg et al. [28] extend the
risk evaluation procéss of catastrophic natural events by the integration of procedures for
handling vague and numerically imprecise probabilities and utilities. Ermoliev ez al. [29]
briefly discuss the long-term effects of shocks and catastrophes on economic growth and
the need for the co-existence of anticipative risk-averse (ex-ante) policies with adaptive

risk- prone (ex-post) policies.

As it is pointed out above, all researches under sustainable development issues
include the stochastic idea because of their unknown nature. Thus, SP idea is applied in
catastrophic events generally and specifically. Ermolieva et al. [30] propose a general

framework for the optimization capacity of an insurance industry in responding to
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catastrophic risks. Explicit geographical representation allows for sufficient differentiation
of property values and insurance coverage in different parts of the region and-for realistic
modeling of catastrophes in space and time: They demonstrate the possibility of stochastic
optimization techniques for optimal diversification of catastrophic exposure based on

experiments. This is important for increasing the stability of insurers, their profits and for

the financial protection of the population.

Lund [31] proposes a two stage formulation of flood control and demonstrates an
explicit economic basis for developing integrated flood plain management plans. The
approach minimizes the expected value of flood damages, costs, given a flow or stage
frequency distribution. Nowak [32] formulates a stochastic model of damages caused by
floods in order to allow the comparison of risk transfer instruments (such as catastrophe

bonds and insurance) for various layers of the portfolio values.
3.2.1. Eartﬁquake Risks and Mitigation

Since one of the main concerns of this study is to use stochastic programming model
concept in earthquakes, we narrow our literature survey to especially mitigation activities,

cost and risk evaluation, damage and impact estimation of earthquakes.

Grossi. [33] studies the effects of residential earthquake insurance and structural
mitigation techniques by using loss exceedance probability (EP) curves. She expands to
include a sensitivity analysis of the HAZUS earthquake loss estimation methodology and
the interaction of uncertainty with the effects of mitigation and insurance. The research
promotes understanding of the uncértainty in earthquake nsk and loss éstimation as well as

to advance the state-of-the-art in catastrophic risk modeling.

Tanimoto et al. [34] study risk allocation in a joint project in which all agents are
exposed to the risk of allocated cost. They develop a stochastic cost allocation model by
considering fisk allocation itself Yokomatsu and Kobayashi . [35] scrutinize that
catastrophe risks can be optimally, but not fuily insured by insurance companies, state-

contingently composed of mutual insurance to mitigate individual losses across individual
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households as well as contingent securities to hedge collective risks. They present a

methodology to measure economic benefit of disaster mitigation investments, associated

with the optimal allocation of disaster risks by insurance.

Grossi and Eeri [36] indicate that the views of structural engineers on the benefits of
mitigation and contractors on the costs of mitigation are widely dispersed based on their
survey results. They discuss these estimates in calculating economic losses from a

significant earthquake event point of view.

Digas [37] develops a working tool for increasing capacity of insurance networks,
which insure property against earthquakes including a generator of earthquake scenarios
and losses. A “guaranteed” approach to finding coverage of the insurance companies is
outlined. Sakakibara et al. [38] focus on safety degree and structural deterioration of old
wooden houses based on the building codes. Mechler and Warner [39] phrase

governmental precauticins against earthquakes, floods, and storms, and their economic

impacts .

Porter and Kiremidjian [40] propose a new ‘approach to building damage estimation
by the idea of éssembly-based vulnerability which is different from empirical and heuristic
methods. In this study, the building is treated as a collection of parts or assemblies, each of
which is subjected to probabilistic demand that may be modeled using ground motion
simulation and structural analysis. Each assembly is modeled as having a probabilistic
capacity to resist damage. If demand exceeds capacity, an assembly fails and must be
repaired or demolished and replaced. Miranda and Aslani [41] develop a loss estimation
methodology by describing seismic performance quarititatively as real variables rather than

discrete and subjective performance levels.

Bozorgnia and Bertero [42] examine two improved damage spectra. The improved
damage spectra will be zero if the response remains elastic, and will be unity when the
displacement capacity under monotonic deformation is reached. The proposed damage
spectra are promising for various seismic vulnerability studies and post-earthquake

applications Pricovic [43] studies multi-criteria decision making for natural hazard
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mitigation in the area affected by an earthquake. He develops a multi-criteria decision
making procedure which consists of generating alternatives, establishing criteria,

assessment of criteria weights, and application of the compromise ranking method.

Tamura et al. [44] ‘develop a methodology of decision analysis of mitigating large
earthquake risks arising with low probability for which expected utility theory is
inadequate. They propose an alternative approach of decision analysis for such problems by
using a value function under risk. They show that the value function under risk is a useful

model for evaluating public risks of extreme events like large earthquakes with low

probability.

McGuire [45] searches the efficiency of both probabilities and deterministic methods
in seismic hazard and risk analyses for deéision—making purposes. He proves that one
method will have priority over the other, depending on how quantitative are the decisions
to be made, depending on the seismic environment, and depending on the scope of the
project (single site or a region). In many applications, a recursive analysis, where
deterministic interpretations are triggered by probabilistic results and vice versa, will give

the greatest insight and allow the most informed decisions to be made.
3.2.2. Forest Fire Risks and Mitigation

In this section, we review the research on forest fire hazard and its mitigation options.
We first try to discuss some papers relating the hazard and effects of forest fires; and then
try to illustrate the studies which apply stochastic programming to forest fires. In
researches, fire is considered as stochastic variable, and if is tried to define its unexpected

impact on harvest of timber management.

Wiering and Dorigo [46] describe a methodology for constructing an intelligent
system which aims to support the human expert's decision making in fire control. The idea
is based on first implementing a fire spread simulator and on searching for robust decision
policies by reinforcement learnihg. Using reinforcement learning algorithms, they optimize

the policies and interaction of agents that direct to learn cooperatfve strategies.
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Ballart and Riba [47] examine the relation between government measures, volunteer
participation, climate variables and forest fires. Taking a selection of ﬁrés with a certain
size, a multiple regression analysis is used to find significant relations between policy
instruments under the control of the government and the number of hectares burn in each
case, controlling at the same time the effect of weather conditions and other context
variables. Birot and Gollier [48] focus on the risk assessment options in forestry,
emphasizing the need for a better integration of risks in forest management. The rationale

of integration mentioned in the study lies in a rigorous assessment of all components of

risk.

Rohner and Boswald [49] develpp a simulation model called Forest Development
and Carbon Budget Simulation Model (FORCABSIM), which provides both the
development of timber stocks, sustainable levels of harvest, stocks and flow of carbon in
forest at the same time by considering the economic effect of management practices on the
value of forest and timber stocks. The combined study of these issues allows to assess
scenarios with regard to the productive potential of forestry, the carbon cycle, and forest

values.

Thompson et al. [50] describe a forest modelling system and examine several
alternative operational interpretations of the accommodation and emulation of fire. A key
‘element in the modelling system is a forest fire hazard model which estimates the potential

for forest fire based upon forest attributes, forest utilization and topography.

Manley [51] builds an alternative approach to adjusting woodflows and cashflows to
reflect wind and fire risk so that an additional risk prémium has been included to the
discount rate used for forest valuation purposes for high risk regions. The development ofa
model to estimate the value of plantations at risk from wildfire (and the potential salvage
value) is described in the papér. Zhou [52] applies the stochastic optimization mode] to
find a better selection of the plaﬁting method for the regeneration action of the next period
by taking account of uncertainty in stocking.levels of seedlings. Here, the sensitivity
analysis of Zhou’s stochastic‘ model shows that decreasing the level of variation of

mortality rate increases the expected net present value of forest.

& Boferici (niversitesi Kotiphanesi €
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McCarty ef al. [53] emphasize optimal fire management strategies that incorporate
trade-offs between biodiversity conservation and fuel reduction by using stochastic
dynamic programming (a state-dependent decision-making tool). They consider three

management strategies, namely lighting a prescribed fire, controlling the incidence of

unplanned fire, and doing nothing.

The first forest level optimization formulations are pointed out by Johnson and
Schuerman [54]. Then, Clutter et al. [55] describes the lineage of planning systems based
on forest-level optimization models. Reed and Errico [56] introduce the notion of fire in
their linear programming model of timber management, in which fche expected burned area
is subtracted from each age class in each time period, and added along with cutover area to

the youngest age class in the following year

Gassman [57] formulates a smaller version of Reed and Enrico’s problem as a
multistage stochastic programming problem in which the proportion burned each period is
stochastic. He tests different levels of discretization of the fraction burned, specifying them
to provide bounds on the objective function. He first constrains the percent change in
harvest quantity. The lower bound problem is highly restricted by the need for feasibility in
the worst case scenario. Therefore, he allows violation of the harvest quantity constraints,

but with an arbitrary penalty in the worst case scenario.

Montgomery et al. [58] show that computing fire damage based on the discounted
value of lost timber overstated loss while the initial age class distribution and harvest flow
policy are affected by the results. Martell [59] examines the effects of different regimes as

well as single fires.

Forest management pianning models are highly developed and used extensively, but
only a few of them explicitly uses the effects of fire losses and uncertain losses which can
be significant. Boychuk and Martell [60] develop forest-level timber managément models
with stochastié fire loss by using multistage stochastic programming based on a
deterministic model. Then, they provide an'insight into the impact of uncertainty on forest

management planing,.
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4. EARTHQUAKE RISK MITIGATION PROBLEM

In this chapter, we try to propose an SP model for earthquake risk mitigation, which
provides the problem description, assumptions, scenario tree and the mathematical model.
Moreover, expetimental design and computational results of the model indicate the

stochastic programming framework that can be employed to solve selected sustainable

development problem in general.

4.1. Stochastic Programming Model for Earthquake Risk Mitigation

As a realistic hypothetical setting, we show eight different alternatives that may be

needed in optimal decision making for big earthquakes with low probability.

The aim is to propose some actions to mitigate the serious consequences of
earthquakes in Turkey, especially in Istanbul. Earth-scientists have agreed upon the fact
that the probability for the occurrence of a large earthquake in the Marmara Region
(magnitude betWee_n 6.0 and 7.5) stands .65 per cent during the next 30 years. Thus, this
situation makes our problem stochastic like most real life problems, and we develop a two-

stage stochastic model within the framework of uncertainty -

For the sake of presenting the results in an integral manner, a pilot region is selected
and the risk is modelled over the pilot area. Thus, the results can be interpreted more easily.
The province of Zeytinburnu is selected to serve this purpose. The reasons for selecting

Zeytinbumu will be discussed in the “Experimental Results” section.

The problem consists of two stages as the simplest version of SP. In the first stage,
all of the mitigation alternatives are defined for the pilot area before an earthquake occurs
so that mitigation alternatives can be compared in accordance with a reference point. The
mathematical model evaluates the costs of mitigation alternatives separately and together.
Tn addition, utility theory is included in the stochastic model to interpret the experimental

results. Then, three different earthquake scenarios are defined at the second stage. It is
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assumed that earthquake scenarios and their impacts happen simultaneously and both are
considered at the second stage because there is no such a big time gap between the
occurrence of earthquake and its irhpacts. Moreover, three combinations of the earthquake

(E/Q) impacts are considered together: building damage, loss of life and infrastructure
damage as joint probability .function. “

The objective function is to minimize the cost of preventive actions (mitigation), and
the impact costs of those alternatives regarding the earthquake scenarios. Here, the
" insurance term is included into the objective function as a benefit term. Finally, we try to

find out the best combination of actions to mitigate earthquake hazard risk.
4.1.1. Mitigation Alternatives

We actually consider four different mitigation options. Including the earthquake
insurance factor, implementation of eight different alternatives is formed as the first stage
decisions. In the model, it is assumed that all the alternatives occur at the same time.

—

Mitigation options are:

e Relocation: Detect E/Q resistant areas. Then, transfer the vulnerable buildings to those
areas.

e Rebuild: Rebuild the building according to the new earthquake-proof design code.

e Retrofit / maintenance : Repair the building in a two or three-dimensional view point,
perform diagonal reinforcement, exchange' heavy roofing tiles by light ones and so on
so forth |

e Insurance: Buy earthquake insurance to transfer the risk of earthquake into third parties

(insurance companies).-
Eight alternatives are formed as follows:

A1l: Relocation and take insurance

A2: Rebuild and take’insurance
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A3: Retrofit and take insurance

A4: Leave asitis and take insurancé
AS5: Relocation and do not take insurance
A6: Rebuild and do not take insurance
A7: Retrofit and do not take insurance

A8: Leave as it is and do not take insurance.
Then, three E/Q scenarios are defined by :

Scenario 1. An earthquake of magnitude 7 or bigger
Scenario 2 . An earthquake of magnitude between 5 and 7

Scenario 3. An earthquake of magnitude less than 5. (No damage cost even if an

earthquake occurs.)

4.1.2. Assumptions

The following assumptions and definitions are made during the modelling procéss. In

our formulation, parameters are defined in lower case, decision variables are defined in

- upper case.

An unbiased probability distribution of earthquake scenarios is available.
The idea of expected uﬁlity theory is applicable.
- Costs of mitigation options are known.
Estimates of buildings damage are available for totél, heavily and partial damage
levels.
Four different damage levels are assumed:
¢ Total Damage: The building is completely collapsed after the earthquake
¢ Heavy Damage: The building is damaged, but it can be repaired.
¢ Partial Damage: The building is affected; but peoplé can continue to live after
some repair. Immediate occupancy is possible.

¢ No Damage: There is no damage.
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* Loss of life is assumed as a binary variable. If there is a death and injury, it is equal to

“One”; Otherwise, it is “Zero”

o Infrastructure damage variable is also a binary variable.

o The benefits of mitigation alternatives are estimated for each earthquake scenario s,
and impact combination based on damage levels # for each alternative 7. These also
vary according to earthquake scenarios s and are also assumed to be additive.

Moreover, these can be represented using piece-wise linearization even if the damage

function is convex.

The unit effectiveness measures can be defined as the derivative of damage function

given by

8 D(s)

bi,s,n = 4.1
0X (i) 1)

where D(s) is the damage function for scenario s, and X(i) is the mitigation decision.
4.1.3. Scenario Tree Representation

The structure of E/Q model is .deﬁned in Figure 4.2. Here, the stagés are assumed to
be event based, which means that the occurrence of earthquake determines the stages. The
Figure 4.1 shows only a set of E/Q impacts (16 different combinations) for scenario “S2”
of - alternative A4. Scenario “S1” has also the same set of E/Q impacts. For scenario “S3”,
it is assumed that there is one combination of E/Q impact which is no damage, no loss of

life, no infrastructure damage. Actually, the whole scenario tree has 264 combinations of
E/Q impacts such that an alternative consists of 33 combinations of E/Q impacts and there
‘are eight alternatives having the same combinations in scenario tree representation.

Building damage abbreviations are defined as follows:

~ nd: no damage occurs
td: totally damaged buildings
hd: heavily damaged buildings
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pd: partially damaged buildings

The following notation is employed in the scenario tree representation,

-Loss of Life .. . Building
Value -~ Damage Level
N1 (0, 0, td)
Impact Number .. Infrastructure

Damage Value

Figure 4.1. The notation of scenario tree representation

0, if theré is no death and injury
Loss of Life Value =
1, otherwise
0, if there is no infrastructure damage
Infrastructure Damage Value =

1, otherwise

The important point is that we should take into account the branches following “S3”
for éll the alternatives. There is one impact of “S3” comparing of “S1” and “S2” which
have 16 different impacts as it is shown Figure 4.2. Thus, Fi'gure 4.2 shows that “S3” has
no building damage, loss of life infrastructure damage costs even if an earthquake occurs
(magnitude is below 5). The simple logic of the tree ensures that any of the alternatives
should be completed before the earthquake. Then, when anyone of the earthquake scenarios

is realized, we are faced with the impact combinations of earthquake scenarios.
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Figure 4.2. Scenario tree representation of the earthquake model



33

4.1.4. Development of the Mathematical Model for Earthquake Mitigation Problem

The mathematical model cor_lsists of several sets of constraints which are namely
“mplementation of mitigation alternatives constraint”, “damage constraints”, “insurance
constraints”, “cost equations”, “utility equation” and “non negativity constraints”. The
objective function represents the investment costs of mitigation alternatives and damage
costs simultaneously. The mitigation alternative costs are the sum of mitigation activity

cost and damage cost minus the insurance return term.

Index Sets:

i : alternative sets; iel = {al,a2,a3,a4,a5,a6,a7,a8 b iel’ = {al,az,a3,a4} represents

the set of alternatives with insurance and iel’ = {aS,a6,a7,a8} represents the set of

alternatives without insurance.

S earthquake scenario subscript; s€S = {s1,52,s3 t for scenario 1 (magnitudé over 7),

scenario 2 (magnitude between 5 and 7) and scenario 3 (magnitude below 5) respectively.

j : damage levels subscript; jeJ = {d1,d2,d3 for totally damaged buildings, heavily
damaged buildings, partially damaged buildings respectively.

e : casualty subscript; ec £ = {el=1{ means that there is death or injury.

v : infrastructure damage; veV = {vl=1t means that there is infrastructure damage.

Variables:

Yigjn : number of damaged buildings at level j in node » for earthquake scenarios s

related to alternative i .
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.

1, if mitigation alternative i is taken

0, otherwise

TY;s - number of buildings damaged at level j for earthquake scenario s of

alternative i.

M;s : percentage of dead people when earthquake scenaiio s is realized for

alternative i.

1, if there is dead or injury for casualty state e of alternative i in node n
AEpje :

0, otherwise

K;q : the percent of infrastructure damage when earthquake scenario s is realized for

alternative i. ,

1, if there is infrastructure damage for infrastructure damage level v which

IDL, : occurs in node » of alternative i.

| 0, otherwise

IR;, : insurance benefit when earthquake scenario s is realized for alternative i.

Uss : scaled cost of building damages, loss of life and infrastructure value with

scenario s for alternative i.

Cost Subscripts:

CTYjgj: cost of damaged buildings at level j for earthquake scenario s of alternative i.
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CM,-S : cost of life loss when earthquake scenario s is realized for alternative i.
CKjs : cost of infrastructure Qhen earthquake-scenar?o s is realiiéd for alternative .
- COST : cost of obj ective function.
ALTCOST; : actual cost (realized) for mitigation alternative i.
. Parameters:

cj: implémentation cost of mitigation alternative i ($)
Jfsj + building damage of level ] in scenario s ($/number)

djjp, : estimation of number of buildings damaged at level j for alternative i in node n.

iv : total infrastructure value of the area selectéd (%)

viife : value of loss of life. That value is based on the amount of life insurance

premium. ($/number)

np : number of people who live in the selected area before the earthquake

pbisn © the probability of occurrence of node n belonging to scenario s for

alternative i.

bjjp, : unit damage reduction benefits for alternative i under earthquake scenario s in

node n.
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Ps : probability of the occurrence of earthquake scenario s.
id;s : estimated infrastructure damage for alternative i under scenario s.
Ww; : unit insurance benefit of damage level J-

gl , g2 : scaling constants of mitigation and damage cost in the objective function

respectively

g3, g4, g5, g6 : scaling constants of building damage, loss of life, infrastructure costs

and insurance benefit in utility cost term respectively.
Constraints:

Alternative Implementation Constraint : This constraint shows that every alternative

occurs for the pilot region under the earthquake risk. .
Xi=1,Yi (4.2)
Damage Constraints: After anvearthquake; there will be three different categories of
damage. The first is the structural damage, the second is the loss of life; and the last is the

infrastructure damage.

e Building Damage Constraint: This constraint shows the effect of mitigation on
damaged buildings after an earthquake. Thus, we can clearly observe the impacts of

earthquake scenarios by considering alternatives separately.

bi]’n-Xi'*‘Yisjn:dijna Vi,s,j,n (4.3)

.TYisj = ZneN Pbisn Yisjn ,Vi,s,j,n (4.4)
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e Loss of Life Constraint : This constraint provides the number of people affected by

earthquake scenario s in alternative i.

-Mz's=zne]\f,eeE Pbisn AEyie , (4.5

o Infrastructure Damage Constraint : This is the total infrastructure damage for every

scenario after an earthquake as a percent. Thus, it explains the total damage

percentage for alternative i under scenario s.

Kis= ZneN,veV Pbisn IDLyy idjs (4.6)

Insurance Constraint : That constraint calculates the benefits of damaged buildings |
if they are insured by considering their damage level for scenarios s of every alternative i
separately. This also shows the importance of risk transfer for especially big and

unestimated natural hazards.

ZneN,jeJ Pbisn Yigsin wj , fori e r

IRss =X 4.7

0, otherwise which meansi I

Cost Equations : The costs of building, loss of life and infrastructure damage are

computed by
CTY;=Yjes fs* iy (4.8)
‘CA/-fis = vlife * M5 * np ‘ (4.9)

CKis= iv * K ; (4.10)
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Utility Equation : The cost is scaled to avoid the noise of biased data.
W Ujg= g3 * CTY;5+ g4 * CMjs+ g5 * CK;s - g6 * IR;s (4.11)
W is called recourse matrix in that formulation , which is fixed in here. The value of
recourse matrix is equal to the value of identity matrix in this formulation. This allows us

to characterize the feasibility region in a convenient manner of computation.

Non Negativity Constraint: All the variables in the model are positive variables. If

any of them becomes negative; the problem becomes infeasible.
X, Y, M, K, TY, CTY, CM CK,U,IR 20 ' (4.12)
_Objective Function: The objective function aims at minimizing the implementation
cost of all alternatives by using the idea of utility theory. It tries to balance the cost of
alternatives and damage costs in one term. It minimizes the cost of impact of earthquake

hazard under the assumption that all the alternatives occur in the pilot region. Moreover,

we evaluate each of them one by one. Thus, we can point out which option is the best.
min COST = g1 * Xjer, ¢; X;+g2 * Yses s Uis (4.13)

ALTCOST;= g1 * ¢; X; + 82 * Yses Ps Uss C(4.14)
We can reformulate the mathematical model by defining Expected Value (E.V.)

function. The deterministic equivalent program (D.E.P.) of earthquake risk mitigation

model is:
min COST =gl * Xjer, ¢i Xi+82* O (X) (4.15)

s.t. Equations 4.2 - 4.12
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where

- Q@) =E[Q(X,s)] (416
equals to ' | :

OX)=Yses ps Uis | (4.17)

Q (X) is called as the recourse or expected value function. It is computed by taking

the expectation of first stage mitigation decisions.

4.2. Data Requirements of Earthquake Risk Mitigation Model

. The required data are provided by the final report of “Seismic Micro-Zonation,
Disaster Mitigation Master Plan of Istanbul City prepared by JICA and sponsored by
Istanbul Metropolitan Municipality in 2002”. After 1999 August Earthquake, the
authorities have become aware of the earthquake risk which threatens Istanbul. For that
reason, various researches have been conducted to determine the possible combinatio‘n of
mitigation alternatives based on earthquake scenarios, and some master plans were
developed. ‘The aim is mainly to compare‘the effects and the costs of diffefent earthquake

scenarios.

The province of Zeytinburnu is selected as the pilot area because this region reflects
the heterogeneous characteristics of Istanbul City very well. Moreover, this district has
already been selected by the government as the pilot area to apply mitigation activities.

The following assumpﬁons are made to benefit from the available data:

e It is assumed the size of a typical flat is 100 m? in the pilot region.

e TInsurance costs of buildings are deduced from the official web page of Turkish
Catastrophic Insurance Pool (TCIP,‘ www.dask.gov.tr).

o Objective function is based on expected utility theory.

e To balancé the cost of mitigation and‘damage cost, scaling constants are used to
make the model more robust. The purpose of using scaling constants is to overcome

inconsistency between the damaging costs and investment costs of mitigation
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alternatives in the objective function. Moreover, due to the distortion effect of loss of
life, scaling constants are also used in cost calculation.

The Infrastructure value consists 'of water line, natural gas line, electricity, and
communication' line. It is estimated according to Istanbul Metropolitan Municipality
data

Based on the TCIP web page, the insurance return value is calculated as $21680. If .
the building is totally damaged, the insurer takes the whole amount. If it is damaged
heavily, he takes 50 per cent of this. If it is damaged partially, he takes 10 per cent of
it. ,

For the synchronization of the used data; the data of model C and model A in the
JICA report is used as scenario 1 and scenario 2 in the SP model. Model C is the
worst case similar to scenario 1, and model A is the most probable one like scenario
2

Number of damaged buildings, damage percents by its degrees, loss of life percents, ;
and infrastructure darﬁaged percents are calculated by based on JICA report data.

By considering the commercial life insurance policies, there is a $42000 insurance
return if a person loses his life in any hazard.

Mitigation benefit reduction ratios are determined empirically because of scarcity of
d.ata in that area, and the positive contribution of mitigation alternatives is calculated
by a proposed estimation formula.

All of the alternatives are implemented with the probability of 0.125.

Table 4.1. Cost of alternatives

Symbol | Alternative Mitigation Cost Insurance Cost | Total Alternative Cost
| ) ®) (A)+(B)
al Relocation and Insurance 50000 364 50364
a2 Rebuild and Insuraﬁce A 25000 364 25364
a3 Retrofit and Insurance 10000 364 10364
ad Leave as it, and Insurance ' 2500 364 2864
a5 Relocation-No insurance SOOOQ 0 50000
26 |Rebuild-no msurance 25000 0 25000
a7 Retrofit-no insurance : 10000 0 10000
a8 Leave as it-no insurance 2500 0 2500
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Table 4.1 shows the costs of alternatives that are used in objective function. As it
can be seen, the total alternative cost is the summation of mitigation cost and insurance
cost. Table 4.2 indicates the probability of realizations of scenarios. Table 4.3 shows

population, the number of buildings, infrastructure value and loss of life cost based on life

insurance return in the presence of death.

Table 4.2. Probability of earthquakes scenarios

Symbol Scenario Name Probability
sl Magnitude 7 or higher 0.01
s2 Magnitude 5 and 7 0.10
s3 Magnitude less than 5-No damage | 0.89

Table 4.3. Definition of parameters

Symbol Definition . Value Unit
NP ' Population 239927 people
NB Number of buildings - 15995 quantity
1\Y Infrastructure Value 218 000 000 $
LV .Loss of life Value - 42000 ($/person)

Table 4.4, Table 4.5 and Table 4.6 show insurance benefits, damage costs and
damaged building estimates respectively. Those data are organized in accordance with the

assumptions mentioned above.

"Table 4.4. Insurance return benefits

Symbol Definition ‘ Unit ($)
Wi Toltally Damaged Buildings - 121680
W, Heavily Damaged Buildings 10840
W3 Partially Damaged Buildings 2170




Table 4.5. Damage costs

Scenario . Degree of Damage Damage Cost (§)
Totally 50000
1 Heavily 25000
Partially 4500
Totally 30000
2 Heavily 15000
~ Partially 2500
0
3 No Damage. 0
' 0

Table 4.6. Estimated number of buildings damaged in each scenario (for Zeytinburnu)

42

Scenario Degree of Damage
Totally Heavily Partially
1 3036 5999 10184
2 2592 5296 9525
3 - - -

Table 4.7 indicates the probability of occurrence of damages for each alternative and
earthquake scenario. Building damage percent is considered as the summation of totally,
heavily and partially percents. The other striking point is that alternative 1 and 5,
alternative 2 and 6, alternative 3 and 7 and alternative 4 and 8 are considered together
because first four alternatives contain main mitigation choices with insurance factor, the
remaining four alternatives contain the same mitigation choices without the insurance
factor. Thus, this enables us to test the impact of the insurance factor for risk transfer.
Moreover, the main mitigation alternatives (;elocation, rebuilding,-retroﬁtting) influence
directly on damages (collapse of buildings, loss of life, infrastructure damage) whereas the

insurance factor affects indirectly. In other words, it contributes by reducing the cost of

damages in the objective function.
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Table 4.7. Percentage of damage, loss of life, infrastructure damage in each scenario for

each alternative
Alternativ | Scenario Building Damage Degree = Loss Infrastructure
€ .
Totally | Heavily Partially of life
(%) (%) (%) (%) (%)
1 2 2.5 3.7 1 5
land 5 2 1 2 3 0.6 - 3.2
3 0 0 0 0 -0
1 5.5 4.1 6.4 L7 13
2and 6 2 3.5 5 6 1.1 9
3 0 0 0 0 0
3and 7 1 10 10 13 23 20.5
2 7 10 29 1.9 17.6
3 0 0 0 0 0
4 and 8 1 19.5 10 26.9 3.1 25.7
2 16.6 17.4 272 2.8 22.6
3 0 0 0 0 0

Table A.1 shows the calculated node probabiiities by using Table 4.7. In Table A.1,
Pjs,, stands for the value at the end of each branch in the scenario tree representation of

earthquake risk mitigation, and shows the realization when alternative i is implemented,
scenarios s occurs, and impact # is realized. Furthermore, node probabilities are the joint

function of building damage, loss of life and infrastructure values.

Effectiveness values in Table 4.8 are estimated logically such that relocation
alternative causes the highest reduction in damage term close to hundred percent by
regarding all scenarios because all of the constructions are removed from the vulnerable
area to the safe area. Rebﬁilding alternative achieves around 70 or 80 percent damage

reduction, and retrofitting is assumed to be 50 percent. The number of buildings which are
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protected from damage by applying mitigation alternatives are calculated by. using the

following estimation formula.

0 D(s)
b(i,s)= k(i) — (4.18)
80X (i)

Where b(j,s) stands for benefit of the implementing alternative i in scenario s. D(s) is
the damage function for scenario s, X{(i) is decision vector of miﬁgation alternatives and

_ k(i) is constant of alternative i given by Table 4.8.

Table 4.8. Risk reduction percentages of mitigation alternatives (constant-k)

Alternative Earthquake Scenarios

| S1 s2 | s3
land5 90 95 99
2 and 6 - 75 80 90"
3 and 7 55 | 60 75
4and 8 | 0 0o . 0

Table 4.9 shows the number of undamaged buildings when Alternative i 1is
implemented for scenario s. To make the objective function suitable for a two stage
progfam, the cost and damage data and estimates are assumed to be linear or convex and

piecewise linear.
4.3. Experimental Design of Earthquake Risk Mitigation Model

The experiment of E/Q risk mitigation model is designed in terms of using scaling
constants in objective function (Equation 4.19) ‘and damage cost function (Equation 4.20).
There are three different experirrients, all of which have three replications. The main aim

of the experiment is to search the distortion effect of implementation cost of mitigation
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alternatives and damage cost. In other words, it tries to balance inconsistency: between the

-damaging costs and investment costs of mitigation alternatives in the objective function.

Table 4.9. Number of non damaged buildings (b;s)

Altemative Scenario Number of Protected Buildings
Totally Heavily Partially
Collapse Collapse Collapse
1 2732 5399 9165
1and 5 2 2462 5031 9048
| 3 0 0 0
1 2277 4499 7638
2 and 6 2 2074 4237 7620
3 0 0 0
1 1670 3300 5601
3and 4 2 1555 3178 5715
3 0 0 0
1 0 0 0
42and 8 2 0 0 0
3 0 0 0

In order to make the analysis easier, those two factors (alternative implementation
and darhage cost) are scaled to 1.0 by using empirical constants. Moreover, building
damage, loss of life, infrastructure damage and insurance factors are also scaled to 1.0.

Table 4.10 shows the definition of experimental design and constants.
gl : scaling constant of mitigation cost function in objective term

g2 : scaling constant of total damage cost function (utility equation) in objective

term

COST = gl * Lier, i Xi +82 * Xses Ps Uis (4.19)
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g3 : scaling constant of building damage cost in utility equation
g4 : scaling constant of loss of life cost in utility equation
g3 : scaling constant of infrastructure cost in utility equation

g6 : scaling constant of insurance benefit in utility equation
Uis= g3 * CTYjs+ g4 * CMjs + g5 * CKs - g6 * IR;q (4.20)
As it is seen in Equation 4.21 and 4.22, summation of those g values is equal to 1.

gl+g2=10 (4.21)

g3+g4+g5+g6=1.0 (4.22)

In addition to main aim of this experiment, the second aim of it is to determine the _
relationship between building damage cost and insurance benefit and effects of those two
factors on damage cost function (Equation 4.20). Here, g4 and g5 keep their values at the
same level for the replications of all experiments whereas g3 énd g6 are changed as it is
seen in Table 4.10. For the convenience of analyzing experiments, we introduce a coding
system for them. In the coding system, first numbér represents experiment number and
second one represents realization nﬁmber. For example, “Design Code 1.1” stands for

experiment 1 and realization 1. Then, the rest of the experiments are coded by this

- method.
Table 4.10. Experimental design parameters

Experiment Number 1 2 3

' gl 0.1 02 05

) 09 08 03

Replication Number '1 2 - 3
23 0.5 0.55 0.60
g4 0.025 0.025 0.025
g5 0.05 0.025 : 0.025
g6 0425 0.40 0.35
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4.4. Computational Results of Earthquake Risk Mitigation Model

The model is coded by using General Algebraic Modelling System (GAMS) version
2.50 and it is solved by XA which is the mixed integer solver. The model has 13 block
equations and 3417 single equations; 11 of block variablés, 2625 of single variables; 6452
non zero elements; 3 derivative pool; 24 of discrete variables constraints. For the first run,

the execution time is 0.530 seconds, resource usage is 0.380, and iteration count is 63.

The analysis of the results consists of four parts: execution time and resource usage
of runs based on scaling constants, cost of alternatives based on utility function, insured

and non insured alternatives, and value of stochastic programming.

Table 4.11. Execution time of experimental designs

Experiment 1 gl: 0.1 and g2:0.9
g3 g4 g5 g6 Execution Time Resource Usage
0.5 0.025 0.05 0.425 0.530 0.380
0.55 0.025 0.025 040 0.440 0.430
0.60 0.025 0.025 0.35 0.440 0.430
Experiment 2 gl:0.2 and g2:0.8 ’
g3 g4 g5 g6 , Execution Time Resource Usage
0.5 0.025 0.05 0.425 0.520 0.440
0.55 0.025 0.025 0.40 0.430 0.550
0.60 0.025 0.025 | 035 0.430 0.550
Experiment 3 gl:0.5 and g2:0.5
g3 g4 g5 g6 Execution Time Resource Usage
0.5 0.025 0.05 - 0.425 0.480 0.380
0.55 0.025 0.025 - 0.40 0.520 0.260
0.60 10.025 0.025 - 0.35 0.510 0.550
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Table 4.11 shows that;

The execution time of Experiment 1 decreases from 0.530 to 0.440 and execution
time of Experiment 2 also decreases from 0.520 to 0.420 whereas in Experiment 3
that value increases from 0.480 to 0.510.

Resource Usage of Experiment 1 increases from 0.380 to 0.430, and resource usage
of Experiment 2 also increases whereas resource usage of Experiment 3 fluctuates.
As it is easily seen, execution time. and resource usage have negative correlation
between each other. |

In general, when there are a little decrease in g2 (from 0.9 to 0.8) and a‘huge gap
between g1 (0.1) and g2 (0.9), execution time gives correlation among replications.
However, when g1 (0.5) and g2 (0.5) are at the same level, deterioration occurs in
execution time and resource usage. Because of the hjghi implementation costs of

alternatives, they distort the correlation between execution time and resource usage.

Table 4.12. Experimental design code and obj ective values

Experiment 1 gl: 0.1 apd_ g2:09
Repiication Nr 23 g4 g5 g6 Design Code Objective Value
I 0.5 0.025 0.05 0.425 . 1.1 6553.385
2 0.55 0.025 0.025 0:40 | 1.2 7069.502
3 0.60 0.025 0.025 0.35 1.3 7683.933
Experiment 2 g1:0.2 and g2:0.8
Replication Nr g3 g4 g5 - g6 " Design Code Objective Value -
1 0.5 0.025 0.05 0.425 2.1 8746.115
2 0.55 0.025 0.025 0.40 22 6303.608
.3 0.60 0.025 0.025 0.35 2.3 6849.769
Experiment 3 gl: 0.5 and g2:0.5
Replication Nr C g3 - g g5 g6 Design Code Objective Value
1 0.5 0.025 - 0.05 0.425 3.1 5532.493
2 0.55 - 0.025 .| 0.025 0.40 32 4005.926
3 0.60 0025 | 0.025 035 33 4347276
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Table 4.12 indicates:

In Experiment 1, when the insurance benefit factor (g6) decreases, objective value
increasgs from 6553.385 to 7683.933. This is a reasonable result because the building
damage factor increases and the insurance benefit decreases in damage function
(Equation 4.20). Thus, insurance factor affects the SP model of E/Q positively.

In Experiment 2, objective value decreases from 8746 to 6303 in replication 2, then
increases to 6849 in replication 3 as the insurance benefit factor (g6) decreases.
However, there is a distortion effect in the damage cost term (Equation 4.20) because
in logic it should have been increased. Experiment 3 also has similar results to
Experiment 2 whereas those are undesirable results which come from using utility
equation as damage cost function.

When we look at the relafionship between experiments, as the damage value (g2)
decreases, the objective function should also decrease logically. As it is also seen in
Figure 4.3, this idea has been proved by the values of replication 2 and replication 3
for all experiments. Whereas, in replication 1 objective function fluctuates, which is
an undesirable result. _ |

Finally, it is proved that distortion comes from mitigation activities. Because some of
the activities have high implementation costs, sometimes those activities could not

make enough contribution to objective value positively.
Table 4.13 shows that:

All of the experimerital runs .verify that alternative 1 (relocation with insurance) and
.alternative 5 (relocation without insurance) are the most effective ways to reduce the
impact of an earthquake. For example, Design 1.1 shows that Alternative 1 and
Alternative 5 (172.628 and 178.478) have the least objective costs comparing with
other alternatives. |

As it is known, alternative 1 to 4 include insurance factor, the rest of the alternatives
do not include insurance ‘factor. It can be easily observed that if people buy
earthquake insurance, it also contributes to reduce the E/Q risk in additiqn to

mitigation choices. For example, in design 1.1 objective function of Alternative 4
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(Leave as it is and insurance) has 1452.611 whereas objective function of.Alternative
8 (Leave as it is and no insurance) has 2527.677. Thus, it is proved that insurance

factor gives positive contribution to the objective function.
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Figure 4.3. Representation of objective values for experiments
Table 4.13. Objective function value of alternatives
Design ' Alternatives
Code Altl . AlR2 Alt3 Alt4 AltS Alt6 Alt7 Alt8

1.1 172.628 331.937 | 644.507 | 1454.611 | 178.478 | 385.744 | 857.812 |2527.667
1.2 173.840 343299 | 690.505 | 1693.691 | 179.345 | 393.939 | 891.260 |2703.624
1.3 175.606 358.903 752.146 | 2001.082 | 180.417 | 403.208 | 927.802 |2884.769
2.1 303.161 553.275 | 1002.590 | 1915.882 | 308.321 | 601.063 | 1192.153 |2869.669
2.2 160.121 307.973 | 614.934 | 1505.821 | 164.973 | 352.946 | 793.342 2403.499
2.3 161.690 | 321.843 | 669.726 | 1779.058 | 165.927 | 361.185 825.824 12564.517
3.1 208.362 | 355.308 | 630.505 1198.5 211.451 | 385.040 | 748.846 |1794.481
3.2 118.962 | 201.994 | 388.220 [ 942.212 121.858 | 229.966 | 499.589 |1503.124
3.3 119.943 | 210.663 | 422.465 | 1112.985 | 122.454 235.116 | 519.890 |1603.761

e Another interesting point in Table 4.13 is that positive contribution of insurance is

relatively small for especially relocation and rebuild choices. When we look at
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“relocation” (Altl and Alt5) option, insurance factor reduces objeCtivévalue from
178.468 to 172.628 (about 5.85 decrease in objective) in design 1.1. Whereas for
“Leave as it is” option (Alt 4 and Alt 5) insurance factor reduces objective value from
2527.677 to 1452.611 (about an 1133.05 decrease-in the objective value) in design
1.1. Therefore, especially for less effective mitigation options, buying insurance
becomes a very important risk transfer tool. It is obvious that those interpretations are

also true for all other experiments and replications in Table 4.13.

The value of the stochastic solution indicates the importance of knowing future

activities and willingness to pay more to get information about future. It is also a kind of a

reference point for the evaluation of SP solutions in the perspective of successful

approximation. Table 4.14 shows the value of the stochastic solution (VSS).

Table 4.14. Expected value of stochastic solution of earthquake risk mitigation problem

Design | Stochastic Solution | Expected (Mean) Value of Per cent Improvement
Code | Recourse Problem Value Stochastic of Stochastic Solutions
(RP) (EV) . . Solution (RP-EV) / (RP)
' (RP-EV)
1.1 6553,835 819,173 ' 5734.662 88
1.2 7069.502 883.688 6185.814 87
1.3 7683.933 960.492 6723.441 87
2.1 8746.115 1093.264 7652.851 88
2.2 6303.608 787.951 5515.657 88
2.3 6849.769 856221 5993.548 88
3.1 5532.493 691.562 4840;931 87
3.2 4005.926 500.741 3505.185 7 87
33 4347276 543.410 3803.866 87

Value of stochastic solution is a kind of SP model evaluation parameter because it is
the difference between SP solution and EV solutioni. It shows the cost of ignoring
uncertainty in the decision process. When we look at the Experiment 1 results, VSS

changes from 5734 to 6723. The highest value of VSS is in Design 2.1 (Experiment
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2- Trial 1) which is 7652. It starts decreasing considerably to 3505 in the third trial of
Experiment 3.. '

e In Table 4.14, the per cent of cost of ignoring uncertainty is very high, which is 87.
This value shows EV solution does not approximate SP solutions meaningfully.

Thus, it could not be replaced by the solution of EV with solution of SP.

Table 4.15 shows the signiﬁcaht decrease of damage of buildings in alternative 1 for
both scenario 1 and scenario 2. For example, in Alternative 1 (Relocation) there are only 6
building totally collapsed in scenario 1. Howe_ver, there are 42 for Alternative 2 (Rebuild),
137 for Alternative 3 (Relocation), 593 totally collapsed buildings for alternative 4 in
scenario 1. The similar building damage reduction patterns are realized for heavily and
partially damage levels when Alternative 1 is selected instead of other alternatives. It is
also proved that if people do any alternative, it results in positive effect on catastrophic

risk much or less.

Table 4.15. Number of damaged buildings

Alternative Damage Values

» Totally . "~ Heavy Partial
al.sl 6 15 38
al.s2 1 5 14
a2.sl 42 61 163
a2.s2 18 53 114
a3.sl 137 270 598
a3.s2 72 212 457
ad.s1 B 1140 2732
a4 .52 430 921 2590
as.sl 6 15 38
a5.s2 1 5 14
a6.s1 , 42 61 163
26.52 ‘ 18 53 114
a7.sl 137 270 598
a7.s2 72 ‘ 212 457
w59 1140 2732
a8.s2 - 430 921 ) 2590
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Alternative 1 and 5, alternative 2 and 6, alternative 3 and 7, and alternative 4 and 8 7.
give same results because alternative 4 to 8 are related not to take insurance which does not

affect directly on building damageé as we mentioned above.

Table 4.16. Percent of loss of: life

Scenario based percent of loss of life
Alternative Si S2
al 0.011 0.006
a2 0.017 0.011
a3 0.023 0.019
a4 0.031 0.028
as 0.011 0.006
a6 - 0.017 0.011 -
a7 0.023 0.019
a8 0.031 0.028

In Table 4.16, it is observed that in Alternative 1 and Alternative 5 (relocation), the
percentages of loss of life are relatively small for both Sc;enario 1 and Scenario 2. The
casualty percen’t of Alternative 1 for Scenario 1 is 1.1 per cent and that of Alternative 1 for
Scenario 2 is 0.6 per cent.‘ Whereas, this percents go up to 3.1 per cent for Scenario 1 and
2.8 per cent for Scenario 2 in Alternative 4 and Alternative 8 respectively which are “Leave
as it is” options. It is observed that implemen’gation of one of the mitigation options instead

of doing nothing leads to considerable decrease of casualties after the earthquake.
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5. FOREST FIRE RISK MITIGATION PROBLEM

5.1. Stochastic Programming Model of Forest Fire Risk Mitigation

The second model related to the sustainable issues deals with the forest fire hazard. A
forest is characterized by the area in various age classes. Normally, there are mainly two
areas in a forest, which are called harvested and unharvested respectively. There is a cyclic
relationship between harvested and unharvested areas. As time passes, the harvested area
turns into the unharvested area by supplying the forest resources, which means that the
harvested area makes a transition to the youngest age class according to this cyclic process
unless it gets influenced by external effects such as insect epidemics and forest ﬁreé. When
a fire happens in the forest, fhose transitions are cut off and all burnéd areas need to be

renewed by rehabilitation or regeneration to complete the natural forest cycle.

In this study, “Belgrad Forest in Istanbul” is selected as the pilot area. We can
develop the model and analyze results easily by using the pilot area data. The pilot forest is
divided into five areas in the following manner: natural non-enhanced, basic non-enhanced,

natural enhanced, basic enhanced and Not Sufficient Restocked (NSR) area.

There is a need for‘deﬁning the terminology of basic, natural, enhancement and NSR
area in order to understand the mathematical model clearly. In general, a forest has two
types of trees based on théir plantation or growing technique. First type is the trees which
are naturally planted and grown up by themselves, those are called as “natural trees”. The
other' type is the trees which are planted by people, those are called as “basic trees”.
“Enhancement” means the combination of some improvement techniques in order to
increase the timber productivity and the number of trees in a selected area. Some
enhancement techniques are thinning the stem of trees, trimming the branches of trees, and
fertilizing the forest land, which increase the yields of forest and strengthen the forest for
the next periods. In the “non-enhanced areas”, those improvement techniques are not used,

but non-enhanced area can still be harvested if the area is old enough. “Not Sufficiently
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Restocked (NSR)” areas do not contain trees in the forest. In other words, thdse areas can

be described as empty, unproductive and difficult to plant new trees.

The mathematical model of forest fire risk is a two-stage stochastic programming
with deterministic equivalent solution. Uncertainty of the mathematical model stems from
the occurrence of fire and its loss. Thus, some strategies are needed to reduce the effect of
stochastic fire loss such as harvest quantity, regeneration intensity, NSR rehabilitation and
stand enhancement. Once the first stage decisions - harvest and enhancement- are made,
the second stage decisions ] regeneration and rehabilitation actions- should be made after
the fire to overcome its loss. The regeneration and rehabilitation actions can bé thought as

mitigation options for the stochastic model. New harvest and enhancement decisions

should be made in the stage two after the fire.

The objective function is the minimization of costs for harvest, enhancement,
mitigation activities, fire loss and unsuccessful mitigation activities by subtracting timber
revenue obtained in those areas. The total cost can be minimized by reducing or

distributing fire loss risk over the time periods.
5.1.1. Assumptions

The following assumptions are made in order to aﬂalyze the sustainable development
of a forest in the selected area. Those assumptions help us to resemble the available data

features into the stochastic programming logic.

e Two different fire loss scenarios are defined as “Low Risk” and “High Risk” ;
| e For the sake of simplicity, only one harvest method is considered because the aim is
not to compare different harvest‘ methods or to select the best of them;
o The fire is assumed to occur in the middle of each time period. Enhancement and
harvest decisions should be made before the fire starts (at the beginning of the

period), and regeneration and rehabilitation decision should be made after the fire (at

the end of the period);
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o At the first, the model is developed as a two stage problem by consideriﬁg two time
periods, but it can be enlarged to a multi-stage stochastic programming;
e In the different perspective, the proportions of burned area can be distributed based

on the age classes in a fire scenario. However, that makes the problem intractable.

Thus, the portions are taken equally for all of the age classes;
e  After the fire, burned area and NSR area can be regenerated by itself;
o There are regulated upper bounds on the harvest quantity;
e Time periods are scaled in terms of 20 years, which means period 1 covers 0 to 20,

period 2 covers 21 to 40 years;

e It is assumed that two types of areas -“burned area” and “NSR area”- are freated
after a fire; '

e Two different types of regeneration and rehabilitation activities are attempted as
“basic” and “natural”. If the basic method is applied, it can result as "‘basic”,
““patural”, or “NSR” area. Whereas if the natural method is implemented, it can result

as “natural” or “NSR” areas.
5.1.2. Scenario Tree Representation

The scenario tree representation (Figure 5.1) shows that harvest and enhancement
decisions should be made at the beginning of time period T1. Then, at the middle of time
period T1, fire scenarios can be realized as low (L) or high (H) fire risk. Thus, some
recursive actions should be taken according to rehabilitation and regeneration follows at
the second stage. In addition to '_chat, at the second stage, the harvest and enhancement
decisions are considered again for the next period . At the fight column of scenario tree
representation, four diffefent scenarios are shown, where the c_ombinations of scenarios are:
LL, LH, HH, HH. Another important point is that the scenario tree of the forest fire model
is formed in the time based approach. The difference between the earthquake SP model and
the forest fire SP model lies in the fact that the former is the event based approach whereas

the latter is developed according to the time based approach..

After the fire, the burned area is treated to natural area, basic area or left to NSR area

of the forest. In other wOrds, regeneration of burned area can result as natural, basic or



57

NSR. Also, a portion of burned area can be regenerated by itself. Moreoiler,' NSR area
which is treated by rehabilitation can turn into natural, basic or NSR area after the fire.
Hence, the treatment for turning burned and NSR area into natural or basic areas in the

forest is the success criteria of our mitigation strategy whereas having NSR area after the

treatments shows the unsuccessfulness of those mitigation actions.

5.1.3. Development of the Mathematical Model for Forest Fire Mitigation Problem

The mathematical model consists of two sets of constraints. The first one is “area
balance” where area variables represent the state of the forest before activities occur in
each period and the amount of area that is harvested, enhanced, tfeated successfully or not
and the regenerated area in each period. The second one is “material balance” which

represents the production of wood.
Index Sets:

c: fores‘p cover type; ceC = {NI,N2, Bl, B2} for non enhancement natural, enhanced

natural, non enhanced basic, and enhanced basic respectively; C1={N] , BI}, CZ ={N2, B2}

a: age class; ae4 = {1,2,...,10} for 0-20, 20-40, 40-60,...,180+yr. A = (3.,4,5,..,10)

for harvestable age classes,‘AU = (1,2) for unharvestable age classes
4t: time period, teTF = {1,2,3 }‘ for 0-20, 2‘0-40, 60-80 yr ; T= {'l, 2}, teT = {2, 3}
s: scenario set; seS=.{1,2,3,4}for {LL,LH,.HL,HH} respectively.
" ;- realization of fraction burned; r € R = {rl, r2}. ri reflects the fraction of burned

area under the low fire loss, whereas r2 is the fraction of burned area under the high fire

loss.
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Figure 5.1. Scenario tree representation of the forest fire
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Parameters:

Pg: probability of scenario s
Qsr: proportion of unburned area after a fire during time period ¢ in scenario s

Kgy: proportion of the forest that burns during time period 7 in scenario 5. Qs = 1- K

S the proportion of burned area that self-regenerates into natural cover type within

the time period.

Y . . ' o
S" : the proportion of NSR area that self-regenerates into natural cover type within

the time period..

ad ca : the net volumes of wood per unit area by age class @ and cover type ¢ when

salvage methods G is used

PND1 : probability of node is occurred “before” fire in the scenario tree (Figure 5.1).
Here, the node compromises the set of all decisions for scenario s at time ¢ which are made
in before the fire such as enhancement area, harvest quantity

PND2 : probability of node is occurred “after” fire in the scenario tree (Figure 5.1).
Here, the node compromises the set of all decisions for scenario s at time ¢ which are made
in after the fire such as regeneration, rehabilitation, enhancement area, and harvest quantity

MV : market value of unsuécessful area ($/m3 )

PC: maket price of timber ($/m’)
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The following costs have units $/ha:

c.

C.EN

CEB
CFN
C,FB
C,YN

CYB

cost of harvest method G

: cost of enhancement (improvement) of natural forest area
: cost of enhancement (improvement) of basic forest area
: cost of regeneration of burned area to natural forest area
: cost of regeneration of burned area to basic forest area

: cost of rehabilitation of NSR area to natural forest area

: cost of rehabilitation of NSR area to basic forest area

Basic forest area is grown by human whereas natural area is grown by itself. Not

Sufficiently Restocked (NSR) area is the unproductive area of the forest. As it is

mentioned, the initial forest area is composed of natural, basic and NSR areas before the

fire. We apply mitigation actions which are regeneration and rehabilitation after the fire.

The “basic forest” area can be regenerated as basic area and natural area, or be left as NSR

area after the fire. Those are the realizations of this mitigation option. Whereas the “natural

forest” area can be regenerated to natural area or be left as NSR area. Also, the “NSR basic

area” can be rehabilitated to basic and natural area or left/again as NSR area. However,

“NSR natural area” can be rehabilitated to only natural forest area or be left as NSR area.

The following parameters show the effectiveness ratios of risk mitigation actions :

effectiveness of burned basic area which is regenerated to basic area after a fire

EFBN. effectiveness of burned basic area which is regenerated to natural area after a

fire

ETVW. effectiveness of burned natural area which is regeherated to natural area

E YBB: effectiveness of NSR basic area which is rehabilitated to basic area after a fire

EYBN: effectiveness of NSR‘basic area which is rehabilitated to natural area after fire

YN, effectiveness of NSR natural area which is rehabilitated to natural area

after a fire

ratio: proportion of enhanced (improved) forest area for the consecutive time period
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cha : initial age class distribution for ce C,ae 4
o initial NSR area
HQUB: regulated uppér bound for harvest quantity
VUB(ub) : regulated upper bound vector for harvest quantity

Variables:

All variables are non negative, Variables are defined oﬁ ceC, aeAd, teT unless

otherwise indicated.

= Py, . .
" escqr = newly enhanced area of cover type ¢, ceC’ and age class a in period r for

scenario §.

Jst = burned area in time period ¢ for scenario s.

jb st = non-self-regenerated burned area regenerated to basic in time period 7 for -
scenario 5. (Non-self-regenerated refers to that portion of the burned area which does not
spontaneously regenerate. Variable jb st Tefers to the area where money is spent to attempt

regeneration to the basic cover type.'Realization;s of it will become BASIC, NATURAL,
NSR). -

7 st = non-self-regenerated burned area regenerated to natural area in time period ¢ for

scenario s.

7 st = non-self-regenerated burned area left to NSR for scenario s.
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Zscar = harvest area from cover type ¢ and age class g in time period ¢ using harvest

method G realized in scenario s.

Uscqr = unharvested area from cover type ¢ and age a in time period ¢ occurred in

scenario s.

Xscar = area of forest of cover type ¢ and age class a in time f for scenario s.

Vs~ NSR area in time ¢ for scenario s.

Y st = non-self-regenerated NSR area rehabilitated to basic area in time period ¢ for

scenario s.

y"s = non-self regenerated NSR area rehabilitated to natural area in time t for

scenario s.

' yy st = non-self regenerated NSR area left to NSR area in time ¢ for scenario s.
gs¢ = harvest quantity in time period ¢ for scenario s.
NSY; ;= not successfully treated NSR area in time period # for scenario s.

NBT, ;= not successfully treated burned area in time period ¢ for scenario s.

Area Balance Constraints:

Initial area: Initial forest area is composed of age distribution of trees belonging to

the cover type ¢ and the initial NSR area before fire.
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Xsca, ] =X1ca;ceC, acAd B S (5.1)
y11=Y"; s1) &S, (1)eT | (5.2)

Growth of harvestable enhanced area: Any amount of the harvestable area can be

harvested by method G, the rest is left to grow.

Xscat = 8scat T Uscar s SES, CGCZ, aGAH> teT (5.3)

Growth of non-harvestable enhanced areé: All of the non-harvestable area is left to

grow. Non-harvestable area consists of trees which are not old enough to be harvested.
Xscat = Useat ; SES, ceCz, ac (2,3), teT (5.4)

Enhancement of harvestable non-enhanced area: The harvestable non-enhanced area

can be harvested, newly enhanced, or left to grow.
_ . 1 H (5 5)
xscat"gscat'*'escat+uscatQSESa ceC ,aed’, tel, .

Enhancement of non-harvestable non-enhanced area: The non-harvestable non-

enhanced area can be enhanced, or left to grow.
1 U ‘ (5 6)
XScat=eSCat+uscat ; SES ,CEC ,aGA ,tET .

Enhanced area constraint: At the beginning of every time period, it is assumed 20
pér cent of unharvestable area is decided to be enhanced by using fertilizers. By improving

unharvestable areas, the productivity of timber for the next period is increased.

/ ,
€gcqr = TAHO* Useqy 5€S,ceC ,aed, teT (5.7
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Growth to oldest natural (basic) enhanced area: The oldest enhanced area natural
(basic) area at the beginning of a time period is defined as the unburned oldest and second
oldest unharvested previously enhanced natural (basic) area, plus the oldest and second

oldest newly enhanced natural area (basic) area from the previous period.

X sN2,at = Os,t-1 (UsN2,a,1 + UshD gl 11 + esn7 .01 + esNIa-1,1) ; S€S, ae(10), reT"

(5.8)

¥sB2,at = Os,t-1 Us,B2,a,0-1 ¥ U5, 82,0111 + €51 g g1 + €5 Bl o101 ) 5 SES, ae(10), reT"

(5.9)

Growth to intermediate age natural (basic) enhanced area: The intermediate age (age
3 to 9) enhanced natural (basic) area at the beginning of a time period is the immediately
younger unburned unharvested previously enhanced natural(basic)area, plus the

immediately younger newly enhanced natural(basic) area from the previous period.
Xs,N2,at = Os,t-1 ( Us N2,a-1,-1 F s, Nl ,a-1,-1) 3 S€S, a€(3,4,.....9), te 77 (5.10)

Xs,B2,at = Us,t-1 (Us;B2,0-14-1 + €5,B1,a-1,4-1) 5 SES, ae(3,4,...,9), teT”  (5.11)

Growth to age class 2 natural (basic) enhanced area: Age class 2 enhanced natural
(basic) area at the beginning of a time period is the immediately younger unburned newly

enhanced natural(basic) area from the previous period.
x5 N2.2,t = Os,t-l e N1 11 3 5€S €T (5.12)

Xs,B22,t= Qs,t-l €s,B1,1,-1 > ses, tGTH (5.13)
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Growth to the oldest natural (basic) non-enhanced Area; The oldest non-enhanced
natural (basic) area at the beginning of a time period is the oldest and second oldest

unburned non-enhanced natural (basic) area from the previous period.

Xscat = Os,t-1 (Us c,q0-1 + Useca-1,t-1) 5 SES, ceC] ,ae(10), teT? (5.14)

Growth to intermediate age natural (Basic) non-enhanced area: The intermediate age
(age 2 to 9) non-enhanced natural (basic) area at the beginning of a time period is the

immediately younger unburned non enhanced natural (basic) area from previous period.
- I ‘
Xscat = Qs,t-l ( Usca1t1):5€S,ceC ,ae(24,..,9), teTH (5.13)

Burned area: The area of forest is burned after the fire. This is equivalent to K,

(proportion of the forest that burns during time period ¢ in scenario s ) times the total forest

arca.

Kt (Zcecz, aec{2,3,.10} ?scat + ZceCl,-aeA Uscar T+ ZCEC], aed €scat + Ys) =Jfst
(5.16)

Equation 5.16 can be rewritten as follows for the computational efficiency because

the initial area is always equal to the total area at any time period ¢.

Kgt (eeC2, ac 4 cha + Y1)=fst ;seS teT (5.17)

Treatment of burned area: The non-self-regenerated burned area can be regenerated

to natural or basic cover type, or left to NSR.

-5 fyu=Fse+ P s+ Pt s 5€8, 1€T (5.18)
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Treatment of NSR area: The non-self regenerated NSR area can be rehabilitated to

natural or basic cover type, or left to remain NSR.

Y.
(-8 y5 =3 5+ s+ 30 : €8 teT (519

Not successfully treated burned area : The area is not regenerated after the fire. It is

equal to burned NSR area, left to NSR area from burned basic area and left to NSR area

burned natural areas.

NBTg=F e + (- BN B2 x P (1 ™) 5 1) 5 ses, reT?
v , (5.20)
Not successfully treated NSR area: The area is not rehabilitated after the fire. It is

equal to burned NSR area, left to NSR area from burned basic area and left to NSR area

burned natural areas.

NSYgp= Vst + (L-EPV By xyb e (1 -E™+ )7 iseS, teTE
| (5.21)

Transition to NSR: Non-self-regenerated and non rehabilitated NSR remains NSR. It
is composed of unsuccessful rehabilitation of NSR and unsuccessful regeneration of burned

areas.

'NN. YNN, o ‘BN BB
Ysr=Psp1 + P51+ GEN £+ QB g+ -EPVEPR P+

1-E"VER) 0 1 seS teT (5.22)

Transition to the youngest basic cover type: The youngest basic cover type arises

from the successful basic rehabilitation of NSR and basic regeneration.

‘ YBB b
xsp110= B fbs, (T ET Yop s seS el (5.23)
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Transition to the youngest natural cover type: The youngest natural cover type arises
from unburned, self regenerated areas, successful natural regeneration and rehabilitation,

and partially successful basic regeneration and rehabilitation.

v _
Xs,N1,1,t =s" Jo,t1 %8 Y1 + E™ f sl 7t EYNNyns,r-l + fb sl g™

b
Y sl ;seS, teT? (5.24)
Material Balance Constraints:

Harvest quantity : That refers the net merchantable harvest volume of wood per unit

area by age class a and cover type ¢ when harvested by method G in scenario s at time

period .

dst= zceCZ,aeAH (WGca 8scat) s SES, teT? - (5.25)

Upper Bound for Harvest Quantity: The upper bound is the allowable limit of
harvest quantity in scenario s at time period t. It is used to test the effects of fire losses
during the time periods. Here, 1.1 and 0.05 are the scaling constants used to search the

effect of the stochastic fire loss and it is needed in the design of experiment.

g5t < HOUB ‘ (5.26)

HQUB = VUB(ub) o (5.27)
VUB(ub) = 1.1 +0.05 VUB(ub-1) (5.28)

Objective Function: -

The aim is to minimize the fite loss costs by applying mitigation actions. It is obvious
that those recourse actions incur the total mitigation costs and if those actions are not

successful, there should be penalty costs for them. In addition, there are also harvest costs
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to acquire timber over the time periods. Thus, the objective function is compbs,ed of the

summation of all those terms. The terms used in the objective function are 'separétely
explained as follows:

ZTP (Forest Timber Profit) : This term refers to the benefit obtained by harvesting
the forest area.

ZTP= PC gy ©(5.29)

ZHC (Harvest Method Cost) : This is the cost of using harvest method G to acquire

timber.

. |
ZHC=C" g s (5.30)

ZESC (Enhancement Costs) : This is the cost of using enhancement (improvement)

techniques to strengthen the trees in the forest and to increase timber productivity.
N B :
ZESC = C™ enpart+ C* epr i (531)

ZMIT (Mitigation Investment Costs): This term refers to implementing cost of

rehabilitation and regeneration

Regeneration cost : c? jb tst c™ f’ ts

Rehabilitation cost: C* ybts +C w Y'is
- b )
ZMIT = CFij'zs‘*‘ CFths + CYB}’ st CYNynts (5.32)

ZFC (Fire Loss Cost) : This term is obtained by multiplying penalty cost with the

value of burned area.



69
ZFC=MV* T (533)

ZUMIT: This term refers to the unsuccessful mitigation costs.

ZUMIT =MV * yy (5.34)

Finally; the objective term is;

minz = ZseS ZteT PNDI(s,t) * (CHG 8scat + c €sNl,at + .CEB €sBlat) +
Yses Lier PND2st) * (€7 L+ O fr €8 Pt €V 31 ) 4
2ses 2teT PND(st) MV fig+ Yoes Syer PND2s) MV Vis -

2ses LteT PNDI(sf) PC g, (5.35)

We can reformulate the objective function by defining recourse function (expected
value) of this mbdel. The forest fire model is complete recourse which means the first stage
decisions (harvest and enhancement) are also taken into consideration as second stage
decisions in addition to regeneration and rehabilitation décision. Thus, Equation 5.35 can

be written as follows:

. B ~ .
min z = {(C"™ gea1 +C eNp,a + C eBla1) - (PC q1) } + {[ Zscs PNDI(s,2) *
(CHG 8sca2 T CEN esNl,a2+ CE?' €sBl,a,2 ) "ZseS PNDJ(SQ) PC ga]1+][ ZseS ZIET
YB b YN n

PND2(s,t) * (€ fis+ €™ Fig+ € P+ €™ V') + Toes Sver PND(sit) MV fi

+Xses 2ter PND2(s,) MV ygs1} (5.36)
The second stage objective function @ (FS,s) can be written as follows:

' B B
o(FS,s)=min { (€™ g50a2+C™" esnia2+C™” espran)-PC qa] +[(C L+

N Pt C P+ N i)+ MY fig+ MV y)}
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s.t. : Equation 5.8 - 5.28 o (5.37)

)

Where ¢ is equal to 2 and FS stands for the first stage decision sets (g-
method, e-enhancement and g-quantity),

harvest

The recourse function ( DFS)) is calculated by NFS) = Eg o(FS,s). Thus, recourse
function (X(FS)) is formed as follows:

D(FS) ={[ zSES PNDI(s,2) * (CHG 8s,ca2t CEN €s.Nl,a2t CEB €sBl,a,2 ) 'Z

seS

FNDI(s.2) PC q2]+ [ Xses Zrer PND2s,)* (C™P frg+ € ot €8 10,

YN ’
+CT YD+ TsesYier PND2s) MV i+ | Yses

2T PND2s,i) MV 1 } (5.38)
First stage objective (FSO) function is defined as follows:
o G N |
FSO = minz{(C™ g 1+ C" eNt,a1 + C™ epra1) - (PC 1) ¥ (5.39)

By considering definitions made above and Equation 5.38 and 5.39, the deterministic

equivalent program (D.E.P.) of the forest fire mitigation model can be written as follows;
. N B
minz = {(C" g, 1 +C" eNpa1 +C eB1a,1) - (PC q1) } + O(FS)
s.t. : Equation 5.1 - 5.7 and Equation 5.25-5.28 (5.40)

Where ¢ is equal to 1 and FS stands for first stage decision sets (g-harvest method, e-

enhancement and q-quantity).
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3.2. Data Requirement of Fofest Fire Risk Mitigation Model

The data used in the forest problem are provided by “Directorate of Forest Institution
in Istanbul Region . The pilot area is selected as the total forest area in Istanbul and its
vicinity since it is more difficult to collect data and to put them together within one data
frame for the entire area of Istanbul. In this research, the area of “Belgrad Forests” is
searched and modelled. Then, it is projected into the entire area. For the convenience of
data structure; we consider the general probability of fire risk which is the same for all

specific areas of forest in the Istanbul region. Some assumptions are needed to make the

model be easily 1nterpreted and analyzed.

General Definitions and Assumptions;

* The “Belgrad Forests” is modelled in this study. It is composed of two areas. One is
“Bentler” and the other is “Kurtkemeri”. Since data are available for them in separate
forms, their data are combined together to reflect the total area.

e The probability and the risk of fire are calculated for the entire Istanbul region and it
is assumed to be the same for all vicinity. |

- The area unit is hectare (ha) which is equal to 10,000 square meters and costs are
expressed in terms of US Dollar ($). |

e The Iinitial age class is distributed according to natural and basic non-enhanced
types. “Scientific class type” is defined to be the basic class type and the remaining
areas are defined as the natural class type. _

* Because of intense risk reduction activities, there is a very low fire risk around
Istanbul vicinity, | |

. Initially, natural and basic enhanced area for all age classes are assumed to be “zero”,

and not sufficiently restocked area is “125.3 hectare.”

Table 5.1 shows the initial age class distributions in the selected area where it can be
easily seen that the natural tree class is more dense than the basic class. Table 5.2 presents

the net volume >of timber harvested by the age classes. Enhanced volumes are 5 per cent
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and 3 per cent more than the non-enhanced volumes for natural and basic cover types,

respectively.

Table 5.1. Initial age class distribution of Belgrad Forests

‘ Actual Area (ha)
AGE NONENHANCED
CLASS - natural basic
X(nl,a) X(bl,a)
1 45.5 1
I 420.5 5
I 747 107.5
v 423.5 7
\% 356 170
VI 146.5 0
VII 288 0
VI 864.5 49
X 408 14.5
X 1474 0
TOTAL 5173.5 354

Table 5.2. Net merchantable volume by the harvest method and cover type (m> / ha)

COVER TYPE

AGE NATURAL BASIC
CLASS |NONENHANCED| ENHANCED NONENHANCED| ENHANCED

3 ‘ 15000 15750 2000 2060
4 30000 31500 2800 2884

5 28000 29400 2800 2884
6 25000 26250 2650 2729.5
7 25000 26250 2500 2575
8 22000 - 23100 3200 3296
9 19000 - 19950 3080 31724
10 28000 29400 2900 2987

Table 5.3 represents the success factors of mitigation options so that we can compare
them with each other. Then, Table 5.4 shows the self regeneration portions during each

time period and the enhancement ratio for the following time periods.
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Table 5.3. Effectiveness of natural and basic regeneration and rehabilitation of burned

and NSR area
Symbol | Type of area Type of regeneration / Type of regeneration / Proportion of
' rehabilitation attempted rehabilitation achieved achievement
E™8 Burned basic basic 0.85
EFBN. Burned basic natural 0.15
Burned basic NSR 0.00
EMN Burned natural natural 0.95
Burned natural NSR 0.05
EYPB NSR basic - basic 0.75
EYBN NSR basic natural 0.20
NSR basic NSR 0.05
ET™N NSR natural natural 0.83
NSR natural NSR 017

The fires occurred between 2000 and 2003 are considered for determining the

Table 5.4. The self regeneration and annual enhancement ratios

Symbol Value Definition _

S 0.71 Self regeneration ratio of burned area
S¥ 0.075 Self regeneration ratio of NSR area
RATIO(E) |0.157 annually enhancement ratio

distribution of burnt areas of Istanbul. However, there are no major fires in that period. It

is assumed that “LOW fire” is the case when the burned area is less than 1 hectare(ha)

whereaé “HIGH fire” is the case when the burned area is greater or equal to 1 hectare (ha).

Thus, the scenario definitions are completed based on actual data, and weighted fire

probabilities and burned area portions are calculated. The burned areas are partitioned to

the total forest area of Istanbul which is 240960.1 hectare. The portions are calculated as

0.0002 for “Low fire” scenario, and 0.006 for “High fire” scenario by using Table 5.5.

Moreover, Table 5.6 shows the fire statistics between the period of 2000 and 2003.



Table 5.5. Fire distributions between 2000 and 2003
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The costs in Table 5.7 are calculated based on actual forms obtained from Istanbul
Forest Directorate, and the pénalty cost is taken 30 percent of the market value of timber.

The stochastic programming model has 3 time periods. Only the first two time periods have

Year 2003 Year 2002
Discrepancy | Number | Burned Area Fire Number |Burned Area Fire
of Fire (ha) Definition | of Fire (ha) Definition
<1 167 21.66 LOW 91 8 LOW
SUB TOTAL{ 167 21.66 91 8
1<...<§ 29 48.6 HIGH 6 10 HIGH
5<....<10 4 26.5 HIGH 6 HIGH
10+<. 4 107 HIGH 1 10 HIGH
SUB TOTAL 37 182.1 8 26
TOTAL 204 203.8 99 34
Year 2001 Year 2000
Discrepancy | Number | Burned Area Fire Number [Burned Area Fire
of Fire (ha) Definition | of Fire (ha) Definition
<1 100 13 LOW 111 6 LOW
SUB TOTAL 100 13 ' 111 6
1<...<5 22 37.9 HIGH 15 25 HIGH
5<....<10 3 22 HIGH 2 10 HIGH
10+<. 0 0 HIGH 6 1053.1 HIGH
SUB TOTAL 25 59.9 23 1088.1
TOTAL 125 72.4 134 1094.1
Table 5.6. Fire statistics
Years LOW Fire HIGH Fire
Probability Probability
2003 0.82 0.18
2002 0.91 0.09
2001 0.80 . 0.20
2000 0.83 0.17
WEIGHTED 0.83 0.17

stochasticity of fire loss, and the remaining time period has expected fire loss.
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Table 5.7. Cost symbols and their values

Symbol | Value Unit
CHG 9.37 $/ha
MV 0.9087 $/m3
PC* 0.2726 $/m3
CEN 18.48 3/ha

Definition
cost of harvest quantity
average market value of timber
penalty cost
enhancement of natural forest area

CEB 60 $/ha enhancement of basic forest area
CYN 63.38 $/ha rehabilitation of NSR to natural forest area
CYB 86.27 $/ha rehabilitation of NSR to basic forest area

CFN 122.73 $/ha rehabilitation of burned area to natural forest area
CFB 24551 $/ha rehabilitation of burned area to basic forest area

5.3. Experimental Design of Forest Fire Risk Problem

It is phrased that there are always systematic risks which cause high correlated
variations between the trees in the forests. Fire is a kind of systematic risk and its loss
effect is very high on timber management. In ‘this study, in order to analyze the forest fire
mitigation actions, we consider timber production in the presence of economic perspective.
'For that reason, we design our experiments based on the harvest quantity in the forest. It is
known that when the fire happens in the forest, it firstly affects the harvest quantity and
timber supply. Thus, in order to reduce the high risks of fire losses in the forest, the upper
bound and regulated upper bound of harvest quantity are added to the mathematical model
(Equation 5.26 and 5.28). In other words, upper bound is included to test the stochastic fire
loss effect on the harvest quantity. It shows the allowable limits of harvest quantity during
the decision process and is assumed that the initial value is 1.1. Thus, upper bound

formulation is written as follows;
VUB(ub) = 1.1 +0.05 VUB(ub-1) (5.41)

Based on Equation 5.41, 10 different experiments are designed. It is obvious that the
number of upper bounds can be iﬁcreased and some new factors can also be included into
the experimental design such as énhancement quantity and age classes. As the model is
developed as a two stage SP, the upper bound number is enough to interpret results because

the problem size is not huge. The Table 5.8 shows the upper bound values and experiment

numbers.
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Table 5.8. Upper bound values and design codes

Upper Bound ubl | ub2 | uwb3 | ub4 | ub5 | ub6 | wb7 | ub8 | wubo ﬁb 10
Upper Bound Value L1 f 115 120 | 125 | 130 | 1.35 | 140 | 1.45 1.50 | 1.55
Experiment Nr. El E2 E3 E4 E5 E6 E7 E8 E9 E10

5.4. Computational Results of the Forest Fire Risk Model

The model is coded using by General Algebraic Modelling System (GAMS) version
2.50 and it is solved by CONOPT?2 solver. The stochastic programming model has 913
constraints, 1176 variables and 3156 non zero elements. Table 5.9 gives the solution time,

the resource usage, and the optimum solution based on different upper bound values.

Table 5.9. Optimum solution of forest fire risk mitigation model by the upper bound limits

Experiment | Upper Bound | Solution Time | Resource Usage | Optimum Solution
Nr No (sn) )]
El _ ubl 0.600 0.660 1.8207 -
E2 ub2 0.280 - 0.333 | - 1.7696
E3 T ub3 0.160 0220 1.7185
E4 ub4 0.220 0.220 1.6673
ES Subs | 0.170 0.221 1.6162.
E6 ub6 0.21 0.21 1.5650
E7 ub7 0.280 » 0.280 1.5139
ES ub8 0220 0220 1.4627
E9 ub9 0.221 0.221 \ 1.4116
E10 ubl0 1.260 1.310 1.3604

Table 5.9 is summarized as follows:

e When we look at the solution time, there is no specific pattern. It changes

between 0.16 (for ub3) and 1.26 (for ub10). Additionally, resource usage has also
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no specific pattern. Whereas, the values of solution time and resource ‘usage are
near or equal to each other. For example, the solution time and the resoﬁrce usage
of ub10 are 1.26 and 1.31'respective1y. Moreover, the solution time and resource
usage of ub6 are equal to each otherv, the value of both is 0.21.

 The harvest quantity limit does not affect the solution time of the mathematical
model as it is understood. If we extend the time period fromt =2 to t =10, it is
obvious that the solution time will be much longer because the size of the
problem becomes large. '

¢ The important remark is as the upper bound increases from 1.1 (ubi) to 1.55
(ub10), the optimal solution, which is the minimization of costs, starts décreasing
from the value of 1.8207 to 1.3604. Increasing harvest limit affects objective
value by decreasing the objective cost function. That means the increased harvest
quantity reduces the effect of fire loss. In other wbrds, if wé enlarge the
harvestable areas for the next periods, the impact of fire loss can be reduced.

o The other striking point in the table 5.9 is that the best optimum, value of which
is 1.3604, is reached at ub10. Whereas, it takes much longer time (1.26) and uses
more resources (1.31) compared to the previous upper bound solutions.

¢ Another considerable result is that the optimal solution decreases with a constant
slope as the upper bounds increase. For example, thé marginal decrease between
ubl and ub2 is equal to 0.0511 (1.8207—71.7696=0.051 1). This marginal value is
the same for the rest of the experiments, which means the increase of upper

bound directly affect the objective function.

Table 5.10 presents the cost of every scénario, performance of rehabilitation and

regeneration and expected cost of all scenarios. The results are as follows;

e Based on Figure 5.1, sl is low (L) and low (L) fire loss, s2 is low (L) and high (H)
fire loss , s3 is high (H) and low(L) fire loss, s4 is high(H) and high(H) fire loss
scenarios. The abbreviations in Table 5.10 are; A

¢ Y: Not sufficient restocked area

¢ NSY: Not successfully rehabilitated NSR area

¢ FI: Burned area



78

NBT: Not successfully regenerated burned area
SY: Successfully rehabilitated NSR area. It is calculated by (Y - NSY)
SBT: Successfully regenerated burned area. It is calculated by (FI - NBT).

Suce. % : Success per cent of mitigation option.

* & ¢ o o

hq: Harvest quantity

o The most important point is that the low fire loss scenario (s1) has more timber cost
than that of other scenarios. For example, in ubl the timber cost of sl is equal to
1.708 whereas it is equal to 0.098 for s2, 0.022 for s3, and 0.005 for s4. Since the
lqw fire loss scenario occurs more often than that of other scenarios even the less
area is burned in sl, it causes the highest timber cost. This result is also ﬁue for the
rest of the experiments. 7

e When we look at the expected timber cost values, it goes down constantly by the
increase of upper bounds. Its marginal decrease value is equall to 0.033 among the
e)fperiments. For instance, the expected timber cost (ETC) of ubl is 1.194, and the
ETC of ub2 is 1.161. The difference between those two values is equal to 0.033. This
marginal value does not change for the rest of experiments.

e Inubl the successful regenerated area percent is 100 per cent for the burned areas of
s1 and s3 and 66.6 per cent for the Burned areas of s2 and s4, which shows the less
burned areas are completely treated comparing to the large burned areas. For
rehabilitation option of NSR afeas, the success percent is 0 per cent for both sl and
s3 whereas it is 9.5 per cent for s2 and 9.1 per cent for s4 in ubl, which shows
rehabilitation is a more effective option for the high fire loss scenarios.‘

e For the rest of experiments; the success percent of “regeneration” option of s1 and s3
decreases from 100 per cent to 71 per cent whereas it keeps the value at 66.6 per cent

*for s2 and s4. Moreover, the success percent of “rehabilitation” of s1, s2 and s4 keeps
their values as 0, 9.5 and 9.1 per cent respectively for all experiments whereas the
success percent of s2 increases from 0 per cent to 4.8 per cent. Hence, it is easily seen
that the rehabilitation and regenefatior_l success percents are not affected by the
increase of harvest quantity because they are the same for almost all experiments.

Moreover, it is proved that regeneration alternative is more successful than the

rehabilitation alternative.
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Table 5.10. Scenario costs and performance of actions according to the uppér bounds

ubl - Ex_pected timber cost: 1,194 hq: 1.1
Scenario | Timber Cost | Y | NSY | SY | Swee. | HI NBT SBT | Succ.
. (Y-NSY)| % (FI-NBT) | %
51 1708 | 019 | 019 | 00 | 0 Toooim 0.0002 | 100
s2 0.098 0.21 0.19 0.02 9.5 0.006 | 0.002° 0.004 66.6
s3 0.022 0.2 02 0.0 0 0.0002 0.0002 100
s4 0.005 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 66.6
ub2 - Expected timber cost: 1.161 . hq: l.iS
Scenario | Timber Cost | Y NSY SY Suce, FI NBT SBT Succ.
| (YNSY)| % (FINBT) | %
sl 1.662 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
s2 0.095 0.21 0.19 0.02 9.5 0.006 | 0.002 0.004 66.6
s3 0.021 0.21 0.2 0.01 4.8 |0.0002 | 0.000058 | 0.000142 | 71
s4 0.004 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 66.6
ub3 - Expected timber cost: 1.128 hqg: 1.2
Scenario | Timber Cost Y NSY Sy Succ. FI NBT SBT Succ.
(Y-NSY)| % (FINBT) | %
sl 1.615 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 71v
s2 0.091 0.21 0.19 0.02 9.5 0.006 | 0.002 0.004 66.6
s3 0.020 0.21 0.2 0.01 4.8 10.0002 | 0.000058 | 0.000142 | 71
s4 0.004 0.22 0.2 0.02 9.1 0.006 { 0.002 0.004 66.6
) ub4 - Expectéd timber cost: 1.096 hg: 1.25
Scenario | Timber Cost Y NSY Sy Suce. FI NBT SBT Succ.
(Y-NSY)! % (FI-NBT) | %
sl 1.568 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
s2 0.088 0.21 0.19 002 -| 95 0.006. | 0.002 0.004 66.6
s3 0.019 0.21 0.2 0.01 4.8 0.0002 0.000058 | 0.000142 | 71
s4 0.004 0.22 02 0.02 9.1 0.006 | 0.002 0.004 66.6
ub5 - Expected timber cost: 1.063 hq: 1.3
Scenario | Timber Cost Y NSY SY Succ. FI NBT SBT Succ.
(Y-NSY)| % ' (FI-NBT) | %
sl 1.521 0.19 0‘.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
s2 ~0.085 0.21 0.19 0.02 9.5 0.006 { 0.002 0.004 66.6
53 0.018 0.21 0.2 0.0t 4.8 10.0002 |0.000058 | 0.000142 | 71
s4 0.004 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 66.6
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Table 5.10. Scenario costs and performance of actions according the upper bounds(Cont’)

ub6 - Expected timber cost: 1.030 hq: 1.35
Scenario | Timber Cost Y NSY SY Suce. FL NBT SBT Suce.
(Y-NSY)| % (FI-NBT) | %
sl 1.475 0.19 0.19 0 0 0:0002 | 0.000058 | 0.000142 | 71
s2 0.081 0.21 0.19 0.02 9.5 | 0.006 | 0.002 0.004 66.6
s3 0.018 0.21 0.2 0.01 4.8 |0.0002 |0.000058 | 0.000142 | 71
s4 0.004 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004" { 66.6
ub7 - Expected timber cost: 0.997 hd: 1.40
Scenario | Timber Cost] Y | NSY SY Succ. | FI NBT SBT | Succ.
(Y-NSY) [ % (FI-NBT) | %
sl . 1.428 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
52 0.078 0.21 0.19 0.02 9.5 | 0.006 | 0.002 0.004 66.6
s3 0.017 0.21 0.2 0.01 4.8 {0.0002 {0.000058 | 0.000142 | 71
s4 0.003 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 |-66.6
ub8 - Expected timber cost: 0.964 hq: 1.45
Scenario | Timber Cost Y NSY SYy Succ. FI NBT SBT Succ.
(Y-NSY)| % (FI-NBT) | %
sl 1.381 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
s2 0.075 0.21 0.19 0.02 9.5 | 0.006 { 0.002 0.004 66.6
s3 0.016 0.21 0.2 0.0l 4.8 | 0.0002 | 0.000058 | 0.000142 | 71
s4 0.003 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 66.6
4 _ ub9 - Expected timber cost: ’40.932 hq: 1.50
Scenario | Timber Cost Y NSY | - SY Succ. F1 NBT SBT Succ.
(Y-NSY)| % ‘ (FI-NBT) | %
sl 1.334 0.19 0.19 0 0 0.0002 | 0.000058 | 0.000142 | 71
s2 0.072 0.21 0.19 0.02 | 95 0.006 | 0.002 0.004 66.6
s3 0.015 0.21 0.2 0.01 4.8 |0.0002|0.000058} 0.000142 [ 71
s4 0.003 0.22 0.2 0.02 9.1 0.006 | = 0.002 0.004 66.6
ub10 - Expected timber cost: 0.899  hq: 1.55
Scenario | Timber Cost Y NSY SY Succ. F1 NBT SBT Succ.
' (Y-NSY)| % (FI-NBT) | %
sl 1.288 0.19 0.19 0 0 0.0002 | 0.000058 0.000142 71
s2 0.068 021 |, 0.19 0.02 9.5 0.006 | 0.002 0.004 66.6
s3 0.014 0.21 0.2 0.01 4.8 10.0002}0.000058 | 0.000142 | 71
s4 0.003 0.22 0.2 0.02 9.1 0.006 | 0.002 0.004 66.6
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) Expected Per cent
Upper | UB | Stochastic Solution (Mean) Value of . Improvement of
Bound | Values of Recourse Value | Stochastic Solution Stochastic
(UB) Problem (EV) (RP-EV) Solutions
(RP) (RP-EV) / (RP)
ubl 1.10 1.8207 1.194 0.6267 34
ub2 1.15 1.7696 1.161 0.6086 34
ub3 1.20 1.7185 1.128 0.5905 34
ub4 1.25 1.6673 1.096 0.5713 34
ub5 1.30 1.6162 1.063 0.5532 34
ub6 1.35 1.5650 1.030 0.5350 34
ub7 1.40 1.5139 0.997 0.5169 - 34
ub8 1.45 1.4627 0.964 0.4987 34
ub9 1.50 1.4116 0.932 0.4796 34
ubl0 1.55 1.3604 . 0.899 0.4614 34

~ The results of the stochastic programming problem (SPP) is compared with its

corresponding mean value problem (MV) as shown in Table 5.11.

* Since replanning is inevitable, only the first period decisions are actually

implemented. MVP is generally used for the approximation of stochastic

programming problerhs. Thus, the difference between those two values shows how

much we can ignore the cost of uncertainty in choosing a decision.

o Table 5.11 shows as the upper bound increases, the value of stochastic solution

decreases from 0.6267 to 0.4614 constantly and its per cent is 34. Thus, we can say

that MVP approximate 66 per cent of stochastic programming solution of forest fire

risk mitigation model which'is just above the average. In other words, people can

ignore 34 per cent of cost of uncertainty when they make a decision
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6. CONCLUSION AND FURTHER RESEARCH AREAS

The main target of this study is to establish SP models for destructive hazards at
sustainable level. In general, it is analyzed how to mitigate and transfer catastrophic risks
by implementing SP idea. Thus, two different types of problems are considered

individually which are earthquake and forest fires respectively. In the following

subsections, we discuss the models separately.

6.1. Discussion of the Earthquake Model

A mathematical model to evaluate alternatives by uéing stochastic programming idea
for low probability high consequence events is formed. The proposed mathematical model
integrates a variety of mitigation options economically and explicitly for coping with

earthquake hazard when the probability of earthquake scenarios is given.

The proposed model seeks for optimum- mitigation options mix for a given
earthquake distribution. It is found that ‘;relocation and purchase insurance” is the best
combinations. If the “relocation” option is implemented, people do not need to prefer
taking “insurance” because of less effect of “insurance” on reducing cost of risks. Whereas,
“insurance” effect makes positive contribution in alternative3 (retrofit) and alternative4
(doing nothing). Moreover, it is shown that “relocation” and “rebuild” decrease the impact
of big earthquakes at high marginal levels and “purchasing insurance” is more useful

especially in medium intensity levels of earthquake risk.

It is found that if the “relocation” option with insurance factor is implemented, the
number of buildings at all damage levels and the number of casualties decline markedly. It
is also proved that high implementation costs of mitigation options cause a distortion in the

objecﬁve value function. Thus, the mitigation costs should be kept at reasonable level.

The utility theory is included in the stochastic model which helps to explain the

earthquake model. However,vin some experiments it becomes inadequate and gives biased
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results. It is also attempted to embed the idea of value function instead of utility theory in

stochastic model. Then, we compare both utility theory and value function solutions to
‘derive national constraints. .

As it is mentioned before, the alternatives are Just evaluated economically, although
physical factors can be» added to the model such as ground structure, distance from

earthquake epicenter, solidification factors and others.

A benefit estimation formula is used in this study because of not having available real

data to evaluate mitigation choices. In future work, a benefit reduction constraint can also
be added to the model. .

In future researches, it is proposed that financing for mitigation alternatives can be
added to the stochastic model of earthquake risk mitigation. People can finance some per
cent of the total implementation cost of mitigation alternatives themselves while it requires
some loans and credit such that government, municipalities or some non governmental
organizations. The government can afford the total low interesf rate credit amount for the
“relocation” option whereas for rebuilding option it can give some subsidiary to people
who suffer from earthquakes. Thus, the constraint fdr financing tools of mitigation options

should be included in SP model from the point of public view.

We use more specific earthquake scenarios based on characteristic of the selected
region and fault structure. That means scenarios should be developed a priori even

considering a specific fault structure.

Moreover, we can introduce the emergency alternatives which should be undertaken
during the earthquake. Secondary hazards such as fires and infectional epidemic can be
added to the stochastic model for further analysis. It can be easily anticipated that those

additional efforts make the proposed model more complex, but more realistic.

Numeric solutions indicate that a decision maker prefers applying “relocation”

options in order to reduce the impact of earthquake significantly if he can afford the high
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cost of it. Moreover, “rebuilding” and “retrofitting” options which have lower cost than

cost of relocation lead to considerable impact decrease for earthquake risk. The pilot area
can be classified according to different risk levels from high to low, and mitigation options

can be implemented by considering these risk levels such that for high risky areas

45 e ) : . . ' o . ‘ .
relocation option, for medium risky areas “rebuilding” option and for low risky areas

“retrofitting” option can be chosen. Furthermore

“insurance”

/ , it is proved that the earthquake
should be purchased and implemented jointly with any mitigation option.

6.2. Discussion of the Forest Fire Model

As it is mentioned %n preyious 'sections, the forest fire model is ‘developed to
investigate the impact of fire losses at sustainable level and to reduce its impact on timber
supply management. The stochastic model is later transformed to a deterministic equivalent
problem. In order to avoid large fire losses, we can establish buffer stocks which would
delay harvestable aged areas. That means, some portions of harvestable areas for the next
time periods can be separated to avoid harvest quantity declines when a large fire loss
occurs. However, the harvest decline in the solutions of stochastic forest fire risk model is

not observed because there are mostly low fire risks in the pilot area. Actually, the main

aim is to detect the success of mitigation options by 'taiking recursive actions for the next

time periods.

The empirical results of the forest fire risk model show that if the allowable limit of

harvest quantity is increased, the impact of fire loss can be reduced on the timber

-management economically. The more frequent fires having low risk cause higher

economic loss than the less frequeht fires having high risk.

The “regeneration” alternative is more effective than the “rehabilitation” alternative

such that most of the burned areas are successfully renewed for all scenarios by applying

- the regeneration alternative. On the other hand, the performance of “rehabilitation” remains

at lower levels, although it leads to better results for fires having higher risks. Enhancement
decision improves the volume of forest at a sustainable level that has a positive impact on

harvest quantity.
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In the forest fire risk model, the same fire loss proportion is allocated to every cover

area type in a given time period since it has not been possible to obtain data needed to. The -

proportion could be varied by cover type including age class. In that case, each period’s
low or high loss would have effect for al] cover types proportionally. However, this would

make our stochastic programming approach computationally intractable.

The model is developed as a two stage stochastic programming for the sake of
simplicity. In future studies, it can be developed to multi-stage stochastic programming by
enlarging the time periods. The data pool can also be enlarged for the whole region or the
country in order to get more meaningful and informative results. In further studies, the

Markov Decision Process approach mlght also be apphed if fire losses between stands are

Iargely independent.

As possible extensions, prescribed fires which cause to renew forest could be
included in the distribution of burned area proportion in the current model, and salvage
could be incorporated into the current model with relatively little effort. Furthermqre, the
problem could be remodeled by considering the breakdown species of trees including age

classes. However, it would also make the problem size bigger.

The model does not differentiate between areas which are enhanced at different ages
and in different ways. This simplification was made to reduce model dimensionally while it
is sufficient to indicate that stand improvement in general has a role in dealing with
stochastic fire loss. In the expanded model, enhancement could be considered in greater

detail.

The decision maker should establish some stock areas for the next periods to reduce
the effect of fire loss. After the fire, he can apply the “regeneration” option as quick as
possible for burned areas. Moreover, the “rehabilitation” option can be applied together

- with the “regeneration* option for especially the fires which lead to high economic loss

In conclusion, it is very difficult to collect data and represent the problems

stochastically in the real world. Even if it is a simple problem, many factors -can be
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unknown and many scenarios can be observed to cause mode] intractability. The stochastic
models in this research are real life applications and they require the availability of many
complex and unknown data while some mitigation actions need many years to be able to
observe their positive contributions in real life. Thus, some data needed in these models are
not available, and the.number of experiments becomes inadequate to reach at specific

certain results. However, this weakness shows the degree of difficulty for real life

applications especially in case of sustainable issues.

In the extension of this study, the two stage SP models for earthquake and forest
fires can be upgraded to multi-stages and multi-periods. Thus, more detailed results can be
reached and the performance of the software used in this research can be tested for large

size problems. Moreover, we should generally need to develop some estimation techniques

for generating required data in future studies.

In this study, it is proved that stochastic programming idea merges a number of
different or opposite scenarios within a single model and determines the optimal decisions

in the presence of uncertainty; the best combinations turn out to be “relocation” and

“rebuild” options for the earthquake risk mitigation model and “regeneration” option for

‘reducing fire loss at the stand level of forest management. Hence stochastic programming
model solutions provide pseudo-real solutions although if the stochastic programming

models have high density of uncertainty causing infeasibility in general.
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APPENDIX A: JOINT PROBABILITIES FOR EARTHQUAKE
PROBLEM

Table A.1. Joint probabilities of building damage, infrastructure damage and loss of life
Alternative A1 and A5 - Scenario S1
Pun | Puz | Pus | Pue | Pus | Piys | Puy Pus | Pus | Puao | Puay [ Puay | Pras Puag |Puas)| Phae
86.32 | 1.87 [ 235 3.47 4.53 0.1 1012 0.18 094 | 0.01 | 0.02 | 0.04 | 0.05 0 0 0
Alternative Al and AS - Scenario S2
Praan | Praoy {Praas)| Puagy | Prey | Piay [Puay Praoy | Prags) | Prag | Puaan [ Praas | Przas) | Prago |Pren| Praas
9045 ) 096 | 192 2.89 2.99 0.03 10.05( o.1 0.54 | 0.01 0.01 | 0.01 0.02 0" ]0.01]| 0.01
Alternative Al and AS - Scenario S3 ’
Pug3) | Psgy [Pizss)| Piagey | Pispn Pisas) |Pues)| Pisuey | Pisay P13z | Piswy) | Pissy | Prawsy | Pissey |Prsan| Prswsy
100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Alternative A2 and A6 - Scenario S1
Paiy Paiz | Paz | Payg Pas | Pug | Puz | Pus | Pao P2y | Paquy | Paay | Paiasy | Paiasy [Paiasy| Paias
7183 | 47 1351 547 (1073 0.7 |052] 082 1.24 | 0.08 | 0.06 0.1 0.19 | 0.02 | 0.01 | 0.02
Alternative A2 and A6 - Scenario S2
Pz | Paags) |Prgsy| Paaao) | Puey | Poy Pupn| Puey | Pues) { Pres | Pren | Paesy | Paes) Paioy |Pa2an | Paay
7695 [ 3.15 | 4.5 5.4 7.61 031 |045| 045 045 | 0.86 | 0.03 | 0.05 | 0.06 | 0.08 0 0.01
Alternative A2 and A6 - Scenario S3
Paa3 | Pusy |Pases| Puge) | Puey | Pags Puigsy)| Pasuoy | Pasany | Poszy | Pasesy | Pasasy | Pasuasy Pa3aey |P23an| Pasasy
100 0 0 0 0 0 0 [ 0 0 0 - 0 0 0 0 0
Alternative A3 and A7-- Scenario St
P3 P31z | Pas | Paia | Pous | Pais {Pus | Pas | Pao | Pagg | Paigy P3ia2) | Psiasy | Psiaay {Paiasy} Pawiey
52,04 7.77 | .77 | 10.1 13.42 2 2 2.6 1.23 0.18 | 0.18 | 024 | 0.31 0.05 | 0.05] 0.06
Alternative A3 and A7 - Scenario S2
Paaa7 | Prgs |Paasy| Praey | Paey | Puea [Pres)| Prey | Presy | Puee | Pran [ Pues) | Puey | Paon Paaaiy| Pazey
57.39 | 5.65 | 8.08 9.7 1226 | 121 [ L73( 2.07 1.11 0.11 | 0.16 | 0.19 { 025 | 0.02 | 0.03 | 0.04
Alternative A3 and A7 - Scenario S3
P33s3) | Psssy |Pisgn| Passe | Paon | Pisay [Pases| Paswo | Pasany | Pasun) | Pass) | Paswsy | Pswsy | Paswsy |Pasny] Pases)
100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Alternative A4 and A8 - Scenario S1
P Pstz | Pa1s | Paps Pass Psts | Parr | Pais Pais | Paiwoy | Parany | Parzy | Patasy | Parsy {Parasy| Parae
2491 | 14.04 | 13.68] 19.4 8.62 49 |473] 66 | 081 | 045 | 044 | 0.62 | 028 | 0.16 | 0.15] 0.21
‘ Alternative A4 and A8 - Scenario S2
Pa2a7 | Paagsy [Pa2asy| Paogoy | Pazey | Paoizyy |Pa223)| Pazeey | Paresy | Paaee) | Pazany | Pazeasy | Paziasy | Pazgay |Pazany| Paaaay
29.19 | 12.49 113.09} 2046 | 8.52 | 3.65 |3.82] 598 084 | 036 | 0.38 | 0.59 | 0.25 0.1 jO0.11) 0.17
Alternative A4 and A8 - Scenario 83 =
Pa3i33y | Pascssy |Passsy| Pasgey | Passny | Pasesy |Pasaw] Paseny | Pasiany | Pasany | Pascas) | Paswasy | Pasiasy | Pasuasy | Paagany| Pasasy
100 0 0 0 0 -0 0 0 0 0 0 0 0 0 0 0

Table A.1 shows
and loss of life by using the data in Table 4.7. The probabilities in that table are realizations

the joint probabilities of building damage, infrastructure damage,

at the end of each node showed in Figure 4.2.
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APPENDIX B: CODE OF THE STOCHASTIC PROGRAMMING

MODEL OF EARTHQUKE PROBLEM

$title Stochastic Programming (SU,SEQ=187)

$ontext

$0ffte$<t
sets i alternative / al*a8 /

io(i) insured ones fal*a4/

iu(i) uninsured /a5*ag/ ‘

j damage levels / d-1,d-2,d-3/

S scenarios /s-1,s-2,s-3/

ive level /11/

v inf damage level /v1/

n nodes /n-1*n-33 /
Alias (s,sp), (i,ip), (n,nd) ,
Parameters c(i) present cost of alternative /al 50.364, a2/ 25364, a3 10.364, a4 2.864, a5
50.000, a6 25.000, a7 10.000, a8 2.500/ _

PA() /al 0.125,‘a2 0.125, a3 0.125, a4 0.125, a5 0.125, a6 0.125, a7

0.125,a8 0.125/

Scalars
* scaling constants' of objective funcﬁon
gl /0.1/
g2 /0.9/ |
* scaling constants of utility funqtion
g3 /0.55/
g4 /0.025/
g5 /0.025/
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g6 /0.40/

table b(i,n,j) damage reduction benefit

n-1.d-1 n-1.d-2 n-1.d-3 n-2.d-1 n- 2d-2 n-2.d-3 n-3.d-1 n-3.d-2 n-3.d-3 n-4.d-1 n-4.d-2 n-4.d-3
al

0 0 0 2732 o0 g 0 539 0 0 0 9165

2 0 9 0 2277 0 ¢ 0 4499 0 0 0 7638

a3 0 0 0 1670 0 o 0 330 -0 0 0 5601

a4 0 0 0 .0 0 0 0 0 0 0 0 0

as 0 0 0 2732 o ¢ 0 539 0 0 0 9165

a6 0 0 0 2277 o g 0 449 0 0 0 7638

a7 0 0 0 1670 0 o 0 3300 0 0 0 5601

a8 0 0 0 0 0 o0 0 0 0 0 o 0

T 501 0-5.42 0-5.0-3 1-6.d-1 1-6.0-2 1-6.d-3 n-7.d-1 1-7.02 10-7.d-3 1-8.q.1 n-8.d-2 n-8.d-3

al 0 0 0 2732 0 0 5399 0 -0 0 9165

2 0 0 0 2277 0 g 0 499 0 0 0 7638

23 0 0 0 1670 0 o 0 3300 0 0 0 5601

a4 0 0 0 0 0 0 0 0 0 0 o0 0

as 0 0 0 2732 0 9 0 539 0 0 0 9165

a6 0 0 0 2277 0 9 0 449 0 0 0 7638

a7 0 0 0 1670 0 o 0 3300 0 0 0 5601

a8 0 0 0 0 0 0 0 0 0 0 o0 0

* 0-9.d-109.d-21-9.d-3 n-10.-1 n-10.d-2 0-10.d-3 n-11.d-1n-11.d-2 o 1.d-3 n-12.d-1n-12.d-2 n-12.4-3
al 0 0 0 2732 ¢ 0 0 539 0 0 0 9165

a2 0 0 0 2277 o 0 0 4499 0 o 0 7638

3 0 0 0 1670 0 0 0 330 0 0 0 5601

a4 0 0 0 0 0 0 0 0 0 o0 0 0

a5 0 0 0 2732 0 0 0 5399 o0 0 0 9165

a6 0 0 0 2277 0 0 0 4499 0 o 0 7638

a7l 0 0 0 1670 0 0 0 3300 o0 o0 0 5601

a8 0 0 0 0 0 0 0 0 0 0 0 0
*1-13.d-1n-13.d-2 0-13.4-3 n-14.d-1 n-14.4-2 n-14.d-3 n-15.d-1 1-15.d-2 n-15.4-3 1-16,d.] n-16.d-2 n-16.d-3
al 0 0 0 2731 0 0 0 539 ¢ 0 0 9165
a2 0 0 0 2277 0 0 0 4499 o 0 0 7638
a3 0 0 0 1670 0 0 0 3300 o0 0 0 5601
ad "0 0 0 0 0 0 0 0 0 0 0 0
as 0 0 0 2731 0 0 0 5399 ¢ 0 0 9165
a6 0 0 0 2277 o0 0 0 4499 ¢ 0 0 7638
a7 0 0 0 1670 0 0 0 3300 o0 0 0 5601
a8 0 0 0 0 0 0 0 0 0. 0 0 0
* 0-17.d-10-17.d-2 0-17.4-3 n-18.d-1 n-18.d-2 n-18.d-3 n-19.d-1 n-19.d-2 n-19.4-3 n-20,g-1 n-20.d-2 n-20.d-3
al 0 0 0 2462 0 0 0 5031 0 0 0 9048
a2 0 0 0 2074 0 0 0 4237 o0 0 0 7620
a3 0 0 0 1555 o0 0 0 3178 o 0 0 5715



ad 0 0 0 0 0 0 0 0 0 0 0 0
as 0 0 0 2462 o 0 0 5031 o 0 0 9048
a6 0 0 0 207 o 0 0 4237 o 0 0 7620
al 0 0 0 1555 -0 0 0 3178 0 0 0 5715
a8 0 0 0 0 0 0 0 0 o 0 0 0
-+ 0-21.d-1 1-21.d-2 1-21.4-3 n-22.d-1 1-22.4-2 n-22.d-3 n-23.-1 n-23.d-2 n-23.d-3 n-24.d-1 n-24.d-2 n-24.4-3
al 0 0 0 2462 0 ¢ 0 51 0 0 0 9048
a2 0 0 0 204 0o o 0 237 0 0 0 762
a3 0 0 0 1555 o ¢ 0 317 0 0 0 5715
ad 0 0 0 0 0 o0 0 0 o0 o 0 0
as 0 0 0 2462 0 ¢ 0 51 0 o0 o 9048
a6 0 0 0 207 o0 ¢ 0 4237 0 0 0 7620
a7l 0 o0 0 1555 0 ¢ 0 3178 0 0 0 . 575
a8 0 0 0 o 0 o 0 0. 0 o 0 0
¥ 125,41 0-25.0-2 1-25.:3 1-26.-1 1-26.0-2 1-26.0-3 n-27.0-1 n-27.d-2 027,03 1-28.d-1 1-28.0.2 n-28.d-3
al 0 0 0 2462 0 o 0 5031 ¢ 0 0 9048
2 0 0 0 20 o 0 4237 o 0 0 7620
a3 0 0 0 1555 0 ¢ 0 31718 o 0 0 575
a4 0 0 0 o 0 o 0 0 o0 0 0 0
a5 0 0 0 2462 0 ¢ 0 5031 0 0 0 9048
a6 0 0 0 207 o0 ¢ 0 4237 o 0 0 7620
a7l 0 0 0 1555 0 ¢ 0 3178 0 0 0 5715
a8 0 0 0 0 o o 0 0 o 0 0 0
¥ 1-29.d-1 0-29.d-2 1-29.d-3 1-30.d-1 1-30.6-2 1-30.0-3 n-31.d-1 n'31.d-2 -31.0-3 n-32.0-1 n-32.4.9 n-32.d-3
al 0 0 0 2462 0 ¢ 0 5031 0 0 0 9048
a2 0 0 0 2071 o0 o 0 4237 o 0 0 7620
a3 0 0 0 1555 0 0 0 3178 0 0 0 5715
a4 0 0 0 0 0 0 0 0 o0 o 0 0
a5 0 0 0 2462 0 0 0 5031 0 0 0 9048
a6 0 0 0 2074 0 0 0 437 ¢ 0 0 7620
al 0 0 0 1555 0 0 0 3178 0 o 0 5715
a8 0 0 0 0 0 0 0 0 0 0 0 0
+ n-33.4d-1 0-33.d-2 n-33.d-3 ‘
al 0 0 0
a2 0 0 0
23 0 0 0
a4 0 0 0
as 0 0 0
ab 0 0 0
a7 0 0 0
a8 0 0 0

table £(j,s) cost of damage



s-1 52 §-3
d1 50 30 o
42 25 15 ¢
d3 45 25 o

scalar NP number of population / 239927 /
NB number of buildings /15995/ A
LV loss of life value /42/
IV infra total value /218000/ ;

table stdat(s,*) scenario data

prob
s-1 .01
s-2 .1
s-3 .89 |

table stadat(n,i,*) impact data

al.pr a2pr a3.pr adpr al.d-l1 al-d2 al.d-3 al.vl

n-1 8632 7183 5201 2491 ¢ 0 0
n2 0187 .047 .077 .1404 3036 0 0
n-3 .0235 .0351 .0777 .1368 0 5999 0
n-4 0347 0547 .1010 .194 0 0 10184
n-5 .0453 1073 .1342 0862 ¢ 0 0
n-6 001 .007 .02 .049 3036 0 0
n-7 .0012 .0052 .02 .0473 0 5999 0
n-8 0018 .0082 .026 .066 0 0 10184
n-9 .0094 .0124 0123 .0081 0 0 0
n-10 .0001 .0008 .001 .0045 3036 ¢ 0
n-11 .0002 .0006 .0018 .0044 ¢ 5999 0
n-12.0004 0010 .0024 .0062 0 0 10184
n-13 .0005 .0019 .0031 .0028 ¢ 0 0
n-14 0000 0002 .0005 .0016 3036 0 0
n-15 .0000 .0001 .0005 .0015 O 5999 0
n-16 .0000 .0002 .0006 .0021 - 0 0 10184
n-17 9045 7695 5739 2919 ¢ 0 0
n-18 .0096 .0315 .0565 .1249 2592 ¢ 0
n-19 0192 .045 .0808 .1309 0 5296 0O
n-20 0289 .054 .097 2046 0 0 9525
n-21 0299 0761 .1226 .0852 0 0 0
n-22-.0003 .0031 0121 .0365 2592 .0 0
n-23 .0005 .0045 .0173 0382 0 5296 ¢
n-24 001 .0053 .0207 .0598 ¢ 0 9525
n-25 .0054 .0086 .0111 .0084 0 0 0

o._.._..—._.oooo._.._.._-—-oooo»——-—-—»—‘ocoo

al.ll

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
1

a2.d-3 a2yl

0
0
0
0
1
1
1
1
0
0
0
0
1
1
1
1
0
0
0
0
1
1
1
1
0

a2.l1

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
1

a3.d-1 a3-d-2
0 0
3036 0
0 5999
0 0
0 0
3036 0
0 5999
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
2592 0
0 5296
0 0
0 0
2592 0
0 5296
0 0

0 0
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n-26
n-27
n28
n-29
n-30
n-31
n-32
n-33

n-2
n-3
n-4
n-5
n-6
n-7

n-9

.0001
.0001
.0001
.0002
.0
.0001
.0001
1.0

al.pr
.8632
0187
.0235
.0347
.0453
.001

.0012
.0018
.0094
.0001
.0002

.0004

.0005

.0000

.0000

.0000

9045
.0096
.0192
.0289
.0299
.0003
.0005
.001

.0054

.0001
.0001
.0001
.0002

.0001
.0001
1.0

- aS.pr

.8632
.0187
0235
0347
.0453
.001
.0012
0018
.0094

.0003
.0005

..0006
.0008

.0001
.0001
LO

a2.pr

.7183

047

.0351

.0547

1073

.007
.0052

.0082
.0124
.0008
.0006
.0010
.0019
.0002
.0001
.0002
.7695
0315

.045
.054

.0761
.0031
.0045
.0053
.0086
.0003
.0005
..0006
.0008

.0001
.0001

1.0

a6.pr

7183

.047
.0351

0547

1073
.007
.0052

.0082

0124

.0011
.0016
.0019
.0025
.0002
.0003
.0004
1.0

a3.pr

.5201

077
0777
.1010
1342

.02
.02

026
0123

.001
.0018

0024
.0031
0005
.0005
0006
5739

.0565

.0808

.097

1226
0121
.0173
.0207
0111
.0011

.0016

.0019

.0025

.0002

.0003

.0004

1.0

al.pr

.5201

.077
0777

.1010

1342
.02
.02
.026
.0123

.0036
.0038
.0059
.0025
.0010
.0011
.0017

1.0

ad.pr

2491
.1404
1368

194

.0862

.049

.0473

.066

.0081
.0045
.0044
0062
.0028
.0016
.0015
.0021
2919
1249
1309
.2046
.0852
.0365
.0382
.0598
.0084
.0036
.0038
.0059
.0025
.0010
.0011
.0017

1.0

a8.pr

2491 -
1404
1368

194

.0862

.049

.0473

.066

.0081

0
5296
0
0
0
5296
0
0

ad.vl a3ll ad.d-1

0
0
0
1
1
1
1
1
0
0
0
0
1
1
1
1
0
0
0
0
1
1
1
1
0
0
0
0
1
1
I
1
0

0
0
9525
0
0
0
9525
0

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
0

0
0
0
1
1
1
1
0

0
3036
0

a5-d2 a5.d-3 as.vl

0
.0
5999
© 0

0

0
.5999

0

0

0
0
0 .
10184
0
0
0
10184
0

L= e e L = R = B o e}

O e e

-0 O O O O O o O .

a6.d-1
0
3036
0
0
0
3036
0
0
0

0
5296
0
0
0
5296
0
0

ad.vl

O-—"—-HD—OOOO'—‘—-'—-—OOOOHP—‘H’—*OOOOH’-‘#—!P—-—-OOO

a6-d2 a6.d-3 ab.vl

0
0
5999
0
0
0
5999
0
0

0
0
9525
0
0
0
9525
0

a4.11

O'—"—"-"—-'-‘»-"——*OOOOOOOOH—'—"—‘——'—"—'—"—'OOOOOOO

0
0
0
10184
0
0
0
10184
0

O e = 0 O O

S = = - OO0 O

[ S S SN

a6.11
0

0
0
0
0
0
0
0
1

92

2592 0
0 5296
0 0
0 0

2592 0
0 5296
0 0
0 0

a7.d-1 a7-d-2
0 0

3036 0
0 5999
0 0
0 0

3036 0
0 5999
0 0

0

0



n-10
n-11
n-12
n-13
n-14
n-15
n-16
n-17
n-18
n-19
n-20
n-21
n-22
n-23
n-24
n-25
n-26
n-27
n-28
n-29
n-30
n-31
n-32
n-33

‘n-1
n-2
n-3
n-4
n-5
n-6
n-7
n-8
n-9
n-10
n-11
n-12
n-13
n-14
n-15
n-16
n-17
n-f8
" n-19
n-20
n-21
n-22
n-23
n-24
n-25
n-26
n-27
n-28

.0001
.0002
.0004
.0005
.0000
.0000
.0000
.9045
.0096
.0192
.0289
.0299
.0003
.0005
.00t
.0054
.0001

0001

.0001

-.0002

.0001
.0001
1.0

as.pr

.8632
.0187
.0235
.0347
.0453

.00t

.0012
.0018
.0094
.0001
.0002
.0004
.0005
.0000
.0000
.0000
.9045
.0096
0192
.0289
.0299
.0003
.0005

.001

.0054
.0001
.0001
.0001

.0008
.0006
.0010
.0019
.0002
.0001
.0002
7695
0315
.045
.054
.0761
.0031

.0045 -

.0053
.0086

0003

.0005

..0006

.0008

.0001

.0001
1.0

ab.pr

7183

.047

.0351
0547
1073

.007

.0052
.0082
.0124
.0008
.0006
.0010
.0019
.0002
.0001
.0002
7695
0315

.045
.054

0761
.0031
.0045
.0053
.0086
.0003
.0005
..0006

.001
.0018
.0024
.0031
.000s
.0005
.0006
.5739
.0565
.0808
.097
1226
0121
.0173
.0207
0111
.0011
.0016
.0019
.0025
.0002
.0003
.0004
1.0

a7.pr

.5201

.077

0777
1010
1342

.02
.02
.026

0123

.001

.0018
.0024
.0031
.0005
.0005
.0006
5739
.0565
.0808

.097

1226
.0121
.0173
.0207
0111
.0011
.0016
.0019

.0045
.0044
.0062
.0028

20016

.0015
.0021
.2919
1249

<1309

2046
.0852
.0365
.0382
.0598
.0084
.0036
.0038
.0059
0025
.0010
.0011
.0017
1.0

a8.pr

.2491
.1404
.1368

.194

.0862

.049

.0473

.066

.0081
.0045
.0044
.0062
.0028
.0016
.0015

.0021

2919
1249
1309
2046
0852
.0365

.0382

.0598
.0084

.0036

.0038

.0059

3036

al.lll

o

= e OO0 0 00 00 e e e e e e e OO0 O OO OO
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n-29 .0002 .0008 .0025 .0025 0O
n30 .0 .0 .0002 .0010 0
n-31 .0001 .0001 .0003 .0011 0
n-32 .0001 .0001 .0004 .0017 9525
n-33 1.0 1.0 1.0 1.0 0

1 0 0
1 2592 0 0
1 0 5296 0
1 0 0 9525
0

O = s e
D e e = e
S o e

set sn(s,n) scenario node mapping / s-1.(n-1*n-16), 5-2.(n-17*n-32), s-3.(n-33) /
tree(s,n) / s-1.(n-1*n-16), s-2.(n-17*n-32), s-3.(n-33) /
parameter dam(n,i,j) stochastic damage
AL(n,i,]) being alive
INFL(n,i,v) infrasructure damagé level
pr(n,i) node probability;
dam(n,i,j) = stadat(n,i,j);
AL(n,1,]) = stadat(n,i,l);
INFL(n,i,v) = stadat(n,i,v);
pr(n,i) = sum(tree(s,n), stdat(s,'prob')*stadat(n,i,'pr"));
display pr;

table IDP(i,s) infrastructure damage percent
s-1 s2 s-3

al .02 .01 .0
a2 .03 .02 .0
a3 .05 .03 .02
a4 .06 .04 .03
aS .02 .01 .0
a6 .03 .02 .0
a7 .05 .03 .02
a8 .06 .04 .03 |
parameters W() unit insurance benefit /d-1 21.680, d-2 10.840, d-3 2.170/;
variables x(i) alternative in time t-1

¥(1,j,s,n) number of buildings damaged

ty(i,s,j) total buildings damaged by scenario

m(i,s) number of people died byb percent

k(i,s) percent of infrastr damage



IR(i,s) insurance value

cty(i,s) cost of damaged buildings
cm(i,s) cost of lost lives

ck(i,s) cost of infrastructure damage
U(i,s) utility function

cost
positive variables x,y,k,ty,cm,cty,ck,u
integer variable m;

equations
objective
bal(i) decision of mitigation alternative
live(i;s) being alive
insurl(i,s) taking earthquake insurance
insur2(i,s) not taking insurance
infra(i,s) infrastructure damage 4
damex(i,s,j) buildings damage because of earthquake
dambal(i,j,s,n) damage balance
costdam(i,s) cost of damage d buildings
costlive(i,s) cost of being alive
costinf(i,s)  cost of infrastructure damage

utility(i,s) utility function
1b(i,j,s,n);
bal().. x(i) =e=1;
darhbal(i,j,sn(s,n)).. b(i,n,j)*X(i) +y(i,),sn) =e= dam(n,i,j); j

live(i,s).. m(i,s)=e= sum((tree(s,n),l), stadat(n,i,'pr') * AL(n,il));



infra(i,s).. k(i,s) =e= sum((tree(s,n),v), stadat(n,i,'pr') * IDP(i,s)*INFL(n,i,v));

insurl(io,s).. IR (io,s)=e= sum( (tree(s,n),j), stadat(n,io,'pr') * y(io,j,s,n) * WG));

‘insur‘2(iu,s).. IR(iu,s) =e=0;

damex(i,g,j).. ty(i,s,j) =e= sum(n, stadat(n,i,'pr") *y(i,j,s,n));

costdam(i,s)... cty(i,s) =e= sum (i, ,5)*ty(i,s.j));

costlive(i,s).. cm(i,s) =e= LV* m(i,s)*NP;

costinf(i,s).. ck(i,s) =e= IV* k(i,s);

utility(i,s).. U(i,s) =e= g3*cty(i,s)+g4*cm(i,s)+g5*ck(i,s)-gé*IR(i?s);
1b(i,,5,n).. y(i.j,5,n) =g=0;

objective.. cost =e= g1 *Sum(i, c(i)*x(i)) + g2*sum((i,s), stdat(s, 'pr’) * U(L,8)); -
model ESP Earthéuake stochastic progfamming /all/; /

* option Ip = oslse;

PARAMETERS
ALTCOST() ALTERNATIVE COST
EALTCOST EXPECTED COST

| solve su min cost us mip;

display x.1, y.I, m.], k.1, IR.], ty.l,U.I,cty.l, cm.l, ck.l, cost.] ;
ALTCOST() = gl*(c(i)*x.1()) + g2*sum(s, stdat(s, 'pr') * U.1(i,s));
EALTCOST = SUM(, ALTCOST(i)*PA(i));

DISPLAY ALTCOST, EALTCOST
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APPENDIX C: CODE OF THE STOCHASTIC PROGRAMMING

MODEL OF FOREST FIRE PROBLEM

$OFFUPPER ‘
$title Stochastic Programming Forest Fire (SU,SEQ=187)
SOFFSYMXREF OFFSYMLIST OFFUELLIST OFFUELXREF
$inlinecom /* */ '
FILE F1 /tfsp.prn/ PUT F1 ;F1.PC = 4 ;F1.ND =3 ;F1.NZ = 1E-8
PUT
/ 'The Effect of Fire '
/
/'<ch5b\rffsp> Version 1993.05.19 a'
/ v
/ 'File:!' SYSTEML.IFILE /
Date:' SYSTEM.DATE /
‘Time:' SYSTEM.TIME /
/ 'This run:' / '
' - Regulated upper bound on harvest quantity' /
' - Stochastic programrhing problem' / |
' - Economic criterion' /
' - Expected ACD'/

* Baseline model characteristics;

*

*

~ Multistage stochastic programming problem

*

- Deterministic equivalent problem solution

* - Strategies for adaptaition to stochastic fire loss:
* - Harvest quantity

* - Regeneration intensity

*- - NSR rehabilitation

* - Harvest utilization



- Stand enhancement

* - Note regarding sequence of decisions and burn during period:
- Harvest and enhancement decided before burn
- Regeneration & rehabilitation decided after burn

- Note that forest area is scaled to 1 (A) for numerical
stability purposes. Model is linear, so that objective
function, harvest quantity, etc should be scaled up
accordingly. Different forest areas have different fire

*  loss distributions, represented in F(r) and PrF(r).

*>>. No decline penalty

* - Non-selfregenerated cutover must be regenerated (cy=0)

*>>_ Harvest quantity upper bounded for all s,t

[ J

Options Limrow=0, Limcol=0, Iterlim=400000, Reshm—400000 SOLPRINT = OFF,
SYSOUT = OFF

* Units:
* Internal Real

*Item Unit Unit

c forest cover type /N1 natural initial, N2 natural enhanced,
B1 basic initial, B2 basic enhanced /
cl(c) nonenhanced initial /N1,B1/
c2(c) enhanced /N2,B2/.
aageclass  /al 0-20, a2.20-40, a3 40-60 ,
a4 60-80, a5 80-100, a6 100-120,
a7 120-140, a8 140-160, a9 160-180, a10 180+ /
ah(a) harvestable age class /a3*al0/



.
2

au(a) unharvestable age class /al *a3/

as(a) age23 /a2*a3/

§ scenarios / s1*s4 / '

r Realization of fraction burned /r1*r2/

ub index of upper bound /ubl*ub10/

te extended time period /t1*t4/

t(te) time horizon /t1*t3 /

ts(te) time horizon with random loss /t1*t2/

tr(t) time horizon of report / t1 0-20, t2 20-40, t3 40-60 /

Alias (x.1p), (s,sp), (L,tp)

Parameters

HQUB regulated upper bound (V)
VUB(ub) regulated upper bound vector (V) ;

VUB(ub) = 1.1+0.05* (ORD(ub)-1)

Scalars

REDECOQ reduction of econ ferms for quant obj /1.0000/

*-REDECOQ is the weight of economic terms in the objective for

*

*

*

the wood quantity criterion. Itis 1 for the economic
criterion. A value of zero gives no weight, but small
weight is useful to identify the most profitable decisions

among multiple optima. Search for a value small enough

‘to avoid competition with the wood quantity terms, but large

enough to avoid numerical problems (but, zero is fine). |
0.01 worked; 0.0001 was "infeasible" for CDECR = 0.15

For reporting, note that F1.NZ & ND affects conversion for

printing.
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Abort § (REDECOQ GT 1 OR REDECOQ LT 0) "REDECOQ > 1 OR < 0"

PUT

/'No. of time periods (used & reported):' /
CARD(t):0:0 CARD(tr):0:0 /

LOOP(tr, PUT ORD(tr):0:0) PUT /

PUT 'Time period cell labels (years):' /
LOOP(tr, PUT tr.TE(tr)) PUT / |

PUT 'Age class distribution cell labels (years):' /
LOOP(a, PUT a.TE(a)) PUT /

PUT _
'No. of alternative upper bounds tested:' / CARD(ub):0:0 /
‘Upper bounds (V):'/

LOOP(ub, PUT ORD(ub):0:0) PUT /
LOOP(ub § (ORD(ub) LE 10), PUT VUB(ub):0:2) PUT/

LOOP(ub $ (ORD(ub) GT 10 AND ORD(ub) LE 20), PUT VUB(ub):0:2) PUT /

LOOP(ub § (ORD(ub) GT 20), PUT VUB(ub):0:2) PUT /
PUT
'Reduction of economic terms for quantity maximization' /
'...criterion (1 for economic criterion):'/
;F1.NR =0 /* Scientific notation */
PUT REDECOQ
PUT § (REDECOQ EQ 1)' (Economic criterion)' /

PUT $ (REDECOQLT 1)' (Wood quantity criterion)' /

;FINR =1 /* Normal notation */
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Scalar
MV market value (D per V) /0.9087/
PC penalty cost /0.2726/
CHG cost of harvest méthod g (D per A)/9.37/
CEN cost of enhancement of natural (D per A) /18.48/
CEB cost of enhancement of basic (D per A) /60/
CFN cost of regéneration to natural (D per A) /122.73/
CFB cost of regeneration to basic (D per A) /245.51/
CYN cost of rehabilitation of NSR to natural (D per A) /63.38/
CYB cost of rehabilitation of NSR to basic (D per A) /86.27/
Scalar
EFBB efectiveness of burned area basic to basic / .85/
EFBN efectiveness of burned area basic to natural /.15/
EFNN efectiveness of burned area natural to natural 7.95/ |

EYBB efectiveness of NSR area basic to basic /.75/
EYBN efectiveness of NSR area basic to natural /.20/
EYNN efectiveness of NSR area natural to natural /.83/
scalar | ’ .
ININSR initial Not sufficenly restocked area (A)/ 125.3 /
LAND total forest land area (A)
SF proportion of burned area that self regenerates during time period / 0.71/
SY proportion of NSR area that self regenerates during time period /0.075/
RATIO proportion of enhanced area /0.157/

TABLE INIFOR(a,c1) Initial age class distribution (A)

nl bl |
al 455 1 | /* actual distribution */
a2 4205 5
a3 747 1075
a4 4235 7

a5 356 170



a6 1465 0
a7 288 0
a8 864.5 49
a9 408 14.5
al0 1474 0

* al  46.7 0 /* reductive area */
* a2 2803 0
* a3 3796 0
* a4 2553 0
* a5 2048 0
* a6 1066 0
* a7 2115 0
* a8 5971 0
* a9 3139 0
* al0 10172 0

LAND = SUM((c1,), INIFOR(a,c1)) + ININSR.
DISPLAY 'LAND before scaling to 1", LAND

*_Scale total land area to 1
;ININSR = ININSR / LAND
;INIFOR(a,c1) = INIFOR(a,c1) / LAND

;LAND = SUM((c1,a), INIFOR(a,c1)) + ININSR

DISPLAY 'After scaling:', LAND, INIFOR, ININSR

| TABLE YIELDG(ah,c) Net merchantable volume yield g (V per A)
nl bl |

a3 15000 2000

a4 30000 2800

a5 28000 2800

a6 25000 2650
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a7 25000 2500

a8 22000 3200

a9 19000 3080

al0 28000 2900
;YIELDG(ah,'n2) = 1.05 * YIELDG(ah,n1")
;YIELDG(ah,b2) = 1.03 * YIELDG(ah,b1")

DISPLAY YIELDG
SCALARS
TPERL  Time period length (years) /20/
INT Annual interest rate (percent) /4.0/
PARAMETER

ALPHA(te) Discount factors

*-All activities assumed to occur in the middle of each period.
* If TPERL = 10, discount from start of years 10, 30, 50, ...
*IfINT = 4.0, discount factors are 1.04**-5, 1.04%*-15, ...

;ALPHA(Y) = (1 + INT/100) ** (-(TPERL * ORD(t) - TPERL/2))
;ALPHA(te) $ (ORD(te) EQ CARD(te)) = INF
DISPLAY TPERL, INT, ALPHA
PARAMETERS |
F(r)  Fraction burned per period
/r1 0.0002,
12 0.006/
PrF(r) Probability that given fraction burns
/1l 0.83,
2 0.17/
CPrF(r) Cumulative probability that fraction burns
EFBP  Expected fraction burned per period
EFBA  Expected fraction burned per annum
VFBP  Variance of fracation burned ber period
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CVFBP  Coeff of var of fraction burned per period

;CP1F(r) = SUM(rp $ (ORD(rp) LE ORD(r)), PrF(rp))
;EFBP = SUM(r, PrF(r) * F(r))

;VFBP = SUM(r, PrF(r) * F(r) ** 2) - EFBP ** 2
;CVFBP = SQRT(VFBP) / EFBP

*-This is from the formula EFBP =1 - (1 - EFBA) ** TPERL

;EFBA = 1 - (1 - EFBP) ** (1/TPERL) |
DISPLAY F, PrF, CPiF, EFBP, EFBA, VFBP, CVFBP
* NS1(te) = (1 2)

+ NS2(te) = (2 4)

*  <NSI>  <NS2>

*  PrNDI1 PrND2

* xuegh

* () cycben
* () fyfbin
* ¥y yyybyn

*

*-Parameters $§ CARD(te) = INF:

*

* ALPHA P Q PrND1 PrND2 ONE

*

PARAMETERS

BRCHS Number of branches at each node

NS1(te) Nﬁmber of scenarios or no&es (before burn)
NS2(te)  Number of scenarios or nodes (after burn)
P(s;te)  Alternative proportions burned in branch

Q(ste) 'l - P(s;te)
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PrNDI(s,te) Probability of node -before- burn by s & t

PrND2(s,te) Prdbability of node -after- burn by s & t

ONEl(te) Check sum of PrND1

ONE2(te) Check sum of PrND2
:BRCHS =2
;NS1(te) = POWER(BRCHS, CARD(ts))
;NS2(te) = NS1(te)
;NS1(ts) = POWER(BRCHS, ORD(ts) - 1)
:NS2(t) $ (ORD(t) LE CARD(ts)) = NS1(t+1)

DISPLAY BRCHS, NS1, NS2
" :P(s,t) $ (ORD(s) LE NS2()) = EFBP
;P(s,t) $ (ORD(t) LE CARD(ts) AND ORD(s) LE NS2(t)) =
SUM(r $ (ORD(r) EQ MOD(ORD(s) - 1, BRCHS) + 1), F(x))

;Q(s,t) $ (ORD(s) LE NS2(t)) = 1 - P(s;t)
:P(s,te) $ (ORD(te) EQ CARD(te)) = INF
:Q(s,te) $ (ORD(te) EQ CARD(te)) = INF

DISPLAY P, Q
PrND1(s1't1") = 1 o

LOOP(t $ (ORD(t) GT 1 AND ORD(t) LE CARD(ts) + 1),

LOOP(s $ (ORD(s) LE NS1(t)),

PrNDI(s,t) = |

SUM(r $ (ORD(r) EQ MOD(ORD(s) - 1, BRCHS) + 1), PrF(r))
* SUM(sp $ (ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6)),
PrND1(sp,t-1))
)
)

:PrND1(s,te) $ (ORD(fe) GT CARD(ts) + 1) = |
SUM(tp $ (ORD(tp) EQ-CARD(ts) + 1), PIND1(s,tp))

;PrND2(s,te) $ (ORD(te) LE CARD(t) AND ORD(s) LE NS2(te)) =
PIND1(s,te+1)



;PIND1(s,te) $ (ORD(te) EQ CARD(te)) = INF
;PrND2(s,te) § (ORD(te) EQ CARD(te)) = INF

;ONEI1(te) = SUM(s $ (ORD(s) LE NS1(te)), PIND1(s,te))
;ONE2(te) = SUM(s $ (ORD(s) LE NS2(te)), PrND2(s,te))
PARAMETER PrS(s) Probability of scenario

;PrS(s) = SUM(t $ (ORD(t) EQ CARD(t)), PrND1(s, 1))
DISPLAY PrND1, ONE1, PrND2, ONE2, PrS

;PrND1(s,tr) $ (ORD(s) GT NS1(tr)) = -1
;PIND2(s,tr) $ (ORD(s) GT NS2(tr)) = -1

PUT /PrND1.TS /
LOOP(,
LOOP(tr, PUT PrND1(s,tr):0:5) PUT /
)
PUT / PtIND2.TS /
LOOP(s,
LOOP(tr, PUT PrND2(s,tr):0:5) PUT /
) v
PUTCLOSEF1 PUTFI1; F1.AP=1
** PARAMETER TS1(s,te), TS2(s,te)

**TS1(s,te) $ (ORD(s) LE NS1(te)) = 100 * ORD(s) + ORD(te)
##,TS2(s,te) $ (ORD(s) LE NS2(te)) = 100 * ORD(s) + ORD(te)

** DISPLAY TS1, TS2

positive variables

fi(ste)  Burned area , (A)
fy(s,te) Non-self regen burn left to NSR (A)

fb(s,te) Non-self regen burn regen to basic

fn(s,te) Non-self regen burn regen to natur

NBT(s,te) not successfully treated burned area ~ (A)
NSY(s,te) notrehablitated area (A)
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y(s;te)  Area of NSR (A)
yy(s,te) Non-self rehab NSR left to NSR (A)
yb(s;te)  Non-self rehab NSR regen to basic (A)
yn(s,te) Non-self rehab NSR regen to natu (A)
x(s,c,a,te) Area of forest ‘ A
g(s,c,ah,te) Harvested area type g (A)
u(s,c,a,te) Unharvested area | : (A)
- e(s,cl,a,te) Enhanced area _ (A)

hq(s,te)  Harvest quantity in current period V)

free variable z objective (D);
equations
harenharea(s,c2,ah,t) harvestable enhanced area  (A)
NONHEA(s,c2,as,t) nonharvestable enhanced area  (A)
HNONEA(s,cl,ah,t) harvestable nonenhanced area (A)
NONHNONEA(s,c1,au,t) nonharvestable nonenhanced area (A)
ENHANCED(s,c1,4,t) enhanced area (A)
OLDnatural(s,a,te)  growth to oldest natural enhanced areaN2 (A)
OLDbasic(s,a,te) growth to oldest basic enhanced areaB2 (A)
INTnatural(s,a,te) ~ growth to intermediate age 3t09 naturai enhanced area (A)
INTbasic(s,a,te) . growth to intermediate age 3 t09 basic enhanced area (A)
AGE2nat(s,te)  growth to age class2 natural enhanced area (A)
AGE2bas(s,te) ~ growth to age class2 basic enhanced area (A)
OLDNONNB(s,cl,a,te) growth to oldest natural(b&asic) nonenhanced area (A)
INTNONNB(s,c1,a,te) .growth to,intermediate age 2 to 9 to oldest natural(basic)
nbnenhanced area (A)
burn(s,te) burned area (A)
NTburn(s,te) not treated burned area (A)
NSNSR(s,te) - not succfully rehabilitatéd aREA (A)
treatburn(s,te) treatment of burned areabny (A)"
treatNSR(s,te)  treatment of NSR areabn y (A)
transNSR(s,te) transition to NSR  (A)
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traYbas(s,te) transition to youngest basic cover type (A)
traYnat(s,te) transition to youngest natural cover type (A)
harvest(s,t)  harvest Quantity V)

HARVQUB(s,t) harvest quantity upper boupd V)

obj objective ;function (D);

harenharea(s,c2,ah,t) $ (ORD(s) LE NS1(t))..
X(s,c2,ah,t) =e= g(s,c2,ah,t) + u(s,c2,ah,t);

NONHEA(s,c2,as,t) $ (ORD(s) LE NS1(t))..

X(s,c2,as,t) =e= u(s,c2,as,t) ;

HNONEA(s,cI,ah,t) $ (ORD(s) LE NS1(t))..
X(s,cl,ah,t) =e= g(s,cl,ah,t) + u(s,cl,ah,t) + e(s,cl,ah,t);

NONHNONEA(s,c1,au,t) $ (ORD(s) LE NSI(t))..

x(s,cl,au,t) =e= u(s,cl,au,t) + e(s,cl,au,t);

ENHAN CED(s,cl,at) $ (ORD(s) LE NS1(@))..
e(s,cl,a,t) =e= RATIO * u(s,cl,at) ;

OLDnatural(s,a,te-1) $ (ORD(s) LE NSI(te)
AND ORD(a) EQ CARD(a))..
X(s,'n2'a,te) =e= Q(s,te-1) * ( |
SUM(sp $ ((ORD(te) LE CARD(ts) +1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
u(sp,'n2',a,te§1) + u(sp,’n2',a-l,te-l)
+e(sp,'nl',a,te-1) + e(sp,'nl La-1,te-1)
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OLDbasic(s,a,te-1) § (ORD(s) LE NS (te)
AND ORD(a) EQ CARD(2)).
X(s,'b2',a,te) =e= Q(ste-1) * (
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0, 6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
u(sp,'b2',a,te-l) + u(sp,.'b2',a-l,te-1)
+e(sp,bl'ate-1) + e(sp,'bl',a-1 te-1)
)
);
INTnatural(s,a,te—l) $ (ORD(s) LE NS1(te)
AND ORD(2) GE 3 AND ORD(3) LE 9)..
X(s,'n2',a,te) =e= Q(s,te-1) * (
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0. 6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
u(sp,n2',a-1,te-1) + e(sp,'nl La-1,te-1)
)
);.
INTbasic(s,a,te-1) $ (ORD(s) LE NS1(te)
AND ORD(a) GE 3 AND ORD(a) LE 9)
X(s,'b2',a,te) =e= Q(ste-1) * (
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(S) / BRCHS + 0.6))
OR (ORD(te) GT CARD(s) + 1
AND ORD(sp) EQ ORD(s))),k
u(sp,'b2',a-1,te-1) + e(sp,'bl "a-1,te-1)
) v
); :
AGE2nat(s,te-1) $ (ORD(s) LE NSl(te))..
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| X(s,'n2','a2' te) =e= Q(s,te-1) *
SUM(sp $ ((ORD(te) LE CARD(ts) + 1 »
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS -+ 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
e(sp,'nll','al',te-l)
)
AGE2bas(s,te-1) $ (ORD(s) LE NSi(te))..
X(s,b2''a2' te) =e= Q(s,te-1) *
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ oRD(s))),
e(sp,'b1''al" te- 1)
);
OLDNONNB(s,c1 sate-1) § (ORD(s) LE NS1(te)
AND ORD(a) EQ CARD(a))..
x(s,cl,a,te) =e= Q(s,te-1) * (
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
u(sp,cl,a,te-1) + u(sp,cl,a-1,te-1)
)
);
INTNONNB(s,c1,,te-1) $ (ORD(s) LE NS1 te)
| AND ORD(=2) GE 2 AND ORD(a) LE 9)..
X(s,cl,a,te) =e= Q(s,te-1) *
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),



u(sp,cl,a-1,te-1)
); A
treatNSR(s,t) $ (ORD(s) LE NS2(t))..
Qs,H) *
SUM(sp $ ((ORD(t) LE CARD(ts)
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(t) GT CARD(ts)
AND ORD(sp) EQ ORD(s))),
y(spst) * (1 - 8Y)
)
=e=yy(s,1) + yb(s,t) + yn(s,t) ;

burn(s,t) § (ORD(s) LE NS2(t))..

fi(s,t) =e= LAND*P(s,t);
treatburn(s,t) $ (ORD(s) LE NS2(t))..

LAND * P(s,t) * (1 - SF) =e=fy(s.t) + fb(s, ) + fn(s.f)
* |- fis,te) -|

transNSR(s,te-1) $ (ORD(s) LE NSl (te))..
y(s;te) =e= fy(s,te-1) + yy(s,te-1)
+ (1 - EFBN - EFBB) * fb(s,te-1)
+ (1 -EYBN - EYBB) * yb(s,te-1)
+(1 - EFNN) * fa(s,te-1)
+ (1 - EYNN) * yn(s,te-1)
NTburn(s,te-1) $ (ORD(s) LE NS1(te))..
NBT(s,te) =e= fy(s,te-1)
+ (1 - EFBN - EFBB) * fb(s,te-1)
+ (1 - EFNN) * fn(s,te-1)

bl
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NSNSR(s,te-1) $ (ORD(s) LE NS1(te))..
NSY(s,te) =e= yy(s,te-1)
+(1-EYBN - EYBB) * yb(s,te-1)
+(1-EYNN) * yn(s,te-1)
traYnat(s,te-1) $ (ORD(s) LE NS1(te))..
| X(s,'nl''al',te) =e=
LAND * P(ste-1) * SF
* |- fis,te-1) |
+Q(s,te-1) *
SUM(sp $ ((ORD(te) LE CARD(ts) + 1
AND ORD(sp) EQ F LOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(te) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))),
y(sp,te-1) * SY
)
+ EFBN * fb(s,te-1) + EYBN * yb(s,te-1)
+EFNN * f(s,te-1) + EYNN * yn(s,te-1) -
traYbas(s,te-1) $ (ORD(s) LE NSI(te))..
X(s,'b1''al' te) =e=
EFBB * fb(s,te-1) + EYBB * yb(s,te-1)
harvest(s,t) $ (ORD(s) LE NS1(t))..
hq(s,t) =e= SUM((c,ah), g(s,c,ah,t) * YIELDG(ah,c)) ,

HARVQUB(s,t) $ (ORD(s) LE NSI(t))..
hq(s,t) =I= HQUB ; '

obj..
z=e=

- SUM(,
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SUM(s $ (oRD(s) LE NS1(1)), PIND1(s,t) * ALPHA(t) * (

( .
' ( CHG * SUM((Caah)a g(S,C,ah,t))
+ CEN * SUM(a, e(s,nl',a,t))
+ CEB * SUM(a, e(s,bllat)) ) * REDECOQ
)

)
+ SUM((s $ (ORD(s) LE NS2(t)), PIND2(s f) *
ALPHA(t) * (
(
+CYB * yb(s,t)
+ CYN * yn(s,t).
+ CFB * fb(s,t)
+CFN * fn(s;t) ) * REDECOQ
)
) ‘
+SUM(s $ (ORD(s) LE NS2(t)), PIND2(s,t) *
~ ALPHA(Y) * ( . '
( +MV*FI(s;) )*REDECOQ
)
)
+SUM(s $ (ORD(s) LE NS2(t)), PIND2(s,t) *
ALPHA(t) * (
(" +PC*Y(s) )*REDECOQ
)
)
- SUM(s $ (ORD(s) LE NS1(t)), PIND1(s,t) *
ALPHA(D) * (.
( MV *hq(s,t) ) * REDECOQ
)
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MODEL FFSP Forest Fire Stochastic Programming /ALL/
;X.fx('s1',c2,a,'t1) =0

x.fx(sl'cl,a,'tl") = INIFOR(a,c1)

;y.£x('s1,'t1") = ININSR

PARAMETERS

CKARI(s,t) Check of total area (A)
CKCS(s,t) Check of harvested aréa (A)
CKFS(s,t)  Check of f(t) substitution (A)
CKF U(s,t)  Check of f(t) actually used (A)

RESSTAT(ub) Record of resources used
MODSTAT(ub) Record of model status

SOLSTAT(ub) Record of solver status

HQL(s,tr) Harvest quantity by s &t V)

EHQL(tr)  Expected harvest quantity by t (V)

ZREV  Objective value of timber revenue D)
ZHTR Objective value of harvest (D) - -

ZSIL  Objective value of silviculture (D)

ZMIT objective value of mitigation costs (D)
ZFIRE objective value of fire lost (D)

ZUMIT obj ectivé value unsuccessful mitigation (D)
ZTIM Sum of timber cost terms D) ‘
ZTIMS(s)  Timber COST by scenario (D)

EZTIMS Expected timber cost done by scenario (D)
ZWO0OO0 Total wood quantity over horizon (V)
ZWQC Check objective for wood quantity criterion 0
ZCHK Check objective for either criterion (D)()
TMP(s,tr) Temporary denominator

TMPA(a) Temporary denominator

XSPOBJ(ub) Summary objective (D)

XSPEXH3(ub) Summary expected harvest decline prop in period 3



XSPWCH3(ub) Summary worst case harvest decline prop in perlod 3
LOOP(ub

HQUB = VUB(ub)

PUT 'Model results for upper bound alternatlve no.: *=f=f=f=f=f=+'
/ ORD(ub):0:0 /

* option Ip = oslse;

SOLVE FFSP USINGLPMIN z ;

RESSTAT(ub) = FFSP.RESUSD

;MODSTAT(ub) = FFSP.MODELSTAT
;SOLSTAT(ub) = FFSP.SOLVESTAT
** ABORT $ (FFSP.MODELSTAT NE1) "Abort - not optimal”
** ABORT $ (FFSP.SOLVESTAT NE 1) "Abort - not normal completion"

**PUT $ (FFSP.MODELSTAT NE 1 OR REGSP.SOLVESTAT NE 1) / 'Aborted."

*-Put some checks into the listing

;CKARI(s,t) $ (ORD(s) LE NS1(t)) = |
SUM((c,a), x.1(s,¢,a,t)) + y.1(s,)

;CKCS(s,t) $ (ORD(s) LE NS1(t)) =
SUM((c,ah), g.I(s,c,ah,t) )

;CKFS(s,t) $ (ORD(s) LE NS2(t)) =
PO *( |
SUM(sp $ ((ORD(t) LE CARD(ts) + 1 |
AND ORD(sp) EQ FLOOR(ORD(s) / BRCHS + 0.6))
OR (ORD(t) GT CARD(ts) + 1
AND ORD(sp) EQ ORD(s))), -
CKCS(sp,t) + y.1(sp,t)
+ SUM((c,a), u.l(sp,c,a,t))
+SUM((c1,a), e.I(sp,cl,a,t))
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)
;CKFU(s.t) $ (ORD(s) LE NS2(t)) = P(s,f) * LAND

DISPLAY $ (ORD(ub) EQ 1) LAND, CKARI1, CKFS, CKFU
DISPLAY gl, el ul, x.,y., NSY.L, ﬁ.l, NBT.Lhq.]

*-Put results into a file

*-Harvest quantity

; EHQL(tr) =
SUM(s $ (ORD(s) LE NS1(tr)), hq.I(s,tr) * PrND1(s, r))

;HQL(s,tr) =

SUM(sp $ (ORD(sp) EQ

FLOOR((ORD() - 1) / CARD(s) * NS1(tr) + 1.05)),

hq.1(sp,tr)) | . :
PUT / HQL.TS /
LOOPs, o |

LOOP(tr, PUT HQL(s, x)) PUT /

)

PUT/EHQL.TS /
* LOOP(tr, PUT EHQL(tr)) PUT/

*-Objective terms

;ZREV =
SUM(t,
SUM(s $ (ORD(s) LE NS1(t)), PIND1(s,t) * (
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ALPHA(t) * (
- PC * hq.(s.t)
)

)
)
;ZHTR =
SUM(, -
SUM(s $ (ORD(s) LE NS1(t)), PAND1(s 1) * (
ALPHA() * (
+ CHG * SUM((c,ah), g I(s,c,ah,1))
)

)
)

)
7SI, =
SUM(,
SUM(s $ (ORD(s) LE NS1(t)), PEND1(s,6) * (
ALPHA(t) * ( '
+ CEN * SUM(a, (s, n1'a.5)
+ CEB * SUM(a, .I(s,b1'a,t))
)

)

)

JZMIT =

SUML(, |
SUM(s $ (ORD(s) LE NS2(t)), PrND2(s,t) *

ALPHA(t) * ( |
+CYB * yb.I(s,t)
+ CYN * yn.I(s,t)
+ CFB * fb.I(s,1)



+ CFN * fn.I(s,t)
)
)
)
;ZFIRE =
SUM(,
SUM(s $ (ORD(s) LE NS2(t)), PrND2(s,t) *
ALPHA(t) *
( +MV*FLIGst) )

)
:ZUMIT =
SUM(t,
SUM(s $ (ORD(s) LE NS2(t)), PEND2(s, ) *
ALPHA(t) *
( +MV*YIst )

)

)
;ZTIM = ZREV + ZHTR + ZSIL +ZMIT + ZUMIT + ZFIRE

;ZWOOQ =
SUM(t, _
- SUM(s § (ORD(s) LE NS1(t)), ‘PrNDl(s,t) *(
hq.l(s,t) »
).
)

)
;ZWQC =ZWOO +REDECOQ * ZTIM .

;ZCHK =ZWOO $ (REDECOQLT 1) + REDECOQ * ZTIM
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PUT
/'Various objective function components (expected values):' /
'Computed objective:' /
zl/ »

'-Revenue + Harvest + Silviculture+Mitigation+ljnsuccessfu1+Fire = Timber Cost D)/
'(Equals computed objective for economic criterion):' /

ZREV ZHTR ZSIL ZTIM /

"Total wood quantity over planning horizon Vy:'/

ZWOO /

'(Check computed objective for wood quantity criterion)' /

ZwWQcC/ |

'(Check computed objective for either criterion)' / |

ZCHK /

*-Find cost by scenario

;ZTIMS(s) =
SUM(t,

SUM(sp $§ (ORD(sp) EQ .
FLOOR((ORD(s) - 1) / CARD(s) * NS1(t) + 1.05)),
PIND1(s,t) * ALPHA(t) * (
(
( CHG * SUM((c,ah), g.I(s,c,ah,t))
+ CEN * SUM(a, e.i(s,'n1',a,t))
+ CEB * SUM(a, e.I(s,'b1',3,t)) )
) |
)
) N
+ SUM(sp $ (ORD(sp) EQ
FLOOR((ORD(s) - 1)/ CARD(S) * NSI(t) + 1.05)), PrND2(s,t) *
ALPHA(f) * ( |
A |
+ CYB * yb.lI(s,t)
+ CYN * yn.I(s,t)



+ CFB * fb.1(s,t)
+CFN * fnl(s,t) )
)
)
+SUM(sp $ (ORD(sp) EQ
FLOOR((ORD(s) - 1)/ CARD(s) * NS1(t) + 1.05)), PEND2(s,t) *
ALPHA(t) * ( |
( +PC*FLiGst) )
)
+ SUM(sp $ (ORD(sp) EQ
FLOOR((ORD(s) - 1) / CARD(s) * NS1(t) + 1.05)), PrND2(s,t) *
ALPHA(®) * ( |
( +*MV*EYIsH )
)
)
- - SUM(sp $§ (ORD(sp) EQ
FLOOR((ORD(s) - 1)/ CARD(S) * NSl(t) + 1.05)), PrND1(s,t) *
ALPHA(t) * ( ’
( MV *hql(st) )
)
) )
;EZTIMS = SUM(s, ZTIMS(s) * PrS(s))
PUT / Distribution of cost by s (D)'/
~ LOOP(s, PUT ZTIMS(s))
PUT / 'Check expected cost (D):'/
EZTIMS //
DISPLAY ZTIMS, EZTIMS
*-Store summary results |
; XSPOBJ(ub) = z.] | :
;XSPEXH3(ub) = EHQL(t3") / EHQL('t1")
;XSPWCH3(ub) = SMIN(s, HQL(s,t3')) / EHQL(t1")
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*-Close loop ub
)
PUT 'Summary results:'/
'Upper bound, Objective, Expected decline prop in period 3:'/
LOOP(ub, “
PUT VUB(ub) XSPOBJ (ub) XSPEXH3(ub) /
) ,
PUT / 'Upper bound; Objective, Worst case decline prop in period 3:'/
LOOP(ub, '
‘PUT VUB(ub) XSPOBJ(ub) XSPWCH3(ub) /
)
PUT/'= '/ 'Additional model data/features:' /
PUT / 'Fire loss distribution:' / "
'EFBA EFBP VFBP CVFBP'/
EFBA:0:4 EFBP:0:4 VFBP:0:4 CVFBP:0:4 /
'PrF(r) F(r)'/
LOOP(t, PUT PrF(1):0:4)
LOOP(r, PUT F(r):0:4) PUT/
PUT / 'Initial age class distribution:'/
'ININSR INIFOR(a,n1)' /

ININSR
LOOP(a, PUT INIFOR(a,'n1")) PUT /
PUT /' - ' // 'Resources used:' /

LOOP(ub $ (ORD(ub) LE 15), PUT RESSTAT(ub):0:1) PUT/
. LOOP(ub § (ORD(ub) GT 15), PUT RESSTAT(ub):0:1) PUT /

PUT 'Model & solver statuses (must all be 1):'/

LOOP(ub, PUT MODSTAT (ub):0:0) PUT /

LOOP(ub, PUT SOLSTAT(ub):O:O) PUT/

PUT 'Errors in this output Gnust be 0):'/ F1.ERRORS:0:0 /

PUT '<End>'

*-End
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