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Abstract: The paper deals with recent developments in the fields of applied mathematics and operational re-
search triggered by the needs of effective support of environmental policy-making processes that require inter-
disciplinary science-based advice. Mathematical models developed for this purpose demand new modeling
paradigms for an adequate integration of pertinent knowledge, and creation of knowledge needed for rational
decision-making. The article first summarizes the model-based support for problem solving from the point
of view of actual decision-makers. Next, it discusses the model representation of the knowledge pertinent to
a given decision-making problem, and the recently developed modcling technology supporting the whole proc-
ess of modeling complex problems. The last part deals with novel methods and tools for integrated management
of risks related to natural catastrophes. The presented methodology is illustrated by its application to actual
environmental policy-making support.

INTRODUCTION

Rational policy making is becoming more and more difficult because the corre-
sponding decisions cannot be adequately represented by well-structured problems that are
easy to solve by intuition or experience supported by relatively simple calculations. Even
the same type of problems that used to be easy to define and solve, are now much more
complex because of the globalization of the economy, and a much greater awareness of
its linkages with various environmental, social, and political issues. One of the dominant
driving forces is efficiency, which has led to globalization, increased dependency among
more diversified systems, a reduction in many safeties (both technological and social)
margins, and other factors which contribute to increased vulnerability. Traditional socie-
ties developed slower but in a more robust way, i.e., the consequences of wrong decisions
or natural catastrophes were rather limited. Nowadays, the consequences of wrong deci-
sions may be wider (even global and long-term) and more serious (in terms of economi-
cal, social and environmental impact).
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Rational support for policy making should be based on a comprehensive analysis
of the underlying problem aimed at finding a possibly best portfolio of decisions. One
should stress that possibly best does not mean an optimal solution in the traditional sense
of mathematical programming. Comprehensive analysis implies exploitation of pertinent
science (i.e. organized knowledge relevant to the decision problem) to analyze the conse-
quences (outcomes) of various decisions, and to help to identify a portfolio of decisions
that correspond best to the preferred trade-offs in the outcome space. Thus, science-based
support for policy-making means (1) integration (for properly representing relations
between decisions and their consequences) and (2) creation (for analysis of attainable
trade-offs between the consequences) of knowledge, both aimed at providing a basis for
rational decision-making. This sounds to be an obvious conclusion. However, its proper
application to the modeling process requires more attention to the modeling technology
than is commonly recognized.

The key features of policy-making are commonly known. Decisions:

— are rarely based on complete and precise information about the relations between
decisions and all consequences of their implementations,

—  have impacts on diversified stakeholders, typically having different, often conflict-
ing, interests and goals,

— often have consequences on various spatial and temporal scales,

— are done for the future, which always is uncertain.

It is not possible to analyze all these elements for any actual decision problem. Yet,
decisions have to be made, either with or without science-based support. Policy-making
can be greatly either supported or misled by science. The unquestionable successes of
operational research show opportunities of using mathematical models and their analysis
for substantially contributing to solving problems in a better way than it would be possi-
ble without using models. Despite the countless number of successful applications, there
is also well-justified criticism of various critical aspects of modeling, e.g., in [1, 2, 5, 19,
33]. The role of models in modern decision-making, a view shared by the author of this
paper, is discussed in detail in [35], which also presents methodology and tools for model-
based decision-making support, and illustrates them with several applications to complex
environmental policy-making problems. A more focused discussion of selected elements
of modeling for decision support is provided in [25], which also includes an updated bib-
liography on modeling for decision support.

This article discusses selected recent methodological developments triggered by
actual applications of system analysis to supporting environmental policy-making. Al-
though developed for addressing specific practical environmental policy-making prob-
lems, the methods and tools have also been applied to other problems; therefore they may
also be interesting to both researchers and practitioners working in the field of environ-
mental protection.

The remaining part of this paper is composed of three parts. The first one sum-
marizes the model-based support for problem solving from the point of view of actual
decision-makers. In the next part we discuss the model representation of knowledge per-
tinent to a given decision problem, and the recently developed modeling technology sup-
porting the whole process of modeling complex problems. The last part deals with novel
methods and tools for integrated management of risks related to natural catastrophes.
The presented methodology is illustrated by applications to actual environmental policy-
making support.
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MODEL-BASED PROBLEM SOLVING SUPPORT

A mathematical modeling process for supporting problem solving is actually a network of

carefully designed activities driven by the requirement analysis. The role of the require-

ment analysis is often underestimated although it is commonly known that a properly

done analysis is a key condition for any successful modeling process. This topic is far

beyond the scope of this paper, therefore we mention here only those key elements of the

requirement analysis which are directly related to the process of knowledge integration

and creation aimed at supporting analysis and solving of a given problem:

—  What decisions are to be made?

—  How the consequences of decisions are measured?

—  What relations between the consequences and the decisions should be considered?

—  What data is available?

- How the decision-maker(s) and/or stakcholders’ preferences (for different decisions
and the corresponding consequences) can be represented and analyzed?

However, we emphasize that the requirement analysis (and the corresponding mod-
eling process) should be specific to a given decision-making situation.

Mathematical models are probably the best way to manage (integrate and create)
knowledge for problem solving whenever it involves analysis of large amounts of data
and/or non-trivial relations. In such cases the elements of the requirement analysis cor-
respond to the basic elements of a typical structure (illustrated in Fig. 1) when using a
mathematical model for problem solving.

A

P(x,y) Mathematical model
Z— > y=F (x.2)

Fig. 1. A typical structure when using a mathematical model for problem solving

A mathematical model describes the modeled problem by means of variables, which
are abstract representations of these elements of the problem that should be considered
for evaluation of the consequences of implementing a decision (typically represented by
a vector composed of many variables). We present here a view on mathematical models
from the perspective of actual users (who are rarely familiar with operational research)
that differs from typical formulations of the corresponding mathematical programming
problems. The term user denotes a person (or a group of persons) who make decisions,
advise actual decision-makers, or use the model for analyzing the underlying problem.
From a user (or decision-making) perspective, a model is developed using the following
concepts:

—  Decision (control, input) variables x, which are controlled by the user.
—  External decisions (inputs) z, which are not controlled by the user.
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—  Outcome (criteria, indicator, metric, output) variables y, used for measuring the con-
sequences of implementation of the decisions.

— Auxiliary (other) variables defined and used in order to make the model easier to
develop and analyze. A large model may have several millions of variables and con-
straints, even when the number of decision and outcome variables is much smaller
(say several thousands). However, auxiliary variables are usually not interesting for
the users; therefore for the sake of brevity we do not consider such variables here.

—  Relations between decisions x and z, and outcomes y, such relations are typically
presented in the form:

y=F(x,z A), (1
where F(+) is a vector of functions having parameters denoted by matrix 4. In mathemati-
cal programming the relations are conventionally called constraints, and typically defined
as:

y—F(x,z04) =0

—  Avrepresentation of a preferential structure P(x, y) of the user, used for selecting (out
of typically an infinite number of solutions) a manageable subset of solutions cor-
responding best to user’s preferences.

The compact form of equation (1) may be misleading for those who are not familiar
with the complexity of the underlying knowledge representation. The latter is critically
important for the model quality, therefore we discuss below the key aspects of modeling
methodology.

A common form of knowledge is a collection of facts and rules about a subject. Let
us therefore consider mathematical models as composed of entities of three types:

—  parameters, values of which represent facts (data),

— variables, values of which are assigned during the model analysis,

—  relations (1) that represent knowledge about the relationships among parameters and
variables.

Thus, by a proper definition of decision and outcome variables a model can indeed
represent knowledge pertinent to analyzing consequences of various decisions aiming at
finding the trade-offs between the consequences that best fit the preferences of decision-
maker(s) and/or stakeholders. This simple methodological recipe is however difficult to
implement, even for problems that appear to be easy to analyze. To justify this statement
we will now discuss key elements of the knowledge integration process, and illustrate it
by a practical problem.

KNOWLEDGE INTEGRATION

Complex problems are typically composed of heterogeneous subjects, and often com-
plexity of the knowledge represented by the corresponding model is difficult to be judged
from articles focusing on a model application, such as [7] summarizing the results of the
RAINS/GAINS model. Actually, the structure of this model illustrated in Fig. 2 is pretty
complex; it is composed of the following subjects: several sectors of economy (industry,
transportation, agriculture, etc), the corresponding technologies, atmospheric chemistry,
ecology, environmental and health impacts, and environmental targets. Moreover, for de-
veloping and maintaining this family of models also deep knowledge of negotiations,
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Fig. 2. RAINS/GAINS model structure

policy making, and operational research is necessary. Each of these subjects is rather

complex, and for each there exists a huge amount of knowledge accumulated in various

fields of science and practice. Thus one of the challenges is to select a tiny subset of the

(globally) available knowledge that is relevant to the modeled problem. Although het-

erogeneity of subjects represented by the RAINS/GAINS model is far beyond a typical

model, selection of appropriate (for the problem at hand) elements of knowledge remains

a challenge also for rather homogeneous (in terms of the science disciplines) problems.
In many situations symbolic model specification can be based on commonly known

rules of science. However, in other situations knowledge pertinent to a particular rela-
tion is so diversified that a definition of a single relation requires a dedicated study. To
illustrate this problem let us recall that the relation between trophosperic ozone and its
two precursors (nitrogen oxides and volatile organic compound) can be defined in very
different ways, each having the corresponding diversified advantages and disadvantages
depending on the content in which the relation is applied, see e.g., [ 19]. Relations for each
subject (in large scale models represented by a submodel) are defined in a close coopera-
tion between specialists in the corresponding area and a team of modelers capable to:

—  assess the consequences of the considered relation types on numerical complexity of
the resulting computational tasks, and

—  assure consistency of the whole model to which the relation will be included.

A model integrates knowledge pertinent to analyzing a particular problem on two
levels:

—  symbolic model specification,

— model instance (also called substantive model or core model) composed of model
specification and a selected set of data used for instantiation of relations (through
assigning values to parameters of the relations).

Models are generated (except of tiny models composed of a small number of vari-
ables) from symbolic model specifications defined with help of compound entities (pa-
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rameters, variables, and relations) and sets of indices, the latter used for generating the
corresponding sets of entities. Thus, a compound entity is actually a multidimensional
vector composed of the corresponding primitive entities defined by a generic entity and
all admissible combinations of indices declared for it. To illustrate this point let us con-
sider a simple definition of an auxiliary variable in the GAINS model:

XSgipa = Z Wi Xig» | € I, pe P, ae AIP, (2)
telpq

where xs and x are compound variables, w is a compound parameter, and indices i, p, a. ¢

denote a country, pollution type, economic activity, and technology, respectively. For a

typical instance of the GAINS/RAINS model there are about 200 subsets AIP of the

activity set A; the equation (2) is therefore represented in the corresponding optimization
problem by about 40 000 constraints (and the same number of corresponding primitive
variables xs, ) with about 200 000 corresponding non-zero elements of the Jacobian.

The complexity of this relation is caused by the fact that indices 7 and ¢ are mem-
bers of sets which are indexed by other indices. Moreover, the actual model is defined
by dozens of compound relations; most of them are much more complex than one of the
simplest relations represented by equation (2). Therefore, even if the size of each set is not
large, the structure of the corresponding indexed subsets is pretty complex and requires
effective management. Such a management includes:

—  efficient handling of the underlying data structures that in turn requires advanced
use of DBMS (Database Management System), which is inevitable for an effective
modeling process of large scale models;

— analysis of semantic correctness of indexing structures.

Moreover, the modeling processes supporting policy making have to meet the strong
requirements of: credibility, transparency, replicability of results, integrated model analy-
sis, controllability (modification of model specification and data, and various views on,
and interactive analysis of, results), quality assurance, documentation, controllable shar-
ing of modeling resources through the Internet, and efficient use of resources on computa-
tional Grids. These requirements also demand novel modeling technology. We comment
here on only two related problems:

—  Assuring semantic consistency of model specification requires verification of meas-
urement units of all model entities. The fact that this functionality is not provided
by the general purpose modeling environments illustrates the underlying challenges.
Recent achievements in this area are reported in [29].

—  Data for large models comes from different sources (also as results from analysis
of various models), and larger subsets of data are maintained by teams. Persons
working with well-defined subsets of data are experienced in collecting, cleansing,
verifying, and maintaining the data they are responsible for. Therefore the “only”
problem is how to structure the process of aggregating the subsets of data maintained
by various teams (typically also using different hardware and software) into a data
collection that can be used for model instantiation and analysis. To achieve this, a
structured approach (such as the SMT described below) based on DBMSs and an
automatically generated data warchouse is a must.
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STRUCTURED MODELING TECHNOLOGY (SMT)

The Structured Modeling Technology (SMT) has been developed in response to the mod-
eling needs of the RAINS/GAINS family of models, which could not be met by the avail-
able modeling tools. Although SMT exploits a great deal of modeling legacy, a number of
challenging problems had to be solved to provide the needed functionality. This includes
the SMT features summarized below. Finally, one has to stress that although the design
and development of SMT was directed by the characteristics of the RAINS family of
models this does not restrict applicability of SMT because the features of the RAINS
models are typical for a wide range of complex models.

The complexity of problems, and the corresponding modeling process involving
inter-disciplinary teams are the two main factors that determine the requirements for
modeling technology; such requirements are not met by the technologies successfully
applied to modeling well-structured and relatively simple problems. In most publications
that deal with modeling, small problems are used as an illustration of the presented mod-
eling methods and tools. Often, they can also be applied to large problems. However, as
discussed above, the complexity is characterized not primarily by the size, but rather by
the requirements of integrating heterogeneous knowledge, by the structure of the prob-
lem, and by the requirements for the corresponding modeling process. Moreover, efficient
solving of complex problems requires the use of a variety of models and modeling tools;
this in turn will require even more reliable, re-usable, and shareable modeling resources
(models, data, modeling tools). The complexity, size, model development process, and
the requirements for integrated model analysis form the main arguments that justify the
needs for the new modeling methodology.

SMT has been developed for meeting such requirements. It supports distributed
modeling activities for models with a complex structure using large amounts of diversi-
fied data, possibly from different sources. A description of SMT is beyond the scope of
this paper, therefore we only summarize its main features here:

—  SMT is Web-based, thus it supports any-where, any-time collaborative modeling.

— It follows the principles of Structured Modeling proposed by Geoffrion, sce e.g.,
[15]; thus it has a modular structure which supports the development of various ele-
ments of the modeling process (model specification, processing (subsets of) data,
integrated model analysis) by different teams.

— It provides automatic documentation of all modeling activities.

— It uses a DBMS for all persistent elements of the modeling process, which results
in efficiency and robustness; moreover, the capabilities of DBMSs allow for the ef-
ficient handling of huge amounts of data.

— It ensures the consistency of: model specification, meta-data, data, model instances,
computational tasks, and the results of model analysis.

— Itautomatically generates a Data Warehouse with an efficient (also for large amounts
of data) structure for:

o data, and the tree-structure of data updates,

o definitions of instances,

o definitions of preferences for diversified methods of model analysis,

o results of model results,

o logs of all operations during the modeling process.
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This conforms to the requirement for the persistency of all elements of the modeling

process:

— It exploits computational grids for large amounts of calculations.

— It also provides users with easy and context-sensitive problem reporting.

—  The methodological background of structured modeling (including an overview of
diversified modeling paradigms and the standard modeling methods and tools) as
well as a detailed SMT description is available in [22].

COPING WITH UNCERTAINTY

Out of the huge scientific area of uncertainty we are dealing here only with recent devel-
opments in integrated management of risks related to natural catastrophes. Policy options
for such risk management include various ex-ante measures (such as mitigation, different
arrangements for risk spreading) and ex-post measures aimed at reducing and sharing
losses. The outcomes of implementing a given set of policy measures are typically meas-
ured by various indicators such as ex-ante and ex-post costs, benefits from mitigation
measures, welfare, quality of the environment, and indicators of risk exposure (value at
risk, insolvency).

Novel methods for effective risk management had to be developed because the tra-
ditional approaches that rely on real observations and experiments are not applicable to
rare events such as natural catastrophes. The first main issue is the lack of historical data
on extreme events characterized by abrupt irreversible changes. The second key problem
is that extreme events having such a big impact on societies are typically evaluated as
improbable events during a human lifetime although a 1000-year (an extreme event that
occurs on average once in 1000 years) earthquake may occur even tomorrow; e.g., the
Chernoby] disaster of 1986 was quantified as 1 000 000-year event, and it occurred 9 years
after the power plant was commissioned. The third important issue is the evaluation: actu-
ally, it is not rational to evaluate consequences of catastrophic events using traditional ap-
proaches. The traditional models in economics, insurance, risk-management, and extreme
value theory are based on exact predictions and evaluations. Standard insurance theory
essentially relies on the assumption of independent, frequent, low-consequence (conven-
tional) risks, such as car accidents, for which decisions on premiums, claims estimates
and the likelihood of insolvency can be calculated from rich historical data. Also the
established extremal value theory deals primarily with independent events and assumes
that these events are quantifiable by a single number [9]. However, catastrophes should
not be quantified in this way because they have significant spatial and temporal patterns
that induce heterogeneity of losses and gains. Moreover, random variables characterizing
catastrophes have probability distributions with heavy tail; often the distributions are
multimodal with expected values that correspond to events that never occur.

The most important scientific challenge in addressing the problems summarized
above is to develop proper methods for comparative analysis of feasible decisions and to
design robust policies with respect to the uncertainties and risks involved. Although exact
evaluations are impossible, the preference structure among decisions can be a stable basis
for a relative ranking of alternatives. This issue is discussed in more detail in [16] along
with other open research problems related to proper treatment of irreducible uncertainty,
catastrophic risks, spatial and temporal heterogeneity, downscaling, and discounting.
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Designing robust policies for integrated catastrophic risk management is a complex
interdisciplinary problem requiring knowledge of environmental, natural, financial, and
social systems. Consequences of catastrophes are unevenly distributed; therefore a cor-
responding decision-making process requires participation of various agents and stake-
holders such as governments, individuals, producers, consumers, insurers, investors. The
perception of catastrophes by all these actors, and their goals and constraints with respect
to these rare but high-consequence events is very diversified. A rational policy-making
should therefore take into account all these elements which is hardly possible without
support provided by a dedicated interdisciplinary modeling effort.

Below, we outline the system of models developed for supporting actual policy-
making processes related to integrated management of natural catastrophe risks. These
models support analysis of spatial and temporal heterogeneity of various agents (stake-
holders) induced by mutually dependent losses from extreme events. The implemented
approach addresses the specifics of catastrophic risks: diversified interdisciplinary knowl-
edge about the catastrophes, limited data available for each specific case, the need for long
term perspectives and geographically explicit models, and a multi-agent decision-making
structure. Therefore, the corresponding models combine the available data representing
the geographically explicit distribution of capital stocks and economic values of the re-
gional infrastructure and agriculture with a stochastic model that generates occurrences,
magnitudes, and locations of catastrophes. Using advanced stochastic optimization tech-
niques, the model supports the search for, and the analysis of, robust optimal portfolios of
ex-ante (land use, structural mitigation, insurance) and ex-post (adaptation, rehabilitation,
contingent credits, redirecting of funds) measures for decreasing the vulnerability meas-
ured in terms of economic, financial, and human losses as well as in terms of selected
welfare growth indicators.
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Fig. 3. River, inundation, and vulnerability modules of the system of models for supporting integrated
management of risks related to catastrophic floods
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The system of models has a modular structure illustrated in Figures 3 and 4 consist-

ing of the following modules:

A catastrophe module simulates a natural phenomenon. It is based on the knowledge
of the corresponding type of event represented by a set of variables and relations be-
tween them, and uses the spatial data for a given location. Different versions of this
module are implemented for different types of natural catastrophes. For example, a
flood simulator (illustrated by the first two modules shown in Fig. 3) is composed
of precipitation curves, water discharge, river characteristics, and spatial inundation
models. For a hurricane simulator, the variables include the radius of the maximum
winds, or the forward speed of the storm. An earthquake module simulates shaking of
the ground using epicenter locations, magnitudes of earthquakes, Giitenberg-Richter
laws, and attenuation characteristics. A catastrophe module therefore compensates
the lack of historical data on the occurrence of catastrophes in locations where the
effects of catastrophes may have never been experienced in the past. The catastrophe
models used in various I[IASA’s case studies are hased on the Monte Carlo dynamic
simulations of geographically explicit catastrophe patterns in selected regions. Dis-
cussion of these models is beyond the scope of this paper but can be found, e.g., in
[3, 6, 10, 14, 34].

A vulnerability module, which provides estimations of damages caused by a specific
(generated by the catastrophe module) catastrophe. Physical indicators (like shak-
ing intensities, duration of standing water, water discharge speed or wind speeds)
generated by the corresponding catastrophe module are used for calculating the cor-
responding damages. The vulnerability module uses vulnerability curves and infra-
structure data (such as the age of buildings, the number of stores) for estimating
damages induced by the simulated disaster. This module, therefore, provides spatial
distributions of direct losses.
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Fig. 4. Multi-agent accounting and adaptive Monte-Carlo optimization modules for supporting integrated

management of natural catastrophe risks


















