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Resumen -La revision se dedica a relatar investigaciones a presentar una vision general de la investigacion actuales en las areas de andlisis de
sistemas complejos y la toma de decisiones por medio de herramientas inteligentes, incluyendo aquellas que son basadas en agentes. También
compara las metodologias orientadas a agentes y los marcos de apoyo a la decision. Por otra parte, tambien se presenta conclusiones sobre la
necesidad de tener un framework que combine las dos caracteristicas.
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Abstract -The review is devoted to related research and presents an overview of current research in areas of complex system analysis and deci-
sion making by the means of intelligent tools, including those that are agent-based. It also compares existing agent-oriented methodologies and
frameworks for decision support. Furthermore, the chapter makes conclusions about the necessity of general framework, which would combine

characteristics of the former and the latter.
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INTRODUCCION

Decision making is the final goal of a decision support
system (DSS), and, for environmental domains, it is multi-
sectorial by nature. In practice, decisions can be taken
by single authorities or by a group of responsible decision
makers. Nowadays, decision makers use DSS, which serve
as an informational background, enabling real-time simula-
tion and further decision generation.

Informational support, received with DSS, helps to mo-
bilize and allocate resources, to set priorities and to share
successful patterns and strategies in area of public health,
air and water resources, and other.

Nowadays, there are many definitions of what a DSS is.
For example, DSS can be designed as a specific class of
computerized information systems that support decision-
making activities. A properly designed DSS is an interactive
software-based system intended to help decision makers
in compiling useful information from raw data, documents,
personal knowledge, and patterns to identify and solve pro-
blems and to make decisions.

DECISION SUPPORT SYSTEMS IN

ACADEMY AND RESEARCH

Decision support systems have significantly evolved and
turned into essential tools. As it is noted in [1],[2], modern
institutions and corporations tend to become more wides-
pread and to lose rigidness of their organizational structures.
On the other hand, the larger number of senior and medium
executives consult with DSS and have daily hands-on expe-
rience with them. Thus, a DSS has become a crucial part of
organization and not just a stand-alone application [1], [3],
[4], 51, [6], and [7].

Asitis reported in [1], [8], agent technology has emerged
as a promising solution to meet the requirements in order to
provide decision support for complex domains.

As a rule, agents within the decision support systems
must carry out the following functions:
¢ to search for valuable information and to retrieve it;

e for multiple scaling in case of heterogeneous sources of
income and outcome information;

¢ {0 provide intercommunication between the system and
the external information sources (e.g. sensors, remote
equipment);

¢ to check input data for consistency and to preprocess it;

e {0 execute data mining procedures;

e 10 experiment with different alternatives and to make re-
commendations;
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* to organize human-computer interactions.

Modern “decision support systems” and “expert sys-
tems” (ES) are commonly based on intelligent agents, and
the concepts of DSS as well those of ES have also been
modified [9], [10], [11]. For example, medicine is a traditional
field of DSS application, and some recent academic reports
deal with examples of novel usage of agent-based DSS for
home and hospital care, pre-hospital emergency care and
health monitoring and surveillance [12].

One of such an application is a distributed DSS for brain
tumor diagnosis and prognosis [12], [13], where agents use
both data mining methods and decision making techniques.
An application of remote control of patients via clinical DSS is
created on the basis of multiagent methodology, and results
in the creation of the SAPHIRE multiagent system. There are
many reasons to apply the agent paradigm: the necessity
to interact in heterogeneous distributed environments, the
need to provide instantaneous communication of autono-
mous components in a reactive manner, or the possibility to
dynamically create and eliminate agents. It this application,
the agents provide all the vital functions of the system.

In [14] the outcomes of the construction and usage of
an agent-based environmental monitoring system are pre-
sented. It is aimed to provide measurements of meteoro-
logical information and air pollution, to analyze them and to
generate alarm signals. The system is created by means of
the intelligent platform “Agent Academy”. The system has a
three-leveled organizational structure where data preproces-
sing, its manipulation and distribution are carried out. The
necessary steps for data transformation are executed by the
following types of intelligent agents: Diagnosis agents, Alarm
agents, Database agents and Distribution agents.

In another article, the authors report about the appli-
cation of the agent paradigm for the evaluation of socially-
oriented advertising campaigns aimed to affect consumers’
behavior [15]. The authors create social communication mo-
dels to simulate a public response to mass-media influen-
ce and introduce a social grid populated with autonomous
consumer agents. This grid is also used to evaluate possible
outcomes of the public campaign on water demand control.

Another situation assessment is carried out by an agent-
based system created with the MASDK tool [16]. The au-
thors present their approach in situation assessment and
explain its possible application in different problem areas.

Another approach to complex situation assessment has
been presented [17]. The authors have accepted the JDL (Joint
Directors of Laboratories) model as a basis for situation aware-
ness. Their new approach to situation assessment learning is
described and the structure of the MAS is presented as well. The
agents act within the four levels of the hierarchical JDL-model.
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In another reference [18], the authors present the fra-
mework of a decision support system for water management
in the Mediterranean islands, coupling a multi-agents system
with a geographic information system. The platform deve-
loped makes it possible for users to better understand the
current operation of the system, to apprehend the evolution
of the situation, and to simulate different scenarios accor-
ding to the selected water policies and the climatic changes
hypothesis. Recently, the development and experimental
evaluation of an Internet-enabled multiagent prototype called
AgentStra [19], for developing marketing strategies, compe-
titive strategies and associated e-commerce strategies has
been introduced.

On the other hand, specialists working with environmen-
tal sciences and public health store huge volumes of relevant
information about pollutants and human health. Continuous
processing and maintenance of the information requires
substantial efforts from the practitioners and professionals,
not only while handling and storing data, but also when in-
terpreting it. Actually, it seems very hard to handle all the
data without using data mining (DM) methods, which can
autonomously dig out all the valuable knowledge that is em-
bedded in a database without human supervision, providing
a full life-cycle support of data analysis. Using such tech-
niques as clustering, classification, logical and association
rule-based reasoning, and other methods, which are highly
demanded for comprehensive environmental data analysis.
For instance, DM techniques for knowledge discovery and
early diagnostics are utilized for early intervention in develop-
mentally-delayed children [20].

Reference [21] outlines the MAS “Instrumented City Data
Base Analyst”, which is aimed to reveal correlations between
human health and environmental stress factors (traffic acti-
vity, meteorological data, noise monitoring information and
health statistics) by using a wide range of DM methods, in-
cluding regression analysis, neural networks, ANOVA and
others. The architecture of the system counts a number of
modules placed within four levels. The multiagent structure
includes specific modeling agents, which create models for
the environmental stress factors, and are then harmonized
by the model co-ordination agent. The Data Abstractor is
an agent that gets information from sensors, fuses it and
preprocesses it. Interaction with humans is provided by the
Reception agent.

Reference [22] provides a survey of inteligent-based
system for decision support which supports clinical mana-
gement and research. The author gives a brief introduction

into DSS and agent-based DSS, and gives an example of a
Neonatal Intensive

Care Unit system. In the high-level diagram of the propo-
sal there is the solution manager service, which represents
an Inteligent DSS (IDSS). The Analytical Processor of the
IDSS joins different types of agents: functional, processing,
human and sub-agents, and this processor is aimed to de-
tect trends and patterns the data of interest.

A group of researchers [23] have presented a number of
works dedicated to decision making support in a waste water
treatment plant (WWTP). In order to provide an inteligent model
and control for the WWTP, the authors use eight sorts of auto-
nomous agents which support the decision-making process.
The agents, which interact with the WWTR and the users are the
Monitoring Agent and the Actuation Agent. The Monitoring Agent
captures some data from WWTP through the system of sensors,
supplies retrospective information, displays it and supplies a ba-
sic alarm system. The Actuation Agent analyzes some WWTP
parameters, suggests orders, processes alarms and reacts in
order to solve them. And, lastly, there are User Agents, which
are responsible for the organization of the human-user interfa-
ce, which accept orders and transform them into goals for the
multiagent system. It also receives and displays information and
recommendations, and supplies justifications to certain actions.
The Monitoring Agent, Actuation Agent and User Agents interact
with the “nucleus” of the multiagent system through the com-
munication system, and then, data is analyzed and transformed
respectively by the Modeling Agent, the Predictive Agent, and
the Numerical Control Agent. Then it is tested and used by the
Expert Reasoning Agent and the Experience Reasoning Agent.
The Modeling Agent accepts a selection of simulation and con-
trol models, enables and disables the simulation and automatic
control of the WWTP. As it incorporates a number of mode-
ling methods, it applies them to simulate specific processes of
WWTP and suggests control actions. The Predictive Agent is
dedicated exclusively to task prediction, interpreting the results of
simulations and selecting the best models. The Numerical Con-
trol Agent determines the best control algorithm among the ones
available from the Modeling agent. The Expert Reasoning Agent
contains the expert knowledge and serves as a rule-based data
base, which gives permission to receive any new knowledge.
The Experience Reasoning Agent learns new experiences pro-
vided by an expert or another source of knowledge whenever a
new problem is solved.

Ceccaroni et al. [24] continue to develop the idea and
implementation of the DSS noted above and offer an envi-
ronmental decision support system related with a domain



ontology. The authors aim to check if incorporation of an
ontology and DSS, based on rule-based reasoning and ca-
se-based reasoning, can improve the decisions that are ge-
nerated. The article describes the OntoWEDSS architecture,
which is derived from the model of the DSS for WWTP. It
has an ontology embedded and a reasoning module, which
serves to facilitate knowledge sharing and reuse. The reaso-
ning module is modified, and contains rule-based reasoning,
case-based reasoning and ontology-based reasoning.

In the publication dedicated to working out an inter-
disciplinary approach to solving conflicts in water domain
[25], the authors bring together the problem of managing
a complex system. The problem consists a complex appli-
cation domain (water resources)(A) as well as a wide range
of decision makers, experts and other personnel (B). In this
work the authors attempt to deal with this composite system
and discuss the creation of a conceptual framework, which
would be able to solve possible conflicts in system A and
simultaneously solve problems in the application domain.
The framework presented in [26] is based on the application
of the agency paradigm to the Integrated Sustainability As-
sessment (ISA) Cycle.

The ambition of ISA is to provide an international scienti-
fic society with a general framework, which would include a
variety of assessment tools and methods. Then, the author
proposes a two-track strategy: intent to use the current por-
tfolio of ISA tools as efficiently and effectively as possible,
and contribute to the generation of new ISA tools.

Another work [27] presents a study dedicated to appli-
cation of an integrated assessment approach to catchment
management. In [28] a nodal network-based approach to
the case of water resource allocation and management is
applied. The proposed framework uses a nodal network
structure which changes its form depending on the type of
decision being made. The framework produces scenarios in
the form of “what if” questions related to policy and manage-
ment of the case of study. The framework presented in [27] is
centered on the need for improved techniques of uncertainty
and sensitivity analysis that can be taken as a measure of
confidence for ranking decisions and making a choice.

An approach for the integrated assessment of both tech-
nical and valuation uncertainties during decision making, ba-
sed on Life Cycle Assessment has also been presented [29].
The approach is built on three conditions: placing appropriate
bounds on particular aspects, non-overlapping alternatives,
and conducting a sensitivity analysis for valuating uncertainties.
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Also, a multi-layer tool for socio-environmental simula-
tion has been proposed [30]. The authors have developed
a hybrid system, comprised by CORMAS (COmmon pool
Resources and Multi-Agents Systems) and a language Q.
CORMAS is a system, based on the multiagent paradigm,
which describes the interactions between the natural envi-
ronment and humans. Q is a language for describing com-
plex interaction scenarios among agents. The simulator has
a two-layered architecture and counts social and environ-
mental simulation layers. Social simulation realizes decision
making, negotiation, and collaboration. Environmental simu-
lation is dedicated to the diffusion of environmental changes
and to the agents’ behavior. The system has been applied
to fire fighting, for example, where two types of agents of
various levels of responsibility (the FireBoss and FireFighter
agents) are implied.

To summarize all the papers reviewed, it is possible to
classify the following types of environmental information sys-
tems (EIS):

1. Local systems. This type of EIS is a kind of “island
solution”, which is dedicated to the evaluation or as-
sessment of a few parameters or indicators, In other
words, these systems are designed to solve a specific
problem. For example, one could find a system that
provides a specific assessment of parameters for a
specific case study or for a limited area. Domain on-
tologies for such systems are limited, although they
may suffer from possible heterogeneity. As a rule,
such systems are effective when working within the
application domain but are sensitive to any unfore-
seen changes.

2. Multi-functional systems. These systems provide mul-
tiple analyses of input information, can be based upon
hybrid techniques, and possess tools and methods of
data pre- and post-processing, modeling and simu-
lation. Multi-functional systems are less sensitive to
changes in the application domain as they possess
tools to manage uncertainty and heterogeneity.

3. Methodologies and frameworks of EIS development.
Frameworks support all the stages of EIS life cycle,
starting with the initial system planning. They include
system analysis and domain (problem) analysis phases,
and then assist and provide EIS design, coding, testing,
implementation, deployment and maintenance. In this
case, the consolidated cooperation of specialists from
various domains with various backgrounds is necessary.
Methodologies/frameworks are based upon interdisci-
plinary approaches and system analysis.
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TABLE 1
RESEARCH PAPERS DEDICATED TO DECISION SUPPORT SYSTEMS IN COMPLEX SYSTEMS
Reference | Field of application ‘ Purpose | Data mining approach
Local systems

[20] The author presents results of application of | To explore the hidden knowledge among | Decision trees,
data mining to early intervention for | medical history data. association rules
developmentally-delayed children.

[32] The impact of outdoor air pollution on infant | To confirm that outdoor air pollution | Exposure-response
mortality. contributes to illness and death in adults | functions.

and children.

[12] The authors describe a complex environmental | To improve some previous works that are | Software agents.
process controlled by an agent-based system. not based on agents.

[33] The results obtained from two different neural | To predict traffic related PM, s and PM,, | Feed Forward and
networks are compared. emissions by an artificial neural networks | Radial Basis Function

based model. neural networks.

[34] The analysis is based on the estimation of the | To investigate the temporal behavior of | Rotated Principle
spectral properties of indoor and outdoor | the indoor and outdoor particles” sizes. Component Analysis
pollution particles and the estimation of the and Positive Matrix
integral time scale using the autocorrelation Factorization.
properties of the series.

[13] The definition of a decision support system that | To improve the quality of brain tumor | Multi-agent system.
deploys an ad hoc agent-based architecture in | diagnosis and prognosis.
order to negotiate a distributed diagnostic tool
for brain tumors. Implements data mining
techniques, transfers clinical data and extracts
information.

Multi-functional systems

[14] The paper introduces a multiagent system for | The authors offer a solution for | Software agents.
monitoring and assessing air-quality attributes. continuous surveillance and on- line

decision-making.

[35] The authors present a system for agent-based | To increase the efficiency of hospital | Agent-based
simulation and support for clinical processes. process management. simulation.

[36] It introduces a system capable of belief | To enhance quality of situation | Situation Description
revision for situation assessment. assessment. Language.

[37],[38] | A distributed approach to the construction of | To facilitate decision making process. Decision support
DSS is proposed. The authors present an systems, agent
abstract architecture for a multiagent decision systems.
support system and present case studies.

[39] The study resents results of research that is | Facilitating a fast and clear description of | Software agents,
dedicated to mining decisions from wuser | situation, the generation of effective | decision trees
profiles in order to find common preferences | solutions for situation management, the
for different roles of decision makers | selection of a right decision maker and
participating in emergency response operations. | supplying him/her necessary data.

[40] This paper reviews the range of approaches to | To bring together existing methods | Risk assessment
assessment now in use, proposes a framework | within a more coherent system and to | techniques.
for integrated environmental health impact | extend these methods in order to provide
assessment, and discusses some of the | a more comprehensive methodology for
challenges involved in conducting integrated | assessing complex, systemic risks and
assessments to support policy. policies.

[41] A decision support system that aims to prepare | To ensure swift and efficient reaction of | Decision support
actors in a crisis situation by a decision-making | actors in emergency situations. system, software
support system is presented. agents.

Methodologies of EIS development.

[16] Authors present a methodology for the | To maintain the integrity of solutions | Software agents.
engineering of agent-based systems, which | produced at different stages of the
include the Multi Agent System Development | development process
Kit, based on the implemention of the Gaia
methodology.

[42] The author presents an approach to composite | To work out a new approach to complex | Hybrid methods from
decision making for complex domains and | system study various disciplines
demonstrates a number of case studies.

[26] A cross-sectoral approach to assessing | To create tools able to deal with complex, | Integrated
sustainable development is introduced multi-dimensional phenomena Sustainability

Assessment tools

[43] An integrated environment for embedding | To facilitate dynamic wusage of data | An integrated
intelligence in newly created agents through the | mining extracted knowledge. development
use of Data Mining techniques is presented. framework known as

"Agent Academy"

[44] The author introduce a new engineering | To create new situation-specific methods | Different methods
discipline "Situational Method Engineering" | both by reengineering of existing method | from various
that is aimed in constructing new methods and | components (co-called "chunks") or by | disciplines.
the associated tools (or in adaption existing | creation of new ones.
ones) to every Information System
Development project.




Table 1 shows research reports, books and articles that
were revised and classified by their functions and goals.

The table is organized in such a way, that the complexity
of works cited increases towards the bottom of the table.
Many reported works have characteristics of local systems,
summed up also propose approaches to more complex and
integrated data analysis. The problem lies in the high com-
plexity of domains, which makes the creation of overall ge-
neral methodologies impossible. These papers are charac-
terized with high flexibility, but knowledge gained cannot be
easily transferred to other projects. The systems, revised in
the “Multi-functional systems” part of the Table 1, are cases
of “Flexibility” methodological approach, in agreement with
classification introduced by Harmsen [31].

The methodologies of EIS development presented in the
Table offer more composite approaches, and some of them
can exemplify “Controlled flexibility” approach [31], that is a
compromise between rigid standardization and ad-hoc en-
gineering. The Table 1 gathers research reports and articles,
which offer methodologies and frameworks for decision ma-
king in complex domains. These works gave more general
view on problem domains, introduce systematization abs-
tractions and methods of control.

AGENT-BASED FRAMEWORKS
FOR DECISION SUPPORT SYSTEMS

Agent-Oriented Software Development is one of the recent
contributions to the field of Software Engineering. Agent-orien-
ted methodologies provide a user with necessary theoretical
base and a set of practical tools for multiagent system crea-
tion. Besides, they introduce abstractions that support system
creation. To date numerous methodologies for agent-oriented
software development are being practiced [45], [46], [47], and
[48]. However, their application to real-world problems is still
limited due to their lack of maturity. Evaluating their strengths
and weaknesses is an important step towards developing bet-
ter methodologies in the future.

In this connection it seems reasonable to mention that,
in spite of a variety of existing methodologies, the most part
of them origins from object-oriented methods.

Let us take a view on the principal characteristics of
most known methodologies.

The PASSI methodology has its origins in object-orien-
ted and agent paradigms and unify them using

The Unified Modeling Language (UML) notation [49]. It
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offers a detailed lifecycle development process, that covers
stages starting from initial requirements and includes deplo-
yment and the social model of agent-based systems [50].

The Tropos methodology put an emphasis on require-
ments analysis and, hence, on modeling goals, and on es-
tablishing their relations with system entities (actors, tasks,
and resources) [51]. It is based on the Belief Desire Intention
(BDI) model of agent [42].

The Prometheus methodology is based on agent-orien-
ted paradigm, and brings rich possibilities for descriptions of
agent system in whole and each agent in detalil, that can be
applied both to BDI and non-BDI agents [52], [53].

MAS-CommonKADS is based on both CommonKADS
and object-oriented (0O)-based methodologies. This
enables the developer to build agentbased systems while
leveraging the experience of pre-agent methodologies and
employing familiar techniques and diagrams [54].

The methodology of Fusion inspired creation of the Gaia
methodology, which provides an easily-understandable
approach [55], [56]. It offers abstractions and diagrams that
support multiagent systems analysis and design phases
[56]. The Gaia v.2 is the next version of the Gaia methodolo-
gy that is more oriented to designing and building systems in
complex, open environments [45].

The Rational Unified Process (RUP) process has three “si-
blings”: the methodologies RAP, ADELFE and MESSAGE [57].
ADELFE is oriented to deal with emergent systems and that is
why propose usage of cooperative and self-organize agents
(58], [59]. This methodology is based on the and thus follows
its main phases: preliminary requirements, final requirements,
analysis and design, and uses UML and Agent-based Unified
Modeling Language (AUML) notations [60], [45].

MESSAGE and INGENIAS assert both RUP-based
approach and utilize the modelling language of Agent-Ob-
ject-Relationship (AOR) [61], [62], [63], [64], and [65]. The
first one provides extended models for analysis and design,
and the second one propose a metamodel organization of a
multiagent system and provides support on all the stages of
system lifecycle.

The MAS-Common KADs methodology heredities from
object-oriented methodology Object Modelling Technique
(OMT) and it extends the CommonKADS models, adapting
them to agent-oriented programming.

-
]
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The AAIl also takes ideas of the OMT methodology and
deepens into relations between the agent and the environ-
ment with regards to the interaction model [55]. The AAll
inspired the MaSE, which provides environments to support
the development stages and can be applied to various he-
terogeneous domains [66]. Last, the OPEN approach su-
pports design of AgentOPEN agents [67].

CONCLUSION

To conclude with, it can be said that multiple efforts
made for theoretic research and practical implementation
of information systems has resulted in many successful
applications, many of which, however, lack systemic view
and cannot offer any coordinated and controlled appro-
ach to link methods together into a methodology.

Usage of agent-based DSSs in many applications pro-
vided with multiple data mining tools and permitted disco-
ver systemic properties of environmental domains.

Nevertheless, the overview has demonstrated that it is
not possible to create a universal methodology for design
of decision support systems for environmental domains.
This goal is extremely difficult to achieve because we have
to take into account the similarities shared by diverse do-
mains without losing their specific features. However the-
re are many solutions and multi-function tools, decision
support systems perform better results when oriented to
limited and determined domains.

The problem lies in the existence of a great number
of overlapping approaches and methodologies which
demonstrate successful results, but nevertheless fail to
meet the needs of decision makers for an integrated me-
thodology which supports decision making. However two
solutions can be proposed: first, bring together existing
methods for decision support systems creation within a
more coherent system; second, provide an interdiscipli-
nary flexible methodology for complex, systemic policies.
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