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Abstract. This paper shows general conclusions about advanced general tools for knowledge
modeling, derived from our experience in the construction and maintenance of a complex real-
world intelligent system for emergency management called SAIDA. The paper first describes
the characteristics of the knowledge model of SAIDA and summarizes the problems that we
found during the development of such type of model. The paper describes the CAM-Hidro tool,
a software application that we have designed to help in this task to be used by users who are not
experts in computer programming. Finally, the paper shows a generalization of the features
derived from this experience to be provided by tools for model construction and shows a com-
parison of existing approaches, both from knowledge acquisition tools and from the recent
approaches for knowledge sharing.

1 Introduction

One of the key factors in the development of intelligent systems is the knowledge
acquisition process. This is an area in which historically Al researchers have pay
attention and which has evolved together with the advances in knowledge representa-
tion. Since the proposal of knowledge level [Newell, 82] the acquisition process is
considered as a modeling task, which is a more appropriate view that also takes the
advantage of reusing abstract models to guide the development of new applications.

However, despite that the recent advances for knowledge acquisition have facili-
tated this process significantly, the current experience shows that there is still an im-
portant gap between the way end-users describe their expertise and the existing tools.
In particular, this issue has received recently attention from Al researchers in the con-
text of web-based applications. Thus, the need of knowledge development tools usable
by non-experts in knowledge engineering has been recently exposed within the seman-
tic web context as one of the challenges for the twenty-first century Al research
[Hendler, Feigenbaum, 01].

According to this need, this paper presents a contribution in this direction based on
our recent experience in the development and maintenance of a complex real-world
model for an intelligent system (with more than 140 knowledge bases). This paper
analyzes the services that a software tool should provide to help in the development of
such a model by exploring the characteristics of the hydrologic model for emergency
management. The paper also presents a particular software tool called CAM-Hidro
that we designed to facilitate the development of hydrologic models. Finally, the paper
summarizes the set of features that should be included in this type of software tools
and describes a comparison of the existing general approaches.



2 General view of the knowledge model for decision support

This section summarizes the characteristics of the knowledge model of the SAIDA
system, which was developed to provide assistance in making decisions about hydrau-
lic actions during floods. This model is a good example of the complexity that a real-
world model may present and will be analyzed later from the point of view of the
development and maintenance.
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Figure 1: Example of screen presented by user interface of the SAIDA system

The SAIDA (Spanish acronym for Intelligent Agents Society for Decision-making
during Floods) system is a computerized system based on artificial intelligence tech-
niques that provides assistance in flash flood situations for basin control centers
[Cuena, Molina, 99] [Molina, Garrote, 02]. The system was developed in a project
developed during more than three years promoted by the Spanish Ministry of the En-
vironment with the purpose of having it installed and used in connection with the
information hydrologic systems in several Spanish basins. SAIDA receives as input
the available data provided by sensors about discharge, water level and rainfall at
different locations in the river basin. The answers are produced with time constraints
and the conclusions are justified at a reasonable level of abstraction given that the
operator must take the final responsibility of decisions. Figure 1 shows an example of
screen presented by the SAIDA user interface. This interface provides answers to the
following types of questions: (1) what is happening? (2) what may happen in the fu-
ture?, and (3) what can be done?. With SAIDA he operator can quickly understand the
current situation, identify the main problems that have to be solved and is briefed on
the actions that could be taken to reduce the problems and minimize the risks.

The design of the SAIDA knowledge base followed model-based approach accord-
ing to the modern knowledge engineering methodologies. This approach provided
patterns of reasoning methods that were useful as building blocks for the development



of the application. To implement such a model, the KSM environment was used
[Cuena, Molina, 00] following and a methodology that use some concepts similar to
CommonKADS [Schreiber et al. 00]. SAIDA also followed a multiagent approach to
facilitate the development of the complex knowledge base. Figure 2 shows the basic
structure of the knowledge model of SAIDA according to the three main tasks pro-
vided by the system: (1) evaluation, (2) prediction and (3) recommendation. The goal
of the evaluation task is to determine the level of severity of the current situation by
identifying problematic scenarios. This goal corresponds to a classification task that
from a set of observations (partial information and data with noise from sensors) se-
lects a category (a type of problem) within a prefixed set of categories. Here, we ap-
plied a version of the heuristic classification method [Clancey, 85] with extensions to
cope with spatial distribution and temporal dimension.
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Figure 2: The basic structure of the model for decision support in the field of emergency management
during floods (circle = task, square = method, cylinder = type of knowledge base).

The goal of the prediction task is to estimate the expected damages that are conse-
quence of the current hydrologic situation. This task receives as input the result of the
evaluation task, together with the recent behavior recorded by sensors. The prediction
task is performed with the following steps: (1) estimate future rain, which generates
hypotheses of future rain based on heuristic knowledge (2) simulate the river behav-
ior, which uses a model of the river basin using a set of bayesian networks [Pearl, 88],
(3) estimate potential damages by using empirical knowledge that relates water levels
and flows with qualitative ranges of severity for each particular location.

The recommendation task distinguishes between two possibilities: (1) hydraulic ac-
tions, in order to find reasonable discharge policies at the dams to avoid undesirable
impacts and (2) defensive actions, to protect the problematic areas when it is not pos-
sible to avoid the flood such as population alert, evacuation procedures, etc. The task
is performed by a method that can be viewed as a particular of propose-critique-
modify strategy for design tasks [Brown, Chandrasekaran, 89]. The method proposes a



set of hydraulic actions that potentially could solve the problem, then, these actions
are tested by simulation, and modified with additional knowledge in a loop until a
satisfactory set of control actions together with defensive actions are found

The distributed nature of the decisions and the spatial location of certain compo-
nents makes very appropriate using the multiagent approach as a complementary de-
sign approach to organize the knowledge model. Within each type of agent, the
knowledge bases were adequately organized and implemented by using additional
modular approaches (details about this solution can be found at [Molina, Cuena, 02]).
According to different types of decisions, we identified four types of agents: (1) /y-
draulic agents that are responsible to give answers about the behavior of the physical
process, (2) problem detection agents, responsible of evaluating the flood risk in a
particular geographical area, (3) reservoir management agents, which contain criteria
for exploitation strategy for each reservoir, and (4) civil protection agents, responsible
to provide with resources of different types according to the needs of the problem
detection agents. For each type of agent, there are several instances according to the
geography of the river basin. The main three tasks (evaluation, prediction and recom-
mendation) were distributed among the different agents, in such a way that they com-
municate partial results to complete their individual goals.

Agents N. of Knowledge Knowledge N. of
agents Bases Representation KBs
Problem 15  Abstraction Functional + temporal represent. 15
detection agents Problem types Frames with uncertainty degrees 15
Future Demand Rules 15
Impact categories Bayesian network 15
Risk balance criteria Rules 1
Action types: agent relations Horn Logic Clauses 15
Reservoir 4 Abstraction Functional + temporal represent. 4
TG Problem types Frames with uncertainty degrees 4
agents Future Demand Rules 4
Impact categories Bayesian nets 4
Risk balance criteria Rules 1
Action types: discharge strategies Rules 1
Hydraulic 2 Abstraction Functional + temporal represent. 2
dEents System model: influence diagram Temporal causal network 2
System model: infiltration Bayesian network 12
System model: discharge Bayesian network 12
System model: reservoir discharge Bayesian network 4
System model: junction Bayesian network 11
Protection 2 Action types: transport network Rules 2
dEents Action types: population Rules 2
Action types: constructions Rules 2

TOTAL 23 Ag. TOTAL 143 KBs
Figure 3: Summary of knowledge bases corresponding to a particular model for a
river basin in the case of the Jucar River Basin (East of Spain).

A model for a particular river basin is constructed formulating a set of knowledge
bases. Figure 3 shows a summary of a complete model for the case of a river basin in
Spain (the Jucar river basin). This includes a total of 23 agents, one for each specific
decision point at certain location in the river basin depending on its nature (problem
area, reservoir, river channel or protection). For each agent, there is a set of types of
knowledge bases, each one with its particular language representation, with a total of
143 knowledge bases.



3 CAM-Hidro: A software tool for knowledge model construction

According to the previous description, the characteristics of a knowledge model for
hydrologic decision presents a significant complexity, which is inherent to the physi-
cal phenomena in which the decision is based. The following list summarizes the
problems reported by users that were responsible of model construction:

Dimension and complexity. The first problem to manage the knowledge model is
that it presents a high level of complexity with different interrelated types of
knowledge for different purposes (e.g., 143 KBs for the Jucar river model).
Heterogeneity of symbolic representation. Each type of knowledge base has its
own symbolic representation (frames, rules, uncertainty, temporal and spatial di-
mensions, etc.). Despite they are based on natural and declarative representation,
this factor increases the difficulty of understanding the complete model.

Low level of certain representations. For certain types of knowledge, civil engi-
neers use certain common sense usual in their professional area, but the corre-
sponding knowledge base may use low level representations to represent such a
knowledge with excessive detail about implicit terms that makes the model more
artificial and difficult to understand.

Abstract computer-oriented terminology. The SAIDA model follows a general
methodology based on the KSM tool. This introduces an additional terminology
closer to process information, different from hydrology, that sometimes is too ab-
stract for end-users and increases the difficulty to understand the complete model.
Consistency between modules. The model presents a distributed organization of
knowledge, following a multiagent architecture and, for each agent there is a set of
knowledge bases with different inference procedures. This modular organization
makes easier to understand and validate parts of the whole model but, still, some-
times it is difficult anticipate the dependencies between such modules in order to
keep the global consistency.

False idea of procedural representation. The edition of the content of knowledge
bases uses text processors with the corresponding language for each case. We
found that this may give the false idea that the user writes a kind of procedure (fol-
lowing a conventional programming style) instead of a set of expertise criteria with
a declarative approach with more freedom to add or remove sentences.

Different procedures for knowledge acquisition. Another problem is that the user
must combine different non-integrated software tools to cope with different
sources of knowledge. Thus, for example, certain knowledge can be manually rep-
resented using symbolic formalisms, but another type of knowledge can be learned
with machine learning procedures.

Low level of guidance. The user has the possibility of editing and modifying any
part of the model with certain freedom. However, this freedom should be comple-
mented with certain guidance in the model development, to suggest to the devel-
oper about what are the next steps to be done.



[ CAM-HIDRO (Construccion Asistida do Modelos Hidolégicos para Ayuda a la Decision)
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Figure 4: Example of windows presented by the CAM-Hidro user interface.

In order to give an answer to the previous needs, we have designed a software tool
called CAM-Hidro that assists developers in the construction of distributed hydrologic
models for the SAIDA system. CAM-Hidro integrates three main components: (i) a
user interface, (ii) procedures for edition support and (iii) procedures for machine
learning. The first component, the user interface, is oriented to present a user-friendly
image of the model together with visual facilities for edition. The features of this inter-
face include: (1) user interaction based on edition standards (the user of this applica-
tion is an expert in hydrology who is used to apply conventional software tools gener-
alized within the professional area of civil engineers such as databases, graphical
editors, formula-based editors, spreadsheets, geographical information systems, etc.),
(2) communication language using hydrologic terminology with the minimum set of
abstract computer-based concepts together with the management of common represen-
tations in civil engineering such as maps, tables, histograms, time series, math for-



mula, etc., (3) multiple complementary views of the model at different levels of ab-
straction showing also the role that the knowledge play in the inference process, (4)
consistency checking to verify local and global coherence, and (5) edition guide to
help the user to decide what are the next steps during the model construction process.
Figure 4 shows an example of screens presented by the user interface of CAM-Hidro.

The second component is a set of automatic procedures to support the edition proc-
ess. In particular, this includes processes to interpret and translate the domain-oriented
languages to general representations such as rules, frames, etc. There are also proc-
esses for consistency checking between different knowledge bases and procedures for
edition assistance in order to guide the user through the complete process of develop-
ment.

Finally, the third component includes the set of procedures for machine learning
corresponding to the abstract river basin model. This model uses a set of bayesian
networks extended for different time steps. The development of this model is based on
an automatic process that starts from a basic general structure given by the user that is
refined in an iterative process that uses cases generated by simulation. A statistical
process abstracts the set of cases and a heuristic module evaluates the quality of the
model and decides to produce new cases by simulation until the model reaches an
acceptable level of quality.

4 Discussion

This section summarizes a set of general requirements of general tools for knowl-
edge model construction and includes a comparison of existing tools based on these
requirements. Basically this type of software tools provide the following three ser-
vices: (1) user communication, with a user interface with visual media and edition
facilities for model construction, (2) construction assistance, which means that the
software tool includes knowledge about the development process of the model, and
(3) operational translation, to translate the model to a formal computational version
tractable by inference engines. We have generalized a set of features to be included in
this type of software tools based on our experience in the development of the SAIDA
hydrologic model presented in this paper (see figure 5). We present here a comparison
of the existing approaches based on these features. It shows that none of them totally
satisfy these requirements, thus, in order to have complete solutions, it suggest that
further research should be done in this direction. The comparison includes three types
of the most advanced software tools for knowledge modeling: (1) method-based
knowledge acquisition tools, (2) general knowledge modeling tools, and (3) the recent
ontology management tools. We also include separately the case of the CAM-Hidro
tool presented in this paper. Figure 6 shows a summary of the comparison of these
approaches.

The category of method-based knowledge acquisition tools includes a type of soft-
ware tool that assists in the development of a knowledge-based system for a prefixed
kind of task and problem-solving method. Examples of such tools are MORE [Eshel-
man et al.,, 87] for diagnosis systems with the cover-and-differentiate method, or



SALT [Marcus, McDermott, 89] for design systems with the propose-and-revise
method. This category also includes other more specific tools in certain domains such
as SIRAH [Alonso et al., 90] for prediction tasks in hydrology. The advantages of
method-based knowledge acquisition tools are derived from the fact that the organiza-
tion of the knowledge is prefixed, so they have a good level of support for model
construction and efficiency in the generation of the operational version. However the
range of applicability is significant lower than other approaches.

Category Requirement Comments
User User language It is important to follow the language of the professional field of the user using certain
communi- communication primitives with which the user is familiar (maps, graphs, etc.).
cation Abstraction It is useful to present global views of the model based on categories at different levels
of abstraction to facilitate a complete understanding.
Explicit role Information about the role that the knowledge plays in the global inference process
facilitates the comprehension of the model.
Edition standards To make easy to use the application, it is important to follow the communication
standards used in conventional software.
Construc- | Local consistency It is important to include procedures to check the local consistency of each knowledge
tion base using certain syntax and semantic properties of symbolic representation .
assistance | Global consistency | It is useful to provide methods to check the consistency between categories of knowl-
edge (e.g., consistency between different knowledge bases, agents, etc.).
Guidance Automatic processes should suggest what are the next steps to be done, providing
acceptable levels of freedom.
Professional The tool should share standard ontologies and procedures about usual concepts of the
common sense user terminology in different professional domains (hydrology, road traffic, etc.).
Generality The tool should be useful for the development of a wide range of specific applications
with different domain knowledge.
Integration The tool may integrate manual edition with automatic machine learning procedures,
keeping a homogeneous operation.
Opera- Efficiency The model is translated to certain formal computational constructs that offer an accept-
tional able level of efficiency to be tractable by inference engines.
translation | Reusability The model is translated to general representations (rules, frames, constraints, etc.)
usable by general inference procedures.

Figure 5: Requirements for model construction tools, generalized from the case of SAIDA.

The category of general knowledge modeling tools includes a type software tool
that assists to the developer in the application of a modeling methodology. For exam-
ple, MIKE [Angele et al., 93] follows the KADS methodology [Schreiber et al., 00]
and allows a partial validation of the knowledge model using a computational lan-
guage, KARL [Fensel et al, 91]. Other approaches such as KREST [Macintyre, 93] or
KSM [Cuena, Molina, 00] also follow a modeling methodology somehow similar to
KADS but, in addition to that, they produce the final operational version using pre-
programmed constructs. Another interesting approach derived from the EXPECT
system, takes advantage of the explicit representation of problem-solving methods to
guide the knowledge acquisition process [Blythe, 01]. The knowledge modeling tools
are more general compared to the previous approach because the developer can for-
mulate any kind of problem solving method. However they introduce certain abstract
terminology that can be difficult to be understood by users non-programmers.

The category of ontology management tools has been developed the recent years
within the field of knowledge sharing and reuse, especially in the context of Internet.
Examples of these tools are Protégé-2000 [Grosso et al., 99], WebOnto [Domingue,
98], OntoSaurus [ISX, 91], Ontolingua/Chimaera [Farquhar et al., 97], [McGuinness
et al., 00]. In general, these tools are easier to be operated by users who are not expert




in programming, compared to the knowledge modeling tools. They also provide an
interesting solution to the need of having certain professional common sense, by reus-
ing standard ontologies that have been previously formulated in different domains. In
addition to that, they provide certain advanced services that facilitate knowledge shar-
ing such as cooperative construction, merging assistance or internationalization. How-
ever, they follow general knowledge representations (frames, relations, production
rules, etc.) that can be limited in certain complex domains such as the case of hydrol-
ogy presented in this paper, and these tools are not able to show the role that the
knowledge plays in inference processes.

Method based KA Knowledge Ontology Manag. CAM-Hidro
tools modeling tools Tools
User User language 4 - 0 +
communication Abstraction + + 0 +
Explicit role + + = +
Edition standards 0 0 0 +
Construction Local consistency + 0 + +
assistance Global consistency + 0 0 +
Guidance + 0 0 +
Prof. common sense 0 + 0
Generality - + + -
Integration 0 o
Operational Efficiency + 0 0 +
translation Reusability 0 + +

Figure 6: Comparison of approaches of software tools for knowledge model construction.

Finally, the case of the CAM-Hidro software environment described in this paper
presents some similarities to the first approach given that it follows a prefixed knowl-
edge organization (decision support in hydrologic emergency management). However
CAM-Hidro presents a higher level of complexity because it includes a number of
complex tasks (diagnosis, prediction, planning) with a multiagent organization. It also
presents a user interface that follows the visual standards oriented to the type of user
of the application and good level of integration of manual and automatic procedures
(machine learning) for model construction.

4. Conclusions

In summary, the paper shows general conclusions derived from our recent experi-
ence in the development and maintenance of a complex real-world knowledge model
in the field of decision support for hydrologic emergency management. The paper
presents the characteristics of the hydrologic model and identifies a set of problems
for model construction. As a first answer to the need of assistance in the development
and maintenance of such a model by users who are not programmers, the paper de-
scribes a software tool called CAM-Hidro that we designed for this purpose. The
paper also presents a generalization of desired services to be provided by such type of
tools and presents a comparison among the existing approaches in this field. The com-
parison shows that none of the existing approaches totally covers the needs, which
suggests that further research should be done by integrating and extending the current
solutions.
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