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ABSTRACT

The environmental domain poses a number of important challenges for the modeling task.
First, we have to deal with multiple dynamics that often involve spatial variations. The time-scales
of the relevant phenomena range from long-term changes in climatic conditions to chemical
reactions occurring within parts of a second.
Second, we face largely incomplete knowledge in various respects. The observability of ecosystems
is limited, and we often have to recur to sparse or imprecise measurements or even human
observations. Furthermore, the knowledge about the underlying phenomena and processes is
frequently of an inherently qualitative nature.
Aiming at an effective and coherent computational support for the tasks of model building and
revision as well as model usage for prediction, diagnosis and planning, we propose the employment
of a knowledge-based approach at the conceptual level of modeling. An adequately abstract
terminology for description and reasoning about natural phenomena will use concepts similar to the
ones used by domain experts, such as processes, causal influences and compartments.
Relying upon our experience in the modeling of algal bloom phenomena in subtropical water
bodies, we advocate a qualitative formalism for the description of the influences of variables on
each other. We express various levels of abstraction of functional dependencies depending on the
knowledge available. The modeling language lends itself well to the specification of model
fragments (e. g. processes) that can be selected according to their relevance and composed to form a
prediction model. We also carried out some research on automatic transformation of models
obtained in that way in order to account for separated time-scales, a technique we have labeled time-
scale approximation. Finally, the descriptions can be conveniently visualized in the form of
Qualitative Influence Diagrams for supporting the communication with domain experts.

INTRODUCTION

The classical approach to simulation requires building a numerical model as an abstraction of (some
aspects of) the real system under consideration. This model is used to generate numerical results
representing future or hypothetical states of the system, which is a well-understood process. But still
the numerical results will have to be interpreted in order to derive statements meaningful to the user
(e. g. in terms of alarming developments or hypotheses about their causes).
We advocate the use of a conceptual layer that explicitly represents concepts taken from
terminology and reasoning as applied by domain experts. Thus, simulation can be supported in
multiple ways, as depicted in figure 1.
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Fig. 1: The conceptual layer

On the one hand, the modeling process in itself is facilitated by the use of conceptual entities like
processes and the employment of the compositional paradigm with the additional benefit of the
explicit representation of the decisions about the relevancy of different phenomena as well as
modeling assumptions and boundary conditions. This will be described in the next section.
On the other hand, the interpretation of the results can be supported, since the interesting features of
the predicted development of the system can or even have to be expressed in terms of the conceptual
entities introduced in modeling. Reasoning in the conceptual layer can have the benefit of
generating conclusions for whole classes of situations or dependencies, which is one of the central
ideas of qualitative reasoning (see section 3).
Further advantages of the conceptual approach to modeling is the possibility for dynamical checking
of the validity of the numerical models and automatic model transformation (e. g. abstraction) in
order to generate models of different granularity depending on the (explicitly represented) focus and
scale of interest. For further discussion of these aspects refer to section 4.
Last but not least the communication with domain experts is extended significantly. Explicit
representation of modeling assumptions facilitates verification and revision. Automatic generation
of explanations can assist in understanding and debugging the predictions made.

CONCEPTUAL MODELING

In order to explicitly represent the relevant concepts of the application domain we use three
segments of a knowledge base, which we will call basic ontology, model fragment library and
scenario description. Additionally there can be information about the reasoning task or goal.
The basic idea is that the actual system model used for a task is generated automatically from these
sources. One of the most successful ontologies in qualitative reasoning is the process-oriented
paradigm, as described by [1]. It uses generic process descriptions as model fragments, containing
instantiation conditions (in terms of entities, predicates and relationships from the scenario
description) and instantiates and composes these processes according to the situation defined in the
scenario. This approach is generally termed compositional modeling.
We give a simple example from our application in hydro-ecology ([4]), where we use processes like
advection, i. e. transport of matter by directed flow, and chemical reactions. In our scenario, the
spatial distribution of parameters (e. g. concentration of chemical constituents) is represented by
compartments, i. e. the elements of a topological partitioning of the water body in either two or
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three dimensions. We assume that parameter concentrations can be treated approximately as
homogenous within the compartments. Formally, the compartments are entities in the scenario
description with, for example, a neighborhood relation defined for them.
Figure 2 is a sample of a generic process description for the advection process between two
compartments (src and dest) acting on the concentration of a particular chemical constituent
(constituent).

Figure 2: The advection process (simple version)

The lower part of the process description is a template of a (partial) Qualitative Influence Diagram
(QID), which will be instantiated for each set of entities src, dest, and constituent, fulfilling the
instantiation conditions (the neighborhood of the compartments, the relevancy of the spatial
distribution of the constituent and a positive flow between the compartments). The formal
parameters to be bound to entities in the actual scenario description are given in italics. The boxes
represent the state variables of the system. There is, for example, a concentration value for each
chemical constituent in each compartment. The arrows denote influences between state variables
and are (in this case) combined linearly. Rectangular combination information (like at the rate
variable) indicate functional dependencies, the circles stand for integral influences: all incoming
influences contribute to the derivative of the influenced variable. The arrow labels and the
respective function class restrictions will be explained in the next section. For a detailed description
of the semantics of QIDs, refer to [2].
Given a scenario description in terms of entities, predicates and relationships, model fragments can
be selected, instantiated and composed automatically. In this way, the partial QIDs form the system
model. In our simple example, we assume three compartments ("In", "X", and "Out" in
neighborhood relation) and respective flows between them. The simple scenario description is
visualized in figure 3.

Figure 3: A simple scenario description
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The instantiated QID for a simple system model comprising advection of ionized ammonia (NH4)
and ammonia dissociation (generating NH3) is shown in figure 4. Both process types have to be
present in the model fragment library with appropriate instantiation conditions.

Figure 4: The interaction of dissociation and advection for the given scenario

QUALITATIVE MODELING

The available knowledge in the environmental domain is necessarily limited in several respects. The
expert knowledge is to a large extent based on a principled understanding of dependencies and
influences, and in many cases there is no information about precise parameters and influence
coefficients. Both parametric uncertainty and incompletely known functional dependencies occur.
An example of parametric uncertainty is the volume of the compartments mentioned above. Instead
of giving a numeric factor for the influence of the transport rate on the source and destination
concentrations, we state the effect as linear ("Lin").
Unknown, hypothesized or approximate functional dependencies can be found in the dynamic
description of the chemical reaction of ammonia dissociation. The influence of pH on the
dissociation rate is probably exponential but for the overall process the mixing by turbulence and
other factors interfere, so we simply state the monotonicity of the dependency and, thus, cover the
range of all possibilities.
Knowledge about the current state of the environmental system is inevitably incomplete, since in
real scenarios neither spatial nor temporal coverage by measurements can be achieved and, hence,
numeric concentration values can only be approximate. Other observations are of an inherently
qualitative nature, e. g. sighting of fish swarms, health conditions of particular fish, or changes in
water color.
A formal treatment of incomplete knowledge is enabled by the employment of qualitative reasoning.
Modeling paradigms like the Qualitative Process Theory ([1]) provide inference mechanisms to
make use of the available knowledge efficiently. One of the basic ideas of qualitative reasoning is to
make the necessary distinctions only, i. e. to use classes of cases (system states, situations,
influences etc.) with equivalent characteristics or effects and to treat them alike.
Reasoning can be based on interval arithmetic, on abstract descriptions of functional dependencies
(e. g. linearity, monotonicity, etc.) or influence factors merely represented by direction (negative,
neutral, or positive). In this way, possibly conclusions of large coverage and stability with respect to
parameter deviations can be drawn.
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AUTOMATIC MODEL TRANSFORMATION

One of the fundamental motivations for the development of Qualitative Influence Diagrams has
been to facilitate the automatic abstraction of the system model. The overall approach is to first
compose the selected model fragments as described above and then transform them in order to meet
the specific requirements of the reasoning task at hand. This can involve identification of the basic
influence structure and reduction of the model size and complexity.
Depending of the reasoning goal and the boundary conditions, variables can be determined to be of
particular interest or of constant value. Such decisions should not or even can not be made on the
level of the model fragment library, since the elements might be used in system models of different
size and granularity and for prediction tasks at various time scales.
Automatic model transformation is achieved by a set of operators on the graph structure of the QID.
An example of an operator for the elimination of  an intermediate variable, that is of no particular
interest, is shown in figure 5.

Figure 5: Operator for the elimination of intermediate variables

Some examples of more complex operators are given in [2]. Among the effects of the application of
these operators is the reduction of the number of state variables in the model and eventually the
basic influence structure of the system model can become visible.
Figure 6 depicts an operator for the time-scale approximation (TSA), which will substitute a
dynamic feedback loop representing a fast subsystem in a slow context by a functional dependency.
Thus, the feedback system is approximated by a "moving equilibrium". For a detailed discussion of
the applicability and benefit of this operator, refer to [4].

Figure 6: Operator for time-scale approximation

A similar operator, applied to our example system model after the elimination of two intermediate
variables, will lead to the model in figure 7, which is clearly of reduced complexity. In test runs
with software for qualitative simulation, we obtained much more focused predictions with the
transformed model.
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Figure 7: The abstracted model for the interaction of dissociation and advection

DISCUSSION AND PERSPECTIVES

The conceptual approach to modeling can facilitate multiple reasoning tasks. Model building and
transformation and prediction or simulation are only the basic requirements for environmental
decision support, like described in [3]. The tasks of continuous monitoring of the system behavior,
diagnosis of the causes of dangerous developments and ultimately planning of counter-measures can
be profitably integrated by use of the conceptual layer.
Furthermore, many interesting inferences can be made in this layer, with the benefit of being valid
for whole classes of situations or parameter ranges. The integration of qualitative methods with
quantitative simulation tools is a promising perspective for future research. In cases where the
abstract qualitative information does not uniquely determine the future development, numeric
information should be used, where present.
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