
Appeared in: 10th International Symposium "Informatics for Environmental Protection", Hannover. 1996

Qualitative Modeling for
Environmental Decision Support

Ulrich Heller and Peter Struss1

Abstract

For the support of analysis and decision making in the environmental domain, we
propose a knowledge-based system with explicit representation of expertise in the
domain and the specific ecosystem in the form of qualitative dynamic models. The
choice of qualitative modeling techniques is motivated by the very nature of the
processes examined, the available information and style of reasoning employed by
human experts. Two other challenges typical for modeling environmental systems
are encountered, namely the representation of spatial distribution processes and
the interaction of widely different time-scales.

We will present the design of the overall system and then illustrate the chosen
modeling approach in its application to the phenomenon of algal bloom in a
specific river.

Model-based Environmental Decision Support

In a collaboration between researchers from Brazil, Germany and France, we
started the development of an integrated model-based environmental decision
support system called SIGMA (see [Guerrin et al. 96]). The architecture is
targeted to provide assistance for the tasks of model building, situation
assessment, continuous monitoring, diagnosis of problem causes and therapy
planning. These tasks are closely related by sharing the knowledge base and by
providing information and results to each other. Figure 1 shows the basic
architecture with the modules and their dependencies.

Taking data from observations and measurements from the actual ecosystem,
SIGMA provides support to the user, who interactively controls the accumulation
of knowledge and the search for solutions. Finally, plans derived and tested in the
computational model can be applied in reality.
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Figure 1: The basic architecture of the ΣIGMA system

The modules all rely on the same basic "model revision loop" depicted in
figure 2 . The knowledge base is structured in domain independent background
knowledge, a domain theory, the description of the specific environmental system,
knowledge about the current ("situation hypotheses") and the desired
("objectives") state of the system.

This leads to different revision strategies as new observations become
available, which might confirm, extend or contradict the knowledge stored. If the
model of the ecosystem (and possibly even the domain knowledge) is adapted, this
corresponds to the task of user guided or automated model building.

Once the model reflects the real world adequately for the given tasks, the
system can be used to continuously monitor the state of the system. This is
achieved by accumulating and continuously correcting a set of situation
hypotheses. In figure 2 the revision strategy is shown to act upon the respective
segment of the knowledge base.

In case of undesired behavior, the system assists in identifying the problem
causes ("diagnosis"), which will be enabled by a well-founded theory of model-
based diagnosis, although this was mostly applied to artifacts so far. On the basis
of the output of the diagnosis module, (sequences of) actions to be taken are
determined ("therapy planning"). This will be supported by a planning calculus
approach, which will also employ reasoning from first principles.
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Figure 2: The basic model revision loop - shown for situation assessment

The Rio Guaíba and the Algal Bloom Phenomenon

We started modeling the phenomenon of algal bloom in the Rio Guaíba in
Southern Brazil. In the first stage, we developed a process-oriented description of
some of the essential mechanisms contributing to algal bloom.

The Rio Guaíba passes the city of Porto Alegre, the capital of the
southernmost state of Brazil. Its complex hydrodynamics exhibit both high flow
speeds in the center of the river and almost still waters in the large bays. Wind
conditions and tidal influences originating from the close connection to the ocean
contribute to phenomena like the temporary inversion of the overall flow, whose
conditions are still not satisfactorily examined.

There are multiple sources of pollution, mostly city sewage of more than 1.2
million inhabitants and some industrial waste water of chemical plants and
factories nearby. This adds to the organic pollution of the four affluent rivers,
which drain industrial and agricultural regions. Because of the threat for the
drinking water supply for the city and the increasing and severe dangers for the
health of people swimming in bays near the city, the municipal department of
water and sewage (DMAE) has been monitoring various parameters of the

USER

Revision

Discrepancy
Detection

Prediction

hypothesis/
decision

suggestion

domain
theory

eco-
system

descrip-
tion

situation
hypo-
theses

plans,
objec-
tives

back-
ground
know-
ledge

ENVIRONMENTAL SYSTEM

observation



4

ecosystem in a number of locations over a period of more than 15 years and
recently, alarmed by the repeated occurence of local algal blooms, they started to
probe and monitor the different species of algae in the phytoplankton and also in
the sediment layers.

An algal bloom is a significant and steep increase in total algal biomass, while
at the same time one species of algae becomes significantly predominant. The
number of organisms per liter, which is about 1000 under oligo- and mesotrophic
conditions (i.e. very low or average level of nutrients, respectively) can increase
up to 1 million organisms/liter during the bloom. Typically, the single pre-
dominant species covers more than 95 percent of the biomass.

A major concern of the administration is the pollution impact in the Praia do
Lami, a small bay located downstream of the city. It is under intensive
observation, due to ecological instabilities that result in frequent, but spatially
limited algal blooms.

Among the undesirable effects of these phenomena is  unpleasant smell and
odor and the clogging of filters and pumps used for capturing raw water for the
drinking water supply of the city. In the long run, the instabilities in the ecosystem
impose stress on the various fish and plant populations, thus typically leading to a
decrease in biodiversity.

Therefore, it is important to develop and apply preventive measures for both
immediate and long-term inhibition of algal blooms, as well as to react to the
actual occurences immediately (e.g. by cutting off the pumps in the vicinity).
Knowledge-based computer support for these tasks requires models of the
involved processes as a basis for analysis, monitoring, and prediction of causes
and effects.

Among the factors that are certain to influence phytoplankton growth, light
conditions, water temperature and the availability of nutrients are the most
important ones. The following influences are currently being taken into account
(compare figure 4, where the boxes with shadow represent state variables, the
other boxes stand for process, black arrows indicate positive and grey arrows
negative influences):

• Nitrification (the transformation of ammonia into nitrate achieved by
microorganisms)

• Advection and dispersion

• Photosynthesis

• The dependency of the pH on the CO2 level ("acidity reaction")

• Dissociation (NH4
+ + OH

−
 ↔ NH3 + H2O)

• Intoxication (e.g. by free ammonia)

• The influences of the fish population (predation and respiration)
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Presently we ignore the light conditions (which limit the algal growth to a layer
near the surface of the water body and are affected by the algal bloom through a
sharp increase in turbidity) and the oxygen equilibrium (influenced by respiration
and photosynthesis as well).

Figure 4: The basic process influence graph

The phenomenon poses three problems typical for modeling ecological systems.
First, the although experts are able to reason about the conditions for the possibilty
of algal blooms, they mostly do so without using any numerical data - which
might not be available anyway. This lead us to employ a qualitative modeling
approach. Second, the spatial distribution of parameters and processes has to be
taken into account which leads us to locate processes in or between compartments,
the elements of a topological partitioning of the area. Second, the various
processes involved act with speeds of different orders of magnitude (e.g. chemical
reactions vs. changes in fish population), which requires techniques of time-scale
abstraction.
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Qualitative Modeling

The expert knowledge in the hydro-ecological domain and particularly in the case
of algal blooms is often imprecise and of qualitative nature. For instance, the
energy balance and the exact influence coefficients are usually not known, but
rather general tendencies and limiting cases are used to reason about ecosystems.
Nevertheless, an expert often reaches important conclusions by making use of the
qualitative data and knowledge available to him.

To adequately represent this knowledge, a qualitative modeling approach is
chosen, since

• the conclusions that can be drawn without precise quantitative knowledge are
obtained with tractable effort and in a transparent way, so that intuitive
explications about the inferences leading to the conclusion can be given to
the user.

• the communication with the user is facilitated by a modeling language
containing intuitive conceptual entities (e.g. processes), instead of requiring
familiarity with complex formalisms and coding.

• even where quantitative calculations are necessary, they should be integrated
into a conceptual and qualitative framework to check for their applicability in
advance and to continuously verify their validity during the calculations,
which both are inferences beyond the scope of classical mathematical
methods.

• the model should predict the possible behaviors of the ecosystem in terms of
alarming and dangerous events related to bloom occurrence, i.e. the expected
output are statements of possibilities rather than quantities that still have to
be interpreted qualitatively. Our approach provides models enabling the
direct inference of such assertions.

• to account for the lack of exact knowledge about some relationships and
interactions, we can use qualitative expressions of proportionality and
influence, thus avoiding unreliable tentative descriptions and gaining the
property of completeness (relative to the model), since the inferences will be
valid for all instances of mathematical relationships.
For example the relation I+(A,B) states that B positively influences A, i.e.
the derivative of A will increase with B (all other influences assumed
constant). The inferences that can be made without knowing the precise form
of the dependency between A and B (typically a partial differential equation)
will therefore be valid for all covered dependencies.

Our modeling approach is based upon a process ontology, namely the Qualitative
Process Theory ([Forbus 84]), to adequately reflect the conceptual entities used by
expert ecologists.
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Spatial Distinctions

Algal blooms are spatially limited phenomena, and in reasoning about them one of
the important questions is "Where will they occur?", instead of simply predicting
the possibility of a bloom anywhere in the modeled system

Furthermore, a number of chemical as well as physical parameters show a
distinct spatial distribution, thus providing qualitatively different conditions for
processes taking place at a local scale like chemical reactions or nutrient
consumption. Therefore, reasoning about the involved processes will have to take
spatial distinctions into account. These will be influenced by the advective flow of
matter and the dispersive assimilation of constituent concentrations.

We adopt the notion of "hydrodynamic regimes", a terminology used by
experts while reasoning informally, referring to regions with (approximately)
homogeneous flow characteristics, which result in similar parameter values and
consequently similar conditions for local processes. We introduce a more general
class of entities called compartments for a spatial partitioning of the system
(similar as in [Ironi/Stefanelli 94]). Up to now, we employ only a 2-dimensional
compartmental structure, i.e. we divide the surface of the water body, while
implicitly concentrating on a layer with typically good conditions for the growth
of phytoplankton.

An example of such a partitioning for the case of a bay scenario is shown in
figure 5. The boxes represent compartments with arrows depicting water flow
between adjacent ones. The concentration of some polluting substance is indicated
in the shading of the boxes.

Figure 5: A simple compartmental structure of a bay scenario

Another important advantage of the use of compartments together with a process-
based ontology is the compositionality of the model. When changing the
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compartmental structure or while tentatively modeling additional effects, the
prediction model can be assembled automatically from a library of process
descriptions by using a description of the ecosystem at hand (in terms of
compartments, adjacencies, flows etc.). An overview of this approach is given in
[Heller/Struss 96b].

Time-Scales

In a complex ecosystem like the Rio Guaíba, there exist processes acting at very
different time-scales. Chemical reactions for example will take place and
eventually establish an equilibrium between the participating reactants very much
faster than a fish population number will react to changed conditions.

If the processes relevant for some reasoning task span a wide range of time-
scales, this imposes difficulties. For example, when employing a qualitative
simulation tool like QSIM ([Kuipers 86]) for prediction tasks, it may produce
spurious solutions, which could be pruned by information about the relative time-
scale. For instance, after increasing the concentration of free ammonia, the
chemical reaction ionizing free ammonia, resulting in a diminished danger of
intoxication of a fish population by free ammonia, comes into effect. The
predictive engine could generate a behavior under the assumption that additional
free ammonia is absorbed by fish more rapidly than transformed by the chemical
mechanisms, thus maybe leading to severe intoxication of the animals, even
though in reality the ammonia would be neutralized within parts of a second.

One possibility to cope with these problems is the technique of time-scale
abstraction (compare [Kuipers 87]). For a specific time-scale of interest all very
much faster processes will be transformed into functional relationships, much
slower ones will be treated as constant. As a second desirable effect, the model
actually used for prediction will be much smaller and the reasoning will
significantly gain efficiency.

We developed a set of operators for the transformation of qualitative dynamic
models in accordance with these goals. For details refer to [Heller/Struss 96a] and
[Heller 95].

Open Issues and Future Work

As of now, the algal bloom model has been implemented with the help of a
simulation tool for qualitative process descriptions (QPC, see [Crawford/
Farquhar/Kuipers 90]). It will be evaluated and further developed based on the
qualitative simulation results. Further calibration and validation will be carried out
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using the data available from DMAE. We do not expect the purely qualitative
model to unambiguously predict or rule out the occurrence of algal bloom. For a
detailed analysis it has to be extended by a semi-quantitative level, for instance
based on interval mathematics.

The current model is based on some simplifications that will have to be
dropped in the future. First, some influences are presently ignored, for instance the
oxygen equilibrium. Second, the compartments introduced so far do not reflect
distinctions along the vertical axis. However, the influence of light, air
temperature and wind primarily affects the surface layer, giving rise to important
variations with depth, and, hence, a three-dimensional compartmental structure
will be more adequate.

Third, the current compartmental structure is fixed. Ultimately, a dynamic
structure will be regarded, e.g. when changing conditions lead to significant
parameter differences within a single compartment, the simulator should be able
to split the compartment later. This raises the issue of how to determine the
partitioning into compartments. The rationale behind this decomposition of a
continuous system is to identify areas of strong, or fast, interactions, that interact
with each other only in a weak, or slow, fashion. In our domain, this is closely
related to direction and speed of flow, but other influences can be present. Rather
than being defined beforehand, an appropriate compartmental structure could be
detected automatically as a result of executing the qualitative model and/or
interpretation of data.

Finally, the framework of the SIGMA system has to be implemented
completely, in order to make use of the derived models for supporting the
management of the ecosystem. In the implementation of the model building
module, our experience with the modeling of the Rio Guaíba can be exploited.

Acknowledgements

We like to thank Francois Guerrin and Waldir Roque, who participated in the
design of the ΣIGMA system. This work was partially supported by the Brazilian
Research Council (CNPq) and the German Ministery of Education and Research
(BMBF).

References

[Crawford/Farquhar/Kuipers 90]  James Crawford, Adam Farquhar, Benjamin
Kuipers: QPC: A Compiler from Physical Models into Qualitative Differential
Equations. American National Conference on Aritificial Intelligence (AAAI),
1990.



10

[Forbus 84]   Ken Forbus: Qualitative Process Theory. Artificial Intelligence 24
(1-3), 1984.

[Guerrin et al. 96] François Guerrin, Ulrich Heller, Peter Struss, Waldir Roque:
ΣIGMA: um sistema integrado de gerenciamento do meio ambiente. In: ECOS
Journal, No 6, DMAE Publications, Porto Alegre, 1996. (in Portuguese)

[Heller et al. 95] Ulrich Heller, Peter Struss, Francois Guerrin, Waldir Roque:
A Qualitative Modeling Approach to Algal Bloom Prediction. In: Workshop
Notes of the International Workshop on "Artificial Intelligence and the
Environment" (at IJCAI-95), Montreal, Canada, 1995.

[Heller 95]  Ulrich Heller: Temporale Verhaltensabstraktion am Beispiel von
Regelkreisen und hydro-ökologischen Systemen. Master thesis, Department of
Computer Science, Technical University of Munich, 1995. (in German)

[Heller/Struss 96a] Ulrich Heller, Peter Struss: Transformation of Qualitative
Dynamic Models - Application in Hydro-Ecology. In: Tenth International
Workshop on Qualitative Reasoning (QR-96), AAAI Press, 1996.

[Heller/Struss 96b] Ulrich Heller, Peter Struss: Qualitative Model Composition
and Transformation for Improving Environmental Decision Support. In:
Bremer Pfingstworkshop "Intelligente Verarbeitung von Umweltinformation",
Bremen, 1996.

[Ironi/Stefanelli 94] Liliana Ironi, M. Stefanelli: QCMF: A Tool for Generating
Qualitative Models from Compartmental Structures. QR-94, Nara, Japan, 1994.

[Kuipers 86]    Benjamin Kuipers: Qualitative Simulation. Artificial Intelligence
29(3), 1986.

[Kuipers 87]  Benjamin Kuipers: Abstraction by Time-Scale in Qualitative
Simulation. American National Conference on Artificial Intelligence (AAAI),
1987.


