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Summary

In this thesis we provide solutions for a relevant class of contemporary situation as-
sessment problems, where large quantities of heterogeneous and uncertain information
stemming from dynamic, spatially dispersed sources have to be reliably processed. In
particular, we investigated probabilistic approaches to state estimation based on discrete
Bayesian networks.

While Bayesian networks support efficient and theoretically sound modeling and
inference, there are several challenging problems that cannot be solved efficiently with
conventional Bayesian networks. One of the main challenges in the crisis management
domain is the dynamic nature of information sources. It is, therefore, difficult to predict
which of the information sources will be available to supply the system with informa-
tion at a certain point in time. On the other hand, when using Bayesian networks each
information source must be explicitly modeled. Important part of the presented work
addresses this problem. With the help of modular Bayesian networks we exploit the
fact that, due to the locality of causal relations in Bayesian networks, the models can be
decomposed into smaller fragments, each capturing an information source. The result-
ing fragments correspond to local Bayesian networks that can be integrated intoModular
Bayesian networks, i.e. global domain models, on the fly. In the proposed approach,
systems of modules using local Bayesian networks collaboratively compute posterior
probability distributions over the states of relevant variables, given the evidence col-
lected throughout different modules.

However, a modular approach to Bayesian networks introduces several additional
challenges with respect to exact inference. Since the constellation of Bayesian net-
work modules can change over time, the conventional approaches to exact inference in
multiply connected Bayesian networks, that are based on clustering of variables and
compilation of secondary structures, are not efficient. We present an alternative ap-
proach which uses targeted instantiation of variables. In this way Modular Bayesian
networks supporting exact inference can quickly be created and adapted to changes in
the environment, without compromising the soundness of the inference processes. In
addition, the proposed modular Bayesian networks facilitate distribution of inference
processes throughout systems of networked devices.

Moreover, in complex systems involving heterogeneous information sources, de-
signing Modular Bayesian networks is often a multi-disciplinary effort, which is error
prone. Typically, each Bayesian network module originates from a different designer
focusing on certain type of sensors or physical processes. In the targeted domains, it is
likely that the designers can create Bayesian networkmodules supporting locally correct
inference. However when such modules are integrated into the global model, correct
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inference might not be supported anymore due to missing inter-module dependencies.
While the chance of such errors can be reduced through sound engineering practices,
it cannot be avoided. Therefore, we present a complementary approach which support
verification of the inter-module dependencies. This approach consists of a detection and
a discovery algorithm that allow verification of conditional independences between the
variables from different modules as they are added to the modular Bayesian networks.
For each newly added module the detection algorithm is executed to ensure that the
resulting Modular Bayesian network is correct. The detection of missing dependencies
is linear in the number of modules if a single module is added to the system. This makes
the detection algorithm efficient for gradual verification of large modular BNs. More-
over, the time complexity of such verification is quadratic in the number of variables in
modules. The verification effort required for the construction of the entire modular BN
is quadratic in the number of modules.

On the other hand, the discovery algorithm pinpoints the variables for which a
direct dependency is not correctly captured in modular Bayesian networks. Discovery
of dependencies between modules is more expensive than detection, however. Namely,
it requires variation of the conditioning variable sets, which are exponential in the
number of variables in the conditioning sets. However, we show that the discovery of
missing dependencies can bemade efficient by exploiting the locality of causal relations.

Furthermore, although BNs facilitate modeling of stochastic domains and it is often
easy to determine correct structures, i.e. DAGs, structural errors cannot be ruled out
completely. This might be due to the lack of knowledge and various mistakes in the
design processes. Moreover, we might not be able to find adequate parameters for all
variables in the DAG due to the lack of data. In such cases it might be better to ignore
some variables, thus deliberately introducing structural errors.

In other words, often structural errors cannot be avoided. Therefore, we investigated
the impact of relevant structural inaccuracies resulting in confounding variables. We
focused on two types of structural errors which are common in the systems supporting
multi-modal monitoring using large amounts of heterogeneous information sources.
Empirical studies showed that the two types of structural inaccuracies have different
expected impact on the inference quality and, consequently, on the classification perfor-
mance. On the other hand, through a case study, it was shown that the impact on the
inference quality and classification performance can be small for specific parameteri-
zations and constellations of information sources. Namely, under certain conditions,
which are realistic for the monitoring domain, the impact of the structural errors on the
classification performance can be mitigated by increasing the number of information
sources.


