
Research Proposal

Hillel Kugler

My research interests are in two main fields, the first in Software and Sys-
tems Engineering - developing new methods to construct complex reactive
systems directly from specifications, and the second in Bioinformatics and
Systems Biology - applying methods from system design and formal verifica-
tion to model and analyze biological systems. The connection between the
two fields is based on the resemblance between the challenges in designing
complex industrial applications, and those of understanding in a detailed and
quantitative manner the function of a biological subsystem or even an entire
organism.

Software and Systems Engineering

As the impact and usage of software and the underlying hardware grows
rapidly, and becomes part of daily life and a basic resource that people depend
on, there is a rising demand for high quality systems and lower tolerance
towards errors and failures. Both the academic and industrial communities
recognize this problem as a major challenge, and have been working in many
complementary directions to improve the current development process.

According to most traditional development approaches, a development
team starts with an informal requirements document, often written in nat-
ural language, combined with an understanding of the end-user needs, and
then goes on to design and code the system. Testing plays a critical role in
ensuring system quality, by running the code and trying to detect problems
(apart from obvious crashes and bugs, this is done by comparing the result-
ing behavior to the specification - whenever one exists). Detected problems
are then (usually) fixed by the developers. In contrast with testing, formal
verification methods can in principle establish the correctness of a formal
description of the system with respect to a given specification by a rigorous
mathematical proof. Algorithmic formal verification methods, e.g., model-
checking, have also proven to be effective in finding bugs that are “tricky”
and hard to identify using standard testing approaches. Scalability of formal
verification methods to handle real-world systems remains a main challenge
and concentrates a significant part of the research efforts in the field.

Going directly from the specification to a correct implementation has
long been the “holy grail” for system and software development. According
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to this vision, instead of taking a constructed system and working very hard
to apply formal verification methods to prove system correctness, a system
is built in a correct-by-construction manner which guarantees adherence to
the formal specification. Our goal is to make this paradigm feasible.

There are several research directions that will be pursued to realize this
ambitious and long-term research:

Identifying several domains and applications that are most appropriate
for this new paradigm of system development, and studying concrete exam-
ples that will allow to evaluate the research progress and motivate further
improvements. Biological modeling [10] and telecommunication systems [3]
seem well-suited, we already have interesting examples and will be able to
derive in collaboration with the experts in these domains larger and more
complex ones.

A prerequisite to be able to construct a system from requirements is the
ability to generate a detailed specification, that will capture precisely the
intentions of the customers and potential users of the system. This should
be accompanied by a more refined specification produced by the developers
and designers. Identifying appropriate languages for specifying a system is
crucial. Such languages should be intuitive for users yet rigorously defined,
and the tradeoff between expressive power and complexity of analysis should
be balanced carefully. For reactive systems, a variant of temporal logic [16]
seems adequate, which could be made more accessible by using, e.g., the
language of live sequence charts [4, 12, 15] which in previous work has shown
its appeal to end-users, but the proposed research is not tied only to this
language.

At the heart of such an approach is the synthesis problem [2, 18, 17, 6,
9], which for an open reactive system amounts to solving a game between
the environment and the system, a difficult problem that is undecidable in
the general case and has a high worst-case complexity for various decidable
logics. Recent progress has been made in the theory and implementation
of synthesis, we plan to investigate new methods to improve the scalability
of these algorithms, combined with a theoretical and empirical evaluation of
performance of synthesis algorithms on realistic examples.

Due to the high algorithmic complexity of synthesis, we believe that this
will not be a completely automated “push-button” technology, but rather
require a new interactive development methodology, in which future program-
mers will be supplied with tools that will allow them to actively participate in
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the synthesis process, fine-tune parameters and use their understanding and
insights into the system design to drive a correct-by-construction process.
Theorem provers can play an important role here, if new methods are devel-
oped that will allow to reduce the large effort and expertise that is currently
required to perform complex proofs [1].

To summarize, the plan is to develop a set of tools, that will allow to
take a distributed specification, check its consistency and then generate a
correct by construction implementation. This synthesis approach should be
automated as much as possible, but some interaction with the user will be
part of this process. The generated implementation will serve as the final
product in software development context, and as a model allowing enhanced
understanding and in silico experimentation for biological applications.

Systems Biology

Understanding the development and behavior of living systems is a task so
complex that Biologists are now routinely using computational methods and
tools to assist them in recording, mining and visualizing the vasts amounts
of experimental data. As our biological understanding of many mechanisms
improves, there is a high interest in understanding how various components
and subsystems function together in a living system.

Constructing executable models has the potential to assist in the scientific
process of understanding biological systems. This potential is based on the
following advantages these models can offer:

1. The ability to perform simulations, in silico experiments, that can be
run efficiently using the growing computing power of available clusters.

2. Hypothesis testing [11] based on more objective criteria and compre-
hensive data than that of pure abstract reasoning.

3. The ability to share models can lead to more effective research by being
able to integrate and build on existing understanding already achieved
by other researchers.

4. Analysis methods could allow biologists to query the models for dy-
namic temporal properties that are beyond the scope of current biolog-
ical databases.
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5. Some of the future applications in medicine will depend on very ac-
curate and detailed understanding of biological behavior, that will go
beyond the current research, which often is directed to answer funda-
mental biological questions, but leaves many of the details open.

6. Accurate models can serve as a valuable educational resource, helping
students and researchers learn how a biological system functions, com-
plementing the traditional learning process of lectures, textbooks and
laboratory work.

In order to achieve these goals the plan is to pursue several research
directions, most with a strong connection to the research agenda on software
and system development:

1. Identifying and defining modeling languages that are appropriate for bi-
ological modeling [5, 7, 4], where the considerations in language design
are the tradeoff between appeal to experimental biologists, expressive
power, ability to analyze large models algorithmically, and the connec-
tion with related existing bioinformatic languages and resources.

2. Developing algorithms and tools for scalable execution and analysis of
models [8, 14].

3. Studying new methods for incorporating experimental data into models
allowing validation and enhanced model construction.

4. Developing effective visualization methods that are crucial for feedback
to biologists.

5. Developing compositional methods for constructing complex biological
models from more basic building blocks, in a way that is natural to the
biological reasoning, and will allow reuse of components for efficient
construction and analysis of models.

6. Developing novel methods for experiment design and predictive capa-
bilities [13] based on executable models that can be tested experimen-
tally. These directions will be applied to actual biological systems in
collaboration with experimental biological laboratories, to evaluate the
contribution of the new tools and focus research towards key problems.
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