Global-to-Local Programming:
Design and Analysis for
Amorphous Computers

Radhika Nagpal and Daniel Yamins,
Harvard University, USA

Sunday July 8, 2007
Stata Center, MIT, Boston, Mass., USA

A tutorial of:

SASO 2007

First IEEE International Conference on Self-
Adaptive and Self-Organizing Systems

July 9-11, 2007
Boston, Mass., USA




The aims of the SASO Tutorial Program

The aim of SASO is to create a new research community. We believe that the increasing
complexity and dynamicity of distributed information systems present new challenges for
designers requiring new engineering paradigms. Self-Adaptation and Self-Organisation are
emerging as possible approaches. SASO was created to bring together the highest quality work
in this area and to bring together the researchers producing it. We consider that tutorial
sessions are key to promoting best practice and growing this new community. We would like to
thank you for participating in these seminal tutorial sessions and we hope you will enjoy and
communicate the ideas you discover here. The aim of SASO is to grow a community. We hope
you will be seminal actors in this process. David Hales (tutorial chair).

Tutorial Description

Biological systems, from embryos to social insects, get tremendous mileage using large
decentralized systems of comparatively simple and unreliable components to achieve complex
goals. Recent technological advances have made possible man-made systems composed of
vast numbers of components, ranging from sensor networks to self-assembling modular robots.
A key challenge is programming such systems: how does one harness the power of self-
organization to achieve user-specified global goals from the local interactions of identically
programmed, simple agents? In this tutorial we will survey some of the recent research
developments in practice and theory of global-to-local programming languages. We will describe
the Amorphous Computing model and survey several spatial programming languages that
achieve complex and self-repairing global goals by composing a small set of bio-inspired local
behaviours. We will also present a theoretical framework for asking questions about the
existence and complexity of global-to-local compilation. We will provide hands-on examples to
show the construction and analysis of such languages, and discuss their applicability in
networking and robotics.

Tutorial Speakers

Radhika Nagpal is an Assistant Professor of Computer Science at Harvard University since
2004. She received her PhD degree in Computer Science from MIT in 2001. From 2001 to 2004
she was a postdoc lecturer at MIT and then a research fellow at the Systems Biology
Department at Harvard Medical School. She is a recipient of the Microsoft New Faculty
Fellowship Award (2005) and the NSF Career Award. Her research interests are biologically-
inspired approaches for multi-agent / distributed systems and modelling multicellular behavior in
biology. Her group works on both abstract models as well as applications to robotics, sensor
networks, and biology.

Daniel Yamins is a graduate student in applied mathematics at Harvard University. He is a
member of the Self-Organizing Systems Research Group lead by Radhika Nagpal and is
affiliated with Walter Fontana's laboratory in the Department of Systems Biology at Harvard
Medical School. His main area of research is in developing a theory of how local algorithms
produce global behaviors in distributed multi-agent systems.



Global-to-Local Programming

Biological systems, from embryos to social insects, get tremendous mileage by using vast
numbers of comparatively simple and unreliable components to achieve complex goals reliably.
Underlying this fact is the remarkable capacity of decentralized systems for self-organization:
though each component only has direct access to limited information about neighboring
components, structure and information propagate through the system to generate complex
global behavior.

Advances in technology are now making it possible to build the in silico and engineering analog
of these biological components, ranging from massively parallel sensor networks to self-
assembling modular robots. A key challenge is the programming of such systems: how does
one harness the power of self-organization to achieve user-specified global goals from the local
interactions of identically-programmed, simple agents? In this tutorial we will survey some of the
recent research developments in global-to-local programming languages and theory.

In the first half, we will describe the Amorphous Computing model and demonstrate several
global-to-local programming languages and compilers that have been developed in this context.
These domain-specific compilers systematically solve complex global tasks by composing a
remarkable small set of robust, analyzable, bio-inspired local behaviors. Furthermore, several of
the languages can encode complex notions of self-repair, thus relieving the programmer from
explicitly managing fault-tolerance. We will provide hands-on examples to show the construction
and analysis of such languages, and discuss their applicability in sensor networks and robotics.

In the second half of the tutorial we will focus on several aspects of the theory of global-to-local
algorithms. We will begin by formalizing the discussion of the first half, presenting a
mathematical framework for describing distributed multi-agent systems and abstracting the
global tasks they can solve. We will then focus on a simple model system, and derive within that
system several basic principles of algorithm design, analysis, and global-to-local compilation.
We will also address questions of existence -- i.e., understanding when given global problems
can be solved by local rules in the first place -- and lower bounds on the amount of information
and run-time necessary for solving given global tasks. Finally, we will discuss how this theory
can be extended to more general systems and problems.

This research is relevant to the audience of SASO because of its applicability to many emerging
fields in this area: pervasive computing, ad-hoc sensor networks, self-assembling and
reconfigurable robots, distributed robots, and other spatial embedded multi-agent systems. In
these areas, the challenge is not only to develop self-maintaining and robust algorithms, but
also to develop principled techniques for composing such algorithms and principled ways of
deriving local rules from higher-level descriptions.
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