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Automated design of distributed control rules for the self-assembly of
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Abstract

The self-assembly problem involves the design of agent-level control rules that will cause the agents to form some desired, target structure,
subject to environmental constraints. This paper describes a fully automated rule generation procedure that allows structures to successfully
self-assemble in a simulated environment with constrained, continuous motion. This environment implicitly imposes ordering constraints on the
self-assembly process, where certain parts of the target structure must be assembled before others, and where it may be necessary to assemble (and
subsequently disassemble) temporary structures such as staircases. A provably correct methodology is presented for computing a partial order on
the self-assembly process, and for generating rules that enforce this order at runtime. The assembly and disassembly of structures is achieved by
generating another set of rules, which are inspired by construction behavior among certain species of social insects. Computational experiments
verify the effectiveness of the approach on a diverse set of target structures.
c© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Self-assembly can be defined as a process by which
structures form via the combination of relatively simple
components, whose actions are not determined by any
centralized entity. Such processes are commonplace in nature
[39], where they occur on various levels of scale, from
the fusion of nuclei, to the clustering of social insects
into self-assemblages (e.g., clusters, ladders and chains)
[2], to the formation of galaxies. While such phenomena
have been studied by natural scientists for many centuries,
attention has recently been devoted to the question of how
self-assembly may be controlled to yield specific, desired
artificial structures while preserving decentralization, with
the components of the emergent structure making individual
decisions regarding their behavior. This question is important,
as it allows us to examine the very complex but fundamental
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relationship between individual actions and emergent, systemic
properties [9]. Furthermore, self-assembly has the potential to
automate the production of useful artificial objects, particularly,
in environments that are difficult to access; examples include
solar power systems in outer space [33], bases on the lunar
surface [7], and electronic components at the nanoscale [13].

While our present understanding of self-assembly processes
is insufficient for most practical construction problems,
important advances have been made in the field. Typically,
research has been done in the context of computer simulations
[1,3,11,14,17,18,20,21,32,37], but there have been some recent
developments in extending self-assembly to physical robots [4,
26,36,38]. This past work reveals a notable trend: the difficulty
in controlling self-assembly is strongly correlated with the
complexity of the environment in which it takes place. As
a direct consequence, most studies that have been able to
achieve the self-assembly of a diverse range of relatively
complex structures have done this in rather idealized, cellular
environments, with simple and primarily random motion [1,
17]. On the other hand, in continuous environments, both
simulated [11,18,32,37] and physical [4,26,38], self-assembly
has generally been restricted to simple structures such as chains,
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triangles and hexagons. A partial exception is found in [20],
where disk-shaped parts form tree-like structures in a simulated
2D continuous space, but topologically connected parts within
a tree need not come into physical contact, which simplifies
the problem substantially. A theoretical extension to arbitrary
graphs (rather than only trees) is proposed in [21], but it is
shown that this approach requires non-trivial communication
schemes, where each part must have a unique identifier. In
another recent study [38], stationary block-shaped modules are
able to attract free-floating modules via short-range magnetic
forces, potentially allowing the formation of a wide range of
3D shapes, although only relatively simple structures have been
presented thus far. In the closely related area of collective
construction, where a distinction exists between the material
components and the agents that manipulate them, algorithms
have been developed for construction by multiple robots,
along with a prototype physical implementation [36]. However,
only 2D structures without internal gaps can presently be
built; furthermore, each robot or component stores a concrete
representation of the entire desired target structure.

In an earlier work [14], we manually designed control
rules to guide the self-assembly of non-trivial, 3D structures
from blocks of different sizes, in a continuous environment
with constraints such as gravity and block impenetrability.
Our approach incorporated several distinct techniques from
the field of swarm intelligence [6,19], namely stigmergic
pattern recognition (which is inspired by the nest construction
behaviors of insects such as paper wasps, where the local
deposition of material by one wasp gives others clues as to what
should be done in the future) [6,34,35], force-based movement
control [29,30], and higher level coordination via the use of a
limited amount of memory and local message passing [5,30,
31]. While this approach was successful [14], the hand-design
of control methods for assembling specific structures proved
to be a time-consuming and error-prone process. This raises
the question of whether there is a procedure that will take
as input a specification of a target structure, and produce as
output a set of control rules which can be used to successfully
assemble this structure. For simpler environments, a few such
rule generation procedures have been developed in the past.
Some of them produce stigmergic patterns that, somewhat like
in our work, enable agents to locally determine where to place
themselves [1,17], while others output graph grammars [20,21].
The extension of rule generation procedures to more complex
environments (such as the one studied here) is presently an
open-ended problem, due to the difficulty of controlling motion
in such an environment and the presence of physical constraints.
(Some work along this direction has been done in [18], but
only the construction of a very simple structure in a predefined,
block-by-block sequence was demonstrated). As argued in [14],
these constraints impose higher level sequencing requirements
on the steps of the self-assembly process, and the question
remains as to how these requirements can be captured and
automatically translated into local, low-level behaviors.

In this paper, we present an automated rule generation
procedure for assembling a variety of prespecified structures
in a simulated environment with physical constraints [14].

A description of this environment, along with a summary
of the control methods available to each block, is given in
Section 2. The environment is not designed to be an accurate
representation of reality, and we do not intend that our
control mechanisms be directly applicable in the physical world
without significant extension; such an extension is almost never
trivial [8]. Rather, by incorporating simplified models of certain
physical phenomena, we attempt to uncover fundamental
(i.e., independent of how the models are implemented) issues
that will need to be addressed when the self-assembly of
complex objects is attempted in the real world. (The eventual
plausibility of a physical implementation is supported by recent
developments in robotic self-assembly and construction of
simple structures [4,26,36,38], as well as results in related areas
such as multi-robot movement [23] and formation [10] control,
and self-reconfigurable robotics [5,16].) Even in simulation, the
system’s overall dynamics can be chaotic, and it is unrealistic
to expect that a set of local control methods can always be
found that is guaranteed to produce the target structure. We
approach this issue by factoring out those aspects of control
that can be dealt with in a formal manner, and present a
rule generation procedure in Section 3. This procedure first
computes a partial order on the sequence of block placements,
ensuring that the target structure can be successfully assembled
in spite of the environmental constraints; for example, the
inner parts of a structure must be assembled first, if they
are enclosed by other parts (e.g., walls). The ordering step is
followed by the generation of rules, some of which enforce
the computed order at runtime, through local communication
and memory manipulation, while others allow for the assembly
and disassembly of the individual parts of the structure. In
Section 4, we show that both order generation and order
enforcement are correct under reasonable assumptions that
we make explicit. Other aspects of the problem, such as
movement control, are handled in a more empirical manner, by
testing various possibilities over a large number of independent
trials. In Section 5, we experimentally show that with a few
modifications, the force-based movement control mechanisms
that we presented in the earlier work [14] are general enough to
handle a diverse range of structures, when combined with the
rules generated by the procedure, thus providing an integrated,
fully automated approach.

2. System overview

As background, we present example target structures,
the simulated environment where these structures are to be
assembled, and the control mechanisms that are available to
the agents (blocks) for governing their behavior during self-
assembly. Discussion is brief; for further details, the reader is
referred to [14].

2.1. Target structures

The basic components of the self-assembly processes that
we study are small (1 × 1 × 1 units), medium (2 × 1 × 1) and
large (4× 1× 1) blocks, which can be conceptually partitioned
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