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ABSTRACT

Combinatorial network optimization appears to fit well as a model of brain struc-
ture: connections in the brain are a critically constrained resource, hence their deploy-
ment in a wide range of cases is finely optimized to “save wire”. This review focuses
on minimization of large-scale costs. such as total volume for mammal dendrite and
axon arbors and total wirelength for positioning of connected neural components such
as roundworm ganglia (and also mammal cortex areas). Phenomena of good optimiza-
tion raise guestions about mechanisms for their achievement: the examples of opti-
mized neuroanatomy here turn out to include candidates for some of the most complex
biological structures known to be derivable purely from simple physical energy mini-
mization processes. Part of the functional role of such fine-tuned wiring optimization
may be as a compact strategy for generating self-organizing complex neuroanatomical
systems.

4.1. INTRODUCTION

How well can combinatorial network optimization theory predict structure of inver-
tebrate and vertebrate nervous systems? The working hypothesis explored here is that
brain connections are singularly limited, both in volume and in signal-propagation
times; therefore, minimizing costs of required connections strongly drives nervous sys-
tem anatomy. Network optimization theory is the field in computer science that has
developed formalisms of scarcity for expressing and solving problems of “saving wire.”
The question then is, how well do such concepts in fact apply to the brain? The main
technique of these studies is computational experiments, the main hurdle the cxponen-
tially exploding computational requirements of optimization searches to evaluate con-
nection-minimization of the neuroanatomy.

Good optimization findings focus attention upon possible biological mechanisms.
Network optimization problems are among the most computationally intractable
known; in general, only an exhaustive search of all possibilities can guarantee exact
solutions. However, some “quick but dirty” probabilistic/approximation procedures
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developed for microcircuit design suggest candidate models for biological mechanisms
of neuroanatomy optimization. In particular, we report positive results for neural opti-
mization via genetic algorithms and via vector mechanical energy-minimization simu-
lations. In fact, the latter models constitute an instance of self-organizing
morphogenesis of highly complex biological structure directly from simple physical
processes.

4.2. CONCEPTUAL BACKGROUND

The theoretical framework of this work grew out of methodological studies of pre-
vailing models of the agent in microcconomic, game, and decision theory (7,2). The
basic finding was that these models typically presupposed agents with unlimited com-
putational capacities, and more realistic bounded-resource models were then devel-
oped. Subsequently, the same approach was applied in computer science, to
connectionist models of massively parallel and interconnected computation that were
intended to be more neurally realistic than conventional von Neumann computational
architecture (cf [3]): again, the models tended to overestimate available resources dras-
tically—here, actual connectivity in the brain. At least initial connectionist models
often tacitly assumed ncural connections were virtually infinitely thin wires. In assem-
bling the quantitative neuroanatomy necessary for evaluating neural feasibility of
connectionist models, it became evident that a weaker but still discernible trend toward
overestimation of resources then pervaded even some neuroanatomy (4).

Thus, a bounded-resource philosophical critique of mind-brain science (“We do not
have God’s brain”) focused attention on neural connections as a critically constrained
neurocomputational resource. Through combinatorial network optimization theory, a
positive research program emerged: if actual brain connections are in severely short
supply, is their anatomy correspondingly optimized? The investigation thus falls in a
Pythagorean tradition of seeking simple mathematical patterns in observed natural
forms (e.g., /5/). In fact, minimum wiring interpretations of neuroanatomy can bc
traced back at least as far as Cajal’s qualitative “laws of protoplasmic economy” (6,7)
and have continued to receive attention (e.g., {8]).

The human brain is commonly regarded as the most complex physical structure
known in the universe. In the face of such overwhelming intricacy, neuroanatomy tra-
ditionally tended toward “descriptive geography” of the nervous system., i.e., relatively
low-level ad hoc characterization of individual neural structures. The abstractive power
of concepts from computation theory would aid in coping with the unparalleled com-
plexity of the brain. In particular, network optimization theory may provide a source
for a “generative grammar” of the nervous system, some general principles that com-
pactly characterize aspects of neuroanatomy. Of course, connection minimization is
unlikely to be ubiquitous in the nervous system; indeed, given the many other compet-
ing desiderata driving design of a brain, the striking observation is that it should hold in
even some conditions. The question, then, is characterizing where “save wire” does
and does not apply.

For example, in the Caenorhabditis elegans ganglia case sketched below in Sub-
heading 4.4.2., we reduced approximately one thousand pages of published anatomy
diagrams (9a-c) 1o a 100-page database, which, in turn, was represented as a 10-page

































