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Local optimization of neuron arbors
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Abstract. How parsimoniously is brain wiring laid out,
that is, how well does a neuron minimize costs of
connections among its synapses? Ncural optimization
of dentritic and axonic arbors can be evaluated using a
generalization of the Steiner tree concept from combi-
natorial network optimization theory. Local branch-
junction geometry of neuronal connecting structures fits
a volume minimization model well. In addition, volume
of the arborizations at this neighborhood level is signifi-
cantly more strongly minimized than their length, signal
propagation speed, or surface arca. The mechanism of
this local volume optimization rescmbles those involved
in formation of nonliving tree structures such as river
junctions and electric-discharge patterns, and appears
to govern initial nerve growth-cone behavior through
vector-mechanical energy minimization.

Introduction

For recent models of massively interconnected and
parallel computation in the brain, a natural question
concerns how well available neural connectivity is actu-
ally deployed. Real-world neuron fibers are not infi-
nitesimally thin wires, but rather a limited resource for
the intensive connectivity demands of massively parallel
circuitry. Applying concepts from combinatorial net-
work optimization theory to neuroanatomy, looking at
“trees in the brain,” reveals that the branch-junction
geometry of the dendritic and axomic structures that
interconnect a neuron’s synapses conforms well to a
local optimization model. What is most strongly mini-
mized at the individual junction level is total volume of
the arborizations, rather than connection length, signal
propagation speed, or surface area. Supporting data
comes from a wide range of species, developmental
stages, and brain regions.

Neurons solve a generalization of a small-scale
“Steiner tree”” optimization problem about as well as a
variety of other tree-like structures throughout nature,
some of them non-living. This suggests the possibility
that the mechanism of local network optimization in

the brain may involve basic physical processes only: the
genome seems to get the anatomy of local neural junc-
tion optimization automatically and directly from
energy-minimization phenomena involving classical me-
chanics, as they apply to initial growth-cone budding
behavior in the branch junction vicinity. A basic insight
of computational complexity theory is that good local
optimization does not necessarily yield good global or
large-scale optimization, since achieving the latter tends
to be extremely computationally costly. Actual neural
network volume minimization appears to bear out this
distinction, in that longer-range neuron arbor optimiza-
tion seems not to be as good as local optimization:of
the junctions composing the arbors.

1 Network optimization

One of the main problems of network optimization
theory is: Given a set of nodes located in 3-space, find
the set of arcs (of constant cost per unit of length) that
links- all nodes and has shortest total length. If the
interconnecting network, which takes the form of a
tree, may have branch junctions only at the nodes
themselves, it is a minimal spanning tree. If the network
is permitted also to have isolated junctions not at the
node loci, it is a Steiner tree (see Fig. 1). For a given set
of nodes, total length of its Steiner tree will be equal to
or less than total length of its minimal spanning tree. In
addition, isolated junctions of Steiner trees will always
consist of three intersecting arcs or branches; bifurca-
tions, not trifurcations or greater branchings, yield the
shortest network (Georgakopoulos and Padimitriou
1987). Also, the three arcs of each junction will be
coplanar. At these isolated Steiner junctions, it can be
proved that the angles formed by each adjacent pair of
arcs must be 120° (Courant and Robbins 1969, p. 354).
It also follows that the optimizing angle will turn out to
remain unchanged for any node location lying collinear
with an arc.

A number of highly efficient exact algorithms are
known for generating minimal spanning trees; they
work well in practice today on quarter-million node
























