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Abstract
Social insect colonies build large net-like systems: gallery and trail networks. Many such
networks appear to show near-optimal performance. Focusing on the network system inside
termite nests we address the question how simple agents with probabilistic behavior can
control and optimize the growth of a structure with size several magnitude orders above their
perceptual range. We identify two major classes of mechanisms: (i) purely local mechanisms,
which involve the arrangement of simple motifs according to predetermined rules of behavior
and (ii) local estimation of global quantities, where sizes, lengths and numbers are estimated
from densities, concentrations and traﬃc. Theoretical considerations suggest that purely
local mechanisms work better during early network formation and are less likely to fall into
local optima. On the contrary, estimation of global properties is only possible on functional
networks and is more likely to work through pruning. This latter mechanism may contribute
to restore network functionalities following unpredicted changes of external conditions or
network topology. An analysis of the network properties of Cubitermes termite nests supports
the role of both classes of mechanisms, possibly in an interplay with environmental conditions
acting as a template.
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75005, Paris, France perna@cict.fr
2 Mathematics Department, Uppsala University, Box 480, 75106 Uppsala, Sweden
3 Laboratoire d’Informatique de Nantes Atlantique, Site Ecole Polytechnique de l’Université
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Are insect-made net-like structures optimal?

The nests of social insects are among the most impressive objects built by animals, and this for
several reasons. First, they can be extremely big: up to several magnitude orders bigger than
insects themselves. Second, they usually present a coherent and harmonious global organization
even at the larger scale. Third, they are not produced by extremely intelligent animals, but
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by tiny insects with somewhat noisy, seemingly unpredictable behavior. These properties make
insect nests particularly interesting in a perspective of bio-inspiration.
If these structures optimize some functionalities, then we can imagine to mimic insect behavior to build eﬃcient artiﬁcial systems that accomplish similar functionalities.
How do the insects come to build such complex structures?
The question allows for two diﬀerent interpretations: the ﬁrst focuses on the evolutionary
history of insects:
1. by what evolutionary processes social insects have acquired the capability of building
complex structures?
while the second focuses on the building mechanisms:
2. what building mechanisms and actions at the individual level lead to the formation of
the global structure?
Let us illustrate the two interpretations with an exmaple. In an emblematic chapter of “The
Origin of Species” [1] Charles Darwin states that: He must be a dull man who can examine the
exquisite structure of a comb, so beautifully adapted to its end, without enthusiastic admiration.
We hear from mathematicians that bees have practically solved a recondite problem, and have
made their cells of the proper shape to hold the greatest possible amount of honey, with the
least possible consumption of precious wax in their construction. (...) it seems at ﬁrst quite
inconceivable how they can make all the necessary angles and planes, or even perceive when they
are correctly made.
Darwin’s explanation is in terms of natural selection: in the same chapter he argues that
“cells constructed like those of the bee or the wasp gain in strength, and save much in labour
and space”. It is natural that the instincts of bees must have undergone “numerous, successive,
slight modiﬁcations” that led to the construction of more and more eﬃcient structures [1].
An alternative discussion of the very same phenomenon, but this time focusing on building
mechanisms is found in D’Arcy Thompson’s “On Growth and Form” [2]: “the direct eﬀort of
the wasp or bee may be supposed to be limited (...) to the making of little hemispherical cups,
as thin as the nature of the material permits, and packing these little round cups as close as
possible together. It is then conceivable, and indeed probable, that the symmetrical tensions of
the semi-ﬂuid ﬁlms should suﬃce (however retarded by viscosity) to bring the whole system into
equilibrium, that is to say into the conﬁguration which the comb actually assumes”.
For Darwin, bees make combs with minimal surface-volume ratio because this conﬁguration
confers the maximum selective advantage; for D’Arcy Thompson, the minimal surfaces appear
because this is the conﬁguration naturally assumed by semi-ﬂuid ﬁlms, be they soap-bubbles,
cells of a segmenting egg or honey combs.
In principle there is no contradiction between the two explanations: bees could beneﬁt from
having cells with minimum surface to volume ratio and also get this ratio minimized almost
for free because this is the minimal energetic conﬁguration. However, these examples illustrate
well how diﬃcult is assessing the optimality of insect built structures: when we address the
question about evolutionary processes, the surface-volume ratio of honey combs is the objective
of optimization, but when we focus on the building process the same minimal surface-volume
ratio can be an epiphenomenon of the building mechanism, with no adaptive value. [3, 4]
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An additional point that comes out from this exemple is that words such as “optimal” and
“eﬃcient” do not have the same meaning in biology and in computer science.
In biology, the concept of optimality is intrinsically related to the concept of biological ﬁtness
(roughly, the ability of an individual to propagate its genes). In other words, it is not suﬃcient
that a biological object maximizes or minimizes a particular function, but the function optimized
must also confer a selective advantage to the individuals. For Darwin it is not suﬃcient that
bees build cells with minimal surfaces, it is important that they save “labour” and “costly wax”:
surface minimization must allow them to save energy that can be reinvested in producing and
nurrishing a larger oﬀspring.
In practice, the only mean to assess the biological eﬃciency of insect nests would be to
measure the reproductive success of the colonies inhabiting them and relate it to measures of
nest size, shape and organization, which clearly is extremely diﬃcult.
In the rest of this paper we will not use words such as “eﬃcient” and “optimal” in their
biological meaning, but in the sense they usually assume in mathematics and computer science,
that is, to indicate how close the solution found by insects is to the optimization of a particular
function, without necessarily implying a selective advantage in the biological sense.
In this case, some net-like structures built by insects were shown to optimize diﬀerent functionalities. In particular, the foraging systems of ants [7, 8, 9] and termites [10] tend to maximize
food intake for a given total length of the transportation network (galleries and trails) required to
collect it. Ant galleries also form eﬃcient transportation networks in terms of distances between
destinations and robustness [11].
In this paper, we focus on the analysis of the gallery system in termite nests. For some
species, this complex system forms a 3D network which can be described by a graph G = (V, E):
the vertices V represent the chambers and the edges E represent the connections between the
chambers (ﬁg. 1).
We have recently shown that the topological structure of the connections is particularly
adapted to fulﬁll speciﬁc functions such as communication eﬃciency and ease of defense [12, 13].
Here, we ﬁrst complete some results on the communication eﬃciency: we show that this latter
is far better than the one reached in random networks of similar sizes and that this property
may be partly explained by the presence of very particular 3D sub-graphs (like “ramps”). The
second part of the paper addresses the question of the building mechanisms of such complex
structures: how do the insects control and regulate the growth of a structure that is so much
bigger than their perception range? In other words, how can global optimization result from
local growth rules? We here distinguish two families of processes: (i) local rules which involve
the arrangement of very simple motifs, but result in globally eﬃcient structures, and (ii) local
estimation of global properties which allows the agents to regulate their own behavior. We show
how these two processes can be involved in the formation of the gallery networks in the termite
nests.
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Optimization of global properties

In order to get quantitative measures of global nest properties, we need a convenient representation for the complex forms of insect nests and trails. Such a representation should describe both
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the small scale (the one more likely accessible to the perception and action range of insects)
and the large scale (the whole structure with the properties it optimizes). This requirement is
necessary if we want to explore the relationship between the two scales of representation. For
the analysis of termite nests, graphs are particularly well suited. Generally speaking, they are
characterized by several measures of the local organization (vertex degree, vertex properties,
assortativity or disassortativity between vertices, clustering coeﬃcient etc.), as well as the intermediate (frequency of speciﬁc motifs, presence of cycles) and the large scale properties (diameter,
average path length, distribution of betweenness and closeness centrality etc.) [14]

Figure 1: A. A Cubitermes nest. The nest is ∼ 30 cm high and has the typical mushroom
shaped appearance. B. Virtual cast of the same nest. C. Virtual nest cut to show the internal
chambers and galleries. Chambers are mapped to network vertices, galleries to edges. D. Detail
of the nest, in a similar representation as in B, but here the structure has been thinned to
render the paths of interconnections visible. One such path is marked by red dots. E Graph
representation of the same nest. Vertex colors reﬂect the layer where they are in the nest.
The termite nests analyzed in this paper have been built by African termites of the genus
Cubitermes. The nests were imaged with computer tomography and the internal transportation
network was extracted with image analysis techniques. In this network, a vertex vi ∈ V represents a physical chamber and an edge eij = {vi , vj } ∈ E depicts a physical gallery between
chambers vi and vj .
The eﬃciency to navigate the network from vertex to vertex is well quantiﬁed by its “global
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topological eﬃciency”[15], which for a network with N vertices is given by the following equation:
L=

∑
1
1
N (N − 1) ∀v ,v d(vi , vj )
i

(1)

j

where d(vi , vj ) corresponds to the shortest topological path between the vertices vi and vj .
This quantity is bounded in the interval [0, 1] and is higher for networks where most pairs of
vertices are connected with short paths.
Figure 2 reports the average eﬃciency for ﬁve termite nests (black star), compared with
the distributions of eﬃciency for null network models with the same number of vertices, the
same number of edges, but connections have been randomly rewired. The rewiring preserves
the spatial organization of the network, that is, only vertices that are adjacent in space can be
physically connected by an edge.

Figure 2: Black stars: average topological eﬃciency of ﬁve nests of Cubitermes (in the abscissa).
Red box plots: distribution of the eﬃciency of 10000 rewired networks with the same number
of vertices, the same number of edges and respecting the same spatial constraints (only vertices
adjacent in space can be connected). The boundaries of the box correspond to the 25th and
75th percentile; the whiskers to the 5th and 95th percentile.
In spite of diﬀerences from one nest to the other (in part due to their diﬀerent sizes), the
networks made by termites are always more eﬃcient than random networks with similar connectivity rules. The higher eﬃciency of real networks can be explained in part by the presence of
long “ramps”, or series of connected chambers on the vertical axis, granting fast communication
from bottom to top of the nest. One of these ramps is visible in ﬁgure 1-D, where the chambers
and galleries of ﬁgure 1-B have been ﬂattened to improve visibility.
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Eﬃcient local growth rules

From the point of view of individual insect behavior, some basic mechanisms were already
highlighted in the end of 50’s by the biologist P. P. Grassé, who introduced the concept of
stigmergy [16]. Grassé showed that the coordination and regulation of the building activity is
controlled by the growing nest structure: the local conﬁguration of the environment and work
in progress triggers particular building behaviors in the insects. The insects change their own
environment as a result of their actions, and the new conﬁguration of the environment serves as
stimulus which triggers the actions of other insects. This very general mechanism explains how
large numbers of insects can coordinate their respective activities [17]. However, this does not
explain the link between perception and action of individual insects at a very small scale and
harmonious growth of structures three orders of magnitude bigger.
Two broad classes of mechanisms are possible: (i) insects rely on purely local information
and local rules of behavior, but these rules have been improved and reﬁned by means of natural
selection in such a way that they lead naturally to the appearance of eﬃcient large-scale structures. The other possibility is that (ii) insects make accurate inferences about global structural
properties and tune their behavior accordingly. We show in the following how an evaluation of
large scale properties is not incompatible with a small perceptual range.

3.1

Local arrangement of simple motifs

Figure 3: A simple tree network obtained with no evaluation of global performance. A single
vertical ramp connects all the layers (L1, L2, ..., L13). B Possible subgraphs of four vertices
for undirected graphs. C Global topological eﬃciency of real Cubitermes networks (dark blue)
and of random spatial networks matching the frequencies of four-subgraphs found in the real
graphs (yellow). In spite of the fact that the matching involves subgraphs of only four vertices,
the model provides a very good approximation to the global eﬃciency of Cubitermes, at least
for nests M12, M18 and M19. (Redrawn from [18])
For layered structures similar to the Cubitermes nests, we can imagine simple stigmergic
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rules relying on local information only, and yet producing eﬃcient large scale networks.
A simple algorithm based on local decision only could be the following. Let us ﬁrst consider
a chain of a ﬁxed number of vertices positioned on a horizontal straight line (layer 1). Randomly
select one vertex x1 on the chain. Add a new vertex x2 on the layer 2 above x1 and connect it to
x1 . On the layer 2, build a chain from x2 by successively adding on the right (resp. on the left)
new adjacent vertices above those of the previous layer. Stop the chain when there is no vertex
below in the previous layer. Repeat the process p times. The resulting graph is a ladder-like
tree with a vertical ramp x1 , x2 , ..., xp (ﬁg. 3-A),
This mechanism is only local: at each step the new connections -both vertical and horizontalare added above the existing ones in a spatial neighborhood. There is no estimation of the
global organization of the structure. However, the resulting tree is more eﬃcient than a random
spanning tree of the same size. For illustration, let us consider a tree built with this rule
composed of 13 layers and 8 vertices per layer. Its topological eﬃciency is 0.16. By comparison,
random spanning trees of an equivalent 2D square lattice with 8 columns and 13 rows have
eﬃciency values around 0.121 with standard error 0.001.
While this example is probably too simplistic to explain the formation of the complex networks observed in Cubitermes termite nests, there is some evidence that transportation eﬃciency
can be obtained from similar local mechanisms. Valverde and collaborators [18] created random
lattice networks that matched the distribution of motifs of real Cubitermes galleries. Motifs
are a local network parameter, describing the set of interconnections between small groups of
3, 4 or 5 vertices (ﬁg. 3-B). Here, the only match for global properties was a limit on the total
number of vertices and on the dimensions of the whole lattice. Yet, the networks produced with
this technique matched very well the transportation eﬃciency of real nests (ﬁg. 3-C). While
this was not the main purpose of their study, such results indicate that it is possible to obtain
networks with similar global properties only by mixing small-scale features (the motifs) in the
correct proportions, a technique that -at least in principle- would also be accessible to termites.

Figure 4: Network optimization based on local estimation of global properties. At each step
the algorithm computes the betweenness centrality of edges and progressively removes from
the network the edges with low betweenness, unless their removal determines disconnections.
Betweenness centrality can be estimated at local positions (see text), but it provides indirect
information about global network parameters such as network size and path length.
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3.2

Local estimation of global properties

Purely local mechanisms can possibly explain the formation of eﬃcient large scale structures.
Yet, they might not allow to adjust the organization of a structure in response to environmental
changes or singular unpredictable events. The growth of a colony itself requires that the nest is
continuously adapted to fulﬁll new needs and constraints (see also [19]).
For these reasons, it seems reasonable that optimization of the structures is better achieved
if insects have a way to evaluate the eﬃciency of the current solution and of improving on it
based on information about some global parameters of the existing structure.
Assessing the organization and functionality of a large structure typically requires to compute
measures of distance, of size, of number of elements, both for the whole structure and for its
parts. Clearly, insects cannot overcome the limitations imposed by their perceptual range: they
cannot directly estimate the volume of the nest, the number of individuals in the colony, the
length of the path between remote destinations, at least not when these numbers are much bigger
than their own perceptual range and cognitive capacities. However, the ratios between any two
such quantities can always be estimated on a local basis and may also provide cues to relevant
global properties. For instance, the density of individuals inside the nest carries information
about both the total number of individuals and the nest size; the traﬃc on a foraging trail
carries information about both the number of individuals foraging on that trail and the distance
of the food source. 1
There is large evidence that similar cues are used by insect colonies. The frequency of
intersections of marked paths inside a cavity carries information about the size of the cavity
and the total length of marked paths. Observations have proved that this measure is used
by ants, at least in the simplest case, where one single ant explores a potential nest site. In
this case, the total length of marked paths can be controlled by the ant, and the frequency of
intersections gives an accurate estimate of total nest size. [20] Ants of the species Leptothorax
albipennis appear to regulate nest size through density, as they are able to maintain a constant
ratio such that each adult worker has about 5mm2 of ﬂoor area in the nest [21]. Messor sanctus
ants in laboratory conditions dig complex networks of galleries whose size is proportional to the
number of individuals in the colony, suggesting that a similar mechanism is in place also for this
species. [22]
Similarly, Argentine ants Linepithema humile can ﬁnd the shortest path from the nest to a
source of food, measuring only the local concentration of pheromones or other chemicals laid by
nest mates [23, 24]. Pheromone concentration depends on the ratio between number of insects
on a trail and on the length of the trail, but since the numbers of insects choosing each trail
are more or less equivalent in the beginning, all the information carried by pheromones is about
path length.
Can similar mechanism underlie the optimization of transportation eﬃciency in larger networks such as those made by Cubitermes termites?
1

There is an interesting analogy with the thermodynamical notion of extensive and intensive properties. Extensive properties of a system are physical quantities whose value is proportional to the size of the system or the
amount of material contained into it: the volume, the mass, the number of molecules. Their value cannot be
obtained sampling the system at a particular position. By contrast, intensive properties are scale invariant: they
do not depend on the size of the system. These are the pressure, the density etc. The ratio between two extensive
quantities is an intensive quantity that can always be estimated on a local basis.
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One mechanism of network optimization based on local estimation of global properties is
illustrated on a lattice model in ﬁgure 4. Here, the global parameter to optimize is still network
eﬃciency, and the local quantity estimated is traﬃc at individual edges. In terms of graphs, the
amount of traﬃc on a vertex or edge is expressed by the betweenness centrality of the vertex
or the edge. Betweenness centrality (BC) of the element ν ∈ G, either a vertex or an edge, is
deﬁned as follows:
BC(ν) =

∑
vi 6=vj

cij (ν)
c(vi , vj )

(2)

where cij (ν) is the number of shortest paths from vertex vi to vertex vj passing through
element ν and c(vi , vj ) is the total number of shortest paths from vi to vj [25].
In the example of ﬁgure 4, starting from a complete lattice, all the edges are marked with
their value of betweenness centrality and the edge with lowest betweenness2 is removed from the
network (unless its removal leads to disconnect the network). If the process is iterated until the
network becomes a tree, the ﬁnal network has an eﬃciency of 0.152 (and almost no variability
if the to-be-removed edge is always picked among those with lowest absolute betweenness),
only slightly lower than for the purely local growth mechanism tested in the previous section.
This mechanism leads to the appearance of many straight series of connections, that may be
reminiscent of the vertical ramps found in the real Cubitermes nests.
Could a similar mechanism determine the optimization of termite networks? There is some
evidence that young Cubitermes nests have more densely connected networks (i.e. networks with
higher average vertex degree). This indicates that some edges are removed from the network
over time. In reference [12] we used the low-betweenness removal algorithm to model Cubitermes
networks. For each nest we considered the “maximal embedded graph” (MEG), the graph that
we would obtain if all adjacent chambers were connected by a corridor. Starting from this nest we
iterated the betweenness computation and edge removal procedure till we got a network with the
same number of edges as the real termite networks (henceforth a “maximum centrality spanner”).
This mechanism leads to networks much more eﬃcient than the real ones ([12]). To make an
example, ﬁgure 5 represents a Cubitermes network (in B) alongside with two comparison models:
a random spanner of the MEG (in A) and a maximum centrality spanner (in C). The maximum
centrality spanner has a diameter (as well as other distance measures) much shorter than the
other networks. It seems plausible that an implementation of the same algorithm including
more noisy edge removal, diﬀerent initial conditions and possibly additional constraints on the
number of paths that can transit through a single node could lead to the creation of networks
more similar to the real termite networks. However, in the present paper we are interested in
the general mechanisms of optimization used by social insects and a detailed understanding of
the exact factors shaping the form and connectivity of Cubitermes nests has no much relevance
for our present discussion.
We want instead to draw attention to the fact that this class of mechanisms, involving an
evaluation of the global properties of a structure, or a network, is only possible if there already
2

Removing the edge with lowest betweenness is a simpliﬁcation not completely correct in the context of “local
mechanisms”. A purely local mechanism could be “remove the edge with lowest betweenness among those in the
neighborhood of a randomly chosen vertex”.
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Figure 5: B Flattened representation of a Cubitermes network (M11). A random network
complying with the same spatial constraints as B (that is, only physically adjacent nodes can be
connected), but with randomized connections. C “maximum betweenness” network obtained by
iteratively removing low-betweenness edges (see the main text for a more accurate description).
The node and edge colouring marks the network diameter in each of the three ﬁgures. The
diameter contains 44 nodes in A, 23 in B and 17 in C.
is a “global” structure. The structure for which global parameters are evaluated must be an
already active and functional one. For this reason we argue that this mechanism of optimization
is more likely to work through pruning or reshaping of an existing structure, than concurrently
with its primary formation.
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Conclusions

In the present paper we discuss two main classes of mechanisms that underlie optimization in
social insect networks: purely local mechanisms, where predetermined rules of behavior lead to
the arrangement of simple motifs in an eﬃcient way, and mechanisms involving a distributed
estimation of the global form and function of the structure.
Predetermined local rules of behavior can be thought of as genetically determined behavioral
modules that have been optimized throughout evolution. The family of networks that can be
grown through this class of mechanisms is completely speciﬁed by the local rules and their
probabilistic range of application. This implies that there is no ﬁne tuning of parameters during
the growth of the individual network or structure and in response to the current performance.
Even if the network gets close to optimal performance at some stage of its growth, this does not
aﬀect its subsequent evolution (e.g. trapping the system into a local optimum) for the simple
reason that the global performance is not evaluated by this class of mechanisms.
However, purely local mechanisms do not allow for a dynamic optimization or ﬁne tuning of
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the properties of a structure to fulﬁll unpredicted requirements, because the family of possible
results and their frequency of appearance is predetermined. On the contrary, mechanisms involving an estimation of global properties allow the structure to adapt to new conditions but can
only work on already functional structures and are more likely to be important at later stages
of network formation.
When the size of a structure is much bigger than the size of insects, insects cannot directly
estimate the global properties of their network. We have discussed how some of these properties
can be inferred from local properties, that correspond to the ratios between two global properties.
Another mechanism that is likely to provide social insects with cues about the shape and size of
a structure much bigger than themselves is the exploitation of naturally occurring environmental
gradients. Temperature, humidity, irradiation and other physical and chemical quantities are
not uniform throughout the environment, but may form spatio-temporal gradients at diﬀerent
scales. The moisture of soil increases with depth, wind speed increases with height above ground,
thermal ﬂuctuations decrease when moving deep underground. It seems plausible that these
gradients act as cues, e.g. to indicate to the insects the depth of a tunnel, or the height of a
nest.
Gradients of temperature and humidity were shown to drive digging activity in ants [26, 27],
and air currents change the properties of macroscopic spatial structures realized by ants [28] e.g.
triggering their building behavior (their probability to drop new pellets) [29].
We can speculate that the gradient of humidity, coming from the soil and moistening the
nest walls could provide Cubitermes termites with information about the current height of their
nest. This would explain the fact that, in a small sample of nests, the nests originating from
Savannah regions (with higher insulation and dessication rates) are on average shorter than nests
originating from shaded forest regions. However, the data currently available are not suﬃcient
to resolve this issue.
This paper is mostly about biology: we try to understand the mechanisms of network optimization in real insect societies. We hope that our work will be a source of (bio-)inspiration
to computer scientists willing to explore similar mechanisms beyond the biologically plausible.
Often, the models made by biologists do not have to go back “into the jungle”, they need not
be functional copies of the biological system. On the contrary, bio-inspired systems are usually
required to have full functionality. For this reason, we look at bio-inspired systems also as the
real “ultimate test” of biological hypotheses.
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