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Abstract. Termites form complex dynamical trail networks from simple individ-
ual rules when exploring their environment. To help identify those simple rules, we
reconstructed trail networks from time-lapse images of roaming termites. We quan-
tified the trails’ frequentations over time and compared them to the ones obtained
by a null model. Arena borders were preferred in both simulated and observed data.
Yet, the amplification phenomenon was higher with real termites, underlining the
role of pheromones.

Keywords. Dynamical Networks; Social Insects; Network Reconstruction; Ter-
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1 Introduction

In social insects, one can consider that the whole is more than the sum of its parts.
Colony-level properties emerge from simple individual-based rules. For instance, in
ants, it has been shown that the pheromones deposited by individuals allowed the
colony to better exploit food sources [7, 8, 13, 9]. Termites, similarly to ants, build
nests, forage, form tunnel networks or even cultivate fungi[l]. If pheromone trail
emergence has been well studied in ants [21], it is not the case of termites. Studies
on termites mainly focused on the tunnelling network [15], their dynamics [19, 16]
and their nest architecture [23, 22, 14]. Unlike tunnelling behaviours, trail networks
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can be more difficult to observe. The movements of termites on surfaces without
any building material, artificial galleries, or nest-oriented behaviours are not that
well documented. Just like ants, termites’ movements might be influenced by: other
individuals [20], angles [17, 25] and pheromones [1, 27, 28].

This paper aims to investigate individual behaviours that are sufficient and neces-
sary to reproduce higher-level properties. In our case, we will focus on the trail
network formed by freely roaming termites without any stimuli (nest, gallery, build-
ing material). Which are the individual rules reproducing such networks? and how
to describe such networks? We detail how we can extract a trail network of in-
visible pheromones through image processing. And we detail a method to follow
the network’s dynamical properties over time. To further explore this network, we
developed a null model based on simple individual and voluntarily naive local rules.
By comparing our observations to our null model, we can further understand how
those networks are formed.

2 Methods

2.1 Setup and species

The experiment consists of filming termites roaming freely in a circular box and
analysing the network they form in 20 minutes (Fig.1). Termites will seach a shelter
in such unfamiliar environment. The termites used: Procornitermes araujoi measure
about 5-6mm and originate from South America [11]. Experiments were run in 2012
by Christian Jost and Christine Lauzeral in Rio Claro, Brazil. The experiment was
replicated 15 times. For each experiment, 106 Procornitermes araujoi were extracted
from the same nest on the university campus of UNESP Rio Claro. To maintain the
polymorphism in natural populations, 100 of them were workers (smaller termites),
and 6 of them were soldiers (bigger termites). Termites were contained in a 3cm
diameter zone before being let free in arenas of 24 or 40cm diameter (respectively 6
and 9 replicates). Experiments were filmed at 25fps, and one picture in ten was kept
(one every 0.4s). Thomas Colin segmented the termites into 3000 binary pictures
for each experiment.
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2.2 Network reconstruction

For each experiment, we want to form a network from these segmented images and
get the termite flow observed on each edge over time. We thus treated the images
obtained using Matlab [18] (Fig.1).

We subtracted each frame from the previous one to obtain a binary mask of (only)
moving termites. We then summed the binarized differentiated images before ap-
plying a log transformation to it (Fig.1D) over the first 20 minutes (3000 pictures).
The brighter the image, the more frequented it is. We can already observe that
some paths are more frequented than others. To segment the network, we detected
vessel-like objects using a Frangi filter [12]. As it does not detect intersections, we
obtained the whole network binary mask through additional morphological opera-
tions (Fig.1E). We spurred this mask to form edges and split them by placing nodes
on intersections and extremities (Fig.1F). Some nodes were regrouped if too close to
each other, thus forming nodes of degrees higher than 2 or 3. This process can be
applied to any image (or stacked image) of a network, feel free to approach authors
for more information.

We used the termites’ binary masks to compute the dynamics of termite fraction on
edges. If a termite is within the binary mask in Fig.1E, its pixels get assigned to the
nearest edge, thus giving non-directional data of all termite fraction on edges over
time N;;(t). Notably, the sum of N;;(t) over all edges equals 1 for all time-steps.

2.3 Null model

There is little information about freely roaming insects network properties in the
literature. Insects networks are usually studied in foraging (when they form networks
around their nest) or nest-building context. To better compare the properties of this
dynamical network we needed a null model [4]. We propose here a freely roaming
termite deterministic null model. The termites can move freely within all possible
edges in the observed network (detected in the first 20 minutes of experiment). The
model functions as follows:
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A C

Figure 1: Method of network reconstruction from time-lapse images (arena diameter:
40cm). (A-C) are images of the binarised termites spreading and exploring the
arena at time ¢ = 0,5, 10 minutes. (D) is the cumulative image of moving termites’
presence. (E) is the segmentation of the previous cumulated image (obtained using
Frangi filters [12]). (F) is the obtained network overlapped with the cumulated
image for reference.

Oiji,

| cos (03’“)

B |
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We noted p;;i, the probability of joining the edge jk (going from node j to node k)

for an agent present in the edge 7j. The probability of joining jk is computed as

a ratio of a preference score over all the possible jl edges accessible from node j.
: Oiin ) .

That preference score is computed as | cos (#) | where 6,5 is the turning angle of

a termite moving from edge 75 and edge jk. The preference score equals one if 7, j

and k are aligned (6,5, = 0), and 0 if going backwards (if i = k,6;;, = 7 or — 7).
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In the illustration of Eq. (1), 6,5, = 7/6 and 6,;,, = —n/3. The preference scores
| cos (%’“) | are respectively 0.9659 and 0.8660 for k; and ko. Note that the preference

score of going to ¢ from ij is 0. Thus by Eq. (1): pijr, = 0.5273 and p;;x, = 0.4727.

We can then write that N;;(¢), the termite fraction on an edge 75 at time ¢, fluctuates
as :

dNy;(t) N (t)phij Nij (t)pijn
no (g )

In Eq. (2), N;;(¢) is the termites fraction on the edge going from nodes i to j at time
t. v is a single termite velocity (1 cm.s™'). N;;(t) evolves positively with incoming
termites coming from all possible nodes h, connected to i. The incoming flux is
averaged to the termite fraction in hi times the probability to join ij from hi (pp;
in Eq. (1)). The incoming flux must be divided by the length of said edge, Ly;, while
the termite goes at a velocity v. Similar reasoning is made for leaving fluxes: N;;(¢)
evolves negatively with leaving termites going to all possible nodes k, connected to
j. The leaving flux is averaged to the termite fraction in 45 times the probability to
leave ij to jk (pijr in Eq. (1)). The leaving flux must be divided by the length of
said edge, L;;, while the termite goes at a velocity v.

To determine initial conditions, we identified the node 7 closest to the termites’
experimental release point. We evenly distributed termites in all out-going edges
connected to node 7. Similarly as the observed data, the sum of N;;(t) over all edges
equals 1 for all time-steps.

These rules are simple, local, and only based on angle preferences. They roughly
match termite angle preferences observed in tunnels [17, 25]. Authors argue that the

preference function can be any function returning one if edges are aligned (6;;;, = 0)
and returning 0 if going backward (6;;, = 7 or — 7).

3 Results

3.1 Final states Networks

To first describe the networks obtained, we will focus in this section on "final states
networks'. These networks include all the edges, and all the nodes extracted at
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t=20min. Each edge is associated with its termite fraction NN;;(t) over the course
of the experiment. For observed networks, we plotted the mean termite fraction
considering all previous time-steps. For simulated networks, it consists of the final
termite fraction (as the simulation reaches equilibrium corresponding to the mean
termite fraction). We can thus compare simulated and observed termite fraction on
edges.

We can observe on Fig.2 the obtained final network for both observation and sim-
ulation (Fig.2A and C respectively). The colour intensity corresponds to the final
termite fraction on an edge. We can note that in the observed networks, termites
are not uniformly distributed, especially compared to the simulated case. Indeed,
some edges are highly preferred to others over time (Fig.2B). In the simulated case,
termites do not exhibit strong preferences and rapidly reach a stable state (Fig.2D).
Termite fraction on edges are not distributed in the same way (Fig.2F).

To identify edges that are over-frequented in the observed network, we subtract
observed and simulated termite densities (Fig.2E). Edges preferred by termites are
in green, and edges preferred by the null model are in purple. Edges are white if
densities are equivalent for the termites and the null model. In this specific network,
edges on the border are over-frequented compared to our null model. Conjointly,
most edges in the middle of the network are slightly preferred by the model.

Can this observation be generalised to other networks ? In Fig.3 we compare ob-
served simulated edges’ termite fraction for all networks treated (12 out of 15). To
visualise edges relative position in the arena, edges close to the border are repre-
sented in bright blue, while edges close to the centre of the area are represented
in pink. In Fig.3A, we plotted all observed edges’ fraction against simulated ones.
Over-represented edges compared to a null model are present over the dashed diag-
onal line (and respectively, under-represented ones bellow the line). Most edges are
under-represented observations, meaning that termites prefer to focus on a few edges
with a high activity. Bright blue points following the diagonal line in Fig.3A show
that edges located at the border of the arena are preferred in both models. However,
the preference is way higher in actual termites’ networks. This common preferences
is also visible by plotting percentile rank of fraction of simulated vs observed edges
(B). We note in the top-right corner that frequented edges are common in simula-
tions and observation and correspond to border edges. However, other edges show
few to no correspondence.

Which are the edges preferred in termites’ networks ? From observation of Fig.2,
we hypothesised that edges that are far from the middle of the arena are over-
represented compared to a null model. We represented the difference of fraction
(Observed - Simulated) against the edge position in the arena (Fig.3C). Indeed,
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Figure 2: Termite fraction on edges over time in a single network (arena diameter:
24cm). (A) Extracted network and observed mean fraction. The filling of edges
represents the fraction (dark to green for respectively low to high fraction). (B)
Mean termite fraction over time. (C) Extracted network and simulated final termite
fraction. The filling of edges represents the fraction (dark to purple for respectively
low to high fraction). (D) Edge fraction over time (Eq. (2)) (E) Difference of termite
fraction on edges between observed and simulated data. Green edges are over-
represented in the observed data, and purple edges are under-represented in observed
data. White edges are equivalently dense in both. (F) Density distribution of
observed mean termite fraction (green) and simulated final termite fraction (purple).

edges far from the centre of the arena (close to the border) are over-represented.
We also plotted the difference of fraction against edge orientation with regard to
the arena’s radius (Fig.3D). We note that edges perpendicular to the radius are
over-represented compared to our null model. Both these observations support the
fact that the network in Fig.2 is representative of that phenomenon.

3.2 Dynamical Networks

We showed in the previous section that the termite fraction on edges varies over time
for both observed and null model networks. However, if an edge had a low termite
fraction, meaning that a path was rarely frequented, it remained in the network.
In this section, we propose a method to dynamically modify network topology as a
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Figure 3: Comparison of simulated and observed termite fraction for each edge. (A)
observed vs simulated termite densities (log-log scale). The diagonal dashed line
visually supports testing for equality. (B) Percentile rankings of termite fraction
(Simulated vs Observed) (C) Difference of termite fraction (Observed minus Simu-
lated) as a function of edge position. Edge position was computed as its distance
from the centre of the arena divided by the radius of the arena. The horizontal
dashed line visually supports testing for equality. (D) Difference of termite fraction
(Observed minus Simulated) as a function of edge orientation. Edge orientation
was computed as its angle with the radius of the arena. The horizontal dashed line
visually supports testing for equality. Colour is function to the edge’s distance to
the centre (pink for centre, bright blue for border edges) and marker size depends
the diameter of the experimental arena.

function of edge fraction. Low fraction edges will be discarded and can be added
back to the network later on. The structure of the network thus changes over time,
and with it, its properties.

As seen in Fig.2B and D, the observed and simulated termite densities are not
distributed in the same way. So, an absolute filter above which an edge is considered
'active" will not suffice. To discriminate active and non-active edges, we propose a
method inspired by social insects like ants and termites: pheromones. The amount of
pheromones on a given edge increases with passing termites but decreases through
evaporation at a constant rate p. Pheromones are usually key to understanding
routing problems and path selection in social insects [26, 9]. Here, we computed the
amount of pheromones on each edge Ph;; for each time step as follows :

dPh;;(t) Nij
) Pt

In Eq. (3), the concentration of pheromones Ph;;(t) on edge ij evaporates at rate /.
Previous work estimated the half life of Procornitermes araujoi of being 16 minutes
[11]. Implying a rate of evaporation of u = 7.26 x 10~%s~!. The concentration of
pheromones increases with the number of individuals present in edge ij. We need
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to divide by the length of the edge L;; to obtain concentrations of pheromones per
cm.

From there, we conserved the edges with the higher amount of pheromones that
totalled ppresn per cent of all the pheromones at time ¢. In our case,p,hresh =
0.8 meant that active edges were the biggest ones representing a total of 80% of
all pheromones. Such criterion allows easy comparison between the observed and
simulated networks.

Observation

Simulation

Figure 4: Examples of dynamical networks (arena diameter: 24cm). (A-C) Observed
networks (¢ = 10, 100, 1000 s). (D-F) Simulated networks (¢ = 10, 100, 1000 s).

In Fig.4, is represented both observed (A-C) and simulated (D-F) networks over
time (¢t = 10,100, 1000s). Concerning the observed network (A-C), we first observe
a spread of the termites through the whole arena, followed by a selection of edges.
The edges on the border are mainly selected. Concerning the networks simulated
by our null model, we also observe a spread, but not followed by a drastic edge
selection. However, border edges seem to be preferred as well. The main difference
thus lies in the intensity of the filtering, rather than the edges being filtered.

The dynamics of the formed networks properties can be extensively studied. We
propose here preliminary results concerning the total length of the networks and
the number of conserved edges over time. Future work will be needed to focus on
metrics like efficiency, robustness or meshedness for instance [2, 4, 3]. In Fig.5, we
represented (A) the total number of edges and (B) the total length of the network
in cm over time. Both observed (green) and simulated (purple) networks are shown.
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We note that the number of edges and total length of the networks are different
between the observed and simulated networks. However, we observe no differences
in edge number and total length between 24 (light green) and 40cm (dark green)
arenas. It could mean that 106 termites can only sustain a pheromone track of
about 200cm independently of the arena’s diameter.
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Figure 5: Mean length and number of edges (6 networks for each condition, confi-
dence interval of one standard deviation). Observations in green, and simulations
in purple. 24cm arenas with dashed lines and 40cm with solid lines.

4 Discussion

This paper aims to investigate individual behaviours that are sufficient and neces-
sary to reproduce higher-level properties. In our case, we will focus on the trail
network formed by freely roaming termites without any stimuli (nest, gallery, build-
ing material). Which are the individual rules reproducing such networks? and how
to describe such networks?

In this paper, we observed termites forming networks while exploring a circular
arena. We extracted its nodes and edges using image processing and Frangi filter
[12]. We measured the termite fraction of each edge over time, and underlined a
preference for the border of the arena. Thigmotaxis, the preferences of animals for
borders and contacts, is well known, especially in stressful situations [24, 6, 5]. So to
assess whether that preference was due to the geometry of the arena, we established
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a null model simulating termites movements based on turning angles in the existing
network. Our null model managed to explain the preference for the borders, without
explicitly implementing it. However, the intensity of termites’ edge selection was
not reproduced. The individual rules we implemented in our null model were not
sufficient to reproduce such collective behaviour.

In our null model, agents prefer lower turning angles. Additionally, one can expect
that pheromones drive an important role in the turning decisions [21]. Our model
is missing the amplification some edge benefits, and pheromones play a key role in
the amplification of an individual decision to a collective one [10]. We also showed
that the termites’ networks total lengths stabilise around 200cm independently of
the size of the arena. This fact supports the hypothesis of pheromone trails, as 106
individuals may only sustain a 200cm long pheromone track (considering evaporation
rates). The future work should focus on improving the null model with a turning
preference based on both angle and pheromone quantity. This next step will be
straightforward from our data, as we already implemented pheromones in our model
to discriminate between active and inactive edges. Our work would benefit from
more pertinent network metrics especially suitable for planar network efficiency.
New metrics will allow us to better differentiate our null models from observed
collective behaviours over time. The future work should also focus on the survival
analysis of edge activation depending on their location, branching, or orientation for
instance [29].
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