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Abstract. The building behaviour of termites haspreviously beenmod-
elled mathematically in two dimensions. However, physical and logistic
constraints were not taken into account in these models. Here, we de-
velop and test a three-dimensional agent-based model of this processthat
placesrealistic constraints on the di�usion of pheromones,the movement
of termites, and the integrit y of the architecture that they construct. The
following scenariosare modelled: the useof a pheromone template in the
construction of a simple royal chamber, the e�ect of wind on this pro-
cess,and the construction of covered pathways. We consider the role of
the third dimension and the e�ect of logistic constraints on termite be-
haviour and, reciprocally, the structures that they create. For instance,
when agents �nd it di�cult to reach some elevated or exterior areas of
the growing structure, building proceedsat a reduced rate in theseareas,
ultimately in
uencing the range of termite-buildable architectures.

1 In tro duction

1.1 Termites

Termites create someof the most impressive structures seenin nature, building
featuressuch asair conditioning, fungusfarms and royal chambersinto their huge
mounds.Recent research hasstarted to explain how thesecomplicated architec-
tures are constructed, but we have yet to fully understand how communities of
simple organismscancollaborate successfullyon such grand constructions. What
seemsclear is that the simple termite cannot be relying on centralised control in
the form of either a geneticblueprint or guidancefrom a singleexecutive such as
the termite queen.Rather, we now believe that much of the construction process
is co-ordinated through stigmergy, a form of indirect communication via envi-
ronmental cuesthat are typically produced as a side-e�ect of the very activit y
that requires co-ordination [1].

In the caseof termite construction work, as building material is assembled,
the local environment of the builders is altered in such a way as to encourage
appropriate behaviours. Partially built structures \communicate" with workers
in such a way as to facilitate their own completion. Over time, as building work
continues, the \messages"conveyed by the environment change in subtle ways
that allow complicated, heterogeneousarchitectures to be constructed.

In addition to the physical presenceor absenceof building material, the
environment in
uences termite building behaviour through supporting various



di�usiv e processes.For instance, recently deposited material is a source of a
particular kind of \cement" pheromone.This pheromoneattracts termites, and
thereby encouragesthe deposition of more building material at or near its source.
The consequent positive feedback concentrates building e�ort in hot-spots, e�-
ciently amplifying what are initially randomly-placedpiecesof building material
into well-spacedpillars, and subsequently walled enclosures,which may eventu-
ally be covered to form chambers. A secondpheromone exuded by the queen
termite encouragesbuilding activit y when encountered at a particular concen-
tration level. The pheromonegradient \template" createdby a stationary queen
encouragesmaterial to be deposited at a characteristic distance from her loca-
tion, eventually leading to the construction of a \ro yal chamber" found at the
centre of many termite mounds. Finally, a third \trail" pheromone,deposited
by moving termites, also guides building activit y, co-ordinating the formation
of galleries and covered walkways. Even wind may a�ect the structures built
by termites, who are thought to be sensitive to air currents and able to make
decisionsbasedon direct interaction with the wind. In addition, any wind will
disturb pheromonedi�usion and in
uence the structures being built as a result
[2,3].

While developing and exploring modelsof stigmergic, decentralised construc-
tion hasdirect application in insect biology, there alsoexists the possibility that
improving our understanding of theseprocessesmight lead to powerful new en-
gineering and designmethodologies.Self-assembling robots, automatic repair of
spacecraft or nuclear reactors, and the construction of nanoscalestructures are
all examplesof engineeringchallengesthat might bene�t from or even require a
termite-inspired approach due to the extreme scalesat which the activit y must
take place, the inaccessibility of the building site, or simply the savings in time
and money that could potentially be achieved.

1.2 Previous mo dels

Aspects of the termite mound-construction processhave been modelled quite
extensively. Deneubourg's mathematical model of pillar formation [4] explained
the regular spacing observed in nature as resulting from a positive feedback
cycle involving the cement pheromone emitted from recently placed building
material. A set of di�eren tial equations tracked the movement of termites, dif-
fusion of cement pheromoneand location of \activ e" (recently placed) building
material over a two dimensional world. From an initially random distribution of
active material \pillars" could form through (i) the ampli�cation of any initial
variabilit y and (ii) nearby pillars \comp eting" for termite attention.

This model was later expandedby Bonabeau et al. [3] to include equations
representing factors such aswind, a pheromonetemplate emitted by a stationary
queen,and an arti�cially imposednet 
o w of ants acrossthe world. The queen
pheromone template allowed the structure of royal chambers to be modelled.
A net 
o w of termites led to the construction of walkways and, where these
walkways intersected,the formation of what wasinterpreted asa small chamber.



Strong winds could prevent any structure from forming, whereas light winds
could explain the formation of galleries.

In addition to establishingthat complicated structures reminiscent of natural
termite moundscan result from very simple rules, thesemodelsprovide a strong
demonstration of the importance of environmental processesin the formation of
such mounds. They show that spatio-temporal pheromoneproperties critically
in
uence construction, and that additional in
uences such as wind or a net 
o w
of termites can a�ect building behaviour in interesting ways.

However, these models, and others like them, are limited in certain impor-
tant respects. First, since they do not explicitly represent the third spatial di-
mension, they cannot directly represent hollow termite-built structures such as
arches, domes,and tunnels. Moreover, they neglect any climbing that termite
structures might demand. More importantly , such treatments do not model the
logistic constraints on termite movement and pheromonedi�usion imposedby
the physicality of building material.

In both models described above, the presenceor absenceof built material
has no direct e�ect on either termite movement or pheromonedi�usion. This is
important, as it prevents the physical consequencesof termite construction be-
haviour from directly impacting on subsequent termite behaviour, i.e., an impor-
tant sourceof stigmergic e�ects is neglected.For instance,termites may continue
to place building material in locations that are physically inaccessibleto them,
while pheromonemay di�use through solid structures in
uencing termites that
in reality would be ignorant of the pheromone source.Here we label the con-
straints that these physical realities place on termite behaviour \logistic" since
they concern the abilit y of termites to travel from one particular place to an-
other. While somemodelsof decentralised insect construction have incorporated
theseconstraints, they have not included the role of pheromonedi�usion [5{7].
In the next section, inspired by a combination of the models mentioned above,
we describe a 3-d agent-based model developed in order to explore the impact
of logistic constraints on termite construction. Subsequently , we present results
from simulations of royal-chamber construction, walkway formation, and the ef-
fects of wind. We concludewith a discussionof the role of logistic constraints in
decentralised termite construction.

2 Metho d

The simulation compriseda three-dimensional, rectangular lattice (100� 100�
100) with each location containing di�using pheromones,and either a simple
virtual termite, or solid building material, and, sometimes,wind. The model
wasupdated synchronously in �xed discrete time steps.The lattice is initialised
as empty of pheromoneand building material and open in all directions, save
that the lowest horizontal cross-sectioncontains a single layer of inert building
material that represents the ground.



2.1 Pheromone Beha viour

The distribution of each type of pheromonechangesover time due to the action
of three processes:emission,di�usion, and evaporation.

Emission Three kinds of pheromoneoriginate from three di�eren t kinds of point
source.The queenproducesa �xed volumeof queen pheromoneat each time step.
Likewise,a trail-follo wing termite producesa constant volumeof trail pheromone
at each time step. By contrast, the amount of pheromoneemitted by each piece
of building material is neither constant over time nor unlimited. Rather, each
newly placedpieceof building material contains an initial �nite volumeof cement
pheromone, a proportion, 0 < r � 1, of which is lost to the atmosphereat each
time step.

Di�usion Di�usion betweenlattice locations that sharea commonfacewasmod-
elled asproportional to the pheromonegradient betweenthem using a standard
�nite volume approach [8]. If the volume of pheromoneat a particular location
is x and the volume at one of its di�usion neighbours is y then the change of
pheromonemay be expressedas @x

@t = � � (x � y), where 0 � � � 1
6 in order

to prevent the creation of pheromone during di�usion. In all results reported
here � = 1

7 , which ensuresthat, at minimum, a pheromoneconcentration of x
7

remains after di�usion, while a maximum of x
7 can di�use to any one di�usion

neighbour.
Physical constraints on pheromones are modelled by returning any phe-

romone that di�uses into a location occupied by building material to its source
location. Note that this scheme ensuresthat a piece of building material that
neighbours other pieceson many sideswill emit pheromoneat a slower rate than
a lone pieceof building material. Boundary conditions assumethat locations be-
yond the 3-d grid are always empty of pheromone.

Evaporation At each time step, evaporation wasmodelled at a rate proportional
to the concentration of pheromoneat each location by multiplying each concen-
tration by an evaporation constant, 0 < v < 1.

2.2 Termites

The world contains a �xed number, n, of builder termites that remains constant
over the courseof a simulation. A termite can sensethe levels of pheromonesat
its current location and the pheromonegradients in each direction.

Movement Termite movement is physically constrained. Of the twenty-six pos-
sible adjacent locations available to a termite, it may only move to one that is
unoccupied by building material. Additionally , termites may only move to loca-
tions that neighbour locations occupiedby building material. The �rst constraint
prevents termites moving through walls, while the secondconstraint forces the
termite to move acrosssurfaces,preventing it from 
ying around the world. If



a termite leaves the lattice, which it may do freely, or cannot move to any ad-
jacent location, it is discarded and a new replacement termite is intro duced to
the lattice.

Builder termites prefer to follow cement pheromonegradients, choosinga new
location from the legal alternativ esusing a roulette-wheel constructed to re
ect
relative gradient strengths. However, with probabilit y inversely proportional to
the gradient strength of the selecteddirection, a random legal move will be
made instead. This ensuresthat, on average,weak gradients exert lessin
uence
on termites than strong gradients.

A termite movesm times in this fashionevery time step. Sincetermites move
relatively fast by comparison with pheromonedi�usion, for all results reported
here, m = 5. Termites are not prevented from entering locations already occu-
pied by other termites. In reality termites are much larger than the piecesof
material that they deposit, however, in order to make our model tractable it
was necessaryto represent termites as single locations. This location was con-
sideredto be the headof the termite, i.e. the place it would perform its building
and sensingactivities. It seemsplausible that two termites could be collecting
sensoryinformation from the samelocation at the sametime.

Block Placement For a piece of building material to be placed, the level of
queen/trail pheromoneat the site must lie within a prede�ned range ([0:1; 0:5]
for all results presented here) and the site must meet at least one of the following
three conditions, which are intended to imposea crude physics on the world:

1. Either the location immediately underneath or immediately above the site
must contain material.

2. The site must sharea facewith a horizontally adjacent location that contains
material and satis�es (1)

3. One face of the site must neighbour three horizontally adjacent locations
that each contain material.

The �rst constraint allowsvertical stacks to be built. The secondallows these
stacks to be extended horizontally to a limited degree,while the third allows
the gradual construction of elevated horizontal surfacesif su�cien t support is
present.

If theseconditions are met, a block will be placedat the termites current lo-
cation with probabilit y, p, the termite will be removed from the lattice, and a re-
placement intro duced.This is intended to represent the constraint that termites
must forage for building material. Notice that once placed, building material
cannot be removed or relocated.

Path-following In addition to the queen,and builder-termites, a third classwas
modelled. Thesetermites lay and follow trail pheromone,but are not involved in
any building activit y. They represent termites who are leaving the nest to forage
or returning to the nest having foraged.The model doesnot allow for foraging-
termites or building-termites to change role during the simulation. A group of



adjacent, ground-level entry points arespeci�ed at the edgeof the lattice. At each
time step, and with probabilit y, c, each of a �xed number of termites may enter
the lattice at a randomly chosen entry point. Each trail termite moves across
the lattice in a direction roughly perpendicular to the lattice edgeat which they
enter. However, trail termites are not restricted to move in a straight line. We
extend an approach employed by Deneubourg [9] to three dimensionsin allowing
a trail termite to move to any down-stream location that sharesa face,edgeor
corner with its current location and is physically accessible.Trail termites are
attracted to trail pheromonein the sameway that builder termites are attracted
to cement pheromone.If a termite moveso� the lattice it is removed.

2.3 Wind

Wind was modelled in a deliberately simple manner, originating at a constant
�xed strength, 0 < s < 1, from onevertical faceof the lattice, travelling perpen-
dicular to this face,horizontally acrossthe world, 
o wing around built structures,
and in
uencing pheromonedi�usion. In general, therefore, wind 
o ws from one
up-wind vertical cross-sectionof lattice, ai , to the adjacent, down-wind, verti-
cal cross-section,ai +1 . Wind strength in ai +1 can be calculated in the following
manner. For every location, u in ai , calculate the number of locations in ai +1

that share an edge,corner or face with u and are empty of building material.
Divide the strength of wind at u equally among these locations in ai +1 , or (un-
realistically) discard the value should no down-stream locations be empty of
building material.

In areaslacking building material, this approach will result in wind strength
remaining constant as the strength at each location will be distributed evenly
acrossdown-wind locations. In areas with obstructions wind strength will in-
creasenear exposedsurfaces,but be reduced in \sheltered" areas,as the wind

o ws around the obstruction.

At each location, wind transfers a proportion of pheromone equal to its
strength, s, to the location immediately down-wind (unless that location is oc-
cupied by building material). While wind can thus only carry pheromonein one
direction, in combination with di�usion, it is capableof transporting pheromone
around structures e�ectiv ely.

3 Results

Simulations were carried out to examine the e�ects of (i) a pheromonegradient
establishedby a stationary queen, (ii) wind, (iii) a net 
o w of termites in one
direction, and (iv) a net 
o w of termites in two orthogonal directions.

3.1 Royal Cham ber

The queen,represented by oneor more contiguous blocks in the form of a rough
half-cylinder, is placed at the centre of the world in contact with the ground.



Fig. 1. A royal chamber being constructed. Parameters: r = 0:5; � = 1
7 ; v = 0:1; p =

0:1; n = 300; m = 5; s = 0:0

Each block is a �xed-rate sourceof queenpheromone.Throughout the simulation
the queenremains stationary and is somewhat equivalent to building material
in that sheobstructs the 
o w of pheromone,and impedesmovement of termites,
allowing them to climb over her though not to build on her.

The simulation is initially run for 1000 time steps without the presenceof
builder termites to allow the queen'spheromonetemplate to becomeestablished.
At this point termites are randomly allocated around the outside of the world
in contact with the ground, and the model proceedsas described above. Unless
otherwisenoted the simulations wererun with 300building termites (n), a prob-
abilit y of block placement (p) of 0.1, a pheromoneevaporation rate (v) of 0.1
and a pheromoneoutput rate (r ) of 0.5.

Figures 1 and 2 depict the construction of a royal chamber without wind,
and under mildly windy conditions, respectively. First, pillar-lik e structures are
formed at roughly regular spatial intervals, and at a speci�c distance from the
queen.Subsequently , thesepillars mergeto form a wall that encirclesthe queen.
Finally, the termites achieve a complete dome encompassingthe pheromone
source.In the absenceof any disturbance, termites achieve a roughly hemispher-
ical structure centred on the queen,that may echo the queen'sphysical shape if
sheis large enoughin relation to the dome(see�gure 1). However, in �gure 2 the
shape of the chamber has been in
uenced by wind blowing from the upper-left
edgeof the lattice. As a result, the chamber is not centred on the queen, and
is distorted in both it's horizontal and vertical pro�le, e.g., exhibiting a steeply
rising exposed face and a more gradually descending,sheltered, down-stream
slope. At higher strengths, wind can prevent a chamber from being completed
successfully, or even prevent any construction from becomingestablishedat all.

3.2 Covered W alkw ay

A narrow 
o w of termites acrossthe world is intro ducedby allowing trail termites
to enter at ground level from central locations along one lattice edge.Builder
termites enter the lattice at the samelocations after 1000 time steps. Figure 3
shows the resulting tunnel, partially formed, and an internal view. Construction
of the tunnel walls obviously precedescompletion of the roof. At the end of



Fig. 2. A royal chamber being constructed under mildly windy conditions (wind em-
anates from the upper-left lattice edge). Parameters as �gure 1, except: s = 0:15

Fig. 3. A covered walkway is constructed. Parameters as �gure 1, save that no wind
has been modelled, and a 
o w of trail termites has been intro duced: t = 10; c = 0:5.
The tunnel's interior is clear of obstructions, and the cross-sectionis quite regular.

the simulation the tunnel is straight, quite regular in cross-section,and clear of
obstructions. Notice that, unlike previous models [3] the trail and distribution
of trail pheromoneare not explicitly de�ned, but arise from the ongoingactivit y
of trail termites.

3.3 Crossing paths

Two perpendicular 
o ws of termites are intro duced, crossing at the centre of
the ground plane. Figure 4 depicts the cross-roadstructures that arise. Despite
the potential for interference between trail pheromonesfrom each path, and
betweenthe building work at each tunnel (especially given the stochastic rate at
which both trails and tunnels areestablished),each tunnel remainsunobstructed
internally, and a working covered cross-roadjunction is achieved.

Figure 4 left depicts a scenario in which builder termites always enter the
world from a random location along the ground-level edgeof the lattice. The cov-
ered walkways that result reliably exhibit a tendency to \m ushroom" at their
down-stream ends.Constraining the building termites to enter at the sameloca-
tions employed by the trail termites extinguishesthis tendency (�gure 4 right ).
In both cases,however, the interior of the tunnel remains clear of obstructions.



Fig. 4. Two examplesof cross-road formation. Parameters again as �gure 1, save that
no wind is modelled, and two perpendicular streams of trail termites are intro duced:
t1 = 10; t2 = 10; c = 0:5. At each time step, between zero and 10 builder termites
enter the lattice, with probabilit y 0:5 per termite. Left| Builder termites enter from
random locations along any edge of the ground plane. Some \m ushrooming" of the
down-stream sections of tunnel tends to occur. Right| Builders enter from the same
entry points employed by trail termites. Mushrooming is suppressed.

4 Discussion

The primary result exhibited by the model is that, pleasingly, the intro duction
of physical limitations on pheromonedi�usion and termite movement have not
prevented the building of structures suggestedby previousmodelsthat neglected
such logistic constraints [4,3].

As reported by Deneubourg [4], pillar formation can be driven by simple
positive feedback involving a cement pheromone.His results from one- and two-
dimensional models built on di�eren tial equations can be supported by our 3-
d agent-based model. For instance, in our simulations, pillars form at regular
spatial intervals in the early stagesof the construction of the royal chamber (see
�gure 1).

Our model also agreeswith the predictions of Bonabeau et al. [3], who
showed, in an extension of [4], that the intro duction of a source of di�using
queenpheromonecan �rst guide the construction of pillars and subsequently an
encircling wall. Our results show that this processcan result in a fully-formed
3-d royal chamber. The manner in which our results are in
uenced by wind also
agreeswith previous �ndings, which reported a distortion of the horizontal cross-
sectionof the royal chamber. However, out treatment of the third dimensionalso
allows us to explore distortion to the elevation of the chamber.

Finally, the Bonabeau model suggestedthat an arti�cially imposed 
o w of
termites emitting trail pheromonecould result in the construction of walkways.
Our simulations extend these results by showing that these structures tend to
becomecovered walkways over time, and remain clear of building material (see
�gure 3). Previous speculation in [3] that two intersecting trails could give rise



to the formation of a cross-roadstructure are con�rmed by our model, which
additionally demonstrates that such an intersection will not tend to become
blocked by building activit y (see�gure 4).

In addition to con�rming work from previous models, our approach has gen-
erated new insights. First, and most generally, it is perhapsremarkable that the
intro duction of physical constraints on termite motion and pheromonebehaviour
have not had more in
uence on the structures achieved. It was possible,for in-
stance, that as a tunnel was formed and enclosedthe trail within it, it would
becomedi�cult for trail pheromoneto escape, distorting the pheromonedistri-
bution in such a way as to interfere catastrophically with new building activit y.
Moreover, when a piece of building material is placed it cannot be removed in
this model meaning that tunnel blockages,should they arise cannot be recti�ed,
making tunnel completion impossible.

In order to implement constrainedmovement and di�usion we intro ducedan
explicit third dimension. This alone could have intro duced dramatic di�erences
betweenthe behaviour observed in our systemand in previousmodels.Climbing,
for instance, plays no part in 2-d models, but is important in the current work,
sinceagents must be able to reach a location in order to build there. Despite this,
all of the structures suggestedby the two relevant previousmodelswereachieved.
However, the fact that, in our model, it is harder to reach somelocations than
others causesagents to build more slowly in hard to reach places like roofs of
structures, or the tops of pillars, which require time consumingassents compared
to the walls which are at ground level.

Predictable, as the strength of simulated wind increasedthe building process
becameslower until a point was reached where no building was possible.While
the e�ect of wind may simply be to disturb a pheromonetemplate to the extent
that builders are not encouragedto lay down building material at any location,
it also has a more subtle in
uence on the abilit y of newly-formed structures to
recruit builder termites. Without wind, cement pheromoneis free to di�use in
every unobstructed direction, attracting termites to the emitting structure from
a wide area. In the presenceof wind, however, the cement pheromonecannot dif-
fuseas e�ectiv ely, hampering the recruitment of up-wind builder termites. This
ensuresthat mildly windy conditions result in di�eren tial construction activit y.

Rather than being severely limited by the physical obstruction imposedby
the results of their own building behaviour, it appearsthat in somecasestheseef-
fectscan increasethe e�ciency of the building work and prevent some\problem-
atic" kinds of construction activit y such as the tendency for tunnels to \m ush-
room" observed in �gure 4. This \o verbuilding" stems from a combination of
two factors, (i) a slight \fanning" of the trail laid by the termites due to their
stochasticity and ampli�ed by confusionat the intersection of two perpendicular
pheromonetrails, and (ii) a tendency for builder termites to approach the trail
from all sides.Theseconditions lead to building behaviour near the outer edgeof
the trail \fan", which is ampli�ed and ultimately results in wide tunnel walls. By
contrast, where builder termites enter the lattice at the samepoints as the trail
laying termites, they tend to begin building at a regular distance from the trail



mid-line. As a tunnel is formed in this way, it limits the movement of builders,
directing them to the tunnel end and preventing them from reaching the outer
edgeof the \fanned" distribution of trail pheromone. In this way, despite the
inabilit y of the trail termites to form a narrow, �xed-width pheromonetemplate,
building work is able to produce a narrow, �xed-width tunnel.

4.1 Future W ork

Currently , several aspectsof the model are under-developed, or unexplored. The
three kinds of pheromoneemployed have not been explored in concert. In the
results reported, only two types of pheromone were ever employed together.
For instance, it would be interesting to explore the role that trail pheromone
deposited by builder termites might play in directing them to sites of recent
building activit y. How would cement and trail pheromone interact in this sit-
uation? For example, it is possible that such an interaction might account for
the maintenance of an entrance to the royal chamber, by inhibiting building
work acrossroutes employed by many builders. While several entrances might
be maintained initially , over time onemight expect a single location to dominate
and the others to be closed.

Both the crude physics of construction, and the implementation of wind,
which currently cannot support swirling eddiesor any kind of back-
o w, could
be improved.The former might bene�t from an approach similar to that takenby
Funes& Pollack [10] in their work on simulating Legostructures. Currently , it is
possiblefor unrealistic or impossiblestructures to be built. A more sophisticated
physicsmight encouragetermites to adopt more complicated strategiesin order
to achieve large-scalestructures.

Several logistic factors have yet to be incorporated into our model. Cur-
rently , termites do not obstruct one another's movement, and, unrealistically,
are assumedto occupy roughly the sameamount of spaceas a piece of build-
ing material. For reasonsof simplicit y, we do not yet explicitly model the tasks
involved in discovering raw materials or transporting them to the construction
site. The signi�cance of thesefactors remains to be seen.

More generally, closercomparisonbetweenthe current model and the detailed
behaviour of previous mathematical models is required, and a more extensive
characterisation of the our simulation's dependencieson parameter values and
initial conditions must be undertaken.

5 Conclusion

In conclusion,we have shown that physical and logistic constraints imposedon
termite construction by the results of their own building behaviour do not pre-
vent the formation of several structures reminiscent of natural termite architec-
ture. Indeed, it appearsthat in somecasestheseconstraints can have a positive
e�ect on the abilit y of termites to achieve e�cien t, e�ectiv e constructions.
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