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Abstract.  In previous models of the building behaviour of termites, physical and logistic
constraints that limit the movemert of termites and pheromoneshave beenneglected. Here,
we presert an individual-based model of termite construction that includes idealised
constraints on the di usion of pheromones,the movemert of termites, and the integrity of
the architecture that they construct. The model allows us to explore the extent to which the
results of previous idealised models (typically realised in one or two dimensions via a set of
coupled partial di eren tial equations) generaliseto a physical, 3-d environment. Moreover we
are able to investigate new processesand architectures that rely upon these features. We
explore the role of stigmergic recruitment in pillar formation, wall building, and the
construction of royal chambers, tunnels and intersections. In addition, for the rst time, we
demonstrate the way in which the physicality of partially-built structures can help termites
to achieve e cien t tunnel structures and to establish and maintain entrances in royal
chambers. As such we show that, in at least some cases,logistic constraints can be important
or even necessaryin order for termites to achieve e cien t, e ectiv e constructions.
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1 Intro duction

1.1 Termites

Sacial insects, such as termites, ants, wasps,and beescreate someof the most spectacular
structures seenin nature. Termite nestsin particular are built on a scaleonly matched by that of
human cities. Over and above their impressive scale,these architectures are also interesting
becauseof their sophisticated functionality, containing purpose-built structures for fungus farming,
air conditioning, etc. Theseachievemerts are all the more arresting when one considersthat
termite constructions are often built over many generations,and may require the co-operative
ernterprise of many millions of individual insects,ead of which is in possessiorof only relatively
simple medchanisms of communication and cortrol. We are certainly not yet in a position to be able
to fully explain how simple termites manageto work together e ectiv ely to achieve suc grand
designs.However, what seemsclear is that they cannot be relying upon somecertral sourceof
executive control, either in the form of a \site foreman" (e.g., the queentermite) or somekind of
explicit (genetic?) \blueprin t".

Instead, the behaviour of individual termites appearsto be driven by simple rules basedon
currently available piecesof local information sud astemperature gradients, air o w, the presence



or absenceof partially complete structures, and, perhaps most importantly, the concertration of
various phermonesthat are excretedby the termites asthey go about their work. What is critical
hereis that these environmental cuescarry information about what activities have beencarried
out in the recert pastjinformation that can protably be usedto guide current activity. Grasse
(1984) usesthe term stigmergy to describe this kind of indirect, ervironmentally mediated
communication that is typically brought about as a side-e ect of the very activity that requires
co-ordination (Grasse, 1984). Though these stigmergic medcanismsare quite simple, it appears
that through combining them in ways that are often subtle and complex, they can enablea colony
to co-ordinate asa whole in order to construct complicated architectures. As the raw material from
which nestsare constructed is placedin the world, the local environment of passingbuilders is
altered such that appropriate subsequeh behaviours are encouraged.Structures that are
incomplete \guide" workersto complete them.

For instance, \cement pheromone", which is given o by building material that has
recertly beendeposited, is attractiv e to building termites, who approac sourcesof cemen
pheromoneby climbing local cemen pheromoneintensity gradients. An additional tendency to
deposit building material at locations where cemernt pheromoneintensity is high brings about a
positive feedbadk that increasingly focusesbuilding e ort on \hot-sp ots". One example of this kind
of feedbak-induced ampli cation of construction activity occurs at the outset of royal chamber
construction. Royal chambers are enclosuresbuilt around a stationary queentermite (much larger
than her builder relatives)who excretesa pheromonethat encouragesuilding activity at a certain
level of intensity that will tend to occur somedistance from the queenherself. Initially , building
activity commencestfully at a characteristic distance from the queen.Cemert pheromone
excreted by the rst piecesof placed building material tends to attract nearby termites to these
\proto-pillars" encouragingthe cortribution of additional building material to them. This results
in the formation of a number of pillars that are distributed roughly evenly around the queen
becausepillars that are closetogether tend to \comp ete" for the attention of nearby termites, with
one evertually winning out. This combination of negative and positive feedbads results in evenly
spacedpillars that are subsequetly joined by low walls which rise until evertually a dome-like
royal chamber with one or more entrancesis completed. A third pheromoneis deposited by moving
termites and also guidesbuilding activity, encouragingthe formation of galleriesand covered
walkways that protect heavily usedthoroughfares. Evenwind 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 (Bruinsma, 1979). In addition, any wind will disturb pheromone
di usion and may in uence the structures being built asa result (Deneubourg, Theraulaz, &
Bedkers, 1992; Bonabeau, Theraulaz, Deneubourg, Franks, Rafelsberger, Joly, & Blanco, 1997).

1.2 Previous models

The processof termite construction has beenmodelled se\eral times (Deneubourg, 1977; Courtois
& Heymans, 1991;Bonabeau et al., 1997). These models have mainly focusedon the formation of
pillars during the construction of Queenchambers. Deneubourg's mathematical model (1977), in
particular, explained the regular spacingobsened in nature as resulting from the positive feedbak
cycle involving cemen pheromoneemitted from recertly placed building material, described above.
A set of di erential equationstracked the movemert of termites, di usion of cemen pheromone
and location of \activ e" (recertly placed) building material over a two-dimensionalworld. 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. (1997) to include equations
represering factors such aswind, a pheromonetemplate emitted by a stationary queen,and an
arti cially imposednet ow of termites acrossthe world. The queenpheromonetemplate allowed
the structure of royal chambersto be modelled. A net ow of termites led to the construction of
walkways and, where these walkways intersected, the formation of what was interpreted as a small
intersection chamber. Strong winds could prevent any structure from forming, whereaslight winds
distorted the formation of enclosuresresulting in extendedlinear galleries.

In addition to establishingthat complicated structures reminiscert of natural termite
mounds can result from very simple rules, thesemodels provide a strong demonstration of the
importance of ervironmental processesn the formation of such mounds. They show that
spatio-temporal pheromoneproperties critically in uence construction, and that additional
in uences such aswind or a net ow of termites can a ect building behaviour in interesting ways.

As part of our investigations we reimplemerted the Bonabeau et al (1997) model. Whereas
the original model concerrrated mostly on characterising the distribution of active material, we
were concernedto understand the ertire morphologiesof termite constructions|i.e., the active
(recertly placed) material plus the inactive material that had ceasedto exude cemert pheromone.
Figure 1 left shows the distribution of active material at the end of a typical simulation. From this
gure it is possibleto seepeaksand troughs in the inactive material which are interpreted by
Bonabeau et al. (1997) as pillars. Figure 1 right shows the total distribution of material (active
plus inactive) at the samepoint in time. It can be seenthat the oscillations exhibited by the active
material are also presert in the total material, but at a ne scalecomparedto the total amount of
material deposited. Rather than appearing as pillars, the overall distribution of building material
resenbles a high plateau with an irregular surface.

In longer simulations the size of the oscillations remains small in comparisonto the height
of the plateau on which they are appear. We interpret this as meaningthat, rather than
demonstrating the formation of pillars, the model demonstratesthe formation of a state which
could resultin pillars. Indeed, the model was originally intended to capture only the initial
building behaviour of termites rather than somelong-term or steady-state outcome (Deneubourg,
1977). After a while, partially-built constructions begin to interfere with the movemert of termites
and pheromones.Sincethis interferencewas not captured by the model's set of coupled di eren tial
equationsit was appreciatedthat the model is suitable only for capturing the initial symmetry
breaking phaseof the construction process.It is therefore important that further models of termite
construction are able to demonstrate the ertire pillar and chamber-formation processesn order to
verify the interpretation of earlier results.

Mathematical treatments sud asthe Deneubourg (1977) and Bonabeau et al. (1997)
models are limited in certain important aspects. First, sincethey do not explicitly represen the
third spatial dimension, they cannot directly represert hollow termite-built structures such as
arches,domes,and tunnels. Moreover, they neglectany climbing that termite structures might
demand. More importantly, as alluded to above, such treatments do not model the logistic
constraints on termite movemert and pheromonedi usion that are imposedby the physicality of
building material.

In both models described above, the presenceor absenceof built material has no direct
e ect on either termite movemen or pheromonedi usion. This is important, asit preverts the



Fig. 1. The formation of pillars from a replication of the Bonabeau et al. (1997) mathematical model.
Left] The formation of pillar-lik e structures of active material. Right| The distribution of inactive mate-
rial combined with active material (note the di erence in vertical scale) demonstrates that the previously
obsened pillars appear as ripples on the surface of a high plateau.

physical consequencesf termite construction activity from directly impacting on subsequeh
termite behaviour, i.e., an important sourceof stigmergic e ects is neglected.For instance,
termites may corntinue 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 pheromonesource.Here we label the constraints that these physical
realities place on termite behaviour \logistic" sincethey concernthe ability of termites and
pheromonesto travel from one particular placeto another. In systemssuc asthe one considered
here, where positive feedbads operate at many levels, the details of individual agerts, their
locations, tra jectories and past experiencescan be signi cant at the systemiclevel. By modelling
these attributes in the limit or as statistical aggregatesthe logistics of who doeswhat to whom,
when, and how, can be lost. Individual-based models o er one approacd to exploring the e ects of
these factors. Unfortunately this is often only achieved at the expenseof mathematical tractabilit y.

While somemaodels of decertralised insect construction have incorporated logistic
constraints of the kind described above, they have not included the role of pheromonedi usion
(Bonabeau, Theraulaz, Arpin, & Sardet, 1994; Theraulaz & Bonabeau, 1995; Bonabeau, Guerin,
Snyers, Kuntz, & Theraulaz, 2000) and/or have tackled the problem from an engineeringrather
than biological viewpoint (Murata, Yoshida, Kamimura, Kurokawa, Tomita, & Kokaji, 2002;
Ladley & Bullock, 2004; Howsman, O'Neil, & Craft, 2004).

In the next section, inspired by a combination of the models mentioned above, we describe
a 3-d agert-based model dewveloped in order to explore the impact of logistic constraints on termite
construction. It is important to note that while including logistic constraints and a third dimension
increasesthe realism of our model when comparedwith previous work, we are including these
speci ¢ factors in order to explore their in uence on construction sincethey might be expectedto
a ect previous results, rather than due to a desirefor increasedrealism, per se Initial results from



this model have beenreported briey elsewherein the context of engineeringand optimisation
(Ladley & Bullock, 2004). Here, we presert biological implications of results from simulations of
royal-chamber construction, walkway formation, the e ects of wind, and, for the rst time, the
formation of entrances. We concludewith a discussionof the role of logistic constraints in
deceriralised termite construction.

2 Metho d

The simulation was basedin a three-dimensional, cubic lattice (60 60 60) with ead location
cortaining somecombination of di using pheromones,simple virtual termites, solid building
material, and, sometimes,wind. The model was updated synchronously in xed discrete time
steps. The lattice is initialised as empty of pheromoneand building material and openin all
directions, save that the lowest horizontal cross-sectioncontains a single layer of inert building
material that represerts the ground.

2.1 Pheromone Behaviour

The distribution of ead type of pheromonechangesover time due to the action of three processes:
emission,di usion, and decyy.

Emission Three kinds of pheromoneoriginate from three di erent kinds of point source.The queen
producesa constart volume of queen pheromone at ead time step. Likewise,a trail-follo wing
termite producesa constart volume of trail phemmone at eat time step. By contrast, the amount
of pheromoneemitted by eat pieceof building material is neither constart over time nor
unlimited. Rather, eat newly placed piece of building material cortains an initial nite volume of
cement pheromone, f , a proportion, 0< r 1, of which is lost to the atmosphereat ead time step.

Diusion Diusion betweenlattice locations that sharea common face was modelled as
proportional to the pheromonegradient betweenthem using a standard nite volume approacd
(Hirsch, 1988). If the volume of pheromoneat a particular location is x and the volume at one of
its di usion neighbours is y then the changeof pheromonemay be expressedas % = x y),
where 0 % in order to prevent destruction or the creation of pheromoneduring di usion. In
all results reported here = % which ensuresthat, at minimum, a pheromoneconceriration of %
remains after di usion, while a maximum of % candiuse to any onedi usion neighbour. Higher
valuesof would result in more pheromonedi using to eadt neighbour than remainedin the
sourcewhilst lower valuesof would lead to slower di usion with more pheromoneremaining at
the sourcelocation.

Physical constraints on pheromonesare modelled by returning any pheromonethat
di uses into a location occupied by building material to its sourcelocation. The pheromoneis then
free to diuse againin the next time step. Note that this schemeensuresthat a piece of building
material that neighbours other pieceson many sideswill emit pheromoneat a slower rate than a
lone pieceof building material asit haslesssurfaceareafrom which to emit. Absorbing boundary
conditions assumethat locations beyond the 3-d grid are always empty of pheromone.

Decay Pheromonedecay was modelled every time step at a rate proportional to pheromone
concerration by multiplying the pheromonelevel at eat location by a decay constart, 0< v < 1.



2.2 Termites

The world contains a xed number of termites, occupied by di erent tasks (e.g., building, nursing,
foraging). Unrealistically, termites do not dynamically changetask, but are each xated on a single
behaviour. The number of building termites, n, remains constart over the courseof a simulation.
Each termite can sensethe levels of pheromonesat its current location and the pheromone
gradients in ead direction.

Movement Termites may move to any adjacert location on the cubic lattice, however, the choice of
movemert is physically constrained. Of the twenty-six possibleadjacert locations available to a
termite, it may only move to onethat is unoccupied by building material (including the \o or").
Additionally , termites may only move to locations that neighbour locations occupied by building
material. The rst constraint prevents termites moving through walls, while the secondconstraint
forcestermites to move acrosssurfaces,preventing them from ying around the world.
Furthermore, certain locations that satisfy thesetwo constraints are neverthelessdeemed
inaccessiblein the following sense.

In the cubic lattice that we employ, a location that is empty of building material and
sharesexactly one edgewith a termite's current location is inaccessibleif the other two locations
that sharethe sameedgeboth contain building material. Likewise,a location that is empty of
building material and sharesexactly one point (vertex) with a termite's current location is
inaccessiblef three of the locations that sharethe samepoint contain building material and do not
sharea common face (see gure 2 for clari cation). These constraints are intended to prevent
termites moving through walls.

If atermite leavesthe lattice, which it may do freely, or cannot move to any adjacert
location, it is discardedand a new replacemen termite is introducedto the lattice.

Work carried out by Bruinsma (1979) has demonstrated that the movemert of termites
engagedin building activity is biasedby the presenceof cemen pheromone.It was shown (i) that
termites tend to climb a cemert pheromonegradient and (ii) that the chanceof a termite following
a pheromonegradient is proportional to its strength. In order to capture this behaviour in the
model, the movemert of builder termites is implemented as follows. A new location is chosenfrom
the legal alternativ esusing a roulette-wheel constructed to re ect relative cemen pheromone
gradient strengths. However, with probability inversely proportional to the gradient strength of the
selecteddirection, a random legal move is made instead. The roulette wheel ensuresthat model
termites tend to travel up pheromonegradients, whilst the possibility of a random move ensures
that, on average,weak gradients exert lessin uence on termites than strong gradients.

A termite movesm times in this fashion every time step. Sincetermites move relatively
fast by comparisonwith pheromonedi usion, for all results reported here,m = 5. Termites are not
prevented from entering locations already occupied 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 represen ead termite as occupying a single lattice location. This location can
be consideredto be the head of the termite, i.e., the placeit would perform its building and sensing
activities. It seemsplausible that two termites could be collecting sensoryinformation from the
samelocation at the sametime, although a more realistic model would include physical interference
betweentermites and prevert termites from moving through gapsthat are unrealistically small.

Block Placement In order for a piece of building material to be placed at a particular location, the
level of queen/trail pheromoneat the site must lie within a prede ned range ([0:1; 0:5] for all



Fig. 2. Empty locations B, C, D, and E (occluded) are inaccessiblefrom location A (and vice versa).

results presenied here). Additionally 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 adjacert location that contains material and
satis es (1)

3. One face of the site must neighbour three horizontally adjacert locations that ead contain
material.

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

If these conditions are met, a block will be placed at the termite's current location with
xed probability, p, the termite will be removed from the lattice, and a replacemen intro duced.
This is intended to represen the constraint that termites must forage for building material. We do
not explicitly model this activity, sinceit would require somerepresernation of sourcesof building
material and a more sophisticated locomotion strategy on the part of the simple termites. Notice
that onceplaced, building material cannot be removed or relocated.

Trail-following In addition to the queen,and builder-termites, a third classwas modelled. These
termites lay and follow trail pheromone,but are not involved in any building activity. (Currently,



the model doesnot allow for trail-follo wing termites or building-termites to changerole during the
simulation.) They represen termites who are leaving the nestto forage for food or returning to the
nest having foraged. A group of adjacert, ground-level entry points are speci ed at the edgeof the
lattice. At ead time step, and with xed probability, ¢, ead of a xed number of termites may
erter the lattice at a randomly chosenentry point. Each trail termite movesacrossthe 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. In order to imposea kind of \directed drunkards walk" on
the termite trajectories, we adapted an approadh employed by Deneubourg in the two dimensional
case(Deneubourg, Goss, Franks, & Pasteels,1989). A trail termite is allowed to move to any
down-stream location that sharesa face, edgeor corner with its current location and is physically
accessibleTrail termites are attracted to trail pheromonein the sameway that builder termites
are attracted to cemert pheromone.If a termite moveso the lattice it is removed.

Nursing The nal termite behaviour consideredis intended to represen the actions of those
individuals that are concernedwith tending to the queentermite, either by bringing food, or
removing larvae. These\n ursing" termites closely resenble the path-following termites described
above. Each of a set number, e, of nursing-termites start the simulation at a random location
constrainedto lie a speci ed distance, d, from the queen-termite in a random direction.
Nursing-termites move in a similar manner to the trail-follo wing termites, with the exception that
they are constrained to move towards the queeninstead of simply acrossthe world. When the
gueenis reached the movemen behaviour reverses;the nursing-termites are forced to move away
from the queen(in any direction). This behaviour continuesuntil the termite reachesa distance, d,
from the queen'slocation, at which point it again reversesdirection and movesas originally

speci ed. Like trail-termites, at ead time step a unit of trail pheromoneis deposited. In addition to
being attracted towards trail pheromonethere is a small xed probability, b, that a nursing-termite
will make a random movemert ignoring pheromonegradients. This random movemert is necessary
in order to help prevent termites becomingtrapp ed in locations from which they are unable to
escape, e.g., locations from which there are no possiblemovestowards/away from the queen.

2.3 Wind

Wind was modelled in a deliberately simple manner, originating at a constart xed strength,

0< s< 1, from one vertical face of the lattice, travelling perpendicular 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, a;, to the adjacen,
down-wind, vertical cross-sectionaj+; . Wind strength in a;+; can be calculated in the following
manner. For every location, u in a;, calculate the number of locations in aj+; that sharean edge,
corner or facewith u and are empty of building material. Divide the strength of wind at u equally
amongtheselocations in a;.; , or (unrealistically) discard the value should no down-stream
locations be empty of building material. All boundary conditions were re ectiv e with the exception
of the down wind boundary throught which wind could passfreely.

In areaslacking building material, this approach will result in wind strength remaining
constart, asthe strength at ead location will be distributed evenly acrossdown-wind locations. In
areaswith obstructions, wind strength will increasenear exposedsurfaces,but be reducedin
\sheltered" areas,asthe wind o ws around the obstruction.



At ead location, wind transfers a proportion of pheromoneequal to its strength, s, to the
location immediately down-wind (unlessthat location is occupied by building material). While
wind can thus only carry pheromonein one direction, in combination with di usion, it is capable
of transporting pheromonearound structures e ectiv ely.

3 Results

Simulations were carried out to examine a range of scenarios,including those consideredin
previous models and novel situations intended to highlight the role of logistic constraints. This
allowed us rst to verify that the results of Deneubourg (1977) and Bonabeau et al. (1997)
extendedto three dimensions,and then to explore the extent to which they were a ected by
imposing a degreeof physicality on the interactions betweenbuilt structures, termites and
pheromones.First, pillar formation, wall building and dome completion were explored in the
context of a pheromonegradient establishedby a stationary queen.The in uence of wind on this
processwas examined. Then the tendency for a single o w of trail-termites to encouragetunnel
building, and for a pair of orthogonal owsto bring about a tunnel intersection were investigated.
Finally, we tested a mechanism for intro ducing and maintaining an entrance in a royal chamber
that is entirely dependart on the physical constraints imposedon pheromonesand termites by
built structures. This medanism involvesadding trail-la ying nursing-termites to the initial royal
chamber scenarioand relies upon interactions betweentrail-, cemen- and queen-pheromone-drien
behaviours. The results of theseinvestigations are preseried below and their implications discussed
in the subsequeh Discussionsection.

3.1 Royal Cham bers

The queen,represeried by one or more cortiguous blocks in the form of a rough half-cylinder, is
placed at the certre of the world in contact with the ground. Each block is a xed-rate sourceof
gueenpheromone.Throughout the simulation the queenremains stationary and is somewhat
equivalert to building material in that she obstructs the ow of pheromone,and impedes
movemert of termites, allowing them to climb over her though not to build on her.

The simulation is initially run for 1000time stepswithout 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 cortact with the ground, and the model
proceedsas described above. Unlessotherwise noted the simulations were run with 300 building
termites (n), a probability of block placemen (p) of 0.1, a pheromoneevaporation rate (v) of 0.1
and a pheromoneoutput rate (r) of 0.5.

Figures 3 and 4 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 ¢ distance from the queen.Subsequetly, thesepillars mergeto
form a wall that encirclesthe queen.Finally, the termites achieve a complete dome encompassing
the pheromonesource.In the absenceof any disturbance, termites achieve a roughly hemispherical
structure certred on the queen,that may eco the queen'sphysical shape if sheis large enoughin
relation to the dome (see gure 3). Howevwer, in gure 4 the shape of the chamber has been
in uenced by wind blowing from the upper-left face of the lattice. As a result, the chamber is not
certred on the queen,and is distorted in both it's horizontal and vertical pro le, e.g.,exhibiting a



Fig. 3. A royal chamber being constructed. Parameters: f = 400r = 0:5; = %;v = 01p=01n =
3006m = 5;s= 0.0

Fig. 4. A royal chamber being constructed under mildly windy conditions (wind emanatesfrom the upper-
left lattice edge). Parameters as gure 2, except: s= 0:15

steeply rising exposedface and a more gradually descending,sheltered, down-stream slope. At
higher strengths, wind can prevent a chamber from being completed successfully or even prevert
any construction from becomingestablishedat all.

3.2 Recruitmen t

The number of building termites usedin the construction of the royal chamber was varied while all
other parameterswere held constart. After 200 building stepsthe amount of material placed by
the termites was recorded. Figure 5 shows the results collected, averagedover ten runs. With low
numbers of termites the amount of work done per termite is relatively small. Howewer, as the
number of termites is increased,the amount of building work per termite increasesat an increasing
rate. With very high numbers of termites, work rate saturates. By contrast with models neglecting
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Fig. 5. A graph shawing the amount of work done per termite versusthe number of termites presert in
the simulation. Each error bar represerts the standard error from the results of ten replicates. Note the
geometric scaleon the abscissa.The sinusoidal shape is similar to that obserned in real termites (Bruinsma,
1979).

logistic constraints, theseresults are qualitativ ely similar to those obsened in real termite colonies
(Bruinsma, 1979).

3.3 Covered Walkw ay

A narrow ow of termites acrossthe world is introduced by allowing trail termites to enter at
ground level from certral locations along one lattice edge.Builder termites enter the lattice from
random edgelocations after 1000time steps. Figure 6 shows the resulting tunnel, partially formed,
and an internal view. Construction of the tunnel walls obviously precedescompletion of the roof.
At the end of the simulation the tunnel is straight, quite regular in cross-section,and clear of
obstructions. Notice that, unlike a previous model (Bonabeau et al., 1997), the trail and
distribution of trail pheromoneare not explicitly de ned, but arise from the ongoing activity of
trail termites.

In many casesthe nal tunnel formed exhibits a high degreeof aring at the far end.
Figure 7 shows the processthat causesthis. In the rst image a high-conceriration band of
trail-pheromone runs acrossthe world. The next four imagesdepict the formation of a secondary
side trail. This is causedby the presenceof building material along the sidesof the main trail. By
obstructing trail-termite  movemert, this material de ects termites that encourter it and
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Fig. 6. A covered walkway is constructed. Parameters as gure 2, save that a ow of trail termites has
beenintroduced: t = 10;c = 0:5. At eadc time step, betweenzero and 10 builder termites enter the lattice,
with probabilit y 0:5 per termite. The tunnel's interior is clear of obstructions, and the cross-sectionis quite
regular.

encourageghem to deviate from the certral trail. As tunnel walls beginto be constructed along
these side trails, more de ection of trail termites occursincreasingthe down-stream\ aring" of
the tunnel. The nal image shows the completed ared tunnel.

This aring is eliminated when building termites are constrained to enter from the same
locations as the trail termites. Figure 8 demonstratesthe formation of a tunnel under this
constraint. Building termites that enter from the samelocation asthe trail termites are \guided"
by the partially-built structure sud that the tunnel doesnot are. As rst the walls, and then the
roof are constructed, they funnel the building termites to the location at which building work must
occur next. Consequetly there are fewer piecesof stray material that might de ect trail termites
away from the trail. In addition by steeringthe building termites to the leading edgeof the
building areathere are fewer building termites available to place material near any side trails
which do form.

3.4 Tunnel Intersections

Two perpendicular o ws of termites are introduced, crossingat the certre of the ground plane.
Figure 9 depicts the cross-roadstructures that arise. Despite the potential for interferencebetween
trail pheromonesfrom ead trail, and betweenthe building work at ead tunnel (especially given
the stochastic rate at which both trails and tunnels are established), ead tunnel remains
unobstructed internally, and a working covered cross-roadjunction is achieved.

Figure 9 left depicts a scenarioin which builder termites always ernter the world from a
random location along the ground-level edgeof the lattice. The covered walkways that result
reliably exhibit a tendency to \m ushroom" at their down-stream ends. Constraining the building
termites to enter at the samelocations employed by the trail termites extinguishesthis tendency
(gure 9right) for the reasonsdescribed above. In both caseshowever, the interior of the tunnel
remains clear of obstructions.
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Fig. 7. Stagesin the construction of a covered walkway, viewed from above (o or in heavy tone; trail
pheromone in medium tone; building material in light tone). The tunnel formed is ared by de ected trail
termites. Seetext for explanation.
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Fig. 8. The construction of a non- ared covered walkway viewed from above. Parameters as previous gure.
Builders now enter from the samelocation as trail termites. Trail pheromone is again depicted in medium
tone.

Fig. 9. Two examples of cross-road formation. Parameters again as gure 2, save that two perpendicular
streams of trail termites are introduced: t; = 10;t, = 10;c = 0:5. At ead time step, between zero and 10
trail-termites enter the lattice, with probabilit y 0:5 per termite. Left| Builder termites enter from random
locations along any edgeof the ground plane. Some\ aring" of the down-stream sections of tunnel tends to
occur. Right| Builders enter from the sameentry points employed by trail termites. Flaring is suppressed.

3.5 Cham ber Entrances

Simulations of the construction of the royal chamber were run as described in section 3.1. The
simulation was modi ed to include a number of nursing-termites equal to the number of building
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Fig. 10. An example of entrance formation. Parameters as gure 2, except e = 300 (300 nurse termites are
added) (a) 50 timesteps: seweral (medium tone) pheromone trails between a certral queen and the lattice
periphery have formed (shown from above). (b) 500 timesteps: only two trails remain. (c) 500 timesteps: A
view from inside the dome. (d) 800 timesteps: only one entrance remains.

termites (300). In addition, the queenwas modi ed to be a point sourceto avoid biasing the
location of any ertrances that might form. Figure 10(a) shows the state of the world after 50
timesteps. The initially randomly distributed nursing-termites have self-organisedinto six trails
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Fig. 11. An example of the formation of multiple entrances. Parameters as previous gure, excepte= 300.
The added nursing termites move towards speci ¢ locations on the periphery of the world as evidenced by
(medium tone) pheromone trails.

from the queento the edgeof the world due to positive feedbad from the pheromonethat they
have laid. Figures 10(b) shows the samesimulation 450time stepslater. Competition between
trails coupledwith the tendency for builder termites to obstruct trails that are lessfrequertly used
has resulted in four of the trails being abandoned.Figures 10(c) shows the samesituation from a
viewpoint inside the dome. After 200 further time steps, only one of the ertrancesremains

(gure 10(d)).

Given that su cien t numbers of nursing-termites contin ue to follow a trail running
through a chamber entrance, the entrance will remain unobstructed inde nitely . As described
above, nursing termites have a slight tendency to move at random in order to help avoid situations
in which they becometrapp ed by built structures that prevent them moving directly toward/away
from the queen.Despite this tendency, nursing termites do occasionally spend signi cant amourts
of time struggling to circumvent obstructions. In somecasesthe number of \trapp ed" nursing
termites can grow, reducingtrac in and out of the chamber entrances. This can signi cantly
weaken the pheromonetrails leading in and out of the chamber, allowing building termites to
succeedin blocking all chamber entrances.

Although this method of entrance formation is capable of maintaining a single chamber
exit, royal chambers found in natural termite coloniesfrequertly have multiple entrances
(Bonabeauet al., 1997). However, with a slight modi cation the model also exhibits this behaviour,
asshown in gure 11.If nursing termites have speci ¢ destinations on the periphery of the lattice,
aswould be expectedin real termite colonies,there is the potential for multiple entrancesto form.
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Instead of attempting to merely move away from the queenin any direction, ead nursing
termite is given a speci ¢ destination on the periphery of the lattice. Figure 11 demonstratesthe
caseof two speci ¢ locations on the edgeof the world. If these destinations are separatedby a
su cien tly large angle, multiple entranceswill form (gure 11).

4 Discussion

The primary result exhibited by the model is that, pleasingly, the introduction of physical
limitations on pheromonedi usion and termite movemert have not prevented the construction of
structures suggestedby previous modelsthat neglectedsud logistic constraints (Deneubourg,
1977;Bonabeau et al., 1997). In addition to this veri cation of previous results, we have shovn
how this physicality can be exploited by termites in the construction of more e cien t or
sophisticated structures.

As reported by Deneubourg (1977), pillar formation can be driven by simple positive
feedbadk involving a cement pheromone.His results from one- and two-dimensional models built
on di erential equationscan be supported by our 3-d agert-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 3). Moreover, whereasthe formal models preseried rst by Deneubourg
(1977) and extended by Bonabeau et al. (1997) failed to exhibit the sigmoidal work-rate
ampli cation curve (see gure 5) characteristic of the stigmergic positive feedbad that drives
natural termite recruitment, the current model did exhibit a qualitativ ely equivalent relationship.

Our model also agreeswith predictions of Bonabeauet al. (1997) that the introduction of a
sourceof di using queenpheromonecan rst guide the construction of pillars and subsequetly an
encircling wall. Our results show that this processcan result in a fully-formed closedroyal 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, our treatment
of the third dimension also allows us to explore distortion to the elewation 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
theseresults by shawing that these structures tend to becomecovered walkways over time, and
remain clear of building material even when built structures have the potential to interfere with
trail laying termites (see gure 6). Previous speculation by Bonabeau et al. (1997) that two
intersecting trails could give rise to the formation of a cross-roadstructure are con rmed by our
model, which additionally demonstratesthat suc an intersection will not tend to becomeblocked
by building activity (see gure 9).

In addition to con rming work from previous models, our approach has generatednew
insights. First, and most generally, it is perhapsremarkable that the introduction of physical
constraints on termite motion and pheromonebehaviour did not more greatly disrupt the
structures achieved. It was possible,for instance, that the simple agerts that we modelled could
have found it dicult to complete a closedstructure suc as a dome, sincethose termites inside
the dome might have experienceda largely homogeneougpheromonedistribution, while those
outside may have beenconfusedby any pheromonethat spilled from the holesremaining to be
lled. Similarly, one might have imagined that asa tunnel wasformed and enclosedthe trail within
it, it would becomedi cult for trail pheromoneto escape, distorting the pheromonedistribution in
such a way asto interfere catastrophically with new building activity. Moreover, in the current
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model, when a piece of building material is placedit cannot be remaoved, meaning that, for
instance, should tunnel blockagesarise, they cannot be recti ed, making tunnel completion in such
situations impossible.It is of coursetrue that natural termites do pick up previously deposited
building material, however, the previous models that we are extending do not include this
behaviour. The impact of this additional activity thus remains an open question. Howeer, it is
interesting to note that our results demonstrate that \pic king up" behaviour is not required in
order to generatewell-de ned, obstacle-freetermite architectures. This is especially signi cant,
sinceresults from our replication of a previous model (Bonabeau et al., 1997) reported in section
1.2 suggestthat unwanted inactive material might build up acrossthe surfacebeing built upon,
interfering with the construction of tunnels and chambers.

In order to implement constrained movemert and di usion we intro duced an explicit third
dimension. This alone could have intro duced dramatic di erences betweenthe behaviour obsened
in our systemand in previous models. Climbing, for instance, plays no part in 2-d models, but is
important in the current work, sinceagerts must be able to reach a location in order to build
there. Despite this, all of the structures suggestedby the two relevant previous models were
achieved. However, the fact that, in our model, it is harder to reach somelocations than others
causesagerts to build more slowly in hard to reach placeslike roofs of structures, or the tops of
pillars, which require time consumingascens comparedto the walls which are at ground level.

Predictably, asthe strength of simulated wind increasedthe building processbecame
slower 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 ability of
newly-formed structures to recruit builder termites. Without wind, cemen 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 cemen pheromonecannot di use as e ectiv ely,
hampering the recruitment of up-wind builder termites. This ensuresthat mildly windy conditions
result in di erential construction activity.

Rather than being sewerely limited by the physical obstruction imposedby the results of
their own building behaviour, it appearsthat in somecasesthesee ects can increasethe e ciency
of the building work and prevent some\problematic" kinds of construction activity suc asthe
tendency for tunnels to \ aring” obsenedin gure 9. This \overbuilding" stemsfrom 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.These conditions lead
to building behaviour near the outer edgeof the trail \fan", which is ampli ed and ultimately
results in wide tunnel walls. By cortrast, where builder termites enter the lattice at the same
points asthe 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 movemert of builders, directing them to
the tunnel end and preverting 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.

Finally, a novel cortribution made by the model is to demonstrate the manner in which
multiple pheromoneprocessesan interact to maintain an entrance in a royal chamber both asit is
built and subsequetly. As the trails laid by nursing-termites compete with ead other for
followers, and the builder termites extinguish any trails that are unusedby obstructing them with
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building material, the termites cometo increasingly use a single entrance and in doing so prevent
it from being blocked by building work. This medanism relies critically on the ability of the
material being laid to obstruct both the movemen of termites and pheromonesand thus would not
have beendiscoveredin a model neglectingto include thesefactors.

4.1 Future Work

Currently, seweral aspects of the model are under-deweloped, or unexplored. Both the
implementation of wind, which currently cannot support swirling eddiesor any kind of badk- o w,
and the crude physics of construction, could be improved. The latter might bene t from an
approad similar to that taken by Funesand Pollack (1997) in their work on simulating Lego
structures. Currently, it is still possiblefor someunrealistic or impossiblestructures to be built. A
more sophisticated physics might encouragetermites to adopt more complicated strategiesin order
to achieve large-scalestructures.

As noted above, somelogistic factors have not beenincorporated into our model.
Currently, termites do not obstruct one another's movemert, and, unrealistically, are assumedto
occupy roughly the sameamount of spaceas a piece of building material. In addition, for reasons
of simplicity, we do not yet explicity model the tasks involved in discovering raw materials or
transporting them to the construction site. The signi cance of these factors remainsto be seen.

In general,the behaviour of the arti cial termites has a great deal of scope for
improvemernt. In particular the movemen rules for the nursing-termites are very simple, and can
lead to the termites becomingtrapp ed on the outside or inside of the dome. An improved
movemert algorithm would prevert this by allowing termites to pursue alternativ e routes when
their path was blocked.

There is, howewver, a more fundamertal problem with the behaviour of the termites. Due to
the lack of an explicit model of job allocation, se\eral di erent typesof termite are modelled, i.e.,
building, trail-follo wing, nursing, etc. However, in real termite coloniesit is unlikely that these
xed distinctions exist. Instead termites changeroles freely depending on environmental stimuli.
An important addition to the model would be to allow the termites to changeroles during the
simulation in a similar fashion, e.g., from building to nursing. In doing so, the model could be used
to explore the medanismsunderlying role switching in termites. It remainsto be seen,however,
how such dynamic role swapping could be implemerted.

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

5 Conclusion

In conclusion,we have shawn that physical and logistic constraints imposedon termite construction
by the results of their own building behaviour do not prevert the formation of seweral structures
reminiscert of natural termite architecture. Indeed, it appearsthat in somecasesthese constraints
are important or even necessaryin order for termites to achieve e cien t, e ectiv e constructions.
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6 Technical App endix

Here we include someadditional detail of the algorithm usedto simulate termite construction.
Where possible, this is represeried in pseudaode, and is anotated where appropriate. Our
implementations of di usion and wind are not described further here asthey are detailed in section
2.1 and 2.3, respectively. For parameter values, pleaseconsult the body of the paper (default or
represerativ e valuesare given in parentheses).

Main

Setup // Setup the termite world
loop P(= 500) times // Pre-construction loop of queenpheromonedi usion
Diffuse
Apply wind?
loop T(= 2000) times // Main termite construction loop
Diffuse
Apply wind?
loop m(= 5) times
Move building _termites, trail _aying _termites, nursing _termites
Build
Write _stats?

end

6.1 Setup

The termite world is represeried as a number of three dimensional matrices with dimensions

x(= 60), y(= 60), and z(= 60)|one matrix for eac pheromonedistribution and one for
represerting the location of building material. A list of N (= 100) building termites holds the
location of eat building agert. Similar lists held the locations of trail laying termites and nursing
termites where they were involved.

Before the algorithm enters the main loop, the ground is added, and, where required, a
gueentermite is added. Building termites, and, where needed,trail-la ying termites and nursing
termites are also given intitial locations at the edgeof the matrix, adjacert to the ground.

! This function is only called for scenariosin which wind is being simulated.
2 This function may be called lessoften in order to economiseon disk space.
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Mo ve Builders

where current numbuilding _termites, n, is less than N
add N n new building _termites
forevery building _termite
construct set of locations L neighbouring current location, ¢t
discard locations containing building material from L to give L°
discard floating” locations from L°to give L%?
discard inaccessible" locations from L%to give L0
if L%0js empty
remove building _termite from simulation
else
forevery element | in LO°%
calculate pheromone gradient from c to I, gcl*
select element | from L%Cwith probability %
draw random value r from a uniform probability  distribution [0; 1]
if gl<r
select new element | from L%Pat random
move building _termite to new location |
if | lies outside the matrix
remove building _termite from simulation

6.2 Mo ve_trail _laying _termites

As above, save that locations that are not \downstream" of the current location c are discarded
from L%%o give L9000

An elemert is selectedfrmo L%%With probability proportional to the assaiated trail
pheromonegradient. The algorithm then proceedsas described above for building termites.

6.3 Mo ve_nursing _termites

As descrived above for trail-la ying termites save that, when approadcing the queentermite, a
further subsetL %°%s constructed by discarding locations from L%%that do not lie in the direction
of the queen.When moving away from the queen,L °°%(s constructed by discarding those locations
that do lie in the direction of the queen.

Build

forevery building _termite
if pheromoneat current location, c, lies within appropriate range
place building material at c with probability p(= 0:5)

1 L may include locations that lie o the world matrix.

2 \Floating" locations are those cells of the world matrix not adjacert to a cell containing building material.
% \Inaccessible" locations are fully de ned in section 2.2.

4 Locations outside the world matrix are treated as containing zero pheromone.
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