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Collective Construction
Social insects build physical structures 
(nests, hives, mounds) that are impressive 
in their size and intricate functionality 
Swarms of robots that could build 
structures autonomously might be useful 
in these situations: 

Structures in hazardous environments 
(e.g. space, underwater) 
Ad hoc structures for emergency needs



Stigmergy

The term stigmergy was coined by biologist Pierre-Paul Grassé who was
an expert on termites. Stigmergy is indirect communication between
agents that takes place through modifying the environment and perceiving
the modifications made by other agents. Importantly, it is not that
messages are left from one agent to others, but that a change is made to
the environment that a↵ects the behaviour of other agents somehow
(Bonabeau et al., 1999).

Grassé developed his theory of stigmergy to explain the collective
construction of termite mounds, which are massive complex, and take
generations of termites to construct. He pictured the process like this...
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An example of stigmergy that we have already seen is in the construction
of cemetary clusters in ants. In Deneubourg et al.’s model for this
behaviour, the ants react only to the local density of objects (i.e. dead
ants), picking up isolated objects with high probability and depositing
them with high probability when the density is high (in or near a cluster).



Example: Termite Nest Construction

As we saw in the very first lecture, some termite species build massive
nests, which are intricately structured and detailed. It seems unlikely that
any one ant can be directed the others and it is also di�cult to understand
how an individual termite’s genetic blueprint can encode such complex
structures.
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In (Ladley and Bullock, 2005) some of the models proposed for termite
mound construction are summarized. In their own model Ladley and
Bullock focus on the following features of termite mounds:

The “royal chamber”, an open area surrounding the queen (an
immobile termite, many times larger than any other termite)

Tunnels that connect various chambers of the mound

Three di↵erent types of termite (a.k.a. castes) are involved: the queen,
builders, trail-followers, and nursing termites. Except the queen, real
termites can switch between these roles and others, but they are fixed in
the model.



Ladley and Bullock proposed that three di↵erent kinds of pheremones are
emitted:

Queen pheremone emitted by the queen’s body and detected by the
builders and used to set the boundaries of the royal chamber

Trail pheremone emitted by trail followers

Cement pheremone emitted by newly placed pellets



The virtual termites in this model have the following behaviours:

Builders
Builders come into the world carrying a pellet of material, looking for a
place to put it. Very similar to the cemetary cluster ants, they have a
probability of depositing their pellet that is proportional to the amount of
cement pheremone sensed. But they also sense queen/trail pheromone and
will only place their pellet if the level of these other pheromones is in a
certain range.
Once a builder places its pellet, it disappears and is replaced by a new
builder. This models the notion of the builder now leaving the scene to
obtain a new pellet of material.
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Trail Followers
Trail followers represent termites that are engaged in non-building
activities (e.g. foraging). They are attracted to trail pheromone and also
lay new trail pheromone as they move. They move in a random but
consistent direction across the world.
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Nursing Termites

The nursing termites are very much like the trail followers except that they
just move back and forth, away from the queen, then towards her. This
models delivering food to the queen and taking her larvae.
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In constructing the royal chamber, only builder ants are required.

LEFT: The queen pheromone restricts placement only to a certain range
of distances away from the queen (blob in centre). Initial random
placements seed the formation of clusters.

CENTRE: The clusters join and grow vertically.

RIGHT: A roof is eventually formed.



Wind is modeled as a force that shifts the pheromone. The incorporation
of wind simply elongages the structure.



The swarm works well when there are many other agents acting on the
environment, creating new oppourtunities for placement.



The creation of tunnels is a combined (but uncoordinated) e↵ort by the
trail followers who establish the trail and the builders who surround it with
material.



Here is the result of combinging the queen, nursing termites, and builders.
Multiple tunnels begin to radiate out from the royal chamber, but
eventually the nursing termites converge to two tunnels and the others are
closed in by the builders.



Why Build with 
Swarms?

Collective construction methods inherit the 
usual advantages of swarm robotics 

Scalability: Larger structure?  More robots! 
Fault-tolerance: Individual robots can fail, 
but the rest continue 
Robustness: Damage to the structure is 
repaired simply by continuing the 
construction process



Early Work: Blind Bulldozing
Parker et al (2003) took inspiration from ants that build 
circular nets in flat cavities between rocks (“rock ants”)



Early Work: Blind Bulldozing
There is little light to guide 
the ants 

“Blind bulldozing”: 
An ant pushes granules 
of sand until the force of 
pushing the material is 
too great 
The ant leaves what it 
was pushing (i.e. deposits 
it) then turns in a 
random direction



Blind Bulldozing Robots
Parker et al. programmed their simple robots with two 
basic behaviours: 

Move in a straight line, pushing whatever dirt lies 
ahead 
If resistance exceeds a threshold then turn by a 
random angle and resume pushing 

Shape of the nest is unaffected by the number of robots

III. NEST CONSTRUCTION BY REAL ROBOTS
Our experiments were carried out on a large flat surface

using one to four robot bulldozers and landscaping gravel
as a building material. Each bulldozer was outfitted with
a force sensitive plow and a collision sensor.
Our hypothesis is that an increase in population size

should increase the rate of nest construction, but not the
final nest size. Nest construction experiments were carried
out with one, two and four robots to test this theory.

Fig. 5. The initial state of a four robot experiment. Landscaping gravel
is spread evenly over a large square region with a clear circle of radius
0.6m in its center. The robots are placed in the clearing. The robots
employ the blind bulldozing strategy for two hours to build their nest
while being recorded by an overhead camera.

A square area, approximately 2.5m 2.5m, on the
floor of our lab was marked off with tape (no walls were
present). In the center of this square, we drew a circle
of radius 0.6m with a pencil. Landscaping gravel was
spread uniformly over the region inside of the square but
outside of the circle. The circle served as an initial nest
for our robots. However many robots were to take part
in a particular experiment were placed in the center of
the circular clearing, facing outwards. Our robots travel
at 20cm/s and have plows 20cm wide. A picture of the
starting state of our system can be seen in Figure (5).
The robots carried out blind bulldozing for two hours

and were recorded on video tape using an overhead
camera. The video data was analyzed by measuring the
area that had been cleared. The nest radii were plotted
vs time to view the rate of growth of the nests. Refer to
Figure (6) for a graph of our experimental results2.

IV. DISCUSSION
We have demonstrated the viability of our blind bull-

dozing algorithm for a group of decentralized robots. Our

2The scales on Figures (6) and (4) are different. This is because we
calculated Pn for our model using geometric approximations that became
inaccurate for nest radii below 2m, while starting radii of approximately
0.6m were the largest that we could accommodate in our lab.
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Fig. 6. Nest construction by real robots. This graph shows the average
radii of the nests being built by one, two and four robots vs time. Note
the similarity to the predictions that our model made about this system
in Figure (4). The growth of a nest is rapid initially because the nest’s
walls are thin. As the nest grows, its walls thicken and the rate of growth
slows.

attempts to model the behaviour of our robots led us to
what we feel is a novel approach to multiple robot system
modeling. What are the key aspects of the behaviour of
our system and how does our model capture them?
All of our experiments showed the same general be-

haviour: quick initial growth which slowed as a nest
enlarged. This makes good sense. Initially, a nest’s walls
are thin and easy to push back. The robots, which always
pushed with the same force, were able to move the walls
back less and less as they thickened. This behaviour was
predicted by our model. The initial shape of the nest was
preserved, too. Because the robots pushed the walls back
only a little at a time and because their pushes tended to
be equally distributed over the entire length of the nest
wall due to the randomness of the robots’ reorientations,
the initial nest shape simply swelled outward. Examine
Figure (7). This figure shows the final state of three of our
experiments. Here, we can see that both the circular nest
assumption and the assumption that the nest wall would
be of uniform thickness are well satisfied.

Fig. 7. Nests constructed by one, two and four robots after two hours.
The nest retained its initial circular shape and has uniform walls because
the blind bulldozers enlarge the nest by distributing their pushes against
the nest wall along its entire length.





A Termite-Inspired Robot 
Construction Team

Werfel et al (2014) have developed a technique 
allowing a group of robots to build any 
structure which satisfies these criteria: 

Composed of identical rectangular bricks 
providing alignment cues and attachment 
points 
Bricks stacked vertically 
Paths exist on the growing structure to 
support the movement of construction robots



acting together to build elaborate large-scale
structures, guided by reacting to the local situa-
tions they encounter. Such systems could enable
construction in settings where human presence
is dangerous or problematic, as in disaster areas
or extraterrestrial environments.

Engineering an automated construction sys-
tem that operates by termite-like principles rather
than human-like ones requires an ability to design
complex systems with desired collective behavior
(e.g., producing a particular user-specified build-
ing). The hallmark of complex systems of inde-
pendent agents (5–7) is unexpected collective
behavior that emerges from their joint actions,
not readily predictable from knowledge of agent
rules. If a specific collective behavior is desired,
no method in general is known to find agent rules
that will produce it.

We present a decentralized multi-agent sys-
tem for automated construction of user-specified
structures, thereby providing a solution to such a
problem of complex system design. An arbitrary
number of independent robots follow an iden-
tical set of simple, local rules that collectively
produce a specific structure requested by a user
(Fig. 1, C and D). The rules are automatically
generated from a high-level representation of the
final target structure and provide provable guar-
antees of correct completion of that structure. The
challenges associated with engineering a complex
system are addressed by using principles drawn
from social insects—in particular, indirect coor-
dination through manipulation and sensing of a
shared environment (stigmergy), and behavioral
regularities that constrain the space of possible
outcomes—which together make analysis and
execution tractable. We first present the theoretical
foundation for this work, followed by a physical

implementation with three independent robots
demonstrating autonomous construction.

The independence of individual robots stands
in contrast to other work on automating construc-
tion with single (8–10) or multiple (11–14) robots
with centralized sensing and/or control. Central-
ized systems that provide a global computing
authority and/or precise positioning information
during run time, in settings where such features
are feasible, can have advantages in aspects such
as efficiency and run-time flexibility. Conversely,
decentralization provides advantages including op-
portunities for greater scalability (no coordinating
authority that can become overloaded) and robust-
ness (no single point of failure).

We distinguish between two types of build-
ing processes (Fig. 2). A system may produce a
predetermined outcome, in which many possible
system trajectories all lead to the same guaran-
teed final state. Alternatively, variation during the
process may lead to a variable outcome, in which
the final state is determined during the course of
construction and can change if the process is
rerun. In the context of human construction, sin-
gle buildings are built via the first type of pro-
cess, in which the order of operations might vary
but the final result always matches a blueprint;
cities develop via the second type of process, in
which choices are contingent on previous deci-
sions such that many distinct results are possible.
Here, we focus on designing processes with fixed
outcomes, but also show how our system can be
used to generate structures that vary each time
robots construct them.

Our system design is motivated by the goal
of relatively simple, independent robots with
limited capabilities (15), able to autonomously
build a large class of nontrivial structures using

a single type of prefabricated building material
(solid “bricks”). We require a robot to be able to
move forward, move back, and turn in place;
climb up or down a step the height of one brick;
and pick up one brick, move while carrying it,
and attach it directly in front of itself at its own
level. Robots can build staircases of bricks to
climb to higher levels. Robots are limited to local
sensing, able to perceive only bricks and other
robots in their immediate vicinity. Information
about the current state of the overall structure and
the actions of more distant robots is not avail-
able. Robots obtain information aboutwhere bricks
have been attached only through direct inspec-
tion; after they leave an area, this information is
liable to become outdated as other robots modify
the structure. The structure, built from square bricks
in a nonoverlapping grid pattern, provides a ref-
erence that robots can use to keep track of their
relative movement around it. A single “seed”
brick, the initiation point from which the contig-
uous structure is built, provides a unique landmark.

We take an approach derived from the classi-
cally insect-inspired notion of stigmergy (2, 3, 16),
in which, instead of any explicit broadcast or one-
to-one communication between agents, all com-
munication is implicit via the joint manipulation
of a shared environment. In particular, we focus
on qualitative stigmergy (2) in which actions are
triggered by qualitatively different stimuli, such
as distinct arrangements of building material.
Robots in our system add bricks to the structure
in response to existing configurations of bricks.
In doing so, the rules they follow must be con-
structed in such a way that correct completion of
the target structure is guaranteed, despite stale
information about other parts of the structure, and
irrespective of the (potentially variable) number

Fig. 1. Natural and artificial collective construction. (A and B) Complex
meter-scale termite mounds (A) are built by millimeter-scale insects (B), which act
independently with local sensing and limited information. (C) Physical implemen-
tation of our system, with independent climbing robots that build using specialized

bricks. (D) System overview for building a specific predetermined result (Fig. 2, A
and C): A user specifies a desired final structure; an offline compiler converts it to a
“structpath” representation (Fig. 3), which is provided to all robots; robots follow
local rules that guarantee correct completion of the target structure (movie S1).
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The “structpath”
Werfel et al’s robots have the usual swarm characteristics: 

Local sensing 
No centralized control 

All robots follow the same rules 
To design a particular structure, the robots consult a 
special map called the structpath 
The structpath is compiled from a model of the desired 
structure
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ing). The hallmark of complex systems of inde-
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process may lead to a variable outcome, in which
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cess, in which the order of operations might vary
but the final result always matches a blueprint;
cities develop via the second type of process, in
which choices are contingent on previous deci-
sions such that many distinct results are possible.
Here, we focus on designing processes with fixed
outcomes, but also show how our system can be
used to generate structures that vary each time
robots construct them.

Our system design is motivated by the goal
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limited capabilities (15), able to autonomously
build a large class of nontrivial structures using
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munication is implicit via the joint manipulation
of a shared environment. In particular, we focus
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meter-scale termite mounds (A) are built by millimeter-scale insects (B), which act
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bricks. (D) System overview for building a specific predetermined result (Fig. 2, A
and C): A user specifies a desired final structure; an offline compiler converts it to a
“structpath” representation (Fig. 3), which is provided to all robots; robots follow
local rules that guarantee correct completion of the target structure (movie S1).
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The seed 
block (dot 
shown) 

provides a 
landmark 

for the 
robots and 
is used to 

guide their 
building: 

any single 
row is built 

in order 
according 

to distance 
from the 

seed

between robots is limited to each one yielding
to the one ahead of it in this physical loop.

Because robots may take multiple possible
paths through a structure, the ordering of the build-
ing process can occur in many different ways.

Accordingly, the structure will emerge in differ-
ent ways in different instances of building with
the same structpath, with intermediate structures
that may be observed in one instance but not
another; however, the agent rules guide the

process to always end in the same final structure
(movie S2).

In addition to this approach for producing
predetermined structures, the same robots can use
different local rules to build structures whose de-
tailed form emerges from the construction pro-
cess. Multiple structures built with the same
rules share qualitative features but differ in de-
tail. Such a rule set could, for example, be used to
generate a randomized street layout for a building
complex. Figure 2E shows an example of a hy-
brid system built by such a rule set (19), where
buildings chosen randomly from a set of pre-
defined types are positioned at the ends of lanes
of stochastically determined lengths. The robots
again use stigmergy to coordinate their actions;
for example, particular configurations of bricks
constitute cues to agree on which building type
should be constructed at the end of a given lane.

To demonstrate the feasibility of such a de-
centralized multirobot construction system, we
present a proof-of-concept implementation in hard-
ware (19) (Fig. 1C and Fig. 4). Design choices
were driven by the requisite primitive operations
that robots must perform: pick up a brick from a
cache; attach a brick directly in front of them-
selves; detect nearby robots; when on the struc-
ture, move forward one site (while staying at the
same level or climbing up or down one brick)
or turn in place 90° left or right; when off the
structure, circle its perimeter. For locomotion,
we equipped robots with whegs [hybrid wheel-
legs (22)], chosen for their empirical effective-
ness in climbing (23). Each robot is equipped with
seven active infrared sensors to detect black-and-
white patterns on the bricks and ground for
navigation; an accelerometer to register tilt angle
for climbing and descent; an arm to lift and lower

Fig. 3. Target struc-
tures and correspond-
ing structpaths. For each
predefined target structure
at left, the corresponding
structpath representation
at right is generated by
the offline compiler (19).
From top to bottom: a sim-
ple structure with a unique
structpath if the seed lo-
cation is given; the temple
of Fig. 2C, showing one of
many possible structpaths;
a structure enclosing inter-
nal courtyards. Sites in the
structpath are shaded ac-
cording to height (darker =
higher); a dot marks the
seed brick. Directions are
color-coded to clarify flows
(red, left; blue, right; green,
up; yellow, down).

Fig. 4. Hardware demonstration. Independent autonomous robots with purely onboard sensing collectively work on prespecified structures. (A) A castle-like
structure (movie S3). (B) A sequence of overhead snapshots building a branching structure (movie S4).
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Is this Cheating?  Is this SR?
Option 1: Yes. This work is not true SR 

This structpath sounds like a “master plan” that 
the robots carry out (i.e. instructions from above) 

Option 2: No. This work really belongs to SR 
The structpath is given to all robots at the 
beginning, and does not change---similar to the 
genetic programming of an animal 
It guides the robots much like traffic rules guide 
drivers, but it does not specify the exact 
behaviour of each robot



How Can We Tell?
If a collective construction system 
exhibits the desired properties of a 
swarm-based system, then we’ll call it 
SR

Partially (a broken robot 
could block construction)
Yes — At least to a degree 
(consider the movie that 

follows)

Yes



So...  Yes, the swarm can repair a damaged structure (assuming 
the damage doesn’t violate the construction constraints)
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