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Abstract. This paper demonstrates an implementation of a swarm robotics
construction system where the intelligence that coordinates construction
has been predominantly moved into an advanced building material, which
is capable of computation and local communication. Using comprehen-
sive simulation models based on real hardware, we investigate how we can
improve the efficiency and flexibility of the swarm robotics construction
system, validating our ideas experimentally.
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1 Introduction

In swarm robotics, groups of robots coordinate their actions by communicating
with their neighbors and by sensing and modifying the surrounding environ-
ment [5,7]. These interactions between the robots and their environment can
result in the emergence of useful collective behaviors. It is the goal of swarm
robotics researchers to understand how the individual robots in these swarms
can be programmed so that these collective behaviors not only perform a useful
task but do so in a way that is generalizable, scalable, and robust to disturbances
such as robot failures. If these characteristics can be realized in robot swarms,
this approach to robotics may be well suited to automating construction in hos-
tile environments. These environments are too dangerous for human workers and
may result in a high failure rate of robots and their supporting positioning and
communication infrastructure (e.g., due to excessive radiation).

From an abstract perspective, the goal of construction is to arrange mate-
rials in an environment into one or more structures with respect to a set of
constraints. For example, an ordering that ensures that the structure remains
stable during the entire building process. In the case of swarm robotics, these
constraints can be realized in terms of reactive rules that instruct robots to
perform construction actions in response to environmental stimuli. If these stim-
uli are defined in terms of the results of previous construction actions by other
robots, we say that the robots are coordinating a construction task through stig-
mergic communication [6,15]. This approach to construction has been applied by
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Allwright et al. to build a staircase using a single robot and a stepped pyramid
using four robots [1,2] and by Jones and Matarić to build 2D structures from
colored blocks [8,9]. A significant challenge in this approach, however, is find-
ing a set of rules that unambiguously map all intermediate construction states
to construction actions. The complexity of this set of rules increases with the
size of the structure and has necessitated the use of a compiler in similar re-
search [10]. Moreover, if we want to take advantage of the potential scalability
of swarm robotics systems by building in parallel, this challenge is exacerbated
since building in parallel imposes additional constraints on the set of rules in
order to guarantee that the structure is always in a valid state [4,14].

To work around these limitations, researchers have supplemented stigmergic
communication in a variety of ways. For example, Werfel et al. [16,18] use the
concept of extended stigmergy in their work on multi-robot construction. This
approach leverages a robot’s or a block’s ability to localize itself to simplify
the construction rules. The work by Sugawara and Doi [12,13] takes another ap-
proach and instead has the building materials guide the robots to where building
material should be added. In this paper, we extend the work of Sugawara and
Doi by investigating the advantages of using the building material to coordinate
construction in the more capable multi-robot construction system designed by
Allwright et al. [3]. This construction system consists of two components, a robot
called the BuilderBot and an advanced building material called the Stigmergic
Block. The experimental work in this paper has been completed using plugins
that have been developed for the ARGoS simulator [11]. These plugins provide
comprehensive models of the BuilderBot and the Stigmergic Block.

Our general setup of this construction system involves having the robots
use computer vision to identify the configuration of a structure by observing
the locations of its blocks and the colors of its LEDs. The robots then perform
construction actions such as attaching another block in response to certain con-
figurations of the structure. In the experiments where we extend the work of
Sugawara and Doi, we use the building material’s peer-to-peer near-field com-
munication to allow messages to be exchanged between adjacent blocks. By
enabling the routing of messages through intermediate blocks, we enable one
block to monitor the structure and to communicate directly with the robots by
changing the colors of the LEDs on one or more blocks.

The remainder of this paper is organized as follows. In the following section,
we describe two classes of construction algorithms that we use to coordinate
construction. In Section 3, we present three experiments that demonstrate how
the efficiency and flexibility of the building process can be improved and the
need to find complex sets of construction rules can be eliminated by enabling the
building material to coordinate its own assembly. Where possible, we compare
this approach with a solution in which the intelligence that coordinates the
construction resides exclusively in the robots. In Section 4, we discuss our results
from the previous section and highlight the advantages and disadvantages of
having the construction coordinated by the building material. We conclude the
paper by suggesting several directions for future work.



Hybrid Coordination for Swarm Construction 3

2 Construction algorithms

In this paper, we use two classes of algorithms for coordinating construction.
The first class of algorithms, referred to as the standard algorithms, is a gener-
alization of the approach used by Allwright et al. [1] and is used for comparison
with the second class of algorithms. This second class of algorithms is called
hybrid algorithms and represents the approach where most of the intelligence
that coordinates construction has been moved into the building material.

2.1 Standard algorithms

In the standard algorithms, construction is coordinated exclusively through stig-
mergic communication. The robots perform a random walk in their environment,
avoiding obstacles and searching for building material to attach to a structure.
The robots perform construction actions as a response to their observations of the
results of previous construction actions. In a standard algorithm, the robots are
provided with a look-up table that associates intermediate construction states
with construction actions. We assume here that the robots do not have access
to global information and can not sense the complete state of larger structures.
Therefore, an entry in this look-up table often does not contain the entire inter-
mediate construction state, but rather a subrepresentation of that state. This
subrepresentation corresponds to a configuration of blocks that can be reliably
detected by a robot. The robots use this look-up table and their sensor readings
to detect patterns of blocks in their environment and to execute the construction
actions associated with them.

In the case of a BuilderBot and a Stigmergic Block, we allow the robot to
change the colors of the LEDs on the Stigmergic Block just before attaching
it to a structure. Changing the LED colors on a Stigmergic Block, enables the
BuilderBot to detect patterns of blocks with its computer vision system more
reliably. After the BuilderBot has attached a block to the structure, the blocks
become passive and are unable to communicate with each other.

2.2 Hybrid algorithms

In a hybrid algorithm, the intelligence that coordinates construction is mainly in
the building material. Similar to the standard algorithms, the robots perform a
random walk in the environment, avoiding obstacles and searching for building
material that can be added to an incomplete structure. In a hybrid algorithm,
however, the robots do not have any internal representation of the structure
being built and rely on the building material for coordination.

In our system with the BuilderBot and the Stigmergic Block, construction
starts with a single root block in the environment. While in our experiments we
assign the role of the root block statically, it would also be possible to have one
or more robots assign this role to one or more blocks dynamically as a result
of environmental stimuli. The configuration of a root block in our current im-
plementation includes the entire target structure encoded as a rooted tree. The
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root block decomposes this rooted tree and sends only the required branches
to its children using peer-to-peer near-field communication (NFC). This process
continues until all blocks currently in the structure have received their configura-
tion. The non-root blocks in the structure continuously send data back to their
parents who then forward the received data back to their parents as a single
message until the root block has been reached. The root block coordinates con-
struction by using the LEDs on the blocks currently in the structure to directly
communicate with nearby robots as to where further blocks can be attached.

Although this paper focuses primarily on results from simulation, we have
successfully implemented a hybrid algorithm on the Stigmergic Block, whose
hardware is described in [3]. A video of this algorithm working on the hardware
(with blocks being attached and detached by hand) is included as part of the
supplementary materials for this paper4. In the following section, we describe
our experiments in simulation.

3 Experiments

In this section, we present three experiments that we have completed using the
models of the BuilderBot robot and Stigmergic Block in the ARGoS simulator.
These experiments aim to demonstrate the potential advantages of moving the
intelligence that coordinates construction from the robots to the blocks.

3.1 Dynamic construction paths

In the standard algorithms, the Stigmergic Blocks are unable to communicate
with each other, they can only be configured by a robot to display a certain
color before they are attached to a structure. The robots change the color of
the blocks as part of executing a construction action. The set of rules that maps
the intermediate construction states to these construction actions is generated
offline and downloaded into the memory of the robots before the system is de-
ployed. In contrast, the hybrid algorithms only require the root block to have an
internal representation of the structure which can be modified during construc-
tion. This capability enables a feature called dynamic construction paths. The
concept of dynamic construction paths is realized when two or more sequences of
construction actions can be selected during construction with respect to a con-
dition that can be detected by the root block (or one of the blocks with which
it is in communication).

In this section, we set up an experiment with a structure that can be com-
pleted by following one of four different construction paths. This structure is
shown in Fig. 1. If we ignore the orientation of the structure, there are four
construction paths that advance the state of the structure from what is shown
in Fig. 1a to Fig. 1c. That is, we can attach blocks (i) left and then right, (ii)
right and then left, (iii) front and then back, or (iv) back and then front.

4 Online supplementary material: http://iridia.ulb.ac.be/supp/IridiaSupp2020-004/
index.html
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In this experiment, the root block decides which path to follow by initially
indicating that a block can be attached to the top face of either the left, right,
front, or back block (Fig. 1a). Once a block has been attached to one of these
sites (and this information has propagated back to the root block), the root
block updates the illumination pattern to show the remaining valid attachment
site (Fig. 1b). After a robot has attached a block to this attachment site, the
structure is finished and the root block updates the illumination pattern again
to indicate that the structure is complete (Fig. 1c).

(a) (b) (c)

Fig. 1. Structure for demonstrating the use of a hybrid algorithm to dynamically select
construction paths. The root block in the structure indicates to nearby robots when
and where a block can be attached to the structure by setting the color of a valid
construction site to yellow.

Results from simulation. To demonstrate the concept of dynamic construc-
tion paths, we run an experiment to see if we can use the BuilderBot and Stig-
mergic Block to perform the aforementioned construction task. We model the
behavior of the Stigmergic Block firmware in ARGoS using a Lua controller
that allows callbacks to be executed while messages are being exchanged. This
model reflects the actual hardware with the exception that the firmware for the
real block is written in C++ and is interrupt-driven, while the code used in
simulation is written in Lua and uses polling to detect if a neighboring block
is attempting to exchange messages. The control software for the BuilderBot
robot is also written in Lua and uses a behavior tree architecture. An API for
the BuilderBot has been developed, which provides a library of behavioral sub-
trees and nodes for obstacle avoidance, picking up unused blocks, and attaching
them to structures following rules that have been defined in terms of patterns
of blocks that can be detected by the robot’s computer vision system.

The image on the left of Fig. 2 shows the robot approaching the partially
built structure. At this point, all four construction paths are possible. After the
robot has placed the block on the right-hand side of the structure, the root
block disables the LEDs on the right, front, and back blocks to indicate that
a block can now only be added on the left. The structure is completed by the
robot adding this last block to the structure as shown on the right of Fig. 2. A
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video of the complete experiment is included as part of the online supplementary
materials.

Fig. 2. Simulation results for the dynamic construction paths experiment. From left
to right: (i) a robot approaches a partially built structure and places a block on top of
one of the orange faces, (ii) the root block responds by selecting a construction path,
changing the illumination pattern, (iii) the robot places the final block in the correct
location to complete the structure.

3.2 Guided construction

In this experiment, we show how the hybrid algorithms can also be used to
guide a robot towards a construction site. This configuration involves partially
using the illumination pattern on the blocks to communicate the direction in
which a robot should go to reach a construction site. The motivation behind
implementing this mechanism is that in the standard algorithms, the robot tends
to spend a lot of time performing a random walk before it locates a construction
site where it can attach a block. The idea of using the building material to guide
robots towards a construction site is sometimes referred to as gradient following
and has been demonstrated before in a more abstract simulation by Werfel et
al. [17].

In our experiment, we consider a partially built structure consisting of six
blocks arranged in a line (Fig. 3a). To complete this structure, a robot must
place one block on the left and one block on the right (Fig. 3b). However, since
the perspective of the robot is quite limited it must discover these attachment
sites either through random walk or through gradient following.

We performed two variants of this experiment using a standard algorithm and
a hybrid algorithm respectively. The initial illumination pattern is the same for
both cases. For the standard algorithm, the illumination pattern of a block can
only be changed by a BuilderBot while it is being attached to the construction
site. The stages of construction using the standard algorithm are shown in Fig. 4.
At each step, the robot must perform a random walk until it can match an
orange-blue or a green-orange pattern which indicates that a block should be
stacked on top of the orange block. Upon approaching the initial structure, the
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robot can turn either left or right to reach a valid construction site (Fig. 4a).
However, upon approaching the structure for the second time, turning in one
direction will lead the robot to where it has already placed a block (Fig. 4b).
In this case, the robot must continue its random walk until it finds the other
construction site.

This scenario can be avoided by using a hybrid algorithm since the illumina-
tion pattern of the structure would be under the control of the root block and
can be updated in response to changes in the structure. In this case, instead of
defining patterns that the robot must match in order to find a construction site,
we use the following simple rules: (i) when an orange block is detected the robot
stacks a block on top of it, (ii) if a green block is detected the robot continues
its random walk after turning to the right, (iii) if a blue block is detected, the
robot continues its random walk after turning to the left.

The algorithm for the root block is as follows. Messages are continuously
exchanged with neighbors to recursively discover the blocks that have been at-
tached to the structure. For the initial structure, the root block illuminates the
blocks as shown in Fig. 5a. Once a block has been attached to the top of one
of the two orange blocks, the illumination pattern is updated so that the robot
will be guided in the direction of the final attachment site. In Fig. 5b, a block
has been attached to the left, so the illumination pattern changes to green to
indicate that a robot should turn to the right. Note that the last block on the
right remains orange so that the robot can apply its stacking rule to complete
the structure as shown in Fig. 5c.

Results from simulation. Using the same software components described in
the previous experiment, we have implemented the behaviors described in this
section using the ARGoS simulator. As shown in Fig. 6a, the robot approaches
the structure and (as a result of random noise) turns and attaches the block
to the right side. As the block is placed, it is detected successfully by the root
block which updates the illumination pattern of the structure to indicate that the
remaining construction site is on the left (Fig. 6b). The robot then approaches
the structure for a second time turning left under the guidance of the root block
and attaches its block to the left side of the structure (Fig. 6c).

To test our hypothesis that guided construction reduces the overall construc-
tion time with respect to what is possible with a standard algorithm, we com-
pleted five experimental runs for each approach. In each of these runs, the initial
position of the robot was the same and the first block was already attached to
the robot at the beginning of the experiment. The second block is automati-
cally added into the simulation at a random location once the first block has
been attached to the structure. The box plot in Fig. 7 shows that in all but
one experiment, the approach based on the hybrid algorithm outperformed the
approach based on the standard algorithm.
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(a) (b)

Fig. 3. Structure for demonstrating guided construction. (a) The initial state of the
structure is a line consisting of six blocks. (b) The structure is completed by placing a
block at each end of the structure.

(a) (b) (c)

Fig. 4. Construction of the structure in Fig. 3 using a standard algorithm.

(a) (b) (c)

Fig. 5. Construction of the structure in Fig. 3 using a hybrid algorithm to indicate
which way a robot should turn in order to reach a valid construction site.

Fig. 6. Simulation of building the structure in Fig. 3 with a hybrid algorithm to guide
a robot towards valid construction sites.
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5000 10000 15000 20000 25000 30000
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Standard
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Fig. 7. Distribution of the time taken to complete the structure in Fig. 3 using a
standard algorithm and a hybrid algorithm. The hybrid algorithm outperformed the
standard algorithm in all but one run.

3.3 Flexible construction

Implementing construction in a swarm robotics system using a standard algo-
rithm puts a heavy burden on the designer to come up with a set of rules that
unambiguously maps each intermediate state of a structure to a construction
action. This burden is only made worse when we want to design rules that facil-
itate flexible construction. For example, consider the structure in Fig. 8. If we
wanted to build this structure using the standard algorithm, we could constrain
the building process so that there is only one construction path that can be
followed, that is, there is exactly one construction action associated with each
intermediate state (Fig. 9). This constrained approach, however, may be ineffi-
cient, since a robot could approach a valid construction site but be prohibited to
attach a block due to the sequential nature of the mappings. In contrast to the
constrained approach, if we allow a building process where a robot can attach a
block to any valid construction site at any time, the number of possible interme-
diate states would increase rapidly. Even for the simple structure in Fig. 8, the
number of intermediate states would increase from three to seven. Finding the
unambiguous mappings between all of these intermediate states and construc-
tion actions that advance the building process while keeping the structure in a
valid state is at least difficult and may not be possible in general.

A hybrid algorithm can solve this problem since the root block can detect
when and where one or more blocks have been added to (or removed from) a
structure and can update the illumination pattern on the blocks accordingly.
Furthermore, in the case of a block being attached to an incorrect site, the root
block could detect the misplaced block and update the illumination pattern so
that nearby robots remove it, restoring the structure to a valid intermediate
state. In the final experiment for this paper, we demonstrate the construction of
the structure in Fig. 8 using the ARGoS simulator.

Results from simulation. We have implemented the construction of the struc-
ture in Fig. 8 using a standard algorithm for sequential construction with a single
robot (Fig. 10) and with a hybrid algorithm for a near parallel construction of
the same structure with three robots. Videos of both experiments are included
in the online supplementary materials.
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(a) (b)

Fig. 8. Candidate structure for flexible construction. (a) initial state of the structure,
(b) target state of the structure.

(a) (b) (c) (d)

Fig. 9. The structure in Fig. 8, can be built sequentially using a standard algorithm
to map the possible intermediate states of the structure (configurations of blocks) to
construction actions.

Fig. 10. Construction of the structure in Fig. 8 using a standard algorithm with a
single robot
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4 Discussion and conclusion

In this paper, we demonstrated the advantages of moving the intelligence that
coordinates a building process in a swarm robotics construction system from
the robots and into the building material. We referred to these algorithms as
hybrid algorithms and compared them against solutions where the intelligence
that coordinates construction was in the robots, namely the standard algorithms.

Although the experiments in this paper show that the hybrid algorithms can
make construction more flexible and efficient and can put less of a burden on the
system designer, there are some important trade-offs that must be addressed.
The first trade-off is the increase in complexity of the building materials, which
can no longer be passive but now have to be capable of computation and local
communication, which increases the cost and necessitates a source of power.
This trade-off, however, is not so unreasonable considering recent developments
in smart label technology where NFC communication, small micro-controllers,
and lithium batteries can be combined into cheap flexible tags that could be
attached to building materials in an automated construction system.

The second trade-off that must be considered is that a hybrid algorithm uses
a root block in the structure to coordinate its construction, introducing a form of
centralized control which may be undesirable since (i) it is a potential bottleneck
in terms of computational and communication throughput and (ii) it creates a
single point of failure in the system. We believe, however, that it is feasible to use
centralized control in a swarm robotics construction system without negating the
benefits of decentralized control as long as the following conditions can be met:
(i) the role of the centralized controller can be transferred to another unit in the
case of hardware failure and (ii) the centralized controller can partially delegate
its authority to other units so that it is not a computational/communication
bottleneck in the system. In future work, we intend to investigate the scalability
and fault tolerance of the hybrid algorithms and to validate the experiments
presented in this paper using real robots.
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6. Grassé, P.P.: La reconstruction du nid et les coordinations interindividuelles
chezbellicositermes natalensis etcubitermes sp. la théorie de la stigmergie: Es-
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