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Abstract
Collective behaviour in nature provides a source of inspiration to engineer artificial collective adaptive systems, due to their 
mechanisms favouring adaptation to environmental changes and enabling complex emergent behaviour to arise from a rela-
tively simple behaviour of individual entities. As part of our ongoing research, we study the social amoeba Dictyostelium 
discoideum to derive agent-based models and mechanisms that we can then exploit in artificial systems, in particular in 
swarm robotics. In this paper, we present a selection of agent-based models of the aggregation phase of D. discoideum, their 
corresponding biological illustrations and how we used them as an inspiration for transposing this behaviour into swarms 
of Kilobots. We focus on the stream-breaking phenomenon occurring during the aggregation phase of the life cycle of D. 
discoideum. Results show that the breakup of aggregation streams depends on cell density, motility, motive force and the 
concentration of cAMP and CF. The breakup also comes with the appearance of late centres. Our computational results 
show similar behaviour to our biological experiments, using Ax2(ka) strain. For swarm robotics experiments, we focus on 
signalling and aggregation towards a centre.

Keywords Multi-agent models · Self-organisation · D. discoideum · Quorum sensing · Swarm robotics · Kilobots

1 Introduction

The work reported in this paper is part of a larger research 
project, in which we aim at deriving engineering principles 
inspired by Dictyostelium discoideum to develop collective 

adaptive artificial systems, (e.g. swarm robotics) [27, 30]. 
During the transition from growth to development, the abil-
ity of D. discoideum cells to switch from a unicellular mode 
of life to a multicellular entity makes it an ideal organism 
to analyse social and self-organised behaviours and differ-
ent levels of emergent properties: first- and second-order. 
First-order level of emergent behaviour refers to swarm-
like behaviour, where the emergent properties arise from 
the collective behaviour of individual entities. We observe 
this behaviour during the aggregation phase (e.g. streaming) 
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of D. discoideum lifecycle. Second-order level of emergent 
behaviour refers to individual entities, organising themselves 
into “super-organisms”, themselves displaying a swarm-like 
behaviour. We observe this behaviour during the migration 
phase of D. discoideum lifecycle, where slugs behave like 
swarms, while each slug is composed of cells each retaining 
their individual behaviour, which produces the swarm-like 
behaviour of the slugs. The key behaviours are cell prolifera-
tion, cell-cell adhesion, signalling via extracellular factors, 
cell death, and cell differentiation as well as differential cell 
movement, or stream-breaking.

In previous works, we analysed D. discoideum life cycle, 
and provided two agent-based models: (1) streams formation 
and centres establishment based on six chemical signals [28] 
and stream-breaking [31] during the aggregation phase; (2) 
a second model focusing on the slug migration phase of D. 
discoideum, highlighting slugs locomotion, phototaxis and 
slugs’ merging [29].

This paper provides a selection of models, their bio-
logical illustrations and swarm robotics experiments for the 
aggregation phase (first-order emergent behaviour), namely: 
stream-breaking phenomenon, and swarm robotics aggrega-
tion towards the centre. The complete sets of models, results, 
biological validation and swarm robotics experiments can 
be found in [26].

We first briefly review the life cycle of D. discoideum in 
Sect. 2, and summarise related works in Sect. 3. We then 
focus on our new model of the aggregation phase, tackling 
stream-breaking occurrence in relation with cell motility 
and resistance and the appearance of late centres in Sect. 4. 
Simulations, results and biological illustrations can be found 
in Sects. 5 and 6, respectively. We then show how to trans-
pose some of this behaviour into swarm robotics in Sects. 7 
and  8. Finally, Sect. 9 concludes the paper.

2  D. discoideum life cycle

Dictyostelium discoideum is a eukaryote, a social amoeba, 
that feeds on bacteria in the top few centimetres of soil and 
multiplies by binary fission. The remarkable feature of these 
cells is that food exhaustion triggers a relatively simple pro-
gram of multicellular development, to which the starved 
cells switch their behaviour to in order to survive. This 
multicellularity in many ways resembles animal develop-
ment [5]. This ability consists of self-aggregation, dynamic 
self-assembly, and self-disassembly. Figure 1 illustrates the 
different stages of the D. discoideum life cycle. In the veg-
etative phase, individual amoeba move around on their own 
grazing food.

First-order emergent behaviour Once the food is scarce, 
cells gather in response to cAMP signals, which emanates 
from the centres. Centres are pacemaker cells which begin 

spontaneously to secrete cAMP. Once D. discoideum cells 
receive the cAMP signal, they start to relay it and aggregate 
chemotactically towards the higher cAMP concentration area, 
which has a locally higher cell density [10].

Cells migrate forming patterns, very similar to veins or 
branches; this phenomenon is called streaming (aggregation 
phase).

Transition phase Afterwards, streams aggregate and form 
a hemispherical mass, which is called mound. During this tran-
sition phase, cells start to differentiate into several different 
cell types, e.g., prestalk cells which will make the stalk and 
the basal disk, upper and lower part of the fruiting body; and 
prespore cells, which will transform into spores.

Second-order emergent behaviour After aggregation 
and mound formation, the cells make a coherent and cohe-
sive organisation, which is enclosed by the slime sheath. This 
superficial morphology is similar to a slug without organs. 
The multicellular organisation displays phototaxis and thermo-
taxis behaviour. These two sophisticated slug characteristics 
lead the cell mass upward towards the surface of the soil in a 
coordinated way [3, 4]. Additionally, at the migrating stage of 
D. discoideum life cycle, slugs which consist of up to 1E + 
5 cells [6] show unique movements without any muscles or 
nerves. Usually, after about 24 h, the cell mass transforms into 
a new organisation called a fruiting body consisting of a globe 
of spores on top of a slender cellular stalk. It holds the spore 
mass off the ground, for optimal spore dispersal [4]. Eventu-
ally, this complex multicellular organisation disperses again, 
spores germinate, each releasing a new amoeba. At this point, 
the cells resume their individual behaviour.

3  Related works

3.1  Aggregation phase

In the field of cell biology, researchers have tried to explain 
the phenomenon of vein-like streams in D. discoideum 

Fig. 1  Schematic diagram of D. discoideum life cycle
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aggregation phase. For instance, Kriebel et al. works [16, 
17] illustrate the results of a set of experiments, which study 
the relationship between the localisation of cAMP and 
stream formation. They also demonstrate the polarisation 
and directed migration of cells as a result of asymmetrical 
distribution of adenylyl cyclase (ACA) at the back of cells.

Several models describe the aggregation phase of D. dis-
coideum with formation of cAMP waves [20, 22, 24]. Each 
model has a distinct explanation for the homogeneity and 
the generation of aggregation waves. Mackay [21], Vasieva 
et al. [41], and Van Oss et al. [40] describe discrete mod-
els, where each cell has three status: sensitive, refractory 
and rest. “Local excitation and global inhibition” is used 
to model the intracellular gradient of chemical secondary 
messengers that result from the sensing by D. discoideum 
of an extracellular gradient of chemoattractant [18, 19, 25]. 
This translation of an external chemical cue into an internal 
gradient leads to cell polarisation in the direction of motion.

Compared to these models, we provide here a novel, inte-
grated model that starts from pre-aggregation and goes up 
to streaming and stream-breaking processes using the cells’ 
ability to detect and to respond to cells’ local density. The 
model makes use of the most significant signals released 
by the cells, PSF, CMF, Adenosine, PDE, CF and cAMP. It 
brings in a series of quorum sensing algorithms for decen-
tralised collective decisions based on various gradients pro-
vided by the above signals.

Dallon et al. [8] mathematically modelled the effects of 
CF using two different models: a cellular automaton model 
and a discrete continuum hybrid model. Kessler and Levine 
[13] proposed a discrete and straightforward model to pro-
duce and sense cAMP for each cell, which is successful in 
stream-formation. Each amoeba is considered as a simple 
component and the cell’s behaviour is simulated by a kit of 
simple rules. This model has been used later by Alameida 
et al. [1]. The main goal of their model is to lead to the emer-
gence of self-organising intricate regular patterns. None of 
these models uses a combination of signals and their effect 
on cells density, on the motive force of individual cells, on 
late centres emerging to evade the establishment of unrea-
sonably large fruiting bodies, and finally on stream-breaking.

3.2  Swarm robotics

Yu et al. [43] present a bio-inspired hierarchical approach for 
distributed multi-agent systems, implementing an implicit 
leadership algorithm inspired by Couzin et al. [7].

Swarmanoid [9] is a decentralised system exhibiting self-
organised behaviour. In this project, researchers go beyond 
state of the art in swarm robotics by developing a heteroge-
neous swarm robotic system made of many robots of dif-
ferent types.

Mathews et al. [23] introduce a new concept of robots 
with mergeable nervous systems (MNS robots). The main 
goal is to provide components of centralisation in the organi-
sation of a robot swarm without wasting the advantages of 
self-organisation. Thus, in their work, they present a swarm 
of self-assembling robots, which operates in two dimen-
sions. Based on their work, when robots physically dock, 
they share a joint architecture for sensing the environment 
and for the decision-making process. They call it the robot’s 
nervous systems, where one robot acts as a brain unit to 
make the decisions.

Other swarm control strategies we can mention are: the 
trophallaxis inspired strategy [34] and the vector-based 
approach [37]. Through the ‘LaRoSim’ multi-agent simula-
tion platform, the authors simulate a scenario of collective 
cleaning task. The simulated robots are designed accord-
ingly to the capabilities of the real JASMINE [14, 15] and 
I-SWARM [35] robots.

Valentini et al. [38, 39] propose an iterative strategy to 
tackle the best-of-n decision problem in a swarm of robots. 
Each robot examines all available choices, measures the 
quality of each option. Then, the robot makes an autono-
mous decision and broadcasts the decision to its neighbors. 
Finally, the authors implement decision-making strategy 
using a swarm of 100 Kilobots to evaluate its robustness. 
The strategy involves the motors, the light sensor, and the 
infrared system of the Kilobots.

Research in swarm-robotics investigates various organisa-
tions, from centralised or hierarchic, to decentralised ones, 
with homogeneous or heterogeneous robots, aiming at vari-
ous activities (solving specific tasks or decision problems). 
We are interested in the full process from identifying first- 
and second-order emergent behaviour in natural systems 
and how to translate them into artificial ones, e.g. swarm 
robotics.

4  First‑order collective behaviour: 
agent‑based model of stream‑breaking

In previous works, we modelled the amoeba cells aggrega-
tion using a self-organised model for first-order collective 
behaviours [28, 29]. The model considers two fundamental 
and essential factors giving rise to streams of cells. First, 
regular cells relay the cAMP signal during early aggregation. 
The second factor is that cells move up the chemical gradient 
from low cAMP concentration to a higher concentration. 
This directional locomotion of cells towards a source allows 
the small initial variations in density to be strengthened.

Figure 2 shows the increasing levels of cAMP thresh-
old regulating respectively the appearance of centres, the 
relay of cAMP by regular cells and the chemotaxis threshold 
inducing cells movements and streaming [42]. Chemotaxis 
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in D. discoideum is the movement of the amoebae towards 
a higher concentration of a chemical (usually towards the 
source of a gradient), which in starving D. discoideum is 
cAMP.

4.1  Streaming and stream‑breaking

Our main intention is to complete our previous first-
order agent-based model [29] and further investigate the 
stream-breaking process. In particular, we are interested 
in understanding the process of late centre formation and 
how, together with the forces involved in the motion of the 
cells, it is linked with the stream-breaking phenomenon. As 
illustrated in our previous work [29], the model shows first 
that the system is capable of producing streaming once cell 
movement is triggered, and second, it displays waves of cell 
movement during the D. discoideum aggregation phase. 
This paper shows that the stream-breaking phenomenon is 
augmented and sustained by the capability of cells to relay 
the cAMP signal to their local neighbours. It also shows 
the relationship between cAMP, CF and motive force. Dur-
ing the aggregation phase, when cells aggregate towards a 
source, the moving cells change their location towards an 
area, which has a locally higher cell density. Therefore, the 
density of the cells in those areas increases. Consequently, 
they attract additional cells. Cells at high-density produce 
more CF, which in combination with motive force causes 
stream breakup.

Our model integrates three main elements: (1) modelling 
of the force involved in the movement of the cells (motive 
force) and resistance of cells; (2) quorum sensing—identify 
threshold of concentration of cAMP, below which cells start 
losing motive force, and threshold of CF, above which the 
cell-intrinsic resistance increases because of the high density 
of cells; (3) emergence of late centres further attracting cells.

Quorum sensing In our model, individual cells use quo-
rum sensing to collectively identify cAMP and CF threshold 
to compute the motive force.

Late centres At high cell density, aggregation streams 
break into smaller groups towards an aggregation centre 
[12]. In some cases, these groups then form a separate fruit-
ing body, and in some others, they merge again with a more 
significant aggregation mass. We call these centres, “late 
centres”, because they start signalling as centres much later 
in the process.

Motive force (mf) ach cell is capable of moving against 
its own intrinsic resistance, using the motive force, gener-
ated by the collective of cells attracted to cAMP.

We treat the motive force of individual cells as a func-
tion of time and of the concentration level of cAMP. Cells 
that sense the same amount of concentration of cAMP 
generate the same motive force (P1). Using the concentra-
tion of CF, the local density of cells changes the resistance 
force (P2) in the streams (Eq. 1).

Here CcAMP denotes the value of concentration of cAMP, 
which varies based on the distance from the centre. CCF is 
the value of the concentration of CF, which has different 
values in different cell densities. The constant coefficients 
� and � are used to calculate the P1 and P2 respectively, for 
each cell, and � is the constant coefficient for time. When 
the concentration of cAMP is greater or equal to Tpulse , the 
motive force is linear to the concentration of cAMP. If the 
concentration of cAMP is less than Tpulse , the motive force 
value decreases in each time step.

Eventually, the streams start to make a gap (see Fig. 3), 
and it breaks, if in a cell, the motive force is smaller than 
the resistance force of the cell P1 < P2.

Algorithm 1 : Stream-breaking
1: procedure ENGINE OF MULTI-AGENT SYSTEM

2: Create n cells in random positions
3: � n: population size
4: for cellid = 1 to n do
5: Execute the pre-aggregation model for an individual cell

6: end for
7: Save cells locations and concentration of CMF in a file.
8: cAMP releasing queue = empty � a dynamic array
9: for t = 0 to tmax do � t: engine time
10: for cellid = 1 to n do
11: Execute the aggregation model for an individual cell

12: Execute the stream-breaking model for each cell (Fig. 4)

13: end for
14: Update cAMP releasing queue
15: end for
16: end procedure

(1)
P1t

=

{

𝛼 ∗ CcAMPt
, if cAMP ≥ Tpulse

mft−1 − 𝛽 ∗ t, if cAMP < Tpulse

P2t
=𝜔 ∗ CCFt

, see Table 1 for initial values

Fig. 2  Different levels of cAMP thresholds

Fig. 3  (a Stream formation and stream breaking of Ax2(ka) cells; b 
rpresentation of stream-breaking mechanism: one centre (red) and 
200 attracted cells (blue)
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Algorithm 1 delineates the individual cells behaviour 
for stream formation. We updated our previous model 
with a stream-breaking behaviour using the three elements 
above (quorum sensing, the motive force and late centres), 
described explicitly in Fig. 4.

5  First‑order collective behaviour: 
simulations and results

In our model, each cell measures the local concentration of 
cAMP and responds by moving towards the source of the 
spatial gradient, when the concentration of cAMP is above 
the threshold of 1E–9 nM, as specified in Table 1. We use a 
diffusion-based model to simulate cAMP and other chemical 
factors. The concentration of cAMP decreases away from the 
source and is degraded by PDE as it diffuses away.

The basic algorithm of the program is shown in Fig. 4 and 
Algorithm 1. The model does include simple chemotaxis 
towards nearby groups of cells. The two parameters: cell 
density and the position of early centre (randomly chosen) 
were modified in each simulation to examine the influence 
of these changes on the final number of aggregation territo-
ries. Five typical examples of our simulation results can be 
seen in Figs. 5, 6, 7, 9 and 10. In these examples, there were 
1000 starved cells in blue and one spontaneous signalling 
cell in red. The movies are available on-line on the project’s 
website1.

5.1  Stream‑breaking: emergence of late centres

When cell density in a stream becomes too high around an 
early declared centre, the concentrations of cAMP and CF 
increase. Using quorum sensing, cells identify when the den-
sity threshold is reached, and whether potential late centres 

are needed. Depending on locally perceived (low) concentra-
tions of Adenosine and CMF, a cell may decide to turn itself 
into an aggregation (late) centre (see Figs. 5, 6, 7, 8, and 10).

Stable and unstable late centres After stream-breaking, 
two different kinds of aggregation (late) centres can emerge: 
the stable centres and the unfixed centres. In most of our 
simulations, the late centre and the group of cells around 
it are not stable. The cells and even the late centre are still 
attracted to the stronger group, and they still move towards 
the early centre (see Figs. 5, 6). In experiments with more 
cells, we observed that the late cell mass moves in a slower 
manner towards the early centre (Fig. 8 with 4000 cells).

In other cases, when there are enough cells around the 
late centre and it is far enough from the early centre, the late 
centre is mostly stable. In this case, the cells are attracted 
more to the late centre see Fig. 7, 10).

5.2  Stream‑breaking: no emergence of late centres

During stream-breaking phenomena (Fig. 9), cells make a 
late cluster by gathering somewhere far from the early cen-
tre, but no late centre appears. There might be two explana-
tions for this lack of late centres appearance: 

1. In aggregation territories, Adenosine is diffusing out-
wards from the early formed centres, which prevents the 
formation of late centres.

2. The reason also could be insufficient number of cells in 
this cluster to cause any of the cells to declare itself a 
late centre spontaneously.

5.3  Initial conditions

Table 1, inspired by Mackay works [21], illustrates the ini-
tial values of parameters, which were used and explained in 
more detail in our previous work [29].

6  First‑order collective behaviour: 
biological illustration

To investigate the biological relevance of the simulated 
behaviours and the resulting emergent properties, a range 
of biological experiments were carried out in parallel. 
Dictyostelium discoideum, strain Ax2(ka) [2], was cul-
tured in Petri dishes (Corning, 100 × 20 mm) at 22◦C in 
H5Lc medium. The developmental cycle was initiated by 
exchanging the culture medium with the SorMC (15 mM 
KH2PO4 , 2 mM Na2HPO4 , 50 μ M MgCl2 , 50 �M CaCl2 , 
nominal pH 6.0) non-nutrient buffer, concomitantly with 
the plating of 2 million cells on a thin layer of 3 mm of 

Fig. 4  Stream-breaking model for each individual cell

1 https ://www.unige .ch/cui/cas/resea rch/dicty 

https://www.unige.ch/cui/cas/research/dicty
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Fig. 5  Stream-breaking: 1000 normal cells, one early spontaneous centre—late centre formation appears in d, however, the late centre is not a 
stable centre

Fig. 6  Stream-breaking: 1000 normal cells, one early spontaneous centre—late centre formation appears in d, however, the late centre is not a 
stable centre
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BactoAgar (2% in SorMC) in an ibidi glass-bottom dish 
(ibiTreat “ μ-dish 35 μ m high”, 35 × 12 mm). The cells 
were imaged using differential interference contrast 

microscopy with a Leica DMI8 widefield microscope ( 10× 
objective, tile scans of 10 × 10 field of views, one image 
every 5 min) for up to 18 h (see Fig. 10).

Fig. 7  Stream-breaking: 1000 normal cells, one early spontaneous centre—in d, a late stable centre appears

Fig. 8  Stream-breaking: 4000 cells, 2 early centres—in d a late centre appears, it is not stable and moves slowly towards an early centre
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Fig. 9  Stream-breaking: 1000 normal cells, one early spontaneous centre—in this experiment, there is no late centre formation. Thus, the small 
group is still attracted to the bigger group. The two groups merge together in f 

Fig. 10  Stream-breaking: 1000 normal cells, one early centre— late stable centre appears in d 
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We observed the complete developmental cycle start-
ing with the unicellular amoebae and covering stream-
ing, mound formation, slug motility and culmination in a 
fruiting body. Stream-breaking occurred both along linear 
streams and preferentially where streams join, resulting in 

the formation of similarly sized and spaced late centres and 
mounds (Fig. 11). Similar streaming and stream-breaking 
behaviour were also visible in our simulations.

Late centres resulting from stream-breaking often 
remained stable, formed independent mounds, and then 
progressed through the final stages of the developmental 
cycle (Fig. 11). Analogously, stable secondary centres were 
also observed in simulations (Figs. 7, 10). In some circum-
stances, the late centres gave rise to unstable mounds which 
dispersed again into streams and subsequently merged with 
other attracting stable mounds (Fig. 12). Analogously, such 
unstable secondary centres that merge with a primary centre, 
were also observed in simulations, (see Figs. 5, 6, and 8).

7  Swarm robotics

We illustrate the transposition of the various models to an 
artificial system made a Kilobots and results we derived 
from D. discoideum, namely: the robot-robot interaction, 
synchronisation, leader selection, aggregation toward a 
selected centre.

Kilobots [32, 33], with a diameter of 3 cm, were devel-
oped at Harvard University’s Self-organising Systems 
Research Lab. The main goal was to serve the need for actual 
experimentation and confirmation of collective algorithms 
in self-organising systems.

To program Kilobots, we use an overhead infrared trans-
mitter instead of plug-in cable, which allows us to program 
all the Kilobots collectively once in a time. Kilobots use a 
pair of vibration motors for stick-slip motion, a reflective 

Table 1  Simulation initial parameters [21]

Parameter Initial value

No. of molecules release by each cell 1E + 7

Diffusion constant of cAMP 9.7×1E–6 cm2/s
�0 1E–10 s
TRelay , TChemotaxis 8 × 1E − 9M , 1E − 9M

TPulse 9 × 1E − 9M

Delay for relay 15 s
Refractory period 10–3 min
Refractory period for chemotaxis 100 s
Chemotaxis step 20 μ m in 100 s
Random motion speed 5 μm/min
Area 4E–3 × 4E–3
Late centre formation, 2 × 1 − 6

cAMP threshold 1E–9 M
Adenosine threshold 1E–5 M
CF threshold, CMF threshold 1E–5 M, 1E–5 M
Released adenosine molecule 3×1E + 3
Max time simulation, t  3 × 60 × 60,    6 × 60

Each time step Equals to 1 min
�, �, �  1E−2,   1,   9 × 1E−3

Michaelis–Menten constant for PDE Km

Maximum activity of PD Vmax

Fig. 11  Streaming and stream-breaking. Cells polarise in streams 
(13:50–14:30), subsequent stream-breaking and formation of simi-
larly spaced and sized mounds along the stream and stream junctions 

(15:10–16:55). Time after onset of starvation is indicated at the bot-
tom left [hh:mm]. Scalebar: 500 μm
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infrared LED, and distance sensing to communicate with 
other robots in their neighborhoods. Communications are 
transmitted by pulsing messages in a range of 10 cm [32] 
by infrared LED, which enables the robot to get information 
uniformly from all directions. All the neighbors in the range 
from any direction can receive the emitted light, which has 
been reflected by the surface. Sensing measured distances 
between neighbors as location feedback helps the robot 
movement to be relatively correct.

A Kilobot can determine the distance to the message 
sender based on the signal strength but not the direction 
change. The infrared receiver assists robots to continuously 
collect and observe the signal strength to determine the 
neighbor positions [11].

During this project, all the programs for Kilobots are 
written in the C programming language. To transfer the code 
to a group of self-organised Kilobots, an overhead infrared 
controller is used, which is connected to the computer by a 
USB port. After sending the code to the robot, they down-
load the program. Then, the program begins, and the same 
autonomous act initiates with no other communication from 
the computer. Kilobots computing capabilities are limited, 
experiments focus on limited parts of the behaviour, and are 
studied one at a time.

Functions and complexity Different single functions are 
used to control the movement and RGB LED, for example, 
communication with neighbors, movement direction (right, 
left, straight), blinking after a specific time. The complex-
ity of the program depends on the number of sent messages 
from the robots to each other.

Communication In all experiments, messages are sent 
every 0.5 s. The message contains 9-bytes, plus a 1-byte for 
message type and 2-bytes for the checksum.

Synchronisation A Kilobot status has time in 30 ms 
since it was last validated. When the Kilobots move, they 
reset their status after two seconds.

Library There is a small library of C programming lan-
guage that is available for Kilobots. It includes some useful 
functions for LED colours, establishing motors, and bearing 
and broadcasting messages.

8  Transposing models to Kilobots: 
first‑order emergent behaviour

We discuss a selection of behaviours transposed into Kilo-
bots. Videos of these experiments are freely available2.

8.1  Signalling and synchronisation—leader 
selection

In the field of swarm robotics and sensor networks, syn-
chronisation is essential to coordinate contemporaneous 
operations with numerous computational agents or robots. 
In general, each Kilobot maintains a periodic clock. The 
clock possesses a threshold, which resets the clock when 
it reaches its maximum. Figure 13 illustrates the synchro-
nisation experiment, which we used with a full pack of 10 

Fig. 12  Centre absorption. The left mound proceeded to the slug 
stage (16:00), cells from the right mound were attracted by the 
approaching slug (16:30). The complete cell mass from the right 
mound streamed towards the left mound (16:40–17:05) and merged 

(17:25–17:40). Note the similar volume of both cell masses at the 
beginning. Time after onset of starvation is indicated at the bottom 
left of each panel [hh:mm]. Scalebar: 250 μ m

2 https ://www.unige .ch/cui/cas/resea rch/dicty 

https://www.unige.ch/cui/cas/research/dicty
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Kilobots. They communicate with each other, and everyone 
takes a random ID number. Then, the robot with the highest 
ID number becomes the leader of the group (with a red LED 
light), and propagates its role to the whole swarm. After-
ward, the robots acknowledge the leader’s message, by blink-
ing the green LED light. Next, the leader robot sends another 
signal, which is a message to begin the random movement 
after a specific period (using the robot’s internal clock), in 
a synchronised way.

8.2  Aggregation toward a centre

Figure 14, from (a) to (e), illustrates the aggregation behav-
iour with a series of consecutive images. Aggregation is a 
prevalent biologically inspired task in collective robotics. 
The task generally involves robots waiting in their pause 
state, until they receive a signal from a centre. One immobile 
Kilobot with a specialised program is placed in the middle 
of the field with the other robots all around (a). This marker 
continuously broadcasts a message that tells any robots 

within the communication area that the robot is the centre 
of aggregation. This message also serves the other robots 
to identify their distance wrt to that centre. Next, the other 
robots approach the centre slowly (b)–(d), by just progress-
ing forward, until they have a sufficient satisfactory distance 
from the fixed Kilobot. At this point they turn their light 
from green to red (e).

9  Conclusion

In studying the aggregation and slug formation phases of 
D. discoideum, the motive force, which is generated from 
starved cells is one of the primary elements to be con-
sidered [8, 36]. In this study, we explain our integrated 
model of cells motive force, late centres formation, and 
stream-breaking, by modelling and simulating key chemi-
cal signals propagation: 3’, 5’-cyclic adenosine monophos-
phate (cAMP), Counting Factor (CF), Phosphodiesterase 

Fig. 13  Kilobots synchronisation and leader selection process: In 
this experiment, Kilobots synchronise themselves in a swarm. a Each 
robot generates a random ID and blinks when it’s done  (RGB LED 
on-Green). b  Each robot propagates its ID. The idea is to find the 
robot with the highest random ID (RGB LED on-Blue). c After the 
robots shared their ID, they elect the robot with the highest ID. The 

leader’s LED is off, and the others have green LED. d Then, the cho-
sen robot (RGB LED on-Green) propagates a message to the whole 
group (RGB LED-off). The message is to start a random walk after 
3 s. e The others receive the message and confirm it by blinking the 
green light. f  Then, the robots change the LED colour to red and 
begin the movement in a random direction

Fig. 14  Progressive aggregation 
of Kilobots towards a Kilobot at 
the centre of the field
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(PDE), Prestarvation Factor (PSF), Conditioned Medium 
Factor (CMF), Adenosine. We enriched our previous models 
[29] for stream formation during D. discoideum aggrega-
tion phase with stream-breaking features. We modelled three 
main elements to produce realistic behaviour: cells motive 
force, late centres, and quorum sensing. The new version of 
the model is successful in generating stream branching and 
stream-breaking. Our complete model illustrates the impor-
tance of various parameters such as population size, cell’s 
random motion, cAMP, PDE, CF activities, and motive force 
of individual cells, to explain the dynamics of the system.

We complement our simulation results with correspond-
ing biological illustrations. We also show how some parts 
of the models translate into swarm robotics. We continue 
implementing our models into Kilobots to investigate how 
the whole model translates into swarm robotics, in particular 
with a larger number of Kilobots, and how we can reproduce 
the transition phase from first- to second-order.
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