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Abstract—Self-organised synchronisation is a common phe-

nomenon observed in many natural and artificial systems: siple
coupling rules at the level of the individual components of
the system result in an overall coherent behaviour. Owing to
these properties, synchronisation appears particularlymteresting
for swarm robotic systems, as it allows to robustly coordinte
through time the activities of the group while keeping a minmal
complexity of the individual controllers. The goal of the eyer-
iments presented in this paper is the study of self-organisg
synchronisation for robots that present an individual periodic
behaviour. In order to design the robot controllers, we make
use of artificial evolution, which proves capable of synthdsing
minimal synchronisation strategies based on the dynamicatou-
pling between robots and environment. The obtained resultare

behaviour in order to reduce the phase difference with the
rest of the group. In other robotic studies, synchronigaiso
based on the entrainment of the individual internal dynamic
through some form of communication. In this paper, instead,
we do not postulate the need of internal dynamics. Rather, th
period and the phase of the individual behaviour are defined
by the sensory-motor coordination of the robot, that is, by
the dynamical interactions with the environment that resul
from the robot embodiment. We show that such dynamical
interactions can be exploited for synchronisation, alfayvio
keep a minimal complexity of both the behavioural and the
communication level. In order to define a robot controller

analysed under a dynamical systems perspective, which alls us
to uncover the evolved mechanisms and to predict the scaldly
properties of the self-organising synchronisation with repect to
varying group size.

able to exploit such dynamical agent-environment intévast
we use artificial evolution [14], [15]. The obtained resiwdte
analysed under a self-organising perspective, evaluahiaiy
scalability to large groups of robots.

The main contribution of this paper consists in the analysis

. INTRODUCTION of the evolved behaviours, which is brought forth explajten

Synchrony is a pervasive phenomenon: examples of sydynamical systems approach [16]. In this paper, we intreduc
chronous behaviours can be found in the inanimate worddynamical system model of the robots interacting with the
as well as among living organisms [1], [2]. The discovergnvironment and among each other. This model offers us
of the basic mechanisms behind self-organised synchronittée possibility to deeply understand the evolved behasiour
tion aroused research for many years, until the appropridieth at the individual and collective level, by uncoverihg t
analytical methods were developed [3], [4]. Self-orgamgsi mechanisms that artificial evolution synthesised to masémi
synchronisation phenomena can be modelled as systemshef user-defined utility function. Moreover, we show how
multiple coupled oscillators. Consider for example the-symhe developed model can be used to predict the ability of
chronous flashing of fireflies [5]. Fireflies can be modelled ake evolved behaviour to efficiently scale with the group
a population of pulse-coupled oscillators with equal oryversize. We believe that such predictions are of fundamental
similar frequencies. These oscillators can influence edttéro importance to quickly select or discard obtained solutions
by emitting a pulse that shifts or resets their oscillatiblge. without performing a time-demanding scalability analysis
The numerous interactions among the individual oscillatowell as to engineer swarm robotic systems that present the
fireflies are sufficient to explain the synchronisation of theesired properties.
whole population (for more details, see [5]-[7]).

The synchronisation behaviours observed in Nature can He
a powerful source of inspiration for the design of robotic "
systems. Synchronisation is an important mean to achievdn this section, we present the experimental scenario d&fine
coordination. This holds true particularly for swarm rdbot for the evolution of synchronisation behaviours. The task
systems [8], where emphasis is given to the emergencerefjuires that each robot in the group displays a simple gierio
coherent group behaviours from simple individual rulescu behaviour, which should be entrained with the periodic be-
work takes inspiration from the self-organised behaviolur dnaviour of the other robots present in the arena. The indalid
fireflies or similar synchronisation behaviours observed periodic behaviour consists in oscillations along thedirec-
Nature [9]-[13]. The goal of the experiments presented i thion of the rectangular arena (see Figure 1). Oscillatiaes a
paper is the study of self-organising synchronisation incug possible through the exploitation of a symmetric gradient i
of robots based on minimal behavioural and communicatishades of grey painted on the ground, which can be perceived
strategies. We follow the basic idea that if an individuddy the robots through the infrared sensors placed under thei
displays a periodic behaviour, it can synchronise with othehassis. The gradient presents a black stripe|gbr> 1, in
(nearly) identical individuals by temporarily modifyindsi which the robots are not supposed to enter. Collisions with
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walls or other robots are avoided using the infrared pratyimithe cross-correlation coefficient between the distancehef t
sensors placed around the cylindrical body of the robot®bots from thexr axis. In this way, synchronous oscillations
Finally, synchronisation of the movements can be achievate rewarded also when robots are in perfect anti-phase.
by exploiting a binary communication system: each robot can addition to the fithess computation described above, two
produce a continuous tone with fixed frequency and intensitpdirect selective pressures are present. First of alljad i
When a tone is emitted, it is perceived by every robot in tretopped when ars-bot moves over the black-painted area,
arena, including the signalling one. The tone is perceived and we assign to the trial a performanée = 0. In this
a binary way, that is, either there is someone signallindvén tway, robots are rewarded to exploit the information coming
arena, or there is no one. from the ground sensors to perform the individual oscitato
The robots used in this experiments aregHaots which are  movements. Secondly, a trial is stopped whes-diotcollides
small autonomous robots with a differential drive syste[1 with the walls or with another robot, and also in this case we
The evolutionary experiments presented in this paper &etF = 0. In this way, robots are evolved to efficiently avoid
performed in simulation, using a simple kinematic modeollisions.
of the s-bots and the results are afterwards validated on
the physical platform. Artificial evolution is used to seeth Ill. EVOLUTIONARY RESULTS
connection weights and the bias terms of a fully connected,We performed 20 evolutionary replications, each starting
feed forward neural network—a perceptron network. The eveith a different population of randomly generated genosype
lutionary algorithm is based on a population of 100 genadypeEach replication produced a successful synchronisatien be
which are randomly generated. This population of genotypbaviour, in which robots display oscillatory movementsnalo
encodes the connection weights of 100 neural controllershE the y direction and synchronise with each other, according to
connection weight is represented with a 8-bit binary codbe requirements of the fitness function. The individualigbi
mapped onto a real number rangingnl0, +10]. Subsequent to perform oscillatory movements is based on the perception
generations are produced by a combination of selection withthe gradient painted on the arena floor, which gives infor-
elitism and mutation. Recombination is not used. At eadhation about the direction parallel to theaxis and about the
generation, the 4 best individuals—i.e., #liée—are retained point where to perform a U-turn and move back towardsithe
in the subsequent generation. The remainder of the popalatxis. In order to produce self-sustained oscillationsaiing
is generated by mutation of the 20 best individuals. Eadh exploited. The main role of the evolved communication
genotype reproduces at most 5 times by applying mutatistrategy is to provide a coupling between the oscillatiag
with 3% probability of flipping a bit. The evolutionary prage bots in order to achieve synchronisation. In fact, each evolved
runs for 500 generations. controller produces a signalling behaviour that varieslaevhi
The evolved genotype is mapped into a control structutee robots oscillate. In this way, the signal emitted by aotob
that is cloned and downloaded onto all thdotstaking part carries information about its position (@hasg, which can
in the experiment (i.e., we make use of a homogeneous grdipexploited by other robots for synchronisation. In sunymar
of s-bot3. The performance of a genotype is evaluated bythe evolved synchronisation behaviours are the resultbef t
2-component function = 0.5 - Fy + 0.5 - Es € [0,1]. dynamical relationship between the robot and the envirarime
The movement componerf,, simply rewards robots that modulated through the communicative interactions among
move along they direction within the arena at maximumrobots. No further complexity is required at the level of
speed. The oscillatory behaviour derives from the fact théte neural controller: simple and reactive behavioural and
the arena is surrounded by walls, so that oscillations gurifommunication strategies are sufficient to implement éffec
the whole trial are necessary to maximiBg,. The second Synchronisation mechanisms.

fitness componenfs rewards synchrony among the robots as A qualitative analysis of the obtained controllers revélads
the behaviours produced are quite similar one to the other.

In general, it is possible to distinguish two phases in the
Ay evolved behaviours: an initial transitory phase during alihi
: robots achieve synchronisation, and a subsequent syrisbcbn
phase. The transitory phase may be characterised by physi-
cal interferences between robots due to collision avoidanc
if robots are initialised close to each other. The collision
avoidance behaviour performed in this condition everyuall
leads to a separation of tlsebotsin the environment, so that
further interferences to the individual oscillations araited
and synchronisation can be achieved. During the synchsonou
phase, collision avoidance is therefore less probable, but
still possible due to the environmental noise, which may let
robots deviate from their normal movements and approach
other robots. Otherwise, this phase is characterised ljesta

Fig. 1. Snapshot of a simulation showing three robots in ttpesmental  Synchronous oscillations of atbots and small deviation from
arena. The dashed lines indicate the reference frame ughd experiments. synchrony are immediately compensated.




IV. DYNAMICAL SYSTEM MODELLING the instantaneous direction and magnitude of change fdr eac

We want to analyse the behaviour of a group of roboRPint in the state spacey.f,s) (see the top-left plot in
that synchronise their periodic oscillations. Our maireiest Figure 2). This is a 3-dimensional space wherand ¢ are
is the understanding of both the individual behaviour arfgPntinuous variables that vary respectively in the rapge 1]
the synchronisation mechanism. Such understanding may3¥l!(0, 27}, while s is a binary variable. The plot suggests how
useful to predict some features of the evolved behaviolff State of ars-botstarting at any point in its space evolves
e.g., scalability. To do so, we model the behaviour of tht@roygh time. Tog_ether with the vector flc_eld, the continuous
single robot looking only at the relevant features of therage lin€ indicates the limit cycle attractor to which every &afory
environment dynamics. In particular, we ignore physicein Converges. Notice that the continuous line is actually aedo
actions among robots and between robots and walls. MoreoJg#ectory, due to ther-periodic boundary conditions df.
we neglect the environmental noise and second order dysamiéi€ existence of such a limit cycle attractor indicates that
in the robot motion. As a consequence of such simplificatiorf§€ individual behaviour is actually periodic, and definies t
the oscillatory behaviour of the robetcan be modelled as dynamics of convergence toward a stable motion of the robot.
follows: Another important information can be extracted from the

Yry 0r, S |t41 = Be(yr, 0r, 5)|s- (1) Vvector field: the signalling behaviour. For each point in the

) . ) . plane(y, 8), it is possible to distinguish 4 different signalling
where y,. is the y coordinate of robot- at time ¢, 6, itS pehaviours:

orientation,s is the binary communication signal perceived at
time ¢ and S, is the signal emitted by robot at time¢. The
function B. encodes the fundamental features of the individual
behaviour, as it is produced by the parameteo$ the evolved  °
controller. In other words, given the above simplificatiorda
considering the features of the gradient painted on theaaren
floor, it is possible to neglect the coordinate of a robot, as

it does not influence the individual behaviour. The lattem ca *®
be described as a trajectory in the 3D spagd, s), which is
determined by5.. Notice that when only one robot is present,
the perceived sound corresponds to the self-emitted signal
S,. With R interacting robots, the communication channel *
determines the following coupling rule:

« no signalling: the robot never emits a signal when placed
at position{y, 6).

environment-driven signalling: the robot always emits a
continuous signal when placed at positigné), no mat-

ter what signal is perceived. Signalling depends entirely
on the position of thes-botin the environment.
signal-driven signalling: the robot emits a continuous
signal when placed at positidg, 6), but only in response

to a perceived signal. Otherwise, no signal production is
observed.

alternate signalling: the robot emits a signal when
placed at positiony, 6) if no signal is perceived, and
signalling is stopped in response to a perceived signal.
s(t) = max S,.(t) € {0, 1}, (2) As a consequence, thebot continuously switches on

. . . . . ) . and off its loudspeaker.
which specifies that a binary signal is perceived if and only

if it exists at least ones-bot r that is signalling. Notice e show the signalling behaviour of the best evolved con-

that the sound perception is equal for all robots in the troller in the top-right plot of Figure 2. Different signaiy
environment, because communication is global and binagghawours are indicated by circles filled with varying grey
What happens wittR robots? The only interaction amorsg level. It is possible to notice that the limit cycle travesse
botsis a communicative one, given by the coupling introduced/€as of the state space characterised by varying sigpallin
in equation (2). It is therefore possible to define the folgyy Pehaviour. A signal is produced when tisebot enters the

discrete-time dynamical system 8R + 1 equations: “environment-driven” area, and it is stopped when #ibot
1 exits from the “signal-driven” area. Notice that enteringte

Eylv 01, 50)|i41 = Be(y1, 01, 8)|: signal-driven area having= 0 does not lead to the production

: 3) of a signal, while entering witlh = 1 maintains the previous

%&93, Sr)i1 = Be(yr, O0r, 5)|¢ signalling status. . o . .
8|ep1 = max, Splii1 _ Ip order to descrlpe the individual behaviour, notice th&tt
limit cycle attractor jumps between the planes characdrisy

In the following, we make use of this model to discuss abogt: 0 ands = 1. In other words, the system switches between

the beha_lviour of a single-botand the evolved synchronisationtwo different dynamics. The vector fields for these two con-
mechanism. ditions determine the quality of the individual oscillatg as
shown in the bottom plots of Figure 2. When= 0, the robot
V. BEHAVIOURAL ANALYSIS follows the left vector field, moving straight until it enger
The behaviour of the individuabotcan be studied looking in the environment-driven signalling area. At this poirte t
at how positiony, orientationfd and perceived souns vary production of a signal corresponds to a switch to the dynamic
through time. We analyse the behaviour produced by the bdsscribed by the right vector field, which presents a limdley
evolved controller among the 20 evolutionary replicationattractor displayed by a dotted line. It is possible to retiow
namely the controller evolved in the 8th replication, whickhe normal limit cycle approaches this attractor when: 1
will be referred to ass. To do so, we numerically integrate(see the grey segments of the limit cycle in Figure 3). Howeve
equation (3) forR = 1 to compute avector field showing before converging onto this attractor, the limit cycle esthe
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Fig. 2. Individual behaviour produced by controlles. Top-Left: 3D vector field showing for each point in the stafgace the direction of variation and
its magnitude. Theé dimensions is characterised Ryt-periodic boundary conditions. The continuous line repnés the limit cycle attractor. Top-Right:
signalling behaviour of the controller for each positiordarientation (see text for details). The continuous lingresents a projection of the limit cycle on
they 6 plane: a black line colour indicates that the trajectoryobgé to the plans = 0, while the grey colour corresponds to the portion of trajectthat
belongs to the plane = 1. Bottom-Left/Right: projection on thg 8 plane of the vector fields for a perceived sigsak 0 ands = 1. The dotted line in
the bottom-right vector field represents the limit cycle éoconstant perceived signal forced tpdespite the individual behaviour.

“no signalling” area, and therefore tlsebotswitches back to the coupling rule (2), which states that a signal is perakive
movements dictated by the vector field for= 0. whenever somes-bot emits a signal. As a consequence, it
is possible to describe the behaviour of synchronisiag

Once decoded the individual behaviour, we analyse thets by looking at how the individual movements change
system (3) withiz = 2 robots. In this case, the dimensionalitywvith respect to incoming signals. Figure 3 presents various
of the system does not allow an easy visualisation of thgots that represent different phases of the synchronisatin
trajectories. However, we observed that $aeots movements the upper part, the position for the two robots is plotted
are governed solely by the individual behavid8y and by
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Fig. 3. Synchronisation behaviour of control®y. Top: the positiory of two s-botsthat synchronise is plotted through time. The gray band énbdickground
indicate that a signal is being perceived. Centre and boti@utor fields for the conditios = 0 (left) ands = 1 (right). For each point, the individual
signalling behaviour is displayed as a dot with varying dexel (see also Figure 2). The trajectories of the two syowising robots are shown, and relevant
events are marked with capital letters. The same letteiisatelthe time of the corresponding events in the top graph.



with respect to time. It is possible to observe that after aommunicative interference problem: the signals emittgd b
initial transitory phase, the robots converge towards divor differents-botsoverlap in time and are perceived as a constant
nated movements. In particular, the positipis “modulated” signal (recall that the sound signals are global and that the
through communicative interactions: the robot that sigfiasét are perceived in a binary way, preventing arbot from
influences the behaviour of the other robot, which antigpatrecognising different signal sources). If the perceiveghal
the turnabout in response to the perceived signal (see #ye giloes not vary in time, it does not bring enough information to
bands in the background that indicate a continuous pemteivge exploited for synchronisation. This problem is the restil
signal). A better idea on how synchronisation is achieved tise fact that we used a “global” communication form in which
given by plotting the trajectories of the two robots over ththe signal emitted by as-botis perceived by any othes-bot
vector fields fors = 0 ands = 1 (see the central and bottomeverywhere in the arena. Moreover, from the perceptiontpoin
plots of Figure 3). The twa-botsstart in the points indicated of view, there is no difference between a singkbotand a
by ‘O’, and none of them is signalling. As a consequencthousand signalling at the same time. The lack of localitg an
the s-botsfollow the top-left vector field, until they reach of additivity is the main cause of failure for the scalalilit
the point indicated by an ‘A. Here, one of the robot entersf the evolved synchronisation mechanisms. However, as we
the environment-driven signalling area, and thereforet®mi have seen, this problem affects only some of the analysed
signal, that triggers a behavioural change in both robdtg Tcontrollers. In the remaining ones, the evolved commuitinat
robots now follow the top-right vector field and both perfornstrategies present an optimal scalability that is only Wweak
a clockwise turn, as indicated by the arrows. However, thisfluenced by the group size.
turn is not performed at the same speed by the two robotsis it possible to predict whether a given evolved behaviour
the one at largeyy moves faster than the other, as indicatedill scale or not with increasing group size? We try to give
by the size of the arrows of the vector field. Consequentlgn answer by exploiting the mathematical model introduced
the difference in distance among the two robots is condlgtenin Section V. We start from the observation that, if a
reduced in this phase, which ends with the robots reachimg $ynchronisation mechanism does not scale with the group
points indicated with ‘B’. In the interval from points ‘B’ to size R, there exist an alternative attractor to the synchronous
points ‘C’ no robot is signalling and no interaction is pnelse one, in which robots move incoherently. In other words, the
The same interaction characterises the phases betweets palgnamical system (3) undergoes a bifurcation with varying
‘C’ and ‘D’ and between ‘E’ and ‘F’, until synchronisation isparameterR, so that two attractors are observable for large
achieved. This synchronisation mechanism is thereforecbas?: the coherent, synchronous one, and the incoherent one. In
on the modulation of the position during the oscillation: the order to predict from the individual behaviour whether such
first robot that reaches the environment-driven signaliinea a bifurcation exists, it is necessary to understand whieh ar
triggers a U-turn in the other robot, which is however pethe conditions for the existence of an incoherent attractor
formed at a lower speed, allowing the trajectories to apgroaRecall that, whenever an evolved synchronisation mecimanis
and eventually converge into synchronous oscillations. does not scale, the perceived signal does not vary in time. In
such a situation, in fact, thebotsdo not receive information
about the position and orientation of other robots. Ifsabot
r perceives a constant signal, its behaviour can be predicted
The analysis of the synchronisation behaviour for tsvo as follows:
botsis accompanied by a scalability analysis in which we test
all evolved berilaviours with groups of 3, 6, 12, 24, 48 and 96 (e Ors Selesr = Be(yr, O, S ()], )
s-bots We first test the evolved behaviour in simulation, andhere f(s)|; indicates the constant perceived signal. It is
we found that physical interactions may prevent the systdimerefore possible to plot the vector field for the above
from scaling to very large number of robots (data not showrfyehaviour, and analyse possible attractors—be they fixed
In fact, physical interactions occur with a higher probityil points or limit cycles—towards which all trajectories ofeth
per time step as the group size increases. Every collisissbot converge. We claim that, if such attractors exist and
avoidance provokes a temporary de-synchronisation ofaat leif they entirely lay out of the portion of state space in
two robots, which have to adjust their movements in orderhich S,.(y., 0., f(s))|t+1 = f(s)|:-1—which we refer to
to re-gain synchronous oscillations with other robots. As &s thenon-interaction area—then the evolved synchronisation
consequence, the performance of the group as a wholemschanism is scalable, no matter the group $ize
negatively affected. Still, the evolved synchronisatioacm To prove the above claim, simply observe that the incoherent
anism may scale well if there are no physical interactionattractor exists contextually to a perceived signal thaisdwot
To prove so, we performed a further scalability analysis bxary in time. Given that the-botsthemselves are responsible
ignoring collisions among robots (see Figure 4). We fourfdr signal production, the existence of the incoherentator
that many controllers present perfect scalability, withyom requires that alk-botsparticipate in the signal production, so
slight decrease in performance due to the longer time reduithat:
by larger groups to perfectly synchronise. However, other
controllers present poor performance for large groups. Byw Fr el BE Sy, O, f(9))letn = f(8)lega. - (5)
observing the actual behaviour produced by these comtsolleHowever, this requires that the attractor for the system (4)
we realised that the absence of scalability is caused byisecontained at least partially within theon-interaction area

VI. SCALABILITY ANALYSIS



o
- | O 3robots O 6 robots @O 12 robots @ 24 robots W 48 robots B 96 robots
© . s 33, . &

: a1 s ' o, %g.  ar. B I 831, &r Bt ST TS P . : 0%, o
o | - ﬂ.“.‘ Er’ ﬁ\ B x%‘ T ¢? E}é, x?éréé # o ;?v ?§§ii L?ar ?Qr é?, “? hﬁé& -1

2 9o T - 151 ! - i o D I ‘B s

s © - ! i i ! * ' i i

£ ] . ! 1 . : ] 1 : |

=3 [I—- ; ST B . ! \ ‘ .

] b o : S i
N
o Te -
— L g
Q |
© T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

replication number

Fig. 4. Scalability of the synchronisation mechanism. Theptot shows, for each evolved controller, the performanistained in tests with 3, 6, 12, 24, 48,
and 96s-bots Each box represents the inter-quartile range of the datde whe black horizontal line inside the box marks the medialue. The whiskers
extend to the most extreme data points within 1.5 times tter-guartile range from the box. Outliers are not shown.

which contradicts our hypothesis. VII. CONCLUSION

The controllercg analysed in Section V produces a scalable Much as natural evolution produced swarms of fireflies able
behaviour, as shown in Figure 4. In fact, it presents a linio self-organise to achieve coherent group behaviouficaati
cycle attractor shown as a dotted line in the bottom-rigktolution can synthesise self-organising swarms of rothats
vector field of Figure 2, which is completely contained withi accomplish complex tasks. In this respect, swarm intelige
the no-signalling area. On the contrary, controlles does can benefit from the study and analysis of natural as well
not present scalability (see Figure 4). The evolved behavicas artificial systems: in both cases, a deep understanding of
can be appreciated and analysed with the 3D vector field the dynamics that govern the individual behaviour and the
Figure 5 that shows the individual behaviour under normabécial interactions can underpin novel developments irethe
conditions. The right vector field in Figure 5 corresponds tgineering of swarm intelligent systems. In this paper, weeha
the behaviour of thes-bot when a continuous signal = 1 presented an artificial evolutionary process that has shape
is constantly perceived. It is possible to notice that theitli the behaviour of a robotic system to display self-organised
cycle attractor for this condition traverses the environtne synchronisation. We have also shown how the dynamical
driven signalling area. As a consequence, with a suffigiendystem analysis can explain the evolved mechanisms and
large number o$-botsthe evolved synchronisation mechanisnpredict the behaviour of the robotic system for varying grou
does not scale, as can be appreciated in Figure 4. size. We believe that this analysis can bring useful insigint

A further prediction from the mathematical model consisf2oW to build—through automatic techniques or hand-design—
in the minimum group sizeR,, for which the incoherent SWarm rqbot_lcs systems that are capable of self-organised
attractor exists (i.e., the bifurcation point). This grosige Synchronisation and that scale to large number of robots. In
depends on the time each robot spends inrtbe-interaction fact, we have given a clear descn.ptlon of thel building bfock
area while moving over the limit cycle. In fact, in order ton€cessary to produce synchronised behaviours, and, most
satisfy condition (5), it is necessary that while a robot B,mvlmportan_tly, we have decoded the individual behaviour td fln
within thenon-interaction areaanother robot prepares to entefh® conditions that allow the system as a whole to syncheonis
in it. In other words,R,, robots should be evenly spaced'® matter the group size. In conclusion, we beheve_thau_ewd
over the limit cycle so that, when orgbot exits thenon- @Pout synchronisation such as the one presented in this,pape
interaction area another one enters in it, therefore sustainingPtWwithstanding the explicitly simplified experimentalisg,

the production of the constant signal. As a consequence, ## have a strong impact on future studies in swarm robotics.
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