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In this paper, the collective motion of self-driven robots is studied experimentally and theoretically. In the channel,
the flowrate of robots increases with the density linearly, even if the density of the robots tends to 1.0. There is no abrupt
drop in the flowrate, similar to the collective motion of ants. We find that the robots will adjust their velocities by a serial
of tiny collisions. The speed-adjustment will affect both robots involved in the collision, and will help to maintain a nearly
uniform velocity for the robots. As a result, the flowrate drop will disappear. In the motion, the robots neither gather
together nor scatter completely. Instead, they form some clusters to move together. These clusters are not stable during
the moving process, but their sizes follow a power-law-alike distribution. We propose a theoretical model to simulate this
collective motion process, which can reproduce these behaviors well. Analytic results about the flowrate behavior are also

consistent with experiments.

Keywords: self-driven robots, collective motion, flowrate, clustering
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1. Introduction

Collective motion is a common phenomenon existing in
both nature and human society. It can be observed in various
natural contexts, including fish schools,'=3 sheep herds, !

671 bacterial colonies, 3101

bird flocks,!! insect swarms,!
cells,!'"! as well as nonliving active systems.!!>~14! Collective
movement can also be found in many human activities, such as
the vehicular traffic flow and the pedestrian flow.!">~2!1 From
the coordinated motion of insects as small as ants to large
mammals like humans, the study of collective motion shows
the emergence of rich dynamical behaviors and patterns.

Generally, collective movement must occur in a system
containing a large number of individuals, which can move co-
ordinately and orderly. Since the statistical mechanics is an
effective tool to deal with large populations, many efforts have
been devoted to understand the mechanism of collective move-
ment in the perspective of statistical physics.?>?3! These stud-
ies demonstrate that some long-ranged nematic orders of mo-
tion can emerge from simple microcosmic and local mecha-
nisms. This indicates that the individuals do not need to know
the information of the whole system to keep a complex collec-
tive movement.

One of the collective movements attracting a lot of at-
tention is the motion of the self-propelled agents along a one-

dimensional trial or channel, such as the motion of ants!7-24-26]
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and the traffic flow.[?”31] However, the motion of ants and
the traffic flow are very different from each other. John et
al. studied the ant traffic on trails and found that there is no
jammed phase (or flowrate drop) in this system.[??] A sim-
ilar phenomenon can also be found in the swarming move-
ment of camphor boats in a ring channel.3>331 On the other
hand, traffic jam is a common phenomenon of our daily lives.
Some studies suggest that the ants’ reaction to the pheromone
of previous ants is a key factor for the absence of jammed

1341 From a traffic point of view, the collective mo-

phase.
tion of ants shows a self-organization structure with maximal
efficiency, 33! similar to the spontaneous formation of lanes
in bidirectional pedestrian flow.37-38]

In this paper, we show that the absence of flowrate drop
phenomenon can also be observed in the system of self-
propelled robots. In particular, the self-propelled robots con-
sidered here do not have any intelligent reaction or pheromone,
which are different from the ants. We find that the robots tend
to form some clusters to move together. To better understand
the phenomenon, we also propose a simple robot-following

model to reproduce the behavior.

2. Experiment results

The devices used in our experiment are toy robots called
Hexbug Nano, as shown in Fig. 1(a). The motion of this robot
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relies on a vibration motor, which is powered by a 1.5 V but-
ton battery. When the vibration motor is turned on, the robot
will move forward by shaking its 12 flexible legs on both sides.
These Hexbugs have been used to study the collective motion
of randomly moving robots, generating directed movement of

1391 Due to the self-propelling property and

asymmetric gears.
the easy controllability, the Hexbugs system is proved to be
a good example of studying the collective motions of robots.
For detailed information about the robots, one can refer to

Refs. [39] and [40].

Fig. 1. (color online) (a) Top and side views of the robot used in the
experiment. The size of the robot is 43 mmx 12 mmx15 mm. (b) A
snapshot of the experiment with thirty robots.

In this paper, we focus on the movement and clustering
behaviors of the robots running in a circular track as shown
in Fig. 1(b). The interior width and height of the track are
20 mm, which is slightly larger than the width of the robot.
The diameter of the circular track is 800 mm. The maximum
number of the robots in the track, i.e., the capacity of the track,
is Nmax = 55. At the beginning of each experiment, the robots
are put in the track evenly. The robots can move along the
track and the overtaking is prevented. In order to stabilize the
power output, each battery is used for no more than 20 min.
The first 10 min of an experiment is regarded as the transient
state. Then, we collect the movement characteristics of the
robots in the following 10 min. A video camera is adopted to
capture the movement of the robots. In the afterward video-
processing, the track is divided into 55 pieces to label the po-
sition of the robots, since the capacity of the track is Npax = 55
robots, as shown in Fig. 2.

Fig. 2. (color online) Snapshot of the track used in the experiment. The
capacity of the track is Npmax = 55 robots. We divide the track into 55
pieces (indicated by red). In the experiment, we use these scales to label
the position of the robots.

We first consider the flow—density relation in this system.
Figure 3 shows the relationship between the average flow rate
J with robot density p. Here, the density p is the ratio of the
number of robots in the system to the capacity Np,x. One can
see that the flow rate almost linearly increases with the den-
sity, and reaches the maximum at p — 1. In other words, the
velocity of the robot is relatively independent of the robot den-
sity, even if there can be multi-collisions between neighboring
robots. The flowrate drop phenomenon does not appear in the
system. This behavior is different from the vehicular traffic

system, but similar to the ant flow. 2!
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Fig. 3. (color online) Flow rate J plotted as a function of the density p.
The scattered points are the experiment results and the red solid line is
the fitting curve.

The vanishing of flowrate drop can be explained as fol-
lows. When the neighboring robots meet and collide, both
robots will adjust their velocities slightly, but will not come
to a motionless state. In particular, the previous robot will ac-
celerate and the following robot will decelerate. As a result,
both robots will come to similar velocities. This process oc-
curs in a very short time even when there is a high density of
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robots. The robots can move forward after the contact, and
no stopping develops in the system. This situation can also
be observed in the ant traffic. However, in the vehicular traf-
fic flow, the vehicles will probably stop when they are close
to each other. The vehicles also need more time to accelerate
due to the slow-start mechanism. Therefore, flowrate drop will
emerge in the vehicular traffic systems.

We also obtain the spacial-temporal (s—) diagrams for
low, intermediate, and high densities from the experiment, as
shown in Fig. 4. We can see that for any densities, the s— di-
agrams show the patterns with almost the same slope for the
trajectory of each robot. This also indicates that the average

a) 55
(a) ’7/
44

33

22

11

t

velocity of the robot is independent of the density even when
there are collisions between adjacent robots. The robots tend
to form some clusters to move together. In the moving process,
although some fluctuation may break the clusters accidentally,
no cluster of zero velocity robots can be formed in the sys-
tem. This clustering behavior is also observed in the ant flow
system. 2033361 The dynamics of clustering is an interesting
topic in the field of collective motion. For the robot system
considered in this paper, the main difference lies in that there

is no intelligence or pheromone of the self-propelled robots in

the system.

(c) 55 ‘

Fig. 4. The space—time diagrams for robots of low, intermediate, and high densities: (a) 10 robots (p = 0.182), (b) 20 robots (p =

0.364), (c) 40 robots (p = 0.727).

To characterize the clustering behavior, we further inves-
tigate the distribution of the cluster sizes in the motion of
robots. Figure 5 shows the cluster—size distribution for differ-
ent robot numbers obtained by experiments. One can see that
the cluster size follows a power-law alike distribution. While
there are some large clusters, most of the clusters only con-
tain one or two robots. With more robots in the system, larger
clusters will appear more frequently.

L —m— 10 robots
—m— 20 robots
30 robots
10-1} .\ —u— 40 robots |
=
I
= \
102 E
" n
AN
103k = T
1 10
n

Fig. 5. (color online) Cluster-size distribution P(n) for different num-
bers of robots. A cluster is defined as a serial of robots in which each
pair of neighboring robots is separated by less than 5% body length.
And the cluster sizes are obtained every 5 s.

3. Analysis and simulations

Now we consider the modeling and analysis of such a
robot system. In the experiments, the robots are confined to

a circular, narrow channel, in which overtaking and U-turn are
not allowed. Similar to the molecular dynamics simulation, in
our model the movement of robots is determined by

2
m%=ﬁ+ni—u%+k(mg—mf), )]
where m and x; are the mass and position of robot i; F; is the
self-driven force of robot i, which takes the same value F; = F
for each robot; 1); is the stochastic noise of the self-driven force
for robot i, which could be different for the robots and also
vary with time; and u is the friction coefficient between the
robots and the track (we assume a viscosity-alike form of fric-
tion). The fourth term on the right side of this equation is the
interaction between robot i and the ones in the front and the
back. When two adjacent robots meet and contact, there will
be collisions that lead to the adjustment of both robots’ accel-
eration and velocity. Here, we simply express this interaction
by Hooke’s law. Therefore, k is the elastic coefficient, and A)cl+
and Ax; are the overlaps between robot i and the ones in the
front and the back. This collision model can be regarded as
a simplified version of the discrete element model (DEM) of
granular particle interactions.

3.1. Analytical solution

For the convenience of mathematical processing, we
rewrite Eq. (1) as

038902-3



Chin. Phys. B Vol. 27, No. 3 (2018) 038902

dv,-
dt
where v; = dx;/dr is used. One can average Eq. (2) over all

m— = F+m;— ;i +k(Ax; —Ax;), ()

the robots to obtain the average velocity of all the robots. That
is
m =F — k({(Ax™) — (Ax" 3
m= - =F ) —pv)+k (A7) —(AxT)) . 3)
In our model, 1 takes an uniform distribution lying in [— f, f],
thus (n) = 0. In addition, it is also easy to know that (Ax~) =

(AxT) for the whole system. Thus we obtain

dv) .
The solution is F
) = (1= e 7). 5)

Here, the initial velocity (t = 0) is assumed to be 0. From
Eq. (5), the characteristic time scale for acceleration is T ~
m/u. Fort — oo, this equation gives the average velocity of
the robots in the steady state

(v)=—. (6)

One can see that the mean velocity only depends on the
average driving force and the friction. In the case of fixed
average driving force and friction, the mean velocity will be
constant. Then the flow rate of the robots in the steady state
should be Fp

J=(v)p u ()
Thus we can see that the flow rate J shows a linear relation
with the robot density p, which is in agreement with the ex-
periment results.

The setting of the collision term is a key factor in the mod-
eling,

Fe = k(Ax; — Ax]"). ®)
When two adjacent robots meet and collide with each other,
we can expect that the value of overlaps (Ax;” and Axi*) is quite
small. Although their velocities will be adjusted slightly, the
velocity of the following robot will not reduce to zero. The
collision will happen in a very short time and the robots will
separate quickly. Therefore, the collisions will not affect the
average velocity of the robots. On the contrary, the collisions
will help to form a uniform velocity of the robots. Therefore,
the flowrate drop will not emerge.

However, for the traffic flow, the velocity of the following
vehicle will usually reduce to zero quickly when it is too close
to the previous vehicle, while the previous vehicle will not be
affected at all. In this case, the velocity difference of the two
adjacent vehicles will be enlarged. Moreover, the acceleration
of the following vehicle also takes much more time. All these
factors will induce more fluctuations into the movement of the
vehicular traffic flow, which will finally lead to flowrate drop.

3.2. Simulation results

In the simulation, we use Eq. (1) to obtain the acceler-
ation and velocity for each robot at each time step. Then, all
robots move to their new positions. The simulation parameters
are set as follows: F =2.8, 1, € [-0.5,0.5], u =1.0,m = 1.0,
k = 10, and time step Az = 1073, The length of the robot is
L = 1. For comparative purposes, the system size is Npax L.

We first consider a system with only one robot. As shown
in Fig. 6, the velocity increases with time, and tends to a con-
stant. The relaxation time is less than one second. This is
consistent with Eq. (5). In Fig. 7, we show the flow rate J
obtained by simulations as a function of the density p in the
steady state. The flow rate increases with the density linearly,
similar to the analysis and experiment results. This indicates

that our model can reproduce the robots’ flow correctly.

3.0 T T

o5k ®© simulation results

analysis results
2.0 1

> 1.5F E
1.0 g

0.5F i

0
0.01 0.1 1 10
t

Fig. 6. (color online) The temporal evolution of the velocity for single
robot. The scattered points are obtained by simulations and the solid
line is the solution Eq. (5) for a single robot.
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J=2.80087p

0 0.2 0.4 0.6 0.8 1.0

Fig. 7. (color online) Flow rate J plotted as a function of the density p.
The scattered points are obtained by simulations and the red solid line
is the fitting curve. The flow rate is obtained through the average of 100
realizations in every density.

The model discussed above is the deterministic model.
This means that in the steady state all the robots form a sta-
ble configuration to move together. However, the experiment
results shown in Fig. 4 reveal that although the average veloc-
ity is nearly invariable, the configuration of the robots could

change over time. This is because that the self-driven forces
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of the robots could change slightly for battery and mechani-
cal reasons. To reflect this, we set that the stochastic noise 7;
changes randomly with time. Specifically, in each time step, C
robots are chosen randomly and their stochastic noise 1; will
be reset with probability 0.1. Since the stochastic noise 7; is
always chosen randomly from [—0.5,0.5], this resetting mech-
anism does not change the analysis results Eqgs. (5) and (7).

In Fig. 8, we compare the space—time diagrams of simu-
lations with different C (C = 0, 1) for different densities. One

55 @ ’

44

33

22

11

33

22

11

10
t

can see that with this force noise mechanism, the model can
reproduce the experiments results very well. The robots form
some clusters to move together, and the clusters break and re-
structure repeatedly. To feature this cluster forming process,
we further give the simulation results of the size distribution
of clusters in Fig. 9. We can find that the size follows a power-
law alike distribution, similar to Fig. 5. With the increase of

C, the forming of larger clusters becomes harder.

30

20

10
t t

Fig. 8. The space-time diagrams from simulations. The number of robots that can change their stochastic noise is C = 0 (top row) and
C =1 (bottom row), respectively: (a) 10 robots (p = 0.182), (b) 20 robots (p = 0.364), (c) 40 robots (p = 0.727).

100 ;
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Fig. 9. (color online) Cluster-size distribution P(n) for different num-
bers of robots that can change the stochastic noise C. The number of
robots used in this simulation is N = 30.

4. Discussion and conclusion

In summary, we adopt the Hexbug robots to study the self-

driven robots’ collective motion in a circular channel system.

We find that the flow rate changes linearly with the density,
and there is no flowrate drop in the process. We propose a mi-
croscopic model to study the system’s behavior. In this model,
self propelling, stochastic noise, friction, and collision are all
considered. The experiment results are well reproduced. By
theoretical analysis of this model, we find that the tiny col-
lisions between adjacent robots will help to maintain an uni-
form velocity for the robots, thus the traffic flowrate drop phe-
nomenon will not emerge. We study the clustering behavior
of this system. The robots neither gather together nor scatter
completely. Instead, they form some clusters to move together.
The size of the clusters follows a power-law-alike distribution.
This distribution indicates that even if there are some giant
clusters, small size clusters dominate in the system.

The findings suggest that the movement of such non-
intelligent and non-pheromone self-driven robots is similar to
the ant traffic, but it is different from the vehicle traffic. For
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the robots or ants, when the neighboring individuals collide
or meet each other, the contact will help to generate a similar
speed for both individuals. Their velocities do not reduce to
zero. This is the reason for the disappearance of flowrate drop
phenomenon. In the future, we can expect that the collision-
alike mechanism of Eq. (8) can be realized by advanced vehi-
cle technologies without real collisions: the vehicle can detect
the distances of vehicles in the front and the back, and then
adjust its speed according to similar rules as Eq. (8). The out-
come might lead to a smooth and non-jamming vehicular traf-
fic flow, which will be meaningful for modern transportation
systems.
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