Decentralized Control Scheme for Swarm Robots with Self-Sacrifice
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Ground!

Altruistic behaviors, such as self-sacrifices, are commonly
observed in diverse living systems from bacteria to animal
societies. Motivated by the fact that self-sacrifices of individuals can benefit the entire populations, we developed a decentralized control scheme with self-sacrifice by extending the
Slimebot model. When an agent is not performing favorably,
the agent self-sacrifices by stopping the motion and transferring its energy to nearby agents. We demonstrate via simulations that the proposed control scheme enables the agents to
perform tasks effectively under several environments.

Collective behaviors can achieve non-trivial macroscopic
functionalities including adaptability, scalability, and fault
tolerance (Reynolds, 1987; Helbing and Molnár, 1995). For
such functionality, self-sacrifices of individuals often play
crucial roles for the benefit of entire population in natural
and social systems, such as programmed cell death (Allocati
et al., 2015) and altruistic behavior of social insects (Ratnieks and Wenseleers, 2007). Inspired by these biological
self-sacrificing mechanisms, several swarm robotic systems
incorporating self-sacrifices are beginning to be developed
(Sugawara et al., 2017; Floreano et al., 2008).
In this study, we apply the concept of self-sacrifice in a
new way within the swarm robotic field. Namely, we design a swarm robotic system for better efficiency of energy
resources via self-sacrifices. It is designed by extending a
model of a swarm robotic system inspired by the locomotion
of true slime mold, the Slimebot (Ishiguro et al., 2006). We
demonstrate by simulations that the proposed model allows
the agents to effectively utilize their energy as a collective
through self-sacrifices. Importantly, it also leads to better
achievements of tasks under challenging conditions.
In our model, N agents exist on a two-dimensional plane,
and their task is to move toward an attractant through their
coordination. Schematic of agents is shown in Fig. 1. Each
agent has radially arranged arms whose lengths are variable,
and a friction control unit implemented at the bottom. The
friction control unit alter the friction coefficient between the
agent and the ground.
When an agent contacts with another agent, connection
between the two is established; that is, they are connected
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Figure 1: Schematic of agents.
by a parallel mechanism of a spring and a damper. When
the force above the threshold fth is applied to the connection, the connection is cut; that is, the parallel mechanism
disappears.
A phase oscillator is implemented in each agent. The arm
length of the ith agent, di , and the friction coefficient between the ith agent and ground, ηi , are determined by oscillator phase as
di = d0 + a sin ϕi ,
(1)
ηi

=

µi ζi ,

(2)

where d0 and a are positive constants, µi denotes the roughness of the ground, and ζi = ζl for 0 ≤ ϕi < π and ζi = ζh
for π ≤ ϕi < 2π with ζh > ζl .
Although an agent is unable to change its position by
itself, it can move through the interaction with connected
agents when there are phase shifts between them. For example, when the ith and jth agents are connected with their
phases being π ≤ ϕi < 2π and 0 ≤ ϕj < π, respectively,
the jth agent can move by pushing or pulling agent i which
anchors to the ground. Considering this, the time evolution
of ϕi is designed as
∑
ϕ̇i = ωi + ϵ
sin(ϕj − ϕi ),
(3)
j∈connect
∑
where j∈connect denotes summation over the connected
agents. Here, ϵ is a positive constant, and ωi = ωh for the
agents that receive attractant stimuli while ωi = ωl for the
others with ωh > ωl . The second term on the right-hand
side of Eq. (3) works such that the connected agents synchronize with in-phase. Phase gradient generates owing to
the inhomogeneity of ωi , which enables the agents to move
toward the attractant.
Each agent initially has the energy E0 . It is consumed by
the work done by the actuators and the dissipation, and it is
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assumed that the energy can be transferred to the connected
agents. The time evolution of the remaining energy of the
)
ith agent Ei is designed as ∑ (
Ei
Ej
−
, (4)
Ėi = −Wi − Di + ei + σ
ωj nj
ωi ni
j∈connect

where λ and V0 are positive constants, and Vi denotes
the mean velocity toward the attractant for the recent
past. When an agent self-sacrifices, its remaining energy is
equally distributed to the connected agents, and then it stops
active motion cutting all the connections with others.
Simulations were performed under the following two
types of environments:
1) Agents traverse a slippery terrain of the friction coefficient µ (Fig. 2(a)).
2) Agents traverse an area in which they receive external
force −Fext e where e denotes the unit vector that points
the attractant (Fig. 2(b)).
To investigate how the self-sacrifice works depending on the
environment, the parameter λ as well as µ and Fext was varied. The results were evaluated by the number of agents that
reached the goal. The number of the agents N was 50 and
the other parameters were determined by trial-and-error.
The results are shown in Fig. 3 (movies for can be downloaded from https://fsa.fir.riec.tohoku.ac.jp/fircloud/index
.php/s/P6hUwPeDVBlsLgE). When λ was zero (i.e., no selfsacrifice), each agent lived until the remaining energy becomes zero. In this case, all agents reached the goal under preferable environments (large µ or small Fext ). However, none of the agents reached the goal under the condition
where µ is small or Fext is large. As λ increased, several
agents were able to reach the goal owing to self-sacrifice in
wider range of conditions, although it decreased the performance slightly under preferable environments. These results
demonstrate that the self-sacrifice system enables the collective to perform robustly in wide range of conditions through
cooperative resource allocations.
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Figure 2: Environments examined: (a) Environment 1) and (b)
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Figure 3: Simulation results (a) when λ and µ are varied in
Environment 1) and (b) when λ and Fext are varied in Environment 2).

In conclusion, we have proposed a decentralized control
scheme for swarm robots that exploit self-sacrifice by extending the slime-bot model, and have validated it by simulations. Our results will pave the way for developing swarm
robots that can perform tasks under challenging environments, e.g., disaster areas. Investigating the applicability of
the proposed scheme under unstructured real environments
where noise is non-negligible remains as a future work.
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where Wi and Di denote the work done by the actuator and
the dissipation energy per unit time, respectively, ei denotes
the energy transferred from agents that self-sacrifice (see below), σ is a positive constant, and ni denotes the number of
agents connected to agent i. The fourth term on the righthand side represents transportation of the energy between
the connected agents. Owing to this term, the energy of
agents with small ωi and ni (in most cases, agents that are
located at the edge of a cluster but do not receive attractant
stimuli) tends to become smaller than that of the others.
The basic concept of self-sacrifice is that the agents not
performing well suicide themselves and transfer the remaining energy to the connected agents so that they can function
longer. The performance of each agent can be evaluated by
the mean velocity toward the attractant for the recent past.
Thus, agent i self-sacrifices when the following condition is
satisfied:
Ei ≤ λ max(V0 − Vi , 0)E0 ,
(5)
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