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Towards Energy Optimization: Emergent Task 

Allocation in a Swarm of Foraging Robots

Wenguo Liu1, Alan F. T. Winfield1, Jin Sa1, Jie Chen2, Lihua Dou2

1Bristol Robotics Lab, University of the West of England, Bristol, UK
2Intellectual Information Technology Lab, Beijing Institute of Technology, China

This article presents a simple adaptation mechanism to automatically adjust the ratio of foragers to

resters (division of labor) in a swarm of foraging robots and hence maximize the net energy income to

the swarm. Three adaptation rules are introduced based on local sensing and communications. Indi-

vidual robots use internal cues (successful food retrieval), environmental cues (collisions with team-

mates while searching for food) and social cues (team-mate success in food retrieval) to dynamically

vary the time spent foraging or resting. Simulation results show that the swarm demonstrates success-

ful adaptive emergent division of labor and robustness to environmental change (in food source den-

sity), and we observe that robots need to cooperate more when food is scarce. Furthermore, the

adaptation mechanism is able to guide the swarm towards energy optimization despite the limited

sensing and communication abilities of the individual robots and the simple social interaction rules.

The swarm also exhibits the capacity to collectively perceive environmental changes; a capacity that

can only be observed at a group level and cannot be deduced from individual robots.

Keywords swarm foraging · swarm robotics · task allocation · emergent division of labor

1 Introduction

Inspired by the swarm intelligence observed in social
insects, robotic swarms are fully distributed systems in
which overall system tasks are typically achieved
through self-organization or emergence rather than
direct control (Bonabeau, Dorigo, & ThJraulaz, 1999).
In swarm robotics a number of relatively simple
robots, each with limited sensing, actuation and cogni-
tion, work together to collectively accomplish a task.
Such tasks may be biologically plausible, such as clus-
ter sorting (Holland & Melhuish, 1999) or cooperative
stick-pulling (Martinoli, 1999), or they may have no
parallel in nature, such as coherent wireless network-

ing (Nembrini, Winfield, & Melhuish, 2002). Forag-
ing, however, is a compelling example of a swarm
behavior that can be transferred from natural to artifi-
cial systems because of the one-to-one correspondence
between ant and robot and between food-item and
energy units. Foraging can, in principle, be undertaken
by a single robot given enough time, but a swarm of
robots working together should be able to complete the
task more quickly and effectively. Foraging is, there-
fore, an example of a swarm behavior in which it is not
the task itself, but the way the task is (self-)organized,
that is the desired emergent property of the swarm. 

It is a characteristic of foraging that the efficiency
of the swarm will not increase monotonically with
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swarm size because of the negative impact of interfer-
ence, for instance due to robots competing for space
(overcrowding) either while searching or when con-
verging on the nest. Research has focused on how to
carefully design the basic behavior or communication
protocols for the individual robots in order to mini-
mize the interference between robots. qstergaard,
Sukhatme, and Matariƒ (2001) applied a bucket bri-
gade approach to minimize the interference for robots
near the home region, where competition for space
occurs much more frequently. In their experiment
each robot is allocated a specific working area and
delivery region so that they are less likely to collide
with each other in a relatively crowded area. Lerman
(2002) developed a macroscopic probabilistic model
to quantitatively analyze the effect of swarm size and
interference among robots on the overall performance
based on qstergaard’s experiment, and some research-
ers point out that there is a critical swarm size in order
to maximize the efficiency of the group for a given
task (Rosenfeld, Kaminka, & Kraus, 2005). 

Other researchers have applied a threshold-based
approach inspired from biological systems, as first
described by ThJraulaz, Bonabeau, and Deneubourg
(1998) in investigating the division of labor in social
insects, to allocate robots to each task: resting or for-
aging, in order to achieve the task efficiently. Krieger
and Billeter (2000) implement a swarm of up to 12
real robots engaged in a foraging task. In their experi-
ments each robot is characterized with a different ran-
domly chosen activation-threshold, that is, the energy
level of the nest below which a given robot is trig-
gered to go and collect food-items, in order to regulate
the activity of the team. Labella, Dorigo, and Deneu-
bourg (2006) introduce a simple adaptive mechanism
to change the ratio of foragers to resters to improve
the performance of the system where the probability
of leaving home for one robot is adjusted dynamically
based on successful retrieval of food. They reward
successful food retrieval and punish failure in order to
vary the probability of leaving home. Self-organized
division of labor between resting and foraging is
observed with this simple adaptation mechanism. How-
ever, a disadvantage of this approach is the absence of
knowledge about the other robots in the swarm. 

In contrast with the purely threshold-based
approaches, Jones and Matariƒ (2003) describe an
adaptive method for division of labor between a col-
lection of red or green pucks, in which robots do not

communicate but observe each other and maintain a
limited memory of observed activities of other robots
and tasks which need to be performed. Guerrero and
Oliver (2003) present an auction-like task allocation
model, partially inspired by auction and threshold-
based methods, to try to determine the optimal
number of robots needed for foraging, however, the
demands of communication between robots during the
auction process constrains the scalability of their
method

This article builds upon previous work in task
allocation or division of labor in a number of ways.
Firstly, our overall goal is that the swarm maximizes
its net energy income. Secondly, we investigate a
richer set of adaptation rules, or cues, for individual
robots: internal cues (successful food retrieval), envi-
ronmental cues (collisions with team-mates while
searching for food) and social cues (team-mate suc-
cess in food retrieval). Social cues are triggered by
pheromone-like local communication between robots.
Thirdly, we evaluate a number of control strategies
based upon different combinations of these internal,
environmental and social cues, in order to discover the
relative merit of the cues in optimizing the net energy
income to the swarm. Our foraging swarm makes use
of local sensing and communication only, but the
overall swarm exhibits properties of emergence and
adaptive self-organization; that is adaptation to envi-
ronmental changes (in food density). The approach
presented in this article thus meets the criteria for
swarm robotics articulated by Ôahin (2005) and Beni
(2005). 

This article proceeds as follows. In Section 2 we
introduce the basic adaptation mechanism for the indi-
vidual robots in the swarm. In Section 3, descriptions
of the foraging task and the experimental environment
are given. Section 4 presents the experimental results,
in which we compare the performance of the system
with different adaptation rules. We conclude the arti-
cle in Section 5.

2 Adaptation Mechanism 

2.1 Problem Description 

Consider the swarm foraging scenario: there are a
number of food-items randomly scattered in the arena
and as food is collected more will, over time, “grow”
to replenish the supply. A swarm of robots are search-
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ing and retrieving food-items back to the “nest”. Each
food-item collected will deliver an amount of energy
to the swarm but the activity of foraging will consume
a certain amount of energy at the same time. The goal
of the swarm is to forage as much food as possible
over time in order to survive. Due to the limited avail-
ability of food, however, robots have to switch
between foraging and resting in order to maximize the
net energy income to the swarm. The challenge is to
achieve this with no centralized control and robots
with only minimal local sensing and communication.
Assume that: 

• each robot will consume energy at A units per sec-
ond while searching or retrieving and at B units
per second while resting, where A > B and energy
consumption depends on the actuators and sen-
sors used in different states;

• each food-item collected by a robot will provide
C units of energy to the swarm;

• average retrieval time (the time spent on one suc-
cessful search and retrieval cycle), denoted by t, is
a function of the number of foraging robots,
denoted by x, and the density of the food, denoted
by ρ, in the environment, say:

t = f(x,ρ) (1)

Let N be the size of swarm, Econsumed be the energy
consumed and Eretrieval be the energy collected per sec-
ond for the swarm, then we have 

  (2)

The average energy income per second for the swarm
is 

Eaverage = Eretrieval – Econsumed

           (3)

Equation 3 shows that in order to maximize energy
income for the swarm we need to either increase the

number of foragers x or decrease the average retrieval
time f(x,ρ). The more robots engaged in foraging,
however, the more likely are the robots to compete for
the limited resources of food and physical space. Thus,
increasing the number of foragers results in more inter-
ference between robots and robots take longer to find
and retrieve a food-item, that is, the average retrieval
time for the swarm f(x,ρ) will increase with the number
of foragers x increasing when the food density ρ
remains constant. Therefore, for a given ρ there should
be an optimal value, say X*, for x so that Eaverage in
Equation 3 is maximized. It is clearly the case that X*
will change if ρ changes. However, the function f(x,ρ)
will be quite complex and hard to model because of
the complexity of the interactions between robots;
although it may ultimately be possible to develop a
detailed mathematical model in order to find an opti-
mal value of X*, using for example the probabilistic
approach developed by Martinoli and Easton (2004).
It seems more practical to adopt a bottom-up design
process (a typical characteristic of the swarm robotics
methodology), resulting in a swarm that is able to
dynamically adapt the ratio of foragers to resters
through the interaction between robots and between
robots and the environment. 

2.2 Robot Controller 

We first need a controller design for the robot. Figure 1
represents the control program for each robot in the
swarm. Note that in order to keep the diagram clear,
with the exception of state resting, each state will move
to state avoidance – not shown in Figure 1 – whenever
the proximity sensors are triggered. The behaviors for
the foraging task are:

leavinghome: robot exits the nest region and resumes
its search;

randomwalk: robot moves forward and at random
intervals turns left or right through a random arc
using the camera to search for food;

movetofood: if food is sensed by the camera, robot
adjusts its heading and moves towards the food;

grabfood: if the food is close enough, triggered by
sensors, robot closes its gripper and grabs the
food;

scanarena: because of interference between robots
sometimes a robot will lose sight of the target
food-item while moving towards it; if this hap-

Econsumed Ax B N x–( )     /s( )+=

Eretrieval Cx t⁄ Cx
f x ρ,( )
---------------     /s( )= =

C
f x ρ,( )
--------------- A B–( )–
⎝ ⎠
⎜ ⎟
⎛ ⎞

x BN–=
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