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ABSTRACT

To achieve efficient and objective search tasks in an unknown environment, a cooperative search strategy for distributed
autonomous mobile robots is developed using a behavior-based control framework with individual and group behaviors. The
sensing information of each mobile robot activates the individual behaviors to facilitate autonomous search tasks to avoid
obstacles. An 802.15.4 ZigBee wireless sensor network then activates the group behaviors that enable cooperative search among
the mobile robots. An unknown environment is dynamically divided into several sub-areas according to the locations and sensing
data of the autonomous mobile robots. The group behaviors then enable the distributed autonomous mobile robots to scatter and
move in the search environment. The developed cooperative search strategy successfully reduces the search time within the test
environments by 22.67% (simulation results) and 31.15% (experimental results).
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I. INTRODUCTION

The rapid development of mobile robotics in recent
decades has increased the importance of developing a target
search using autonomous mobile robots in rescue and security
applications [1–5]. Moreover, multiple mobile robots provide
higher search efficiency than a single unit [6–9]. Nevertheless,
search performance remains affected by two physical factors,
namely, communicatory [7, 10–15] and environmental factors
[11, 15, 16]. Furthermore, the developed strategy can signifi-
cantly affect search efficiency [6, 17, 18]. In this paper, a
search strategy is defined as an algorithm that controls the
interactions among multiple mobile robots through communi-
cations in order to effectively search for the target object.
Therefore, conditions with fixed physical factors (i.e., environ-
ments with a fixed communicatory factor and an invariant
environmental factor) require an efficient search strategy to
reduce the search time.

Although multiple mobile robots can accomplish
search tasks [6, 7], communication among the units allows
for effective coordination through information sharing.
Thus, the search strategy is improved by reducing search
time and the number of mobile robots that need to be used
[13]. Nevertheless, the control of such robots through com-
munication is difficult. It is also dependent on the commu-
nication architecture, which uses a central controller that
provides optimal solutions to execute the search tasks. The
search performance, however, is limited by severe require-
ments related to the computational burden and communica-
tion bandwidth [11, 13, 19]. Therefore, distributed robotic
systems are developed to achieve control with low compu-
tation and communication loads [20–22]. A behavior-based
control framework [23] is widely used for its superior oper-
ating performance in real-world environments [1, 5, 24–29].
Thus, an efficient search strategy using distributed mobile
robots with the behavior-based control framework is desir-
able for various search tasks.

Although diverse strategies have been developed for
search tasks [17, 30–35], the randomized search strategy [30]
is extensively adopted in real-world applications due to its
relatively easy and low-cost implementation [26]. However,
this strategy randomly drives distributed mobile robots
without ensuring search efficiency, which is significantly
affected by the cooperative strategy developed with multiple
behaviors. Furthermore, the cooperative search strategy only
considers individual behaviors of distributed mobile robots,
usually with limited search efficiency [25, 26]. Hence, by
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referring to previous works, the cooperative search strategy
that further considers group behaviors of distributed mobile
robots can improve search efficiency.

In this paper, a cooperative search strategy based on the
behavior-based control framework is developed to allow dis-
tributed mobile robots to conduct efficient and autonomous
search of a target object in an environment. In comparison with
existing search strategies, the behavior-based control frame-
work integrates individual and group behaviors. Activated by
the sensing information of each mobile robot, individual
behaviors include finding an object, obstacle avoidance, and
wandering (used for random exploration of the area). This
paper also develops group behaviors that are activated by an
802.15.4 ZigBee wireless sensor network to enable coopera-
tive search among the mobile robots. The wireless sensor
network communicates all sensing information and data
related to the group behaviors among mobile robots. In case
the search environment is completely unknown, the coopera-
tive search strategy dynamically divides the environment into
several sub-areas by referring to the locations and sensing
information of the mobile robots. Afterwards, each mobile
robot explores a sub-area for the target object while avoiding
those occupied by other mobile robots. Therefore, the group
behaviors include the dynamic inter-robot avoidance (i.e., used
for allocating mobile robots in different sub-areas) and
dynamic robot wandering (i.e., used for randomly exploring
the environment while avoiding the other occupied sub-areas).
Simulations and experiments on a distributed mobile robot
system demonstrate the feasibility of the cooperative search
strategy with the group and individual behaviors developed in
this paper.

This paper is organized as follows. Section II describes
the autonomous behaviors developed to control the motions of
mobile robots as they perform the objective search tasks.
Individual behaviors developed for each mobile robot are
detailed in this section. Section III describes the cooperative
search strategy and the group behaviors developed for
unknown environments. This section presents the behavior-
based control framework that integrates the individual and
group behaviors to improve the search efficiency. Further-
more, several simulation results validate the proposed
approaches. Section IV presents the experimental results that
demonstrate the feasibility of the cooperative search strategy
and the autonomous behaviors developed for real applications.
Section V concludes this paper.

II. AUTONOMOUS BEHAVIORS OF
MOBILE ROBOTS

This paper employs the behavior-based control frame-
work for mobile robots first proposed by R. Brooks of the
MIT in 1986 [23]. This control framework is hierarchical and

includes different behavioral levels, each of which has an
execution goal and a corresponding output. All behavioral
levels are simultaneously executed. However, due to the hier-
archical framework, the output of the high-priority behavioral
level restrains that of the low-priority behavioral level, and
the control rules of the mobile robot determine the final
output of the control framework.

Individual and group behaviors are developed and
implemented to control the distributed mobile robots to
ensure an efficient and autonomous search. The individual
behaviors are created as the fundamental search functions of
each mobile robot, and the group behaviors are created as
additional functions for cooperative search. According to the
requirements of objective search, three individual behaviors
are developed as follows.

• Finding an object. Objective search tasks aim to find the
target object in a particular environment. In this paper,
the target object is detected by color reference; therefore,
each mobile robot should automatically detect an
object’s color by using an image sensor. This behavior
module responds immediately when one of the mobile
robots finds the target object, after which all mobile
robots stop their search.

• Obstacle avoidance. Environments have obstacles that a
mobile robot must avoid while searching for the target
object. In this paper, the mobile robots use two sensors
to detect obstacles. The mobile robot equipped with a
laser range finder can detect obstacles in front, whereas
those equipped with two ultrasonic sensors at the front-
left and front-right sides can only detect obstacles
located in certain directions. The mobile robot moves
along collision-free directions upon detection of nearby
obstacles.

• Wandering. The target object could be randomly
located in an environment. A mobile robot with this
behavior can move accordingly and explore the envi-
ronment to increase the possibility of finding the
object. This paper develops the wandering behavior to
enable mobile robot movement, with constant linear
and angular velocities, along a randomly selected direc-
tion for a fixed period.

During objective search tasks, group behaviors correspond-
ing to a cooperative search strategy are developed to
enhance the interaction among mobile robots while search-
ing for the target object in a particular environment. Here,
an 802.15.4 ZigBee wireless sensor network implements the
group behaviors. All mobile robots communicate with each
other via the wireless sensor network, exchange sensing
data, and then execute the developed group behaviors by
referring to the obtained sensing data and the resultant indi-
vidual behaviors.
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III. COOPERATIVE STRATEGY
FOR SEARCHING AN OBJECT IN AN

UNKNOWN ENVIRONMENT

3.1 Descriptions of the cooperative strategy and the
corresponding group behaviors

In case an environment is completely unknown, includ-
ing all conditions such as size and obstacle locations, a
dynamic method is developed to divide the unknown envi-
ronment into several sub-areas, in accordance with the loca-
tions and sensing data of the mobile robots, to achieve a
cooperative search. Fig. 1 illustrates the design concept of the
dynamic dividing-area method. Each mobile robot that
sequentially passes through three positions in an unknown
environment creates a sub-area composed of three parts.
Here, the size of a sub-area depends on the size and sensing
capability of the mobile robot. Thus, its size depends on the
area covered by a mobile robot and the number of recorded
positions that are periodically updated.

The strategy for searching for an object in an unknown
environment is to scatter the mobile robots throughout the
area. Therefore, the cooperative search strategy must meet the
requirements stated below.

• Each mobile robot knows its location and sub-area in the
environment, as well as those of other mobile robots. All
data are communicated using the 802.15.4 ZigBee wire-
less sensor network.

• During the search, a mobile robot avoids entering the
sub-areas that are already covered by other robots.

Moreover, the mobile robot avoids a collision with
others.

• In case the sub-areas overlap, the mobile robots move
towards unexplored areas to avoid such overlaps.

• In case all the sub-areas do not overlap, the objective
search tasks are activated to enable all the mobile robots
to randomly search for the target object within the unex-
plored areas.

Accordingly, two group behaviors activated through the
ZigBee wireless communication are developed. Specific
details are presented below.

• Dynamic inter-robot avoidance. This group behavior is
developed to allow a mobile robot to leave sub-areas that
already belong to other mobile robots. Furthermore, the
sub-area of the mobile robot cannot overlap with those of
the other robots. As shown in Fig. 2a, a mobile robot
with this behavior moves away upon determining that its
sub-area overlaps with that of another mobile robot.

• Dynamic robot wandering. This behavior allows a
mobile robot to randomly search for the target object in
unexplored areas while simultaneously avoiding the
entrance of other sub-areas. As shown in Fig. 2b, two
mobile robots have been allocated to different areas. A
mobile robot with this behavior is programmed to avoid
a sub-area of another mobile robot and then randomly
move to unexplored areas to search for the target object.

3.2 Description of the integrated framework for
searching an object

Fig. 3 shows the framework that integrates the group
and individual behaviors to control the mobile robot move-
ments and achieve a cooperative search for an object in an
unknown environment. Here, the ZigBee wireless sensor
network transmits data, such as the locations and sub-areas of
other mobile robots, as well as activating the group behaviors.
The mobile robot sensors then detect the surrounding condi-
tions and activate individual behaviors. The image sensor
detects the color of the target object, the laser range finder and
ultrasonic sensors detect obstacles, and the electric compass
detects the heading angle of the mobile robot. All behaviors
are simultaneously executed. However, the output of the inte-
grated framework that finally controls the mobile robot
depends on the priority of all behaviors. For instance, as
shown in Fig. 3, in case a mobile robot moves and wanders
due to nearby obstacles, the integrated framework selects the
behavior “obstacle avoidance,” which has higher priority than
the behavior “wandering,” to be performed by the motion
control system of the mobile robot. The highest priority in the
integrated framework is given to the behavior of finding the
object, which is the main goal of the task. The behavior of
obstacle avoidance is given the second priority. Scattering the
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Fig. 1. Illustration of the dynamic dividing-area method.
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mobile robots throughout the environment is achieved by
providing the behavior of dynamic robot wandering as the
third priority, and the behavior of dynamic inter-robot avoid-
ance as the fourth priority. When the target object cannot be
found until a certain point of time and does not meet any
obstacles, as in the case when all mobile robots are already
allocated to different areas, the lowest priority behavior of
wandering is implemented to search for the target object.
Fig. 3 also shows the priority of behaviors, with 1 as the
highest priority and 5 as the lowest priority of the integrated
framework.

3.3 Simulation results

The feasibility of the developed cooperative search
strategy with group and individual behaviors are verified in
three test environments shown in Fig. 4, wherein the distrib-
uted mobile robots cooperate in the objective search tasks. All
the test environments have a size of 350 cm ¥ 350 cm;
however, different layouts and obstacles (of varying shapes
and sizes) are installed to validate the developed approaches
in different environments. All mobile robots are assumed to
have the same motion velocities as they move in the test
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Fig. 2. Group behaviors while searching for an object in an unknown environment. (a) Behavior of dynamic inter-robot avoidance. (b)
Behavior of dynamic robot wandering.

Fig. 3. Integrated framework for cooperative object search.
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environments. This simulation also analyzes the cooperative
search efficiency in terms of different numbers of mobile
robots. Each cooperative search task is executed 20 times to
obtain an average search time.

Fig. 5 shows the simulation results, and Table I lists the
search time for the cooperative objective search in the differ-
ent test environments. An increase in the number of mobile
robots significantly decreases the search time. The best reduc-
tion rates are 78.07% for the cooperative search strategy with
group and individual behaviors and 73.20% for the uncoop-
erative search strategy without group behaviors. Moreover,
the cooperative search strategy results in a relatively short
search time, on average, compared with the uncooperative
search strategy. The best rate of reduction is 22.67% (for
searching the target object in the test “Environment-1” using
three mobile robots). Standard deviation indicates the search
time repeatability when the mobile robots execute multiple
search tasks. As can be seen in Fig. 5, an increased number of
mobile robots decreases the value of standard deviation.
Moreover, compared with the uncooperative search strategy,
the developed search strategy significantly reduces the stand-
ard deviation of the search time. Furthermore, the search
efficiency significantly improves with three mobile robots
executing the cooperative search strategy, achieving an
18.30% average rate of reduction. However, the search effi-
ciency improvement becomes limited when using more than
three mobile robots. Moreover, six mobile robots achieved a

13.69% average rate of reduction. Therefore, three mobile
robots could sufficiently execute the developed cooperative
search tasks in the given test environments. The developed
cooperative search strategy with group and individual behav-
iors is, therefore, feasible and can significantly improve
search efficiency.

IV. EXPERIMENTS

4.1 Experimental setup: a distributed mobile
robot system

Three mobile robots were developed to realize a distrib-
uted mobile robot system, as shown in Fig. 6. In this paper,
the hardware architecture was separated into an upper layer
and a lower layer as shown in Fig. 7 . The image processing
method and wireless transmission were implemented in the
upper layer. Image processing was implemented using a high-
performance digital signal processor (DSP) manufactured
by Texas Instruments (TI, Dallas, TX, USA). The TI DSP
TMS320F6437 has advantages such as small size, light
weight, and low power consumption. A CCD camera was
used as an image sensor to capture images. Image processing
was also implemented using a laptop personal computer (PC).
An Eee PC manufactured by ASUS and an IBM PC were used
for the different-sized mobile robots. Webcams mounted on
the mobile robots also served as the image sensors. Table II

Fig. 4. Test environments used in the simulation.

(a) Environment-1. (b) Environment-2. (c) Environment-3.

Table I. Time for searching the target object in different environments (unit: minutes).

Number of mobile robots 1 2 3 4 5 6

Environment-1
Uncooperative search 26.9 18.0 15.0 9.7 8.4 7.6
Cooperative search — 15.4 11.6 9.2 6.6 5.9
Environment-2
Uncooperative search 29.1 18.4 17.3 12.4 9.6 7.8
Cooperative search — 15.5 14.0 10.2 8.5 7.5
Environment-3
Uncooperative search 29.7 20.9 15.2 14.3 10.9 10.1
Cooperative search — 17.1 13.2 13.2 10.3 8.6
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lists the central processing unit (CPU) and the sensors placed
on each mobile robot.

The motion control law and the location estimation
method were implemented in the lower layer. Here, a DSP-
based motion control card with a high-performance TI
TMS320F2812 DSP was used as an interface to control the
DC servomotor packs with a sampling period of 1.0 ms.
Velocity commands were transmitted to the amplifier of a DC
servomotor pack through a 12-bit D/A converter installed on
the DSP-based motion control card. A rotary incremental
encoder was directly coupled to the DC motor of a servomo-
tor pack, and the generated encoder signals that indicate the
angular positions of the motor were received through a 32-bit
decoder implemented on the DSP-based motion control card.

Fig. 5. Simulation results for cooperatively searching an object in unknown environments.

(a) Environment-1. (b) Environment-2.

(c) Environment-3.

Fig. 6. Distributed mobile robots.
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Angular velocity was computed by differentiating the angular
position over a sampling period. A 12-bit A/D converter
implemented on the DSP-based motion control card received
analog signals, such as the armature current detected by a
Hall sensor from the servomotor packs.

Local and global networks were used in the applied
distributed mobile robots for communication purposes. The
local network system, which was implemented by using
CAN-bus, transmitted sensing data and control signals
between the upper and lower layers in a mobile robot. The
global network system, which was implemented using an
802.15.4 ZigBee wireless sensor network, transmitted data
between the mobile robots. The ZigBee modules used in this
paper were SmartRF04 and CC2430DB as shown in Fig. 8.
The SmartRF04 module was used as a reference node, and the
CC2430DB module was mounted on the mobile robot as a
moving node. MATLAB software facilitated the development
of the proposed approaches.

4.2 Experimental results

The test environment had a size of 400 cm ¥ 600 cm
and had randomly installed white obstacles of different sizes
and one red target object to be searched behind the obstacles
as shown in Fig. 9. The mobile robots shown in Fig. 6 execute
the objective search tasks by using the cooperative search
strategy (with group and individual behaviors) and the unco-
operative search strategy (without the cooperative search
strategy and group behaviors). This experiment considered
the cooperative search efficiency by using mobile robots 1 to
3. Each search task was executed six times to obtain the
average search time.

Fig. 10 shows the experimental results for searching the
target object in the test environment shown in Fig. 9. Here,
the cooperative search strategy and the group behaviors

Fig. 7. Communication architecture and functions developed on
multiple robots.

Table II. CPU and sensors equipped on mobile robots.

Robot 1 Robot 2 Robot 3

CPU TI DSP
TMS320F6437

Eee PC IBM PC

Sensors CCD camera
Ultrasonic sensors
Electric compass

Webcam
Ultrasonic sensors
Electric compass

Webcam
Laser range finder
Electric compass

Fig. 8. ZigBee modules used in this paper.

(a) SmartRF04. (b) CC2430DB.
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developed for unknown environments, as shown in Fig. 3,
control the motions of the distributed mobile robots. The
experimental results demonstrate a similar search time trend
with that observed in the simulation results shown in Fig. 5
and Table I. An increase in the number of mobile robots
decreases the search time, as shown in Fig. 10b. The rate of
reduction achieved in this paper is 50.62% for the uncoop-
erative search strategy and 55.56% for the cooperative search
strategy using three mobile robots. Moreover, the cooperative
search strategy can further reduce the average search time
compared with that of the uncooperative search strategy. The
rate of reduction achieved in this paper is 31.15% (using two
mobile robots in the search) and 10.00% (using three mobile
robots). Fig. 10a also indicates that an increase in the number
of mobile robots decreases the variance of search time for
both search strategies. Moreover, compared with the uncoop-
erative search strategy, the developed cooperative search
strategy and group behaviors significantly reduce the search
time variance. Hence, the use of two mobile robots for the
cooperative search strategy reduces the search time signifi-
cantly at 48.15% rate of reduction. However, the search time
improvement is limited when three mobile robots are used,
achieving only a 14.29% rate of reduction. Therefore, two
mobile robots could execute the developed cooperative search
tasks sufficiently for the given test environment. The coop-
erative search strategy with the group and individual behav-
iors developed in this paper is feasible and can significantly
improve search efficiency. The experimental results validate
those of the simulations, as shown in Fig. 5 and Table I, with
respect to the practical considerations.

V. CONCLUSIONS

A cooperative search strategy has been developed
using the behavior-based control framework that includes

individual and group behaviors for distributed mobile robots
aimed at achieving efficient and autonomous objective search
tasks in unknown environments. In this paper, the individual
behaviors of each mobile robot serve as fundamental func-
tions for autonomous search while avoiding obstacles. The
individual behaviors developed, including those of finding an
object, obstacle avoidance, and of wandering, are activated
according to the sensing information obtained from the
mobile robots. Group behaviors are also created to serve
additional functions of cooperative search among the mobile
robots. The group behaviors are activated through an 802.15.4
ZigBee wireless sensor network and are found to be depend-
ent on the cooperative search strategy.

Fig. 9. Test environment.

Fig. 10. Experimental results using the search strategy for
unknown environments.

(a) Measurement of search time.

(b) Average search time.
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In case a search environment is completely unknown, the
cooperative search strategy dynamically divides the unknown
environment into several sub-areas according to the locations
and the sensing data of the mobile robots. This enables the
scattering of mobile robots over the environment and coopera-
tive search for the target object. Here, the 802.15.4 ZigBee
wireless sensor network communicates the location and
sensing data of each mobile robot to others. According to the
developed cooperative search strategy, this paper develops two
group behaviors, namely, the dynamic inter-robot avoidance
and the dynamic robot wandering, to control the group
motions of the mobile robots. By integrating the individual and
group behaviors, distributed mobile robots cooperatively
search for the target object in an unknown environment.
Several simulations and experiments demonstrate the feasibil-
ity of the developed cooperative search strategy with the group
and the individual behaviors. The average search time is also
reduced compared with that achieved by applying the uncoop-
erative search strategy. The best rate of reduction is 22.67%
(based on the simulation) and 31.15% (based on the experi-
ment). Furthermore, this paper has determined the adequate
number of mobile robots required to execute the developed
cooperative search strategy in the test environments, validating
the feasibility of the cooperative search strategy with group
and individual behaviors.
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