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Abstract— Communication plays important role in exploiting
the advantages of a multi-robot system. This paper extends the
sense-act loop of control architectures to sense-communicateact paradigm. In this new paradigm, the control architecture
has to incorporate two new modules: communication and
network topology update. The communication module enables
the exchange of information with neighboring robots as deemed
by the current communication network. As the robots and
environment are both dynamic, the communication network
topology has to be evolving dynamically. In network topology
update module, the topology is updated periodically considering
the communication or task related objectives. There are two
alternative approaches – centralized or decentralized network
update. The two modules are integrated into ROS. With
this extended architecture, multi-robot scenarios with network
based communication can easily be developed.

I. I NTRODUCTION
Many multirobot tasks require the robots to augment
their individual sensing via communicating and exchanging
information with other robots [1]. Interestingly, most control
architectures consider some variation of sense-act paradigm1
[2]. When the robots are endowed with communication abilities, the control architecture has to be modified to incorporate
sense-communicate-act framework. The focus of this paper
is on this topic – namely the design of multirobot control
architectures with communication capabilities.
A. Related Literature
The development of robust real-time software for multirobot systems is a challenging task that involves integrating
a large number of components [3]. One approach has been to
develop a software architecture so that expended effort can be
recouped through their reuse with different robots in future
projects [4], [5]. The various architectures that have been
proposed can be grouped into three categories: deliberative or
hierarchical, reactive or behavioral architectures and hybrid
[6]. Deliberative architectures are based on sense-think-act
paradigm [2], [7]. As planning may be quite problematic
in dynamic settings, reactive approaches follow only the
sense-act paradigm with no or very limited planning [8],
[9]. As this may lead to problematic behaviour in unknown
environments, hybrid architectures that follow again sensethink-act sequence with some reactivity embedded [10].
Despite their differences, all of these approaches rely on the
main idea that an intermediate layer is required to fill the gap
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between the functional and symbolic worlds which may lead
to inconsistencies [11]. Various architectures address this
issue by enabling the coordination of planning and execution
with robot behaviors and control [12]. The partitioning of
the decisional layer into separate resources enhances the
flexibility in handling different tasks [11].
In all these architectures, communication module is
viewed as handling the interactions among modules at different layers [13], [6]. If the robots are to be endowed with
communication capabilities, then these architectures have
to be extended to incorporate inter-robot communication
[14]. Thus, it will be possible for the robots to periodically exchange information. Due to limitations associated
with broadcasting, point-to-point communication is preferred
[15]. However, the communication complexity in all-to-all
schemes increases with the square of the number of robots
[16]. Thus, with the growth of robot team size, all-to-all
communication faces serious scalability challenges [17], [1].
One remedy is to consider communication related objectives
and evolve the network topology either via decentralized
[18], [19] and centralized [20] approaches.

B. General Approach
In this paper, we present a novel control architecture
that extends the common sense-act paradigm to sensecommunicate-act framework. This new architecture incorporates two new modules: communication and network update.
The communication module enables exchange of information with neighboring robots as deemed by the current
communication network. As the robots and environment
are both dynamic, the communication network topology
has to be evolving dynamically. In the network update
module, the topology is updated periodically based on task
related objectives. Two alternative approaches to network
update are possible: Centralized via a network coordinator
or decentralized. The proposed architecture is developed
in the framework of Robot Operating System (ROS) - an
open-source robot meta-operating system. With this extended
architecture, multi-robot application scenarios with network
based communication can easily be developed. The outline
of the paper is as follows: The robot architecture for a multirobot system is presented in Section II. The communication
module is explained in Section III. In Section IV, the network
update module is described. An implementation of this
architecture on a three robot team is presented in Section V.
The paper concludes with a brief summary including ongoing
work.
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II. ROBOT A RCHITECTURE

R2

A multirobot system consists of a set of R = {1, . . . , r}
robots. Each robot operates based on an internal model. In
the sense-communicate-act paradigm, this model is extended
to incorporate a communication state. The control architecture realizes all the components of this model.

R1
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A. Robot Model
We assume that each robot has a unique identifier i. Each
robot i ∈ R has a multitude of different type of internal states
including physical size, position, sensor readings and sensory
features. The physical size is defined variables such as radius
ρi ∈ R. The position bi (t) ∈ R2 refers to robot’s position
in its workspace. For the sake of simplicity, we assume that
configuration state is subsumed by position. These internal
states are common to all robot architectures.
The new addition is the communication state. The communication state specifies the desired communication links.
It is defined as

T
ai (t) = ai1 (t) . . . ai(i−1) (t) ai(i+1) (t) . . . air (t)
where aij (t) ∈ B with B = {0, 1}. The value aij = 1
if and only if robot i wants a direct link with robot j 6= i.
Otherwise aij = 0. Note that the states aij are not necessarily
symmetric. Mutual consent is needed to establish a direct link
– that is a link ij is created if and only if aij = aji = 1.
We will omit the time argument whenever time dependency
is clear from the context.
The information set χi (g) ⊂ R of each robot is a setvalued function that specifies the set of robots with which
the robot is getting information from [21]. In this work, we
assume that each robot i share position information via interrobot communication. By definition,{i} ⊂ χi (g). If χi (g) =
{i}, it only knows about itself and is completely oblivious
to other robots. If the information set consists of itself and
immediate neighbors as χi (g) = {i} ∪ Ni (g), then the robot
gets configuration state information from neighboring robots.
In this case, as network changes, so does each information
set χi (g). If the cardinality of this set is |χi (g)| = r, then
this implies that the robot is getting information from all the
robots. If |χi (g)| << r, then the robot is getting information
only from a subset of robots.
B. Control Architecture
The control architecture is comprised of three layers [6].
The physical layer consists of actuator and sensors modules.
The actuator module consists of motors and their drivers.
The sensors read the internal state of the robot as well as
providing sensory feedback. This layer is hardware specific
and needs to be modified as robotic platform or components
are changed.
The next layer is the hardware abstraction layer. This
layer serves as an intermediate layer between the physical layer and robotic modules. They are independent of
the robotic platform or the hardware components. We use
ROS which provides hardware abstraction, device drivers,
message-passing and package management. In particular, the
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Fig. 1. Functional layer. Rectangles represent the nodes in the ROS. Circles
show the other robots.

following properties are extremely convenient for multirobot
applications [22]:
•

•

•

Modularity: Separate processes (navigation, network
update, mapping) can all be separated out. They interact
through an interface in which software processes (a.k.a.
“nodes” in ROS) communicate about shared “topics” in
ROS. Publish/Subscribe allows each node to send and
receive only the desired data (messages).
Separation of physical and messaging interface helps
avoid hardware dependencies.
Inter-module communication is enabled via asynchronous callback functions that are called whenever
data is available for processing.

The final layer is the functional layer. It is comprised of a
collection of robotic modules.
•

•

•

•

Motion control: This module updates the velocity of the
wheels and providing the odometry information.
Sensing: These modules are responsible for providing
sensory information to the other modules from the
sensors. A separate module is associated with each
different sensor.
Communication: These modules are associated with
inter-robot communication.
– Communication: This module is responsible for
communication with other robots via sending or
receiving messages.
– Network update: This module updates the communication state ai .
Task modules: These modules associated with the different capabilities and functionalities of robots. Some of
these modules are essential – meaning that all the robots
will have these modules. Other modules are optional and
the robot may not have them at all.
– Navigation: This module generates the velocity
profile for moving the robot in its workspace and
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Control Byte Message Type ID
Fig. 2.
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thus affects bi . It sends the current bi to the
communication module every Tc seconds.
– Localization: This module localizes the robot and
generates bi for each robot individually.
Each module is active concurrently with the other modules
and may interact possibly with many of them. These modules
are implemented as ”nodes” in the ROS as shown in Fig. 1.
Each node behaves like a separate process, but can interact
with the other nodes via the publish/subscribe mechanism
provided by the ROS. As the robots are engaged in a
particular task, some of the task modules will be activated
depending on what’s required of the robot.
III. C OMMUNICATION M ODULE
The communication module of robot i is responsible for
the incoming and outgoing messages. We use TCP based
communication protocol. This module performs the following:
• Open a socket with each robot j 6= i in the team.
• Receive the incoming messages from the sender robots.
• After decoding the message, publish the incoming message to the related node(s).
• After receiving the outward bounded messages from the
nodes, encode the outgoing message and send it to the
receiver robot.
Note that all the sockets are opened at the beginning of
operation in order not to make an extra effort on opening and
closing sockets as the network topology changes. However,
only some of these sockets will be in use depending on the
network topology. The remaining sockets will be idle. Let it
be noted that having opened, but idle sockets requires only
negligible computation and communication overhead. This
is because both end-points generate and respond to periodic
TCP-generated keep-alive messages that occur at least once
every 2 hours [23].
The message format is based on the modified version of
CVS (comma-separated values). Each message contains three
parts as shown in Fig. 2.
• Control Byte: This byte is for error checking purposes
and is set to “AA”.
• Message Type ID: This byte specifies the type of
information in the message.
• Data: This part is of variable length as depending on
the message type.
Note that communication is done in a robot-to-robot manner
instead of broadcast. Hence the message data does not have
any robot identity information regarding the sender robot.
IV. N ETWORK U PDATE M ODULE
The network topology is defined by the collective
P communication state of the robots a ∈ A. Here a = i∈R ai ⊗ ei
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and A = B r−1 × . . . × B r−1 denotes the communication
{z
}
|
r times
space. Each communication state a ∈ A induces an undirected network g(a) ∈ G. In the sequel, we will omit the
a argument whenever it is clear from the context. The set
G = {g ′ |g ′ ⊆ g r } is the set of all possible graphs on R
and g r is the complete graph. Each graph g = (R, E) is
such that the set of edges E(g) ⊆ Q represents the robot
pairs ij between which there is a direct communication
link. From each robot i’s perspective, the corresponding set
of links is defined as Ei (g) = {ij | j ∈ Ni (g)}. The case
when g = g r corresponds to all-to-all communication namely every robot communicates directly with every other
robot. For each robot i, its neighboring robots Ni (g) are
△
robots with which direct links exist – namely Ni (g) =
{j ∈ R |ij ∈ Ei (g) }. Hence, network update is based on
modifying the collective communication state a. This can
be achieved via two alternative approaches: centralized and
decentralized.
A. Centralized Network Update Strategy
In the centralized approach, a network coordinator is
responsible for determining the network topology. Hence,
the functionality of network update module depends on
whether the particular robot is a regular robot or a network
coordinator. In case of a regular robot, the network module
simply sends position information bi to the coordinator and
receives the updated communication state ai as:
• Send position state bi to the network coordinator periodically every Tg seconds.
• Update the collective communication state ai based on
received information from the network coordinator.
In turn, the coordinator does the following:
• Receive position bi from all the robots.
• Find a network topology acceptable to all the robots
based on received information and update a. It ensures
that sent information is consistent - namely aij = aji .
• Send ai to each robot.
The topology update is based on robots’ communication
objectives vi : G × F → R that encode their communication
strategies while they are engaged in their tasks. The set F
refers to the set of all robots positions. A sample case is as
shown in Fig. 3(b). All the robots send their location states to
the coordinator. In turn, the network coordinator determines
a new topology and transmits this to all the robots as also
seen in Fig. 3(c). For details, the interested reader is referred
to [20].
B. Decentralized Network Update Strategy
In this approach, each robot decides for its neighbors
Ni (g) independently of other robots by updating its communication state ai every Tg seconds. The network update
proceeds as follows:
• This module is activated every Tg seconds.
• It attempts a series of temporary direct communications
with other robots and updates ai directly.
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Fig. 3. Robot-5 is acting as a network coordinator. Solid links represent the network topology. One-way dashed links show the temporary communications.
(a) Initial network topology; (b) At the onset of the network update process, all the robots send their information to the coordinator; (c) At the end of the
update process, the coordinator sends the network information to the robots; (d) Final network topology.

•

The update process is continued until a predefined time
∆Tg is reached.

As robots are resource constrained, each robot is viewed
as maximizing its own benefit from participation in the
communication network. Thus, the updating of the network
topology is based on an payoff function vi : G × F → R.
For details, the interested reader is referred to [18], [19].
C. Centralized vs Decentralized Network Update
The two alternative network update approaches have both
pros and cons. In the centralized approach, it will be easier
to achieve optimal network topologies since the network
coordinator has a global view of the overall system. Of
course, this comes with an extra overload on the coordinator.
Furthermore, it is dependent on the successful operation of
the network coordinator robot. However, if the network update process does not require any specific ability, one of the
remaining robots can take on the role of network coordinator
very easily. In contrast, decentralized approaches are easy to
implement as they do not require a coordinator. However, the
decision process on a final topology may take a long time to
converge depending on the objectives. Furthermore, it is not
easy to check whether the network topology is acceptable
to all the robots or not. In practice, since many multirobot
systems do not conform to a strict centralized/decentralized
dichotomy, many largely decentralized architectures utilize
leader/coordinator robots for certain parts of their tasks.
V. T URTLEBOT T EAM
We use a three-robot team. All the robots are Turtlebot
having a differential driving mechanism and on-board processing is done with an ASUS netbook. The robots all have
cylindrical bodies with radius 17.5 cm and the maximum
speed is limited to 0.1 meters/second. Each robot has onboard
encoders and Hokuyo laser range scanner with 4m field of
depth - both of which are used in localization and generating
individual position information. Communication is required
so that the robots are informed of each others’ position.
The robots communicate over an ad hoc network. In this
implementation, network update is done in the centralized
manner. Hence, one of the robots acts as the network
coordinator and updates the network topology as explained
in Section IV-A.

A. Functional Modules
All the robots are endowed with six modules as shown
in Fig 4(left) for the standard robot and Fig 4(right) for the
coordinator robot.
• Motion control: This module, Turtlebot node, is provided by ROS. It sends the desired velocity to the
Turtlebot’s control unit and provides the odometry of
the robot.
• Laser sensor: This module manages Hokuyo laser range
scanner.
• Localization: Adaptive Monte Carlo localization
(AMCL) module that is available in ROS is used.
• Navigation: Each robot navigates to its a priori specified
goal position without any collisions along the way. A
modified version of multirobot navigation functions [24]
is implemented in a decentralized manner. Control law
depends on the information set χi (g).
• Communication: This module manages the incoming
and outgoing messages.
• Network Update: In all the robots except the network
coordinator robot, this module requests the updated
network. In the coordinator robot, this module considers
all the robots’ communication related objectives and
updates the network accordingly. The details of this are
presented in [20]. It then sends the relevant information
to all the robots.
B. Inter-Robot Messages
The list of possible messages depends on the requirement
of the application. In our case, we define three types of
message in the implementation.
1) Message Type ID = 1. In this case, the data contains robot’s position state bi in the global coordinate system. A sample message for this type is
‘‘AA’’, ‘‘1’’, ‘‘0;0’’ which says that my
current position is at (0,0).
2) Message Type ID = 2. In this case, the data
contains detailed robot information including
the robot’s current position, radius, and goal
position. A sample message for this type is
‘‘‘AA’’, ‘‘2’’, ‘‘0;0;17.5;500;500’’,
which indicates that I am a robot with 17.5 cm
radius at (0,0) location and my desired position is at
(500,500).
3) Message Type ID = 3. This message is sent from the
coordinator to a robot. The message data contains a
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Fig. 5. The snapshots of the experiment with Robot 3 (the robot with red
cone) acting as a network coordinator.

list of Ni (g) of each robot. A sample message for
this type is ‘‘AA’’, ‘‘3’’, ‘‘1; 2’’, which
indicates that Robot1 and Robot2 are your neighbors.
If there is no neighbors, the message would become
‘‘AA’’, ‘‘3’’, ‘‘0’’.
C. Experiments
The experiments are done using robot teams consisting of
3 robots navigating in a workspace of about 6m × 6m as
shown in Fig. 5. Each robot should navigate to its a priori
specified goal position simultaneously with the other robots
without any collisions along the way. The map of workspace
is built using gmapping package in ROS with one of the
robots prior to the experiment. This map is then shared by all
the robots. In the experiments, the values of robot-to-robot
communication period Tc = 3 seconds which implies that
each robot sends its position information bi to its neighbors
every 3 seconds. Robot 3 is assigned to be the network
coordinator. The network update period Tg = 15 seconds
which implies that each robot sends its position information
bi to the network coordinator 15 seconds. The link cost in
the robot’s communication payoff function vi is set to 2.

Fig. 6. Time evolution of the experiment. Robot 3 is acting as a network
coordinator. Dotted lines represent the pairwise communication links.

Sampled snapshots from one exemplary task is as shown in
Fig. 5. The corresponding evolution of the network topology
is shown in Fig. 6. At the beginning of the task, the
network g is empty - meaning that none of the robots are
communicating. As robot 3 (network coordinator) receives
the position information from the other robots in the team,
it updates the network topology so that robot 2 and robot
3 start communicating. In the next network update, this
link is broken so that robots 2 and 3 stop communicating.
In the following network update, the coordinator updates
the network topology where robot 1 and robot 3 start
communicating. This process continues as long as the robots
are operational. Let it be noted that the network topology
depends on the objectives selected and programmed in the
network update module. If alternative objective functions are
used, the network topology will change accordingly.
VI. C ONCLUSION
This paper extends the sense-act loop of control architectures to sense-communicate-act paradigm. In this new frame-
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work, the control architecture incorporates two new modules: communication and communication network update.
The communication module enables the periodic exchange
of information with neighboring robots as deemed by the
current network topology. The network update module is
responsible for updating the network topology periodically
via considering the communication or task related objectives.
In the centralized approach, they leave updating of the
network topology to one of the robots - who additionally acts
as the network coordinator. This robot updates the network
– taking all the robots communication related objectives into
consideration. Alternatively, in decentralized network update,
the robots decide for themselves with whom to communicate.
These modules are integrated into ROS and are implemented
on a multirobot team. Our ongoing work is focusing on using
this framework in multirobot tasks where achieving optimal
network topologies is critical to performance.
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