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Summary. We describe the architecture, algorithms, and experimental testbed for the deploy-
ment of large numbers of cooperating robots, and applications to tasks like manipulation and
transportation. The coordination between robots is completely decentralized to enable scaling up
to large numbers of robots. There is no labeling or identification of robots and all robots (and
their software) are identical allowing robustness to failures, ease of programming, and modu-
larity enabling the addition or deletion of robots from the team. Our approach requires minimal
communication and sensing and the proposed controllers are based only on local information.
Moreover, our architecture facilitates asymmetric communication from one or more supervisory
agents that can broadcast information to all robots and close the loop by acquiring abstract, high
level information related to the supervised robots. We discuss the hardware and software imple-
mentation, the architecture, and present recent experimental results.

1 Introduction

Recent advances in communication, sensing, and networking, as well as increases in
the ratio between performance and price of computers are reflected in the increased
presence of embedded computers and sensors in homes and factories. Further, wireless
ad-hoc networks or plug-and-play wired networks are becoming commonplace. Appli-
cations for networked robots where one can exploit such technology and infrastructures
include environmental monitoring [1], surveillance and reconnaissance for security and
defense [2–4], and support for first responders in a search and rescue operation [5, 6].

The emerging need for large-scale networked multi-robot systems has prompted a
growing response by the research community for architectures and methodologies for
balancing the increased algorithmic requirements of controlling distributed systems
with sufficient centralization to permit human interfacing. In this paper, we describe
our approach to the architectural design of large scale multi-robot algorithms. We mo-
tivated this design with a discussion of the pragmatic considerations required when
applying multi-robot algorithms to larger systems. We discuss a control framework that
abstracts the system complexity to a manageable level by promoting algorithmic in-
variance to the scaling size of the system through an Asymmetric Broadcast Control
(ABC). To elucidate these concepts we discuss the development of an experimental
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robotics infrastructure with a focused discussion on the application of such method-
ologies in experimentation. Recent results provide validation of the appropriateness of
the control framework and the use of behaviors as a means to reduce the algorithmic
complexity of large multi-robot systems.

2 Motivating Design Principles

We are interested in the deployment of potentially large numbers of cooperating robots
with applications to tasks such as persistent surveillance, object manipulation, and
transportation. When applying distributed control algorithms to robotic system at-
tributes such as decentralization, anonymity, and uniform modularity aid in implemen-
tation. Decentralization means that the algorithm does not require access to the full
global state. Anonymity suggests that each robot does not require an identifying at-
tribute of other robots in order to continue the computation of the algorithm. Uniform
modularity in algorithmic application extends the idea of anonymity to further pro-
mote the notion that each robot executes an instance of the same uniform algorithmic
module. Modularity permits a higher level of interoperability between differing control
algorithms and often reduces the complexity of the control algorithm simplifying the
implementation. These attributes often improve the efficiency and interoperability of
algorithms by permitting computations to execute in parallel across the robot network.
Additionally, a robot is rendered similar to the other robots in the system. The algorithm
is made robust by ensuring that no robot plays a role of vital importance and each robot
easily replaceable in the case of failure.

While wishing to maintain these distributed properties we acknowledge the need for
the centralization of certain aspects of the control law to permit higher level interaction
with the system by a supervisory agent such as a human operator. It is often impractical
for large numbers of robots to share information and to have every robot access global
state information. While the communication network facilitates the design of distributed
estimators, these estimators may not be robust to intermittent failures of the network.
As such failures can reduce the robustness of the control algorithm, we are also inter-
ested in an approach that alleviates the burden of communication and sensing within the
technological constraints of modern networking protocol with controllers that decouple
the performance of multi-robot controllers from that of decentralized estimators.

3 Control Architecture

A number of multi-robot control architectures have been developed in the last decade [7–
11], many of which were inspired by behavior-based control paradigms [12]. The need
to have decentralized control to enable scalability to large numbers is emphasized
[9, 13]. Many architectures rely on hierarchy to manage the complexity of the task
and the control software [14]. However, to task large groups of robots, we include a
component of centralization to allow a human (or an appropriate supervisory agent) to
interact with and task the team.
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Fig. 1. Asymmetric Broadcast Control (ABC) Architecture. The mathematical state description
(2) of a team of robots (1) reduces the complexity of representing the control of the system in an
abstract space (3; here depicted as a vector, geometric manifold, or stochastic space). The control
synthesis, planning, and command (4) need only consider the abstract space rather than the state
of the full system of robots.

3.1 The Asymmetric Broadcast Control Architecture

When considering teams of robots nearing the scale characteristic of sensor networks,
it is necessary to consider approaches to program, command, control, and monitor the
robot teams. However, it is also desirable in such large teams to not require knowledge
of the specifics of each robot and the number of robots in the team. We advocate a
broadcast paradigm in which all robots have uniform software and receive common
instructions but have the software-enabled intelligence to adopt roles and perform the
required tasks.

Accordingly we propose the Asymmetric Broadcast Control architecture shown in
Fig. 1. Since the configuration space and the state space of the multi-robot system grows
with the number of robots, and the complexity of most centralized algorithms for coor-
dination are at least quadratic or cubic in the number of nodes, it is necessary to allow
the supervisory agent to interact with the system in a reduced dimensional space. We
argue that it is mathematically necessary to define an abstraction, a function that maps
the large state space into an abstract state, whose dimension is small and independent
of the number of robots and has a physical interpretation that is easy to control and
command. Of course there may be multiple abstractions based on the task. Formally,
define the state space of the n robot system as n copies of Xai , the state space of the
ith robot:

X = Xa1 × Xa2 × . . . × Xan ,

and the abstract space A whose dimension is smaller and independent of the dimension
of X.

Φ : X → A, Φ(x) = a, (1)

where Φ is a mapping of the higher-dimensional state x ∈ X to the lower-dimensional
abstract state a ∈ A. In Fig. 1, we show three different abstractions. A can be an m-
dimensional vector space and the evolution of the multi-robot system can be viewed as
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the evolution of the abstract state a in this vector space. A may be endowed with the
geometric properties of a manifold as in [15–17]. When scaling to very large numbers,
it may be productive to view the group as a stochastic process and the appropriate
abstraction may be a continuous-time, q-state, Markov chain [18].

Such an abstraction permits the designer or programmer to consider the motion plan-
ning and controller synthesis problem on this lower-dimensional space A. This ap-
proach necessitates a supervisory controller interacting with the group at this higher
level in the abstract space A. Tasks, plans, and trajectories are specified at the abstrac-
tion level permitting supervisory interaction in a reduced-complexity space. Further,
distributed networking protocols such as broadcasting is readily incorporated since the
higher level abstraction provides common information allowing individual robots to
interpret these commands based on their individual states and the state of their local
environment.

The requirement of a supervisory agent may arguably detract from the decentral-
ization of the control algorithms. However, the ABC architecture permits a level of
centralization without requiring the individual robots to lose the desirable properties of
distributed control algorithms. Additionally, this framework accommodates the (often
pragmatic) need to provide global information to the team of robots such as information
regarding the external world (e.g., maps of the environment) and information about the
abstract state of the group. However, the broadcast protocol ensures that the information
is independent of the number of robots in the team and depends only on the complexity
of the tasks that need to be performed. At the local inter-agent level, any interactions
and communications between the robots are transparent to the supervisory agent.

There may also be a need to provide to the supervisory agent some information
about the state of the system. This can be achieved at low data rates by individual
agents. Alternatively it can also be accomplished by equipping supervisory agents with
appropriate sensors allowing them to measure the abstract state of the system at a coarse
level of granularity without worrying about specifics regarding individual states. Such
a framework ensures that the volume of data transfer from the supervisory agent to
the team of robots greatly exceeds the data transfer from the individual robots to the
supervisory agent in an asymmetric manner. This design permits the addition or deletion
of robots with little effect on the total data transfer.

We acknowledge that our emphasis in the discussion of the architectural issues is on
the behavioral architecture and control, rather than estimation, localization, and map-
ping. Clearly, there is an entire set of issues regarding how individual robots exchange
information with other robots [11], how information from different robots and sensors
are seamlessly integrated [3], and how this information can be used for mapping and
exploration [4]. However, in this architecture individual robots can talk to each other in
addition to talking to a supervisory agent. Additionally, the integration of information
and the sharing of this information may be facilitated by a broadcast agent.

3.2 Design and Composition of Local Behaviors

While the motivating principles discussed in Sect. 2 emphasize the abstraction of the
control algorithms to a space that is invariant to system size, local interactions must also
be considered for many practical reasons. Following the same motivation to maintain
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Fig. 2. Navigation function with three obsta-
cles and the resulting gradient following path
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Fig. 3. Exploiting the ABC concept in con-
junction with navigation function (NF) based
aISS controllers.

decentralized, anonymous, and uniformly modular control algorithms for each robot
we propose the use of local controllers for each of the individual robots that satisfy the
fundamental properties of safety and stability. These properties will guarantee that the
group will be able to carry out the high level orders of the supervisor (stability), while
the supervisor will not have to worry about collisions between the robots (safety).

One class of controllers that provide the fundamental properties of safety and stabil-
ity are the navigation function based controllers which inherit their safety and stability
properties from the underlying navigation functions [19]. Navigation functions are real
valued maps realized through cost functions whose negated gradient fields are attractive
towards the goal configuration and repulsive with respect to obstacles or other robots as
depicted in Fig. 2.

Although navigation functions provide a way to create navigation behaviors for in-
dividuals, this is not adequate when facing complex tasks that require the joint “in-
telligence” of several systems (including human users) or when the system needs to
concurrently satisfy several initiatives. This is true not only for the local robot con-
trollers, but is also often an indispensable capability for the supervisory agent. In [20] a
compositional framework is presented where the controllers inherit the safety and sta-
bility properties from the underlying navigation functions while the interconnections
are handled under the almost Input-to-State Stability (aISS) framework. The resulting
system maintains the fundamental properties of safety and (global asymptotic) stability
of the initial navigation function system. The almost global characterization is another
trait that is inherited from the navigation functions. The case of mixed initiative control,
where humans are interacting with the planners, can be seen as a special case of this
compositionality framework [21].

A compositional control strategy that promotes the use of the ABC architecture at a
high level with the local interaction guarantees of the navigation function based aISS
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(a) (b) (c)

Fig. 4. The 20 × 13.5 × 22.2 cm3 SCARAB platform is shown in Fig. 4(a). The KHEPRI robot,
Fig. 4(b), is controlled by six cables and has a full suite of sensing and computational abilities
making it well suited for emulation of an UAV in indoor environments. Fig. 4(c) depicts an LED
target used for localization.

controllers is shown in Fig. 3. At a global level, the supervisory agent assesses ab-
stract properties describing the workspace and environment of the team of robots. This
abstract description defines the local aISS control laws. Since these controllers are nav-
igation function based aISS controllers, mixed initiative control can be implemented,
enabling human users to seamlessly interact with the system at any level of the hierar-
chy while preserving the properties of the distributed ABC architecture and the stability
and safety guarantees of the underlying control laws.

4 Testbed Design for Multi-robot Experimentation

The following discussion briefly describes the design of an experimental testbed with
an emphasis on the influence of the design principles discussed in Sect. 2 on the sys-
tem architecture. We detail the realization of distributed control algorithms in modular
software as well as the physical infrastructure developed to implement the algorithms
in light of these principles.

4.1 Software

We adhere to the well-known object-oriented programming paradigm for writing hard-
ware and algorithmic code modules. We use the Player server [22] of the open-source
Player/Stage/Gazebo (PSG) project to ensure interfacing between the code modules
that run on each of the robots. The development of networked code modules permits
the evaluation of algorithms in a distributed manner.

4.2 Hardware and Infrastructure

We have designed two robots for use in distributed multi-robot experiments. The
SCARAB is a small (20 × 13.5 × 22.2 cm3) differential drive ground platform, shown
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in Fig. 4(a), equipped with an embedded computer, sensors, and motors. The robot was
designed to be easily manufactured, economic, and repairable due to the modularity
in the mechanical design. The on-board computational and sensor capabilities of the
SCARAB permit each robot to perform independent calculations based on their local
environment. Additionally, a local wireless network permits communications between
each of the robots or the global system. With these capabilities, the SCARAB serves as
an ideal platform for testing distributed control algorithms on mobile ground robots.
Further, the small form-factor of the robot permits the size of the group of robots to
scale based on the experiment design.

The second robot is the cable-driven parallel mechanism shown in Fig. 4(b) called
KHEPRI. In the ABC framework, either KHEPRI or a human act as the supervisory
agent. KHEPRI is equipped with an embedded computer, camera, lasers, and an inertial
measurement unit, with cables driven by motors equipped with encoders. Such a sen-
sor suite permits KHEPRI to be used for both control and observation. Further, since
KHEPRI is enabled to communicate on the same wireless network as the SCARABs, in-
teraction between the two types of robots is possible. Given the discussion of Sects. 3.1
– 3.2, it is apparent that KHEPRI and the SCARABs facilitate the testing of distributed
control algorithms for teams of robots with a global observer.

The LED localization target of Fig. 4(c) is used to localize the pose of the team of
ground robots. By equipping each of the SCARABs (and other ground objects) with a
target, we are able to identify and localize each of the robots via overhead cameras.
Each target flashes with a unique pattern that permits real-time tracking based on the
LED position, and identification based on the unique pattern. This technology permits
the verification of the ABC framework without requiring the additional complexity of
pose estimation.

A dedicated wireless network is used to accommodate the networking requirements
of the distributed robotics experiments. The SCARABs, KHEPRI, and external com-
puters are interfaced on this network, which permits inter-robot communication and
external human interaction during experimentation.

4.3 Simulation and Integration

As mentioned in Section 4.1, we use the software developed by the PSG project, which
defines interfaces for our distributed system and provides communication between the
robots. Additionally, Player provides a layer of hardware abstraction that permits algo-
rithms to be tested in simulated three-dimensional Gazebo environments. By adhering
to well-defined interface specifications, each algorithmic implementation (for example,
those discussed in Sects. 5.1 and 5.2) is identical for both simulation and experimenta-
tion on hardware.

5 Experimental Verification

5.1 Formation Control

We are interested in controlling a large team of nonholonomic ground robots in a de-
centralized fashion that is invariant to the number of ground robots. We briefly present
experimental results using the KHEPRI aerial robot and a team of SCARAB robots.
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Fig. 5. Formation Control in Simulation and Experimentation. Figures 5(a)–5(e) depict the con-
trol of a team of twenty-five robots (in simulation) by an aerial robot using the control law
discussed in Sect. 5.1. The aerial robot is controlling the team of ground robots by defining a
predefined trajectory in a lower-dimensional abstract space. Figures 5(f)–5(j) show a similar sce-
nario on a team of ground robots and an aerial cable robot using hardware.

In our previous work [17, 23], we developed an abstraction for the team that includes
a gross model of the shape of the formation of the team and information about the posi-
tion and orientation of the team in the plane. Thus in (1), we can define A = SE(2)×S,
where SE(2) is the special Euclidean group in two dimensions and S ⊂ R2 is the shape
space consisting of the major and minor axes of a ellipsoidal approximation [15]. We
also derived controllers that allow the team of robots to move in formation while avoid-
ing collisions and respecting the abstraction commanded by the aerial platform [23].
Thus KHEPRI, the supervisory agent, is able to control not only the gross position (μ)
and orientation (θ) of the formation, but also the shape (s1, s2) ∈ S by simply broad-
casting the current abstract state a = (μx, μy, θ, s1, s2), and the desired abstract
state to the ground robots.

Thus, commands of the abstract state a are translated into commands of individ-
ual robots. Details on the control laws and derivations are available in [15, 17] and on
the practical implementation including collision avoidance in [23]. The formation con-
troller was implemented on a team of four SCARABS and KHEPRI in simulations and
experiments. A representative control scenario is shown in Fig. 5.

5.2 Cooperative Manipulation

For cooperative manipulation we are interested in a decentralized algorithm that ma-
nipulates an object via caging [24]. The complexity of the control problem is reduced
by abstracting the control to a composition of vector fields [16, 25]. Since these vec-
tor fields are defined with respect to the object’s geometric shape, the resulting control
law is independent of the number of agents and only requires the assumption that the
number of agents is sufficiently large to surround the object for caging purposes. The



Architecture, Abstractions, and Algorithms for Controlling Large Teams of Robots 417
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Fig. 6. Figures 6(a)–6(e) present a representative distributed manipulation of an “L-shaped” ob-
ject simulated in Gazebo. The robots approach (Figs. 6(a) – 6(b)), surround (Fig. 6(c)), and ma-
nipulate (Figs. 6(d) – 6(e)) an object. Figures 6(f)–6(j) depict a similar scenario as above with the
approach (Figs. 6(f) – 6(g)), surround (Fig. 6(h)), and manipulate (Figs. 6(i) – 6(j)) behaviors.

control law is anonymous in that the identification of individual agents is unnecessary
and the number of robots can change dynamically.

We refer to this composition of vector fields as the construction of behaviors where
individual components can be described by common semantics such as approach, sur-
round, and manipulate. Further, each of these components have been shown to provide
guarantees on the convergence and stability of the control law [26].

We have been able to demonstrate through simulation and experimentation that a
switching system between these behaviors is robust to both the type of object being
manipulated and the number of robots available for manipulation. In fact, hundreds of
simulations have been conducted with different object types and different numbers of
available agents with success. In experimentation on real hardware we have conducted
tens of trials with four to eight robots manipulating an object along both linear and
sinusoidal trajectories as depicted in Fig. 6.

6 Conclusion

We presented our architecture for controlling large teams of robots. The architecture
emphasizes the use of abstractions to reduce the complexity of control algorithms for
distributed systems. Additionally, we demonstrated how this framework enables the
inclusion of global and local interactions in the form of supervisory agents and local
behaviors, respectively. An experimental testbed was discussed which adheres to the
motivating principles underlying the control framework in software and hardware. The
flexibility of the system was shown in two experiments which serve as more concrete
examples to the meaning of the notion of an abstraction.

We are currently considering the application of the ABC framework to a larger class
of problems. We are broadening the controllers of Sect. 5.1 to capture more diverse ab-
stract descriptions beyond ellipsoidal approximations. Additionally, we extending upon
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the work of Sect. 5.2 to take into account robot failures during manipulation by in-
corporating local sensing into the behavior descriptions. Another area of interest is the
estimation of abstract parameters to supplement or replace requirements on the super-
visory agent.
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