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ABSTRACT

Design of complex systems calls for systematic methods as
well as supporting environments to experiment with, under-
stand, and evaluate them. For robotics systems that include a
large number of robots, an integrated simulation-based design
environment will greatly simplify the transitions from robot
model experiment to real robot deployment and execution.
This paper presents the development of an integrated multi-
robot test-bed to support an incremental simulation-based de-
sign methodology that includes conventional simulation, robot-
in-the-loop simulation, and real robot experiment. We de-
scribe the hardware, software, and system architecture of this
integrated test bed, and present a multi-robot dynamic team
formation example to demonstrate the usage of this platform
along the different stages of the design process.

Index Terms— Robot-in-the-Loop simulation, DEVS, Sim-
ulation based design, Mobile robots, Pattern recognition, Im-
age processing

1. INTRODUCTION

A multi-robot system consists of multiple robots that coordi-
nate with each other to finish a common task. Design of multi-
robot systems is a challenging task due to the factors such as
dynamic environment, real time processing, hardware con-
straint, and complex cooperation and coordination require-
ment. This is especially true for large scale robotic systems
that have a large number, e.g., up to hundreds, of robots and
need to accomplish complex tasks. The increasing complex-
ity of cooperative robotic systems calls for systematic meth-
ods as well as supporting environments to experiment with,
understand, and evaluate them.

Modeling and simulation have been widely applied in sup-
porting multi-robot system development. In previous work,
we have developed a model continuity design methodology [1]
and a Robot-In-the-Loop (RIL) simulation method that allows
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real robots to be experimented in a simulation-based virtual
environment containing many robot models [1]. RIL sim-
ulation is carried out by replacing some robot models in a
multi-robot system with real robots. These real robots use a
combination of virtual and real sensors/actuators. For exam-
ple, a real mobile robot may use its virtual IR sensors to get
sensory inputs from a virtual environment and, as a response
to the decision-making of these inputs, use its real motors to
move the robot in the physical environment. The real robot
can also sense other robot models simulated on computers
and communicate/coordinate with them. Setups like these al-
low designers to test different aspects of the robot system in
a flexible yet controlled manner. Including real robots in a
simulation-based study has several advantages from the de-
sign point of view. First, RIL simulation brings simulation-
based study one-step closer to the reality. Measurement re-
sults from RIL simulation can be compared with those from
conventional simulation. Such comparisons will provide use-
ful feedbacks to the designers, e.g., indicating that a robot
model may not model the real robot’s movement very well.
Meanwhile, by using real robots, RIL simulation increases
designers confidence about how the final real system is going
to work. Note that in both of these two cases, RIL simulation
allows the designers to use only several, instead of all, real
robots to gain the above knowledge. For large-scale coopera-
tive robotic systems that include hundreds of robots, RIL sim-
ulation thus makes it possible to conduct system-wide tests
and measurements without waiting for all real robots to be
available. This capability is especially useful for large-scale
cooperative robotic systems whose complexity and scalabil-
ity severely limit experimentations in a physical environment
using real robots. Therefore, using the idea of RIL simulation
we can test an incomplete system by replacing the unavailable
parts with the models. This is also useful in testing the com-
bat scenarios when the model of other competitors is tested
against a team of robots.

The intermediate stage of RIL simulation makes it possi-
ble to add RIL simulation to conventional simulation and real
system experiment to form an incremental simulation-based
design process. The design process will start from conven-



tional simulation where all robots are models and simulated
on a centralized computer, and then transition to robot-in-
the-loop simulation that includes combined real and virtual
robots, and finally to real system experiment where all robots
are real and tested in the real field just like how the final sys-
tem should be. In one sense, RIL based design can be com-
pared with model based system control, that a model is gener-
ated for part of the system which can improve over successive
information of the sensors.

To support the incremental simulation-based design pro-
cess described above, an effective multi-robot test bed needs
to be developed. This test bed should support all stages, in-
cluding conventional simulation, robot-in-the-loop simulation,
and real robot execution, of the design process in a coher-
ent way, and provide an integrated interface for all the three
stages and enable smooth transitions between them. This
paper presents the development of such an integrated multi-
robot test bed based on Khepra mobile robots, which have
been widely used in many multi-robot research and education
projects. We describe the hardware, software, and system ar-
chitecture of this integrated test bed, and present a multi-robot
dynamical team formation example to demonstrate the usage
of this test bed. Modeling and simulation of virtual robots and
the environment are based on Discrete Event System Specifi-
cation (DEVS) [2], and specifically the DEVSJAVA [3] simu-
lation package. Detailed descriptions about how robot models
are developed and how simulations (including conventional
simulation and robot in the loop simulation) are supported
can be found in [1, 4] and thus are omitted here.

In the first part of this text, the related work, the system
architecture (including the image processing part in software)
and the hardware setup are discussed. Then the effect of
robot-in-the-loop stepwise system integration is introduced.

2. RELATED WORK

Multi robot systems and robot swarms [5] have been an ac-
tive research area in robotics and related topics. The control
aspect and path planning based on robot models are widely
researched and exploited in car factories and automation in-
dustry, mainly for robotic arms. For mobile robots, the prob-
lem is not often predefined which makes it more dynamic.
Some of the mobile robot system simulations are pure sim-
ulations (like Webots [6] originally for Khepra robot simu-
lation), some work with real robots and some are hybrid of
real and virtual objects [1]. In [1], a DEVS based simula-
tion is discussed. Another hybrid framework for real and vir-
tual environment (RAVE) was proposed [7] which addressed
the benefit of the virtual augmentation to test virtual sensors,
and virtual robots when the number of real robots is limited.
RAVE is based on libraries, servers and user interfaces to
perform different scenarios. The work of [8] puts the idea
of mixed reality in the context of distributed robotic system

(with objects responding to external events) with the concepts
of virtual sensors, and suggests this approach when the cost
of robots is high. Modeling the sensors can be more detailed
to handle uncertainty [9].

Another form of hybrid simulation is projective virtual re-
ality [10, 11] which projects the virtual world into reality.The
concept of mixed reality is utilized in Virtual Reality (VR),
with many applications for example in flight simulators [12],
bio-informatics [13], realtime weather forecasting, and mo-
bile robotic test-beds [10, 11, 14, 15, 16, 17, 1]. The ex-
tensive control capabilities of Khepra robots when combined
with a good localization method (like image processing with
external camera) is suitable for this kind of virtual and real-
ity integration as in KhepOnTheWeb [14, 18]. Gracanin’s
virtual reality test-bed [15] adds virtual objects to the user in-
terface (virtual environment and robots) and distributed users
can control the same robot in a virtual world. This research
also emphasizes the importance of the network resources, and
implements a distributed control protocol. In the current work
we realized the importance of resource management (like net-
working) when more robots added to the complexity of the
system.

3. SYSTEM ARCHITECTURE

The goal of this project is to design a collaborative system
consisting of many agents, to experiment with the idea of
agent-in-the-loop system design, and here when we refer to
agents it means both real and virtual robots. All agents are
treated the same, while they can have different interfaces to
other entities. Agents, regardless of being real or virtual en-
tities, are DEVS models each with a set of behaviors in a
behavior network. Having the same code for agents, in one
hand makes the design simpler and makes it possible to go
from simulation to implementation easier, on the other hand
it requires homogeneity of the agents. To tackle the inher-
ent heterogeneity of real entities the control model is made
more robust and flexible enough not to be bound to certain
parameters. The control unit performs actions by the devel-
oped software.

3.1. Software

When the software is running, control panel takes control of
other components (Fig. 1). User can change parameters re-
lated to vision, localization and navigation. User can also
manually navigate real robots or change the speed parame-
ters. In addition, the user can switch to central or distributed
automatic convoy mode and start or stop the real-time sim-
ulation of the system. In this design, the user can interact
only with the control panel through its Graphical User Inter-
face (GUI), therefore the internal architecture of the applica-
tion is transparent from user point of view. Localization of



real robots is performed by image processing, then the simu-
lated system model of agents (AgentSys in Fig. 1) is updated
by new external events of vision activity. Finally, based on
this new events, the behavior network of each agent decides
the next simple movement which is then transmitted to cor-
responding agents by appropriate interfaces. The AgentSys
component is modeled in DEVS [2] and uses DEVSJava [3]
as the simulation engine.

Fig. 1. System architecture

The user can monitor the current state of the system (agents’
positions and selected behaviors) in the same GUI. The lo-
calization unit informs the monitoring component of the real
robots, while the DEVS simulation core (AgentSys) adds the
virtual robots information. The GUI is designed so that it sim-
plifies the interaction of user and simulation software, making
it suitable for teaching concepts of robotics, behavior selec-
tion, DEVS modeling and simulation.

The AgentSys model consists of the Environment model
and the Agent models; The environment model is a DEVS
atomic model that models the physical environment of the
robot system (Fig. 2) and information of all robots (real and
virtual), such as their dimensions, positions, and moving di-
rections. The environment gets the result of the vision activ-
ity and dispatches data to the related agents. It also builds
the virtual layer on top of the real layer in the control panel
GUI. This virtual layer comprises the virtual robots (red cir-
cles in Fig. 5), rectangular boundary of the virtual environ-
ment (green rectangle in Fig. 5) and the names of current be-
haviors of agents. Some of these virtual data can be turned off
by the user. Furthermore, vision activity is a DEVS activity
that belongs to the real-time DEVS and closes the loop of the
control system. For any other localization sensor if added to
the system, an activity regarding the new sensor is needed. In
the case of multiple input sensors, the result of all activities
should be fused to find knowledge about the system.

Agents, regardless of being real or virtual entities, are
DEVS models each with a set of behaviors in a behavior net-
work as the decision making part. Robot team formation (in

Fig. 2. System hardware, the robots, and environment con-
sisting the overhead camera and the rectangular filed

central convoy) requires sending navigation commands to the
robots, also the distributed convoy may broadcast the infor-
mation about the real robots to them so that their behaviors
change by new information. As a result, the agents access
the environment by appropriate interfaces. Virtual agents get
access to the virtual environment, while real robots interact
with real environment. Therefore in the central team forma-
tion, real and virtual interfaces are implemented and by au-
tomating the robots in distributed convoy the virtual interface
is replaced with the real robot on-board software. For an ex-
ample, in central convoy when a behavior of an agent is ac-
tivated the navigation commands are sent to the environment
interface of the agent. If the agent is a real robot, the navi-
gation command is transmitted over the communication link,
but if the agent is virtual, the command is simulated and thus
changes the position or heading of the virtual robot.

3.2. Hardware

Images of the field are taken by an overhead camera located
so that the grabbed picture covers the entire filed on which
the robots move (Fig. 2). By this choice we avoided the extra
processing inside each robots and also using available tech-
niques of image processing we could find the location and
direction of each robot accurately. This camera is installed
on top of the platform where the robots are moving (1.2×1.5
square meters) in the height of about 1.5 meters. The robots
are Kheprar robots with circular shape and 8 proximity sen-
sors. Having the global view of the filed by the image of
the field in hand, the sensors are modeled for the real robots



avoiding the extra need for filtering of the sensors. The image
of the filed is taken by the overhead camera then used for the
localization.

4. LOCALIZATION AND VISION

Environment as a real-time atomic model runs a DEVS activ-
ity (called vision activity) to get the new position and heading
of all real robots leading to vision based localization. Image
processing is used to find information of real robots on the
field. Agents use these information as if they are looking for
other agent, thus image processing is basically the vision of
agents. As we consider the vision in the first part to capture
distances of the robots and informing them, one option would
be to use vision on robots themselves to make the simulation
more natural. However on-board image processing with all
pixel data is time consuming and requires too much memory,
so people come up with complicated algorithms to tackle this
problem for real-time robotics [19].

(a) Pattern template

(b) 6UCP for ID = 6 (c) Sampling

Fig. 3. Circular pattern with 6 slots.

4.1. Pattern

To find robots more accurately, while not relying on robot
processing abilities, we used a conventional method including
an over-head camera to track the movement of the robots by
finding the special patterns on top of them. We used a 6 angle
circular pattern with color coding on the angular dimension of
the pies (Fig. 3(a)). Figure 3(b) shows the designed 6 angle
pattern for ID equal to 6. This patterns consist of 6 pie slices,
one inner hole and two outer rings. To color code the pattern
we use the pattern template scheme in Figure 3(a), in which
the largest pie slice is always white as well as the outer ring,
also the inner hole and two pie slices near the biggest pie are
always black. Therefore by considering white as 1 and black
as 0, three remaining pie slices can be used to identify 23 or 8
different IDs for robots.

Definition 4.1 A 6-angle-uniform-circular-pattern (6UCP) is
defined by three vectors and one coding formula:

P6 =


θ = [θ1, θ2, · · · , θ6]
, β = [β1, β2, · · · , β6]
, α = [α1, α2, · · · , α6]
, φ, r1, r2


where,

θ is a vector of angles of 6 pie slices. such that:

6∑
1

θi = 360◦ (1)

βi ∈ {0, 1} for i = 1, 2, 3, 4, 5, 6. β is the color vector so
that if βi=1 the ith pie slice is white otherwise it is black.

α is the vector of position exponents(αi are natural num-
bers or zero, for i = 1, 2, 3, 4, 5, 6)

φ is the code (or ID) of the pattern such that:

φ =
6∑
1

βi × 2αi (2)

r1 and r2 are the radii of inner hole and inner ring re-
spectively.

Obviously 0 < r1 < r2. Also because this definition
corresponds to the polar coordinate system then all angles
are counted in counter clockwise (CCW).

Note that equation 1 is needed for the pattern to be pe-
riodic. Also because the data is coded only on the angular
dimension of the polar coordinate system of the pattern. The
pattern is uniform in magnitude dimension (towards the ra-
dius of the circle). Based on this definition, one possible in-
stance for the 6UCP with which we made our pattern (and is
shown in Fig. 3 ) is as follows:



θ = [85, 55, 55, 55, 55, 55] = 55× [1.5, 1, 1, 1, 1, 1]
β = [1, 0, x1, x2, x3, 0]
α = [0, 0, 1, 2, 3, 0]

(3)

Note that x1,x2 and x3 refer to the three labeled pies in
Fig. 3, they can be 0 representing black or 1 representing
white. Also for convenience the biggest angle in the pattern
should be the first in vector θ. The color corresponding to this
angle is always white (because β1 = 1), this results in an off-
set in building the codes therefore the code sequence begins
with 1 (φ ∈ {1, 2, 3, 4, 5, 6, 7, 8}). One observation is that
although this instance can describe the pattern we chose, it is
not the only possible instance of 6UCP. Another observation
is that if we shift all three vectors circularly we would have
the same result, and it is due to the fact that if a robot turns it
still will have the same ID. Therefore the algorithm to identify
this pattern also should overlook the rotation. That is why a
Circular Cross Covariance can detect this pattern.

4.2. Image Processing

The vision algorithm consist of the following steps; build the
image, convert it to gray scale, enhance the contrast, find the
center of objects by blob detection analyze the pattern and
map the objects to robots. In practice, enhancing contrast by
stretching the histogram of the image, proved to make the al-
gorithm robust against the noise. In blob detection, for each
line of the image and each pixel, if the pixel value is inside a
certain threshold range, the algorithm traces the edge to mark
the blob (while calculating measurements such as centroid of
the blob) with a special color outside the threshold. The algo-
rithm continues to find all blobs (found objects with certain
circularity and size). The centroid is calculated by averaging
the x and y coordinates of all of the pixels in the selection
(here circular blobs), thus it is to some extent robust against
lenses effect. Using normal camera and without preprocess-
ing the image , the centroid measurement was better than find-
ing the center by special color in the center.

Sampling starts with 0 degrees (in polar coordinate around
the found centroid) and adds δt in each step. In building the
ideal signals, we start with the β1 and sampling also starts
at the beginning of this segment (we assumed the pattern has
not turned around the center). In addition, there is no noise in
the ideal signal. However, the pattern might be rotated (Fig.
3(c)) causing the signal to be shifted. In practice some noise is
also added to the signal. To improve the signal being sampled
the brightness of captured frames can be changed in vision
setting. Now the identification method would be this; the test
signal should be compared with all available ideal signals (in
the bank) to find the one with more correlation. The lag at
which the correlation gets its maximum value, is directly re-
lated to the heading of the robot pattern (red arrow starting
from the center at Fig. 3(a)). The mutual similarity of an ID

with another ID is defined as the circular cross covariance of
the sampled signals and ideal signals of them.

CX(d) =

N∑
i=1

[(x(i)−mx) (y(i− d)−my)]√
N∑

i=1

(x(i)−mx)2 ×

√
N∑

i=1

(y(i)−my)2
(4)

where N is the length of the vectors, also mx and my are the
mean of the vectors x and y respectively.

y (−k) = y (N − k) (5)

η (x, y) = maxd (CX(d)) (6)

We can have up to 8 different markers in 6UCP but not all
of them are generally in the field (not all of them are available
markers). As a result we have m available markers (1 ≤ m ≤
8) with associated IDs of {ID1, · · · , IDm}. Correlating each
found object (totally n objects of {o1, o2, · · · , on}) with all
the available patterns in the field, a table of similarity between
objects and robot patterns is achieved. Table 1 shows this
mapping for 5 found objects when only three robots are in the
field.

ID1 = 1 ID2 = 3 ID3 = 6
o1 0.27433464 0.3336813 0.40391427
o2 0.6221739 0.93153024 0.16337222
o3 0.5072501 0.19723846 0.9139368
o4 0.3381496 0.47814554 0.36910614
o5 0.9299889 0.65918684 0.51369625

Table 1. Object to ID similarity mapping for m = 3 and
n = 5

In the final step of image processing we should assign
each ID to an object (the reverse of the mapping). Note that
we assumed all of these IDs exist in the field, then we should
find the objects which are more likely to be a particular ID,
while each object can be used only once. The localization
results is applied directly in the central team formation robot
models, while it is transmitted to the robots in the distributed
version.

5. A MULTI-ROBOT TEAM FORMATION EXAMPLE

The decision making core of the agents (real and virtual robots)
is a network behaviors based on mutual inhibition behavior
choice and is modeled in DEVS. Detailed description of sys-
tem and its control models can be found at [4]. Here we focus
on the design process aspect and give an example. We first
give an overview of the system and its task, and then show



the different stages of the simulation-based design process as
described before.

To help the convoy to form, the agents (including real
and virtual robots) are assigned IDs consecutively from 1 to
N , where N is the total number of agents. A formed team
is a convoy in which the kth agent (Rk) should follow the
agent Rk−1 for k ∈ {2, 3, · · · , N}. The final team would be
{R1, R2, · · · , RN}. By removing the ordering of the agents,
emergent behaviors also can be investigated in the future re-
search. Each agent should follow the next agent or search
for it, while waiting for the previous agent. The team for-
mation is dynamic; during the process; sub-teams may form
({Rl, Rl+1, · · · , Rm} that 1 ≤ l < m ≤ N ) that later on this
chain is broken because of other phenomena. For example an-
other agent which does not belong to this sub-team may try to
cross the line between Ro and Rp (l ≤ o < p ≤ m), the chain
is widened at that point not to collide with the crossing agent,
therefore the agent Ro may decide not to wait for Rp anymore
and continue its convoy. This active environment especially
when real objects are in the simulation, make the predefined
path planning for team formation very hard.

Fig. 4. Pure simulation of 4 agents.

Based on Robot-in-the-loop methodology, the design pro-
cess starts with pure simulation. Because this step does not
involve real robots, the simulation is run as fast as it can. The
speed we buy in this way helps to find the logical design flaws
and the conflicts very soon, which is one of the primary use of
simulation in conventional simulation-based design without
exploiting the model continuity. The result of this step yields
a statistically correct architecture with effect of accuracy and
reliability of the system in the long run or under different con-
ditions. Because of the fast simulation, the general attitude of
the system is investigated and the final goal (which may take
time in reality) is tested if it is achieved at all or not. For ex-
ample for the robot convoy problem it is tested if the agents
finally form a team (Fig. 4) under different initial conditions
such as different size, number, position and heading for the
agents.

Fig. 5 shows a team formation example as an application
of the robot-in-the-loop simulation. In this stage of the design

Fig. 5. Two real robots in the loop, totally 8 agents.

two real robots (R4 and R5) are added to the convoy and the
team is already formed. All robots are in following behavior.
The environment boundary is the green rectangle in this figure
which robots avoid as the virtual walls. Another feasible case
study for this system design would be to have real and virtual
robots compete with each other in two different teams. The
part with mixed reality is simulated in both central and dis-
tributed control. In distributed control, only the virtual robots
are controlled by the main software, while the real robots have
their own decision making. In central control, all agents are
controlled centrally. Finally, a system of only real robots is
tested (Fig. 6).

Fig. 6. Four real robots in a formed team.

6. CONCLUSION AND FUTURE WORK

How to design and implement a multi agent system is a com-
plex task, that requires a precise modeling of the system and a
suitable decision making part. We used the simulation (real-
time and non real-time) to test and refine the system model, in
order to improve the decision making part. To further simplify
this job, we used robot-in-the-loop simulation methodology,
and increased the complexity of the system step by step. As
we chose the mutual inhibition based behavior mechanism for
our decision making part, the simple behaviors are built by
each step of the simulation. These behaviors are modeled (in
DEVS) as a behavior network which decides the next naviga-



tional movement of the robot. The robot team formation, as
a case study for robot-in-the-loop simulation, is implemented
with a central computer (running the real-time simulation).
The next phase of the project comprises the distributed team
formation in which the behaviors (which are already defined)
are programmed on each robot individually to see the effect of
the step-wise design pattern. In both parts of the project, the
robots each is assigned an ID which determines its position in
the convoy. The performance of this system design and com-
paring the simulation and real experiments is another area we
are currently working on.
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