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Abstract—This paper reports on a multi-robot search and
rescue final project that has been used at the Georgia Institute of
Technology to educate students on how to methodically apply networked control theory concepts towards solving complex cyberphysical system (CPS) engineering problems. For the project,
students design control laws to coordinate a team of simulated
robots in completing a set of mission objectives within a customdeveloped virtual environment. The virtual environment lets
students script high-level algorithms and experience how their
computational solutions perform when coupled with both physical
constraints and environmental factors, as is often the case in
real robotics applications. By allowing certain physical domain
effects to be toggled on or off, students learn to iteratively adapt
theoretical solutions based on simplified mathematical models to
obtain engineering solutions for complex CPS problems.

I.

I NTRODUCTION

Educators in the systems and controls engineering field are
oftentimes faced with a dilemma. On one hand, the need to
control increasingly complex systems creates the need to teach
advanced controls techniques that rely heavily on mathematical
theory. On the other hand, technical assumptions used to
arrive at computational solutions tend to oversimplify complex
coupling behaviors with the physical domain, thereby creating
the so-called gap between theory and practice. The need to
close this gap and equip students with a solid understanding
of how to design for cyber-physical systems (CPS) grows ever
more urgent as engineered systems advance to become further
integrated with one another and with the physical environment.
Many theoretically-oriented courses attempt to prepare students for solving “real-world” engineering problems by including numerical simulation problems in homework assignments.
However, since most of these simulation problems amount to
just a straightforward implementation of algorithms learned
in class, students usually only learn about the computational
challenges involved in implementing their solution, but not
the cyber-physical challenge. Lab experiments with physical
equipment can potentially provide the most exposure to CPS
issues, but run the risk of overwhelming students with engineering problems that are significantly more complex than
what other theoretically-oriented courses had prepared them
for. Moreover, lab equipment can be expensive to maintain and
the time commitment needed to work with them may require
the addition of new courses into the curriculum.
One attempt to expose students to CPS engineering within
a lecture-based class has been through the use of smaller-

scaled “take-home” labs (e.g., [1], [2], [3], [4]) that supplement
traditional lectures with portable and inexpensive experiments
which students can work on at home. However, not all application domains are suitable for take-home labs. For example,
in a multi-robot coordination course, the use of take-home labs
may not be appropriate since both the cost for equipment and
probability of hardware failure increases with the number of
robots involved [5]. Furthermore, the performance of many
multi-robot algorithms rely on the interaction of robots within
a specific environment (e.g., search and rescue, sensor coverage, obstacle avoidance, convoy protection), which cannot be
“taken home” by the student. A more appealing approach for
teaching CPS engineering in application domains not suitable
for take-home labs is through the use of “virtual environments”
(e.g., [6], [7], [8], [9]), where students conduct experiments in
large-scale modeling and simulation platforms that operate at
a level of abstraction appropriate for an educational tool.
At the Georgia Institute of Technology, it was our ambition
to teach students in the graduate-level networked control
systems course (ECE8823) how to apply the computational
algorithms learned in lecture towards engineering solutions
for challenging multi-robot coordination problems with both
cyber and physical aspects. In both Fall 2010 and Fall 2011
semesters, ECE8823 students were given a final project where
they had to design high-level control laws to coordinate a team
of simulated robots in completing a multi-robot search and
rescue mission. Using a virtual environment created in MATLAB specifically for this project, students experienced firsthand the coupling of their computational solutions to physical
constraints and environmental effects. Upon completing the
project, students learned to iteratively adapt theoretical solutions based on simplified mathematical models to methodically
obtain engineering solutions for complex CPS problems.
II.

M ULTI -ROBOT S EARCH AND R ESCUE

During the last month of the semester, students in ECE8823
each received the following set of instructions:
The year is 2030 and NASA has identified an asteroid that
is on a collision course with Earth! In order to deflect the asteroid, the scientists require samples from its surface to determine
its physical composition. They have asked the robotics faculty
at Georgia Tech to plan a multi-robot expedition to collect
samples from the asteroid’s surface and bring them back to
Earth for analysis. The robots managed to land on the asteroid

successfully and were able to gather the samples. However,
an unexpected pulse of electromagnetic radiation temporarily
disabled the electronics on-board the robots, stranding them
on the asteroid.
Based on your experience in networked controls from
having taken ECE8823, members of the robotics faculty at
Georgia Tech have selected you to lead a rescue mission.
Using the beacons placed on the surface of the asteroid from
the first expedition for navigation, your mission is to design
decentralized controllers for the multi-robot rescue team to:
1)
2)
3)

Navigate a team of 6 robots through the rough terrain
of the asteroid
Locate and re-activate the 6 disabled robots from the
first expedition
Bring both robot teams back to the platform (leave
no robot behind) and get into a specific formation to
wait to be picked up by an orbiting spacecraft.

Along with the instructions, students in ECE8823 were
given MATLAB code to simulate a team of robots navigating
through a virtual environment with 6 waypoints that must
be cleared in order, as shown in Figure 1. For simplicity,
the terrain was assumed to be planar and so each robot i
had position coordinates xi ∈ R2 . Moreover, each robot
was given single-integrator dynamics so that students could
focus on designing high-level coordination strategies instead
of spending time on low-level control. Each of the robots
were equipped with omnidirectional sensors, allowing them
to detect neighboring robots and obstacles that were within a
distance ∆. The network topology at time t could therefore
be represented by an undirected graph G(t) = (V (t), E(t))
where V (t) ⊆ {1, . . . , N } is the vertex set, with each vertex
corresponding to the agent in the network with the same index.
The edge set E(t) ⊂ V (t) × V (t) is such that an unordered
pair (i, j) ∈ E(t) if and only if ||xi (t)−xj (t)|| ≤ ∆. Actuator
saturation and random sensor noise, both of which could be
toggled on or off during testing, were used to represent physical limitations of the robot’s sensing and actuation capabilities.
Moreover, physical limitations on the robots’ computational
capabilities were modeled by allowing each robot to sense and
compute a new control signal only once every T seconds.
For each waypoint, students were tasked to write a single
decentralized controller that when executed on each of the
robots, would maneuver the multi-robot team to complete a
system-level objective. MATLAB function templates were provided to the students for writing the decentralized controllers
used to clear each waypoint. To ensure the coordination algorithms that students designed were indeed decentralized, each
function was restricted to computing the robot’s control signal
while only taking as input the robot’s unique ID, state, list
of neighboring robots given by the current network topology,
relative displacement measurements within the robot’s local
coordinate frame to nearby neighbors and obstacles, a flag
indicating whether it was the first time the robot was executing
the controller, and locally stored information within the robot’s
limited internal memory. A single “leader” robot was given
the ability to sense its relative displacement to the current
waypoint and could use that information to help the team
navigate. The need for computed control laws to take into
account the physical structure of the robots was emphasized

Fig. 1: Screenshot of the virtual environment used for the
multi-robot search and rescue final project. Students design
decentralized controllers to navigate a team of robots through
all 6 waypoints in order, where each waypoint challenges the
student to apply different concepts learned throughout class.

by giving each robot a physical radius D. Although obstacle
and inter-robot collisions must be avoided in the final solution,
both physical effects could be toggled on or off during testing.
A waypoint is cleared when all previous waypoints have
been cleared, a robot is at the current waypoint, and the
current network topology is connected, i.e., a path of edges
exists between each pair of robots. Each waypoint represents
a different type of system-level objective for the robots, and
thus challenged students to apply different concepts learned
throughout the class to complete the overall mission. Referring
to Figure 2a, the first waypoint requires the robots to simply
move from one point to another as a team but without colliding
with one another or with the environment. Looking at the map
in Figure 1, the robots then must travel through a narrow valley
to reach Waypoint 2, and then navigate through a field littered
with small obstacles to reach Waypoint 3. To clear Waypoint
4, the robots must search a bounded area to recover the 6
stranded robots from the previous mission. All 12 robots must
then perform a “splitting and merging” maneuver around a
large obstacle to reach Waypoint 5. Finally, the robots must all
move onto the platform on Waypoint 6 and get into a particular
formation, as shown in Figure 2i, to await rescue.
III.

P ROJECT O UTCOMES

A. Students’ Solutions
The multi-robot search and rescue final project consists of
two coupled challenges that must be solved. The networked
controls challenge is to devise decentralized control laws for
robots to coordinate and perform mission-level objectives such
as getting into formation, maintaining network connectivity,
or searching an enclosed area. The CPS challenge, on the
other hand, requires students to take the theoretical solutions
obtained from the first challenge and adapt them to take into
account physical effects such as actuator saturation, sensor
noise, and interactions with the environment. In order to

(a) Initial robot configuration.

(b) Robots move without colliding.

(c) Line formation to cross valley.

(d) Avoiding scattered obstacles.

(e) Performing sensor coverage.

(f) Approaching large obstacle.

(g) Network splits into two teams.

(h) Teams merge after crossing.

(i) Final formation to await rescue.

Fig. 2: Screenshots showing the students’ solutions for solving all 6 waypoints in the multi-robot search and rescue mission.

successfully complete the search and rescue mission, students
must design control laws which take both aspects of design
into consideration while balancing multiple objectives at once.
As an example, notice how the ability to move cohesively
as a team while maintaining network connectivity and avoiding
collisions is needed to clear any of the 6 waypoints. Waypoint
1 was designed to give the students a chance to solidify their
solution to this problem before moving on to more difficult
tasks. The topic of weighted consensus protocols was discussed
in class, where each robot i moves with a velocity vector that
is a weighted sum of the relative displacement vectors between
itself and each of its neighbors:
X
ẋi (t) = −
wij (t) (xi (t) − xj (t)) ,
(1)
j∈Ni (t)

where Ni (t) = {j | (i, j) ∈ E (t)} is the set of robot i’s current
neighbors. By choosing the weight function wij (t) carefully,
it was shown in class, using Lyapunov-based arguments, that
robots can be made to preserve network connectivity and
maintain fixed distances from one another.

Despite mathematical solutions such as (1) being provably
correct, the technical assumptions used to arrive at such
conclusions may not always hold in the physical domain. For
example, physical robots do not have unbounded velocities
or infinite sampling frequencies. Nevertheless, to methodically
arrive at a CPS solution, students had to use solutions based on
simplified mathematical models as a starting point. A popular
approach was to modify network connectivity preservation
edge weights to account for actuator saturation and combine
them with other edge weights to balance oftentimes competing
objectives. Using these and similar methods, students were able
to successfully clear Waypoint 1, as shown in Figure 2b.
To clear Waypoint 2, students must realize that the valley
was too narrow to fit all the robots through at once. Methods
for network topology control [10], as discussed in class, could
be used to make the robots squeeze through the valley in a
line configuration as shown in Figure 2c. Clearing Waypoint 3
also required obstacle avoidance, but students had to solve the
problem of maintaining network connectivity even if different
robots chose to take different paths through the field as seen in
Figure 2d. Figure 2e shows students clearing Waypoint 4 by

using Voronoi-based sensor coverage algorithms [11] to search
the enclosed area for the stranded robots. Since a stranded
robot reactivates and joins the network if another robot gets
close enough to it, the sensor coverage algorithms used had to
be scalable as robots dynamically join the network.
Waypoint 5 was the most difficult for students to clear
since the “splitting and merging” maneuver, shown in Figures
2f, 2g, and 2h, caused the network to become disconnected
as robots go around opposite sides of the obstacle. Most of
the solutions that the students came up with fell into one
of two categories. The first approach was to have the leader
robot move towards the next waypoint and for all other robots
to maintain a sense of “momentum”. Therefore, even if the
network became disconnected, robots would still have an idea
of the overall direction that they should be moving in. Another
approach was to have the leader robot move towards the next
waypoint at a speed proportional to its distance from it. The
neighboring robots could then estimate the position of the
next waypoint through the leader’s actions and become virtual
leaders themselves. Finally, to clear Waypoint 6, students
implemented many different heuristic-based methods to solve
the distributed assignment problem of assigning a robot to each
target point, without using any inter-robot communication.
B. Student Discussions and Feedback
The multi-robot search and rescue final project has been
successfully deployed in both Fall 2010 and Fall 2011
semesters of ECE8823 at the Georgia Institute of Technology.
28 of 41 students in the Fall 2010 semester were able to
complete all 6 waypoints successfully, while 18 of the 19
students did so in Fall 2011. On the last day of class, a half
hour is always dedicated to having students share and discuss
their solutions with the entire class. The five fastest solutions
in the class are unveiled one at a time, as students cheer and
applaud for their fellow classmates.
An optional survey was given to the class for feedback
on the project. 30 of 41 students from Fall 2010 responded,
while 14 of 19 students in Fall 2011 responded. The feedback
was overwhelmingly positive, with all 44 student responses
stating that the material presented in lecture was helpful for
completing the project, and recommending that the project be
continued in future semesters. Students reported spending an
average of 4 days (32 work hours) to complete the project.
When asked what they had learned from the experience,
students commented on learning “how to combine different concepts in class for a working system,” and felt that
the project allowed them to “understand the ideas/subjects
learned in the lecture more rigidly.” Many responses included
statements on how the project taught them to apply course
material towards complex CPS engineering scenarios, as well
as realizing the need to continue learning outside of the
classroom. Examples include:
•

“How to actually design for real situations.”

•

“Implementation is much harder than what I believed
it would be based just on the material from lecture”

•

“Theory and practice differ quite a bit, the encoding
of weights in MATLAB had to be done in a different
form than in theory.”

•

“There’s a lot of ways to solve each problem, more
research needs to be done to find optimal solutions.”

•

“I also had to research and learn into concepts that
weren’t exhaustively covered in class.”
IV.

F UTURE O UTLOOK AND D ISTRIBUTION

The multi-robot final project was shown to be a successful
educational tool for teaching students in the networked controls
application domain to utilize theoretical solutions based on
simplified mathematical models as a starting point for methodically obtaining engineering solutions to complex CPS
problems. The project will be continued in future semesters
that the ECE8823 course is taught, with improvements made
based on student feedback. Detailed instructions for assigning
the multi-robot search and rescue final project, along with
MATLAB source code for the virtual environment, are publicly
available for download from the Internet at [12] for anyone
interested in adopting a similar project in their own classes.
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