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Abstract—TIn this paper, a starter pack of 10 Kilobots are used
to provide an initial study and implementation of collective
behaviors that can be used in military operations, disaster
response, and intelligent transportation systems. Basic target-
surrounding and search swarm algorithms are demonstrated.
For all these behaviors, there are three basic roles, namely,
searcher/walker, target, and base, that define the movement and
response of a Kilobot. We present the empirical performance
results based on the average time of accomplishing a goal
and distance traveled, while sharing our personal experiences
when performing the experiments, specifically information to
the capabilities and limitations of the Kilobots.

Index  Terms—Kilobots,
Surround, Collective Behaviors.

Search-and-Rescue, Target-

I. INTRODUCTION

Social insects, e.g., ants, bees, demonstrate collective
behaviors. Such behaviors allow a group of robots to ac-
complish a designated task in a decentralized manner [1]
and operate as a distributed system. Typical collective be-
haviors are classified into marching, oscillation, wandering
and swarming [2]. The inclusion of these collective behaviors
into mobile robotics has provided a new avenue of research
in using robots to accomplish a certain task.

Fig. 1. The Kilobot. It is equipped with (1) 3.7V Battery (-
up, +down), (2) Power Jumper, (3) Vibration motors, (4) LED
(Red/Green/Blue), (5) Ambient light sensor, (6) Serial output
header, (7) Direct programming socket, (8) Charging Tab, (9-10)
IR transmitter/receiver, (11) Robot legs.

There are many robotic platforms developed for imple-
menting collective behaviors among mobile robots. Some
commercially available platforms are Spiderino [4], Colias
[5] and Kilobots [3]. In this work, we use Kilobots to perform
and evaluate our developed collective behavior algorithms.
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The Kilobot, shown in Fig. 1, is a robotic platform designed
by the Self-Organizing Systems Research Lab of Harvard
University. It has a diameter of 3.3 cm and runs on a
rechargeable 3.7V battery. This small framework contains
various sensors and actuators. One thing unique about the
Kilobots is the use of vibration motors for movement.

There are already some published research works using
Kilobots to display different collective behaviors. In [6], a
genetic algorithm on a lookup table is applied to demonstrate
various Kilobot behaviors such as orbiting, navigation and
dispersal. In [7], search and rescue algorithms are demon-
strated. In [8], the simulation software of the Kilobot is used
as an aid to teach elementary mathematics. These previous
works, however, presented only simulation results.

There are still few published works that showcases empir-
ical results using Kilobots as agents for collective behavior
demonstrations. The work in [9] only presented Kilogrid. It
is a platform used to simply extend the sensory system of a
Kilobot and to create virtual Kilobot actuators. Experimental
results from using Kilobot are shown in [10]. They used 100
Kilobots to evaluate a decision-making strategy that requires
only agents with minimal capabilities and focused on the
speed and accuracy tradeoff of their proposed strategy.

In this paper, we demonstrate collective behavior algo-
rithms that can be applied in military operations, disaster
response, and intelligent transportation systems by using
the starter pack of 10 Kilobots. In general, we evaluate
our experiments based on the duration of accomplishing
the desired objective and how many Kilobots are able to
perform a successful task. From these results, we are able to
successfully demonstrate basic collective behaviors and most
importantly, include in this paper our experiences regarding
the capabilities and limitations when using Kilobots in any
experiments.

The rest of the paper is organized as follows. Section
II briefly discusses the Target-surrounding and Search-and-
Rescue algorithms. Section III presents the experimental
setup and discusses the results obtained from several exper-
iment runs. We also present the difficulties we encountered
during implementation in Section IV. Finally, Section V
concludes the research.

II. COLLECTIVE BEHAVIOR ALGORITHMS FOR
KILOBOTS

In this section, we briefly discuss the collective behaviors
that we are going to implement in the starter pack of Kilo-
bots. The detailed discussion about the target-surrounding
and search-and-rescue collective simulation results using
Kilobots is presented in [7].
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First, we define the following Kilobot behaviors.
Searchers/walkers are moving Kilobots. They search and
surround the target respectively. A Target is a mobile or
immobile Kilobot that must be found and surrounded by
searchers/walkers. Finally, the Base is a stationary Kilobot
that indicates the area of return. This may not be present in
a behavior being implemented.

Search-and-Rescue locates a specific target and returns to
a designated part in the field. Once the desired Kilobot is
found, the Target-surrounding method encloses a designated
target until the desired return location is reached.

Target-surrounding performs gradient assignment for esti-
mating the distance of one searcher to a target. The objective
is that all Kilobots have the same estimated distance and are
approximately 3.3 cm away from the target Kilobot.

There are three simple search behaviors to find a specific
Kilobot. These are square formation, dispersal and sweep
search.

The square formation maintains a square pattern of Kilo-
bots while searching the field. This allows a group of
Kilobots to have connections among the members of the
group and only one elected leader is in contact with the
other square-groups.

On the other hand, the dispersal algorithm randomly places
all searchers in the field and allows them to elect only one
leader based on the gradient assignment. If they all have the
same values, a leader is chosen randomly.

Finally, the sweep search proceeds from a 4 x 2 formation
of Kilobots. This formation is maintained throughout the
sweep search.

Before proceeding to performing our experiments, we did
initial tests to characterize the signal strength between two
Kilobots separated by a certain distance D. This is shown in
Fig. 2.
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TABLE 1
EXECUTION TIME AND NUMBER OF WALKERS REACHING THE TARGET.

Trial # ].)isperse'ﬂ Tota}l Execytion fe;)(f;h\;vnaglkfhr; Sucgessful
Time (min) Time (min) Trial?
target
1 00:10.96 07:46.38 5 Yes
2 00:17.78 08:14:59 4 No
3 00:08.53 09:29.58 4 No
4 00:05:57 07:58.56 6 Yes
5 00:07.08 06:50.35 3 No
6 00:22.25 13:25.69 6 Yes
7 00:14.32 12:53.11 6 Yes
8 00:23.46 09:28.32 4 No
9 00:28.69 06:24.89 4 No
10 00:16.98 07:46.36 3 No
11 00:15.77 12:34.44 6 Yes
12 00:15.56 06:03.59 5 Yes
13 00:18.88 11:30.36 5 Yes
14 00:22.28 11:15.29 6 Yes
15 00:20.65 10:27.26 6 Yes

maximum dimension of 1.0 m x 1.0 m. As much as possible,
the playing field must not be directly below a source of light.

A. Target-Surrounding Algorithm

The walkers’ objective is to surround the target Kilobot
(dark pink/purple led) regardless of the formation. The Dis-
persal algorithm is executed first before to allow the Kilobots
walkers to spread apart. When at least one walker is more
than 70 mm away from the group, the target Kilobot is
placed less than 3 cm away from one of the walkers. Fig.
3 shows ordered images of the algorithm during one of the
experiments.

20 30 40 50 60 70 80 90 100 10 120
D

Fig. 2. Actual vs Measured Distance between two Kilobots.

The x-axis represents the physical distance (measured in
mm) at which the two Kilobots are spaced. The y-axis on
the other hand represents the average of the sensor readings
of the distance between two Kilobots based on the signal
strength of the IR message received. The signal strength is
measured for 50 trials and the points of the plot represent
the average of those trials. From these, we are able derive
an analytical expression that we can use to determine the
physical distance when we read the values of the proximity
Sensors.

III. RESULTS AND DISCUSSION

The collective behavior algorithms are implemented by
using 10 Kilobots on a whiteboard playing field that has a
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Fig. 3. Target-surround experiment results. (A) Start of the algo-
rithm, (B-C) Slowly converging to the target Kilobot, and (D) Target
has been surrounded.

The algorithm’s performance is evaluated based on the
number of walkers surrounding the target and the time
duration to complete the algorithm. We measure the time
duration from the point when the target Kilobot is placed
inside the arena until it is surrounded by enough beacons,
such that the remaining walkers can no longer move as close
as 50 mm to the target. Therefore, the target Kilobot is
considered totally surrounded when there are at least five
(5) encircling Kilobots.

Out of the 15 trials, only nine are successful. As shown in
Table I, the slowest successful execution time is seen on Trial
6, 13 min and 25 sec, while the fastest completion time is 6
min and 3 sec, Trial 12. The average time for the successful
trials is equal to 10 min and 21 sec.
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For the nine successful trials that we achieved, we ob-
served how fast each successful walker is able to reach the
target Kilobot. Fig. 4 illustrates these findings. Given these
data, we observed that the average time increased as more
walkers have reached the target. Ideally, this time should
be decreasing. We attribute this inaccuracy to the election
between walkers. We further study this shortcoming in one
of our future studies.

Average Time per Successful Walker

02:13.9
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Fig. 4. Average time it takes for a successful walker to surround a
target Kilobot.

B. Square Formation Search Algorithm

Formation control is an important aspect in the Square
Formation algorithm. The Square Formation Search Algo-
rithm uses two groups to search for a Target Kilobot. The
search is considered to be completed once these two groups
and the Target Kilobot are all in contact. Target Surrounding
Algorithm is then performed. Fig. 5 shows how a square
group moves. The average travel distance while maintaining
the square formation is 40.4 cm at an average time of 3 min
and 24 sec.
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.
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Fig. 5. Actual experimental results for maintaining the Square
Formation.

We also noticed that in this algorithm, the Kilobots spent
more time waiting to reassemble, (See Fig. 6). This happens
in the event that the remaining group of searchers move in
the opposite direction of the waiting group, e.g., Trial 4.
This caused the average time until both groups meet to be
higher than the average time until the target is found, which
expresses that the algorithm spends more time on rescuing
than on searching for the target.

C. Dispersal Search Algorithm

The Dispersal Search Algorithm finds the Target Kilobot
and returns to the base once all the searchers are complete,
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Fig. 6. Searching Time vs. Reassembling Time for Square Forma-
tion search algorithm. Average time until target is found = 1 min, 27
sec. Average time until both groups meet = 1 min, 35 sec. Average
execution time for Target-Surrounding algorithm = 11 min, 42 sec.
Average total execution time for Square Formation algorithm = 14
min, 44 sec.

including the target. Fig. 7 shows the snapshots taken during
one of the experiments. Fig. 7 (A) illustrates the starting
formation of the dispersal search. In Fig. 7 (B), the violet
colored Kilobot located at the middle of the arena serves as
the base while the other one serves as the target. The red
colored Kilobots are the searchers. If these searchers found
the target, then, they turn to color blue or orange (Fig. 7
(C)). A blue color means the Kilobot is in wait state. Orange
denotes a moving state for the leader. At this point the target
becomes a follower Kilobot. This action is depicted by a
green light (Fig. 7 (D)). Once a searcher learns that the target
is already found, it then becomes a follower and changes
its color to green (Fig. 7 (E)). If the searchers are already
complete as seen in Fig. 7 (F), all Kilobots turn to the same
color as the base, signaling that they already reached the
base.

Fig. 7.

Dispersal Search Algorithm Experimental Results.

This algorithm is implemented in four different scenarios
as enumerated below.

1) An arena having 40 cm by 30 cm in dimension and
having 3 searchers to find the target Kilobot.

2) An arena having 40 cm by 30 cm in dimension and
having 5 searchers to find the target Kilobot.

3) An arena having 40 cm by 30 cm in dimension and
having 8 searchers to find the target Kilobot.

4) An arena having 1 m by 1 m in dimension and having
8 searchers to find the target Kilobot.
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We performed this experiment to provide an empirical
result to support the fact that the more the searchers are,
the faster it finds the target. Obviously, the Kilobots are able
to cover more area for searching, thus the faster it finds the
target. This is shown in Fig. 8. We are also able to find
that the maximum number of Kilobots that can be used in
locating a target given this arena size of 40 cm by 30 cm is
equal to five (5). However, we can no longer determine such
number when we increased our arena size due to the small
number of Kilobots that we have.

—8—3 Searchers  «++=- 5 Searchers 8 Searchers

04:19.2
03:36.0
02:52.8

«1}
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=
01:26.4
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Fig. 8. Average time until target is found when using the Dispersal
Search algorithm.

We also observe that there are instances wherein the
searchers cannot easily find the target. When the searcher’s
distance from the target is approximately equal to 6 cm,
sometimes, the searcher still changes its direction due to its
random movements. The Kilobot’s movement is not easily
controllable because its motion comes from the vibration of
the motors.

Another obvious observation is that the more the searchers
are, the longer time it takes for these to return to the base.
One factor is the overflow of data in wireless communication.
Since there is a number of searchers trying to maintain its
communication with the leader, there are instances where
the followers lose their connections to the leader because
the message being sent by the leader cannot reach the other
followers anymore. This also affects the message being sent
by the leader to the other searchers informing them that the
target is already found, thus, the searchers do not respond
to the leader even though they are near to each other.
Some followers cannot get near the leader because the other
followers are already blocking the way.

D. Sweep Search Algorithm

In sweep search, we performed 15 trials and noted the
point where the formation shown in Fig. 9 (a) will break.
Vertical and horizontal separations between two adjacent
Kilobots are equal to 4.5 cm and 9 cm respectively. We
pointed out earlier that controlling the movements of the
Kilobot is very hard to achieve since we only depend on
the vibrations. We also add the fact that when the energy of
the battery is slowly decreasing, the motion of the Kilobot
is also affected.
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Also, when two Kilobots fail to communicate properly,
shade is immediately applied to prevent ambient light from
interfering.

1 a q b l C
blue
| 22 l 2223
A green &
\nole violet violet
d ‘ e l f
‘ red
e g
blue CIEEE L 28 o'n
| 23,2 | a3 9 -
223 2 2 3 green
red violet violet ¥

red red
/\Q N EN
= D
green ¢

reen
| violet | Tgrien
wolet

= . : x x - X

blue

Fig. 9. Actual results for the sweep search algorithm.

Fig. 10 presents the Time vs. Accumulated Distance of
every iteration for each trial. During the first iteration of
all trials, the distance values converge to 20 cm. However,
as more iterations progress, the distances begin to vary from
one trial to another. This indicates how deviations occur more
often as more iterations take place. Most of the trials end after
the third iteration and only two out of the 15 trials are able
to reach the fifth iteration. The slope of the graph lessens as
time progresses indicating how the formation is no longer
able to move forth at the same rate as it is during the first
iteration. We define an iteration as an event when one group
of 4 Kilobots have overtaken the other group.

45.00

——Trial 1
40.00
~=Trial 2

35.00 ——Trial 3

——Trial 4

3000 —Trial

25.00 —e—Trial 6
e Trial 7

S
=
g

e Trial 8

Distance (in cm)

——Trial 9
Trial 10
10.00 Trial 11
Trial 12
Trial 13

0.00 Trial 14
00:00.00 02:52.80 05:4560 08:38.40 11:31.20 14:2400 17:16.80
Time (in mm:ss)

Trial 15

Fig. 10. Time vs. Accumulated Distance Plot for Sweep Search
algorithm distance test.

After multiple tests of the sweep algorithm, the target and
base are incorporated. The target is usually placed in areas
that are reachable by the searchers in a maintained formation.
The base Kilobot is placed at 40 cm in all of the trials. The
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searchers will execute their normal sweep algorithm. Once
the target is found, they temporarily act as beacons until
the target gets to the leftmost searcher, then, the searchers
resume their states and continue the iterations until the base
is encountered. Fig. 11 illustrates that the addition of a target
poses no significant differences in the sweep algorithm alone.
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Fig. 11.
algorithm.

Time vs. Accumulated Distance Plot for Sweep Search

IV. EXPERIENCES WHEN IMPLEMENTING COLLECTIVE
BEHAVIORS ON KILOBOTS

Months of experience in handling the Kilobots directed
us towards a certain way of implementing our algorithms.
We also have realizations regarding the Kilobot’s capabilities
and how can we manipulate these to our advantage. We
enumerate these below.

1) It is more reliable to use an alternate sequence
of counter-clockwise and clockwise movements to
achieve a straight walking pattern. Motor calibration
does not provide enough precision for a straight walk-
ing pattern.

2) Although the manufacturer already provided the APIs
that contain checksum for error detection, few erro-
neous messages are still prevalent. The countermeasure
we did is to use multiple conditions when checking a
message.

3) Kilobots are very delicate. It is advised that the Kilo-
bot’s legs be handled with utmost care even when
returning the Kilobots to their packages.

4) The limited number of Kilobots also provided con-
straints in the algorithm design and implementation.
Acquiring Kilobots are quite expensive.

5) The choice of a playing field is important. It should be
not too sensitive to the ambient light and is smooth to
allow seamless movements for the Kilobots.

V. CONCLUSION AND FUTURE WORK

We have demonstrated in this work target-surround and
search-and-rescue algorithms implemented on a starter pack
of 10 Kilobots. The Target-Surrounding algorithm is only
successful 60% of the time mostly because of the Kilobot’s
hardware problems during locomotion. The square formation
algorithm failed to achieve 100% success rate because of its
heavily dependence on the success of the Target-Surrounding
algorithm. The Dispersal Search algorithm is always success-
ful when locating the target and returning to the base, but at
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the expense of a longer execution time. Finally, the sweep
search algorithm is also successful on all trials because the
base is strategically placed on the average distance traveled
by the sweep searchers determined during the distance test.

The Dispersal Search Algorithm is 95% faster than the
Square Formation Algorithm in finding the target. However,
the Square Formation algorithm is 84% faster in reassem-
bling with the rest of the searchers. This goes to show
that the speed of the rescue operation is sacrificed in order
to allow a faster and more effective search operation. The
advantage of the Dispersal Search Algorithm is that it
can immediately determine the location of a victim during
Search-and-Rescue operations. However, it takes too long to
finish the rescue operation and bring the target to safety.
The Square Formation, on the other hand, spends more time
searching for the target, but less in waiting for all searchers
to reassemble. Through further observation of our results, the
Square Formation algorithm may be considered to be more
effective as it has a shorter execution time as compared to the
Dispersal Search algorithm. We will investigate the hybrid of
the algorithms in the future taking note the advantages of the
demonstrated collective behaviors.

We further explore the use of some of these algorithms
in underwater vehicles [11] and aerial drone platforms [12],
[13], since these are much cheaper and faster to acquire than
the Kilobots.
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