
Fig. 2. Large-scale �re

To remedy the highly dangerous aspects of �re-�ghting,
robots have been proposed to �ght these speci�c types of
large structural �res. The robots allow the �re-�ghter to remain
outside of the structure and out of harm's way, for the most
part. Fig. 3 shows the Dongil Field RobotFIRO-M Model
[9] in the middle of the Hoopeston blaze. At this point, it is
almost 100 meters into the center of the building. It is �ghting
a �re where no �reman will ever want to venture. In this case,
the �reman had a direct line-of-sight to the robot. But, more
could have been accomplished if there was a team of robots
that could forge an electronic trail through the dif�cult terrain
of the factory. This allows access to all places where the robot
can go to put out the �res or look for survivors.

Fig. 3. Hoopeston, Illinois �re - July 2013

In Fig. 4, there are Purdue �re �ghters and theFIRO-
M robot. This is the proposed common team for any large
�re. To integrate these heterogeneous team members, there
must be a interface between them, which can be used in a
dangerous situation where the main focus is on quelling the
emergency. This is the main incentive for this speci�c research.
The development of a reliable network interface between a �re
�ghter and the robot, so they can act as a team, in the midst of
a dangerous and potentially lethal �re scenario. And, they can
work using an interface similar to two human �re �ghters. This

reliable interface must be constant through the very dif�cult
terrain of a complex structure, which is on �re.

Fig. 4. Fire�ghting robot and �re �ghters

The organization of the paper gives the following section
on the need for �re-�ghting robots. Section III shows the
theoretical elements of multi-robot network control. Section IV
provides the realization, experiments, results and the proposal
for use in linked structures for large-scale �res. Finally, section
V provides the conclusion of this work.

II. F IRE-FIGHTING ROBOTIC NETWORKS

Typically, there are two possible options for the construc-
tion of an end-to-end communication link with autonomous
�re-�ghting robots. This work is an extension of previous
work on tracking and following of robots [13], but applied
to a speci�c �re-�ghting domain. The �rst option involves
planning robots' �nal positions prior to deployment of robots
[1]� [4]. This planning should be designed for optimizing the
communication link. Thus, this approach is better suited for
static environments than dynamic environments and is more
useful for scenarios where a rapid establishment of the network
is required, because this way does not require a search task.

A second option involves deploying a team of leader-
follower robots in a convoy [5]� [7]. This strategy is depicted
in Fig. 5. With this option, multiple robots are employed, and
only the leader computes navigation trajectories to create the
network. The robotic followers do not require any planning and
simply follow the leader or the precedent robot. Therefore, this
approach is suitable more for dynamic environments because
this way is based on classic sensor percept loops with state
and not a completely pre-planned strategy.

Although directional antennas have many advantages, it
remains a challenge to increase their accuracy for common
use as a typical sensory device, similar to laser or ultrasonic
sensors in the �eld of mobile robotics. One common type of
directional antenna (the type used in this study) has a beam
width that is conical in shape [12]. This broad beam width
allows directional antennas to scan a wide area; however,
it also yields a more coarse measurement resolution than a
non-expanding beam-width, generated by a laser. In addition,



Fig. 5. The overview of a team of leader-follower robots to create end-to-end communication link.

because of the presence of walls and other objects that act
as re�ectors or scattering obstacles, the signals received by a
directional antenna can consist of multiple copies of the same
transmitted signal arriving via different paths. This effect gives
rise to varying levels of received power, represented as sensor
noise or uncertainty. The magnitude of this sensor noise is
much larger than typical noise in other types of rudimentary
sensors, it restricts directional antennas from being used as
sensory devices. This necessitates some �ltering of the received
signal to remove potential interference.

Because of such inherent issues with directional antennas,
we introduced a simple, but powerful bearing estimation tech-
nique that is called the Weighted Centroid Algorithm (WCA)
in [13] [14]. The WCA is very ef�cient because it requires only
one rotating directional antenna that measures surrounding
radio signal strengths, and a little arithmetic composed of
summation and multiplication of much lower degree data than
other estimation methods.

III. M ULTI -ROBOT NETWORK CONTROL

This section describes the interaction between the basic
robot control and the interaction required for tracking. The
Adept Mobile Robots P3AT [8] is a four-wheeled robot;
however, two wheels on the same side are physically inter-
connected with a rubber belt. For the simple control of this
robot for the follower robotic system, differential-drive mobile
robots with characteristics of non-slipping and pure rolling are
considered. The robot can be then controlled to move to any
posture by adjusting the velocity of the left wheelVL and the
velocity of the right wheelVR. VL andVR are calculated with
either Eqs. (1) or (2), depending on the current situation of the
robot.

VL = v1 + kp1 eΘ+ kd1(eΘ � eΘt � 1)

VR = v1 � kp1 eΘ � kd1(eΘ � eΘt � 1)
(1)

VL = v2 + kp2 eΦ+ kd2(eΦ � eΦt � 1)

VR = v2 � kp2 eΦ � kd2(eΦ � eΦt � 1)
(2)

A follower robot can either usebearing estimation or
obstacle avoidance. If obstacles are too close, the robot runs
with the obstacle avoidance algorithm, activating Eq. (2) for
the velocity control. Otherwise, it runs with WCA for bearing
estimation, activating Eq. (1) for control. In Eq. (1),eΘ is
the current estimated bearing obtained by Eq. (2) in [13],

eΘt � 1 is the old estimated bearing,kp1 and kd1 are positive
gains, andv1 is the background velocity of the robot, set
to change according to a value of the bestReceived Signal
Strength Indication (RSSI) measurement from one scanning
with a directional antenna, i.e.,v1 is calculated by

v1 = � ! 1RSSI � � ! 2; (3)

where RSSI � indicates the best RSSI measurement in one
scanning,! 1 and! 2 are should be set to a positive value and
w2 � j w1 � RSSI � j for v1 to be a positive value.

In the same way, in Eq. (2),eΦ is the current estimated
direction obtained by Eq. (8) in [13],v2 is a constant of the
background velocity of the follower that we set to be low to
avoid any dangerous situations (e.g., here we setv2 to be 100,
meaning 0.1 m/sec in a P3AT library), andkp2 and kd2 are
positive gains.

For the robot stopping criteria, we use the following
condition,

�
VL andVR = 0 if RSSI � � Threshold
VL andVR from Eqs.(1) or (2) else:

(4)

In Eq. (4), depending on a value ofThreshold, we can
differ how close the follower can get to the leader or prevent
the follower from getting too close to the leader. Actually,
the received power at the follower from the transmitter at the
leader can be given by [15]

PdBm = L 0 � 10n � log
� 
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whereL 0 is the measured power at 1 meter from the transmit-
ter, n is the decay exponent, andxt andx are the positions of
the transmitter and receiver respectively. If terms of shadowing
and multipath are very small compared to a term of fading,
they can be negligible. Then, we can roughly calculatePdBm

by pre-obtainingL 0 andn with experiments. Therefore, we can
select a proper value ofThreshold with Eq. (5) for a desired
motion of our follower system. For example, we identi�ed
through experiments that� 15 dBm of Threshold keeps the
follower away from the leader at intervals of 1 meter in indoor
environments and� 20 dBm for outdoor environments.



Fig. 8. Traces of the two robots

Fig. 9. History of the best RSSI

RSSI denoted withRSSI � . As shown in the horizontal axis,
approximately 520 times of scanning were performed during
this test. During the �rst half of scanning, there were few
decreases in measured RSSI as the leader and the follower
were close to each other. While the leader bore off gradually
and the follower focused on escaping from obstacles, measured
RSSI became decreased up to about� 40 dBm. However, as
soon as the follower avoided the obstacles and became free,
it resumed following the leader. After that, as shown in the
end of the history in Fig. 9, the measured RSSI reached to
the pre-de�ned threshold,� 25 dBm, making the follower stop
with a close distance to the leader.

Figure 10 and 11 shows the trace of the second test. In Fig.
10, the red lines show moved paths by the leader. The black
lines show moved paths by the follower. As shown in this
�gure, the follower tracked way points that the leader produced
relatively well during the entire test. It is shown that there are
some noticeable gaps in the paths that two robots moved, but
it results from the fact that the leader always moved ahead,
resulting the follower changed its heading at a corner before
it reaches the path that the leader moved. Figure 11 shows a
history of the best RSSI measurements.

Figure 12 and 13 shows the trace of the third test. In Fig.
12, the red lines show moved paths by the leader. The black
lines show moved paths by the follower. As shown in this
�gure, the follower tracked way points that the leader produced
relatively well during the entire test, in the face of very sharp
paths requiring almost a 180� turn. Figure 13 shows a history

Fig. 10. Traces of the two robots

Fig. 11. History of the best RSSI

of the best RSSI measurements.

C. Linked Robots in Large Scale Fires

Employment of a linkage of follower robots is a natural
application for the remediation of large-scale �re scenarios. In
the case of the Hoopeston, Illinois tire recycling plant, which
by size was 400,000f t 2, the hottest areas of the �re were not
in reach of the truck mounted ladder spray rigs. Nor were the
hotspots in places where the �re-�ghters dared to venture, for
their own personal safety.

In Fig. 14, an aerial view of the Hoopeston �re wreckage
is shown. Superimposed over it is a potential con�guration
of a series of follower robots with aFIRO �re suppression
robot in the end position. The leadFIRO will drive through the
wreckage, moving towards the desired hot spot placement. The
follower robots will move into position behind the leadFIRO,
to maintain a strong connection to the base station, exterior to
the burning structure, away from mortal danger.

V. CONCLUSIONS

This research presents robotic technology developed to re-
mediate the long lead time to re-establish new networks in the
case of a disaster situation. The speci�c application and test
domain is robotic �re-�ghting, for use of �re �ghting robots
in the extremely dangerous �re scenarios of large structures,
where communication capability is critical, due to the size of
the building.



Fig. 12. Traces of the two robots

Fig. 13. History of the best RSSI

Although directional antennas have many advantages, it
remains a challenge to improve accuracy enough to use them
as typical sensory devices to build autonomously con�gured
networks. This research provides techniques that extend and
improve the basic capability of the directional antenna con�g-
uration into a more useful sensor, for use in many task domains
and scenarios.

The results show promise for developing quickly con�g-
ured networks that can penetrate buildings such as the one in
Hoopeston, Illinois to place the robot in a position where it
can provide the most relief.

Future work will fully implement the complete scenario
on leader-follower teams which are networked. In addition,
the follower robots will be extended to assist the leader robot
in the logistics of pulling uncharged and charged hoses into a
�re scenario. This will assist in navigating the tip-of-the-spear
into the most needed places, but also provide water cooling to
enhance the life of both the leader and follower robots.

REFERENCES

[1] Pei, Y., Mutka, M.W., “Steiner traveler: Relay deployment for remote
sensing in heterogeneous multi-robot exploration,”Robotics and Au-

Fig. 14. Fire�ghting robot linked to base station through a set of follower
robots

tomation (ICRA), 2012 IEEE International Conference on, pp. 1551-
1556, 2012.

[2] Yan, Y., Mosto�, Y., “Robotic Router Formation in Realistic Commu-
nication Environments,”IEEE Transactions on Robotics, Vol. 28, pp.
810-827, 2012.

[3] Tekdas, O., Kumar, Y., Isler, V., Janardan, R., “Building a Communi-
cation Bridge With Mobile Hubs,”IEEE Transactions on Automation
Science and Engineering, Vol. 9, pp. 171-176, 2012.

[4] Dixon, C., Frew, E.W., “Maintaining Optimal Communication Chains in
Robotic Sensor Networks using Mobility Control,”Mobile Netw Appl.
Vol. 14, pp. 281-291, 2009.

[5] Nguyen, H.G., Pezeshkian, N., Raymond, M., Gupta, A., Spector, J.M.,
“Autonomous Communication Relays for Tactical Robots”,Proceedings
of the International Conference on Advanced Robotics (ICAR), 2003.

[6] Nguyen, C.Q., Min, B.-C., Matson, E.T., Smith, A.H., Dietz, J.E., Kim,
D., “Using Mobile Robots to Establish Mobile Wireless Mesh Networks
and Increase Network Throughput,”International Journal of Distributed
Sensor Networks, Vol. 2012, Article ID 614532, pp. 1-13, 2012.

[7] Tuna, G., Gungor, V.C., Gulez, K., “An autonomous wireless sensor
network deployment system using mobile robots for human existence
detection in case of disasters,”Ad Hoc Networks, 2012.

[8] Adept Mobilerobots, Inc., http://www.mobilerobots.com/ResearchRobots
/P3AT.aspx, 2014.

[9] DRB Fatec Ltd./ Dongil Field Robot,FIRO-M User Manual. Busan,
Korea, 2012.

[10] www.news-gazette.com/news/local/2013-06-22/�re�ghting-robot-
helps-extinguish-blaze-inside-ruined-building.html&hl=en&geo=us,
2013.

[11] http://www.wthr.com/story/22650112/2013/06/20/purdue-robot-helps-
�re�ghters-battle-dangerous-blazes, 2013.

[12] Graefenstein, J., Albert, A., Biber, P., Schilling, A., “Wireless node
localization based on RSSI using a rotating antenna on a mobile robot,”
6th Workshop on Positioning, Navigation and Communication, 2009.
WPNC 2009, pp. 253-259, 2009.

[13] Min, B.-C., Matson, E.T., “Robotic Follower System using Bearing-only
Tracking with Directional Antennas,”Proceedings of the 2nd Interna-
tional Conference on Robot Intelligence Technology and Applications
(RITA 2013), Denver Colorado, USA, Dec. 18-20, 2013.

[14] Min, B.-C., Matson, E.T., Khaday, B., “Design of a Networked Robotic
System Capable of Enhancing Wireless Communication Capabilities,”
Proceedings of the 11th IEEE International Symposium on Safety,
Security, and Rescue Robotics (SSRR 2013), Sweden, Oct. 21-26, 2013.

[15] Fink, J., Kumar, V., “Online methods for radio signal mapping with
mobile robots,”2010 IEEE International Conference on Robotics and
Automation (ICRA), pp. 1940-1945, 2010.


