Coordinated Localization with Multiple
Autonomous Underwater Vehicles

|. PROBLEM ADDRESSED ANDITS IMPORTANCE has a number of valuable applications.

EMOTELY operated vehicles (ROV) are used in a num-

ber of underwater applications. Human operators use
ROVs equipped with video cameras to inspect the hulls of Due to the multidisciplinary nature of underwater robatics
ships and detect faults in underwater cable lines. Also, RO¥ survey of the state of the art in the field can be broken
with robotic arms are used to repair underwater structivats tdown into three categories: Sensors and Computer Vision,
are at depths that are too dangerous for humans. Unfortynat€ommunications, and SLAM.
ROVs are inherently operated by humans, which occupies arin the domain of land-based and aerial autonomous systems,
operator’s time while he could be performing other taskss Tha video camera for detecting features and obstacles is aften
is an especially important problem with the United Statémportant sensor. In the field of underwater robotics, viekic
Navy's new surface ship, the Littoral Combat Ship, whereave been equipped with video cameras to detect underwater
there are more autonomous vehicles than human operatorsahbles and the seafloor [1]. However, turbulence in the water
board. Two of the main obstacles to a fully automated underan fill the water column with dust and other particles that
water vehicle are the lack of underwater robotic localmati obfuscate the video camera’s view of the seafloor. Also, the
and the lack of reliable communications links. Localizatior =AUV would have to remain only a few meters from the surface
ground and aerial robotic platforms is often solved with that all times to ensure that it could detect the floor due to the
use of the Global Positioning System (GPS). However, radidgh attenuation of light in water. In underwater settirgmar
frequency (RF) propagation is highly attenuated in waterian imagers often replace video cameras as a means of detecting
often a function of water salinity. Thus, an autonomous unddeatures. The use of a Mechanically Scanned Imaging Sonar
water vehicle (AUV) could rely upon a form of SimultaneougMSIS) to perform underwater SLAM with a single vehicle
Localization and Mapping (SLAM) in order to determine itsvas demonstrated in [2] and [3]. The MSIS process involved
location in a marine environment. There are number of sensootating a mounted sonar while measuring the sonar pulse ech
that could be incorporated in the SLAM feedback loop tmmtensities over time. Unfortunately, the process of mgkin
provide the AUV with data about its environment, such as260° sonar image took over 13 seconds due to the inherent
high resolution sonar image, video camera, or Doppler \iglocmechanical delays in MSIS. Another popular sonar option
logger. However, depending on the sensor, the AUV must beiatthe underwater domain is the side-scan sonar, which was
a minimum or maximum distance away from the seafloor anded in [4] to perform underwater SLAM. The authors of
surface. Also, using video data to localize underwater aan 3] described side-scan sonar as being a viable option for
difficult due to a lack of features in deep water or lack of watéAUVs due to the low-cost of side-scan sonars. However, in
clarity. The issue with maintaining a specific distance fronmeir paper, the authors stated that the complexity of nappi
the seafloor or surface is that this restriction can impeede thbserved landmarks to features using a side-scanning sonar
AUV from tending to its actual mission objectives. A possiblcould be unsuitable for an embedded application, as they
solution to this problem is to implement a network of AUVselied mostly upon post-processing to perform SLAM. Dopple
that can communicate and collaborate. Within the networielocity Logs (DVL) have only recently become available
AUVs would be assigned specific roles, such as observif@y small AUVs due to miniaturization of components. DVLs
the seafloor for localization or scouting ahead for targetperate by emitting acoustic pulses directed at the seadlwbr
of interest. Thus, the AUVs would only have to maintaimeasuring the Doppler shift of the echo signal. The Doppler
localization relative to each other in the network, whildyom shift is used to determine the velocity of the AUV, which can
single AUV would have to maintain global localization. Wil be used to resolve dead-reckoning in localization. Rekeasc
a network of AUVs could surely replace ROVs with humamt the SeaVision Underwater Solutions, Inc. utilized a DVL
operators in the previously mentioned missions, a netwook an ROV to improve localization in [5]. The researchers
of AUVs could also be used in coastal protection to prevedetermined an error of 3.3% in localization with the use of
illegal smuggling into the country. Multiple AUVs could als dead-reckoning with the DVL over 166.4 meters. Although,
be used to autonomously measure contaminants in the octtay did mention that the error seemed to grow with more
where companies drill for oil. Finally, a network of AUVstests, which might indicate that localization with DVL cdul
could be utilized to take scientific measurements in dangerde unbounded. Thus, DVL could be used to improve dead-
locations, such as the north and south poles. There areeakoning, but another method of “closing the loop” will be
number of challenges involved with implementing a netwonlequired. A third category of sensors is called the Inertial
of AUVs that can maintain localization, but the final produdiavigation System (INS). This is a common sensor to all types
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of vehicles that measures accelerations and forces whigh casearching autonomous behaviors. Currently, the Yelioisfi
be integrated to determine vehicle velocities and postiorfitted with an INS, acoustic communications module, compass
Researchers in [6] were able to use a INS in concert withGPS, depth sensor, and single-board computer with a Linux
DVL to achieve localization errors of less than 0.2%. operating system. In order to improve its localization, the
Fast and reliable underwater communications is an unsolvéellowfin will be retrofitted with a downward-facing DVL.
problem. Due to the high attenuation of RF signals in watefhe DVL will be used in concert with the INS to measure
acoustic signals are used to transmit data between AUMle vehicle’s velocity as described in [6]. To improve the
The Woods Hole Oceanographic Institution’s (WHOI) microAUVs underwater vision, two side-scan sonars will be added t
modem is probably the most popular acoustic communicatiohe Yellowfin. The side-scan sonar’s primary function widl b
device in AUVs due to its small size and ease of integratidaature detection along the seafloor. Experiments andnasea
[7]. Still, underwater acoustic communication channels awill have to be performed to determine the best methods of
inherently slower than air-based communications; thuy, aclassifying an underwater feature. As the underwater leaquis
network of AUVs will be required to strictly regulate itscan vary greatly throughout the world, a harbor area such
severely limited communication bandwidth. as the one found at Savannah’s Skidaway waterway will be
The final piece of the SLAM puzzle is the actual probaargeted.
bilistic algorithm that fuses the data from the sensors &nd i
inher_ent_ knowledge of the environment t_o_ gchieve _accuraé(_e Decentralized EKF-SLAM Development
localization. The two most common Artificial Intelligence . . . .
techniques to perform SLAM are Extended Kalman Filter The Decentrallzed EKF-SLAM architecture that will be m-
(EKF) SLAM and Particle Filter (PF) SLAM [8]. EKF-SLAM plemented will most c_Ioser res_emble that of the one desdrib
relies upon Gaussian distributions in the motion model &ed N [9]. Each vehlc_le will '?‘a'”‘a'” a complete map of the work
measurement model to determine a maximum likelihood f8f¢2 and the_ vehicles _W'" only dlr_ectl_y communicate deiéct_
the vehicle’s position. Decentralized and centralizedsizers andmarks via acoustic communications. Thus, each vehicle

of AUV EKF-SLAM were compared in [9], where the author ill be able to generate state estimates from directly nreaku
concluded that Decentralized EKF-SLAM is more costly iigndmarks, internal predictions, and communicated lankisa

terms of communication, but it is feasible. Still, the autho _Unhke [9], this research will place an importance on maima

noted that when multiple AUVs shared observations the errofY relative localization within the network of AUVs by ugn

in landmark detection were significantly decreased combar% Vi”am Og thg.\ II__I;)ITQ Basehkr;e (LBL) I<|)caI|zadt|qn rl:ethod.
to not sharing landmark observations. PF-SLAM is part AE the standar , Sonar buoys are located in the water

the Monte Carlo family of SLAM methods. [8] describednat emit a time stamp. With the use of synchronized clocks

how PF-SLAM maintained a finite set of discrete hypothes@?d a determination Of. the T|me-_of—FI|ght (TOF) of the sonar
of the vehicle’s state: but, EKF must maintain a comple@gnal' the AUV can triangulate itself between several lsuoy

Gaussian distribution. However, the PF does not maintainWéth the use of its depth sensor, as shown in Figure 1. In

“best guess” for the AUV position, which EKF does; thus, ir
the PF algorithm, the weighted mean of the distribution mu

e
be computed [8]. f/l I\'\_){

IIl. PROPOSEDTECHNICAL APPROACH

The main purpose of the proposed research is to develo :—2/ ; (&
L pingy

network of AUVs that can cooperatively perform Decentra
ized EKF-SLAM. The development of the AUV network will
take part in two parallel stages: software simulation armd-ha
ware implementation. The software architecture will hgavi
rely upon the Robot Operating System (ROS) [10], a popul
publish-and-subscribe architecture for robotic platfeyrfor

communication between actuator, sensor, and decisionrgak
nodes on a single AUV. ROS will also be used for the simt
lation environment for the development of the Decentralize
EKF-SLAM. ROS was chosen for the software environment o
because any software developed in ROS on a standard desk{Be 1. AUV localization with beacons and LBL [8]

computer can be executed on the final robotic platformt’ﬁ. imol tati h hicl icates th
embedded Linux computer without any code modifications. IS implementation, whenever a venicle communicates the

observation of a landmark, the data packet will also include
_ a time stamp from which a TOF can be calculated. With
A. Vehicle Development this scheme, the vehicles will be able to implement both a
The network of AUVs will be implemented with threefeature-based Decentralized EKF-SLAM as well as localize
Yellowfins. The Yellowfin is an AUV that was developed atelatively within the network. Command messages will also
the Georgia Tech Research Institute (GTRI) for the purpdselme incorporated in the communications architecture tHatval
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Milestone Description | Milestone Date|

for a vehicle to communicate its exact known position whenli

it
is surfaced and has a GPS lock. The other receiving vehicles

would then be able to adjust their estimated states based

this confident measurement.

ROS installed on Yellowfin computer May 30
Surface test vehicle selected and purchased June 15
ORuto-CAD drawings of hardware changes finalized June 30
Drivers written for DVL July 15

Drivers written for side-scan sonar August 1

Acoustic comm architecture finalized September 30

IV. PROPOSEDEVALUATION

TOF calculation algorithm finished November 15

Sonar and DVL fitted to all three Yellowfins December 15

The AUV network of three Yellowfins will be tested a

Landmark feature parameters defined December 30

the Skidaway Institute of Oceanography. The experimerit w

begin with the three Yellowfins in the water, at which point

one of the AUVs will dive to a depth such that its DVL car

" Feature extraction algorithm complete January 1
" Multi-AUV ROS software simulator implemented January 15
Decentralized EKF Algorithm implemented February 20
Software for test surface vehicle finished March 1
Testing finished at Skidaway March 30

lock onto the seafloor. The second AUV will dive to a depth
halfway between the ground-tracking AUV and the AUV tha

, Paper finished about AUV Decentralized EKF-SLAM  April 30
U

has GPS lock at the surface. At this point, the GPS-locked
AUV will transmit its location to the other AUVs, which will

set a base location for the AUV network. The GPS-locked
AUV will then submerge below the surface, thus losing its
GPS lock, and then the network will move towards one of
its 10 defined waypoints. The AUVs will each be running them
previously described Decentralized EKF-SLAM while using
TOF to localize within the group. The final metric that will
be used to determine the success of the SLAM algorithm wilf!
be the AUV network’s localization error from ground truth.
The ground truth will be measured with the use of a surface
test vehicle with a GPS lock. The surface test vehicle wilf’l
keep open communication with the AUV closest to the surface
and the surface vehicle will log the AUV'’s estimated locatio [4]
The localization error in this experiment will be compared[s]
against the error from [6], which used a DVL with an INS.
The method of measuring the TOF from the transmitteds]
landmark observations is novel and will greatly improve the
overall accuracy of the network localization. The improved
relative localization will also enable the network of AUMs t
implement formations for improved landmark detection ancﬂn
special formations for specific mission objectives.
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V. RESEARCHPLAN

The proposed research will require one graduate studeist
to complete within a year. The graduate student will foc $o]
on retrofitting the Yellowfin AUVs with side-scan sonars and
DVLs as well as implementing the Decentralized EKF-SLAM
algorithm. The research will culminate with the testinglat t
Skidaway Institute of Oceanography in Savannah, Georgia.
The project will start May 1, 2011 and end April 30, 2012.
See Table | for a detailed description of the project milesto
for the student. The dates listed in Table | are the compietio
dates for the specific project milestones. It is clear that al
purchases are made early in the project to avoid delays due
to long-lead items. The student will have to develop both the
software and the hardware in parallel. This will allow him
to incrementally test the system as the project progresses,
which will ensure the overall stability of the system. One of
the most important milestones, “Decentralized EKF Alduorit
implemented,” is listed later in the project only because it
relies upon the completion of previous steps. With a prgperl
architected system the final algorithm development will be
successful.
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