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Introduction

" | he main motivation for this
wokk arises from the need to establish
an acoustic network for a fleet of het-
erogeneous vehicles, including auton-
omous underwater vehicles (AUVs),
autonomous surface vehicles (ASVs),

In this paper, we investigate the creation of an underwater acoustic network to
support marine operations based on static and mobile nodes. Fach underwater
device combines communication, networking, and sensing capabilities and coop-
erates with the other devices in coordinated missions. The proposed system is built
upon the SUNSET framewaork, providing acoustic communications and networking
capabitities to autonomous underwater vehicies, autonomous surface vessels, and
moored systems, using underwater acoustic modems. Specific solutions have been
developed and tested to control the underwater nodes acoustically and to/instruct
the vehicles on keeping a given formation using acoustic links. One of the novelties
of our approach has been the development and utilization of a reatistic simulation
infrastructure to provide a very accurate representation of all the dynamic systems
involved in the network, modeling the vehicle dynarmics, the acoustic channel, and
the communication messages. This infrastructure has been extensively used to
investigate and validate the proposed solutions under different environmental
conditions before the actual deployment of devices. Several experiments were
then conducted in the laboratory and in the field. The experimental resuits have
conftrmed the effectiveness of the proposed solutions and the reliability of the
proposed simulation framework in estimating system performance.

Keywords: Underwater acoustic networks, vehicle coordination, SUNSET,

autonomous marine vehicles, distributed simulation framework

and moored systems. The utilization
of robotic systems in the underwarer
environment has become increasingly
common in the last years. In most
cases, real-time communications with
such platforms are needed for a combi-
nation of reasons such as safety and
control and the need to periodically
get data from onboard sensors. This
requirement is being extended to per-
manent real-time communications
among vehicles and between vehicles
and remote centers, due to emerging
new ocean sampling paradigms,
which start to exploit the coordinated
operation of complementary systems.

With the ability to communicate and
cooperate in a distributed way, such
devices may constitute a more flexible,
reliable, and effective observation sys-
em FQ[' water b()l'ne Qpel'ations.

In the underwater environment,
both radio and optical signals are
greatly attenuated and acoustics are
still the main technology used for
communications. Nonetheless, acous-
tic solutions suffer from long propaga-
tion delays, low dara rates, and several
factors affecting the quality of the re-
ceived signals (multipath, attenuation,
etc.), which complicate the imple-
mentation of dependable networks.
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In fact, some commercial solutions do
provide the ability to exchange infor-
mation between nodes but only some
basic networking capabilities. In sce-
narios where multiple vehicles work
in cooperation, the communicarion
network can rake advantage of the
multiple available nodes, either fixed
or mobile, possibly from different ven-
dors. Moreover, such a network has to
be flexible enough to accommodate
the dynamics of such nodes, both in
terms of physical locations and in
terms of performance.

In this paper, we present and val-
idate a novel paradigm where each
underwater device combines commu-
nication, networking, and sensing ca-
pabilities and cooperates with the
other devices to accomplish a given
rask using acoustic links. The SUN-
SET framework has been used to pro-
vide networking capabilities and
acoustic communication support to
a set of heterogeneous underwater
platforms, using Evologics acoustic
modems for communication. New
protocols and algorithms have been
implemented for nodes communica-
tion and cooperation that permit remote
control of the underwater nodes and
the ability to inscruct the vehicles on
keeping a given formation. Moreover,
a simulation infrastructure has been
implemented to investigate and vali-
date the performance of the proposed
solutions under different environmen-
tal conditions, before the actual de-
ployment of the devices in field trials.
The distributed nature of the infra-
structure has been exploited to run
multiple simulations with independent
modules connected via Internet and
spread across three different countries:
The software emulating the vehicle dy-
namics was running in Porto, Portuga];
SUNSET was running in Rome, Italy,

providing the protocol solutions to re-

serve the channel and deliver dara
from source to destination; and finally,
a software emulating the Evologics
acoustic modem was running in Berlin,
Germany. The experimental results
confirm the validity and reliability of
the proposed emulation approach,
showing a good agreement becween
the results from simulation and in field
trials (with separation berween real and
simulated position of vehicles within
1 m). Moreover, the collected results
also demonstrate the efficiency and
reliability of the proposed solution
where acoustic communication is used
for vehicle control and cooperation,
opening to several possibilities for fu-
ture developments.

The remainder of the paper is or-
ganized as follows: Framework for
Acoustic Networking and Communi-
cation introduces SUNSET, a generic
tool to provide transparent communi-
cation and networking capabilicies to
underwater robotic platforms. Tech-
nological Assets presents the roboric
systems used in this work and sum-
marizes their main characteristics in
order to deail, in Implementarion of
a Distributed Testing [nfrastructure,
the main efforts involved in the adap-
tations of the tools. Experimental Re-
sults discusses the results obtained
from simulacion and in-field experi-
ments and analyzes the performance
of the coordinated system under differ-
ent communication scenarios. Finally,
Conclusion concludes the paper.

Framework for Acoustic
Networking and
Communication

To enable networking capabilities
and to provide support for acoustic com-
munication to the underwater nodes,
the Sapienza University Networking
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framework for underwater Simula-
tion Emulation and real-life Testing
(SUNSET; Petrioli & Petroccia, 2012)
has been used.

SUNSET has the potential to resule
in a radical paradigm shift in the way
underwater experimental research is
performed. Researchers and developers
can easily implement novel protocols,
test the protocol performance through
simulations (investigating the impacr of
difterent deployments and of changing
environmental and acoustic channel
models parameters on performance),
and then port the exact implemented
code to different real underwater plac-
forms for in-field testing. SUNSET
also seamlessly integrates heterogeneous
underwater platforms: Different modems,
communications technologies, and plat-
forms (both mobile and static) are currently
supported and thus can be interconnected
together by means of SUNSET commu-
nication protocol stacks.

In what follows, we describe the
SUNSET architecture and how net-
working and communication capabili-
ties can be implemented and provided
in a straighcforward way to static and
mobile underwater nodes.

The SUNSET Architecture
SUNSET is a new solution to
seamlessly simulate, emularte, and test
in real-life novel communication pro-
tocols. It is based on the open-source
and well-known nerwork simulator
ns-2 (the VINT project)—and its
extension ns2-Miracle (Baldo et al.,
2007)—and it has been made freely
available to the research community
(Petrioli & Petroccia, 2012). The rea-
son for extending a well-known open
source architecture instead of design-
ing an optimized ad hoc one is that
it will be easier to use by the network-
ing communirty, thus speeding up the
investigation and development of new
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and additional devices are used. New
modules and several drivers have been
developed to allow a proper inter-
action with the external real hardware
and to make transparent to the user
the switch between a simulated under-
water channel and the use of real
acoustic modems.

Specifically, WHOI Micro-Modems
(Freitag et al., 2005), Evologics mo-
dems (Evologics), Kongsberg modems
(Kongsberg}, and Teledyne Benthos
modem (Teledyne) have been intercon-
nected to SUNSET. SUNSET has also
been successfully integrated and in-
terfaced with different types of devices,
including sensors for underwater mea-
surements {(Annunziatellis et al., 2012),
and the AUV, ASV, and navigation and
instrumentation buoy (NIB) devices used
for the experiments described later in
this paper.

The time needed to design and
implement the specific driver is very
short and proportional to the com-
plexity of the operations required by
the specific hardware. Radio, optical,
and other types of communication
devices can be interfaced to SUNSET
as well, thus providing the possibility
to explore and take advantage of multi-
ple communication interfaces available
at a given node to improve network
performance.

To make the deployment at sea
easier, SUNSET code has successfuily
been ported on small portable devices
(Gumstix, PC104, or other ARM-
based systems), thus allowing us to
embed it inside modem or AUV and
ASV housings.

SUNSET Interaction With
Mobile Vehicles

In the absence of real-time com-
munication capabilities, preloaded
missions are typically used when op-
erating underwater vehicles resulting

in no direct control on the vehicle
once it is underwater. Instead, using
the acoustic communicarions and net-
working capabilities provided by
SUNSET, requests and commands
can be delivered to a remote node
(via single-hop or multihop transmis-
sions), thus allowing the remote con-
trol of the devices, using acoustic
links in real time. Mobile underwacer
vehicles can therefore be controlled
while they are operating underwater,
thus significantly improving the mis-
sion supervision and control flexibility
when performing a given task.

To allow SUNSET to use and in-
terface with different devices, such as
AUV or ASV navigation control sys-
tems, a driver is needed at the appli-
cation layer to properly handle the
data exchanges and interactions with
them (see Figure 2).

A generic interface has been devel-
oped for SUNSET to support basic
commands of AUVs/ASVs in a trans-
parent and flexible way. It provides
a generic Application Programming
Interface implementing the basic op-
erations supported by mobile vehicles
(navigating to a given location, chang-
ing depth or velocity, erc.), which are
then translated into the specific vehicle
instructions by the corresponding vehi-
cle drivers. This generic interface can be
easily extended to support additional
operations according to the connected
vehicle. In chis way, new drivers for new
vehicles can be easily developed and
connected to the interface, without any
modification to the interface itself.

This generic infrastruccure allows
SUNSET to provide a powerful trans-
parent abstraction layer to robors,
which do not need to know the de-
tails of the networking and communi-
cation layers (which protocols have
been used, whar acoustic modem or
communication device) but are able
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to communicate and cooperate with
each other or with other nodes in
the network by transmitting and re-
ceiving their generated messages
through SUNSET.

Moreover, SUNSET provides the
ability to encode and decode the re-
mote commands in order to reduce
as much as possible their size. This per-
mits to transmit complex commands
with several parameters and instruc-
tions in a single short transmission.

Technological Assets

In order to effectively deploy an
acoustic nerwork for the operation of
heterogeneous vehicles, it is funda-
mental to adapt the framework to the
specific assets available for the imple-
mentation (mainly vehicles and com-
munication devices). To prepare such
implementacion, in this section, we
describe the devices considered in our
heterogeneous nerwork and the bene-
fits envisaged from the implementation
of an underwater communications net-
work to support cooperation of marine
vehicles.

Robotic Platiorms
The MARES AUV

The MARES AUV (Cruz &
Matos, 2008) is a small-sized vehicle
developed by the Ocean Systems
Group, at FEUP/INESC TEC, in
Portugal (Figure 3). It has a torpedo-
shaped body, with abour 1.5 m of
length and 20 cm of diameter, weight-
ing slightly over 30 kg in its basic con-
figuration. The vehicle can dive up to
100 m of depth, gathering ocean dara
with a set of on-board sensors, and the
body modularity can be exploired to
easily include additional systems. Un-
tike similar-sized vehicles, MARES
does not have any moving fins to

adjust heading and depth. Instead,



FIGURE 3
The MARES AUV with an external CTD sensor.

4-degree of freedom {(DOF) mortion is
provided solely by independent thrust-
ers, which allow the vehicle to travel at
velocities up to 2 m/s or hover in the
water column and/or approach any
structure for derailed inspection.

The MARES navigation system is
based on 2 long baseline acoustic posi-
tioning system—the vehicle software
continuously fuses ranges to a set of
acoustic beacons, together with com-
pass heading, inertial data, depth, and
velocity, to compute the estimated po-
sition in real time. Depending on the
environmental conditions, the acous-
tic beacons can be located at a maxi-
mum distance of 1-2 km from the
AUV, At the end of the mission, a
smoothing algorithm improves the
accuracy of the position estimates.

With the new acoustic network,
MARES is able not only to communi-
cate with the other nodes but also to ob-
tain ranges to these nodes, in real time,
in order to improve vehicle navigation.

NIBs

NIBs are moored surface platforms
with rechargeable batteries, an ARM-
based single board computer with Wi-
Fi, a GPS receiver, and a radio modem.
NIBs can be connected to a great variety
of sensors and transmit data in real time.
During AUV missions, they get relevant
information about the local environment
(such as current profiles or data from ref-

erence sensors, for example) to allow for
postmission data processing and inter-
pretation of AUV data.

NIBs are also used as acoustic
transponders for AUV navigation.
They receive and decode acoustic sig-
nals sent by the vehicle and respond
with other coded pings. Since they
are deployed in known positions, the
AUV can determine its own position
by trilateration. Alternatively, the buoys
may send synchronized signals so chat
the AUV may estimate ranges based
only on one-way travel time (Almeida
et al., 2010). During AUV missions,
the buoys also relay navigational infor-
mation back to the mission control sta-
tion, allowing for vehicle trajectory
tracking (Cruz et al., 2001). The GPS
location of the NIBs is logged to allow
for postmission correction of sensor
data location, compensating for disloca-
tion due to wind and currents. With the
availability of the acoustic network,
these variations can be forwarded to the
AUVs in real time, together with other
information regarding the environmen-
tal characteristics (currents, salinity,
erc.), thus significantly improving the
AUVs position estimation.

Zarco and Gama ASVs
Zarco and Gama are two small

ASVs (Figure 4) developed by the

FIGURE 4

Zarco and Gama ASVs during field trials at
the Douro River.

Ocean Systems Group to conduct ex-
periments in navigation, control, and
vehicle cooperation (Cruz et al.,
2007; Matos & Cruz, 2007). The ve-
hicles have been used to carry several
types of sensors for bathymetry and
water quality monitoring, and they
have also been used to transport
acoustic beacons for AUV navigation,
acting as virtual moorings. The avail-
ability of differential GPS receivers
ensures an absolute position with er-
rors less than 1 m.

Both ASVs have multiple commu-
nication capabilities based on radio
(from Wi-Fi to long-range RS-232
radio modems), taking advantage of
the high bit rates and low propagation
delays to establish a permanent con-
nection. The implementation of the
acoustic nerwork provides a backup
link to these vehicles and, more im-
portantly, results in advanced new
features: The ASVs can be used
as moving gateways to interact wich
AUVs or operate as mobile transpon-
ders for AUV navigation.

Vebicle Emulator

The evaluation of guidance, con-
trol, and localization algorithms
through simulation is fundamental
before final deployment of marine
systems in real scenarios, and the
Ocean Systems Group has developed
simulators to mimic the dynamic be-
havier of the vehicles used in this
paper. They are based on 6-DOF
models of the vehicles (or vehicle
emulators) simulated on Matlab/
Simulink, and their effectiveness have
already been demonstrated in previous
works (Ferreira et al., 2012a, 2012b,
2010). The emulators imitate the out-
puts of the sensors and allow different
environmental scenarios by changing
current drifts, for example. To each ve-
hicle corresponds a single emulator,
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thus making the approach extensible
to as many vehicles as required.

The same exact version of the con-
trol layer used onboard is also used
to govern the motion, by feeding the
dynamics emulator with commands,
and to interact with SUNSET in order
to transmit the node position to other
cooperative platforms and obrain
references. The current emulation ar-
chitecture makes the software imple-
mentation transparent when moving
to in field experiments. Furthermore,
the control layer provides 2 common
interaction berween external processes
and the several heterogeneous vehicles,
thus interfacing with SUNSET inde-

pendently of their characreristics or
types.

Control Architectures of the
Heterogeneous Vehicles
Control Architectures for Individual
Autonomous Vehicles
One of the most important aspects
in the control of an individual auton-
omous vehicle is the specification of
trajectories. Versatile trajectories and,
more generally, behaviors require the
control architecture to include ele-
mental maneuvers. A control software
has been designed so thar each robotic
platform (ASV or AUV) is able to
perform the same set of maneuvers:
®  Line-following: The vehicle tracks a
line, while keeping a given velocity;
® Circle-following: The vehicle
tracks an arc defined by the center
and radius;
® Targer tracking (station keeping):
The vehicle tracks a point and re-
mains stationary;
® Waypoint: This maneuver is con-
cluded once the vehicle reaches a
preset position;
% Free maneuver: Each DOF can
be commanded directly by secting
either velocity or pose references.

Using this set of maneuvers, any
type of complex trajectory can be fol-
lowed by setting a coherent sequence
of instructions, This can be set either
by using a static mission script or by
instructing the vehicles on the fly via
a communication link. From the ro-
botics point of view, the maneuvers
can be seen as a set of feasible rasks.
This small, yet versatile, set of rasks
enables a clear interaction with and
among the vehicles, thus ficting well
in a distributed scenario using a higher-
level cooperation algorithm.

This architecture has already been
successfully implemented in several ro-
botic heterogeneous marine platforms
such as Zarco and Gama ASVs (Cruz
et al,, 2007), the MARES AUV (Cnuz &
Matos, 2008), and, more recently, the
TriMARES Hybrid AUV/ROV (Cruz
et al., 2011; Ferreira et al., 2012a).

Coordination Algorithm

The control scheme used in this
work to achieve coherent motion of
the team is based on the method pre-
sented in Egerstedt and Hu (2001).
This centralized approach assumes the
existence of a virtual leader, which can
be coincident with one of the robots,
and an unlimited number of followers.
The leader collects the positions of the
different followers and instructs them
on the position references to keep the
required formation. One of the main
advantages of this method is that,
under individual bounded errors, the
formation is guaranteed to be stable.
This is especially important since it
makes it possible to abstract from the
lower-level control layers, which are be-
yond the scope of this paper, and there-
fore disregard the individual errors
caused by control parameter mismatches
or drifts, for example, as long as they re-
main bounded. Furthermore, the math-
ematical construction of the method
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makes the formation rolerant to com-
munication losses and delays. As long
as bounded delays and periodical ex-
change of feedback data and commands
are guaranteed, the formation can be
maintained and smooth evolution can
be obrained. Here, we summarize
the main machematical derivations
and adaptations. For the original com-
plete derivation, the reader is referred
to Egerstedt and Hu (2001).

We consider the case with N
vehicles moving in formation. We
denote the position of the vehicles as
(1} ER",i = 1,..., N and the one
corresponding to the virtual leader as
70(2) ER". The later is assumed to
be continuous and differentiable. As-
sume that a smooth path po(sy(2))
defines the trajectory of the virtual
leader, where the scalar 5p(2) parametrizes
the path, that is, ny(2) = po(s(2)).

For a given mission, each vehicle
should assume a specific position in
the formation, with respect to the virtual
leader. This position is usually predeter-
mined when designing the mission and
is given by 1] = n; — n,. For any
given instant, the dynamic desired posi-
tions of the vehicles are given by ﬁf,
also referred to the virtual leader position.
Note that these are individual references
that must converge to 77, bue they may
not be coincident for all z The actual
relative positions of the vehicles, with
respect to the virtual leader, are com-
puted in real time throughout the mis-
sion and are defined as 9; = n; — n,,.

In order to drive the individual ref-
erences to their respective positions in
the formation, a potential-field-like
function is used in this scheme. Con-
sider a formation constraint function
F:R"xR"x...x R" = R, differen-
tiable and strictly convex, for which the
arguments of F(R!, 54, ...94) =0
are uniquely determined, thar is,
£ (0)=(ﬁ71 ﬁ; ﬁfv)



A possible solution for the present
problem can be F(ﬁf,ﬁg, . ﬁi,.) =
YN, lim¢ —#7)|%, which means that
we aim at minimizing the overall
tracking error. We note that the be-
havior of the desired positions 7j¢
has not been defined yet. We can
design it to meet the convergence
properties for the formation. We de-
fine it to be parametrized by s{#), that
is, ﬁ:‘f = ﬁ:’(x,(t)) Its time derivative

. o

, ~q¢ _ 90
can be written as 7 = . We take

ﬂf‘ﬁf

5i=gi(‘ 7

)

‘where g:R*— R™ isa positive decreas-

ing function of its arguments that veri-
fies g{a) >0,VO<a <M, with M > 0.
In practice, this means that each vehicle’s
reference follows a path that minimizes
the gradient of the formation constraint
function, F (ﬁ'{, 74, ... 7% }» while its
evolution rate, 5{#), is given by a decreas-
ing function of the distance to the refer-
ence. In other words, the reference
evolution will slow down when the dis-
tance to the reference ﬁ:’ increases.

The vireual leader acts in a similar
fashion but takes into account the
errors of all vehicles. The time de-
rivative of its position is given by
170(2) = 9"2’}%’)5'0, where we choose

so=I1 & (117,~ 7).

This choice for the evolution rate
of the virtual leader was inspired by
the work of Egerstedt and Hu (2001),

but instead of an exponential rela-

tionship with the error, we generalize to a broader range of functions,
(|17, —77|1)- As a result, similar to the references of the real vehicles, the evo-
lution of the virtual leader position will slow down as the individual errors grow.
The demonstration of the convergence of this control is very similar to the one
found in Egerstedt and Hu (2001), whereby we will not demonstrate it here.
Nonetheless, the adaptations made in the presented approach ensure conver-
gence of the formation only if the individual tracking errors are upper bounded
by a scalar M >0: ||, —#7|| <M.
The current implementation considers the following functions:

. i 0sa ||| <g

|7, -7

g — O

)=

gi(”ﬁi _'T?:I

0, if o ﬁi_ﬁf”Sg_f

with the positive constants g, and «;. These constants are tuning parameters that
define the rigidity of the formation and its maximum speed. Note that, if
o; |17, =772 g, forany i = 1, ...
will eventually stop after reaching steady state. In Egerstedt and Hu (2001),

. IV, the leader stops and the formation

the evolution rate is always positive, even if the errors are arbitrarily large.
This is reasonable under normal operation with consistent communications
links but may not be adequate when the communication infrastructure suffers
from a great variety of perturbations, as it is the case of underwater acoustic
communicarions.

If the rigidity of the formation can be relaxed, a proper tuning of the parameters
Z; and a; allows faster evolution of the overall formation. For example, decreasing a;
would make the error corresponding to the vehicle / less penalizing in the evolution
of the formation, thus providing a mechanism for increasing the overall velocity of
the formation. Naturally, this can also be achieved with more accurate tracking con-
wollers, which is beyond the scope of this work. Note that «; also defines the max-
imum tracking error allowed to the vehicle 7 before stopping the formation. For
safety reasons, both g, and a; have o be carefully chosen to avoid potential colli-
sions, and the range of admissible values depends on the formation geometry (3, ,
defined above), that is, smaller distances require more rigid formations.

Finally, an important feature is that the coordinarion algorithm can be run in
any of the formation mates (provided they are not communication-impaired),
thus extending the area of operation of autonomous vehicles.

Acoustic Modems
The Evologics S2C Acoustic Modems

For the tests, Evologics S2CR 18/34 acoustic modems (Evologics) were used.
This model is designed for medium-range operations in shallow water. The
transducer has horizontally omnidirectional beam pattern, used frequency
range is 18-34 KHz, and maximum darta rate is up to 13.9 kbit/s.

Physical layer of the Evologics acoustic modems is based on the sweep spread
carrier (S2C) technique (Kebkal & Bannasch, 2002). Modems continuously
spread cthe signal energy over a wide range of frequencies and adapt the signal
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structure so that the multipath com-
ponents do not interfere with each
other. At the receiver end, advanced
signal processing collects the energy
and converts the received signals
into narrow band signals. This results
in achieving significant depression of
multipath disturbances and substan-
tial system gain, enabling successful
decoding of signals also in crucial en-
vironments even when they are heavily
masked by noise.

The S2C physical layer allows to
detect accurately the time of signal ar-
rival, and an extended ser of dara link
layer commands allows to implement
upper layer protocols, efficiently com-
bining acoustic communication with
ranging task (Kebkal er al., 2012a,
2012b).

The S2C Modem Emulator
The major purpose of the Evolo-
gics modem emulator is to minimize
development costs of upper layer pro-
tocols and to simplify the integration
of acoustic modems into underwater
infrascructures. The main consider-
ation for modem emulator design
was that an application, developed
with the emulator, must work with
real acoustic modems without any
code modifications.
This defines the following design
requirements:
B real-time emulation of a large
number of network nodes;
& same source code for both the emu-
lator and the real modem’s hardware:
® equal command set for both the
emulator and the modem;
& remote emulator access via Internet.
A multicude of instances of the
emulated acoustic modem represent-
ing an underwater acoustic network
made of many nodes can be config-
ured and launched on the dedicared

server, remotely accessible via Inter-
net. The user is granted remote access
to this acoustic network. Specifically,
each modem can be accessed via
TCP/IP socket. This means that it
can be used to connect together dif-
ferent devices and software modules
placed in different locacions over the
Internet. The components of the
modem emulator are described in de-
tails in Kebkal et al. (2012¢). There
are no differences in the source code
between the emulation environment
and real hardware.

Rather than attempting to repro-
duce the detailed physical effect of
acoustic wave propagation, the physi-
cal layer and channel models are ori-
ented to reproduce the phenomena of
signal propagation, essential for upper
layer protocols. This phenomena in-
cludes, in particular, long propagation
delays, packet collisions, bit error rate
as a function of channel impulse re-
sponse {Kebkal er al., 2012b), and
rays bending according to sound veloc-
ity profile. The physical layer simula-
tor introduces a propagation delay by
holding the packer for a timeout that
corresponds to the signal propagation
time berween the signal source and
the receiver, detects collisions, and
drops collided packets or modifies the
packet according to some bit error rare.

Another phenomenon, important
for the upper layer protocols’ develop-
ment, in particular, combining commu-
nication and localization algorithms, is
support of node’s mobility. The physical
layer simulator can obrain position up-
date in real time via a TCP/IP socket
and update on the fly the propagation
delays between the nodes accordingly.
The motion model itself is considered
as external component that can be
connected to the emulacor.

Thus, the emulator, implementing
the described above functions, essen-
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tially reduces the need for real hard-
ware during the R&D and testing as
well as enables to extend the number
of possible test scenarios, hardly man-
ageable even with real modems at the
development stage. In particular:

®  the emulaor allows arbitrary propaga-
tion delays between network nodes;

® the emulator supports real-time
testing of multiple underwater
acoustic network nodes at once,
while several dozens of modem:s,
bartteries, buoys, anchor chains,
and other accessories are an unaf-
fordable luxury for a network pro-
tocol developer;

8 the emulator fully supports the
S2C modems’ cross-layer synchro-
nization mechanisms, essential for
implementing accurate positioning
protocols;

® the physical layer simulator supports
collision detection, user-defined
demodulation, and synchroniza-
tion error rates and mobility of the
nodes, allowing to test applications
and upper layer protocols in dif-
ferent operating conditions and
debug the code to improve system
stability without involving expen-
sive underwater infrastructures,

Implementation of a
Distributed Testing

Infrastructure

We have used SUNSET to set
up a distributed simulator/emulator
framework to investigate the perfor-
mance of the coordination algorithm
described above before performing
in-field tests, SUNSET implements
a really fexible and general architec-
tute where different devices or soft-
ware can be interconnected together
in several ways, including also TCP
sockets and Internet connection, This



means that, using SUNSET, different
components, locally or remotely con-
nected together, can work and cooperate
to provide a more general and capable
simulation and emulation framework
to the end user. As presented in Figure 5,
SUNSET has been used to intercon-
nect, via Internee, the vehicle emulator
software developed at INESC TEC/
FEUP and the $2C modem emulator
developed by Evologics GmbH. Several
instances {one per vehicle) of the soft-
ware emulating the vehicle operations
were running at INESC TEC/FEUP
in Porto, Portugal. SUNSET, running
in Rome, Iraly, {one SUNSET instance
per vehicle} was providing the commu-
nication support and the networking ca-
pabilities to reserve the channel and to
deliver data from source to destination.
A software emulating the acoustic mod-
ems operations was then running at
Evologics GmbH in Berlin, Germany.
One emulated modem was connected
to each SUNSET instance, mimicking
the exact operations of the real modem.
The S2C modem emulator was also
introducing the acoustic underwater
propagation delays according to the sim-
ulated node positions. To better repre-
sent realistic scenarios, the estimared
probability of error on the correct packet
reception was also introduced using

SUNSET.

FIGURE 5

Distributed testing infrastructure.

Using this configuration and multi-
countries distributed framework, we
have been able to test in a controlled en-
vironment the same software control-
ling the vehicle and the modem,
the same protocol stack solutions, and
the same driver implementations then
used during the in-field experiments.
Several simulations have been per-
formed with the twofold objective to
(a) validate the proposed communica-
tions solutions and the performance of
the coordination algorithm and (b) inves-
tigate the performance of the proposed
system under a wide set of possible
scenarios beyond the ones enabled by
our in-field deployment.

In whart follows, we briefly de-
scribe how SUNSET was intercon-
nected to the software emulating the
behavior of an underwater vehicle and
the S2C modem emulator to provide
our distributed framework.

SUNSET Integration
With Vehicles

Specific drivers have been de-
signed to interface SUNSET with
the different vehicles (AUV and
ASV} presented above. Since the
same command and status interface
runs on MARES AUV and Zarco
and Gama ASVs, the same SUNSET

interface and connections have been

SUNSET

[mescnsc_;_\_u\.r.@g;_v.DRWERS]-—
}

INESC/TEC VEHICLE
EMULATOR {AUVIA!

Ervomae
 PROTOCOL STACK
aats

EVOLOGICS S2C MODEM'
EMULATOR

used for both types of vehicles. From
the interface point of view, the only
differences stand in the vehicle opera-
tions implemented by the specific driv-
ers, as the operations supported by the
ASVs are a subset of the ones imple-
mented by the AUV. Using these driv-
ers and interfaces, SUNSET has been
able rto interact with the different
vehicles in order to collect the position
information required by the coordi-
nation algorithm and to instrucrt the
nodes on the navigation operations
to perform according to the leader
requests. Requests and commands
can been transmitted by all the vehicles
in a transparent way ignoring lower
levels information, making use of the
SUNSET nerworking capabilities.
The same interfaces are used to inter-
connect to the vehicle emulator.

SUNSET Integration With $2C
Modem Emulator

SUNSET has been connected via
Internet to the $2C modem emulator.
Two different TCP connecrions have
been used, one for data and one for
control information. For the normal
acoustic communication interaction
with the modem (dara fiow), the Evo-
logics driver developed for SUNSET
has been used. The control flow was
instead used to instruct the emulator
on the position of the vehicles to
properly compute and introduce the
corresponding propagation delay in
the acoustic communication. To han-
dle the control message interaction

with the emulator, a specific module
has been implemented in SUNSET.

Experimental Results

In this section, we first present the
setup of a heterogeneous underwater
network with different underwater
nodes communicating and cooperating
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together via acoustic links. We then
investigate the performance of the
presented coordination algorithm
through simulation and in-field tests.
We also demonstrate the viability of
the proposed distributed framework
to assess the performance of the inves-
rigated solutions under different en-
vironmental and acoustic channel
conditions before the actual devices
deployment. Several trials with increas-
ing complexity have been conducted ac
the Ocean Systems Group laboratory
and at the Douro River, close to Porto,
Portugal, and simulation and in-feld re-
sults have been compared. SUNSET
running on a Gumstix embedded device
has been integrated inside each vehidle
(AUV and ASV) and instrumentarion
buoy and connected to Evologics mo-
dems S2C R 18/34 for acoustic com-
munication. In all che investigated
scenarios, a single-hop network has
been considered and different MAC
protocols have been used.

Heterogeneous Network Setup

In February 2012, first tests have
been conducted in the test tank at
the Ocean Systems Group laboratory
to investigate the MARES AUV driver
and its integration with SUNSET.
CSMA (Basagni et al., 2012b) proto-
col has been used at the MAC layer.
One Evologics modem has been
connected to a control station run-
ning SUNSET on a PC and another
one to the Gumstix inside the vehicle.
Acoustic commands have been sent
from the control station to instruce
the vehicle on the requested opera-
tions to perform. Preliminary results
have been positive as the AUV was
able ro receive, process, and correctly
execute commands in real time, in-
cluding the variations of pitch and
yaw angles (and rates) and of vehicle
depths.

In July 2012, further tests have
been conducted with two ASVs and
two NIBs, both ar the laboratory and
at the Douro River, close to Porto.
During these experiments, the two
ASVs (Zarco and Gama) were coop-
erating using acoustic messages, in-
structing each other on the rasks to
perform. Again, the CSMA protocol
has been used at the MAC layer.
Even though a few data packets were
lost at the MAC layer, the networking
capabilities of SUNSET allowed to
correctly deliver ail request commands
to the destination node, and the mis-
sion ended successfully, with both
ASVs following the expected trajectory
at the river. During the July tests,
acoustic communications have been
used by the four nodes to estimare in-
ternode distances and to then broad-
cast these informarion to the other
nodes in the network. Underwater
and surface vehicles can use the collected
information to support control and
localization algorithms. Evologics
modem features (Kebkal et al., 2012a)
have been used for ranging estimation.
Additional details on the conducted
tests can be found in (Cruz ecal., 2012).

Coordinated Operation of ASVs
In what follows, we investigarte the
performance of the presented coordi-
nation algorithm and define the merric
used to evaluate the accuracy of the
vehicles formation. Since the idea is
to run both simularion and real tests
and to compare the obrained results
to validate the coordination algorithm
itself and validate the presented dis-
tributed framework, in all che investi-
gated tests, only surface vehicles have
been considered. Real-life tests wich
surface vehicles are much easier to han-
dle and provide a higher control on the
system, providing the ability to run
tests in a short time with a higher
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DOEF. Moreover, GPS informarion
collected on the surface contributes
for a more accurate comparison be-
tween simulated and real dara, as ir is
more precise than typical trilateration
or triangulation-based algorithms
used underwater. We point ourt, how-
ever, that both the considered AUV
and ASV use the same control soft-
ware, which means that performing
in-held tests including also AUV re-
quires zero efforc in terms of software
integration. Next step will be investi-
gating a scenario where AUVs, ASVs,
and NIBs are deployed communicar-
ing and cooperating together.

We start evaluating the perfor-
mance of the coordination algorithm
through simulation, using the dis-
tributed framework described above.
We then perform in-field tests ar the
Douro River and compare simulation
and in-field results assuming the same
number of vehicles and approximately
the same environmental and channel
{packert error rate [PER]) conditions
to validate the efficiency and accuracy
of the proposed distributed frame-
work. Finally, we show the coordina-
tion algorithm performance through
simulation when considering more
vehicles in the nertwork.

For all these tests, a TDMA proto-
col has been used ar the MAC layer,
repeating a period of x slots, one for
the leader and (x - 1) slots for the fol-
lowers (one per follower). According
to the coordination algorithm, the
leader instructs the followers to keep
a given formation. After the leader
sends the references to all the vehicles,
each follower replies with its position
in its own slot.

Performance Metrics

{tis expectable that, under different
environmental conditions and differ-
ent parameters, the performance of



the formation algorithm with respect to the geomerry varies. It is important to
define a generic measure to assess the performances of the overall system. As in
typical multivehicle missions, the relative positions of the cooperative robots are
important; we give emphasis to the distance among pairs of vehicles to characterize
the performances of the coordinated team.

To quantify the error in the formation geometry, we have used the following
metric, which expresses the absolute error average resulting from the sum of the
absolute difference between the acrual distance between each pair of vehicles and
the desired one:

Z’fifi( ) f

where ¢; and tr arc the starting and ending time, respectively; pj=((n; -
"T,) (n; n;))' is the desired distance berween vehicle 7 and 7; and p{r)=
({m,(£)— nj(r) (m.()— 'r,'J(t)))E is the actual interdistance of a pair of vehi-

cles (i, 7). Note that we do not include the virtual leader position in the
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computation.

Simulations

Using the proposed distributed framework, it is possible to assess the perfor-
mance of the overall system varying several relevant parameters, such as PER.
Vehicle drifts or formation geometry rigidity (by adjusting the parameters a;)
can also be varied to analyze the robustness of the approach. In what follows,
we mainly focus on the influence of the PER on the formation performance. We
do not address here the effect of the drifts in terms of tracking performances
since it is related with the low-level control law and is independent of the
mean of communication, update rate, and delays.

However, with the increase of the drifts, we expect larger tracking errors in
some situations as a result of the increased effort of the tracking lower level con-
trol law, which in turn contribute for a slower evolution of the formation. Note
that this happens regardless of the communication network used, that is, the
same is expected for Wi-Fi as for acoustic communications Nonetheless, as
long as the absolute individual errors are less than » the evolution of the for-
mation is guaranteed. Although independent of the communication character-
istics, the formation rigidity parameters a; can be set according to the desired
performances of the formation, which include evolution rate and permitted de-
formation, and thus be balanced with the update rate and delay.

We have conducted three sets of simulations in which we have kept the leader
trajectory constant and varied the PER in the set {0, 0.15, 0.30}. Two ASVs have
been considered acting as followers and one static node acting as leader.

Figure 6 displays the trajectories followed in our experiment when the PER
is equal to 0%: Vehicles follow a smooth trajectory and are able to keep their
relative positions. Even using the same leader’s path, it is expectable that the for-
mation geometry rigidity varies as a function of the information exchange rate
and transmission errors. This effect is clearly shown in Figure 7, which displays the

trajectories originated by both the ve-
hicles for a PER equal to 30%, where
we can notice small deviations from
the original paths and a formation ge-
ometry deformation, with respect to
the case for a PER equal to 0% (Fig-
ure 6). The same remaining environ-
mental conditions and parameters were
kept constant in these simulations.
The deviations are mainly due to the
need to stabilize on points belonging
to the path: When the reference sent
by the virtual leader is delayed due to
a packer loss, the vehicle will hold the
last position reference received, which
implies an effort to compensate the
drift. Because of the non-holonomy of
the robotic platforms considered in
this work, the vehicles have to face
the drift vector when they are required
to hold their positions. For the sake of
illustration, suppose that the vircual
leader transmits the individual refer-
ences to the followers at a given time,
each vehicle will track its own reference
and wait for the next one. If the next
reference is not transmitted before a
vehicle reaches the reference, it will
stabilize on it and try to compensate
the disturbances induced by the drift.
Because of the vehicle non-holonomy,
the only means to compensate the side-
slip is to align the direction of the for-
ward thrust vector with the direction
of the drift. In practice, the vehicle
has to face the drift vector to hold its
position.

The geomertry deformation is
caused by asynchronous reception of
the individual references, arising in
part from the packet losses and also
from the different distances between
the vehicles and the leader node; thus,
the different propagation delays before
individual references are received.

In Table 1, we show how the PER
influences the error metric over ap-
proximately the same trajectories.
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FIGURE 6

Simulated trajectories for two followers (PER = 0%; v, = (-0.15, 0.15); o = %;u,,,,“ =1.5).
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FIGURE 7

Simulated trajectories for two followers (PER = 30%: v, = (-0.15, 0.15); o = %;v,,,m- = 1.5).
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Clearly, increasing the PER degrades
the formation geometry.

Although the same trajectories are not
reproduced because of the randomness of
the simulation, the completion time of a
similar subtrajectory was included in the
table for the sake of completeness. The
results show an approximately linear re-
lationship between the PER and the
traveled distance. When the number of
packet losses increases due to the larger
PER, the evolution of the formation
slows down in the absence of new re-
ferences from the leader.

In-field Results and Validation
of the Simulation Framework

In August 2012, in-field tests were
conducted atr the Douro River, close
to Porto, where two ASVs have been
considered acting as followers and one
static node on shore acting as leader.

Before running the in-field trials,
we had also performed simulations
through our distributed framework
varying PER and drift values to investi-
gate the expected performance of the co-
ordination algorithm during the river
trial. We have considered values in a
range similar to the one experienced
during the previous tests of July 2012.
In what follows, we compare simulation
and in-field results considering, in case
of simularions, approximately the same
parameters experienced at the river:
a constant drift vector (v, = [-0.15,
0.15]" m/s) and a PER equal to 15%.
According to the TDMA protocol
used, the updare rate is of approximately
4 s for both the followers and the virtual
leader. The relative 2D positions of the
two followers in the formation was set
so that Nz—Ne= [18, I]T
subscripts Zand G stand for Zarco and
Gama ASVs, respectively.

Figure 8 shows the real and simulated
trajectories of the vehicles. The former

m, where the

was obtained from vehicles logged data



TABLE 1

PER influence on trajectory error metric.

Packet Error Rate M (m) Completion Time (s)
0% 0.12 295
15% 0.83 350
30% 1.13 400

FIGURE 8

Real and simulated trajectories (PER = 15%; ¥, = {(-0.15, 0.15); & = g; Ve = 1.00.
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using the onboard GPS. Ideally, in both
cases, the connection of the three way-
points should originate line segments.
However, the non-holonomy of the
vehicle, the low update rate, and the
drifts result in trajectories that deviace
from the ideal ones, as described in Per-
formance Metrics. Wichout extensive
parameter tuning, the formation per-
formed the overall trajectory at a mean
speed slightly above 0.2 m/s. Although
slow, this mean speed is expected due
to low data rate. As stated in Coordi-
nation Algorithm, a faster motion can
be obtained by relaxing the formation

East {m)

rigidity buc at the cost of larger allowed
errors.

Figure 9 depicts the merric absolute
error given by ¢ = |pf,— pi2(¢)| for
the coordinated trajectories shown in
Figure 8. As expected from Figure 8,
the errors do not coincide for three
main reasons: (1) The random nature
of the simulation and of the packet
loss imply different initial conditions
and different reference evolutions; (2)
the disturbances in real conditions are
variable with variable orientation, and
some of them, such as wave-induced
forces, were neglected thus mismatch-

ing the initial assumption of constant
disturbances induced by a constant
drift; and (3) biases in actuation and
sensing and corrections in position
measurements modify the trajectories
with respect to one another. We can
observe the effect of the latter in abrupe
changes in the error obtained from field
trials (¢ = 200 s and 7 = 245 s), which are
likely caused by well-known GPS fixes.

The pattern shown in both errors is
similar and reinforces the validity of
the simulators along with the results
shown in Figure 8. Mainly due to
packet losses and low data rate, the ve-
hicles are required to hold their posi-
tions at several points. We note that
the largest peaks occur in the interval
t € [0, 170] s, which is coincident
with the time that the vehicles are mov-
ing over the first leg of the path, where
they have to rotate large angles in order
to face the drifts when they are required
to hold their positions. Nevertheless,
the error remains less than 2 m during
all the coordinated operation. The re-
sults of the metric M for the considered
interval are 0.24 m for the simulation
and 0.33 m for the field trials. These re-
sults are in agreement with the reason-
ing discussed above, implying a slightly
greater error in the field trials. It is im-
portant to highlight that these values
are below the achievable precision of
0.5 m announced by the GPS vendor.
Simulations are used in this context
not only to characterize the performance
of the coordinated operation but also as
an important way to tune the different
parameters before field trials. In the pres-
ent scenario, we consider that a metric
M of the same magnitude of the GPS
precision ensures a satisfactory perfor-
mance of the overall system.

Extension to N Vehicles
Results presented above were consid-
ering formation with only two vehicles.
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FIGURE 9

Relative position error.
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However, the solutions developed can
be applied to larger formations. In
what follows, we aim at demonstrating

FIGURE 10

thar our approach is extensible to as

350

this case has a value equal to 0.66 m,
even in the presence of stronger drifts,
which increase the individual tracking
errors.

One may notice the deformation
of the formation: Due to stronger
drifts, non-null PER, a limited defor-
mation is expected. Such a deforma-
tion grows with the PER, with the
communication delay and stronger
drifts, as they induce tracking errors,
It is possible to limit the errors of
the formation by properly tuning
the parameters a;, which are directly
related to the formation geometry ri-
gidity and also the allowed tracking
error. For example, increasing «;,
the deviation of the /" vehicle from
its reference will penalize more the
evolution of the formartion. Therefore,
formation geometry deviations can be
as small as desired. However, this is not
without consequences since the speed
of the overall formation will be directly

many vehicles as desired with ultimately  Simulated trajectories for tour followers (PER = 15%; ¥; = (0.4, 0); &t = }; vy = 1.5).
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affected by tracking errors. Moreover,
due to communication constraints,
such as large delays and fow bit rate,
the evolution of the formation is even
more penalized and the choice of a;
has also to be balanced according ro
these characteristics to meet the de-
sired performances.

Conclusion
In this paper, we have described

the implementation of an underwater
acoustic network to support the oper-
ation of heterogeneous systems, in-
cluding AUVs, ASVs, and moored
devices. Our approach for such an
implementation involved:

1. identification of the requirements
for the network architecture and
communications tools;

2. a detailed analysis of the physical
devices to be used;

3. the implementation of the com-
plete system;

4. the definition of suitable perfor-
mance metrics to allow for quanti-
tative evaluations;

5. an emulation infrastructure to al-
low for efficient testing of multiple
scenarios;

6. validation of a selected set of sce-
narios in field trials.

The SUNSET framework has been
used to provide acoustic communica-
tion and networking capabilities to
a set of robotic platforms, and a distrib-
uted infrastructure has been developed
to allow for the emulation of all the dy-
namic systems involved in a coordinated
operation of marine vehicles. Such an in-
frastructure is paramount to perform ex-
tensive testing of all possible conditions
found in operational scenarios, before
actual deployment in the field.

As a practical example, we have ad-
dressed the effect of the PER on the

performances of a vehicle formation
by keeping a constant rate of informa-
tion between nodes. We have demon-
strated thar communication failures
and low update rates can be accommo-
dated with the current implementa-
tion. We expect that increasing the
update rate for both position feedback
and references would improve the
overall performance of our approach
with respect to the metric defined
and the formarion evolution rate,

The comparison between real data
and the output of the distributed sim-
ulation environment demonstrated
thar realistic simulations can be ob-
tained, thanks to the accuracy of the
emulator modules. This motivates
the future exploitation of the pre-
sented infrastructure, as the commu-
nication network is being expanded
to include a much larger and varied
number of systems, both fixed and
mobile. Results of in-field experi-
ments also show the effectiveness of
the proposed solution, which enables
reliable effective cooperation and ve-
hicle formation maintenance.
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