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Abstract—Underwater acoustic communications consume a /" mglider s position {"\
significant amount of energy due to the high transmission poer PN after @ yd
(10 — 50 W) and long data packet transmission times{.1 — 1 s). Y Bestination d’s\ yd
Mobile Autonomous Underwater Vehicles (AUVS) can conserve | Glider s P position after At” >,
energy by waiting for the ‘best’ network topology configuration, position g " N kY-

e.g., afavorable alignment, before starting to communicate. Due after AtVS - K% «<

to the frequency-selective underwater acoustic ambient rise and R \\

high medium power absorption — which increases exponentibl ] (‘i‘( Destination d’s\

with distance — a shorter distance between AUVs translatesiio M v v N
a lower transmission loss and a higher available bandwidthBy Glider s current Glider j's current position \
leveraging the predictability of AUV trajectories, a novel solution position position J/

is proposed that optimizes communications by delaying paek 7

transmissions in order to wait for a favorable network topology

(thus trading end-to-end delay for energy and/or throughpu). Fig. 1. Glider: delays its transmission gt waiting for a better topology
In addition, the solution proposed — which is implemented ad ~ so to improve the end-to-end (e2e) energy and/or throudiapaiestinationd.
compared with geographic routing solutions and delay-tolent Wide arrows represent the packet forwarding routes andedégbtted simple
networking solutions using an emulator that integrates ungr- aTOWSs represent glider trajectories.

water acoustic WHOI Micro-Modems — exploits the frequency-

dependent radiation pattern of underwater acoustic transdicers

to reduce communication energy consumption by adjusting th

transducer directivity on the fly.

Index Terms—Underwater acoustic sensor networks, au- ynderwater and, ultimately, to a surface station where this
tonomous underwater vehicles, position uncertainty. . S
information is gathered and analyzed.

Position information is of vital importance in mobile un-
derwater sensor networks as the data collected has to be
NDERWATER Acoustic Sensor Networks (UW-ASNs)associated with appropriate location in order to be sptial
[2] have been deployed to carry out collaborative monfeconstructed onshore. Even though AUVs can surface peri-
toring tasks including oceanographic data collectionastisr odically (e.g., every few hours) to locate themselves using
prevention, and navigation. To enable advanced undernv@obal Positioning System (GPS) — which does not work
ter explorations, Autonomous Underwater Vehicles (AUVSs)inderwater — over time inaccuracies in models for deriving
equipped with underwater sensors, are used for informatiggsition estimates, self-localization errors, and driftdue to
gathering. Underwategliders are one type of battery-poweredocean currents will significantly increase the uncertainty
energy-efficient AUVs that use hydraulic pumps to vary thefiosition of underwater vehicle. Such uncertainty may dégra
volume in order to generate the buoyancy changes that powes quality of collected data and also the efficiency, réliigh
their forward gliding. These gliders are designed to rely aind data rates of underwater inter-vehicle communications
local intelligence with minimal onshore operator deperueen [3]. Besides the need to associate sensor data with 3D posi-
Acoustic communication technology is employed to transions, position information can also be helpful for undetva
fer vital information (data and configuration) among gl&lercommunications. For example, underwater geographicrrguti
protocols (e.g., [4], [5]) assume the positions of the ncates
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ergy and/or throughpltFor instance, Fig. 1 depicts a scenario  tional transducer at one frequency to optimize network

where glideri waits for a certain time period\¢ [s] to save performance.
transmission energy and to achieve higher throughput.dase« We propose a distributed communication framework for
on j's andd’s trajectory, glideri predicts a ‘better’ topology delay-tolerant applications where AUVs can conserve

with shorter links afte/At and postpones transmission in favor ~ energy by waiting for a ‘good’ network topology con-
of lower transmission energy and higher data rate. This ap- figuration, e.g., davorable alignment, before starting to
proach differs from that proposed for Delay Tolerant Netgor communicate.

(DTNs), where delaying transmission becomes necessary torhe remainder of this article is organized as follows. We

overcome the temporary lack of network connectivity [7]. first review the related work in Sect. Il. Then we present the
To estimate an AUV's position, in [8] we proposed a statiginderwater communication model in Sect. 11l and propose our

tical approach to estimate a glider’s trajectory. The esté® spjution, QUO VADIS, in Sect. IV. In Sect. V, performance

were used to minimize e2e energy consumption for networkgaluation and analysis are carried out, while concluséres
where packets in the queue need to be forwarded right aw@i¥cussed in Sect. VI.

(delay-sensitive traffic). In this work, we focus on delay-
tolerant traffic and propose an optimization framework that
uses acoustic directional transducers to reduce the catiqut
and communication overhead for inter-vehicle data trassmi We review the following areas: geographical routing so-
sion. Moreover, we offer the distinction between two formkitions, terrestrial and underwater DTN solutions, solosi
of position uncertainty depending on the network point afsing directional transducers and underwater cross-kayer
view, i.e.,internal andexternal uncertainty, which refer to the mization solutions, which are related to our work.
position uncertainty associated with a particular emiibgle Geographic routing protocols rely on geographic position
(such as an AUV) as sedwy itself or by others, respectively information for message forwarding, which requires thathea
(see Sect. IV-A for more details). node can determine its own location and that the source is
Based on the estimated external uncertainty, we praware of the location of the destination. Many geographical
pose QUO VADIS, a QoS-awareunderwateroptimization routing schemes, including some well-known ones such as
framework for intervehicle communication usingcoustic Most Forward within Radius (MFR) scheme [9], Greedy Rout-
directional transducer QUO VADIS is a cross-layer opti- ing Scheme (GRS) [10] and Compass Routing Method (CRM)
mization framework for delay-tolerant UW-ASNs that jointl [11], have been proposed for terrestrial wireless networks
considers the e2e delay requirements and constraints efundn MFR, the message is forwarded to the neighbor that is
water acoustic communication modems, including transduedosest to the destination, while in GRS a node selects the
directivity, power control, packet length, modulation,danneighbor whose projection on the segment from the source to
coding schemes. Specifically, the proposed framework usksstination is closest to the destination. In the CRM [11], a
the external-uncertainty region estimates of the gliderd amessage is forwarded to a neighbor whose direction from the
forwards delay-tolerant traffic with large maximum e2e gelatransmitter is the closest to the direction to the destimatin
which includesClass | (delay-tolerant, loss-tolerant) traffic  [12], a scheme called Partial Topology Knowledge Forwagdin
andClass Il (delay-tolerant, loss-sensitive) traffic [5]. More- (PTKF) is introduced, and is shown to outperform other
over, our cross-layer communication framework exploits trexisting schemes in typical application scenarios. Based o
frequency-dependent radiation pattern of underwatersitouthe estimate using local neighborhood information, PTKF
transducers. By decreasing the frequency band, transluderwards packet to the neighbor that has the minimal e2e
can change their “directivity” turning from being almostouting energy consumption. These solutions are propased f
omnidirectional (with a gain of 0 dBi) — which is a desirable terrestrial wireless networks. In UW-ASNSs, they may notkvor
feature to support neighbor discovery and multicasting- gewell since propagation of acoustic signals is quite diffiéere
casting, anycasting, and broadcasting) — to directionéth(wfrom that of radio signals. Moreover, localization undeteva
gains up tol0 dBi) — which is useful for long-haul unicastis generally more difficult than in the terrestrial enviroemi
transmissions. Solutions for DTNs have been proposed for communi-
The contributions of this work are as follows: cations within extreme and performance-challenged enviro

« We offer the distinction between two forms of positiorments where continuous e2e connectivity does not hold most
uncertainty (internal and external, depending on the vieQj the time [7], [13]. Many approaches such as Resource
of the different nodes)_ A statistical approach is theﬁllocation Protocol for Intentional DTN (RAP'D) rOUting
proposed to estimate the position uncertainty and tH&4], Spray and Wait [15], and MaxProp [16], are solu-
estimated uncertainty is then used to improve netwoklens mainly for intermittently connected terrestrial wetks.
performance. RAPID [14] translates the e2e routing metric requiremenhsu

« We exploit the frequency-dependent directivity of th@s minimizing average delay, minimizing worst-case delay,

acoustic transducer that is originally used as omnidiregd maximizing the number of packets delivered before a
deadline into per-packet utilities. At a transfer oppoittyrit
Due to the peculiar 'V’ shape of the underwater acoustic amtbnoise replicates a packet that locally results in the highesteiase
and the high medium power absorption exponentially inéngawith distance ; 1A ; “ n ;
[6], a shorter distance between AUVs translates into a ldvegrsmission loss n Utlllty'. Spray and Wait [15] sprayi a .m{,mbe.r of copies pe
and a higher available bandwidth. packet into the network, and then “waits” until one of these

2“Quo vadis?” is a Latin phrase meaning “Where are you going?” nodes meets the destination. In this way it balances thedfad

Il. RELATED WORK
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between the energy consumption incurred by flooding-basedA cross-layer optimization solution for UW-ASNs has been
routing schemes and the delay incurred by spraying only opmposed in [5], where the interaction between routing func
copy per packet in one transmission. MaxProp [16] pricegiz tions and underwater characteristics is exploited, reguin
both the schedule of packets transmissions and the scheduprovement in e2e network performance in terms of energy
of packets to be dropped, based on the path likelihooded throughput. Another cross-layer approach that imgove
to peers estimated from historical data and complementamnyergy consumption performance by jointly considering-+ou
mechanisms including acknowledgments, a head-start for nemg, MAC, and physical layer functionalities is proposed in
packets, and lists of previous intermediaries. It is shoat t [4]. These solutions, however, do not consider uncertaimty
MaxProp performs better than protocols that know the mgetithe AUV positions and are implemented and tested only by
schedule between peers. These terrestrial DTN solutionys nsaftware simulation platforms and are not designed forydela
not achieve the optimal performance underwater as the chialerant applications. On the contrary, we propose a palcti
acteristics of underwater communications are not constleruncertainty-aware cross-layer solution that incorparates
Hence, in the rest of this section, we focus on related swigti functionalities of the WHOI Micro-Modem [23] to minimize
for UW-ASNSs. energy consumption. Moreover, our solution is implemented

Several DTN solutions for UW-ASNs have been proposaih real hardware and tested in our emulator integrating WHOI
in [17]-[20]. In [17], an energy-efficient protocol is praged underwater acoustic modems.
for delay-tolerant data-retrieval applications. Effidcienasure
codes and Low Density Parity Check (LDPC) codes are also
used to reduce Packet Error Rate (PER) in the underwater
environment. In [18], an adaptive routing algorithm expia In this section we introduce the network model that our
message redundancy and resource reallocation is proposedaution is based on and state the related assumptionsoSeipp
that ‘more important’ packets can obtain more resources thiie network is composed of a number of gliders, which are
other packets. Simulation results showed that this approateployed in the ocean for long periods of time (weeks or
can provide differentiated packet delivery according tplap months) to collect oceanographic data. For propulsiory the
cation requirements and can achieve a good e2e performagizange their buoyancy using a pump and use lift on wings
trade-off among delivery ratio, average e2e delay, and dn-convert vertical velocity into forward motion as theyeris
ergy consumption. A Prediction Assisted Single-copy Rauti and fall through the ocean. They travel at a fairly constant
(PASR) scheme that can be instantiated for different migbilihorizontal speed, typically0.25 m/s [2]. Gliders control
models is proposed in [19]. An effective greedy algorithm itheir heading toward predefined waypoints using a magnetic
adopted to capture the features of network mobility pagteraompass.
and to provide guidance on how to use historical information Assume the gliders need to forward the data they sensed to
It is shown that the proposed scheme is energy efficient aadccollecting glider. The slow-varying and mission-depertide
cognizant of the underlying mobility patterns. (and, for such reasons, ‘predictable’) trajectory of a glid

In [20], an approach called Delay-tolerant Data Dolphiis used in our solution to estimate another glider's positio
(DDD) is proposed to exploit the mobility of a small numbetsing the position and velocity estimate from some time
of capable collector nodes (hamely dolphins) to harvestrinf earlier. A glider estimates its own trajectory and position
mation sensed by low power sensor devices while saving semcertainty using its own position estimates; the pararsete
sor battery power. DDD performs only one-hop transmission$ the estimated trajectory and internal-uncertaintyoagire
to avoid energy-costly multi-hop relaying. Simulationuks sent to neighboring gliders. Using these parameters, these
showed that limited numbers of dolphins can achieve gogtlders can extrapolate the glider's current position and a
data-collection requirements in most application scemsari confidence region accounting for possible deviation from th
However, data collection may take a long time as the nodestrapolated course.
need to wait until a dolphin moves into the communication The Urick model is used to estimate the transmission loss
ranges of these nodes. TL(L, f) [dB] as,

Compared to the n_umb_er of approaches using directi(_)nal TL(, f) = « - 10log,o (1) + a(f) - I, (1)
antennae for terrestrial wireless sensor networks, solsti
using directional transducers for UW-ASNs are very limitedhere [ [m] is the distance between the transmitter and
due to the complexity of estimating position and directioreceiver, andf [Hz] is the carrier frequency. Spreading factor
of vehicles underwater. Moreover, these solutions gelyerak is taken to bel.5 for practical spreading, and(f) [dB/m)]
assume the transducers are ideally directional, i.e., #wey represents an absorption coefficient that increases fiv[6i.
sume the radiation energy of the transducer is focused oe somThe Urick model is a coarse approximation for underwater
angle range with no leaking of radiation energy outside th&oustic wave transmission loss. In reality, sound profi@aga
range. For example, such transducers are used for logalizaspeed varies with water temperature, salinity, and pressur
using directional beacons in [21] and for directional packevhich causes wave paths to bend. Acoustic waves are also
forwarding in [22]. These solutions also use only one freeflected from the surface and bottom. Such uneven propaga-
guency. In our work, rather than using the ideal transdudéon of waves results iconvergence (or shadow) zones, which
model, we consider the radiation patterns of existing realre characterized by lower (or higher) transmission loas th
world transducers at different frequencies in order to miné that predicted by the Urick model due to the uneven energy
energy consumption for communications. dispersion.

IIl. NETWORK MODEL
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A. Internal and External Uncertainty
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When an AUV surfaces to synch with the GPS satellites
and obtain its updated position, energy is spent and time is
wasted (not to mention the risk that — as it has happened

— the vehicle is stolen by pirates or damaged by vandals).
n % In some applications such as coastal tactical surveillaitice
7 8 8 m e s necessary not to surface or rely on surface vehicle. For
Shadow zones  Horizontal Distance (x10* m) these reasons, in order to maximize the success probability
Fig. 2. Shadow zone scenario: the left subfigure represhattransmission of a collaborative mission (and/or tO. minimize its dura)"o,n
loss of node 1 located at the origin, while the right subfigdepicts the AUVS need to surface only when strictly needed or required
sound speed profile used to derive the transmission lossyftds is the by the mission itself. Another way to estimate an AUV's
gfep;Z' d";?]'gthe T;‘rz g‘;zgm; r:ggesrﬁzﬁdp;hﬂ:gslseefg trhe;fﬂ!)‘;m’wdnd red location is to rely on nodes or vehicles (autonomous or not)
with accurate position and use them as reference nodes for
localization. Based on these reference locations, the AUV

Due to these phenomena, the Urick model is not sufficieapplys localization algorithms such as range-based ongs (e
to describe the underwater channel for simulation purposé®7]) to estimate its own location. Some solutions such as
The Bellhop model is based on ray/beam tracing, which c§28], [29] are proposed to use a surface vehicle with aceurat
model these phenomena more accurately. This model daRS information to localize a vehicle underwater, which sti
estimate the transmission loss by two-dimensional aaoustequires a vehicle to stay on the surface. In this work we aim
ray tracing for a given sound-speed depth profile or field, &t keeping the surfacing of mobile AUVs minimal without
ocean waveguides with flat or variable absorbing boundariesing surface vehicles. Under such constraints, we propose
Transmission loss is calculated by solving differentiay raalgorithms to estimate the AUV’s position and associated
equations, and a numerical solution is provided by HL@ncertainty, and we further use the estimate of position and
Research [24]. Bellhop performs two-dimensional acoustimcertainty to optimize inter-vehicle communications.
ray tracing for a given sound speed profile (or sound spee
field), in ocean waveguides with flat or variable absorbin
boundaries, and generates output such as transmission
and amplitude based on the theory of Gaussian beams [WE

Due to space limitation, we cannot give a detailed desompti L !
P g o estimation when gliders are used as AUVs and ocean currents

but more details can be found in [26]. . : .
An example plotted using the Bellhop model is shown iAre unknown. Since the details have been presented in [1], we
gt summarize them here.

Fig. 2. Interesting enough, if node 1 sends a packet, nod
4 has higher probability of receiving the packet than node 3|nternal uncertainty refers to the position uncertainty
even though this node is closer. Because the Bellhop modgkociated with a particular entity/node (such as an AUV)
requires more information about the environment than aeglidas seen by itself. Existing approaches such as those using
will have, such as sound speed profile of the whole 3D regigiman Filter (KF) [30] may not guarantee the optimality
and depths of receivers and ocean boundary, it is only usedsBen the linearity assumption between variables does not
simulate the acoustic environment for testing (relyingrace hold. On the other hand, approaches using non-linear filters
files with historic data). Hence, the proposed solution usegch as the extended or unscented KF attempt to minimize
the Urick model in the cross-layer optimization (Sect. I)-B the mean squared errors in estimates by jointly considering
which can be computed online on the glider. the navigation location and the sensed states/featurésasic
We adopt the empirical ambient noise model presented iAderwater terrain features, which are non-trivial, eilyc

[6], where a *V’ structure of the power spectrum density (psdn an unstructured underwater environment.
is shown. The ambient noise power is obtained by integrating

2000/

Depth (m)

30004 *

4000{

5000

dIn this subsection, we first offer the distinction between tw
RES of position uncertainty, followed by the discussian o
relationship between these two types of uncertaintgnTh
present the statistical approach for external-unceytai

the empirical psd over the frequency band in%use External uncertainty, as introduced in this work, refers
to the position uncertainty associated with a particular en
IV. PROPOSEDAPPROACH tity/node as seen by others. Let us denote the internal uncer-

fsfinty, a 3D region associated with any node N (W is the
set of network nodes), d%;;, and the external uncertainties,
gP regions associated withas seen by, k € N/, asl{;; and
Uy, respectively { # j # k). In generalld;;, U;;, andUy;
are different from each other; also, due to asymmeity,
is in general different fromi{;;. External uncertainties may
3Note that in underwater acoustics, power (or source lewelpsually be derived from the broadcast/propagated internal-uaicdyt
expressed using decibel (dB) scale, relative to the refergmessure level astimates (e.g., usirane-hop or multi-hop neighbor discovery
in underwater acoustic$u.Pa, i.e., the power induced by dPa pressure. hani ,d h il b ff d b et k
The conversion expression for the source le&¥él re . Pa at the distance of mec amsms)_ ana, .ence' wi e aifecte y € wor
1 m of a compact source aP watts isSL = 170.77 + 10 log, P. latency andinformation loss.

Our proposed optimization is based on the estimation
the gliders’ trajectories and their external-uncertanetyions.
Therefore, in this section, we introduce the estimation
external-uncertainty regions for gliders first. We thenspre
the cross-layer design of our proposed framework.
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Fig. 3. External- and internal-uncertainty regions fodgts under the effect of unknown ocean currents.

The estimation of the external-uncertainty redion; of a degrees of freedom (herH,, is the n-th sample calculated
generic nodg at nodei (with i # j) involves the participation from P,’s [8]); and
of both i and j. Here we use the received,;; asi/,;; (a  2) R is estimated by

delayed version due to propagation delay, transmissicaydel VN —18®
and packet loss). Better estimationid; involves estimation R= m, 3)

of the change of{;; with time and is left as future work.
We provide a solution for internal- and external-uncetainwhereS® = [1- ™" (R, ~R)?]/2, R= L N R,
estimation whertl) gliders are used (following a ‘sawtooth’ and x, 2nv—1) is the 100(1 — «)% of y-distribution with
trajectory) and2) ocean currents are unknown. 2(N — 1) degrees of freedom (herB,, is the n-th sample
Internal-uncertainty estimation at j: Assume gliders calculated fromP,’s [8]). As shown in Fig. 3(b);’s internal-
estimate their own locations over time usidead reckoning. uncertainty region becomes smaller over time (frfigrto 73),
Given glider j's estimated coordinates?, = (x,,yn,2,) I.€., @S more position estimates are acquired. Note thanpar
at sampling timest, (n = 1...N), as shown in [1], its etera in the above expressions gives the error probability of

trajectory segment can be describedrg) = P+ vV (t — 1), the uncertainty estimate and the impact of estimate errtr wi

where P = (z,7,2) = + Zi:[:l(:zjmymzn) and v = be evaluated in Sect. V.
| B Px |l e v e s T . External-uncertainty estimation at ¢: After receiving
e vt~ (@0, ¢"). Here,[a", ", ¢*]" is the sin-

. j's trajectory and internal-uncertainty region parameters
gular vector oflV x 3 matrixA = [[xl—fa---afCN—f]_Ta[yl__ (P,t,v,Hy,Hy, R), glider i can update the estimate of
Gr-onyn =7 [ — 2,2y — 2] ]gorrespondlng o Its ;s external-uncertainty region. Because AUVs involved in
largest absolute singular value= & 3=, t. is the average missions show predictable trajectories, information atibe
of the sampling times, ang; is the projection of poinf’; on  sawtooth segment can be used to derive the entire glider
the line segment (Fig. 3(a)). trajectory through extrapolation assuming symmetry betwe
The internal-uncertainty region of is estimated as a glider ascent and descent. Due to packet delays and losses
cylindrical region [1] &/ described by its radiug? and its in the network,j's external-uncertainty regions as seen by
height Hy — Hy, where Hy and Hy, — in general different single- and multi-hop neighbors adelayed versions of j’s
— are thesigned distances of the cylinder’s top and bottom own internal uncertainty (Fig. 3(b)). Hence, when usimgti-
surface (i.e., the surface ahead and behind in the traject@bp neighbor discovery schemes, the internal uncertainty of
direction, respectively) to glidej's expected location on the a generic nodej, U,;, provides alower bound for all the

trajectory. In [8] we demonstrate that: external uncertainties associated with that ndde, Vi € \.
1) Hy, and Hy can be estimated as Hence we use the receivét}; asif;; (a delayed version due
Hy=H —ftan 18" /T+1/N @ to propagation delay, transmission delay, and packet.loss)
Hy :F-&-f(y,N,lS(H) 1+1/N

B. Cross-layer Optimization for Delay-tolerant Applications

With the external-uncertainty regions, a glider needs to
select an appropriate neighbor to forward each packet to its
final destination. Because the major part of available gnerg
in battery-powered gliders is generally devoted to prapals

4 . o . L . acoustic communications should not take a large portion of

Note that, “internal uncertainty” is essentially the pimsit probability th ilabl 0 d t | minimi th
distribution (with corresponding distribution region)nsed by the vehicle € availlable energy. Our propose_ pro (_)CO ] minimizes ) €
itself, and “external uncertainty” is essentially the piosi probability dis- energy spentto send a message to its destination and censide
tribution (with corresponding distribution region) sedsey other vehicles. the functionalities of a real acoustic modem for a practical
For simplicity, we also use “uncertainty region” to repneséhe probability . g . . .

solution. Specifically, we provide support and differetstth

distribution and the corresponding region where the AUVigrithuted for a - el . A
given confidence level. service to delay-tolerant applications with different @ya

where H = 27]1%1 H, /N is the mean of thes& samples,
SUH) =[5 S (H, — H)?'/? is the unbiased standard
deviation,1 — « is the confidence level, anﬂxyN,l is the

100(1 — «/2)% of Sudent’s t-distribution [31] with N — 1
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Glider j

of Service (QoS) requirements, from loss sensitive to loss Destination d

tolerant. Hence, we consider the following two classes ofCyat distance 7 gz Uy o Uy
traffic: OO AGRE s Pt NN

Class | (delay-tolerant, loss-tolerant)It may include mul- Glider i /r./:::.* N N
timedia streams that, being intended for storage or sulesgqu < R AN )
offline processing, do not need to be delivered within strict PT;;’ /Az:p,,pz lip,

delay bounds. This class may also include scalar data or non

time-critical multimedia content such as snapshots. Is th‘iig. 4. Use of external-uncertainty region in the optinmiatframework.

case, the loss of a packet is tolerable at the current hop, but

its e2e PER should still be below a specified threshold.
Class Il (delay-tolerant, loss-sensitive)lt may include

data from critical monitoring processes that require soone f

+-3dB gain
’

transmitted if it is not received correctly.
Our protocol employs only local information to make rout-
ing decisions, resulting in a scalable distributed solufeven
though the destination information is required for routing
we can use the destination information learned from lochp- 5- Picture of our underwater glider and radiation pattef the BT-25UF
neighbors to predict the position of the destination). ltais ransducer.
suboptimal solution instead of a global one since it relies o
local information. The external-uncertainty regions dafgd g obtain Py at a point int4;; and the probability density
as described in Sect. IV-A are used to select the neighlighction (pdf) of j to be at this point.
with minimum packet routing energy consumption. Here, a 1o estimate the received power, it is necessary to estimate
framework using the WHOI Micro-Modem [23] is presentedne transducer gains at the transmitter and receiver. Toast
This framework can be extended and generalized in sucha transmitter's QairGrx (0i;, ¢;. 1), i needs to compute
way as to incorporate the constraints of other underwaigk radiation angles — the horizontal angle € [—180°, 180°]
communication modems. _ and the vertical angles;; € [—90°,90°] with respect to
To be more specific, given the current time,, [s] and a ; since the transducer is located on top of the underwater
messagen generated at timg [s], glider jointly optimizes  gjider (Fig. 5), the relative angles of two transducers can b
the time At [s] to wait for the best topology configuration,estimated if the pitch, yaw, and roll angles of the gliders
a neighbor;*, a frequency bandf;, transmission power gre known. Assume the initial position of the transducer
Py (t) [W), packet typet, and number of fram8sNx(¢), is as shown in the top left corner of Fig. 6 (i.e., upright

so that the estimated energdy,(t) [J] to routem to destined position), theni’s normalized transducer direction vector is
glider d's regionif;q is minimized and message reaches it i? — (0,0,—1) with the horizontal plane z = zé” (de-

within Bpax [s], the maximum e2e delay from the source tined as the plane perpendicular fg). While the glider
the destination. We assume power control is possible in tke moving, its pitch, yaw, and roll angles are denoted by
range|Pyin, Pmaz] although transmission power is currently:; ¢, and #;, respectively. From geometry, the direction
fixed for the WHOI Micro-Modem. We anticipate more adyactor after rotation is? = Q.(1))Q,(£,)Q. ()T, while
vanced amplifier hardware will make this power optimizatiofhe transducer’s horiZ(Z)ntaI plane ?s expressed|(as, 1] -

possible. . . o) T = 2D where 27 is
Here, E;4(t) is estimated by the energy to transmit thgzgng%?f(angg%ﬁ) g[fg’slézéq (Q-Z)Oa’rew S
packet to neighboj in one transmission, the average numbe[ ’ L e o

L. N . 1 i —sineg; i —sing
of transmlssmnsf\f;g)(t) to sendm to j, and the estimated | COS,%_ _Sion mil COSE (1] Sg‘” 7 Z?Ifé Ci;‘}f 8 7
number of hopsNhi;p)(t) to reach regiori/; via j. We need [0 sinn;  cosn; 0 0 1
to estimate the transmission power and Fhe _number_of hops F@spectively.

destination. The external-uncertainty region is used timase With the

sing; 0 COS€;

iy —
position vectorP; P; from ¢ to j, we can de-

the number of hopgv,gi’;)(t) to d via neighborj and the 555 5.5
lower bound of the transmission power as follows (Fig. 4%, L&lVe cos¢;; = —==——-— and cosb;; = ———,
lipy.p»(t) [m] be the projected distance of line segment from L PR3V

to positionp; on the line fromi to positionp., andl; ,(t) be Wwhere P,P; is the projection of;P; on the transducer’s
the distance from to positionp. N,(lf;’;)(t) is estimated by the horizontal plane is the inner product, an&; = ||vi]| -

[cose; cos (;, cose; sin G, sing;| = (af, bf, cl) is_t>he velocity

worst case of; ,(t)/li.p, p.(t), i.€., (8). The lower bound for T i _ .
transmission power is estimated by the average transmissygctor of glideri as estimated in Sect. IV-A. As; is perpen-
power so that the received power at every poirit/jnis above dicular to the tragsd'ligers horizontal plane, we hﬁi@i;‘:

the spgcified.threshold’TH. The transmission power lower cos(90 — ¢y;) = %% andP,P; = P,P; — (P;Pjon’)-nl.
bound is the integral of the product of the transmission POWS, o transducer’s glai]n at receivarG rx (6i, d;:, fi;), can be

5Each packet sent by WHOI Micro-Modem consists of a numberasfies estimated in a similar Way_' . )
where the maximum number dependsgn Let L,,(£) bem’s length in bits depending on packet type
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'T_rz_‘nSd“_c‘iPlane perpendicular Note thatNy = [ f_LU psdn, (f,w)df is the ambient noise,
7O =% {0 transducer where psdy, (f,w) is the empirical noise power spectral
density (psd) for frequency band;,, fu] andw [m/s] is the
surface wind speed as in [G]rr, is the remaining Time-To-
Live (TTL) for the packetL aarp(fi;) [dB] is the power loss
of the power amplifier aff;; and PERZZ, is the maximum

max

Glider hull

Initial Transducer

Position e2e error rate for packet. In these relationships, (5) is
o the time after waitingAt¢; (6) calculates the remaining TTL
-, for messagen; (7) calculates the total message’s length; (8)

X estimates the number of hop'"?)(t) to reach destination
d; (9) estimates the SINR at while (10) estimates the total
transmission gain iklB from 7 to j, including the transducer

View From gain at the transmitter and receiver, loss at the power &iepli

yiew and transmission loss; (11) and (12) estimate the transduce
glider’s front radiation angles ofj with respect toi. The constraints for
) o _ P(i,d, thow, Atp) are,
Fig. 6. Derivation of transducer angles from glideto ;.
(class-independent constraints)

. . . pli:d) - .10~ Gii (Lij (8),£i5)/10
andB(&) be the corresponding bit rate. The energy to transmit! 7x (1) 2 /(L e Prx (i, J,@,y,2) - 1077900000
Y2 EU;;

the packet to neighbay in one transmission can therefore be (13)
approximated byP:(ﬁ)’g)(t) : LBnTS) Overall, the optimization -gr(z,y) - gr (2)dadydz;
problem can be formulated aB(i,d, tnow, Atp): Cross- Prx(i,],2,y,2) > Pro; (14)
layer Optimization Problem 0<At< tTTLA | . (15)
Given: Prin, Pmaz, 5, Q¢, Grx (), Grx (), 1, Bmax, PERG, NEP () - NED(2)
e e iU € NG i () pGd) pplind) . ) ) )
Computed: &4, G, €5, G, Uiy, V5 € No U} (ke By HU™ s Hy™) 1 these constraintsPrx (i, j, 2, y, 2) is the received signal
Find: j* € Ni, P2 (6) € [Prins Pmacl, power at the generic 3D locatiom,(y, z) when i transmits
€ € T, N5(6) € Qe, A, 7 € [fr, ful to j. Last, gr(z,y) and gy (z) are the pdfs of the glider’s
s IV I3 s Jig L,JU h h | | d b h
o Lon(€)  oiis e position on the horizontal plane (i.ex-distribution wit ,
Minimize: E;q(t) = Py (1) - ==-22 - N3P ) - NZD (). @) degree o2N —2) and on the vertical direction (i.e., Student’s
B(¢) t-distribution with N — 1 degrees of freedom), respectively

In P(i,d, tnow, Atp), N;, Z, and(2 denote the set ofs [8], Pry is the received power threshold so that the packet
neighbors, the set of packet types, and the set of numbercaf be received with a certain predefined probability. ()V-B
type¢ frames respectively. The objective function (4) estimaté@stimates the lower bound of the transmission power to cover
the energy required to send messageto the destination the external-uncertainty region so that the received pasrer
region ;4. To solve this problem, we need to derive th@bove a pre-specified threshold, as accounted for in (18); (1
relationship between these variables. lgt(¢) [bit] be the estimates the bounds ak¢, which must be less than the
length of a frame of typet, Ly [bit] be the length of Mmaximum tolerable delay at the current hop. To support the
messagen’s headerPER(STN Ry (t), ¢) be the PER of type two classes of delay-tolerant traffic, we have the following
¢ at the Signal to Interference-plus-Noise RafiéN R,;(¢), additional constraints,

TL(l;(t), fi;) be the transmission loss for distariggt) and - ;
carriejr frequjencyfij [kHz] — which is calculated using (1) (additional class-dep?n(jgnt constraints)
— A\{i} be the set of active transmitters excludingand NSO () =1

i .. Class | = GG
P}%)g)(t) be the transmission power used bjo reachj, we { 1= [1 = PER(SIN Ry (1), €)] KD (1) < PERS,

have the following formulas, (16)
(class-independent relationships)
£ = boow + AL (5)  Class Il = { NS () = [1 = PER(SINRy;(),6)] " . (A7)
tr7r = Bmax — (tnow - t0)7 (6)

The first constraint for Class | traffic forces packetto be

Ln(&) = Lr(€) - Nr (§)Z-+ iH; ™ transmitted only once, while the second constraint guaemnt
NGB () = ety w® (8) the e2e PER ofn should be less than a specified threshold
Ty €14i5,p2 €Uia Lispy.pa (2) PER®¢_. The constraint for Class Il traffic guarantees mes-
P () . 109 (i (8):i)/10 sagem will be transmitted for the average number of times for
SINR;;(t) = X ;
v e p;‘;éﬂ(t) 103 (g (8),£1)/10 4 Ny successful reception gt By solving this local optimization
(9) problem every time the inputs change significantly (and not
Gii(lij, fi) = Grx (0i, dij, fi3) + Grx (05, bii, fij) every time a packet needs to be se@tbs able to sglect t.he
—Lamr(fij) — TL(ij, fi); (10) optimal next hopj* so that message: is routed (using min-
- — imum network energy) to the external-uncertainty redign
6., = arcsin —— 7. 11) Wwhere destinatiorl shou e. viously different objective
y mio BBy, (11) Wwhere destinationl should be. Obviously different object
[P P functions (e2e delay, delivery ratio, throughput) couldised
E—Pj oV, depending on the traffic class and mission QoS requirements.

¢ij = arccos . (12) Note that in fact our solution can be extended to serve two

[P Pj|| - [ ¥4l other classes of traffic - 1) delay-sensitive, loss-toletaific,



8 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, ACCEPTED FOPUBLICATION

, fEfl_/E: time succeeds or the transmission times out. The time out pesiod i
foif set long enough to make sure the ACK packet replied within
Solve P tyou 1), Solve PGl o, af 1 36”;{’;1’{5;22;; 457. the transmission range will be received with specified proba
i ’ A ’ bility. Retransmission (with limited number) will be trigged
bod N\ AN AN Vet G A, 1 if the transmission times out. More sophisticated freqyenc
VUL VLY band switching protocols, which are out of the scope of this
VUL VALY paper, can be designed to improve network performance. We
; AV MY VY rely on the Medium Access Control (MAC) scheme with the
WHOI modem to send the data. Since the speed of acoustic
Fig. 7. SolvingP(i, d, tnow, Atp) every At, ati. wave underwater is very slow when compared with radio

waves, the propagation delay has to be considered in order to
avoid packet collisions. However, it is difficult to estimahe
and 2) delay-sensitive, loss-sensitive traffic - by settixigto  propagation delay since the positions are uncertain. It nuay
0 (the delay discussed here can be hours or days as th@ggrove the performance much as the actual propagatiog dela
AUVs move slow in the vast ocean). may be different from the estimation. Moreover, the inter-
To reduce the complexity, we can converyehicle traffic underwater is generally low. So the problem o
P(i,d, tnow, Atp) into a discrete optimization problempacket collisions is not severe and hence we can just use the
by considering finite sets ofP}Z)’g) and At, which can onboard MAC scheme.
be taken to be a number of equally spaced values within
their respective ranges. The problem then can be solved
by comparing the e2e energy consumption estimates of
di};ferentpcomgination of these ?i/screte vaIlFJ)es. Assumirad t Studying the impact of an unreliable wireles; channel on
transmission power and time are discretized i@ and networked systems (such as underwater acoustic chanrsel) ha

Nyime Values, respectively, for the case of WHOI modem geen a hot research topic over the years. Many theoretical
frequencies and 14 combinations of packet type and num%f\%?rks have been proposed to study the performance bounds

of frames [8]), the processor in nodeneeds to calculate the © networkt_—ad control systems or wireless sensor networks
objective valuei2Np - Nyime - [A;| times in each round. The when the wireless channel is unreliable. Some works [33], [3
embedded Gumstix motherboarth( MHz processor ané focused on the analysis or design of source encoding, channe

MB RAM) attached to the Micro-Modem is adequate to solv%nCOding’ decoding, and controller for optimality of syiste_

such a problem. To further reduce the computation, insteggrfor.mance. In [32], a new concept called_anynme capacity

of running the solution for every packet, it will be rerurl® defined to study the problem of communicating the delay-

only att,.0, + At, for the same class of traffic flow that issensitive data of an unstable discrete-time Markov random
now . .

sent fromi to thepsame destination Here, At, is taken as process through a noisy channel. Source coding, channel cod

the minimum of theAt values of the packets belonging td"9 and delay sensitivity are studied and a new source/alann
8aration theorem is given for delay-sensitive data, lwtdc

the same class of traffic and the same destination, estima?ﬁ .
from the previous run. Figure 7 depicts an example of ho own to be useful in control systems. There are also works

PG, d, 6 At,) is solved ati. At time ¢ the problem that focus on the analysis and design of optimal estimation
i s’olv’ec‘ilovv\;iihj f%und 0 be the next hop tTgw'I,'he minimum_ &nd control in the networked systems. For example, the work

of the At values of these packets belonging to the sanj1ré [34] seeks to synthesize the optimal information flow and
class of traffic and the same destination observed before control under given communication network constraints. A
; / ; . joint design of the information flow and the control to acldev

'S At,. Packets fqrd_wﬂl then be forwarded toj with the timal estimation and control is proposed, and it is shawn t
calculated transmission power at the selected frequenog b P prop '

until ¢,0, + At;,. Then, the problem is solved again an eneﬁtlsystem stability and performance._ . .

k is found to be the next hop. The minimurk observed In this work, we focus on the optimization of inter-vehicle
: ' ; ommunications among networked mobile AUVs instead of

so far is At; and, hence, the problem will be solved af

' " optimal control performance. Moreover, we consider the
fnow + A1+ A1 traints of exist ication mod hich h
Once the optimal frequency band is selectedieeds to CONSUaINIS OF EXISUNg communication modems, which have

notify j to switch to the selected band. A simple protocol call"m'ted modula‘uop and channel codlng.optlons.. Our goa.éh_er
be used as follows. All AUVs use the same frequency ba %tq have a_soluuon that.W'”. be used in practice to o.pt|m|ze
as the Common Control Channel (CCC) to tell the receiv € mtt_er—vehlcle commumcatl_on_s.Amore thorough theoaét
which band is selected. A short packet or preamble with tﬁgalyss of the_ proposed op'qmlzanoq framework,_suqh as th
selected band number is first sent by the transmitter usiag udy of capacity bounds for inter-vehicle cqmmumcatland
CCC, followed by the data packet using selected frequen impact on AUV control performance, is left as a future
band after the time for the transmitter and receiver to fini prk.

frequency band switching. The receiver will first listen on

the CCC, switch to the selected band embedded in the short V. PERFORMANCEEVALUATION

control packet or preamble, receive the data packet, and the The communication solution is implemented and tested
send back a short ACK packet to acknowledge the receptiam our underwater communication emulator [8] as shown
Finally, both sides switch back to the CCC if the transmissidn Fig. 8. This underwater acoustic network emulator is

Discussion
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M-Audio Delta TABLE |
1010LT Audio EMULATION SCENARIO PARAMETERS

Interface

USB Cables — - — Parameter Value
Deployment 3D region | 2500(L)x 2500(W)x 1000(H) m3
Confidence Parameter 0.05
PCHL === A . y / d [Pminy Pmaac] [11 10] W
(Dell Optiplex755) - _(Bello:Crig\Zeﬂss) _ Packet_ Types {0,2,3, 8
b Glider Horizontal Speed 0.3m/s
e D (( Gliding Depth Range [0, 100] m
Gumstixand Micro- | TopLayer Carrier Frequencies 10, 15, 25kHz
Modem ¢1VIidd|e Layer: Modem Bmax 10 hr

. ,' DSP Coprocessor
Front View of _

Micro-Modem Bottom Layer:

Micro-Modem

Fig. 8. Underwater communication emulator using WHOI Midodems. SQIU“O” for the two classes of traffic _in Sect. |_V'Bv u§ing
either the BT-25UF transducer or an ideal omni-directional
transducer (with gain equal t6 dBi). We also want to

composed of four WHOI Micro-Modems [23] and a real€9™MPare _the ?erform_ancle of olur solut|(f)_n, Wh.'Ch de_liysr;[he

time audio processing card to emulate underwater chanH@lnS_m'Ss'(_)E ordolptn_na rt10po ogy con |gu::at|on, wit . the
propagation. The multi-input multi-output audio interacan S© ution without delaying the transmission. For conveoesn
we denote, respectively, QUO VADIS for Class | traffic using

process real-time signals to adjust the acoustic signaisgai h p by Tt | i
to introduce propagation delay, to mix the interfering sigh the BT-25UF transducer by *QUO VADIS T', for Class | traffic

and to add ambient/man-made noise and interference. Dud'89 the ideal omni-directional transducer by ‘QUO VADIS

the limited number of Micro-Modems and audio processing PMNI” for Cla?s Il traffic using Fhe BT-25UF transduc_er
channels, we can only mix signals from up to three tran§Y QUO VADIS IT', for Class Il traffic using the ideal omni-

mitters at the receiver modem (one as the receiver and '%ectional transducer by ‘QUO VADIS Il - OMNI', and the

other three as the transmitters). Therefore, we calcidatect SO .Ut'on W|th£o delal;ylrtg ofcghe tranSsm|ssu?n (i-87 :” 0 Ifor
for transmission, and mix with ambient noise, only the thre%(l’d’tnova’ tpzc) y '‘QU fVADI I ND". Wﬁ wi asoh_ I
most powerful signals the receiver will encounter. We lea@MPare the performance of our solution with geographica

the simulation of more than three simultaneously tranﬁuhittrOUting solutions — MFR, GRS, CRM’ and PTKF —and DTN
signals as a problem for further research solutions — RAPID, Spray and Wait, and MaxProp — as review

. . . in Sect. Il. To make the comparison fair, we use two variant
We are interested in evaluating the performance of the b

o . rotocols for each of these solutions by adding the comggrai
proposed solution in terms of e2e energy consumption, : .
SO . . : : Ot the two classes of traffic to these solution. For exampke, w
reliability (i.e., e2e delivery ratio), average bit rate afink,

: : . enote the MFR solution with Class | constraints in (16) by
and overhead, under an environment that is described by \ ; . o

. : . R I', and the solution with Class Il constraints in (17) by
Bellhop model (and the Munk acoustic speed profile as inpu

FRIP.
Assume that a glider’s drifting (i.e., the relative disgac e following networking metrics are compared:
ment from the glider’s trajectory) is a 3D random process . e2e energy consumptionthe average energy consumed
{X(t),t > 0} as the following [35]: 1) In the beginning to route one bit of data to the destination;
of the deployment, the drifting is 0, i.eX(0) = (0,0,0); '

2) The drifting has independent increments, in that for all * igrerecjilhvf})%rriﬁg ;t?nglé';ngf ;;):ada;?:k%atlgkseetit.recewed
0 <t1 <ty <-or < tpy X(tn) = X(tn-1), X(tn_1) — Y ¥ '

X(tn_1),.... X(ts) — X(t1), X (t1) are independent; 3) The * Iinl_< bit rate : the average bit rate between a transmission
drifting has stationary increments, in that the distribotiof pai, .

X(t + s) — X(t) does not depend on and is normally « overhead the_.number of byt(_es .used for position and
distributed with zero mean and covariance matsb2ls, control to facilitate the transmission of payload data.
where I is the 3 x 3 identity matrix, ando is a scaling Emulations_ are done fc_>r differ.ent settings a}nd the rgsults
factor that decides the magnitude of drifting. Note thas thre plotted with 95% confidence interval and discussed in the

drifting model is ideal since the drifting in any of they, z following subsections.

directions is Gaussian. The consideration of realistiétidg

pattern is left as future work. Emulation parameters atedis A. Comparison Wth Geographic Routing Protocols

in Table I. The radiation pattern of the BT-25UF transducer We compare the performance of our solution with geo-

(Fig. 5) is used in the emulations. Every 10 seconds, a paclgiphic routing protocols in Figs. 9 and 10. As shown in

is generated in each node. A glider is randomly selectedeas these two figures, we can see that QUO VADIS has better

collector and half of the other gliders are randomly setéctgerformance than QUO VADIS - OMNI and QUO VADIS

to forward their packets towards it. For statistical refes® - ND for the same class of traffic in terms of these three

emulations are run for 50 rounds and the average is plotigftrics. By delaying packet transmissions to wait for the

with 95% confidence interval. Note that it actually is a scena optimal network topology, the e2e energy consumption is

for deep water. We will also evaluate the performance @duced while the e2e delivery ratio and link bit rate inseea

shallow water, where acoustic waves propagate differently (e.g., with 5 gliders, the energy consumption for QUO VADIS
We are interested in evaluating the performance of olis around 30% of that for QUO VADIS-ND). By exploiting
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©— QUO VADIS - ND —e—‘QuovAD‘\s—ND‘
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(a) Delivery ratio comparison (b) Energy consumption comparison (c) Link bit rate comparison

Fig. 9. Performance comparison for Class | traffic wgdographic routing protocols.
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Fig. 10. Performance comparison for Class Il traffic wggographic routing protocols.

the frequency-dependent radiation pattern of the traredugackets to node that is far away than MFR does.
received signal power may obtained a gain of up to 20 dB,
which we observed in the simulations. Hence QUO VADI . ) .
using the BT-25UF transducer has better performance tr%.nComparlson with DTN Solutions
that using the omni-directional transducer. Due to the @S r We further compare QUO VADIS with the DTN solutions
quirements, retransmissions are needed to recover likserr— RAPID, MaxProp and Spray and Wait. As shown in Figs.
resulting in higher e2e delivery ration for Class Il traffan 11 and 12, QUO VADIS gives improved performance over
for Class | traffic. On the other hand, this leads to more gnerAPID, MaxProp and Spray and Wait. The is mainly due to
consumption. that these DTN solutions transfer packets once the neighbor
are in the transmission range. Such schemes may be good for
Different versions of our QUO VADIS solutions also perscenarios where the connectivity is intermittent. Howgethes
form better than geographic routing protocols GRS, MFRerformance may not be optimal since this may not be the
CRM and PKTF. This is because that uncertainty in locatidime to achieve the best link performance. In contrast, QUO
leads to errors in route selection, packet transmissiomms a¥ADIS predicts and waits for the best network configuration,
transmission power estimates. Also these geographicngutivhere nodes move closer for the best communications. So
protocols do not consider the propagation delay underwatdre e2e delivery ratio and link bit rate of QUO VADIS is the
which results in degraded communication performance. lhighest while its energy consumption is minimal. Note that
teresting enough, we can see that among these geograpiniong these compared DTN solutions, RAPID performs the
routing protocols, PKTF offers the best performance. Thizest. This is because RAPID prioritizes old packets so they
is because it jointly considers the transmission power am@n't be dropped. MaxProp gives priority to new packets;
routing to minimize the e2e energy consumption. Therefoodder, undelivered packets will be dropped in the middle.
it performs better than the other geographic routing pratoc Spray and Wait works in a similar way, which does not give
which only consider the distance or angle metrics for rautirpriority to older packets. On the other hand, Spray and Wait i
(not closely related to network performance). GRS gives tiséightly better than MaxProp. This is because in our scenari
worst performance since it generally needs to forward thiee network connectivity is not disrupt. The way MaxProp
packet to the node that is far from the transmitter, whiatoutes based on the e2e delivery ratio estimation will bg ver
introduces bad link performance. Similarly, CRM performdifferent from that Spray and Wait does, i.e., just transrie
better than MFR as the CRM has less probability to forwaghcket to a neighbor then lets the neighbor continue to fatwa
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Fig. 13. Comparison of e2e delay and overhead.

it. Moreover, MaxProp still needs to pay for the overhead till needs much less time than QUO VADIS and QUO VADIS
obtain the global e2e delivery ratio information. - OMNI even though more retransmissions are needed (thus
resulting in more communication delay). Similarly, the bug
difference between vehicle speed and acoustic speed leads t
the result that QUO VADIS and QUO VADIS - OMNI need
To see QUO VADIS can meet the delay requirement of thfiore time than the DTN protocols (RAPID, MaxProp, and
delay-tolerant traffic, we also calculate and plot the e2ayde Spray and Wait), especially when the number of vehicles is
of these solutions. As shown in Figs. 13(a) and 13(b), QUémall (where average inter-vehicle distance is large). I&n t
VADIS - ND gives the least e2e delay. Compared to QU@ther hand, by taking the position uncertainty into account
VADIS and QUO VADIS - OMNI, QUO VADIS - ND does communications using QUO VADIS - ND is more reliable
not wait for the vehicles to move to the optimal configuratiothan those using RAPID, MaxProp or Spray and Wait so

yet more retransmissions are necessary. As the vehiclel sp@s delay is incurred. QUO VADIS has less delay than QUO
is much slower than the acoustic speed, QUO VADIS - ND

C. End-to-end Delay Comparison



12 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, ACCEPTED FOPUBLICATION

VADIS - OMNI due to the improvement in communicationdoss estimated by the Urick's model is very different from
by exploiting the directional transducer gain. Also Claks that estimated by the Bellhop model. We had anticipated the
traffic generally has more e2e delay than Class | due to therformance will degrade because of this mismatch. Sumgris
need for retransmissions. Last, note that as the numbereobugh, as shown in Fig. 14 and 15, we find the performance
gliders increases, the delays of QUO VADIS and QUO VADI$n terms of e2e delivery ratio, energy consumption, anil lin

- OMNI drop quickly. This is because average inter-vehicleit rate) in the shallow water is actually better. A more falre
distance becomes smaller and the number of close neighbamalysis reveals the reason — the existence osuhface duct
increases, which reduces the need for a glider to wait a lomgthe shallow water. Surface duct is basically a zone below

time until a neighbor moves close. the sea surface where sound rays are refracted toward the
surface and then reflected. The rays alternately are reftact
D. Overhead Comparison and reflected along the duct out to relatively long distances

from the sound source. Hence the acoustic waves are réyative

We plot and compare the overheads (per node) of thesé . . -
A concentrated in the surface duct, leading to less pathTdss.

protocols in Fig. 13(c). Note that as QUO VADIS, QUOconse uently leads to improved network performance
VADIS - ND, and QUO VADIS - OMNI work almost the quently P P :
same way, i.e., the uncertainty region information is boaestl
periodically (here the period is taken to be §0their over- F. Performance using Different Uncertainty Update Intervals
heads are the same and thus we use QUO VADIS in the figur
to represent these variant versions. Similarly, nodesingnn
the geographic routing protocols GRS, MFR and CRM on

need to periodically broadcast the position informatioier

Emulations so far have been fixing broadcast interval of
Iuncertainty region to 6G. Our last interest is to evaluate
e performance of the QUO VADIS variants when different

overhead is basically the same. Hence we use GRS/MFR/CIQI{}PEM]ICaSt intervals are ”??‘d- Therefore we re-run the emula
tions for two more cases: i) half of interval (i.e., 3]} and

to represent them. o . ; .
Surprisingly, even though QUO VADIS achieves the begg double of interval (i.e., 126). From Fig. 16 and 17, we
; ) . an see that the performance of the QUO VADIS variants
network pe_rformance, its overhead is not the biggest. Tﬁ%comes worse when the update interval is doubled. This is
protocols with the larger overhead are RAPID and MaxPro

In order to work, RAPID needs the following control infor-.Because when the interval is doubled, the position uncytai

. : o information becomes less accurate. This leads to larger err
mation: average size of past transfer opportunities, grpec

. . . . : . in selection of neighbor for packet forwarding and estiomati
meeting times with nodes, list of packets delivered sinc L . )
. . of transmission power. On the other hand, halving the iaterv
last exchange, the updated delivery delay estimate based on . .
. : leads to improvement of performance due to the uncertainty
current buffer state, and information about other packets.| o . ;
L : . . information is updated in a more timely manner (so rout-
modified since last exchange with the peer, which takes. a

ng error becomes smaller and transmission power is better
large number of bytes. MaxProp needs to exchange a ||ng P

of the brobabilities of meetina every other node on eaéenstimated). However, this obviously leads to the overhead
P 9 Y increase. Therefore the tradeoff between overhead andcsetr

contact, which is basically global information. It also has . : . . :
. : sych as delivery ratio, energy consumption and link bit rate
the neighbor discovery overhead. Compared to RAPID an : . o
MaxProp, QUO VADIS only needs to exchange the extern% ould be carefully considered for different applicatiddere
P. y 9 e use “QUO VADIS - Half”, “QUO VADIS”, and “QUO

uncertainty information of itself and the destination nopd i . )
which is obviously less. On the other hand, PKTF needs‘%%glzo ST;vr:(;elzthd?:s;gctgfe&ases with update interval of

probe message that has five data fields. Only the nodes in &5 find out the optimal update interval, depending on the

selected path are required to respond with a probe — Whetrr]l%red, we can define an objective function that jointly comsid

it is sent for the forwarding or reverse direction. The Spra% .
. o e tradeoff between performance metrics such as the e2e
and Wait protocol reduces transmission overhead by sprgadi

only a few number of data packets to the neighbors. The sourcs 9y consumptlon and overhead. For example_, to find the
imal update interval for e2e energy consumption, we can

. . 0]
node then stops forwarding and lets each node carrying a C%@ﬁne an objective function agy, (Eee, Rese, O, ) —

perform direct transmission. In our emulation, we seleet t ) .
number to be one to make the comparison fair and her?gé20 Reze/(O - |N']), which characterizes the e2e energy

. - consumption per overhead bit per node. In this objective
the overhead is small. Lastly, for the other geographicingut ; 1 .
protocols GRS, MFR and CRM, the nodes just need to knJ\anCtlon’ Eeze [J/Dit] is the e2e energy consumption as
the geographic locations of the neighbors and the destimati g?;:’gigrﬁsggeﬁfeiee\%z/s T] Icsiet:;r?e?jzzm%t irsaifl(e) Lzl:r{li]er
Therefore the overhead required is the least. Note thatihere P Y :

: . . o of gliders. Emulations are run for different update intésva
is not necessary to differentiate the two classes of traiffices ) R

. ) for class | traffic and the results are plotted in Fig. 18. From
the overhead difference is small.

this figure, we can see that as update interval incregsgs,
] decreases first and then increases. This is because that when
E. Performance in Shallow Water the update interval is increasing from a small value, themed
So far the results are obtained using the setting in Tablediant overhead generated is decreased, leading to decrease i
which is for the deep water. We change the network scenati® energy spent in overhead and the decrease in e2e bit rate
to the shallow water scenario by setting the depth of the J0ue to the decrease in estimation accuracy). As the update
region to 200m. In this shallow water scenario, the pathnterval increases more, the increase in uncertainty astim
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leads to more data retransmission (and therefore more ynengderwater communication emulator, showing improvement
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50

consumption). Hence the e2e energy consumption increaegsr some well-known geographic routing protocols and DTN

again. From Fig. 18(a), we can find the optimal update intervarotocols in terms of e2e energy consumption, reliabityg

for different versions of our solution. We can see that QU{Nk bit rate.
VADIS | has the largest optimal update interval and QUO
VADIS | - ND has the smallest optimal update interval, since

the increase of position estimation error (due to increase
update interval) can be offset by good communication perfo
mance. The optimal update intervals for different number of
gliders are also shown in Fig. 18(b). We can see thdi\ds
increase the optimal update interval also increase for QU
VADIS |. This is because the increase in estimation error
can be offset by the increase of possible neighbors for packe
forwarding. Similar results can be observed for class fitra
Due to space limitation, we skip plotting them here.

VI. CONCLUSION

We proposed QUO VADIS, aQoS-aware underwater
optimization framework for interehicle communication us-
ing acousticdirectional transducer Based on the trajectory [6]
and position uncertainties of the AUVs, an AUV predicts a
favorable network topology with relatively short links ihet
future and postpones transmission in favor of a lower trang]
mission energy and a higher data rate. Communication energy
consumption is further reduced by exploiting the frequencyl®l
dependent radiation pattern of underwater acoustic tramsd
ers. The proposed solution is implemented and tested in our
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