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500

receiving a slice request, wherein the communication request comprises
a source and a destination, wherein the source and destination are
selected from the controller and the plurality of nodes, and wherein the
slice request is associated with a service level agreement (SLA)

210

adding the received plurality of slice requests to a pool of slice requests
515

\

for each slice request in the pool of slice requests, nominating all routes
that exist between the source and the destination that satisfy the SLA
requirements 520

A

assessing whether a nominated route for each slice request contained
in the pool of slice request balances maximization of a utility function
and minimization of congested UALSs expected to be used by other
slice requests within the pool of slice requests 330

Yy

rejecting a slice request if that slice request fails to include a nominated
route that balances maximization of the utility function and minimization of
congested UALs by returning that slice request to the pool of slice requests
540

accepting a slice request if that slice request includes a selected
nominated route that balances maximization of the utility function and
minimization of congested UALSs by executing underwater acoustic
communications via the UACS in accordance with the selected
nominated route for that slice request 550

FIG. 5
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600

generating a first table comprising next-hop UAL rate and time
delay characteristics for the plurality of nodes 610

Y

generating a second table of incomplete potential routes for each
hop count, until a maximum hop count is reached 620

Y

accessing the first table for the next-hop UAL rate and time delay

characteristics to build incomplete potential routes for each h-hop,
where h-hop denotes the number of hops in a potential route, and

wherein the h-hop does not exceed the maximum hop count

622

A 4

adding potential routes to the second table if rate and time delay of
a potential route satisfies the SLA requirements 624

Y

if a potential route contained within the second table includes the
destination, adding that potential route to a third table comprising
nominated routes 630

FIG. 6
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FIG. 7B
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FIG. 8
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FIG. 16
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1
SYSTEMS, METHODS, AND
COMPUTER-READABLE MEDIA OF
AUTOMATIC NETWORK SLICING OF
UNDERWATER ACOUSTIC
COMMUNICATION SYSTEM RESOURCES

TECHNICAL FIELD

This disclosure relates to systems, methods, and com-
puter-readable media for managing underwater acoustic
communication resources, and in particular, to managing
automatic network slicing of underwater acoustic systems.

BACKGROUND

The underwater environment is extremely challenging for
wireless communications and networking. The main reason
is related to the communication channels’ characteristics in
the underwater environment. Radio frequency (RF) and
magnetic induction (MI) are severely absorbed in salty
water, which limits transmission distance to 100 m at
frequencies of about 30 Hz -300 Hz. Optical communica-
tions suffer from high scattering losses due to turbulence in
the underwater environment, limiting its reliability and
transmission distance. Acoustic communications technol-
ogy, despite its propagation delay and multi-path fading, is
the typical physical layer technology in underwater net-
works. Underwater acoustic communication (JAC) offers a
long-range and reliable solution for low-rate wireless com-
munications in different water environments. In addition to

the harsh communication characteristics, other challenges of
underwater networks include the high cost, low level of

supervision, and limited power supply.
Accordingly, what is needed are systems and methods to

enable eflicient, reliable, and flexible network slicing of

3
"

underwater acoustic communication systems (UACS).
SUMMARY

Systems, methods, and computer-readable media for man-
aging automatic network slicing of underwater acoustic
system resources within an underwater acoustic communi-
cation system are provided. The underwater acoustic com-
munications system can include a controller positioned at or
near a surface of a water body and several nodes that are
distributed throughout the water body. The controller and
nodes have bidirectional acoustic communications capabil-
ity to establish underwater acoustic links (JALSs). In one
embodiment, a method is provided for receiving a plurality
of slice requests, wherein each slice request comprises a
source and a destination, wherein the source and destination
are selected from the controller and the plurality of nodes,
and wherein each slice request is associated with service
level agreement (SLA) requirements, wherein the SLA
requirements comprises a slice rate threshold and a slice
time delay threshold. The method can include adding the
received plurality of slice requests to a pool of slice requests,
nominating all routes that exist between the source and the
destination that satisfy the SLA requirements for each slice
request in the pool of slice requests, and assessing whether
a nominated route for each slice request contained in the
pool of slice request balances maximization of a utility
function and minimization of congested UALs expected to
be used by other slice requests within the pool of slice
requests. A slice request can be rejected if that slice request
fails to include a nominated route that balances maximiza-
tion of the utility function and minimization of congested

3
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UALs by returning that slice request to the pool of slice
requests. A slice request can be accepted if that slice request
includes a selected nominated route that balances maximi-
zation of the utility function and minimization of congested
UALs by executing underwater acoustic communications
via the UACS in accordance with the selected nominated
route for that slice request.

This Summary is provided to summarize some example
embodiments, so as to provide a basic understanding of
some aspects of the subject matter described in this docu-
ment. Accordingly, it will be appreciated that the features
described in this Summary are merely examples and should
not be construed to narrow the scope or spirit of the subject
matter described herein in any way. Unless otherwise stated,
features described in the context of one example may be
combined or used with features described in the context of
one or more other examples. Other features, aspects, and
advantages of the subject matter described herein will
become apparent from the following Detailed Description,
Figures, and Claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects of the disclosure, its nature,
and various features will become more apparent upon con-
sideration of the following detailed description, taken in
conjunction with the accompanying drawings, in which like
reference characters may refer to like parts throughout, and
in which:

FIG. 1 shows the achievable rates for different transmis-
sion powers and frequency spectra versus transmission
distance.

FIG. 2 is schematic illustration of data acquisition of a
surveyed medium to generate an image of the medium from
the observed data according to an embodiment.

FIG. 3 shows an illustrative block diagram of a slice
request manager being implemented in a controller accord-
ing to an embodiment.

FIG. 4A shows an illustrative slice rate utility function.

FIG. 4B shows an illustrative slice delay utility function.

FIG. 5 shows an illustrative process for solving automatic
network slicing for an underwater acoustic communications
system according to an embodiment.

FIG. 6 shows illustrative steps for nominating routes
according to an embodiment.

FIGS. 7TA-7D show different illustrative node and routing
configurations according to various embodiments.

FIG. 8 shows an algorithm for nominating routes accord-
ing to an embodiment.

FIG. 9 shows an algorithm for selecting a nominated route
for a slice request according to an embodiment.

FIGS. 10A and 10B show different nominated route
results for an illustrative underwater acoustics communica-
tions systems network including a controller and several
nodes according to an embodiment.

FIGS. 11A and 11B show the slice rates and time-delays,
respectively, for different slice types and number of slices
according to various embodiments.

FIG. 12 shows admittance rate versus slice type and
number of slices according to an embodiment.

FIGS. 13A and 13B show average slice data rate and
average slice excessive time delay, respectively, for different
slice types and link availability percentages according to an
embodiment.

FIG. 14 shows illustrative utilization of transmission
bands per admitted slices according to an embodiment.
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FIG. 15 shows utilization of transmission bands per
admitted slice versus slice reservation period according to an
embodiment.

FIG. 16 shows an average number of hops per splice type
for different numbers of slices according to an embodiment.

FIG. 17 shows a comparison between underwater acous-
tics automatic network slicing (ANS) and conventional next
shortest path (NSP) performance in terms of achieved utility
against average number of slice requests according to an
embodiment.

FIG. 18 shows a comparison between underwater acous-

tics ANS and conventional NSP performance in terms of

slice admittance rate against average number of slice
requests according to an embodiment.
FIG. 19 shows a comparison between underwater acous-

tics ANS and conventional NSP performance in terms of

utility against slice reservation period according to an
embodiment.
FIG. 20 shows a comparison between underwater acous-

tics ANS and conventional NSP performance in terms of 2

achieved utility against link bandwidth availability percent-
age according to an embodiment.
FIG. 21 shows admittance rate for different slice types and
link bandwidth availability according to an embodiment.
FIG. 22 shows an illustrative block diagram of a special-
purpose computer system according to an embodiment.

DETAILED DESCRIPTION

Systems, methods, and computer-readable media for
enabling automatic network slicing of underwater acoustic
system resources are provided and described with reference
to FIGS. 1-22. Networking solutions according to embodi-
ment discussed herein enable efficient, reliable, and flexible
underwater acoustic communication systems (UACS) that
utilize automatic network slicing. To enable eflicient
resource management on top of software defined network
(SDN) architecture, network slicing (NS) can be utilized.
Consider a network serving multiple applications or agents,
where the connectivity requirements are different per appli-
cation/agents. For example, one UACS network could be
used to provide underwater telemetry (delay tolerant and
requires low data rate), underwater emergency communica-
tion (delay intolerant but requires low data rate), underwater
imaging and surveillance (delay tolerant but requires high
data rate), and so on. Network slicing offers a cost-effective
and bandwidth-efficient solution to serve multiple UACS
applications/agents with different Service Level Agreement
(SLA) requirements, using the same network infrastructure.
This can be done by creating multiple networks slices on top
of a common shared physical infrastructure, where a net-
work slice is a logical network that provides specific net-
work capabilities and characteristics in order to serve a
defined business purpose of a customer. As a result, network
resources are provided as per application (i.e., slice) require-
ments. Furthermore, network slicing naturally provides
functional isolation of services across multiple agents.
Hence, cost is significantly reduced because the same net-
work infrastructure can be shared among multiple agents.
UACS network slicing embodiments discussed herein
address the foregoing reasons.

Network slicing has been extensively studied for next
generation cellular networks, (e.g., 5G/6G). Resource allo-
cation, including spectral bandwidth, transmission power
and cache storage for NS plays a pivotal role in load
balancing, resource utilization, and networking perfor-
mance. Network slicing can be performed on radio access
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network (RAN) bandwidth resources, base-station (BS)
cache storage, and backhaul capacity. NS in heterogeneous-
cloud RAN (H-CRAN) network can be performed as a
process of allocating network resources to users associated
with different tenants/slices. In another approach, a slicing
scheme that consists of an upper-level slicing, which man-
ages admission control, user association, and baseband
resource allocation can be implemented. A service-oriented
deployment policy of end-to-end 5G network slicing is
proposed, where slice requests are mapped to network
infrastructure. Automatic network slicing (ANS), where
network slicing is purely service level agreement (SLA)-
based and does not require extra knowledge of the resource
requirements associated with a slice, was recently proposed
for 5G, and for low Earth orbit (LEO) satellite assisted
networks. In ANS, tenants no longer need to model their
slices in terms of explicit resource requirements. Instead,
slices are created, admitted, and managed in ANS automati-
cally based on the SLA. Such an SL.A-based slicing can help
abstract the complexities of slice implementation and cus-
tomization to address different use cases, and slice priorities.

Conventional UACS systems have adopted multimode
software defined radio to compensate acoustic communica-
tion weaknesses with other physical mediums when pos-
sible. Software Defined Networks (SDN) have been pro-
posed as a solution to implement large scale UACS. SDN
offers a highly flexible, programmable, and virtualizable
network architecture to improve network resource utiliza-
tion, simplify network management, reduce operating costs,
and enable innovation and evolution. Enabling globally
optimized resource management and functional isolation of
services is essential to serve multiple UACS applications
with different Service Level Agreement (SLA) require-
ments, using the same network infrastructure. Network
Slicing (NS) allows multiple virtual networks to be created
on top of a common shared physical infrastructure, where a
network slice is a logical network that provides specific
network capabilities and characteristics to serve a defined
business purpose of a customer.

Embodiments discussed herein include an optimization
framework for ANS in UACS. The ANS enables globally
optimized solutions, enhances quality of service (QoS),
simplifies network operation, and reduces deployment costs.
Such paradigm is akin to terrestrial networks (e.g., SG/6G
networks), but direct application of conventional slicing
algorithms for terrestrial 5G/6G networks to UACS is pro-
hibitive, due to the difference in the channel characteristics
and problem constraints. For instance, acoustic channel path
loss is a function of transmission frequency and distance,
creating long-range and mid-range transmission bands
depending on the transmission frequency. Taking these
transmission bands’ features into account at the network
management level is critical for optimal resource allocation.
Additionally, underwater acoustic propagation delay is
extremely high. Hence, routes that propagate over long
distances can be quickly eliminated which reduces the
computational complexity of ANS. Therefore, the underwa-
ter automatic slicing framework is specifically tailored to
take the challenging underwater acoustic channel character-
istics into account. Furthermore, the underwater ANS solu-
tion takes advantage of the simplified underwater network
architecture. The underwater ANS embodiments use sys-
tematic slice admission control, routing and resource allo-
cation based on the SLA given/required by the tenants/
applications. Although conventional approaches such as
Software Defined Networks (SDN) have been attempted for
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underwater networks, such systems are inferior to the under-
water ANS embodiments discussed herein for underwater
communication systems.

An underwater ANS solution for UACS is discussed
herein. Based on a SDN architecture with one controller on
the sea surface, a centralized optimization algorithm can be
run at the controller to maximize a utility function that
models ANS performance gain. Practical slice request man-
agement, admission, and release are also discussed.

Sub-optimal heuristic solutions to maximize performance
utility are also discussed herein, where tenants are assigned
network resources by direct user admission control, slice
routing, and resource allocation. The ANS solution is spe-
cifically tailored for the challenging UACS channel charac-
teristics, where spectral bandwidth is limited and transmis-
sion delay is high.

Comprehensive use-case driven numerical evaluations
have been conducted to verify the robustness of the ANS
solution. Furthermore, the numerical evaluations compare
network performance using the ANS solutions discussed
herein with conventional SDN resource allocation schemes
in UACS.

As defined herein, an underwater acoustic communica-
tions system (UACS) can include at least one controller that
is positioned on or near a surface of a water body and several
nodes that are positioned within the water body. The nodes
can communicate with each other and the controller via
acoustic communications.

As defined herein, an underwater acoustic link (UAL) is
an acoustic channel, link, edge, or connection between any
two nodes or between any node and a controller.

As defined herein, underwater acoustic automatic network
slicing (UAANS) refers to embodiments for nominating
routes for a given slice request and selecting the best
nominated route given utility and congestion constraints.
UAANS may sometimes be referred to herein as the ANS
solution or ANS algorithm.

As defined herein, service level agreement (SLLA) defines
performance criteria for a slice request.

Acoustic communications technology existing in the
physical layer technology of underwater networks offer
relatively low data rate (e.g., 10 kbps) at relatively high-
range (e.g., 10 km) communications links. Acoustic waves
propagation in the underwater environment is extremely
challenging and requires special signal processing and net-
work design considerations. Therefore, the automatic slicing
of network resources must be tailored specifically consid-
ering the characteristics of the underwater acoustic link
(UAL). UALs suffer from severe path loss, time varying
multipath propagation, and high propagation delay. The
acoustic path loss is mainly caused by wave spreading and
absorption. UALSs are frequency (f) and distance (d) depen-
dent. The UAL can be generally expressed (in dB) as
follows,

PL(f, d)=klog d+o(fd, (€))

where, K is the spreading factor with k=10 for cylindrical
transmission and k=20 for spherical transmission, d is the
transmission distance, and o(f) is the absorption coefficient,
based on Thorp’s model. The performance of the UAL is
also affected by the multipath propagation. The acoustic
wave absorption increases with transmission frequency
increase, limiting the operative transmission bandwidth. The
UAL bandwidth also depends on the acoustic noise N (f) at
the receiver end. Considering link attenuation and noise, the
link bandwidth can be referenced in terms of frequency.
Thus, the optimal frequency band with maximum signal to
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noise ratio (SNR) depends on the transmission range, and
that the transmission bandwidth decreases rapidly for long
range communications. Therefore, multi-hop communica-
tion can be more energy efficient for underwater acoustic
communications. The SNR can be expressed as,

¥=P,~PL~N, (2)

where P, is the spectral density of the acoustic transmission
power in dB re pPa?/Hz @ 1 m, PL is the path loss, and N
is the noise level. P, is computed from electrical power,
P as follows:

ac

eer And conversion efficiency 1,,,

Pao = Pugc + 170.8 + logne ), )

The frequency dependent link capacity is expressed by the
Shannon theorem as,

CH)=l gulogs( 1410710y, )

FIG. 1 shows the achievable rates for different transmis-
sion powers and frequency spectra versus transmission
distance. As transmission distance increases, low frequency
transmission becomes more efficient. Assumptions can be
made that the modulation and coding scheme (MCS) has a
performance gap of 1 dB relative to the Shannon limit (e.g.,
a reliable transmission (error probability —0) at the rate

R=C(y-), o

where 1 has typical values ne (0, 10) dB with low multipath
effects (in deep water) and ne (5, 20) dB for strong multipath
in shallow water).

Sound speed depends on the temperature, salinity, and
pressure, which vary with underwater depth and location.
Thus, sound speed varies at different sea depths. For sim-
plicity, assume that the propagation speed is fixed at c=1500
m/s. The time delay is therefore expressed as,

(6)

where b is the packet size in bits.

FIG. 2 shows an illustrative underwater acoustic commu-
nication system (UACS) 200 according to an embodiment.
UACS 200 can be tasked to provide communications to a
range of applications, such as ecological sensing, explora-
tion activities, industrial needs, subsurface drone or subma-
rine activity, underwater living vessels, etc. UACS 200 can
include nodes 210 that are distributed throughout water body
201, which may be fresh or salt water, and which is bounded
by water surface 202 and ground surface 203. UACS 200
may include controller 220, which may be a device capable
of transmitting acoustic signals to and receiving acoustic
signal from nodes 210. For example, controller 220 may be
included in a buoy, surface station, or a surface vessel.
Controller 220 can communicate with terrestrial devices
such as surface nodes 261 and 262 and can communicate
with aerial nodes (such as planes or drones) or geosynchro-
nous nodes such as satellite 263 using electromagnetic
communications (e.g., RF). Nodes 210 may be able to
communicate with each other via acoustic signals. Control-
ler 220 and nodes 210 may collectively form an underwater
network for underwater acoustic communications. In the
illustration of FIG. 2, two different UALSs are used: K={kl1,
k2}, each with distinct features (e.g., so that they can
provide different link quality-distance trade-offs). For
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example, consider a pair of 30 kHz and 300 kHz frequency
UALs. The 300 kHz band can provide 100s of kbps at short
ranges (up to 100s of meters), and the 30 kHz band can
provide several kbps at long ranges (up to several kilome-
ters). K1 UALs are delineated by longer distance UALs
shown as dotted lines between nodes 210 and controller 220
and K2 UALs are delineated by shorter distance UALs
shown with dotted lines existing between nodes 210.

The underwater communications network can be based on
software defined networking architecture and controller 220

can control UACS management. Controller 220 is aware of

the network state by periodically collecting information,
such as locations of the node 210, channel state information
(CSI), traffic, link loss/recovery, etc. Based on collected
information, and required communication services, control-
ler 220 can make decisions on admission control, routing,
and resource allocation, in benefit of selected applications to
fulfill their SLAs. Its decisions are delivered to the nodes.
Among other tasks, controller 220 is responsible for mobil-
ity management, session establishment, traffic management,
and network virtualization. In addition to UACS manage-
ment, controller 220 can operate as a gateway connecting
underwater data traffic to terrestrial networks. A network
slice can be deployed over multiple operators and span
across multiple parts of the network. Therefore, a slice may
comprise shared resources from the underwater network and
other networks over the sea surface such as aerial and
cellular networks, connecting end-to-end terminals.
Embodiments discussed herein focus on the resource slicing
and allocation for underwater networks. Although shared
resources include processing/transmission power, memory
storage, and spectral bandwidth, embodiments discussed
herein focus on optimizing bandwidth (resource block)
allocation and slicing, as it is the main limiting factor for a
UACS.

Network capabilities, such as data rate, latency, reliability,
and security, are provided to the network tenants/users based
on SLA. The transmission latency and rate are optimized
with constraint on the transmission power and bandwidth.
Link reliability is considered inherently through modulation
and coding scheme parameter as in equation (5).

To build a network that can automatically serve multiple
underwater communication and sensing applications, the
network resources can be managed based on high-level SLA
requirements. For each network slice, s, an application
specifies a set of performance metrics that should be main-
tained for a transmission from a source node v, to a
destination node v,,. The SLA requirements can include
slice priority, w e [0, 1], target and threshold rates (R’, R™y,
target and threshold time delays (t., T,”), and weights for
the rate and time delay significance (w,,€[0, 1], w, =1
W)

As shown in FIG. 3, a slice request is initiated or received
at the controller (e.g., controller 220), to select routing path
and allocate network resources for that slice. A slice request
for automatic, predictable, or periodic traffic may be gener-
ated by the controller. Typically, the slice requests are
externally sent through the in-band control channels. The
slice request can be generated at the source node (e.g., one
of nodes 210) or by other nodes (possibly over a terrestrial
network) to request data collection. Assuming independent
slice requests, the number of new slice requests over the
slice evaluation period T, can be modelled using Poisson
distribution with an average number of requests, A. At the
end of the slice evaluation period, the controller can process
all the slices that are stored in its memory by running the
ANS optimization algorithm. The treated slices are 1)
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accepted and provided with routing path and resources, 2)
returned to the controller memory to be re-evaluated at the
next slice evaluation period, if a threshold slice waiting time
is not exceeded, or 3) rejected if the threshold slice waiting
time is exceeded after waiting for one or more slice evalu-
ation periods.

The slice evaluation period, T, is preferably short to
guarantee acceptable resource allocation delay, but long
enough to allow joint route evaluation over large number of
slices. The objective of the ANS algorithm is to select the
optimal routing paths and allocate network resources in a
way that maximizes the number of served slices while
offering a service that is as close as possible to the target
requirements, but also within the threshold SLA require-
ments. A utility function that achieves this ANS objective
can be defined as

7

U= Z AsWsitds,

where,

(8)

”\:W\.r”\.r+w\./”\./'

where A e {0, 1} (9) indicates the acceptance of the slice, s,
with A, =0 if the slice is rejected, and A =1 otherwise. u,,
u, ., and u_, denote the slice utility, the slice rate utility, and
the slice time-delay utility, respectively. The satisfaction
level is sub-modular with the slice rate and time-delay
performance. Therefore, to practically reflect the satisfaction
level in the utility function, concave non-decreasing func-
tions are used to model the slice time-delay utility, expressed
as:

0 Ry = R (10)
R, — RIM Y1
sy =g ay + (1 —ay)| —— R* =R, = R,
Rt = R
1
0 (1)
'I!" _ fl“\ @y
gy =9 by + (1 = am) W
1

where, R, and T, represent the achieved slice rate and time
delay, and are derived based on the joint route selection and
resource allocation for all slices, as discussed below. The
parameters O, b, O, and o, are given in the SLA to
determine the threshold satisfaction and concavity of the
curves, as shown in FIGS. 4A and 4B.

The network can be represented as a graph, G(v, E), with
vev denoting any node in the network (including the
controller) and ev, v'eg denoting the edge connecting the
transmitter v to the receiver v' over the spectral band ke K.
The controller can be aware of the locations of all the nodes
and of the environment characteristics.

Consider a slice, s that has a route from the source node
Vo=v,, ) through a sequence of intermediate nodes

v," v, to the destination node v,=v,, where

2V,
{v,.““’}, je0, n is a set of all the nodes in the slice s. The
v can be thought of as a network address of a node. Then vj““’
is an address of the j-th hop of the slices (s) connecting the
node src to the node dst. The slice rate R, and delay T, can

be calculated as:
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. (s)
= min ZR,. ) kX ’
jelln & VLR ok

L= Y Ty,

jetl,n)

where x,, .v’.k““’e [0,1] indicates the percentage of edge
resource allocation to the slice s,andR, , .andT, ., ,are
achievable transmission rates and delu)'/s from node V;—| to
node v; through band ke K, as expressed in (5) and (6). The

route shall have no loops, as expressed below:
VY (14)

In order to prevent overuse of UALSs beyond the capacity
limitation and overuse of nodes’ power resource, the con-
straints defined in equations 15 and 16 are introduced:

‘1 (15)

VY P = Py < P, (16)
8,k

Finally, a slice should be rejected if the threshold SLA
requirements are not achievable, in order to reserve network
resources for other slices. Hence,

R2AR M, (17)

AT T,

(18)

The automatic network slicing (ANS) problem can be
mathematically represented as follows:

max U, (19)

PRAOINE]

subject to: (14)—(18),

A, €10, 1}, 2

Vi € [0, 1]

The optimization problem is a mixed integer non-linear
program (MINLP), which is a nondeterministic polynomial
time problem to solve. Such problems are very difficult to
solve. In order to solve the ANS problem described in (19),
a systematic (heuristic) solution can be used. To simplify the
complexity of the systematic solution, the slicing problem is
decoupled into (1) a routes nomination and elimination
sub-problem, and (2) a resource allocation sub-problem, as
described below.

FIG. § shows an illustrative process for solving automatic
network slicing for an underwater acoustic communications
system according to an embodiment. The underwater acous-
tic communications system can include a controller posi-

tioned at or near a surface of a water body and a plurality of

nodes that are distributed throughout the water body,
wherein the controller and plurality of nodes have bidirec-
tional acoustic communications capability to establish
underwater acoustic links (UALs), where the UALs can
include first UALSs and second UALSs, wherein the first and
second UALs have different rate and range characteristics
(e.g., the k1 and k2 UALs as discussed in conjunction with
FIG. 2). Starting with step 510, a slice request can be
received, wherein the slice request includes a source and a
destination, wherein the source and destination are selected
from the controller and the plurality of nodes, and wherein
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the sliced request is associated with service level agreement
(SL.A). The SLA requirements can include priority, slice rate
target, slice rate threshold, slice time delay target, slice time
delay threshold, and importance of the slice rate with respect
to importance of the slice time delay. The received slice
request can be added to a pool of slice requests in step 515.
These slice requests are managed as discussed above in
connection with FIG. 3.

At step 520, for each slice request in the pool of slice
requests, all routes that exist between the source and the
destination that satisfy the SLA requirements are nominated.
All possible routes for each slice are nominated as potential
routing solutions and all routes that do not meet the ANS
problem constraints are eliminated. At this stage, routes
nomination is done for each slice separately. Based on the
UAL characteristics discussed above, restricting the number
of transmission hops, which leads to higher transmission
distances per hop, decreases the achievable rates per UAL
and total traffic carried over the UACS. Propagation delay
can only increase by adding more transmission hops as
compared to direct transmission from any node to the
destination node, as the total propagation distance increases.
As aresult, slices with low time-delay SLA requirement are
expected to have low number of hops, while slices with high
data rate SL.A requirement are expected to be delivered over
higher number of hops.

Route nomination is performed as described in FIG. 6,
which shows illustrative steps according to an embodiment.
Starting with step 610, a first table comprising next-hop
UAL rate and time delay characteristics for the plurality of
nodes can be generated. The next-hop (i.e., first) table can
include, for each node, a next-hop link rate and delay to each
neighboring node. For example, referring to FIG. 7A, which
shows an illustrative UACS 7000 including nodes 7001-
7012, assume node 7001 is the node of interest. Node 7001
is surrounded by nodes 7002-7012 and the table will include
next-hop link rate and delay from node 7001 to each nodes
7002-7012. The table will also include entries showing
next-hop rate and delay from Node 7002 to nodes 7001 and
7003-7012, and so on for each node. The next-hop table is
shown in Table I. The values R, ,, , and T, . , are calculated
asin (5) and (6) for all Vve v, ke K, respectively. The entries
in the table can be sorted in any suitable manner. For
example, for each node, the entries can be sorted according
to hop-link rates.

TABLE 1

vk Ry vis Lo vk

Referring back to FIG. 6, at step 620, a second table of
incomplete potential routes is created at each hop count,
until a maximum number of hops, H is reached. Such a table
is shown in Table II. These tables are filled based on
elimination and nomination rules. The second table can be
filled by accessing the first table for the next-hop UAL rate
and time delay characteristics to build incomplete potential
routes for each h-hop, where h-hop denotes the number of
hops in a potential route, and wherein the h-hop does not
exceed the maximum hop count (as shown in step 622) and
potential routes can be added to the second table if rate and
time delay of a potential route satisfies the SLA require-
ments (as shown in step 624). In Table II, R" and T” denote
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the rate and time-delay, respectively, for data delivery from
the source, throughout the incomplete route, till the current
last node. R,V and T, Y% denote the achieved slice rate
and time-delay, respectively, assuming direct delivery from
the last node in the incomplete route to the destination.

TABLE 11

Route R’ T

R '\’1/-/‘\‘ T 'V//-/‘\‘

At step 630, if a potential route contained within the
second table includes the destination, that potential route is
added to a third table comprising nominated routes. A table
of nominated routes is shown in Table III. The rules for route
elimination and nomination are as follows: Rule 1: Next hop
neighbors are defined as R, ,, 2R ", Vv#v'". Rule 2: All the
routes to non-neighbor nodes are discarded. An incomplete
route is eliminated if T, *>T ™, since it does not obtain the
slice threshold time-delay requirements. This rule quickly
eliminates the routes that go in the direction which is the
opposite of the destination node. Rule 3: Revisit of any node
in the incomplete route is not allowed. Rule 4: If a direct
transmission from the last node in the incomplete route to
the destination node achieves the SLA requirements, then
the route is added to the table of nominated routes, shown as
Table III

TABLE III

Route Rg Ts

FIG. 8 shows an exemplary algorithm (Algorithm 1),
which illustrates an exemplary procedure that may be fol-
lowed to fill the nominated routes table for each slice, given
UALSs’ capacity, SLA requirements of all slices, and per-
centage of traffic over all edges by previously allocated
slices according to an embodiment. As those skilled in the
art understand, Algorithm 1 is merely exemplary and can be
modified or changed. Starting from the source node, the first
hop incomplete routes table is filled by adding v,,.—to the
route column. This entry is treated as an incomplete route
with zero propagation delay T"=0 and infinite data rate
R’=c0, because no transmission has taken place yet. The
values of R,V and T,”¥% are calculated as
R,7V#=min{R", Ry, ,} and T ~V*=R'+T,, , with I

. v . dsi :
denoting the last node in the incomplete route and ke K. If

R, 7V#>R * and T,V«<T ™, v is concatenated to incom-
plete route to form a complete rout that is added to the
nominated routes table. For each route in the v-hop incom-
plete routes table (e.g., table II), the incomplete route is

eliminated and removed from the incomplete routs table if

T, Ve>T ™, To fill the (h)-th hop incomplete routes table,
the fill process starts from the route entries in the (h—1) hop
incomplete routes table, and then adds a new node to the
incomplete route from the neighbors of the last node in the
(h—1) hop incomplete route. The new values of T" and R" are
expressed as T""=T""'4+T, ., and R""=min {R""*,
Ry v .} The procedure is repeated until the (H) hop incom-
plete routes table is filled or until no more incomplete routes
satisfy the SLA requirements.
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Referring now back to FIG. 7A, application of the route
nomination and elimination rules as applied to UACS 7000
is discussed. Source node 7005 is the starting point for
determining potential nominated routes to destination node
7011. Applying Rule 1, all neighboring nodes in which data
can be transmitted to (from source node 7005) at a data rate
that is higher than an SLA defined threshold data rate (e.g.,
R/ for that slice (e.g., UAL) are identified. FIG. 7B shows
rate threshold circle 7020 that illustrates SLA defined thresh-
old data rate. Thus, based on the SLLA data rate threshold,
only nodes 7003, 7004, and 7006-7008 qualify as neighbor-
ing nodes to source node 7005. Destination node 7011 does
not qualify as a neighboring node because the data trans-
mission rate is below the SLA defined threshold. Referring
now to FIG. 7C, the time delay is checked by moving from
incomplete routes to destination node 7011. If the total time
delay is greater than a SLA defined time delay threshold
(e.g., T,”, that route is eliminated. In FIG. 7C, routes
(denoted by dashed lines) through nodes 7003 and 7004 are
eliminated. Routes through nodes 7006, 7007, and 7008
(denoted by solid lines) are saved in the incomplete routes
table. With the elimination of the bad routes, only nominated
routes remain, as shown in FIG. 7D.

For each slice, the table of nominated routes is filled based
on the procedure discussed in FIGS. 6 and 8, while the route
selection and resource allocation are performed as a separate
process. Note that optimal route selection from nominated
routes, and optimal resource allocation leads to an optimal
solution. In other words, the optimal routes are not elimi-
nated at this stage.

Returning now to FIG. 5, at step 530, process 500 assesses
whether a nominated route for each slice request contained
in the pool of slice request balances maximization of a utility
function and minimization of congested UALSs expected to
be used by other slice requests within the pool of slice
requests. At step 540, a slice request is rejected if that slice
request fails to include a nominated route that balances
maximization of the utility function and minimization of
congested UALs by returning that slice request to the pool
of slice requests. At step 550, a slice request is accepted if
that slice request includes a selected nominated route that
balances maximization of the utility function and minimi-
zation of congested UALs by executing underwater acoustic
communications via the UACS in accordance with the
selected nominated route for that slice request.

In the routes nomination and elimination process, a num-
ber of routes are nominated for each network slice. After
route nominations are made, decisions are made whether
each slice is accepted or not, one of the accepted nominated
routes is selected, and network resources are allocated such
that a utility function is maximized. At this stage, the route
selection and resource allocation can take other slices’ traffic
into account. This is done by avoiding routes that are
expected to be congested by other slices. After having
nominated routes for all slices existing in a pool of slices, a
utility value for all nominated routes is generated and a cost
value of using an UAL based on that UAL’s available
capacity and nomination by other slices is also generated.

The slice resource allocation can be done iteratively,
depending on the slice priority, w, to allow for real-time
dynamic resource allocation. To serve low priority slices, a
slice is evaluated at each iteration randomly with probability

2
— vses. @0

Wy
Py =
S
ies
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The controller (e.g., controller 220) has access to all
nodes’ locations and environment characteristics, the data
rate handled by every UAL, R, ., can be calculated as in
(5). Assuming that some slices are being served, the avail-
able data rate at all network UALs for a new slice can be
updated as

9
Rovi=Ryyi— ZR‘\]-(,,-V,M,A. ps)? @b

where p, is the selected route for the previously selected

slices, and 1, is an indicator that equals one if the argument
in brackets is correct, and zero otherwise. The values of
Ry g4 are continuously updated as new slices are served,
and old slices are released. Given the nominated routes
tables for all slices, the maximum potential use for all
network UALSs can be calculated, Y, .., by summing the
nominated routes rates that use that UAL among all network

slices, i.e.,

. 2
Yok = Z Z Ry = ZRAIH,,-V‘V"A. Ps)? @0

S PgEps

where p, is the set of all nominated slice routes. The values,
Y, v give indication of the network UALS congestion by all
slices.

At a given resource allocation iteration, a slice selected to
evalvate the optimal route selection from the nominated
routes table for that slice. Based on the current UAL’s
data-rate availability, the achievable slice rate R, for each
nominated route is updated. Nominated route is removed if
the updated R, <R,™. If all nominated routes are removed,
the slice is rejected. Otherwise, a route p(R;) is selected,
with R capacity reserved at all UALSs included in that route,
as follows. To avoid congested UALS by other slices, a loss
function is defined that penalizes the use of UALSs with high
Y, v« relative to the available UAL capacity as,

where,((J)"=max {0,]}. To this end, a route is selected from
the nominated routes table such that,

argmax 24)

i Us(Ry) = weL(RS),
peEP

where U(R) is the slice utility function, as defined in (8),
p denotes all nominated routes, and w,, is a weight constant
to balance slice utility and congestion avoidance, such that
following slices are well-served. The procedure above is
repeated for all slices. FIG. 9 shows an exemplary algorithm
(Algorithm 2), which illustrates an example procedure of the
resource allocation process, according to example embodi-
ments. As those skilled in the art understand, Algorithm 2 is
merely exemplary and can be modified or changed.

It should be understood that the steps shown in FIGS. 5
and 6 are merely illustrative and that additional steps may be
added, steps may be omitted, or steps may be rearranged in
the order in which they are executed.
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The application of route nomination, route selection, and
resource allocation and the performance achieved as applied
to UACS scenarios using the underwater acoustic signaling
ANS embodiments discussed herein are now examined.
FIGS. 10A and 10B shows a UACS platform including one
controller and 80 underwater nodes, which are distributed
over a pyramid of 2700 m height and 3500 m base radius.
FIGS. 10A and 10B show illustrative nominated routes for
management and network orchestration and sensing and
monitoring, respectively. The controller is positioned at the
top of the pyramid and at the water surface. The density of
nodes may be higher closer to the water surface, to support
the higher data demands at the nodes close to the controller.
A random offset can be added to the location of each node,
to account for underwater node drifting due to water cur-
rents. The ANS embodiment and the simulation account for
nodes mobility through an additional nodes position offset
that is added over time at each slice evaluation iteration. The
UACS and the underwater acoustic signaling ANS embodi-
ment are simulated using Matlab. A Poisson distributed
number of slice requests with an average A are generated
during each slice evaluation period. The slice type, and
terminals are randomly selected from a predefined set of
slice types and nodes. At each slice evaluation iteration, the
underwater acoustic signaling ANS algorithm is performed
to grant network admission and resources to a subset of slice
requests that are in the slices pool. Average performance is
obtained by running the simulation for a relatively large
number of slice evaluation iterations (e.g., more than 1000
iterations). The maximum slice admittance delay is equal to
one slice evaluation period; non-admitted slices are removed
from the slices pool and rejected. Unless otherwise men-
tioned, the default system parameters are shown in Table I'V.

TABLE IV

Default system parameters,

Parameter Value Parameter Value

o 0.5 oy 0.5

yyy 0.3 b,, 0.3

A 80 reserve period 5

W, 10-8 L, 50%
Pure, LW M 80%

tx. band k, [2, 12] kHz tx. band k, [20, 60] kHz
K 1.5 packet size, b 1000 bits

In Table IV, o, b,,, 0, and o, are the utility function
parameters. A is the rate of slice requests at each slice
evaluation period. The reserve period is the number of slice
evaluation periods over which resources are given to admit-
ted slices. w, is a constant to balance slice utility and
congestion avoidance. L, is a percentage representing
remaining link availability after considering practical issues,
such as modulation and coding, and MAC layer efficiency.
The rest of the parameters are related to the transmission and
environment characteristics. N is noise and o(f) absorption
coefficient.

Four types of slices are considered: (1) management and
network orchestration (MANQO), (2) emergency communi-
cation (EC), (3) automation and communication (AC) (4)
sensing and monitoring (SM). Table V summarizes the slice
types and their corresponding SLA requirements.
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TABLE V

SLA types and parameters.

Slice type MANO EC AC SM
Priority, w, 0.3 0.4 0.2 0.1
RY, R, [kbps] 30, 10 70, 35 200, 100 150, 75
t' o Is] 0.1, 0.2 0.1, 0.2 0.2, 1 0.7, 1.2
W, W 0.2, 0.8 0.2,0.8 0.5, 0.5 0.8, 0.2

s Wit

Note that the threshold and target time delay are defined
as:

p the g thy g min
T =t T i

rI-‘/:l \l+'l"mi/r s

where,

opmin ‘jl:\'t'lll‘w/ b
Ty = —= —

c R/h

is the minimum possible time delay for transmitting data
over the distance d, ., —and tM(t,) are the acceptable
threshold (target) delays, caused by multi-hop retransmis-
sions. Notice how, unlike terrestrial networks, the required
delay is highly dependent on the distance between the source
and destination in the UACS. The SLA time delay require-
ments are defined in this way to avoid extremely large and
unnecessary delay for short-range transmissions, but also
allow long-range transmissions. For the MANO and EC
slice types, low data rate is required, as the traffic generated
by these slices is small. However, these slices should be
transmitted with minimum delays and high priority. Further-
more, it is assumed that the controller is either the source or
the destination for the MANO and EC slices. The AC slice
type is transmitted between any two nodes in the network,
while the SM slice type is transmitted directly or indirectly
(through multiple slices) toward the controller. For the AC
and SM, high data rates are required to transmit the rela-
tively large amount of data, but the time-delay tolerance is
high, compared to the MANO and EC slice types. For
transmissions between underwater nodes and terrestrial/
aerial nodes, communication is established through the
controller, which acts as a gateway for the underwater
network. The communications between the controller and
terrestrial/aerial nodes are managed by other systems. The
utility function parameters, and the slice reservation period
are fixed for all slice types, as shown in Table IV, to simplify
the presentation of system analysis, and present unbiased
conclusions. The simulation can be adjusted to consider
different values that might reflect a given practical scenario.

System operation is validated by evaluating the achieved
data rates and time delays for admitted slices of different
types against multiple parameters. In FIGS. 11A and 11B,
the slice rates and time-delays are shown for different SLA
types and number of slices. The MANO and EC slice types
are the closest to the target performance since they are given
higher priority to be selected at first and given higher
resource allocation. The AC and SM slices’ performance, on
the other hand, is between the threshold and target SLA
requirements, depending on the resources availability. As the
number of slices increases, the rate and the excessive
time-delay per slice are not changed considerably. However,
slice admittance rate dramatically decreases as the number
of slice requests increases, as shown in FIG. 12. The slice
data rate and time delay for each slice type is also shown for
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different link availability percentages, in FIGS. 13A and
13B, respectively. As L, increases, the data rate of admitted
slices approaches the target slice rate, especially for the high
data rate slice types. However, the time delay is slightly
improved. Next, we analyze the utilization of the transmis-
sion bands, k1 and k2. In FIG. 14, the utilization of trans-
mission bands per admitted slices is shown against average
number of slices. The curves show the number of admitted
slices that are transmitted over routes that include links from
the band k1 only, band k2 only, and both bands. Since most
admitted slices are MANO and EC, high number of slices
are transmitted over the band k1 which allows long distance
communication and reduced latency. As the required data
rate increases, more slices are admitted by allocating
resources from the band k2. Interestingly, the route of some
admitted slices includes links from both transmission bands,
to balance achieved performance against SLA requirements
and to avoid traffic congestion. Moreover, notice how the
number of admitted slices saturates with the increase of
number of required slices, as the network resources get
highly utilized. Average number of admitted slices over
transmission bands is also shown against the slice reserva-
tion period in FIG. 15. As the reservation period increases
per admitted slice, a smaller number of slices can be
admitted. Notice how in FIGS. 14 and 15, the number of
slices transmitted over both bands, k1 and k2, is low. The
complexity of the ANS algorithm can be reduced by filling
the nominated routes tables for each band separately, and
therefore, eliminate the possibility of a slice transmission
over both bands. Because the number of slices transmitted
over both bands is low, the performance degradation of
eliminating this possibility might be acceptable. In FIG. 16,
the average number of hops is shown against slice types. As
expected, the number of hops tends to be low for MANO and
EM slice types to minimize the transmission delay. On the
other hand, AC and SM slice types have higher number of
slices as higher data rates are required for these slice types.

The underwater acoustics signaling ANS solution com-
pared with a conventional SDN algorithm based on next
shortest path (NSP). The NSP algorithm routes a slice based
on UAL’s capacity and traffic already assigned to previous
slices. However, NSP does not consider expected traffic by
unassigned slices, slice’s priority, and significance of slice
time-delay vs slice rate. FIG. 17 shows the normalized
utility for the ANS and NSP algorithms against the average
number of concurrent slices. As the number of slices
increases, the obtained utility increases, since available
network resources are checked for an additional number of
slices. The percentage of performance gain achieved by
using underwater acoustics signaling ANS in comparison
with NSP increases with number of slices, when the number
of slices is low, to reach a maximum of 15%. This is because
of the higher need for considering other slices traffic when
the network congestion increases. As the network resource
starts to saturate with the increased number of slices, the
performance gain starts to decrease. The underwater acous-
tics signaling ANS algorithm always achieves higher utili-
ties than the NSP algorithm with maximum gain percentages
when the network resources are moderately utilized. FIG. 18
compares the number of admitted slices for our ANS solu-
tion against the NSP solution. The number of admitted slice
is up to 10% higher when the ANS solution is used. The
admittance curve follows a similar trend as the utility gain
curve shown in FIG. 17.

Similarly, the utility gains of the ANS and the NSP
algorithms against the slice reservation period and link
availability are shown in FIGS. 19 and 20, respectively. As
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the slice reservation period increases and/or the network
links availability percentage decreases, the network

resources become more scarce. Therefore, the utility gain of

applying the underwater acoustics signaling ANS over NSP
is as low as 5% when the slice reservation period is 50 and
around 6% when [LA=0.3. In FIG. 20, it is possible to notice
that the utility gain increases as LA increases until 50%,
before it decreases and increases again between L, [50%,
65%], and finally decreases after I,>70%. This counter-
intuitive behavior is due to the utilization of two different
transmission bands. To support this reasoning, FIG. 21
shows the slice admittance rate for different slice types and
link availability. When the link availability is 50%, the
admittance rate of high rate slices is as low as 0.1 for the AC
slice type, and 0.4 for the SM slice type. At this link
availability, the resources of the band k2 are scarce relative
to the admission demand. On the other hand, the admittance
rate for the MANO and EC slice types are as high as 0.85
and 0.7 respectively, which implies the abundance of band
k1 resources to carry low latency slices. As the link avail-
ability increases from 50% to 70%, less gain is achieved in
the k1 band and more gain in the k2 band. Finally, as the link
availability increases beyond 70%, the gain of utilizing ANS
over NSP saturates to around 9%.

The automatic network slicing enables globally optimized
solutions for network resource management, enhances QoS,
simplifies network operations, and reduces deployment
costs. In this work, a novel optimization framework is
introduced and solved for dynamic admission control, net-
work routing, and resource allocation, automatically based
on the SLAs. Such an SLA-based slicing can help abstract-
ing the complexities of slice implementation and customi-
zation to address different use cases, and slice priorities. The
proposed automatic slicing heuristic solution decouples the
problem into two parts. First, the routes that meet the
threshold SL A requirements are nominated. Then, we decide
whether a slice is accepted or not, select one of the nomi-
nated routes, and allocate network resources such that a
utility function is maximized. The proposed solution is
tailored specifically for UACS as it assumes simple and
small network architecture, depict UAC channel character-
istics, and quickly eliminate routes with high time delay.

Numerical analysis show that the underwater acoustics
ANS algorithm guarantees the required performance speci-
fied by the SLA thresholds to admitted slices. In comparison
to conventional SDN based on NSP algorithms, the ANS
algorithm according to embodiments discussed herein
obtained up to 15% higher performance. While the under-
water ANS algorithm always obtain higher gain than the
NSP algorithm, maximum gain is observed when the net-
work resources are moderately utilized. If, the ANS algo-
rithm may be extended to embodiments that use multiple
controllers to improve the performance gain of the system.

FIG. 22 is a block diagram of a special-purpose computer
system 2200 according to an embodiment. For example,
system 2200 can deployed in controller 220 of FIG. 2. The
methods and processes described herein may similarly be
implemented by tangible, non-transitory computer readable
storage mediums and/or computer-program products that
direct a computer system to perform the actions of the
methods and processes described herein. Hach such com-
puter-program product may comprise sets of instructions
(e.g., codes) embodied on a computer-readable medium that
directs the processor of a computer system to perform
corresponding operations. The instructions may be config-
ured to run in sequential order, or in parallel (such as under
different processing threads), or in a combination thereof.
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Special-purpose computer system 2200 comprises a com-
puter 2202, a monitor 2204 coupled to computer 2202, one
or more additional user output devices 2206 (optional)
coupled to computer 2202, one or more user input devices
2208 (e.g., keyboard, mouse, track ball, touch screen)
coupled to computer 2202, an optional communications
interface 2210 coupled to computer 2202, and a computer-
program product including a tangible computer-readable
storage medium 2212 in or accessible to computer 2202.
Instructions stored on computer-readable storage medium
2212 may direct system 2200 to perform the methods and
processes described herein. Computer 2202 may include one
or more processors 2214 that communicate with a number of
peripheral devices via a bus subsystem 2216. These periph-
eral devices may include user output device(s) 2206, user
input device(s) 2208, communications interface 2210, and a
storage subsystem, such as random access memory (RAM)
2218 and non-volatile storage drive 2220 (e.g., disk drive,
optical drive, solid state drive), which are forms of tangible
computer-readable memory.

Computer-readable medium 2212 may be loaded into
random access memory 2218, stored in non-volatile storage
drive 2220, or otherwise accessible to one or more compo-
nents of computer 2202. Each processor 2214 may comprise
a microprocessor, such as a microprocessor from Intel® or
Advanced Micro Devices, Inc.®, or the like. To support
computer-readable medium 2212, the computer 2202 runs
an operating system that handles the communications
between computer-readable medium 2212 and the above-
noted components, as well as the communications between
the above-noted components in support of the computer-
readable medium 2212. Exemplary operating systems
include Windows® or the like from Microsoft Corporation,
Solaris® from Sun Microsystems, LINUX, UNIX, and the
like. In many embodiments and as described herein, the
computer-program product may be an apparatus (e.g., a hard
drive including case, read/write head, etc., a computer disc
including case, a memory card including connector, case,
etc.) that includes a computer-readable medium (e.g., a disk,
a memory chip, etc.). In other embodiments, a computer-
program product may comprise the instruction sets, or code
modules, themselves, and be embodied on a computer-
readable medium.

User input devices 2208 include all possible types of
devices and mechanisms to input information to computer
system 2202. These may include a keyboard, a keypad, a
mouse, a scanner, a digital drawing pad, a touch screen
incorporated into the display, audio input devices such as
voice recognition systems, microphones, and other types of
input devices. In various embodiments, user input devices
2208 are typically embodied as a computer mouse, a track-
ball, a track pad, a joystick, wireless remote, a drawing
tablet, a voice command system. User input devices 2208
typically allow a user to select objects, icons, text and the
like that appear on the monitor 2204 via a command such as
a click of a button or the like. User output devices 2206
include all possible types of devices and mechanisms to
output information from computer 2202. These may include
a display (e.g., monitor 2204), printers, non-visual displays
such as audio output devices, etc.

Communications interface 2210 provides an interface to
other communication networks and devices and may serve
as an interface to receive data from and transmit data to other
systems, WANs and/or the Internet, via a wired or wireless
communication network 2222. In addition, communications
interface 2210 can include an underwater radio for trans-
mitting and receiving data in an underwater network.
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Embodiments of communications interface 2210 typically
include an FEthernet card, a modem (telephone, satellite,
cable, ISDN), a (asynchronous) digital subscriber line (DSL)
unit, a FireWire® interface, a USB® interface, a wireless
network adapter, and the like. For example, communications
interface 2210 may be coupled to a computer network, to a
FireWire® bus, or the like. In other embodiments, commu-
nications interface 2210 may be physically integrated on the
motherboard of computer 2202, and/or may be a software
program, or the like.

RAM 2218 and non-volatile storage drive 2220 are
examples of tangible computer-readable media configured to
store data such as computer-program product embodiments
of the present invention, including executable computer

code, human-readable code, or the like. Other types of

tangible computer-readable media include floppy disks,
removable hard disks, optical storage media such as CD-
ROMs, DVDs, bar codes, semiconductor memories such as
flash memories, read-only-memories (ROMSs), battery-
backed volatile memories, networked storage devices, and
the like. RAM 2218 and non-volatile storage drive 2220 may
be configured to store the basic programming and data
constructs that provide the functionality of various embodi-
ments of the present invention, as described above.

Software instruction sets that provide the functionality of

the present invention may be stored in computer-readable
medium 2212, RAM 2218, and/or non-volatile storage drive
2220. These instruction sets or code may be executed by the
processor(s) 2214. Computer-readable medium 2212, RAM
2218, and/or non-volatile storage drive 2220 may also
provide a repository to store data and data structures used in
accordance with the present invention. RAM 2218 and

non-volatile storage drive 2220 may include a number of

memories including a main random access memory (RAM)
to store instructions and data during program execution and
a read-only memory (ROM) in which fixed instructions are
stored. RAM 2218 and non-volatile storage drive 2220 may
include a file storage subsystem providing persistent (non-
volatile) storage of program and/or data files. RAM 2218
and non-volatile storage drive 2220 may also include remov-
able storage systems, such as removable flash memory.
Bus subsystem 2216 provides a mechanism to allow the
various components and subsystems of computer 2202 com-
municate with each other as intended. Although bus subsys-
tem 2216 is shown schematically as a single bus, alternative
embodiments of the bus subsystem may utilize multiple
busses or communication paths within the computer 2202.
For a firmware and/or software implementation, the meth-
odologies may be implemented with modules (e.g., proce-
dures, functions, and so on) that perform the functions
described herein. Any machine-readable medium tangibly
embodying instructions may be used in implementing the
methodologies described herein. For example, software
codes may be stored in a memory. Memory may be imple-
mented within the processor or external to the processor. As
used herein the term “memory” refers to any type of long
term, short term, volatile, nonvolatile, or other storage

medium and is not to be limited to any particular type of

memory or number of memories, or type of media upon
which memory is stored.

Moreover, as disclosed herein, the term “storage medium”
may represent one or more memories for storing data,
including read only memory (ROM), random access
memory (RAM), magnetic RAM, core memory, magnetic
disk storage mediums, optical storage mediums, flash
memory devices and/or other machine readable mediums for
storing information. The term “machine-readable medium”
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includes, but is not limited to portable or fixed storage
devices, optical storage devices, wireless channels, and/or
various other storage mediums capable of storing that con-
tain or carry instruction(s) and/or data.

Whereas many alterations and modifications of the pres-
ent invention will no doubt become apparent to a person of
ordinary skill in the art after having read the foregoing
description, it is to be understood that the particular embodi-
ments shown and described by way of illustration are in no
way intended to be considered limiting.

Moreover, the processes described above , as well as any
other aspects of the disclosure, may each be implemented by
software, but may also be implemented in hardware, firm-
ware, or any combination of software, hardware, and firm-
ware. Instructions for performing these processes may also
be embodied as machine- or computer-readable code
recorded on a machine- or computer-readable medium. In
some embodiments, the computer-readable medium may be
a non-transitory computer-readable medium. Examples of
such a non-transitory computer-readable medium include
but are not limited to a read-only memory, a random-access
memory, a flash memory, a CD-ROM, a DVD, a magnetic
tape, a removable memory card, and optical data storage
devices. In other embodiments, the computer-readable
medium may be a transitory computer-readable medium. In
such embodiments, the transitory computer-readable
medium can be distributed over network-coupled computer
systems so that the computer-readable code is stored and
executed in a distributed fashion. For example, such a
transitory computer-readable medium may be communi-
cated from one electronic device to another electronic device
using any suitable communications protocol. Such a transi-
tory computer-readable medium may embody computer-
readable code, instructions, data structures, program mod-
ules, or other data in a modulated data signal, such as a
carrier wave or other transport mechanism, and may include
any information delivery media. A modulated data signal
may be a signal that has one or more of its characteristics set
or changed in such a manner as to encode information in the
signal.

It is to be understood that any or each module of any one
or more of any system, device, or server may be provided as
a software construct, firmware construct, one or more hard-
ware components, or a combination thereof, and may be
described in the general context of computer-executable
instructions, such as program modules, that may be executed
by one or more computers or other devices. Generally, a
program module may include one or more routines, pro-
grams, objects, components, and/or data structures that may
perform one or more particular tasks or that may implement
one or more particular abstract data types. It is also to be
understood that the number, configuration, functionality, and
interconnection of the modules of any one or more of any
system device, or server are merely illustrative, and that the
number, configuration, functionality, and interconnection of
existing modules may be modified or omitted, additional
modules may be added, and the interconnection of certain
modules may be altered.

While there have been described systems, methods, and
computer-readable media for enabling efficient control of a
media application at a media electronic device by a user
electronic device, it is to be understood that many changes
may be made therein without departing from the spirit and
scope of the disclosure. Insubstantial changes from the
claimed subject matter as viewed by a person with ordinary
skill in the art, now known or later devised, are expressly
contemplated as being equivalently within the scope of the
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claims. Therefore, obvious substitutions now or later known
to one with ordinary skill in the art are defined to be within
the scope of the defined elements.

Therefore, those skilled in the art will appreciate that the
invention can be practiced by other than the described
embodiments, which are presented for purposes of illustra-
tion rather than of limitation.

What is claimed is:

1. A method for controlling underwater acoustic commu-
nications within an underwater acoustic communications
system (UACS) comprising a controller positioned at or near
a surface of a water body and a plurality of nodes that are
distributed throughout the water body, wherein the control-
ler and the plurality of nodes have bidirectional acoustic
communications capability to establish underwater acoustic
links (UALSs), the method comprising:

receiving a plurality of slice requests, wherein each slice

request comprises a source and a destination, wherein
the source and destination are selected from the con-
troller and the plurality of nodes, and wherein each
slice request is associated with service level agreement
(SLA) requirements, wherein the SLA requirements
comprises a slice rate threshold and a slice time delay
threshold;

adding the received plurality of slice requests to a pool of

slice requests;
for each slice request in the pool of slice requests,
nominating all routes that exist between the source and
the destination that satisty the SLA requirements;
assessing whether a nominated route for each slice request
contained in the pool of slice request balances maxi-

mization of a utility function and minimization of

congested UALs expected to be used by other slice
requests within the pool of slice requests;

rejecting a slice request if that slice request fails to include
a nominated route that balances maximization of the
utility function and minimization of congested UALSs
by returning that slice request to the pool of slice
requests; and

accepting a slice request if that slice request includes a

selected nominated route that balances maximization of

the utility function and minimization of congested
UALs by executing underwater acoustic communica-
tions via the UACS in accordance with the selected
nominated route for that slice request.
2. The method of claim 1, wherein the nominating com-
prises:
generating a first table comprising next-hop UAL rate and
time delay characteristics for the plurality of nodes;
generating a second table of incomplete potential routes
for each hop count, until a maximum hop count is
reached, wherein generating the second table com-
prises:
accessing the first table for the next-hop UAL rate and
time delay characteristics to build incomplete poten-
tial routes for each h-hop, where h-hop denotes the
number of hops in a potential route, and wherein the
h-hop does not exceed the maximum hop count; and
adding potential routes to the second table if rate and
time delay of a potential route satisfies the SLA
requirements; and
" a potential route contained within the second table
includes the destination, adding that potential route to
a third table comprising nominated routes.
3. The method of claim 2, wherein the generating further
comprises preventing revisit if any node within a potential
route.
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4. The method of claim 1, wherein the utility function is
maximized by selecting a nominated route for a slice request
that best matches the SLA requirements.

5. The method of claim 1, wherein the utility function is
maximized by admitting a subset of the plurality of slice
requests and selecting nominated routes for the subset that
best match the SLA requirements.

6. The method of claim 1, wherein minimization of
congested UALSs is defined by a loss function that penalizes
use of UALs with high usage relative to available UAL
capacity.

7. The method of claim 1, wherein a nominated route is
selected for a slice request based on a slice utility function,
a capacity reserved at all UALs included in the nominated
route, a loss function, and a weight constant to balance slice
utility and congestion avoidance.

8. The method of claim 1, wherein the SLA requirements
further comprise priority, slice rate, slice time delay, and
importance of the slice rate with respect to importance of the
slice time delay.

9. The method of claim 1, wherein each of the plurality of
nodes transmits acoustic signals according to a first band
having a first frequency and a first packet size and a second
band having a second frequency and a second packet size,
wherein the first frequency is less than the second frequency,
and wherein the first packet size is less than the second
packet size.

10. The method of claim 9, further comprising:

selecting the first band or the second band for each UAL

within a nominated route.

11. The method of claim 1, wherein the received slice
request is one of a management and network orchestration
request, an emergency communication request, an automa-
tion and communication request, and a sensing and moni-
toring request.

12. An underwater acoustic communications system
(UACS) comprising:

a controller positioned at or near a surface of a water

body; and

a plurality of nodes that are distributed throughout the

water body, wherein the controller and the plurality of

nodes have bidirectional acoustic communications

capability to establish underwater acoustic links

(UALs), where the controller is operative to:

receive a plurality of slice requests, wherein each slice
request comprises a source and a destination,
wherein the source and destination are selected from
the controller and the plurality of nodes, and wherein
sach slice request is associated with service level
agreement (SLA) requirements, wherein the SLA
requirements comprises a slice rate threshold and a
slice time delay threshold;

add the received plurality of slice requests to a pool of
slice requests;

for each slice request in the pool of slice requests,
nominate all routes that exist between the source and
the destination that satisfy the SLA requirements;

assess whether a nominated route for each slice request
contained in the pool of slice request balances maxi-
mization of a utility function and minimization of
congested UALs expected to be used by other slice
requests within the pool of slice requests;

reject a slice request if that slice request fails to include
a nominated route that balances maximization of the
utility function and minimization of congested UALs
by returning that slice request to the pool of slice
requests; and
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accept a slice request if that slice request includes a
selected nominated route that balances maximization
of the utility function and minimization of congested
UALs by executing underwater acoustic communi-
cations via the UACS in accordance with the
selected nominated route for that slice request.

13. The underwater acoustic communications system of

claim 12, wherein the controller is further operative to:
generate a first table comprising next-hop UAL rate and
time delay characteristics for the plurality of nodes;
generate a second table of incomplete potential routes for
zach hop count, until a maximum hop count is reached,
wherein during generation of the second table, the
controller is further operative to:
access the first table for the next-hop UAL rate and time
delay characteristics to build incomplete potential
routes for each h-hop, where h-hop denotes the
number of hops in a potential route, and wherein the
h-hop does not exceed the maximum hop count; and
add potential routes to the second table if rate and time
delay of a potential route satisfies the SLA require-
ments; and
" a potential route contained within the second table
includes the destination, add that potential route to a
third table comprising nominated routes.

14. The underwater acoustic communications system of

claim 12, wherein the utility function is maximized by
admitting a subset of the plurality of slice requests and
selecting nominated routes for the subset that best match the
SLA requirements.

15. The underwater acoustic communications system of

claim 12, wherein minimization of congested UALs is
defined by a loss function that penalizes use of UALs with
high usage relative to available UAL capacity.

16. The underwater acoustic communications system of

claim 12, wherein a nominated route is selected for a slice
request based on a slice utility function, a capacity reserved
at all UALs included in the nominated route, a loss function,
and a weight constant to balance slice utility and congestion
avoidance.

17. The underwater
claim 12, wherein the SLA requirements further comprise
priority, slice rate, slice time delay, and importance of the
slice rate with respect to importance of the slice time delay.

18. A non-transitory computer readable storage medium
containing program instructions for a method being
executed by an application, the application comprising code
for one or more components that are called by the applica-
tion during runtime, wherein execution of the program
instructions by one or more processors of a computer system
causes the one or more processors to perform steps com-
prising:

receiving a plurality of slice requests in an underwater

acoustic communications system (UACS) comprising a
controller positioned at or near a surface of a water
body and a plurality of nodes that are distributed
throughout the water body, wherein the controller and
the plurality of nodes have bidirectional acoustic com-
munications capability to establish underwater acoustic
links (UALSs), wherein each slice request comprises a
source and a destination, wherein the source and des-
tination are selected from the controller and the plu-

acoustic communications system of
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rality of nodes, and wherein each slice request is
associated with service level agreement (SLA) require-
ments, wherein the SLA requirements comprises a slice
rate threshold and a slice time delay threshold;
adding the received plurality of slice requests to a pool of
slice requests;
for each slice request in the pool of slice requests,
nominating all routes that exist between the source and
the destination that satisty the SLA requirements;

assessing whether a nominated route for each slice request
contained in the pool of slice request balances maxi-
mization of a utility function and minimization of
congested UALs expected to be used by other slice
requests within the pool of slice requests;

rejecting a slice request if that slice request fails to include

a nominated route that balances maximization of the
utility function and minimization of congested UALs
by returning that slice request to the pool of slice
requests; and

accepting a slice request if that slice request includes a

selected nominated route that balances maximization of
the utility function and minimization of congested
UALs by executing underwater acoustic communica-
tions via the UACS in accordance with the selected
nominated route for that slice request.

19. The non-transitory computer readable storage medium
of claim 18, wherein the nominating includes execution of
the program instructions by one or more processors of a
computer system causes the one or more processors to
perform steps comprising:

generating a first table comprising next-hop UAL rate and

time delay characteristics for the plurality of nodes;
generating a second table of incomplete potential routes
for each hop count, until a maximum hop count is
reached, wherein generating the second table com-
prises:
accessing the first table for the next-hop UAL rate and
time delay characteristics to build incomplete poten-
tial routes for each h-hop, where h-hop denotes the
number of hops in a potential route, and wherein the
h-hop does not exceed the maximum hop count; and
adding potential routes to the second table if rate and
time delay of a potential route satisfies the SLA
requirements; and
" a potential route contained within the second table
includes the destination, adding that potential route to
a third table comprising nominated routes.

20. The non-transitory computer readable storage medium
of claim 18, wherein a nominated route is selected for a slice
request is based on a slice utility function, a capacity
reserved at all UALs included in the nominated route, a loss
function and a weight constant to balance slice utility and
congestion avoidance.

21. The non-transitory computer readable storage medium
of claim 18, wherein the utility function is maximized by
selecting a nominated route for a slice request that best
matches the SLA requirements, and wherein minimization
of congested UALs is defined by a loss function that
penalizes use of UALs with high usage relative to available
UAL capacity.



