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1. Introduction 

1.1. Purpose and Scope of the document 
 
The FeedNetBack project focuses on control structure design for complex dynamic systems through 
wireless network communication. The control theory developed in this project is designed for several 
case studies, one of which is a coordinated fleet of autonomous underwater and surface vehicles for 
inspection.  
 
The case study, realised in WorkPackage 8, produces a deliverable ‘case  study specification’ in form 
of this document.  
 
We will introduce the application and its objectives, we will then specify the individual underwater 
vehicle as well as some aspects of fleet coordination, an finally the underwater acoustic 
communication channel and the constraints it brings to the fleet control. 
 
 

1.2. Definitions, acronyms and abbreviations 
 
ASV Autonomous Surface Vehicle 

AUV Autonomous Underwater Vehicle 

UUV Unmanned Underwater Vehicle 

UMV Unmanned Marine Vehicles 

GPS Global Positioning System 

DVL Doppler Velocity Log 

USBL Ultra Short Base Line 

LBL Long Base Line 

1.3. References 
 

1. FeedNetBack – Description of work  
2. FeedNetBack – Project Handbook 
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2. Fleet of Unmanned Marines Vehicles 

2.1. Definition  
 
The FeedNetBack project deals with a co-ordinated group of Unmanned Marine Vehicles (AUVs and 
ASVs) managed as a “fleet” for which the term “co-ordinated behaviour” is applicable, to be 
distinguished from a group of independently operating vehicles. 
 
The aim of using a fleet of vehicles is : 

·  Take advantage of using several simple vehicles instead of one complex, expensive high 
capability system; the fleet system can be considered scalable – the number of vehicles 
forming the fleet is adapted to a given application and its constraints; the redundancy of a 
multi-vehicle system increases the operational reliability; 

·  Realize tasks with a fleet that can not easily be achieved by a single vehicle system : 
distributed sampling for spatial analysis; complementary information gathered by different 
sensor packages on different vehicles; using an ASV as a communication relay etc. 

 
 
We will consider in this case study the following assumptions for the work with a vehicle fleet : 
 

·  vehicles have a common goal in form of a common mission plan; 
·  they are able to communicate through an acoustic communication network 
·  they exhibit a goal driven behaviour, which will be adapted on-the-flight through on-board 

sensor information and data exchanged through the acoustic communication network; 
·  vehicles are in charge of their own safety and security - they perform safety and anti collision 

tasks assumed to be independently from the mission execution; 
·  formation keeping and co-ordinated steering shall be possible, but no closed geometric 

formation is necessary, loose formation will allow local deviations (e. g. local obstacle 
avoidance) 

·  they shall be able to enforce a change of formation / direction due to a changed situation (e. g. 
avoidance of large obstacles) 

·  the individual behaviour can be used to optimise the communication needs and capabilities 
·  they are able to exchange or share to a given (small) extent collected payload data,  

 

2.2. What kind of mission for fleets of UMV 
 
Numerous applications exist for fleets of underwater vehicles, we will present a non exhaustive list : 
 

1. distributed spatial sampling for gradient referenced search of a sweet water source; 
2. time optimised mapping of a defined area by a fleet of vehicles; 
3. mine counter measures with complementary tasks like object identification and consequent 

neutralisation; 
4. coordination of a fleet of underwater gliders with respect to the glider payload data transmitted 

to a land based control station; 
 
Each of these applications is based on different types of underwater vehicles, in terms of energy and  
autonomy, depth capability, payload capability, mission handling, etc. 
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Scenario #1 has a considerable potential for network control theory and is chosen for the case study 
within the FeedNetBack project. 
 

2.3. Distributed spatial sampling 
 

2.3.1. Communication relay chain  
 
There are applications where instant access of user data must be possible. A typical scenario is the 
supervision of a workclass AUV (e. g. the ALIVE vehicle of Cybernetix designed to perform 
autonomously manipulation tasks on a subsea offshore structure). The range of radio and especially of 
acoustic communication is quite limited. So it might be necessary to position other vehicle to form a 
communication relay channel for the data of interest. 
 
In this case one vehicle shall maintain a defined position within certain limits. It has communication 
access to one or two other vehicles. A typical distance might be 600 m to 1 km in the acoustic 
communication case or up to 15 km in case of radio communication (surfaced only). 

2.3.2. Quality or safety enhancement 
 
In case of difficult or dangerous tasks multiple vehicles may perceive or even observe each other to 
detect a malfunction of team members. The information can be used to avoid a possibly dangerous or 
costly situation for the systems or the environment. 
 
Some examples: 
 
- With increasing autonomy it might be possible that one vehicle stays with a malfunctioning 

vehicle while another calls for help. This enables the retrieval of the malfunctioning system 
without the need of a search procedure. 

 
- A group of vehicles need to pave the way through a mined area. It might happen that one vehicle 

will be destroyed. The following robot can continue the mission. 
 
These scenarios may be extended so that one member of the team assists the other to perform a 
specific task. But practical examples for this are far ahead and are suitable more or less for workclass 
AUVs (AUVs with mechanical tools to manipulate the environment). A possible application could be 
the porthole problem: vehicles watch each other in order to help manoeuvring and avoid entanglement 
while entering through a small gate (porthole). 
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3. Description of the study scenario 

3.1. Model of the environment phenomenon 
 
The environmental phenomenon considered in the present case study is that of the diffusion of a 
specific substance out of a source situated on in a fixed location. The outflow may be that of sweet 
water source, waste water inlets, accidental pollution etc. We consider that each AUV of the fleet is 
equipped to measure locally a level of concentration, allowing at the scale given by the geometric 
extent of the fleet,  to determine a gradient of that concentration. We do not tackle the topic of how the 
concentration of the diffused substance is measured. 
 
The process of diffusion flow in a dynamic marine environment with time-varying current and 
diffusion conditions (tidal cycles, temperature, barometric pressure etc.) is a complex topic which is 
not in the scope of this project. For illustration purposes, figure 1 shows two examples of pollutant 
diffusion modelled in a Mediterranean coastal environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : pollutant diffusion off the French coast in the Med sea (model) 
 
In regard of the FeedNetBack project, we propose the following mathematical model as a simple 
possibility to describe the diffusion process. 
 
Starting from a punctual source location, particle diffusion results in a standard normal distribution 
around a centre location..  
 
 
In parallel to  the particle diffusion, marine currents will superpose a  translational movement which 
we suppose here to be linear. A vertical translational velocity is part of this movement, this component 
is explained by the relative weight of the considered substance in sea-water. The translational velocity 
acts by displacing the centre of the standard distribution. 
 
The presented model does not aim to take directly into account more complex elements like relief and 
local effects on current, local turbulence etc. Note that the presented model is used only for the 
purpose of simulation. The AUV fleet does not have any a priori information of the structure or 
parameters of the model. 
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Figure 2 : normal distribution of substance concentration 
 
The concentration c(r,s) is described by the following model of a normal distribution. 
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where s is the distance along the axis of linear displacement S, and r is the normal distance from that 
axis. The constant parameters are chosen to be0s = 10m and  q  = 3000m. 
 
The measurement of the concentration, under effects of sensor accuracy, local turbulence etc. is 
supposed to be affected by white noise with a variance equal to 1% . 
 
 
 

3.2. Composition of the fleet 
 
The FeedNetBack project aims to study fleets of vehicles working together to reach a common 
objective. In order to focus on the control and coordination of fleets, we will consider the fleet to be 
composed of a homogeneous set of vehicles, i.e. we will use the same dynamic model for all vehicles. 
The fleets is composed of AUVs carrying scientific sensors and performing the scientific mission, and 
ASVs supervising the AUV mission from surface in order to play communication relays functions for 
instance. 
 
Resulting network thus involves different means of communication having specific characteristics : 
- Underwater acoustic communication : between AUVs, between AUVs and ASVs 
- Aerial radio communication : between ASVs, between ASVs and surface ship or shore/off-shore 

station. 
 
 

3.3. Objective of the mission 
 
The study scenario is a “gradient search and following for [x] source detection” mission (where [x] 
is representing the nature of the source to be detected : fresh water, chemical source, methane vent,….)  
 

s 

s(s) 
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The objective of the mission is to detect and follow gradients of concentration of the source flow by 
considering sensed data provided by dedicated scientific sensors located on-board the AUVs. The 
vehicle baseline configuration (the formation pattern) must be such that spatial estimates of the 
gradient of the source concentration can be computed co-operatively. It is up to the fleet to manoeuvre 
so as to seek the region of higher concentration, and thus the localisation of the source (see Figure 1). 
 
The search phase will be classically performed by planning a meander-like track pattern. The main 
advantage of using multiple systems in a co-ordinated motion is the extension of the sensor range with 
respect to area coverage or depth coverage. This is especially important if properties which shall be 
measured fluctuate with time. 
 
When the expected data are measured by the detection sensors, the trajectory to be followed by the 
fleet shifts from the predefined search pattern to a sensor-based trajectory control in order to detect the 
source of the measured data. 
 
For this proposed scenario, it is of interest that information are exchanged between sensors operated 
by individual vehicles in order to build up the gradient shape and location from which a trajectory for 
the fleet of vehicles will be calculated. 
 
The scenario described here requires multiple vehicle motion co-ordination based on the type of 
information (source concentration) that is acquired as the mission progresses. The mission poses 
formidable challenges to systems designers due to the need to develop a distributed, multi-vehicle 
co-ordination scheme (requiring robust vehicle localisation, navigation, and control) in the presence 
of stringent underwater communication constraints. 
 

 
Figure 1: a fleet of AUVs following a measurement gradient and supervised at surface by ASVs 

 
During all the mission duration, the ASVs fleet at the surface should remain in adequate configuration 
with respect to the AUVs fleet. This configuration (mainly relative positioning) must guaranty the 
reliability of the communication with the AUVs group and with the support ship (see Figure 1). 

 

3.4. Categorisation of mission phases 
 
The atomic components of the mission can be derived in order to describe the basic building blocks of 
co-ordinated behaviour.  
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3.4.1. General mission structure 
 
Any mission of AUVs can be divided into the following phases which are always the same: 
 
1. Mission Planning : here the main mission, replacement missions and emergency behaviour are 

planned. 
2. Pre-Launch Check : the vehicle is checked for its full operability before being deployed into the 

water. 
3. Launch : the vehicle is lowered into the water. Typically a contact will be established by means of 

wireless communication to validate operational conditions of the vehicle 
4. Mission : the most versatile part of the process. All work is to be done in this part of the general 

mission. 
5. Rendezvous : the mission has ended and the vehicle performs the task to establish contact to the 

carrier ship 
6. Vehicle Recovery : the vehicle is guided manually into position so that it can be recovered 
7. Post mission check : the vehicle is technically checked to detect any errors or problems that 

occurred during the mission 
8. Data download : the data stored during the mission are retrieved 
 
All phases are also applicable to a fleet of AUVS, with additional constraints due to the number of 
vehicles (with probably different surface ships) and to the fleet formation management. At the 
beginning of a multi-vehicles mission, the vehicles will be in contact mode. After receiving the 
mission start signal they build the planned formation and perform various sub-modes of transit with or 
without sensor activity. At the end of the mission, vehicles are in contact mode again and wait for 
recovery. 
 

3.4.2. Contact mode 
 
At the beginning of the mission but also later on there is the need to maintain contact to one or several 
further stations. If there are no data to transmit at least an alive-signal shall be sent at a configurable 
frequency. 
 
It might be possible in some situations that some vehicles have to move to remain reachable or stay on 
a location. Thus it could serve as a relay station or wait to be called for a further task. 
 

3.4.3. Building up the fleet formation pattern 
 
Vehicles need to transit into areas of interest before or after performing a mission. They can do this in 
a loose or tight formation. Known formations are e. g. a serial or parallel line or a V-shaped formation. 
 
The major problem of this task is the forming of the desired shape. Individual vehicles need to be at 
defined time at predefined locations (possibly the internal clocks of the members need to be aligned to 
fulfil this task) justifying the need to co-ordinate the vehicles behaviour. Also, vehicles should be able 
to compensate current flow influences (or wind flow influence in the case of ASVs) and keep the 
planned track. This task has also to be performed taking into account that the vehicles are not able to 
hold position in a hovering mode, which means that the vehicles should almost reach and complete the 
formation at the same time. 
 
The transit may be performed while sensors are operating to store the data obtained. Sensor operation 
may be continuously or on command. 
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A special transit manoeuvre is given, when the destination point may vary on the fly. So the vehicles 
need to listen to commands to be redirected or called for special purposes. There is no limitation to the 
frequency of these changes. 
 

3.4.4. Send or receive special calls 
 
These calls (or commands) may occur at points in time (and location) when (where) communication is 
possible. This is true as soon as the vehicle is launched until they are recovered. 
 
The calls will ask for performing the following commands : 
- Activate previously planned mission, submissions or replacement mission plan 
- Change next waypoint/tasks 
- Insert new waypoint/task 
- Change Formation Type 
- Get Commands (e. g. for manual steering) 
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4. Fleet specification 

4.1. System architecture 
The following tables describe the principal characteristics for building AUVs and ASVs fleets.  
 

AUV fleet characteristics Values/comments 
Number of AUVs Less than 10 vehicles 
Nature of AUVs The fleet should not be composed of identical vehicles in terms of 

capabilities (velocities,…) 
Fleet formation characteristics - Inter AUV security distance : > 200m 

- 2D or 3D shape 
- must take into account the communication capabilities of the 

AUV 
 

4.2. Constraints to be considered in network fleet control 
 
The constraints regarding technical functions, navigation, safety and low level control are managed by 
the onboard vehicle controller; they are not relevant at the fleet control level. 
 
Regarding distributed fleet control, it is important to take into account the technical constraints of 
vehicle-to-vehicle communication, the autonomy in terms of remaining energy, a vehicle status 
(operational, degraded, out-of-order), a control model and a representation of a vehicles functional 
capabilities. 
 

·  The vehicle-to-vehicle communication is presented in detail in chapter 6, which proposes a 
model of the underwater transmission link for the control problem; 

·  The amount of remaining energy can be exchanged by vehicles through the acoustic link, in 
order to allow for on-line mission planning taking into account the distance a vehicle is able 
to travel; 

·  The control of vehicles in the fleet is based on the model given in paragraph 4.2.5; 
·  We will in this case study consider a group of identical vehicles with a common set of 

behaviour and a common description of the mission goal; 
 

4.2.1. Communication constraints between vehicles 
 
The acoustic communication channel requires some conditions in order to be fully exploited, 
independently of the modems compatibility : 
 
- Robustness in presence of noise : acoustic modems are sensitive to noise which can greatly affect 

the efficiency of the communication link. 
 

- Geometric configuration of the modems : the relative positioning of the fleet members can affect 
the efficiency of the link; in particular, the directivity of the modems must be considered when the 
communication is attempted. 

 
These considerations imply that the communication network management must take into account the 
relative and absolute configuration of the fleet members when attempting to transfer data, in order to 
maximise the potential of success. 
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Consequently this leads to a paradox, indicated as the “communication network management 
paradox”, and based on the following remarks : 
 
- To ensure successful acoustic communication between AUVs, their geometric configuration must 

be known (relative positioning, in particular : distance, direction, relative altitude) 
 
- To obtain relative positioning between AUV, data must be exchanged between AUV and thus 

communication must be possible. 
 
The communication network must then be managed according to these constraints by maintaining in 
some way the knowledge about the capabilities of communication of each team member, called the 
“visibility” in the communication network. 
 

4.2.2. AUV energy limitation 
 
Principal characteristics and constraint of AUVs is the limitation of on-board energy. Any newly 
programmed mission must be compliant with the energy capacity of the AUV, for its nominal 
execution but also as far as predictable, for its corrupted execution (modification of mission plan 
during its execution : obstacle avoidance, objective modification, equipment failure,…). 
 
The energy monitoring is performed on-board each AUV by internal control ; the monitoring may 
impact on the mission execution if available energy is not sufficient. The AUV will then modify its 
mission plan, with an impact on the rest of the fleet. 
 

4.2.3. AUV and ASV dynamics 
 
Different AUVs might have very different dynamics that should be considered when trying to perform 
co-ordinated motion control. 
 
ASV dynamics is also to be considered, especially because we can consider having to maintain a 
formation shape between AUVs group and surface ASVs group. Probably some strategies could be 
imagined : 
 
- ASV group follows AUVs group (if dynamics of the two groups are compatible) 

 
- ASV and AUV group only meet on pre-defined or calculated rendezvous locations (in the case 

dynamics are not fully compatible) 
 

4.2.4. Working hypothesis for fleet control problem 
 
As described in the vehicle control chapter, we assume that fleet control and vehicle control are 
completely decoupled. The vehicle internally handles piloting and control in the vertical plane, and the 
fleet control has a wide ability piloting the AUV in the horizontal plane. 
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4.2.5. Fleet control vehicle model 
 
The complex dynamic model for an underwater vehicle is relevant for the onboard vehicle control and 
handled at the appropriate level. We refer to paragraph 5.6 for a brief introduction to the dynamic 
model.  
 
The kinetic model of one vehicle, derived from the dynamic model for the aim of fleet control is 
presented here. Hence, hydrodynamic and dynamic forces are not considered at this level. As 
mentioned previously, the kinetic model is defined for control in the horizontal plane, it’s 
generalization for 3D movement is straightforward. 
 
The vehicle is represented by a rigid object exposed to a longitudinal forward acceleration al, which 
results as a linear longitudinal velocity  vl. with respect to water mass. If sea currents are considered in 
the application there influence on the velocity over ground (terrestrial frame) has to be taken into 
account. Both  al and vl. are bounded (amax. and  vmax.).   
 
The rotational acceleration around the vertical axis, wz’  results in a rotational velocity wz. Both  wz’  
and wz are bounded (wz’  max. and  wz max).   
 

 
Figure 3: kinetic control model 
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where la and zr are the longitudinal acceleration and the rotational acceleration around the vertical 
axis respectively. 
 ve is the linear velocity vector in Earth coordinates , y  the angular position around the vertical axis 

(vehicle heading) and zw  the rotational velocity around that axis. 
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The table shows values that correspond with typical AUV dynamic behaviour.  
 

 
quantity value 

amax 0.06 m/s2 
vmax 2 m/s 

wz’  max 0.5°/ s2 
wz max 3°/s 

 
Table 1: values for typical AUV behaviour 
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5. Vehicle specification 

5.1. System architecture 
We consider a medium size AUV of 200kg weight (air), length 2.5m, typical velocity 3knt (1.5m/s), 
And hovering/ station keeping capability. The vehicle characteristics are given in the following table. 
 
AUV characteristics Values/comments 

Type of AUV Torpedo shaped AUV controlled with one main propeller and two sets of fins 
(2 at front and 3 at rear) for pitch, roll, heading and depth control 

AUV velocity 
characteristics 

- Up to 2 m/s for advance speed 
- Typical cruising speed is 1.5 m/s 
- Acceleration : 0.125 m/s2 
- Changing rate of heading : 3.4 deg/s (at full speed) 
- Vertical speed : 0.8 m/s (ascent and descent) 

Hovering capability None, AUV is always in motion 
Range Max 100 km 
Operating depth Max 3000m 
Communication 
between AUV and 
surface (ASV or ship) 

ASV/Ship communication characteristics  (ORCA MATS modems) 
- frequency : 9.5-13 kHz 
- transducer : omnidirectional looking upward 
- range : 3000m max 
- baud rate : typical secured transmission is 100 bits/s 
- error : around 1 failure over 10 attempts 

Communication with 
other AUV 

Modem for inter-AUV communication (based on DSPcomm modems) 
- frequency : 15-28 kHz  
- transducer : omnidirectional 
- range : 1000 m max 
- baud rate : 480 bits/s 
- error level : around 1 failure over 10 attempts 

The position of the modems on the AUV will define its communication 
capability with other AUVs (problem of visibility) 

Sensor characteristics - heading : 0 to 360 deg 
- roll, pitch : -35 to + 35 deg 
- depth : from 0 to 3000m, with precision of 0.1m 
- altitude : provided by DVL which measures from 0 to 200m 
- ground velocities : longitudinal and transversal velocities measured 

with 0.03 m/s precision (DVL sensor used with altitude < 200m) 
Navigation Inertial sensor + DVL 

- if altitude < 200m : few drift (around 3m/hour @ 1 m/s) 
- if altitude > 200m (no DVL data) : important drift. 

Positioning reset thanks to external positioning system (using acoustic 
communication) 

- to reduce the drift 
- needs strict time stamping and reset methodology 

GPS (when AUV at surface) 
- a few meters 
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Positioning  Absolute positioning with external positioning system (USBL or BL with 

compatible frequency) 
- GAPS USBL frequency : 19-30 kHz 
- Posidonia USBL frequency : 14-20 kHz 
- Typical precision is 0.5-1% of water depth 

 
Table 2: Main characteristics of the Ifremer Asterx AUV 

 

5.1.1. Acoustic communication 
 
The acoustic communication constraints come from several characteristics often due to physical 
phenomena. Without going too deep into details, it is essential to remind the main limitations of 
underwater acoustic communication that are due first to the slow propagation velocity of sound 
through sea water (about 1500 m/s) and second to various phenomena that corrupt acoustic 
transmission (spreading, absorption and scattering losses) as well as multi-path and shadow zones that 
can be encountered by refraction of the signal. This is of particular importance considering that an 
emitter vehicle will hardly communicate with a receiver vehicle located in such a shadow zone. 
 
As a consequence, acoustic communication presents limited bandwidth capabilities (typically a few 
tens of bits/sec up to a few kbits/sec), and a global lack of robustness and reliability in presence of 
noise (ambient and induced by the vehicles) and when geometrical configuration or environmental 
conditions are varying (relative positioning between vehicles for instance, water depth, 
temperature,…). 
 

5.1.2. Safety and security 
 
It is commonly admitted that the notion of “safety” concerns the vehicle itself (vehicle status 
monitoring, internal functional of the vehicle and its equipment), while the notion of “security” 
concerns the monitoring of the AUV with respect to the environment (obstacle avoidance, bottom 
following,…). 
 
Each AUV is fitted with health monitoring functions that control the safety and the security of the 
vehicle during the mission. These functions can have an impact on the rest of the fleet (for instance 
local obstacle avoidance will probably impact the formation pattern followed by the fleet). 
 

5.1.3. Mission execution 
The common representation of an AUV mission is that of a list of sequential commands concerning 
vehicle navigation (waypoint oriented line-following, depth/altitude set-points, velocity …), payloads 
(instruments parameters and commands, logging etc.), (security parameters, alarm thresholds, fault 
responses  etc.).  
 
Dynamic re-planning of a mission consists in general in the generation of a n updated mission plan, 
which is activated following the replacement of the existing.  
 
On Ifremers AUVS fleet, we have implemented a specific task for the reception and execution of 
external lower level commands : 

·  A waypoint within a target / line-follow task , 
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·  A velocity, depth and heading within a external piloting task; 
 
This logic is extend within the feedNetBack project for the reception of acceleration (linear and 
rotational) setpoints within a constant velocity model; this mode is appropriate for optimal control in 
the scope oh this project.   

5.1.4. Mission programming 
 
The mission must be programmed in an unique way for the complete fleet as a whole without 
considering the individual vehicles. The user who is programming the mission might not be an expert 
of the individual vehicles and of their capabilities. 
 
The programmed mission will be then converted into individual mission plans in order to be executed 
by each member of the fleet. 
 
The mission plan verification must be first performed at fleet level to ensure the feasibility of the plan 
in function of various parameters by considering the characteristics of the vehicles, the geographical 
zone, some operational constraints, etc… Second, once transmitted and converted on each vehicle, the 
individual plan verification is performed taking into account specific constraints of the concerned 
vehicle. 
 

5.1.5. Payload sensor data processing 
 
Scientific payload sensor data are processed on-board each vehicle prior to share/exchange with other 
vehicles. There is probably a need in defining what kind of data coding must be used for exchanging 
the data : indeed due do acoustics communication constraints, the amount of data needs to be 
minimised. 
 

5.1.6. Embedded control architecture 
 
Each AUV is fitted with its own control computer and software architecture (which might be different 
for each vehicle). Basically, one can consider classical control architecture made of different 
hierarchical levels, decomposed between high and level control. The following steps are performed : 
 

- mission plan decoding (extraction of the mission primitives and parameters) 
 
- generation of high-level commands (waypoints) and equipment commands (for example switch 

off and on). This corresponds to external closed-loop control 
 

- generation of low-level commands (heading, speed, depth,…) according to the selected 
navigation mode (line follow, goto point, circle, …). This corresponds to internal closed-loop 
control. 

 
The lowest control level is the closed-loop control of the actuators. 
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5.1.7. Control distribution 
 
Distributed control between different AUVs must be studied and implemented taking into account the 
poorness and lack of communication between AUVs (because of the constraints of the acoustic 
communication). 
 
This implies that no critical distributed control will be performed in such a way that poor 
communication will not decrease the security and safety of the vehicles and of the mission. 
 

5.1.8. AUV positioning and navigation 
 
While the absolute position of an ASV is easily known (thanks to GPS), AUV positioning is not 
straightforward. Inertial navigation systems (based on reliable and efficient sensors and data 
processing) has witnessed vast technological improvements in the past few years but remains a 
preoccupation for AUVs. Absolute positioning can be obtained thanks to dedicated acoustic means. 
The principal methods include Long Base Line (LBL) systems, or Ultra-Short Base Line systems that 
enable to estimate the absolute position of an UUV from a surface system (ASV or ship), as it is the 
case of Ifremer Asterx AUV. 
 
In the case of several AUVs working together in a common mission, it may be required that each 
AUV has information about each fleet member position. This can be the absolute position of each 
vehicle, or the relative position between all. For instance, when using acoustic communication 
devices, the time of signal flight measurement can give range and possibly bearing for navigation 
purposes during the exchange of co-ordination signals and measurement data between AUVs. 
 
Considering the fact that within an heterogeneous fleet of UUVs, the navigation accuracy of each 
individual member may vary from others, the information exchange between the vehicles may 
improve the positioning of vehicles featuring less performing navigation systems by benefiting from 
the ones able to estimate more accurately their position. 
 

5.2. Constraints handled at vehicle system level 
 
The technical safety system of the AUV monitors a huge number of internal parameters and 
measurements. Threshold values fare defined or these parameters, when reaching alarm level a pre-
configured fault response is triggered. 
  
We will briefly describe the obstacle avoidance function ruled by the safety system : when the sensor 
reading obtained from the obstacle sonar is falling below a critical range – typically 10-15 m allowing 
the vehicle to dynamically react – an avoidance action is triggered. The alarm is acknowledged and 
manoeuvring of the vehicle is carried out. Once the measured range increases sufficiently, the alarm 
disappears and the AUV resumes it’s mission.  
 
We consider during this case study, that obstacle avoidance translates only by manoeuvring of the 
vehicle in the vertical plane – this dogma allows to completely separate the local vehicle control ans 
safety mechanisms from the goal oriented vehicle control.   
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5.3. Dynamic model 
 
The type of underwater vehicle we consider in the case study scenario is represented by a dynamic 
model with 6 degrees of freedom (DOF). In the following we give a short overview of this model, but 
we note that the vehicle dynamics are handled by the low level control loops which are implemented 
within each vehicle. We will then deduce a kinetic model which is relevant for the fleet control.   
 
The 6 DOF model for the AUV is based on an implementation of the fundamental Newton’s Law,  

iMv F= 
�  , which can be expressed for underwater vehicles by the formalism proposed by Fossen: 

 
( ) ( ) ( )Mv C v v D v v Gh t+ + + =�        (4) 

 
where: 

[ ]Tv u v w p q r=   is the vector of linear and angular velocities in vehicle frame 

 
M is the matrix containing mass and inertia terms 
 

( )C v  is the matrix containing coriolis and centrifugal terms 

 
( )D v is the damping matrix 

 
( )G h  is the matrix that summarises the effects  of weight and floatation  

 
and 
 

[ ]TX Y Z K M Nt =  is the sum of force and torque components applied to control the dynamics of the 

vehicle (this include propulsion and actuators) 
 
 
The numerical integration of (1) allows to compute the vector v  ( linear and angular velocities) from a 
known actuation state vector t . 
The use of a transfer matrix ( ), ,earth

vehC F Q Y function of the Euler angles (i.e. vehicle orientation 

compared to reference frame) allows to express the velocity vector in earth fixed coordinates and to 
compute absolute position by integration of the velocities. 
 
 
Model simplification: 

1) by adopting a reference frame positioned at the center of mass (CG) matrices M and C are 
simplified 

2) considering the limited range of velocities an underwater vehicle can attain, the damping 
matrix can be simplified to only consider a linear dependency from the velocity 
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[ ]T
X Y Z K M Nt = [ ]Tv u v w p q r=

� ( ), ,ea r th
vehC F Q Y

 
figure 3 : control system 

 
Please note that this model is handled only by the onboard vehicle controller, it is presented here for 
general information. The control model for the fleet control algorithms has been presented in 
paragraph 4.2.5.  
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6. Vehicle communication through acoustic data link  
 

6.1. Underwater Acoustic Channel 
 
Sound waves are the only practical means of remote investigation and transmission in sea-water. The 
Underwater Acoustic Channel is complex and limited by several characteristics such as: 
 

6.1.1. Transmission Loss (TL) 
 
The propagation loss which principally depends on the range and the frequency; they are described as: 

o Spherical spreading loss (PT) in dB, given by  PT = 20*Log(R) with  
 R = slant range in meter 
o Absorption loss (ao *R) en dB, with “ao” = absorption coefficient in dB/km; this 

coefficient is very important and depends on several parameters as the frequency, the 
salinity, the temperature and the depth. 

The Transmission Loss (TL in dB) increases with range (R in meter) and frequency (f in kHz) as 
shown in the following graph “TL = 20*Log(R) + ao *R/1000”  
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Credit : Kongsberg – Introduction to Underwater Acoustics 
 
 
 

NB: The spherical spreading is most common and is valid in the far field (i.e. the source is placed far 
enough from the receiver) 
 
The acoustic equipment frequency must be chosen in function of the maximum range needed for the 
specific application, taking into account other parameters as Noise. 
 
 

6.1.2. The sound speed   
 
The sound speed is a function of temperature, depth and salinity; temperature, in turn, is a function of 
depth, geographic location and weather conditions. In spite of this variety of characteristics, we can 
find typical sound speed profiles available for a given geographic location and season or month 
(Sismer data);   

o Two example of sound speed profile 
 

 
  

 

 

 
 
Knowledge of the temperature profile and hence the sound speed profile enables the prediction of 
sound transmission paths. Such information serves as input parameter to determine environment in 
which vehicles operate. 
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The nominal value sound speed is 1500m/s; this low value has two main effects, the propagation delay 
and the Doppler Effect distortion. 

- The propagation delay depends on the sound speed value and the range between the acoustic 
transmitter and the acoustic receiver; it can be important for long distance and it can limit application 
with temporal constraints. 

- The Doppler distortion corresponds to a frequency shift. It happens when the acoustic 
systems (transmitter / receiver) are moving. It depends on propagation speed and relative speed 
moving. because of the low sound speed value, the Doppler distortion can be important so the acoustic 
system must be chosen to be Doppler tolerant. 
 

6.1.3. Sound Ray Tracing 
 
The propagation paths of sound in the ocean may be predicted by using the same techniques employed 
to predict the reflection and refraction of the light rays. 
 
In crossing the interface between the different media, such as from air to glass, the light ray is 
refracted or bent. The angle of refraction depends on the ratio of the speed of light in the two media, 
this is Snell’s law. A similar process occurs with sound transmission in the ocean. 
 
For calculating the ray paths, the ocean may be considered as a set of thin layers of water of different 
sound speed. Snell’s law may be restated for acoustic rays : “sound ray passing from one medium to 
another bend toward the medium with the slower wave speed”. 
 
With sound speed profile (Sismer data, or CTD data), and with the thin layers of water , the angles 
through which sound rays will bend as they pass through different layers can be calculated and the 
rays paths plotted. 
 
The following figure shows some ray paths which may occur for given sound speed profile. 
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6.1.4. Multipaths 
 
We have already seen in previous paragraph multipaths effect due to sound speed variations; in 
shallow water, the phenomenon is more complex because it strongly depends on surface and seabed 
characteristics but also depends on geometric configuration (channel height, distance). 

o The ocean surface varies from a glossy smooth reflector to a very rough and turbulent 
surface that scatters sound in a random fashion. 

o The ocean bottom has a wide variety of compositions, slopes, and toughness, all of 
which affect sound transmission 

The effects of multipath include constructive and destructive interferences and phase shifting of the 
signal; this phenomenon is called fading and it may vary with time, geographical position, and 
receiver movements. So, continuous acoustic transmissions in shallow water are more difficult. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.1.5. The environmental Noise 
 
The noise received by the receiver bandwidth limits the maximum acoustic range of the system. We 
can find two kind of noise, first, the ambient noise like hydrodynamics noise created by wind, rain or 
like seismic movement noise or biological sea-life noise. The second kind of noise is the Vehicle 
noise. In AUV cases, because of the small vehicle size, it is difficult to remove receiver from noise 
source (propeller or other acoustic system) so it is important to measure and to take into account the 
noise received in the receiver bandwidth. 
 
The ambient noise level depends on the frequency as shown in the next graph: 
 
 
 
 
 
 

TX 
RX 

Surface (wind / sea states) 

Seabed characteristics ( geometric profile/ composition) 

Direct Path 
Surface reflection 

Seabed reflection 
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(Source : Dosits) (Spectrum level (dB ref 1µPa) function frequency (hz) 
 
 

6.1.6. Underwater Acoustic Channel synoptic 
 
One way transmission in acoustic channel can be resumed by the next synoptic: 
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Acoustic Channel theoretical approaches  
All the disturbances introduced by the acoustic channel can be written as follows: 
y(t) = signal received by the acoustic system 
r(t) = “signal” delayed and attenuated through the acoustic channel and then disturbed  by the 
environmental noise b(t) .  

Multipath effect => R(t) = � i � i*e(t- � i)  With �  = Attenuation coefficient 
Doppler effect => R(t) = r(� t) With �  = Doppler coefficient = 1 +/- 2*Vr/C (Vr = relative 
vehicle speed, C = sound speed) 

b(t) = environmental noise which can be described as “Gaussian random Noise” for ambient noise and 
stationary vehicle noise. 
 
 
Acoustic Channel practical approaches 
Another approach is based on the sonar equation (ref Urick); this approach is a practical approach 
generally used in acoustic calculation to predict the acoustic reception with a certain probability of 
detection for a stationnary environmental noise. The influence of perturbations as multipath and 
Doppler distortion is not considered in this equation. 
 
Sonar equation: 
SL - TL - Nis -10*log( BW) +  DI + GT >= MSNR 
 
SL , the transmitter Source Level, is an acoustic transmitter characteristic. 
TL, the Propagation Loss, (TL = 20*Log(R) + ao*R/1000). The calculation of these Losses takes into 
account geometrical characteristics which comprise acoustic system positions for range calculation, 
and underwater acoustic channel characteristics for absorption coefficient calculation (ao).  
The others parameters, written in italic, are acoustic receiver characteristics: 
BW, the receiver bandwidth, which is the symbol bandwidth in digital communication system 
DI, the Receiver Directivity Index,  
GT, the Signal Processing depending on signal or symbol characteristics (Bandwith (BW)), duration 
(T)), GT = 10*Log (BW*T).  
MSNR is the minimum signal to noise ratio given for ideal propagation, with Gaussian Random 
Noise. It is a receiver characteristic depending on a probability of detection PD given for a probability 
of false alarm Pfa. A simple method to account  the influence of perturbations as multipath and 
Doppler distortion is to increase the MSNR value. 
Nis, the isotrope Spectral Noise, is estimated or measured at a nominal frequency which is the middle 
of the bandwidth signal. The sonar equation does not consider the random interference perturbations. 
Acoustic systems performance must be coherent with a specific chosen application. In our application, 
horizontal propagation, vehicles moving, acoustics systems must be Doppler tolerant and robust to 
multipath perturbations 
 
 

6.2. Acoustic Modem 
 
An acoustic modem is used to transmit data underwater; it converts digital data into special 
underwater sound signals. These signals pass through underwater acoustic channel and are then 
received by a second acoustic modem and converted back into digital data.  
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6.2.1. Acoustic Modem Characteristics 
 
Data rate/ channel bandwidth (CBW)/ frequency (f): 
The mains problem in underwater acoustic communication is the data rate: this parameter is directly 
proportional to the frequency and the bandwidth of the channel; the frequencies used for 
communication are typically in the order of ten to maximum a hundred of kilohertz to obtain desired 
range, so the possible bandwidth channel is limited as well as the amount of information transmitted.  
In practical, the data rate varies from a few bits per second up to a few Kbits per second (Kbps) and 
depends on the geometrical transmission. An example of Data rate (Bps) values for different 
applications is given in the following table. 
 
 
Low Frequency 
(10Khz) 

High frequency 
(20/ 40 Khz) 

Typical usage  

20 �  200 (bps) 40�  500 (bps) Robust modulation for harsh environment, suitable in 
a great majority of application and long range. The 
range is all the shorter as the data rate is high. 

500 bps �  7 Kbps 10Kbps �  16Kbps High data rate modulation for slanting and vertical 
transmission. The range is all the shorter as the data 
rate is high. 

 
Modulation: 
Many kinds of modulation are used by acoustic modem; the evolution is to increase performance by 
the adoption and modification of signal processing techniques from the radio frequency domain to the 
underwater acoustic domain.  
An example of modulation evolution is given below  

- FSK (Frequency Shift Keying) => MFSK (Multi), generally used for communications 
requiring robustness, low bit rate 

- PSK (Phase Shift Keying)=> QPSK ( 4 phase states), usually employed for vertical 
communication with high bit rate 

- DPSK (Differential Phase Shift Keying) with synchronisation period 
- DSSS (Direct Sequence Spread Spectrum) 
- OFDM ( Orthogonal Frequency Division Multiplexing), technique used in mobile phone 
- MIMO (Multiple Input / Multiple Output With OFDM) 

The chosen modulation is characterised by a bandwidth symbol (BW) and a duration symbol (T) and 
these values are necessary to estimate the modem performances based on sonar equation.  
 
Data processing: 
Modem are characterised by data processing to increase the acoustic performance; different kind of 
data compression techniques, coding techniques, correction system and checksum validation can be 
used, but also protocol used in network communication as ARQ protocol (Automatic Repeat reQuest) 
can be employed to ensure the communication. 
 
Detection Probability (PD). 
The modem acoustic performance is characterized by a Detection Probability (PD) for a given false 
alarm Probability (Pfa);  
 
How to choose an acoustic modem? 
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The modem characteristics must be chosen in function of the application; a vertical   communication 
system will be different from one that is horizontal, a communication system used for 
control/command will also be different from one used for transmitting camera, and so on.  
Also we can grouped applications in three categories; the fist one, AUV monitoring and 
control/command, which is characterised by a communication robust using low data rate and often 
difficult environmental conditions because of the movement of vehicle and the noise generated by 
engines and / or other acoustic equipments. The second one, Seabed Observatories Monitoring, is 
characterised by a high data rate, a quiet environment, a very low consumption and generally by a 
vertical link. The last category is the acoustic network. The difficulties of this application are the 
number of vehicles, and the complexity of data exchange scenario. 
 

6.2.2. Acoustic modem configuration 
 
 
Modems used for communication between several vehicles must have the same configuration during 
the exchange data. Data rate and modulation (Symbol duration and bandwidth) are common 
parameters. We also consider that transducer are similar, with no directivity (Directivity index equal to 
zero ). Source level (SL) Probability of Detection (PD) can vary with the modem. 
 

6.2.3. Acoustic Modem Performances 
 
Each receiver modem detector is defined to optimise the “probability of detection for a given 
probability of false alarm”. As we have already seen in paragraph (5-1-6)     , these probabilities 
depend on minimum signal to noise ratio (MSNR) given without perturbation and permit to calculate 
geometrical limits of the network for a defined environmental stationary noise. 
 
So for a given acoustic modem, we can compute some examples of performances versus the maximal 
bit Error rate ( or the Probability of Detection), the geometrical configuration,  the source Level, the 
Baud Rate and  the Noise environment. 
 
For these calculations we have the following input values: 
 
Acoustic modem Transmit Input values: 
 Source Level  SL =  from 173 dB up to 185 dB ref 1� Pa at 1m  by step  3  
 Baud rate = 100 bps up to 500bps by step 100 
 Transmitter = omni directional 
  
Acoustic modem Receive parameters: 
 Probability of Detection  (PD) �  1 - erf(� MSNR/2)   = 10-2 / 10-3 / 10-4 
 With   respectively “MSNR” = 9 dB/ 12,5dB/ 16dB “Minimum Signal to Noise Ratio” to 
obtain the wished maximum bit error rate   

Receiver = omni directional 
 
Acoustic Channel parameters: Transmission Loss   
 TL = 20*log(R) + ao * R/1000  
 With Relative Slant Range in meters (100m up to 2000m by step 100m) 
 ao  in dB/km can be computing with the François Garrison formula (Annex I) or deducted 
from Tables (Annex I) 



 
FeedNetBack 

  
 

page 32/40 

  
 

Networking Underwater Vehicle Fleets -  
a Case Study  
 

DOP/DCM/SM/PRAO/09-093 

 

indice : A du 15/05/09 

 

 

 
Environment: 
 Nis = Ambient Noise Level in dBV/� Hz for the receiver nominal frequency . 
 Nis = 70- 16.6*Log(f nominal) + x dB  and x = 0 to 30 dB step 5 
  
 
The geometrical configuration:  
 The relative horizontal range between the vehicles are supposed to be greater than five time 
the relative altitude. 
 
The results are obtained from the sonar equation and correspond to maximum range in function of Nis. 
  SL - TL - Nis -10*log( BW) +  DI + GT >= MSNR 
 
With   Receive Level   RL = SL - TL 
  Noise Level   NL = Nis + 10 log(BW) 
  S/B computed = RL – NL + DI 
For DI an example is given Annex I 
 
 
With Maximal Bit Error Rate = 1 e-2 , SL = 185 dB , f nominal =10khz , 
MSNR  S/B 

computed 
Nis in 
dBV/� Hz 
at f  
 

RL dB 
� Pa at 
1m 

NL in 
dBV 

DI 
in 
dB 

Slant 
Range in 
m 

Horizontal 
Range in m 

TL 

9 11.1 55 87.9 78.8 2 11537 11537 97.1 
9 11 75 107.8 98.8 2 3531 3531 77.2 
9 11 90 122.8 113.8 2 903 903 62.1 
 
 
With Maximal Bit Error Rate = 1 e-4 , SL = 185 dB , f nominal =10khz , 
MSNR  S/B 

computed 
Nis in 
dBV/� Hz   

RL dB 
� Pa at 
1m 

NL in 
dBV 

DI 
in 
dB 

Slant 
Range in 
m 

Horizontal 
Range in m 

TL 

16 18 55 94.8 78.8 2 8226 8226 90.2 
16 18.1 75 114.9 98.8 2 1943 1943 70.1 
16 18.1 90 129.9 113.8 2 428 428 55.1 
 
 
With Maximal Bit Error Rate = 1 e-2 , SL = 173 dB , f nominal =10khz , 
MSNR  S/B 

computed 
Nis in 
dBV/� Hz   

RL dB 
� Pa at 
1m 

NL in 
dBV 

DI 
in 
dB 

Slant 
Range in 
m 

Horizontal 
Range in m 

TL 

9 11.1 55 87.9 78.8 2 6164 6164 85.2 
9 11 75 107.8 98.8 2 1217 1217 65.1 
9 11 90 122.8 113.8 2 248 248 50.1 
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With Maximal Bit Error Rate = 1 e-4 , SL = 173 dB , f nominal =10khz , 
MSNR  S/B 

computed 
Nis in 
dBV/� Hz   

RL dB 
� Pa at 
1m 

NL in 
dBV 

DI 
in 
dB 

Slant 
Range in 
m 

Horizontal 
Range in m 

TL 

16 18 55 94.8 78.8 2 3785 3785 78.1 
16 18.1 75 114.9 98.8 2 595 595 58.2 
16 18.1 90 129.9 113.8 2 113 113 43.1 
 

6.2.4. Data transmission model for control architecture 
 
From the above, we derive a simplified  but realistic model for the purposes of the FeedNetBack 
project. 
 
We consider an acoustic modem in the 10kHz  frequency band, a signal level of 173db, and a noise 
level (vehicle) of 75dBV/� Hz. At a range of approximately 1200m, the signal-to-noise ratio drops 
below an exploitable level and packet loss will sharply increase. With a bit error rate of 10-2, the 
packet loss rate, will be in the order of 10-0 (‘short’ packet assumed to 100bit), that is one packet out of 
two will not be received. This is modelled by a sharp range threshold of 1200m, above which 
communication is considered un effective. 
 
Additional effects like local turbulence, local shading, multipath etc. is represented by a 10% constant 
packet failure rate. 
 
The presented model reflects realistic use of underwater acoustic modems.     
 
 

6.3. Underwater Acoustic Vehicle Data Network 
 
In this section, we give an example of an underwater Acoustic data Network; the objective is that each 
fleet vehicle must receive information from all the other vehicles and must adapt its mission, in real 
time to coordinate with the other vehicles. 
Since the capacity of the underwater channel is severely limited, as was discussed previously, we must 
define some hypotheses to ensure successful acoustic communication between vehicles: 
 
Communication coverage :  

The maximum range between vehicles must be fixed and coherent with the acoustic modem 
performances and the environmental noise level.  Because of the omni-directionality of the 
transducers and to ensure that the network topology is always connected, vehicles must adapt 
their depth. 
To simplify our simulation, we will assume that they are all working in the same horizontal 
plane.  

 
Transmitted data :  

Data can be divided into 3 categories: 
-Vehicle data which comprises navigation data (position), status, alarms… , 
- Modem data for example Noise level (source level could be adjusted according to maximum 
range and noise),  
- Mission Sensor data defined in function of the mission.  
To reduce the volume of transmitted data it is better to define a fixed format. 
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Communication mode : 

We assume broadcast mode for all the vehicles, i.e., when a vehicle is transmitting all the 
other are listening. This mode, because it is unidirectional, reduces propagation delay because 
acknowledgement is not required therefore automatic retransmission of damaged data packets 
isn’t used. Besides, the modem doesn’t need to transmit in its header the ID (address) of the 
targeted modem. 

 
Percentage Interference Error (PIE) : 

To ensure a realist acoustic environment for our network scenario, we also have to take into 
account random noise interference because this will decrease modem performance; for our 
simulation, we can consider a simple approach using a percentage interference error (for 
example a 1% interference error results in 1 message /100 messages not transmitted). 

 
Timing process : 

Each vehicle is characterised by a “Vehicle Duration Cycle” = “VDC”, to simplify the system, 
we presuppose that each vehicle has the same duration cycle “VDC”. 
Vehicle Duration Cycle” = “VDC is defined as follows: 

 
 

 

 
 
or 

 
 

 
A security delay is necessary; to ensure successful acoustic communication between vehicles, 
because the channel must be calm before sending other data.  
Some VCD are given in the following table, where the maximum range is fixed at 1500m, 
message length is defined by 20 bytes  “abcdefghijklmnopqrst”, and the data rate varies from 
100bps up to 400 bps. 

 
Propagation duration 
(1500m) (s) 

Data rate 
(bps) 

data duration 
(20 bytes) (s) 

Security  
Duration (s) 

VCD 
Duration  (s) 

1 100 1.6 1 3.6 
1 200 0.8 1 2.8 
1 400 0.4 1 2.4 

 
• It is important to note that the unit cycle duration (VCD) has a significant impact. And with n 

Vehicles, the total cycle duration will be n* VCD. 
 

 
Acoustic timing scheduler: 

As we have just seen, we have to define the cycle chronology; the simplest scenario and the 
most robust in acoustic terms are repetitive alternating cycles (for example vehicle1, vehicle2, 
vehicle3,… vehicle1, vehicle2, vehicle3…). Cycle chronology will be defined in a scheduler. 

Propagation 
Time Delay 

Data Duration Security Delay 

= + + VCD 

range/sound 
speed 

Nb bytes*8/  
Data rate 

1s = + + VCD 
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An external synchronisation clock (represented in blue on the following graph) is fixed to each 
vehicle, and synchronised before diving. It is used to synchronise each acoustic cycle and with 
the chronology cycle allows each vehicle to determine whether in listening or transmission 
mode.  
 
An example of timing diagram is defined as follows, where we suppose 3 vehicles for 
example, cycle1, AUV1 is transmitting data, the two others are listening, and then cycle2, 
AUV2 is transmitting data..and so on.. 
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In this case, the total duration cycle for three vehicles is equal to 3*VCD. 
 
 
Conclusion: 
 
This is a functional Synoptic of the acoustic communication simulator for 3 vehicles corresponding to 
the timing diagram described in the paragraph above. This concept is simple and robust from the 
acoustic point of view but is time consuming. 
 
 

T’1 T3 T1 T2 

R1

R23        

R12 

R1

D13 

R13 

time 

T0 T T T

Data Data 

Data 

Data 

AUV1 (VCD) AUV2 (VCD) 

R23        

AUV3 (VCD) 

AUV1 

AUV2 

AUV3 
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T2 + Delay 2/3 

T1 + Delay 1/3 

T3 + Delay 3/2 

T1 + Delay 1/2 

T3 + Delay 3/1 

T2 + Delay 2/1 

T3 

T2 

T1 

AUV2 
M2 

 
M1 

 
M3 

AUV3 
M3 

 
M1 

 
 

M2 

AUV1 
M1 

 
M2 

 
M3 

Delay 1/2= Propagation Delay 1/2 + Data Duration M1 
Probability of Detection (PD2) +  Percentage interference Error (PIE2) 
Noise)  
 

Delay 3/2 = Propagation Duration 3/2 + Data Duration3 
Probability of Detection (PD2) + Percentage interference Error (PIE2) 
 

Delay 1/3 = Propagation Delay 1/3 + Data Duration M1 
Probability of Detection (PD3) +  Percentage interference Error (PIE3) 
 

Delay 2/3 = Propagation Delay 2/3 + Data Duration M2 
Probability of Detection (PD3) + Percentage interference Error (PIE3) 
 

Delay 2/1 = Propagation Delay 2/1 + Data Duration M2 
Probability of Detection (PD1) + Percentage interference Error (PIE1) 2) 

Delay 3/1 = Propagation Delay 3/1 + Data Duration M3 
Probability of Detection (PD1) + Percentage interference Error (PIE1) 
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7. Conclusion 

7.1. Environment model 
 
A parametric model which superposes normal diffusion and linear movement of a substance flowing 
out of a punctual source, has been presented in §3.1. 
 
This model has a limited degree of realism but is suitable for the control problem aimed in this project. 
 

7.2. Vehicle model 
 
The dynamic vehicle model is given by a constant velocity equation with linear and rotational 
accelerations being the input.  
 
Model equations and parameters are provided in §5.3. Functional issues and lower level control are 
realistically considered to be handled at the vehicle level, they are not relevant for the fleet 
coordination control problem. 
 
The functional description of underwater vehicle control is given in this document for information 
purposes relative to the case study.  
 

7.3. Communications model 
 
Two essential phenomena are to be taken into account in the control problem. They are formulated 
following parametric model has been proposed : 
 

1. latency and the associated scheduling scheme (see §6.3);  
2. data loss (see §6.2.4), modelled by a maximum range and a flat packet loss rate.  

 
 
Networking in the severe conditions of underwater communication, especially given joint presence of 
packet loss and significant latency, should prioritize robustness and safe, transparent functioning. We 
therefore suggest a time division medium access (TDMA) approach  in a broadcast scheme without 
low level retransmitting. The network protocol is presented in §6.3. 
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Annexe I 
 
 
Tables of Absorption coefficient 
 

 
 
 
Courtesy of Kongsberg – Introduction to Underwater Acoustics 
 
 
 
Formula of Absorption coefficient (“François – Garrison “ model) 
 This coefficient depends on 3 components in relation to the boric acid, the magnesium sulfat 
and the fresh water such as:  

 a =
+

+
+

+A P
f f

f f
A P

f f

f f
A P f1 1

1
2

2
1
2 2 2

2
2

2
2
2 3 3

2 

avec :  
a = absorption coefficient dB/km 
z =  depth in  m 
S = salinity in p.s.u. 
T = temperature en °C 
f = frequency in kHz 
 
·  Boric acid contribution Bo(OH)3 :  
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·  Sulfate magnesium contribution Mg(S0)4 :  
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·  Fresh water contribution :  
 
 P z z3

5 10 21 3 83 10 4 9 10= - ´ + ´- -. .  
�  si t < 20°C :  
 A T T T3

4 5 7 2 8 34 937 10 2 59 10 9 11 10 1 5 10= ´ - ´ + ´ - ´- - - -. . . .  
�  si t > 20°C :  
 A T T T3

4 5 7 2 10 33 964 10 1 146 10 1 45 10 6 5 10= ´ - ´ + ´ - ´- - - -. . . .  
 
 
A Directivity Index example 
 

 
 
 


