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ERROR BUDGET ANALYSIS FOR SURFACE
AND UNDERWATER SURVEY SYSTEM
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N. SEUBE, CIDCO Canada

e
=~ Abstract

For the installation of subsea infrastructures (pipelines, subsea wells, etc.) required
for the extraction, storage and supply of hydrocarbon resources, the oil and gas
company TOTAL regularly contracts hydrographic survey companies to provide
positioning and hydrographic survey services. These companies mainly use two
types of systems for these operations: surface and underwater survey systems.
The error budget estimation identifies the parameters which affect the acquired
data quality and to check if the measurement uncertainty of the sounding position
meets the minimum survey specifications described by International Hydrographic
Organization (IHO) as adopted by TOTAL. This paper gives an in-depth analysis
on the error budget estimation of surface and underwater survey systems;
describes briefly these state-of-the-art systems and proposes an estimation meth-
od of error budget of these systems. This work also contributes to improve bathy-
metric sounding position equations.

u Résumé

Pour rlinstallation d'infrastructures sous-marines (pipe-lines, puits sous-marins,
etc.) nécessaires a I'extraction, au stockage et a la fourniture d’hydrocarbures, la
compagnie pétroliére et gaziere TOTAL fait régulierement appel a des entreprises
de levés hydrographiques pour lui fournir des services de localisation et de levés
hydrographiques. Ces entreprises ont principalement recours a deux types de
systemes pour ces opérations: des systémes de sondage de surface ou
sous-marins. L'estimation du bilan d’erreur permet d’identifier les paramétres qui
affectent la qualité des données collectées et de vérifier si la précision de la
position des sondes satisfait les spécifications minimales des levés décrites par
I'Organisation hydrographique internationale (OHI) telles qu'adoptées par TOTAL.
Cet article fournit une analyse approfondie de I'estimation du bilan d’erreur des
systémes de sondage de surface et sous-marins, décrit brievement les systemes
de pointe et propose une méthode d’estimation du bilan d’erreur de ces systéemes.
Ces travaux contribuent également a I'amélioration des calculs de positionnement
des sondages bathymétriques.
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Article

“ Resumen

Para la instalacion de infraestructuras submarinas (oleoductos, pozos submarinos,
etc.) necesarias para la extraccion, el almacenamiento y el suministro de hidrocar-
buros, la compafia petrolifera y gasifera TOTAL contrata regularmente a
compafias hidrograficas para proporcionar servicios de posicionamiento y de
levantamientos hidrograficos. Estas compafiias utilizan principalmente dos tipos de
sistemas para estas operaciones: sistemas para levantamientos de superficie y
submarinos. La estimacion del balance de los errores identifica los parametros
gue afectan a la calidad de los datos obtenidos y verifica si la incertidumbre en la
medicién de la posicion de las sondas cumple las especificaciones hidrogréficas
minimas descritas por la Organizacion Hidrogréfica Internacional (OHI) y adopta-
das por TOTAL. Este articulo presenta un analisis muy detallado de la estimacion
del balance de los errores de los sistemas de levantamientos de superficie y
submarinos; describe brevemente estos sistemas de vanguardia y propone un
método de estimacion del balance de los errores de estos sistemas. Este trabajo
también contribuye a mejorar las ecuaciones para las posiciones de las sondas
batimétricas.
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Introduction

During offshore site investigations such as
seabed mapping and subsea infrastructures
inspection campaigns, hydrographic survey
contractors mainly use two types of hydro-
graphic survey systems: surface and under-
water systems. In preparing for these survey
operations, the contractor needs to estimate
the error budget of the hydrographic survey
systems to be used. The knowledge of the
error budget has many interests:

e To ensure that the procedures and equip-
ment used will meet the survey specifica-
tions required of the client. These specifica-
tions should align with the IHO’s S-44
standards (IHO 2008);

e Identify and correct errors (random and
systematic) during data processing;

o Automatically clean a dataset via the
algorithm CUBE developed by Calder
(2003).

The objective of this paper is to analyze the
predictive error budget - called the “error
budget or Total Propagated Uncertainty
(TPU)" - for surface and underwater survey
systems, and to propose new algorithms to
estimate it.

This paper is organized in three parts. Part 1
presents a detailed description of a hydro-
graphic survey system, defines the reference
frames and transformations and finally, intro-
duces the concept of error budget. Part 2 pre-
sents an error budget estimation method and
includes the derivation of the equations of a
sounding position acquired by each type of
hydrographic survey system. Finally, Part 3 is
devoted to the implementation of the error
budget estimation algorithms. The validation
of the underwater system estimator was done
using data acquired during deep water pipe-
line inspection by an AUV on behalf of the oll
and gas company TOTAL.
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Part 1. Problem Statement

1.1 Description of hydrographic survey
systems

1.1.1 Surface survey system

Classically, a surface survey system is com-
posed of several sensors: a sound velocity
probe (SVP), a GNSS positioning system, a
motion sensor (Inertial Motion Unit - IMU /
Inertial Navigation System - INS and a gyro-
compass) and a Multi-Beam Echo Sounder
(MBES), all mounted on a vessel (Figure 1).
The MBES measures the water depth. The
SVP is used to determine the sound velocity
profile in the water column in order to correct
the depth measured by the MBES from sound
speed variations. The IMU measures the
vessel attitude. Using the GNSS it is possible
to calculate the vessel position. The heave
sensor measures the vessel heave.

Beam foolprint (M)

Figure 1: Sensors and frames of a surface survey
system (Bjgrn & Einar 2005) [modified]

However, each sensor acquires its data in its
own frame. The multiplicity of frames is a
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source of error. Frames of sensors, among
others the IMU and MBES frames, need to be
aligned (Debese 2013) for data processing.
As much as possible, the alignment of the
sensors is achieved during the system instal-
lation. Possible misalignments between sen-
sors are generally corrected during the classi-
cal patch test calibration method or by auto-
matic calibration methods (Seube 2014). Fur-
thermore, data from the various sensors are
not acquired exactly at the same time. Laten-
cy between sensors is taken into account.

1.1.2 Underwater survey system

The underwater survey systems are common-
ly used to provide high resolution data for
deep water offshore projects (depth > 100m).
Figure 2 illustrates the various sensors and
frames of an underwater survey system. Pos-
sible misalignments between the sensors are
also encountered in these systems and cor-
rected during the calibration phase. For more

GNSS

ROV
AUV

Beam foolprint (M)

Tow fish
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details on classical calibration methods of an
underwater positioning system, see Skilltrade
(2012).

An underwater survey system is composed of
a mother vessel at the surface and an under-
water vehicle which are positioned relatively to
an underwater acoustic positioning system
(Ultra-short baseline - USBL). The underwater
vehicles generally used are:

e AUV (Autonomous Underwater Vehicle)
e ROV (Remotely Operated Vehicle)
e Tow fish

Underwater vehicles are generally fitted with a
number of oceanographic sensors. Their navi-
gation system is based on an INS which takes
angular rates and specific forces from the IMU
as inputs. Based on an initial acoustic posi-
tion, the INS calculates the vehicle position,
attitude and velocity. A pure inertial solution

Figure 2 : lllustration of sensors frames
in an underwater survey system - (Bjgrn
& Einar 2005) - [modified]

Underwaler vehicle
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will drift off rapidly with time. Navigation aiding
can be performed using a wide range of sen-
sors such as Doppler Velocity Log (DVL),
acoustic positioning system (USBL), and pres-
sure sensor. Once a suitable aiding frame-
work is established, a Kalman filter (KF) is
usually applied when carrying out the data
fusion in order to obtain the final vehicle tra-
jectory. An exhaustive description of KF ap-
plied in inertial navigation can be found in
Seube (2014), Farrell (2008) and Groves
(2013).

1.2 References frames and transformation

The purpose of this section is to define the
various reference frames and transformations
between them to estimate the sounding posi-
tion equations acquired by a hydrographic sur-

Truth north

MAY 2016

vey system. The main frames used are: ter-
restrial reference frame (TRF), local geodetic
frame (LGF), local navigation frame or map
projection system, body frame and sensor
frame.

1.2.1 Terrestrial reference frame (TRF)

The TRF is an earth-centered earth-fixed
(ECEF) frame. Its origin is located at the
Earth’s center. Its z-axis points along the
Earth’s axis of rotation from the center to the
North Pole. The x-axis points from the center
to the intersection of the equator with the
prime meridian. The y-axis completes the right
-handed orthogonal set, pointing from the
Earth’s center to the intersection of the equa-
tor with the 90° East meridian (see Figure 3).

GNSS

N

l E MBES

TRF - Terrestrial Reference Frame
LGF — Local Geodetic Frame

Local navigation frame
IMU Frame

MBES Frame
GNSS Frame
¢ Latitude

A Longitude

Fixed through time

Figure 3 : Different frames used
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1.2.2 Local geodetic frame (LGF)

The LGF is used to define the vessel orienta-
tion with respect to TRF. It is defined as
follows:

e Its origin is located at the IMU frame origin.

¢ Its x-axis denoted N-Northing, points to
true north.

e Its z-axis denoted N-Down, points toward
the Earth’s interior, normal to the reference
ellipsoid.

e Its y-axis denoted E-Easting, completes
the right-handed coordinate system, point-
ing to east. The x-axis and y-axis lie on the
tangent plane to the ellipsoid at the point of
interest (see Figure 3).

It should be noticed that when moving rela-
tively to the Earth, the system rotates about its
z-axis to allow the x-axis to always point to-
wards the North (Bjgrn & Einar 2005).

1.2.3 Local navigation frame

The local navigation frame (projected coordi-
nates system) is used to determine the
sounding position. Its axis are defined like the
LGF axis, however its origin and orientation
are fixed through time at an interest point (see
Figure 3).

1.2.4 Body frame (or IMU frame)

The origin of body frame is fixed to the IMU
frame origin. The IMU frame is symbolized by
(bl). These axes remain fixed with respect to
the IMU. The x-axis is defined in the forward
direction of the vessel; the z-axis is down axis,
pointing in the usual direction of gravity; and
the y-axis is the right axis completing the or-
thogonal set.

1.2.5 Sensor frames

Sensor frames are attached to each sensor of
the hydrographic survey system. The symbol
b in front of a capital letter is used in this
report to represent sensor frames (see Table
1). A sensor frame is commonly defined as
follows:

26
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e Its origin is located at the sensor specific
point such as the sensor gravity center.

e Its x-axis (roll axis) points towards the
forward direction.

e Its y-axis (pitch axis) points towards the
right direction.

e Its z-axis (yaw axis) points towards the
downward, completing the right-handed
coordinate system.

Table 1: Symbols of some sensors frames used

Symbols of sensor frames
sensor
frames
bG GNSS frame
bs MBES frame
bI IMU frame (or Body frame)
bUu USBL frame
bT Transponder frame
bD Doppler Velocity Log (DVL)
frame
bP Pressure sensor frame
bV Vessel frame
bA AUV frame
bR ROV frame

A further reading on the frame definitions and
transformations can be found in Seube
(2014), Farrell (2008), Debese (2013) and
Groves (2013).

1.3 Error budget of an hydrographic survey
system

As mentioned in Section 2.1, the sounding
position is computed from measurements from
the various sensors and procedures. Since
the true values of these measurements cannot
be determined, it is impossible to determine
the exact value of a sounding position and its
error. It is however possible to estimate its
uncertainty from sounding position equations
and the measurement uncertainties associat-
ed with each sensor measurement. The
purpose of this study is to estimate the
measurement uncertainty on the sounding
position (N, E, Zpawm) acquired by the under-
water and surface survey systems. This is
commonly called in hydrography “error budget
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or Total Propagated Uncertainty (TPU)".

The TPU is obtained by combining all the er-
ror sources contributing to the measurement
uncertainty of the sounding position (see
Figures 4 and 5) using a statistical method

MAY 2016

Part 2. Proposed method for error
budget estimation for hydrographic
survey systems

The purpose of this second part is to present
a simplified method of error budget estimation

called the uncertainty propagation law in (4 5 rface and underwater survey systems.
common  language  the root-sum-of  the sounding position equations of these
squares” (JCGM 2008). systems will be established in order to
estimate the error budget of each of hydro-
graphic survey system using the uncertainty
propagation law (JCGM 2008).
Roll
pitch o> | Heave Vesad
. L Ny Seovew - Hﬂ—ﬁ&ss
T.d |
| T ! IMU
|
Bean'llwidth
Range Samplin
C
=]
5 | MU MBES SVP
= T
2T o
Latency iz
time 3 Z |

Figure 4 : Error model for a surface survey system (Hare 2004) - [modified]. Note that all the

errors sources are not illustrated.
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Latency
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time
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() CAuwv ) =vaw

t Heave

== Yaw

Figure 5 : Error model for an underwater survey system (Hare 2004) - [modified]. Note that

all the errors sources are not illustrated.
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2.1 Equations of sounding position of a
surface survey system

2.1.1 Geometric description of a surface
MBES survey system

As shown in Figure 6, the surface survey sys-
tem geometry can be described by:

e A reference point which is generally the
origin of all lever arm measurements. In
this study, the lever arm measurements
will be expressed in the body frame.

¢ Frames attached to each sensor.

e Lever arms. The lever arm measurements
between the origin of the frame X and the
origin of the frame Y, resolved about the
axis of the M frame, denoted bM, are
symbolized byLA%,,, For instance, LA}5;, are
the lever arm measurements between the
origin of IMU frame and the origin of MBES
frame, resolved about the axis of IMU
frame.

¢ A Local Geodetic Frame used to define the
vessel orientation with respect to TRF.

¢ The Terrestrial Reference Frame.

e A Local navigation frame (n) which is the
map projection system or mapping frame.

Bawm footpant | My
TRF - Terrestrial Reference Frame

LGF - Local Geodetic Frame
Local navigation frame

¢ Latitude

7. Longitude

MAY 2016

2.1.2 Geo-referencing equations in the local
navigation frame

The objective of this section is to determine
the equations of a sounding position acquired
by a surface survey system in the local navi-
gation frame. This work will establish the
equations of a sounding position , first in the
MBES frame, then in the IMU frame, the
terrestrial reference frame (TRF) and finally in
the local navigation frame or map projection
frame.

In this paper, the position equations of a
sounding will be expressed in the mapping
frame coordinate system. These equations will
then be derived using a symbolic language
tool (Maxima, Matlab, etc.) in order to deter-
mine the measurement uncertainty of the
sounding position. The approach hypotheses
are:

1. The lever arms offsets are already known
and resolved about the axis of IMU frame.

2. The misalignments angles between the
MBES frame and the IMU frame exist and
are known.

3. The sound speed profile of the water
column is adequately known.

Truth north

Fixed through time (1, $)

Figure 6 : Multi beam echo sounder Surface survey system, frames and lever arms

(Bjgrn & Einar 2005) - [modified]
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Figure 7

—

: Sounding coordinates in MBES frame expressed in the roll angle

convention (the roll angle is positive when the starboard sinks)

4. The data acquired by the different
sensors of the survey system are
synchronous. That is to say that all the
sensors measurements are acquired at the
same time. However, in reality latency ex-
ists between the sensors. The sounding
position offset due to the latency effect will
be determined in Section 2.1.4.1.

It is important to notice that the most common-
ly used method in navigation and processing
software systems such as CARIS (2004),
EIVA, HYPACK, QINSy, etc. for the error
budget estimation of a surface survey system
was developed by Hare (2001). This approach
neglects the covariance between non inde-
pendent parameters and the latency effect
between the IMU and the MBES. They shall
be taken into account in this paper.

2.1.2.1 In the MBES frame

The sounding position coordinated in the
MBES frame is obtained from the travel time
of the acoustic wave and the incidence angle
of beam & . The travel time is converted to
slant range r using the speed profile (see
Figure 7). The sounding position in the
MBES frame can be written as follows. For
more detail about the acoustic waves propa-
gation, see (Debese 2013 and Legris 2014).

29

2.1.2.2 In the IMU frame

S and | are the origins of MBES and IMU
frames, respectively.LA7E = i5,, are the lever
arm offsets from the origin of the IMU frame to
the origin of the MBES frame, coordinated in
the IMU frame. B is the transformation from
MBES frame to IMU frame (see Figure 8). The
computation of the sounding position (M), in
the IMU frame requires two operations:

A translation for the offsets between the
two frames origins,

e A rotation for the misalignment between the
two frames.

Seabed

Figure 8: Expression of the sounding position
in the IMU frame
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From Figure 8, the sounding position in the
IMU frame, denoted iMy; = M., can be written
as follows:

D ——

IMy; = ISy + REL sMyg,

With, SMy; = REE SMys = Rbbrps

— MBEX
M LAIMU{;I + Rb.':: Ty

R}S is the transformation matrix from the
MBES frame to the IMU frame (boresight
matrix). It is described by the misalignment
angles (roll misalignment, pitch misalignment
and yaw misalignment) between the MBES
frame and the IMU frame.

The computation of the boresight matrix is
performed into a series of three successive
rotations and can be written as below:

Rp = RsyRseRse

2.1.2.3 In the terrestrial reference frame (TRF)
O and P are the origins of TRF and the center

phase position of GNSS positioning system,
respectively. OPrz= = Przs IS the phase center

GNSS Positioming
Systemn

P

0Prgr = Pray

RTH‘F

OM gy

Local navigation frame

'HI L

MAY 2016

position of GNSS in the TRF and LA&5, = 1P,

are the lever arm offsets from the IMU frame
origin to the phase center position of GNSS in
the IMU frame (see Figure 9).

Mrrr

The sounding position denoted in the

TRF, can be written as below:
OMggr = Mygy = OPrgp + PMrgp = OPrgp + RIF PMy
PMy; = LAY Vs, + LATML, + Rp§mys

Therefore, we have:
Mrgp = Prpp + Rif (RpS Ths + LAZNES,,

Ra":}q‘o is the transformation from the IMU
frame to the TRF.

RFF = RIEE(2,0) REFF (9.6, v)
Where:
. H' & is the transformation from the LGF to

the TRF;

. Rﬁ‘pis the transformation from the IMU
frame to the LGF.

Seabed

Figure 9 : Expression of the sounding position in the Terrestrial frame (TRF)
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The sounding position in the terrestrial refer-
ence frame (TRF) can be written by:

Mrgr = Prae + RISE RLSF (Rf,'é Ths T LAE’:EEEH)

The sounding position coordinated in the TRF
can be converted in the local navigation frame
(map projection system) using geodetic
conversion formulas. For the error analysis
purposes, the sounding position should also
be expressed in the local navigation - map
projection system. In order to avoid taking into
account all the existing geodetic projection
formulas, an approximation shall be used.

2.1.2.4 Simplified equations of sounding posi-
tion in the local navigation frame

Finally, the sounding position is expressed in
the local navigation frame or the map projec-
tion system. The equation above becomes:

TRF pLGF MBES
M, =Py + Rigp RIGE RETT (RS us + LAgss,)
With:
Ny
] Pﬂ = Ep
Ap
—coshysingy —sinlg —cosQ, cosky f
¢ Ripgp= (¢ +,,)R =|-sinkysing cosky —cosd,sinky
cos @, 0 =sing,
—coshsing —sinA —cos0cosh
o RIEE= R'R(Mf) = l— sinksing  cosh —cost)sin}u}
: cosd 0 —sind
¢ REF=RyRR

Bl __
* Rys= Raqﬁaeﬂam

0
¢ 1 =|-—rsina
TCosa

MBES
LAGNSS,,,
MBES
LAGNSSys;
MBES
LAGNSS,,;

MBES _
*  LAgyss,, =

For a relatively limited size survey area close
to the origin of local navigation frame (%o,¢4.%)
(the local navigation frame is fixed through
time), the rotation matrix from the LGF to the
local navigation frame (n) can be considered
to be the identity matrix. This consideration
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corresponds to the green arrow shown in
Figure 11. This approximation was done to
avoid having to consider all the geodetic pro-
jection parameters in the following derivation
computations.

The equation above becomes:
bi
M, =P, + R} (9,0,¥) (RisTys + LAGS,)
Where:

o By =(N.,E,X.) is the phase center posi-
tion of GNSS positioning system in the
local navigation frame. For an ellipsoid
referenced survey X,=-h; and for a
classical hydrographic survey

| —

.;‘l.ﬂ—u:

o f%; is the transformation from the IMU
frame to the LGF which is approximated
to the local navigation frame,

e Tpg is the sounding position in the MBES
frame,

o LAZES,, are the lever arm offsets from the
phase center position of GNSS to the
origin of the MBES frame in the IMU
frame,

o My= Ny EyXy) is the sounding position in
the local navigation frame.

The simplified equation above can be used for
the error budget analysis of a hydrographic
survey system. In practice, the lever arms
measurements are generally expressed in the
IMU frame. In this case, the lever arms meas-

bl
urements are attached to the vessel frame

It is necessary to express them in the IMU
frame as below:

b My
M, =P, + R}jtf (Rbsrb_‘i + LAy + RhVLAE'FSEst)

Figure 10 : Summary of the different rotations
(in red), transformations (in blue arrow) and
approximations (in green) necessary to ex-
press the sounding position in the local navi-
gation frame.

2.1.3 Reduction of measured depth acquired
by a surface survey system

In hydrography, depths must be referenced to
a common vertical datum. Consequently,
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LGF
RM

IMU
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(¢.6,v)

LGF

Frame

Rps(66,86,5)
+

Leveram
MBES/IMU

Sounding
positionin
MBES Frame

ounding positionin
local navigation frame,

:Qame

Ri%e (46)

LGF

f.
Leverarm IMUIGNSS
+
Prre (GNSS/ TRF origin)

L 4

/T'RF

or map projection

In asmall survey area, LGFand|

navigation frame axis are
approximately aligned

system

Figure 10 summarizes the different steps to express the sounding position in

the local navigation frame.

corrections must be applied to previous posi-
tion equations in order to get a reduced (or
charted) depth. The purpose of this section is
to present equations of sounding reduction for
two types of classical and ellipsoid referenced
surveys.

GNSS

2.1.3.1 Ellipsoid referenced survey

From Figure 11,
described as below:

the charted depth

Zhatum — SEP — (hGNSS' — Az — Z] = SEP — hM

IMU F)J'

Az Antenna

ZGNss= hp

1‘? e

Chart Datum

3
E ZDatum
Datum Height

Seabed

3

y h 4

Reference ellipsoid

Figure 11 : Charted depth for an ellipsoid referenced survey-(International Feder-

ation of Surveyors, 2006)-[modified]
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SEP represents the separation model
between the ellipsoid and the vertical datum.
The absolute sounding position determined by
an ellipsoid referenced survey can be given as
below:

Ny 0
Ey = Q0 + Py,
Z patum SEP

b
+ RE! (Rb;rbs + LAEEEM)
2.1.3.2 Classical hydrographic survey

As shown in Figure 12, the charted depth
determined by a classical hydrographic survey
is given by the formula below:

Zpgtum — -t D—H-M—-—WL

Where:
e Dis the dynamic draft;

e Histhe measured heave (Heave sensor);
e Mis the measured tide;

Water
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e WL is vertical offset between the MSL
and the chart datum:;

. is the vertical offset between a sounding
located at seabed and the IMU frame
origin.
is equal to the difference between the

vertical offset between the seabed and the

phase center position of GNSS positioning
system, denoted Z, and the vertical offset be-
tween the phase center position of the GNSS
positioning system and the IMU frame origin
denoted Az .

z=2Z,— Az
With:
Xn
— pht bl MEES
o | Yu | = Rp; (Rpsmys + LAZRE,,)
Zn
Az = —LA?ﬂg‘;wsinﬂ + LA?gfrf,blcasﬂ'sinqa +
GNSS
LA"MUXM
. GNSS
LA?ﬂgiwcnsrpcnsﬂ ; With, LAfg[‘S}il =| LAIMTyy
GNSS
LATyirz,

=i

Chart Datum

(L]

ZDatum

Seabed

'\ Sounding

Figure 12: Charted depth for a classical hydrographic survey-(International Federation of

Surveyors, 2006)-[modified]
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The absolute sounding position acquired by a
classical hydrographic survey can be given as
follows:

Np\ Xy 0
Mn= 'EP + Yn - 0
0 Z,) \Az-D+H+M+WL

As mentioned in Section 1.1, the data ac-
quired by the sensors of a surface survey sys-
tem are not synchronous. Latency is intro-
duced between some sensors of the system
to take into account the delay for information
transmission and computation. This creates a
non-negligible offset on the sounding position
(Bjgrn & Einar 2005). The purpose of the next
section is to model the sounding position off-
set due to the latency.

2.1.4 The dynamic sounding position equa-
tions of surface survey system

The mathematical modeling of the sounding
position offset due to the latency between the
sensors has mainly been studied by Seube
(2014) and Bjgrn & Einar (2005) in different
ways. The proposed approach in this section
is based on the approaches of Seube (2014),
Farrell (2008) and Bjgrn & Einar (2005).

2.1.4.1 Modeling of the sounding position
offset due to the latency effects GNSS/MBES
and GNSS/IMU

To model the position offset of a sounding due
to the latency effect in a surface survey sys-
tem, we assume that all measurements are
subject to time stamp errors apart for the
GNSS positioning system.

The time stamp errors of the sensors (GNSS
positioning system, IMU and MBES) of sur-
face survey system can be modeled as fol-
lows (Bjgrn & Einar 2005):

=0TC _ JUTC _
v teyss = tgnss =t
=Ure _ JuUrC oroc
v iy = tige + dtpgns
=UTC _ LT Uurc
V' types = types T dtypEs
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Where {7 is the sensor time stamp (time rec-
orded by the sensor X),t{"“is the physical sen-
sor measurement time and dt"“is the latency
between the GNSS positioning system and
the sensor X.

GNSS XX
MU X %
MBES X X
| I | N
I ) |
Time
uTC uTC
Lewss tyges
mbols
FUTC
r.’.‘FL‘
% Time stamp
UTC
r.‘m[_q -4 True measurement time

Figure 13: Synchronous measurements with
equal time stamps were assumed when modeling
the surface survey system (Bjorn & Einar 2005).

The fake position of a sounding is computed
at the MBES time. Indeed the data measured
by the IMU and GNSS positioning systems at
the instant ;5 and ¢Zl5. respectively, are not
the data used to compute the sounding

position at MBES time (Figure 13).

M::(ti‘;}frfs) = Pﬂ(tﬂgES) +

b urc bl ourc n ure MBES
R}y (thiBes )REsTbs (thrnEs) + RY; (t.'H'BES)LA:SNSSM
) + Cte

Cte is a vector including the various correc-
tions to determine the charted depth (see
Sections 2.1.3.1 and 2.1.3.2).

o]
( 0
HO s

The final position of a sounding M,, due to the
latency effect in the system can be expressed
as follows:

v urc

M, (ty5Es

_ orc bl ure MBES
=B, () + Rp; (t.fMU)(RbS?bS(tMBE.S)+LA‘GN5.S‘¢,J

)+Cte

0
_( 0
HGel
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In addition, the measurements can be

considered synchronous when deriving the

final position of a sounding (Bjgrn & Einar,
e FWIC _§@TC _ UTC _

2005), i-e. ity = Ffes = i =1 -

The final position of a sounding referred at

MBES time becomes:

Eﬂ(tgfiﬂffs

= Pu(tmpEs + dtygEs

+ Rpy (tises — dting + diyges) RysTes

+ Ry (thses — difng + digges)LAGNSS,,
0
0 + Cte

H (tifgs — (dtisg — dtifygs))
With:

UTe gTe
dipyy — diygggpe = dt

dt is the latency IMU/MBES. It is positive
when the physical measurement time of IMU
lags behind the physical time of MBES and
negative in the opposite case. The sounding
position offset &, created by the latency
effect in the system can be modeled by
computing the difference between the final
sounding position and M,(tiEss)  the fake
sounding position at the time tiizee .

= DTC UTE
AM, = My (37gec) — Mol G5 5c)

The sounding position offset due to the laten-
cy effect in a surface survey system is given
as follows:

— i} urc Urc »
AMp, = RL(ty5es) |dtupes Vg,

bI urc GNSS
+ Qy/nr (dfMBEsLAJMUM
0
+ dtREL| rsina
—rcosa

J T‘a:r the vessel speed resolved about the
IMU frame axes.

Where:

GNSS
+ dtLAfErs,,
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o 70, is denoted the skew-symmetric ma-

trix of rotation angular rate of frame &I with
respect to the local navigation frame
expressed in the local navigation frame.

This skew-symmetric matrix can be defined

as:
0 —dg o
br _ bl — —
'Q'n..-'b! = [nnl.-‘hfﬂ'] =1 s 0 Wy
g ay 0

The angular rate vector can be expressed in
terms of the time derivative of Euler attitudes
using (Farrell, 2008):

1 0 —sin@ @
mﬁ;fn = —wﬁ,{m = (0 cos @ siuqocosfi‘) fa
0 —sing cos@cosd/ \ i

W 1 0 —sin# @
wﬂ}w = (wz) = — (U cos¢g  sing cosﬂ) g

w3 0 —sing cos@cosf/ \ iy
The vessel angular rates are obtained by
derivation of attitude data. Finally, the final

position of a sounding due to the latency
effect can be written as:

My (tyges) = Ma(tiges) + AMa(ties)

2.2 Equations of sounding position for
underwater survey system

The purpose of this section is to express the
sounding position equations of an underwater
survey system in order to estimate its error
budget. As mentioned in Section 1.2, an
underwater survey system includes a mother
vessel and an underwater vehicle such as an
ROV, AUV or tow fish. The position of the
underwater vehicle is determined by acoustic
positioning systems; either via USBL (from the
surface) or via a Long Base Line (LBL)
network installed under the mother vessel.

In this paper, we consider a USBL acoustic
positioning system (Figure 14), as it is the
main system used in the oil and gas industry.
The USBL acoustic positioning system
delivers ranges and bearings from the acous-
tic center of an USBL transducer to the
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transponder (TP) generally located at top side
of underwater vehicle.

. Seabed -
“ M _————— ’
- e \ 2
= \_~

Figure 14: lllustration of sensors frames in an
USBL underwater survey system.

2.2.1 Equations for sounding position in the
navigation frame

The sounding position acquired by an under-
water survey system is computed in a similar
way to that of a surface survey system. It
combines two equations: the transponder
position, in the local navigation frame and the
sounding position relative to the transponder
position, in the local navigation frame.

The transponder position in the local naviga-
tion frame can be written as:

b J
TPy = P+ Rpy, (Rppimow + LATESS,, )

And the sounding position in the local naviga-
tion frame (n) can be expressed as follows:

My =TF, + R;’A (Rgérbs + LAIE%ESMA)
Where:

o TEiisthe transponder position in the local
navigation frame.

e B is the GNSS positioning system
position in the local navigation frame.

ROl is the transformation from the USBL
frame bU to the IMU frame bl,.
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Rutr is the transformation from the IMU

frame to the local navigation frame.

o Tov (Kou Youn Zow) is the transponder posi-
tion in the USBL frame bU.

pAE
. ¥ are the lever arm measurements

from the transponder frame origin to the
GNSS center phase position in the IMU
frame, located on the vessel (V).

The sounding position M. can be written as
function of the AUV position as follows:

AUV _ bl GNSS TP
Mp™" =Py + Ry, (vaf"bu + LA7p M.,) + Rpy, LAlNsyy,
bI
M, =M™ + RY, (RbsA""bS + LA.I\';[ESES;,;A}
Where:

MAEE e ,
is the AUV position, in the local navi-

gation frame.

o M, s the sounding position, in the local
navigation frame.

o &.# is the transformation from the MBES
frame to the INS frame of AUV.

e Ry, is the transformation from the INS
frame of AUV to the local navigation frame.

e T™s s the sounding position, in the
MBES frame.

o LalFes,, are the lever arm measurements

from the MBES frame origin to the INS

frame origin, resolved about the axis of INS

frame, located on the AUV.

2.2.2 Reduction of measured depth

In an underwater surface system, the horizon-
tal position of a sounding is generally
estimated by an inertial navigation system
integrated in the underwater vehicle, coupled
with aiding sensors such as Doppler Velocity
Log (DVL), acoustic positioning (USBL) and
GNSS positioning (DGNSS/PPP). The charted
depth is usually estimated by combining the
pressure sensor measurements with the
measurement of the water density profile, the
tide and atmospheric pressure measure-
ments.

Two sea water density estimation formulas
are usually used in the oil and gas industry:
the Tritech formula and the UNESCO formula
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(UNESCO/SCOR/ICES/IAPSO, 1983). These
density formulas are empirical formulas. In
some parts of the world, the UNESCO formula
is more accurate than the Tritech Formula and
vice versa. To choose the most appropriate
formula for a given survey area, the depth
results from the two formulas can be
compared with the estimated depth from the
USBL transducer.

The traditional formula error depends on many
parameters such as the sea density profile,
the measurement frequency of the CTD
(Conductivity, Temperature and Depth) probe,
the numerical integration method used, etc.

The charted depth of a sounding is traditional-
ly estimated by the formula below (Figure 15):

Atmospheric pressure

MAY 2016

Zpatum = Nps + Zn — [:M + WL:'

Where:
e hps is the AUV immersion.

e Mis the measured or predicted tide.

e WL is the MSL (Mean Sea Level) height
above the chart datum.

e Z, is the vertical offset between the pres-
sure sensor and the sounding located at
the seabed.

From (Hagen & Bjgrn 2008), the charted
depth described by the approach above can
be improved by combining the vertical position
of the sounding estimated from the hydrostatic
formula (UNESCO formula) with the integrat-
ed inertial navigation system followed by data
post processing.

Waterwater
level

MSL

[ w
Chart Datum

Pressure field = Hydrostatic pressure
field + Dynamic pressure field

Offsetof pressure
sSensor

PE asarns
II-"I'I‘\uf\. by ﬂ

M Seabed

Figure 15 : Estimation of the sounding vertical position acquired by an underwater

survey system.
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An alternative is to combine a pressure sensor
located close to the USBL and the pressure
sensor located at the top of the AUV estimat-
ed by the hydrostatic formula with the integrat-
ed inertial navigation system followed by a
post processing on navigation software. It
allows discarding the effect of dynamic wave-
induced pressure at the sea surface and
improves the vertical position of sounding
(Figure 16).

2.2.3 Dynamic equations of the sounding
position of underwater survey system

To model the sounding position offset due to
the latency effect in an underwater survey
system, this approach assumes that:

(i) The MBES, IMU, Transponder and USBL
are synchronized to UTC time.

(i) Every sensor produces a perfect measure-
ment, but this measurement is time
stamped erroneously, apart for GNSS
positioning system.

The time stamp errors of the sensors (GNSS
positioning system, IMU and USBL) of

MAY 2016

surface survey vessel can be expressed as
follows:

=0rc _ JUrc __
® fgyss = tgnss =t

ZUTC _ JUTC urc
 tivy = timo + Ay
=UTc urc

— uro
* tyspr = tyspr T diyspr
The time stamp errors of the sensors
(Transponder, INS and MBES) of the
underwater vehicle can be modeled as
follows:
~UTC Urc
o HI¢ =1t}
AUV _ UTC
fins = LiNs
AUV _ UTC
* Iypes = tMBEs

I
+ dtyss;
+ dtfye +dt,

INS AlVclock

+ dtf‘:!'%uES + drAUL'rI!nrk
dtdpvereck s the difference between the UTC
and AUV time references. For an underwater
survey system with an ROV, as all sensors
normally remain synchronized to one single
time server,  dfApyacee  should be close to
zero. In an AUV survey system, time refer-
ence can drift by a magnitude of 50 ms from
the vessel time reference when the AUV is
submerged (Bjgrn & Einar 2005).

Water water

level

Depth estimated _,.—”"_—'

by hydrostatic formula

Pressure field = Hydrostatic pressure
field + Dynamic pressure field

Offsetol pressure
SENSor

Depth estimated
by DGNSS/USBL

Seabed

Figure 16: Estimation of the sounding vertical position acquired by an underwater
vehicle using a pressure sensor close to the USBL transducer.
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(iii)

The true position of the transponder is
computed at the TP time ¢/Z° as follows:

TE,(t7p°) = Bu(1)

urc

Ry (t
TC _ e + Rpp (thwo
7 = Lusar )

GNSS
+ LAFESS,

(iv) The true position of the sounding is
computed at the MBES time as seen
below:

Mn(tipes) = TPa(t7p")

n UTC blg urc
+ Ry, (tins) (Rus os(tapEs
e
+ LAMBESMA}

The latency effect between the IMU and
the transponder doesn't affect the heave
measurement.

(v)

2.2.3.1 Transponder and sounding final posi-
tions due to the latency between the system
sensors

The final positions of the transponder and the
sounding due to the latency effect in an under-
water survey system are denoted T'F; and M, ,
respectively and can be expressed as follows:

Thy(t75") = Pa()

7 uUre bly urc
+ Rpp(timo (Rw rou(tyssL
GNSS
+LAGESS, )
37 LUTC o LUTC
M (tyges) = TE(t15°)
1 UTe big urc
+ Rpp, (£1ns (Rbs Tos(tMBEs

TP
+ LAMBESMA)

In addition (Bjgrn & Einar, 2005) assume that
the time stamps are equal (synchronous
measurements) when deriving the final
positions of transponder and sounding, i.e.:

UF  _ wAUE _ O _ pPFs  _ aliTr _
ﬂfﬂﬂ'_ Er.‘r!'?’.-"_ EIF = FE*.?FE _-E}."r'.‘ =i

Then, e/2° =I5,
The latency effect on the transponder position

has two components. The first is due to time
errors in the surface vessel. The second error

biy urc
(Rby mou(tusse
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component is due to the time errors in the
underwater vehicle (Bjgrn & Einar, 2005).

The final positions of the transponder and the
sounding become:

T LUTE _ urc urc
TP, (tysgr) = Pa(trp + dtysh;
n urc
+ Rpy,(e7p
biy urc
—dty) (Rwﬂbu (tusse

GNSS
+ LASH bfu)

v orc o (LUTC
M, (tiges) = TPy(thgrs — dts)
1 ure
+ Rpp, (tins
blg ure
— dt) (Rbs rbs(tyBEs

P
+ LAMBE.S'MA)

Where:
» dipyg —diygg = diy
o difys — dtypges = dt;
. dtﬂM%lE:‘S - dtggél + dtgyveroer = dts

Modeling of the offsets due to the latency
effects between the sensors

The transponder position offset 4T2, due to the
latency effect can be derived in a similar way
as in the Section 3.1.3.1 for surface survey
systems:

AT, (¢45) = iy, (e956) |debEE, Vi,

bly
t Qb

+ dty

UTC ; 4GNSS
(dtUBSLLAIMUMF

)

LAyskLy,
Then the sounding position offset AM,, be-
comes:

UTC y _ pn [4UTC -
AM, (types) = Rbi,(types) [dts Vi,
bi
0~ (dtgLJ‘l‘{'.,F.‘lgl.“. .

““nfbl4
TP
+ dtyLAyges,,

bly uTc

+

1) Ure
—dt;Ry¢ rbs(tmsﬂs))]
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The final position of sounding can be written
as:

Eﬂ(tﬂgfﬁ'!j') = Mﬂ(tff?;?.g) + AM, (ty!‘rBEES
+ ATP,,(tf5¢

Knowing the sounding position equations of
each type of hydrographic survey system, the
purpose of the next section is to estimate their
error budget using the uncertainty propagation
law (JCGM, 2008).

Part 3. Error budget estimation for
hydrographic survey systems

The objective of this section is to estimate the
measurement uncertainty of the sounding po-
sition acquired by the underwater and the
surface survey systems. It will also enable
analyzing the effect of each sensor uncertain-
ty on the sounding position accuracy.

3.1 Error budget estimation for surface
survey system

The sounding position acquired by a surface
survey system depends on several parame-
ters measured by various sensors (MBES,

IMU, etc.). Each measurement has an
uncertainty. The uncertainties are then
combined to estimate the measurement

uncertainty of the sounding position by using
the law of uncertainty propagation (see
Section 2.3).

3.1.1 Algorithm of error budget estimation for
surface survey system

The assumptions for the error budget algo-
rithm estimation of the surface survey system
are:

1. All the uncertainties of the measurements
acquired by the sensors of the system are
known. All parameters uncertainties are
normally distributed and uncorrelated.

2. The horizontal sounding position uncer-
tainty at 1-sigma g is:

[ 4
= log+ oz + 2 leow(N,E}

Fy "
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The covariance term is in absolute value
as it is non negligible. When N and E posi-
tion coordinates vary in the opposite direc-
tion, the covariance term is negative and
affects significantly the uncertainty posi-
tion. This assumption enables having more
realistic results.

The measurement uncertainty model used
for the MBES and the sound speed is the
one proposed by Hammerstad (2001).

This algorithm takes into account the covari-
ance between the fake position of a sounding
(without latency) and the position offset of the
sounding due to the latency effect (or time
stamp error) in the system. The partial deriva-
tives of the position equation have been com-
puted with Matlab and imported into VBA
(Excel). The following results are obtained:

Figure 17 shows the contributions of each
measurement uncertainty of sensors and
procedures to the sounding vertical position
acquired by ellipsoid referenced MBES
survey. The contribution of an uncertainty
source is estimated by neglecting the other
uncertainty sources. It is clear that the meas-
urement uncertainties of roll and pitch
misalignments have a significant influence on
the sounding vertical position. They increase
with the incidence angle. The latency effect
MBES/IMU has a direct impact on the angular
rates (more on the roll angular rate which is
the major component of skew-symmetric
matrix (Farrell 2008). For more details, see
Section 3.1.3.1. It can be noticed that the
accuracy of an angular rate is approximately
equal to the accuracy of its angle.

It can be seen that the yaw uncertainty is the
major contributor to the total horizontal uncer-
tainty of sounding. Moreover, a very accurate
calibration of angle misalignments and laten-
cies (GNSS/IMU and GNSS/MBES) is neces-
sary to significantly improve the total horizon-
tal uncertainty of sounding. Moreover, from
Figure 18, the latency in the GNSS/IMU
makes a significant contribution to the TVU.
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TOTAL VERTICAL UNCERTAINTY (TVU)
Ellipsoid referenced survey

TVU [GNSS Survey)
BeamWidth

GNSS Positioning System
SEP

Latency GMSS/IMU
Angular rates (Pitch, Roll and Yaw)
Lever arms

Vessel speed

Latency GNSS/MBES
Sonar & Sound Speed
Yaw misalignment

Pitch misalignment

Roll misalignment

Yaw

Pitch

Aoll
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Incidence angle
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-50
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B-55

Uncertainty [in m)
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Figure 17 : Total vertical uncertainty for ellipsoid referenced MBES survey. For a depth=250 m, roll=6°, roll

uncertainty=0.1°, roll misalignment=0.5°,

Latency GNSS/MBES=0.1s,

latency GNSS/IMU=0.01, angular rates

uncertainties roll, pitch and yaw =0.1°, 0.1° and 0.2 °, roll misalignment uncertainty=0.1° and measurement uncertain-

ties of SVP, SVS are equal 0.25 m/s.

The study of Figures 17 and 18 shows on
which sensor, and which parameter, the sur-
vey operator should focus on. It clearly ap-
pears that an error on the angular rates will
have less impact on the sounding accuracy
than an error on the yaw for instance. This
should be used by hydrographic companies/
services to improve their equipment and pro-
cedures.

3.2 Error budget estimation of underwater
survey system

The sounding position acquired by an under-
water survey system depends on more
parameters than a surface survey system
does. The measurement uncertainty on the
horizontal position is equal to the square root
of the sum of variances of the measurement
uncertainty of the transponder horizontal posi-
tion and the measurement uncertainty of the
sounding position relative to the transponder
position. The measurement uncertainties on
the transponder position and the sounding
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position relative to the transponder are esti-
mated by applying the uncertainty propagation
law to their position equations. The vertical
position of the sounding is determined in a
similar way.

In practice, the transponder position (or under-
water vehicle) is usually determined from the
acoustic (DGNSS/USBL) and inertial (IMU)
positioning methods, as they have comple-
mentary qualities. Acoustic positioning is char-
acterized by a relatively high and evenly dis-
tributed noise and no drift in the position, while
inertial positioning has a very low short-term
noise and relatively large position drift over
time (Kongsberg, 2015). Data post-processing
on navigation software can enhance the
measurement uncertainties on transponder
position by 50% to 70% (Kongsberg 2015).
From iXBlue (2004), the yaw uncertainties
could be improved by approximately 50%. The
navigation software used both the past and
future sensors’ measurements and their un-
certainties computed by the Kalman filter.
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TOTAL HORIZONTAL UNCERTAINTY (THU)
THU |
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Latency GNSS/IMU | — ..
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Figure 18 : Total horizontal uncertainty for ellipsoid referenced MBES survey. For a depth=250 m, roll=6°, roll
uncertainty=0.1°, roll misalignment=0.5°, Latency GNSS/MBES=0.1s, latency GNSS/IMU=0.01, angular rates uncer-
tainties roll, pitch and yaw =0.1°, 0.1° and 0.2 °, roll misalignment uncertainty=0.1° and measurement uncertainties of

SVP, SVS are equal 0.25 m/s.

3.2.1 Algorithm of error budget estimation of
underwater survey system

To estimate the measurement uncertainty of
sounding position acquired by an underwater
survey system, we make the same assump-
tions than those made for surface survey
systems. The following results were obtained:

Figure 19 shows the contributions of each
measurement uncertainty of sensors and
procedures to the sounding vertical position
acquired by an AUV survey. The sonar
measurement uncertainty has an important
effect at the nadir as shown by the curve of
the uncertainty contribution of sounding
position relative to the transponder.

TOTALVERTICAL UNCERTAINTY (TVU)

—4—Depth of Underwater Vehicle

—wr—5punding position relative to pressure sensor

Untertainty

inm
{in m) 18

551
=== Barometer

—4—Density

~w— Latitude
——Tide

Vertical offset between M5L and LAT
TVU (Classical survey)

45 50 S0 40 30 -20 0 0 10
Incidence angle (in degres)

CONFIDENCE LEVEL

2 M & S0 &0 &5

95.0%

Figure 19 : Total vertical uncertainty for AUV survey at 1500 m water depth.
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Figure 20 : Total horizontal uncertainty for AUV survey at 1500 m water depth.

Figure 20 shows the contributions of each
measurement uncertainty of sensors and pro-
cedures to the horizontal sounding position
acquired by a classical AUV survey system.
The TVU increases as the sounding moves
away from nadir with a magnitude of 6m at
86.4% of confidence level. The TVU is more
affected by the measurement uncertainty of
roll and can be significantly improved using a
very accurate IMU. This argument has been
raised by (Kongsberg 2015).

Implementation on pipelines inspection
campaign by AUV

To validate the error budget estimation algo-
rithm for the underwater and surface survey
systems described in the previous para-
graphs, in 2014, TOTAL conducted an AUV
pipeline inspection campaign in Angola.
Permanent LBL frames previously located by
LBL positioning techniques and least square
network adjustment were also measured by a
MBES mounted on AUV. The comparison
between LBL reference coordinates and those
measured by AUV gives an indication of the
sounding accuracy. This effective accuracy
will then be compared with the TPU estimated
using the TPU algorithm. The comparison
enabled the validation of the TPU algorithm.
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The positions acquired by LBL acoustic posi-
tioning technique are taken as reference
positions, as a permanent LBL network pro-
vides a very high positioning accuracy
(Sonardyne 2015). The horizontal uncertain-
ties are generally better than 1m and can
reach 10cm. A disadvantage of the system
however is its time consuming installation and
calibration during offshore operations, which
has a commercial impact when deciding on
suitable positioning systems (Sonardyne
2015). For more information about, the LBL
acoustic positioning technique, see So-
nardyne (2015), Groves (2013) and Jong
(2013).

Table 2 shows the accuracies of frames
positions and the predicted uncertainties of
these positions via the error budget estimation
algorithm. The depth as-built-LBL is the depth
estimated during the LBL frame installation
using the traditional formula (mean sea water
density). The AUV depth was also estimated
using the traditional formula. The measure-
ment uncertainty of the sea water density tak-
en in this study is 0.4 kg/m?®.

These results are very satisfactory, as the
uncertainties of LBL frames positions are
superior to obtained accuracies, but not too
different.
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Table 2 : Accuracies and Predicted uncertainties of LBL frames via the error budget estimation tool of

underwater survey system.

Frame Depth Horizontal accuracy Horizontal Vertical Vertical
ID (as built (ﬁp — w"m) uncertainty accuracy | Uncertainty at
LBL) at 2o (95%) 2o (86.4%)
DAL 16 1411.95 m 0.76 m <3.37m 0.35 <1.61m
DAL 16 1411.95 m 0.66 m £3.37m 0.32 <1.61m
DAL 59 117545 m 1.08m =2.79m 0.42 =1.49m
DAL 64 1223.89 m 2.07m €2.91m 0.42 £1.51m
DAL 90 1276.05 m 1.48m <3.03m 0.23 <1.54m
DAL 90 127605 m 1.02m <3.03m 0.06 <1.54m
GIR 19 1374.25 m 1.32m <3.27m 1.56 <1.59m
GIR 47 1303.69 m 0.51m <3.10m 0.95 <1.55m
CLOV 27 1319.10 m 2.07m =3.15m MONE = 1.56m
ROSA 12 1384.00 m 0.8m <3.30m MONE <1.60m
Conclusion The error budget estimation and position

The objective of this project was to analyze
the error budget for surface and underwater
survey systems. The major outcomes of this
work can be summarized as follows:

e Improvement of the sounding position
acquired by the underwater and surface
survey systems.

e Improvement of the error budget estima-
tion algorithm for underwater and surface
survey systems. The major added value
are:

- The consideration of the covariance
between the coordinates X and Y and
the propagation of errors of a functional
MBES model.

- The consideration of latency errors
between the sensors of hydrographic
survey systems.

o Demonstration that a yaw misalignment
between the IMU and the MBES influ-
ences the vertical position of sounding.

The main outcome of this study is the imple-
mentation of error budget estimation
algorithms applied to underwater and surface
survey systems. These tools will be used by
TOTAL to evaluate the technical aspects of
contractor proposals, to better qualify the
accuracy of acquired data and to improve their
survey methodologies and accuracies.
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equations algorithms for underwater and
surface survey systems can be easily import-
ed in JAVA, FORTRAN, C and PYTHON in
order to quickly update hydrographic data
acquisition, navigation and processing soft-
wares. An implementation of error budget
estimation tool was done on the data of the
inspection campaign of pipelines by an AUV
with satisfactory results.

Grateful thanks for the members of the hydro-
graphic survey community involved in this
project for their insightful and constructive
help. This objective could be achieved through
the combined efforts of several people of the
hydrographic survey community. This paper
benefited from comments from: Vincent
LATRON (TOTAL), Marie-Laure GEAI
(TOTAL), Frederic AUGER (TOTAL), Pierre
BOSSER (ENSTA Bretagne), Patricia GAS-
PAR (CARIS), Marc KEBBEL (FUGRO),
Nathalie DEBESE (ENSTA Bretagne), Arnaud
VIDAL (TOTAL), Chris MALZONE (QPS),
Emilie  BLANCART (TOTAL), Rabine
KEYETIEU (CIDCO), Jeppe NIELSEN (EIVA)
and Colin CAMERON (DOF Subsea).
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