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Estimation of total vertical uncertainty for the bathymetry acquired

by autonomous underwater vehicle in deep water'

Hiroki MINAMI*

Abstract
Total vertical uncertainty (TVU) for the bathymetry acquired by multibeam echo sounder deployed on Autono-

mous Underwater Vehicle (AUV) in deep water was estimated. The existing uncertainty model for hydrographic

survey using survey vessel was applied to AUV for estimation. Estimated TVU are between 0. 27 mand 0. 35 m
for AUV depth 475 m and altitude 25 m, and between 0. 34 m and 0. 55 m for AUV depth 950 m and altitude 50 m.
With the estimation method described in this paper, the uncertainty can be estimated for any AUV depth and alti-

tude, regardless of vehicle's platform.

1 Introduction

In recent years, Autonomous Underwater Vehi-
cle (AUV) is becoming a major tool for underwater
survey and research in the world. AUV has a big
advantage for bathymetric survey because it can
acquire higher resolution bathymetry than survey
vessel by bringing the echo sounder closer to
seafloor. This advantage is especially enhanced in
deep water survey. The high-resolution bathyme-
try helps to find unrevealed morphological features
and geological structures in seafloor.

Japan Coast Guard (JCG) starts operation of
AUV to enhance the survey and research in Japan’s
territorial seas and exclusive economic zones in
2013, with the main purpose of acquiring high-
resolution bathymetry in deep water. Total Vertical
Uncertainty (TVU) (IHO, 2008) is important at-

tribute information for evaluation and use of

bathymetric data.

The estimation method of TVU for AUV is differ-
ent from that for survey vessel. This is because sur-
vey vessel directly measures bathymetry by using
echo sounder, while AUV measures vehicle’s depth
with its pressure sensor, as well as the distance be-
tween the AUV and the seafloor by echo sounder.
As depth measurement is affected by variation of
barometric pressure and pressure-depth conver-
sion model, the uncertainty specific to AUV survey
needs to be incorporated into total vertical uncer-
tainty.

Jalving (1999) incorporated these error sources
from the external environment and estimated the
depth accuracy in seabed mapping with AUV. The
estimated accuracy was 0.13 m for AUV depth 300
m, altitude 50 m and beam angle 30 degrees. The

estimated values may become one reference for
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our AUV survey, but will change depending on ve-
hicle’s platform such as echo sounder and motion
sensor, and also on operating depth. Therefore, the
flexible uncertainty estimation model specific to
JCG’s AUV is required. In this paper, TVU for AUV
survey is computed quantitatively by applying the
standard uncertainty model for hydrographic sur-

vey using survey vessel.

2 Total vertical uncertainty model for AUV
survey
Reduced depth to reference datum is given by
the following equation (Fig. 1),

d = davv + dpepm — dwr (1)

where d is reduced depth to reference datum (fi-
nal bathymetry), davv is measured bathymetry be-
neath AUV, dpsn is measured depth above AUV,
dw. is measured water level above reference da-
tum, which is affected by tide and wave.

These components are independent with each
other, so the total vertical uncertainty is given by
applying the method of propagation of uncertainty

to equation (1),

0d Z= Odayy 2+ depm 2t Odyy, 2 (2>

Sea surface

dw

Reference datum  /
A

d Depth

davv

Seafloor y

Fig.1 Schematic image for bathymetry acquired by
AUV.

where the symbol ¢ means the uncertainty for
each component. It is noted that TVU is a priori un-
certainty of each sounding, which is theoretically
computed. It is different from a posteriori uncer-
tainty such as standard deviation of multiple sound-

ings as a result of actual survey.

2.1 Uncertainty for measured depth by AUV
(Gdyun )

The uncertainty model called as HGM model
(Hare et al., 1995) is used here. This is a model de-
veloped for the uncertainty estimation mainly for
hydrographic survey using multibeam echo
sounder (MBES) on survey vessel. It is the most
commonly used uncertainty model in hydrographic
survey and also in ocean mapping. Most of the
equations used in this paper were from HGM
model.

The measured depth uncertainty 04,, is given

by,

Otypy = V0a1* + 042> +0a3” + 044> +0a5” (3)

where 041 is range uncertainty for echo sounder,
042 is beam angle and roll uncertainty, 0.3 is pitch
uncertainty, css is depth measurement limitation
for beamwidth and o045 is heave measurement un-
certainty. The details of these terms are explained

below.

2.1.1 Range uncertainty for echo sounder (041)
Range uncertainty for echo sounder 0.1 is given

by,

oa1 = 4/(cos P cos 0)%0,* 4)

where P is pitch angle, 6 is beam angle including
roll angle R. - is range measurement uncertainty,
which is broken down further,

or = / O +<70> 0,? (5)
4

where 0r.« iS range measurement uncertainty af-
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fected by sampling resolution and pulse length.
rmeas 18 measured range, v» is sound speed profile,
0y is uncertainty for sound speed profile.

The model of range measurement uncertainty
omeas for the Kongsberg Simrad EM 1000 MBES
(Hammerstad, 2001) is applied here. The EM 1000
has a frequency of 95 kHz and is suitable for shal-
low and mid-water survey. In most cases, AUV
uses shallow type MBES, so the application of EM
1000 range measurement uncertainty model is ap-
propriate. Here, the MBES is assumed to be de-
ployed on the bottom of the vehicle flatly. The

range measurement uncertainty is given by,

o= J[E) () ®

where Ars is range sampling resolution, v is sound

speed at seafloor and ¢ is pulse length.

2.1.2 Beam angle and roll uncertainty (0a2)

Beam angle and roll uncertainty 0. is given by,

04> = /(7 sin @ cos P)%c2 (7)

where 7 is the range which is the geometric dis-
tance from the echo sounder to the center of the
beam on seafloor. 0s is beam angle uncertainty in-
cluding roll measurement uncertainty, which is
broken down further,

00 = /Obneas >+ 00,y ° + 000>+ ORmeas * + Ok, (8)

align

where 0s... is beam angle measurement uncer-
tainty, 0s,, is beam angle uncertainty due to sound
speed profile, 0s. is beam angle uncertainty due to
surface sound speed, 0r... iS measurement uncer-
tainty for roll angle and o4, is uncertainty for the
correction of roll angle misalignment. Each compo-
nent is further broken down bellow.

Oomes, Deam angle measurement uncertainty, de-
pends on the type of bottom detection method, am-
plitude detection or phase detection. This is given

by,

Oomes (amplitude) = % (9)
0.2¢y

Oomas (Phase) = (10)

N

2y = 7¢y tan 0
Arp

where ¢y is across-track beamwidth, 7, is the
number of phase samples used for phase detection,
0 is beam angle of echo sounder, here not includ-
ing roll angle, and 47, is range sampling resolution
for phase. In this paper, phase detection is used
when beam angle 6 is over = 15 degrees.

0s,,, which is beam angle uncertainty due to
sound speed profile, is given by,

tan 4
21)p

0¢,, = Ovp (11)

0¢., which is beam angle uncertainty due to sur-

face sound speed, is given by,

06 s :Mdvs (12)

N

where vs is surface sound speed and o is uncer-
tainty for surface sound speed.

Ormes 1S roll angle measurement uncertainty and
OR,u 1S uncertainty for the correction of angle mis-
alignment. or,,,, is obtained as the standard devia-

tion of multiple patch test results.

2.1.3 Pitch uncertainty (oa3)
Pitch angle uncertainty o.3 is given by,

043 = /(7 cos sin P)*a} (13)

0P = /OPueas > +0ap,° (14)

where or is pitch angle uncertainty, 0r... is pitch
angle measurement uncertainty and o4r,,, is uncer-

tainty for the correction of angle misalignment.

2.1.4 Depth measurement limitation (0a4)
Depth measurement limitation for beamwidth

044 is given by,
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u=d [1 —cos (%)} (15)

where ¢- is along-track beamwidth.

2.1.5 Heave uncertainty (o4s)
Heave uncertainty o045 is separated into two com-
ponents, heave measurement uncertainty ... and

induced-heave uncertainty o#,,,

0d5 = v/ Otmeas 2+ 0t (16)

Substitution of equation (4) to (16) into equation

(3) gives measured depth uncertainty o, .

2.2 Uncertainty for measured depth by depth
sensor (Gap,, )
Uncertainty for measured depth by depth sensor

is given by,

Odpeps = / Cmeas 2+ Odeoms >+ 04y, 2 (17)

where 0au 1S uncertainty for pressure measure-
ment, 0uw.. 18 uncertainty for pressure-depth con-
version model and 04,,, is uncertainty for variation
of barometric pressure. The vehicle measures
pressure and converts it to depth using pressure-
depth conversion model (e.g. Fofonoff and Millard
(1983) ). The model uses an assumed profile for sa-
linity and temperature. This profile will change
with time during AUV survey and the difference
between the assumed profile and real one causes
the uncertainty through the variation of density.
During survey, variation of barometric pressure
above sea surface also causes depth uncertainty.
Wave and swell also affects depth uncertainty, how-

ever, the effect can be negligible for deep water.

2.3 Uncertainty for water level measurement
(Gay,)

Water level measurement uncertainty is divided

into two components, measurement uncertainty at

water level gauge oww... and spatial and temporal

prediction (zoning) uncertainty owe.... It is given

by,

(19)

Ody, =

Substitution of equation (3), (17) and (19) into
equation (2) gives TVU for AUV.

3 Results
3.1 Parameters used for TVU computation

Table 1 shows the parameters used for TVU
computation. Most parameters are from the sensor
specifications deployed on JCG’s AUV.

TVU was computed as the function of beam an-
gle from 8 = —60° to 60°. The following two scenar-

ios were considered,

Scenario 1 : Depth 500 m
and AUV altitude 25 m)

Scenario 2 : Depth 1000m (AUV depth 950 m
and AUV altitude 50 m)

(AUV  depth 475 m

For the computation, the following assumptions
were made in this paper,

1) Induced-heave is set to zero.

Since the offset between the MBES and the mo-
tion sensor for AUV is short enough, induced-
heave is considered to be small and uncertainty for
induced-heave ou,, can be negligible.

2) Constant value is used for the uncertainty for
variation of barometric pressure.

The averaged maximum pressure variation in 24
hours was 3.5 hPa from the vessel’s log of JCG’s S
/V Kaiyo cruise from July 14, 2012 to August?7,
2012 in the coastal areas of Japan. Effect of pres-
sure variation on depth measurement can be esti-

mated by using hydrostatic equation,

_ap _ 350Pa e
= g = 1030kgim*-9.8mis? = 00

Odpyy = 0.03 (m)
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Table 1 Parameters used for TVU computation (un-
certainty is expressed as 1 sigma value).

Table 2 Computed TVU for scenario 1 and scenario 2.

Scenario 1. AUV depth 475 m and altitude 25 m (unit is meter)

Variable Symbol Value (unit) S S S S S S PP S o
Beam angle 0 60 0 60 (deg) -60° | -45° | -30° | -I5 0 15 30 45 60
Pitch for echo sounder P 2 (deg) m 023 [ 0.15 ] 0.13 | 0.12 | 0.13 | 0.12 | 0.13 | 0.15 | 0.25
Roll for echo sounder R 2 (deg) 022
Pitch measurement uncertainty O ppeas 0.01 (deg) Do :
Roll measurement uncertainty O meas 0.01 (deg) G 0.10
Pitch misalignment uncertainty O araren 0.05 (deg) g 0.34 | 0.29 ] 0.28 | 027 | 0.8 | 027 | 0.28 | 029 | 0.35
Roll misalignment uncertainty O sRatien 0.05 (deg)
X Scenario 2. AUV depth 950 m and altitude 50 m (unit is meter)
Beamwidth Vv, 1.0 (deg)
o o o o o o o o o
Range sampling resolution Ar, 0.02 (m) 60° | 45 S30° | 15 0 15 30 45 60
Range sampling resolution for phase Ar, 0.02 (m) G 0.42 1 0.24 | 0.18 | 0.16 | 0.20 | 0.16 | 0.19 | 0.25 | 0.47
Pulse length 1 0.05 (ms) Ko 0.28
Sound speed profile v, 1500 (m/s) a, 0.10
Sound speed profile uncertainty o, 3 (m/s)
; g 051 | 038 [ 035 | 034 | 036 | 034 | 035 | 039 | 0.5
Surface sound speed v, 1530 (m/s)
Surface sound speed uncertainty o, 1 (m/s)
1500 (m/s) for depth 500 m
Sound speed at sea floor v N
P 1480 (m/s) for depth 1000 m Scenario 1: AUV depth = 475 m, AUV altitude = 25 m, Roll = 2°, Pitch = 2°
Heave measurement uncertainty 7 0.05 (m) o, o, A
Induced-heave uncertainty %\ 0 (m) 0.40
Uncertainty for pressure measurement oy 0.01 % of AUV depth (m)
Uncertainty for pressure-depth conversion O, 0.10 (m)"' 035
Uncertainty for barometric pressure Oy, 0.03 (m) \ —
— ~— = 030 E
Uncertainty for water level measurement Oy, 0.01 (m) >
c
Uncertainty for water level zoning Oy, 0.05 (m) 0.25 'g
“T Fofonoff and Millard (1983) et e e e o o—— —— —— — 7‘ 8
‘\ 4 020 2
\ 7 z
N, 4 ]
S ”’ =
o —=- 015 8
. . ~ - -
0.03m is used as a fixed value for uncertainty “———- ——m==T" 5
0.10 +
for barometric pressure in this report.
0.05
0.00
-60 -45 -30 -15 0 15 30 45 60

3.2 Computed TVU

Table 2 and Fig. 2 show the results of TVU com-
putation. The results are expressed as 1. 96 sigma
value.

The results show that TVU is the smallest
around beam angle =15 degrees, where bottom
detection method changes between amplitude de-
tection and phase detection. As beam angle gets
larger, TVU becomes larger because of the longer
range from echo sounder to seafloor.

TVU for beam angle +60 degrees was larger
than that for — 60 degrees. This is because roll an-
gle for echo sounder is set to +2 degrees in this
computation. Large beam angles cause long range
and TVU gets larger generally. The effect of echo
sounder’s tilting is well incorporated into the re-
sult.

The AUV altitude for scenario 2 (altitude 50 m)
is higher than that of scenario 1 (altitude 25 m).

Beam Angle (degree)

Scenario 2 : AUV depth = 950 m, AUV altitude = 50 m, Roll = 2°, Pitch = 2°

o, O",m O",Wv— — — o'd“l— " —
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/.' €
N A 040 2
\‘ \ / l’ £
\ — et ’ E
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Fig. 2 Total Vertical Uncertainty (TVU) for scenario 1
(upper) and scenario 2 (lower). Horizontal
axis is beam angle (degree) and vertical axis is
computed TVU (m).

Because of high altitude in scenario 2, the range

gets longer and the uncertainty for measured
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depth by AUV 04, becomes larger than that in
scenario 2. The uncertainty associated with the
measured depth by depth sensor and water level

measurement was constant across the swath.

4  Summary

Total vertical uncertainty (TVU) for the bathyme-
try acquired by AUV was estimated for two scenar-
ios by applying the existing uncertainty estimation
model for hydrographic survey using survey ves-
sel. Estimated TVU under some assumptions are
between 0.27 m and 0.35 m for scenario 1 (AUV
depth 475 m and altitude 25 m), and between 0. 34
m and 0.55m for scenario 2 (AUV depth 950 m
and altitude 50 m). TVU are the smallest at MBES
beam angle +15 degrees and becomes large for
outer beam angles. With the estimation method de-
scribed in this paper, the uncertainty can be esti-
mated for any AUV depth and altitude, regardless
of vehicle’s platform.

The accuracy of depth sensor is necessary to be
tested and evaluated in the future work. When
AUV is operated in deep water, depth sensor accu-
racy has a significant impact on TVU. For example,
0.01% accuracy produces 0.1 m vertical uncer-
tainty at depth 1000 m. If the practical sensor accu-
racy is 0.1%, it produces 1 m uncertainty, which
will get larger than the vertical uncertainty for
measured depth by AUV. Therefore, better under-
standing for depth sensor accuracy is critically im-

portant for estimation of TVU.
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