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Abstract

This paper addresses the calibration of bottom-
lock Doppler sonar for the navigation of un-
derwater robot vehicles. A least-squares in-
situ method is reported for the estimation of
the rotational alignment between a bottom-lock
Doppler sonar and a gyroscope, employing sen-
sors commonly used abroad underwater vehi-
cles.

1 Introduction

This paper examines the problem of in-situ
calibration of navigation sensor alignment pa-
rameters arising in the precision bottom-lock
Doppler navigation of underwater vehicles.
Previously reported studies by the authors and
others have shown that the principal error
sources arising in the Doppler navigation of
underwater vehicles are (a) heading and atti-
tude sensor accuracy and precision and (b) sen-
sor rotation calibration (alignment) errors be-
tween the Doppler sonar and the attitude sen-
sor [5, 19, 11]. Recently, a new class of low-
cost, true-north seeking, 3-axis fiber-optic gy-
roscopes have become available. These new
optical gyroscopes possess the ability to find
true North at sea within about five minutes
from a cold start, and provide a rated dynamic
accuracy of 0.1° — about an order of magni-
tude better precision than the best available
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gyro-stabilized magnetic compasses, and is ab-
solutely referenced to the geode. This new class
of gyroscopes effectively solve problem (a), ac-
curacy and precision, and in consequence prob-
lem (b), alignment and calibration, becomes the
principal error source.

This paper proposes a method to experi-
mentally identify sonar/gyro alignment rota-
tion offsets employing only the sensors them-
selves and tracking information obtained from a
commonly available long baseline (LBL) acous-
tic navigation system. The remainder of this
section reviews the need for in-situ alignment
calibration, the problem of underwater vehicle
navigation, the specifics of Doppler sonar nav-
igation, and previous work in Doppler naviga-
tion. Section 2 reports a method to directly
compute sonar/gyro alignment calibration with
experimental data from the sonar, gyro, and a
LBL tracking system.

1.1 The Need for In-Situ Alignment
Calibration

The in-situ alignment calibration problem for
Doppler navigation arises because the Doppler
sonar and heading/attitude sensor often must
be placed in differing locations and orientations
on an underwater vehicle. Although it would be
desirable to “hard mount” the Doppler sensor
directly to the attitude sensor, and to calibrate
the alignment during manufacture, this is often
impossible in practice.

This calibration problem first became appar-
ent while implementing DVLNAV, a real-time
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Figure 1: DVLNAV screen shot showing doppler-
based navigation and closed-loop tracking perfor-
mance of the new Jason II during Sea Trials on July
22,2002 at 1650m depth on the Juan de Fuca Ridge.

vehicle navigation software package providing
both long baseline navigation and combined
Doppler/gyro navigation in a single applica-
tion, Figure 1. Over the last three years, the
authors and collaborators at the Woods Hole
Oceanographic Institution (WHOI) have de-
ployed DVLNAV to perform Doppler/gyro nav-
igation on a variety of oceanographic vehicles,
including the United Kingdom’s ISIS ROV, the
Institute for Exploration’s Hercules ROV, and
WHOI’s Jason II ROV and inhabited deep-
diving submersible Alvin. On all of these ve-
hicles, the Doppler is mounted separately from
the gyro. On Alvin, the Doppler is mounted on
the tail-cone of the submarine, and the gyro is
located 6.5 meters away — within the subma-
rine’s titanium passenger pressure sphere.

1.2 Review of Underwater Vehicle
Navigation

At present, few techniques exist for reliable
three-dimensional position sensing for underwa-
ter vehicles. Table 1 summarizes the sensors
most commonly used to measure a vehicle’s six
degree-of-freedom position. While depth, alti-
tude, heading, and attitude are instrumented
with high bandwidth internal sensors, XY posi-
tion sensing is usually achieved by acoustically
interrogating fixed seafloor-mounted transpon-
der beacons [9, 12].

Ultra-short baseline acoustic navigation sys-

tems are preferred for the task of docking a
vehicle to a transponder-equipped docking sta-
tion but are of limited usefulness for general
long-range navigation [14, 15]. Inertial navi-
gation systems offer excellent strap-down nav-
igation capabilities, but are of limited utility
in the low-speed low-acceleration regime typi-
cal for oceanographic robotic vehicles. More-
over, their high cost generally precludes their
widespread use in civilian oceanographic in-
struments and vehicles. The U.S. sponsored
Global Positioning System (GPS) provides su-
perior three-dimensional navigation capability
for both surface and air vehicles, and is em-
ployed by all U.S. oceanographic research sur-
face vessels. The GPS system’s radio-frequency
signals are blocked by seawater, thus GPS sig-
nals cannot be directly received by deeply sub-
merged ocean vehicles. Although recent work
suggests that the next generation of acoustic
communication networks might provide posi-
tion estimation [7, 14], no systems providing
this capability are commercially available at
present.

The standard method for full ocean depth
XYZ acoustic navigation is 12 kHz long base-
line (“12 kHz LBL”) acoustic navigation [9]. 12
kHz LBL typically operates at up to 10 Km
ranges with a range-dependent precision of 4 /-
0.1 to 10 Meters and update rates periods as
long as 20 seconds [9, 12]. The precision and up-
date rate of LBL position fixes vary over several
orders of magnitude depending on the acous-
tic frequency, range, and acoustic path geome-
try. LBL navigation accuracy and precision can
be improved to some extent by careful appli-
cation of Kalman or other filtering techniques
[3, 18, 1].

At present, the best method for obtaining
sub-centimeter XY position sensing is to em-
ploy a high-frequency (typically 300 kHz or
greater) LBL system. Unfortunately, due to
the rapid attenuation of higher frequency sound
in water, high frequency LBL systems typically
have a very limited maximum range. All abso-
lute acoustic navigation methods require care-
ful placement of fixed transponders (i.e. fixed
or moored on the sea-floor [20], on the hull of



Table 1: Commonly Used Underwater Vehicle Navigation Sensors

INSTRUMENT | VARIABLE

[ INTERNAL | UPDATE RATE | PRECISION | RANGE | DRIFT |

Acoustic Altime- | Z - Altitude yes varies: 0.1-10Hz 0.01-1.0 m varies —
ter

Pressure Sensor Z - Depth yes medium: 1Hz 0.01% full-ocean —
Inclinometer Roll, Pitch yes fast: 1-10Hz 0.1° - 1° +/ —45° —
Magnetic  Com- | Heading yes medium: 1-2Hz 1-10° 360° —
pass

Gyro  (mechani- | Heading yes fast: 1-10Hz 0.1° 360° 10°/h
cal)

Gyro RLG/FOG | Heading yes fast: 1-1600Hz 0.0018° 360° 0.5°/h
Gyro North Seek- | Heading, Pitch, yes fast: 1-100Hz 0.1° 360° —
ing Roll, ,w

12 kHz LBL XY?Z Position NO varies: 0.1-1.0 Hz 0.01-10 m 5-10 Km —
300 kHz LBL XY?Z Position NO 1.0-5.0 Hz +/-0.002 m 100 m —
IMU Z,w,w yes fast: 1-1000Hz 0.01m — 1%
Bottom-Lock Tbody yes fast:1-5Hz 0.01m varies 1%
Doppler

a surface ship [12], or on sea-ice [4]) and are
fundamentally limited by the speed of sound in
water — about 1500 Meters/Second.

To demonstrate the precision of 300 kHz
LBL, the JHUROYV was held immobile for 10
minutes, while the 300kHz LBL system com-
puted the vehicle’s position at an update rate
of 2Hz. Figure 2, left, shows the position dis-
tribution for the 300 kHz LBL navigation sys-
tem. The standard deviations of the vehicle’s
X and Y positions during the experiment were
6.752x10~* meters and 7.035x10~* meters, re-
spectively.

Figure 2, right, shows data from a JASON
survey in which vehicle fixes were obtained si-
multaneously using (a) 12 kHz LBL navigation
and (b) 300 kHz LBL navigation. The data was
obtained during survey operations during JA-
SON dive #250, June 17, 1999, from 18:08Z to
19:34Z. The 12 kHz LBL update rate was 0.16
Hz (one fix every 6 seconds). The 300 kHz LBL
update rate was 1.6 Hz (one fix every 0.6 sec-
onds). The figure shows the corresponding er-
ror histogram of X and Y 12 kHz LBL errors in
comparison to 300 kHz LBL. The data shows
the 12 kHz LBL X and Y fixes to have zero
mean and a standard deviation of 0.27 meter
and 0.21 meter, respectively,

1.3 Notation

We employ the notation that a leading super-
script indicates the frame of reference for a
vector quantity, thus  “pg(t), “pa(t), and
“pa(t) represents the Doppler velocity in, re-
spectively, the world, vehicle, and instrument
frames of reference. A trailing subscript de-
notes the sensor source. Thus “py(t) repre-
sents the Doppler velocity and “p;(t) repre-
sents the LBL position, both in world coor-
dinates. For rotation matrices, a leading su-
perscript and subscript notation indicate the
frames of reference. For example 7 R(t) is a
rotation from the vehicle frame to the world
frame, i.e. “pq(t) = Y R(t) "pa(t).

We employ the standard notation ® for the
Kronecker product, and (-)° for the stack (or
vector) form of a matrix [8].

1.4 Doppler-Based UUV Navigation

Recently available bottom-lock Doppler sonars,
typically work as follows: The Doppler trans-
ducer unit has four downward-looking beam
transducers oriented at about 30° from the in-
strument vertical axis.
beams are required; four are typically used.

A minimum of three

The Doppler sensor measures the apparent




bottom-velocity (due to the vehicle’s motion)
along each of the four beams. The velocity
measurement in broadband Dopplers is per-
formed with an ensemble of one or more dis-
crete “pings” employing the entire set of four
beams — this in contrast to some conven-
tional Doppler techniques that employ continu-
ous tones. The Doppler unit digitally processes
the four ping responses to compute a 4 x 1 vec-
tor of velocities, vpeqm (t), representing the bot-
tom velocity component along the respective
beam axes. Single-ping velocity error standard-
deviation varies with beam frequency. Velocity
error standard-deviations vary with frequency
and instrument design — our 1200 kHz unit
provides a single-ping beam-velocity error stan-
dard deviation of 0.2%.

The 4 x 1 vector of beam radial velocities,
Ubeam (1), 18 converted to the instrument-frame
XYZ velocities, Zjid(t), by the linear transfor-
mation )

"Balt) = T Vacam (1) (1)
where the matrix T is a 3 x 4 constant matrix
mapping the four beam velocities into a 3 x 1
vector of instrument velocities

2. ()
pa(t) = | y(t) (2)
A(t)

representing the cartesian velocities @(t), y(t),
and Z(t), in instrument-frame coordinates.

The instrument-frame velocity, ipd(t), is
converted to the world-frame XYZ velocity,
“v4(t), by the linear transformation

w w

palt) = RO TR pa) @)

v
where ''R(t) is the time-varying rotation ma-
trix from the vehicle frame to world frame, and
gR is the constant rotation matrix from the
Doppler sonar’s instrument frame to the vehi-
cle frame, referred to herein as the sensor align-
ment rotation matrix. The value of ¥ R(t) is
computed from heading, pitch, and roll values
provided by the vehicle’s 3-axis gyroscope. A
method for the experimental determination of
VR is the subject of this paper.

The world velocities, “py(t), are integrated
to compute bottom track position

" .
palt) = “palto) + | U R(7) R p(r)dr
0

(4)
where “pg4(t) is the position estimate at time ¢
as a function of the sensor signals and the initial
position estimate “p(tp). For a more detailed
discussion of the Doppler sensor equations and
coordinate conversions, the reader is referred to

[5, 13)].

1.5 Previous Work

In [16] Spindel and colleagues report an
acoustic navigation system combining LBL
navigation techniques with transponder-based
Doppler velocity sensing. In [5] Brokloff reports
a bottom-lock doppler-based dead-reckoning
system combining a 300kHz Doppler and an in-
ertial navigation unit (for vehicle heading and
attitude data) to obtain relative navigation er-
rors of 0.4% of distance traveled over long (five
hour) high-speed (five knot) missions. In [6]
Brokloff extends the previous results to employ
water-lock Doppler tracking when the vehicle
altitude exceeds bottom-lock range.

In [20] the authors report preliminary re-
sults from the first deployment of the com-
bined LBL/Doppler navigation system de-
scribed herein. In [19] the authors identify
principal limitations to the bottom-track pre-
cision of Doppler based navigation systems and
analyze the effect of heading-sensor errors on
doppler bottom-track precision. The authors
reported a new Doppler navigation system and
further studied the effect of heading-sensor er-
rors on Doppler bottom-track precision in [11].
In [10], the authors proposed a technique for
in-situ calibration and presented simulation re-
sults.
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Figure 2: LBL navigation precision: Left, histogram plot of a 300kHz navigation system used aboard
the JHUROV. XY standard deviations are 6.752x10~* meters and 7.035x10~* meters, respectively.
Right, a histogram plot of the LBL tracking errors during closed-loop survey operations on JASON
dive #250 June 17 1999 18:08Z to 19:347Z. XY standard deviations are 0.21 meters and 0.27 meters,

respectively.

2 The Alignment Calibration
Problem

The remainder of this paper addresses the fol-
lowing in-situ doppler-gyroscope alignment cal-
ibration problem: Consider a vehicle possessing
the following three navigation sensors:

1. A bottom-lock Doppler providing 3-axis
translational velocities, ‘pg(t;) in instru-
ment coordinates. Good commercially
available units provide velocity measure-
ments with single-ping standard deviations
of 0.2% with update rates up to about 5
Hertz. The sensor alignment rotation ma-
trix 7R is constant but unknown.

2. A 3-axis north-seeking gyroscope provid-
ing absolute gyroscope attitude, ' R(t;),
and attitude rate, fR(tj), with respect to
true north and the local gravitational field.
Good commercially available units provide
dynamic 3-axis attitude at up to about 100
Hz.

3. A LBL acoustic navigation system provid-
ing absolute vehicle XYZ position mea-

surements, “p;(t;) at relatively low up-
date rates. Good commercially available
systems provide absolute precision of 0.1 to
10 meters with update rates varying from
1.0 to 0.05 Hertz.

Our goal is to employ these sensor signals
to experimentally determine an estimate 7;];?
of the unknown sensor alignment rotation ma-
trix 7R. Once 7;];? is known, the Doppler
and gyro signals can accurately determine the
vehicle position with the usual dead-reckoning
algorithm (4). In the context of at-sea under-
water vehicle operations, this calibration pro-
cedure would normally be employed when the
sensors are first installed on a vehicle, or when
the sensor mounting positions are altered for
maintenance or operational purposes.

For simplicity of exposition, assume that (a)
the LBL transponder is co-located with the
Doppler transducer at the origin of the vehi-
cle’s reference frame and (b) the coordinate
axes of the vehicle frame are defined as the
coordinate axes of the gyro. While these as-
sumptions greatly simplify the navigation equa-
tions for clarity of exposition, they can easily



be relaxed without requiring any fundamental
change in the proposed methodology.

Note that in this section we employ continu-
ous time notation despite the fact that these
sensors actually provide asynchronous sensor
readings at discrete intervals of varying period.
While it might at first appear attractive to im-
mediately adopt a discrete-time representation
in order to more closely correspond to the ac-
tual discretely sampled sensor signals, this task
is complicated by the fact that these sensors
operate asynchronously, provide data at inde-
pendently differing intervals, and cannot be ex-
actly synchronized to a single fixed sample in-
terval. In consequence, we adopt the theoret-
ically unjustified but common practice of em-
ploying continuous-time mathematical analysis,
and an ad-hoc discrete-time implementation.
Although the discrete-time implementation is
only an approximation of the continuous time
system, the sequel shows that the discrete time
system results agree favorably with those pre-
dicted by analysis of the exact continuous time
system.

2.1 Least-Squares
bration

Alignment Cali-

A first, direct method to solve for the unknown
constant rotation matrix R in (4) takes ad-
vantage of the fact that YR enters linearly
into (4). Applying the identity (ABC)S =
(CT ® A)B® to (4) results in

s = [157 e “REr(RE )

to v 1
which can be solved for the unknown vector
( YR)® by any standard method for solving
overdetermined linear systems (for example the
standard Moore-Penrose inverse) over any in-
terval [to,t] for which ‘p(t) exhibits persistent
excitation, i.e. when

N
p(r) pdr (6)
to

is full rank. The disadvantage of this direct
method is that the general Moore-Penrose so-
lution is only guaranteed to compute a R €
SO(3) only in the zero-noise case.

A second, alternative, method is to solve the
velocity equation (3) for TR “p(t) thus

VRO Mp0) = R0

The relation (7) can be solved directly for the
unknown rotation matrix ?R over any inter-
val for which ‘p7(7) exhibits persistent exci-
tation. The fatal disadvantage of this second
method is that the signal p(t),, is not available
in practice. In actual LBL systems, the world
position measurement “p;(t) is provided only
at lengthy discrete intervals (typically 1 to 20
second periods), and the measurement signal
contains sufficient noise as to render numerical
differentiation useless.

We propose a third, practical approach. Both
sides of (7) are integrated to obtain

/ R(r) “in(r)dt = R / Padt.  (8)

Integrating the left hand side by parts to elim-
inate the unavailable p(t),, signal results in

VRO “n) - [ U RE) U
= "R [ Ty (9)

which only depends on readily available sig-
nals: the raw Doppler instrument velocity sig-
nals  "pg(t;), the raw gyro angular position
" R(t;) and angular velocity ! R(t;), and the
world-referenced LBL position % p;(t). The ex-
pression (9) can be solved for the unknown ro-
tation matrix R over any interval for which
pg4 exhibits persistent excitation. Two meth-
ods are commonly employed to solve equations
of this form. If we define

alt) = DR “pt) = fp, o R(T) Upilr)dr
B(t) = Jpy “Ba(r)dr (10)
then (9) can be written

ot) = R B() (11)

which can be solved for
Moore-Penrose inverse

[ b(e)atr) ar

YR by the standard

v
1

ttﬂ(T)B(T)TdT]’l
i (12)



As in the previous cases, the Moore-Penrose
inverse solution computes a 2R € SO(3) only
in the zero-noise case. Alternatively, the singu-
lar value decomposition (SVD) approach origi-
nally reported in [2] provides a least square so-
lution subject to the additional constraint that
iR € SO(3). The reader is referred to [2, 17]
for a detailed exposition of the SVD solution
method.

3 Performance Evaluation

3.1 Simulation Performance

In [10], we report the results of simulation stud-
ies examining the performance of the proposed
calibration method. The results indicate satis-
factory performance of the proposed method in
the presence of simulation noise.

3.2 Experimental Performance

We are presently conducting trials with the
JHUROYV to experimentally evaluate the per-
formance of the proposed method, and expect
to report these results at the workshop.

4 Conclusions

This paper identified a practical problem aris-
ing in the calibration of bottom-lock Doppler
sonar for the navigation of underwater vehi-
cles. A least-squares in-situ method is reported
for the estimation of the rotational alignment
between a bottom-lock Doppler sonar and a
gyroscope, employing sensors commonly used
abroad underwater vehicles.
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