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Abstract. The availability of a high-performance navigation state estimator is funda-
mental to Autonomous Underwater Vehicles (AUVs), especially when multiple vehicles
are involved in autonomous tasks. The underwater environment further complicates the
estimation process, reducing the number of available sensors.
In this paper, a navigation filter based on the Unscented Kalman Filter (UKF) and rely-
ing on AUV onboard sensors is proposed. The performance of the presented solution is
evaluated exploiting experimental data acquired by the two Typhoon AUVs, developed
and built by the Department of Industrial Engineering (DIEF) of the University of Flo-
rence within the THESAURUS Tuscany Region Project for exploration and surveillance
of underwater archaeological sites, during the International workshop Breaking the Sur-
face 2014 (BtS 2014) held in Biograd na Moru (Croatia) in October 2014. An offline
comparison between the estimates given by the proposed filter and those computed by a
standard navigation algorithm (based on the Extended Kalman Filter, EKF) is presented.
The demonstration performed at BtS 2014 constitutes a preliminary test of cooperative
navigation between the two AUVs. The obtained results show that the UKF offers promis-
ing accuracy improvements with respect to the EKF; in addition, the computational load
required is affordable by the typical AUV hardware. According to the achieved results,
the proposed algorithm will be implemented on the Typhoon AUVs and tested online.
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1 INTRODUCTION
Nowadays, Autonomous Underwater Vehicles (AUVs) are employed to execute many

navigation tasks. To ensure the success of a mission, a precise and reliable navigation
state estimation in necessary [1], [2], [3], [4]. The underwater environment, preventing
the use of the Global Positioning System (GPS), still makes underwater navigation a
critical topic. Usually, AUV navigation is based for long periods of time on the measure-
ments acquired by onboard sensors. Hence, the choice of a suitable filtering algorithm is
crucial to guarantee a satisfying degree of accuracy for what concerns navigation state
estimation. This paper presents an underwater navigation system which exploits data
coming from an Inertial Measurement Unit (IMU), a Doppler Velocity Log (DVL), and a
Pressure Sensors (PS) for the depth [5], [6], [7], [8], [9]; the proposed navigation system is
based either on the Extended Kalman Filter (EKF) [10], [11], [12], [13], [14], [15], which is
usually adopted in underwater robotics, or on the Unscented Kalman Filter (UKF) [16],
[17], [18]. A comparison between the two approaches is presented, exploiting acoustic
localization by means of an Ultra-Short BaseLine (USBL) sensor as ground truth. In
addition, to improve the navigation performance, cooperative localization based on an
USBL compatible modem mounted on a different AUV is investigated. To evaluate the
performances of the proposed strategies (including the aforementioned USBL-based co-
operative approach) experimental data acquired during the FP7 European ARROWS1

project tests, held in Biograd na Moru (Croatia) in October 2014 within the framework
of the International workshop Breaking the Surface (BtS 2014) have been exploited. The
vehicles involved are the two Typhoon class AUVs developed and built by the University
of Florence within the Tuscany Region project THESAURUS2. The achieved results show
that both solutions are effective, and establish the superiority of the UKF; the use of
the USBL in cooperative navigation allows to obtain encouraging performance improve-
ments. The algorithms are suitable for onboard AUV implementation, and new tests are
scheduled for next summer.

2 AUV DESCRIPTION
The middle-sized Typhoon class AUV has been developed and built by the Mecha-

tronics and Dynamic Modelling Laboratory (MDM Lab) of the Department of Industrial
Engineering (DIEF) of the University of Florence in the framework of the THESAURUS
and the ARROWS projects. The longitudinal, lateral and vertical motions of the AUV
and the yaw and pitch angles are directly controlled thanks to the two main rear pro-
pellers and to four thrusters. Stability against roll motion is ensured by the hydrostatic
phenomena. The position of the propellers and of the thrusters on the vehicle is reported
in Figure 1.
Currently, two versions of the Typhoon AUV have been built, named TifOne and TifTu.

1ARROWS project: www.arrowsproject.eu
2THESAURUS project: www.thesaurus.isti.cnr.it
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Figure 1: Typhoon AUV CAD and TifOne at sea

The results presented in this paper refer to the TifOne AUV (shown in Fig. 1 during a
sea trial), communicating with TifTu during autonomous navigation (cooperative navi-
gation).
The available sensor set is different for the two vehicles, which are equipped with the
devices reported in Table 1.

Table 1: TifOne and TifTu sensor set

TifOne TifTu
GPS � �

USBL Localizable Modem Localizing Transducer
PS � �

IMU � �

DVL � �

3 NAVIGATION FILTER
The considered AUV model is the one presented in [1]. The dynamics of the vehicle is

governed by the following equations:

M ν̇ + C(ν)ν + D(ν)ν + g(η) = τ (ν, u) (1)

η = [η1 η2]
T (2)

ν = [ν1 ν2]
T . (3)

In accordance with SNAME notation [1], η1 = [x y z]T and η2 = [φ θ ψ]T include the
position and the orientation (RPY angles) of the AUV expressed in a fixed frame, while
ν1 = [u v w]T and ν2 = [p q r]T contain the linear and the angular velocities of the vehicle
expressed in a body-fixed frame (with the origin in the gravity center of the AUV). M and
D(ν) are the symmetric and positive-definite mass and damping effects matrices, C(ν)
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is the skew-symmetric centrifugal and Coriolis matrix, g(η) is the vector of gravity and
buoyancy effects, and τ (ν, u) is the vector of resultant force and moment acting on the
vehicle, where u contains the components of the control inputs vector (i.e. the rotational
speed of the propellers).
A discrete state-space model of the vehicle has been derived in order to implement the
navigation filter prediction step. Regarding the dynamics, only the longitudinal Degree
Of Freedom (DOF) has been taken into account; the other DOFs are modelled only at
a kinematic level. This choice is justified by the fact that, since vertical and lateral mo-
tion are severely dampened by the vehicle drag along transversal directions, considerable
dynamics takes place only along the longitudinal direction. The state vector has been
chosen as follows:

xk =

[
ηk

νk

]
=




[
ηT

1 ηT
2

]T

[
νT

1 νT
2

]T




k

. (4)

The state evolution follows the equation:

xk = fk−1(xk−1, uk−1) + wk−1 =




(η1)k−1
+ ∆T · RN

b

(
(η2)k−1

)
(ν1)k−1

(η2)k−1
+ ∆T · T N

b

(
(η2)k−1

)
(ν2)k−1


(τ1)k−1(νk−1,uk−1)

m
+ (F1)k−1

(νk−1)
0
0




(ν2)k−1




+ wk−1 . (5)

In (5), ∆T is the sampling time of the filter, RN
b (·) is the rotation between the fixed and

the body frame, T N
b (·) is the transformation matrix between the time derivatives of RPY

angles and angular velocity, τ1 is the longitudinal force acting on the vehicle (computed
as a combination of the thrusts exerted by the main propellers of the AUV [23], [24]), m
is the mass of the vehicle and w is process noise. F1(·) is derived from the 6-DOF AUV
dynamic model (1)-(3) [1], and assumes the following form:

F1(ν) = −AfCuρν2
1xsgn(ν1x)

2m
, (6)

where Af is the frontal area of the AUV, Cu is the longitudinal drag coefficient, ρ is the
water density, and ν1x is the longitudinal speed of the vehicle. In (6), diagonal mass and
damping matrices have been assumed (considering only a quadratic damping effect) [1],
and gravitational, centripetal and Coriolis effects have been neglected.
As regards the measurements, the model is affine:

yk = Hkxk + vk , (7)

where vk is sensor noise; the measurement vector yk is defined as follows:
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yk =
[
xGP S yGP S

(
ηUSBL

1

)T
zP S

(
ηIMU

2

)T (
νDV L

1

)T (
νIMU

2

)T
]T

k
, (8)

and Hk is a matrix whose rows contain 0 or 1 elements. The employed sensors possess
different working frequencies; at each filter sampling time, they are queried for a new
measurement, and if none is available the corresponding row of Hk is removed. Hence,
the size of the measurement matrix is dynamically changed.
Two nonlinear motion estimation filters have been applied to the model (5)-(7), namely
the EKF [11], [12], [13], [14], [15] and the UKF [16], [17], [18]. The EKF filter is easily
implementable and does not need many computational resources; however, it requires
a good initial estimate and the explicit expression of the derivatives of (5). The UKF
main advantage is that it does not require the computation of derivatives, hence it can be
used with models that include discontinuous functions, always present considering AUV
models; within the prediction step, the state estimate is propagated using the complete
nonlinear model exploiting the Unscented Transform, while the EKF relies on a lineariza-
tion of the model itself. In addition, the UKF offers a good trade-off between accuracy
and computational load. However, even if today’s AUV hardware could afford the re-
quired load, to the authors’ knowledge very few reports of the UKF use in the field of
underwater robotics are available in literature [19], [20].

4 RESULTS
The experimental data acquired by the Typhoon class AUVs during suitable sea tests

performed in October 2014 in the framework of the FP7 European ARROWS project,
held in Biograd Na Moru (Croatia) during the International workshop Breaking the Sur-
face (BtS 2014 [21]), were employed to evaluate the performances of the two presented
navigation strategies.
TifOne, navigating in dead reckoning, was required to autonomously follow the square-
shaped path shown in Fig. 2, for a total of 179 m travelled clockwise.
The first two legs of the square are covered on surface, while at the third waypoint the
AUV submerges to a depth of 1.5 m and completes the path underwater. The desired
speed for each side of the square is 0.6 m/s (or 0.8 m/s, depending on the test). The
demonstration held at BtS 2014 is a preliminary test of cooperative navigation between
TifOne and TifTu: the point B2 in Fig. 2 represents TifTu on surface housing the USBL
transducer, moored in a constant position for the entire test; the position of TifOne is
measured through the USBL and the measurements are made available to TifOne via
acoustic channel.
The behavior of both the EKF and the UKF has been evaluated offline in a Matlab� en-
vironment using the data acquired by the sensors during the execution of the autonomous
mission. These simulations aim at testing the performance of both solutions, comparing
the outputs of the filters with the sensors measurements. Different sensor configurations,

5

1154



Benedetto Allotta, Andrea Caiti, Riccardo Costanzi, Francesco Fanelli,
Davide Fenucci, Enrico Meli and Alessandro Ridolfi

Figure 2: Layout of the autonomous mission in Biograd na Moru (Croatia), October 2014

reported in Table 2, have been analysed. While in Configurations II and III the USBL

Table 2: Considered sensor configurations

Configuration I GPS (on surface), IMU, PS, DVL USBL actively used
Configuration II GPS (on surface), IMU, PS, DVL USBL ground truth
Configuration III GPS (on surface), IMU, PS USBL ground truth

measurements are employed only as ground truth, in Configuration I they are used within
the estimation filters, to evaluate performance improvements obtained through coopera-
tive localization.
A total of 10 tests have been carried out on the field during a two days timespan; Figure
3 reports the x-axis and the y-axis position estimated by the two filters with different
sensor configurations during one of the tests, assumed as case study. In addition, the dis-

tance (in meters) between
[
ηUSBL

1x ηUSBL
1y

]T
, which contains the x-axis and y-axis position

obtained through the USBL fixes, and
[
ηEKF

1x ηEKF
1y

]T
,

[
ηUKF

1x ηUKF
1y

]T
, evaluated at the

time instants when each USBL fix is acquired, is shown.
When the number of sensors used for estimation is reduced, the performance of both filters
decreases. During surface navigation, the availability of the GPS signal ensures limited
errors for all the configurations (with the filters offering the same performance). When
the AUV navigates underwater, however, the DVL contribute becomes fundamental to
achieve limited estimation errors (confront Conf. II and III), and the UKF outperforms
the EKF. In addition, the use of the USBL (Conf. I) by means of cooperative localization
allows to further improve the performances of the filter.
These results are consistent with the values obtained for the position errors: while in
Configuration I the estimation error is almost the same for both filters, in Configuration
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Figure 3: Position estimation comparison between the two filters and errors between the estimates and
the USBL fixes

II the UKF behaves slightly better, and in Configuration III the accuracy improvement
offered by the UKF is noticeable. When the DVL integration is not available, the EKF
shows a position error of more than 10-15 m, while the error obtained with the UKF-based
strategy remains much lower (less than 6 m).
During the other performed tests, the results of which are not here reported, both fil-
ters exhibit the same behavior: when the number of sensors employed for the estimation
process is reduced, the EKF offers inaccurate motion estimates. The UKF instead, high-
lights encouraging precision improvements. This fact establishes that, in addition to the
improvements due to the choice of the UKF filter itself, the vehicle model adopted within
the prediction step of the algorithms is consistent with the AUV physical behavior. Such
model, even if simplified to ease the computational load, allows to obtain limited esti-
mation errors when used in conjunction with the UKF; this holds true even when the
prediction step prevails over the correction step (i.e. when few sensor measurements are
available). In practical applications, when no USBL or DVL measurements could be used
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by the AUV for a prolonged period of time (e.g. due to bad physical condition of the
acoustic channel or to navigation far from the seabed, even if such sensors are theoreti-
cally available) and the vehicle should rely only on the remaining sensors to estimate its
pose, this advantage assumes particular relevance.
The nature of the considered AUV physical system, made of parts which exhibit disconti-
nuities and nonlinearities, is seemingly the cause of the difficulties faced by an EKF-based
strategy; the UKF instead, not requiring the computation of derivatives, does not suffer
from the limitation imposed by these systems and is likely to compute more accurate
estimations, even in complicated navigation and cooperation tasks.

5 CONCLUSIONS
In this paper, the comparison between an EKF-based and an UKF-based navigation

strategy for AUVs is proposed. Experimental data acquired by TifOne and TifTu, the two
Typhoon class AUVs developed and built by the MDM Lab of the University of Florence,
during suitable sea tests executed in the framework of the FP7 European ARROWS
project and performed at the International workshop Breaking the Surface 2014 have
been used to validate offline the UKF-based navigation strategy. The comparison showed
that the UKF offers interesting improvements in terms of estimation accuracy over the
EKF (which is usually used as the standard algorithm for AUV navigation), allowing to
overcome the problems faced by the latter in case of discontinuous and nonlinear systems.
In addition, the UKF exhibits a robust behavior against different sensor configurations,
it constitutes a valid trade-off between estimation precision and computational load, and
is suitable for real-time implementation on today’s AUVs. The obtained results showed
that a performance improvement could be achieved in the case of cooperative localization:
exploiting the data acquired by an USBL compatible modem mounted on a second AUV,
more accurate estimates were obtained.
Several further developments are scheduled for the future. After online simulations within
a complete vehicle-environment model, the UKF-based filter will be implemented on the
Typhoon class AUVs, to evaluate the accuracy and the performance of the proposed filter
in different scenarios.
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