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Abstract 
 
This paper describes the implementation of a precise underwater navigation solution using a multiple sensor fu-

sion technique based on USBL, GPS, DVL and AHRS measurements for the operation of a remotely operated 
mine disposal vehicle (MDV). The estimation of accurate 6DOF positions and attitudes is the key factor in execut-
ing dangerous and complicated missions. To implement the precise underwater navigation, two strategies are cho-
sen in this paper. Firstly, the sensor frame alignment to the body frame is conducted to enhance the performance 
of a standalone dead-reckoning algorithm. Secondly, absolute position data measured by USBL is fused to prevent 
cumulative integration error. The heading alignment error is identified by comparing the measured absolute posi-
tions with the DR algorithm results. The performance of the developed approach is evaluated with the experimen-
tal data acquired by MDV in the South-sea trial. 
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1. Introduction 

Precise navigation is essential in implementing 
underwater missions. The performance of a naviga-
tion sensor or types of algorithms can be evaluated 
in terms of three aspects: accuracy, precision and 
update rate. Accuracy refers to the degree to which 
the estimated values coincide with the real values. 
Precision refers to the degree of fineness of resolu-
tion that can be achieved. The update rate refers to 
the rapidity at which the estimation value can be 
provided. Accuracy is especially important in a 
wide area survey while precision and the update 
rate are essential in feedback control for attitude 
and waypoint tracking, image mosaic and system 
identification.  

Concerning underwater navigation, the sub-
merged body can be described by the 6 DOF mo-

tion (surge, sway, heave, roll, pitch, and yaw) as 
well as by altitude. Usually, attitudes, depth, and 
altitude can be measured quite precisely with a suf-
ficient update rate by commercial sensors such as 
FOG-AHRS (Fiber optic gyro based attitude head-
ing reference system, 100Hz), a pressure sensor 
(20Hz), and DVL (5Hz). To achieve precise full 
state navigation information, the horizontal posi-
tions (north and east in the navigation frame) 
should be carefully examined. Sensors that measure 
horizontal motions can be divided into two groups. 
One group measures the relative motions to the 
navigation frame fixed on the earth such as the iner-
tial motion unit (acceleration and angular velocity), 
and the Doppler velocity log (velocity). This group 
shows good performances in terms of precision and 
update rate. The other group measures absolute 
positions such as acoustic positioning systems 
(USBL, LBL, and SBL). This group has merits in 
terms of accuracy. Multiple sensor fusion can be a 
good solution to achieve an accurate and precise 
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performance with a sufficient update rate by fusing 
the physical sensor characteristics of these two 
group.  

Many researches have been conducted to en-
hance navigation performance in the horizontal 
plane. Whitcomb et al [1] proposed a Doppler 
based navigation and investigated that the bottom 
rock navigation error is mainly due to heading es-
timation error and that in-situ calibration is needed. 
Kinsey and Whitcomb [2] enhanced the in-situ ca-
libration technique by comparing the absolute posi-
tion and standalone bottom rock DR. Jouffroy and 
Opderbecke [3] designed a diffusion PDE (Partial 
differential equation) based observer to fuse USBL 
data and DR results. Cho and Choi [4] designed the 
SPRHKF (sigma point receding horizon Kalman 
filter) filter to provide good quality navigation in-
formation in a low cost DR/GPS integration solu-
tion for seamless land navigation. Cho investigated 
various Kalman filters such as EKF (extended 
Kalman filter), RHKF (receding horizon Kalman 
filter), SPKF (sigma point Kalman filter), and final-
ly SPRHKF to analyze filter performance in various 
simulation conditions. P. Lee et al [5] proposed an 
integrated navigation solution to improve the per-
formance of conventional inertial-acoustic naviga-
tion systems by adding complementary acoustic 
range sonar. 

In this paper, the authors have adopted an im-
proved fast covariance intersection method for the 
multiple sensor data fusion that was proposed by 
Fränken and Hüpper [6]. This fusion scheme is 
chosen because its merits include being robust, fast, 
and easy to implement in online. 

For outlier rejection of acoustically measured po-
sition data smoothing, Vike and Jouffroy [7] pro-
posed a diffusion PDE based observer to reject out-
liers in post processing. Cleveland [8] proposed a 
robust locally weighted regression and smoothing 
scheme.  

In this paper, the outlier rejection algorithm has 
been designed and executed concurrently with a 
multi-sensor data fusion algorithm.  

Fig. 1 depicts the sensor fusion based navigation 
strategy adopted in this paper. The navigation algo-
rithm can be divided into three subroutines. The 
first routine is a standalone DR algorithm en-
hancement. The second routine is the outlier rejec-
tion algorithm. The third routine involves the multi-

sensor data fusion of measured estimation candi-
dates. 

Fig. 1. Sensor fusion based navigation algorithm 

 

2. DR based underwater navigation 

2.1 Kinematic formulation 

 
The body-fixed velocity vector ܗܞ

-is decom ܊
posed in the NED reference frame as: (Fossen [9])  

 
ሶܘ ܖ ൌ ܊܀

ܗܞሺદሻܖ
 (1)             ܊

 
where ܘሶ ܖ  is the velocity vector in the NED 

frame. 
Expanding (1) yields: 

 
ሶܖ ൌ ીܛܗ܋ૐܛܗ܋ܝ ൅ ܛܗ܋ሺܞ ૐ ܖܑܛ ી ૖ܖܑܛ െ ܖܑܛ ૐ ܛܗ܋ ૖ሻ 

൅ܟሺܖܑܛ ૐ ܖܑܛ ૖ ൅ ܛܗ܋ ૐ ܛܗ܋ ૖ ܖܑܛ ીሻ       (2) 
ሶ܍ ൌ ીܛܗ܋ૐܖܑܛܝ ൅ ܛܗ܋ሺܞ ૐ ܛܗ܋ ૖ ൅ ܖܑܛ ૖ ܖܑܛ ી ܖܑܛ ૐሻ 

൅ܟሺܖܑܛ ી ܖܑܛ ૐ ૖ܛܗ܋ െ ܛܗ܋ ૐ ܖܑܛ ૖ሻ         (3) 

 
Based on the assumption that ૖  and ી  are 

small, Eqs. (2) and (3) can be rewritten as follows: 
 

ሶܖ ൌ ૐܛܗ܋ܝ െ ܖܑܛܞ ૐ          (4) 
ሶ܍ ൌ ૐܖܑܛܝ ൅ ܞ ܛܗ܋ ૐ          (5) 

 
where u and v are velocities measured at the 

body fixed point o. And nሶ  and eሶ  are velocities 
in the navigation frame. 

2.2 Alignment angle and lever arm identification 
for compensation 

To implement a precise DR based navigation al-
gorithm, errors especially due to the alignment an-
gle and lever arm should be compensated correctly. 
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Fig. 2 depicts the kinematic relation between each 
sensor frame and the body fixed reference point o. 

 

 
Fig. 2. Kinematic relation between sensor frame and body fixed 

reference frame 
 

ۺ ൌ  ඥۺ૚
૛ ൅ ૛ۺ

૛              (6) 
 ૐ૚ ൌ ܖ܉ܜ܉

૛ۺ

૚ۺ
              (7) 

 
where L is the lever arm length and ૐ૚ is the 
yaw alignment angle. These are constant values 
and can be identified by a general least square 
method. 
 

ܛ܍ ൌ ܊܍ ൅ ሺૐܖܑܛۺ ൅ ૐ૚ሻ 
ܛܖ ൌ ܊ܖ െ ሺૐܛܗ܋ۺ ൅ ૐ૚ሻ      (8) 

 
܊܍ ൌ ܛ܍ െ ሺૐܖܑܛۺ ൅ ૐ૚ሻ 

܊ܖ ൌ ܛܖ ൅ ሺૐܛܗ܋ۺ ൅ ૐ૚ሻ       (9) 
 

ሶ܍ ܊ ൌ ሶ܍ ܛ െ ሺૐܛܗ܋ۺ ൅ ૐ૚ሻ 
ሶܖ ܊ ൌ ሶܖ ܛ െ ሺૐܖܑܛۺ ൅ ૐ૚ሻ      (10) 

 
Absolute positions measured by the USBL 

sensor should be transformed using the relation 
of Eq. (9) and velocities measured by the DVL 
and IMU sensors should also be transformed 
using Eqs. (4), (5) and (10) into the respective 
body fixed reference point values. 

 

3. Multi-sensor fusion algorithm 

A combined estimate xො with error variance ma-
trix P can be estimated starting with the two ob-
servable estimates xොଵand xොଶ  of the true state x 
with the corresponding positive definite error va-

riance matrices P1 and P2. For uncorrelated estima-
tion errors of MMSE(minimum mean square error) 
estimates xොଵ and xොଶ, the overall MMSE estimate 
is given by a basic convex combination of the two 
estimates (Fränken and Hüpper [6]), 

 
ොܠ ൌ ૚۾۾

ି૚ܠො૚ ൅ ૛۾۾
ି૚ܠො૛      (11a) 

૚ି۾ ൌ ૚۾
ି૚ ൅ ૛۾

ି૚        (11b) 
 
It is well known that in the case of correlation be-

tween the two initial estimation errors, the esti-
mated P may become excessively optimistic and 
that this can finally cause divergence in sequential 
filtering. 

A conservative estimate can be given without 
any detailed knowledge about the correlation by 
applying a covariance intersection as follows: 

 
ොܠ ൌ ૑૚۾۾૚

ି૚ܠො૚ ൅ ૑૛۾۾૛
ି૚ܠො૛  (12a) 

૚ି۾ ൌ ૑૚۾૚
ି૚ ൅ ૑૛۾૛

ି૚    (12b) 
 
with nonnegative coefficients ૑૚  and ૑૛ 

obeying 
૑૚ ൅ ૑૛ ൌ ૚            (12c) 

 
Herein, the coefficients ωଵ and ωଶ are usually 

chosen to minimize either the trace or the determi-
nant of P. 

 Finding the solution of a highly nonlinear opti-
mization problem such as Eq.(12) needs considera-
ble numerical implementation effort. To avoid this, 
Niehsen has proposed the use of a fast approximate 
solution instead (Niehsen [10]). When trace(P1) ا 
trace(P2), one would expect to obtain ωଵ ൎ 1 to 
minimize the overall trace. 

 
૑૚܍܋܉ܚܜሺ۾૚ሻ െ ૑૛܍܋܉ܚܜሺ۾૛ሻ ൌ ૙  (13) 

 
which, with (12c), is given by 

 

૑૚ ൌ
૛ሻ۾ሺ܍܋܉ܚܜ

૛ሻ۾ሺ܍܋܉ܚܜ૚ሻା۾ሺ܍܋܉ܚܜ
      (14) 

 
where ૙ ൏ ૑૚ ൏ ૚.  
In Eq. (14), the trace can be replaced by the de-

terminant of the preference instead.  
 

૑૚ ൌ
૛ሻ۾ሺܜ܍܌

૛ሻ۾ሺܜ܍܌૚ሻା۾ሺܜ܍܌
        (15) 

 
In this paper, the authors propose a new 
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scheme which has a receding horizon strategy to 
cope with the changing sensor status as follows: 

 
ොܠ ൌ ૑૚۾ܓ۾ܓ૚ܓ

ି૚ܠො૚ ൅ ૑૛۾ܓ۾ܓ૛ܓ
ି૚ܠො૛  (16a) 

ܓ۾
ି૚ ൌ ૑૚۾ܓ૚ܓ

ି૚ ൅ ૑૛۾ܓ૛ܓ
ି૚    (16b) 

 
with non-negative coefficients ૑૚ܓ and ૑૛ܓ 

obeying 
 

૑૚ܓ ൅ ૑૛ܓ ൌ ૚            (16c) 
 
where subscript k refers to the value deter-

mined with the design data span (computed with 
n data). For example, ܓ۾  can be calculated as 
∑ ܓሺܑሻ۾

ܑୀܖିܓା૚ .  
In this research, the xොଵ  can be a local dead-

reckoning estimate and xොଶ can be an outlier re-
jected USBL or DGPS measurement for the naviga-
tion solution xො. 
 

4. Outlier rejection algorithm 

In this study, an intuitive outlier rejection algo-
rithm is proposed. The basic idea originate  
from the robust local regression method (Cleve-
land [8]). Cleveland’s algorithm can be effec-
tively applied to USBL positioning to remove 
outliers. However, calculation time is a burden 
due to the iterative calculating structure. 

The proposed scheme for robust weights is 
given by the simple bi-square function shown 
below. 

 

ω୧ ൌ ൜
   1     |r୧| ൏ 3γ 
   0      |r୧| ൒ 3γ

        (17) 

 
r୧ is the residual of the ith USBL data point 

produced by the multi-sensor fusion results, and 
γ is the RMS error which can be measured dur-
ing USBL calibration, for example, 0.3% of the 
slant range. The number 3 in front of γ is the 
design factor deciding a watch circle size. 
 

5. Mine disposal vehicle 

Fig.3 demonstrates a mission scenario of 
MDV. Its mission is to install ECP(Explosive 
cutter for Pluto Plus) to the rope of the moored 
mine and to drop CAP(Charge anti-mine for Plu-

to Plus) near the sea bottom mine. To accomplish 
a complicated and dangerous mission, precise 
navigation is an essential function which MDV 
should include. Underwater positions are esti-
mated by the USBL and DVL based navigation 
system. While surface positions are tracked by 
DGPS and DVL based navigation solutions. 
These are overviewed in detail in the next sec-
tion. 

Fig. 4 shows three dimensional computer aided 
design, where the ECP and CAP can be observed. 
The ECP is at the upper head part and the CAP is 
at the under head part of MDV. 

Six thrusters generate thrust power to control 
5DOF motions except roll motion.  

Fig. 5 shows MDV under functional tests. Two 
types of forward looking sonar systems and a 
video camera are entrained in the transparent 
hemi-sphere to detect and identify underwater 
mine systems against turbid water. 

 

Fig. 3. Mission scenario of MDV 
 

 Fig. 4. 3D CAD image of MDV with ECP and CAP 
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Fig. 5. 3D CAD image of MDV with ECP and CAP 

6. MSF based navigation algorithm results 

and discussions 

6.1 DGPS, DVL, AHRS fusion algorithm 

Section 6.1 deals with a multi-sensor fusion algo-
rithm for the surface operation state based on 
DGPS, DVL and AHRS sensors. 

 
Fig. 6. Measured earth-fixed velocities by MDV DVL 

 Fig. 7. Measured attitudes by MDV AHRS 

 
Figs. 6 and 7 depict the measured sensor values 

of DVL and AHRS during the sea trial which was 
executed at Noryuk Island in the Jangheung prov-
ince. 

Figs. 8 and 9 show standalone dead reckoning re-
sults before and after heading alignment in the naviga-
tion frame. Because the data collected in the wide area 
and the track has a special figure, the heading align-
ment error can be identified. The standalone dead 
reckoning error sources are mainly due to a heading 
alignment mismatch between the body frame axis and 
the sensor frame axis.  

 

Fig. 8. Before sensor frame alignment against global coordinate 

 

Fig. 9. After sensor frame alignment against global coordinate, 

DGPS (red), DR (blue) 
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Fig. 10. Comparison of multi-sensor fusion results (black) with 

DGPS measurements (red) and pure dead-reckoning results 

(blue) 

 

Fig. 11. Performance of multi-sensor fusion results (black) 

compared with DGPS measurements (red) 

To prevent the accumulation of dead reckoning er-
ror, the outlier rejected USBL data can be used for 
accuracy enhancement. 

Figs. 10 and 11 depict the MSF based navigation 
algorithm performance. Results show that the MSF 
algorithm generates precise estimates with good accu-
racies and 5Hz update rate, which merges the merits of 
DR (DVL+AHRS) and DGPS (1Hz). 

Fig. 11 compares the DGPS data and MSF algo-
rithm results in the East and North coordinates. The 
MSF algorithm result shows a smoother and more 
precise trajectory than the stepwise DGPS track.  

Fig. 12 depicts the errors of DR and MSF algo-
rithms against the DGPS data. While the standalone 
DR scheme shows larger error and drift with time, 
the MSF algorithm results show a smaller and more 

bounded error. 
 

 

Fig. 12. Error analysis compared with DGPS measurements 

6.2 USBL, DVL, AHRS fusion algorithm 

 
Fig. 13. Measured earth-fixed velocities by MDV DVL 

 

Fig. 14. Measured attitudes by MDV AHRS 

Section 6.2 deals with the multi-sensor fusion al-
gorithm for the underwater operation condition 
based on USBL, DVL and AHRS sensors.  

Figs. 13 and 14 depict the measured sensor values 
of DVL and AHRS during the sea trial which was 
executed at the South-sea Bravo region. 
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Figs. 15 and 16 show standalone dead reckoning 
results before and after heading alignment respec-
tively.  

 

Fig. 15. Before sensor frame alignment against global coordinate 

 

Fig. 16. After sensor frame alignment against global coordinate 

 

Fig. 17. Outlier rejection results (blue: raw data, red: outlier 

removed) 

 

Fig. 18. Comparison of multi-sensor fusion results (black) with 

USBL measurements (red) and pure dead-reckoning results 

(blue) in navigation frame 

 

Fig. 19. Comparison of multi-sensor fusion results (black) with 

USBL measurements (red) and pure dead-reckoning results 

(blue) in time series 

 

Fig. 20. Error analysis compared with outlier removed USBL 

measurements 

Fig. 17 shows outlier rejection algorithm perfor-
mance. Outliers outside the predefined gate as 
shown in Eq. (17) are removed effectively.  
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Figs. 18 and 19 depict the MSF based navigation 
algorithm performance in a spatial frame and time 
series. Results show that the MSF algorithm esti-
mates precise horizontal position updates with good 
accuracies and 5Hz update rate while USBL mea-
surements are obtained within 2 second period. 

Fig. 20 depicts the errors of the DR and MSF al-
gorithms against the outlier removed USBL data 
(not true value but considered as scattered trend). 
Especially, the errors at 125 seconds do not reflect 
the real situation. The USBL signal was lost tempo-
rarily because MDV moved too rapidly. 

While the standalone DR scheme shows larger 
error and drift over time, the MSF algorithm re-
sults show a smaller and more bounded error. 

The final error occurred because the USBL 
system’s filter does not estimate rotational mo-
tion effectively. The authors assume that, even at 
that moment, the MSF algorithm can estimate 
actual MDV position robustly. 

 

7. Summary 

In this paper, the authors investigated the kine-
matic relations for the precise dead reckoning algo-
rithm. In addition, the major error sources of a 
standalone DR algorithm are sought. From the ki-
nematic relation and calculation results, the authors 
can conclude that the heading alignment angle 
should be identified and compensated with in-situ 
experimentally measured data.  

The practical MSF algorithm for precise and ac-
curate navigation in the horizontal navigation frame 
is designed and verified for the application of sur-
face and underwater vehicle navigation. The devel-
oped algorithm is robust to outliers and is easy to 
implement as a real time navigation solution. 

To demonstrate the performance of the designed 
MSF based navigation algorithm, online estimation 
with experiment data is carried out and verifying 
the MSF algorithm can be applicable for compli-
cated MDV’s mine hunting missions. 
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