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ABSTRACT 
In this study, an underwater navigation algorithm was de-

veloped to apply a navigation system to an underwater track 
vehicle (UTV).  Generally, a Doppler velocity log (DVL) is 
used to obtain the velocity information of underwater vehicles.  
However, a DVL cannot be used in a UTV owing to vehicle 
vibration and limited sensing distance.  Hence, dead reckoning 
navigation is typically used, which results in severe errors in 
altitude and position values over long periods of operation.  To 
address these problems, in this study, we developed a new un-
derwater navigation system for a UTV using navigation sen-
sors comprising an inertial navigation system, an ultra-short 
baseline, and an encoder sensor on a track wheel.  We per-
formed mathematical modeling of the accelerometer, gyro-
scope, and magnetometer.  We constructed a navigation system 
composed of electronic hardware, a control system, an operat-
ing system, and a navigation system and then performed a nav-
igation experiment.  Finally, we verified the performance of 
the developed underwater navigation system using real sea 
area experiments.  

I. INTRODUCTION 
An underwater construction robot, a type of track-based re-

motely operated vehicle (ROV), which can also be called an 
underwater track vehicle (UTV), uses a water jet or a trenching 

cutter to excavate the underwater land.  To operate as per the 
desired path and position, the UTV should be able to accu-
rately acquire the hull’s posture and position information (Lee 
et al., 2004). 

Inertial navigation is one of the most widely used dead 
reckoning (DR) systems for trajectory tracking and uses an 
inertial navigation system (INS) (Yunchun and Farrell, 2003). 
A typical INS consolidates the measurements from both ac-
celerometers and gyroscopes to continuously estimate the 
position and orientation of the hull.  As various sensor errors 
are consolidated over time, the INS can only provide accurate 
and high-frequency (typically in the range of 100 to 200 Hz) 
information for a short period of time.  As a result, errors are 
particularly high when inexpensive sensors are used.  Mean-
while, a global positioning system (GPS) provides globally 
referenced position and velocity estimates at a low frequency 
(typically in the range of 1 to 4 Hz).  The integration of INS 
and GPS (INS-GPS) can become a navigation system that uti-
lizes the advantages of both systems and compensates for the 
disadvantages of  the individual systems.  Therefore, the inte-
grated INS-GPS system can estimate the overall condition of 
the vehicle at high frequencies without drift.  For a long time, 
various state estimation techniques have been used to integrate 
INS and GPS.  Sukkarieh et al. (1998), as well as Qi and Moore 
(2002) proposed a technique that is based on a linear Kalman 
filtering technique.  The Kalman filter (KF), which is com-
monly used to estimate system state variables and suppress 
measurement noise, is recognized as one of the most powerful 
state estimation techniques.  Information from other sensors 
can be structurally merged using a KF. 

Owing to its nonlinear characteristics, the extended KF, 
which is a nonlinear version, is widely used to calculate INS-
GPS integration.  Ridao et al. (2011) and Ribas et al. (2012) 
studied the integration of a Doppler velocity log (DVL) which  
considers the time delay of an ultra-short baseline (USBL) ul-
trasonic positioning system measurement signal and applied 
the results to underwater navigation of autonomous underwa-
ter vehicles (AUVs).  Lee et al. (2007) proposed a complex 
navigation algorithm that integrated distance information into 
the inertial navigation algorithm and studied the integration 
of an USBL, a DVL and an inertial measurement unit (IMU)  
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Fig. 1.  Block diagram of IMU sensor. 

 
 

(Jeong et al., 2017; Lee et al., 2017).  Jung et al. (2018) pro-
posed an ROV system using an USBL and an IMU. Ji et al. 
(2019a) proposed an attitude reference system (ARS) using a 
ring laser gyroscope (RLG). 

In general, the sensors used in underwater navigation are 
IMU, GPS, DVL, USBL and depth sensors (Alahyari et al., 
2011).  The USBL is an underwater acoustic sensor that 
measures absolute coordinates in water, which is similar to 
GPS on land (Penas, 2009).  The track robot in this study 
causes ambient turbidity, thus causing sensor errors from the 
acceleration signal due to the digging impact.  In particular, the 
DVL, a typical sensor that measures travel speed, cannot be 
used because of ambient turbidity (Somers, 2011).  Therefore, 
it is necessary to study methods to reduce position error by ap-
plying underwater navigation that uses an INS and a USBL 
other than a DVL. 

Classic dead reckoning without a DVL leads to serious er-
rors in altitude and position values (Ji et al., 2019b).  Therefore, 
this study intends to correct the speed by using the information 
of an encoder on track wheel that can measure a track speed 
by removing the DVL from the underwater navigation system 
with INS and USBL. 

In this study, we attempt to improve the completeness of 
designing a navigation algorithm by analyzing the readings 
recorded from the mathematical models of the accelerometer, 
angular velocity meter, and magnetometer as well as the pa-
rameters of each sensor.  In addition, before the navigation 
system was mounted on the underwater track robot for actual 
sea performance evaluation, the estimated values for specific 

missions and unexpected situations were analyzed through 
computer simulations and the effectiveness of the applied 
navigation algorithm was verified. 

Finally, the performance of the developed underwater 
navigation system is verified in inland and underwater envi-
ronments by applying it to an underwater track robot which 
is the target platform of this study. 

II. MATHEMATICAL MODEL OF THE 
NAVIGATION SENSOR 

The IMU is the main sensor in a system that integrates the 
INS and GPS for position correction.  The selection of an IMU 
is a critical factor that determines the overall performance of 
an integrated system.  It is possible to analyze the error char-
acteristics of the navigation solution by analyzing the charac-
teristics of the errors generated in the IMU.  The sensor was 
modeled using mathematical models of the accelerometer, an-
gular velocity meter, and magnetometer in the IMU as well as 
the parameters of each sensor. 

The mathematical model of an IMU models sensor readings 
by using directions, physical value inputs, and sensor parame-
ters (Titterton and Weston, 2004; Brunner et al., 2015; Hostet-
tler and Sarkka, 2016; MathWorks, 2018).  Fig. 1 shows a 
block diagram of the model derivation method.  The accel-
erometer, angular velocity meter, and magnetometer are shown 
in the form of similar block diagrams and the input information 
is changed for each sensor. 

Equation (1) uses a sensor value for the ground to switch 
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from the local frame to the sensor frame. 

 ( )
if .

input ,input .
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 =
= = =
 =
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Here, Rn
b is the direction of the IMU, nf  is the acceleration, 

nω  is the angular velocity, and nm  is the magnetic vector in 
the local navigation coordinate system.  If the direction is en-
tered in the quaternion format, it is converted into a rotation 
matrix before processing. 

The 𝑎 for the ground in the sensor frame shown in Equation 
(2) passes through the bulk model and adds axis misalignment 
and bias. 
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Here, BC is a constant sensor offset bias and M is the misalign-
ment of the sensor axes.  These are entered as the first, second, 
and third elements, respectively. 

The bias instability drift is modeled as white noise bias be-
fore filtering as shown in Equation (3). 

 ( )( )1 1 Ih w Bβ = ∗  (3) 

Here, 𝐵ூ is the bias offset instability of a sensor, 𝑤 is a random 
number given by an attribute, and ℎଵ is a filter defined by the 
sample rate (𝑆𝑅) as expressed in Equation (4). 
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The white noise drift is modeled by multiplying the stand-
ard deviation by the random white noise as shown in Equation 
(5). 

 ( ) ( )2 2 D
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 (5) 

Here, ND is the power spectrum (noise density) of a sensor.  
The random walk drift is modeled through filtering by bias-

ing the random white noise as shown in Equation (6). 
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Here, R  is the consolidated white noise (random walk) of a 
sensor, and h2 is a filter expressed in Equation (7). 

 ( ) 1
1z

1 z
H −=

+2  (7) 

The environmental drift noise is modeled by multiplying 
the temperature bias by the difference between the standard 
and operating temperatures of the sensor, as expressed in 
Equation (8). 

 ( )( )25 BDe T T−Δ =  (8) 

Here, T  is the operating temperature of the sensor, TB is the 
temperature bias of the sensor, and the constant 25 is the stand-
ard temperature (in °C). 

The scale factor error due to temperature was modeled, as 
expressed in Equation (9). 

 ( )251
100SF SF

TE T− = +  
 

 (9) 

Here, ESF is the scale factor error, TSF is the scale factor due to 
temperature, and the constant 25 is the standard temperature 
(in °C).  In this study, T, the temperature, was 25 °C. 

The quantization is modeled by saturating the continuous 
signal model, as expressed in Equation (10). 

 
if

else if
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  (10) 

Here, MRis a maximum reading value (measurement range) of 
a sensor and RS , the measurement resolution of a sensor, is 
configured, as expressed in Equation (11). 

 round eOutput RS
RS

  =   
  

 (11) 

Through the modeling described above, the output values 
(acceleration, angular velocity, and geomagnetic field strength) 
of the IMU sensor can be obtained. 

III. ALGORITHM OF INTEGRATED 
NAVIGATION 

1.  Coordinate System 
The origin of the north-east-down (NED) system is on the 

ground and it rotates with the Earth.  As shown in Fig. 2, the 
X-axis is north, the Y-axis is east, and the Z-axis is toward the 
center of the Earth. 

When considering the Earth as elliptical, the angle between the 
Z-axis and the equatorial plane is not the geocentric latitude λ, 
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Fig. 2.  Coordinate systems. 

 
 

but the geocentric latitude μ.  However, Z can be λ because the 
Earth model is generally used to analyze the motion character-
istics of aircraft assuming the Earth as a complete sphere 
(Siouris, 2004). 

2.  Design of Integrated Navigation Algorithm 
The system model used an INS error model.  An extended 

KF filter was used to integrate the navigation system.  The 
state variable to be estimated from the KF is given by Equation 
(12) (Munguia, 2014). 

 [ ]T
INS INSX P Vδ δ= Φ ∇ εδ  (12) 

Here, δPINS is the position error vector of the INS, δVINS is the 
velocity error vector of the INS, δΦ is the distortion error of 
the INS posture, ∇  is the random bias error of the velocity 

sensor, and ε is the random bias error of the gyro sensor.  The 
state equation of the KF is shown in Equations (13) and (14) 
(Park, 2014; Karamat et al., 2015). 
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Here, the average of the process noise w୍ୗ is 0, and the white 
noise of the angular velocity meter and acceleration meter 
whose covariance is Q୍ୗ can be expressed as in Equation (15). 

 INS 1 3 acc gyro 1 6w = 0 w w 0× ×    (15) 

FINS can be expressed as shown in Equations (16) to (25) 
from the error model induced above. 
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Fig. 3.  Block diagram of navigation system. 
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In the weakly coupled type, the measurement error of the 
two navigation systems can be calculated by the difference be-
tween the position and velocity information.  At this moment, 𝐻 is a measurement matrix and can be expressed as in Equa-
tion (26). 

 ||INS
INS
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Fig. 4.  Developed underwater navigation system 

 
 

3.  Configuration of the Integrated Navigation Algorithm 
The integrated navigation algorithm proposed in this study 

is shown in Fig. 3.  As described above, the INS was config-
ured using an IMU. The velocity derived from the INS was 
corrected with a track encoder, the position was corrected with 
a GPS or USBL (horizontal), and depth sensor (vertical), and 
the direction angle was corrected with a magnetometer.  If the 
accuracy of the measured position is low in the USBL position 
correction step, the weight of the step where the velocity is 
corrected with encoder information varies.  Meanwhile, when 
the position accuracy of the USBL increases, the weight of the 
position correction step increases, and the weight of the veloc-
ity correction step is variably lowered.  Similarly, the weight 
of the position/velocity correction step varies according to the 
position accuracy of the USBL.  Finally, the resulting value 
(velocity, position, and direction angle) was derived from the 
extended KF. 

Additionally, the horizontal position drift of the integrated 
navigation is determined by the error of the estimated Earth's 
fixed velocity (i.e., north or east velocity).  The main reason 
for this error is the fixed velocity error and heading error of the 
hull.  The high-frequency velocity error is estimated by the 
IMU, the fixed velocity errors of the hull.  Without velocity 
correction by the encoder, even the most accurate INS can 
have a large velocity uncertainty after a short period of time. 
This can remove the weakness of the frequency error of the 
DVL which is used in a general underwater navigation system. 

IV. CONFIGURATION AND PERFORMANCE 
TEST OF UNDERWATER NAVIGATION 

SYSTEM AND PLATFORM 

1.  Underwater Navigation System 
A photograph of the underwater navigation system devel-

oped in this study is shown in Fig. 4.  The exterior of the sys-
tem uses a waterproof box-shaped aluminum case, which is 
designed to mount a GPS antenna on the top, an altimeter at 
the side, and an USBL responder at the side above the altimeter. 
A small-sized USBL was selected as the sensor for use on a 
small platform.  Inside the system, there are sensors for navigation 
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Table 1.  Specifications of underwater navigation system. 
Index Value Units 

Length 420 mm 
Width 300 mm 
Height 300 mm 

Weight (dry) 8 kg 
Weight (water) 2 kg 

Standard 
components 

RLG, Depth, USBL, GPS, TCM, Altime-
ter, Leak sensor, Ethernet Hub 

 
 
Table 2.  Specifications of underwater track vehicle. 

Index Value Units 
Length 600 mm 
Width 500 mm 
Height 250 mm 

Weight (dry) 35 kg 
Weight (water) 10 kg 

Standard 
components 

Ethernet Hub, 200W BLDC motor, Motor 
drive, Battery 

 
 

 
Fig. 5.  Developed Underwater track vehicle. 

 
 

calculation, a leak sensor for leak measurement, an Ethernet 
hub for communication, and an interface board for power sup-
ply and data communication to the sensors.  The RLG was se-
lected instead of the MEMS-type IMU to increase the compu-
tational performance of the INS.  Table 1 lists the specifica-
tions and components of the underwater navigation system. 

2.  Configuration of Underwater Track Robot Platform 
The underwater track robot built to test the performance of 

the developed underwater navigation system is shown in Fig. 
5.  The figure also shows that the platform has two caterpillars 
to enable movement on both the land and seafloor.  The upper 
part was designed to be equipped with an underwater naviga-
tion system.  Table 2 lists the specifications and equipment of 
the underwater track robot.  The platform dimensions were 600  
mm long, 500 mm between the endpoints of the caterpillars,  

Table 3.  Specifications of sensors used in ground experi-
ments. 

Index Value Units 

RLG 

Operating 
Range 

Gyro Acc. °/sec, g 
1074 70 

Scale Factor 
Linearity 

150 300 PPM 

Bias 
Repeatability 

1 1 °/hr, m-g 

Bias 
Stability 

1 1 °/hr, m-g 

Update Rate 100 Hz 

GPS 
Position 

Accuracy 
1.3(H), 1.9(V) m 

Update Rate 1 Hz 

Mag-
netic 

compass 

Measurement 
Range 

80 μT 

Resolution 0.05 μT 
Repeatability 0.1 μT 
Update Rate 30 Hz 

Encoder 
Counts per turn 500 - 

Max. speed 24000 Rpm 
Update Rate 10 Hz 

 
 
and 250 mm from the bottom to the top.  A total of two BLDC 
motors independently control each caterpillar and are designed 
to allow forward/reverse and left/right turns depending on the 
control method.  

3.  Test of Integrated Navigation Performance Applied to 
Underwater Track Robot 
The integrated navigation performance was tested on land 

using the developed underwater navigation system and an un-
derwater track robot.  The speed was corrected by applying the 
encoder information in the integrated final navigation algo-
rithm.  The latitude and longitude of the test area were 
35°04'25.49″ N and 129°05'17.13″ E, and the GPS was used 
on land for the same purpose as that of the USBL, which 
was used for underwater positioning.  To increase the GPS 
reception sensitivity, the experiment was performed on a 
playground that was not surrounded by tall buildings.  The 
specifications of the sensors used in the experiments are 
listed in Table 3.  

Acceleration and angular velocity information were ob-
tained using an RLG to estimate the angle/speed/position of 
the hull.  The estimated position information was corrected us-
ing GPS, and the estimated angle information was corrected 
using a magnetic compass.  In addition, the accuracy of the 
estimated speed and position was further improved by correct-
ing the speed using the encoder proposed in this study.  Fig. 6 
shows the platform used in the performance tests. 

Power switch

Tether
connector

Power
Charging
Connector
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Fig. 6.  Environment of navigation experiment. 

 
 

 
Fig. 7.  Results of basic performance experiments. 

 
 

1) Basic Navigation Performance Test 
In the first experiment, the basic performance of the navi-

gation system was verified.  The platform position was meas-
ured after moving the underwater track robot straight 20 m in 
the east axis direction and the measured position and the re-
sults from the navigation system were compared.  The position 
on the north axis was measured by marking every 2 m along 
the east axis and taking a photograph whenever the platform 
passed the marked position.  In Fig. 7, GPS denotes the GPS 
measurement position (long dotted line), Navi.  denotes the 
proposed navigation estimation position (solid line), No en-
coder denotes the navigation estimation position without speed 
correction by an encoder (short dotted line), DR system is the 
estimated position by DR (dot-solid line), and trajectory is the 
actual measured position (star solid line).  Although the driv-
ing speed of both motors mounted on the underwater track ro-
bot was set to 2000 rpm for straight movement, the robot 
moved along a nearly curved line rather than a completely 
straight line because of the ground conditions and various en-
vironmental factors. 

The experimental results in Fig. 7 show that the estimated 
position of the proposed navigation was similar to the actual  

Table 4.  Position error result of navigation experiments. 

Index 
Position Error 

Units 
X Y 

1 -0.0025 -0.0116 

m 

2 -0.0004 0.0231 
3 0.1299 0.0843 
4 -0.1078 0.1220 
5 0.1021 -0.1289 
6 0.0777 -0.2864 
7 0.2418 -0.2198 
8 0.0292 -0.1160 
9 0.1189 -0.2148 

10 0.2670 -0.1013 
11 -0.0138 0.5503 

RMS Error 0.13 0.22 
 
 

 
Fig. 8.  Error between trajectory and navigation position results. 

 
 

position, whereas the estimated position of the DR system was 
slightly different.  The DR system estimated the position in a 
direction different from the moving direction of the platform 
from the initial estimation position, and it did not converge to 
the reference position value even at a later time.  A DR system 
may have a larger error when the experimental time increases. 
Although the navigation without encoder information did not 
have a large error, as it also performs the position correction 
step through GPS similar to that of the proposed navigation 
method, the estimated position was slightly different.  When 
looking at the position measured by GPS during the experi-
ment, there was a somewhat large error due to the horizontal 
precision of the sensor itself.  It was found that the proposed 
navigation position was very close to the actual measured 
position compared to the other navigation results. 

Fig. 8 shows the error between the measured position and 
the proposed navigation position for each axis.  The north axis  
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Fig. 9.  Position results of each navigation. 

 
 

is marked with +, and the east axis is marked with O.  A total 
of eleven comparisons were performed and the results are 
shown in Table 4.  The maximum error per axis was calculated 
as [0.267 0.5503] m and the RMS error was calculated as [0.13 
0.22] m.  From the experimental results, it was found that the 
proposed navigation method estimated the position within 
0.3m of the RMS error. 

2) Performance Test of the Zigzag Trajectory Navigation 
In this experiment, the results of the proposed navigation, 

the results of the navigation without velocity correction by the 
encoder, and the results of the DR system were compared.  The 
driving speeds of both motors mounted on the underwater 
track robot were set to 3000 rpm.  As shown in Fig. 9, the robot 
started at the [0 0] m position, moved in a zigzag-shaped re-
peated trajectory, and stopped at the [27 -20] m position.  The 
purpose of this experiment is to check the estimation capability 
of the navigation position error in an environment where the 
moving direction of the hull continuously changes to the left 
and right.  In this experiment, it was difficult to measure the 
platform position; hence, the navigation results were compared 
to the reference value, that is, the position measured by GPS.  
In Fig. 9, GPS denotes the GPS measurement position (long 
dotted line), Navi.  denotes the proposed navigation estimation 
position (solid line), No encoder denotes the navigation esti-
mation position without speed correction by an encoder (short 
dotted line), and the DR system denotes the estimated position 
by DR (dot-solid line).  The navigation duration was approxi-
mately 450 s between the start and stop of the underwater track 
robot. 

The experimental results in Fig. 9 show that the estimated 
position of the proposed navigation and the estimated position 
of the navigation without encoder information were similar to 
the GPS measured position, whereas the estimated position of 
the DR system was slightly different.  The DR system esti-
mated the position in a direction different from the moving  

 
Fig. 10.  North-east position results of each navigation. 

 
 

direction of the platform from the initial estimation position 
and it did not converge to the reference position value even at 
a later time.  A DR system may have a larger error when the 
experiment time increases.  Although the navigation without 
encoder information did not have a large error, as it also per-
formed the position correction step through GPS similar to that 
of the proposed navigation method, the estimated position was 
slightly different. 

Fig. 10 shows the comparison per axis for the results shown 
in Fig. 9.  The estimated positions of the X and Y axes both 
show a zigzag shape; the X coordinate (north) continuously 
increases and the Y coordinate (east) continuously decreases. 
The error increased when the moving direction of the hull was 
changed and there was a repeated convergence over time.  The 
position error is expressed as the difference between the 
estimated and reference position values of the proposed 
navigation method.  The largest error was approximately 2 m 
on the X-axis, approximately 2.2 m on the Y-axis, and the po-
sition RMS error is calculated as [0.98 1.29] m. 

Fig. 11 shows the velocity components estimated from the 
proposed navigation, navigation without encoder information, 
and DR system.  If you check the speed result of the proposed 
navigation, the maximum speed for each axis was [0.46 0.7] 
m/s and the average speed was [-0.07 0.01] m/s.  The Y-axis 
velocity of the navigation without encoder information was 
estimated to be slightly higher than that of the proposed nav-
igation, and it had a larger noise component.  In addition, the 
X-axis velocity of the DR system was estimated in the oppo-
site direction from the beginning, and the estimation was 
slightly lower than the X-axis velocity of the proposed naviga-
tion throughout the entire experiment.  In addition, the Y-axis 
velocity was estimated to be slightly higher than that of the 
proposed navigation method.  These errors in the estimated ve-
locity seemed to be a factor in increasing the error value of the 
estimated position which was the final result of DR system and 
the proposed navigation without encoder information. 

5 GPS & Navi. & No enconder & DR Path

0

-5

-10

-15Ea
st 

(m
)

-20

-25

-30
-10 -5 0 5 10

North (m)
15 20 25 30

GPS
Navi.
No encoder
DR

30

20

10

N
or

th
 (m

)
Ea

st 
(m

)

0

0 50 100 150 200 250 300 350 400 450

0 50 100 150 200 250
Time (s)

North-East Position

GPS
Navi.
No encoder
DR

GPS
Navi.
No encoder
DR

300 350 400 450

0

-10

-10

-20

-30



536 Journal of Marine Science and Technology, Vol. 28, No. 6 (2020) 

 

 
Fig. 11.  North-east velocity results of each navigation. 

 
 
Fig. 12 shows the angle results of the proposed navigation 

system.  The roll and pitch almost converged to 0 ° during the 
experiment and the angle of the traveling direction of the plat-
form changed slightly when the platform rotated.  In the case 
of heading, the hull's travel direction was changed nine times 
from -125 ° to 55 ° at approximately 180° intervals.  Specifi-
cally, the platform made a U-turn at approximately 80, 120, 
190, 240, 290, 340, 370, 410, and 430 s during the experiment 

From the experimental results, the position data measured 
from GPS in real time had high noise; however, the results 
from the proposed navigation algorithm had much lower noise 
in the position data.  In addition, when comparing the results 
of navigation without encoder information and DR to the pro-
posed navigation, it was found that the provided navigation es-
timated a position more effectively and provided significant 
advantages. 

V. CONCLUSION 
Platforms operating on the seafloor, such as underwater 

track robots, cannot use a DVL, which is the most important 
sensor for underwater robots.  To resolve this problem, this 
study investigated how to compensate for velocity by using the 
information of an encoder that can measure velocity instead of 
a DVL.  First, we designed an integrated navigation algorithm.  
The INS was configured using an IMU, and the velocity from 
the INS was corrected with the encoder information of the 
track, which was corrected with GPS or USBL (horizontal), 
depth sensor (vertical), and the orientation angle was corrected 
with a magnetometer.  Finally, the results (velocity, position, 
and direction angle) were calculated using an extended KF.  
Later, to verify the performance of the proposed integrated 
navigation algorithm, we developed an underwater track robot 
with an underwater navigation system.  Finally, the inte-
grated navigation performance was tested on land using the 
developed underwater navigation system and the fabricated  

 
Fig. 12.  Orientation results of navigation. 

 
 

underwater track robot.  Although the system was experi-
mented with on the ground, all the navigation sensors were the 
same as under the water, except for the USBL.  However, GPS 
has the same role as the USBL such that GPS was used in the 
experiment.  The experiments were performed on the ground 
because it is extremely difficult to accurately track the UTV 
underwater. 

From the first experiment, it was found that the basic per-
formance of the navigation system was within 0.3m of the 
position RMS error (compared to the actual position).  In 
the second experiment, we compared the performance of the 
proposed navigation and other navigation methods.  It was 
found that navigation without encoder information had some 
error and noise in the velocity component.  It was also found 
that the initial velocity component of the DR system had a 
different direction, and the DR system had a relatively larger 
velocity error during the experiment.  These errors in the es-
timated velocity seemed to be a factor that increased the error 
value of the estimated position which is the final result of the 
DR system and the proposed navigation without encoder in-
formation. 

From the experimental results, when comparing the results 
of navigation without encoder information and DR to the pro-
posed navigation, it was found that the proposed navigation 
was more effective in position estimation.  The position data 
measured from USBL/GPS in real time had high noise; how-
ever, the results from the proposed navigation algorithm had 
much lower noise in the position data.  In addition, when com-
paring the results of other navigation methods (DR system and 
without encoder information) to the proposed navigation, it 
was found that the proposed navigation showed a reduced er-
ror in position and thus estimated the position more accurately. 
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