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The study demonstrates the versatility of integration
of inertial navigation and global navigation satellite
system (GNSS) with its unique application to seabird
biologging. Integrated navigation was originally de-
veloped in the field of aerospace engineering, which re-
quires accurate and reliable position, velocity, and at-
titude information for the guidance and control of air-
craft and spacecraft. Due to its high performance and
recent progress of sensor development, integrated nav-
igation has been widely used not only in aerospace but
also in many fields represented by land and marine ve-
hicles. One of its ultimate applications under the con-
straint on the size and power consumption of devices
is this study. Seabird biologging involves attaching a
logging device onto a seabird for scientific purposes to
understand its biomechanics, behavior, and so on. De-
sign restrictions for the device include several tens of
grams mass, several tens of millimeters in length, and
several tens of milliamperes of power consumption. It
is more difficult to maintain the accuracy of such a
device than applications to an artificial vehicle. This
study has shown that integrated navigation is a fea-
sible solution for such extreme applications with two
examples: biologging for wandering albatrosses and
great frigatebirds. Furthermore, it should be stressed
that the navigation captured the world’s first data of
their detailed trajectories and attitudes in their dy-
namic and thermal soarings. For completeness, the
navigation algorithm, simulation results to show the
effectiveness of the algorithm, and the logging devices
attached to bird are also described.

Keywords: integrated navigation, biologging, inertial
navigation, GNSS

1. Introduction

Biologging techniques for tracking animals, which al-
lows us to record the behavior of various animal species,
have evolved over the decades [1, 2]. Tracking data
recorded by satellite positioning systems, represented by
global positioning system (GPS) and Argos system for
passive and active data acquisition, respectively, are par-
ticularly popular. Biologging is now establishing itself as
a standard tool in ecological research, providing access
to ecologically important information that was previously
difficult to observe directly, such as foraging areas, home
ranges, and migration routes.

At the same time, attempts to uncover the physical
mechanisms of animal movement through biologging are
also gaining increasing attention [3–8]. This theme is
ecologically important because the time and energy costs
of movement, which are determined by the mechanisms
of animal movement, have a significant impact on the
movement patterns and fitness consequences of animals.
Moreover, it is of interest to the engineering community
because it has the potential to elucidate efficient animal
movement methods and apply them to artifacts. For ex-
ample, albatrosses can continue to fly without flapping
their wings by using the wind speed gradient at sea (called
dynamic soaring) [9, 10]. In addition, condors and frigate-
birds can travel long distances by exploiting updrafts
(called thermal soaring) [8, 11]. Engineering attempts to
apply these bird flying methods to artificial objects are be-
ginning [8, 12, 13], and detailed records of the actual ani-
mal movements are expected to play an important role in
this process.

Elucidating the physical mechanisms of animal move-
ment requires high-resolution records of acceleration and
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animal body orientation, that is, attitude, in addition to po-
sitional information. In this study, we focused on acquir-
ing information of a seabird. This is challenging because
a logger attached onto a seabird needs to be sufficiently
small and lightweight, which implies that the quantity
and quality of sensors will be limited. Indeed, there are
few loggers for biologging, not only for seabirds, that can
measure the position and orientation of an animal at the
same time. Furthermore, existing loggers with the abil-
ity to acquire attitude, that is, roll, pitch, and heading an-
gles, have been problematic in terms of versatility and ac-
curacy. This is mainly because most of them depend on
a geomagnetic compass, which easily suffers from mag-
netic field distortion. Some previous methods [8, 14] mit-
igated this drawback by using specific assumptions based
on moving patterns of their target animals at the cost of
the versatility. Another previous study [15] dealt with
the problem without those assumptions by additionally in-
tegrating accelerometer and gyroscope via an orientation
filter [16], however, the geomagnetic declination was still
uncompensated.

To satisfy the requirement to obtain the flight behav-
ior of a seabird, the authors utilized integrated navigation,
which is well established in the field of aerospace navi-
gation. Integrated navigation fuses many sensors to pro-
vide accurate and reliable navigation information such as
position. Among various combinations of sensors [17–
20], a design that uses inertial navigation as an integration
base with the aid of a global navigation satellite system
(GNSS), was selected for this study. Here, GNSS is used
as a generic term for passive satellite navigation, where a
receiver determines its position by receiving signals trans-
mitted by satellites rotating around the Earth. Although
its representative is well known as GPS, provided by the
United States, other systems are in operation and have ac-
tively been improved. This combination has two desirable
features. The first feature is that it provides not only po-
sition and velocity accurately, but also attitude. Similar
to aircraft maneuvering, the attitude is essential for flight
analyses of seabirds, for example, the dynamic soaring of
zigzag flights exhibited by albatrosses. This integration
method, which deals with attitude directly, also provides
its flexibility for extension. In addition to GNSS, other
sensors, such as geomagnetic compass, can easily be in-
tegrated, which will be discussed later in this paper.

The second merit of the selected design is that the
components required to perform this combined navigation
can be sufficiently lightweight, small, and inexpensive to
build a seabird-borne logger. This is mainly due to the
progress of micro-electro-mechanical system (MEMS)
technology, which enables the fabrication of detectors and
related signal processing circuits far smaller than con-
ventional inertial sensors [21]. Therefore, MEMS iner-
tial sensors were used as the data source for the inertial
navigation of the applied integration method. Although
a MEMS inertial sensor, especially a MEMS gyroscope,
generally has drawbacks represented by its far poorer bias
stability compared to a dedicated inertial sensor such as a
ring LASER gyroscope (RLG) [22], the integrated navi-

Table 1. Typical integration styles of inertial and satellite
based navigation.

Style
Minimum Receiver outputs
satellites to be integrated

Loosely 4 Position, velocity
Tightly 1 Pseudorange, doppler

Ultra-tightly 1 Tracking loop info.

gation can compensate for these drawbacks, as shown in
the simulations in this paper.

The details of the integrated navigation applied to the
biologging are explained in Section 2. The algorithm of
the integrated inertial and GNSS navigation will be de-
scribed first, and then the simulation results of the naviga-
tion will be provided to demonstrate its effectiveness. The
extensions to utilize a magnetic compass and pressure al-
timeter are also explained to demonstrate the flexibility of
the algorithm. In Section 3, the applications of the inte-
grated navigation to seabirds are elaborated. First, the log-
gers attached to seabirds are introduced, which were spe-
cially developed by the authors to gather data for the nav-
igation calculation. Two examples are described: wan-
dering albatrosses and great frigatebirds. Both examples
show that the integrated navigation can capture interest-
ing behaviors represented by dynamic and thermal soar-
ing flights. Finally, the study is concluded in Section 4.

2. Integrated Inertial and GNSS Navigation

In this section, the details of the applied integrated nav-
igation are elaborated. First, its algorithm is summarized
briefly based on the author’s previous work [23] for com-
pleteness. The computational simulation results are then
described to demonstrate the effectiveness of the inte-
grated navigation. Finally, the extensions of the naviga-
tion, which can be utilized for biologging studies, are de-
scribed.

2.1. Algorithm
Before moving to the algorithm details of the applied

navigation, its integration style is explained. As shown in
Table 1, three integration styles of inertial navigation and
GNSS are well-known: loosely, tightly, and ultra-tightly
coupled integrations [24–26]. These styles are catego-
rized by the output of a GNSS receiver used for integra-
tion. The loosely coupled style uses position and veloc-
ity, which are the final calculated results of a GNSS re-
ceiver, while the tightly coupled one fuses pseudorange
and Doppler, which are used to calculate position and ve-
locity, respectively. The ultra-tightly coupled style in-
tegrates the two navigation systems with more internal
data, such as the signal tracking loop status, than the
tightly coupled one. Being tighter gains more robustness
against worse conditions of signal reception from navi-
gation satellites, such as interference and spoofing. The
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Fig. 1. Block diagram of the integrated navigation algorithm.

loosely coupled style requires four satellites to activate
aiding, while the others work even if only one satellite is
available.

Among these three styles, the loosely coupled integra-
tion, which is the simplest, was selected. This is because
the advantage of tight or ultra-tight styles, that is, com-
pensation for insufficient quality of signal reception, is
not significant in a seabird biologging environment. This
study especially focuses on seabird behavior outside its
nest, which implies that the quality of signals received
from navigation satellites is expected to be sufficient be-
cause there is no obstacle to receiving signals over the
sea. Therefore, the loosely coupled style with the benefit
of simple calculation requirements was selected, and the
following explanation is limited to this style.

Figure 1 shows the conceptual flow diagram of the
applied integration algorithm. The algorithm shown in
Fig. 1 is mostly concerned with the inertial navigation
section. Inertial navigation is performed based on kine-
matic calculation, that is, single and dual time integra-
tions of the acceleration yield velocity and position, re-
spectively. To deal with a rigid body, in addition to posi-
tion, attitude must be considered with time integration of
angular velocity. In other words, the outputs of the navi-
gation are position, velocity, and attitude, while its inputs
are acceleration and angular velocity, which can be mea-
sured with an accelerometer and gyroscope, respectively.
Additionally, coordinate transformations are required in
time integration because the measured acceleration and
angular velocity are affected by the movement of the ob-
ject to which sensors are strapped down. For example,
an accelerometer fixed on a target experiences centrifugal
force, but its corresponding centripetal force is required
to perform the inertial navigation. The above-mentioned
calculations are performed using the following equation.

xi+1 = xi +
d
dt

f (xi,ui)Δt, . . . . . . . . (1)

where Δt is the time step. f is a kinematic function that

describes the relationship between the current and next
states, including coordinate transformations. x and u with
their subscripts representing step indices are state vari-
ables and inputs to the kinematic equation, respectively:

x≡
[
�̇re

n q̃n
e h q̃b

n �ab
bias �ωb

b/i bias

]
, . . . (2)

u≡
[
�ab �ωb

b/i �gn
]
. . . . . . . . . . . (3)

Here, the symbols in Eqs. (2) and (3) correspond to those
shown in Fig. 1. The special notations of�r and q̃ represent
a three-dimensional vector and a quaternion, respectively.
�̇re

n, and h are relative velocity and altitude with respect to
the Earth, respectively. q̃n

e is the relative position to the
Earth, whose alternatives are latitude and longitude. q̃b

n
is an attitude composed of the roll, pitch, and heading.
�ab and �ωb

b/i are the acceleration and angular velocity with
respect to an inertial frame, that is, the inertial sensor out-
puts, respectively. Their biases�ab

bias and �ωb
b/i bias are also

included in the state variables to be estimated using a sen-
sor model included in f . The Earth’s gravity is treated as
an input �gn, because it is estimated using a mathematical
model due to its variation.

The other component of the integrated navigation is the
GNSS receiver. This works with modulated signals from
dedicated navigation satellites. When a user receives sig-
nals from four or more satellites, and when constellation
information, one of whose acquisition methods is the de-
modulation of the signals, is available, ranges from each
satellite are then estimated, and the user’s position is cal-
culated. The reason for the requirements for a minimum
of four satellites is that four degrees of freedom must be
solved; in addition to three for the user’s position, one is
needed for the receiver clock. The user’s velocity is then
estimated using the Doppler shift of the received signals.
In this study, these positions and velocities were used as
the aiding sources of inertial navigation. It is noted that
the internal algorithm to estimate position, clock, and ve-
locity is omitted due to space limitations. Its fundamental
information can be found in interface control documents
(ICDs), for example, GPS ICD [27].

The integration of the two navigation systems was per-
formed with a Kalman filter. The Kalman filter is a well-
established state estimator for calculating an optimal so-
lution with multiple sources, and has two desirable fea-
tures for this integration. The first is that it can deal with
a time propagation system. Therefore, all sources are not
required to provide measurements simultaneously. A typ-
ical GNSS receiver generates outputs several times per
second, which is less frequent than the several hundred
hertz of a typical inertial navigation device. The other
feature is that all state variables are corrected directly or
indirectly, even if every source does not provide the full
state measurement. In this study, the attitude, which is
calculated only with inertial navigation, is indirectly cor-
rected with the GNSS position and velocity outputs. In
other words, the GNSS outputs, which are free from ac-
cumulative error unlike inertial navigation, have the error
mitigation effect not only on the position and velocity, but
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also on the attitude of the integrated navigation.
Based on the aforementioned utilization of the Kalman

filter, the implementation of the integration will be ex-
plained in two stages: time update (prediction phase) and
measurement update (correction phase). The time update
is performed with the following covariance update, in ad-
dition to Eq. (1):

Pi+1 =
∂ f
∂ x

Pi
∂ f
∂ x

T

+
∂ f
∂ u

Qi
∂ f
∂ u

T

. . . . . . . (4)

Here, Pi and Qi are error covariance matrices of state vari-
ables xi and inputs to the kinematic equation ui, respec-
tively. ∂ f /∂ x and ∂ f /∂ u represent Jacobian matrices.

At the measurement update, observables zi consisting
of the position q̃n

e , h, and velocity �̇re
n provided by the

GNSS receiver are used for correction:

zi ≡
[
�̇re

n q̃n
e h

]T

i,GNSS
, . . . . . . . . . (5)

xi← xi +Ki
(
zi−Hxi

)
, . . . . . . . . . (6)

Pi← (I−KiHx)Pi, . . . . . . . . . . . (7)

where the matrix H links state variables x and observables
z in the following measurement equation as

zi ≈ Hxi

≡
[

I 0
0 0

][
�̇re

n q̃n
e h q̃b

n �ab
bias �ωb

b/i bias

]T

i

. . . . . . . . . . . . . . . (8)

The matrix Ki is known as Kalman gain:

Ki ≡ PiHT (
HPiHT +Ri

)−1
, . . . . . . . (9)

where the covariance matrix Ri corresponds to the esti-
mated error between both sides of Eq. (8), that is, zi−Hxi.
It should be noted that the extended Kalman filter (EKF),
a linearized version applicable to a nonlinear system, is
utilized for this implementation.

2.2. Computational Simulations
As mentioned previously, one of the significant merits

of using inertial and GNSS integrated navigation is that
its attitude accuracy is better than the standalone use of
its inertial sensor. Thus, computational simulation results
with a simple flight pattern are described to demonstrate
this advantage.

The simulation conditions were as follows: a 360◦ hor-
izontal steady turn with a 200 m radius and 60 s lap time is
simulated in three methods. The first method was treated
as the true case, in which pure inertial time updates with
only Eq. (1) were performed using the true inputs ui and
the true initial state variables x0. In the second method,
which will be called a pure inertial navigation system
(pure INS), the same time updates were performed; how-
ever, error was additionally introduced into the angular
velocity �ωb

b/i of the inputs ui. The error consisted of white
noise and bias drift modeled with Gaussian distribution
and first-order Markov process, respectively, and the true
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Fig. 2. Horizontal trajectories of simulations.

ωerror and error ωtrue angular speeds at the i-th step have
the following relations:

ωerror,i ≡ ωtrue,i +N (ωbias,i,1.70) [◦/s] . (10)
ωbias,i+1 = N (−0.016ωbias,i,0.05) [◦/s] . (11)

where N (μ,σ) is a Gaussian distribution with mean μ
and standard deviation σ , which were determined based
on a typical MEMS gyroscope to imitate its error charac-
teristics. The final method, which is labelled “integrated,”
used the integrated navigation, in other words, the mea-
surement updates represented by Eq. (6) were additionally
performed with the true observables z. For each of the
pure INS and integrated methods, the simulations were
performed ten times with different random seeds. The
frequencies of the time and measurement updates were
100 Hz and 5 Hz, respectively, and the system error co-
variance matrix Pi of Eq. (4) was initialized as a suffi-
ciently large diagonal matrix.

Before evaluating the attitude performance, the posi-
tion performance was checked briefly. Fig. 2 shows the
horizontal trajectories calculated using the three methods.
The lines of the integrated method in the figure overlap
because the corresponding simulations result in similar
horizontal trajectories. The figure shows that the pure INS
moves away from the true position as time elapses. The
mean and standard deviation of the final position errors
of the pure INS are 195±122 m. On the other hand, the
integrated navigation always estimates very close to the
true position. This result is expected because the inte-
grated navigation can correct the accumulative error re-
sulting from the simulated gyroscope, whereas the pure
INS cannot.

The correction works not only for the position but also
for the attitude. The attitude time histories of the simu-
lations are presented in Fig. 3. The performance of the

Journal of Robotics and Mechatronics Vol.33 No.3, 2021 529



Naruoka, M. et al.

10

12

14

16
R

ol
l [

de
g]

−2

0

2

P
itc

h 
[d

eg
]

−4
−2

0
2

0 20 40 60
Time [s]

H
ea

di
ng

 e
rr

or
[d

eg
]

True Pure INS Integrated

Fig. 3. Attitude time histories of simulations.

Table 2. Mean and standard deviation of final attitude errors
of simulations.

Time [s] Item Pure INS [deg] Integrated [deg]

Roll −0.24±1.35 0.07±0.25
60 Pitch 0.07±1.07 −0.08±0.49

Heading 0.20±1.06 0.12±1.28
Roll −0.88±3.19 −0.07±0.40

300 Pitch 0.08±2.52 0.29±0.35
Heading 1.10±2.92 −0.02±0.87

attitude was evaluated with the final errors summarized in
Table 2, because the integrated navigation required an ad-
equately long setup time to activate its attitude correction
by converging its error covariance to a steady state. Ac-
cording to the final pitch and roll errors, integrated nav-
igation was superior to that of pure INS. In addition, al-
though the integrated navigation heading error was larger
than that of the pure INS until approximately 40 s due
to the setup time, the integrated navigation outputs con-
verged to the correct heading. Furthermore, according
to additional long-haul simulations with five laps corre-
sponding to 300 s duration, the attitude performance of
the integrated navigation was confirmed to stabilize after
60 s, while that of the pure INS gradually moved away
from the correct values due to the error accumulation; for
example, the heading time histories are shown in Fig. 4.
This sustained stability of the integrated navigation can
also be seen in Table 2, which provides a statistical sum-
mary of these long-haul simulations. It is concluded that
the simulation results demonstrate the effectiveness of the
integrated navigation system in acquiring attitude.

2.3. Other Extensions
The applied algorithm can easily be extended to inte-

grate other sensors. This is because inertial navigation,
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Fig. 4. Heading error time histories of long-haul simulations.

which is the integration base, deals with the full state
variables required to describe a rigid object, that is, po-
sition, velocity, and attitude. In order to make the in-
tegrated navigation more attractive, two other extensions
have been suggested: a geomagnetic compass and a pres-
sure altimeter. These two augmentations help to improve
the observability of heading and altitude, respectively. As
previously mentioned in the numerical simulations, the
heading is the most difficult attitude component to be esti-
mated because of its intrinsically lower observability. Ad-
ditionally, the altitude mostly depends on the accuracy
of the GNSS receiver outputs, whose vertical component
is typically less accurate than the horizontal component
according to the GPS performance standard [28]. Thus,
these extensions can assist in improving the output accu-
racy.

2.3.1. Geomagnetic Compass
Two types of the output format of the geomagnetic

compass are well-known. One is the horizontal angle
from the north magnetic pole, and the other is a three-
dimensional vector of the geomagnetic force. In either
type, the compass outputs zi,mag are correlated with the
attitude q̃b

n of the integrated navigation. Considering the
distortion of the geomagnetic field, in other words, the
variation in direction to the north magnetic pole depend-
ing on location, the relationship can be described by re-
placing Eq. (8) as

zi,mag ≈

⎡
⎢⎣ 0 0 0

0 H22,mag (q̃n
e ,h) 0

0 0 0

⎤
⎥⎦

[
�̇re

n q̃n
e h q̃b

n �ab
bias �ωb

b/i bias

]T

i
, (12)

where H22,mag (q̃n
e ,h) is a rotation matrix that varies ac-

cording to the position. This matrix H22,mag is computed
based on a model such as the International Geomagnetic
Reference Field (IGRF-13) [29]. Finally, the integration
of the geomagnetic compass is performed by replacing zi
and H in Eqs. (6), (7) and (9) to those defined in Eq. (12).

2.3.2. Pressure Altimeter
The pressure altimeter computes the altitude based on

a model such as the international standard atmosphere

530 Journal of Robotics and Mechatronics Vol.33 No.3, 2021



Inertial/GNSS Navigation Application to Seabird Biologging

(ISA) [30]. On the other hand, the altitude h in the in-
tegrated navigation is computed in a different coordinate
system, such as the world geodetic system (WGS) 84 [31]
used in a typical GNSS receiver, and some preprocessing
is therefore required before the integration.

If a static pressure at a specific altitude, for example,
sea level, is available, the altitude obtained by the altime-
ter will be transformed into one in the same coordinate as
the integrated navigation, halt. In this case, the integra-
tion of a pressure altimeter was performed by replacing
Eqs. (5) and (8), as follows:

zi,alt ≡ hi,alt . . . . . . . . . . . . . . (13)

zi,alt ≈

⎡
⎢⎣ 0 0 0

0 1 0
0 0 0

⎤
⎥⎦

[
�̇re

n q̃n
e h q̃b

n �ab
bias �ωb

b/i bias

]T

i
. (14)

Another way of altimeter integration is to transform its
outputs into climbing rates by taking the time difference
of these outputs. The merit of this method is that it works
without any additional information, while the altitude cor-
rection will be limited because of its indirectness. With
this method, Eqs. (5) and (8) are replaced with

zi,rate ≡
hi,alt−hi−1,alt

Δt
. . . . . . . . . . (15)

zi,rate ≈
[

H11,rate 0
0 0

]
[

�̇re
n q̃n

e h q̃b
n �ab

bias �ωb
b/i bias

]T

i
, (16)

where the matrix H11,rate links the computed climbing rate
to the vertical component of the velocity�̇re

n.

3. Application to Seabird Biologging

This section describes the applications of integrated
navigation in biologging studies. The developed loggers
that gather data required for navigation are first intro-
duced. The selected examples are then explained in more
detail.

3.1. Seabird-Borne Logger
Figure 5 shows a picture of the newest loggers, and

Table 3 lists their specifications. The loggers have been
updated once per year at the time of seabird fieldwork
since 2014. While the loggers have been improved, they
were mainly composed of an inertial sensor consisting of
a triple-axis accelerometer and a triple-axis gyroscope, a
GNSS receiver module, a pressure sensor, a triple-axis ge-
omagnetic force sensor, and a temperature sensor. The
inertial sensors output acceleration and angular velocity,
which are inputs for inertial navigation. The GNSS re-
ceiver provided the position and velocity used as the aid-
ing source for the integrated navigation. The pressure sen-

Fig. 5. Seabird-borne loggers; small (left) and large (right)
models manufactured in 2019. Their nicknames are “Ninja”
and “Ninja-Watari.”

sor had a suitable full-scale range and resolution for use
as a pressure altimeter, which could be integrated as de-
scribed in Section 2.3. While the logger was molded with
epoxy resin for waterproofing, the pressure sensor itself
was also waterproof, and was exceptionally exposed to
air or water via a small hole in the resin. The geomag-
netic force sensor installed in the inertial sensor was also
used as an augmented data source for the integrated navi-
gation. The temperature sensor embedded in the pressure
sensor could be used to determine the surrounding envi-
ronment of a seabird, and could also be used to calibrate
the inertial sensor outputs, whose zero biases are typically
approximated by a linear relationship with temperature.

These installed sensors were managed by an ultra-low
power consumption 8-bit microcontroller (MCU). The
MCU commanded the sensors to acquire data, and trans-
ferred it to its storage component in operation mode. The
most frequent acquisition of data was 100 Hz for the in-
ertial sensor, while the GNSS module output data five
times per second. The storage utilized a micro SD with
a minimum 8 gigabyte capacity, which could store more
data than the running time that was limited by the log-
ger’s battery. After acquisition of the logger data from a
seabird, the MCU worked in its interface mode to transfer
the stored data to a personal computer (PC) via its uni-
versal serial bus (USB) interface, similar to a USB pen
drive. Although the integrated navigation could be per-
formed in real time if a more enhanced processor such
as one installed in a cell phone was utilized, the logger
was designed to perform the navigation calculation with a
PC outside the logger. This design enabled us to use the
less powerful but lower power consumption MCU, and
contributed to a longer battery life of the logger. Further-
more, to make the battery use more efficient, the logger
had a delayed power-on functionality, which allowed the
logger to sleep before the estimated time for a seabird to
be active. Additional power on and off functions were
also implementable in cooperation with the time and po-
sition provided by the GNSS receiver.
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Table 3. Specification of seabird-borne loggers.

Item Small model (“Ninja”) Large model (“Ninja-Watari”)

Inertial sensor TDK Invensense MPU-9250
Acceleration Triple-axis, 100 Hz output, ±8 G full-scale range, 16-bit resolution
Angular speed Triple-axis, 100 Hz output, ±2000 dps full-scale range, 16-bit resolution
Geomagnetic force Triple-axis, 6 Hz output, ±4800 μT full-scale range, 14-bit resolution

GNSS receiver U-blox MAX-6Q U-blox NEO-M8T
5 Hz position and velocity outputs with raw data (pseudorange etc.)
Only GPS support BeiDou, Galileo, GLONASS, and

QZSS ready
Pressure sensor TE MS5803-01BA

Static pressure 6 Hz outputs, 10 to 1300 mbar full-scale, 0.01 mbar resolution
Temperature 6 Hz outputs, −40◦C to 85◦C full-scale, 0.01◦C resolution

MCU SiLabs C8051F381-GM SiLabs C8051F381-GQ
Storage Micro SD
Battery Rechargeable Li-ion 560 mAh Rechargeable Li-ion 5000 mAh spe-

cially made by ATTACCATO
Runtime (actual) Approx. 7 hours Approx. 65 hours
Weight (average) 28 g 91 g
Size (L ×W × D) 70×25×12 mm 94×50×17 mm
Other functions Waterproof, USB connectivity, delayed power on

Note: These values are customized for the loggers, and are not always the same as the original values of the sensors.

In addition to the utilization of the low-power MCU,
a dedicated battery [32, 33] developed by the authors has
been applied to a large model logger since 2018 to in-
crease the running time. The most important parameter
of a battery for increasing the running time of the log-
ger is the specific energy, that is, the energy per unit
mass, because of the severe mass limitation of the bird
attached logger, which should not be more than approx-
imately 3% of the mass of a target bird [34]. Although
the dedicated battery was of a rechargeable lithium-ion
type, which is the same type as a commercially avail-
able high energy density battery, its specific energy was
288.6 Wh/kg, which is 1.4 times larger than the typi-
cal value of 207 Wh/kg [a]. This improvement was de-
rived from application of a new material composed of sil-
icon to the negative electrode of the battery. The nega-
tive electrode was fabricated by coating a silicate-based
inorganic binder on the electrode using a conventional
polyvinylidene fluoride-based binder, and had a longer
charge/discharge cycle life than an uncoated electrode.

The loggers were mounted on seabird backs with a ded-
icated adhesive tape made by Tesa. The loggers have two
versions, large and small, as shown in Fig. 5. The large
and small ones were mainly for a wandering albatross and
a great frigatebird, respectively, as mentioned in the fol-
lowing selected examples I and II. Their masses were 91 g
and 28 g, which was less than 3% of the masses of their
target birds, typically 8–10 kg and 1 kg, respectively. It
should be noted that the alignment offsets between the
logger and bird body axes were not calibrated in the fol-

lowing examples; however, the offsets could be accurately
estimated based on the relationship between bird posture
in specific behavior and logger outputs, such as in studies
on seals [35] and sharks [36].

3.2. Example I. Wandering Albatross
The wandering albatross Diomedea exulans has a

wingspan of over 3 m and is one of the largest species
of flying birds in the world, mainly found in the sub-
Antarctic and Antarctic Oceans. During the breeding sea-
son, they can travel over a thousand kilometers away from
their breeding islands to feed [37–39]. Their incredible
traveling ability is underpinned by the dynamic soaring
mentioned in Section 1, that is, a flying method that rarely
requires flapping by taking advantage of the wind speed
gradient at sea [4, 9]. Therefore, this dynamic soaring has
attracted the attention of not only biologists, but also en-
gineers in its application to artificial vehicles.

The loggers were attached to wandering albatrosses
from January to March 2019 and in the same months in
2020 as shown in Fig. 6. These periods correspond to
their incubation periods on Possession Island (71◦52′S,
171◦12′E) in the Crozet Islands in the Indian Ocean. The
integrated navigation successfully revealed the detailed
three-dimensional trajectories and attitude of the birds
during their dynamic soaring by using the data recorded
by the loggers. The highlights of the acquired data are
shown in Fig. 7. Although the mechanics of dynamic
soaring have been theoretically studied, there have been
no examples of simultaneous measurements of the trajec-
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Fig. 6. Wandering albatross with the logger on its back.

(a) Oblique view

(b) Top view

Fig. 7. The actual trajectory and body orientation of one cy-
cle of wandering albatross’s dynamic soaring; the bird posi-
tion and attitude are plotted every 0.2 and 1 seconds, respec-
tively. The dot colors correspond to the values on z-axis.

tory and attitude during dynamic soaring. These data will
clarify how a wandering albatross controls its attitude and
flight speed, and allows us to update our knowledge.

3.3. Example II. Great Frigatebird
The second example is the application to great frigate-

birds, Fregata minor. A frigatebird is known to fly using
thermal soaring, in which it utilizes updrafts to circle and

(a) Trajectory of the ascent in thermal soaring phase and gliding
descent

(b) Magnified view of the circling ascent part corresponding to the
red line in (a)

(c) Bank angle time history corresponding to the red line in (a)

Fig. 8. Actual great frigatebird’s flight in thermal soaring
and gliding phases obtained with the integrated navigation.

then glide. The feathers of this species are considered to
be poorly waterproof; however, it has been reported that
this flying method can allow the bird to fly over the sea
for months without landing on the water [40]. In partic-
ular, the bank angles of this bird may play an important
role in the ascent phases of thermal soaring, and the inte-
grated navigation was expected to acquire detailed three-
dimensional trajectories and attitudes during thermal soar-
ing performed by this bird.

Meaningful records were successfully acquired by
post-processing the logger data with the integrated nav-
igation, as shown in Figs. 8 and 9. These records were
obtained by attaching “Ninja,” the small model logger,
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(a) Horizontal trajectory

(b) Detailed three dimensional trajectory corresponding to the area
surrounded by the rectangle in (a) shows concentrated search move-
ment. The colors correspond to the values on z-axis.

Fig. 9. Large scale great frigatebird movement for more
than 10 hours recorded with the logger.

onto a great frigatebird during chick rearing on Europa Is-
land (22◦22′S, 40◦22′E) in the Indian Ocean in November
2018. Fig. 8 shows a part of the records, in which the cir-
cling direction is switched during the circling ascent. This
was performed by switching the bank angles from 20◦ to
−20◦, which was an interesting behavior invoking a dis-
cussion on whether the bird intentionally changed the an-
gles to keep its ascent. Additionally, the record displayed
in Fig. 9 had another interesting display of two different
flight phases: straightforward movement toward a specific
direction and concentrated circling flight around a partic-
ular location like area-searching. These records will lead
to a better understanding of the adjustment of bank angles
and turning radius according to the situation.

4. Conclusion

This paper presents applications of integrated inertial
and GNSS navigation to biologging for seabirds. The se-
lected examples of albatross and frigatebird cases showed
that the navigation successfully acquired their trajectories
and body orientation during their interesting flight pat-
terns represented by dynamic and thermal soaring. This
demonstrates the satisfactory versatility of the integrated
navigation, because biologging for seabirds requires a far
smaller size, lighter weight, and lower power consump-

tion for its tracking method compared to existing appli-
cations. Our knowledge of seabirds will be updated by
using the data acquired with the integrated navigation.
Furthermore, in combination with another complemen-
tary study [41], which enabled us to measure the airspeed
of a seabird directly with a compact pitot tube, we can
obtain comprehensive information about a seabird flying
including wind. Therefore, the contribution of this study
may not only be limited to biology, but will also be rele-
vant to engineering fields by mimicking the effective fly-
ing methods of seabirds.
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