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Abstract - In this chapter, we focused on the posture ediom problem of a body moving in
3D space. This study is devoted to the reconstmadf the body attitude and Dynamic Body
Acceleration (DBA) in free ranging animal (applicat in Bio-logging) where the access to GPS
locations is limited or impossible. A quaterniorsbd complementary filter is designed to
provide a viable attitude estimation method. Wencléghat this approach is an alternative to
overcome the limitations of the Extended KalmaneFil(EKF). The complementary filter
processes data from small inertial/magnetic sensadules that contains triaxial gyroscopes,
accelerometers, and magnetometers without resottinGPS data. The proposed algorithm
incorporates a motion kinematic model and adopigoalayer filter architecture. In the latter, the
Levenberg Marquardt Algorithm (LMA) pre-processexaeration and local magnetic field
measurements to produce what will be called theettiad error. This error together with the
angular rate measurements becemmeasurement signals for the complementary fiBgrthis
way, the overall approach design is greatly singalif The efficiency of the approach is
experimentally investigated through a free motioh amimal. The complementary filter
performance is shown also quantitatively usingRlo®t Mean Square Difference (RMSD). The
estimated attitude is used after to calculate tB& Bor future evaluation of the energetic index

of animal and its 3D position.

Key words - Attitude and posture estimation, quaternion, MEM&rtial and magnetic sensors,

multi-sensors data fusion, complementary filteQ-Rigging.



1. Introduction

The rigid body attitude and orientation estimatoblems are highly motivated from various
applications. For example, in rehabilitation andnbédical engineering (Zhou et al. 2006), the
attitude is used in stroke rehabilitation exercisegecord patient's movements in order to
provide adequate feedback for the therapist. In darurmotion tracking and biomechanics
(O’Donovan et al. 2007), the attitude serves a®a@ tor physicians to perform long-term
monitoring of the patients and to study human mex@siduring everyday activities. Moreover,
the attitude estimation is extensively used inkirag of handheld microsurgical instrument (Ang
et al. 2004). In aerial and marine vehicles (Mahehwgl. 2008), the attitude is used to achieve a
stable controller.

Recently, the problem of attitude and orientaticactking has been treated in Bio-logging. The
latter stands in the intersection of animal behaaial bioengineering and aims at obtaining new
information from the natural world and providingamnesights into the hidden lives of animal’s
species (Rutz and Hays 2009; Ropert-Coudert 2080). Bio-logging generally involves a free-
ranging animal-attached electronic device (calltsb dio-logger) that records aspects of the
animal’s biology (behavior, movement, physiologyg(sey et al. 2007; Bost et al. 2007) and its
environment. Thirty years ago, several taggingnetdgies such as satellite tracking (the Argos
system) (Le Boeuf et al. 2009) and Time-Depth-Reem (TDRs) (Kooyman 2004) have been
used to provide a basic knowledge on the functibrfr@e-ranging organisms. The recent
advances in electronic miniaturization, sensors digital information processing allowed
researchers studying animal’s biology with a highel of detail and across the full range of
ecological scales.

Many marine and terrestrial animals are studiedndutheir daily activities. The posture and



orientation tracking of these free-ranging animalgresents one of the recent biology aspects
studied in Bio-logging. Indeed, some scientifice@hes started to focus on this topic using
low-cost sensors based on Micro Electro-Mecharsygtem (MEMS) technology as a 3-axis
accelerometer and a 3-axis magnetometer. The obwdduantage of this new approach is the
gain access to the third dimension space, whitheikey to a good understanding of the diving
strategies observed in these predators (Elkairh 2086). The main question to answer is how it
is possible to extract the gravity components @& tiody animal (Johnson and Tyack 20083;
Watanabe et al. 2005; Wilson et al. 2008)? Thisrm&tion is exploited after to deduce the
corresponding attitude and consequently the DBA.

In this chapter, we propose the addition of 3-@xioscope measurements to the sensors already
used (a 3-axis accelerometer and a 3-axis magnttonie Bio-logging. The use of gyroscope
with accelerometer and magnetometer, mounted a&u tconfiguration, in Bio-logging has not
been considered yet in the author's knowledge. un apinion, it can improve the estimation
precision of the attitude especially during dynasitaation of the animal motion (Mahony et al.
2008; Fourati et al. 2009; Fourati et al. 2011(d)e main idea of the algorithm is to use a
complementary filter coupled with a Levenberg Mamglt Algorithm (LMA) to process the
measurements from a 3-axis gyroscope, a 3-axis etaigreter and a 3-axis accelerometer. The
proposed approach combines a strap-down systered bas the time integral of the angular
velocity, with the LMA that uses the Earth’s magadield and the gravity vector to compensate
the attitude predicted by the gyroscope. It is ing@ to note that the resulting structure is
complementary: high bandwidth rate gyro measuresnam combined with low bandwidth vector
observations (gravity and Earth’s magnetic fielWptovide an accurate attitude estimate. Thanks

to the knowledge of the estimated attitude, it @svrpossible to reconstitute the DBA of the



animal in order to evaluate its daily diary (Wilsehal. 2008) (sleeping, walking/flying, running,
and hunting) and provide important insights intansoof the stresses faced by free-ranging
animals especially the King Penguin and Badgere8am the values of DBA, the problem of 3D
position estimation in the case of pedestrian lamtoon can be addressed in future works in Bio-
logging to reconstruct the trajectory of animal.
This chapter is organized as follows: section 2cdess the problem statement and our
motivations for motion estimation in Bio-logginge@ion 3 details the attitude parameterization
and the sensor measurement models used in this. \#exdtion 4 details the structure of the
proposed complementary filter for the attitudereation. Section 5 is devoted to experimental
results and comparisons to illustrate the effeaas of the proposed algorithm. Finally, section 6
summarizes the main conclusions of the chapter.
2. Motivations and problem formulation
Recent technological advances have revolutionizesl dapproach of the animals in their
environment, and have enabled researchers in lyiolgl eco-physiology to leave their
laboratories to study these adaptations on the @nmodels living freely in their natural
environment. Bio-logging has been introduced as sb&nce that studies the behavior,
physiology, ecology and environment properties m&edliving animals (bioclimatic, global
change, etc...) that are often beyond the bordemuoivisibility or experience. Bio-logging has
found its origin in the marine environment (Kooyn#004) and has diversified into the study of
flying and terrestrial species. This scientificarefers often to the study of free-ranging animals
in their natural environment through miniaturizddcgronic devices, called bio-loggers (Naito,
2004), and usually attached to their bodies. Thegtems measure and record biological

parameters or physico-chemical properties relaieti¢ individual and/or its environment using



various types of sensors (luminosity, pressurepcil, etc...). The loggers provide time
tracking of physical and biological parameters queiods ranging from several hours to several
months or sometimes a year and at sampling rategng from minutes to several times per
second. The King Penguin and Badger are the mapbtodical models studied in Strasbourg
University thanks to the Bio-logging technologyoBigists are recently interested to reconstruct
the motion of these animals (3D attitude and pasjtunder several acceleration profiles, to be
able to study their behaviour during long periods.

In this chapter, one is interested to propose asbdlternative approach to estimate the attitude
or orientation of rigid body (Fourati 2010), whiokpresents the animal body, to be applied after
in the case of penguin (see Fig. 1). To achievedbal, we use a wearable inertial and magnetic
MEMS sensors assembly based on an IMU composed ®fas&s accelerometer, a 3-axis
magnetometer and a 3-axis gyroscope. Furthermioeegdtimated attitude is used to calculate
three components of DBA of the animal, which pregdor biologists important information
about the energy budgets of free-living animalsis ™ork will serve in future to address the
problem of 3D position estimation in the case afraat pedestrian locomotion, based on attitude
and DBA estimations.

3. Materialsand methods

3.1. Rigid body attitude and coordinate systems

A rigid body is considered as a solid formed frofim@e set of material points with deformable
volume (Goldstein 1980). Generally, the rigid boalyitude represents the direction of its
principal axes relative to a reference coordingitesn and its dynamics expresses the change of
object orientation.In the navigation field, the attitude estimationolgem requires the

transformation of measured and computed quantitezezeen various frames. The rigid body



attitude is based on measurements gained from iseaiached to this latter. Indeed, inertial
sensors (accelerometer, gyroscope, etc...) are attachthe body-platform and provide inertial
measurements expressed relative to the instrurmest I most systems, the instrument axes are

nominally aligned with the body-platform axes. Qirthe measurements are performed in the

body frame, we describe in Fig. 2 the orientatiérthe body-fixed frameB( X;, Y, Z;) with

respect to the Earth-fixed framié (X, Y,, Z,), which is tangent to the Earth’s surface (Local
Tangent Plane, LTP). This local coordinate is paltéirly useful to express the attitude of a
moving rigid body on the surface of the Earth (Gae®001). The X, -axis points true north.
The Z, -axis points towards the interior of the Earth,peerdicular to the reference ellipsoid.
The Y, -axis completes the right-handed coordinate sysfomting East (NED: North, East,
Down).
3.2. Mathematical model of attitude representation
In this chapter, the quaternion algebra is usedidscribe the rigid body attitude. The unit
quaternion, denoted by, is expressed as:

=0 +Qeq =l +qi+q j+gkOH (1)
where q,., = qi+0q, j +g;k represents the imaginary vectay, is the scalar element artd can

be written such as:

.
H={q/qTq=1, 9=[¢ du].9M . gz [a g ¢ 3*1} 2
The rotation matrix in term of quaternion can bé&ten as:

2(as+07)-1 20+ 5a) 2 ag- 0
Mi(a)=|2(q0%-6w) 2(d+d)-1 A qq+ gq 3
Z(qOQ2+q1Q3) 2( 0,0~ Q)ql) 2( d3+ dz)_l



We invite the reader to refer to (Kuipers 1999)danore details about quaternion algebra.

3.3. 3-axis inertial/magnetic sensors package measuent models

The sensors configuration consists of a 3-axislammmeter, a 3-axis magnetometer and a 3-axis
gyroscope containing MEMS technologies. A detagadly of these sensors is given in (Beeby
2004).

3.3.1. 3-axis accelerometer

An accelerometer measures the acceleration oftijeetathat it supports. If three accelerometers
are mounted in orthogonal triad in a rigid bodylsthat their sensitive axes coincide with the

principal axes of inertia of the moving body. Theput of a 3-axis accelerometer in the body-

fixed frame(B) is given by the following measurement vector (Gerer-Castellanos 2008):

f =My (q)(a+G)+d, (4)
whereG:[O 0 g]T anda:[ax a, @]T represent, respectively, the gravity vector ared th
DBA of the rigid body, given in the Earth-fixed fre (N) 5. M ° is a noise vector assumed
to be independent, white and Gaussiamﬁ(q) is the rotation matrix defined in (3) and

reflecting the transition between the franfé$) and(B).

3.3.2. 3-axis magnetometer
A magnetometer is a device for measuring the doecand intensity of a magnetic field and

especially the Earth's magnetic field. The outplutB-axis magnetometer in the body-fixed

frame (B) is given by the following measurement vector (@eier-Castellanos 2008):
h=Mg (q) m+s, (5)

wherem is the magnetic field expressed in the Earth-fiﬁredne(N) by:



m=[m 0 m]"=[| ricos ) o | rhsif )] (6)
J, is a white Gaussian noise a; (q) is expressed in (3). The parameters of the theafet

model of the geomagnetic fielth closest to reality can be deduced from (Astro2Qdf2).
3.3.3. 3-axis gyroscope
A gyroscope is an inertial sensor that measuresutigelar velocity of reference attached to the

sensor compared to an absolute reference frameg alo@ or more axes (Titterton and Weston

2004). The output of a 3-axis gyroscope in the biddgd frame (B) is given by the

measurement vector (Guerrero-Castellanos 2008):

wg =0 +b+dg (7)
where w0 * is the real angular velocityhI ° is a slowly time varying function (Beeby et al.

2004) called also bias any is a white Gaussian noise.

4. Complementary filter for attitude estimation

In this chapter, the objective is to design artuaté estimation algorithm based on inertial and
magnetic MEMS sensors. The application in mineklated to a free-ranging animal case in Bio-
logging (Fourati et al. 2011(b)). By consideringe ttrigid body kinematic model, a
complementary filter is proposed in order to takgaamtage from the good short-term precision
given by rate gyros integration and the reliablegiterm accuracy provided by accelerometer
and magnetometer measurements. This leads to hé#itade estimates (Mahony et al. 2008). It
is important to note that the resulting approacucstire is complementary: high bandwidth rate
gyro measurements are combined with low bandwidttior observations to provide an accurate

attitude estimate (Brown and Hwang 1997).
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4.1. Rigid body kinematic motion equation
The rigid body motion can be described by thewatétkinematic differential equation (Shuster

1993), which represents the time rate of attitualéation, expressed in a quaternion tegmas a

result of the rigid body angular rates measurethbygyroscope:

1 _q\-:-ect
q=7 < 7@ (8)
2{'3Xﬁ0+[qvect:|] °
where
. q:[o0 qTecJT is the unit quaternion that denotes the mathealat&presentation of the

rigid body attitude between two frames: body-fiXeaime (B) and Earth-fixed framgN).

Note that q.,=[q @ | represents the vector part @f. It is customary to use

quaternion instead of Euler angles since they pwa global parameterization of the body

orientation, and are well-suited for calculationsl @omputer simulations.

* w represents the angular velocity vector expresse(cB) and I, is the identity matrix of
dimension 3.

. [qject} represents the standard vector cross-productstbe/-symmetric matrix) which is

defined such as:

[q\)/(ect:l =G TG 0 —-q (9)

4.2. The design of state model

Let us consider the following system mode}) composed of (8) with the outpuy that

represents the linear measurement model. The owtfllt® of this system is built by stacking
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the accelerometer and magnetometer measurements.

o8 G TG0y 00 o,
C'Il — E _q\-:—ect 0. = E. quGx - q360 Gy + q2a) Gz
(5‘1) % 2| 10,+ [Cﬁect] ¢ 2| Qg 0 oy ~h® ¢, (10)
08 Gy ~ 0 g T g,
T
y=[f, f, f, h, h h]

By considering the rigid body kinematic equatiordahe linear measurement modegl the
proposed syster(ﬁl) can take advantage from the good short term poectgven by the rate

gyros integration and the reliable long term accyrgprovided by accelerometers and
magnetometers measurements fusion (Brown and H#@@g; Fourati et al. 2010), which leads
to improve the quaternion estimation.

4.3. Attitude complementary filter design

The aim of this approach is to ensure a comproimete/een the accuracy provided by short-
term integration of the gyroscope data and the-teng measurements precision obtained by the
accelerometer and the magnetometer. To compermatkef drifts on the estimated quaternion
that are observed during the integration of thédkhtial equation (8), a correction teffn is
introduced in this equation based on a quaternimdyct 0. We propose the following
complementary filter:

G| [-4o,-G0, -4,
(F): G | _ 1| Goooy =G0, + 810,

qz 2 qux + C]Oa)y - qlwz

qS qla)y — G0, + (g,

oT (11)

whereG=[¢ § G be]T M * represents the estimated quaternion. The corret#imn T is

calculated from a fusion approach of acceleromatel magnetometer data. The quaternion
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product introduced in (11) allows to merge the nmign and inertial measurements.

Let us present the method for calculating the atioe termT . We consider the modeling error
5(4)=(y-79). The estimated output is given Hy.

g=[f 1, f A R B) (12)

Measurements of the estimated acceleratif;nsfy and fz can be calculated by assuming that

the DBA a is low (||aj|2 < ||G||2) (Fourati et al. 2010). Thus we obtain:

X

~ ~ ~ ~ T N ~

f:[o . f, fz] =41 0GP § (13)
where
G,=[0 0 0 9.4": Quaternion representation of the gravity vector[0 0 9.8]".
Measurements of the estimated Earth’s magnetid ﬁgj ﬁ/ and ﬁz can be calculated such as:

~ ~ ~ A~ T ~ ~

h=[0 h, R h] =4'0np < (14)
where

m, :[0 m O n;]T: Quaternion representation of the Earth’s magnefield
T
m=[m 0 m].
The minimization of the modeling errodi(ﬁ) is performed from a regression method that
minimizes the scalar squared error criterion fuoreti (4) related tos (4):
£(8)=9(8)" 4(a) (15)
In this chapter, the LMA (Marquardt 1963) is usedninimize the non-linear functioﬁ(d).

This choice reflects the robustness demonstratethibyalgorithm compared to other methods
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such as Gauss-Newton or gradient (Dennis et aB)198
The unique solution to this problem can be writterthe following form (Deutschmann et al.

1992):

7(4) = Ko(q) (16)
where K :k[XTXH,Im]_lXT is the gain of the filter used to minimize theoerd(q).

X *° is the Jacobian matrix defined by:

T

0 -f, f, 0 ~-h, h
x==2[[t+] ["]]'=2 &, 0 -f, h 0 -h (17)

The constantl is chosen to ensure the non-singularity of theimmiation problem. The

constantk determines the crossover frequency of the latteis used to tune the balance
between measurement noises suppression and redpoase the filter. Generally, it combines
low bandwidth accelerometer/magnetometer readingth vihigh bandwidth gyroscope

measurements. Notice that, the complementary fildsra better convergence whiens chosen
somewhere between 0.1 and 1 (Mahony et al. 20@@) represents a part of the correction
term T . To achieve the quaternion product in (11), tmnt& must be of dimension 4. S, is
constructed as follows:

1 00 0O0O

T=[° ' 18
"o K L(a)} 4o

The scalar part of quaternion error is chosen tiw fbrce the error quaternion to represent small
angles of rotation (Deutschmann et al. 1992). Ringle complementary filter can be written as

follows:
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o] [at0,500] o0 000

Ay
A ~N _A +A
R Pt s
6| 2| (o +Gw,-aw,) | |0 K 2(a)
: o 0
_q3_ L (oﬂwy _qux +q0wz) |

5. Experimental validation

5.1. Experimental tool for attitude estimation: Imgal Measurement Unit MTi-G

In order to evaluate the efficiency of the propossmmplementary filter in real world
applications, an experimental setup was developsdrting to an inertial and magnetic sensor
assembly. The goal is to obtain an estimation efghaternion that represents the orientation of
a rigid body and to investigate its accuracy ung®ious conditions. For the experiments, the
MTi-G from Xsens Motion Technologies (Xsens Technolog@d?2) was employed. This
MEMS device is a miniature, lightweight, 3D calited digital output sensor (3D acceleration
from accelerometer, 3D angular rate from gyroscope] 3D magnetic field data from
magnetometer), a GPS enhanced Attitude and Hed®l@fgrence System with built-in bias,
sensitivity, and temperature compensation. MB-G outputs data at a rate of 100 Hz and
records them on a computer (see Fig. 3). In additlas device is designed to track the body 3D
attitude output in quaternion representation usarg embedded Extended Kalman filter
algorithm. The calibration procedure to obtain tean, offsets and non-orthogonality of the
sensors was performed by the manufacturer of theosenodule.

It is important to note that théTi-G device serves as tool for the evaluation of the
complementary filter efficiency and cannot be l#afor use in Bio-logging field due to its
dependence on an energy source as well as its ezgit. In the following set of experiment,

the calibrated data from tiMTi-G are used as input to the complementary filter.
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5.2. Evaluation test and estimation attitude anadl/g free movement of animal

In this set of experiments, the accuracy of the glementary filter is evaluated during the free
motion of a domestic animal (a dog). TM&@i-G is attached to the back of the animal withitg
axes aligned with those of the dog. The path fadldwy the animal was carried out in a football
stadium as shown in Fig. 4. Inertial/magnetic measents and attitude (in quaternion
representation) are recorded using M&i-G during the motion of the dog (see Fig. 5) and
transmitted to a computer via USB port. It should rioted that, based upon measurements
recorded by the accelerometer, we note that themanmotion consists of two acceleration
profiles, one corresponding to the low frequenaemotion (during walk) and the other rather
to the high frequencies (during trot and cantehe &cceleration profile varies between [-15, 15

m/s7] for f.and f, and [-5, +25 m/§ for f,. The increase in the acceleration level between th

natural gaits is due to the DB& of the dog that is more important during the &od the canter.
The recorded inertial and magnetic measurements ftee MTi-G are used to estimate the
attitude using the proposed complementary filtére Talculated attitude from tHeTi-G is
considered as reference of the dog’s motion. Figlo& the evolution of the difference between
the calculated quaternion using tNE-G and the one estimated by the proposed approach.
Although some parts of the motion are with high @wics, we can remark that the errors on

quaternion’s components don’t exceed 0.03)pnq,, g, and 0.05 org,. For more clarity to the

reader, we also represent the attitude estimaéeunlts of the same movement using the Euler
angles (roll, pitch and yaw). Fig. 7 shows the atioh of the difference between the Euler
angles estimated by the complementary filter aedvifil-G.

It is clear that this mismatch between the estithaii#itude by our approach and thdi-G is

small. Then, one can conclude about the performafdbe complementary filter in attitude
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estimation of the animal body even in dynamic situes. Although our approach didn’t exploit
a GPS data as done MTI-G, it is able to reconstruct the orientation of theg given by the
MTi-G with a small error.

5.2. Performance’s comparison with previous Bio-lfigg works

We propose in this section a comparative study éetwthe performance of the attitude
estimation obtained from three methods: the comeigary filter and two other approaches that
have been proposed in Bio-logging that we callethow 1 (Wilson et al. 2008) and method_2
(Watanabe et al. 2005). Both approaches use oplyraination of triaxial accelerometer and
magnetometer and provide an attitude estimatidauler angles representation. The purpose of
this comparison is to analysis the performancehefdomplementary filter and to prove if it is
possible to make an improvement of the attitudenasion in Bio-logging and show the interest
to add gyroscope in such application. This comparis performed in the case of experimental
test on the dog, presented earlier and we usedndasurements recorded by tdi-G. To
compare the three methods, the estimated quatefmuionthe complementary filter is converted
to Euler angles using the formulas presented inlligthet al. 2001). The estimation results
obtained separately from the three approaches @deih method_2 and the complementary
filter) are compared with those provided by theinal algorithm of th&Ti-G.

5.2.1. Attitude estimation

The results of this comparison, illustrated in gshow the errors obtained from the difference
between the estimates of Euler angles calculateithéoM Ti-G and those provided by the three
methods. The smallest difference was obtained thighcomplementary filter. This error does
not exceed 5 ° on the three Euler angles everngimtiequency movements of the animal, where

the DBA is important. The estimation errors obtdibg method_1 and method_2 are around 10°
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for roll and pitch angles and 20° for the yaw andlaese large errors are mainly due to the
approximations established in these two methodgesihe accelerometer does not extract the
attitude during the dynamic situations of movema@ihiese high frequency dynamics are present
during the motion of the dog.

Performance’s analysis of each method can alsostableshed using the Root Mean Square
Difference RMSD. This criterion quantifies the difference betwebka Euler angles calculated
by the MTi-G, considered as reference, and those estimatecdyy method. Th&MSD was

calculated such as:

(20)

where

X : The Euler angle measured by &i-G algorithm

X : The Euler angle estimated by the chosen methodhgtementary filter, method_1 or
method_2)

N : The time interval T = 2)

An average ofRMSDQ,;,, on the Euler angles for each method is subsequestiblished in
Table 1. Note that th&MSRQ,,,, values relating to the three Euler angles areirddaalso with

the complementary filter. This highlights the impements we were able to make at the attitude
estimation comparing to the two methods developdgio-logging.

5.2.2. Dynamic Body Acceleration estimation

In this subsection, we are interested to the catmx of the DBA of the animal during its

movement. This acceleration relates solely to tieeeament of the animal’'s body. To calculate
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the DBA, we used the attitude estimatignobtained from the complementary filter during the

movement of the dog. The following equation is used
a=inv(Mg (1)) f-G (21)
where the rotation matri;Mﬁ(d) is expressed in (3 ° is the gravity vector and M °

represents the measurements of the accelerometer.

We calculate after the norm of the accelerationgigie following equation:

&, =y&+& +& (22)
Similarly, we calculated the attitude by method ntl anethod_2. The attitude values obtained
from each method are used to calculate the DBAefanimal using (21). Finally, the norm of
the acceleration is calculated using (22). We repoFig. 9 the results of this comparison by
establishing the difference between the norm otlacation obtained from thITi-G and the
one provided by each method (complementary filbeethod_1 and method_2). The smallest
difference is obtained with the complementary filimdeed, the errors of the complementary
filter do not exceed 0.7 nf/sut they reach 3 nfi$or method_1 and 2 nf/$or method_2. These
results demonstrate the improvements made by tioped approach in calculating the DBA of
the animal. We recall that a more precise calautatf the DBA will allow biologists a better
assessment of energy expenditure of the animal.

Similarly, we used the(RMSDQ,,,, given in (20) to measure the difference betweenntbrm of

DBA calculated by theMTi-G (reference) and the one estimated by each method.

We used for that the following notations:

X : The norm of DBA calculated by thTi-G.
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X : The norm of DBA estimated by the chosen methamm@ementary filter, method_1 or

method_2)

Table 2 shows the averages of tRMSQ,,,, corresponding to the norm of DBA for each

method. Note that we obtained the smallest valuhisfaverage with the complementary filter.
We conclude that this criterion reflects the fikeability to provide a more accurate calculation

of DBA.
6. Conclusion

This paper presents the design and experimentaltsesf a quaternion-based complementary
filter for animal body motion tracking using inaffmagnetic sensor modules containing
orthogonally mounted triads of accelerometers, Enguate sensors, and magnetometers. The
complementary filter was designed in order to bke ab produce highly accurate orientation
estimates without resorting to GPS data. The fittesign makes use of a simple kinematic
motion equation to describe the system model. Tiher fdesign is further simplified by
preprocessing accelerometer and magnetometer sliaig the Levenberg Marquardt Algorithm.
The modelling error produced by the LMA is providasl input to the filter along with angular
rate data. Some experiments are carried out one@ fnotion of animal through sensor
measurements provided by an IMU. From the experisnetesigned to validate filter
performance, this approach was shown to work velture works will focus on designing a
low-cost, lightweight and embedded prototype fas tpplication.
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Figure captions

Fig.1 Schematic diagram of how an Inertial Measw@eintnit is attached to a penguin

Fig. 2 The coordinate syste() of a rigid body represented in the Earth- fixezhie (N)

Fig. 3 Inertial Measurement UMTi-G
Fig. 4 TheMTi-G attached to the back of the dog - Descriptiorhefdog motion
Fig. 5 Inertial and magnetic measurements recofdad theMTi-G

Fig. 6 Differences between quaternion’s estimatesiged by the complementary filter and the
MTi-G during the motion of the dog

Fig. 7 Differences between Euler angles estimatedyzed by the complementary filter and the
MTi-G during the motion of the dog

Fig. 8 Estimation errors of Euler angles during thetion of the dog - (a) difference between
MTi-G and method_1 - (b) difference betwedii-G and complementary filter - (c) difference
betweerMTi-G and method_2

Fig. 9 Estimation error of the norm of DBA duririgetmotion of the dog
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Fig. 4. TheMTi-G attached to the back of the dog - Descriptiorhefdog motion
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Fig. 6. Differences between quaternion’s estimates pravizethe complementary filter and tMi-G during the
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Fig. 7. Differences between Euler angles estimates prablbgehe complementary filter and tMTi-G during the
motion of the dog
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Tablel
Average of theRMSD,,,, - corresponding to Euler angles for each method dutie experiment on the dog
Methods Com?illf[aer?entary Method_1 Method_2
Average of the
RMSD,,,  (Roll) 0.934 1.6144 1.1846
Average of the
RMSD,,,_ (Pitch) 0.8609 2.4962 1.8019
Average of the
RMSD,,,, (Yaw) 5.0426 19.1813 12.6655
Table2
Average of theRMSD,,, - corresponding to the norm of DBA for each methodrdythe experiment on the dog
Methods Comgllttaé?entary Method_1 Method_2
Average of the
0.1168 0.3351 0.1929

RMSD

Sliding




