IEEE ThAivoACTIONS ON MAGNETICS, VOL. 50, NO. 9, SEPTEMBER 2014

5000411

6-D Magnetic Localization and Orientation Method for an
Annular Magnet Based on a Closed-Form Analytical Model

Shuang Song'!, Baopu Li>3, Wan Qiao®, Chao Hu*, Hongliang Ren', Haoyong Yu!,
Qi Zhang?, Max Q.-H. Meng’, and Guoqing Xu?

IDepartment of Biomedical Engineering, National University of Singapore, 119077 Singapore
2Department of Biomedical Engineering, College of Medicine, Shenzhen University, Shenzhen 518055, China
3Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China
4Ningbo Institute of Technology, Zhejiang University, Ningbo 315000, China
>Department of Electronic Engineering, Chinese University of Hong Kong, Hong Kong

Magnetic tracking technology is emerging to provide an occlusion-free tracking scheme for the estimation of full pose (position and
orientation) of various instruments. This brings substantial benefits for intracorporeal applications, such as for tracking of flexible
or wireless endoscopic devices, and thus is significant for further computer-assisted diagnosis, interventions, and surgeries. Toward
efficient magnetic tracking, a 6-D magnetic localization and orientation method is proposed in this paper. An annular permanent
magnet is mounted on the exterior surface of a capsule. With a magnetic sensor array, the magnetic field can be measured and
the capsule’s 3-D location and 3-D orientation information can be estimated based on proposed closed-form analytical model of
annular magnet and particle swarm optimization algorithm. Magnetic dipole model and Levenberg-Marquardt algorithm are used
to improve the speed and accuracy of estimation. Extensive simulation experiments show that the localization and orientation method

works well with good position and orientation accuracy.

Index Terms—6-D magnetic localization and orientation, annular magnet, computer-assisted interventions, particle swarm

optimization (PSO), tracking.

I. INTRODUCTION

AGNETIC tracking technique uses one or more

magnets as the excitation source, which generates
a magnetic field that can be detected and measured by
magnetic sensors. With these sensing signals, position and
orientation can be estimated [1]—[4]. In contrast to other state-
of-the-art tracking technologies such as mechanical optical
tracking or ultrasonic tracking, magnetic tracking is emerg-
ing to provide an occlusion-free tracking scheme for the
estimation of full pose (position and orientation) of vari-
ous instruments [5]-[11]. Compared with optical tracking
techniques, this occlusion-free feature brings substantial bene-
fits for intracorporeal applications, which are typically lacking
of direct line-of-sights between the base frames to the tracked
targets [12]-[14].

Hence, efficient magnetic tracking techniques are signifi-
cant for further development of computer-assisted diagnosis,
interventions, and surgeries. For instance, there is demand
for a clinical drive to track flexible cable-based or wireless
endoscopic devices [12], [15], [16]. The cable-based endo-
scope has been widely used in traditional treatments over
the past few decades and its localization is significant in
navigated robotic surgeries. Compared with the cable-based
endoscope, the wireless capsule endoscope has advantages
including noninvasiveness and a direct view of the small
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intestine which is not reachable using traditional endo-
scopes [17]. Physicians can analyze status of the gastroin-
testinal (GI) tract by viewing the captured images after
examination. However, the current wireless capsule endoscope
technology still has some limitations. One drawback is that it
cannot provide accurate location and orientation information
of a capsule with respect to the patient’s anatomy. Physicians
sometimes require knowledge of accurate positional infor-
mation of the pathological tissues to make a more accurate
diagnosis so as to determine the need for further treatment or
operation. Thus, the accurate location information is important
for the diagnosis of GI pathologies [17]-[19].

In [20]-[24], the low-frequency ac signal is used to gen-
erate an electromagnetic field. This method can achieve high
accuracy and fast estimation. However, for the tracking of an
object inside the human body, using a method such as the
wireless capsule endoscope, the wireless excitation technique
is preferable. Because of application demands such as low
power consumption and confined space, a small permanent
magnet would be a better choice to serve as the excitation
source instead of the magnetic coils excited by ac signals.
Recently, many researchers have suggested that the magnetic
localization and orientation technique can be employed to
track short distance objects such as endoscopic devices inside
human body [3], [11], [12], [22], [25]-[33]. This is because
the human body has a magnetic permeability close to air, and
the magnetic field generated by a small magnet is generally
harmless to the human body. In addition, this magnetic tech-
nique is easier to implement compared with other techniques
like computed tomography (CT), magnetic resonance imaging
(MRI), and 3-D ultrasound.
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With the magnetic localization method, some researchers
have suggested using the superconducting quantum interfer-
ence device (SQUID) technique to monitor the transit of
magnetic markers [34]. However, SQUID requires cooling,
and the measurements are usually performed in a magnetically
shielded room. It is desirable to find a more convenient
magnetic detection technique that can be realized in the normal
environment. In [35], a 2-D array of hall sensors is used to
track a permanent magnet with the size of 0.2 cm?, but it
can only acquire information in 5 degrees of freedom of the
magnet and the detection distance is as short as 14 cm. In [36],
the recursive Bayesian method and a tensor gradiometer are
used to track a magnetic dipole. Using the magnetic dipole
model, the rotation information about the magnetic moment
cannot be calculated. A motion trajectory detecting method
that permits the tracking of magnetic objects is presented
in [37] using the magnetic flux density of a 3-D Hall probe.
Generally, the aforementioned methods are all based on an
internal magnetic source being sensed outside the human body.
A different strategy to achieve real-time pose detection is
based on an external permanent magnet (EPM) being sensed
from inside the capsule [38], [39]. A localization method
using an external rotating permanent magnet (RPM) has been
proposed in [38]. Magnetic sensors are first placed inside the
capsule. By measuring the maximum and minimum magnetic
field values Bmax and Bpj, from magnetic sensors, the cap-
sule’s position and orientation information can be estimated.
In [39], a pose detection method that combines the use of
magnetic sensors and a triaxial accelerometer was proposed.
All these sensors are embedded in the capsule and an EPM is
used as the magnetic source. Data from magnetic sensors and
accelerometer are used to estimate the position and orientation
parameters, respectively.

In [3], [22], [26], [28], and [29], we built a cubic magnetic
sensor (Honeywell HMC1043) array to track small magnets.
As shown in Fig. 1, it consists of four planes of magnetic
sensors, which form a cubic inner space around 0.5 m X
0.4 m x 0.3 m. On each plane there are nine uniformly
arranged three-axis magnetic sensors. The computer samples
the signal by using a USB ADC (ZTIC-USB-7335) and then
calculates the 3-D position parameters and 2-D orientation
information of the magnets moving inside the sensor array.
The system update rate is around 5 Hz and up to three magnets
can be tracked at once.

In this paper, a 6-D localization and orientation method for
wireless capsule endoscope based on an annular magnet is
presented and discussed. As shown in Fig. 2, the magnet is
mounted on the exterior surface of an endoscope. Compared
with the cylindrical and rectangular magnet, the annular mag-
net can enlarge the usable space in the endoscope, while
maintaining the strength of the magnetic field. There are two
types of annular magnets, as shown in Fig. 2, magnet A and
magnet B. They have the same shape and size, but different
magnetic moment direction. Magnet A can only provide 5-D
information: 3-D position and 2-D orientation. However, the
rotation information about the magnetic moment cannot be
determined. Magnet B can provide 6-D information: 3-D
position and three rotation angles. The 6-D localization and
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Fig. 1. Magnetic sensor array.

Fig. 2. Endoscope with annular magnet. 1: Optic dome; 2: CMOS imager;
3: battery; 4: RF emitter; 5: antenna; 6: optic lens; and 7: permanent magnet.

orientation method proposed in this paper is based on the
latter. The method includes three key parts: 1) a closed-
form analytical model for the annular magnet field based
on the electromagnetic field principle and the Biot—Savart
Law; 2) a sensor array to measure the magnetic field strength
generated by the annular magnet; and 3) an optimization
algorithm to solve the equations based on the analytical model.
The organization of this paper is as follows. In Section II,
the analytical model of annular magnet and the compari-
son with the magnetic dipole model will be discussed. In
Section III, the localization and orientation method is pre-
sented in detail. In Section IV, the simulation results will be
shown. Finally, conclusions will be made in Section V.

II. CLOSED-FORM ANALYTICAL MODEL OF ANNULAR
MAGNET FIELD

The closed-form analytical model of the annular mag-
net field is based on the superposition principle and the
Biot-Savart Law. As shown in Fig. 3, using the superpo-
sition principle, the magnetic field generated by an annular
magnet is the same as that generated by two cylindri-
cal magnets. The two cylindrical magnets share the same
length and magnetic moment direction but different radius.
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Fig. 3. Modeling of annular magnet. (a) Superposition principle.
(b) Biot-Savart Law.

The subtraction of the magnetic field strength of the larger
magnet with the smaller magnet will result in an equivalent
annular magnet with the same magnetic moment direction
and length. First, the closed-form analytical model of cylinder
magnet will be presented.

A. Analytical Model of Cylinder Magnet Field

As shown in Fig. 3, the length of this cylindrical magnet
is 2a and the radius is r. The magnetic moment direction
is from Z_ to Z,. Using the center of this magnet as the
point of origin, the magnet’s coordinates are established. With
the Biot-Savart law, the magnetic field dB at the position
P(x, y, z) generated by a surface current I4gcps with thick-
ness of dzp, can be calculated, with the current path being
A — B —- C —- D — A. The surface current I = Idl is
shown in Fig. 3 using red lines, where I = Jydz¢ is magnitude
of current, dl is the direction of the current and J; is the current
density (A/m). Let (xo, Yo, zo) be a point on this current. The
magnetic field at position P generated by the cylinder magnet

can be estimated by
,
B= / dB. (1)
—r

The direction of current I4p with segment AB is (1,0, 0).
With the Biot—Savart law, the magnetic field strength generated
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by current I4p can be calculated using the following equation:

Idl x P
dB; = ﬂixg 0
4 [Pyl
i j k
1 0 0
@ X—X0 Y—Y0 2—20
= Kdzo/ 5 Y y2 5 3/2dx0'
—a [(x =x0)” + (v = y0)* + (2 — 20)°]
)

Decomposing the above equation to three components, we
have

dB,1 =0
dBy = Kdzo [* (20=2) dxo
' Ja [(x—J<o)2+(y—yo)z+(z—m)2]3/2 3)
»=y0)

dB;1 = Kdz [, zdxg

[ —XO)2+(y—yo)2+(z—20)2]3/

where yo = —(r? — z%)l/ 2, uo is the permeability of vacuum
in free space and K = Js;uo/4n is a constant determined based
on the material of the magnet, and Py is the vector from point
(x0, Y0, z0) to point P(x, y, 7).

For segment BC, the orientation of current Ip¢ is (0, 1, 0).
The magnetic field generated by current Ip¢ can be calculated
with the subsequent equation

Idl x P
dB, = L& x 1o
4z |Pg|?
i j k
0 1 0
y X—a y—Yo 2—20
= Kdz()/ . 5 5 3/zdyo.
' [ —a)* + (v = y0)* + (2 — 20)]
“)
Subsequently
dBX2 = KdZO ff’,/ (z—2z0) 3/zdy0
Y = +-y0 2+ —20)’]
dBys =0 5)
dB., = Kdzo [, —(x—a) dyo
: S [(x—a)z+(y—yo)z+(Z—zo)2]3/2

where y' = /r2 — z3.
For current I¢p, the direction is (—1, 0, 0) and the magnetic
field will be

aB, = 10 1dl x Py
4z [P|?
i j k
—1 0 0
:Kdz()/a 1T YT fT dxo.
~a [(x = x0)% + (v = y0)? + z — 20)*]"?
©6)
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Subsequently
dBy3 =0
dBy3 = Kdzg f (z=20) dxo
’ S [(xfXO)ZJr(yfyo)2+(zfzo)2]3/z (7
dB;3; = Kdzp ffa (o=) >dxg

[ox *X0)2+(Y*y0)2+(1*10)2]3/

where yo = ,/r2 — 23

For current Ip4 with the direction (0, —1, 0), the magnetic
field will be

Idl x P
dB, = ﬂ#
4 |Py
i j k
0 -1 0
Y xX+a y—=Yo 2—20
= KdZ()/ . 5 > 3/2dy().
= [(x +a)* + (v = y0)* + (z — 20)°]
(®)
Subsequently
dB.s = Kdzo [~ —(z-20) dyo
! I [0y +0—30*+c—z02]
dBys =0 )
dB., = Kdzo [~ (c-+a) dyo
) I [+ar+ -0 +c—207]
where y' = /r2 — z3.

With the superposition principle and the foregoing equa-
tions, the magnetic field dB = (d B, d By, d B;) generated by
surface current I4pcpa can be calculated as follows:

4 4 4
(dBy,dBy,dB;) = (Z dByi, Y dBy, > dBZ,-) . (10

i=1 i=1 i=1
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Then (1) can be calculated as follows:

r r r
B=(Bx,By,BZ)=(/ de,/ dBy,/ dBZ). (11)
—r —r —r

To reduce the calculation overhead, the preceding double
integral expressions can be simplified to integral expressions
about zg. A numerical integral evaluation is used for the
calculation, and the final closed-form analytical expressions

are as follows:
h (—r)+4 nzil k+ 1
6 fx(=1) Sx (ZO ( 2))

k=0

By

n—1

+Zz Sx (zo (k) + fx(r):|

k=0

12)

n—1

h 1
. [fy(—m W (w0(x+5))
n—1

+2>° fy o () + £y (r)}

)

2> f: o () + f: (r)]

k=0

13)

h n—1
A [fz(—r) +4>

k=0

(14)

where h = 2r/n, zo(k) = —r + kh, zo(k + 1/2) = zo(k) +
h/2. fx(z0), fy(zo), f(zo) are shown in (15) as shown at the
bottom of the page, and (16), (17) as shown at the bottom of
the next page, respectively.

y+r2 =z}

fx(z0) = K(z — z0)

2
[(x —a)’ +(z —Zo)z] |:(x —a)+ (z—20*+ (y +,/r2 —2(2)) i|

1
2

2 2
y=yr*—z

[ —a)? + (z — 20)?]

(x—a)2+(z—zo)2+(y— r2

[(x + a)* + (z — 20)?]

y+rt—z3
.
(x+a)* + (z — 20 + (y—l—,/r2 —zg)

/42 2
Y —4/F _ZO

+

[(x + a)* + (z — 20)?] [(x +a)’ + (z—z20)* + (y —Jr?

5)
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By combining (12), (13), and (14), the magnetic field can
be presented as

Beylinder = (Bx, By, B;) = fe(x,y,2).

Then, the solution of the magnetic field generated by an
annular magnet using the superposition principle will be

(18)

Bannutar = fannular (X, ¥, 2)
= fc(x,y,Zarl)_fc(X,y,Zarz) (19)

where ry is the outer radius and r; is the inner radius.

B. Comparison Between Two Magnetic Models and
Finite Element Analysis Result

The magnetic dipole model can also be used to calculate
the magnetic field. Fig. 4 shows the magnetic dipole model.
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(xd, yd,zq) are the positional parameters of the magnet,
Hy = (m,n, p) is the direction of magnetic moment and
m? +n? + p2 = 1. At position (x;, y;, z;), the magnetic field
can be calculated as

3Hop-P;)) xP;  Hp
B” = B; ((R—S) - —) (20)
1

3

Rl

where Br is a constant value related to the size and material
of the magnet and

Py = (xi — X4, Y1 — Yd, 2l — 2d)
R = \/(Xl = xa)* + (1 — ya)* + (@ — za)*.

To validate the proposed analytical model, a finite
element analysis software (Ansoft Maxwell) is used to

xX+a

fy(zo) = K (z — z0)

2 2 %
|:(y—,/r2—z5) +(Z—ZO)2] [(x+a)2+(z—zo)2+(y— r2—Z5):|

X —da

2
(y — . /r? —2(2)) + (z — 20)?

212
(x—a)2+(z—zo)2+(y— rz—z%)

x+a

2
(er,/r2 —z%) + (z — 20)°

2
(x4 a)®> + (z — 20)* + (er,/r2 —z%)

X —da

fz(z0) = K

+ : (16)
2 272
[(y +,/r* — z%) +(z— zo)z} [(x —a) + (z —20)* + (y +,/r* — z%) }
(ri):
x+a
2 2 172 [
[(y +Jr? = zg) +(z - ZO)Z] [XZ + (y +yr - Z(z)) + (- Zo)z]
(y — /= z%) X
a N N 172 |§f2
|:(y— rz—zé) —i—(z—zo)z] [X2+(y— Vz—Z(z)) +(Z—Z0)2]
i —x—-a)Y ‘ery:
[(x —a)* + (2 — 20| [(x —a@)* + Y2 + (z — zo)z]l/2 o
(x +a)Y y+y/
+ e 17
[ +a)? + @z —20*] [ +a)? + Y2+ (z — zo)z]l/2 ‘) ’
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Fig. 5. Simulation result in Ansoft Maxwell.

simulate an annular magnet with size parameters (a, r1, ) =
(9, 5.5, 4.5) mm, where a is the half length of the magnet, ry is
the outer radius, and r, is the inner radius. The simulation
result is shown in Fig. 5. The coordinate system is based
on the annular magnet, so the position and orientation of
the dipole model in the local coordinate system should be
(x4, Ya,za) = (0,0, 0) and (m, n, p) = (0,0, 1). The constant
Br in the magnetic dipole model and K in the annular
model can be calculated based on the material and size of the
magnet. In Ansoft Maxwell, we chose NdFe35 as the magnetic
material, with its relative permeability being 1.0997785406
and magnitude being 890000 A/m. Defining V,, as the volume
of the annular magnet, K and Br can be calculated as

K = pourM/4x = 0.09788
Br = KV, = 5.535¢ — 8.

The comparison points are chosen on a yz plane, where
y starts from —6 to 6 mm with a step increment of 2 mm,
z starts from —6 to 6 mm with a step increment of 2 mm, and
x = 9.1 mm. The comparison of the results can be seen in
Fig. 6, with the result using the annular magnetic model being
represented by the red line, the Ansoft result being represented
by the green line and the magnetic dipole model result being
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represented by the blue line. From Fig. 6, we can see that
the annular magnetic model is better than the magnetic dipole
model.

Fig. 7 shows the comparison between the results using
the annular magnetic model and the magnetic dipole
model. Comparison points lie on a space line (x,y,z) =
(t,1.5¢,0.5¢t) mm + (5,5,5) mm, where ¢ starts from 1 to
10 mm with a step increment of 1 mm. The magnetic field
strength B in the figure is defined as

B = /B2+ B2+ B2.

As an approximate model, the magnetic dipole model works
well only when the distance between the sensor and magnet
is much larger than the size of the magnet. When the distance
is very small, results from the two models are very different.
The error between the two models is therefore reduced with
increasing distance. Although the values from these two mod-
els will converge with increasing distance, the advantage of the
proposed model is that the computed values will continuously
change during its rotation about the axis of magnetic moment.
As shown in Fig. 8, the magnetic field values calculated with
these two models at the position (0.1, 0.15,0.2) m according
to the annular magnet’s coordinates while the magnet rotates
about the z-axis from 0° to 360°. The magnetic dipole model’s
results (the red line) are constant while the proposed analytical
model’s results continuously change with the rotation angle.
These variations in the values allow the calculation of the
rotation angle about the magnetic moment, which cannot be
provided by magnetic dipole model.

21

III. LOCALIZATION AND ORIENTATION ALGORITHM

The localization algorithm includes two parts: defining
a least square problem and solving this problem with an
optimization algorithm. We will first define the global local-
ization coordinate system. With this coordinate system, the
least square problem for localization and orientation will be
introduced. Then particle swarm optimization (PSO) algorithm
and an improved fusion method with the magnetic dipole
model will be proposed to solve the least square problem.

A. Coordinate System and 6-D Parameters

To realize localization and orientation, a localization coordi-
nate system has to be built. There are two coordinate systems,
the global localization coordinate system based on the sensor
array, and the local coordinate system based on the annular
magnet as shown in Fig. 3. The proposed analytical model
in Section II is based on the local coordinate system and the
6-D localization and orientation parameters of the magnet in
the global coordinate system are determined by the translation
and rotation relationship between the local coordinate system
and the global coordinate system.

As shown in Fig. 9, we define the 6-D parameters as
(Xm> Yms Zm»> 0y By 7). (Xms Ym» Zm) 1 the 3-D position of the
magnet in the global coordinate system and (a, f5,y) is the
rotation angle about the x-axis, y-axis, and z-axis based
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Fig. 7. Comparison result of two models.

on the local coordinate system. The rotation matrix can be
decided by

R = Rot(x, a)Rot(y, f)Rot(z, y) (22)
where

1 0 0 ]
Rot(x,a) = | 0 cosa —sina

| 0 sina cosa

[ cosp 0 sinp ]
Rot(y, f) = 0 1 0

| —sinf 0 cosp |

[[cosy —siny 0]
Rot(z,y) = | siny cosy O

0 0 1]

B. Localization and Orientation Method

A magnetic sensor array is used to locate the magnet. Each
sensor measures the magnetic field strength at its position and
outputs three voltages Vi, Vy, and V, which indicate the field
strength on three orthogonal directions parallel to the global
coordinate system axes.

Taking ith sensor as an example: Let its position be P; =
(xi, i, zi). The output voltages will be Vi = (Viyr, Vi), Viy).
Parameters of the magnet are (X, Y, Zm, @, B, 7).
Using (19), the magnetic field value at position Pj can
be calculated as follows:

B; = fannutar (xit, yit, zit)R™! (23)
where
(xila)’il,zil):[(xi,yi,zi)_(xm,Ym,Zm)]R (24)

(xi1, yit, zif) is the position of the ith sensor in the local
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Fig. 8. Comparison result of two models. The magnetic field values are

calculated with these two models at the position (0.1,0.15,0.2) m in the
annular magnet coordinate while the magnet rotating about z-axis from
0° to 360°.

(X Voo Z)

Y

X

Fig. 9. Localization and orientation parameters.

magnet coordinate system. We define

B, =C;-V;

; (25)
where C; is the proportional coefficient between the values of
B; and V;. Then, we can have the equation B; = B; which
contains the unknown parameters (X, Ym, Zm, @, f,7 ), and
N(> 6) equations can be used to solve for the parameters.
An effective optimization algorithm is needed to solve these
parameters as the equations are so complex that ordinary
methods cannot be used here. Defining the error function as

N
Err= > | Bi—Bj|*.

i=1

(26)

The result can be obtained by minimizing Err using an
effective optimization algorithm, which will be introduced in
the subsequent section.
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C. Optimization Algorithm

Equation (26) is a least square error problem; it
can be solved using an optimization method. Many
effective optimization algorithms can achieve high-quality
performance, such as the Levenberg—Marquardt (LM)
algorithm, Gauss—Newton (GN) algorithm, Genetic algo-
rithm (GA), PSO algorithm, and so on. As the analytical model
is based on a numerically evaluate integral method, the PSO
algorithm is used here to solve this problem.

The PSO is a population-based stochastic optimization
technique inspired by the social behavior of bird flocking or
fish schooling [40]. For the (¢+ 1)th time iteration, all particles
update their positions by the following equations:

Vit +1) = x Vi(t) +c1 x a1 x (P; — X;(1))
+ 2 x ax x (Pg — X;(1))
Xit+1) = Xi()+ Vit + 1)

27)
(28)

where o is inertia weight, ¢; and ¢, are acceleration constants,
ai and ap are random values between O and 1, respectively,
P; is the local optimal result of particles X;, and Py is the
current global optimal result.

The advantage of the PSO algorithm is that the continuity
of the fitness function is not necessary, so it is particularly
fitting for the expression of the magnetic model which is based
on the numerically evaluate integral method. The shortcoming
of this algorithm is that when the fitness function is very
complex, there will be many local minimum solutions and
a larger population size is needed, which will greatly slow
down the speed. A large boundary range would also give
rise to more inaccurate results. To get more accurate results,
a larger population size and more iterations are needed, which
leads to a much slower speed. Since the fitness function cannot
be simplified, an effective way to address the speed problem
is to limit the boundary range, which will be discussed in the
following part.

D. Fusion of the Annular Magnetic Model and Magnetic
Dipole Model

To solve the problems with PSO, we combine the two mag-
netic models together. First, the magnetic dipole model is used
to calculate the 5-D parameters, and then the boundaries in the
PSO algorithm are set based on the 5-D result. Subsequently,
the PSO algorithm is carried out. The detailed steps are as
follows.

1) Magnetic Dipole Model: We integrate the dipole model
into the localization system, and define the parameters of
magnetic dipole model as (xq, 4, zd, m, 1, p). (X4, Yd, 2d) 1S
the magnet position in the global coordinate system, while
(m, n, p) is the magnetic orientation in the global coordinate
system.

Define the error evaluation function of the magnetic dipole
model as

N
D 2
Errgipoe = »_ | B? — Bj |
i=1

(29)
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where B; is defined in (25) and BiD is the result obtained using
the magnetic dipole model. Then (xq4, y4, Z4, m, n, p) can be
solved with the LM algorithm [26].

2) Parameters Transform: The position (xg, y4,zq) can
serve as the initial value for (X, Ym,zm). The direc-
tion (m,n, p) can provide two rotation angles o and f.
The relationship between (m,n,p) and (a,f,y) is as
follows:

(m,n, p)R = (0,0,1) (30)

that is

(m, n, p) = (sin f, — sina cos f3, cos a cos f3) 3D

then a and £ can be solved.
3) PSO Algorithm: Using the above results as the initial
value of (X, Ym, Zm, @, ), the bound in PSO can be set as

T
Bound(x,y,z,a,8,y) = (xm, Vs Zms O B E)

£ (s Ay, Az, Ao, AP, 5) (32)

where Ax,,, Aym, Az, Ao, and A are very small values
decided by the accuracy of the magnetic dipole model. By
setting bounds in a very small space, the populations and
iterations can be reduced, while maintaining the accuracy.

IV. SIMULATION RESULTS
A. Example

The purpose of the simulations is to test the solvability of
the magnetic model and the PSO algorithm. First, an example
will be shown to illustrate how the proposed analytical model
and simulation work. The assumed simulation workspace
is inside the sensor array as shown in Fig. 1. The global
localization coordinate system is built on the bottom plane of
the array. Position and orientation parameters of the magnet
in the sensor array are set as

T T T
(Xm> Yims Zm»> 0y B, 7) = (0.1 m, 0.2 m, 0.22 m, 31 g) .
Then the magnetic field strength at each sensor position can be
calculated using (23). For example, at position (0.128, —0.244,
0.307 m), the calculated results is

B, = —0.341681154884478 x 1070 T
By = —0.878337978247516 x 107 T
B. = 0.0333900132524796 x 107 T.

The sensors’ position information are based on the sensor
array as shown in Fig. 1. In the example and the following
simulation, a total of 36 magnetic sensors is used to calculate
magnetic field strength. The parameters of the annular magnet
are the same as the parameters used in the comparison part.
Also, no noise signals are added in the simulation, as the
purpose of the simulation is to test and verify the feasibility
and solvability of the analytical model.

With the magnetic field strength data, the magnetic dipole
model can be used to solve for the position and orientation
parameters. Here, the LM algorithm is used and the result is

(xd, ya,za,m,n, p)
= (0.1002, 0.2002, 0.2201, 0.7067, —0.6143, 0.3518).
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TABLE I
CALCULATION TIME COMPARISON BETWEEN LM AND PSO

Algorithm  Calculation Time
LM 0.08s
PSO 830s
TABLE II

ACCURACY OF PSO FusioN WITH LM AND WITHOUT LM

PSO without LM PSO with LM Ground Truth

X 0.1003m 0.1m 0.1m
y 0.2001m 0.2m 0.2m
z 0.2199m 0.22m 0.22m
« 60.0885° 60.0002° 60°
B 45.0040° 44.9998° 45°
o7 66.8485° 29.9975° 30°

Convert (m, n, p) to (a, f)
(a, ) = (1.0507(60.20°), 0.7848(44.97°)).

As an approximate model, we can see that the magnetic
dipole model result is much closer to the real result. Then,
setting (Axp, Aym, Az, Aa, AB) as (0.001, 0.001, 0.001,
0.01, 0.01) and using the PSO algorithm to calculate the
annular magnetic model, we have

(Xm, Yms> Zm, O, ,B, y)
= (0.1, 0.2, 0.22, 1.0472, 0.7854, 0.5236).

Converting (a, £, y) to degrees, we obtain
(a, B, y) = (60.0002°, 44.9998°, 29.9975°).

As mentioned before, the PSO algorithm is much slower
than the LM algorithm. Table I shows the comparisons
between calculation times. Here, the population parameter
of PSO is set to 2000 and iteration time is set to 50. The
calculation is then run in MATLAB on a PC with an i7-2600
CPU and 8G RAM. It can be seen that the PSO algorithm is
much slower due to the large population value. We hope to
improve this in future.

With the same setting of PSO, the comparison between the
results of PSO by establishing the initial bounds without LM
and with LM is shown in Table II. We can see that the accuracy
of the localization result from using PSO with LM is better
than the result of using PSO without LM, especially for y.

B. Simulation

First position error and orientation error are defined as E,
and E,, respectively

Ep = \/(xr - xc)2 + (Yr - yc)2 + (Zr - Zc)2 (33)
Eo=(ar—ac|+ 1B —=Pc|l+17r—pcl) (34)
where (X, yr, 2r, 0, Br, yr) 1s the ground truth and

(Xcs Yes Zes Ocy Pey ) 1s the estimated value.

As shown in Fig. 10, 30 random positions inside the sensor
array (Fig. 1) with random rotation angles have been tested
in the simulation. These random positions are distributed in a
space of 0.36 m x 0.37 m x 0.3 m.
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Fig. 10.  Simulation points and sensors’ position. Blue points: sensors’
position. Red points: 30 random test positions.
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Fig. 11. Position error. Red points: result from magnetic dipole model. Blue
stars: result from the annular magnetic model.

Fig. 11 shows the position errors, where red points represent
the result from the magnetic dipole model and blue stars
represent the result from the annular magnetic model. The
average position error of the magnetic dipole model is 0.5 mm
and the average error of the annular magnetic model is
0.003 mm. From the results we can see that the magnetic
dipole model is a good approximation model and it can be
used in many applications that do not need 6-D information
or high accuracy. The annular magnetic model can solve this
problem and achieve a very high accuracy.

Fig. 12 shows the orientation errors, where the red line
represents the result from the magnetic dipole model and blue
stars represent the result from the annular magnetic model. The
final average orientation error of the annular model is 0.036°.
We can see that the errors on a and S are very small, but
the error on y is a little bigger. This is because a and f are
estimated based on the initial value from the magnetic dipole
model, while there is no initial value for y, but only a bound
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Fig. 12.  Orientation error. Red points: result from magnetic dipole model.
Blue stars: result from the annular magnetic model.

area to search from. With many local optimal solutions around
the true value, it is difficult for the accuracy of y to be as good
as a and f.

Note that no noise is added in the simulation experiments, so
the accuracy is very high and the solvability of this proposed
model has been verified.

V. CONCLUSION

A new 6-D localization and orientation method for a wire-
less capsule endoscope have been presented and discussed
based on an annular permanent magnet. A novel closed-form
analytical model for the annular magnet is proposed and
the PSO algorithm is used to implement the optimization.
Extensive simulation results show that this method works
well and the accuracy is very high. The optimization time
is now very large and we will simplify the expression and
make this method work in real time in the future. In terms of
applications, the proposed approach can be used to track
miniature intracorporeal instruments, such as the tips of
conventional flexible endoscopes and wireless capsule endo-
scopes, which is an emerging technology to view the small
intestine without discomfort. This will allow physicians to
know the exact position and orientation of medical instruments
inside human body.
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