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Abstract. Electromagnetic trackers are greatly affected by magnetic
field distortion resulting from metal objects and electronic equipment in
close proximity. In this paper, we propose a rapid method for magnetic
tracker calibration using a magneto-optic hybrid tracker. Although the
calibration data can be acquired by freehand using the hybrid tracker,
two problems arise as a result of freehand acquisition. One is the er-
ror caused by the time delay between the measurements of optical and
magnetic trackers. The other is the inconsistency of calibration accuracy
resulting from variations on uniformity and density of the freehand acqui-
sition of calibration data. To overcome the problem of error, we developed
a temporal calibration procedure to estimate the time delay and apply
it accordingly. For the problem of inconsistent calibration accuracy, we
formulated a distortion model selection method using a cross-validation
technique with five distortion models obtained by 0-th to 4-th degree
polynomial fitting to the calibration data. We experimentally evaluated
the method in a setting affected by an actual operating table. By com-
bining the temporal calibration and model selection methods, the error
caused by the magnetic distortion was reduced from around 40 mm to
less than 2 mm, and 30 seconds were needed to obtain the calibration
data for a 200 × 200 × 20 mm3 volume.

1 Introduction

Six-degree-of-freedom (6D) magnetic trackers measure the position and the ori-
entation of a magnetic receiver relative to a magnetic field generator. The mag-
netic tracking systems have been the most widely used technology in virtual
reality research and applications. However, their accuracy is greatly affected by
magnetic field distortion resulting from the presence of electrically or magneti-
cally active elements near the field generator or the receiver. In the past decade,
researchers proposed a number of techniques to calibrate magnetic tracker ac-
curacy by compensating magnetic field distortion [1,2].

Our task of magnetic distortion correction is to calibrate a magnetic tracker
in an operation theatre setting where various metal objects and electronic equip-
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ment exist. In such an environment, when the operating table is electrically pow-
ered, the error due to the distortion can be as large as several centimeters. In
addition, we are currently developing a system for laparoscopically augmented
reality visualization with 3D ultrasound images. In order to obtain 6D pose
parameters of an ultrasound (US) probe for laparoscopic 3D US systems [3],
magnetic tracking is effective because the US probe can flexibly move inside
the abdominal cavity while optical tracking is difficult due to occlusion of lines
of sight. To attain high degree of accuracy, magnetic distortion correction is
necessary.

The distortion correction is performed by approximating a distortion model
through fitting the calibration data set of both distorted and undistorted mea-
surements on the same point to certain analytical function, typically a polyno-
mial. A review on published distortion correction techniques indicates that undis-
torted data are typically corrected using a mechanical or an optical tracker [4,5].
Previous studies [1,2] focus on obtaining accurate distortion models for a large
space such as a 1 × 1 × 1 m3 volume using calibration data acquired based on
a carefully planned acquisition protocol. Thus, they are not suitable for intra-
operation applications which require a reduced amount of time and effort.

In this paper, we propose a rapid method for magnetic distortion correction
which minimizes the time and effort for calibration data acquisition so as to
be intraoperatingly applicable. In the proposed method, a magneto-optic hybrid
tracker (hereafter, “hybrid tracker”) [6,7] is attached to a data collection appa-
ratus. The calibration data are collected by moving the apparatus via freehand
inside the space where a distortion model needs to be approximated. Although
the freehand data collection is particularly suitable for our purpose, two prob-
lems arise. One is the error caused by the time delay between the measurements
of optical and magnetic trackers. The other is the inconsistency of calibration
accuracy resulting from variations on uniformity and density of the freehand
acquisition of calibration data. In the published studies [1,2], the error problem
is not addressed even when the calibration data are acquired by freehand. This
problem could become serious when the apparatus is moved speedily for rapid
collection. To address the issue, we develop a temporal calibration procedure
to estimate the time delay using time-stamp and apply it accordingly. The in-
consistent calibration accuracy is not considered either in the previous studies
because the calibration data are assumed to be collected densely on regular grid.
To overcome this problem, we formulate a distortion model selection method us-
ing a cross-validation technique with five distortion models obtained by 0-th to
4-th degree polynomial fitting to the calibration data.

2 Methods

2.1 Magneto-optic Hybrid Tracker

A 6D optical tracker is modeled as a system measuring transformation Tot→om

from optical tracker coordinate system Σot, whose center is the optical camera,
to optical marker coordinate system Σom. A 6D magnetic tracker is modeled as
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Fig. 1. Experimental setup used for calibration data acquisition by freehand. Dashed
arrows denote dynamically changeable transformation, and solid arrows denote fixed
transformation obtained beforehand by calibration.

a system measuring transformation Tmt→mr from magnetic tracker coordinate
system Σmt, whose center is the magnetic field generator, to magnetic receiver
coordinate system Σmr.

In order to register the magnetic and optical tracker coordinate systems, an
optical marker Σom is attached to the field generator Σmt. Fixed transformation
Tom→mt from Σom to Σmt is obtained beforehand by a calibration process in
an environment without magnetic distortion [7]. Using Tom→mt, transformation
Tot→mr from the optical camera Σot to magnetic receiver Σmr is written as

Tot→mr = Tot→omTom→mtTmt→mr, (1)

indicating that a magnetic receiver Σmr is localized in the optical tracker coor-
dinate system Σot. This transformation is shown in the upper part of Fig. 1.

2.2 Calibration Data Acquisition by Freehand

The calibration data can be acquired by measuring the identical spatial point
using both a magnetic tracker and an optical tracker under the registration of
magnetic and optical tracker coordinate systems. Both an optical marker Σom′

and a magnetic receiver Σmr are attached to the apparatus for calibration data
collection. Fixed transform Tom′→mr from Σom′ to Σmr is obtained beforehand
by a calibration process in an environment without magnetic distortion. Us-
ing Tom′→mr, transformation T ′

ot→mr from the optical camera Σot to magnetic
receiver Σmr is written as

T ′
ot→mr = Tot→om′Tom′→mr. (2)

This transformation is shown in the lower part of Fig. 1.
As shown in Fig. 1, there are two pathways to localize the identical magnetic

receiver Σmr in the optical tracker coordinate system Σot, Tot→mr in Eq. (1)
and T ′

ot→mr in Eq. (2). It should be noted that Tot→mr in Eq. (1) measured
via a hybrid tracker is affected by magnetic distortion, while T ′

ot→mr in Eq. (2)
measured via an optical tracker is not affected. Thus, the calibration data ∆D
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Fig. 2. Temporal calibration via linear interpolation.

representing the position and orientation error resulting from magnetic distortion
is described as

∆D = T−1
ot→mrT

′
ot→mr. (3)

Freehand acquisition of the calibration data is obtained by moving the apparatus
for data collection within the space where distortion correction is needed.

2.3 Temporal Calibration for Freehand Acquisition

In freehand acquisition, there is a time delay between the two measurements
via a hybrid tracker and an optical tracker, i.e. Tot→mr and T ′

ot→mr, because
of the moving apparatus during data collection. In the two pathways of data
collection, Tot→om′ and Tmt→mr are affected by the movement of the apparatus.
Let δt be the time delay between the optical tracker measurement Tot→om′ and
the magnetic tracker measurement Tmt→mr. By incorporating the time delay δt,
T ′

ot→mr is rewritten as

T ′
ot→mr = (Tot→om′δtV )Tom′→mr, (4)

where V denotes the velocity matrix of the apparatus for data collection. We
utilize the above modified equation of T ′

ot→mr because the additional error due
to the time delay may affect distortion correction when V is large. To apply the
modified equation, δt needs to be estimated beforehand by a temporal calibration
process and V can be estimated using time series of the measured positional
data based on the assumption that the apparatus moves locally with a constant
velocity.

We use the time-stamp of measurements for temporal calibration. Let Mi

and T (Mi) be i-th measurement of a magnetic tracker and its time-stamp, re-
spectively. Let Oi and T (Oi) be i-th measurement of an optical tracker and its
time-stamp, respectively. If we assume that the time-stamp represents the exact
time of measurement and the magnetic receiver moves locally with a constant
velocity, the temporal calibration via linear interpolation (Fig. 2) is written as

O′
i = (1 − αi)Oi + αiOi+1, αi =

T (Oi+1) − T (Mi)
T (Oi+1) − T (Oi)

. (5)

If the time delay between the time-stamp and the exact time is identical in
both magnetic and optical measurements, the above calibration is still valid
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even though the time-stamp does not represent the exact time. In fact, under
no practical circumstances is the delay identical. The time delay δt is defined as
the difference of the time delay between magnetic and optical measurements.

The time delay δt is estimated by minimizing

n∑

i=1

(O′
i − Mi)2 (6)

where

O′
i = (1 − αi)Oi + αiOi+1, αi =

(T (Oi+1) − δt) − T (Mi)
(T (Oi+1) − δt) − (T (Oi) − δt)

. (7)

The data collection for the above least squares is performed by moving the
apparatus shown in Fig. 1 in an environment without magnetic distortion.

2.4 Selection of Distortion Model by Cross-Validation

Because the position and orientation of magnetic field distortion is indepen-
dent [2], ∆D can be decomposed into position vector pe and orientation vector
qe represented as the vector part of a quaternion [2]. Further, because the dis-
tortion is considered to depend only on the position of the magnetic receiver [2],
the calibration data samples pi

e and qi
e are independently fitted to r-the degree

polynomial [5], where r = 0, 1, 2, 3, 4. Our purpose is to select the best model
among 0-th, 1-st, 2-nd, 3-rd, and 4-th degree polynomials, that is most adapted
for the variation of the distortion where the data are collected as well as for the
conditions, such as uniformity and density, of the calibration data samples by
freehand acquisition. We assume that calibration data samples are not necessar-
ily dense and uniform because their collection is rapidly performed by freehand
in an operating theatre setting. Thus, high degree polynomials often suffer from
instability although 4-th degree polynomial is common for uniformly and densely
sampled data for a large space [8].

We use a cross-validation technique for the model selection. Two data sets
for calibration are separately acquired for the same space, When one is used for
model estimation, the other is used for model validation, and vice versa. Let
V = {vi |i = 1 . . . m} be the first data set, and V ′ = {v′

i |i = 1 . . . n} be the
second data set. Let {Mj |j = 0 . . . 4} and {M ′

j |j = 0 . . . 4} represent estimated
j-th degree polynomial using the first and second data set, respectively. We use a
“goodness-of-fit” measure for the model selection based on ε = 1

n

∑n
i=1 |v′

i − v̂i |
and ε′ = 1

m

∑m
i=1 |vi − v̂′

i |, where v̂i , and v̂′
i denote the distortion vectors at the

same position as vi and v′
i , which are obtained from each distortion model Mj

and M ′
j , respectively. The cross-validation procedure using ε and ε′ is as follows:

1. Estimate {Mj |j = 0 . . . 4} using V .
2. Validate {Mj |j = 0 . . . 4} using V ′, and obtain {ε}.
3. Estimate {M ′

j |j = 0 . . . 4} using V ′.
4. Validate {M ′

j |j = 0 . . . 4} using V , and obtain {ε′}.
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Fig. 3. Experimental setting of magnetic distortion correction.

5. Select jopt-th degree polynomial model, which minimizes ε + ε′.
6. Estimate the distortion model by jopt-th degree polynomial fitting using

V + V ′.

3 Experimental Results

3.1 Experimental Conditions and Evaluation Methods

In the experiments MiniBIRD (Ascension Technology Ltd., Burlington, VT,
USA) was employed as a magnetic tracker. Polaris (Northern Digital Inc., Wa-
terloo, Ontario, Canada) was employed as an optical tracker. Figure 3 shows the
configuration used in the experiments for the evaluation of the model selection
procedure, where MOT-5000 (MIZUHO Ltd. Tokyo, Japan) was used for the
operating table which is electrically powered in order to reproduce an operating
theatre setting. The measurement range and its position relative to the oper-
ating table were chosen based on the actual conditions in a laparoscopic liver
surgery. The position of the field generator also resembled the real situation. We
set the following values for the lengths in Fig. 3: x=200 mm, y=200 mm, z=20
mm, v=200 mm, w=200 mm.

We defined “estimated accuracy” obtained by cross-validation as

δestimated =
ε + ε′

2
(8)

where ε and ε′ are obtained in the cross-validation procedure described in Section
2.4. We also defined “actual accuracy” as

δactual =
1
N

N∑

i=1

|vi − v̂i |, (9)

where N is the number of data. vi is a distortion data set for the evaluation
of the “estimated accuracy”, which was a separate data set carefully sampled
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Fig. 4. Results of temporal calibration. Corrected: With temporal calibration. Uncor-
rected: Without temporal calibration. (a) Effects of speed on the accuracy of temporal
calibration. (b) Effects of polynomial degree on the accuracy of final distortion correc-
tion results when speed is 200 mm/sec.

on a dense grid in the measurement range. v̂i is the distortion vector at the
same position as vi , which is obtained from the estimated distortion model. The
“estimated accuracy” was a “goodness-of-fit” measure computed in the proposed
method. The “actual accuracy” was defined in order to objectively evaluate the
reliability of “estimated accuracy”.

3.2 Temporal Calibration

The time delay δt was estimated in an environment without magnetic field distor-
tion. The data for estimating δt was collected by freehand using the apparatus
shown in Fig. 1. Using 945 data points collected with the speed between 10
mm/sec and 500 mm/sec, δt = 28 (msec) was estimated by least squares of Eq.
(6). We repeated the estimation using different data sets several times, and the
standard deviation of the estimated δt was 3.9 (msec). δt = 28 (msec) was then
used in the subsequent evaluations.

Fig. 4(a) shows the positional errors with and without the temporal calibra-
tion. We collected the reference data sets to compute the positional error in the
same manner as we did the data sets for calibration. The error was significantly
reduced, especially at high speed. For the speed of 300 mm/s, the error was
reduced from 11.8 mm to 4.4 mm. Even for the moderately slow speed of 150
mm/s, the error was reduced from 5.9 mm to 2.2 mm.

Fig. 4(b) shows the “actual error” δactual for the distortion models of different
polynomial degrees when the speed is 200 m/sec. The distortion models were
estimated in an environment with magnetic distortion. For the second degree
polynomial model, the error was reduced from 4.11 mm to 2.31 mm. For fourth
degree, the error was reduced from 7.04 mm to 2.90 mm. Temporal calibration
was effective especially for higher degree polynomial models.
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Fig. 5. Results of model selection. (a) Trajectory of collected calibration data by free-
hand. (b) Comparison between “actual” and “estimated” accuracies.

3.3 Model Selection

The distortion models were estimated in the experimental conditions shown in
Fig. 3. The distortion model with the optimal polynomial degree was selected us-
ing the “estimated accuracy” δestimated via the cross-validation procedure. The
average speed of the apparatus for data collection was 40 mm/sec. The number
of the calibration data was 567 and 573 for first and second data sets, respec-
tively. Fig. 5(a) shows the trajectory of calibration data collected by freehand.
It took about 30 seconds to obtain the calibration data. Fig. 5(b) shows the
comparison between the “actual” and “estimated” accuracies for different poly-
nomial degrees. The “actual” accuracy was improved from more than 40 mm
without any correction to less than 2 mm with first or second degree polynomial
approximation. Although the best model was the first degree based on the “es-
timated” accuracy, the “estimated” accuracy of the second degree had almost
the same value. The “actual” accuracy was the best at the second degree.

4 Discussion and Conclusions

We have proposed a magnetic distortion correction method for magnetic track-
ers, consisting of “temporal calibration” for freehand use of a magneto-optic
hybrid tracker, which is employed for calibration data collection, and “model
selection” of the best polynomial degree for distortion approximation based on
a cross validation technique. The feature of the method is the robustness for
fast and rough calibration data collection, and therefore it can be used in an
operating theatre environment. In the experimental evaluations, temporal cali-
bration is shown to be highly effective not only for the rapid data collection but
also for higher degree polynomial approximation. In model selection, the pro-
posed cross-validation procedure exhibits a tendency to select a slightly lower
polynomial degree than that minimizing the actual accuracy. Such a tendency
is also observed in additional experiments (data not shown). This feature would
be favorable since preferring lower degree can be viewed as carrying out safer
selection when the accuracies differ only slightly.
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Based on our experience, magnetic distortion is especially large around
the central area of an operating table, which is situated just above an electric
motor. In a laparoscopic surgery, the liver is positioned in close proximity to this
central area, and thus, distortion is large. In our experimental evaluation using
the actual operating table, the positional error caused by magnetic distortion
could be reduced from more than 40 mm to less than 2 mm. Therefore, the
proposed method would be particularly useful when magnetic tracker of flexible
surgical tools inside the abdomen is employed for operation. Future work will
explore the clinical application of the proposed method for magnetic tracking
in the laparoscopic 3D ultrasound system. We are currently modifying the
data collection apparatus shown in Fig. 1 in order to enable its insertion into
a laparoscopic trocar (a pipe connecting the abdominal cavity and outside
to insert surgical tools). The modified apparatus would consist of an optical
marker and a magnetic receiver located outside and inside the abdominal cavity,
respectively. We will then test the feasibility of our method in the laparoscopic
procedure using this modified apparatus.
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