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Abstract. FElectromagnetic tracking is prone to errors due to the distortions
caused by the metallic objects situated in the electromagnetic field’s proximity.
Hence, a tool with electromagnetic sensors has first to be tested in different envi-
ronments before it could be safely used in a surgical intervention. Such tests are
often succeeded by design iterations meant to minimize the effect of such distor-
tions. In order to accelerate this process, a simulation software was proposed to
virtually test the tools before the physical building. The simulated tests are based
on apriort measurements which yield a characterization of the error filed for the
specific environments.

1 Introduction

Through the advances in electromagnetic (EM) tracking system, the surgical interventions
could benefit from the possibilities given by the electromagnetic sensors. Attached to surgi-
cal tools, these can offer a better coordination where optical tracking systems fail to work.
An example constitutes the bronchoscopy intervention, when the medical tools inserted in
patient’s body are no longer in the line-of-sight needed by the optical tracking system to
perform. But there is a payback for exceeding the limitations of the OT systems: accuracy
and strict conditions regarding the environment. Not only that the data collected from EM
tools is about one order of magnitude less accurate than the one from OT systems, but a ...
by means of using a robot arm to control the tool more accurately seems almost impossible in
practice because of the restriction for non-metallic components[CHUO4]. In these conditions,
the careful design of the tools and the accurate characterization of the environment are of
great importance.

A tool’s design refers not only on its shape and size, but also on the number of electro-
magnetic sensors attached to it, their relative position and their orientation. Further more,
its performance depends on the choice of the coordinate reference frame (CRF). Although
one could choose a theoretically optimal configuration, its true behavior cannot be entirely
predicted, but has to be tested in specific environments. Hence, the design of a tool has
to go through the iteration of several configurations, their physical building, measurements
collection and analysis. An optimization of this process, in the sense of reducing the time
needed for all the iterations, could be achieved in that the physical construction and the
measurements would be replaced by simulations [FIS05].
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Figure 1: The simulation pipeline components (adopted from [FIS05b])

2 Related Work

The only existing software for simulating electromagnetic tracked tools is the one built by
Fischer for his Master Thesis [FIS05a]. The main part of his work concentrates on how to
model the error filed for a given environment. He bases his research on the work of Wu
[WUXO03] adding a method to deal with orientation based errors. Another work on this
subject is the one of Chung [CHUO04] who adopts another way of modeling the orientation
error using splines instead of the linear interpolation between the angular error, as in [FIS05].

Other related work is on the area of tool design and optimization for optical tracked tools
[WES04], which results were extended for the EM case [FIS05a].

3 Simulation Pipeline

The main goal of a simulation in the current case is that of replacing the real world, the lab
where the experiments should be carried out. The user introduces the configuration of the
tool, describes the coordinates where the measurements have to be simulated and starts the
simulation. As a result, they will receive information like the error in position and orienta-
tion for each ”collected” measurement, or the overall accuracy. But how can the simulation
software asses the value that the EM system would have registered for the given coordinates
in a specific environment, like OR for example? A way to deduce this information, a method
to characterize that environment and its influence on the EM measurements is needed. The
solution appears in several papers and was adopted by Fischer too: error modeling. Given a
formula that describes the error introduced in the measurements by the distortions, one can
now simulate this measurements by adding to the given coordinates some computed value.
From here on, the simulation flows like for real tests do. The "measurements” are compen-
sated using the same information about the environment as for introducing the distortions.
Then the algorithm for frame fitting is applied to determine the position of the tool according
to the measurements and the result is compared with the initial values from the configuration
of the simulation (see figure 1).



Figure 2: Hybrid tools with both electromagnetic sensors and optical markers (adopted from
[FIS05b]) and [CHUOA4]

4 Measurement Error Modeling

The first step in modeling the error is to map the error filed to the EM tracking system. The
common procedure is to perform ”hybrid” measurements by using a tool which has attached
both electromagnetic sensors and optical markers (figure 2). The Optical Tracking (OT)
System will track the tool and (having the EM system beforehand registered) will deliver the
reference position and orientation of the EM sensors [FIS05a]. This is also called the ground
truth reference because of OT systems’s higher accuracy and their immunity to distortions.

The difference between the coordinates measured with the EM system and the reference
given by the OT system represents the position error:

o _» S 3
€pos = Pmeasured — Pideal € R

The orientation error is given by a Rodriguez vector:

Eori = B0 € R

where & is the axis of rotation and 6 is the magnitude required to align the reference vector
to the EM measurement.

4.1 Measurement collection

can be done in different ways, from the handling of the object: freehand or robot-based, to
the type of the movement: static or dynamic acquisition. In any case, there is a minimum
number of data points that have to be collected in order to obtain an accurate description of
the environment. It is on one’s goal to keep this number as low as possible because otherwise
it would imply a tremendous investment of time.

The statement of the problem to be solved now is: given a set of points and the correspond-
ing values of the error function, find the optimal interpolation formula. The error function
is defined by the position error and the orientation error. Concerning the set of points that
the error depends on, there have been some discussions and some rejected statements. The
first research treated the error as only being dependent on the position of the tool ([WUXO03],
[KINOO]). Livingston and State [LIV97] made measurements suggesting that this assump-
tion was wrong, that the error also depends on the orientation of the tool, but the method



they developed did not correct it. Among the first solutions was given by Wu and Taylor
in [WUXO03b], where they present a method to interpolate between both position and orien-
tation data. Later, Fischer [FISO5a] extended this approach and presented an algorithm to
implement it.

In the following, the basics for the interpolation of the error are going to be presented
followed by the description of the algorithm for the orientation interpolation, as in [FIS05].

4.2 Bernstein Polynomials

Bernstein polynomials are defined in general by:
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Figure 3 presents these basis functions up to the order of 5.
For a 1D case, the error can be modeled as:

where

n

e(x) =Y Bl (x)

1=0

where e(x) is the error at a position x, (x is normalized between 0 and 1); ¢; is the i'h
coefficient of the polynomial; BP(z) is the i'h basis term of an n'h order polynomial
Extending further to a [ dimensional space, the error is given by:
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Using the matrix notation, the equation 1 becomes:
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Figure 3: Bernstein basis functions up to the 5" order (adopted from [FIS05a])



However, expression 2 is still the interpolation of a scalar value. To make it applicable for the
current problem, one has to extended it again to m dimensions for the interpolated value:
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The important observation to be made in equation 3 is that [, the dimensionality of the
space, and m, the dimension of the measure being interpolated, do not have to be equal.

4.3 Position interpolation

Like in the early articles, one can start by estimating the 6DoF error (m=6) from only the 3
dimensional space defined by the measured positions (1=3). This works perfectly fine using
the formula 3. To determine all the coefficients, (n + 1)! data points are needed, where n
is the order of the polynomial. Inserting the measurements in the equation will yield three
systems that can be solved with a simple least-squares alorithm.

4.4 Orientation interpolation

To include the orientation interpolation, the straightforward extension would be to increase
the dimensionality of the space to 6 (1=6). But in doing so, one has to consider the increase
of the number of coefficients that have to be determined in the equation 3 and with that, of
course, the increase of data points that have to be collected. In other words, one will have
to collect (n + 1)% instead of only (n + 1)3 data points. A simple computation for n = 3
shows that, if for the interpolation of position only one needs at least 64 measurements, for
interpolating the orientation too, one would need no less than 4096 points. The realization
of such requirements in practice would be possible only with very high efforts.

The solution is to use the information regarding the orientation in another way. Instead of
performing an interpolation with Bernstein polynomials, an interpolation between the angular
errors is chosen. In one equation, this is expressed as follows:
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The w represents some weights that are computed from the orientation measurements and b
is the number of chosen basis vectors. These constructions are going to be explained in detail
in the next subsection.

Regarding the number of the data points that need to be collected, one ca see that now
only b * (n + 1)3 measurements are needed. For the previous computed example, this would
mean 896 points compared to the 4096 imposed by the first approach.

4.5 Algorithm

As described by Fischer in [FIS05a], the algorithm that leads to a model of the error which
considers both the position and the orientation dependency, is as follows:

e Choose a set of base orientations / basis vectors for which polynomials are generated.
They should be evenly distributed as shown in figure 4, but the actual number depends
on the particular field.

Figure 4: Example of orientation of basis vectors(adopted from [FIS05a])

An example of a base with 14 vectors is:

1 0 0
0 1 0
0 0 1

0.57735  0.57735  0.57735
—0.57735 0.57735  0.57735
0.57735 —0.57735 0.57735
—0.57735 —0.57735 0.57735

-1 0 0

0 -1 0

0 0 -1
—0.57735 —0.57735 —0.57735
0.57735 —0.57735 —0.57735
—0.57735 0.57735 —0.57735
0.57735  0.57735 —0.57735
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Figure 5: Definition of spherical triangle used for interpolation(adopted from [FIS05a])

For each data point, determine the closest three base orientation vectors that enclose
the z-axis of the measured sensor reading, 77, inside of a spherical triangle created by
the tips of the unit vectors as shown in figure 5.

Determine the corresponding area of each of the three spherical triangles generated
when subdividing the surface using Barycentric coordinates. The weighting of a par-
ticular base vectors contribution to the error is directly proportional to the area of the
corresponding, opposing spherical triangle.

Normalize the areas (t1,t2,t3) of each of the three spherical triangles such that they
sum to one; these numbers are the three non-zero entries of the weighting coefficient
matrix to be used when generating the polynomial for each of the orientations.

The results are put into a matrix describing the orientation weights corresponding to
each data point. Table 6 contains a printout of the first 25 data points of this matrix
for the base orientation vectors given before.

Calculate the Bernstein coefficients. For each base orientation, there are six sets of
coefficients to solve for: X, Y, Z, Rx, Ry, Rz. Each of these systems can be solved using
the Singular Value Decomposition method.

Calculating Coefficient metrix: 16457
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Figure 6: The weights matrix (adopted from [FIS05a])



5 Tool Design

Having now modeled the error for a specific environment, we can turn back to the simulation
problem. As stated in the section 3, an input for the simulation process has to be the
description of the tool to be tested. In the system proposed by Fischer, one has the possibility
to introduce the coordinates and orientation of the tool’s frame and the ones of the sensors
attached to it.

A limitation common to all systems dealing with tool design is the one of not being able
yet to automatically generate an optimal configuration. Even if the output of the software
includes details about the error and the behavior of each sensor and tool, there is no possibility
yet to directly interpret this information and extract the best design.

There exist only general statements, which have been proved in experiments too. One is
that the more sensors are attached to the tool, the smaller the measured error is going to be.
Another states that these sensors should be evenly distributed and the third is that the best
results are obtained if the sensors are closer to the tool tip.

6 Simulation - Data distortion

After the all the input is provided to the system, the simulation of the electromagnetic tracking
of the tool can begin. For each point in space where the coordinates would be measured in
the real case, the system has now the exact values. In order to simulated the real behavior
of the tool tracking it will add a position and orientation error computed with the model
determined beforehand, as in section 4.5. This is also called data distortion because it is the
same as the distortion of the electromagnetic field in the real environment.

7 Data correction

From this step further, there should be no difference between a simulated test and a real
experiment. They are included here though for completion.

The disturbed data set has to be corrected back, in order to guess what was the actual
position/orientation of the sensors. This is done in the same way as the distortion of the
data, just that in the opposite direction. The error is estimated again with the model defined
before and it is extracted from the disturbed values. This provides a new set of values, which
in the ideal case should be identical with the initial one, before distortion. But because the
error model cannot be perfect, there will still be a slight difference in the measurements.

There has to be said that there are many solutions provided for this step. Some of them
are just software solutions, like the one presented by Fischer too, others are more hardware
oriented and usually come together with the toolkit for a specific system. As an example,
Fischer used to test his solution by comparing it with the built-in implementation for the
Aurora Tracking System.

8 Frame Fitting

This is the last step of the process. It consists in fitting (translate + rotate) the frame
described by the ”"measured” data to the frame of the tool, as described in the input. The
solution to this problem, but only for 3DoF points was early given by Arun in 87 [ARUS8T7].
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Figure 7: Frame fitting steps.(left)blue: actual sensor configuration,red: perturbed measure-

ments; (right) best fit frame -green- to perturbed measurements -red-(adopted from
[FIS05a])

The main idea is to determine the center of gravity (CG) of each of the frames. The first
transformation will be the translation to align this two points. This is followed by the rotation
around the CG that best aligns all the other points describing the system, in the sense of
least squares. A depiction of this steps is given in figure 7.

The extension of this algorithm also considers the information about orientation, included
in the collected/simulated data ([FISO5a]). The change appears only for the second transfor-
mation, namely the rotation. A weighting factor is introduced when defining the matrices to
be used on the least-square solution, hence balancing the influence of the position values over
the orientation ones.

9 Conclusion

Faster design of higher quality tracked instruments could be achieved if simulations would be
introduced instead of lab experiments. The first system able to produce such simulations was
introduced by Fischer and it yield results at least as good as or near to the results achieved
by real tests. Although a stable and optimized system, it still lacks in the Graphic User
Interface component. An improvement in this direction might also attract the interest of
more researchers to start using this tool.

The possibility to carry out meaningful simulations relies very much on a good character-
ization of the environment to be used for tests. A rapid way to collect measurements data
in different environments would enhance the advantage of simulations by reducing the used
time.
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