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Magnetic tracking using a modular C++ environment for image-guided 

interventions. 

Magnetic tracking enables instrument tracking for image-guided 

interventions when no line of sight is available. This paper describes the 

first steps towards a more cost-effective, modular, and adaptable approach 

that builds upon prior work in open hardware architectures for magnetic 

tracking in image-guided interventions. An exemplary C++ framework is 

implemented and demonstrated with the open-hardware Anser EMT 

system. System performance in speed, accuracy, and precision of the C++ 

implementation is analysed. Static positioning accuracy and precision are 

calculated within the Region of Interest (ROI) and an average position 

error of 1.0±0.1 mm is demonstrated. Results show an indicative increase 

in the update rate using the C++ framework and substantially lower 

memory requirements, compared to the previously optimised Python and 

Matlab solvers. These preliminary results provide the basis for future 

development which will integrate the C++ framework in a 3D Slicer 

module, greatly extending the adaptability of the platform for 

customization in advanced image-guided procedures.  

Keywords: Magnetic Tracking; C++ framework; Open-source 

1 Introduction 

Magnetic tracking, or electromagnetic tracking (EMT), enables instrument 

tracking and navigation during image-guided interventions with no line of sight 

limitation (Peters and Cleary 2008; Cleary and Peters 2010). EMT is used during 

clinical diagnosis or therapy using flexible bronchoscopy and in orthopaedic procedures 

(Franz et al. 2014; Herman Alexander Jaeger et al. 2019). The technology finds also 

application in robotic surgical devices for guidance and navigation in the absence of a 

line of sight (Schwein et al. 2017; 2018), as well as in Virtual and Augmented Reality in 

surgery (Halabi et al. 2020). Magnetic tracking can also be used in multi-modal imaging 

applications combining traditional radiological imaging such as CT, with ultrasound and 

other local imaging modalities (Franz et al. 2019), for example for percutaneous hepatic 

intervention (Lee 2014, 20; Akhtar et al. 2021). 

Several commercial magnetic tracking systems are available which are based on 

the OEM Aurora system (‘Electromagnetic Measurement Systems’ n.d.) from NDI 

(Northern Digital Inc., Waterloo, Canada). For example, SCOPEPILOT (PENTAX 

Medical, Hamburg, Germany) provides intuitive navigation in colonoscopy, MediGuide 

Technology (Abbott Laboratories, Chicago, IL, USA) facilitates cardiovascular 

procedures in the electrophysiology (EP) lab, the SPiN Thoracic Navigation System 

(Veran Medical Technologies, St. Louis, MO, USA) is used in image-guided 

bronchoscopy, and the Monarch Platform (Auris Health Inc., Redwood City, CA, USA)  



 

Figure 1. Examples of clinical applications for magnetic tracking technology: (a) Pentax 

ScopePilot, colonoscopy; (b) Abbott MediGuide, EP navigation; (c) Veran SPiN, thoracic 

navigation; (d) Auris Monarch, robotic bronchoscopy. 

enables robotic endoscopy. Pictures of these systems are shown in Figure 1. 

Other commercial magnetic tracking systems are: ScopeGuide (Olympus 

Corporation, Shinjuku, Tokyo, Japan) for colonoscopy and enteroscopy, the CARTO 3 

System (Biosense Webster, Irvine, CA, USA) for EP mapping and navigation, and the 

superDimension Navigation System (Medtronic, Minneapolis, MN, USA) for airway 

navigation. 

However, the black-box nature of these systems has led to the development of 

the open-hardware Anser EMT project (‘Anser EMT | Open Science Framework’ n.d.), 

which offers an open hardware architecture (Mansfield et al. 2014) using both Matlab 

(Natick, Massachusetts: The MathWorks Inc.) and Python (Van Rossum and Drake 

2009) frameworks for development (Herman Alexander Jaeger et al. 2017; Herman 

Alexander Jaeger, Hinds, and Cantillon-Murphy 2018).  

The platform has enabled subsequent hardware innovation with bespoke sensor 

design (Franz et al. 2019; Cavaliere et al. 2020), custom tracking volumes (H. A. Jaeger 

and Cantillon-Murphy 2019) as well providing a basis for characterising and 

compensating for magnetic distortions (Herman Alexander Jaeger and Cantillon-

Murphy 2018; H. A. Jaeger and Cantillon-Murphy 2019; Cavaliere et al. 2021). 

The Anser EMT software framework and solver algorithm have previously been 

implemented in Matlab and Python, the shortcomings of which are apparent. Matlab 

requires a license to use and has poor hardware support for operating systems outside of 

Microsoft Windows. Python is free and well supported by open-source libraries, but 

considerable time and memory overhead are required for either implementation. 

This article describes the preliminary performance of a C++ framework and 

solver implementation using the Anser EMT system. This is an important step in the 

effort to develop open-source platforms for navigated image-guided interventions 

(Ungi, Lasso, and Fichtinger 2016). The paper presents a full, application-independent, 



open-hardware EMT system that can potentially integrate with existing hardware and 

software in any operating environment. 

1.1 Background to the Modular Anser EMT Framework 

As previously described in detail (Herman Alexander Jaeger, Hinds, and 

Cantillon-Murphy 2018), the software system of an electromagnetic tracking system 

such as Anser can be described as having four main components: 

• Acquisition: The first step in solving for sensor position and orientation is to 

acquire the signal from a magnetic tracking coil. The coil experiences an 

induced voltage from a set of 8 sinusoidal magnetic sources, which is sampled 

using a USB-6216 acquisition device (National Instruments, Austin TX, USA). 

• Filtering: The sampled signal is digitally filtered to extract the magnetic flux 

due to each magnetic source. It can be shown that at least five or more different 

sources are required to reach a well-defined position and orientation solution for 

a single-axis (5DOF) tracking coil (Plotkin et al. 2010). 

• Modelling: A physical model of the interaction between the magnetic sources 

and tracking coil is calculated in software from the Bio-Savart law (Haus and 

Melcher 1989; Sonntag et al. 2007). Variations on this approach using mutual 

inductance models and magnetic dipole approximations have also been used in 

other systems (Bien et al. 2014; De Angelis et al. 2017; Cavaliere et al. 2021). 

• Solving: The difference between the filtered measurements from the tracking 

coil and physical model form an objective function, shown in Equation (1, 

 F(x, y, z, θ, φ) = ∑(Φmeas
i − Φcalc

i )
2

8

i=1

 (1) 

where Φ𝑚𝑒𝑎𝑠
𝑖  and Φ𝑐𝑎𝑙𝑐

𝑖  are the measured and modelled magnetic fluxes 

respectively, and (x, y, z, θ, φ) is the position and orientation of the tracking coil 

in spherical coordinates. Equation (1) is minimised using the Levenberg–

Marquardt algorithm (Levenberg 1944), which was demonstrated to be optimal 

for this application (Shafrir, Paperno, and Plotkin 2010). 

The position and orientation solver can be integrated with the tracking system 

hardware, other operating room equipment and with a host PC, as shown in Figure 2. 

The OpenIGTLink API (Tokuda et al. 2009) was used in conjunction with 3D Slicer 

(Kikinis, Pieper, and Vosburgh 2014) for demonstration purposes. The modular 

approach allows for integration with other navigation platforms, e.g. CustuX (Askeland 

et al. 2016) or MITK (Wolf et al., n.d.). 



 

Figure 2. A schematic representation of the overall data flow in the Anser EMT system. The 

solver module of the C++ library is the focus of the work in this paper. 

Previous work has shown the feasibility of using this approach to develop an 

open framework enabling magnetic tracking using Python. In this work, the approach is 

extended to create a modular open-source C++ environment. 

2 Material and Methods 

2.1 Anser .cpp Library Implementation 

A library was created to package all of the source code into corresponding 

classes for each stage presented in Section 1.1, as shown in Figure 2. Linear algebra 

functionality in C++ was enabled by the Eigen3 library (Guennebaud and Jacob 2010). 

To test the C++ implementation of the solving stage, a .cpp test-file was created 

which implements the solver class, as described in Figure 3.  

The file imports a .csv file of the previously recorded sensor measurements and 

extracts them into a matrix Figure 3(a). A simple instance of the class is declared Figure 

3(b) and the initial conditions are set Figure 3(c). The main setup functions are called 

Figure 3(d) which model the magnetic fields, specify the solving parameters and set the 

calibration vector within the cost function. Each row vector is then passed to the solving 

method along with the initial conditions. The resulting solution is finally saved to an 

output file Figure 3(e).  

An identical approach was used for Matlab and Python implementations, 

allowing the three solvers to be objectively compared. 



 

Figure 3. A basic overview of a .cpp file that implements the solver library to solve the recorded 

values from the experiment. 

2.2 Experimental setup 

A commercial 5DOF sensor (model 610158, Northern Digital Inc., Waterloo, 

Canada) was placed at 81 different locations above the Anser EMT field generator, in a 

9×9 horizontal grid, and the corresponding sensor flux was measured and recorded. The 

experiment was repeated for two different sensor orientations, along axes Y and Z 

defined in Figure 4, and two different heights, at 10 cm and 20 cm from the planar 

transmitter board.  

A 2D linear actuator was used to move the sensors repeatedly and consistently. 

The robot was mounted on a wooden frame, to keep it at more than 1 m from the 

Region of Interest (ROI) and avoid magnetic field interference. The precise sensor 

position and orientation at every test point was measured by the Polaris Vega optical 

system (Northern Digital Inc., Waterloo, Canada). Two magnetic sensors were attached 

to a 3D printed optical tool, APPLE01 from the open-source library (Brown et al. 2018), 

for a fast sampling of orthogonal directions. The full experimental setup is shown in 

Figure 5. 

The sampling and demodulation stages were implemented using Matlab to 

isolate the performance comparison of the three solver implementations, in Matlab, 

Python, and C++. For a given sampling frequency and duration, there is no difference in 

the sampling stage for different languages, since they all use the same background 

Windows driver (NI-DAQmx). The demodulation time is in the order of μs and has 

little or no impact on the overall speed and accuracy performance of the system, as the 

majority of computation is done in the final solving stage. 



 

Figure 4. The magnetic field generated by the 8 transmitter coils was measured at two grids of 

81 points, for two sensor orientations. 

 

Figure 5. Experimental setup. (a) The XY robot moves the magnetic sensor on a plane. A 

wooden frame is used to keep metallic components at 1 m from the ROI, to avoid magnetic field 

distortions. (b) Two inductive sensors are mounted on an optical tool for ground-truth position 

reference. The tool is fixed to a PCL pipe. (c) Enlargement of the magnetic sensor. 

2.3 Accuracy and precision evaluation 

At each test-point, 50 field measurements were collected and the solver used 

Equation (1) to find the sensor position and orientation. The average solution was 

considered as tracked sensor position at every test-point, 𝑝𝑖̅. 

The position accuracy was defined as the Euclidean distance between the 

tracked and the real position, 𝑝∗. The absolute error Δ𝑟𝑖 of a single position, i, is given 

by Equation (2): 

 Δ𝑟𝑖 = ‖𝑝𝑖̅ − 𝑝𝑖
∗‖ = √Δ𝑥𝑖

2 + Δ𝑦𝑖
2 + Δ𝑧𝑖

2  (2) 

where Δ𝑥𝑖, Δ𝑦𝑖 and Δ𝑧𝑖 are the Cartesian errors at that position. 



The absolute error was calculated for every test-point and the average was taken 

to determine the global accuracy, or mean absolute error, as given by Equation (3): 

 𝑟̅ =
1

𝑃
∑ Δ𝑟𝑖

𝑃

𝑖=1

  (3) 

where P is the total number of points.  

Another statistical measure of the global accuracy is the 95% Confidence 

Interval (CI). With a total number of 81 test-points, the 95% CI was determined by the 

first 77 test-points, sorted by the smaller Euclidean error. In other words, there are 4 

test-points which resulted with a positional error larger than the 95% CI reported. 

The standard deviation of the fifty solutions at each test-point was calculated for 

the three coordinates X, Y, and Z, and summed in quadrature as a measure of the system 

spatial precision at that test-point, 𝜎𝑖. The root-mean-square was taken to determine the 

global precision, as given by Equation (4): 

 𝜎 = √
1

𝑃
∑ 𝜎𝑖

2

𝑃

𝑖=1

= √
1

𝑃
∑ 𝜎𝑋𝑖

2 + 𝜎𝑌𝑖
2 + 𝜎𝑍𝑖

2

𝑃

𝑖=1

= √𝜎𝑋
2 + 𝜎𝑌

2 + 𝜎𝑍
2  (4) 

where 𝜎𝑋̅̅ ̅, 𝜎𝑌̅̅ ̅, and 𝜎𝑍̅̅ ̅ are the root-mean-square of the standard deviations along the X, 

Y, and Z coordinates respectively. 

2.4 Measuring Time and Memory Requirements 

Solver time is a critical parameter for magnetic tracking systems, because it 

directly reflects on the update-rate and latency of the system, which are important for a 

smooth, real-time navigation. Timing values for each solver implementation were 

determined by looping the solving section of the code fifty times and recording the 

average time to solve a given grid of points. This gave a better estimate of mean solving 

times and update-rates. 

Memory usage was determined using the memory function in Matlab which 

returns the total amount of RAM required to run the given .m file. Unlike Python and 

C++, the whole instance of Matlab is required for operation and so this is the minimum 

amount of memory necessary for this operation. The psutil library was imported when 

determining memory usage in Python. This library can retrieve information on running 

processes and system utilization. Visual Studio natively provides memory usage when a 

process is running. 

 

 



 

Figure 6. Cumulative Distribution Function of the Euclidean position error calculated at test-

points as per Equation (2). 

 

Figure 7. Scatter plot of the Euclidean position error versus the distance of the test-point from 

the field generator centre. 

3 Results 

The C++ position error results are plotted in Figure 6 and Figure 7, for the four 

static tracking experiments. Figure 6 shows the Cumulative Distribution Function 

(CDF) of the Euclidean error at each test-point, while Figure 7 displays how this error is 

correlated to the distance from the field generator centre. 

The global accuracy and precision calculated from Equations (3) and (4) are 

reported in Table 1. Similar results were recorded for the Python and Matlab solvers 

outputs, although these are not included for the sake of brevity. 

 



Table 1. Accuracy and precision measurements for four experiments, computed as per 

Equations (3) and (4). All values are in millimeters. 
1 with Tabletop Field Generator. 
2 with Flat Field Generator. 

Test 𝒓̅  95% CI 𝝈̅ 𝝈𝑿̅̅̅̅  𝝈𝒀̅̅̅̅  𝝈𝒁̅̅̅̅   

z=10 cm. Y-oriented 0.93 2.37 0.10 0.06 0.05 0.07 

z=10 cm. Z-oriented 0.84 1.54 0.07 0.05 0.04 0.02 

z=20 cm. Y-oriented 0.90 2.04 0.17 0.10 0.10 0.09 

z=20 cm. Z-oriented 1.09 2.01 0.22 0.15 0.15 0.03 

NDI Aurora1 1.20 1.80 N/A N/A N/A N/A 

3D Guidance2 1.02 2.33 0.61 N/A N/A N/A 

 

Table 2. Solver performance for each programming environment. The entire grid of points was 

solved 50 times and the average result was taken for the results shown.  

 

Matlab Python C++ NDI Aurora 3D Guidance 

Solving time [ms] 25.9 32.8 18.4 N/A N/A 

Memory usage [MB] 1473 97 1.2 N/A N/A 

Update rate [Hz] 38 31 54 40 80 

 

 A thorough comparison of the main optical and magnetic tracking systems 

available on the market can be found in (Sorriento et al. 2020). Between all, the NDI 

Aurora with Tabletop Field Generator and the Ascension 3D Guidance (Ascension 

Technology Corp., Milton, VT, USA) with Flat Field Generator are the systems more 

close to the Anser EMT system studied in this work, because they all operate with a 

planar magnetic field generator. For convenience, the position errors of NDI Aurora and 

Ascension 3D Guidance are reported in Table 1 (Wilson et al. 2008). 

The speed of each solver and their corresponding memory requirements were 

recorded as described in Section 2.4, and are summarised in Table 2. The values are 

obtained for a laptop PC mounting an Intel i5-6200u CPU, 8 GB RAM and Windows 10 

OS. Matlab 2017b, Python 3 in VS Code and the Visual C++ compiler in Visual Studio 

2019 were used in this comparison. Update-rates of NDI Aurora and Ascension 3D 

Guidance are also reported in Table 2. 

  



4 Discussion 

The results of Table 1 demonstrate that the system can achieve sub-millimetre 

accuracy with high repeatability, in a tracking volume of 24 × 24 × 24 cm. As 

expected, Figure 7 shows that points in the centre of the ROI can be solved with higher 

accuracy. 

It should be noted that, while the positioning error of the Anser EMT system is 

already comparable to other similar commercial systems (Sorriento et al. 2020), further 

improvement could be achieved if a global volume calibration of the magnetic field 

model is performed. The motion platform introduced in Section 2.2 can be used to 

collect magnetic field data within the ROI, in order to improve the modelling step of 

Section 1.1. 

Table 2 shows that the average solving time is almost 180% faster with C++ 

(18.4 ms for C++, versus 32.75 ms for Python) with a corresponding increase in the 

achievable update rates (54 Hz versus 30 Hz) compared to the Python implementation. 

Comparison with the Matlab solver implementation is also included, although 

the significant memory overhead associated with this approach makes Matlab 

impractical in many real-life applications. It is also noted that the expected efficiency in 

memory allocation from C++ versus Python is significant, with an approximately 81% 

decrease (1.2 MB versus 97 MB) in memory for the solver implementation in C++.  

The system performance in terms of accuracy and speed, reported in Table 1 and 

Table 2, meets the clinical requirements for a variety of surgical procedures, e.g., 

pedicle screw insertion, tumor therapy, needles placement for percutaneous 

interventions, and thoracic–abdominal procedures (Yaniv et al. 2009; Lugez et al. 

2015). 

This work represents an important and logical step in the further development of 

open hardware for magnetic tracking. The results demonstrate the significant speed and 

efficiency benefits of a low-level C++ implementation, compared to previously reported 

approaches.  

Future work should extend the implementation to use the C++ library as the 

back-end of a 3D Slicer module, thus allowing a user-friendly interface and fast and 

simple control of the various settings that can affect magnetic tracking accuracy.  

The present results demonstrate the incentive to move to more open 

architectures for magnetic tracking, enabling low-level solver implementations in 

applications where high speed and precision are required, e.g., in the next generation of 

robotic surgery devices. 
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