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Abstract 

Introduction: In ultrasonic imaging, such as echocardiography, accurately positioning the probe in relation to the patient's 

body or an external coordinate system is typically done manually. However, when developing speckle-tracking methods 

for echocardiology, ensuring consistency in probe positioning is essential for reliable data interpretation. To address this 

challenge, we present a vision-based system and method for probe positioning in this study. 

Materials and Methods: Our system comprises two cameras, a calibration frame with eight markers of known coordinates 

in the frames' local coordinate system, and a probe holder with four markers. The calibration process involves image 

segmentation via region growing and extraction of the camera projection matrices. Subsequently, our positioning method 

also utilises marker segmentation, followed by estimating the markers' positions using triangulation. 

Results: To evaluate the system's performance, we conducted tests using a validation plate with five coplanar circular 

markers. The distances between each pair of points were calculated, and their errors compared to the true distances were 

found to be within a maximum of 0.7 mm. This level of accuracy is comparable to ultrasonic imaging resolution and thus 

deemed sufficient for the intended purpose. 

Conclusion: For those interested in replicating or modifying our methods, the supplementary material includes the 

complete design of the calibration frame and the Matlab code. 

Keywords: triangulation; image analysis; direct linear transform; phantom for echocardiography. 

 
Introduction 

Ultrasonic imaging (US), including echocardiography, relies on 

manual control of the probe's position by a physician or medical 

technician/sonographer to capture the desired section view of the 

examined organ. This process demands a deep understanding of 

anatomy and expertise in operating the ultrasound scanning 

probe. Unlike tomographic techniques such as computed 

tomography and magnetic resonance imaging, ultrasonic 

imaging is heavily reliant on observer input.1-3  

 Various research studies have explored methods for 

quantifying ultrasound (US) probe positioning.3-5 These 

methods can be categorised based on the tracking approach used, 

including optical, electromagnetic, acoustic, mechanical, and 

inertial systems.5 Optical tracking, which monitors an object in 

all six degrees of freedom (DOF), is considered the most 

precise.5 It relies on visible or infrared light, either reflected or 

emitted by markers and thus requires an unobstructed line-of-

sight between the cameras and the markers. Electromagnetic 

tracking systems also provide 6-DOF information and are not 

constrained by the line-of-sight requirement. Acoustic tracking 

systems estimate 3D positions by measuring the time-of-flight 

of ultrasound pulses transmitted by a probe and received by at 

least three sensors. Mechanical tracking systems, often utilising 

robotic arms, combine active positioning with position 

monitoring, offering a unique approach compared to other 

systems. Inertial tracking systems, which employ single-chip 

inertial measurement units (IMUs), provide data on changes in 

position (such as accelerations and angular velocities) rather 

than absolute 3D coordinates. 

 Motion tracking solutions have been widely applied in various 

ultrasound imaging applications, including freehand 3D 

ultrasound imaging, ultrasound image fusion, and ultrasound-

guided interventions and treatments. However, the integration of 

methods for generating 3D ultrasound images using tracked 2D 

probes in real-world space has been limited by advances in the 

development of dedicated 3D ultrasound probes.6,7 

 Beyond potential routine medical applications, several 

research fields stand to benefit from ultrasound probe tracking 

capabilities. Left ventricular phantoms, for instance, are 
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invaluable in refining speckle-tracking echocardiography 

methods.8-9 However, precise probe positioning is essential to 

ensure data consistency and repeatability in such studies. 

Unfortunately, this critical aspect has often been neglected in 

published research.10-13 

 To address this issue, we propose a solution for accurately 

positioning the ultrasonic probe and imaging plane within a 

laboratory setup for left ventricular phantom imaging. Our 

approach involves employing two cameras strategically 

positioned to cover the entire measurement volume, along with 

a rigid markers-frame for calibrating the camera setup. We 

utilise the Direct Linear Transformation method to calibrate the 

cameras based on the known marker locations on the frame. 

Subsequently, we employ the triangulation method to determine 

the unknown positions of markers placed on the ultrasonic probe 

holder. 

 

Materials and Methods 

Positioning system 

The ultrasonic probe positioning system, shown in Figure 1, 

was designed for an existing left ventricular phantom system for 

speckle-tracking echocardiography research.10,13,14 This purpose 

defined the required measurement volume to be covered as 

having dimensions of approximately 300 × 250 × 150 mm 

(depth × width × height). To cover this volume, two general-

purpose web cameras (Live! Cam Sync, Creative, Singapore) 

were used with 1920 × 1080 pixel resolution. The use of simple, 

low-cost cameras in this work stems from the original concept 

of evaluating their performance as a viable alternative to 

professional systems. 

The cameras were placed approximately 370 mm above the tank 

and 370 mm horizontally from the centre of the tank, spaced 

approximately 600 mm from each other. Their positioning does 

not have to be precise, only so that their field of view covers the 

whole of the measurement volume. 

 

Setup calibration method 

For the purpose of camera calibration, a frame, shown in 

Figure 2, with eight markers with known coordinates, was 

created. The frame was designed using Autodesk Inventor 2024 

software. To ensure precise positioning, the frame was designed 

as four plates produced by laser cutting of a 4 mm thick medium-

density fibre board (MDF). The real-world coordinates of the 

markers are given in Table 1. The internal intersection point of 

the back, bottom and left plate was chosen as the centre of the 

real-world coordinate system; the X axis was defined by the 

joining line of the bottom and the side plate, and the XY plane 

was defined by the bottom plate. The positions of all the markers 

are defined by the design of the plates. The 2D outlines of the 

plates are provided in svg files, ready to be used for laser 

cutting†. The precise positioning of the frame on the phantom 

tank is achieved by three protrusions reaching down, below the 

bottom of the frame, that ensure proper alignment of the frame 

with the rear and side wall of the tank. The markers were 

designed as spheres with 20 mm diameter chamfered by 2 mm 

with a 5 mm hole allowing for their fixing to the calibration 

frame using standard M5 bolts. Marker geometries are provided 

as a stl file in the supplementary material. 

 

 

 

Figure 1. The setup designed for positioning of the ultrasonic probe. 1 – two cameras fixed on a positioning frame, 2 – ultrasonic probe holder 

on the phantom tank (on the PC screen as registered by one of the cameras), 3 – phantom fixing socket in the phantom tank (here shown 

empty), 4 – ultrasound scanner displaying an earlier registered phantom short axis view. 

 
† The supplementary material with designs, code and example images is 

provided at: 

https://drive.google.com/file/d/1gqvBGmIdrNiWcGsKTJxo_MHrXJ0jYnT4/vi

ew?usp=sharing 

https://drive.google.com/file/d/1gqvBGmIdrNiWcGsKTJxo_MHrXJ0jYnT4/view?usp=sharing
https://drive.google.com/file/d/1gqvBGmIdrNiWcGsKTJxo_MHrXJ0jYnT4/view?usp=sharing
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Figure 2. Calibration frame with eight visible markers. Their numbering defines the order of assigning coordinates. The assumed real-world 

coordinate system is marked by the axes on the CAD design visualisation (left). The real frame with markers shown on the phantom tank 

(right). 

 

The proposed method for setup calibration has been 

implemented in the Matlab 2022b environment (Mathworks, 

USA). Schematics of the method are shown in Figure 3. 

 The calibration process begins with capturing static images 

from both cameras, either through a standard camera application 

or using a MATLAB function for image acquisition. At this 

stage, it is essential to verify the quality of the captured images. 

All markers must be clearly visible, and the lighting conditions 

should ensure a clear distinction between the markers and their 

background. While a more quantitative evaluation of image 

quality will be performed during the parameter tuning stage, 

conducting a qualitative assessment at this point can 

significantly streamline the overall process. 

 The next step requires the user to point the markers in the 

designated order (see Figure 2) on both images in order to match 

each marker with the provided real-world coordinates. For this 

purpose, the Matlab' getpts' function, which is available in the 

'Image Processing and Computer Vision' Toolbox, is used. 

 As the process of pointing markers is done by hand and thus 

its precision is variable, a segmentation step has been included 

in the process. The image-plane coordinates provided manually 

by the user are used as starting points (seeds) for the 

segmentation by region growing, carried out using the 

'regiongrowing' function available at 15. The results of 

segmentation depend on the image contrast and selected 

intensity distance threshold (maximum difference of intensity 

between the seed point and the pixels joining the segmented 

region). 

 The segmentation method returns binary masks with 'true' 

pixels where the marker has been identified. Centroids of those 

masks are obtained using the 'regionprops' Matlab function. 

Those centroids are subsequently used as image-plane 

coordinates of the markers for further processing. This is based 

on the assumption that spherical markers observed from any 

direction are seen as circular, with centroids being projections of 

the 3D location of the centre of mass. 

 

Table 1. Real-world coordinates of the markers shown in Figure 2. 

Marker 

no. 
1 2 3 4 5 6 7 8 

X [mm] 246.1 246.1 51.1 71.1 51.1 8 8 8 

Y [mm] 16.1 311.1 281.1 166.1 51.1 21.1 166.1 311.1 

Z [mm] 8 8 8 8 8 235 235 235 

 

 

Figure 3. Schematics of the system calibration method. 

The crucial step in setup calibration is the calculation of camera 

projection matrices using a Direct Linear Transformation.16,17 

This method makes use of known real-world coordinates of 

objects visible on an image (markers' coordinates given in 

Table 1) and their positions on the image, obtained in the 

previous step, to reconstruct the parameters of the camera 

position and image deformation. This step is carried out using 

the 'estimateCameraProjection' Matlab function available in the 

'Image Processing and Computer Vision' Toolbox (or the 

'estimateCameraMatrix' function up to Matlab version 2022a). 

Returned projection matrices are the output of the calibration 

process, which is then saved in a separate file to be used as 
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necessary input during the probe positioning process carried out 

with the same setting of cameras. The camera projection 

estimation function also returns the reprojection error values for 

each analysed point, which is the difference between the location 

of the point identified in the image and the point projected onto 

the image plane. 

 

Image processing parameter tuning 

As mentioned above, the threshold value used in region-growing 

segmentation and the size of the structuring element in the 

morphological closing operation influence the process of 

localising the centroid of the markers. For this reason, a separate 

Matlab script has been provided that establishes preferred 

settings based on the minimum mean reprojection error obtained 

during the system calibration process. It is performed for a user-

defined range of disk radii and region-growing threshold values. 

The script iterates through each combination of these parameters 

to evaluate their impact on the mean reprojection error. 

 Within the nested loops, region-growing segmentation is 

performed on both images, followed by the closing operation, 

and centroids of segmented regions are computed. Camera 

projection matrices are estimated using the localised centroids 

and provided real world coordinates of the markers on the frame, 

and reprojection errors are computed. 

 Finally, the mean reprojection error values for different 

parameter combinations are used to evaluate the influence of 

each parameter on the calibration process. The error values are 

plotted as a surface plot, with the structuring disk size and region 

growing limit on the x and y axes, respectively, and the mean 

reprojection error value on the z-axis. 

 

Probe positioning method 

For the positioning of the probe, a dedicated 3D printed holder 

was designed using the exact shape of the probe used in the setup 

- SA4-2/24 (Ultrasonix, Richmond, Canada). The probe holder 

was produced using black acrylonitrile-butadiene-styrene 

filament (ABS). It was equipped with four protrusions 

supporting four 10 mm markers 3D printed using white 

polylactide filament (PLA). The markers were attached in the 

same plane as the imaging plane (Figure 4). Four markers were 

used, so except for reprojection errors, the coplanarity test can 

also provide information on possible positioning errors. 

 In the provided script, the process of probe positioning starts 

with acquisitions of two stationary images of the holder taken 

with the two cameras with available projections matrices 

obtained during calibration. This acquisition process can be 

carried out similarly to the calibration phase, using either a 

standard image capture software or from within the Matlab 

environment. As the presented application is designed to register 

a stationary scene, the synchronisation of image capture is not 

necessary. 

 

 

Figure 4. The probe holder with four markers used for probe 

positioning. 

 

 

 

Figure 5. Schematics of the probe positioning method (right). 

 

The initial processing of the images, as shown in Figure 5, 

follows the same pattern as during calibration, leading to the 

obtaining of markers' positions on the images (image 

coordinates). This process includes pointing the markers by the 

user, segmenting them using the region growing method, 

applying morphological closing operations, and obtaining 

centroids of the binary masks of the markers. 
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Estimation of real-world coordinates of the markers registered 

in the input images is carried out using a triangulation method18 

that uses the camera projection matrices obtained during 

calibration and markers coordinates in the image plane to 

reconstruct markers' positions. This step is carried out using the 

'triangulate' Matlab function available in the 'Image Processing 

and Computer Vision' Toolbox. The triangulation function also 

returns the reprojection error values for each analysed point, 

which is the difference between the location of the input point 

(marker centre from segmentation) in the image and the point 

location estimated by triangulation, projected onto the image 

plane. 

 The real world coordinates of the markers' centres are used to 

calculate the equation of the imaging plane and to verify the 

coplanarity of the obtained centre points. 

 A plane is fitted to the points using singular value 

decomposition (SVD). The three matrices returned by the SVD 

decomposition are used to extract the normal vector [a, b, c] of 

the plane from the right singular vectors. This provides the 

equation of the plane in the form ax + by + cz + d = 0, where d 

is the negative distance from the origin. 

 The coplanarity error for each point is calculated using the 

plane equation. For each identified marker centre point 

described by the coordinate values (x, y, z), the coplanarity error 

is given by |ax + by + cz + d|. 

 

Validation of the proposed method 

To validate and assess the precision of the proposed method, a 

flat validation plate was used with 5 circular markers, 10 mm in 

diameter spaced, as shown in Figure 6. The precision of plate 

dimensions measurement was ± 0.1 mm. The positioning 

procedure was applied to images of the plate placed in three 

different positions in the laboratory setup. Euclidean distances 

between various pairs of markers were then calculated, and 

results were verified against the known real-world distances. A 

test to verify if the resulting points are coplanar was also 

performed, and the tolerance required to confirm their 

coplanarity was identified. 

 

Results 

Parameter tuning 

The parameter tuning for calibration and positioning procedures 

was carried out for values of the region growing relative 

threshold, defining the maximum intensity difference between 

the seed pixel and the pixels attached to the mask, ranging from 

0.01 to 0.2 with 0.01 step (20 values) and for closing structuring 

disc element with radii ranging from 1 to 8 pixels (8 integer 

values). The obtained surface plot of the mean reprojection error 

values as a function of the two parameters is shown in Figure 7.  

 

 

Figure 6. The validation plate with 10 mm diameter markers. 

 

 

Figure 7. Surface plot of mean reprojection errors in the 

calibration process as a function of structuring disc size and the 

relative threshold used in the segmentation process using the region 

growing method. 

 

The obtained Mean Reprojection Error range was from 0.4469 

to 0.5419, with the minimum obtained for structuring disk size 

6 and region growing relative threshold: 0.16. 

 

Setup calibration  

System calibration was carried out as described in the Materials 

and Methods section using region growing threshold value 

selected based on the Parameter tuning process thr = 0.16, and 

the structuring disc radius of 6. The results of the markers' 

segmentation were visualised for inspection, as shown in 

Figure 8, and zoomed in on Figure 9. 
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Figure 8. Acquired images of the calibration frame on the phantom tank with overlayed masks of identified markers. 

 

 

Figure 9. Zoomed in marker no. 3 as seen from the 'left' camera 

(Figure 8). 

 

Camera projection matrices were estimated and reprojection 

errors were calculated. Obtained values were saved as input for 

the positioning method. Error values for each marker and both 

views (left and right) are given in Table 2. 

 

Table 2. Reprojection errors, in [mm], returned by the function 

estimating camera projection matrices. 

Marker 

no. 
1 2 3 4 5 6 7 8 

Repr. error 

Left view 
0.289 0.305 0.704 0.301 0.439 0.278 0.592 0.459 

Repr. error 

Right view 
0.420 0.370 0.603 0.542 0.581 0.184 0.527 0.362 

 

Validation 

The validation process was carried out using the validation plate 

shown in Figure 6. Distance estimation errors between all five 

markers for three different placements of the plate are presented 

in Table 3. The position tolerances required to assume the 

coplanarity of the five markers are given in Table 4. 

 

Table 3. Errors of positioning results [mm], calculated as the 

differences between the real-world distances between markers 

visible on the validation plate and the distances returned by the 

proposed positioning method. Errors were obtained for three 

separate cases of validation plate positioning. 

 Marker no. 1 2 3 4 5 

Case 1 1 0 0.415 1.104 -0.185 0.996 

 2 0.415 0 -0.136 0.448 1.152 

 3 1.104 -0.136 0 0.531 -0.125 

 4 -0.186 0.448 0.531 0 0.692 

 5 0.997 1.152 -0.125 0.692 0 

Case 2 1 0 -0.262 0.401 -0.120 1.933 

 2 -0.262 0 -0.738 -1.096 0.473 

 3 0.401 -0.738 0 -0.356 1.558 

 4 -0.120 -1.096 -0.356 0 1.06 

 5 1.933 0.473 1.558 1.06 0 

Case 3 1 0 1.293 0.85 0.494 2.124 

 2 1.293 0 0.832 1.075 1.039 

 3 0.85 0.832 0 0.25 1.287 

 4 0.494 1.075 0.25 0 1.53 

 5 2.124 1.04 1.287 1.53 0 

 

Table 4. Tolerances required to assume coplanarity of each of the 

validation markers for each of the 3 cases. 

Marker no. \ Case no. 1 2 3 

1 0.352 0.729 0.17 

2 0.26 0.274 0.507 

3 0.177 0.902 0.68 

4 0.258 0.242 0.534 

5 0.343 0.688 0.19 
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Probe positioning 

Sample probe positioning results are presented as an example of 

the capabilities of the proposed method. The probe was set 

randomly over the tank, as it would be placed when imaging a 

left ventricular phantom. The obtained coordinates of the 

markers and their respective reprojection errors are given in 

Table 5. 

 

Table 5. Obtained coordinates of the four markers used to position 

the probe, as visible in Figure 4. 

Marker no. 1 2 3 4 

X [mm] 150.6 213.6 53.6 150.6 

Y [mm] 150.5 261.2 54.5 150.5 

Z [mm] 173.6 188.1 -10.5 173.6 

Reprojection errors [mm] 0.6 1.15 0.3 0.51 

Coplanarity errors [mm] 0.65 0.65 0.3 0.3 

 

 

Discussion 

Results of the segmentation of markers in the calibration frame 

images suggest that the quality of segmentation is crucial to 

obtaining precise calibration of the system. Reprojection errors 

reported in Table 2 do reach 0.7 mm and are of similar 

magnitude as possible errors of localising the centres of markers 

via centroids of masks obtained from segmentation. 

 The parameter tuning process showed that the reprojection 

errors are sensitive to the region growing segmentation threshold 

used and much less to the structuring disc radius used to perform 

closing operation before localising centroids of the marker 

views. This tuning process should be performed for each 

imaging conditions as the appropriate threshold value depends 

on the lighting conditions during image acquisition. 

 Reprojection errors obtained during calibration are of similar 

magnitude as the distance estimation errors obtained in the 

validation process as well as the coplanarity tolerance required 

to assume the validation markers are considered as coplanar. 

Estimation of distances between markers returns similar results 

regardless of the position of the validation plate, which suggests 

that the position estimates remain consistent throughout the 

entire field of view. 

 The calibration process resulted in a reported reprojection 

error of 1.15 mm during probe positioning. This level of 

precision can be considered adequate for 2D ultrasonic imaging, 

where the elevational "thickness" of the imaging plane spans 

several millimeters.19 Such repeatability ensures that the same 

area of the phantom can be examined consistently, even after 

resetting the experimental setup. Notably, the 1.15 mm 

reprojection error is comparable to the precision achieved by a 

professional, commercially available marker-based motion 

capture system described in 20. While that system operates on 

similar principles, it is designed for significantly larger working 

volumes, which inherently results in higher relative precision. 

The ultrasonic probe positioning system described in 21 achieves 

significantly higher precision (at the level of 0.2 mm), but this is 

achieved by using a dedicated Atracsys easyTrack 500 tracking 

system. Given the simplicity and cost-effectiveness of the 

solution proposed in this work, the achieved residual error is 

both acceptable and satisfactory for imaging left ventricular 

phantoms. However, for other applications, a case-by-case 

analysis is necessary to determine whether the precision meets 

the specific requirements. 

 

Conclusions 

The proposed system for ultrasonic probe positioning over a left 

ventricular phantom tank enables the quantification of probe 

orientation in the coordinate system of the tank and thus 

recreating the conditions of echocardiographic data acquisition 

after resetting the phantom setup or exchanging the phantom. 

This solution can be a useful addition to phantom-based research 

in the field of speckle tracking echocardiography, tissue Doppler 

imaging and others, where imaging data with as much reference 

as possible is required. This approach can also be useful in the 

field of machine learning applications to echocardiography, 

where large quantities of data are required for training the 

models.22 The use of phantom data could serve as a pre-training 

method, significantly reducing the amount of patient data 

required to train the machine learning methods. 

 The 3D positioning method, combined with the provided 

calibration frame, offers adaptability for a wide range of 

applications. By acquiring synchronised video recordings from 

the two calibrated cameras, the motion of markers can be 

tracked, and motion capture can be performed using the supplied 

code for diverse purposes. With minor modifications, including 

software-controlled synchronised image capture, our team 

successfully tested the proposed method for registering patients' 

chest movements during breathing, highlighting its potential 

application in gated radiotherapy. The initial results have been 

encouraging, demonstrating the method's versatility and 

promise. 

 The project's next stage will involve incorporating a lens 

distortion correction procedure, followed by two distinct 

development paths. The first path aims to create a more universal 

and versatile solution by enabling support for a greater number 

of cameras. This will include reimplementing the code in an 

open-source Python environment, making it more accessible and 

widely available to the research community. The second path 

will focus on deeper integration with the experimental setup for 

echocardiography phantom data acquisition. This will enable the 

creation of a comprehensive database of echocardiographic 

images, serving as a critical resource for advancing machine 

learning-based strain imaging techniques. 
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