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This paper presents the concept of a vision system designed to determine the position
of a camera within a given coordinate system. The system focuses on identifying pulsating
light markers in images recorded by the camera. These markers are characterized by spe-
cific colors, pulsation frequencies and known locations. Detection is achieved using a spatial-
time-frequency processing method developed by the authors. The identified markers serve as
input data for a mathematical model that determines the camera’s position within the refer-
ence system. The article discusses the theoretical foundations of the proposed system design.
The system was subjected to testing to verify its operational accuracy and precision in position
determination. The results of these tests are presented. The article concludes with a summary
of the work and a discussion of the system’s further development and practical applications.
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1. INTRODUCTION

The topic of localization remains a significant area of research, driven not
only by the need to improve the estimation quality of key parameters such as
position and angular orientation, but also by the necessity to ensure redundancy
or supplement existing systems that may malfunction under certain conditions.
Vision-based localization systems have been developed for a long time [1-3]. On-
going efforts are made to both improve positioning accuracy and ensure opera-
tional continuity by utilizing visual images for localization tasks. These systems
are particularly valuable in environments where radio-based technologies (e.g.,
global navigation satellite systems (GNSS) and ultra-wideband (UWB)) may
encounter problems such as disruptions.

The concept of the vision system discussed in this work involves determining
the position of an object using pulsing light markers placed at known locations
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and a camera capturing their images. The vision system can determine the
position of the camera (or the object to which it is mounted) in space based on
the recorded images of the markers.

Markers are objects with distinctive features, or a set of features, that make
them recognizable. The use of markers in vision systems is not a novel concept
and has been extensively discussed in numerous studies [4-8]. Markers can be
classified as either passive (e.g., a simple QR code placed at a known coordinate)
or active (e.g., light-emitting markers). Using light markers is advantageous be-
cause they can be not only objects with known positions but also transmit in-
formation using light signals. Over the past few years, there has been a growing
interest in the use of light markers for data transmission, as existing infras-
tructure (e.g., traffic signals [1], streetlights, or vehicle headlights [9]) can be
utilized to build a vision-based systems.

It is also worth noting that these solutions are also gaining attention due to
their resilience against accidental or intentional interference, a common weakness
of radio-based techniques.

Following the studies [3, 10-13], systems utilizing light markers can be di-
vided into two groups:

e VLC (visible light communication): communication systems focused
on detecting light marker signals, interpreting them, and extracting the
embedded information,

e VLP (visible light positioning): positioning systems that use light
markers to determine the object’s position. These systems rely on de-
tecting the presence of an object at a specific location to ascertain the
position of the receiver (camera or photodiode).

Recently, there has been noticeable development in VLP systems employing
light markers controlled by signals modulated using pulse position modulation
(PPM) [14-18]. It is possible to capture streaks in recorded images by appropri-
ately adjusting the camera’s exposure time, which uniquely identify a specific
light marker. An example of such a method is presented in [14], which describes
an indoor positioning system based on images captured by a smartphone cam-
era. The system can accurately determine the camera’s position relative to the
marker by analyzing the visible light stripes in the image, where each marker has
a unique stripe pattern generated by using a signal modulated with PPM. In [15],
the authors proposed an enhanced mechanism for reading PPM signals between
an LED and a camera. This mechanism should increase data transmission effi-
ciency while maintaining position detection. In this approach, LED markers are
also identified using a unique stripe sequences. Additionally, the marker recogni-
tion algorithm can read information encoded using these stripe sequences. The
studies presented in [16-18] focus on more advanced developments of PPM mod-
ulation. In [16], the behavior of the multiple pulse position modulation (MPPM)
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signal is analyzed in terms of its spectral representation, allowing better adjust-
ment of transmission parameters for varying system conditions. In [17], the
authors investigate the effect of brightness control and the application of multi-
heralded hybrid pulse position modulation (MH-HPPM) on the signal’s spectral
structure. This is important for designing systems that are resilient to interfer-
ence. Meanwhile, [18] presents an analysis of spatial variant of PPM, which
allows for better differentiation of markers within environments with limited
operational space.

The authors of this paper present a concept for a system that uses pulsat-
ing light markers with predefined spatial positions and known pulsing frequen-
cies. These markers are recorded by a camera. A distinguishing feature of the
presented system is its unique approach to image processing. Specifically, a se-
quence of recorded two-dimensional frames (captured images) is transformed
into a collection of signals representing pixel intensity level changes over time.
This concept determines the operation of the spatial-time-frequency algorithm,
developed in [19, 20], which will be discussed in detail in Sec. 2.

The presented system belongs to the VLP category and uses light mark-
ers, but focuses on different aspects compared to the previously cited works.
In [14-18], the authors analyze two-dimensional signals (images) in order to
detect stripe patterns that characterize specific light markers. In contrast, the
approach proposed in this paper employs a spatial-time-frequency method that
processes a sequence of recorded images into a set of signals representing pixel
intensity level changes over time. This enables to focus on the analysis of one-
dimensional signals and the detection of light markers based on their unique
pulsation characteristics.

In previous works, authors studied the properties of the spatial-time-frequency
algorithm and the selection of its optimal operating parameters. Article [19] fo-
cuses on the description and main assumptions underlying spatial-time-frequency
processing, including studies that guided the selection of marker colors and pul-
sation frequencies. In a subsequent article [20], the research on the influence of
the recording camera’s exposure time on the obtained binary images was pre-
sented. However, the present article does not focus on analyzing the algorithm
itself; instead it presents its specific application to a localization task. This work
is experimental in nature and is intended to show the practical operation of the
developed method.

Section 3 presents the mathematical assumptions that enable the determi-
nation of the camera’s position using identified pulsating light markers. Sec-
tion 4 presents the concept of the vision system and its operational scheme.
The subsequent two sections describe the algorithm testing and the verification
of positioning accuracy of the determined position in both stationary and mov-
ing cases. Section 7 summarizes the key findings of the conducted work, while
Sec. 8 provides conclusions and directions for future development.
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2. SPATIAL-TIME-FREQUENCY ANALYSIS

The spatial-time-frequency algorithm is designed to identify pixels in recorded
images that capture the pulsating light emitted by markers. A detailed de-
scription of the algorithm and related studies were presented by the authors
in [19, 20].

This spatial-time-frequency algorithm focuses on analyzing intensity level
changes in pixel intensity over time. The recorded sequence of images must first
be appropriately prepared to use this algorithm. For each pixel, signals rep-
resenting the intensity level changes are generated across consecutive frames.
These signals are then subjected to time-frequency processing to locate the pix-
els where the pulsation frequency of a given marker is recorded. Time-frequency
methods help reduce averaging effects and allow estimation of the temporal
instances at which frequency amplification occurs for specific pixels. The oper-
ational scheme of the algorithm is illustrated in Fig. 1.
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Fic. 1. The block diagram showing the individual steps of the operation
of the spatial-time-frequency processing algorithm [20].
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The output of the algorithm is a binary image, where pixels with a value of
one indicate the presence of a detected marker. Image processing operations like
erosion and dilation are applied to avoid errors and misinterpretations caused
by phenomena such as light reflections from shiny surfaces. Additionally, the
shape of the detected pixels is verified for its similarity to a circle. The closer
the shape resembles a circle, the higher the probability that the marker has
been correctly identified. Approximating the detected area with a circle also
facilitates determining the center of the circle in the image.

It is worth noting that the algorithm can differentiate light markers based
on their color and pulsation frequency. Marker recognition is achieved by ana-
lyzing the amplitude of the pulsation frequency of the markers used and by
comparing the average brightness levels of individual pixels across the RGB
layers. The practical implementation of this description will be demonstrated
with examples in Sec. 5 focusing on experimental studies.

3. CALCULATION OF POSITION

The detection of markers in images enables the determination of the camera’s
position within a given reference frame. Mathematical relationships associated
with the use of the camera lens and the projection of light rays through the
lens onto the sensor are used. The idea of using such relationships is frequently
encountered in the literature [7, 21, 22]. The mathematical model employed
by the authors is based on the concept presented in [23].

Three distinct light markers with known coordinates in the given reference
frame are used: (z1, yi1, 21), (%2, Y2, 22), (23, y3, 23) in the model proposed
in [23]. Assuming that each marker represents the center of a sphere, and the
camera position (z, y, z) is assumed to be located on the surface of each sphere,
the following equations can be written:

(z—z1)’+(W—y)’+(z—=n)=di,
(3.1) (z—2)* + (Y —92)* + (2 — 22) = 5,
(z —23)° + (y —y3)® + (2 — 23)° = dj.

It is assumed that one coordinate is identical across all markers. This can be
realized, for instance, by mounting the markers on the ceiling of the room where
localization takes place. Therefore, the equations can be simplified as follows:

Z1 = 29 = 23.
The height difference between the marker and the camera can be expressed as:

21—z =H.
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Substituting it into Egs. (3.1) yields the following form:
(r—21)’+(y—wn)’+ H* =dj,
(3.2) (= 22)> + (y —y2)* + H = &5,
(z = w3)* + (y — y3)* + H* = d,

where (x, y, H) are the coordinates of the camera to be determined. Further
considerations rely on the mathematical relationships related to image formation
on the sensor, as illustrated in Fig. 2.

Alxy, y1, 21)

Visual pulsating
marker

Image matrix

Fia. 2. Illustration showing the distribution of light rays incident from the marker onto
the sensor matrix, along with mathematical relationships [23].

Using the similarity of triangles, the following relationship can be derived:

(3.3) ]
f
where c; refers to the length depicted in Fig. 2, and f is the focal length of the lens.

Since,
&t =2+,
Eq. (3.3) can be rewritten as:

(3.4) 2= 2; it

Here, f is the camera’s focal length, and ¢; represents the distance from the
center of the detected marker’s region in the image to the center of the image

* H?.
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sensor. This distance can be determined using the actual pixel size on the sensor.
Using Eq. (3.4), the system of equations in (3.2) can be expressed as:

2 -2

<m—x1>2+<y—yl>2+H2=fJ;Z“*HQ,
2 -2

(3.5) (r =22+ (y—yo)?+ H2= L e
2 -9

(x —23)*+ (y —y3)*> + H? = f J;i;zg x H?.

After simplifications, the system of equations for determining the camera’s po-
sition becomes:

7
(z—z)*+ (y— )’ = JTlg*HQ,
2
2
(x—z2)* + (y —y2)> = 5+ H”,
(3.6) f
2
7
(x—w3)® + (y —y3)®> = f%*HQ,
z1—z=H.

The above equations enable the determination of the camera’s coordinates
(z, y, z) under the following assumptions:

e At least three light markers are required, mounted so that one coordinate
is identical for all markers.

e The markers must be within the camera’s field of view to appear in the
captured images.

e Camera parameters (e.g., the focal length and actual pixel dimensions)
must be known for calculations.

4. THE CONCEPT OF VISION SYSTEM

Figure 3 illustrates the conceptual workflow of the described vision system.
The system requires the following parameters to be known for proper operation:

e the frequency and color of each marker,

e the image capture frequency of the camera (it should be at least twice the
highest pulsation frequency of the marker and a multiple of it to minimize
aliasing effects [19]),

e the resolution of the captured images.
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Fic. 3. Operation diagram of a vision system based on spatial-time-frequency
image transformation.

The vision system records a sequence of images and proceeds to spatial-
time-frequency processing. The system must analyze all pixels during the first
iteration, because it initially does not know the camera’s position or which pixels
correspond to each marker. If the recorded images have dimensions n x m, time-
frequency analysis must be performed on n - m pixels. This first iteration of the



A concept of a vision system for position determination. . . 375

program is a calibration stage. The object with the recording camera should re-
main stationary during this stage, as this simplifies the processing to basic fast
Fourier transform (FFT) analysis, and thereby speeding up the entire calibra-
tion process. Once the areas containing markers are located and their centers
determined, the system can calculate the camera’s position using the mathe-
matical model and Egs. (3.6). The output data consists of the camera’s position
coordinates in the reference coordinate system.

After identifying the marker positions in the images, the system determines
groups of the nearest pixels to be processed in the next iteration. This approach
significantly reduces the number of pixels requiring analysis, resulting in shorter
processing times. It is worth noting that the size of the pixel neighborhood
window depends on the speed of the object equipped with the camera — the
faster the movement, the larger the window should be. The presented workflow
of the vision system was implemented in MATLAB.

5. STATIONARY RESEARCH RESULTS

5.1. Measurement preparation

The initial measurements were conducted in a stationary scenario, with the
camera remaining fixed relative to the markers. This setup reflects the calibra-
tion stage of the system — localizing the markers in the images and determin-
ing the camera’s position within the coordinate system. LED diodes covered
with circular plastic diffusers were used for measurements. These covers signif-
icantly increased the probability of detecting the markers as circular shapes in
the images. The markers had the following parameters:

e marker 1: green, frequency 20 Hz, coordinates [960, 107, 0] mm,
e marker 2: red, frequency 15 Hz, coordinates [712, 666, 0] mm,
e marker 3: red, frequency 20 Hz, coordinates [415, 317, 0] mm.

A Basler acA1600-60gc camera [24] equipped with a lens of 81.6 mm focal
length [25] was used for the measurements. The following parameters were used
for both measurements and calculations:

e resolution of recorded images: 1070 x 800 pixels,

e recording frequency: 60 Hz (60 frames per second),
e number of recorded images per measurement: 180,
e number of frames used for FF'T analysis: 60,

e exposure time: 1 ms,

e focal length: 81.6 mm,

e pixel size: 4.5 um x 4.5 pm.
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The measurement setup is shown in Fig. 4. Symbol A denotes the board with
the markers, and the symbol B represents the camera. By placing the markers
on the board, the assumption of a single common coordinate was maintained.
The camera was positioned perpendicular to the board.

s Won gl

——

FiG. 4. The measuring station.

Measurements were performed for five different distances between the cam-
era and the board with the markers. The camera’s coordinates were known
beforehand for testing purposes in order to facilitate comparison between actual
values and those estimated by the vision system. The origin of the coordinate
system was located at the bottom-left corner of the marker board and is marked
by symbol C.

5.2. Measurements — marker recognition

Figure 5 shows the camera’s view of the board with the markers. The markers
in the image have been numbered according to the earlier description.

Fic. 5. The image from the camera’s perspective — a board with numbered markers.
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The spatial-time-frequency algorithm correctly identified the markers regard-
less of the camera’s distance from the board. Sample binary images with the de-
tected markers are shown on Figs. 6 and 7. It is worth noting here that the size
of the detected area is not important — the main goal is the ability to determine
the center of the pixel area containing the marker.

The pulsating marker — Green, 20 Hz, [712, 666, 0]

F1G. 6. The binary image with detected marker 1.

The pulsating marker — Red, 15 Hz, [415, 317, 0]

F1G. 7. The binary image with detected marker 2.

The vision system recognizes the light markers by analyzing the amplitude
spectra of individual pixels. The first step involves checking the amplitude values
at the frequency bands corresponding to the markers’ pulsation frequencies for
each pixel in the image. If these values exceed a certain threshold, the system
then checks whether the amplitude is several times higher than that of the
neighboring frequency bands. This condition aims to avoid false detection caused
by high noise levels as an actual frequency enhancement. If this condition is
satisfied, the next step is to compare the mean spectral values for the R and G
color layers to identify the marker’s color. To provide a better understanding of
how these conditions operate in practice, Fig. 8 presents a collection of amplitude
spectra from pixels where markers were identified.
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F1G. 8. A set of amplitude spectra for example pixels where pulsating light markers
were recorded.

It should be noted that the spatial-time-frequency algorithm detects the area
in the image where a pulsating marker has been recorded (Figs. 6 and 7). How-
ever, this area may not necessarily have a shape that is easy to analyze further.
Therefore, the identified region in the image undergoes dilation and erosion op-
erations once the pixels containing the marker are detected. The purpose of
these operations is to approximate the detected marker area to a circular shape.
This helps to indirectly reduce the impact of geometry distortions in the image
and facilitates the estimation of the area’s center.

5.8. Measurements — verification of position estimation

Measurements were performed for five different distances between the camera
and the marker board. Table 1 presents the coordinates of the camera calculated
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TABLE 1. Camera coordinates and relative error.

Coordinate | Real value [mm] | Estimated value [mm] | Error [%)]
T 340 344 1.18
L y 730 736 0.82
2 2800 2786 0.50
z 340 343 0.88
2. y 730 738 1.10
z 4300 4188 2.60
z 340 344 1.18
3. y 730 732 0.27
z 5800 5637 2.81
z 340 344 1.18
4. y 730 738 1.10
2 7300 7153 2.01
x 340 340 0
5. y 730 738 1.10
z 8800 8958 1.80

by the system in the specified reference system compared to the actual values,
along with the relative errors.

The average relative error values for the individual coordinates are as follows:

e z-coordinate: 0.88%,

e y-coordinate: 0.88%,

e z-coordinate: 1.95%.

The average relative error does not exceed 2%, which can be considered
a good result. For instance, an error of 2% corresponds to a discrepancy of
approximately 2 cm when determining distances over 1 meter — acceptable for
many applications.

At this point, it is worth mentioning that the authors assumed an ideal im-
age geometry. This means that the camera’s lens plane is always parallel to
the plane in which the light markers are located. In reality, the lens may be at
a slight angle, which affects the calculation results. Therefore, there is poten-
tial to improve the accuracy of the camera position estimation by introducing
calibration and geometry correction.

6. RESEARCH RESULTS OBTAINED DURING CAMERA MOTION

In the next phase of the research, the vision system was tested for its ability to
determine the camera’s position during motion. Due to hardware limitations, the
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pulsating light markers were mounted on a device that moved along a single axis
at a constant velocity. The camera remained stationary. From the perspective
of an observer near the markers, the camera appeared to move uniformly in
the same direction but with the opposite orientation. This approach does not
introduce significant errors. The setup with the installed markers is shown in
Fig. 9.

F1G. 9. The measuring station — light markers installed on a vehicle capable
of uniform up-and-down movement.

Compared to the stationary tests, the resolution of the recorded images was
adjusted to 800 x 600 pixels. The markers had the following parameters:

e marker 1: red, frequency 15 Hz, coordinates: [—763, 600, 0] mm,
e marker 2: green, frequency 20 Hz, coordinates: [—358, 760, 0] mm,
e marker 3: red, frequency 20 Hz, coordinates: [—165, 363, 0] mm.

The vision system detected the markers in the images, determined the ini-
tial position of the camera, and selected regions of neighboring pixels for fur-
ther analysis. During subsequent image captures, the markers moved upward
at a constant speed of 4 cm/s. The device was raised by 8 cm and thus in-
creasing its height above the floor. Figure 10 shows the camera’s view includ-
ing the numbered markers and their neighboring pixel regions at the beginning
of the motion.

Since the device moved in only one direction, only one coordinate (y-direction)
changed. A model of the expected change in the camera’s coordinates was cre-
ated and compared to the vision system’s estimates. The displacement of the
light markers is shown in Fig. 11 and Table 2 presents the calculation results of
the camera’s coordinates.
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F1G. 10. View from the camera lens — detected light markers along with their centers
and neighboring pixel areas selected for further analysis.

Fic. 11. Displacement of the light markers as observed from the camera lens.

TABLE 2. Calculated camera coordinates and corresponding relative errors.

Coordinate | Real values [mm] | Estimated value [mm] | Error [%]
x —470 —473 0.64
L. y 460 458 0.43
z 3450 3371 2.30
x —470 —474 0.85
2. Yy 380 383 0.79
z 3450 3371 2.29

The vision system determined the camera’s position with an error of approx-
imately 2% similar to the stationary tests’ results. The camera’s displacement
was calculated as 75 mm while the actual displacement value was 80 mm, re-
sulting in a relative error of 6.25%. This error is higher than that observed in
coordinate determination. The distance is calculated based on the coordinates
so the distance error accumulates the errors in the camera’s position estimation.
However, the relative error in the camera’s coordinates is small and may be
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acceptable for many applications. Additionally, if the vision system is combined
with another localization method, the error in determining the camera’s (or ob-
ject’s) position could be reduced.

The examined concept of the localization system has not yet been imple-
mented as a standalone real-time application. All data processing and computa-
tions were performed in MATLAB, after recording several sequences of images.
The number of calculations is significantly influenced by the resolution of the
recorded images (as the number of pixels determines the number of signals to
be processed). For this reason, the system includes a calibration stage. This is
the initial phase of operation when the system does not yet know the initial
position of the camera. The algorithm processes all pixels to detect areas in the
image containing markers. Once the markers are found, the system processes
only the regions in the immediate vicinity of the markers (Fig. 10). However,
even with this approach, the computational load remains considerable. To en-
able real-time operation, the system should be further optimized and can be
implemented on FPGA platforms, which are known for high-speed processing
capabilities.

A key aspect of this study involved evaluating marker detection during mo-
tion. Figures 12 and 13 present spectrograms showing the time-frequency spec-
trum of an example pixel where marker pulsations were detected. To improve

Intensity level of pixel
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F1G. 12. Time-frequency spectrogram of a pixel where the marker appeared.
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Fic. 13. Time-frequency spectrogram of the same pixel as in Fig. 11,
shown without the average intensity level to enhance visibility.
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readability, Fig. 13 shows the spectrogram with the average intensity level of
the pixel. The marker with a pulsation frequency of 15 Hz was detected.
The spectrograms indicate the following points:

e No marker was present on this specific pixel at the start of the recording.

e The marker appeared at 5 seconds, as shown by an increase in both the
average intensity level and the pulsation frequency amplitude.

e The marker’s center reached this pixel in around 11 seconds, marked by
the maximum pulsation frequency amplitude and a corresponding reduced
average intensity level (Fig. 13).

e The marker left the pixel at 17 seconds, causing a significant drop in
amplitude values.

By generating such spectrograms for various pixels in the image, the time
interval during which the marker occupied a specific pixel can be estimated.
Additionally, combining these spectrograms enables the creation of a trajectory
that reflects the movement path of the detected marker.

7. SUMMARY

The conducted studies allowed for evaluating the performance of the pre-
sented system. The vision system determines the camera’s location within a ref-
erence frame with a relative error of 2% by applying spatial-time-frequency
processing and the proposed equations. The system is capable of determining
the camera’s position under both stationary and dynamic conditions. The pro-
posed vision system requires a calibration phase during which the camera must
remain stationary at the initial stage of operation for proper functioning. Sub-
sequently, the system identifies the region of neighboring pixels to be processed
in subsequent iterations.

It is possible to generate spectrograms that enable precise motion analysis of
the camera and identify the time intervals during which a marker occupied a spe-
cific pixel. Additionally, it is feasible to trace the movement paths of markers on
recorded images. Using these trajectories for each marker, the camera’s motion
trajectory can also be estimated. However, the trajectory error may exceed the
error in determining individual coordinates.

8. CONCLUSION

The presented vision system determines camera coordinates using spatial-
time-frequency processing. It can effectively operate and support the localization
process of objects in space (provided the conditions described in this article are
met).
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The authors aim to further develop the system and the spatial-time-frequency
algorithm. Future work will focus on the region of neighboring pixels striving
to more precisely define the structure and size of this analysis area. This should
have an impact on processing time. Consequently, the authors aim to reduce
the overall processing time. While the system’s concept has been introduced,
several interesting aspects remain to be explored and refined, such as employ-
ing alternative time-frequency methods to generate more accurate information
about marker positions and their time of occurrence.
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