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Abstract. Accurate monitoring of robotic Tool Centre Point (TCP) trajectories is essential for
ensuring precision, repeatability, and quality in industrial processes such as welding, milling, and
assembly. The proposed framework integrates computer vision techniques with trajectory analysis
to facilitate the monitoring of robotic operations. The system integrates an industrial robot with
an HD camera and Python-based OpenCV processing to visualize and evaluate deviations in real
time. The methodology is structured into three stages: (i) contour detection and preprocessing of
visual data, (ii) trajectory tracking and visualization, and (iii) accuracy evaluation through nearest-
neighbor point cloud analysis and Euclidean distance metrics. The findings demonstrate the
system's capacity to reliably detect pointer motion, remove irrelevant background information and
compute deviations with millimeter-scale precision. A comparative investigation was conducted
to determine the accuracy, consistency, and robustness of automated monitoring in comparison to
manual observation.
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1. Introduction

Accurate monitoring of robotic Tool Centre Point (TCP) trajectories is a critical factor in
ensuring precision, repeatability, and quality in industrial processes such as welding, milling, and
assembly. Current industrial robots are being utilized with increased frequency in applications that
demand a high degree of accuracy [1]. For instance, deviations in TCP paths can result in a
reduction in product quality, an increase in tool wear, or even safety risks [2]. Consequently, the
utilization of robust monitoring tools capable of real-time trajectory visualization and accuracy
assessment is essential for advanced manufacturing environments.

According to recent literature, there is an increasing demand for trajectory monitoring
solutions. Research has highlighted the importance of computer vision techniques for robotic
accuracy evaluation [3], the utilization of deep learning to enhance real-time trajectory tracking,
and advanced sensor fusion approaches integrating cameras, LiDAR, and IMUs [4]. Vision-based
contour and edge detection has been widely applied for robotic path verification [5], while hybrid
approaches combining model-based and data-driven techniques have been shown to improve
accuracy and reduce uncertainty [6]. Furthermore, efforts to enhance TCP calibration and error
compensation have been documented, with researchers investigating machine learning for
adaptive compensation [7], digital twins for robotic monitoring [8], and augmented reality for
operator-assisted trajectory validation [9]. Furthermore, studies on adaptive control systems
emphasize the importance of accurate trajectory feedback for ensuring smooth dynamic response
[10].

This work proposes the framework development of an industrial robot TCP tracker, which
integrates computer vision and trajectory analysis methodologies to facilitate the monitoring of
robotic operations. The system facilitates real-time cost-effective visualization of pointer motion,
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comparison with predefined trajectories, and quantitative accuracy evaluation of the framework.
The contributions of this study are as follows: (i) the framework development, consisting of
contour detection, trajectory visualization, and accuracy assessment; (ii) the implementation is
achieved through the integration of industrial robot “Motoman HC10DTP” (Yaskawa, Japan) and
HD camera with the Python programming language and OpenCV library, enabling cost-effective
deployment; (iii) the validation part covering the use of a system for the comparison of tracked
trajectories with ground-truth paths, with the objective of evaluating deviation metrics in
millimeters.

2. Workflow of the framework

The development of the TCP tracker is based on a three-stage process that integrates computer
vision methods with trajectory analysis in a unified workflow. For the hardware, industrial robot
“Motoman HC10DTP” (Yaskawa, Japan) with the attached pointer tool and predefined generated
trajectories are used for this study (Fig. 1).
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a) Structural schematics of pointer tracking b) Example view from HD camera
Fig. 1. Structural representation of the experiments

To visually evaluate the tracking accuracy of the pointer, the camera is placed under the
transparent sheet, on which the predefined trajectories are printed on the millimeter scale square
markings for a reference. The initial stage of the process is focused on machine vision-based
automatic contour detection and the processing of visual data (Fig. 2).
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Fig. 2. A workflow of the framework

In this context, image frames captured using HD camera from the robotic environment are
processed firstly by implementing Gaussian blurring to reduce noise and followed by grayscale
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conversion to simplify image structures. The edge detection is then performed using the Canny
algorithm, which highlights the edges in the image by detecting areas with significant intensity
changes. The morphological operations such as dilation (edges thickening to connect disjointed
shapes) and erosion (edge shrinking to remove noise) are applied to refine the contour quality.
This stage is responsible for the generation of a set of trajectory contours that are characterized by
clarity and represent the motion of the tool tip in x and y coordinates.

The second stage of the framework involves trajectory tracking and visualization. The
detection of motion is achieved through the calculation of frame-to-frame differences, thereby
highlighting the movement of the TCP. The extraction and filtering of contours process ensure the
preservation of motion within the region of interest (ROI). The centers of these contours are
computed and linked together to reconstruct the tool trajectory. The reconstructed trajectory is
then overlaid on the video data, thereby enabling real-time visualization of the actual TCP path in
comparison with the predefined reference trajectory.

The third stage of the workflow addresses accuracy evaluation and deviation measurement.
The tool position is determined by comparing each detected TCP point with the predefined
trajectory. This is achieved by conducting a point-in-polygon test, the purpose of which is to verify
whether the tool position lies inside the expected contour. The quantitative assessment of
deviations is achieved by calculating the Euclidean distance between the measured trajectory
points and the reference trajectory points according to ISO 9283:1998 standard [11]. This is then
converted from pixel units to mm scale with a calibration factor (1 pixel = 0.0095 mm). The
deviation values, along with the corresponding timestamps and coordinates, are stored in an Excel
database or further evaluation.

3. Results

In order to evaluate the accuracy of the proposed TCP tracker, ten different reference points
were selected along predefined robot trajectories for analysis. Each point on the trajectory is
represented by a specific location, including straight-line segments, arc midpoints, and random
locations. For each reference point, the deviation from the nominal trajectory was measured in
two ways. Firstly, the process of manual monitoring involved the inspection of video frames by a
human, who then estimated the deviation using scaled overlays. Secondly, the automated
monitoring using OpenCV was used to detect the TCP and its coordinates, compared them with
the predefined trajectory, and computed deviations using the Euclidean distance method (Fig. 3).
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Fig. 3. Visual view of trajectory and pointer detection

One of the main challenges has been to detect the original trajectory, since it overlaps with
reference grid lines, which after some pre-processing is still recognizable by the python library.
Therefore, additional thickness filter has been implemented to remove irrelevant recognized lines.
For the automatic distance calculation firstly, nearest-neighbor method was implemented to
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organize the point cloud to smooth centerline with normal. Then, the distance between the pointer
and the local normal is calculated to represent the deviation of the pointer. Fig. 4 represents the
comparison between manual observation and using OpenCV for pointer deviation monitoring.
Colored bars show monitored deviations using two methods. The pink bars show the deviations
of the TCP from the reference trajectory that were manually monitored, while the blue bars show
the deviations that were automatically detected by the OpenCV-based framework at ten reference
points. The green line shows the percentage relative error of the automated detection method
compared with manual observation.
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Fig. 4. Statistical comparison between manual observation and using OpenCV for pointer deviation
monitoring

Overall, the developed framework achieved an average recognition accuracy of 91.7 %, which
was calculated using all comparisons between manual observation and OpenCV-based pointer
deviation monitoring. The designed system has demonstrated its ability to provide decent real-time
measurements. As can be seen from the graph, the smallest observed relative error was 1.9 %,
while the largest was 12.4 %. These variations are mainly caused by interference from the
background grid lines, which are sometimes mistakenly detected as part of the trajectory. These
artefacts reduce the clarity of the extracted path and lead to recognition inaccuracies. Nevertheless,
the framework shows strong potential for practical use, and further improvements in
preprocessing, such as filtering of irrelevant contours and noise reduction, are expected to
significantly increase monitoring precision and robustness.

4. Conclusions

The present study set out to develop and evaluate a vision-based TCP tracker for industrial
robotic monitoring. The proposed framework successfully integrates computer vision and
trajectory analysis into a three-stage workflow consisting of contour detection, trajectory
visualization, and quantitative deviation evaluation. The findings demonstrated that the system
effectively addresses key challenges, such as background information overlapping, by introducing
a thick filter and applying a nearest-neighbor approach to organize trajectory point clouds into
smooth centerlines for robust deviation measurement. A series of comparative experiments were
conducted, which demonstrated that the automated OpenCV-based method yielded decent levels
of average accuracy of 91.7 % compared to manual monitoring. It is evident that the TCP tracker
provides a cost-effective, adaptable solution for industrial robotics, although further
improvements are required to ensure reliable monitoring.
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