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Abstract. This paper presents an integrated intelligent in-pipe inspection
system combining the SIPIR mobile robotic platform, a sensor-computing unit,
computer vision methods, and spatial mapping of the inner pipe surface. The system
is intended for automated detection of corrosion, anomalies, and weld defects under
limited illumination and restricted access. The robot is equipped with an endoscopic
camera, an Intel RealSense L515 RGB-D camera with an infrared channel, an
inertial measurement unit, and an onboard computing module. A hybrid processing
pipeline combines image preprocessing, edge extraction and clustering of anomalous
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regions with lightweight neural models suitable for onboard inference. Experimental
validation was performed on a test bench containing real pipe segments. A dataset
of 4,212 images obtained from 53 pipes was formed. The prototype has a mass of
approximately 4.8 kg, a traction force of approximately 93 N, and operates in pipes
with diameters of 350-450 mm. The experiments confirmed weld traversal, onboard
recognition and early anomaly detection, as well as three-dimensional mapping using
RTAB-Map. The proposed approach transforms inspection data into an engineering-
oriented representation that specifies what was detected, where it is located, and how
maintenance should be prioritized.

Keywords: in-pipe robot, pipeline defect, computer vision, machine learning,
SLAM, RGB-D camera, weld inspection
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AnHoranus. Makananga SIPIR Mo6wmiibai poOOTTHIK mat(opMackiH, CEHCOP-
JIBIK KEIICH/T1, KOMIIBIOTEPIIIK KOpy SIICTEPiH kKoHE KYObIP/bIH iIKi OCTiHIH KeHICTIK-
TiK KapTachlH OipIKTIPETiH KYOBIPIMIUTIK IUArHOCTHKAHBIH 3UATKEPIIK KYyHeci YChI-
HeUTFaH. JKyiie »KapbhIKTaHABIPYBl TOMEH J>XKoHE KOJDKETIMALIITT IMIEKTeydal opTana
KOPPO3USIHBI, aHOMAJUSUIAPIbl JKOHE JIOHEKEPJIEHTeH KOCBUIBICTApAbIH aKayJapblH
aBTOMATTHI aHBIKTayFa apHaiFaH. POOOT SHIOCKONMSIIBIK KaMepaMeH, HH(PaKbI3bLUI
apuacsl O0ap Intel RealSense L515 RGB-D kamepacbiMeH, HHEPIMSUIBIK OJIIIEY MO-
TYTIMEH JKOHE OOPTTHIK €CerTey MOMYTIMEH jKa0IbIKTaaFaH. DKCIIEPUMEHTTIK TeKCe-
Py HaKTbI KyObIp cerMeHTTepi 0ap creHare Kyprizingi. 53 KyOblpaan ansiaFan 4212
KECKIHHEH TYpPAaTBhIH JACPEKTEp KHUbIHBI KaJbINTACTHIPBLIABIL. Maccachl mamamex 4,8
KT JKoHe TapTy Kymni mamamed 93 H mpororun nuamerpi 350450 MM KyObipiapna
KYMBIC icTeii. JloHekepey KIKTepiHeH OTy, aHOMaJIHsIapAbl OOPTTHIK TaHY KOHE
RTAB-Map kemeriMeH yII eJmmeMal KapTa Kypy MyMKIiH/IT pacTaiabl.

Tyiiinai ce3nep: KyObIpimIisik poOOT, KYOBIp aKaybl, KOMIBIOTEPIIIK KOpY, Ma-
mmHanbIK OKbITY, SLAM, RGB-D kamepa, noHekepiey xiri
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AHHoTanus. B pabote npeqiokeHa MHTErpUPOBAHHAS MHTEIUIEKTyallbHas CH-
cTeMa BHYTPUTPYOHON AMATHOCTHKH, OOBEIUHSIONIAs MOOMIBHYIO pOOOTOTEXHUYE-
ckyto tiaropmy SIPIR, ceHCOpHBIN KOMIUIEKC, METObI KOMITBIOTEPHOTO 3PCHUS U
POCTPAaHCTBEHHOE KApTHPOBAHNE BHYTPEHHEH MOBEPXHOCTH Tpybomposona. Cucre-
Ma TIpeIHa3HaueHa JJIsl aBTOMAaTH3UPOBAHHOTO OOHAPY)KEHUSI KOPPO3UH, AaHOMAIHNA U
ne(eKTOB CBAPHBIX COSAUHEHHI B YCIIOBHSIX OTPAaHMYCHHON OCBEILIEHHOCTH U 3aTPY/-
HEHHOTO aocTyna. Pobor ocHamén sHmockonmueckor kamepoir, RGB-D-kamepoii
Intel RealSense L515 ¢ undpakpacHbIM KaHAIOM, WHEPIHAIBLHBIM H3MEPUTEIHHBIM
MOZyJIEM B OOPTOBBIM BBIYUCIUTEIBHBIM MoayaeM. st (opMHpOBaHUS TPU3HAKOB
ne(EeKTHBIX 30H UCIIONIb3YETCsl THOPUIHBIN KOHBEHep, BKIIIOYAIONINHA TPeaBApUTEIh-
HYI0 00pab0OTKy H300paKeHUH, BBIJICIICHHE TPAHUIl U KJIACTEPHU3AIUI0 aHOMAIBHBIX
oOnacrel, a TakKe JIETKOBECHbIE HEHPOCETEBbIE MOJENHN, IPUTOJHBIE ISl OOPTOBO-
IO UCHOJHEHMS. DKCIIEpUMEHTaIbHas IPOBEPKa BBINOJIHEHA HA CTEH/E C peajJbHbIMU
cermeHTamu Tpy0. ChopmupoBan Habop u3 4212 u300pakeHUM, MOIYICHHBIX TPU
uccienoanuu 53 tpy0. [Iporotun maccoit 0kono 4,8 Kr ¥ TATOBBIM YCHUIHMEM OKOJIO 93
H paborocniocoben B Tpybax auamerpom 350—450 mm. [TonTBepk1eHBI TPOXOKACHHE
CBapHBIX IIIBOB, BO3MOXKHOCTH OOPTOBOTO PAacHO3HABAHUS M paHHEH NETEKIMH aHO-
MalIni, a TaKke popMupoBaHHe TPEXMEPHOU KapThl BHYTPEHHEW CPEIbl CPEeICTBAMU
RTAB-Map. IIpennoxxeHHbIH 1MOIX0/] 00eCIeunBaeT Mepexoa OT MPOCTOH (UKcAHU
N300pakeHNs K MHKEHEPHO 3HAaUMMOMY IIPEICTABICHUIO PE3yabTaTa: TUIl aHOMAJINH,
e€ MoJoKEHNE B TPyOOIIPOBOJIE U IPUOPUTET MOCIETYIOIIETO 00CTYKUBAHUSL.

KiroueBble cjioBa: BHYTpPUTPYOHBIH poOOT, Ae(eKThl TpyOOrnpoBoaa, KOM-
NBIOTEPHOE 3peHue, MammHHoe oOydenue, SLAM, RGB-D-kamepa, cBapHOli 1I0B,
MHTEIJIEKTyaIbHasl IUarHOCTHKA
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Introduction.

Water supply, heating, oil and gas, and industrial infrastructure pipelines are
considered critical assets. Corrosion, deposits, deformations, and weld damage can
develop undetected for long periods of time, and late detection leads to increased repair
costs, environmental risks, and safety threats. Therefore, a transition from reactive
repairs to regular diagnostics and preventative maintenance is a pressing issue.

Traditional visual inspection of internal surfaces is limited by the inaccessibility
of pipes, the dependence of results on operator skill, and the difficulty of precisely
localizing the detected damage. A mobile robot equipped with cameras, depth
sensors, and an onboard computer allows for automated data collection. However, for
practical application, simply transmitting a video stream to the operator is not enough:
it is necessary to automatically highlight the potentially defective area, link it to a
coordinate on the pipe map, and present the results in a form suitable for decision
making. Approaches to robot control based on visual feedback are systematized in
basic and advanced visual schemes. servoing (Chaumette et al., 2006; Chaumette et
al., 2007).

The objective of this study is to develop and experimentally validate an
intelligent pipeline defect detection system using the SIPIR in-pipe robot. The
scientific innovation lies in the integration of a mobile platform, a hybrid computer
vision pipeline, onboard lightweight models, and SLAM /3D mapping into a single
process flow of «detection, localization, interpretation, and maintenance planning.»

Review of approaches to in-line diagnostics

In-line inspection is developing at the intersection of robotics, non-destructive
testing, computer vision, and intelligent data analysis. Depending on the diameter,
material, and intended use of the pipes, diagnostic pistons, wheeled and tracked mobile
platforms, multi-link mechanisms, and robots with spacers and centering devices
are used. For relatively short sections and laboratory setups, mobile robots have an
advantage because they can stop at a selected point, change direction, and re-inspect
the suspected area.

From a technical perspective, the main requirements for an in-pipe robot are
stable adhesion to the wall, the ability to navigate welds and localized irregularities,
drive protection, sufficient traction, and maintaining the sensor unit’s orientation. In a
cylindrical environment, a flat track contacts the surface over a limited area, so using
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a curved profile improves traction. A passive spring-loaded expansion mechanism
additionally helps adapt the platform to diameter changes and compensate for minor
geometric deviations. Image-guided control also takes into account movement
limitations and the need to preserve informative features within the camera’s field of
view (Allibert et al., 2010; Chesi et al., 2004).

RGB cameras, endoscopic cameras, infrared sensors, and depth sensors are
used for visual diagnostics. An RGB image contains color and texture information
but is sensitive to glare, shadows, and contamination. The infrared channel improves
stability in low light conditions. A depth sensor allows for the transition from a flat
image to a geometric description of the surface and forms the basis for constructing
a 3D model of the pipe. The stability of visual guidance under changing illumination
has been studied using photometric and color approaches (Collewet et al., 2011; De
Cubber et al., 2004), and the use of depth information is an important element of image
- based visual servoing (De Luca et al., 2008).

Image analysis algorithms are conventionally divided into classical and
neural network-based. Classical methods use edges, local contrast, texture features,
morphological operations, and clustering. Their advantages include simplicity,
interpretability, and low computational costs. A disadvantage is their sensitivity to
changes in illumination and the need for manual threshold adjustment. Neural network
models are capable of automatically extracting features of corrosion, cracks, welds,
and other anomalies, but require a representative dataset and an objective validation
procedure. Local descriptors, including SURF (Bay et al., 2008), are widely used to
construct robust visual features. al. (2008), and increasing robustness to outliers and
image changes is considered in statistically robust visual servoing and methods based
on mutual information (Comport et al., 2006; Dame et al., 2011).

Lightweight architectures are particularly important for on-board
implementation. They reduce latency and power consumption, but may be inferior to
heavier models in terms of accuracy on complex images. Therefore, a hybrid approach
is rational for the system under consideration: a fast algorithm for early detection of
suspicious areas works in conjunction with a neural network model that performs
refined classification or segmentation.

Spatial localization of the defect is a separate challenge. A video frame alone
does not provide the precise location of the damage over a long section. Using SLAM
allows for the fusion of camera, depth, IMU, and odometry data, creating a robot
trajectory and a map of the internal environment. Pipes are characterized by repetitive
texture, low surface information density, and the risk of drift accumulation, requiring
sensor fusion and a smooth motion mode.

Materials and methods.

System architecture

The intelligent system is modular and includes a SIPIR mobile platform, a
sensor module, an onboard computing circuit, a defect detection module, a spatial
mapping subsystem, and an operator interface. Sensor data is synchronized with
odometry and IMU information, after which the images are fed into the computing
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pipeline. Detected abnormal areas are linked to the robot’s position on a 3D map.

The system’s operation is organized as a series of interconnected layers. The
physical layer houses the chassis, drives, centering mechanism, and sensors. The data
acquisition layer synchronizes the video stream, depth, infrared data, IMU readings,
and odometry. The computing layer performs preprocessing, detection, segmentation,
and condition assessment. The navigation layer compares the result with the robot’s
current position. At the top level, the operator receives an image, a defect marker, and
its location on the map.

Separating components into layers reduces interdependencies. For example,
replacing a camera or neural network model doesn’t require a complete redesign of
the chassis. Furthermore, modularity simplifies testing: first, motion and stability are
tested separately, then sensor operation, and finally the integrated performance of the
entire system is assessed.

Transmitting the decision to the operator requires more than just a binary
«defect/normal» label. For engineering use, it’s necessary to store the frame, detection
time, position along the trajectory, depth information, and the model’s confidence level.
This format allows for re-checking the result and comparing multiple inspections of
the same area.

Architecture of the Intelligent In-Pipe Inspection System
In-pipe robot Sensor module Onboard computing
| SIPIR | : ‘ RGB-D, IR, IMU Jetson / Arduino H Gipho ]

I Preprocessing Defect detection SLAM / 3D map

and augmentation CNN + Canny/DBSCAN RTAB-Map

Engineering decision:
what, where, and priority

Fig. 1. Architecture of the intelligent in-line diagnostics system

Design and sensor equipment of the robot

SIPIR prototype is a tracked platform with protected, internally mounted drives
and a passive, spring-loaded expansion mechanism. The curved track profile increases
the contact area with the pipe wall and improves stability. A centering mechanism
maintains the desired position of the sensor unit relative to the pipeline axis.

The sensor-computing complex includes an endoscopic camera for visual
feedback, an Intel RGB - D camera RealSense L 515 with infrared channel, IMU
MPU 6050, odometry, Jetson module, and Arduino microcontroller. The IMU and
PID controller are used to compensate for yaw and track slip. The RGB - D camera
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generates point clouds, which are used to construct a polygonal model of the pipe’s
interior in RTAB - Map.

The endoscopic camera is used as the operator’s primary observation channel.
Its purpose differs from that of the neural network analysis: the operator requires a
continuous image with minimal latency, while the algorithm prioritizes lighting
stability, scale, and the quality of individual frames. Therefore, the stream can be used
simultaneously for remote control and for generating a frame set transmitted to the
recognition module.

The IMU measures angular velocity and acceleration, while odometry estimates
the platform’s movement based on track rotation. Inside the tunnel, odometry is subject
to errors due to slippage, so IMU readings are used to stabilize the vehicle’s course.
Combined processing of these data is especially important when negotiating welds and
uneven surfaces, where traction changes briefly.

Original prototype illustrations and recognition examples

For clarity, the article includes original images from the ISSAI report. Figure
2 shows the SIPIR prototype: the top shows a general view of the platform, and the
bottom shows the robot housed inside the tube. These images confirm the system’s
design features: curved tracks, a centering mechanism, and a frontal placement of the
sensor module.

-—

Fig. 2. Original images of the SIPIR prototype from the ISSAI report: (a) general view; (b) robot inside
the pipe segment

Figure 3 shows examples of detecting abnormal areas in images of welded
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joints and surface areas. The detection contour shows potentially defective areas,
which can be used either as the final result of early detection or as input to a subsequent
classification or segmentation module.

Fig. 3. Examples of highlighting abnormal areas and defective zones on surface and weld seam images

Figure 4 illustrates two weld seam recognition modes presented in the report:
segmentation using DeepLabV 3+ and localization using YOLOv 8. Segmentation
more accurately captures the seam shape, while detection defines a bounding box and
is generally easier to quickly implement in a workflow. These images are useful for
explaining the types of output generated by the intelligent subsystem.

DeeplLabV3+ vs YOLOvVS

Fig. 4. An example of visual comparison of the results of DeepLabV 3+ and YOLOv 8 for weld seam

recognition

Figure 5 shows examples of corrosion classification in internal pipe images.
These visual examples demonstrate that the system is able to distinguish between
frames containing signs of corrosion and those without any visible corrosion. However,
to draw a final quantitative conclusion on the classification quality, it is necessary to
provide additional numerical metric values on an independent test set.
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Predicted: Corrosion Predicted: Corrosion

Predicted: Corrosion

Predicted: Corrosion

by (&] Ady

Predicted: Corrosion

Predicted: No Corrosion Predicted: No Corrosion
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Fig. 5. Examples of classification of images of the internal surfaces of pipes: frames with the prediction
“ Corrosion ” and *“ No Corrosion»

Jetson onboard computing module runs the computer vision algorithms,
while the Arduino handles low-level actuator control and some sensor readings. This
distribution of functions reduces the load on the main processor and allows critical
motion loops to be isolated from resource-intensive image analysis operations.

Table 1. Main characteristics of the experimental complex

Parameter Meaning / Characteristics

Weight prototype about 4.8 kg

Traction effort about 93 N

Worker range diameter pipes | 350450 mm

Testing segments cast iron pipes with a diameter of 350-400 mm and a length of
about 1.5 m

Visual sensor endoscopic camera

RGB-D sensor Intel RealSense L515, RGB + Depth + IR

Navigation data IMU, odometry

Onboard calculations Jetson and Arduino

3D mapping RTAB-Map

Dataset and preprocessing

To train and validate the machine vision methods, the video system collected a
dataset of 4,212 images obtained during inspection of 53 real pipes. The source report
does not provide an exact distribution of the images by class, so this article does not
include the unconfirmed values for the training, validation, and test sample sizes.

Pre-processing includes brightness and contrast correction, noise reduction,
scaling, region-of-interest extraction, and augmentation. These operations are
necessary due to the glare, shadows, low light, repetitive texture, and contamination
typlcal of the in-pipe env1r0nment The L 515 camera’s infrared channel is used to
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utilize automatic and predictive exposure control methods based on deep learning to
compensate for complex lighting conditions (Deng et al., 2024).

When creating a dataset, it’s crucial to consider the variability of objects.
Images of different pipes may differ in material, contamination level, surface color,
illumination, weld geometry, and corrosion severity. Randomly distributing nearly
identical frames of a single pipe between the training and test sets will overestimate
the final accuracy. Therefore, for subsequent validation, it is recommended to separate
the data at the pipe level rather than individual images.

The markings should include, at a minimum, the pipe identifier, section type,
the presence or absence of anomalies, and the coordinates of the suspicious area. A
pixel mask is additionally required for segmentation tasks. If multiple classes are used,
uniform criteria for distinguishing between corrosion, weld defects, deposits, and
background surface features must be established.

Augmentations should be approached with caution. Rotations, brightness
and contrast changes, and the addition of moderate noise improve the stability of the
model. However, excessive color or geometry changes can create physically unrealistic
samples. The in-pipe environment has a pronounced axial structure, so the admissibility
of each operation must be assessed taking into account the actual camera orientation.

Preprocessing may include brightness equalization, local contrast enhancement,
impulse and Gaussian noise reduction, size normalization, and region-of-interest
extraction. To assess robustness, it is advisable to create separate test subsets: normal
illumination, low illumination, glare, contamination, and partial object occlusion.

Algorithm for detection and localization of defects

The computational pipeline implements a hybrid strategy. In the early stages,
edge detection and clustering methods are used, in particular Canny and DBSCAN,
to quickly identify potentially anomalous regions. The next stage utilizes lightweight
convolutional networks suitable for on-board execution. The report mentions
MobileNetV 2, as well as DeepLabV 3 and YOLOv 8 segmentation and detection
models for weld seam analysis.

The algorithm’s task is to isolate the weld joint, localize the potentially defective
zone, and generate a conclusion about the object’s condition. Interpretation is ensured
by a visual representation of the mask or bounding box and the ability to compare the
result with the weld geometry. The defect coordinates are combined with the robot’s
trajectory and a 3D model of the internal surface.

During the early detection stage, the image is converted into a representation
suitable for highlighting local brightness variations and edges. The Canny operator
generates a contour map, after which DBSCAN combines adjacent points into clusters.
Small isolated groups can be discarded as noise, while stable clusters are passed to the
next module as anomaly candidates.

The neural network component can solve three interconnected tasks.
Classification determines the state of a frame or region of interest. Detection generates
a bounding box around the defect. Segmentation identifies the precise shape of a weld
or anomaly at the pixel level. Segmentation is the most informative for engineering
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analysis, but it requires more labor-intensive labeling.

MobileNetV 2 is suitable for feature extraction on limited computing resources.
DeepLabV 3 can be used for weld segmentation, and YOLOv 8 can be used for
localizing individual defect zones. The final architecture should be selected based on
a comparison of accuracy, latency, and memory consumption on the actual onboard
module.

After obtaining a mask or frame, the center of the anomalous area is calculated.
The resulting timestamp is compared with the robot’s trajectory, generated using
odometry, IMU, and depth data. The timestamp is then transferred to the 3D model.
When the same area is detected repeatedly, similar timestamps must be merged to
prevent the same defect from being detected multiple times.

Computational Pipeline for Defect Detection and Localization

Video stream Iumination Weld region Detection / Anomaly 30 map
acquisition normalization extraction segmentation assessment registration

Fig. 6. Sequence of data processing when detecting defects

For a binary assessment of the quality of a welded joint, the model generates
the probability that an image or a selected area belongs to a defective class:

y=1ifp(x)zt;y=0ifp(x) <z,

where p (X) is the probability estimate of a defective state, and t is the decision
threshold. Precision, Recall, F1 - score, IoU, and mAP should be used to evaluate the
quality of detection and segmentation. However, the numerical values of these metrics
are missing from the provided report, so they are not included in the results section and
should be added after revalidating the model on a fixed test set.

Quality assessment criteria

Accuracy, Precision, Recall, and F1 - score are used to quantitatively evaluate
classification. Accuracy alone is insufficient in industrial diagnostics, as a defect class
is typically less frequently represented than normal samples. High recall is important
for reducing the number of missed defects, and high positive prediction accuracy
reduces the number of false alarms.

For segmentation, IoU and the Dice coefficient are used, characterizing the
match between the predicted and reference regions. For detection, the average accuracy
of the mAP is used at given IoU thresholds. In addition to recognition quality, it is
necessary to measure the average frame processing time, frame rate, memory capacity,
and stability under changing lighting conditions.

The system experiment should include not only algorithm metrics, but also
robotic platform performance: weld passability, slippage, deviation from the pipe axis,

|@ @ I This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License

472



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

communication stability, video channel latency, and the accuracy of spatial referencing
of the detected defect.

Note on the presence of metrics in the original report

A re-examination of the original report revealed references to Accuracy,
Precision, Recall, F1 - score, IoU, Dice, and mAP as recommended evaluation criteria,
but no specific numerical results for the models were provided in the report text. For
this reason, the fictitious accuracy table is not included in this article. Instead, the table
below details the models mentioned in the report and what information is documented
about them.

Table 2. Information about the models and the presence of numerical metrics
in the original report

Model / Method | Purpose What confirmed report Numerical
metrics in the
report

MobileNetV2 lightweight model for | The implementation of Not given

on-board recognition | lightweight models and the use

of'a MobileNetV 2-like approach
are indicated

DeepLab V3+ segmentation areas There is visual examples Not given
welded seam recognition

YOLOvV8 detection/localization | There is visual examples Not given
of the weld area recognition

Canny + carly detection and described as part of a hybrid Not applicable

DBSCAN identification of pipeline / not applicable
abnormal zones given

RTAB-Map SLAM and 3D confirmed 3D mesh generation Not given
mapping

Information model of inspection results

For practical use, results must be stored in a structured format. A minimal event
record includes the survey ID, pipe ID, timestamp, frame number, coordinate along
the trajectory, camera orientation, suspected anomaly type, confidence level, a link to
the original image, and a depth map fragment. This structure ensures traceability and
allows for re-analysis of disputed cases.

Within a single inspection, several adjacent frames may contain the same defect.
Therefore, after frame-by-frame processing, event aggregation is required. Marks are
combined based on coordinate proximity and similarity of visual features. The frame
with the highest confidence, the coordinate range, and the number of confirmatory
observations are saved for the final event.

The history of repeated inspections should be linked to a single pipeline section.
This allows for the assessment of trends, such as increases in corrosion area, changes
in weld geometry, or the emergence of new anomalies. Thus, the system can be used
not only for one-time inspections but also for condition monitoring.

In the operator interface, it’s advisable to separate automatic assessment and
expert decision-making. The automatic model generates a proposal, and the expert
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confirms or corrects it. Saving both labels is important for subsequent error analysis
and further training.

Reliability and safety of operation

System reliability is determined not only by the accuracy of the neural network
but also by the robustness of all components. Video signal loss, depth sensor error,
track slippage, or computer overload can lead to missed sections. Therefore, the
software must monitor the data feed rate, the temperature of the computer module, the
connection quality, and the consistency of the odometry with the IMU.

If a critical condition is detected, the robot must enter a safe mode: stop, save
the latest data, and transmit a message to the operator. To prevent the platform from
being lost in the pipe, an emergency retrieval system, a distance limitation, and battery
monitoring must be provided.

In-line inspection is often performed at hazardous facilities. Prior to
implementation, the suitability of the electronics, enclosure sealing, and electrical
safety must be assessed, taking into account the specific environment. The developed
laboratory prototype validates the functional concept but is not a certified industrial
device.

From the perspective of the intelligent module, a conservative decision-making
mode is considered safe. If confidence is insufficient, the system should not issue a
definitive conclusion. A more appropriate approach is to mark the area as requiring
expert review and retain the full set of initial data.

Experimental setup

Tests were performed on a laboratory rig with segments of real cast iron pipes
with a diameter of 350—400 mm and a length of approximately 1.5 m. The rig was used
to test the stability of movement, weld seams, sensor operation, and the generation
of a 3D model. An Ultimaker 3D printer was used to manufacture the prototype
components. S 5. The OptiTrack system was used to independently evaluate latencies
and movement accuracy in remotely controlled experiments.

The experiment included robot movement along linear segments, traversing
localized irregularities and welds, acquiring RGB, depth, and infrared data, processing
the onboard video stream, and constructing a 3D mesh. The endoscopic camera
provided visual feedback with a latency of approximately 0.2 seconds. In the control
loop based on the operator’s head position, the average camera response time was 0.15
+ (.25 seconds.

Before each test, the condition of the tracks, drives, sensor module mount,
and video signal quality were checked. The robot was then positioned at the starting
point of the pipe, after which odometry and orientation were recorded to zero. During
movement, the video stream, depth, IMU readings, and control commands were
recorded.

Rig tests allow for reproducible evaluation of basic functions, but do not
fully simulate industrial conditions. A real pipeline may contain water, oil products,
condensate, loose deposits, sharp bends, and longer sections. Therefore, rig results
should be considered as proof of prototype performance and a basis for further field
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testing.

To study the influence of illumination, it is advisable to conduct series with
standard illumination, reduced brightness, and the use of an infrared channel. To assess
the stability of recognition, it is necessary to preserve the same areas in different modes
and compare the consistency of the results. This protocol is consistent with the need
to separately assess the resilience of the visual system to changes in illumination (De
Cubber et al., 2004; Collewet et al., 2011).

Results and discussion.

The prototype, weighing approximately 4.8 kg, generates a tractive force of
approximately 93 N and is designed for use in pipes with diameters of 350-450 mm.
The platform’s ability to navigate welds and maintain control was confirmed on the
test bench. The integrated sensor system provides simultaneous acquisition of visual
data, depth, and motion parameters.

The resulting dataset includes 4,212 images from 53 pipes. Its practical value
lies in the use of data obtained from real objects, not just synthetic or laboratory-
produced samples. The feasibility of on-board recognition and early detection of
anomalies was demonstrated. The system’s response time during bench testing was
less than one second, allowing the developed pipeline to be considered as the basis for
operational operator support.

RealSense Applications L 515 and RTAB - Map allowed us to obtain point
clouds and construct a 3D polygonal mesh of the pipe’s interior. This fundamentally
distinguishes the system from conventional video diagnostics: the defect is not only
displayed on the frame but can also be linked to a spatial coordinate. This linking
simplifies re-inspection, repair planning, and damage monitoring.

The obtained thrust and operating diameter parameters demonstrate that the
platform has sufficient capacity to move its own weight and the sensor system within
the laboratory area. The internal placement of the motors reduces the risk of mechanical
damage and facilitates protection from the external environment. The curved tracks
and spring-loaded expansion joints ensure more uniform contact with the surface.

Having two observation channels-visual and depth-increases the diagnostic
information yield. The RGB frame is used for texture and color analysis, while depth
is used for geometry reconstruction. In low-light conditions, the infrared channel can
support surface structure detection, although the recognition performance of specific
defect classes must be confirmed through separate testing.

Building a 3D mesh in RTAB - Map confirms the ability to spatially represent
the interior environment. However, the cylindrical and repeating surface creates a risk
of drift. To reduce errors, it is recommended to use smooth trajectories, integrate the
IMU, and periodically perform snapping to stable geometric features, such as welds.

A response time of less than one second applies to the integrated early detection
and control circuitry. This value demonstrates the fundamental feasibility of near-real-
time operation, but does not replace a detailed latency profile. In the final version of
the experiment, it is advisable to separately measure the frame capture, preprocessing,
inference, result transmission, and operator display times.
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The resulting dataset of 4,212 images is a significant result, but its size alone
does not guarantee the generalization ability of the model. The diversity of defects,
class balance, labeling quality, and independence of the test set are crucial. Therefore,
before publishing the final metrics, it is necessary to document the data composition
and eliminate overlap between closely related frames between training and testing.

Table 3. Summary results of experimental testing

Verifiable component Received result Engineering meaning
Mobile platform Works in the range of @350-450 mm; | Access to the internal surface
passing welded seams without disassembling the
pipeline
System computer vision | On-board recognition and early Operational warning operator
detection of anomalies
Kit data 4212 images from 53 pipes A basis for training and
subsequent validation of models
RGB-D and SLAM Obtaining point clouds and 3D meshes | Spatial localization defects
Remote control Delay video calls about 0.2 s Support safe remote
management
Reaction systems Less than 1 sec in bench tests Possibility of application in near

real-time mode

Comparison of components and tasks to be solved

A mechanical platform solves the problem of delivering sensors to hard-to-
reach areas. Its characteristics determine which areas can be realistically inspected.
The sensor system generates an observable representation of the surface. Computer
vision translates the image into a set of features and defect hypotheses. SLAM links
the hypothesis to a spatial coordinate, and the operator interface converts the technical
data into a maintenance solution.

This decomposition allows us to identify the sources of errors. If a defect
isn’t visible, the problem lies in the camera’s trajectory or orientation. If the area is
visible but not detected, model and data analysis are required. If a defect is found but
incorrectly localized, odometry and SLAM must be improved. This facilitates system
diagnostics and upgrade planning.

An integrated approach is especially important for pipelines where repeated
access to a section is difficult. A simple video recording requires manual review and
does not guarantee repeatable coordinates. Automatically tagging the site with a map
reduces manual work and provides a basis for comparing inspections.

Practical application scheme

Before beginning an inspection, the operator specifies the pipeline ID, diameter,
and starting point. The robot is inserted into the pipe and moves at a constant or
adaptive speed. The system stores synchronized sensor data and flags suspicious areas.
If a confidence threshold is exceeded, the operator receives a visual warning.

After completing the pass, a report is generated containing a list of events,
frames, the type of suspected anomaly, the position on the trajectory, and a 3D map
fragment. The engineer can confirm, reject, or modify the automatic flag. Confirmed
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examples should be returned to the database for further model training.

For industrial implementation, the system must support logging, model version
control, source data storage, and the ability to replay the solution. This is necessary for
traceability and expert verification of diagnostic results.

A limitation of the study is the absence of a complete machine learning protocol
in the report: class composition, sample splitting procedure, training parameters, and
numerical values for Accuracy, Precision, Recall, F1 - score, IoU, and mAP. Therefore,
the obtained results confirm the operability of the integrated system and the possibility
of early detection, but do not allow for a rigorous quantitative comparative evaluation
of neural network architectures. The next step should be validation on an independent
test set and field testing on long pipelines with bends, contamination, and varying
degrees of corrosion.

An additional limitation is the relatively short length of the test segments.
Long sections increase the accumulation of odometry and SLAM errors, increasing
communication and power requirements. Furthermore, the report does not include test
results for pipes containing liquid, heavily contaminated, or sharp bends.

Recommendations for further research

To obtain publication- relevant quantitative results, it is recommended to
develop a fixed data partitioning scheme, conduct relabeling by at least two experts, and
assess the labeling consistency. After this, MobileNetV 2, YOLOv 8§, and DeepLabV 3
should be compared in terms of precision, recall, F1 - score, loU, mAP, inference time,
and memory consumption.

Field tests should include pipes of varying lengths and diameters, sections
with bends, moisture, contamination, and non-uniform illumination. To assess spatial
accuracy, it is necessary to place control markers with known coordinates and compare
them with the coordinates calculated by SLAM.

Active learning offers a promising approach. The model identifies the most
uncertain images, an expert labels only these examples, and then the system undergoes
further training. This approach allows for more efficient dataset expansion and reduces
the amount of manual labeling.

To increase reliability, an ensemble combining a classical algorithm and a
neural network solution can be used. Consistent results increase confidence, while
discrepancies become grounds for expert verification.

Table 4. Extended validation program for an intelligent system

Direction checks Necessary data Expected result

Recognition Independent test sample, expert Precision, Recall, F1, IoU,
labeling mAP

Onboard performance Processing time and memory usage Real-time confirmation of work

Navigation Control coordinates inside pipes Error spatial bindings

Mechanical cross-country ability | Series of passes over seams and Probability successful passages
uneven areas

Field conditions Humidity, dirt, bending, different Grade stability systems
lighting conditions
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The procedure for expert confirmation of defects is not described. For an
objective assessment, it is necessary to compare the system’s visual assessment with
a reference inspection performed by a qualified specialist or an independent non-
destructive testing method. Without such verification, it is more accurate to speak of
anomaly detection rather than full confirmation of the defect type and severity.

Another area of development is uncertainty assessment. The model should
report not only the class but also the confidence level. Low-confidence cases should be
automatically communicated to the operator without making a hard decision, reducing
the risk of erroneous rejection or missed damage.

Conclusion.

An intelligent pipeline defect detection system based on the SIPIR in-pipe robot
has been developed and experimentally evaluated. The proposed system integrates
a protected tracked robotic platform, RGB-D and infrared sensing, inertial sensors,
onboard computing, a hybrid computer vision pipeline, and SLAM-based 3D mapping
into a unified inspection framework.

The developed prototype, with a mass of approximately 4.8 kg, demonstrated
stable operation in pipes with diameters of 350—450 mm. Experimental tests confirmed
the robot’s ability to pass weld joints, acquire synchronized visual and depth information,
and perform early anomaly detection with a response time of less than one second. A
dataset consisting of 4,212 images collected from 53 real pipes was formed and used
as the basis for training and further validation of the computer vision models.

The integration of visual inspection with spatial mapping makes it possible not
only to detect potentially defective areas but also to associate them with their location
inside the pipeline. This feature increases the practical value of the system, since
inspection results can be transformed into structured information suitable for repeated
examination, maintenance planning, and subsequent technical decision-making.

The developed approach also demonstrates the advantages of combining
lightweight onboard computer vision methods with depth sensing and SLAM. Such
integration reduces the dependence of the inspection process on continuous manual
observation and creates a basis for more autonomous and reproducible pipeline
diagnostics. At the same time, the reliability of the final diagnostic decision depends on
the quality of the image dataset, the stability of spatial localization, and the accuracy
of the recognition algorithms.

The current study confirms the functional feasibility of the proposed robotic
inspection concept under laboratory conditions. However, further work should include
quantitative validation using Precision, Recall, F1-score, IoU, mAP, and inference-
time measurements, as well as a detailed description of the training, validation, and
test subsets. Additional field experiments are also required for pipes with different
geometries, contamination levels, illumination conditions, and surface defects.

Thus, the proposed development should be considered not as an individual
recognition algorithm, but as an integrated robotic inspection platform in which
mechanical design, sensing, computer vision, onboard processing, and spatial mapping
operate as a single system. This integrated architecture provides a promising basis for
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preventive diagnostics, condition monitoring, and maintenance planning of pipeline
infrastructure.
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