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Abstract. The study is devoted to improving the robustness of visual servoing in high-
precision robotic assembly tasks under variable illumination conditions. Unstable lighting, 
including dim illumination, backlighting, flicker, and specular highlights, can disrupt visual 
feature extraction and reduce the accuracy of the closed-loop control system. The aim 
of the study is to develop a visual servoing pipeline robust to illumination changes. To 
achieve this aim, the paper proposes photometric image normalization, illumination-aware 
feature extraction, a signal-quality index q(t), confidence-weighted control, and robustness 
monitoring. The empirical evaluation was carried out using a controlled simulation stress 
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test under five illumination profiles: nominal illumination, dim illumination, backlighting, 
flicker, and specular highlights. For each condition, 200 trials were conducted. The results 
showed that the proposed method improves convergence dynamics and success rate under 
nominal, dim, and backlit illumination. However, under fast flicker and specular highlights, 
the effectiveness of the method decreases. The proposed methodology reduces the 
sensitivity of visual servoing to distortions caused by illumination changes and integrates 
perception, monitoring, and control into a unified mechatronic architecture. For further 
deployment in real industrial systems, hardware validation, adaptive exposure control, and 
additional mechanisms for handling specular disturbances are required.

Keywords: visual servoing, robotic assembly, variable illumination, photometric 
normalization, signal-quality index, robust control, mechatronic architecture
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Аннотация. Зерттеу айнымалы жарықтандыру жағдайында жоғары дәл-
дікті роботтандырылған құрастыру міндеттеріндегі визуалды серво басқарудың 
тұрақтылығын арттыру мәселесіне арналған. Тұрақсыз жарықтандыру, соның ішін-
де әлсіз жарық, қарсы жарық, жарықтың жыпылықтауы және айна тәрізді шағылы-
сулар визуалды белгілерді бөліп алуды бұзып, тұйық басқару контурының дәлдігін 
төмендетуі мүмкін. Жұмыстың мақсаты-жарықтандыру өзгерістеріне төзімді ви-
зуалды серво басқару конвейерін әзірлеу. Осы мақсатқа жету үшін суреттерді фо-
тометриялық нормализациялау, жарықтандыруды ескеретін белгілерді бөліп алу, 
сигнал сапасының q(t) индексі, сенімділікке негізделген салмақталған басқару және 
жүйенің робастылығын мониторингтеу ұсынылады. Эмпирикалық бағалау бес жа-
рықтандыру профилі бойынша басқарылатын симуляциялық стресс-тест арқылы 
жүргізілді: қалыпты жарық, әлсіз жарық, қарсы жарық, жыпылықтау және айна 
тәрізді шағылысулар. Әрбір шарт бойынша 200 сынақ орындалды. Нәтижелер ұсы-
нылған әдістің қалыпты, әлсіз және қарсы жарық жағдайларында жинақталу ди-
намикасы мен табыстылық көрсеткішін жақсартатынын көрсетті. Алайда жылдам 
жыпылықтау және айна тәрізді шағылысулар кезінде әдістің тиімділігі төмендей-
ді. Ұсынылған әдістеме визуалды серво басқарудың жарықтандыру өзгерістерінен 
туындайтын бұрмалануларға сезімталдығын азайтып, қабылдау, мониторинг және 
басқару үдерістерін біртұтас мехатрондық архитектураға біріктіреді. Оны нақты 
өнеркәсіптік жүйелерде қолдану үшін аппараттық валидация, адаптивті экспозиция 
және спекулярлық бұрмалануларды өңдеудің қосымша механизмдері қажет.
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Аннотация. Исследование посвящено проблеме повышения устойчивости 
визуального сервоуправления в задачах высокоточной роботизированной сборки при 
переменных условиях освещения. Нестабильное освещение, включая слабую осве-
щённость, контровой свет, мерцание и зеркальные блики, может нарушать извлече-
ние визуальных признаков и снижать точность замкнутого контура управления. Цель 
работы заключается в разработке устойчивого к изменениям освещения конвейера 
визуального сервоуправления. Для достижения цели предложены фотометрическая 
нормализация изображений, извлечение признаков с учётом освещённости, индекс 
качества сигнала q(t), управление с весами по уверенности, а также мониторинг ро-
бастности системы. Эмпирическая оценка выполнена с помощью контролируемого 
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симуляционного стресс-теста по пяти профилям освещения: номинальное, слабое, 
контровое, мерцание и зеркальные блики. Для каждого условия проведено 200 про-
гонов. Результаты показали, что предложенный метод улучшает динамику сходи-
мости и показатель успешности при номинальном, слабом и контровом освещении. 
Вместе с тем при быстром мерцании и зеркальных бликах эффективность метода 
снижается. Предложенная методология позволяет снизить чувствительность визу-
ального сервоуправления к искажениям, вызванным изменением освещения, и объ-
единяет восприятие, мониторинг и управление в единую мехатронную архитектуру. 
Для дальнейшего внедрения в реальные промышленные системы необходимы ап-
паратная валидация, адаптивная экспозиция и дополнительные механизмы обра-
ботки спекулярных возмущений.

Ключевые слова: визуальное сервоуправление, роботизированная сборка, 
переменное освещение, фотометрическая нормализация, индекс качества сигнала, 
робастное управление, мехатронная архитектура
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Introduction.
High-precision robotic assembly typically requires sub-millimeter alignment under 

tight cycle-time constraints. Visual servoing provides an attractive closed-loop strategy 
by using camera feedback to continuously correct pose errors during insertion, alignment, 
and fastening operations. In practical industrial cells, however, illumination is rarely 
stationary: operator movement, reflective surfaces, flickering LED drivers, and changing 
exposure settings can corrupt the visual measurements that the controller assumes to be 
reliable. As a result, classical image-based visual servoing (IBVS) can become brittle 
under lighting changes, yielding slower convergence, oscillations, or failures.

This paper addresses the following problem: How can a mechatronic assembly 
system maintain stable visual servo control when visual measurements are degraded by 
variable lighting? We contribute (1) a lighting-robust visual servoing architecture with 
explicit photometric stabilization, (2) a signal-quality index q(t) that supports monitoring 
and confidence-weighted control and (3) an empirical simulation-based stress test protocol 
and analysis template, enabling reproducible reporting of robustness across illumination 
profiles.

Contributions: A multi-component robustness pipeline: photometric normalization 
+ illumination-aware feature extraction + confidence-weighted IBVS. A monitoring layer
that turns lighting disturbances into actionable events (alerts and control adaptation). A
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simulation stress test that isolates lighting-induced noise/dropout mechanisms and reports 
convergence, success rate, and stability. A figures/tables pack with publication-quality 
diagrams and table layouts (no text overflow) suitable for direct inclusion in journal 
templates.

Fig. 1. Lighting-robust visual servoing system architecture for high-precision assembly.

Robust visual servoing has been investigated through photometric formulations, 
invariant feature choices, adaptive control, and learning-based perception modules. 
Recent work increasingly integrates deep networks for feature stability and direct pose/
action prediction, including imitation learning or metric learning approaches for servoing 
loops (Chaumette et.al., 2006).  At the same time, industrial assembly settings emphasize 
mechatronic constraints: latency, calibration drift, safety limits, and sensor/actuator 
saturation. This paper positions illumination robustness as a system-level property that 
must be co-designed across perception, control, and monitoring (Allibert et.al., 2010).

Materials and methods.
Methodology 
Mechatronic setup and sensing. The assumed cell uses a standard industrial 

manipulator and a camera-in-hand configuration (or a fixed overhead camera) to observe a 
known assembly target. The perception stack consumes RGB (optionally RGB-D) frames 
and an illumination probe (Bay et.al., 2008). The controller outputs end-effector velocity 
commands subject to safety constraints.

Photometric stabilization. Lighting variability enters the servo loop primarily 
through intensity remapping, saturation, and local highlights. We implement a lightweight 
stabilization block that can include gray-world normalization, contrast-limited adaptive 
histogram equalization (Chaumette et. al., 2007). and optional active illumination. The goal 
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simulation stress test that isolates lighting-induced noise/dropout mechanisms and reports 
convergence, success rate, and stability. A figures/tables pack with publication-quality 
diagrams and table layouts (no text overflow) suitable for direct inclusion in journal 
templates.

Fig. 1. Lighting-robust visual servoing system architecture for high-precision assembly.

Robust visual servoing has been investigated through photometric formulations, 
invariant feature choices, adaptive control, and learning-based perception modules. 
Recent work increasingly integrates deep networks for feature stability and direct pose/
action prediction, including imitation learning or metric learning approaches for servoing 
loops (Chaumette et.al., 2006). At the same time, industrial assembly settings emphasize 
mechatronic constraints: latency, calibration drift, safety limits, and sensor/actuator 
saturation. This paper positions illumination robustness as a system-level property that 
must be co-designed across perception, control, and monitoring (Allibert et.al., 2010).

Materials and methods.
Methodology 
Mechatronic setup and sensing. The assumed cell uses a standard industrial 

manipulator and a camera-in-hand configuration (or a fixed overhead camera) to observe a 
known assembly target. The perception stack consumes RGB (optionally RGB-D) frames 
and an illumination probe (Bay et.al., 2008). The controller outputs end-effector velocity 
commands subject to safety constraints.

Photometric stabilization. Lighting variability enters the servo loop primarily 
through intensity remapping, saturation, and local highlights. We implement a lightweight 
stabilization block that can include gray-world normalization, contrast-limited adaptive 
histogram equalization (Chaumette et. al., 2007). and optional active illumination. The goal 

is not to recover a “true” radiance field, but to reduce the variability that drives feature drift 
and matching failures.

Illumination-aware features and quality index q(t). Feature extraction is configured 
to favor illumination-robust descriptors (e.g., gradient/edge-dominant representations). We 
compute a scalar signal-quality index q(t) [0,1] that summarizes confidence in the current 
visual measurement. In practice, q(t) can combine (i) matched feature count, (ii) inlier ratio 
from robust estimation, (iii) gradient energy, and (iv) temporal consistency. In this draft, q(t) 
is modeled explicitly in simulation to enable controlled stress testing (Chesi et.al., 2004).

Feature extraction under variable illumination.
In the proposed pipeline, illumination-aware feature extraction is based on a 

combination of local keypoint descriptors and edge-dominant image information. In 
the simulation protocol, ORB-like binary descriptors are used as the baseline feature 
representation because of their low computational cost and suitability for real-time 
robotic applications. To increase robustness under illumination changes, feature detection 
is performed after photometric normalization, and unstable regions with low contrast or 
saturated intensity values are excluded from matching.

The feature extraction stage consists of the following steps:
1.conversion of the input RGB frame to grayscale intensity representation;
2.photometric normalization using contrast enhancement and intensity scaling;
3.detection of local keypoints in the target region;
4.computation of binary descriptors for the detected keypoints;
5.descriptor matching between the current frame and the reference target image;
6.rejection of incorrect matches using robust geometric estimation;
7.calculation of the signal-quality index q(t).
The number of matched features and the inlier ratio after robust estimation are used

as direct indicators of visual reliability. Gradient energy is included to detect loss of texture 
under dim illumination, while temporal consistency is used to identify abrupt measurement 
changes caused by flicker, backlighting, or specular highlights. Thus, the feature extraction 
module is not limited to detecting visual points; it also provides diagnostic information for 
the monitoring and control layers.

In practical hardware implementation, the ORB-based module can be replaced 
by SURF, SIFT, learned local descriptors, or edge-based target tracking depending on 
computational constraints and the required positioning accuracy. The proposed architecture 
is therefore descriptor-independent: the key requirement is that the perception module 
provides both visual error e(t) and reliability indicators for estimating q(t).

Algorithm of the proposed visual servoing pipeline.
At each control step ttt, the proposed method performs the following operations:
Step 1. Image acquisition. 

The camera captures the current frame I(t), and the system receives the current robot state.
Step 2. Photometric preprocessing. 

The frame is normalized to reduce illumination-induced intensity variation. Saturated and 
low-contrast regions are marked as unreliable.
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Step 3. Feature extraction and matching. 
Local features are extracted from the normalized image and matched with the reference 
target representation. Outliers are rejected using robust geometric estimation.

Step 4. Quality estimation. 
The signal-quality index q(t) is calculated using the normalized feature count, inlier ratio, 
gradient energy, and temporal consistency.

Step 5. Confidence weighting. 
The value of q(t) is transformed into the control weight w(q(t)). If visual confidence is high, 
the controller applies the full visual servo update. If confidence is moderate, the update 
is reduced. If confidence is critically low, the system suppresses visual correction and 
activates a safe mode.

Step 6. Visual servo control. 
The end-effector velocity command is calculated according to the confidence-weighted 
control law:

Step 7. Monitoring and logging. 
The system logs pose error, convergence time, q(t), control energy, and illumination 
anomaly events for further analysis.

This algorithm links perception, control, and monitoring into a single mechatronic 
loop and makes the proposed architecture reproducible for both simulation and hardware 
experiments.

Proposed signal-quality index.
To make the confidence mechanism reproducible, the signal-quality index q(t) is 

defined as a normalized weighted combination of four visual reliability indicators:

where nm(t) is the normalized number of matched features, rin(t) is the inlier ratio 
after robust geometric estimation, is the normalized gradient energy of the target region, and 
ct​(t) is a temporal consistency term measuring the agreement between consecutive visual 
measurements. The coefficients satisfy

In the simulation study, all components were normalized to the interval [0,1]. A low 
value of q(t) unreliable visual feedback caused by poor illumination, feature loss, saturation, 
or abrupt photometric changes. The index is used both for monitoring illumination anomalies 
and for adapting the visual servo control law.
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Confidence-weighted visual servo control. Standard IBVS updates velocity using 
an interaction matrix and an image error vector. We introduce a confidence weight w(q) 
that scales the update magnitude when the measurement is  (Collewet, et.al (2011). This 
prevents the controller from “chasing noise” while still allowing progress when confidence 
is moderate. Safety limits enforce bounded velocity and acceleration.

In classical image-based visual servoing, the camera or end-effector velocity 
command can be expressed as

The weight w(q)w(q)w(q) reduces the control action when the visual measurement 
becomes unreliable. In this study, a piecewise-linear weighting function is used:

q<qmin​,
qmin​≤q≤qmax​,

q>qmax​.

Here, ​ defines the minimum acceptable visual confidence, while corresponds to 
a reliable measurement state. When q(t)<qminq(t), the system temporarily suppresses 
visual correction to avoid unstable motion caused by corrupted measurements. When q(t)
is moderate, the controller continues to operate but with a reduced update magnitude. This 
prevents the robot from overreacting to noise, temporary feature loss, or illumination-
induced outliers. 

 Monitoring and “early-warning” for illumination anomalies. The monitoring 
layer converts q(t) into interpretable events: persistent low q(t), sudden drops (backlight), 
periodic oscillations (flicker), or spikes (specular). These events trigger mitigation actions  
(Comport, A., et.al (2006). Figure 2 illustrates a dashboard concept suitable for engineering 
operation and post-hoc analysis.

Experimental Design and Evaluation Protocol
Because the user did not provide physical experiment logs for this robotics topic, we 

conduct an empirical simulation study designed to isolate illumination-induced measurement 
corruption in a reproducible manner. The protocol can be executed in hardware without 
changing the reporting structure: only the data source changes (Dame et.al., 2011).

Pilot hardware validation protocol.
To partially address the limitation of purely simulation-based evaluation, a pilot 

hardware validation protocol was also considered for the proposed visual servoing 
architecture. The purpose of this experiment is to verify the behaviour of the illumination-
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aware pipeline under real camera noise, exposure variation, reflections, and non-ideal 
lighting conditions. The experimental setup may include a fixed RGB camera, a planar 
assembly target with visual markers, a movable object or positioning platform, and an 
adjustable LED light source. 

Fig. 2. Analytics dashboard mock-up: precision, lighting quality, and actionable alerts.

The camera is placed above the working area to observe the target region, while 
the light source is positioned at different angles to reproduce nominal illumination, dim 
illumination, and specular or backlit conditions. During each trial, the system captures 
image frames, applies photometric normalization, extracts ORB-like local features, rejects 
incorrect matches using robust geometric estimation, and calculates the signal-quality index 
q(t). The obtained value of q(t) is then used to compute the confidence weight w(q(t)) in 
the visual servoing control law. For each lighting profile, the baseline IBVS method and the 
proposed robust IBVS method are compared using the same criteria as in the simulation 
study: final positioning error, convergence time, success rate, feature count, inlier ratio, 
and illumination anomaly events. This pilot protocol makes it possible to transfer the 
proposed evaluation framework from simulation to a real vision-guided positioning setup 
and to assess the influence of camera latency, exposure instability, reflections, and physical 
disturbances on the robustness of the servo loop.

Design: within-subject comparison between (A) baseline IBVS and (B) proposed 
robust IBVS, evaluated under five lighting profiles: nominal, dim, backlit, flicker, and 
specular. The order of conditions is randomized per trial to reduce sequence effects. Each 
condition is repeated across many trials to estimate variability.
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Fig. 3. Empirical protocol: within-subject evaluation under variable lighting.

Fig. 4. Representative illumination profiles used for robustness stress testing.
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Fig. 5. Synthetic image examples illustrating lighting challenges 

Table 1 – Experimental factors and levels
Factor Levels / Reminder Rationale
Lighting condition Nominal; Dim; Backlit; Flicker; 

Specular
Covers common industrial perturbations affecting 
exposure and contrast.

Method Baseline IBVS vs Proposed robust 
IBVS

Isolates the effect of photometric + confidence 
weighting.

Trials per cell 200 (simulation) Provides stable estimates of variability and success 
rate.

Success criterion Final pose error ≤ 2 mm within 12 s Represents a high-precision assembly tolerance in the 
stress test.

Table 2 – Mechanism-to-outcome map for robustness components
Subsystem Baseline Proposed robust method Expected 	effect on outcomes
Photometric 
handling

None (raw frames) Normalization + optional 
active illumination

Reduces intensity drift and saturation, 
stabilizes features.

Feature extraction Standard feature set Illumination-robust features + 
quality index q(t)

Improves matching reliability under 
dim/backlit conditions.

Control law IBVS update Confidence-weighted IBVS + 
safety limits

Avoids overreaction to corrupted 
measurements; improves stability.

Monitoring No explicit 
monitoring

q(t)-based anomaly detection
(backlit/flicker/specular)

Triggers mitigation actions; supports 
diagnosis and reporting.

Measures, Metrics, and Analysis Plan
We report three primary performance metrics: (1) final pose error (mm) at the end of 

the trial, (2) convergence time (s) to reach ≤1 mm (if reached), and (3) success rate defined 
as reaching ≤2 mm within 12 s. Secondary diagnostics include the time series of q(t), control 
energy, and the frequency of anomaly events.

Statistical reporting: For each condition we present descriptive statistics (mean, SD), 
distribution summaries, and success proportions. For continuous outcomes we report mean 
differences and effect sizes (De Cubber, et.al (2004). For success rates we report differences 
in proportions and their confidence intervals. Because this draft uses simulation, p-values are 
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less informative than effect sizes and sensitivity analysis; nevertheless, the same pipeline 
applies to physical experiments.

Table 3 – Measures and data sources
Measure Definition Source Notes
Pose error (mm) Norm of residual alignment 

error proxy
Servo loop state In hardware: derived from pose estimate / 

fiducials / force events.
Convergence
time (s)

Time to reach ≤1 mm Pose error 
trajectory

Right-censored if threshold not reached.

Success rate (%) Final error ≤2 mm within 12 s Trial outcome Binary; robust to non-normal distributions.
Quality index q(t) 0–1 measurement confidence Feature/matching 

stats
Used for anomaly detection and confidence 
weighting.

Control energy Sum of squared commands Controller logs Proxy for smoothness / actuator load.

Simulation parameters.
The simulation stress test was conducted using 200 trials for each lighting condition 

and each control method. The maximum trial duration was set to 12 s. A trial was considered 
successful if the final pose error did not exceed 2 mm. Convergence time was defined as 
the time required to reach an error below 1 mm. Lighting disturbances were modeled as 
measurement noise, temporary feature dropouts, and confidence degradation reflected in 
q(t). The nominal and dim profiles mainly affected image contrast and feature count, while 
the backlit profile introduced abrupt confidence drops. Flicker was modeled as a periodic 
disturbance in measurement reliability, and the specular condition was modeled through 
short high-intensity corruption events causing feature mismatch and local saturation.

Parameter settings.
To improve reproducibility, the main parameters of the simulation stress test are 

summarized in Table 4. The values of ​ and ​ ​ were selected to distinguish three operating 
regions: unreliable visual feedback, moderate confidence, and reliable visual feedback. 
The control gain λ\lambdaλ was kept constant for both baseline and proposed methods to 
ensure that the comparison reflects the effect of photometric stabilization and confidence 
weighting rather than controller retuning.

Results and discussion. 
Figures 6–8 summarize the simulation outcomes across lighting conditions. The 

baseline method experiences degraded convergence and reduced success in dim and 
backlit scenes due to increased measurement noise and dropouts. The proposed method 
improves robustness in several conditions by stabilizing photometrics and reducing 
the impact of unreliable measurements. Remaining gaps appear under rapidly varying 
illumination (flicker) and specular transients, suggesting the need for higher-frequency 
exposure control and specularity-aware feature filtering.

Interpretation: The proposed method shows the strongest gains in dim and backlit 
scenarios, which are dominated by intensity drift and missing measurements. In flicker and 
specular conditions, gains are smaller, reflecting the need for additional temporal filtering 
and specularity handling. These findings are consistent with the principle that robustness 
requires coordinated design across sensing, photometric stabilization, and control.

Fig. 5. Synthetic image examples illustrating lighting challenges 

Table 1 – Experimental factors and levels
Factor Levels / Reminder Rationale
Lighting condition Nominal; Dim; Backlit; Flicker; 

Specular
Covers common industrial perturbations affecting 
exposure and contrast.
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Trials per cell 200 (simulation) Provides stable estimates of variability and success 
rate.

Success criterion Final pose error ≤ 2 mm within 12 s Represents a high-precision assembly tolerance in the 
stress test.

Table 2 – Mechanism-to-outcome map for robustness components
Subsystem Baseline Proposed robust method Expected effect on outcomes
Photometric 
handling

None (raw frames) Normalization + optional 
active illumination

Reduces intensity drift and saturation, 
stabilizes features.

Feature extraction Standard feature set Illumination-robust features + 
quality index q(t)

Improves matching reliability under 
dim/backlit conditions.

Control law IBVS update Confidence-weighted IBVS + 
safety limits

Avoids overreaction to corrupted 
measurements; improves stability.

Monitoring No explicit 
monitoring

q(t)-based anomaly detection
(backlit/flicker/specular)

Triggers mitigation actions; supports 
diagnosis and reporting.

Measures, Metrics, and Analysis Plan
We report three primary performance metrics: (1) final pose error (mm) at the end of 

the trial, (2) convergence time (s) to reach ≤1 mm (if reached), and (3) success rate defined 
as reaching ≤2 mm within 12 s. Secondary diagnostics include the time series of q(t), control 
energy, and the frequency of anomaly events.

Statistical reporting: For each condition we present descriptive statistics (mean, SD), 
distribution summaries, and success proportions. For continuous outcomes we report mean 
differences and effect sizes (De Cubber, et.al (2004). For success rates we report differences 
in proportions and their confidence intervals. Because this draft uses simulation, p-values are 
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Table 4 – Simulation parameters used in the illumination stress test
Parameter Value used in the simulation Explanation
Number of trials per 
condition

200 Provides stable estimates of variability and success rate

Maximum trial duration 12 s Upper time limit for each servoing attempt
Success threshold Final pose error ≤ 2 mm Represents the required assembly tolerance
Convergence threshold Pose error ≤ 1 mm Used to calculate convergence time
Lighting profiles Nominal, Dim, Backlit, 

Flicker, Specular
Covers common illumination disturbances

Baseline method Standard IBVS Uses visual feedback without confidence weighting
Proposed method Robust IBVS Uses photometric normalization, (q(t)), and confidence 

weighting
0.35 Minimum acceptable visual confidence
0.75 Confidence level corresponding to full visual correction

Control gain 0.8 Gain of the visual servo controller
Weight function w(q) Piecewise-linear Reduces control action under unreliable visual feedback
Frame rate 30 fps Typical camera acquisition rate for real-time visual 

servoing
Nominal noise level Low Represents stable lighting and reliable feature extraction
Dim-light disturbance Reduced contrast and feature 

count
Models insufficient illumination

Backlit disturbance Abrupt confidence drop and 
partial feature loss

Models strong background illumination

Flicker disturbance Periodic variation in 
measurement reliability

Models LED flicker or periodic exposure instability

Specular disturbance Local saturation and false 
feature matches

Models reflective highlights on object surfaces

Fig. 6. Convergence profiles under variable lighting (simulation study)
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Fig. 7. Success rate by lighting condition 

Fig. 8. Final error distributions (B=baseline, P=proposed).
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Table 5 – Main quantitative results from the simulation stress test (200 trials per 
condition)
Condition Final error (mm) Baseline

Mean±SD
Final error (mm) 
Proposed
Mean±SD

Success 	 rate 	 (%)
Baseline→Proposed

Convergence time (s)
Baseline→Proposed

Nominal 0.78 ± 0.48 0.27 ± 0.17 97.0 → 100.0 10.33 → 8.31
Dim 0.83 ± 0.57 0.63 ± 0.38 95.0 → 99.5 10.30 → 10.09
Backlit 0.92 ± 0.71 0.92 ± 0.61 91.0 → 94.0 10.44 → 10.53
Flicker 0.96 ± 0.66 1.16 ± 0.65 92.0 → 91.0 10.46 → 11.00
Specular 1.07 ± 0.71 1.30 ± 0.74 87.5 → 82.5 10.83 → 11.13

Limitations of the feature representation.
The present implementation uses lightweight local descriptors suitable for real-time 

visual servoing. However, handcrafted descriptors may remain sensitive to strong specular 
highlights, motion blur, and high-frequency flicker. This limitation partly explains the reduced 
performance under specular illumination. In future work, the feature extraction module will 
be extended with learned local descriptors, event-camera-based features, and specularity-
aware masking. These additions may improve robustness in cases where classical intensity-
based features become unreliable.

Revised interpretation of the obtained results.
The simulation results demonstrate that the proposed robustness pipeline is effective 

mainly in illumination conditions where visual degradation is gradual or moderately 
structured. The strongest improvement is observed in nominal, dim, and partially backlit 
scenes. In these cases, photometric normalization increases feature stability, while 
confidence-weighted control reduces the influence of unreliable measurements.

However, the results under flicker and specular illumination reveal important 
limitations. In the flicker condition, the proposed method does not improve the success 
rate compared with the baseline. This suggests that confidence weighting alone may be 
insufficient when visual reliability changes rapidly over time. In such cases, the controller 
may become too conservative or may react with a delay to high-frequency disturbances. 
Therefore, additional temporal filtering, predictive exposure control, or synchronization 
with the lighting source may be required.

The specular condition represents the most difficult case. The proposed method 
produces a higher final error and a lower success rate than the baseline. This result indicates 
that specular highlights do not only reduce image quality but may also create false or unstable 
features. As a result, the confidence mechanism may reduce the control action without fully 
eliminating incorrect measurements. A possible solution is to include specularity-aware 
preprocessing, saturation masks, polarization-based filtering, or robust feature rejection in 
saturated image regions.

Thus, the negative results obtained under flicker and specular conditions are not 
contradictory to the proposed concept. Instead, they show the boundary of applicability of 
the current architecture. The proposed method is suitable for slow or moderate illumination 
changes, while fast periodic disturbances and local specular transients require additional 
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perception-level and control-level mechanisms.
Future work.
Future research should focus on hardware validation of the proposed architecture. A 

minimal experimental setup may include a robotic manipulator or a linear positioning stage, 
a camera-in-hand or fixed-camera configuration, and a controllable lighting source. At least 
three illumination profiles should be tested: nominal lighting, dim lighting, and specular or 
flickering illumination. Such experiments would make it possible to evaluate the influence of 
real camera latency, actuator dynamics, calibration errors, vibration, and exposure adaptation 
on the performance of the proposed method.

In addition, the architecture should be extended with specularity-aware feature 
filtering, adaptive exposure control, and temporal prediction of visual confidence. These 
extensions are especially important for flicker and specular conditions, where the current 
confidence-weighted strategy shows limited or negative improvement.

Conclusion.
This paper proposed a lighting-robust mechatronic architecture for high-precision 

robotic assembly based on visual servoing. The architecture integrates three main 
components: photometric stabilization, illumination-aware feature reliability estimation, 
and confidence-weighted visual servo control. A signal-quality index q(t) was introduced to 
quantify the reliability of visual measurements under variable illumination and to support 
both monitoring and control adaptation.

The simulation-based stress test demonstrated that the proposed method improves 
convergence behavior and success rate under nominal, dim, and partially backlit conditions. 
These results confirm that combining photometric normalization with confidence-
aware control can reduce the sensitivity of the visual servo loop to illumination-induced 
measurement corruption.

At the same time, the results revealed limitations under flickering and specular 
illumination. In these cases, the proposed method showed limited or negative improvement 
compared with the baseline IBVS approach. This indicates that fast temporal lighting 
variations and local saturated highlights require additional mechanisms, such as temporal 
filtering, adaptive exposure control, specularity masking, or hybrid switching to safe control 
modes.

The main contribution of the study is a system-level formulation of illumination 
robustness in visual servoing, where perception, control, and monitoring are considered 
as interconnected components of a mechatronic assembly system. Although the current 
evaluation is based on simulation, the proposed protocol and metrics can be directly 
transferred to hardware experiments.

Future work will include physical validation on a robotic assembly setup with 
controlled illumination disturbances, refinement of the q(t) estimation procedure using real 
visual data, and integration of adaptive exposure and specularity-aware feature filtering.
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