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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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AHHOTamUs. 3epTTey aWHBIMANbl XKAPBIKTAHIBIPY >KaFJaWbIHIA >KOFApPhI JIOJI-
JIKTI POOOTTAaHABIPBUIFAH KYpPacThIpy MIHJETTEPIHJETT BHU3Yyajabl CEpBO OacKapyablH
TYPAKTbUIBIFBIH apTTBIPY MaceseciHe apHanFaH. TypaKchl3 JKapbIKTaHIbIPY, COHBIH 1II1H-
€ QJIC13 JKapbIK, KapChl KapbIK, KapBIKTHIH JKbIIBUIBIKTAYbI XKOHE aifHa TOPI3/1 IIaFbLIbl-
cynap BU3yasibl Oenrinepi 0emin amyasl Oy3bIm, TYHBIK OacKapy KOHTYPBIHBIH JOJITIH
TOMEHJIETYl MYMKIH. JKYMBICTBIH MaKcaTbl-)KapbIKTaHJBIPY ©3repiCTepiHe TO3IMII BU-
3yaJipl cepBO Oackapy KoHBerepiH a3ipiey. Ockl MakcaTka JKeTy YIIiH cypertepai ¢o-
TOMETPUSUIBIK HOpMaJTU3alMsIIay, KaphIKTAHIBIPYAbl €CKEepETiH Oenruiepal Oemin any,
CUTHAJI canachbIiHbIH ((t) MHIEKC1, CEHIMIUTIKKE HET13/IeNITeH CaJIMaKTaaFaH 0acKapy 'KoHe
KYHEHIH poOaCThUIBIFBIH MOHUTOPUHITEY YChIHBUIAIbl. DMIUPUKAIIBIK Oaranay Oec ka-
PBIKTaHABIpY Mpoduill OOWbIHINIA GacKapbUIaThIH CUMYISILMSUIBIK CTPECC-TECT apKbLIbl
JKYPri3U1l: KaJbIITHI JKapbIK, 9JICI3 JKapblK, KAPChl apPbIK, KBIIBUIBIKTAY >KOHE aiiHa
TOPi3/l marbLIbICysap. OpOip mapt Ooitbiama 200 chiHaK opeiHAaNAsl. HoTmkenep ychl-
HBUIFaH OAICTIH KaJBINThI, AJICI3 OHE KapChl JKapblK KarJailapblHJa *KUHAKTaIy IU-
HaMUKachl MEH TaOBICTBUIBIK KOPCETKIIIIH jKaKcapTaTbIHBIH KOPCETT1. Aaiijia KbuijiaM
KBITIBITBIKTAY JKOHE aifHa TOpI3Al MIaFbUIBICYJAp Ke31HAC OMICTIH THIMIUIITT TOMEHICH-
1. ¥ ChIHBUIFAH 9JIICTEME BU3YaJ/Ibl CEPBO OACKAPYIBIH KaPBIKTAHABIPY ©3repiCTEpIHECH
TYBIHAAUTBIH OypMajaHylapra Ce3IMTalIbIFbIH a3aiThIN, KaObL11ay, MOHUTOPUHT JKOHE
Oackapy yaepicTepiH OipTyTac MEXaTpOHIBIK apXUTeKTypara OipikTipemi. OHBI HaKThI
OHEPKICITITIK JKYyHeep/ie KOJAaHy YIIH anmnapaTThIK BaJuaaIus, aanTHBTI SKCIIO3UIUS
YKOHE CIIEKYJISPIIBIK OypMaiaHynapabl OHICY/I1H KOChIMILIA MEXaHU3MEPl KaXKeT.

Tyiiinai ce3mep: Busyanbl cepBo 0ackapy, poOOTTaHABIPBUIFAH KYpacThIpY, aii-
HBIMAJIbI JKapBbIKTaHIbIPY, POTOMETPHSIIBIK HOpMaIU3alysl, CUTHAJ canacblHbIH UHIEKCI,
pobacTThl 6ackapy, MEXaTpOH/IBIK apXUTEKTypa

Joaniexcosnep ymin: C. [lapmyxan0Oer, I. Typmyxanosa, O. ®unauk, B. Maxa-
toBa, JI. Kypmanraszuesa (2026). AHHBIMAJIBI KapbIK KaFJalbIHIAFbl KOFapbl AIIIKTI
POOOTTHIK KYpacThIpy: BU3yaJJIbl CEPBO OAaCKapyAbIH poOacThl MEXaTPOH/IBIK apXUTEKTY-
pacsl // XanblKapanblK aKIapaTThIK )KOHE KOMMYHHUKALUSIIBIK TEXHOJIOTUSIIAP JKYPHAJIbL.
T. 7. No. 26. b. 209-226. https://doi.org/10.54309/1JICT.2026.26.2.014. (Arbu1. TiN.).

Myanesiep KaKThIFbIChI: ABTOpJap OChl MakKanajga MYAJeNep KaKTBIFBICHI JKOK
JIeT MOTIMICH .
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AHHoTanus. VccienoBanue MocBAIIEHO MpoOiieMe MOBBIIICHHUS YCTOWYUBOCTH
BU3YaJIbHOTO CEPBOYIIPABICHHUS B 33/1a4aX BEICOKOTOYHOU pOOOTU3MPOBAHHON COOPKH IpU
MEPEMEHHBIX YCIOBUSIX OcBelleHUs. HectabmibHOe ocBeleHne, BKIodas cliadylo ocBe-
HIEHHOCTh, KOHTPOBOM CBET, MEpIIaHUE U 3epKajbHbIC ONIMKHU, MOXKET HapyIIaTh U3BJIEYE-
HUE BU3YaJIbHBIX PU3HAKOB U CHUYKATh TOYHOCTH 3aMKHYTOTO KOHTYpa yrnpasienus. Llenpb
paboThl 3aKitovyaeTcs B pa3paboTKe yCTOMYMBOTO K M3MEHEHHUSIM OCBEIEHUSI KOHBeHepa
BU3YaJIbHOTO CEpBOYMpaBieHUs. [ TOCTHKEHUS LT MpeIoKeHbl (hoToMeTpuyecKas
HOpMaJIU3aIHs U300paKeHHM, N3BJICUEHUE MPU3HAKOB C YUYETOM OCBEIIEHHOCTH, MHJIEKC
KauecTBa curHaina q(t), ynpaBjieHue ¢ BECaMH 110 YBEPEHHOCTH, a TAK)KE MOHUTOPUHT PO-
0AaCTHOCTH CHUCTEMBI. DMIHUPUYECKasi OIEHKA BBITIOJHEHA C MMOMOIIBI0 KOHTPOIUPYEMOTO
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CUMYJISILIMOHHOTO CTPECC-TECTA MO MATU MPO(UIIAM OCBELICHHs: HOMUHAIbHOE, ci1adoe,
KOHTPOBOE, MEpLIaHue U 3epKajbHble Onuku. [ kaxaoro ycnosus nposeaero 200 npo-
roHoB. Pe3ynbTarhl mokasanu, 4YTo NPEIOKEHHBIM METOJ ylTydIllaeT AUHAMHUKY CXOIU-
MOCTH Y TIOKa3aTejb YCHEIHOCTH TP HOMHUHAJILHOM, CJIa00M M KOHTPOBOM OCBEILIEHUH.
BwmecTte ¢ Tem mpu ObICTPOM MEpLIAHUU M 3€pKaJbHBIX ONHMKaX 3QPEKTUBHOCTH METOJA
cHkaercd. [IpeanoxkeHHass METOJ0J0THUS MTO3BOJISIET CHU3UTh YyBCTBUTEIBLHOCTh BU3Y-
aJIbHOTO CEpBOYIPABIEHUS K HCKa)KEHUSIM, BBI3BAHHBIM U3MEHEHHEM OCBEIIECHHUS, U 00b-
€IMHAET BOCIPUATHE, MOHUTOPUHT U YIIPABJICHUE B €IMHYIO MEXaTPOHHYIO APXUTEKTYPY.
Jlig nanbHENIIero BHEAPEHUs: B peaibHble MPOMBIIIIEHHBIE CUCTEMbI HEOOXOIUMBI all-
naparHasi BaJuJalysi, aJanTUBHAs 3KCIO3ULHUS U JOMOJHUTENIbHbIE MEXaHU3MbI 00pa-
OOTKHU CHEKYISIPHBIX BO3MYILIEHUI.

KuroueBble cjioBa: Bu3yallbHOE CEpBOYIIpaBlieHUE, pOOOTHU3MPOBaHHAs COOpKa,
IepeMEeHHOe OCBelleHne, (OTOMETpUYecKasi HOpMaau3alus, UHIEKC KadecTBa CUTHAIA,
poOacTHOe yrnpaBieHHe, MEXaTpOHHAs apXUTEKTypa

Jas nutupoBanus: C. [llapmyxanb6er, I. Typmyxanosa, O. dunnuk, B. Maxaro-
Ba, JI. Kypmanrasuesa (2026). BoicokoTouHas poOoTu3npoBaHHasi cOOpKa Mpu nepemMeH-
HOM OCBEHIEHHOCTU: poOacTHas MeXaTpOHHAs apXUTEKTypa BU3yaJbHOTO CEpBOYIIpaBIie-
Hus // MexayHapoaHbli )KypHaJ HH()OPMALMOHHBIX U KOMMYHUKAIIMOHHBIX TEXHOJIOTUH.
T. 7. No. 26. Ctp. 209-226. https://doi.org/10.54309/1JICT.2026.26.2.014. (Ha anru.).

KonduiuKT MHTEpecoB: aBTOPHI 3asIBIISIIOT 00 OTCYTCTBUH KOH(IMKTa HHTEPECOB.

Hannoe uccnedosanue punancuposanoce Komumemom nayku Munucmepcmea na-
VKU U 8bicuieco oopaszosanus Pecnyonuku Kazaxcman 6 pamkax epanma Ne BR28713197.

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.

Vision Sensors Photometric Robust Feature Visual Servo
(RGB/RGE-D) Mormalization Extraction & Matching Contraller
+ lllumination Probe (CLAHE/Gray-World) (illumination-invariant) (confidence-weighted)
+ Active lllumination + Quality Index q(t) + Safety Limits
L] ] &

. '

~
Analytics Dashboard Data Logger | Trajectory Planner Robot Arm
(precision, time, (images, glt), {fine alignment) + Assembly Cell
success, anomalies) errors, control inputs) + Error Manitor
& S &
- Clased-loap feedback (images + state) — _.J

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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1s not to recover a “true” radiance field, but to reduce the variability that drives feature drift
and matching failures.

[llumination-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)
1s 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:

X = —Aw(q(t))Ls + e(t).

Step 7. Monitoring and logging.

The system logs pose error, convergence time, (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:

q(t) = alnm(t) + aZrin(t) + a3g(t) + adct(t),

where nm(t) is the normalized number of matched features, rin(?) 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

al+a2+a3+ad4 =1,a1 = 0.

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
1s 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

X = —ALs + e(t),

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:

w(q) = (0, gmax — gqming — qmin, 1,

g<qgmin,
gmin<g<gmax,
J>~gmax.

Here, defines the minimum acceptable visual confidence, while corresponds to
a reliable measurement state. When q(t)<gminq(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.

(A) Pose error (mm) vs time (B) Lighting quality q(t) (C) Alerts & actions

- + Backlit risk: HIGH
+ Flicker detected
+ Suggest: enable LED ring
* Reduce gain if g<0.35

(D) Condition summary (E) Failure analysis heatmap

Nominal: 0.6mm | 2.1s | 98%

glar!mizlmﬁn:nlmsmf f?&% HERREEN
A I I A
- rrrrrrr

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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Lighting Conditions (within-subject; randomized order):
Nominal | Dim | Backlit | Flicker | Specular

Measures per trial: pose error (mm/deg), convergence time (), success rate (%), quality index (t), control
energy
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Fig. 3. Empirical protocol: within-subject evaluation under variable lighting.
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Fig. 4. Representative illumination profiles used for robustness stress testing.
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Nominal Dim Backlit Specular

Fig. 5. Synthetic image examples illustrating lighting challenges

Table 1 — Experimental factors and levels

Factor Levels / Reminder Rationale
Lighting condition Nominal; Dim; Backlit; Flicker; Covers common industrial perturbations affecting
Specular exposure and contrast.
Method Baseline IBVS vs Proposed robust Isolates the effect of photometric + confidence
IBVS 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 None (raw frames) | Normalization + optional Reduces intensity drift and saturation,

handling active illumination stabilizes features.

Feature extraction | Standard feature set | Illumination-robust features + | Improves matching reliability under
quality index q(t) dim/backlit conditions.

Control law IBVS update Confidence-weighted IBVS + | Avoids overreaction to corrupted
safety limits measurements; improves stability.

Monitoring No explicit q(t)-based anomaly detection | Triggers mitigation actions; supports

monitoring (backlit/flicker/specular) 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 Servo loop state In hardware: derived from pose estimate /
eITOr Proxy fiducials / force events.

Convergence Time to reach <1 mm Pose error Right-censored if threshold not reached.

time (s) trajectory

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 | Used for anomaly detection and confidence

stats 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 setto 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 A\lambda\ 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.
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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

12s

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

10!

Pose error (mm)

10° 4

—— Nominal - baseline
==+ Mominal - proposed
—— Backlit - baseline

==+ Backlit - proposed
—— Specular - baseline
==+ Specular - proposed

2

4

6

-

8

10

Fig. 6. Convergence profiles under variable lighting (simulation study)
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Table 5 — Main quantitative results from the simulation stress test (200 trials per
condition)

Condition | Final error (mm) Baseline | Final error (mm) Success rate (%) | Convergence time (s)
Mean+SD Proposed Baseline—Proposed Baseline—Proposed
Mean+SD

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— 825 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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