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Abstract

This thesis investigates an illumination centric, computer vision approach to automated
quality inspection of reflective metal components. The work integrates three pillars: first
engineered lighting that combines diffuse, glare suppressing illumination with controlled
low angle directions to expose surface discontinuities; second, a disciplined data engineer-
ing pipeline that expands limited acquisitions through tiling, background filtering, and
label preserving data augmentation; and a convolutional neural network (CNN) detector
trained and evaluated under deployment equivalent preprocessing and post processing.
The illumination strategy is motivated by the physics of specular reflection: defect vis-
ibility depends on color and incidence angle, so multiple, complementary lighting states
are sequenced to reveal features that would be invisible under a single condition. The
dataset, initially small, is systematically enlarged by segmentation into patches and geo-
metric transforms with exact annotation remapping, yielding a diverse yet label consistent
corpus without information leakage. A modern one-stage CNN is then fine-tuned to local-
ize and classify representative defect morphologies (e.g., linear scratches, compact spots,
impact marks), with performance summarized by standard precision recall metrics and
supported by qualitative overlays. Results show that thoughtful lighting design and tar-
geted augmentation are as decisive as sensor choice for achieving robust detection, and
that calibrated decision thresholds are essential to align analytical sensitivity with op-
erational tolerances. The study offers a reproducible blueprint illumination engineering,
dataset curation, and CNN-based analysis for deploying computer aided inspection in

high gloss industrial contexts.

Keywords: Reflective surface inspection; dome + dark-field illumination; multi state
(hexagonal) RGB lighting; data augmentation and tiling; Pascal-VOC annotation; CNN
object detection; EfficientDet-Lite0 TensorFlow Lite; Alvium 1800 U-2050c¢; defect detec-
tion (scratch/spot/hit); photometric separability (BRDF); quality control automation.
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Abstract in lingua italiana

Questa tesi indaga un approccio di visione artificiale centrato sull’illuminazione per 'ispezione
automatizzata della qualita di componenti metallici riflettenti. Il lavoro integra tre pilastri
fondamentali: in primo luogo, un sistema di illuminazione progettato in modo ingegneris-
tico, che combina luce diffusa e antiabbagliamento con direzioni a basso angolo controllate
per mettere in evidenza le discontinuita superficiali; in secondo luogo, una pipeline di in-
gegneria dei dati strutturata, che amplia un numero limitato di acquisizioni attraverso
tecniche di suddivisione in riquadri (tiling), filtraggio dello sfondo e data augmentation
con mantenimento delle etichette; infine, una rete neurale convoluzionale (CNN) adde-
strata e valutata utilizzando fasi di pre-processing e post-processing equivalenti a quelle
di un sistema reale di implementazione. La strategia di illuminazione ¢ motivata dalla
fisica della riflessione speculare: la visibilita dei difetti dipende dal colore e dall’angolo di
incidenza, per cui vengono utilizzati piu stati di illuminazione complementari in sequenza,
in modo da rivelare caratteristiche che risulterebbero invisibili sotto una sola condizione
luminosa. Il dataset, inizialmente di dimensioni ridotte, viene ampliato in modo sistem-
atico mediante segmentazione in patch e trasformazioni geometriche con rimappatura
esatta delle annotazioni, ottenendo cosi un insieme di dati diversificato ma coerente nelle
etichette, privo di perdita di informazione. Una moderna CNN a uno stadio viene quindi
ottimizzata per localizzare e classificare diverse morfologie di difetto (ad esempio graffi
lineari, macchie compatte, segni da impatto), con le prestazioni riassunte tramite met-
riche standard di precision e recall e supportate da sovrapposizioni qualitative. I risultati
mostrano che un’attenta progettazione dell’illuminazione e un’adeguata strategia di data
augmentation sono tanto determinanti quanto la scelta del sensore per ottenere un rileva-
mento robusto, e che soglie decisionali calibrate sono essenziali per allineare la sensibilita
analitica alle tolleranze operative. Lo studio propone quindi un modello riproducibile per
I'ingegneria dell’illuminazione, la curazione del dataset e ’analisi basata su CNN, utile
per implementare sistemi di ispezione assistita dal computer in contesti industriali ad alta

lucentezza.

Parole chiave: Ispezione di superfici riflettenti; illuminazione a duomo e campo oscuro;



illuminazione RGB multistato (esagonale); data augmentation e suddivisione in riquadri
(tiling); annotazione Pascal-VOC; rilevamento di oggetti con CNN; EfficientDet-Lite0
TensorFlow Lite; Alvium 1800 U-2050c; rilevamento dei difetti (graffio/macchia/urto);

separabilita fotometrica (BRDF); automazione del controllo qualita.
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1 ‘ Introduction

Modern manufacturing demands zero defect quality control to avoid costly scrap, rework,
and brand damage. Even a single faulty item that slips through can erode customer
trust, a critical concern for luxury brands like Gucci. Quality control (QC) is therefore
paramount in production lines. Historically, QC relied on human inspectors to visually
check each product, but this manual process is slow, labor intensive and prone to errors.
Inspectors may miss subtle defects due to fatigue or variability in judgment. Automation
o ers a compelling alternative: computer vision systems can tirelessly inspect products
with consistent criteria, improving both speed and accuracy [1]. The integration of ma-
chine vision into manufacturing has signi cant improved defect detection by improving
e ciency, consistency, and reliability compared to subjective manual methods. With the
advent of arti cial intelligence (Al) and deep learning, these vision systems have achieved
unprecedented levels of accuracy and versatility to detect aws. This thesis is driven
by the motivation to harness Al powered computer vision to elevate quality control for
Gucci's luxury belts, replacing slow manual inspection with an automated solution that
boosts productivity,without compromising the exacting quality standards of the brand.

From an economic standpoint, automating belt inspection promises substantial bene ts.
By catching defects early and consistently, companies can reduce waste, avoid reworking
products, and prevent defective goods from reaching customers (which otherwise incur
warranty and reputational costs) .Automation also addresses skilled labor shortages and
high labor costs, especially in regions where luxury goods are produced. A return on in-
vestment (ROI) can be realised through higher throughput and lower defect escape rates,
translating to fewer customer returns and brand damage incidents. Equally important is
data governance in deploying Al: the inspection system will capture images of products
that constitute sensitive proprietary data (designs, logos, etc.). Thus, strict protocols
must govern how images and results are stored, annotated, and used for model training
or auditing.[2]
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Gucci belts are emblematic luxury accessories, crafted with high quality leather and signa-
ture metal buckles. Every belt must meet exacting quality standards for material, nish,
and assembly. Currently, manual inspection is typically employed: human QC sta visu-
ally examine each belt for defects such as scratches, scu s, stitching errors. This process
is not only time consuming but also susceptible to human error and inconsistency. An
automated computer vision based inspection system, tailored to Gucci belts, o ers an op-
portunity to standardize and accelerate this quality check. Figure 1.1 shows an example
of the product described.

Figure 1.1: Line 000511 example models pictures and drowings B3626 0788 (a) 3088G
8926 (b) B0622 0766 (c)

In this context, the system must handle the unique characteristics of Gucci belts. The
belts come in various types often polished brass or steel with di erent geometries.

Key quality criteria include:

" Hardware defects : e.g. scratches, dents or tarnish on the metal buckle, peeling
plating, or loose screws/rivet
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Therefore di erent factors need to be consider to have a proper analysis of the problematic.

1.1. Optical System: Lenses and Cameras

1.1.1. Lenses

Telecentric vs. entocentric : Telecentric lenses maintain constant magni cation re-
gardless of object distance, eliminating perspective distortion on 3D parts [3]. This yields
dimensionally accurate images and a wide depth-of- eld (DOF) for thick or curved ob-
jects [3]. For example, a telecentric lens will image a curved belt buckle so that features
at di erent depths appear the same size, avoiding the shrinking or foreshortening seen
with regular lenses. Telecentrics also exhibit very low distortion (ofter 0.1 %) , en-
suring precise defect localization [3]. However, these lenses are larger and heavier than
entocentric designs; the front optics must be at least as large as the object to capture
parallel rays, making telecentrics bulky for wide elds (e.g. a 60 mm buckle may re-
quire a 60 mm diameter lens) [3]. In practice, entocentric (conventional) lenses can be
used if careful calibration is applied to correct distortion, but on curved, re ective parts
they will still show perspective e ects (e.g. edges of a curved buckle appearing stretched
or bent). If defect metrology or stable imaging across varying part positions is critical,
telecentric optics are preferred despite their cost and size [3]. For simpler deployments
focused only on detection (not measurement), high-quality entocentric macro lenses may
su ce, especially if the buckle is xtured at a repeatable distance and orientation.

Figure 1.2: Telecentric vs Entocentric-principle [4].
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Macro lenses, eld atness, and resolution . For small defect features (50 150m
scratches or pits), a macro lens capable of high magni cation and a at eld is impor-
tant. Field atness ensures that both center and edges of the curved buckle are in focus
many macro lenses correct eld curvature so that a at object stays sharp across the
eld. In our use-case, the buckle face is slightly curved, so even a at- eld lens will face
depth variations; a telecentric lens inherently o ers a larger DOF and less blur across
slight curvature. Working distance should be chosen to accommodate lighting equipment
(e.g. room for a dome or coaxial illuminator) while maintaining needed magni cation.
A moderate working distance (80 150 mm) is common to t lighting hardware around
the lens. At higher magni cations, DOF is shallow, so one may stop down the aperture
to increase DOF but a smaller aperture (higher f-number) increases di raction blur and
reduces lens modulation transfer function (MTF) at high spatial frequencies. This trade-
0 means there is an optimal aperture where the image is sharpest; beyond that, closing
the iris improves DOF but degrades resolution [5]. In practice, one should choose the
smallest aperture that still keeps defect features in focus, and use bright illumination or
strobes to compensate for lost light when stopping down [5]. Modern lenses are often
di raction-limited around f/8 f/11 for 3.45 m pixel sensors; going to f/16 may notice-
ably soften the image. It's critical that the lens's MTF at the sensor’'s Nyquist frequency
(determined by pixel size) remains high [5]. Smaller pixels demand higher lens resolving
power, so premium macro or telecentric lenses designed for small-pixel sensors should be
considered [5]. In summary, for specular buckles, use a low-distortion lens (telecentric if
budget/space allows) with a focal length giving a eld of view just over the buckle size.
Stop down to increase DOF only as far as diraction allows acceptable sharpness, and
ensure the chosen lens can resolve50 m features (at least 2 3 pixels on the smallest
defect).

1.1.2. Vision sensors and cameras

Sensor and camera considerations : Global shutter cameras are strongly recommended
for re ective metal inspection. A global shutter exposes all pixels simultaneously, avoid-
ing image skew or distortion that a rolling shutter could introduce if either the part or
illumination changes during the frame [6]. Even if the buckle is imaged static (stop-and-
go), many illumination techniques use strobes or sequential ashes; a rolling shutter could
cause portions of the image to miss a short ash. Thus, a global shutter ensures crisp,
synchronized capture of fast light pulses and is generally better for metrology and defect
imaging [5]. Pixel size and resolution: To reliably detect 50 m scratches, the camera’s
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pixel sampling should satisfy Nyquist ( 2 pixels across the smallest defect). If the entire
60 mm buckle is imaged in one frame, a resolution around 4000 px across (as in a 9 MP
sensor) yields 15 m per pixel in object space giving 3 pixels for a 50 m scratch,
which is acceptable. Smaller defects would demand either higher resolution sensors or
imaging smaller regions. The IDS UI-5290SE-M-GL camera, for example, provides 4104
O 2174 resolution (8.9 MP) on a 1 inch Sony IMX267 CMOS sensor with 3.48 pixels

[7]. At full resolution it runs 12 fps on a GIgE interface [7], which is su cient for stop-
and-go inspection. This camera's global shutter and 12-bit analog-to-digital converter
are advantageous: 12-bit depth allows capturing subtle shading di erences on shiny parts
(for instance, di erentiating a slight dent's shading from noise), and the sensor's global
shutter avoids motion or strobe artifacts. The 3.45m pixel pitch provides ne sampling,
although it also means smaller full-well capacity in practice, one must control exposure to
avoid saturating on specular highlights. The UI-5290SE's 1 inch sensor format demands
a lens with a 16 mm image circle; many machine vision lenses support this format, but
it's a consideration when selecting optics. Overall, this IDS camera is well-suited for the
buckle use-case: its resolution yields1015 m object sampling (adequate for 50m
defects), global shutter ensures distortion-free imaging of moving or ashing scenarios,
and the interface (Gigabit Ethernet) can handle the bandwidth of 9 MP at 10 12 fps.
One trade-o is the modest frame rate if multiple lighting images per part are needed
(e.g. photometric stereo), the 12 fps limit means each part's imaging cycle could be on
the order of 0.1 0.3 s plus processing. For an inline system, this is usually acceptable,
but higher speed lines might require a faster interface (USB3 or 10GigE) or a sensor with
lower resolution to achieve higher fps.

Frame rate vs. exposure time: Because it has been assumed a stop-and-go system (the
buckle is stationary when imaged), exposure times can be relatively long (a few millisec-
onds up to tens of ms) to get su cient light, as motion blur is not a big concern. If using
high-speed strobed LED lighting, exposure might be set very shor&€ 1 ms) to freeze
any vibration and to accommodate the LED pulse width. The camera'’s frame rate must
accommodate any multi-image techniques: for example, a photometric stereo setup with
4 images and a desired throughput of 1 part/second would need4 fps at minimum. The

IDS UI-5290SE-M-GL at 12 fps can handle this. If higher throughput is needed, one
could bin or use a region-of-interest on the sensor to boost frame rates (this IDS sensor
supports binning and ROI readout) [7].

Market overview of machine vision cameras: The machine vision camera market is well-
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developed, with vendors like Basler, Teledyne FLIR (formerly Point Grey), IDS, Allied
Vision (including Teledyne DALSA), JAI, Baumer, and Hikrobot o ering comparable
models. For metal inspection tasks, typical camera specs range from about 5 MP up
to 12 20 MP resolution, in global-shutter CMOS formats (1/1.8 inches up to 1.1 inches
sensors). Pixel sizes of 35m are common, balancing resolution with light sensitivity.
Many models support high dynamic range, either vig 10 bit output or multi-exposure
blending, which is useful for scenes with both mirror-bright and dark areas (e.g. catching
a shiny glare and a dark stain in one view). Interface bandwidth is a consideration: for
high resolution at decent frame rates, cameras often use USB3 Vision or GIigE Vision; for
very high data rates (e.g. 12 MP at 90 fps) some vendors o er 10 Gigg, CoaXPress, or
Camera Link interfaces. Allied Vision and JAI have also introduced specialized cameras
(e.g. dual-sensor HDR cameras, or prism-based multi-spectral cameras) which can capture
multiple modalities simultaneously for instance, a JAl camera might capture a color image
and an NIR image in one shot, which could help di erentiate a cosmetic blemish (visible
in color) from a structural defect (perhaps enhanced in NIR). Basler and FLIR oer
some cameras with the Sony Polarsens enabling one-shot polarization defect detection.
Baumer and Hikrobot primarily provide cost-competitive cameras covering similar sensor
options (Hikrobot, for example, o ers a 9 MP global shutter model comparable to the
IDS UI-5290SE). In summary, the state-of-the-art in cameras provides ample options: a
5 12 MP global shutter monochrome camera with 35 m pixels, good dynamic range
and possibly polarization capability is a typical choice for inspecting re ective metal
parts. The IDS camera on hand falls in this sweet spot, with its 9 MP Sony sensor
being a modern global-shutter performer. Any chosen camera should be paired with low-
distortion optics as discussed, and possibly band-pass Iters (e.g. an IR cut lter if using
LEDs with infrared component, to maintain consistent imaging). Finally, the camera and
lens should be rigidly mounted to maintain calibration. This is especially crucial if using
methods like photometric stereo or structured light that assume a xed camera pose.
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Figure 1.3: UI-3060CP [8].

1.2. lllumination Strategies

Defect inspection on shiny, curved metal relies critically on the lighting technique. Un-
like di use surfaces, a specular object's appearance can change drastically with lighting
geometry [9]. Common illumination modes include bright- eld (coaxial), dark- eld (low-
angle), di use dome, polarized lighting, structured light, and multi-angle approaches like
photometric stereo. Each has strengths and failure modes. A fundamental principle is
that under the right lighting, a defect will exhibit a contrast against the background,
whereas a bad lighting choice might hide the defect entirely [10]. These methods have
been compared for a curved, mirror-like belt buckle.

Figure 1.4: Back lighting diagram [11].

Coaxial Bright-Field Illumination : This technique uses a beam-splitter or half-mirror
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to direct light along the same axis as the camera, ooding the scene with light from
straight-on (often via an on-axis coaxial light or ring light very close to the lens) [12].
On a at specular surface, coaxial lighting causes the mirror-like surface to re ect light
directly into the camera, making the background uniformly bright. Small surface defects
that disrupt the specular re ection (scratches, pits, dirt) will appear as dark features on
a bright eld because they either scatter light away or absorb it. Coaxial lighting excels
at detecting black spots or matte aws on an otherwise shiny surface e.g. a tiny black
oxide spot on a polished buckle will not re ect the coaxial light into the camera, so it
stays dark while the surrounding metal is bright. It's also useful for reading markings on
shiny parts (the background glare is uniform, and engraved text appears dark) [13].
Failures : Coaxial bright- eld is very sensitive to alignment and surface curvature. If the
buckle's surface is curved, only the region perpendicular to the camera will re ect light
back; areas o -angle will appear darker (or even unlit) because the specular re ection
misses the camera. This means coaxial light on a convex buckle might create a hot spot
in the center and dark fall-o toward edges. The result can be non-uniform illumination
and potential missed defects at the periphery. Additionally, coaxial setups often produce
strong specular glare; for example, any slight tilt can cause a portion of the buckle to
act like a mirror re ecting the light source, saturating that area in the image. Use-case:
Coaxial lighting is ideal for relatively at, mirror- nish surfaces where defects are di er-
ences in re ectivity (stains, spots) or small scratches on a at plane. For a curved luxury
buckle, coaxial can be used in combination with di users or polarizers to mitigate glare,
but by itself it may not evenly cover the whole eld.

Dark-Field (Low-Angle) lllumination . Dark- eld lighting involves illuminating the

part from very shallow angles (typically 18 30° to the surface) such that the light does not
enter the camera on a perfect at surface [12]. The camera thus sees a dark background
on a smooth surface. However, any surface anomaly that has a slope or edge will catch
some of the low-angle light and re ect it into the camera, appearing bright against the
dark background. This is a go-to method for highlighting ne scratches, raised burrs, or
texture on a specular part [12]. For example, a scratch on a mirror- nish buckle, although
hard to see under di use light, will glint under a shallow ring-light: the scratch's edges
and micro-grooves scatter the low-angle light, momentarily re ecting it into the lens as
bright lines. Similarly, a tiny protruding burr on the edge of the buckle will act like a
tiny mirror oriented upward, re ecting the grazing light into the camera and appearing

as a bright spark. Advantages: Dark- eld is excellent for topographic defects it enhances
edges, cracks, and height di erences. It also covers curved surfaces better if a ring-light or
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multiple low-angle lights are arranged around the camera, because as the surface curves,
some portion will always be at the right angle to re ect into the lens. Limitations: Dark-

eld can fail to detect at discolorations or stains (a dark spot with no height variation

will remain dark under dark- eld since it doesn't scatter light upwards). It also can
produce confusing highlights from benign features e.g. edges of intended engravings or
part geometry will light up strongly. In a buckle with an embossed logo, dark- eld will
make the logo edges shine (which may actually help detect defects in the embossing). One
must also manage glare: if part of the buckle is angled just right, the entire light ring
might re ect and cause a bright halo in the image. This is mitigated by using a di use
ring or multiple sector lights instead of one continuous ring, and by possibly tilting the
ring slightly so that no large at area can re ect the whole source at once.

Use-case: The selected iluminator would be a dark- eld illumination (e.g. a low-angle
LED ring or a set of spot lights at 20 incidence) primarily to detect ne scratches, tool
marks, or edge defects on the buckle. It's particularly useful for scratches and machining
lines that need to be emphasized.

Figure 1.5: Diuse lighting illumination, dome di use (a), on-axis di use (b), at di use
(c) diagrams [11].

Dome / Di use lllumination : A dome light (also called an integrating sphere or cloud
dome) bathes the object in light from all directions, e ectively eliminating directional
re ections [14, 15]. The part sees a uniformly lit hemisphere around it, so a shiny curved
object re ects a blend of light from all angles, rather than a single intense re ection of
a particular source. The result is that specular glare is greatly reduced or eliminated,
the object appears with a mellow, even illumination, almost as if it were matte. Dome
lighting is often the best choice for complex curved, highly re ective surfaces to get an
even image[14, 15]. On a buckle, a diuse dome light will allow all areas (center and
edges) to be lit fairly uniformly despite curvature. Defect visibility: Dome illumination
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is superb for seeing contrast di erences like discoloration, surface uniformity issues, or
engraving content, because there are no harsh shadows or glares, e.g. a patch of oxidation
or a ngerprint on the metal will appear as a slight brightness or texture di erence on
an otherwise uniform image. It also helps in suppressing false highlights from curved
geometry, the buckle's curved edges won't blow out with specular shine as they would
under coaxial or ring lighting. However, because dome light is so di use, it tends to wash
out ne topography. A shallow scratch may receive light from all directions, including
inside the scratch, so it won't cast a shadow or produce a specular line, meaning , the
scratch might barely show up (it might appear as a low-contrast line or not at all if
extremely ne). Similarly, a small dent without a change in re ectivity could be invisible
because the shading is attened by uniform light. Dome lights also require placing the
camera lens through a hole in the dome; for very mirror-like objects, the lens opening can
appear as a dark spot re ection on the object. High-quality integrating spheres minimize
this by having a di use cover over the camera port, or by software at- eld correction.
Use-case: The selected illuminator would be a dome light when is needed to inspect for
cosmetic uniformity; e.g. ensuring the buckle's plating color is even and there are no large
dull spots or stains. It's ideal for detecting black spots, plating blemishes, or logo print
legibility on the shiny surface, in conjunction with other methods for the scratches that
the dome might miss. Often, practitioners combine dome and dark- eld: the dome gives a
reference image of the part without glare, and the dark- eld (or coaxial) gives a separate
image highlighting scratches; the two can be analyzed or even algorithmically fused.

Figure 1.6: Bright eld illumination (a) and dark eld illumination(b) diagrams[11].

Structured Light and De ectometry . Structured lighting refers to projecting known
patterns (grids, fringes) onto the object and analyzing their re ections or distortions. A
key technique for specular surfaces is phase measuring de ectometry, essentially, one ob-
serves a re ected fringe pattern on the mirror like object [16]. Any surface deviation (a
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dent, bump, scratch) will distort the re ected pattern. By analyzing these distortions,
one can detect and even quantify defects with very high precision[17, 18]. De ectometry
is widely used in the automotive industry for inspecting car body panels and glass, and
it has been shown to detect micrometer-scale waviness or small scratches on high-gloss
metal sheets [17, 18]. For our buckle, de ectometry could be applied by using an LCD
screen or patterned illumination and a camera at a known angle; however, the buckle's
complex shape (e.g. a curved logo shape) complicates the re ection geometry (unlike a
at sheet or simple curved mirror). Still, structured light methods are worth mentioning

as state-of-the-art: they e ectively turn the specular surface into a secondary source of
information (the pattern carrier). A simpler structured approach is to project a stripe or
grid and see if any discontinuities appear in the image of the stripe on the metal.

Use case: In research settings, de ectometry can detect dents and subtle curvature anoma-
lies on a mirror object that are impossible to see with uniform lighting. It excels at quan-
tifying 3D shape errors. Its drawbacks are complexity (requiring phase-shifting patterns,
precise calibration of screen-camera geometry) and possibly slower speed (multiple pat-
tern projections). For a belt buckle, this might be over-engineering unless it is speci cally
needed to measure the atness or curvature precisely. Nonetheless, it's an option for
comprehensive inspection: e.g. to catch a very slight dimple or warp in the buckle surface
that other methods might confuse with just a cosmetic shading.

Photometric Stereo and Multi-Angle Lighting : Photometric stereo involves cap-
turing multiple images of the object under illumination from di erent directions, then
computationally combining them (often to compute a surface normal map). It leverages
the fact that a surface's re ectance will change with lighting angle, and by comparing e.g.
three or four directions, one can infer the local orientation of the surface. Photometric
stereo has gained attention for metal surface inspection because it can eliminate shadows
and highlights by fusing information, resulting in a more intrinsic view of the surface
topology [19, 20]. In defect detection, photometric stereo has been used to remove am-
biguous lighting e ects: for instance, a dark stain vs. a shadow can be distinguished if you
have a full normal map [12]. Recent research (Wu et al., 2025) introduced a photometric
stereo-based deep learning system for complex metal parts, showing that multiangle illu-
mination combined with pseudocolor images yields higher detection accuracy than single
lighting, especially for nonplanar surfaces [12]. By capturing a buckle with, say, four
lights at di erent quadrants sequentially, one can compute for each pixel an estimate of
surface normal or at least use the four intensity values as features. Defects like dents or
embossing errors manifest as abnormal normals, while genuine stains (which are material
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changes) might show up consistently across all lighting. Photometric stereo thus enhances
topographic contrast, a shallow dent that wouldn't cast a clear shadow in one image might
be revealed in the normal map reconstructed from several images. It also suppresses pure
re ectance artifacts: a glare hotspot that appears in one direction will be identi ed as an
outlier compared to other directions and can be nulli ed or ignored [19, 20].

Advantages: Excellent for capturing 3D features (scratches, bumps) on mirror surfaces
without confusion from re ectance. It has been shown to eliminate highlight interference
and highlight true defect geometry [19, 20]. Photometric stereo's data can be fed into
machine learning models to detect defects with high accuracy[12]. Challenges: It requires
multiple images per part, so the inspection speed is slower and the system more complex
(one needs a lighting controller to re the lights in sequence and possibly custom software
to do normal calculations). Highly specular surfaces violate the ideal Lambertian assump-
tion of classical photometric stereo, but practical systems address this by either Itering
specular pixels or using polarizers. There are also commercial multi-angle illumination
systems (e.g. LED domes with programmable sectors) that implement photometric stereo
in hardware capturing, say, 8 images from di erent sectors in a fraction of a second. For
our use, photometric stereo would involve placing 3 4 LED lamps around the buckle (or

a dome with selectable zones) and taking an image with each lamp on. The output could
be a pseudo-3D map of the buckle surface, where even a subtle scratch is revealed by a
change in surface normal. Researchers have even developed open datasets and algorithms
combining photometric stereo with defect detection on metal surfaces [13], underscoring
its e cacy. Use-case: This approach is ideal for detecting shallow dents, warping, or
very ne scratches that are hard to see under any single lighting. It can also di erentiate
defects from spurious re ections (since real geometry will consistently a ect multi-angle
images, whereas a mirror glare will move or disappear in others).

Figure 1.7: Multi-angle illumination diagram [21].
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In practice, illumination strategies can be combined. For example, one might use a di use
dome light together with a ring light: the dome gives a base image without glare, and the
ring ( red sequentially) gives a highlight of scratches. Or use coaxial light with and with-
out cross-polarization: the polarized image highlights scattered defects, the unpolarized
image shows true surface appearance. Modern systems even employ composite lighting,
where multiple lighting geometries re in rapid succession and the images are fused by
software a technigue noted to improve overall detection stability [12]. When designing the
lighting for a curved, re ective buckle, one should consider incident angles and coverage.
A rule of thumb: to see a defect, light must hit it and re ect into the camera. Curved
surfaces mean you need either di use light (hitting from all angles) or multiple directional
lights. The stando distance of lights in uences the angle; e.g. a ring light placed far
will act more like a low-angle ood, whereas closer it's higher-angle relative to the object.
Polarizer placement is critical in cross-polar setups: a polarizer Im is typically placed
over the light source (for ring lights, one can get a polarizing Im that covers the ring; for
coaxial, put it between the beam-splitter and source). The analyzer on the lens should be
adjustable you rotate it while observing the image to nd the orientation that best cuts
the glare (usually 90 o from the source Im's polarization axis). Both polarizer and
analyzer should be of the same type (linear) and high quality for maximal extinction; also
note that some dome lights can't be easily polarized (since light comes from all directions,
polarization would not be uniform). In those cases, polarization can be applied on the
camera only to lter naturally polarized components, or better, one uses a polarization
camera as mentioned.

Di use Dome Light + O -Axis Dark-Field Ring (Dual Lighting) : This approach
combines two lighting subsystems to capture complementary defect information. A di use
dome (or hemispherical LED dome) is used, that covers the buckle, providing soft, all-
angle illumination, and one or more low-angle ring/spot lights mounted o -axis for dark-
eld. The camera can be a standard 12 mm focal length entocentric lens (covering the
buckle at 100 mm distance) or a telecentric lens if measurement accuracy is needed.
In operation, rst an image is taken under the dome light only: this yields an even,
glare-free image of the buckle where any gross defects like black spots, discoloration, or
uneven plating will appear as contrast variations. Next, the dome is turned o and the
low-angle ring light is ashed: this yields a dark- eld image where scratches, pits, or
raised edges appear as bright features on dark. Because the dome lighting and dark-
eld lighting occur sequentially (very quickly), the two images can be analyzed together
or even algorithmically fused. Pros: This con guration targets multiple defect types:
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The dome ensures that black spots or stains (which might be missed in dark- eld) are
visible as dark patches against a uniform bright background (the dome-Ilit metal appears
a moderate brightness). For example, a small black paint aw on the buckle will show
clearly under dome lighting (no glare to hide it). The dark- eld ring (perhaps a low-
angle LED ring at 360 around the lens, or four angled spot lights at 45intervals) then
emphasizes scratches, tiny dings, and edge burrs by making them light up. The use of
separate images means each lighting can be optimized: the dome can be driven at a color
that maximizes contrast of spots (perhaps blue light if a defect is brown, etc.), and the
dark- eld can be a shallow angle (19 to best catch horizontal scratches. The entocentric
lens in this setup can provide a wider FOV than a telecentric, possibly capturing the
entire buckle and even some of its edges in one view. Cons: The complexity is higher, two
images per part and a need to register/combine them. However, since the camera is xed,
registration is one-to-one. Another consideration: dome lighting can reduce the visibility
of very ne scratches (which is why a dark- eld was added). If a scratch is extremely
subtle (e.g. a 1 m abrasion), even the dark- eld might need careful tuning to detect it.
Also, if the buckle has highly re ective edges, the dark- eld ring might still produce a
partial glare (for instance, the ring re ecting as a crescent on a curved edge); using cross-
polarization on the ring could be an extension, but typically dark- eld is run unpolarized
(as the re ections are mostly from defects). Compared to con guration 1, this dual setup
Is more generalist: it will reliably catch spots, stains, and scratches, but requires more
image processing. It might also be physically larger (dome lights can be bulky). This
con guration is recommended for a robust production system where a variety of defect
types must be caught in one station. Notably, a similar approach was documented in
industry: combining di use and directional lighting improves overall detection accuracy
for metal surfaces [12].
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