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Abstract

Industrial production is facing considerable questions regarding flexibility in production volume and
customization. This industrial revolution is resulting from the increasing data generation, and thus
increasing the standards over quality control of the goods being produced and the processes responsible
for making them. Surface inspection is one of the most commonly used processes in order to determine
whether a product is within the specified quality boundaries and, due to the increasing computational
power, there has been an increasing investment on the development of automated surface inspection
systems. Within the surface inspection, the analysis of specular surfaces arises as one of the most
challenging problems since the mirror-like behaviour may hide relevant information and thus interfering
with the consequent inspection. After reviewing the current status of the solutions being proposed
to tackle this matter, it came to the conclusion that most of them required and extensive amount of
computational power, hardware and still presented a certain inflexibility with respect to the geometry
that were able to inspect and with minimal detectable dimension. Hence the relevance of conceiving a
solution that, utilizing considerably less computational power, was still able to inspect accurately several
different geometries in an acceptable amount of time. The proposed prototype in this work resorts to
structured lighting in order to apply a deflectometry principle and, consequently, study the interaction
between the projected pattern and the surface. The implementation of this solution has been divided
into two different stages, one laboratorial, one industrial where the solution was implemented in a real
production line so that it was possible to validate the obtained results with the experience of specialized
workers. There were inspected 124 surfaces making a total of 44640 captured and analysed images.
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1. Introduction

Although quality management became popular in
the 80’s and 90’s, 21st century enterprises in the
era of Industry 4.0 are still struggling with the con-
cept. Recent product recalls are notable examples
of serious quality management issues that have led
to substantial profit losses because of the increase
in the costs of poor quality. Nowadays, the indus-
trial sector is increasing largely in production vol-
umes and in terms of the differentiation of offering
products, all with the objective of ameliorating the
relationship with their clients, partners and suppli-
ers. This is reflected in the fact that service en-
terprises have multiple quality challenges in offer-
ing affordable care and innovation through service
design [5]. However, over the last few years, due
to the appearing of smart sensors, there has been
seen an increase in the production capacity and
analytics that has allowed the gathering of larger
quantities of information regarding production pro-

cesses and quality control of a product over its’
manufacturing and easing also the decision mak-
ing. In order to guarantee that a product keeps be-
ing competitive and economically sustainable, it’s
necessary to ensure a certain level of quality con-
trol in the manufacturing all-around. That being,
it’s expected that this new industrial era arises as-
sociated with another relevant concept, Zero De-
fect Manufacturing [4]. This philosophy focuses in
assuring local, static and sequential solutions with
the objective of detecting and correcting defects in
early stages of the process and thus avoiding a
freeze of the production line and allowing a quick
and focused action on problematic stages [9].

1.1. Formulation of the problem

With respect to quality control in nowadays indus-
trial context, human visual inspection remains to
be the technique that is mostly used, being that’s
the one that still presents the most reliable results,
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is easy to conduct and doesn’t require any spe-
cialized equipment to be conducted. However, the
utilization of specialized workers to perform qual-
ity control tasks also present several disadvan-
tages such as a high cost, subjectivity, monotony
of tasks, difficulty in the documentation of results,
among others [8]. Until the end of the 70’s, the vast
majority of inspection processes resorted to spe-
cialized workers but since then, with the increasing
computational power of computers and the lower-
ing of optical components prices, a generic invest-
ment on automatic inspection systems has been
seen all over the industrial sector. This type of sys-
tems present several advantages when compared
with human workers, being that they can work con-
tinuously, do not present any bias, present nearly
perfect repeatability and, most important, allows an
easy documentation of all the information gathered
[3].

When it comes to automatically inspect a surface
for defects, firstly, there is the need to understand
that any captured image will be intrinsically depen-
dent of the reflective properties of the object. The
reflection of any object can be divided into two sep-
arate components, one diffuse (mate behaviour)
and one specular (mirror-like behaviour), being that
in most cases one will prevail with respect to the
other.

Figure 1: Schematics of the Bidirectional reflectance distribu-
tion function

In order to distinguish in a more rigorous way
the difference between diffuse and specular re-
flections we can analysis the Bi-Directional Re-
flectance Function (BDRF)[2] and its’ principle can
be understood by analyzing figure 1, where it’s
possible to understand a diffuse behaviour is as-
sociated to a uniformly distributed reflection, while
a specular surface is associated with a highly di-
rectional reflection. The BRDF describes the re-
flectance of the surface with respect to the direc-
tions of the incident and emitted light and goes by
the following equation:

fe(!e; !e) =
dLe(!i)

dEi(!i)
=

dLe(!e)

Li(!i) cos(�i)d!i
(1)

, where E corresponds to the irradiance (W/m2),
L to the radiance (W/sr1m2), � to the polar angle
and ! to the azimuth angle. Being also that the i
index references incoming light, while the index e
references reflected light.[2]

The equation 1) states that the intensity of a cap-
tured image is related with the normal of the sur-
face, the reflective properties and the illumination
itself. The Lambertian surfaces(diffuse) describes
a perfectly scattering of light: the incident light is
uniformly emitted into all directions of a half-space,
independent of the direction of incidence, while a
specular would reflect light into exactly one direc-
tion, which is the reflection of the direction of inci-
dence at the surface normal within the plane of inci-
dence. Therefore, the specular behaviour of an ob-
ject presents a challenging matter since it’s mirror-
like behaviour may hide relevant information while
performing an automatic surface inspection and it
demands that surrounding illumination is controlled
in order to extract as much information as possible.

1.2. Structured light
In this work there were only considered option re-
sorting to structured light as a solution for the il-
lumination problem being that this genre of solu-
tion utilizes the principle of reflection to extract ge-
ometrical information regarding the inspected ob-
ject. Structured light works by projecting a well-
known pattern into the inspected surface so that
it’s possible to study the warp of that same pat-
tern caused by the presence of defects enabling
the perception of tri-dimensional information as it
can be seen in figure 2[6].

Even though there are different structured light
techniques, the one that is vastly more referenced
in the literature and most used when working with
specular surfaces is the one corresponding to the
Deflectometry approach. Deflectometry is a non-
interferometric technique whose principle is to ob-
tain dimensional parameters based on the spec-
ular reflection of the inspected surface without
having to resort to any contact. This technique
presents the advantage that it can be implemented
without resorting to a large amount of space or
weight nor specialized object[1].

1.3. Objectives
The scope of this work is to conceive a prototype
that is able of inspecting automatically specular
surfaces with resort to structured light. What is
expected of this system is that it’s able of control-
ling effectively exterior factors in order to acquire
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Figure 2: Schematics of the structured light

and process consistently images so that meaning-
ful information can be transmitted to the working
operators. By looking carefully at the problem, it’s
important to develop a dynamic solution that isn’t
confined to one static apparatus since this gives
an additional flexibility to the system with respect
to the inspection of various geometries. Noticing
that the principal goal of the creation of this pro-
totype is to help the inspection worker with their
daily tasks and in order to do so, the main targets
are the detection of defects with a minimal dimen-
sion of 0.2mm with a success rate of 85% in a wide
range of surfaces with different colours and geome-
tries. All of the work has been conducted in order
to communicate all obtained information in a clear,
unequivocal and fast manner

2. Methodology
To propose a valid solution, firstly, it’s necessary
to understand which components and which princi-
ples are going to be used . To do so, it’s necessary
to divide the problem into two main parts: The illu-
mination and the algorithm of detection. These are
the cornerstones of this problem since the illumi-
nation is responsible for making the defects visible
and the algorithm is responsible for detecting them.

2.1. Lighting system
To detect defects in any surface is imperative that
the acquisition system is able to visualize them and
to make it possible, the illumination system must
play a preponderant role. In this work and as it has
been mentioned before, the goal of the illumination
is to project a known pattern onto the surface so
that is possible to study its warp thought its’ reflec-
tion and, consequently, to extract meaningful infor-
mation making the most of the specular properties
of the surface [7].

Firstly, taking into consideration the specifica-
tions regarding robustness and flexibility, it was as-
sumed that any inspected geometry had to be seg-
mented into several locally planar areas so that all
the results obtained could be replicated, indepen-
dently of the shape of the object. That being, the il-

lumination system had to be designed in a way that
all lighting conditions could be mimiced for every
single acquisition and making all acquired images
as similar as possible between them. This princi-
ple allows to develop a robust algorithm that can
be applied to every image regardless of the shape
and the environment.

After trying to develop an illumination system
based on shadow detection and deflectometry re-
sorting to texture, the solution converged into an
illumination system that applied a deflectometry
technique with a dim intensity gradient. To imple-
ment this solution, a collimated LED backlight was
used due to its’ ideal mix of collimated and diffuse
behaviour, high intensity and relatively uniform light
projection. To apply the deflectometry technique,
black stripes where added to the backlight in order
to create the desired pattern. This system allowed
to obtain consistently images similar to figure 3a.
As it’s possible to verify, this lighting interacts with
the defect to generate a local intensity disturbance
that can be identified on figure 3b

(a) Example of an image captured when the proposed illumina-
tion system is applied

(b) Representation of the overall image intensity with special
emphasis on the two presented defects

2.2. Algorithm
The main objective of the implemented algorithm
is to find local variations of luminous intensity in
the image that should correspond to defects in the
surface. To do so, there were obtained several im-
ages with resort to the previous lighting system and
a study was conducted so that it was possible to
understand and detect the corresponding light pat-
terns that each type defect generated when inter-
acted with the illumination. Looking at all the avail-
able defects it was possible to divide them into two
separate groups, the ones that generated abrupt il-
lumination variations and the ones that generated
a gradual change in the intensity of the image.
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