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The measurement based on the vision of periodic patterns by a remote camera is a more suitable solu-
tion for the control and characterization of micro robotic systems. In this way, we can take precise meas-
urements without disturbing the measured objects and without the need for more devices and sensors that
cause great confusion and clutter around the workspace. The technique of projection of the coded periodic
patterns is perhaps effective and of good performance and especially in the case of a well calibrated system.
Indeed, the question arises on the influence of the calibration on the results of measurement by this tech-
nique in terms of precision and uncertainty. Thus, the main purpose of this article is to study the influence
of calibration on the measurement process, by deducing and calculating the committed error and the un-
certainty rate. Based on an algorithm in MATLAB, we first create a coded periodic test pattern to which
we apply a certain imposed displacement. Then, we project this pattern using a projection and reduction
system on a digital camera which captures a photo and transmits it to a processing algorithm, which, in
turn, calculates and deduces a value for the measured displacement. The repetition of this process occurs
several times on the same imposed displacement (the same standard) to provide us with several measured
values, this redundancy of the data allows us to draw a calibration curve and deduce several metrological
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parameters from our system of measure.
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1. INTRODUCTION

Measurement by contactless optical sensors is a
new technique adapted in several technological fields,
in particular, on a microscopic scale in order to avoid as
much as possible the interaction between the sensor
and the micro-object studied. Several actions are re-
quired at this scale, such as the positioning of micro-
robots [1], measurement of micro-forces [2], assembly,
positioning and manufacture of micro-opto-electro-
mechanical systems (MOEMS) [3], measurement of
nanoparticles [4], etc.

During the last ten years, scientists and researchers
have tended to develop optical microscopic sensors
intended for the characterization and manipulation of
systems and robots at the microscopic scale. Among the
fields that tend to develop these contactless sensors, we
cite for example the field of micro-electro-mechanical
systems (MEMS) [5], in which technicians have a
greater need to carry out remote control operations and
contactless measurements [6].

The periodic pattern measurement technique [7] is
strongly recommended in these areas. Due to its de-
pendence on the analysis of images taken from a dis-
tance without causing damage to the object, it is essen-
tially based on the frequency analysis of two-
dimensional sinusoidal signals in Fourier space, in
order to detect the phase shift, the period and the angle
of rotation [8]. The signal is presented in the form of an
image of a pattern which consists of black or colored
dots arranged on a white background. These dots are
separated by a constant distance defined by the period
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of this signal in this direction. This method was subse-
quently developed and improved to widen its measure-
ment range by adding special encryption to the signal,
which made it possible to extend the capabilities of the
method, in particular in terms of measurement range
and in terms of resolution [9-11]. Other works have
used the same principle of these sights to achieve na-
nometric precision at the level of continuous parallel
robots [12].

We explain and develop in this paper a new com-
plementary technique which is based on the assembly
of the technique of periodic patterns and the technique
of projection with reduction of these patterns on micro-
objects in order to carry out measurements, positioning,
assemblies or micromanipulations. One of the most
important steps after joining these two techniques is
the obtained system calibration. However, it is neces-
sary to ask about the influence of this calibration on
the measurement results. This is what we have tried to
answer in the sections of this article.

In the first section, we briefly presented the design
of periodic patterns and how to analyze them and de-
duce the position of the center of the image using the
spectral analysis of Fourier, as well as the cryptanaly-
sis, which offers the method a wide measuring range.
Then, we presented the operating principle of the tech-
nique of micro-measurements by projection of periodic
patterns and the different stages of generation, projec-
tion and acquisition of images of these patterns. The
experimental device used for the validation of the tech-
nique and its calibration were also discussed in detail,
with the different results obtained in the last sections.
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2. MEASUREMENT PROSSES

The measurement process with periodic pattern
projection is a precise and complex process and consists
of several steps (Fig. 1) and each step depends on a cer-
tain technology, so we can distinguish four basic steps.

2.1 Generation of the Pattern

The generation of the pattern is carried out before-
hand on the basis of a two-dimensional sinusoidal sig-
nal by the periods 4,,4,and the initial phases ¢, 0.
This signal will be coded according to a specific coding
(binary, LFSR, etc.) by removing the peaks correspond-
ing to zeros and leaving the peaks corresponding to
ones. In the end, the signal is converted into an image
of dots ready for projection and analysis.

2.2 Projection of the Pattern

The pattern is projected using a projection system
consisting of an image projector which projects the
image onto a reducing lens, which, in turn, projects the
reduced image onto a camera.

2.3 Image Acquisition

The image sensor is a CCD camera with a light sen-
sor type CMOS placed at an appropriate focal distance
to ensure the sharpness of the image. This distance is
ensured by a linear positioner.

2.4 Image Processing

After image acquisition, it is transformed into a
processing unit. The image processing algorithm per-
forms two successive operations, a decoding operation
and a comparison operation, with a reference image, to
deduce and calculate a measured displacement. The
displacement calculated in this phase will be compared
with the displacement initially imposed in order to
obtain a calibration curve.
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Fig. 1 — Principle of the technique of micromeasurements by
projection of periodic patterns

Fig. 2 presents the motion simulation of an effector
of a miniature micro-robot between two positions, the
initial reference position (a) and the current final posi-
tion (b). The goal of our work is the comparison be-
tween the two images in order to obtain the displace-
ment performed by the effector.
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Fig. 2 — Movement detection of a micro-effector by projection
of a periodic pattern: (a) reference initial image frame, (b)
current image frame

3. CODED PERIODIC PATTERNS

The displacements d and y traveled by the effector
are defined as the difference between the current posi-
tion and the reference position, see Fig. 2:

dy = Xq — X,
{x a r (3.1)

dy =Y, —Y,.

The couple (X, ,Y,) is the center position of the cur-
rent image, and the couple (X, ,Y,) is the center posi-
tion of the initial reference image.

On the other hand, the total displacement is the
sum of the two absolute displacements d,g, dy, and the
relative displacement Gy, 6y,

dy = dyq + Oxr)
3.2
{dy = dyq + Sy, (3.2)
such as
dyq = AMKE — KY),
{ e Z 4G H) (3.3)
dyq = A(Ky - Ky)'

where 1 is the signal period length, K¢, Ky’ are the peri-
od numbers corresponding to the center positions of the
current image along the x and y directions, respective-
ly, K7, K; are the numbers of the periods corresponding
to the center positions of the reference image along the
x and y directions, respectively.

The relative displacements are written as follows:

{&cr = (8¢ — 67), (3.4)
Syr = (85 = 63),

8¢ and &5 present the relative displacement traversed
by the center of the current image according to the x
and y directions, respectively, dy and &} present the
relative displacement traversed by the center of the
reference image according to the x and y directions,
respectively (Fig. 3).

So, we can finally write the expression of the total
displacement in the form:

{dx = AKY — K3) + (6% = 67),

dy=a(kg - K3) + (65 -3). O
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3.1 Absolute Displacement

Table 1 presents the steps for decoding an image of
a series of ordered points according to the LFSR code
(linear feedback shift register) [8]. Noting that the
reverse order of these steps is adapted to the first time
for the generation and the creation, by a sinusoidal
signal, of this coded test pattern (see subsection 2.1).

The example illustrated in Table 1 shows the steps
followed to transform a code formed from dots to a si-
nusoidal signal and then to an LFSR code of zeros and
ones. Then, compare the code obtained with another
table that contains the decimal code of the correspond-
ing periods. The difference between two values of a
period gives us the number of periods moved by our
image center.

We substitute this in Eq. (3.1) to find the absolute

displacement traversed by the signal:
dy = Xq — X, = 2(24) + (62 - 6%). (3.6)

There remains in this equation only the determina-
tion of relative displacement (64 — 8%).

Table 1 — Example of decoding a periodic signal coded in the
form of an image of points

Reference image | Current image
Signal code ANNSONAN AN S PO NN NN
Code by dots |sessssss se os| ssscssssssse oo
LFSR code 111111110110 11| 111111111110110
O
Cor.respon ing K=18 K = 42
period

Period deferenc| K, =42—-18 =24

3.2 Relative Displacement

The relative displacement &, of a sinusoidal signal
is shown in Fig. 3. It is the displacement less than an
entire period which can be calculated from phase shift
calculation with respect to a referential position and
calculated by the following relationship:

= A«
5)(_27.[' (37)
5, = '
Y am

where ¢, and ¢,, are the relative phases of the 2D signal.

Fig. 3 — Relative displacement. Above, the reference points in
the initial state (points in black) move to a final state (points
in red). Below, this can be translated as a displacement of a
coded periodic signal (example: 5-bit signal)

4. EXPERIMENTAL VALIDATION

To validate the method of projection of periodic pat-
terns of displacements less than or equal to a period of
time, an experiment is put into practice. This experi-
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ment aims to calibrate the technique in the range of a
period, and therefore it is calibrated in the range of
relative displacements.

The experiments are carried out in a metrology
room (with temperature and hygrometry regulation).
The practical device consists of a projector (CROSS-
TOUR P600 video projector, 2000 Im brightness, 60 Hz
scan and 2000:1 contrast), a camera (SC 300, 3.1 MP
1/2" CMOS sensor, 3.2 pm square pixel), a macroscopic
lens (TOKURA MC AUTO ZOOM 55 mm 1:3:9, f=70-
220 mm) and a target generated by a MATLAB algo-
rithm is installed on a laptop (an 8th generation Intel®
Core™ 15 processor). The algorithm thus makes it pos-
sible to acquire a series of images captured by the cam-
era and then process them in order to obtain infor-
mation on the movements of the target.

The results detailed in the following sections are ob-
tained after a sufficient number of measurements (60
measurements for each imposed displacement), know-
ing that there are 15 imposed displacements to ensure
the coverage of a period of 55 pixels.

5. RESULTS AND DISCUSION
5.1 Calibration of Measuring System

A calibration curve as defined in the international
vocabulary of metrology VIM 2008: it is an expression
of the relationship between an indication and the corre-
sponding measured value. On the basis of this defini-
tion, the imposed displacements are taken as indica-
tions on the ordinate axis and the average of the values
measured on the abscissa axis. According to 15 values
ordered and regularly separated within a period A =55
pixels, we obtain the calibration curve shown in Fig. 4.
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Fig. 4 — Calibration curve of the periodic pattern projection
measurement procedure

The equation of this curve is determined by the
least square method in the form:

{Yi = (ag + a:X) +R; (5.1)

i=1:n

Here i is the measurement number, n is the number
of measurements carried out, (X,,Y;) is the couple of the
average of the measured values and the imposed dis-
placement, R; are the residuals of the model or the
random part of the model.
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The application of the least squares criterion aims
to determine a; and g; in such a way as to minimize the
square sum of deviations:

SSD = E‘Lﬂ:l:n RL2 = ?=1:n(yi - (aO + al)?l.))z' (52)

After replacing (X,,Y;) values, a polynomial is obtained
as a function of a4 and a; as follows:

SSD = f(ao, al). (53)

Finally, we have the following calibration function:

Y = 1.551 + 0.994 X. (5.4)

This function is used to predict and approximate the
measured values Y according to the imposed values X
without making measurements.

5.2 Distribution Law

In order to prove the law of normal distribution of
the measured values with respect to the imposed val-
ues, we examine the probability diagram and look at
whether the distribution closely follows a straight line
or not.

And this is clearly seen from Fig. 5, which shows
the property of normality over a confidence interval
encompassing 60 % of the measurements.
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Fig. 5 — Probability diagram
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Fig. 6 — Normal distribution of measured values

Alternatively, the normal distribution of the meas-
ured values around the mean value is shown in Fig. 6.
Taking as an example the measurement of the imposed
value Ximpose = 15 pixels, this measurement is carried
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out 60 times, therefore with an image rate every 20 s.

The average value of these measurements X = 15.5
pixels with a standard deviation ¢ = 0.0156 pixels or
approximately 0.05 um.

5.3 The Standard Deviation

Note in Fig. 7 that the measured values are varied
around the average value of 15.50 pixels, therefore by a
constant error of about 0.50 pixels. This error is called
systematic error and is the result of several factors
affecting the performance of the measurement process.
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Fig. 7 - Variation of the measured displacement value accord-
ing to the measurements (example: 60 measurements for the
imposed displacement d, = 15 pixels)
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Fig. 8 — Variation of the standard deviation for each imposed
value

6. CONCLUSIONS

This article presents a new in-plane micromeas-
urement technique using a vision-pattern system with
nanometric resolution and a wide range. It offers us
unlimited possibilities in the use of different types of
charts in terms of size, shape and color. Unlike tradi-
tional manufactured targets, which are characterized
by their limited use and the impossibility of modifying
their properties according to the appropriate condi-
tions of use.

Calibration of this measurement system is one of
the necessary conditions to improve the quality of
measurement and increase the precision from microns
to a few nanometers. We have also defined the calibra-
tion equation by the least squares regression method.
This equation allows us to predict the value of the
measure before its implementation and in this way, we
can predict the position of the mobile robot and thus
control it more precisely and in real time.
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In this work, we have fully calibrated the measure-
ment system without addressing calibration of each
part of the system separately, and this is what can be
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KaniopyBanna MikpoCKONivYHOI BUMipHOBAJIBHOI CHCTEMH METOA0M IIPOEKI[ii
3aKO0J0BAHUX epioguuyHUX MAGJIOHIB

H. Boualil2, Y. Belkacemi!, M. Bouaziz!, K. Mansouri?

1 Mechanical Engineering and Development Research Laboratory, National Polytechnic School, Algiers, Algeria
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BuwmiproBanHs, 3acHOBaHe Ha 0aveHHI MEPIOJUYHUX IMAOJIOHIB JUCTAHINIHOO KaMepolo, € OLIbII IPH-
JaTHUM PINIeHHAM JJIS KOHTPOJIIO Ta BU3HAYEHHS XapaKTePUCTUK MIKPOpOOOTH30BaHUX cucTeM. Takum du-
HOM MU MOYKE€MO IIPOBOAUTH TOYHI BUMIPIOBAHHS, HE IOPYIIYOUM BHMIPIOBAHI 00 €KTH Ta He IIOTPeOyoun
IOJATKOBHUX IIPHUCTPOIB 1 JATYMKIB, AKI CTBOPIOIOTH BEJIUKY ILIyTAHWHY Ta 0e3yian y pobodomy mpoctopi. Me-
TOJ, IIPOEKINHI 3aKOJOBAHMUX MEPIOAUYHMUX IIA0JIOHIB € e(DeKTUBHUM TA Mae XOPOIIY MPOAYKTUBHICTH, 0CO0-
JINBO y BUIIAAKY J00pe BimkasiOpoBamoi cuctemu. J[iiicHO, BUHMKAE MATAHHA PO BILUIUB KaJiOpyBaHHS HA
pe3yJIbTaTH BUMIPIOBAHHS I[MM METOIOM 3 TOYKH 30pY TOYHOCTI T4 HEBHU3HAYEHOCTI. TaKMM YMHOM, OCHOB-
HOI0O METOIO CTATTI € JOCJI/PKeHHSI BIUIUBY KaJiOpyBAHHS HA IIPOIEC BUMIPIOBAHHS IIJISIXOM BUBEEHHS Ta
PO3paxyHKy AOIyIIeHol MOXUOKN Ta piBHA HeBuaHaueHocTi. Ha ocuosi amropurmy 8 MATLAB Mu cmouatky
CTBOPIOEMO 3aKOJOBAHUMN MEPIOAMYHUN TeCTOBHH IIA0JIOH, JI0 SIKOTO 3aCTOCOBYEMO IIeBHE HAKJIAJZeHe 3Mi-
menss. [loTiMm My mIpoekTyeMo 1iei 1abJioH 3a JOIIOMOroI0 CHCTEMH IIPOEKITA Ta 3MEHIIeHHsI Ha ITU(POBY
KaMepy, Axa ¢ikcye pororpadiio Ta mepeaae i aaropurmy 00poOKH, KU, ¥ CBOIO Yepry, 00YMCIIIOE Ta BUBO-
JIUTH 3HAYEHHS JIJISI BUMIPAHOTO 3MimeHHs. [I0BTOpeHHs 11hOT0 IIPoIiecy BiI0yBaeThC KLIbKA Pa3iB IS TO-
T0 K CaMOTO HAKJIAJEHOTO 3MIMIEHHs (TOro K caMoro craHmapry). Taka HaIJIUITKOBICTH JAHHUX J03BOJISE
HAM HAMAaJIIOBATH KPUBY KaJIIOpyBaHHS T4 BUBECTHU JEKIJIbKA METPOJIOTIYHUX ITapaMeTpPIB 13 HAIIOI CHCTeMU
BHMIPIOBAHB.

Kmiouosi ciosa: Ilepiognunuit ma6mon, Ipoekiisa, Kog LFSR, BignocHe mososkerHs:, AGCOTIOTHE MOJIO-
skenHsa, KamiOpyBanss.
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