Computers and Electronics in Agriculture 82 (2012) 134-144

Computers and Electronics in Agriculture

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/compag

Software for the geometric characterisation of insect-proof screens

AJ. Alvarez*, RM. Oliva, D.L. Valera

Departamento de Ingenieria Rural, Escuela Superior de Ingenieria, Universidad de Almeria, 04120 Almeria, Spain

ARTICLE INFO

Article history:

Received 2 June 2011

Received in revised form 27 December 2011
Accepted 2 January 2012

Keywords:

Insect-proof screens
Geometric characterisation
Software development
Image analysis

ABSTRACT

Novel software has been developed for the geometric characterisation of agrotextiles intended for instal-
lation in greenhouse vents as a means of crop protection. This characterisation of insect-proof screens is
essential with a view to keeping insects out and also from an aerodynamic point of view. The method of
analysis is based on digital images taken by microscope or scanner. The geometric procedure considers
that each hole of the screen represents a quadrilateral, as it is defined by four threads of monofilament
that cross over each other. The software developed using Visual Basic allows us to identify the coordi-
nates of the vertices of the quadrilaterals and therefore to carry out a complete characterisation of the
agrotextiles: number of threads per unit length, porosity of the sample, dimensions of the holes, thickness
of the threads, area of the holes and the largest circle contained in the holes. The analysis of the data pro-
vided by the software allows us to study the uniformity of the material and also to detect flaws in its
manufacture. The software includes a pattern for identifying the vertices with a high percentage of accu-
racy. For instance, it analysed over 40,000 vertices with only 1.14% error, mostly due to dirt on the screen.
The software developed includes procedures to detect these errors, to alert the user to the type of error
and to correct them. There is no other specific procedure to measure the characteristic dimensions of
insect-proof screens and, therefore, it is no possible to contrast in this way the results that are obtained
with the proposed method. Consequently, the measurement method has been verified using a set of
screens of known dimensions manufactured for this very purpose. The results obtained are excellent,
revealing that the differences between the expected values and the measured ones are well below the
sensitivity of the device used to obtain the digital images.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Insect-proof screens are a physical means of crop protection
whose use has become widespread in many parts of the world over
recent decades. They are installed at the side and roof vents of
greenhouses with a view to impeding or reducing the access of in-
sects to the crop. Different species of aphids, whitefly, thrips and
leafminers are among the most damaging pests for greenhouse
crops (Hussey, 1985). They not only produce direct damage by
feeding and laying eggs, they also transmit phytopathogenic organ-
isms (Smith, 1972; McLean et al., 1986). Indeed, in certain cases,
this is of much greater concern to growers than the direct damage
they cause (Brown and Brown, 1992; Lacasa and Contreras, 1993).

Obtaining the geometric characteristics of insect-proof screens
is of great interest from different perspectives as it is the starting
point for work related to crop protection and research whose aim
consists of determining the reduction of airflow caused by the
screen (influence on the ventilation and the microclimate). There-
fore, the quality of the results obtained by researchers in their
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work is affected by the accuracy of the data related to the geometry
of the screen. The published articles usually do not describe the
method of measurement used in determining the dimensions of
the screen. Despite the importance exposed, nowadays there is
no method that is designed to give a specific solution to this prob-
lem. The data shown in the research literature may have been ob-
tained using generic programmes provided for the handling of
certain devices (microscopes, scanners) and which allow measure-
ments by clicking on the images obtained. Obviously, such mea-
surements are inaccurate and require a substantial amount of
time to obtain a small number of data (just imagine how slow
and inaccurate that it is to get the dimensions of a single hole,
for example the length of the hole by clicking with the mouse but-
ton at the point of origin and end of the segment that defines this
dimension). There are other generic programmes that can segment
the image into objects and background and obtain measurements
of the objects identified; however, the general nature of these pro-
grammes means that the solutions they provide do not solve the
specificity of the problem posed in this work.

The structure of the weave of insect-proof screens is deter-
mined by two sets of threads (weft and warp) which interweave
perpendicularly. The separation of the threads in each direction
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Nomenclature

A, B, C, D vertices of a quadrilateral

AC straight line that includes the vertices A and C

Ap porous surface area (m?)

A; total surface area (m?)

d distance between centre of a circle and a side of quadri-
lateral (m)

Dy thickness of the weft threads (m)

dpx mean thickness of the weft thread measured in the

direction of the lines that include points R ;) and Sy
(m)

Dpy thickness of warp threads (m)

dpy mean thickness of the warp thread measured in the
direction of the lines that include points P(;;y and Qn)

(m)

Lg_ac distance between the vertex B and the straight line AC
(m)

Lp_ac distance between the vertex D and the straight line AC
(m)

Lpg distance between points P and Q (m)

Lpx mesh size measured in the weft direction (m)

Lpx mean mesh size measured in the direction of the lines
that include P(;;y and Q) (m)

Lpy mesh size measured in the warp direction (m)

Ly mean mesh size measured in the direction of the lines

that include R; ) and S( ) (m)
Mac slope of the straight line AC

Nac y-intercept of the straight line AC

0, centre of the circle (m)

P midpoint located between the vertices A and B

Q midpoint located between the vertices C and D

R midpoint located between the vertices B and C

r radius of the circle (m)

S midpoint located between the vertices A and D

%4 midpoints of the diagonals BC of the first and last hole of
the first and last row

Greek letters
o, B, 6, ¢ interior angles of a quadrilateral (rad)

10) porosity (m? m~2)

Dx number of threads per unit of length in the direction of
weft (threads m™1)

Py number of threads per unit of length in the direction of

warp (threads m™!)

Subscripts

i,j entry in the ith row and the jth column of a matrix (por-
ous or solid)

m, n total number of rows and columns

bY Cartesian coordinate (points) or weft direction (param-
eters)

y Cartesian coordinate (points) or warp direction (param-
eters)

means that the geometry of each hole is rectangular, since the
threads making up the warp are usually closer together than those
of the weft. The number of threads per unit length establishes the
density of threads of the screen in each direction. The diameter of
the threads is another variable that defines the geometry of the
screen. These two parameters, taken together, determine both
the dimensions of the holes and the overall porosity of the screen,
i.e. the relationship between the area occupied by holes and the to-
tal area. Screen mesh size is directly related to the capacity of the
net to keep insects out of the greenhouse, while the porosity is clo-
sely linked to the air exchange through porous screen. Since the
porosity of these screens is usually low, they impede ventilation
and reduce light transmission (Teitel, 2007).

The use of insect-proof screens reduces populations of pests in-
side the greenhouse (Berlinger et al., 1983, 1988, 1991, 1992; Robb
and Parrella, 1988; Baker and Jones, 1989; Berlinger and Lebiush-
Mordechai, 1995; Roberts et al., 1995), decreases the incidence of
insect-transmitted diseases (Berlinger et al., 1983, 1991, 1992; Ba-
ker and Jones, 1989, 1990) and as a result reduces the need to ap-
ply pesticides (Berlinger et al.,, 1983, 1991; Robb and Parrella,
1988; Baker and Shearin, 1994; Ross and Gill, 1994; Roberts
et al,, 1995; Teitel, 2001). The advent of these agrotextiles is also
due to the drawbacks of chemical means of pest control, such as
loss of efficiency due to the swift appearance of resistant popula-
tions (Byrne and Devonshire, 1993; Berlinger et al., 2002; Gorman,
2005), high cost (Bailey, 2003), environmental impact (Bethke and
Paine, 1991; Bell and Baker, 2000; Fatnassi et al., 2003), the elim-
ination of biological control agents (Antignus, 2000), the increas-
ingly restrictive legal framework, problems of residues in the
crops (Belda and Rodriguez, 1989) and the subsequent rejection
by the market (Jiménez, 1991), and the high risk factor for the
workforce as a result of the toxicity of the pesticides and the time
spent applying them (Cabello, 1996).

Nevertheless, insect-proof screens are not without drawbacks.
Their installation on greenhouse vents considerably reduces the

greenhouse’s ventilation rate (Dierickx, 1998; Mufioz et al., 1999;
Bartzanas et al., 2002; Linker et al., 2002; Bailey et al., 2003; Soni
et al., 2005) and produces imbalances in the greenhouse microcli-
mate with negative consequences for crop development (Kittas
et al., 2002; Teitel, 2010).

Analysis of the geometric of insect-proof screens is important to
characterize their effectiveness to prevent insect entry inside the
greenhouse and to determine its resistance to airflow. The ability
of the screens to keep insects out is determined by analysing their
geometric characteristics, comparing the dimensions of the holes
with the usual size of the most damaging pest species. Due to
the small size of the hole, manufacturers measure the distance be-
tween adjacent threads under microscope. This procedure does not
permit to get a significant number of data and is very inaccurate.

‘ Capture digital images |

f

| Preliminary treatment of images |

i

| Identification of vertices ‘

Y Correction of vertices ‘

\ Geometrical analysis |

!

| Display results ‘

Fig. 1. Outline of analysis process of the software developed.
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Hitherto no specific method was available to obtain the geo-
metric characteristics of insect-proof screens, and so computer
software (Euclides v1.4) has been designed using Visual Basic
(Microsoft Corp., Version 6.0) that allows complete and precise
geometric characterisation (Alvarez et al., 2006; Alvarez, 2010).
Fig. 1 shows the outline of the software developed to obtain the
characteristic dimensions of the insect-proof screens. The informa-
tion provided by the computer software designed includes: the
number of threads of weft and warp direction per unit length,
the thickness of the threads, the largest circle contained in the
holes, the area and the dimensions of the holes in the two main
directions of the screen. Taken together these parameters allow
us to estimate the validity and efficiency of the screens as a phys-
ical barrier impeding the entrance of insects. Based on the data ob-
tained in each analysis, frequency histograms of each variable can
be represented and the dispersion of the data set can be calculated
to determine the uniformity of the textile. The current version of
the software does not allow obtaining frequency histograms di-
rectly. The program allows exporting data to a text file that can
be imported into a spreadsheet and performing all the calculations
and representations that are required.

2. Materials and methods

2.1. Preparation of the samples and preliminary treatment of the
images

Preparation of the sample of screen consists of inserting a small
portion between two microscope slides. The microscope slide on
the upper part has a drawing of a quadrilateral that defines the sur-
face to be analysed. In this way the screen fits a plane and we en-
sure that the region explored is the same for all the samples
analysed. The scanning range covered combining the lens of the
digital camera of the microscope and the lowest power objective
lens does not allow enough holes to be viewed in a single image
for statistical validity of the analysis. It is therefore necessary to
capture several images for each sample analysed. Incomplete col-
umns and rows of holes will appear at the edges of the image,
and so each image must overlap with the previous one.

The optimal number of pictures to take into account for the
determination of the geometric characteristics of insect-proof
screens depends on several factors such as the analysis purpose
(a manufacturer and a researcher search very different objectives),
the analysis procedure (related to the image capture device), the
heterogeneity of agrotextiles (for very heterogeneous screens we
will have to increase the size of the sample) or the required accu-
racy to the estimates.

In this work we analyze three randomly selected surfaces. The
area of each surface is 1 cm? The number of pictures to be taken
to cover the surface of 1 cm? depends on the overlaps that have
to be considered between images (these overlaps in turn depend
on the hole size). If we use the 4x objective of a microscope

between 20 and 25 pictures per cm? are usually needed. But if an-
other device that allows a greater field of view is used (at the ex-
pense of a smaller number of increases) greater areas can be
explored with the same investment of time, although the measure-
ment accuracy is reduced.

The microscope provides colour images in which the following
tonalities can be distinguished: in screen with translucid threads
(image on the left of Fig. 2) the outer part of the thread (dark col-
our) can be distinguished from the central part (light colour); in
screen with opaque threads the whole thread appears dark; the
holes between the threads are identified by their light colour. Euc-
lides v1.4 needs to work with images in black and white. Colour
images are therefore first converted into greyscale images (256
levels of grey per pixel). These images are converted into black
and white images by changing the pixels with values of over 128
to white and the ones with values of under this figure to black.
Thus, all the solid structure in these images of screens woven with
opaque threads appears black, whereas the holes appear white.
However, in the images of screens woven with translucid threads
the central part of the thread also appears white. To correct this,
the black and white images are transformed again to a greyscale
(this action doesn’t produce an apparent change) and it is used a
fill-in tool to paint in a grey shade the holes (central image
Fig. 2). Finally, the program turns into white all those grey pixels
(holes) and the rest of the pixels are turned into black (threads).
The final result is shown in the image on the right of Fig. 2.

The aim of this chromatic duality is to differentiate perfectly the
regions corresponding to the holes (white pixels) from those corre-
sponding to the threads (black pixels).

2.2. Basis of the method

The geometric analysis proposed starts with taking digital
images of a sample of screen using an optical microscope. Previous
calibration of the microscope allows us to know the equivalent of
each pixel in metric units. The geometric basis consists of consid-
ering that each hole in the screen represents a quadrilateral as it
is defined by four monofilament threads that cross over one
another. Geometric characterisation of the insect-proof screens
starts by obtaining the coordinates of the vertices of these quadri-
laterals. Fig. 3 shows a hole located in row i and column j of the
porous matrix (each hole is an element of this matrix). This hole
represents a quadrilateral whose vertices are Agj), By, Cij) and
D(ij). The abscissa and ordinate of the vertex A j) are ayj) and ay ),
respectively. The angles of the vertices are o, ¢y &ij) and B
The software developed is able to identify these vertices by scan-
ning the image for rows of pixels.

2.3. Geometry: general procedures

Any hole in the screen located in row i and column j of the por-
ous matrix can be characterised using the fundamental expressions
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Fig. 2. Images of an insect-proof screen in colour, greyscale and black and white.
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Fig. 3. Schematic representation of a hole showing the coordinates and the angles
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Fig. 4. Determining the dimensions of the holes and the thickness of the threads.

of plane geometry. The coordinates of point P;;, (Fig. 4) located be-
tween the vertices Ag;;) and By;j) (whose coordinates are defined in
Fig. 3) can be obtained using the following expressions:

axij) + buij

Py =~ (1)
Ay(ij) + byij

Pyij) = (i) 5 (i) (2)

In the same way we can obtain the coordinates of point Q;j lo-
cated between vertices ((;jy and Dy; ;. The distance between P;;y and
Qi) is the distance between two points and is calculated by the fol-
lowing expression:

Leqiy = \/ <px<i.j> - qx(ij))z T <py<u'> - qy(i.j>>2 3)

In order to carry out certain calculations it is necessary to obtain
the straight line that passes through two points. For instance, the
slope of the straight line that includes the vertices Aj and Cgj
is obtained from the expression:

mAC(i.j) _ ,V(l‘.ll) Y(T\I.) (4)
Ox(ij) — Cx(i)

and the y-intercept of the straight line AC;j):
Naciij) = Gy(ij) — Mac(ij)Axij) = Cy(ij) — MAc(i)Cxij) (5)

In other calculation procedures it proves necessary to deter-
mine the distance from a point to a line. For instance, the distance

between the vertex B;; and the line that includes the vertices A
and () is as follows:

IMacijbxij — byaj) + Nacij|

,/mﬁc(u) +1

2.4. Calculation of the dimensions of the holes and the thickness of the
threads

(6)

Leij)-acij =

Once the images have been treated and the coordinates of the
vertices of the holes are known, the characterisation of the screen
is merely a geometric problem. Considering the screen as a flat sur-
face and idealizing each hole as a quadrilateral, the dimensions of
the pores in each direction is obtained as the distance between the
midpoints of its opposite sides (the reason of this choice has been
arbitrary). For each main direction Lp,;jy and Ly ;) represent the
characteristic dimension of the hole located in row i and column
j of the porous screen, and Djyj) and Dyy;j) are the thicknesses
of the threads of weft and warp, respectively, measured in row i
and column j of the solid matrix (when referring to the threads,
we consider one solid matrix for the weft and another one for
the warp).

Given a hole located in row i column j of the set of holes, the dis-
tance between points P(;j and Q) is the dimension of the hole
Lpxij) measured in the direction of the threads of the weft. If R
is the midpoint between vertices B;;) and Cg;), and S(;; the mid-
point between vertices A and D, the distance between these
two midpoints provides the value Lp;;), i.e. the mesh size mea-
sured in the direction of the warp.

Calculating the distances between points S(;; and R;+;j, we ob-
tain the thickness of the weft thread Dj,;j) measured in row i col-
umn j of the solid matrix considered for this direction of the screen.
On the other hand, the distance between points Q(j) and Pj.1) is
the thickness of the warp thread Djy; ;) measured in row i column
j of the solid matrix for the other direction.

2.5. Area of the holes

The software developed (Euclides v1.4) includes a procedure for
calculating the area of the holes. The area of the hole located in row
i column j of the porous matrix is obtained using the general
expression for calculating the surface enclosed by a quadrilateral:
Acijy = Laiy-aciy ;LD(U)*ACW) Laciij) (7)
where, Ly is the length of the diagonal of the quadrilateral join-
ing the vertices Ag;j and (;j (distance between two points); and
Litij)-aciij) and Lpgijy—acijy are the distances between vertices B
and Dg;;) and the diagonal AC;j), respectively (distance between a
point and a line).

2.6. Diameter of the inscribed circle

In some cases it can be assumed that the cross-section of the
body of greenhouse pests is approximately circular. In these cases
it is of particular interest to calculate the diameter of the largest
circle that can be inscribed inside a hole of the insect-proof screen.
The diameter calculated will also be a parameter which will be
considered in the decision on which type of screen to install in
the greenhouse vents, depending on the species of insects which
are to be kept out. However, the ability of insects to pass through
an opening cannot be predicted only according to the insects tho-
racic width and the hole size (Bethke and Paine, 1991). Therefore,
it’s necessary to relate the dimensions of the holes and the ability
of the insects. Future researches will have to solve this problem.
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In order to calculate the circle of largest diameter that can be in-
scribed inside a hole of the screen, the reasoning has been as fol-
lows: if each of the sides of quadrilateral is eliminated in turn,
four open polygons are obtained. For each of these a circle can be
drawn in such a way that the three sides of the polygon (or the
straight lines these sides included in) are tangents to it. If we
now consider the side that was previously eliminated, it could be
that the straight line that includes this side is outside the circle,
a tangent or a secant (in the first two cases the circle would be con-
sidered inside the polygon). If the line is a tangent, the four possi-
ble circles are similar. If there is no tangency, of the four possible
circles two will not come into contact with the line considered.
These two circles may be equal (when the quadrilateral is a paral-
lelogram), and so either of them is the desired one. On the other
hand, they may present different diameters, and in this case we
should choose the one with the greatest diameter.

In order to solve mathematically the approach described above,
given a hole located in row i column j of the porous matrix, we
must first determine the equations of the lines that include the
sides of the quadrilaterals. We should bear in mind the possibility
that any of the lines that pass through the vertices AB;;) or CD;
may be a vertical asymptote. As the slopes of the lines are known,
the angles of the quadrilateral’s vertices can be calculated and the
equations of the bisectors can be obtained. On solving the intersec-
tion between the bisector of angle o;;; and the bisector of angle
d(ij) we obtain the coordinates of the centre of one of the four cir-
cles Oy(ij). The centres of the other three circles are determined by
solving the intersections of the remaining consecutive bisectors of
the quadrilateral.

The radius r(;; of the circles inscribed in the quadrilateral can be
calculated as the distance between a point and a line (the distance
between its centre and one of the tangents). In the same way we
determine the distances d(;j) between the centres of the circles
and the sides that enclose, in each case, to the open polygon. A cir-
cle is said to be inside the quadrilateral when the length of the ra-
dius is less than or equal to the distance measured between its
centre and the side that closes the open polygon (r(;;) < d;j). Final-
ly, the inner circle of largest diameter is chosen.

2.7. Geometry of the holes

One quality parameter of any insect-proof screen is related to
the uniformity of the fabric. Uniformity of the hole size is a funda-
mental aspect to ensure that the screen fulfils its purpose satisfac-
torily. The dimension of the holes must be established according to
the smallest species of insects to be kept out of the greenhouse. It is
therefore essential that these dimensions be maintained over the
whole surface of the screen.

An ideal screen would maintain the threads perfectly parallel
and equidistant in each direction, ensuring that all the holes are
regular parallelograms. However, the manufacturing process of
the textile is conditioned by many variables, some of which depend
on the manufacture of the threads themselves and on the techno-
logical level of the looms, and so the desired uniformity is not al-
ways achieved. Indeed, the manufacture of the textile is
conditioned by many parameters which are difficult to control
and which depend on the expertise and know-how of the
manufacturer.

The geometry of the holes can be determined by analysing
either the slope of the lines which include the sides of the quadri-
laterals or the angles of the vertices. Finally, the latter option was
chosen, as it avoids the complication that might appear if sides
AB;j or CD(;j, belonged to a vertical asymptote. In order to study
the geometry of the holes, Euclides v1.4 uses a loop that examines
all the holes in the screen, checking the relationships between their
angles: the quadrilateral considered is treated as a parallelogram

when two opposite angles are equal; if this is not the case, but a
pair of consecutive angles adds up to 180° it is treated as a trape-
zium; and finally, the quadrilateral is a trapezoid if neither of the
above conditions is fulfilled.

2.8. Number of threads per unit length

The number of threads per unit of length (threads cm~!) in the
directions of weft px and warp p, of the screen has been calculated
using the following expressions:

1

L (8)
1

Py = lpx + dhy (9)

Given a porous matrix with m rows and n columns, the value dp,
represents the mean thickness of the weft thread measured in the
direction of the line that includes midpoint Ry ;) in side BC(y of the
first hole in a given column and midpoint S, in side AD(;,j of the
last hole in the same column (Fig. 4). Following the same proce-
dure for all the columns of holes of the sample analysed, we obtain
a set of data whose mean value allows us to know value dp,.
Dimension I, is the mean mesh size measured in the direction of
the lines calculated to obtain dj,.

If we now consider rows of holes instead of columns, we can ob-
tain lines that pass through midpoint P; ) in side AB; ;) of the first
hole of a given row and midpoint Q) in side CD(; ) of the last hole
in the same row. Repeating the operation for all the rows of holes,
we obtain a set of data that allow us to calculate the mean thick-
ness of threads dy, and the mean mesh size I, in the direction of
these lines.

Obviously, these dimensions would only coincide with those
described in the section 2.4 “Calculation of the dimensions of the
holes and the thickness of the threads” (Lpx = lpx, Lpy = lpy, Dix = dix
and Dy, =dyy) if the screen were completely regular. In general
we can say that Ly ~ lpy, Lyy & lpy, Dix ~ iy and Dpy = dpy.

2.9. Calculating porosity

The separation of the threads that make up the fabric of an in-
sect-proof screen defines a porous matrix formed by rows and col-
umns of holes. This set of threads and holes form a porous material
and constitutes an object which may be seen flat from the macro-
scopic point of view. An important property of these materials is its
porosity defined as the surface area occupied by holes A, with re-
gard to the total surface area A, considered:

‘p:%:@ +DLP§€? ) (19
t DX hy )\ Lpy hx

Considering a digital image where the white pixels represent
the porous surface area and the black pixels represent the solid
surface area, obtaining the porosity is reduced to calculate the rela-
tionship between the number of white pixels A, with regard to to-
tal number of pixels A;. However, to obtain a more accurate value
of the porosity of screens it is essential to make a correct choice of
the total surface area considered. This reference surface area A;
must be chosen so as to ensure a proportional allocation between
the porous surface area and the solid surface area. Proportional
allocation follows the criteria that the surface area of every hole
of the screen is related to a reference surface area defined by the
longitudinal axes of the threads that define that hole. Applying this
idea to the image in Fig. 5, the total surface area is represented by
the blue shaded surface area and is obtained by calculating the
midpoints V of the BD diagonals of the first and last hole of the first
and last rows. In general, the quadrilateral defined by the points
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Fig. 5. Obtaining the porosity of the screen.

V1.1 Viany, Vim,1y and Vi ) represents the total surface area A; and
its surface area can be calculated using the Eq. (7). Once defined
the total surface area, Euclides v1.4, obtains the porous surface
area A, within that reference surface area. Finally, the relationship
between both surface areas allows to obtain the value of porosity.

3. Results and discussion

3.1. Synthesis of the software developed

The application developed to calculate the geometric character-
istics of the insect-proof screens consists of 4 forms, 2 standard

code modules, 9 main menus, 22 submenu items that allow to ac-
cess all the options the programme offers, 6 picture boxes, 2 scroll
bars, 3 common dialogs, 1 label that asks the user for information
in different procedures of the image process analysis, 1 progress
bar that provides information on the progress of the operation
identifying the vertices, 1 status bar that shows the state of the
analysis process, 1 image control that shows a region of the
image in the form of correction of vertices, 1 shape control indicat-
ing the pixel where a vertex will be aggregated, 1 command
button, 1 flexgrid table to show results, 6 message dialog boxes
offering information and results and 3 input dialog boxes to collect
information from the user. The software code responds to 40
events, including different actions with the mouse or modifications
in the state of different controls.

3.2. Identification of vertices

In this phase of the analysis process, Euclides v1.4 scans the im-
age marking on it the vertices identified. The image is scanned row
by row of pixels to compare, for each pixel, the colour of the sur-
rounding pixels using a pattern incorporated into the programme
to decide whether the pixel analysed corresponds to a vertex. This
was one of the most complex development phases of the software,
as it was necessary to find a pattern that was sufficiently simple to
maintain the identification process within a reasonable time limit.
The problem of working with simple patterns is that they are not
able to contemplate the wide variety of combinations of black
and white of the pixels around the vertices, and therefore their per-
centage of success is low. Finally, it was possible to devise a pattern
that is both simple and able to achieve a high percentage of suc-
cess. For each pixel this pattern needs to analyse sixteen pixels
close to the point studied. Fig. 6 is a graphic representation, indi-
cating with Cartesian coordinates the pattern used according to

(x+3, y-1)
+Xh
(x, y) B (x+3, y)
(x-1, y+3) ——
+Y
! (x, y+3)
(x, y-3)
+X -
(x-1, y-3) —
(x, ¥) A (x-3, y)
+Y
! (x+3, y+1)

(x-3, y-1)
+Xk
(x-3, y) c (x, ¥)
—— (x+1, y+3)
Y
Ty (x, y+3)
(x, ¥-3)
+X_
——(x+1, y-3)
(3, y) D (x, ¥)
Y
TV (x5, 1)

Fig. 6. Diagram of the pattern used to identify vertices.
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Fig. 7. Enlarged detail of the result obtained after identifying vertices.

the position of the pixel considered. In the centre of the figure a
hole is represented, defined by the crossing of four threads; the
vertices of this hole (pixels) are marked by squares with a yellow
background. The grid marked in Fig. 6 symbolizes the pixels in
which the image is divided.

For example, given a pixel of coordinates (x,y), Euclides v1.4
will decide that this is a B;j, vertex (situated in the upper left-hand
corner of the hole) only if the neighbouring pixels (x +3,y) and
(x,y +3) are white and the pixels of coordinates (x + 3,y — 1) and
(x — 1,y + 3) are black (Fig. 6). With this simple pattern the identi-
fication of vertices can be carried out in a few seconds and with a
high degree of success.

Once the vertices have been identified, it can be observed in the
image that Euclides v1.4 has drawn circles whose centres coincide
with the vertices detected (Fig. 7). These circles have different col-
ours depending on the vertex considered. This colour code as-
signed to the circles is merely to inform the user. Euclides v1.4
uses another colour code that will be interpreted in a later opera-
tion to identify the centre of the circles, i.e. the pixel that coincides
with the vertex identified. This code also uses a different colour for
each vertex, although these colours do not coincide with those
used to draw the circles.

3.3. Detection of errors in the identification of vertices

During the identification of vertices two types of error may
occur: one occurs when the software is unable to identify a vertex
or it is marked in an incorrect place; the other type of error seldom
occurs, and it is when the programme identifies a vertex incor-
rectly, i.e. the software confuses one vertex with another one. For
example, it may confuse a vertex A;) with a vertex C;;) due to a
strange arrangement of pixels around a vertex. Each vertex
identified is marked with a circle and each circle has a different
colour (green, yellow, sky-blue, orange) depending on the vertex
(Acijy Biijy Cijy and D) it represents. The programme reports when
an error occurs and the user can locate the vertex misidentified by
the colour of the circles that the software uses to highlight the
vertices detected (Fig. 7).

From this moment on, the image is reduced to a set of coloured,
disperse pixels for the programme. These pixels are those that
were marked at the points where the vertices were identified.
Therefore, it ignores the black and white pixels as well as the col-

oured ones corresponding to the circles that were drawn around
the vertices to inform the user of their location. Therefore the col-
our code used to mark the vertices is unique and does not coincide
with any other colour used on the image.

In order to detect the first type of error the software carries out
the following verification process. On the one hand it counts the
number of vertices, and on the other it calculates this amount from
the number of rows and columns of holes, comparing both values.

To detect the second type of error, i.e. those that imply incorrect
identification of a vertex, Euclides v1.4 makes a horizontal scan of
the rows of pixels of the image analysed. The software’s procedure
responsible for detecting this type of error consists of counting
separately each set of vertices (vertices A, B, C and D). Euclides
v1.4 issues a warning if there is a set of vertices with one or more
vertices in excess and another set of vertices with a shortage of one
or more vertices.

3.4. Correction of vertices

The presence of dirt among the threads of the screen is one of the
reasons that can induce Euclides v1.4 to identify a vertex in an incor-
rect position. If an error has occurred in the identification of vertices
it can be corrected. The image is loaded in a second form and is en-
larged by a factor of four. A square frame appears in the centre lim-
iting a surface equal to a pixel; this square frame defines the
position where a vertex will be aggregated or eliminated (Fig. 8).

The elimination of a vertex is performed by restoring the origi-
nal colour of the pixels in the position that the undesired vertex
has. To add a vertex, the cursor of the mouse must be placed over
the corresponding pixel. As this proves fundamental for later oper-
ations, the programme should find out what type of vertex must
add (A(ij), B(,‘J‘), C(,'J‘) or D(ij))- To this end, Euclides v1.4 studies four
sets of three pixels (Fig. 9) situated on two lines with slopes of
45° and 135°, traced from the pixel chosen. Along these lines the
programme studies the colour of the pixels located at distances
of 4, 8 and 10 pixels from the selected pixel (these values can be
changed depending on thickness of the threads). Three of these
sets will be made up of black pixels because they correspond with
threads, while one will contain at least one white pixel (usually all
three pixels in this set will be white because they correspond with
a hole). Euclides v1.4 is able to recognize the vertex (A, Bij), Cj

uclides v1.4
File Convert Define Analysis Correct Tools Results

Correction of vertices
Zoom ErasefAdd

Image file: m8 13 19 byn.bmp Vertices identified

Fig. 8. Correction of vertices.
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Fig. 9. Pattern used in the operation to aggregate vertices.

or D(;;)) according to the position of the set of white pixels in rela-
tion to the sets of black pixels (Fig. 9).

3.5. Coordinates of the vertices

Once the vertices are correctly marked on the image, and before
commencing the geometric analysis, the coordinates of the vertices
must be obtained, sorted and stored. To obtain the coordinates of
the vertices the programme carries out a scan along the rows of
pixels on the analysed image in which Euclides v1.4 only considers
the pixels marked as vertices. The scan of the rows of pixels usually
means that the coordinates of the vertices are obtained in a disor-
derly fashion with respect to the column of the porous matrix in
which they belong, as it is normal that the vertices are not aligned
horizontally. This problem has been solved by using the algorithm
known as insertion sort. This algorithm consists of comparing the
abscissas of the vertices two by two maintaining their position

when the abscissa of the first point is less than that of the second
one, or modifying it when this is not the case. The final result is a
set of data that contains the coordinates of the vertices of each hole
in order. It is therefore possible to locate each vertex according to
the row and column of the hole to which it belongs.

3.6. Correction of coordinates

A very important aspect is related to the values of the coordi-
nates of the pixels that give programming applications. Really, a
pixel is not a point but rather a small surface: the minimum gra-
phic unit of measurement. Consequently, on requesting the coordi-
nate of vertex using the code, the programme gives the position of
the centre of the pixel. This implies that the parameters related to
the holes are underestimated, and on the other hand the thickness
of the threads is overestimated (Fig. 10). It is therefore necessary to
carry out a correction of all the data pairs in order that the point
they define is the one of the vertices of the pixel and not its centre.

+X

Bii)(bx(j),by(.i)

—

she

e
Adi(@x(i,ay(ij)

+Y

~ Chi)exd),eyi)

Cij)(exdij),cy)
~“— Corrected

coordinate

Coordinate of the |

centre of the pixel |

Dijy(dxij), dy(ij)

Fig. 10. The correction of coordinates implies moving them from the centre of the pixel to one of the vertices.
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Table 1
Operations allow correcting the coordinates of the vertices.

Vertex Abscissa of the pixel Ordinate of the pixel
Aij) Oy(ij) = Qyijy — 05 Ay(ijy = —Gyj — 0.5
Bgij) byij) = byj — 0.5 byqijy = by, + 05
Cii) Cxiif) = Cuig) T 05 Cyiij) = ~Cyqy +0.5
Dij dyijy = dyij +0.5 dyij) = —dy;; — 0.5

Table 1 shows the expressions that permit the correction of the
vertices. With these expressions the point considered is transferred
from the centre of the pixel to the corresponding vertex. For this
purpose we bear in mind that the origin of the coordinate system
coincides with the upper left-hand corner of the images. The sign
of the ordinates has also been corrected, as the programming appli-
cations assign positive values to the y-axis pointing down.

Once the coordinates of the vertices of the holes have been cor-
rected, the programme converts the units to work with microme-
tres instead of pixels. To do so it simply multiplies by the factor
that defines the equivalence of a pixel in metric units. This will de-
pend on the device used to obtain the images.

3.7. Viewing results

The results generated by the programme after the analysis can
be viewed directly or exported to a text file. The results can be
viewed in the programme itself on a diagram of the screen showing
the number of threads per unit length of the net analysed, the
porosity and the mean values of the dimensions and area of the

8 r3 19 byn.bmp (mean values)
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holes, thickness of the threads and diameter of the largest circle in-
scribed inside the holes (Fig. 11). The results can also be viewed in
tabulated form. If the data are exported to a text file for later treat-
ment, on analysing a sequence of images belonging to the same
sample, the programme allows the results of each of the images
analysed to be aggregated to the same text file, thus enabling the
user to carry out a single treatment of the data set.

With this collection of data the mean values can be obtained for
the dimensions of the holes (L,x and L,,) and the thickness of the
threads (Dpy and Dpy) in each of the main direction of the screen;
in addition, from the data obtained in each analysis, frequency his-
tograms of each variable can be drawn and the dispersion of the
data set can be analysed to determine the uniformity of the textile
and to detect manufacturing faults.

3.8. Contrasting the results: measurements of insect-proof screens

To analyse the reliability of the software developed, a manufac-
turer of renown was commissioned to produce five agrotextiles
with pre-established characteristics, since the information of the
manufactured products is not contrasted. For this purpose the
threads of the screen, of known thicknesses, were also manufac-
tured ex professo. The number of threads of warp direction per unit
length of all the screens was the same (31 threads cm™!), as to vary
this parameter proves very costly. On the other hand, the number
of threads of weft direction varied in the different screens.

Three randomly chosen samples were taken from each screen,
and for each one a surface of 1 cm? was analysed. The design values

Porosity= 33,5 %

B

Lpx = 3347 pm

|

Py = 31,0 threadsicm

|

px = 19,6 threadsicm

ij i 183‘9 " -
_ - l:)hx ) 153.6 "
Dhy = 1746 pm 4
Ap = 54.820,0 pm?

_—

vr

Save image

Fig. 11. Viewing results (mean values).

Table 2
Design values and measurements taken by the software of the manufactured screens.

Screen Design values Measured values

Px % py (threads cm—2) Dpy (um) Dpy (um) px % py (threads cm—2) Dpy % o (um) Dpy + o (um)
1 15 x 31 110 110 15.2 x 30.2 110.5+4.2 109.9+5.1
2 18 x 31 110 110 18.6 x 31.3 110.6+4.3 110.2+43
3 16 x 31 110 160 16.2 x 303 108.6 +4.4 162.6£5.2
4 16 x 31 160 160 16.1 x 30.8 163.1+5.3 162.8+6.3
5 14 x 31 160 160 14.2 x 30.7 159.8 £+5.7 163.5+£6.5
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Table 3
Calculated and measured values of the manufactured screens.
Screen Calculated values Measured values Number of holes
Lyx (pm) Lpy (m) @ (%) Lyx* o (pm) Lpy+ o (pm) @ (%)
1 221.2 547.4 55.6 2216 £19.6 548.8 £8.7 55.6 1971
2 209.3 427.0 52.0 209.0+12.0 427.7+7.7 52.0 2192
3 167.4 508.7 41.8 168.1 £10.7 510.1 £34.1 42.0 1947
4 161.9 458.0 36.8 162.2 £10.6 458.4+17.8 36.8 2007
5 162.2 544.4 38.5 162.6 +10.8 540.6 +17.5 38.5 1986

and the measurements of thread thickness and number of threads
per unit length taken by the software developed are shown in
Table 2.

The sensitivity of the measures made on microscopic images
corresponds to one pixel and the calibration of the microscope
for the lens used to take the images (4x) establishes a relationship
of 10.5 um pixel~!. The values measured by the software devel-
oped (Table 2) prove that the manufacturer succeeded in preparing
the five screens according to the design stipulations. The maximum
difference in the number of threads per unit length occurred in
screen number 1 with a value of 0.8 threads cm™! less in the direc-
tion of the warp. As for the thickness of the threads, the maximum
difference found between the valued of the design and the
measurement taken was 3.5 pm. The differences found for both
variables are small and to be expected, as in the manufacturing
process of the threads it is common not to achieve the exact mea-
surement desired, and it is also usual that the thickness of the
thread is not maintain perfectly constant; achieving an exact num-
ber of threads per unit length on a loom is highly complex, as it de-
pends on many variables (contraction of the threads, technology
used, expertise of the manufacturer, etc.).

From the measured values of number of threads per unit length
and thickness (Table 2) we can calculate the mean dimensions of
the holes and porosity of the screen (Table 3) obtained with the
Egs. (8)-(10). Comparison of the calculated and measured values
allows us to contrast the reliability of the software developed.
The mean values of the measured and calculated variables are
shown in Table 3. The discrepancies between the two groups of
values reveals that the greatest differences in the dimension of
the holes in the direction of the weft and warp are 0.7 and
3.8 um, respectively (well below the sensitivity of the measure-
ment method); regarding porosity the difference between the val-
ues calculated using manufacturer’s data and measured values is
0.2%. These data constitute a clear indication of the reliability of
the measurement method.

As regards the percentage of success of the pattern used to iden-
tify the vertices, the following results were obtained: 40,412 verti-
ces studied, obtaining 1.14% errors, mainly due to the presence of
dirt on the screen; of that percentage 0.13% corresponds to vertices
that were not detected by the pattern, and only 0.01% were vertices
that were identified incorrectly, i.e. the pattern identified a vertex
in the place of another one. All these errors were correctly detected
by the procedures described above.

4. Conclusions

Novel software has been developed to obtain the characteristic
dimensions and the porosity of insect-proof screens with great
accuracy and in times that allow analysis series of a great number
of samples. The accuracy of the characteristic measurements of in-
sect-proof screens is essential both to study their capacity for
keeping out pests and to apply models that explain their aerody-
namic behaviour. Published research papers that examine these as-
pects of the screens usually do not specify the method of

measurement used to obtain the geometric characteristics of the
screen nor the number of data used to calculate the mean values
considered.

The results obtained by Euclides v1.4 cannot be contrasted since
there is no alternative method that allows the geometric parame-
ters of insect-proof screens to be calculated. For this reason, five
screens with pre-established characteristics were manufactured
to analyse the reliability of the method. The results have been
excellent and the obtained values prove the accuracy of the
measurements.

Bearing in mind the importance of calculating porosity in the
aerodynamic study of insect-proof screens, the procedure incorpo-
rated in the software developed allows the user to obtain a highly
accurate value of this parameter as it performs a proportional allo-
cation between the porous surface area and corresponding solid
matrix in such a way that each hole of the screen is related to a ref-
erence surface area defined by the longitudinal axes of the threads
that define the hole (or the proportional part if the hole is incom-
plete). In calculating porosity, generic programmes count the pix-
els corresponding to holes and the total pixels of the digital
image and calculate the relationship between both values.

There is no standard that allows us to certify the quality of in-
sect-proof screens. The software developed here provides manu-
facturers with opportunity to carry out quality controls on their
products, to offer farmers detailed information to enable them to
choose a textile according to their requirements, and it is also a
tool which, in the near future, will allow standardised norms to
be applied in the market of insect-proof screens.
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