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Abstract
In this paper, a stereovision system for measuring the geometrical properties of fabrics is 
presented. Measurement of the parameter of  spacings between the yarns is the main ap-
plication of the system proposed. The algorithms implemented are described in detail which 
explain how one can measure the area of the front of the spacing as well as its orientation 
in a 3D space. The calibration procedure, using a specially prepared calibrator, is outlined. 
An accuracy analysis is presented both for the area and  angle measurements. Exemplary 
results of measuring the areas and angles for 100 spacings between the yarns are presented 
in the form of histograms and tables. 
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non-destructive method for estimation 
of the structure and physical parameters 
of textile. Measurement of the area and 
orientation of the front input of the spac-
ing in a 3D space was one of the main 
aims of this research. 

 Stereovision system  
for 3D reconstruction

The stereovision system dedicated 
for fabric measurements consists of 2 
standard CCD cameras located on a tri-
pod (Figure 1). The cameras are fixed 
mechanically. In this research program 
methods and software for 3D reconstruc-
tion were elaborated. The hardware of 
the system was made during the previous 
investigation, which was mainly dedicat-
ed for 2D textile characterisation [4]. It 
determines the distance d (the so-called 
base) between them as well as the given 
orientation in a 3D space (localisation 
of cameras’ optical axis). The cameras 
have the possibility of movement in the 
z (vertical) direction. The object is placed 
below the cameras on a table, which can 
move in the x and y directions with a mi-
crometer resolution. There is back and 

for textile material characterisation [3, 
6, 8, 13]. Most involve 2D imaging us-
ing a single camera [4], but more and 
more 3D imaging is applied [3, 6, 8, 13].  
A typical application of 3D imaging is 
full body scanning for cloth designing [8, 
13]. These applications are rather suited 
to the macro scale, are fast, in real-time 
and already commercially used [12]. For 
the micro scale there are fewer systems 
available due to the complex setup of 
the apparatus that includes stereo micro-
scopes as well as dedicated and calibrat-
ed optical components. In this domain, 
photogrammetric methods are used for 
3D object reconstruction [1, 2, 10, 11], 
many of which are based on the well-
known Direct Linear Transformation 
(DLT), widely used in photogrammetry, 
geodesy and remote sensing [2, 11].

In this paper we present a 3D stereovi-
sion system made for investigation of 
the geometric properties of fabrics on 
a micro scale using a 2-camera imag-
ing system equipped with a zoom lens 
and ring extender for appropriate mag-
nification of the images. The DLT was 
implemented for spatial reconstruction 
of the fabric structure and measuring the 
dimensions, area and orientation of the 
spacings between the yarns. The final 
aim of the research is a new method of 
evaluation of the area of the spacings, 
the moisture, vapour, air and partially 
radiation transfer through the fabric 
using the geometric properties of the 
channels, spacings and yarns measured 
using the stereovision system. Such 
measurements can be implemented in 
the form of an expert system, e.g. an ar-
tificial neural network can be used to ap-
proximate the relationship between the 
fabric’s properties and its technological 
and 3D structural parameters. The aim 
of this research was to elaborate a new 

n Introduction
Nowadays progress in information tech-
nology allows to implement novel tech-
niques either in research or in many prac-
tical and industrial applications, one of 
example of which is the 3D stereovision 
imaging of different objects. In textile 
technology digital imaging, including 
stereovision, is now being used mainly 
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Figure 1. Stereovision 3D reconstruction.
Figure 2. Principle of 3D coordinate meas-
urement.
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side illumination of the object located on 
the table, as shown in Figure 1.

The system is typically used for 3D coor-
dinate measurement of selected points on 
a fabric. In order to calculate these coor-
dinates, the operator needs to recognise 
and locate the same points in both the left 
and right images – Figure 2. At this stage 
of the research, the measuring points are 
defined manually. The operator uses a 
pointer on the screen to define the same 
points in both images. In the system pre-
sented, the coordinates of yarns and spac-
ings can be defined with a subpixel reso-
lution up to 1/16 of the pixel size. Here it 
must be emphasised that 3D reconstruc-

tion of the object investigated strongly 
depends on the accuracy of determining 
the same points in both images. In ad-
dition, the cameras are equipped with a 
macro zoom varying the focal length of 
the lens, allowing to magnify the image 
to be large enough to identify the same 
points correctly in the images generated 
by both cameras. 

A Direct Linear Transformation algo-
rithm is implemented in the system pre-
sented. According to 3D reconstruction 
theory [2, 11], the i-th point coordinates 
of the left (xi1, yi1) and right (xi2, yi2) im-

ages are the functions of 3D space coor-
dinates (Xi, Yi, Zi) – Equations 1 and 2. 
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Both Equations 1 and 2 contain 11 un-
known coefficients. Coefficients A1, B1, 
C1, D1, E1, F1, G1, H1, I1, J1 & K1 cor-
respond to the left and A2, B2, C2, D2, E2, 
F2, G2, H2, I2, J2 & K2 to the right im-
age. The values of these coefficients are 
determined in the calibration procedure 
presented below [2, 11]. 

Calibration
In order to calculate the values of 11 un-
known parameters of DLT for each of the 
2 cameras (A1, B1, C1, D1, E1, F1, G1, 
H1, I1, J1 & K1 and A2, B2, C2, D2, E2, 
F2, G2, H2, I2, J2 & K2), the set of linear 
Equations 3 and 4 has to be solved, de-
fined for at least 6 reference points, for 
which one needs to know the coordinates 
in the 3D space (Xi,Yi,Zi) for i = 1, 2, ..., 6.

In order to calibrate the system, a 3D 
solid (calibrator) was made – Figure 3, 
whose size was chosen according to the 
field of view of the cameras and size of 
spacings and yarns of the fabric used in 
the research. The accuracy of the cali-
brator’s dimensions was achieved at the 
level ±20 µm.

The calibration procedure is rather 
straightforward. The operator indicates a 
minimum of 6 reference points in the left 
and right images. For more than 6 refer-
ence points, the least square method is 
used for solving (3) and (4). Two meth-
ods of calibration were used in the soft-
ware – the standard DLT and so called 
MDLT (Modified Direct Linear Transfor-
mation) algorithms. Originally the DLT 
contained 10 independent parameters, 
not 11, as shown in Equations 1 and 2, 
which means that one can solve the sets 
of linear Equations 3 and 4 with 10 pa-
rameters only, by eliminating one. Using 
MDLT, the 11th parameter is calculated 
iteratively using the non-linear relation 
in between them [11]. In this research 
we used the classical DLT approach. In 
order to determine constants A1 - K1 and 
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Figure 3. 3D stereovision calibrator (dimensions in µm).

Figure 4. Left and right image of the calibrator with the reference points.
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Vector perpendicular to the surface of 
the spacing
The vector perpendicular to the surface 
of the spacing is defined directly from the 
equation of the surface and can be pre-
sented as V = [-a, -b, 1], Figure 6.

Area of the front of the spacing
The area of front of the spacing can be 
determined after projections of all meas-
uring points on the plane’s surface cal-
culated according to the procedure pre-
sented above (Figure 7). 

One can calculate the coordinates of the 
projected points using the lines perpen-
dicular to the surface and crossing the 
given measuring points (Xi, Yi, Zi). These 

points on the edge of the spacing manu-
ally. These points have to be chosen very 
carefully in both the left and right im-
ages. The accuracy of selecting the same 
points in both images determines the ac-
curacy of the overall procedure of meas-
uring the spacings’ parameter, such as the 
area and orientation in a 3D space. In the 
next step of the research we plan to select 
the measuring point automatically using 
the matching procedures [2, 10]. 

Plane surface of the front  
of the spacing

The plane surface of the front of the spac-
ing is defined as a surface which divides 
the measuring points into 2 groups lying 
on both sides of the surface at the clos-
est distance with respect to the minimum 
mean square error – Figure 5. According 
to analytical geometry, the equation of 
the plane surface can be presented in the 
general or directional forms as in Equa-
tion 6.

Ax + By + Cz + D = 0          (6)
z = ax + by + c

The values of coefficients a,b,c of the 
plane surface of the front of the spacing 
are determined using linear regression 
(7). 

( ) min
1

2 =++−∑
=

N

k
iii cbyaxz(zi - axi + byi + c)2 = min    (7)

where N in the number of measuring 
points.

The set of linear equations used for cal-
culating values a, b & c takes the form 
(8). Coefficients of the plane surface de-
fined in the general form are A = a, B = b,  
C = -1 and D = c.

A2 - K2 we implemented the Gauss elimi-
nation for solving the linear set of Equa-
tions 3 and 4.

After getting values A1 - K1 and A2 - K2, 
it is recommended to verify the correct-
ness of the calibration by measuring one 
or more other reference points, e.g. other 
vertexes of the calibrator, with known 
values of 3D coordinates (Figure 4). 

3D reconstruction 
3D reconstruction entails the calculation 
of 3D space coordinates (Xi, Yi, Zi) using 
2D coordinates of the points from the left 
and right images. It can be performed us-
ing the set of 4 linear Equations 5. 

In our case the operator recognises the 
same points in both images, and then 
the system calculates 3D coordinates  
(Xi, Yi, Zi).

 Algorithms implemented  
for fabric characterisation

The different constructions of fabric de-
termine the different spacings between 
yarns. The operator working with the 
system starts by selecting measuring 

Figure 5. Measuring points and plane surface used for estimation 
of the area and orientation of the front of the spacing.

Figure 6. Vector perpendicular to the sur-
face of the spacing.

Figure 7. Projections of measuring points on the surface of the 
front of the spacing.

(8)

Figure 8. Angle between the normal to the 
surface and the vertical vector.

cN
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lines are easily presented using the para-
metric form.

x(t) = Xi - at
y(t) = Yi - bt                   (9)
z(t) = Zi - t

The projection is calculated as the 
crossing point of the line with the sur-
face. The value of parameter t defines 
this crossing point and is calculated as 
in (10). 

   (10)

Finally the coordinates of the projected 
points (Xpi,Ypi,Zpi) can be calculated us-
ing (11).

   (11)

The projected points define a polygon. 
Measuring the area of the polygon is one 
of the main functions in the system. Each 
polygon describes the front side of the 
spacing in between the yarns. Firstly one 
divides the polygon into triangles. Then 
one measures the total area of the spac-
ing as the sum of the areas of the trian-
gles. One can notice that the number of 
non-overlapped triangles with one com-
mon vertex of the polygon is n = N - 2, 
where N denotes the number of polygon 
vertexes – Figure 9. 

The area S of the triangle can be easily 
calculated using the lengths of its edges 
(da, db, dc) – Equations 12.
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The angle between the normal  
to the surface and the vertical vector 
One of the very important parameters of 
the spacing between the yarns of the fab-
ric is the angle between the normal to the 
surface and the vertical vector – Figure 8 
(see page 63). The value of the angle be-
tween vectors u[ux, uy, uz] & v[vx, vy, vz],  
can be determined using their scalar 
product – Equation 13. 

( )αcosvuvuvuvuvu zzyyxx =++=•   (13)

Taking into account that the vectors be-
tween which we determine the angle 
have coordinates V = [-a, -b, 1] and  
Vp = [0, 0, 1], the angle can be found us-
ing Equation 14 

( )
1

1cos
22 ++

=
ba

α

         
(14)

2D approach for estimation  
of the relative area of spacings 
The system presented allows 2D analy-
sis of both left and right images of fabric. 
The method is based on morphological 
operations, binarisation and image seg-

Figure 9. Polygonal front of the spacing between yarns divided into triangles.

Figure 10. Fabric’s images captured for 2D analysis.

Figure 11. Binary images of the fabric.

Figure 12. Binary images after closing.
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both cameras. Finally the software cal-
culates the areas and orientation angles 
of the spacings selected and generates 
the results and reports. 

 Preliminary experimental 
results

Uncertainty of the measurements 
The system for 3D analysis of fabric 
geometry consisted of 2 standard CCD 

cameras (Figure 1) with a 1/3” sensor of  
768 (H) × 492 (V) pixels, and was 
equipped with a variable focal length, 
macro zoom lens (10X) and an extender 
which increased the image size 2 times. 
The scanning area of the object for the 
minimum distance between the object 
and the camera was about 2.5 × 2.1 mm2. 
The image from the detector was pre-
processed in the camera before sending to 
the computer as an analog signal. In ad-
dition, digitalisation of the image, made 

Figure 13. Fragment of the report of the exemplary experimental session.

Figure 14. Exemplary spacing between yarns for fabric KM 1/150 selected for uncertainty 
estimation (a - left, b - right image).

a) b)

Table 1. Results of 10 averaged measurements of the spacing presented in Figure 14.

Area, µm2 Angle, °

Mean value 36137.1 11.6

Standard deviation 2651.4 3.6

Standard deviation for averaged 10 measurements 838.4 1.1

mentation. Image preprocessing methods 
were implemented, such as erosion, dila-
tation and closing [7, 9]. The segmenta-
tion can be carried out manually using 
user-defined thresholds or automatically 
using e.g. the well-known Otsu method. 
The original images before segmentation 
are presented in Figure 10, while binary 
images before and after the morphologi-
cal closing operation are shown in Fig-
ures 11 and 12. The ratio of the area of 
the spacings and the total image area is 
the result of 2D analysis of both the left 
and right images [4]. 

Reporting 
In addition, the system allows flexible 
reporting of research results and to ex-
port data in MS-Excel format for fur-
ther use. The report contains calibration 
data and the results of 2D and 3D im-
age processing – Figure 13. The system 
saves 2D coordinates of selected pixels, 
coordinates of 3D reconstructed points, 
values of areas and angles of selected 
spacings. The system presented consists 
of 2 standard CCD cameras equipped 
with a zoom lens, a computer of suffi-
cient power and software elaborated in 
this research. After optical adjustment 
of the cameras, the operator takes 2 still 
images and saves them on the computer, 
and then they run the program for 3D 
object reconstruction. The program asks 
the operator to indicate on the screen the 
same points in the images captured from 
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by the grabbers, gives a final resolution 
of the image of 720 × 576. Such a resolu-
tion determines the pixel area of the ob-
ject. For the minimum distance between 
the camera and fabric, which is about  
15 cm, the pixel area can be estimated as  
3.47 × 3.65 µm2. In practice, one never 
works at the minimum distance between 
the camera and the object. 

Uncertainty analysis was applied to es-
timate the overall performance of the 
system. Extended standard uncertainty u 
consists of random (type A) uA and sys-
tematic (type B) uB uncertainty compo-
nents – Equation 15. 

22
BA uuku +=                (15)

where k is the coverage factor dependent 
on the degree of freedom (the number of 
measurement results taken in the analysis 
minus 1) and the required level of confi-
dence of the results obtained. 

The standard uncertainty uA of the 
system was evaluated by performing 
10 measurements of a selected spacing 
– Figure 14. The results of measurement 
of both the area and angle of the spacing 
are presented in Table 1.

For the single measurement, the standard 
uncertainty was uA = 2651.4 µm2. If 10 
measurement results were averaged, the 
uncertainty was scaled by factor 1/N0.5, 
which was uA = 838.4 µm2, where N was 
the number of measurement results taken 
for averaging. 

The standard uncertainty uB depends on 
the pixel size of the scanning area. Dur-
ing the measurements, the system was 
tuned to a pixel size of 3.5 × 3.7 µm2. 
The average equipment-dependent un-
certainty uB for the distance measure-
ment was estimated as [12]

mmuB mm 1.2
3

6.3
≈=         (16)

For the area measurement, uncertainty uB 
can be easily evaluated for different spac-
ing shapes. The standard uncertainty uB 
for a square spacing can be expressed as:

uBsquare = 2auB ≈ 800 mm2      (17)

where a is the length of the square’s side.

For the spacing in Figure 14, the side of 
the square approximated was estimated 
as a ≈ 190 µm. According to Student’s  
t-statistics, the coverage factor is typi-
cally selected from the range k ∈ (2, 3). 
In the example presented above, we took  
N = 10 measurement results for uncer-
tainty analysis. It denotes that the cover-
age factor for confidence level p = 0.95 
is k = t9,0.95 = 2.3. Finally the extended 
standard uncertainty for area measure-
ment of the spacing in Figure 14 for a 
single measurement took the value (18).

u = 2.3 222 27708002651.4 mu m=+= = 6368 mm2  (18)

For 10 averaged results, the extended 
standard uncertainty decreased more than 
2 times – Equation 19. 

u = 2.3 222 1031800838.4 mu m=+= = 2371 mm2  (19)

From the uncertainty analysis presented 
here, one can conclude that the random 
uncertainty uB has a major contribution. 
Standard uncertainties uA and uB became 
almost equal when we averaged 10 meas-
urement results for each spacing. The 
highest relative value of the extended un-
certainty for a single measurement was 
about 17.6% in the example presented, 
which is a quite satisfactory result if we 
take into account that the area measured 
was rather small in comparison to the 
entire area of the fabric visualised by the 
cameras.

A similar analysis can be carried out for 
measurement of the angle. The standard 
uncertainty uA can be evaluated using 
Equation 14, which is much easier to 
perform numerically. We assumed that 
for both the area and angle the extended 
standard uncertainty mainly depends on 
the random component uB. With such an 
assumption, the extended standard un-
certainty for the angle was estimated as  
u ≈ uB = 3.6°. The relative uncertainty of 
the angle measurement was much worse 
in comparison to measurement of the 
area of the spacing. For the exemplary 
spacing presented in Figure 14, it varied 
from 21% up to 62%, meaning that if one 
requires better accuracy of measurement 
of the angle of the spacing, averaging is 
strongly recommended. 

Preliminary results
As an example of application of 3D ste-
reovision system for characterisation of 
textiles, fabric 91/2009 was taken for 
measurements. In the field of view of the 

Table 2. Statistical parameters of exempla-
ry measurement of fabric 91/2009. 

Parameter Value
No. of channels 126
Mean area of the spacings 10,62 %
Left threshold 187
Right threshold 162

Area, µm2

Min 2607
Max 19766
Mean 10510
Median 10770
Standard deviation 3457

Angle, °
Min 1.69
Max 44.4
Mean 19.3
Median 19.3
Standard deviation 9.2

Figure 15. Histogram of: a) area and b)angles measurements for fabric no. 91/2009.
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cameras, 126 spacings were visualised, 
but only 100 of which were measured. 
Table 2 presents the results of both the 
area and angle measurements. The mean 
spacing area of the fabric is defined as the 
ratio of the spacing and the total image 
areas calculated directly from the image 
using simple segmentation (2D analysis 
described above) [4]. The mean value of 
this parameter was obtained by averaging 
results from the left and right images.

Histograms of the areas and angles are 
presented in Figure 15. Both figures 
show large deviation from the mean 
value, which can be caused either by the 
fabric properties themselves or/and by 
the operator, who was not very precise in 
selecting and marking the same points in 
both the left and right images. 

Moreover the high standard deviation of 
the measurement strongly depends on 
the size of the spacings measured. The 
uncertainty analysis presented above in-
dicates that the relatively large value of 
standard deviation of the area and angle 
measurements is due deviation in the size 
and orientation of the spacings in the fab-
ric. In order to apply this measurement 
system in practice, it is necessary to im-
prove its accuracy. One should not forget 
that the overall accuracy of the system is 
determined by the spatial resolution of 
the cameras, the accuracy of the calibra-
tor as well as by the operator’s ability to 
select the points in both images. There-
fore to achieve better performance, we 
recommend to repeat the measurements 
and average the results. It seems that 8 
- 10 consecutive results of the measure-

ment are enough, and can increase the 
accuracy significantly. 

A plot of the orientation angle versus 
the area of the spacing is shown in Fig-
ure 16, confirming the very small or even 
lack of correlation between these quanti-
ties. In other words, according to expec-
tations, the size of the spacing between 
yarns has a very little or no impact on the 
frontal orientation of the channel in the 
fabric. 

n Conclusions
The stereovision system presented in 
this paper was constructed and used to 
measure the 3D geometrical properties of 
fabrics. Theoretical analysis and prelimi-
nary measurement results confirmed the 
usefulness of standard 2-camera stereo 
imaging for measuring the area and an-
gle of the front of the spacing in between 
yarns in a fabric on a micro scale. The 
accuracy of the system, equipped with 
standard CCD cameras, zoom lens and 
extender tube, was sufficient to measure 
the area of spacings with a diameter of 
about 200 µm. The accuracy of meas-
uring the angle was worse. In order to 
measure the orientation of the channel, 
we recommend averaging the results of 
8 - 10 measurement sessions. The sys-
tem allows to make statistics of areas and 
angles measured in the 3D space. In the 
future, the system proposed will be used 
for measuring and correlating the geo-
metrical properties of fabrics obtained 
from 3D analysis with moisture, vapor, 
air and, if possible, with the radiation 
transfer rate. For this aim we intend to 

elaborate a new expert system and arti-
ficial neural network. However, it must 
be emphasised that the main efforts in 
the future will concentrate on the auto-
mation of the entire measurement using 
reference points in both images as well as 
on-line matching procedures. 
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Figure 16. Angle vs. area of spacings measured for fabric 91.


