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Abstract
The article presents an original optical system to measure displacements across joints or cracks in building structures.
It describes the concept of system operation, algorithms to be followed and results of practical tests that have been
performed.
The proposed solution is based on digital photos taken with a non-metric digital camera, modified by defining its
internal orientation elements and correction of lens distortion during calibration, constituting the measurement
instrument registering the pictures of markers. QR (Quick Response) codes are proposed to be the markers. Being
digitally processed, a set of registered images allow visualising the measured size of occurred displacements.
Owing to this solution, it is possible to obtain data on a mutual position of two or more QR codes in the form of
translation elements in 3D space and appropriate three orientation angles. Appointed elements are unequivocal in spatial
interpretation and not limited by dimension.
As the tests performed by the authors show, the results are more than satisfactory. The proposed measurement
technology is an objective system of data acquisition, suitable for automating the whole monitoring process of
displacements of building structure elements concerning joints and cracks.
Key words: crackmeter, monitoring, QR code, photogrammetry, computer vision

1 Introduction

It is quite often necessary to check mutual displacements of
building elements or whole structures. It concerns not only di-
latation areas but also places where there are cracks in building
structures. In both cases, construction specialists assessing the
technical state and safety of a given object require precise and
reliable measurement data on changes that have taken place in
time. To this end, different measurement methods and techno-
logies that allow assessing the mutual movement between con-
struction elements of an object under study are used (Łakomy,
2018).

In most cases, the measurement used is that of changes in
distance between chosen checkpoints, performed by different
techniques. There are analogue, electric, optoelectronic or op-
tic techniques (Fig. 1).

In practice, many solutions are allowing to determine the
size of changes in 1D, 2D or 3D space, depending on the si-
tuation (Łakomy, 2018; Germaniuk, 2007). Depending on the
measurement technique of distance, we can obtain the results
with an accuracy of ±1 mm to several micrometers.

Each of these techniques has significant limitations in
terms of measurement quality and spatial interpretation of
obtained results. The efficiency of these techniques concerns
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Figure 1. Different measurement solutions: (a) simple ‘crackmeter’(source: www.avongard.com), (b) measurement solution ofSHM-X company (source: www.shmsystem.pl), (c) electro-nic extensometers in a 3D measurement system and (d)SisGeo linear extensometer (source: www.sisgeo.com).

only and exclusively changes in the length of a section, which
cannot always be unequivocally interpreted.

In general, relative movement is very complex, whereas the
displacement components that are measured or calculated are
not unequivocally identified in space. In consequence, there
are a number of simplifications resulting from the conditions
and limitations of instruments used and possibilities of their
application.

Very debatable is the direction of a joint aperture. Many
specialists proposed the measurement in the direction perpen-
dicular to the aperture. The reality is much more complex,
and both the measurement and final determination of displa-
cements should be interpreted unequivocally.

In recent years, some novel solutions for crack monitoring
were proposed, which use computer vision and image proces-
sing techniques (Jahanshahi et al., 2013; Nishiyama et al., 2015;
Valença et al., 2013). These solutions can use specialised mar-
kers (Germanese et al., 2018; Nishiyama et al., 2015) or perform
3D scene reconstruction in order to detect and evaluate cracks
(Jahanshahi et al., 2013).

2 Concept of MarQR measurement system

The system is based on a photogrammetric analysis of space re-
section obtained from one or many photos of two or more code
markers (e.g. QR code), stabilised on construction elements
under study. It allows to finally determine the spatial relati-
ons between markers, which represent the areas under study.
Each of the markers possesses coded information about its ori-
ginal identity and geometric dimensions. These data make it
possible to fully automate the measurement process and sub-
sequent stages of data processing. The role of an operator is to
take appropriate photographs, based on which mutual spatial
relationship existing between markers will be calculated.

The innovative method proposed by the authors is capable
of determining correctly interpreted parameters of mutual dis-
placements between two objects with regard to translation and
allows to obtain the information concerning three angles of
mutual rotation. In general, six parameters are determined
in a way that does not raise any interpretation doubts. In ad-
dition, exceptionally high accuracy is obtained and there is no
limitation as to the range of determined changes.

The solution is most objective and infallible because the ‘ob-
server’ does not take any ‘reading or measurement’, or even
names the survey point. His or her activity is solely limited
to taking a series of pictures in subsequent observation cycles
during the monitoring process. Pictures can be taken with any
camera, including smartphone camera. The program in this
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Figure 2. Block diagram of the procedure determining displace-ment parameters

technology can determine the parameters of spatial displace-
ments and record them in an appropriate file of data-base wit-
hout any involvement of a log keeping.

3 Basic elements of the solution process

The technique of problem solving is presented in a block dia-
gram (Fig. 2). To enable the application of digital pictures, it is
necessary to determine the parameters of the camera’s inter-
nal orientation. It is a calibration process, the aim of which is
to ensure the proper geometric conditions of pictures for their
further processing. The images obtained with a digital camera
are then processed concerning marker detection and, later, pa-
rameters determining camera’s external orientation. After a
complex analysis of all constituent elements of such digital pro-
cessing, the parameters of mutual marker positions are deter-
mined.

The concept of how to solve the problem under study requi-
red performing an appropriate experiment and applying pro-
cedures processing realistic measurement data. To that end,
appropriate equipment was chosen and an object fulfilling the
system requirements.

3.1 Measurement tools applied for the experiments

The pictures were taken using a digital camera Canon EOS R
with a lens Canon 100 mm 1:2.8 L IS USM. The focusing distance
was determined and unchanged throughout the calibration pro-
cess as well as measurement exposure. The value of aperture
was set for 32 to obtain the maximum depth of field possible
and thus ensure the flexibility in choosing the camera distance
to markers. The sensitivity of the camera matrix was set for
the value of ISO 1000, which was to ensure good exposure con-
ditions with an acceptable noise level at image recording. To
ensure uniform lighting conditions from different camera sta-
tions, all pictures were taken with a flashgun Stroboss 60c.

3.2 Camera calibration

Camera calibration in our case was performed with the help of
a pattern consisting of regularly placed dots 18 mm in diameter
and spaced out 25 mm from each other (Fig. 3). The pattern
was printed on an A1 size foil and stuck on a glass sheet. To cal-
culate calibration parameters, 20 pictures of the pattern taken
from different camera stations were used.

Calibration points were the ‘centres’ of visible dots. For the
sake of process accuracy, perspective distortion of the aforesaid
‘dots’ image, usually present in such cases, was taken into ac-
count.

For the sake of calibration of images (pictures) geometry,
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Figure 3. Pattern image used for calibration

a model of lens distortion was used, which takes into account
its radial and tangential distortions. For each pixel (u, v) of an
image with a removed distortion, the function calculates the
coordinates in the original image (x, y). The process is used as
follows:

x = u – c′x
f ′x

,

y = v – c′y
f ′y

,

where c′x and c′y are the target projection of the lens centre point
on an image with removed distortion; f ′x and f ′y are the target
image distance for an image with a removed distortion.

Radial and tangential distortion is removed according to
equations:

r2 = x2 + y2,
x′ = x 1 + k21 + k42 + k63

1 + k24 + k45 + k66
+ 2p1xy + p2(r2 + 2x′2),

y′ = y 1 + k21 + k42 + k63
1 + k24 + k45 + k66

+ 2p1(r2 + 2y′2) + p2xy,

where [k1, k2, k3, k4, k5, k6], and [p1, p2] are radial and tan-
gential distortion parameters respectively. Finally, we map in-
tensity levels onto the target image

mapx(u, v) = x′fx + c′x,
mapy(u, v) = y′fy + c′y.

where fx and fy are focal length in x and y direction of the origi-
nal image, c′x and c′y are the target projection of the lens centre
point. Additionally, we assumed that the original and target
focal length is constant:

f ′x = fx,
f ′y = fy,

and the lens center point (cx, cy) is in the middle of the target
image:

c′x = 1
2 (image_width – 1),

c′y = 1
2 (image_heigth – 1).

Calibration calculations for individual sets of calibration
pictures were made with the use of OpenCV procedure li-
brary (OpenCV, 2018). Corrected pictures were compared with
their original images and residual error was determined. The
average re-projection error of points on the original image did
not exceed 0.5 of the pixel size (Fig. 4). Such calibration proce-

dures allow to correct recorded images and continue their furt-
her processing in accordance with the photogrammetric proce-
dures.

3.3 Picture of the QR code sign as amost suitablemar-
ker model

QR codes were adopted as markers to be used in the MarQR sy-
stem, because of their suitability for multipoint raster analysis.
Their key advantages are distinctive high-contrast geometrical
features that are crucial for precise markers detection, combi-
ned with the ability to carry arbitrary information (Figure 5).
This allowed markers to be self-identifiable by containing its
name (number) and size encoded in its shape. This makes them
perfect for automated and reader-independent monitoring sy-
stems. QR codes were generated and decoded with the use of
ZBar library (Brown, 2011).

For the sake of tests concerning the results repeatability and
system operational accuracy, the markers were printed on ad-
hesive paper and stuck on a glass sheet to ensure their flatness.

3.4 Calculation process

As a result of the photogrammetric analysis of a picture set of
QR code markers, their spatial interrelationships are set down.
It is a two-stage process illustrated by the diagram in Figure 2.
The first stage is processing individual pictures. It consists of
appointing internal orientation elements of the camera and cor-
rection of lens distortion, finding the QR markers photograp-
hed on a picture and setting down the precise 2D position of
markers’ apexes on an image. The second stage is determining
the relation between markers based on two or more pictures.
It consists of verifying the compliance of markers present in
the pictures, setting down external orientation elements and
optimising the mutual position of markers. The assumption
was that the marker with lowest number was recognised as a
reference one, and all markers’ relations are expressed in its
coordinate system.

By applying the calculation algorithm, we obtain the values
of translation and rotation parameters (6 degrees of freedom)
of the measurement marker in relation to the referential one.

3.5 Initial processing of a single picture and marker
detection

In the picture with a removed distortion, there are set down
positions of QR markers. The procedure library ZBar automa-
tically discovers markers on a given picture, decodes their tex-
tual content and shows their approximate position. Knowing
the information coded in the marker, we can build its theo-
retical model. Owing to error correction built in the QR Code
technology, the proposed algorithm of solving the problem is
resistant to minor dirt or damage of the marker’s image.

In order to set down the precise position of the marker on a
picture, an iterative algorithm is followed, concerning the ad-
justment of QR code’s image to a theoretical one by applying
perspective transformation. The quality of adjustment is defi-
ned based on the normalised information shared by both NMI
(Normalized Mutual Information) images (Figure 6) (Strehl
and Ghosh, 2003):

NMI(X, Y) = I(X, Y)√
H(X)H(Y) ,

where I(X, Y) is the mutual information concerning random va-



36 | Reports on Geodesy and Geoinformatics, 2020, Vol. 109, pp. 33–40

Figure 4. An example of an image used for camera calibration: (a) original image, (b) image with detected and numbered dots and (c) imagewith residual error and scale in pixels

a b

Figure 5. QR codes with coded text information: (a) ‘MQR:N:00001 S:50.00’ (marker number: 00001; size:50.00 mm × 50.00 mm) and (b) ‘MQR: N:00002 S:50.00’(marker number: 00002; size: 50.00 mm × 50.00 mm).

riables X and Y defined as:
I(X, Y) = ∑

y∈Y

∑
x∈X

p(x, y) log p(x, y)
p(x)p(y) ,

where p(x, y) is the mutual probability distribution of X and Y
and the values p(x) and p(y) are, respectively, the occurrence
probabilities in X and Y. Variables distribution H(X) and H(Y)
are the entropy values of variables X and Y, respectively:

H(x) = – n∑
i=1
p(xi) log2 p(xi).

The coordinates of the marker’s four apexes were optimi-
sed parameters used in the present study. Applied optimisa-
tion was based on a nonlinear method of conjugate gradients.
It consists of solving a nonlinear unconstrained problem (Hes-
tenes and Stiefel, 1952) in which the vector value of optimised
attributes xk in subsequent iterations is determined from the
dependence:

xk+1 = xk + αkdk,
where the step value αk is determined by seeking an optimal
position in direction dk. Direction dk is determined based on
the dependence

dk+1 = –gk+1 + βkdk,
d0 = –g0,

where βk is the updating parameter of the conjugate gradient
method and gk = ∇f(xk)T is the gradient ∇f(xk) of function f in
xk, where xk is the row vector and gk is the column vector.

Various conjugate gradient methods have different values
of scalar βk (Hager and Zhang, 2006). The value of parame-
ter βk was determined in accordance with Hestens and Siefel’s

original study (Hestenes and Stiefel, 1952):

βHSk = gTk+1yk
dTk yk

,

where
yk = gk+1 – gk.

To ensure optimisation stability, the process was car-
ried out for many resolution levels of marker reconstruction,
starting from the picture of 108 pixels × 108 pixels up to
540 pixels × 540 pixels. In this way, we managed to avoid
local minimums, which potentially falsify the result of image
adjustment. By applying the algorithm of the theoretical ad-
justment of the marker’s image to its photo, we obtain precise
position of the markers’ vertices. On the basis of their positions
and camera parameters determined during the calibration pro-
cess, we can set down the position of the camera concerning the
marker. In other words, it denotes determining the elements
of external camera orientation. However, it should be noted
that, in many cases, geometric conditions and a small marker
size may lead to significant errors in determining the position
of markers in 3D space. Applying several photos taken from
different locations allows removing this defect effectively.

3.6 Fusion ofmany photos and precise determination
of mutual markers positions

Owing to the application of many photos, it is possible to im-
prove the accuracy significantly in determining mutual mar-
kers positions. The proposed concept is not limited by the
number of photos based on which transformation parameters
are determined. The smallest number of photos suggested by
the authors is two (stereogram).

In the presented analysis, we concentrated on the case of
two convergent photos. Such pictures allow designating both
the position of projection centres of individual pictures and
coordinates of the principal points of QR code images. The task
of optimisation was carried out by the conjugate gradient met-
hod according to Hestenes and Siefel. The optimised vector
of attributes included the position of the camera concerning
the referential marker for each of the pictures and the relation
between the referential and the measurement marker, which
remains the same for each of the pictures. As a quality para-
meter of image adjustment, an average square error of apexes
position determined in the picture in relation to markers’ pro-
jected position was adopted, which was carried out based on
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Figure 6. Illustration of geometric transformations made to set down NMI

Table 1. Case A (number of pictures: 42; number of analysed pairsof pictures: 439)
Average Standard deviation Minimum Maximum

Tx [mm] 110.852 0.020 110.813 110.917
Ty [mm] -1.999 0.008 -2.024 -1.978
Tz [mm] 2.220 0.028 2.150 2.291
Rx [deg] -0.014 0.011 -0.050 0.018
Ry [deg] -0.057 0.023 -0.121 -0.010
Rz [deg] 0.227 0.006 0.215 0.240

the adjustment:

SQError =
√√√√√ n∑
j=0

3∑
k=0

(x2jk + y2jk),

where k is the number of the marker’s vertices and j is the
picture number.

It should be noted that the position of the referential mar-
ker in relation to the camera is influenced by the adjustment of
all visible markers. It means that it is possible to increase the
precision of determining its position by increasing the num-
ber of markers in the picture, which has been experimentally
analysed by the authors of the present study.

4 Measurement of markers interrelationship
on a flat surface

Measurement across joints is most frequently made on a spe-
cified plane. To study this case we carried out the test of a
system of two markers (Case A). The first of these is a refe-
rential marker and the second – a measurement marker. In
addition, we carried out a test with an extra QR marker, which
should ensure better position establishment of the referential
marker (Case B). The situation in both cases is illustrated in
Figure 7.

Our test shows very high accuracy in determining the in-

(a) pictures of two markers (Case A)

(b) pictures of three markers (Case B)
Figure 7. Diagram of a geometric system in which markers werephotographed
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Figure 8. Distribution of a probability density function concerning determined mutual position values of markers, based on photos takenfor Case A (blue) and Case B (orange)
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Table 2. Case B (number of pictures: 44; number of analysedpairs of pictures: 467)
Average Standard deviation Minimum Maximum

Tx [mm] 110.839 0.010 110.811 110.870
Ty [mm] -1.982 0.011 -2.009 -1.946
Tz [mm] 2.233 0.022 2.172 2.291
Rx [deg] -0.005 0.010 -0.037 0.019
Ry [deg] -0.072 0.018 -0.114 -0.013
Rz [deg] 0.230 0.005 0.214 0.243

Table 3. Case C (number of photos: 36; number of photo pairs: 160)
Average Standard deviation Minimum Maximum

Tx [mm] 90.999 0.027 90.921 91.059
Ty [mm] -12.118 0.025 -12.184 -12.060
Tz [mm] -78.360 0.028 -78.454 -78.306
Rx [deg] -2.636 0.017 -2.680 -2.593
Ry [deg] 89.827 0.019 89.776 89.872
Rz [deg] -6.549 0.007 -6.572 -6.533
Distance [mm] 120.698 0.020 120.645 120.760

terrelationships between markers (Figure 8). The obtained va-
lues of standard deviation for translation parameters are below
0.03 mm (Table 1). The application of an additional marker in
Case B made it possible to lower the value of standard deviation
for designated parameters (Table 2).

5 Measurement of markers’ interrelations-
hip in a corner configuration

In special cases, when the crack is directly at the corner of the
structure, installation of a crack-meter must be made in a cor-
ner configuration. Because of great stabilisation freedom of sy-
stem markers, the MarQR system ideally proves its suitability
in such nonstandard situations. To demonstrate the system’s
potential, we decided to present the case when markers were
placed on the corner (Case C). Owing to specific geometric con-
ditions, in such a case, it is optimal to take photos along the
edge (see Figure 11).

For this particular situation, a series of photos were taken,
based on which 160 independent translation and rotation para-
meters were determined.

It is worth noting that the repeatability in determining the
distances between markers (Figure 10) is significantly better
than the values of translation Tx, Ty and Tz (Figure 11). This is
caused by the error in determining the orientation of the refe-
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Figure 10. Distribution of a probability density function for deter-mining distances for Case C

Figure 11. Diagram of a geometric system in which the photos ofmarkers were taken (Case C).

rential marker and can be rectified by applying larger markers
or increasing their number. Despite a little worse precision re-
sults than in Cases A and B, the last results still fall into the
range below ± 0.06 mm (Table 3), which is a perfect practical
result.

6 Summary and conclusions

The experiments that have been carried yielded good results
concerning the system operation accuracy in determining the
parameters of the mutual position of two measurement mar-
kers. For Cases A and B (markers installed on a common plane),
the standard deviations in determining translation parameters
were, on an average, below 0.02 mm, whereas the orientation
parameters were in the range of several hundredths of a de-
gree. The accuracy of the above values was confirmed in indi-
vidual tests for various cases likely to be used in displacement
measurements. Compliance has also been confirmed in deter-
mining internal displacement parameters and thus the good
performance of the measurement system.

The proposed MarQR technology enables remotely and ob-
jectively, to determine both the elements of mutual spatial
translation and orientation changes in 3D space. At the same
time, it is a method that allows making such determinations
without any constraints relating to installation conditions and
the scope of changes.

These features make MarQR system suitable to substitute
extensometer measurements in conditions where installation
of them is difficult or full 3D displacement information is nee-
ded.
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