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Featured Application: The elaborated method can be applied to dimension objects, calculate vol-
umes, or measure displacements. The approach uses popular and commonly available instru-
ments making the solution universal.

Abstract: In surveying engineering tasks, close-range photogrammetry belongs to leading technol-
ogy considering different aspects like the achievable accuracy, availability of hardware and soft-
ware, accessibility to measured objects, or the economy. Hence, constant studies on photogrammet-
ric data processing are desirable. Especially in industrial applications, the control points for close-
range photogrammetry are usually measured using total stations. In the case of small objects, more
precise positions of control points can be obtained by deploying and adjusting a three-dimensional
linear network set up on the object. The article analyzes the accuracy of the proposed method, based
on the measurement of the linear network using a tape with a precision of +1 mm. The experiment
shows that the adjusted positions of the network control points can be determined with high, one-
millimeter accuracy. The photogrammetric 3D model derived referring to such control points and
stereo-images captured with a non-metric camera is also characterized by the highest possible pre-
cision, which qualifies the presented method to accurate measurements used in surveying engineer-
ing. The authors prove that the distance between two randomly optional points derived from the
3D model of a dimensioned object is equal to the actual distance measured directly on it with one-
millimeter accuracy.

Keywords: Close Range Photogrammetry, 3D linear control network, object dimensioning

1. Introduction

Close range photogrammetry (CRP) is a versatile surveying technology applicable to
creating object models of different sizes, from small industrial objects to large buildings
[1, 2]. The accuracy of CRP mostly depends on the size of the pixel, the distance between
subsequent camera positions, and the respective distances to the photographed object.
Moreover, the essential factor is the distribution, density, and accuracy of the control
points. These points deployed on engineering objects and captured with CRP and terres-
trial laser scanning (TLS) are usually measured using classical methods, such as a total
station [3, 4, 5, 6-7]. The CRP techniques are used in various engineering tasks related to
studying the geometry of objects [8] - both in the macro and micro scale [9, 10]. According
to the current state-of-the-art in land surveying and the capacities offered by modern com-
puters, it is possible to utilize CRP while capturing static and dynamic objects being in
motion. For example, in publication [11], the authors focused on the self-developed pho-
togrammetric system consisting of dedicated hardware and employing a unique adjust-
ment strategy to determine the accurate position of the mapped objects. They proved that
such an integrated approach significantly increases the positioning accuracy allowing for
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fast registration of the existing scenes. The GNSS satellite receiver and the IMU inertial
unit were used as additional devices supporting the integrated surveying. Another work
[12] discusses precisely capturing geometrical changes in 2D using CRP. The proposed
research method allows for high accuracy in determining displacements of the object's
control points expressed even in sub-millimeter values. The presented method consists of
a geometric system utilizing different camera positions and is mainly dedicated to indoor
applications. The high accuracy was confirmed by a comparative study evaluating the
displacements of the single-name points placed in a test stand using micrometers with a
resolution of 0.01 mm. The root-means-square (RMS) values of the differences between
the predefined and evaluated displacements in the two directions (local X and Y) are 0.11
and 0.02 mm, which closely predisposes this approach to metrological tasks. However,
relatively small objects placed in a limited space were assessed in this case. A comparative
study on the influence of control points number on CRP positioning is explained in [13].
Nevertheless, the studied solution concerns aerial photogrammetry using unmanned aer-
ial vehicles (UAV). The obtained accuracies vary within a few centimeters, allowing the
discussed solution to map the displacements of natural objects of considerable size (for
example, open-pit mines, geotechnical structures, slopes, or embankments) [14]. All pre-
viously cited works together with [15] confirm the high usefulness of photogrammetric
methods in industrial solutions, which require the exact determination of geometry ele-
ments of the examined objects. Recently, also low-cost solutions have become very popu-
lar in the precise dimensioning of things [16]. This approach uses inexpensive devices and
technologies, competing with well-known, classic solutions provided by recognized man-
ufacturers. The study [17] presented a low-cost CRP system for imaging building facades.
Such a system uses a specially designed measuring set employing a camera with a laser
distance meter making it possible to conduct measurements with millimeter-level accu-
racy. The authors used the self-developed software to assess the impact of various uncer-
tainties (including camera calibration errors) on the surveying results. In this case, a cru-
cial factor was recognizing the measurement set's geometrical parameters, which deter-
mines the absolute accuracy of the derived object model. CRP is also successfully used
together with other techniques for remote detection of object geometry [18] - for instance,
TLS. An example of such integration in archaeological applications is shown in [19]. The
presented approach allows accurately mapping objects in 3D, treating precisely deter-
mined geometric data (distances between points) as a significant enhancement of a point
cloud. A similar integration of data from remote sensing imaging and numerical terrain
models is presented in [20]. In the accurate and reliable determination of the geometric
parameters of engineering objects using photogrammetry, a crucial role plays not only the
instrumental aspect but - perhaps above all - the methodological approach. Developing
an optimal strategy for acquiring, processing, and analyzing measurement results is the
pivotal problem of modern geomatics. The issues mentioned above motivated the authors
to develop and test a CRP method based on adjusting the spatial control network located
either on a test object or in its proximity. The article analyzes the accuracy of the proposed
method, based on previous surveying such a linear control network using a measuring
tape with a precision of + 1 mm.

2. Materials and Methods

The developed procedure is based on the classic stereo-pair of pictures taken for a
test site using a popular camera. The control network consisting of linear values has been
marked directly on the object, the points of which represent its characteristic elements.
The control points gain Cartesian coordinates expressed in the local system encompassing
the pictured object as well as the pixel coordinates determined for the left and right pho-
tograph. Then, the measured linear elements of the control network related to the local
coordinates of selected points are adjusted by the least-squares method employing the
Gauss-Markov model [21]. The adjusted positions of the control points are then used to
set out the orientation and distortion parameters both for the left and right image,
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respectively. For the resulting center projections, the accuracy assessment is carried out
considering the estimated errors in determining their parameters. As a result - the photo-
grammetrically derived linear elements of the control network are compared with the ac-
tual measures derived from the direct object survey.

To verify the developed method, we took control measurements in the university
classroom, assuming as the test object classic an office desk equipped with some auxiliary
elements. The control network oriented in the local XYZ coordinate encompassed all its
characteristic points (object vertices). All linear components were measured three times
with a surveying tape, thus determining their values with + 1 mm precision. The 3D linear
network established on the investigated object consisted of 12 points joined by 40 dis-
tances. Then, using a professional mirror-reflex camera, Canon EOS 500D [22], two photos
were taken covering the item from its left and right side (Figures 1 and 2).

i

A\

Figure 1. The left stereo picture with the 3D precise linear network on the object (the
points 1..12, A, B, C, D represent characteristic vertices of the object; X, Y, Z define a local
3D coordinate system; x,y represent pixel image coordinates, while / is the object's ap-
proximate height)

Figure 2. The right stereo picture with 3D precise linear network on the object (the
points 1..12 and A, B, C, D represent characteristic vertices of the object; X, Y, Z define a
local 3D coordinate system; x,y represent pixel image coordinates).
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The key technical parameters of the camera used are presented in Table 1 [23].

Table 1. Key technical parameters of the camera Canon EOS 500D.

Parameter Description

Type Digital AF/AE SLR camera with
built-in flash

Recording media SD memory card, SDHC
memory card

Image type JPEG, RAW (14-bit, Canon origi-
nal)

Image sensor type CMOS sensor

Image sensor size 22.3 x 14.9mm

Resolution Effective pixels: approx. 15.10
MPx
Total pixels: approx. 15.50 MPx

Color filter system RGB primary color filter

Low-pass filter Fixed position in front of the im-
age sensor

Focus modes Servo mode; Auto-focus; Man-
ual focus

Exposure control Full Auto, Portrait, Landscape,
Close-up, Sports, Night Portrait,
Flash Off,

Creative Auto, Program), shut-
ter-priority AE, aperture-prior-
ity AE, auto depth-of-field AE,
manual exposure, E-TTL II auto-
flash, movie shooting

It should be added that the camera is commonly available on the market, emphasiz-
ing is the low-cost feature of the presented method. For the experiment, the photos were
taken using the classic indoor shooting program at short distances to the subject (portrait
function at a fixed focal length, {/2 aperture, shutter speed 1: 200 s, ISO 400, no flash).

3. Results

As it is shown in figures 1 and 2, the reference frame X,Y,Z is connected with the
network, assuming the Z-axis passes through point 1 perpendicularly to the plane with
points 1, 2, 4. The axis Y is parallel to the section |1-21, and the third orthogonal axis X is
parallel to 11-41. Hence, the three connecting reference sections with network points 1, 2
and 4 obtained coordinates: 1 (0, 0, h), 2 (0, 11-21, h), 4 (11-41, 0, h). The sections |1-2| and
I1-41 represent measured distances between points 1 and 2 as well as 1 and 4, respectively.
The value h is the approximate height of the object. The approximate coordinates X, Z, Y
of all remaining points 3, 5,..., 12 are computed by solving the network consisting of 40
measured distances between all points.
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P L
Figure 3. Exemplary spatial network.

To evaluate the proposed approach, we consider an example 3D network presented
in Figure 3, which exemplifies a standard spatial network used in land surveying. The
observational linear equation of the measured spatial distance s between any two spatial
network points P (Xrp, Xp, Xr) and Q (Xq, Xo, Xq) is based on the well-known formula used
in three-dimensional surveying [24]:

X —X Yo —Y Za—-2
v=——2 TP ax, -2 Py, -2 P gz,
So So So

L Xo=Xe

(1

Yo Yo Zo-Zp
—MXq Qs dYg + QS dZg —(s-%), 0%
0 0 0

where: dXp, dYr, dZr, and dXq, dYo, dZg are corrections of the approximate coordinates X,
Yr, Zp and X, Yo, Zq of the points P and Q, respectively, v is the random error of distance
measurement s with zero value expectation and known standard deviation, equals os=1
mm, so is an approximate value of the measured distance s:

50:\/(XQ_XP)2+(YQ _YP)2+(ZQ_ZP)2 )

The Gauss-Markov observational model [25-26] for all measured spatial distance
observations sy, sz,..., sn, n =40, (Fig. 1, Fig 2) is completed regarding the equation (1):

V=AX—(s-5p), X 3)

where: x — vector of unknown corrections: dY2, dXs, dYs, dZs, dXs, dYs, dX5, dYs, dZs, ...,
dX12, dY12, dZ12, v - vector of unknown observational error residuals vi, va,..., va, A - known
design matrix, s - vector of observations si, s2,..., sn, so - vector of approximate values
of observations soi, so2..., son , Os - diagonal covariance matrix of observations s,
composed from standard deviations 0s1, Os2,..., Osn.

In the adjustment, the network is connected with the reference frame by three coordinates
X1, Y1, Z1 of point 1, two coordinates X2, Z: of point 2, and one coordinate Zs of point 4.
These coordinates are constant, it means dX:1=dY1=dZ1=0, dX2=dZ2=0,

dZs+=0.
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The least-squares solution of the Gauss-Markov model (8): v Y ;v = min is given by
well-known formulas [27]:

x=X,ATE (s —s,), )

where the equations:
x, = (ATx AT )
r, =X -AZ AT (6)

represent the covariance matrices of x and v, respectively.

The maximal value of the standard deviations ox,0v,0z of the adjusted coordinates
Yot+dYo, Xs+dXs Ys+dYs, Zs+dZs, Xa+dXe, YerdYs, Xs+dXs, Ys+dYs, Zs+dZs... Xi+d X, Yi+dYn,
Zir+Z1, taken from diagonal elements of the covariance matrix (5) is equal 1.2 mm.

The adjusted positions of the network point 1, 2, ...12 are used as so-called control points
for the determination of the orientation and distortion parameters of the left and right
stereo photos in the object reference frame (X, Y, Z).

3.2. Accuracy of the photogrammetric intersection
3.1.1. The photogrammetric central projection

The photogrammetric central projection is a projection of the three-dimensional object
space (X, Y, Z) onto a two-dimensional image plane (x, y) (Fig.1, Fig.2). The central pro-
jection equations (X, Y, Z) — (x, y) are given by following [28-30]:

X = X — g (X —Xg) +1, (Y —Yo) +13(Z - Zy) (7)
* 13y (X = Xg) + g (Y —Y) + 133(Z - Z)
—[kl((x—xo)2+(Y‘Yo)2)+k2((x_xo)2+(Y‘Y0)2)2](X_X0)
_k3[3(x_xo)2+(Y‘Yo)2]—2k4(x_xo)(y—YO)

y=yo+f N (X = Xg) + 1 (Y —Yp) + 15(Z = Zy) (8)

I3 (X = Xo) + 13 (Y =Yg) +133(Z = Zp)
—[ky (X = %0)% + (Y = ¥0)?) +Ka (X = X0)* + (¥ = Y0) ) *1(Y — Vo)
— 2K (X = Xo)(Y — Yo) — Ka[(X = X0)? +3(y — ¥o)°]

where X, Y, Z are coordinates of an object point P; x, y are pixel image coordinates of the
projected point P; Yo, Yo, Zo are coordinates of the central projection point O; xo, yo are
image pixel coordinates of the central point O; ki, k, ks, ks, are parameters of the camera
distortion, fs = f/s, f is the focal length of the camera, s is the CCD cell size of the camera,

and:
fh Mo I3 COS@COSK  COS@SINx+Sinwsingcosx  sinwsinxk —coswsingcosx | (9)
Ly Iy Iy |=|—COS@Sink COS@COSK —Sinwsingsink  Sin @Cos k + €os wsin ¢sin x
f Iy Iy sing —sinwcos ¢ COS @ COS ¢

is the matrix of rotation (w,,x) of the object reference frame (X, Y, Z) related to the camera
reference frame (Yx, Yk, Zx). The frame's origin (Yx, Yk, Zx) is the central projection point
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O, the axes Y, Yk run parallel to the sections of the CCD frame, and Zx is perpendicular to
the CCD frame. The six parameters Yo, Yo, Zo, w, ¢, # define the external orientation of the
camera reference frame (Y, Yk, Zk) concerning the object reference frame (X, Z, Y). The
three parameters xo, yo, f = fss define the internal orientation of the image referring the
camera reference frame (Y, Yk, Zx).

3.3. The photogrammetric spatial resection

The photogrammetric spatial resection method allows for determining orientation (Yo, Yo,
Zo, w, @, 1, X0, yo, fs) and distortion (ki, k2, ks, ke) parameters of an image based on the
known control points deployed on the object [31]. In the case of the left image, the 13
orientation and distortion parameters were computed solving the set of 22 equations (7),
(8) for eleven visible control points 1,2,...,12 (Fig.1) by the least-squares method. The
camera's determined position (Yo, Yo, Zo) in the left (L) is shown in Fig. 3. The pixel
coordinates Xcomp, Yeomp Of the control points computed after adjustment according to the
equations (7), (8) are not exactly equal to the measured values X, y. The residual mean
squares (RMS) of the obtained pixel coordinates residuals ex = X - Xcomp, €y=y - Ycomp are
equal to 1.8 and 2.0 in pixels, respectively.

In the case of the right image, the 13 orientation and distortion parameters were computed
solving a set of 22 equations (7), (8) for eleven visible control points 1,2,...,12 (Fig.2) by the
least-squares method. The camera's determined position (Y0, YO, Z0) in the right (R) is
shown in Fig. 4. The RMS for obtained pixel coordinates residuals ex = X - Xcomp, &y =y -
yeomp are equal 1.3 and 1.6 in pixel values, respectively.

Due to the nonlinear least-squares problem, the approximate values of the parameters
were computed using the Direct Linear Transformation (DLT) method [32].

a) view fom above

b) perspective view

Figure 4. Determined camera locations L-left and R-right with 12 control points deployed
on the test object.

3.4. The photogrammetric triangulation

The photogrammetric triangulation is a method of simultaneous determination of
the orientation and distortion parameters of the stereo or multi-images as well as the
coordinates X, Y, Z of new so-called tie points located on the object [33]. In our experiment,
we chose only one tie point A (Fig. 1 and 2). In this case, the 26 orientation and distortion
parameters of the left and right stereo images plus three coordinates Xa, Ya, Za of the tie
point A were computed solving the set of 48 equations (7) and (8) by the least-squares
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method [34]: 24 equations for twelve visible points on the left image 1,2,...,12, A and 24
equations for twelve visible points on the right image 1,2,...,12, A. The RMS values for
obtained pixel coordinates residuals &x, €y are equal to 1.5 and 2.1 in pixel values,
respectively. The determined positions of the camera in the left and right position
concerning the 12 network points shown in Fig. 3.

3.5. The accuracy of the photogrammetric intersection

The photogrammetric intersection is a method of computing the coordinates of object
points based on the spatially oriented stereo or multi-images referenced in the object
reference system X, Y, Z [34]. For example, the coordinates Xs, Y8, Zs of the new object
point B (Fig. 1, Fig. 2) are computed solving four equations (7), (8) by least squares method:
two equations for measured pixel coordinates of the projected point B on the left image
(Fig.1) and two equations for projected point B on the right image (Fig.2). The computed
spatial distance between points A (Xa, Ya, Za) and B (X8, Y8, Zs) is equal to [(Xs - Xa)>+(Ys
- Ya)>+(Zs - Za)?]'2=0.210 m. Distance between these points measured by tape is also equal
to 0.210 m. So, in this case, the error of the photogrammetrically measured distance
between two points A and B on the object is equal to zero.

In the second example, the distance between points C and D is computed (Fig. 1 and
2). The coordinates of points C and D were computed in the same way as those of point
B. The computed spatial distance between photogrammetrically determined points C (xc,
yc, zc) and D (xp, yp, zp) is equal [(Xp- Xc)2+(YD - Yc)2+(Zp - Zc)?]V2 = 0.989 m. Distance
between these points measured by tape is equal to 0.990 m. In this experiment error of the
photogrammetrically measured distance between two points C and D on the object is
equal to 1 mm.

4. Discussion

Close-range photogrammetry is used in many engineering fields. Employing it for
the dimensioning of objects and assessing displacement values requires developing and
testing an appropriate strategy. In the case of small objects, more precise control points
can be set out by founding and adjusting a three-dimensional linear network on the object.
Our experiment shows that the adjusted positions of the control points are determined
with high accuracy of about +1 mm. The photogrammetric 3D model derived regarding
the control points deployed directly on the examined structure and the two images taken
with the non-metric camera Canon EOS 500D demonstrates high — one-millimeter accu-
racy. The distance between two points selected on the spatial model directly equals real-
object lengths. Hence, the elaborated methodology allows for dimensioning engineering
objects in tasks where high accuracies are needed.

What is more, the proposed approach is progressive and can be freely modified to
be combined with other surveying technologies. For example, it can be utilized while di-
mensioning indoor spaces for the area and volume calculations. Another possibility is to
use such technology in displacement monitoring, control measurements, or finishing
works on a construction site.

In contemporary geomatics, one of the deciding factors while choosing a particular
surveying method is its availability and time consumption. In the discussed case, both
conditions are fulfilled. Using a non-metric, commonly used camera makes the solution
low-cost. Also, data processing is not time-consuming, and the algorithm can be run on a
standard computer. The application is possible for each object, where a threedimensional
linear network can be established. Such a point deployment can be possible in different
ways — either by selecting characteristic object points (for example, its vertices and edges)
or by projecting light spots using a common laser emitter. The network can be measured
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using a tape or hand-held laser distance meter as well as — in case of poorer object availa-
bility — with a total station offering a reflectorless distance surveying option.

The limitation in using the developed method may be poor lighting conditions on
the site, insufficient resolution of the camera, and the inability to cover the object with a
control network. It can be mentioned that the location of network points may refer to both
characteristic ends of the measured object as well as points marked using available laser
projectors. These items are the subject of further research conducted by the authors.
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