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Abstract: At the present time, laser scanning technology has
become one of the most widely used technologies, and its
importance appears in various fields and is not limited to one
field. It also gets support from satellites and obtains an analysis
of the area to be scanned, with the help of geographic
information. This depends on the use of the Geographic
Information System (GIS) program. GIS), thus enabling urban
spatial planning, infrastructure design, and object monitoring
and control. One of the types of laser scanning is the terrestrial
laser scanning system. Therefore, it is necessary to study this
technology in terms of the principles on which it depends in
measurement, the type of laser beams used in the scanning
process, which works to obtain the required accuracy and
details, clarifying errors that affect the accuracy of the scanned
data and working to avoid them, studying mathematical models,
working to make all individual scanned data in one coordinate
system, calibrating spherical reservoirs and working on
developing them when scanning using a scanner Laser scanning,
calibration of digital cameras and work to increase their speed
and accuracy by using the ground scanner.

Keywords-Terrestrial Laser Scanning (TLS), Mathematical
model, Individual sources of errors, The imaging processing
theory, The calibration of ball tanks, non-metric digital camera
calibration technology.

I.  INTRODUCTION

There is always a need for surveying, and it has a clear
importance since the beginning of civilization. But in
previous eras, some traditional methods of surveying were
used, and they had many obstacles that appear in front of the
user, and the inability to use them in all applications, for this,
a new method for obtaining data was detected and applied,
which is the use of the laser scanning system [1]. There are
more than one type of laser scanner: airborne laser scanning
(ALS), ground laser scanning (TLS), and micro-laser
scanning (Micro-LS). All of these types depend on two types
of capture systems, including: laser and radar. It is
distinguished by coherence of radiation and beam spacing,
thus increasing accuracy, which gives better details compared
to other imaging systems [2].

Systematic studies are used that seek the technological
and theoretical development of the laser scanner to create
three-dimensional geographic information models, analyze
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the laser scanner data, work on simulating the area, and
increase the accuracy of the survey, including: (the accuracy
of the height of the ground scanner, matching the details of
the three-dimensional models with data values), recording
and studying the principles of measurement used, and the
development and treatment of photographic measurement
theory, all this to control the accuracy of the results to suit the
requirements of the work [3].

I[l. METHODOLOGY
a. Laser scanning technology:

The laser scanning technology, especially the laser
ground scanning system, can obtain millions of 3D points
with very high accuracy, and the time taken is short, and there
is more than one position to operate the scanners: the fixed or
portable position. There are some programs that depend on
the operation and all of them refer to the georeferenced (X, Y,
Z) to a local or global reference network [4].

b. Scanning principles for laser scanners:

Scanners are designed according to three scanning

principles [2]:

- Pulse-based scanners: It is considered one of the most
widely used principles in which the device sends a signal in
the direction of the object to be scanned and receives the
reflected signal, and thus the time (t) that it took to travel back
and forth is measured by the detector and by knowing the
speed of the signal that represents the speed of light, which is
(c) = 299,792,458 m / s. The distance (d) from the device to
the surface of the object is calculated from equation (1) [1].

D=(cxt)/2 @)

- Phase-based scanners: The device transmits a signal
consisting of a continuous wave (c/w) and receives the
reflected signal. Knowing the phase difference between the
transmitted and received wave (A¢) and calculating the
wavelength of the signal (A), given that (n) is an unknown
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number of wavelengths between the device and the object, the
distance (D) from the equation is calculated (2) [5].
D = (4¢/2m) * (A/2) + ((A1/2)) *xn 2
-Optical triangulation method, where the transmitter
sends a laser beam at the surface of the object and the CCD
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camera detects the laser beam at the other end of the base. The
3D coordinates of the laser beam on the surface of the object
are derived from the resulting triangle. Two CDD cameras are
used, one at the end of the base and called a dual camera
solution, to improve resolution as shown in Figure 1. It is
suitable for precision surveying such as sculpture in cultural
heritage documentation [6].

Fig 1: Triangulation laser scanning principle [6].
c. Characteristics of the laser beam:

It is necessary to know the propagation characteristics
of a laser beam. Most of the beams used as a source for the
laser beam are Guess beams, and they are distinguished by
their shape and expected smooth and easy development.
During propagation, some diffraction appears in space, as
shown in the figure (2). Given both the wavelength ()) and
the radius of the laser beam at the waist (®,), the beam
spacing of the laser beam at the waist (y,) is calculated from
equation (3) [7].

Yo =4/(m*w,) ©)

Knowing all the previous characteristics of the laser
beam, the radius of the laser beam is calculated as a function
of the distance (Z) from equation (4) [7].

w (@) =1+Qz/mx02)? (@4
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Figure .2. The propagation of the Gaussian beam of the laser beam [7].

d. Imprint of the laser beam on the object:

The radius of the laser beam is directly proportional to
the distance, scanners aim to obtain a small imprint on the
surface of the object to allow the best scanning results. There
are two types of fingerprints, As shown in the figure (3) [1]:

- The fall of a perpendicular beam on a flat surface, (d.)
is the diameter of the beam after passing through the beam
collecting lenses in the device, therefore the effect of the
Imprint is calculated from equation (5).

d(z) =d,+ 2ztany (5)

The incident of the ray on an inclined surface, results in
a major axis (dM (z)) and a minor axis (dm (z)), where (a) is
the incidence of the laser beam and the distance of the plane
surface to the origin (z). The Imprint axes are calculated from
equation (6).

dM(z) = d_+ 2z(sin(2y)/(cos(2a)) + cos(2y)))

(6)
dm(z) = d_+ 2z(sin(2y)/(cos(a) + (1 + cos(2y))))

Laser source
[\

Perpendicula r;‘ T
beam

Circular fostprint Elipssiial fostprint
Figure.3. The fingerprint on the surface of the object [1].
e. Data acquisition procedure:

In the foreground is setting reference points, choosing the
best location and the most suitable height for the device to
ensure maximum coverage and help in combining
reconnaissance scenes, putting the results into a single
coordinate system to remove the consequences. After that
comes the process of processing and using formatting
software, then finally recording and archiving the data [8].

f.  Errors affecting the accuracy of results:

The accuracy of the results is affected by many factors,
including: the error in the scanner, as it contains errors in the
axes, part of the error can be removed, thus increasing the
measurement accuracy by 40%, the mixed edge error occurs
when the laser beam falls on two adjacent surfaces and the
reflected signal of the two surfaces merges together. Error
resulting from laser beam divergence due to distance traveled
and given range related to beam waist location (pw), beam




radius (w), and minimum beam radius (w,). The beam spacing
is calculated from equation (7) [9].

® (o) =1+ (Apw/nw?)? ()

Errors in a rangefinder. For a pulse-based scanner, the
rangefinder depends on knowing the time of pulse
transmission (Trep), taking into account the signal noise ratio
(SNR), and the speed of light (c), compute the range accuracy
from equation (8), To calculate the accuracy of the phase-
based scanner range by measuring the modified wavelength
difference (Am) and signal noise ratio (SNR), equation (9) is
used [9].

5=~ (c TReP)/(ZVSNR) ®)
8. ~ Am/4n/SNR ©

Errors resulting from external conditions, temperature, as
there is no device that works properly except at certain
temperatures, and the laser beam that is exposed to refraction
during propagation through the air, and both errors affect the
measurements of distances and angles. Experimental studies
have shown that errors due to refraction are sinusoidal in
nature, and thus the correction values for angular
measurements vary with time. Since the measurement time at
a station ranges from 1.5 to 2 hours, the angle measurement
correction value must be determined as a function of time
[10].

The error resulting from the metrological characteristics
of the surveyed objects, and this error affects the distance
measurement only. One source of this error is the reflection
given the incident light intensity (1(A)), the diffuse reflection
coefficient (ky(})), the angle of the incident light, and the
normal vector of the incident light. Surface (8), the reflectance
coefficient of the scanned surface is calculated from equation
(10), the color of the scanned object also greatly affects the
scattered signal and it is clear from the simulation results that
the distance measurement error caused by the metrological
characteristics of the objects mostly ranges from 1 to 3 cm.
Errors due to the difference in color or reflectance in objects
can be reduced by calibrating the scattered signal based on the
combined processing of the scanner measurement results and
information about the color of the object obtained by
photography[11].

Ireflected(A) = I;(A) * kg (A) * cos 6 (10)

The theory and technology of the laser scanner seek to
obtain high accuracy of the measurements and this can be
done by knowing the mean square error generated by the input
function to measure the distances (mﬁ(t)) and the variation of
the horizontal and vertical angles of the distance due to
vibration (M Ruibration, Mevibration,@Nd Mevibrae) and a distance
error Individual measurement, horizontal and vertical angles
obtained from the measuring instrument scan results (Mgrmetrol,
M gmetrol,@Nd M emeror) @Nd the value of systematic mechanical
errors (Mer, Mgg,and mqe). Thus, the mean squared error of
standard distances and horizontal and vertical angles is

expressed from equation (11), where absolute humidity (E),
temperature (T), and atmospheric pressure (P) [10].

mg

= \/mlzf(t) + miz?(T,P,E) + m}22 vibrate + ((miz?metrol - ng)/\/z)

+ m3,

my

= \/m§<p(T,P,E) + mé vibrate + ((mémetrol - m(%'(p)/\/z)

+mj,

— 2 2 2 2
my = \/ Msocr,p,e) T Mo vibrace T (Mmetror — M3g) /1)

+ m3,
(11)

g. Coordinate system of laser scanner measurements:

It is necessary to make all the points captured by the
scanner into one specific coordinate system, knowing (X, Y,
and Z) coordinates of the scanning points of the scanner
coordinate system and (Xo, Yo,and Zo) coordinates that are
checked by the (Oxyz) system, The coordinates of points from
one system to another can be converted from equation (12),
taking into account (ay, az ... ¢s), which is the cosine direction,
which is a function of the angles €, 0, &, and the cosine of the
orientation system coordinate matrix[12].

XBH XO X
YBH =Y + A Y (12)
Zn Zo Z

Where:

by b, bs
€ € C3

A=

a; a; a3l

To calculate the coefficients (X 0, Y 0, Z 0, &, n,and &)
there are two ways:

- Calculation method (X 0, Y 0) by placing the device
above the reference points with known coordinates, (Z0) is
determined by the height of the device. But these
measurements have an error rate, considering that the outward
direction of the angle scan is therefore very small (cos € = cos
n = 1, sin = and sin). The square error of (my,, mz,,., mx,,)
is expressed from equation (13) [13] .

mg,, = mg, +m¢-Y? +mi-2*
m§,, =mi, +mf-X?+mi-z*  (13)
m%BH = m%o +m?2 - X? +m,2, - Y?

- The analytical method, which reflects the error found
during the least squares solution of the equations, depends on
the layout geometry and the number of special stamps.




Therefore, to move from the scanning coordinate system to
the external system, equation (14) is used, taking into account
that the values measured by the laser land survey are (R, ¢,
and 0). If the special stamps used are three stamps or more,
the measurement weights are taken into account and
expressed It is obtained from Equation (15), which is used to
calculate the corrections for (6Xo, 8Yo, 8Zo, d €, dn,and 3&)
that are corrected after completing the iterative process.
Measurements must be made equally with each other when
using the method of least squares in the equations to solve the
outward orientation problem [14].
1 =X, + a;Rcospsinf +a,R singsin@ + azR cos @

—Xpy =0
2 =Yy +bRcos@sin® + b,Rsin@sin@ + bsR cos H
- YBH = 0
3 =Zy+c;Rcos @sin +c,Rsingsinf + c3R cos 6
—Zpy =0
(14)
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Calculate the linear standard deviation of the orientation
direction X0 using equation (16). Similarly, the standard
deviations of the other elements are determined using
equation (17), given that (A (ATPA)™) is the determinant of
the matrix and (A X o X o, A X o Yo, ..., A EE) are algebraic
complements of the corresponding element, and taking into
account that the external angle of the scan is small (that cos €
=~ cosm~=cosé 1, sin g, sin =1 and sin = &), the signs Those
located at the same distance from the scanner and are similar

to the plane parallel to XY. Therefore, the diagonal elements
of the matrix are calculated by equation (18) by knowing the
number of signs (n) .The remaining elements outside the
diagonal of the matrix are derived from equation (19), The
rest of the elements of the matrix Q are equal to zero (19)[14].

My, = K1 QXOXO (16)
K= 3n 6
(ATPAY = Q =

AXoX, AXoY, AX,Z, AXoe AXon AXoE
AX,Y, AYyY, AY,Z, AYpe AYyn AYS

1 | AXyZ, AY,Z, AZyZ, DZge AZgn AZyE
2aTPa| AXoe — AYpe — AZpe Ay Dep Ay

Where:

AXon AYyn AZyn Agy Ay AW
AX,é AYyé AZ & Ay BDpe  Ag
(17)
1+cos 62
QXOXO = QYOYO = sing?
onzo =
2
Qee = Cnn = Szzsimer
Qe = nR2 sin 62
(18)
2cosfO
QXOE = QYOn = T LRsine? (19)

Experimental laser land survey studies have shown that
the values of the vertical directions are from 76 to 85, and the
distance R is from 10 to 30 meters. Also, it is impossible to
guarantee that special signs will be visible within a hundred
meters, especially if the laser ground survey is carried out in
very crowded areas, Thus, it is difficult to achieve accuracy
in determining the angular elements of the outer direction of
the survey using the analytical method only, to get a better
definition of the outward orientation of the survey, the two
methods should be combined [13].

h. Generate 3D models according to the scanner data:
The error in the spatial location of the scanner station and
for calculating the accuracy of the scanner spatial location
(AOSP) is derived from equation (20), and the error value in
the spatial direction of the scanner location can be calculated
by equation (21) [15].
AOSP = [Qx,x, + Qvpv, T Qz0z,  (20)

A0SO = Qgg + QTT’I + fo (21)

There are two ways to create 3D models according to the
scanner data, namely: surfaces, and geometric objects.
Knowing both the error caused by the external orientation of




the scans (mor) and the error in determining the coordinates
of the model points caused by the influence of errors in the
scanner tool, the external environment and the metrological
properties of the object being scanned. Cleared out (msr)
computes the error in the model based on the surfaces from
equation (22) [16].

m12< = m(ZJR + mIZSR (22)

Studies have shown that the error in creating 3D models
using surfaces ranges between (1:7) m. As for the error of
using geometric objects, the accuracy of the 3D models
depends on several factors, including: random deviations
from the mathematical model, the unique measurements of
the ground laser scanner and its accuracy, and subjective
errors when using the semi-automatic mode [15].

Evaluate the accuracy of creating 3D models using
geometric objects by knowing the coefficient whose value
depends on the chosen position of the structure of the 3D
model (K), the value (K) is obtained if the scanning mode is
automatic (k = (0.95-1.0)), and in the semi-mode automatic (k
= (0.70-0.85)) and interactive mode (k = (0.30-0.70)).
Equations (23 and 24) are used according to the laser beam
spacing (V) [6].

- for scanners with ¥>1m m;, = 0.01610 xk xw (23)

- for scanners with W < I m. m; = 0.12499 xk xw (24)

i. Photographic measurement:

Photogrammetry is used to process laser ground scanning
data, converting the laser scanning data into a set of virtual
images of the corresponding central projection. Because the
coordinates of the image display center (xo, Yo) are equal to
zero and the spatial coordinates of the body points (Xm, Ywm,
Zw), equation (25) is used to relate the coordinates of the
image points to the spatial coordinates of the corresponding
points, which is a linear relationship. To obtain the measured
distance, a linear relationship is used. Equation (26) and
express them as follows [7].

Yij = Yo

= If[(ez(XM = Xo) +92(Yy = Yo) + q2(Zy — Zo))/(e1(Xyy — Xo) + 91(Yyy — Yo) + q1(Zy — Z,))]
(25)

Zij— 2o

= f[(eZ(XM —Xo)+9:(Yy —Yo) +q3(Zy — ZD))/(el(XM - X))+ 91 (Y =Yo) +q:(Zy — Zo))]

R =

VO = X0)? + Yy — Yo)? + (Zu — Z,)?
(26)

The camera can be placed inside the scanner or outside
the scanner as it can be installed on the rotating head of the
scanner, so the digital images and the virtual image become
identical beam and the same focal length. By knowing the
accuracy of the horizontal and vertical angle of scanning (Ao,
AB) and the values of horizontal and vertical angles measured

from the optical axis of the virtual image (¢, 0), distortions
are removed using equation (27) [17].

6panoramic horizontal
= 2f[(tg(89/2))/(cos ¢* — (sin ?) - tg*(Ap/2))]
6panoramic vertical

= 2f[tg(86/2)/(cos p? — (sin @?) - tg*(Ag/2))]
(27)

Image calibration is done after the initial processing of
the scans by knowing the values of the image element size on
the ground (3), the element size of the CCD matrix (dyy), the
focal length of the digital camera (f), and the coefficient of
perception of the smallest object size in the image (k).
Equation (28) expresses the calculation of the distance R from
the digital camera installed on the scanner to an object with
specific details, knowing the size of the CCD matrix (I, ly),
the horizontal and vertical angles of the digital camera’s field
of view can be calculated from equation (29), to calculate the
area using the equation (30) given both the longitudinal
overlap of images (p) and the transverse overlap of images
(9), the number of images required to cover the survey.
calibration is done after the initial processing of the scans by
knowing the values of the image element size on the ground
(9), the element size of the CCD matrix (dx, y), the focal
length of the digital camera (f), and the coefficient of
perception of the smallest object size in the image (k).
Equation (28) expresses the calculation of the distance R from
the digital camera installed on the scanner to an object with
specific details, knowing the size of the CCD matrix (Ix, ly),
the horizontal and vertical angles of the digital camera’s field
of view can be calculated from equation (29), to calculate the
area using the equation (30) given both the longitudinal
overlap of images (p) and the transverse overlap of images
(9), the number of images required to cover the survey[17].

R = 6f/kd,,
(28)
Pek = ZarCtg(lxdx,y/zf)
(29)
O = 2arctg([ydx‘y/2f)
Ny = (@c/Pck(100 — q)) * 100% + 2
(30)

ny = 0o/ (100 — q)) * 100% + 2

J. Procedure for the calibration of ball tanks:

In the first stage to determine the main capacity of the
tank, the basic height of the tank must be determined, and
it is measured at least twice while the tank is empty. To
take into account the measurements, the discrepancy
between the results of the two measurements should not
exceed 2 mm. Then the arithmetic mean of the two
measurements is taken to determine the height of the base
of the tank (Hb). The best locations for placing at least two
surveying devices are determined, taking into account the
internal structures of the tank. Then, the results of
measurements (pressure and temperature) of both the




environment and the internal space of the tank are entered
into a specialized computer to control the scanner. When
scanning with two or more scanner stations, in which
special marks are installed in the internal space of the tank
(at least four) so that they do not block the internal
structures and the surface of the tank and are visible from
all sides. Their type and size depend on the applicable
scanner model. Tank capacity is determined using NLS
Rapid Form and Cyclone software and software developed
by FSBEI HPE “SGGA” and embedded in AutoCAD
software [18].

-In the first stage, the relative orientation of the surveys
is carried out, and then the data obtained during the survey are
exported to the Rapid Form program used to create 3D models
of objects in the form of a grid surface of the inner walls of
the tank,(The maximum polygons should not exceed 5 cm).
Then filter the set of points from the false measurements that
occur when the signals are reflected back.

- The next step in the Cyclone program is to combine the
two models obtained. According to the general model
obtained for the inner walls and structures of the tank, the
height of the tank structure is determined from equation (31):

Heank = Zmax = Zmin (31)
Where:
Hunk: the height of the tank;
Zmax and Zmin: the maximum and minimum marks of the

tank, As shown in Figure (4).
Zmax

H tank

| Zmin

Figure .4. Tank model [18].
- Then, the Rapid Form program is used to dissect the 3D
model of the tank by horizontal levels with a distance of 1 cm
for the number of layers, and the dissection starts from the
bottom. Then the corresponding spherical layer volume is
calculated for each level, is carried out using the program
developed by the FGBOU VPO "SGGA" in the AutoCAD
software package, From the equation (32), (33), (34) [19]:
Uit = m. ((Heani/2)- hi — (h3/3)) (32)

Uptenk = ((Sj-1 + 5;)-h/2) + (m.h3/6) (33)
Unid™ = n((Heani/2)- hivr = (h341/3))  (34)

Where:

h 1: height of the first spherical layer equal to 0.01 m.

j: the number of spherical layers, which varies from 2 to
n (determined by rounding down to an integer value).

h: height of each(j) the spherical layer equal to 0.01 m (1
cm).
hn + 1: height (n + 1) the spherical layer, it is calculated
from the equation (35):

hn+1 = Hegnie — (hy + h.(n — 1)) (39)

-Then the capacity of the tank is determined and
calculated without taking into account the Us® structures.
From Equation (36), as for the volume of the spherical layer
(g) corresponding to the level (g) cm, taking into account the
structure, it is calculated from Equation (37), so the U™k tank
capacity is calculated using Equation (38):

ys-tank — Uls.tank + Z?:z Ujs.tank + Uzizink (36)

Uéank - Ug.tank _ Ugonst (37)
ytank — ngl:% Uéank (38)

Where:

U;-“‘"" : volume g- th spherical layer, determined by formula
(5.35) for g = 1, according to formula (5.36) for g = j
(from 2 to n) and by formula (5.37) for g = (n + 1);

U;""Sf: the volume of internal structures for each g-the
spherical layer calculated by Rapid Form software.

The relative error in calculating the tank capacity is
determined using the developed Sphere Rezer program in
accordance with RMG 62, From the equation (39):

d = k-\/6(21 + 6r2nod + 6§eduction (39)

Where:
k: coefficient equal to 1.1.
du, Omod, Odeduction: the components of the relative
calculation error in tank capacities, determined by the
equation (40):
6y = max (5ug)
(40)

Omaua = max (amaudg)

Sdeduction = Max (6daductiong)

Where:

Sinaua, * relative simulation error;

6daductiong: relative error;

by, relative error in calculating the volume, it is
concerned with all spherical classes, determined from the
equation (41):

Sy, = (|aUy|/Ug ™) 100% (41)

Where:

AU,: the absolute error in calculating the volume,

determined in accordance with MI 2083, It is calculated from
the equation (42):




AU, = k. |5, (00, /0x,)" (42)

Where:

K: a correction factor equal to 1.1.

Ug: volume function depending on the input quantities
Xi.

A xi: the absolute error of measurements of the values
obtained as a result those of direct measurements.

To determine the absolute error in the calculation of the
volume of the first spherical layer, the partial derivatives of
the volume function must be calculated from the equation
(43):

aUls'tank/aHtank = m.hi/2
(43)
AUt /9h, = 1. Hy gy hy — 1. h?
Where:

Heunk: the height of the tank, calculated by the equation
(31);

hi: the height of the first spherical layer, equal to 0.01 m.

Absolute volume measurement error A Ul The first
spherical layer is calculated using the expressions (41) and
(42) and expressed from the equation (44):

AU, =
J @2 ht/4).AHZ,,; + (T Hygi- hy — . h2)2. AR2
(44)

Where:

A Huank, A hy: absolute errors of measurements of the tank
height and spherical layer, equal to the distance measurement
errors A R, determined by the equation (45):

AR = Si.t (45)
Where:

Sr = 0.004 m (4 mm), limits of the permissible standard
deviation of distance measurements.

t: Student's coefficient equal to 2.776 for the confidence
level P = 95% and the number of observation results n = 5.

Using expressions (41) and (42), to determine the relative
measurement error of dU; the first spherical layer, the
equation (46) is used, the relative error in the calculation of
the volume of the ball layer du(nﬂ)is calculated by the
equation (47):

6U;, =

(100% /U5 k.. AR.\/1.25. h + Hygni- B2 (Hpani — 2-hy)

(46)
Where:
U-tank: the volume of the first spherical layer, From the
equation (32).

6U(n+1) =

(100%/Uf‘tank)'k'”'AR'\/l'ZSh:}Hl + Htank' h721+1' (Htank - 2hn+1)

(47)

Where:

Us-tank: the volume of the last spherical layer, calculated
by the equation (32);

hn+1-height (n + 1) of the spherical layer.

To determine the relative error in calculating the size of
the spherical layer (j), the values of the cross-sectional area
must be expressed through the distances R;-:and R; and the

angles 6;_1 and 6;. For the measurements of the scanner, the
equation (48) is used, the relative error in calculating the
volume (j) of the first spherical layer, the partial derivatives
of the volume function are calculated by the equation (49):
Urtank = ((Sj21 + S;)-h/2) + (m.h*/6) =
(m.b?2.h+m.a%® h/2) + (m.h3/6) =
(m.R7,.sin(6;_1)%. h/2) + (m.R?.sin(6,)%. h/2) +
(m.h3/6) (48)

Where:

U]-S't“"":The volume of the spherical layer (j) « calculated
with the formula (33).

j: serial number of the spherical layer (varies from 2 to
n).

h: The height of the spherical layer (j) is equal to 0.01 m.

(anS'mnk/aRj—1) =m. h.Rj_;. sin(9]-_1)z
(ans.tank/aRj) = 1. h. Rj' Sin(Gj)z
(ans.tank/agj_l) = 1. h. R]-Z_l. Sil’l(ej_1)- Cos(ej—l)
(49)

(ans.tank/agj) = 1. h. R].2_ sin(gj). COS(Gj)
(ans.tank/ah) — (TL’. Rjz—l- sin(ej_l)Z/Z)
+ (m. R%.sin(6,)%/2)
The absolute volume error AUj for the spherical
layer is calculated using the equation (50):

AU; = k. \[Ay + Ay + A3 + Ay + As
Ay =% h*. R} ,.sin(6;_1)*. AR;_,
A, = w% h*.R}.sin(6))*. AR;
A; = w2 h2.RE 1. sin(6;_,)2 cos(6;_,) . 6%,  (50)
Ay = nz.hz.Rf.sin(ﬁj)z.cos(ej)z.Asz

As = (1/4). (T[. Rjz_l.sin(@j—l)2

2
+m.R2.sin(6))" +m.h?) . AR2
Where:

A Rj-1, A grj, A h: absolute errors of distance and height
measurements spherical layer, equal to the distance
measurement errors A R(m), determined by the formula (45).

A; . 1, ABj: absolute measurement errors of vertical
angles, equal to angular measurement errors A6O(rad)
determined by the equation (51):

Af = Sy.t (51)
Where:
SO: the limits of the permissible standard deviation
of measurements of angles=5.82 10- five rad (12 ");

t: Student’s coefficient equal to 2.571 for the
confidence level, P = 95% and the number of observation
results n = 6.

The relative error of the volume measurements of the
spherical layer 8Uj is determined, from the equation (52):

8U; = (100%/US*K). k. 7ty/ &, + @, + ARZ. [®5 + B, ]




@, = AG?%. h2. (Rf_l.sin(Hj_l)z.cos(Bj_l)z)
(52)
d, = Rf.sin(gj)z.cos(ej)z
®, = R-,.sin(6;_,)". [h2 +(1/4).R-,

+ (hz + R} sin(Gj)z/sin(Bj_l)z)]
@, = R2.sin(6;)". [n? + (1/4). R? + (n? /sin(6))")]
+(1/4).h*
The relative simulation error of the spherical layer (g) is
calculated by the equation (53):

5maudg — (|U‘é’deal _ U‘;naud|/U‘gnaud). 100%
(53)

As for the determination of the relative computational
error Sgeduction, the spherical layer (g), It is calculated from the
equation (54):

Sacauct, = (|UFe = UF™™| /Uiteat). 100%
(54)

The geometric method for calibration of spherical tanks
is superior to the volumetric calibration methods in accuracy,
which is considered the most accurate and reliable in the field
of calibration of all types of tanks. In addition, the
performance according to this method has increased relative
to analogues of other methods from tanks of the same volume
by 2.5-2.7 times. A similar approach can be applied to other
types of tanks [18].

k. Calibration technique for non-metric
cameras using terrestrial laser scanners:

Terrestrial laser scanners can be used to determine
calibration parameters for non-metric digital cameras. A
digital camera is used to photograph a test object from several
points in space. Calibration parameters for non-metric digital
cameras (internal orientation elements, radial and diamond
distortion, external orientation elements, lens aberrations),
Figure (5) also shows the main stages of the calibration
procedure for non-metric digital cameras using a ground-
based laser scanner [20].

digital

Test object creation

|

| Installation of the scanner, ground laser scanning of the test

| Determination of coordinates of special marks

| Installing a digital camera, shooting a test object

!

| Processing the results of scanning and photographing the test |

i

| Determination of digital camera calibration

Figure.5. The main stages of calibration of digital non-metric cameras
according to ground laser survey data [20].

To create a test object, special reflective marks are used,
which are selected in accordance with the recommendations
of the scanner manufacturer. it is necessary that they are

scattered across the entire field of the picture. To ensure the
relief of the test object in order to increase the reliability of
the calibration results, you should set the following maximum
S max and minimal S min the distance from the digital camera
to the points of the test, [9] Using the equation (55):

(Smax - Smin/S) = § (55)
Where:

S: the average distance to the points of the test object.

In theory, the accuracy of determining the coordinates of
the marking centers is higher if the scanner is as close to the
marks as possible. In addition, the results of the scanner
calibration showed that the highest accuracy in determining
the coordinates of the special marking centers by different
scanners is achieved at different distances. Therefore, for each
scanner model, the optimum marker distance must be
determined from experimental studies. It follows that the laser
scanner must be positioned symmetrically relative to the
points of the test object and approximately at the same
distance from them in order to exclude the influence of
changes in the distance between the marks from the scanner
on the accuracy of determining the coordinates of the points
of the test object. When photographing a test object with a
non-metric digital camera Before shooting, it is necessary to
justify the number of shooting stations and their location,
which shoot the entire test object with a minimum number of
photographic points and ensure the specified accuracy of
camera calibration. the accuracy of systematically identifying
distortions in the plane coordinates of the digital image points
increases in proportion to the square root of the ratio (t + 1) t?
(t: number pictures). Therefore, we can conclude that the
practical stability of the calibration results is observed when
the number of images is from 15 to 20. This number of images
can be taken as sufficient and optimal [7].

When performing studies of a digital non-metric camera,
it is proposed to shoot a test object from four photographs
points, while four to five photographs should point. To
determine the coordinates of the points of the test object with
a given accuracy, it is necessary to set the distance between
the camera and the object, calculated by the equation (56)
[20]:

S = (36xf /mx) (56)
Where:

mx: the mean square error in determining the coordinates
of test points.

éx: error in determining the coordinates of point of the
test object using the scanner.

f: focal length of the camera.

To determination of camera calibration parameters and
exterior orientation elements of images. After the end of the
ground laser scanning and photographing of the test object,
the following works are performed [17]:

1. processing of data obtained by a ground-based laser
scanner in order to determine the spatial coordinates of points
of the test object (special marks).

2. measurement of coordinates of images of centers of
special marks on digital images.

3. calculation of camera calibration parameters.




4. assessment of the accuracy of determining the
calibration parameters and preparation of couple.

To calibrate cameras using images of a special test object,
collinear conditions are used. As functions for describing
systematic errors X, oy, which are widely used to calibrate
digital non-metric cameras, Using the equation (57):

8x = kyxr? + koxr® + kyxr® + kyxr® + p,(2x%2 +12)

+ 2p,xy
(57)
8y = kyyr? + koyr* + kyyr® + k,yr® + p,(2y2 +12)
+ 2p1xy

Where:

k,p: coefficients describing the influence of radial and
tangential distortion;

r: radius vector characterizing the position of the point on
the image. By equation (58):

r=4x%+y? (58)

X =X —Xg
Y=y
Evaluation of the accuracy of determining the calibration
parameters. After determining the elements of external and
internal orientation of images and coefficients of
polynomials. Then, the residuals A x, A y, with the help of
which the mean square errors are determined, which
characterize the accuracy of image calibration, according to
the equation (59) [7]:

Where:

mxcaliber -

(59)

My cativer —

Where:

n: the number of special stamps, the coordinates of which
are measured on picture.

Practical work showed the following [20]:

1. Full digital camera calibration can be performed
using a terrestrial laser scanner.

2. The accuracy of determining the coordinates of
special marks by the scanner meets the requirements for
creating test objects for calibrating cameras.

3. From the images of special marks located, a reliable
determination of the camera calibration parameters is
provided. [21]:

The main advantages of calibrating digital non-metric
cameras using terrestrial laser scanners are:

1. Full automation of the calibration process, since
special marks for all terrestrial laser scanners are made in such
a way that they can be easily identified both on a digital image
and on a point, model obtained as a result of scanning.

2. Eliminates the need to fix the points of the test object
and create various kinds of structures.

3. Cameras can be calibrated both on a special test site
and at the time of the very shooting of the object, since in the
technology of ground laser scanning, special brands are used
to combine scans obtained from several scanning stations into
a single point model.

I11. CONCLUSION

The research aims to solve some problems of laser scanning
technology to meet the requirements of different fields of
work. The main results of the research are summarized as
follows: Clarifying the mathematical model of laser
scanning technology during data collection, conducting a
study of the general principles of measurement and
processing operations, and taking into account the factors
affecting the accuracy of these operations to obtain three
dimensional models in an ideal way, on the basis of the
proposed theory. Studies are conducted on individual
sources of errors. And the formulation of the basic equation
for the process of measuring angles and distances by
ground-based laser scanners. Knowing the ideal geometric
location and number of stamps to support the scanning
process, and expanding the application of ground-based
laser scanning technology, which leads to reducing the time
required to establish a test range for calibrating a non-metric
digital camera. Using the laser scanner to determine the
sizes of spheroids based on the creation of a 3D model of
their internal space according to ground-based laser
scanning data. By developing an algorithm and software to
evaluate the accuracy of calibration tanks using
mathematical methods, and using the proposed method to
determine the sizes of spheres allows reducing the relative
error in determining the capacity to 0.03-0.05%, i.e. 2-3
times more accurate than previous calibration methods
used.

The prospect of further development of the topic is related
to the development of methods for automated compression
and processing of laser scanning data based on the proposed
theory of photogrammetric processing of laser scanning
data. Optimization of the scanner hardware based on the
proposed equation for the measurement process in order to
improve the accuracy.
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