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Abstract Laser scanning is a method commonly used to
geometric documentation of monuments and historical
landmarks. Laser scanners, as surveying instruments,
combine principals of the sciences of topography and
photogrammetry. The purpose of the paper is to evaluate a
group of data collected using a laser scanner, concerning the
attribution of geometry while drawing. The evaluation was
accomplished comparing this group to another group of data,
which was used as the reference data and was measured
using a total station. Two objects of study were used and
surveyed. The Greek Orthodox Church which is dedicated to
Holy Trinity and is located in Heybeliada of Turkey and a
famous figure of Holy Mother holding Jesus, known as
Panagia Pafsolipi, which is placed at the interior of the
Church. The comparison of the drawings that were exported
using both data was satisfying. The divergence that was
noticed is of the size of some millimeters. Such differences
are acceptable for the most cases of architectural and
archaeological documentation. This means that laser
scanning, except from the fact that is a fast and efficient way
of documentation, also provides products at level of
accuracy that is close to the accuracy of the traditional
documentation methods.
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1. Introduction

Considering the human heritage, both of building
constructions and artwork, there are three available methods
being used to geometric documentation. It depends on the
surveyor to choose the one that best fits to each specific
application. Firstly, there is the topographic survey.
Secondly, for many applications, more efficient are the
photogrammetric methods. Finally, the last decades a new
method has appeared. Laser scanning combines the most
important advantages of the two methods above which are

the geometric accuracy derived from topographic survey and
the continuity of the image derived from photogrammetry.

This paper deals with the geometric documentation of two
objects. These are the Greek Orthodox Church which is
dedicated to Holy Trinity and is located in Heybeliada of
Turkey and a famous figure of Holy Mother holding Jesus,
known as Panagia Pafsolipi, which is placed at the interior of
the Church. Out of three methods were mentioned, laser
scanning was preferred. A group of point clouds was
measured depicting parts of the interior and the exterior of
the Church. Once these point clouds were aligned together, a
3D representation of the Church was accomplished,
including the figure.

In addition to the laser scanning data, a group of points
was measured using a total station, during fieldworks. This
group was selected to constitute the reference data in the
evaluation of the 3D representation. The points were
measured in a way to depict substantial schemes, such as
rectangles and triangles, observed at the interior of the
Church and on the figure.

Usually, laser scanning technique is combined to
topographic survey or photogrammetry to accomplish the
result more efficiently or to make a comparison between the
methods. Many projects have been accomplished using
various documentation methods and in some of them,
comparisons have been made. The documentation of the
fortress A’ Famosa in Malaysia [1] is an example of both
laser ~ scanning and  photogrammetric =~ methods
implementation. The authors made the comparison between
close range photogrammetry and terrestrial laser scanning
with measuring tape. The values that were used to the
comparison were the widths of the main and two side
entrances. The effort to determine the geometrical genesis of
shapes using point clouds was made by [2] at the
Benedettini’s Monastery Refettorio Piccolo vaulted system.
The author also created mesh surfaces to represent the
sculptural decorative motives of the vault system whose
mathematical approach was not easy to be found. A research
on the advantages and disadvantages of the three most
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common used methodologies on documentation of cultural
heritage was made by [3]. The researcher made a brief
representation of conventional surveying, photogrammetry
and laser scanning and explained the pros and cons of each
method. Another application of photogrammetry and laser
scanning in surveying monument heritage was made by [4]
to document Le Grotte di Castellana. A didactic project was
studied by [5] using modern architectural survey methods
such as total station with reflectorless EDM, digital
photogrammetry and terrestrial laser scanning. The aim was
to compare the surveying techniques and supply the
knowledge for the construction stages of the ex-San
Giovanni hospital in Torino, Italy.

The aim was to examine the effectiveness of creating 2D
layouts of the objects studied using orthophotos exported
from the 3D representation. Topographic survey is an
integrated method to depict the geometry of objects
regarding the accuracy of the output product. The
comparison between the two groups was achieved through
the creation of the respective shapes of both methods in CAD
software. Completing the creation, we were able to measure
geometrical units of the exported shapes and compare the
values. For example, the four sides of a rectangle exported
from laser scanning orthophotos could be measured and
examine the convergence they appear with the respective
ones that were created using the total station data. In that way
we can express our opinion on the suitability of laser
scanning for architectural and archaeological documentation
concerning the accuracy of the exported data. This means
that we tried to answer to the question of the effectiveness of
laser scanning to provide accurate 2D drawings of the object
of interest that are useful to the engineers and the scientists of
restoration and preservation of human heritage.

2. Objects and Methods of
Documentation

2.1. Heybeliada

WRRMBR® DENIZL

Figure 1. Heybeliada

Heybeliada is the second largest island of the nine Princes’
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Islands in the Sea of Marmara and is also known as Halki,
especially to Greek people (Figure 1, 2). In ancient times the
island was known as Chalkitis because of the existence of
cuprum mines (in Greek language cuprum is called chalkos)
[6].The population is around 3000 during winter period,
reaching 10000 people during summer months. On the island
is located the Greek Orthodox monastery of Holy Trinity
which houses the Theological School of Halki [7].

Figure 2. Buildings along the coast around the beach of Church before the
catastrophic earthquake in 1894 [8]

2.1.1. Theological School of Halki and monastery of Holy
Trinity

The Greek Orthodox monastery of Holy Trinity and the
Theological School of Halki (Figure 3) coexist during the
last 150 years. The monastery of Holy Trinity was
established during the years of the Byzantine Empire but the
exact chronology remains unknown. Traditionally its owner
considered to be Patriarch Fotios who lived during the 9th
century AD.

Figure 3. Theological School of Halki with Holy Trinity Church in the
center

After a catastrophic fire in the year 1831 AD, Patriarch
Germanos 4th became the new owner of the monastery and
erected new buildings. In the year 1844 AD the monastery
restarted working and at the same time the Theological
School of Halki was founded. Fifty years later an earthquake
destroyed the facilities, except of the Church of Holy Trinity,
and because of that the School stopped working. The current
form of Theological School and Orthodox monastery was
given by the sponsorship of the great benefactor Pavlos
Skylitsis Stefanovik. The Theological School had been
working since 1896 AD until 1971 AD when Turkish
government banned the operation of private schools.

The Church of Holy Trinity is placed in the courtyard of
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the School. It is built according to the basilica type Churches
and it is divided into three aisles. In the vestibule exists the
chapel of Saint Germanos. The Church houses the figures of
Panagia Pafsolipi and Panagia Kamariwtissa. The temple of
the Church is woodcut [6].

2.1.2. Panagia Pafsolipi

In the Church of the monastery there are two figures
painted on the two sides of a wooden frame. One side shows
Panagia Pafsolipi holding Jesus surrounded by pictures
representing moments of their life except crucifixion which
is painted on the other side. Figure of Panagia Pafsolipi
(Figure 4) is believed to be miraculous for both Christian and
non-Christian people. It is about 800 years old, the oldest in
the Church of Holy Trinity and globally unique [9].

Figure 4. Panagia Pafsolipi

2.2. Laser Scanning

2.2.1. Working principles of a laser scanner

There are three alternative ways of how laser scanners
work. Firstly, there are the time of flight 3D laser scanners. A
laser pulse is emitted towards the object and the distance
between the system and the object is calculated using the
time that mediates the emission and the receipt of the pulse.

Another type is the phase based laser scanner. In this case
a harmonic wave is emitted towards the object and the
distance is calculated through the phase comparison of the
emitted and received wave.

Finally, there are the triangulation type laser scanners.
Similarly to time of flight laser scanners, a laser pulse is
emitted towards the object but in this case the system uses a
CCD camera to detect the spot of the laser pulse on the
object’s image [10].

2.2.2. Faro Focus 3D S120

Faro Focus 3D S120 is an autonomous portable system
able to acquire 3D point clouds of objects. Its range focus is
between 0.60 — 120 m, vertical field of view 305° and
horizontal 360°. It measures up to 976.000 points per second.
The system uses class 3R laser and it is constructor
recommended to avoid direct eye exposure. Its size,
autonomy and user friendly software make this instrument a
useful tool in documentation of human heritage [11].

2.3. Church of Holy Trinity

Laser scanning was selected as the method to provide the
geometric documentation of the Church. Firstly, we wanted
to provide a very accurate 3D representation of the geometry
as long as the architecture details of the structure. Secondly,
we wanted to examine to what level a design exported from
this representation is accurate enough being compared to a
design created using points measured by a total station.

2.3.1. Geometric Documentation

There are some certain principles during the creation of
3D representations using laser scanning. The most important
is to choose the scanner positions in a way to avoid shadows
in point clouds. Also important is that point clouds contain
enough information so the best alignment is succeeded. To
achieve this we placed black and white targets in and out of
the Church so at least three of them were visible from two
consecutive scanner positions. This method was not
available during the measurements of the roof.

Totally 40 scanning positions were used. The most of
them, 19 scans, at the interior, 15 at the exterior minus the
roof and 6 scanning positions were used for the roof. The last
6 scans were a little far from the building so a denser
radiation was preferred.

Figure 5. West view of the Church

The scans needed about 8 GBs of hard disk space. The
registration was achieved using the Faro Scene software. As
it was proved the targets were placed efficiently during
fieldworks and the point clouds were registered giving an
error less than 2 mm. The 6 scans of the roof were registered
manually choosing corresponding points in two point clouds,
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one of the roof and one of the previously registered scans,
containing common surface. The biggest error of this
procedure was about 11 mm. After registration, the point
clouds were colorized and were exported in *.pod format.
This file format is compatible to the software Pointools in
which views and sections were made.

Having acquired the 3D point cloud we were able to create
orhtophotos of the views and sections of the Church in * jpg
format (Figures 5, 6). After appropriate scaling these images
were used to create designs of shapes spotted at the interior
of the Church.

Figure 6. North view of the Church

2.3.2. Topographically measured shapes

The whole procedure of the 3D documentation of the
monument was accompanied to a topographic survey. This
method was not used for the whole Church because it was
beyond the purpose of the project. The goal was to locate
substantial shapes, mainly rectangles. Considering them as
reference data we were able to check at what level the
respective shapes of the laser scanning data fit to them.
Using a Leica TCR80S5 total station we measured 172 points.
The points were measured using the prism-less mode that is
available by the specific type of topographical instrument.

3. Results of Measurements and
Discussion

3.1. Church of Holy Trinity - Comparison

Both methods of laser scanning and topographic survey
being used to the documentation of a structure include a
subjective and an objective part. Laser scanner works in a
very objective way during fieldworks. All of the
measurements contain the same value of targeting error. It is
not depending on the user to aim the appropriate point. The
system scans the surface and calculates the coordinates of the
points captured. Subjectivity of laser scanning and targeting
errors appear during office work, when the user is called to
select the most appropriate points to design the desirable
entities.

On the other hand, the user should be very careful while
targeting on the field using a total station. The fact that total
stations capture one point at a time makes the surveyor to pay
great attention also at which points he should select to
measure. So, if every point is measured correctly, it is easier
and objective enough to draw entities.

Of course, both methods contain errors concerning the
verticality and the proximity between instrument and object
of study. Also, the reflectivity of the radiation and the quality
of the measurement is being affected by the material the
object is made of.

Continuing, we describe the way the comparison was
made. Views and sections that we created via laser scanning
were imported into AutoCad and shapes were designed. This
means that among of all points were depicted on the image
the most user-suitable were selected to create the desirable
shapes. Alternatively, points measured topographically
inserted into AutoCad and the respective shapes were
created.

Once all of the surveyed shapes were designed we were
ready to examine and analyze the laser scanning data
comparing them to the respective of total station. Important
to the user during documentation of a structure is to be able
to derive accurate geometric information. A window spotted
in the Church, contain many geometric motives that could be
useful to make the comparison. These motives were mainly
rectangles, so the sides of these rectangles were measured in
the CAD software and their values accrued from both
methods were compared. Derivate sizes, area and perimeter,
were also measured and were compared.

Figure 7.  Laser scanning and topographically designed window

Table 1 shows the calculated lengths, area and perimeter
for both methods and the difference of these values for the
green colored rectangle in Figure 7. Table 2 shows the
calculated geometric sizes for the yellow colored circular
triangle also in Figure 7. The comparison gave small
differences for the lengths of the rectangle and the sides of
circular triangle. The big difference spotted on the length of
the arc can be attributed to targeting error because is a unique
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phenomenon during the comparison of the circular triangles.
The differences of both of the other arcs included to this
window range in some millimeters and for sure no more than
I cm.

Table 1. Parameters of the green rectangle (Figure 7) measured with both
methods
Laser . .
Value Total station Difference
scanner
Length A 0.7734 m 0.7700 m +0.0034 m
Length B
ne ) | oovsm 0.9920 m -0.0005 m
Length C__ 0.7748 m 0.7700 m +0.0048 m
bengthD | 099som | 09890m | +0.0069m
Ar
ea o | 07e m? | 0.7627 m? +0.0065 m?
Perimeter
3.5356 m 35210 m +0.0146 m

Table 2. Parameters of the yellow circular triangle (Figure 7) measured
with both methods

Value Laser scanner Total station Difference
Left side 03906 m 03859 m +0.0047 m
length
Right side 03836 m 0.3846 m -0.0010 m
length
Arc length 0.4159 m 0.4040 m +0.0119 m

The number of points being used to describe an item can
improve or downgrade the geometric information. As
mentioned, concerning the topographic method the user
should be very careful when he is targeting the real item so
the more points he measures the better geometry he gets. On
the other hand, a laser scanner user has at his disposal
thousands of points describing each item but it is not always
easy to him to distinguish which points are the most
appropriate to select. So he must be very careful while
choosing them through computer screen.

3.2. Statistic Analysis

In the previous paragraph the way of exporting drawings,
using laser scanning data and at what level these drawings
represent reality compared to total station data, was
described. This means that the mapper draws in an arbitrary
way. Continuing this paper, a mathematical way of drawing
is described. A part of the south interior wall of the main
section of the Church was chosen for the mathematical
analysis. The steps of the whole analysis are described
below.

The section is located in the main part of the Church.
Figure 8 shows its exact location. The section spreads 0.47 m
right from the fourth window and 0.16 m left of the first. The

height that the section was made is exactly 5 m from the floor.

The knowledge of the exact location of the section is useful
for future investigation. Anyone interested in possible
changes of the inclination of the wall, could use

approximately the same area with the current research.

Figure 8 shows a 3D point cloud which was exported
independently of the wholeness of the Church. Thus, it is
more easily editable and the application is focused on the
specific points. The items, such as frames windows and pews
will be removed, so the only points remaining are these of the
wall. The color of the point cloud will be also removed. This
way the data will be more easily processed by the
applications used to the elaboration.

Figure 8.

The exact location of the section relatively to the two outer
windows of the wall and the floor

The 3D point cloud of the section is located to the same
arbitrary coordinate system with the point cloud of the rest
building. After geo-referencing, the 3D point cloud will be
moved to the coordinate system implemented by total station
data. Table 3 shows the coordinates of the 8 total station
measured points that were used to transform the 3D point
cloud. Table 4 shows the error report of the geo-referenced
point cloud and Figure 9 shows the colorless, geo-referenced
point cloud after the removal of the items (pews, windows,
frames).

Table 3. Points used to geo-reference the 3D point cloud of the section

Point Id X Y z
542 14.554 m 2716 m 2.305m
543 14.546 m 2.718 m 3521 m
545 14.268 m 2.699 m 2.054 m
549 13.665 m 2.778 m 4.614 m
574 13.972 m 2.064 m 3.457m
576 13.202 m 2.155m 3.458 m
585 13.248 m 2.149m 2.519m
616 12.071 m 3.042m 3.502m

Table 4. Geo-reference error report

Maximum Error 0.043

Minimum Error 0.007

Mean Error 0.016
Standard Deviation 0.012242

The mathematical equation (Equation (1)) of the wall was
calculated using the x, y coordinates of 8 total station
measured points (Table 5).
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Figure 9. The colorless, geo-referenced point cloud of the wall

Table 5.  Coordinates of the points used to calculate the equation of the
wall’s line
Point Id X Y

545 14.268 m 2.699 m
546 14.286 m 2.694 m
547 14287 m 2.698 m
548 14.078 m 2.724 m
549 13.665 m 2.778 m
550 13.157 m 2.845m
551 13.031 m 2.860 m
552 13.025 m 2.863 m

Figure 10 shows the plot of these points and the line that
best fits to them. The equation of the wall’s line was
calculated as

(M

y=-0.131 * x + 457

28E o013 57

2 '
13 135 14 14.5

Figure 10. Points of the wall and line best fit
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Figure 11. 3D point cloud is shown in black. Wall equation is represented
by the red line
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Figure 12. The biggest divergence, manually spotted, between the wall’s

line and the point cloud

Inserting the line above and the point cloud on the level of
the section and the common geo-referenced grid someone is
able to compare the divergence between the measured point
cloud and the calculated line of the wall (Figure 11). The
biggest divergence manually spotted is located at the area
18.2-18.3 along the x axis and 2.1-2.2 along the y axis and its
value is 7.9 cm (Figure 12).

3.3. Figure of Panagia Pafsolipi - Comparison

The second object of study is the figure of Panagia
Pafsolipi which is located at the interior of the Church of
Holy Trinity. The reason why this item was selected is that
gives another perspective to the whole project. A small
object like this contains small shapes that could be examined.

Figure 13. (a) Laser scanning created shapes. (b) Topographically
measured points and shapes accrued

As an object at the interior of the Church, the figure had
been already fully mapped. So we isolated the point cloud
referring to it from the rest of the Church and created its view
(Figure 13a). Using a total station we measured 609 points
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(Figure 13b). Some of them depict shapes spotted on the
figure itself and the others, shapes on the wooden frame the
figure is located on. The shapes spotted on the figure were
distinguished by the different colors the painter used. The
small size of the shapes in some cases created serious
problems on attributing the geometry. This happened
because of the targeting errors. In spite of this fact, there
were enough shapes to compare the two datasets.

Table 6 is very interesting because it shows the great
matching achieved at the shape of the ellipse (Figure 13a).
The biggest difference detected for the parameters of the
ellipse is no bigger than 2 mm. Table 7 shows the basic
parameters of the big rectangle in Figure 13a. The difference
between the lengths is no bigger than 1 cm.

Table 6. Parameters of the ellipse (Figure 13a) measured with both
methods

Value Laser scanner Total station Difference
Max Radius 0.1605 m 0.1585 m +0.0020 m
Min Radius 0.1119 m 0.1120 m -0.0001 m

Arca 0.0564 m’ 0.0557 m* +0.0007 m*

Table 7. Parameters of the big rectangle (Figure 13a) measured with both
methods

Value Laser Total station Difference
scanner

Length A
T 0.9459 m 0.9540 m -0.0081 m

Length B
;’””I 1.2892 m 1.2940 m -0.0048 m

Length C
[ 0.9548 m 0.9550 m -0.0002 m

Length D
T 1.2848 m 1.2930 m -0.0082 m
Area ) ) )
I:l 1.2231 m 1.2346 m -0.0115 m

Perimeter
4.4748 m 4.4960 m -0.0212 m

The results of these measurements are very encouraging
on using laser scanning techniques for small objects of
human heritage. Of course, if the handicraft is even smaller,
there are certain types of laser scanners the use of which is
addressed to such applications. The specific research
indicates that laser scanning can provide the user with a 3D
representation, accurate enough to examine the geometry of
a small object.

4. Conclusions

There are many factors that can define the most suitable
method someone should choose in heritage documentation.
Firstly, and most important is the kind of the project and how
much demanding this is. Secondly, the financial cost and
finally people that will work on the project, also determine
the equipment that will be used. Topographic method
requires surveying instruments and more than one employee.

It is a very accurate method but demands more time than
laser scanning. On the other hand, a laser scanner is a useful
tool for geometric documentation of human heritage. The
object of interest can be fully mapped very fast and
effectively. Especially using new types of laser scanners,
fieldworks are one-person’s job. Faro Focus 3D S120 is
suitable for close range objects and thus it is very efficient
for heritage applications.

An important issue that concerns the laser scanner users is
the high system requirements needed, so enormous groups of
data can be processed. A colored combination of all point
clouds scanned at Heybeliada requires free disk space of
about 22 GBs to be stored. The whole project numbers more
than 1.450.000.000 points containing information about the
3D position (X, Y, Z) and color (R, G, B) for each one of
them. So, we can easily deduce that projects like, or bigger
than this, could only be processed by new computers with
modern hardware.

Geometric comparison between laser scanning and
topographic method gave satisfying results for the accuracy
of laser scanner data. Even for the smaller shapes, which
appeared on the figure of Panagia Pafsolipi, laser scanning
can provide useful groups of data for geometric
documentation. The divergence that was noticed is of the
size of some millimeters. The accuracy of some millimeters
is acceptable while using the most common scales for
architectural and archaeological documentation and so, the
export of 2D drawings can also be achieved, satisfying
enough, using a 3D laser scanner. This means that laser
scanning can provide a documentation tool efficiently, fast,
including thematic information and accurately enough, at
level of accuracy that is very close to the accuracy of the
traditional topographic method.
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