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Abstract: Airport runways are exposed to large traffic loads and other external factors which cause
their transformation. Monitoring the state of the unevenness and determining the runway defective-
ness is a complex procedure which includes fast and qualitative measurements of the execution of
flatness, their evaluation and the determination of the level of runway defectiveness. For this purpose,
an improved process of determining airport runway defectiveness is proposed, based on geodetic
survey and the management information system prototype, which enables evaluating the results of
the executed survey and suggesting the runway maintenance measures. A similar analysis of the
considered data on the example of a smaller, regional airport in Maribor, Slovenia, was performed
with the help of our own algorithm, which, on various platforms, enables the tabular and graphical
display of surface irregularities. The algorithm prototype allows the automated monitoring and eval-
uating of the unevenness or runway states, determining their defectiveness and advising adequate
action. With the help of the suggested method and developed information system prototypes, it
is possible to confirm the demand for professionally adequate and on-time planning of necessary
maintenance works, with which it is surely possible to prevent an eventual unexpected closing of the
runway and related costs. The suggested method is also usable in evaluating the state of other traffic

infrastructure.
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1. Introduction

Logistics systems, including those regarding airport infrastructure, in most cases,
function effectively and successfully only if all of the corresponding elements function
effectively and successfully. In their research [1,2], note that improper and insufficient
logistics infrastructure is the second most important factor affecting logistics. In [3], the
authors suggest a guidance model in the case of accidents or disorders which limit the
function of logistics (including those regarding airport) infrastructure. The extraction of
such data is generally linked to automated procedures, and the demand for their prompt-
ness, exactness and availability at any time encourages the development of systems which
allow automated extraction and processing in real time [4—6].

Aircraft traffic has a significant role in the global economy [7]. The authors of [8] point
out that improving airport infrastructure can reduce air traffic costs by up to 15%.

Traffic safety is key in aircraft traffic. Most international organizations work to provide
traffic safety in aircraft traffic. Everybody is aware that a high level of safety provision
in aviation means a safe and uninterrupted occurrence of aircraft traffic. Due to this, it
is necessary to unify, as much as possible, all the procedures which are related to provid-
ing traffic safety and establish the generally well-established procedures (methodology).
Considering the need to design a global safety plan, the International Civil Aviation Or-
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ganisation (ICAO) proposed that the following groups of events cause the highest risks to
disorder development in aircraft traffic [7,9]:

e  events on the area intended for aeroplane landing and take-off, and in their surround-
ings;
events related to loss of control over the aircraft while flying;
events while flying in the take-off or landing phase.

The present article considers in detail the first group of events, which can occur on the
runway and in its surroundings. Among others, in this group belong the following events
with a high level of risk to develop disorders and which are directly connected with the
stage (status) of runways flatness:

e unusual contact with the runway when landing—rough landing (hereinafter: ARC);
e the trip from the runway (hereinafter: RE);
e loss of control over the aircraft on the runway or taxiway (hereinafter: LOC-G) and
e  collision with the obstacles when aircraft take-off or landing (hereinafter: CTOL).
RE events present the biggest part of plane crashes and often surpass 25% of all plane
crashes in commercial flights [7,9-11]. Deformations on the runway pavement surface
obstruct pilots” aircraft management and cause onboard vibrations, which makes it difficult
to correctly read the measure instruments, cause mechanical defects on the aircraft and
diminish the contact of the tire with the floor, which affects the correct action of the braking
system. Most difficulties present dents and the production of aquaplaning [12].
Therefore, the safe occurrence of aircraft traffic is, to a great extent, connected with
providing safety on the runway and its surroundings [13-17]. In order for these disorders
to be limited and diminished to the greatest extent possible, the runways must also be in
the best possible state (adequately maintained). Runways must provide adequate load
capacity, good surface friction and a smooth aircraft run. All of these demands depend
on adequate runway maintenance. Well maintained runways are very important for safe
aircraft take-off and landing [18].

2. Related Works
2.1. Monitoring the Runways” Conditions

Detection of runways’ unevenness and determining their shape, dimensions and
the causes of why these occur is a complex process which demands an interdisciplinary
approach [19]. The interdisciplinary approach to problem solving is used in many modern
scientific types of research, since it is necessary to research the exposed issue from a number
of aspects. Recently, automated extraction and spatial data processing on roadway and
runway unevenness are the subjects of many types of research [20-26]. The authors, in
research, mainly focus on interpretation, pavement surface and runway analysis and the
development of algorithms for automated recognition or extraction of unevenness (cracks,
holes etc.) from the recordings, determining the dimensions of the unevenness (width
and depth) and their classification [27-29]. The use of geodetic methods in determining
the vertical deviations and detecting deformations on runway surfaces and predicting the
occurrence of new deformations is not yet sufficiently researched and not many research
pieces on this topic can be found in the open literature [30].

2.2. Management Information Systems

Airports are large, complex, dynamic systems which are constantly under the influ-
ences of internal and external participants. This demands the effective management of all
processes which are necessary for uninterrupted airport function. The authors of [31-35]
researched the use and prevalence of some information systems which are used at airports
in the United States of America on the aerial and terrestrial parts of the airport. They note,
in the research, that there are many types of information systems which are management
support. The airports’ equipment with them is very different and, to the greatest extent
possible, it depends on the airport purpose and size [36]. In the 1990s, the Airport Associ-
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ation Council International showed the need to establish information systems intended
for management maintenance; the authors of [37] also note that the establishment of such
information systems is key for effective maintenance.

In the present work, we discuss the maintenance area, we focused in detail on lo-
gistics infrastructure maintenance the runway maintenance and the development of the
process decision-making model, which will support basic maintenance process and direct
participants in the maintenance process, and will also be used as management support for
decision-making regarding the airport infrastructure maintenance area, mostly in runway
maintenance. Infrastructure conditions data are a critical part of such models, which are
extracted with measurements in the field [38,39]; in addition, the selection of the pro-
cess decision-making models must be based on qualitative data the on the state of the
infrastructure. Due to this fact, we focus in detail on the process decision-making model
development in order to determine the deformations of the runways; we integrated it into
the process decision-making maintenance model. This was necessary to establish Airport
Pavement Management System (APMS). In the development of the APMS, we considered
the demand that it mostly needs to be useful on smaller airports:by its extent, as well
as the loading, and that it allows collecting, storing and maintenance of more types of
measurement data and analysis performances.

APMS and PMS are built from six basic building blocks [40]: inventory of infras-
tructure characteristics (construction data, traffic data and infrastructure state data), the
assessment of the infrastructure state (for prediction the future states, alternatives, deci-
sion making), the database (overview the results, executed and planned activities), the
data analysis (choosing the optimal alternative), the results preparation (reports) and the
feedback.

For logistics transport systems management, the decision-makers have computer-
supported decision-making systems called Traffic Management Systems (TMS). Due to the
requirement of airport specificity, the Air Transportation System (ATS) have developed
parallelly. For adequate and timely road maintenance, the decision-makers use various
technical and economic analyses when creating the maintenance strategies which are
implemented in the Pavement Management System (PMS). Due to the airport specificity,
the APMS is also used for the need to create adequate maintenance strategies. These
include the procedures which are of help when evaluating and searching for adequate
maintenance strategies. APMS is used by many airports around the world [41,42].

PMS and APMS development are subjects of many types of research [43-46]. The
downside of the development of APMS is that it is intended mostly for larger and fre-
quently used airports, but not for smaller or less frequently used airports, e.g., the Maribor
Edvard Rusjan Airport, which is mostly intended for emergency flights, the performance
of exhibition, training and school flights. In all described systems, there is not a system for
automated unevenness detection on the runways and their evaluation. On the runways,
instances of unevenness can appear in the shape of a lift of the runway, cracks or other
dents, and all of these can affect safe landing or take-off of lighter aeroplanes. The biggest
problem that can occur is aquaplaning risks. The authors conduicted the automated detec-
tion of the dents with the help of a point laser displacement sensor and accelerometer. They
concluded that the biggest issues are in the accuracy of detecting the damage location in
the dependence of certain measure time intervals. The runways unevenness is the biggest
extent impact that increases the possibilities of suspension damage, the malfunction of
sensitive devices, uneven contact with the floor, cargo damage or even aeroplane damage.

2.3. Contribution

The research works in the field of identifying different methods and methodologies for
measuring unevenness at the airport runways have shown that the suggested method has
not yet been used or carried out. Furthermore, in runway maintenance, special attention is
given to larger, more burdened (also richer) airports which can implement larger financial
inputs into management information systems, which are of course available in the market.
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Automated systems for evaluation of runway state at smaller regional airports are not
detected. This is why the contribution of this article is provided with:

e achanged (adjusted) method for execution of the measurements of unevenness on
regional airports and

e an adjusted, sustainably inclined information system for airport infrastructure man-
agement on smaller regional airports.

3. Methods and Materials

The methodology to establish an automated system for monitoring and evaluating
runway unevenness was composed of the following steps:

e a critical analysis of valid demands for evaluating the runways’ unevenness;an
adapted method for measuring the runway’s state;
the analysis of (geodetic) methods;
the production of the adapted method suggestion;
the test of suggested method:

the execution of the measurements;
the recalculation and results evaluation.

an adapted information system for airport logistics infrastructure management:
the analysis of the possibility to upgrade existing information systems;

the suggestion and upgrade execution;

the test in a real environment.

Substantively, the research was executed in terms of a PhD thesis at the Faculty
of Logistics, the University of Maribor, and the fieldwork was executed at the Maribor
Edvard Rusjan Airport, Slovenia. The airport is a public international airport with the
reference code 4D and is, in terms of volume of turnover, among the smaller public airports.
The runway is 2500 m long, 45 m wide and has a load capacity PCN 86/F/A/X/T. The
measurements of the unevenness on the Maribor Edvard Rusjan Airport runway were
executed in agreement with the airport management.

The runway s state was found out with the help of a geodetic survey. For this purpose,
the vehicle with built-in geodetic sensors with which the state of runways was found out,
was made. The key geodetic equipment was a robotized total station RTS Leica Nova
TS50. With it, the moving towing vehicle on which the 360° prism was installed, was
observed. RTS Leica Nova TS50 has the accuracy which is complied with the ISO 17123-3
for measuring angles and is 0,5” and with ISO 17123-4 for measuring the lengths and is
0,6 mm =+ 1 ppm. All measurements were executed in a unified coordinate system.

The dual-frequency base GNSS receiver Topcon Hiper Pro was installed on the towing
vehicle, with which the coordinates of the driving trajectories were encompassed and
measured larger vertical unevenness were noted down. The data with RTS and GNSS
were encompassed with the speed of 6-10 readings per second which means that, at an
individual measurement at the constant speed of 6 km/h, on average, 7800 trajectory points
were measured. In terms of the research, we made three independent measurements of the
unevennessstate, which were later mutually analysed and compared.

The established geodetic net presents the geometric base of measuring of the run-
waystate. This is essential to consider the rules of planning geodetic nets which determine
that it is necessary to control the capture and data processing, consider the corrections of
measured quantities and use an appropriate balancing method [47,48].

Stabilized points of the geodetic zero net provide stability for a longer time, and with
optimal execution and multiple repetitions of the measurement (Figure 1).
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Figure 1. Basic (zero) geodetic net and GRID on the runway.

To provide as much accuracy as possible, three classic terrestrial dimension methods
were used: triangulation (the GNSS method which allows bonding on the national spatial
coordinate system D96 /TM), trilateration (a precise terrestrial method), and precise levelling.

The positional net balancing was executed based on the smallest squares method, with
the software package Columbus 4.6. The points position accuracy of the geodetic zero net
was estimated with standard ellipses of the errors [49,50] and with global accuracy mea-
surement [50]. When balancing the altitude net, the Earth curvature effect and systematic
environment effect were considered.

GRID (see Figure 1) presents a rectangular net of points of a mutual distance of 6 m.
GRID was used as the base in the benchmarking of individual dimensions with the trailer.
All relative deviations of individual dimensions are determined relatively based on the
GRID. The GRID dimension points were executed with a precise terrestrial method.

The running surface state measurement was executed with an assumption that the
object of observation (the runway) is still. Three dimensions for three meteorological
periods (low temperatures in January 2018, medium temperatures in April 2018 and high
temperatures in June 2018) were executed with the described equipment. Special attention
was given to the touchdown runway zone (Figure 2).

In measuring the running surface state, the object of observation was a trailer with an
installed 3600 reflective prism. The movement of the trailer was concerned as a kinematic
process, and the position of the trailer was executed with the GNNS method and with the
terrestrial cinematic dimension method. The robotized electronic tachymeter, Leica Nova
TS50, followed the movement of the trailer and noted its position with the frequency of
10 measured positions in a second. Supernumerary measurements, which provide classic
balancing of geodetic observations, were executed [51].
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Figure 2. Measured positions of the trailer in the third time dimensions.

3.1. Determination of the Vertical Deviations

The direct comparison of measured points in more various time dimensions and with

the condition that the points, according to the position, do not coincide, is not possible [52].
With appropriate processing of the point cloud (set of points), changes of the shape and
position of the observed object can be found.

The data processing of individual dimensions was executed in the following steps

and is described in more detail in [53]:

the calculation of the plain, measured through the points in individual time dimension:
the equation of the plain through the non-coplanar points according to the Moor—
Penrose inverse method;

the calculation of vertical deviations between individual dimensions and GRID;

the calculation of average vertical shift between individual dimensions.

The calculated values are shown in Table 2.
The algorithm for calculation of vertical deviations and graphical presentation of the

calculation results was made in the software package MATLAB R2019b. The software
LetMB.m is intended for the calculation of the regression plains and vertical deviations
and graphical display of results. The algorithm is executed in two steps [52,53]:

In the first step, with the use of pseudoinverse matrix or Moor-Penrose matrix inverse
for each time dimension, the parameters of regression plains—and in, hereinafter,
vertical deviations of these regression plains from the GRID—are calculated,

In the second step, individual time dimensions are mutually compared and vertical
shifts of regression plains between individual time dimensions are calculated.

At the execution of the measurements in the real environment, it is sensible to use at

least two independent measuring methods [54]. As a supplementary method, the estab-
lished geomechanics method was used: Falling Weight Deflectometer (FWD) (Figure 3).
With the help of this method, comparison and evaluation of the relevance of the suggested
method for monitoring the state of runways were allowed [53,55].
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Figure 3. Using FWD equipment.

3.2. Management of Irregularities on the Airport Runway

International organizations in the area of aviation—including the European Union
Aviation Safety Agency (EASA) in the documents Acceptable Means of Compliance (AMC)
and Guidance Material (GM) to Authority, Organisation and Operations Requirements
for Aerodromes in Certification Specifications (CS) and Guidance Material (GM) for Aero-
dromes Design and ICAO in the document Annex 14, among others—also prescribe the
permissible presence of irregularities (dents and bulges) on runways and other surfaces
intended for aircraft moving. On the surface, there must not be unevenness in the shape of
bulges higher than 1.25 cm, measured with a 3 m long crossbar in any direction and dents
deeper than 3 mm, measured with the 3 m long crossbar in any direction, which can be
filled with water.

This demanding method is based on manual work; due to that, the method is unreli-
able, time-consuming and financially extensive. The key disadvantage of this method is
that unevenness is not located in a unified coordinate system.

Due to the obsoleteness of the demanding but valid method, it was determined in the
terms of the research that the measuring procedure, and consequently, the evaluation of
the runway state (unevenness) is attempted to be automated. It was necessary to repeat-
edly study the strategy of evaluating the measurements results with modern measuring
equipment and provide the methodology for making the adapted information system for
the airport logistics infrastructure management.

The basis with which to establish the adapted information system presents the fact that
the maintenance of the runway must be performed periodically, at short-term, middle-term
and long-term plans, which are known in advance, with known equipment and methods,
with the intention to as well as possible, with as little procedures as possible, with as little
congestion as possible, and in an economically favourable way maintain the runways in
the best condition. An overdue restoration of the deformations causes them to appear in
the bigger extent, which consequently means that maintenance or renovation costs are
bigger, and time necessary for renovation is longer [56-59]. Due to safety and economic
reasons, it is necessary to constantly maintain the runways in an optimal state. The runway
life expectance is approximately 20 years, but with proper and timely maintenance, this
can be extenced to 40 years [59].

Extensive and prolonged renovations of the runways cause the closure or limited
function of the runways, which can mean a failure in revenue from the principal activity
for the airport manager. Furthermore, airline costs during the renovation forces the aircraft
to ground or for an alternative location to be found, not to mention that the costs due to
the delays occurred in the air traffic increase as well [60].

In developing the adapted information system for the airport logistics infrastructure
management, the following assumptions were made:
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e the measurements of runway unevenness need to be executed with modern geodetic
equipment which provides the measurment in the unified coordinate system, high
accuracy and repeatability of the measurements;

e avariable state of the airport logistics infrastructure is established, which is easily
and uniquely determinable based on the executed measurements with the modern
geodetic equipment;

e the strategy of airport logistics infrastructure maintenance is determined or suggested
based on the executed evaluation of the state of the airport logistics infrastructure.

The final product is in the shape of the adapted information system prototype for the
airport logistics infrastructure management. This was created in the software environment
Bizagi Modeler, 3.6.0.044 version and was planned with a BPMN standard modelling
technique, which is process-oriented and intended for the software development [61,62].
The conceptual model was made in the shape of LetMB high-level diagram.

4. Results
4.1. Monitoring the Runways State

The mathematical model to calculate vertical deviations and graphical presentation of
the calculation results is made in the MATLAB R2019b software package. For this purpose,
the LetMB.m programme was made, which is intended for the calculation of regression
plains, vertical deviations and graphical display of the results. The calculation was made
in two steps.

In the first step, for each time dimension, the calculation of the regression plain
parameters and vertical deviations of regression plains from GRID was made. The results
are shown in Table 1 for all three-time dimensions.

Table 1. Parameters of regression plains R1, R2 and R3 and their evaluated accuracy.

Parameters of Regression Plain a b c D
Ry —0.011018 —0.005116 1 0
Ry —0.017345 —0.004878 1 0
R3 —0.011022 —0.005113 1 0

The accuracy of the regression

plain parameters [m]

Ry 1.6810 x 107> 1.2756 x 1072 1 1
R, 0.9783 x 1075 0.7669 x 10> 1 1
Rs 1.5154 x 107° 1.1416 x 107 1 1

In the second step, the vertical shifts of regression plains between individual time
dimensions were calculated. The comparison results are average vertical shifts of regression
plains between time dimension. In Figure 4, only the results of third-time dimension are
graphically displayed. On the left side, the results of the whole area of the processing are
displayed and on the right is the detail. With the colour scale, the values of the difference of
the average vertical shift between the compared plains are shown. The red coloured areas
show that the deviations are positive (regression plain is above the GRID—bumps) and
the blue coloured areas show that the deviations are negative (regression plain is below
the GRID—holes). In the case of third time dimension measurement, the biggest deviation
detected was in the value of 0.51 cm. The analytical results of the all time dimensions are
shown in Table 2.
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(a) (b)

Figure 4. LetMB.m results: Surface of the deviation of time dimension measure R3 from GRID
(hole—blue colour; the biggest bump—red colour); (a) The difference of compared plains; (b) Detail.

Table 2. Vertical departures between individual time dimensions measures.

. J Descent
Vertical Departures A (m) A (cm) + Ascent
ARl/RO max 0.00639 0.64 plane T
ARl/RO min —0.03274 —3.27 plane \L
ARl/RO avg —0.01219 —1.22 plane \L
AR2 /R0 max 0.00923 0.92 plane 1
ARZ/RO min —0.02787 —2.79 plane \L
AR2/R0 avg —0.00885 —-0.89 plane |
AR3/R0 max 0.00510 0.51 plane T
AR3/RO min —0.03124 —3.12 plane J,
AR3/R0 avg —0.01083 —1.08 plane |

Note: | represents negative displacement or descent of the plane and 1 represents the ascent of the plane.

Later, with the purpose to determine the runway road surface value assessment state,
we tried to implement the requirements of evaluating the runway state the according to
ICAO (see Figure 5).

It was concluded that the ICAO demands in the computer environment cannot be
used directly.

It was seen from the Figure 5 that the distance between the peaks of the deviations
of individual time dimension measures from the demanded GRID was even up to 10 x
bigger than the ICAO demands, and the graphical analysis of the peaks (red encircled area
in Figure 5) shows that even on shorter distances—assessed under 5 m—the deviations of
the value of one equidistance (0.005 m) can be detected which very likely exceeds the other
ICAO demand.

In Figure 5, the distances between the areas of the biggest vertical deviations in the
case of the third time dimension measure in the touch-down area are shown. The biggest
detected deviations on the concerned area were 3 cm (dark blue colour), the distance to
other peaks of areas with the highest deviation was, on average, 29 m.
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Figure 5. The distances between the areas of maximal vertical deviations in the third time

dimension measure.

To update the obsolete evaluation system, it is suggested that, as the base for eval-
uating the runway state, the value of evaluated vertical deviations are obtained based
on executed measurements and analysis, as it is suggested with the adapted method to
monitor the runways state.

The airport logistics infrastructure maintenance strategy of smaller regional airports
is determined in compliance with graph on Figure 6 as:

execution of basic measurements (zero net establishment of, the first time measure-
ment), establishment (upgrade) of information system for airport logistics infrastruc-
ture maintenance on smaller regional airports (IMR)—basic condition for maintenance
system to function;

evaluation of assessed vertical deviations and determining the value of variable
condition of airport logistics infrastructure (SLL) on the touch-down area:

SLL = »great«: no indentation bigger than 1 mm and no lifts of the runway surface
bigger than 1 cm is not detected,

SLL = »good«: no indentation bigger than 3 mm and no lifts of the runway surface
bigger than 2 cm are not detected, the SLL demand = »great is exceeded«;

SLL = »satisfactory«: no indentations bigger than 5 mm and no lifts of the runway
surface bigger than 3 cm is not detected, the SLL demand = »good is exceeded«;
SLL = »bad«: no indentations bigger than 10 mm and no lifts of the runway
surface bigger than 5 cm is not detected, the SLL demand = »satisfactory is
exceeded;

SLL = »very bad«: no indentations bigger than 15 mm and no lifts of the runway
surface bigger than 7 cm, the SLL demand = »bad is exceeded«;

SLL = »inappropriate«: detected indentations bigger than 15 mm and lifts of the
runway surface bigger than 7 cm,

intervention based on the evaluation of the airport logistics infrastructure state on
smaller regional airports—Figure 6;

the monitoring is performed in regular periodical overviews every 5 years or since the
last complete renovation or last larger maintenance works (surfacing).
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great O The maintenance is
,,,,,, notneeded 7%
good The preventive maintenance
satisfactory The preventive maintenance

Larger maintenance

The runway condition

bad works (the surfacing)
Larger maintenance
very bad 4 works (the surfacing)

5 The complete renovation
inappropriate

T ]
The grade 10 20 30 40

The runway'’s life expectancy (year)

Figure 6. Intervention based on the evaluation of the airport logistics infrastructure state on smaller
regional airports [53,56,57].

The proposed model for assessing airport infrastructure conditions has been tested.
Figure 7 shows the result of the assessment of the condition of the test runway based on
real time data of the third time dimension measure. All analyses were perform in QGIS
v 14.0 with tools of vektorisating and labelling polygons. As expected, the condition of
airport logistics infrastructure (SLL) is inappropriate in the area of touch down where, in
the event of rain, it could be expected larger puddles will appear right at the place where
the aircraft needs the greatest possible grip when landing.

Monitoring (IMR) is based as a sub-process in the maintenance process (APMS-MB).
In the monitoring process, the external geodetic measurements’ executant, according to the
foreseen plan, executes measurements and writes the measurements results into the central
database (»CB-LetMB«).

The results shown were also confirmed with supplementary measurements.

The Visualization of Results of the Monitoring with the Use of Augmented Reality

Since the preliminary analysis, we set an indirect goal which claims that the results
of the model will be shown in a way that it will be presented to the user from a different
perspective and provide them with some kind of ambient experience. AR-technology
allows the data overview in a real environment or allows one to view the data in the
interaction with the real environment.

The application was tested in February 2020. The outlines and surfaces of vertical
deviations (2D) on the processing area were displayed in the interaction with the real
environment. In practice, it means that the mobile device on which the real environment
was displayed was directed towards the processing area on the runway and at that moment,
on the mobile device’s screen, the contours and areas of vertical deviations were displayed.
It is shown, in Figure 8, how the user sees the real picture of the runway, augmented with
the outlines and areas of vertical deviations.
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W . 0-great (-1 mm; 1 cm)
v 1 - good (-3 mm; 2 cm)
v 2 - satisfactory (-5 mm; 3 cm)

v 3-bad (-1 cm; 5 cm)

W 4 - very bad (-1,5 cm; 7 cm)

W . 5 - innapropriate (<-1,5cm, =7 cm)

(a) (b)

Figure 7. Conditions of airport logistics infrastructure (SLL) on the touch-down area: (a) Evaluation of SLL, (b) Detail.

Figure 8. Left: visualisation of the monitoring results with the AR use; Right: visualisation of the
monitoring results with the AR use (the detail display).

The testing was uninterrupted. The communication with the server and data transfer
was executed as expected. At data transfer, no difficulties were expected since the quantity
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of transferred data was small. The application was first tested with the used of external
GNSS and then with the use of internal GNSS, which was built-in in the mobile device.
The accuracy of data displaying with the use of external GNSS was estimated on ten
centimetres, and the accuracy of the data display with the use of internal GNSS was much
worse and was estimated to approximately one meter. AR use aimed to display areas of
vertical deviations and non-accurately show the position of an individual deformation;
therefore, it is estimated that the meter accuracy of the data display is appropriate.

The graphical data on areas of vertical deviations and deformations, and especially
their visual presentation in interaction with the real world, is in our opinion key in decision-
making about the way and extent of the execution of maintenance or renovation works.
The visualisation of graphical data with the use of advanced technologies, among them
the AR, allows the decision-makers better data presentation and analysis results and
allows the overview and interpretation of these data in a real environment without other
professionals being presented (designers, builders, geodesists, etc.) As it is shown in
Figure 8, the decision-makers, or all who overview and analyse the data, overview them in
a real environment or interaction with it.

4.2. The Expanded Innovative Model for the Continuous Monitoring of the Runway’s
Deformations

The monitoring (IMR) was, hereinafter, expanded with new actors, since the incorpo-
ration of additional supplementary measurements with which runway deformations can
be detected or confirmed is intended. Thus, the expanded BDP-monitoring (IMR all), in
which the geodetic measurement executant and supplementary measurement provider are
included as outer actors, was created and shown in Appendix A Figures A1-A3.

The monitoring results (IMR all) are determined areas of vertical deviations, which
are a combination of findings based on the visual runway check-up, the results of used
geodetic method and the results of supplementary method, which is shown in [53]. The
areas of the deformities can be shown as 2D contours of the plane of deviations from the
regression plane, as a 3D plane of deviations from the regression plane or on a plate in a
real space.

5. Discussion

Airport runways are exposed to the function of external and internal forces; therefore,
they must be regularly checked and properly restored. For this purpose, on the airport
in Maribor, which is not exposed to heavy air traffic, we executed the research of the
runway unevenness with a geodetic survey, which is fast, accurate and economic. The
measurements were executed in four time periods. The first measurement presents a
comparative surface—GRID. The obtained results were processed and displayed in two
different ways which offer similar results. The biggest vertical deviations from GRID are
obtained in the third time dimension which was also used as the comparative one. With
both methods, we got the biggest deformations on the same places of the runway, which
proves the applicability hypothesis of various methods for measuring the unevenness state
on the runways.

Later, the adapted management information system was developed, and with the
help of the suggested automated system of evaluating the detected unevenness state on
the runway, the execution of proper measures can be suggested. Parallelly, maintainance
strategies and instructions which would need to be implemented in the case of it certain
airports decide to use this method were developed.

Since the subject of the research was tested and applied only at the certain regional
airport (Maribor Airport, Slovenia), where we concluded that the execution of suggested
measures is possible and feasible, it is sensible to later test the suggested measures also on
the other comparable airports.

In terms of the research, it was concluded that a generally valid and used evaluation
system of unevenness is not appropriate for use in a computer environment [7]; therefore,
the new adapted suggestion of evaluation was developed, which would be sensible to
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check in the wider experts public and according to the executed developed procedures,
based on the normative provisions, place into official documents.

6. Conclusions

Computer-supported tools are also becoming more and more effective in the areas
where, for whatever reason still (at least in the normative sense), the evaluation principles
which were exposed in the middle or at the end of the 20th century are still valid. With the
executed research, we have shown and proven that runway unevenness can be measured
with modern tools, and the obtained results can be directly used in sustainably directed
information systems for runway management on smaller regional airports.

In order to enable the measurement of the runway condition in geodetic accuracy,
a vehicle with sensors was manufactured as part of the research. With the help of the
vehicle, the vulnerability of the runway was measured in such a way that the results of
the measurements are given with geodetic accuracy and transferable (digital record). The
measurements themselves were performed during the closure of the test airport, and the
method itself is made in such a way that it is not time consuming. A similar approach is
not observed in the present literature.

The measurement results were computer-processed using our own algorithm (MAT-
LAB) and compared using existing free geographic information system (QGIS) algorithms.
The condition of the airport infrastructure was assessed on the basis of the difference
found between the actual condition of the runway (time dimension measure) and the
original constructed condition (GRID). From the point of view of monitoring the condition
of runways, depressions or holes (the measured plane is below the GRID) may represent
those conditions that could be problematic and would need to be monitored to ensure
traffic safety.

In order to enable work with the available measurement results and the process of
assessing the condition of the flatness of the runway in question in the field, a computer tool
for smartphones was established. It allows the decision-makers better data presentation
and analysis results and allows the overview and interpretation of these data in a real
environment without other professionals being presented.

The used computer aided approach provides as much accuracy as possible, repeata-
bility of measurements and thus professional credibility in the evaluation process of the
runway unevenness state. Finally, considering the sustainability principle and runway life
cycle, the innovative model of sustainable runway management was made; its use provides
proper control of the runway state and proper professional action in the case of detected
deviations.

With the suggested type of management, the always-useful runways state, the opti-
mum recovery of airport infrastructure at minimal maintenance finance inputs and the
most safe and efficient occurrence of air traffic at the airports is provided.
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