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Executive Summary
This document, titled “Conceptual framework for remote sensing based RI
monitoring”, is the deliverable of T5.1 “Development of a conceptual framework for
routine open road corridor monitoring using vehicle- and drone-based sensors,
coupled with satellite observation”. The goal of the document is to develop a
conceptual remote sensing monitoring framework that will be able to monitor a road
corridor efficiently and comprehensively.
The structure of the document is as followed:
- Chapter 1 describes the purpose of this document, the intended audience and
the interrelations between this document and others within WP5 (“Earth
Observation, Sensor Data and Geospatial Services for increased resilience of
the RI”) or others within PANOPTIS.
- Chapter 2 explains the importance of resilient and sustainable transport
infrastructures.
- Chapter 3 outlines the challenges of current monitoring frameworks and thus
explains the limitations that a new monitoring framework should overcome.
- Chapter 4 describes state of the art monitoring technologies. These include
state of the art platforms, sensors or processing techniques.
- Chapter 5 described the components that should be considered in a monitoring
framework in order to overcome the limitations described in Chapter 3 while
utilizing the technologies described in Chapter 4.
- Chapter 6 presents version 1.0 and version 2.0 of the conceptual monitoring
framework. Version 1.0 is non-dynamic and does not consider practical and
functional constraints. Version 2.0 is dynamic and does consider the practical
and functional constraints of a monitoring framework.
- Chapter 7 draws conclusions.
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1 Introduction
1.1 Purpose of the Document
This document contains deliverable (D) 5.1 “Conceptual framework for remote
sensing based RI monitoring”. D5.1 is the first deliverable within work package (WP)
5 of the PANOPTIS project. It is a compilation of the work done in task 5.1
“Development of a conceptual framework for routine open road corridor monitoring
using vehicle- and drone-based sensors, coupled with satellite observation”.
The objective of this task is to define a detailed concept of how four different
levels of remote or in situ sensing, including a variety of sensors, can be used
optimally for routine monitoring of transport infrastructures (TI) in routine and postevent damage mapping. The four different levels of remote sensing include satellite,
unmanned aerial vehicle (UAV), vehicles and ground-based sensing. To match
specific monitoring needs, optimal use is made of different sensors (active and
passive).
The conceptual monitoring framework presented in this document will detail
the information needs in routine and post-disaster scenarios. In addition, the most
optimal combination of remote sensing platform and sensor (optical, thermal, SAR,
LiDAR) is presented.

1.2 Intended audience
This document is public and can be accessed by any interested stakeholder.
Envisioned stakeholders include amongst others the PANOPTIS end users. These are
road operators, who are agents in the monitoring process and monitoring information
consumers. The stakeholders in the PANOPTIS consortium are ACCIONA
Construccíon S.A. and Egnatia Odos AE who are responsible for maintaining the road
corridor. Other envisioned stakeholders are those interested in consuming monitoring
information to produce information products. These may include health and hazard
assessment modules who need monitoring information to provide up-to-date
vulnerability, risk or hazard assessments. In the PANOPTIS consortium, the MultiHazard Vulnerability Modules developed within WP4, and the Holistic Resilience
Assessment Framework (HRAP) developed within WP6, are examples of such
stakeholders. Monitoring information such as land use maps may be used by WP3.

1.3 Interrelations
The output of PANOPTIS D2.1 “End user needs and practices” serves as the guiding
principle while writing this document. D2.1 details the monitoring practices of the
PANOPTIS end users. More importantly, it lists specific hazards, disasters and
common sources of degradation that push the current monitoring practices to its
limitations. It therefore directly informs the limitations and challenges which the
monitoring framework in PANOPTIS should overcome, such that PANOPTIS can
facilitate the daily work procedures of the end users.
Within WP5, D5.1 directly informs the remaining tasks in WP5 by
conceptualizing the role of these tasks within the monitoring framework. D5.1 is
linked to D5.2, by conceptualizing how to deploy satellite and drone monitoring
capabilities. It is linked to D5.3 by conceptualizing how to use multi-sensor data for
degradation assessment. It is linked to D5.4 by conceptualizing how to assess
degradation in different disaster scenarios. It is linked to D5.5 by conceptualizing the
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functional requirements of an operational monitoring framework. Lastly, it
conceptualizes how to exchange monitoring information with the Multi-Hazard
Vulnerability modules developed in WP3 and WP4, and with the HRAP developed in
WP6 (Figure 1).

Figure 1. Interactions between the WPs in PANOPTIS.
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2 Resilient and sustainable infrastructures
Road infrastructure (RIs) play a vital supporting role in the economy and society.
They increase productivity by connecting economic sectors, and they ensure safety,
security and health by connecting society with critical structures such as police
stations, fire stations and hospitals [1], [2]. Because of their importance, RI is
required to be safe and operational for a prolonged period of time [1]. These
requirements can be translated to a performance index (PI) [3]. General ageing due to
natural deterioration and anthropogenic wear and tear gradually lower a RIs PI. The
time from initial construction to when a RIs PI drops below acceptable safety
thresholds, is its service life.

Figure 2. Estimated service life and performance index with and without monitoring [3].
Without monitoring, service life is wrongly estimated. Monitoring shows that the actual
service life is much shorter.

Sustainability and resilience influence the PI of RI. Sustainability is the ability
of a system to maintain a certain PI level for a prolonged period of time [1]. RI
elements are sustainable when, 1) they can meet service requirements such as traffic
volume and flows; 2) they can withstand natural hazards such as floods or
earthquakes; 3) they can withstand natural deterioration such corrosion, cracking or
general ageing. More recently, sustainability requires RIs to 4) minimize life-cycle
costs, and; 5) minimize the impact on the environment [1], [4]. In short, the more
sustainable a system, the longer it takes before this level drops below acceptable PI
thresholds [1]. Resilience is the ability of a system to adapt to sudden disruptive
events in order to reach or maintain an acceptable PI [3]. RI is resilient when 1) they
can resist or adapt quickly to disrupting events or changing conditions; while 2)
providing a continuously safe and reliable level of service; 3) minimizing disruptions
for its users; 4) minimizing the RI recovery time and; 5) minimizing rehabilitation
costs [3]. In short, a more resilient RI has a shorter recovery time after disrupting
events and shows less loss in performance. Sustainability and resilience influence the
performance level of RI not only by themselves, but also in conjunction (Figure 3).
The less sustainable a system, the less resilient and vice versa.
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Figure 3. Resilience and sustainability of structures [1].

The resilience and sustainability of RIs are experiencing increased pressure,
lowering the service life of RIs. Accelerated RI degradation is the main culprit. There
are several reasons for accelerated degradation. First, climate change is expected to
accelerate degradation caused by continuous processes and by more frequent extreme
events [5], [6]. Continuous processes such as increased average temperatures in
summer and winter are linked to increased road surface degradation [5]. Extreme
climate events such as extreme droughts or extreme rainfall events are linked to
increased landslide, rock fall or flood events, damaging RIs [5], [7]. On top of that the
costs of weather related maintenance in Europe is estimated to increase from 8-13
billion per year to 50-192 billion Euro per year in the period of 2040-2100[5]. A
similar rise in socio-economical costs related to climate induced RI degradation is
expected [6]. In recent years, research towards climate-change resilient RIs has been
initiated around the world. RoadAPT for example, has identified the major climate
related threats in collaboration with end-users (road operators) [8]. The Smart
Transportation Alliance has proposed a risk mitigation methodology [5]. Secondly,
most RIs are reaching the end of their designed service life. Most European highways
and critical assets (bridges, overpasses and tunnels) were designed and constructed
during a decade of rapid expansion between the 1960s and 1970s [9], [10]. The
service life was designed to be between 50-100 years [11]. Now that they are reaching
the end (or the second half) of their service lives, more km or RI need to be inspected
to make sure that they are still safe. Finally, RIs were designed while considering a
projected anthropogenic usage of RIs, which does not match the actual usage. This
mismatch accelerates the rate of RI degradation [10], [12]. Increased traffic intensity
is linked to increased wear and tear of road surfaces. Between 1965-1978, traffic
intensity increased by 130% due to an increase in personal car ownership and a
growing industrial fleet [10], [13]. In 1979 and 2016, 55% and 75% of inland freight
was transported by road respectively [13], [14]. The average weight of freight (freight
in tonnes per km road (t/km)) almost doubled to 140 t/km in 1979 compared to 1965
[14]. Most importantly, average traffic loads increased [8, 10]. In particular, the load
on the axles of trucks, the central bar to which the wheels are attached, have been
linked to increased structural damages. Axle loads heavier than 7.25 t have found to
contribute for 86% to structural damages by exerting transverse forces (perpendicular
strain) to the roads surface [15]. Increased structural damages are expected since
modern axle loads may reach 10 to 11.5 t [16]. For the reasons described above, it
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becomes clear that the sustainability and resilience and therefore the PI of RIs is under
increased pressure.
There are real world examples showing the consequences of accelerated
degradation. In the Netherlands, several examples exist where infrastructure elements
had to be maintained earlier than expected. In the 1980s, the load bearing capacity of
several concrete bridges and overpasses showed to have been overestimated for two
reasons [10]. These concrete structures were insufficiently reinforced with steel or
the steel elements were at risk of corrosion putting the bridge at risk of cracking or
fatal collapse. Moreover, steel bridges and overpasses were found to be extremely
sensitive to increased axle-loads [10]. Consequently, building standards were
adjusted. Suddenly, 60% of these assets did not meet these new standards and had to
be refurbished [10]. In 1997, seven years after construction, the steel deck of the van
Brienenoord-bridge showed signs of fatigue due to excessive strain. The deck needed
to be replaced. In 2016, after conducting crack and strain measurements, the
Merwede-bridge was estimated to have a remaining life-cycle of 6 days [17]. The
bridge was closed immediately to trucks weighing more than 3 tonnes. After a
restoration period of 2 months, the bridge was reopened for trucks. Whereas these
damages were noticed in time, there are examples of damages that went along
unnoticed. The collapse of the I-35W highway bridge in Minnesota (United States) in
2007 is an example. The collapse caused 13 fatalities and 145 injuries. The accident
report showed that it collapsed amongst other things due to wrongly designed load
bearing structural elements, failed inspections which did not perceive steel distortions,
and wrongly estimated traffic loads [18]. Another catastrophic failure took place in
Portugal 2001 when the Hintze Ribeiro bridge collapsed, killing 59 people.
Investigations suggest that the collapse was induced by two decades of sand
extraction that compromised the stability of one of the bridges pillars. Warnings by
technicians and drivers were ignored [19]. The most recent example is the partial
collapse of the Morandi bridge (Genoa, Italy) in 2018 that killed 43 people. Although
the causes are still being investigated, early assessments suggest that failed design,
questionable building practices and failed maintenance are the main culprits1. These
examples show the importance of accurately monitoring signs of degradation and
well-chosen structural responses, such that the PI of RIs can be accurately estimated.
Monitoring and inspections plays an essential role in maintenance operations.
Monitoring information informs road operators on the status of critical assets in the
road corridor and thus on the PI of RIs. Figure 2 illustrates this idea. It shows that
without monitoring, the service life is wrongly estimated. Monitoring would show
that the service life is in reality much shorter [3]. Estimating the correct service life
and PI of RIs is vital to keep RI users safe. Moreover, it can help road operators to
make informed decision on maintenance operations. Monitoring allows maintenance
operations to be carried out before PIs drop below defined thresholds. Despite its
importance, there are limitations in current monitoring frameworks which constrain
the speed and scale on which monitoring can be carried out. A detailed description of
these limitations can be found in Chapter 3.
In summary, the safety of RIs is under accelerated pressure due to accelerated
degradation caused by various factors. Monitoring can inform involved stakeholders
on the state of the RIs by providing up to date and accurate monitoring information.
1

https://www.engineering.com/BIM/ArticleID/17517/Italys-Morandi-Bridge-CollapseWhat-Do-WeKnow.aspx
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The remainder of this report conceptualizes how to apply monitoring to acquire
degradation information in a road corridor. State of the art monitoring protocols and
processing techniques are envisioned with a focus on visual signs of degradation and
remote sensing techniques. They are illustrated using the PANOPTIS pilot sites as
practical examples. The remainder of this chapter introduces the various types of
degradation that can be found in the road corridor. Chapter 3 describes the challenges
in conventional monitoring frameworks. Chapter 4 describes state of the art
monitoring platforms and techniques. Chapter 5 will introduce the degradation and
problematics encountered in the PANOPTIS pilot sites. Chapter 6 outlines the
conceptual monitoring framework.

2.1 Road corridor degradation
Degradation of RIs can be the result of various degradation processes, which can
originate from various sources. Degradation processes can be categorized as natural or
anthropogenic degradation. Moreover, degradation can be a continuous process or a
sudden event. Continuous processes continuously exert influence on the RI and have
an undefined start or end in time. Events are sudden, and start and end at a defined
moment in time. Anthropogenic processes include traffic load or volume described
previously. Example of anthropogenic events are traffic accidents or terrorist attacks.
Natural degradation processes include general decay or ageing.
Generally,
meteorological factors such as temperature cycles, precipitation or wind influence
these processes. Precipitation for example, can infiltrate RIs causing corrosion or
destabilization. It can undercut roads or wash away loose road surface aggregates.
Freeze-thaw cycles can cause the expansion and retraction of road surface aggregates,
inducing cracking. Natural events include extreme precipitation, floods and droughts.
Natural events could harm RIs with side effects. Extreme precipitation or earthquakes
for example may trigger landslides, potentially blocking or damaging the RI, lowering
its PI [20], [21]. Wind gusts, in combination with anthropogenic loads could trigger
bridge failures [12]. Considering that degradation can originate from areas outside the
main RI, to obtain an accurate and holistic overview of the health of the main RI and
the road corridor, PANOPTIS argues that the complete road corridor should be
monitored.
Table 1 shows examples of elements in the road corridor that should be
monitored, and the kind of degradation processes they induce.
Table 1. Examples of road corridor elements and affiliated degradation processes.

Element
Secondary feeding roads
Tertiary feeding roads
Road furniture
Slopes
Slope failure mitigation measures
Urban areas
Water bodies
Vegetation
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3 Challenges in current monitoring frameworks
As explained in Chapter 2, more RIs are suffering from accelerated degradation due to
climate change, a mismatch between design and actual usage and because they reach
the end of their service life. Monitoring is required to inform on the actual health of
the RI. However, there are limitations in current monitoring frameworks, which
prohibit effective monitoring. This chapter will explain these limitations.

3.1 Slow and subjective monitoring
Conventional RI monitoring is slow, subjective and unrepeatable since it is based on
visual inspections and expert knowledge [22], [23]. Visual inspections are either
carried out from a moving vehicle at slow speeds or during road closures. Experts aim
to assess the percentage of perceived ravelling over 1 square meter, the width, length
and height differences of cracks, the density of traverse or longitudinal cracking, the
amount of blemishes and missing or faulty joint fillers [22]. Two experts are unlikely
to make the exact same observations [24]. An ideal monitoring framework would be
fast, unambiguous and would be able to reach or surpass the current accuracy and
precision values obtained by visual experts.

3.2 High-cost commercial monitoring
State of the art commercial RI monitoring solutions make use of lasers for road
surface profiling. Inspection vehicles or so-called Mobile Mappers (MM) are
equipped with a traverse laser profiler. The profiler estimates the distance to the road
surface by measuring the time it takes for the emitted laser signal to return to the
profiler. State of the art commercial solutions are the Automatic Road Analyser
(ARAN) and Laser Crack Measurement System (LCMS) [25], [26]. When the profiler
samples a low number of points, there is a risk of missing local minima or maxima
(Figure 4) [27]. This makes identifying damages difficult since the profile is not
detailed enough. Yet ARAN and LCMS use a dual laser system that significantly
reduces the chance of missing local minima or maxima. Even though, degradation
may be angled or non-perpendicular to the profiles. Therefore, the risk of missing the
local minima or maxima remains. The LCMS samples 4000 points along the traverse
profile (Figure 5). Using triangulation, they are able to profile the roads surface in 3D
in high resolutions. The LCMS reaches horizontal and vertical resolutions of 1 mm
and 0.25 mm respectively. Using 3D processing they are able to overlay images with
the observed damages. The diversity of damages they are able to detect is large:
cracking -including width, height and length-, rutting, ravelling, potholes and road
markings. Additionally they can calculate the roughness of roads, the International
Roughness Index (IRI) [26].
When roughness increases, the contact area between vehicles wheels and the road
surface decreases, leading to longer brake path distances and unsafe situations [28].
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Figure 4. Example of a low traverse resolution profiling system unable to generate a detailed
profile due to missing local minima [27]. Advanced commercial systems have higher
resolutions.

Figure 5. Laser Crack Measurement System (LCMS) with a dual laser system allowing to
profile cracks in high detail [27]

There are several disadvantages to these commercial solutions. The main
disadvantage is that their solution is no standalone system. It therefore needs to be
integrated into an existing inspection vehicle system which makes them relatively
expensive to set up [27], [29]. Moreover, the reported diversity in type and accuracies
of damages that can be perceived depends heavily on the set-up being equal of that
during the manufacturers testing conditions. Even more, the system needs to be
calibrated to each new environment. The current standard does not allow direct crack
type identification. This requires road operators to perform additional post-processing,
adding a step to the existing workflow. Lastly, anomalies in the dataset caused by
swerving motions of the inspection vehicle are corrected by referencing the complete
dataset to the outer road marker as the baseline. Swerving can therefore not be
corrected for RIs with absent or damaged road markers.

3.3 Non-holistic monitoring
No monitoring framework has been found which considers all elements in the road
corridor to provide a holistic degradation assessment. As explained before,
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degradation processes can originate or propagate into the main RI. Therefore, a
holistic monitoring framework is needed such that the overall health of RIs can be
estimated.
The non-holistic approach of conventional monitoring frameworks can be
observed in several aspects. In conventional monitoring frameworks, slope, road
surfaces and bridge inspections are standalone monitoring objectives. Each of these
elements however can inform about the state of other elements. Information from
combined inspections could inform about the overall state of the RI [22].
Moreover, in conventional monitoring frameworks, areas outside road embankments
are not explicitly considered. Information on the land use, topology or hydrology in
the area can provide additional information on the degradation processes in the road
corridor. Hydrological information can inform about the state of bridges or about the
susceptibility for floods. Finally, meteorological processes in the road corridor are not
considered. RIs may run through several climate regions and can therefore experience
a variety of meteorological processes and thus degradation processes. Small-scale
climate information could therefore help understand degradation processes in the road
corridor.
A lack of holistic monitoring could be explained by the fact that the elements
in the road corridor are owned and maintained by different stakeholders. The Ministry
of Public Works usually owns the main RI. They may have a maintenance but not a
monitoring responsibility [30]. Maintenance works are usually outsourced to subcontractors. These have a commercial incentive to keep maintenance costs low.
Therefore, including areas outside the main RI in their monitoring operations is of low
priority. Private landowners usually own areas outside the main RI. They are not
responsible for monitoring degradation processes in these areas that may affect the
main RI. The main limitation of creating a holistic monitoring framework would be to
incentivize these different stakeholders to collaborate.
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4 State of the art monitoring technologies
Developments in monitoring sensors, platforms and processing technologies, offer
new tools that have the potential to help overcome the limitations of current
monitoring frameworks described previously. This chapter will discuss how these
new technologies would fit in a monitoring framework.

4.1 (Hybrid) Unmanned Aerial Vehicles
UAVs are unmanned aircraft systems which are piloted remotely [31]. They can be
flown piloted or autonomously. In piloted flights, a human pilot flies the UAV
directly. In autonomous flights, the flights are pre-programmed and the UAV flies on
its auto-pilot. For safety reasons, the human pilot can take-over the control of the
UAV if needed. The flight can also combine piloted and autonomous segments (when
especially the take-off and landings are difficult). The autonomous flights are only
possible for UAVs equipped with a decent auto-pilot with an accurate positioning
system. PANOPTIS will leverage solutions for the inspection of bridges by UAVs
developed in AEROBI2.
There are several advantages of UAVs compared to other remote sensing platforms
such as satellites or airplanes. First, UAVs can fly relatively low, less than 150 m
above ground level [32]. In infrastructure monitoring applications, much lower flight
heights of 20-40 m above ground level are not uncommon [33]. Therefore, they can
offer high spatial resolution images. Moreover, UAVs monitoring can be low in costs
[32]. Commercial-off-the-shelf (COTS) UAVs can be as cheap as 100 Euro, although
UAVs that are more suitable for infrastructure monitoring are priced around a couple
of hundred Euros3. Moreover, UAVs are flexible in operation. They allow flexible
flight path planning and are easy to pilot. They can access hard to reach locations such
as bridges or slopes which makes them highly suitable to inspect infrastructures that
are outside line of sight [32]. Small to large-scale surveying can be performed,
depending on the UAV type and its maximum flight time. UAVs can carry a variety
of sensors (thermal infrared, LiDAR or regular RGB camera) depending on the UAV
maximum-take-off-weight. This makes them attractive for various applications
(search and rescue, infrastructure monitoring, etc.) [32]. Finally, in addition to nadir
(vertical downward perspective), oblique images can be acquired. This has shown to
be helpful for vertical object observations such as building façades, which are usually
occluded when taking images from nadir [34].
In road corridor surveying, UAVs allow fast, quick and large scale image
acquisition without the need for field work or road closures which saves monitoring
resources and time [23]. Most importantly, UAVs can be used not only for road
surface monitoring but also to inspect critical assets such as bridges or slopes that are
hard to reach or outside line of sight. Events such as earthquakes, floods or landslides
may prevent RI operators to reach and inspect critical RI elements. A limitation of
UAV based road corridor surveying is that regulations do not easily permit UAVs to
fly directly over RIs [35]. European regulations do not always translate in a consistent
2
3

http://www.aerobi.eu/
https://store.dji.com/product/mavic-air?from=menu_products&vid=38961
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and homogeneous way to local regulation. To obtain a flight permit, legislation needs
to be adhered to. Besides the legal limitations, there are practical limitations that
prohibit easy UAV monitoring in a holistic monitoring framework.
Conventional UAV types do not allow easy monitoring of different road
corridor elements. Indeed, conventionally, there are two types of UAVs: fixed wings
and Vertical Take-Off and Landing (VTOL) (Figure 6a). Fixed wings are
characterized by their ability to fly faster and thus for longer distances [36]. This
makes them extremely suitable for monitoring of long road sections. The main
disadvantage is that they cannot hover and navigate around objects to monitor them
from different views. In short, fixed wings cannot adequately observe bridges,
overpasses, slopes or vegetation. Other disadvantages are that they need a runway or
more complicated devices to take-off (catapults) and landing (nets, hooks…).
Moreover, they have limited payloads meaning that heavier sensors such as multichannel sensors cannot be used [36], [37]. VTOLs have multiple rotors attached to
the aircraft horizontally, which allows them to take off and land vertically. VTOLs are
characterized by their ability to hover and to move vertically while hovering. This
makes them able to inspect objects from multiple views, which the fixed wings cannot
do. The main disadvantage of VTOLs is that they generally have low flight times.
Most of them are electrically powered and their batteries allow below 30 minutes of
flight [36]. This means that VTOLs are not suitable for the inspection of long road
sections. The limitations of these conventional UAVs constrain road operators to
implement a holistic monitoring framework with ease. In practice, both UAV types
would be needed, which is not ideal. A hybrid between the two UAV types is
expected to offer a solution.

a) Delair, fixed wing UAV.
Figure 6. Conventional UAV types.

b) Phantom 4, VTOL UAV.

A fixed wing VTOL is a hybrid between a fixed wing and VTOL UAV (Figure 7)
[38]. A hybrid UAV has the advantages of both types. They can take off and land
vertically and in addition fly over long distances. Most importantly, they can stop mid
fixed-wing mode, and transition into hover mode. In practice, this implies that the
hybrid solution can monitor long road sections and acquire multi-view imagery of
objects of interest when needed. Moreover, it can be deployed from a small area such
as the back of an inspection truck. The legal limitations of conventional UAVs also
apply for the hybrid UAV. Another disadvantage of hybrid UAVs is they have similar
limited payloads as fixed wing drones. Nonetheless, the advantages of the hybrid
UAV makes it interesting choice for holistic RI monitoring.
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Figure 7. DeltaQuad pro Hybrid UAV4. Combination of a fixed wing and a quadcopter UAV.

4.2 Three-dimensional degradation information
Three-dimensional (3D) degradation information in the road corridor is expected to
increase the ability of monitoring frameworks, to provide detailed degradation
assessments. Degradation is often manifested as a loss in volume or a decrease in
elevation (height), or in short as a change in the exterior surface. For example, slope
erosion is characterized by loss in slope volumes. Road surface degradation is
characterized by loss of surface aggregates. Figure 10 shows how different types of
road surface degradation are characterized by their depth, width and height [39]. Road
surface degradation is linked to road roughness. Road roughness decreases the quality
of road surfaces and affects drivers’ safety by influencing rolling or breaking
distances [40]. Loss in slope volume, or depth of road surface degradation cannot be
perceived from two-dimensional (2D) information - e.g. imagery – however, they can
from 3D information. Additionally, three-dimensional information can be used for
road inventories. Objects such as road furniture can be perceived from 3D information
[41]–[43]. Therefore, 3D information is expected to provide vital and detailed
monitoring information.
Three-dimensional data can be obtained using a technique called Structurefrom-Motion (SfM) or using a Light Detection and Ranging (LiDAR) sensor.
SfM is a photogrammetric technique that can derive geometric measurements from
2D images when the scale and the epipolar geometry of two images are known [39].
Similar points inside two images are matched using the Scale-Invariant Feature
Transform (SIFT). By constructing descriptors of several points in two images, the
descriptors and thus points in the images can be matched based on descriptor
similarities [23]. Each matched point can be matched in 3D space and thus a 3D point
cloud can be constructed [23]. With the widespread adoption of UAVs, the added
value of 3D reconstruction using SfM for monitoring applications has been
demonstrated in several studies [32][44]–[47]. Events such as earthquakes, floods or
landslides are often manifested as volume displacement and changes in shapes. In
such events, UAVs could provide 3D damage information from inaccessible affected
areas. A LiDAR sensor actively emits laser pulses and measures distances to an object
by measuring the return time of the pulse (Figure 8). Each distance is registered as a
4

https://www.deltaquad.com/vtol-drones/map/
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point in space (x, y, and z). In Convolutional (ALS), the LiDAR sensor is attached to
an airplane or satellite. In Terrestrial Laser Scanning (TLS), the LiDAR sensors is
mounted on a tripod or total station. In Mobile Laser Scanning (MLS), the LiDAR
sensor is attached to a moving object (human or vehicle). The LiDAR sensor can be
slanted in various angles (sometimes in 360 degrees), which allows the LiDAR sensor
to sample its surroundings in high detail (Figure 9). In road surveying applications,
the LiDAR sensor usually faces the roads surface such that a highly detailed profile of
the roads surface can be generated at driving speed. Examples of such road surveying
applications are the commercial ARAN and LCMS systems, discussed in section 3.2.
Apart from commercial application, MLS has been used for road furniture (traffic
lights, signs, guard rails) inventories, or for road detection, segmentation and road
profiling [41], [42], [48], [49].
Using MLS over SfM in road monitoring applications has two practical
advantages. First, three-dimensional information from MLS is easier to collect since
most European regulations do not easily permit UAVs to fly over RIs [35]. Second,
MLS is better suited to detect narrow damages such as cracks that are too small to
detect from UAV imagery. It is suspected that a platform and sensor closer to the
surface increases the chance of the laser beam to hit the actual local minima or
maxima of the damages, allowing accurate and realistic damage characterization
(Figure 10).

Figure 8. Basic operations of a laser ranger [50].
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Figure 9. Terrestrial laser scanning. The LiDAR sensor on a tripod can be slanted in various
angles [50].

Figure 10. “Cross sections of (a) cracks, (b) spalling, (c) potholes, (d) rutting and (e) shoving"
[39]

4.3 Deep learning
Deep learning, or machine learning, has evolved rapidly the past two decades [51]. It
has aided the progression of natural language processing, computer vision, robotics
and more. An abundance of data in combination with machine learning showed to be
able to solve numerous problems and questions. Examples can be found in
autonomous driving, image recognition and fraud detection applications [51]–[53].
Deep learning aims to develop an understanding by the abstraction and
conceptualization of observations. The main difference between deep learning and
machine learning is that machine learning needs manual feature extraction whereas
deep learning aims to learn features from the input data [54]. The main advantage of
this concept is that deep learning can be applied to unknown situations.
The basic architecture of a neural net takes input, performs calculations in its
hidden layers and produces output (Figure 11). A neural net can have multiple hidden
layers. A hidden layer consists of neurons. When all neurons in a layer are connected
to all neurons in the previous layers, the layer is called a Fully-Connected-Layer
(FCL) or a Dense layer. In Convolutional Layers, the neurons are only connected to
neurons in a local region (Figure 12). The connection between neurons have a weight,
which determines the activation of a specific neuron and therefore of the output. A
neural net is trained with a method called backpropagation and an optimization
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function [55]. Using the training samples, the activations (weights) of the neurons are
adjusted so that the output converges to an optimum.

Figure 11. Basic architecture of a neural net [56].

Figure 12. Fully Connected Layers and Convolutional Layers [57].

4.3.1 Convolutional Neural Nets
The deep learning subfield, aimed to solve visual classification tasks, is called
Convolutional Neural Nets (CNNs) [53]. The main assumption for visual
classification tasks is that there is a spatial correlation between neighbouring pixels.
Features are now aimed to be learned by creating feature maps, using convolutional
layers, from neighbouring pixels (Figure 13). Convolutions are applied on a sliding
window that moves over all pixels within the image. The power of CNNs lies within
the hidden layer called the Pooling layer that allows only the most vital information
(the highest values) to be aggregated into smaller feature maps. At the end of a CNN,
a FCN is used to produce outputs. The basic CNN architecture can be adjusted when
needed. It is important to balance complexity of the architecture with the
generalizability of the model. The more complex the model, the higher chance there is
of overfitting the model on the training data. This means that it performs well on the
training data but does not work well for data that it has never seen before. This can be
solved by applying regularization or normalization rules such as dropout [55]. These
are preventive measures taken to decrease the reliability on one single input during
training. Different versions of CNNs proved to be successful in a variety of image
classification tasks such as ImageNet. Popular CNNs are AlexNet, VGG, GoogLeNet,
Dense CNN or DenseNet. Research that attempts to solve specific tasks usually adapt
or modify these networks to fit their needs.
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Figure 13. Basic architecture of a CNN [55].

CNNs have been applied in road corridor monitoring. It has shown to be successful in
road surface or bridge, tunnel and overpass degradation detection [58], [59]. Results
are limited by differences in imaging conditions. For example, shadows or artificial
lines make it hard to filter out false positives cracks [58]. Moreover, the resolution of
images do not always correspond with the level of detail that is required for
degradation measurements. A crack of 1 mm or less requires a 1 mm or less pixel
resolution. Moreover, it is hard to detect multiple degradation types on multiple road
corridor objects at the same time. Currently CNN based degradation assessment
frameworks focus on a single road corridor element. Advances in multi-task CNNs
may provide a solution for this limitation [60]. Finally, the main limitation of CNNs
and deep learning in general, is that a large bulk of annotated training images are
needed. For road corridor degradation approaches, no readily available benchmark
dataset is available such as the PASCAL dataset for image object classification tasks
[61]. Research has yet to take steps towards accurate road corridor degradation
measurements and assessments using CNNs.
4.3.2 Three-dimensional deep learning
Deep learning frameworks that can utilize 3D information have been developed.
These frameworks show promise for shape classification or scene segmentation [62]–
[65]. Since degradation is characterized by a depth component, it can be expected that
these frameworks would also work for degradation classification.
However, so far, few deep learning approaches make use of 3D information for road
corridor degradation assessment.
Three-dimensional deep learning frameworks can be categorized as
discretization approaches, or point-based methods. In the discretization method, one
approach enriches image Red-Green-Blue (RGB) information with depth information
(RGB-D) from 3D data. This is essentially a 2.5D approach since the x and y
information is lost. Another approach retains the x, y information by discretizing the
point cloud into a volumetric occupancy grid [66]–[68]. This grid is then fed into a
CNN deep learning framework. VoxNet and SegCloud are examples of such
approaches [68], [69]. Discretization approaches are computationally heavy because
every voxel needs to be processed even if they do not contain important information
[68]. This is known as the sparsity issue. This approach is therefore difficult to be
applied to large scale monitoring considering the large size of LiDAR or point cloud
datasets. Point based approaches on the other hand consume point clouds directly
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from the source. This way, the problem of sparsity and unnecessary calculations are
avoided. Pointnet and Pointnet++ are pioneers in point based approaches and
outperform then state-of-the-art frameworks in shape classification and scene
segmentation [70], [62]. Since then, it has been outperformed by more advanced point
based frameworks [63], [65]. More developments in three-dimensional learning are
expected. Therefore, automatic road corridor degradation classification and
segmentation from MLS is expected to be possible if not now, in the near future.

4.4 Optimization techniques
Currently, monitoring frameworks are not optimally designed to fit the dynamic
information needs of different stakeholders. Routine monitoring is carried out based
on a pre-designed protocol and incidental monitoring is initiated by experts [30]. This
approach wastes monitoring resources with unnecessary monitoring if monitoring
information is not needed. In contrast, there can be need for monitoring information,
while no monitoring is scheduled or initiated [71]. This could lead to an incorrect
assessment of the PI of RIs. Ideally, monitoring is only carried out when monitoring
information is required. Additionally, monitoring frameworks are not optimally
designed to take into account practical monitoring constraints. Monitoring constraints
may be for example, monitoring capacity, costs or weather conditions. These
constraints may constrain the monitoring framework from reaching its objective:
obtain monitoring information. Currently, monitoring frameworks deal with these
constraints and objectives ad hoc. The constraints and objectives should be considered
dynamically which would lead to improved monitoring planning.
Optimisation techniques are able to deal with objectives and constraints. It is a
mathematic function, which considers constraints and multiple objectives objectively.
An objective may be to keep the costs as low as possible or to have all seats in an
airplane occupied. Constraints may be the amount of personnel or the budget
available. Constraints limit the function from reaching its objective. The function
produces a solution for the objective and shows which factors are influenced. In some
cases objectives may be contradicting, preventing an optimal solution from being
reached, producing no output.
Optimisation is being used for scheduling, or store inventory planning.
Moreover, it is being used in infrastructure management where factors and constraints
such as cost, structure resilience and reliability and maintenance techniques are
considered (Figure 14) [72]. Considering the similarities between infrastructure
management and monitoring planning, it is expected that optimisation can help
construct a dynamic monitoring framework. In a dynamic monitoring framework, the
objectives functions are defined by the information requirements of involved
stakeholders or modules. The constraints are defined by practical constraints or
technical constraints. A scenario for optimisation techniques can be as followed:
monitoring costs should be minimized while the deterioration assessment accuracies
are aimed to be maximized. Meanwhile, there is a limited amount of monitoring tools
or personnel available.
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Figure 14. Role of optimisation within infrastructure maintenance [72].
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5 Components of a monitoring framework
Different components influence how a monitoring framework can operate.
Some components determine how monitoring is carried out. How the road corridor is
conceptualized, determines to what level monitoring schemes can be specified. The
functional limitations of platforms and sensors determine in what conditions
monitoring can be carried out. The information requirements of stakeholders or
interacting modules, determine what monitoring information is needed. Finally, the
current scenario influences the monitoring conditions and the information required. In
post-disaster scenarios, not only different information is required, but also different
physical conditions constrain the platforms and sensors that can be used.
Other components determine what the output of monitoring will be. The functional
limitations of platforms and sensors determine the spatial resolution of monitoring
units. The spatial resolution in turn influences the accuracy of degradation assessment
methodologies and thus the detail of monitoring information that can be acquired. The
output of degradation and damage assessment frameworks is constrained by the input
data and the accuracy of processing technologies.
This chapter describes these influencing components. Finally, the components
are described in the context of the PANOPTIS pilot sites.

5.1 The road corridor
The road corridor is divided into three distinct monitoring levels: A) the road surface,
B) adjacent RI objects and C) adjacent RI areas. Figure 15 shows the delineation of
these areas. The shape and orientation of objects within each level is generally
distinctively different. Their shape and orientation determine largely what type of
monitoring platform can be used to monitor objects within the level effectively. Road
surfaces are flat areas, oriented horizontally and have a width that is specific for road
surfaces. Adjacent RI objects include traffic lights/signs, guardrails, road markings,
overpasses, bridges and tunnels. They can be oriented either vertically or horizontally.
The shape of RI objects is a mixture of pole objects, areas or rectangular volumes.
Areas adjacent to the RI are usually flat and oriented horizontally. Table 2 gives an
overview of the general shape and orientation of each object within each road corridor
level.
Monitoring information on all three element leads to a holistic monitoring
framework. Monitoring information on the road surface, directly informs about the PI
of RIs. Information on adjacent RI elements and areas, indirectly inform about the PI
of RIs.
Road corridor
element
A) Road surface

Object

Shape

Orientation

Pavement

Continuous rectangular area

Horizontal

Length: several Km
Width: several m (dependent on nr of
lanes)

Road markings

Interrupted rectangular area

Horizontal

Length: several cm
Width: several cm

B) Adjacent RI
elements

Traffic
lights/signs

Pole like + Irregular area

Guardrails

Rectangular volume

Height pole: several m
Surface area: m2
Length: several m - Km
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Width: several m

Overpasses

Area + pillars or rectangular
volumes
Surface Area: m2
Length pile or rectangular elements:
several m
Width pole or rectangular elements:
several m

Bridges

Area + pillars or rectangular
volumes
Surface Area: m2
Length pile or rectangular elements:
several m
Width pole or rectangular elements:
several m

Slopes

Area

Area: horizontal
Pillar or rectangular
volumes: vertical

Area: horizontal
Pillar or rectangular
volumes: vertical

Slanted vertically

Length: several m- km
Width: several m – km
Area: m2 – km2

Vegetation

Volume

Vertical

Height: several m

C) Adjacent RI
areas

Land-use/Landcover areas

Area

Horizontal

Length: several km
Width: several km
Areas: m2 – km2

Table 2. Shape and orientation of objects inside the three road corridor levels.
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Figure 15. Different monitoring scales in the road corridor. Red= main RI, Blue=Elements of
interest within the road corridor, Green=Road corridor

5.2 Dynamic information needs
Dynamic factors influence monitoring strategies. These factors are the information
needs of stakeholders or the information needs of interacting systems. These factors
are circumstantial, meaning that they change depending on the situation in the road
corridor. This section will describe the different information needs and how different
situations influence these needs.
5.2.1 Stakeholders
Several stakeholders may require monitoring information. These stakeholders include
road owners, road operators, road users, municipalities or traffic operation centres.
Since, PANOPTIS is an end-user oriented project, only the information needs of the
road operator are considered. PANOPTIS D2.1 “End-user needs and practices” has
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identified the end-user needs of the end users succinctly, with a strong focus on the
PANOPTIS end users: Acciona and Egnatia Odos. From this report, broad
information needs can be identified.
Information needs of the road operator relate to maintenance or operational
effectiveness. The goal of maintenance is to keep its users safe by repairing large
damages. Another goal of maintenance can be to prevent damage progression by
repairing small signs of degradation. To improve the effectiveness of maintenance,
information is required on the degradation or damages in the different levels in the
road corridor. More specifically, the location, type and size of degradation or damage
is required. The speed in which this information is required depends on the
importance of the type of degradation and on the impact of information on
maintenance operations. For example, identifying large damages quickly has priority
over identifying small cracks on the road surface since small cracks have less
influence on the safety of RI users. This means that information requirements can be
prioritized based on the impact of information on factors such as maintenance
operations and costs or the safety of drivers. The speed in which the information can
be delivered depends on the technical and functional limitations of monitoring
platforms and sensors.
To improve operational effectiveness, information is often needed to which helps
decide road operators how to operate their RI and manage traffic. In some occasions,
such as traffic accidents, lanes may need to be closed. In others, de-icing material
needs to be distributed to prevent traffic accidents. Early degradation detection can
help road operators determine where maintenance or future maintenance will be
necessary.
5.2.2 PANOPTIS modules
Several PANOPTIS modules interact with the monitoring framework: the MultiHazard Vulnerability Assessment modules and the HRAP. These modules require
monitoring information to support their assessments and to keep their assessments up
to date. In return, they can inform the monitoring framework on the vulnerability and
resilience of road corridor levels. This would allow road operator to focus monitoring
efforts on hot spots.
Information that is required by the PANOPTIS modules are: land-use and
land-cover (LULC) maps, 3D maps of the road corridor, road surface temperature
maps, degradation maps of all road corridor levels.
5.2.3 Routine and post-disaster scenarios
Two situations are acknowledged in the PANOPTIS monitoring framework: the
routine and post-disaster scenario. These scenarios influence the monitoring needs of
previously described stakeholders and PANOPTIS modules.
The following factors change in both scenarios and should be considering
when choosing a monitoring strategy: the duration of information provision,
accessibility in the road corridor and the accuracy of information.
The duration of information provision is the time it takes to go from data
acquisition to data information. Information provision needs to be much faster in postdisaster situations compared to routine scenarios. Road operators and first responders
need to have information quickly in order to make informed decisions. These
decisions relate to mitigation and safety measures. In case of a road blockage by rock
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falls, the road operator should take several actions: road sections could be closed,
traffic could be diverted, local emergency services should be notified and information
should be distributed to road users.
Some post-disaster events may make the road corridor inaccessible with the
monitoring platforms that are regularly used in routine scenarios. In these cases,
alternatives need to be found such that information can still be acquired. In the case of
a rock fall event blocking the road corridor, a UAV could carry out inspections
instead of the routinely used MM (Figure 16). The alternative monitoring tools in
post-disaster scenarios are considered in the final conceptual monitoring frameworks.
Improving the speed of processing techniques in order to obtain monitoring
information generally comes against the price of accuracy. Finally,
since
postdisaster events require timely information provision, a choice can be made to reduce
processing time in order to get less accurate information on damages in the road
corridor. In post-disaster scenarios, the rough location of damages could be enough
for initial decision-making.

Figure 16. Rock fall event damaging and obstructing the road [73].
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5.3 Platforms and sensors
The physical limitations of monitoring platforms and sensors influence the
capabilities of a monitoring framework. Therefore, this section will describe the
average monitoring platforms and sensors and their physical and functional
limitations.
The PANOPTIS remote sensing monitoring framework, considers groundbased and airborne monitoring platforms. Ground based remote sensing platforms
consist of MMs or of a TLS. A MM can acquire imagery or it can acquire laser data.
As explained earlier, in case of the latter, the MM is a MLS. A MM system is highly
suitable for monitoring Category A and partly elements of Category B. An
introduction of commercial MLS systems such as ARAN and the LCMS system can
be found in section 3.2. Table 3 shows the technical specifications of an average MM
system. An example if a point cloud covering the roads surface and adjacent elements
can be found in Figure 17. Examples of RGB output of an optical sensor based MM
system can be found in Figure 18.
A terrestrial laser scanner is a LiDAR sensor that is mounted on a tripod. In
combination with an optical camera, it is able to provide coloured point clouds and
panoramic images. TLS is mostly suitable to observe elements in Category B.
The technical specifications of a typical TLS system can be found in Table 4.
Table 3. Specifications of the average Mobile Mapper system.
Technical specifications
Vehicle:

Additional
hardware:

Regular sized
car to medium
survey truck

Preferably
includes
hardware
interfaces and
a GPS
receiver

Functional
limitations
Can only
acquire data
from locations
that are
reachable with
the vehicle.

Sensors

Limited to
driving
conditions

LiDAR sensor
Example by
LCMS

Optical(video)camera

Technical
specifications
Can be any type
of commercial of
the shelf camera

Functional
limitations
Can only
operate in
daylight

Output
Type:
Format:
Parameters:
Pixel size:

- 28,000 Hz
scanning frequen
cy
-1 mm
longitudinal
scanning interval
-1 mm transverse
resolution
- 0.10 mm
vertical
resolution

Can operate
day and
night

Type:
Format
Parameters:

1 mm
longitudinal
scanning
interval at
speeds up
to 100 km/h

Width:
Length:

Images/video
.(GEO)TIFF, .JPG,
MP4
RGB
Depends on
resolution of
camera
Point cloud
ASCII, .ply, .las,
.pts
X, y, z, intensity
(i). Optional: RGB
Traverse 4m
Several kilometres

Table 4. Specifications of an average Terrestrial Laser Scanner system (Trimble SX10).
HFOV = Horizontal Field of View; VFOV = Vertical Field of View
Technical specifications
Laser wavelength
HFOV/VFOV
Weight
Measurements
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1550 nm
360/300°
7.5 kg
26.000 points/second

Functional
limitations
Max range: 600
m
Minimum range:
0.9 m
Range accuracy:
1.5 mm (50m;
18-90%
reflectivity)
Operates in
Temp. from -20
to 50 ℃
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Figure 17. Subset of a MLS acquired point cloud. One tick equals 1m. Aimed to monitor the
road surface; however, also partially shows adjacent RI elements (guardrails and traffic sign
poles).

a) RGB image of the road
surface acquired with a MM
and a camera facing the road
surface in perpendicular. Note
the visibility of road markings.
Resolution= 8000 x 1600
pixels or 8.0 x 3.2 m

b) RGB frame from optical 360 camera (GARMIN VIRB 360 o)
observing adjacent RI elements and the road surface.

Figure 18. Example outputs of an optical based mobile mapper system.
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Airborne monitoring platforms that will be considered in PANOPTIS are
UAVs and satellites. The technical specifications and functional limitations of
average COTS UAV systems are described in Table 5. When choosing a suitable
UAV, attention should be paid to the Maximum Take Off Weight (MTOW), the
weight a drone can weigh at take-off, the Field of View (FOV) of the sensor or the
maximum flight time. Although not mentioned in Table 5, most UAV systems have a
GPS or GNSS that allows the output data to be tagged with coordinates.
UAVs are highly suitable for creating 2D and 3D road corridor maps of Category A,
B and C. The resolution of these maps depend on flying height and viewing angle. In
addition, UAVs are suitable for incident inspections and for routine monitoring.
Some COTS UAVs do not have the ability to change the sensor. The drone
cannot be customized or disassembled. The cameras are therefore part of the system.
In some cases, the sensors can be changed or added. In these cases, Table 6 shows the
specifications of the sensors that can be used. Caution should be paid to the weight of
sensors. Most UAVs have a limited payload weight and therefore cannot carry heavy
LiDAR sensors. Lightweight LiDAR sensors exist, however are usually more costly.
In practice, affordable UAV set-ups are preferred since they allow the user to reach
the same goal while staying low in costs.
Table 5. Average specification of a UAV system.
UAV type

Technical specifications

VTOL

Dimensions
Sensor (fixed)
Image resolution
FOV
Image output
Video output

322×242×84 mm
CMOS camera
5472x3648
77°
JPEG, DNG
MP4, MOV

MTOW1
Temp. range
Max flight time
Max hovering
time
Max flight
distance

907 gr
-10 to 40 ℃
31 min (25 km/h)
29 m

Dimensions
Sensor (interchangeable)

437× 402 × 553 mm
LiDAR, Thermal IR,
Optical, multispectral
DJI A3 flight controller

MTOW
Temp. range
Max hovering
time

1.8 m
61 km/h
CMOS camera
21.4 Mpix
38°/32°
235 cm
90 cm
60 km/h
LiDAR, Thermal IR,
Optical, multispectral
PX4 Professional
Autopilot

MTOW
Max flight time
Weather

15.5 kg
-10 to 40 ℃
32 min (no
payload)/18 (6 kg
payload)
2 kg
120 min
Moderate rain

Example by MAVIC
2 Pro
(Lightweight)

VTOL
Example by Matrice
600
(heavyweight)
Fixed wing
Example by Delair
DT18 HD
Hybrid
Example by
DeltaQuad Pro

Flight control
Wingspan
Cruise speed
Sensor (fixed)
Image resolution
HFOV/VFOV
Wingspan
Length
Cruise speed
Sensor (interchangeable)
Flight control

Functional limitations

MTOW
Temp. range
Max payload
Max flight time
Min transition
wind speed
Weather

18 km

6 kg
-20 to 40 ℃
1 kg
110 min
33 km/h
drizzle

Table 6. Sensor that can be installed on interchangeable UAV systems.
Sensors

Technical specifications

Functional limitations

Output

Optical(video)camera

Sensor type
Weight

Can only operate in
daylight

Type
Format
Parameters
Resolution

CMOS
344 g

Example by
Sony A6000
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Multispectral
sensor

Weight
Wavelengths

Example by
Micasense
RedEdge MX
Thermal
infrared camera
Example of
FLIR Vue Pro
LiDAR sensor
Example by
Riegl VUX1UAV LiDAR

Operates in Temp. up
to 60℃

Type
Parameters
Pixel size

HFOV

231.9 g
Blue, Green, Red,
Red Edge, Near-IR
47.2°

Images
RGB
8 cm per pixel at 120 m
above ground level

HFOV/VFOV
Wavelength

32°/26°
Thermal-IR

Operates in Temp. from
0 to 40℃

Type
Format

Images/video
.JPEG, .TIFF, .MJPEG

FOV
Weight
Scans
Measurements

330°
3.5 - 3.75 kg
200 scans/minute
500.000
measurements/sec
ond

Max range: 550 m
Minimum range: 3 m
Range accuracy: 10
mm
Operates in Temp. from
-10 to 40 ℃

Type
Format

Point cloud
.ASCII

Parameters

X, y, x, intensity (i)
Optional: RGB

The specifications of several satellite systems are described in Table 7. When
choosing the most suitable satellite product, attention should be paid to the temporal
frequency, to the spatial resolution and to the spectral resolution of satellite imagery
[74]. The return time of a satellite indicates how quickly new data could be acquired
for the same region of interest. In post-disaster scenarios, satellite imagery is required
quickly. Despite a high return time, cloud coverage could obstruct data acquisition.
The spatial resolution of satellite imagery is the area that is covered by one satellite
image pixel. It is indicative of the spatial resolution of the resulting monitoring
products. Meter resolution will not allow for small-scale road surface damage
classification. Moreover, the spectral resolution is indicative of the product that can be
derived. For example, to monitor vegetation, several vegetation indexes can be
calculated. A well-known index is the Normalized Difference Vegetation Index
(NDVI). It informs about the presence of plant-specific chlorophyll content. The
NDVI can be calculated when an infrared (IR) channel (or band) is present.
In PANOPTIS, satellite imagery will be used for road corridor land use land
cover classification and vegetation monitoring. Typical satellite products that are used
for LULC mapping are the Sentinel-2 Multi Spectral Instrument (MSI), the Landsat 7
Enhanced Thermal Mapper + (ETM+) or the Satellite Pour l ’Observation de la Terre
(Spot) 6/7 [74]. In post-disaster situations, satellite imagery will be used for change
detection [75]. There are two general methods for change detection. One method
compares multi-temporal imagery while the other compares multi-temporal maps
generated using images from different epochs [74].
Sentinel MSI is a viable choice for PANOPTIS considering that Sentinel
products are free for the public. Spot 6/7 products can be obtained through
PANOPTIS partner Airbus DS.
Table 7. Specifications of several satellite systems.
Satellite
Technical specifications
Spot 6/7
Bands:
Panchromatic 450-745 nm
Blue 450 – 745 nm
Green 530- 590 nm
Red 625-695 nm
NIR 760 – 890 nm
Temporal resolution 1 (45°) to 5 (30°) days
Spatial resolution
2/8 m
Swath
60 km
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Sentinel-2
MSI

Landsat 7
ETM +

Bands:
2- Blue
3 - Green
4 – Red
5/6/7 – Red edge
8 – NIR
9 – water vapour
10/11/12 SWIR
Temporal resolution
Spatial resolution
Swath
Bands:
1- Blue
2 - Green
3 - Red
4 - NIR
5 - SWIR 1
6 - Thermal
7 - SWIR 2
8- Panchromatic
Temporal resolution
Spatial resolution
Swath

Type
492.4 nm
559.8
664.6
704.1/740.5/782.8 nm
832.8
945.1
1373.5/1375.5/1613.7
5 (combined constellation) -10
(single satellite) days
10/20/60 m (depends on band)
290 km

Images,
metadata,
quality
indicators,
auxiliary data
Format SENTINELSAFE (JPEG
2000, .XML,
.XML/GML)

Type
0.45 – 0.52 μm

0.52 -0.60 μm
0.63 – 0.69 μm
1.55 – 1.75 μm
10.40 – 12.50 μm
2.09 – 2.35 μm
0.52 – 0.90 μm
16 days
15/30/60 m

Images,
metadata,
quality
indicators,
ground control
Format points
.GEOTIFF,
.ODL, .QB,
.GCP

183 km

5.4 Monitoring products
Considering the limitations and specifications of the different monitoring platforms
and sensors it becomes clear that degradation and damages in the different road
corridor categories should be monitored in a different manner. Moreover, monitoring
information should output location, identification or quantification information. In
order to transform monitoring output to monitoring information, monitoring output
should be processed using different techniques. This section further explains what
monitoring platform, sensor and processing techniques are most suited to obtain the
required monitoring information.
5.4.1 Category A
The goal of monitoring in Category A is to assess ravelling, cracks and potholes.
Ravelling is the dislodging of asphalt aggregates over a large stretch of the RI
(Figure 19a). The main cause is general ageing of asphalt -the loss of bond between
binder material and aggregates, due to oxidation processes. Inadequate compaction of
asphalt during construction but also cracks may accelerate the process of ravelling.
Ravelling is characterized as a decrease in elevation over a large surface area.
Ravelling is usually measured as the percentage of perceived ravelling over 1 m2 [76].
Ravelling increases the roughness of asphalt. Moreover, it decreases the moisture
drainage capability of asphalt. This causes moisture to be more easily retained which
in turn increase the susceptibility of frost-thaw damage. Moreover, moisture retention
increases hydroplaning, which lowers RIs safety [28]. Ravelling represents almost
90% of the damages found on Dutch highways [77]. The high cost associated with
repairing ravelling makes early ravelling detection a topic of interests for road
operators, and enables early repair budgeting.
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Cracking is the removal of surface aggregates in a linear manner (Figure 19).
There are several types of cracking such as mechanical cracking, fatigue cracking,
block cracking, longitudinal cracking or traverse cracking. Each of these have
different causes, however most of them are induced by the loss of bond between
binder material and aggregates, in combination with excessive traffic loads. Just as for
ravelling, the main problem induced by cracks are increased moisture infiltration and
increased roughness.
Potholes are bowl shaped depressions in a roads surface caused by the removal
of road surface aggregates (Figure 19c) [78]. It is usually the final effect of severe
fatigue or block cracking. Large cracks may destabilize a chunk of aggregates.
Traffic, heavy rain or frost-thaw movements can then easily dislodge these. Similar as
to ravelling and cracking, potholes increase roughness and moisture infiltration, which
is problematic for the same reasons described above.
These three types of road surface damages are expected to be monitored best
by using a combination of point clouds and RGB images acquired from a MM.
Current state-of-the-art and novel machine learning techniques are expected to yield
location, type and size information. Table 8 is an overview of the proposed
monitoring strategy of degradation in Category A
Table 8. Monitoring strategy for degradation in Category A.
Degradation in
Category A
Cracks
Minimum width of 1
mm
Ravelling
Minimum area of 0.05
m2
Potholes
Minimum depth of 3
mm

a) Ravelling

Platform

Sensor

MM

Optical camera
LiDAR

Processing
technique
Image processing
Machine learning

MM

Optical camera
LiDAR

Image processing
Machine learning

Monitoring
information
Location
Type
Size
Location
Size

MM

Optical camera
LiDAR

Image processing
Machine learning

Location
Size

b) Block cracking

c) Pothole

Figure 19. Examples of road surface degradation [79].

5.4.2 Category B
The goal of monitoring in Category B is to assess deformations of road furniture,
cracks in concrete overpasses, corrosion, slope erosions and vegetation encroaching.
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Degradation of road furniture includes the tilting of traffic signs/lights, the
deformation of guardrails or (partially) missing road furniture. Faulty road furniture
could potentially lead to unclear and unsafe situations for road users. Moreover,
repairing faulty traffic signs can be costly. To replace a small traffic signs, 1 m3 of
concrete is needed for its foundation. Monitoring road furniture in 3D has the
potential to assess tilt, rotation or missing elements. Including RBG information has
the potential to differentiate between different types of road signs. The monitoring
output shall provide information on the location, type and size of damage.
Cracks on concrete structures could form on the interior structure of bridges,
on pillars of bridges and overpasses, the underdeck of bridges or overpasses or on the
inner walls of tunnels (Figure 20a). These cracks are indicative of the health of these
concrete structures. 2D image processing or 2D machine learning is expected to yield
information on the location and size of the crack.
Corrosion of steel elements is indicative on the health of steel structures
(Figure 20b). Corroding elements lose steel strength and ductility. Corrosion can be
visible or invisible. In this monitoring strategy, visible signs of corrosion are
considered which can be monitored using remote sensing tools. There are methods to
measure corrosion that has not surfaced. These methods measure the strain induced by
tensile tests, or make use of corrosion sensors. There are several types of corrosion
that can be reasons for concern. Localized corrosion can produce holes in steel.
Therefore, visual inspections look at the uniformity of corrosion. Information on the
location and size of corrosion is expected to be obtained from images and machine
learning techniques [80].
Slope erosion can lead to slope instabilities. Moreover, debris can reach roads
and cause unsafe situations for its users. 3D models of slopes can help estimate
volume loss of slopes over time. Shallow erosions of 20 cm depth can be best
modelled using a ground based platform such as a TLS. Larger signs of erosion could
perhaps be detected from coarser 3D models derived from UAV data. The monitoring
products needed are the location and size of erosion.
Vegetation encroaching may lead to occlusion of traffic signs or traffic lights.
Moreover, roots of vegetation can corrupt the integrity of road surfaces by pushing
material out of the way and producing deformations [22]. Therefore, the location and
area of vegetation is needed.
Table 9 is an overview of the proposed monitoring strategy for degradation in
Category B.
Table 9. Monitoring strategy for degradation in Category B.
Degradation in
Category B
Degradation of road
furniture

Platform

Sensor

MM (MLS)
UAV

LiDAR
Optical camera

Cracks in concrete
overpasses/bridges
Minimum width of 1
mm
Corrosion of steel
elements

MM (MLS)
UAV

LiDAR
Optical camera

Image processing
3D processing
Machine learning

MM
UAV

Optical camera

Image filtering
Machine learning

Location
Size

Slope erosion

TLS
UAV

LiDAR
Optical camera

3D processing

Location
Size
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Vegetation
encroaching

Satellite
UAV

Multi-spectral

Image processing

Location
Size

a) Repaired cracks on a concrete wall inside b) Corrosion of steel bars of a bridge
Metsovo bridge. Width of image is deck.
approximately 1 m.
Figure 20. Examples of degradation in Category B.

5.4.3 Other monitoring products
Besides monitoring products that relate to degradation and damage mapping, general
reference maps are produced. These maps intend to support the HRAP and
Vulnerability and Risk assessment modules. An overview of monitoring products that
will be developed can be seen in Table 10.
Table 10. Other monitoring products that will be developed in WP5.
Platform
Sensor
Processing
technique
UAV
Thermal infrared
camera
UAV
Optical camera
Photogrammetry
Satellite
Multi-spectral
sensors
Satellite
SAR (Synthetic
SAR image analysis
Aperture Radar

Monitoring
information
Temperature maps of
the roads surface
3D road corridor maps
Land use and land
cover maps
Landslides/movements

5.5 PANOPTIS pilot sites
This section will highlight the monitoring needs of the PANOPTIS end-user that have
been identified in D2.1. For an in depth description of all end-user needs, refer to this
documentation [30].
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5.5.1 Spanish pilot
The Spanish pilot site concerns a stretch of approximately 77 km on the A2 highway
between Madrid and Barcelona in the province Guadalajara (Figure 21). The highway
is publicly owned. Acciona Construccíon5 carries out management and maintenance.
The stretch of highway is in a Continental-Mediterranean climate. It experiences long
and severe winters and long, dry and hot summers. Climate change projections
estimate that the maximum temperatures in summer will increase by approximately 5
degrees Celsius, and the minimum temperatures in winter will decrease by 3 degrees
Celsius. Freeze-thaw cycles can be expected to be a large source of routine
degradation.
Acciona has identified use-cases that they would like PANOPTIS to address.
First, they would like to have support in winter situations where they can deploy a
snow alarm and in addition find smart ways to allocate de-icing material. A road
surface temperature map will support the Vulnerability modules in determining the
optimal distribution of de-icing material. Moreover, a slope monitoring system is
desired. Several specific slopes at risk of erosion or instability have been identified.
Small signs of erosion (<20 cm) have been observed. Ideally, a landslide alarm would
warn road operators of emerging hazards. The PANOPTIS monitoring system aims to
model the slope in 3D to support this desire. A road surface crack detection system is
desired to support road surface health analysis. The PANOPTIS monitoring system
aims to produce road surface degradation information as explained in section 5.4.1.
Acciona would like to monitor the corrosion of a specific underpass. The PANOPTIS
monitoring tool aims to support this desire with machine learning methods as
explained in section 5.4.2. Finally, Acciona desires a tool that shows the
meteorological effects on the infrastructure.
The demo-site is already equipped with monitoring tools. These include
inductive loops for traffic intensity measurements, 19 closed circuit television
(CCTV) for traffic management, three fixed weather stations and one mobile
(attached to the service vehicle) weather station that measure variables such as
temperatures, humidity, atmospheric pressure, etc. and a communication network (4
nodes that are linked to the traffic control centre). In addition to these tools, new tools
will be installed and acquired. These include additional micro-weather stations, fix
camera to monitor slope erosion, corrosion sensors at reinforced concrete
infrastructure, and a 360-degree camera (Garmin VIRB6).

5
6

https://www.acciona-construccion.com/
http://static.garmin.com/pumac/VIRB_360_OM_EN.pdf

Deliverable D5.1:

Version 1.1

Date 11/07/2019

38

Figure 21. Location of Spanish pilot site.

5.5.2 Greek pilot site
The Greek pilot site covers a 62 km stretch of the A2 (Egnatia Odos) highway near
the city of Metsovo (Figure 22). Around 10,000 and 7,000 vehicles traverse the A2
highway daily in summer and winter, respectively. It runs from the west coast of
Greece to the east border with Turkey. The highway is owned and maintained by
Egnatia Odos A. E. Revenue is generated by the use of toll stations. The highway runs
through a Continental-Mediterranean climate. It experiences long and severe winters
and long, dry and hot summers. On average, the Egnatia Odos highway experiences 5
months of frosty conditions. This affects the roads surface, bridges, and tunnels.
Moreover, Egnatia Odos has recognized 10 active landslides. Additionally, bridges
and tunnels are generally well designed to withstand seismic events. However,
problems arise from material that drops down from the entrance and exits of tunnels.
This material blocks entrance to these tunnels and hinders traffic.
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Figure 22. Location of Greek pilot site.

Egnatia Odos has identified several points of interest that they would like to have
support from PANOPTIS. These include the monitoring of cracks on concrete
structures, monitoring of one treated and one untreated active landslide and the
monitoring of drainage tunnels.
Inside Metsovo bridge, cracks on concrete have been found (Figure 20a &
Figure 23). Moreover, no easy method exists to locate cracks underneath the deck of
bridges (Figure 24). The PANOPTIS monitoring framework aims to support crack
detection on concrete structures by using UAVs, which can observe bridges outside
line of sight, and by applying machine-learning methodologies. One active landslide
has been treated by placing counter weight material against the slope, and by creating
a drainage tunnel on the other side (Figure 25). The PANOPTIS monitoring
framework supports the monitoring of the slopes by creating volume maps. The
drainage tunnel can be blocked by debris or vegetation, which corrupts the mitigating
effects of the drainage tunnel. To support monitoring operations of the drainage
tunnel, the PANOPTIS monitoring system aims to map vegetation and volume
changes using 3D maps and vegetation maps.
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Figure 23. Metsovo bridge.

Figure 25. Drainage tunnel in active landslide.
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6 Conceptual monitoring framework
The information presented in the preceding chapters allows the design of a conceptual
remote sensing-based monitoring framework. Chapter 2 explained the importance of
road corridor monitoring. Chapter 3 explained the issues with current conventional
monitoring frameworks. These limitations highlight the importance of defining a
holistic routine and post-disaster road corridor monitoring framework that meets the
following criteria:
 It is able to assess degradation in an unambiguous, repeatable, (semi)automatic
and fast way, such that large scale and timely monitoring is facilitated.
 It considers local to large-scale elements and processes in the road corridor.
 It considers the most efficient combination of processing techniques, platforms
and sensors to satisfy dynamically changing information needs.
Chapter 4 outlined how state-of-the-art technologies can help to create a monitoring
framework that meets these criteria. Finally, Chapter 5 has laid out which components
need to be considered when designing a monitoring framework.
This remainder of this chapter will outline the conceptual PANOPTIS remote
sensing monitoring framework. The conceptual monitoring framework is a decision
tree. Several decisions are made based on monitoring goals and conditions. The
framework outputs the most suitable monitoring scheme. This monitoring scheme
consists of a monitoring platform, sensor and processing method. Two versions of the
monitoring framework are presented. Version 1.0 is a static monitoring framework
that is based on a static monitoring timetable. This means that it does not respond to
dynamic information requests (described in Section 5.2). Version 2.0 is a dynamic
monitoring framework that does respond to dynamic information requests. Moreover,
Version 2.0 optimizes the monitoring scheme based on functional and practical
constraints (more info in Section 4.4).

6.1 Conceptual remote sensing monitoring framework 1.0
Figure 26 depicts Version 1.0 of the conceptual monitoring framework. In
Version 1.0, a static timetable decides when monitoring should be carried out. This
timetable can be based on current monitoring practices. Table 11 shows an example of
how a static monitoring timetable would look like. D2.1 lists the current frequencies
of monitoring practices for a couple of elements in the road corridor. Some
frequencies are explicit (road surface is monitored daily), whereas others are implicit
(visual inspections carried out after incident). Before the monitoring framework 1.0
can be implemented, all explicit frequencies have to be made implicit.
The decision tree works as follows:
1. Static timetable - The static timetable indicates when monitoring information
should be acquired. Data acquisition is initiated when the time since last
acquisition is longer than the intended temporal resolution.
2. Start - The decision tree is initiated.
3. Road corridor level - What road corridor level should be monitored? A choice
can be made between Category A, Category B and Category C (For
explanation of the categories see Section 5.1).
4. Element - Which element inside this road corridor level should be monitored?
A choice can be made between the elements introduced in Section 5.4.
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5. Scenario – What type of scenario is currently more fitting? A choice can be
made between routine and post-disaster scenarios.
Table 11. Example of static monitoring timetable.

Road corridor
level
A
A
A
…

Element
Potholes
Ravelling
…
…

Monitoring
information
Location/size
Location/size
…
…

Temporal
resolution
Every 6 months
Every 3 months
…
…

Some monitoring objectives are clearly objectives for routine scenarios. In version
1.0, it is assumed that these objectives do not have priority in post-disaster scenarios.
Therefore, they do not have a post-disaster monitoring scheme. This is depicted in
Figure 26 by the information needs of the end-user. Ravelling monitoring is an
example of a practice that should have minimum priority in post-disaster scenarios.
The decision tree does not yield a monitoring scheme in this scenario. It is important
to note that this does not imply that ravelling monitoring cannot be carried out in postdisaster scenarios. Depending on the circumstances (accessibility, weather), ravelling
monitoring can be carried out. Version 2.0 of the monitoring scheme includes
prioritization and circumstantial constraints, yielding a monitoring framework that is
dynamic.
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Figure 26. Monitoring framework version 1.0.
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6.2 Conceptual remote sensing monitoring framework 2.0
Figure 27 depicts Version 2.0 of the conceptual monitoring framework.
There are several differences between v2.0 and v1.0. In Version 2.0,
monitoring is not initiated by a static timetable but by alerts. These alerts are based on
the dynamic information needs as described in Section 5.2. An example of an alert is
when road operators require information on road surface damages after a traffic
incident. Heavy rainfall events can also trigger alerts. Road operators or the HRAP
could require information on the deformation or erosion of slopes. Finally, long
periods of extreme temperature may require more information to be obtained of the
roads surface. The decision tree works similar as for v1.0 described earlier. The main
difference between v2.0 and v1.0 is that every possible monitoring objective in postdisaster scenarios are considered.
In v2.0 however, the chosen monitoring schemes are subjected to an
optimization framework (Figure 29). The example of a traffic accident scenario is
described in this paragraph to describe the optimisation framework. In case of a traffic
accident, the monitoring objectives of road operators may be to inspect the roads
surface for the presence of cracks or potholes. Additionally, road furniture may need
to be inspected for damages. Decisions in the decision tree are made according to this
scenario. The chosen monitoring schemes include the use of the platform UAV and
MLS (see Figure 28). The chosen monitoring schemes serve as input to the
optimization framework. First, the optimization frameworks considers the importance
of information needs. Afterwards, it considers the functional and practical constraints
(Figure 29). The importance of information needs can be ranked by the impact that
the information will have on different factors. These factors could include driver’s
safety, maintenance operations or monitoring operations. In this example, potholes
may pose a larger danger to drivers than cracks. Damaged road furniture may lead to
unclear and unsafe situations. Therefore, the information needs are ranked as 1)
potholes, 2) road furniture and 3) cracks. Subsequently, the functional constraints of
the chosen platforms are considered. The functional constraints of several platforms
are described in Section 5.3. UAV data can only be acquired during daylight when
there are no heavy winds or precipitation. If there are any functional constraints, the
information needs cannot be met. In this case, monitoring is retried after a delay of
several hours/days, when conditions may have changed. If there are no functional
constraints, the optimization framework looks at the practical constraints. These
constraints relate to practical conditions that inhibit monitoring. Is there a road
operator available who can carry out the monitoring? Is there enough budget to carry
out monitoring? Is the platform on location or does it need to be brought in from a
different location? Again. If there are any practical constraints, monitoring
information cannot be acquired. Again, in this case, monitoring is retried after a
certain delay until the practical conditions are changed. If there are no practical
constraints, monitoring can be initiated. A final check is made to see whether the
ranked information need is met. Priority is given to the first information need in the
ranked information list. When all information needs are met, the monitoring
framework is finished.
The described monitoring framework v2.0 is a dynamic framework that
considers the dynamic information needs of stakeholders. It considers different
functional and practical constraints. The designed monitoring framework can be
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adapted to suit a variety of road corridors where other post-disaster or routine
scenarios apply or where different monitoring practices are adopted.
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Figure 27. Monitoring framework version 2.0.
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Figure 28. Example of monitoring framework v2.0 in case of a traffic accident. Decision paths are indicated in green.
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Figure 29. Monitoring scheme v2.0 combined with optimization framework. Example of a traffic accident scenario.
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6.3 Route to market
Several monitoring sub-systems can be distilled from the presented document. These
are the degradation assessment frameworks, the UAV monitoring system, the MM
(MLS) monitoring system, the satellite monitoring system, the monitoring system
v1.0, the dynamic information needs system and the monitoring optimization system.
Each subsystem is aimed to have reached a certain level of operation and integration.
These aims are based on technical feasibility and expected conditions in the
PANOPTIS pilot sites.
Location information that will flow from the degradation assessment
frameworks (see Section 5.4), is aimed to be fully functional and operational in the
final PANOPTIS system. Size and type information is aimed to be a working proof of
concept (POC) that is not a fully operational. The UAV monitoring system is aimed to
reach a level of POC that is not fully operational. To what extent a UAV monitoring
system can be integrated is dependent on local UAV legislation that is often fickle.
The MM (MLS) and the satellite monitoring systems are aimed to be fully operational
and integrated in the final PANOPTIS system. The monitoring system, from initiation
until monitoring scheme selection, is aimed to be a POC. It will transition from a POC
to a fully integrated prototype, if the UAV monitoring system and degradation
assessment system have also transitioned from a POC to a fully working prototype.
The dynamic information needs system and the monitoring optimization systems are
expected to have reached a level of POC.
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7 Conclusions
This report has set out several guidelines to construct a holistic routine and postdisaster monitoring framework. The new framework had to meet the following
criteria:
 It is able to assess degradation in an unambiguous, repeatable, (semi)automatic
and fast way, such that large scale and timely monitoring is facilitated.
 It considers local to large scale elements and processes in the road corridor.
 It considers the most efficient combination of processing techniques, platforms
and sensors to satisfy dynamically changing information needs.
In the new remote sensing monitoring framework, semi-automatic data acquisition
platforms and sensors have been considered. These allow fast and timely road
corridor monitoring. Moreover, the platforms selected allow large scale road corridor
monitoring. Novel state-of-the-art machine learning techniques are considered in
order to produce semi-automatic and unambiguous degradation information in the
road corridor. The designed monitoring framework considers multiple road corridor
levels. Combining monitoring information from areas adjacent to the main RI and
from adjacent RI elements allows to gain a holistic understanding of the degradation
processes that influence the main RI.
The new monitoring framework considers the dynamic information needs of
stakeholders, PANOPTIS modules and circumstantial events. Moreover, it considers
functional and practical constraints while prioritizing monitoring practices based on
the potential impact of monitoring information. The final monitoring framework
therefore is a dynamic monitoring framework that is adaptable to a variety of road
corridors where different situations and practices apply.
The designed monitoring framework will form the foundation of the following
tasks within WP5. It will guide the development of drone monitoring capabilities in
T5.2. It will guide the development of routine degradation assessment methodologies
and post-disaster damage assessment methodologies in T5.3 and T5.4. Moreover, the
operational monitoring framework and the link between WP5 and other technical
WPs will refer to this framework as guidance.
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