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Abstract 
 

One of the vital processes for the maintenance of infrastructure is the collection of 

information about the inventory and current state of the infrastructure. Such activities are 

mostly done manually by the inspector in the field. However, Unmanned Aerial Vehicles 

(UAV) offer the possibilities to improving the accuracy, precision, and efficiency of those 

tasks. The present dissertation focusses on the evaluation of the requirements and 

possibilities for the incorporation of UAV in the assessment of port infrastructure, with an 

emphasis on pavement infrastructure.  The first step to reach the goal of the research was 

the elaboration of an extensive literature review where the leading practices and trends for 

the use of Unmanned Aerial Systems (UAS) were identified. Based on the literature review, 

it was possible to propose a roadmap for the implementation of the UAS in the assessment 

of port infrastructure. The roadmap was implemented in a case study for the Norvik port in 

Stockholm while the restrictions and information allowed.  This research produced several 

key findings. First, it was possible to recognize the lack of precise definitions in the pavement 

assessment, the faults in the current manual collection of pavement distresses and the voids 

in an investigation regarding the recognition of pavement defects different than cracking as 

some of the critical problems in the area.  Additionally, the current applications like bridge 

and structural inspection, and available technologies like LiDAR or visual sensors were 

identified along with its improvement opportunities and restrictions.  The key steps for the 

implementation of a UAS for assessing infrastructure were formulated as the identification 

of the needs and critical parameters, the selection of the UAS components, mainly the UAV 

and sensor, and the postprocessing of the data. The main conclusion drawn from the 

research is that it is possible to use UAS to assess the state of the infrastructure. However, 

not all UAS are suitable for all situations or necessities. The selection of the UA, according 

to the needs and limitations of the project, plays a vital role regarding the viability of 

implementation of a UAS for monitoring port infrastructure. The sufficiency of a UAS is 

closely related on its capability to acquire the information of the selected structures, with the 

required quality, and overcome the limitations, challenges, and restrictions of the site of 

application.  As a way forward, the most important element to address is the implementation 

of Machine Learning (ML) techniques and Artificial Intelligence (AI) to extract the relevant 

features of the data automatically.    

Keywords: UAV, drones, pavement, port, infrastructure, monitoring, assessment, 

maintenance.  

  



 
 

Sammanfattning 
 

En av de betydelsefulla processerna för underhåll av infrastruktur är insamling av 

information om infrastrukturens inventering och nuvarande tillstånd. Sådana aktiviteter 

görs oftast manuellt av inspektören i fältet. Emellertid erbjuder obemannade flygfordon 

(UAV) möjligheterna att förbättra precisionen, exakthet och effektiviteten av dessa 

uppgifter. Den aktuella avhandlingen fokuserar på utvärdering av kraven och möjligheterna 

att införliva UAV vid bedömningen av hamninfrastrukturen, med betoning på 

beläggningsinfrastruktur. Det första steget att nå målet med forskningen var utarbetandet 

av en omfattande litteraturöversikt där de ledande metoderna och trenderna för 

användningen av obemannade antennsystem (UAS) identifierades. Baserat på 

litteraturgranskningen var det möjligt att föreslå en färdplan för genomförandet av UAS vid 

bedömningen av hamninfrastrukturen. Körplanen genomfördes i en fallstudie för Norvik-

hamnen i Stockholm medan begränsningarna och informationen var tillåtna. Denna 

forskning gav flera viktiga resultat. Först var det möjligt att känna igen bristen på exakta 

definitioner i infrastrukturbedömningen, felen i den nuvarande manuella samlingen av 

trottoarkompressor och hålrummen i en utredning om erkännande av trottoarfel som skiljer 

sig från sprickbildning som några av de kritiska problemen i område. Dessutom 

identifierades nuvarande applikationer som bro- och strukturinspektion samt tillgänglig 

teknik som LiDAR eller visuella sensorer tillsammans med förbättringsmöjligheter och 

begränsningar. De viktigaste stegen för genomförandet av en UAS för bedömning av 

infrastruktur formulerades som identifiering av behoven och kritiska parametrar, urvalet av 

UAS-komponenterna, huvudsakligen UAV och sensorn och efterbehandlingen av data. Den 

viktigaste slutsatsen från forskningen är att det är möjligt att använda UAS för att bedöma 

infrastrukturens tillstånd. Men inte alla UAS är lämpliga för alla situationer eller 

nödvändigheter. Valet av UA, i enlighet med projektets behov och begränsningar, spelar en 

viktig roll när det gäller genomförbarheten av genomförandet av en UAS för övervakning av 

hamninfrastruktur. En UASs tillräcklighet är nära relaterad till dess förmåga att förvärva 

informationen hos de valda strukturerna, med den erforderliga kvaliteten och övervinna 

begränsningarna, utmaningarna och begränsningarna på applikationsstället. Som ett 

framsteg är det viktigaste elementet att ta itu med implementeringen av Machine Learning 

(ML) -teknik och Artificiell Intelligens (AI) för att extrahera de relevanta funktionerna i data 

automatiskt. 

Nyckelord: UAV, dronor, asfaltbeläggning, hamn, infrastruktur, övervakning, bedömning, 

underhåll. 
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1 Introduction 

1.1 Background 

One of the main concerns in pavement engineering is the adequate maintenance of the built 

infrastructure. Pavements are assets that require maintenance to fulfill its purpose. The 

security and comfort of the users must be ensured through the preservation of the pavement 

structures. However, the cost of maintenance and rehabilitation is often too high. “In 2008, 

an estimated $182 billion were spent in the US on capital improvements and maintenance 

of federal highways. Although billions are spent annually, many consider this insufficient.” 

(Schnebele, Tanyu, Cervone, & Waters, 2015) Therefore, the maintenance of the road 

infrastructure requires a considerable amount of resources and capital to be carried out.   

One of the critical activities in the pavement asset management is the collection of 

information related to the conditions of the pavement, “The majority of state Departments 

of Transportation (DOTs) collect inventory and condition data for asset management and 

maintenance quality assurance (MQA) purposes (Pantelias et al. 2009). These programs 

require periodic and systematic inventory and condition surveys of all roadway assets to 

determine the roadway’s level of service (LOS), set maintenance priorities, and make trade-

off decisions.” (Hart & Gharaibeh, 2011). Nowadays, the information acquisition efforts are 

based mainly in the field observation and defect detection made by inspectors, or the use of 

pavement inspection vehicles that are equipped with a wide range of sensors with the 

disadvantage of its cost..  (C. Zhang, 2008) 

In addition, besides roads, there exist critical infrastructure that possesses pavement 

structures. Those components must be maintained in better conditions than the acceptable 

standards for roads, some examples of this kind of infrastructure may include airport 

runways, port facilities or logistic centers.  Pavement maintenance in such kinds of 

infrastructure is more restricted and vital since temporary closures can represent significant 

economic loses for the diverse interested parties.  

The investigation group Road 2 Science from KTH in collaboration with Stockholm Hamn 

AB has been working in this topic for the implementation of a resource, environmental and 

economically optimized operation for the Norvik port currently under construction. The 

Norvik project is located in the south of the Stockholm region in the Nynashamn 

municipality. The new port will consist of around 44 hectares of terrain, and it is expected to 

handle around 500,000 containers and a flow of 200,000 rolling goods vehicles annually. It 

will start operation in 2020. The port is a project of vital importance for the Stockholm 

region, hence the importance of a well-planned operation, including pavement maintenance 

that could affect its daily operation.  

The smart maintenance of the port is a large-scale project, and the present dissertation is a 

component of it. Several authors propose the use of unmanned aerial vehicles (UAV), 

commonly known as drones, as a means of information collection for pavement purposes. 

For example, Zakeri et al., (2016) mention that the UAV have overperformed satellite 

imagery and manned vehicles in several applications due to its low cost, fast and easy 

deployment and high safety. Henrickson, Rogers, Lu, Valasek, & Shi, (2016) center its 

discussion about the diminished time and cost for inspection, while C. Zhang, (2008) focus 
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in its technical capabilities to provide enough detail for the identification and extraction of 

relevant parameters to assess the pavement condition.  Therefore, drones can be seen as an 

alternative for improving the management of pavement structures, especially in delicate 

facilities like the Norvik port.  

1.2 Aim 

The present work aims to Evaluate the requirements and possibilities to incorporate drones 

in the regular pavement maintenance and data collection in the Norvik port. Some of the 

secondary objectives are the following 

 Explore the current state of the art regarding the use of UAS (Unmanned Aerial 

System)  in infrastructure inspection and management 

 Define the necessary conditions and characteristics of a UAS for the inspection of 

infrastructure in the operation stage at port infrastructure. 

 Investigate the postprocessing needs for the information acquired through UAV 

 Identify possible compatibility and applications of UAV data with other software and 

processes involved in port infrastructure monitoring 
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2 Literature review 

There exist many good reasons to improve the current technology used for assessing 

pavement and critical infrastructure.  For example, “the cost of maintenance and 

rehabilitation is high. In 2008, an estimated $182 billion were spent in the US on capital 

improvements and maintenance of federal highways. Although billions are spent annually, 

many consider this insufficient.” (Schnebele et al., 2015) 

Moreover, road safety is one of the major concerns in the world. Millions of people die in the 

world because of traffic accidents. “Due to their intensive general use, to keep pavement in 

right conditions is a critical point to decrease accidents and, as a direct consequence, to 

decrease mortal victims. (Cubero-Fernandez, Rodriguez-Lozano, Villatoro, Olivares, & 

Palomares, 2017). Another important point made by (Cubero-Fernandez et al., 2017) is that 

the cost of rehabilitation or maintenance of the pavement increases through time if no 

periodic maintenance or corrective measures are taken. Therefore, if maintenance is not 

managed adequately, the maintenance costs put even more strain on the limited budgets of 

the road administrations.  

Furthermore, one of the most significant and important justifications for the improvements 

to the pavement inspection process is suggested by  (Cubero-Fernandez et al., 2017). They 

mention that all the countries in the world have a significant amount of road infrastructure. 

It can be assimilated as thousands of kilometers of roads for example, and as a consequence, 

the traditional methods are expensive and do not provide all the information needed with 

ideal frequency flexibility and quality that is required for the adequate management of 

infrastructure. This statement is especially true if the limited resources of a road 

administration are taken into account. (Cubero-Fernandez et al., 2017) 

The literature review in this document is divided into several subsections. First, necessary 

information on the pavement defects that are needed to measure will be presented. Second, 

the current methods used to evaluate such defects are reviewed. After, an introduction to the 

basics of Unmanned Aerial Systems is given. From this basis, the opportunities for its use in 

infrastructure and later in pavements assessment will be explored. The literature on the data 

acquisition and post-processing will be reviewed.  Finally, a brief description of the inclusion 

of UAVs data in the pavement management systems will be provided. 

At the end of the chapter, it is hoped that the core elements of the use of UAVs in the 

assessment on pavement and infrastructure are addressed. The literature review will provide 

a basis to evaluate the possibilities of the use of drones in the pavement and infrastructure 

maintenance areas.   
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2.1 Pavement defects  

The first step is to identify the distresses, necessary to provide adequate information for the 

maintenance and deterioration prediction. There exist several regulations or standards for 

the adequate measurement of distress in the pavements. The standardization of the type, 

severity, and extension of the defects in pavements is a first crucial asset in the road 

maintenance assessment; its inconsistency can lead to errors in the base data, damage 

models and resource allocation.  (Ragnoli, Blasiis, & Benedetto, 2018).   Ragnoli et al., (2018) 

mention that there exist multiple catalogs that allow the standardization from multiples 

bodies such as the French Institute of Science and Technology for Transport and the Swiss 

Association of Road and Transport Professionals. However, one of the most widely extended 

classification systems is the one provided by the American Society for Testing and Materials 

(ASTM) in its standard ASTM D6433, whose its last revision was performed on 2018. 

The ASTM D6433-18 (ASTM, 2018) provides a guide for the identification of distresses in 

the pavement and provides a detailed description of each distress and its severity. The 

standard involves both the flexible and rigid pavements.  Figure 2-1 shows the Pavement 

Condition Index (PCI) rating scale which provides a measure of pavement integrity and 

surface operational condition based on a numerical scale, where 100 represents the perfect 

conditions and 0 the failed one.  (Ragnoli et al., 2018).   In Sweden, there exist guide for the 

inventory and surveying of roads (Viktorsson, 2015), but it does not include an adequate 

description of the correct way to identify and describe road defects.  

 

Figure 2-1 Pavement Condition Index (PCI) rating scale (ASTM, 2018) 

A consistent output from the (Ragnoli et al., 2018) research is the following table, which 

includes information about the pavement distresses, its severity, how the impacts in the 

safety and comfort of the users, and the type of information required for its analysis. The 

table provides a base for the identification of the information that must be acquired in the 

field to identify the different pavement distresses adequately.  
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Table 2-1 Pavement distresses, its impact and information requirements (Ragnoli, Blasiis, & Benedetto, 2018). 
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2.2 Current techniques and methods to survey pavement 

Nowadays, to manage the pavement infrastructure, the best practice in the market is to make 

use of Pavement Management Systems (PMS). Hartmann and Dewulf (2009) in (Coenen & 

Golroo, 2017) describe the infrastructure management as “activities and decisions that 

reduce the expenditures over the life-cycle of an infrastructure asset while extending the 

period for which the asset provides its required purpose, function, and performance.” The 

PMS make use of data to provide the best solutions regarding cost and durability of the assets 

(pavement in this case). Figure 2-2 shows the components of the pavement management 

systems.  

 

Figure 2-2 Pavement Management Systems (Coenen & Golroo, 2017) 

The present research work will be focused on the pavement inspection and how the collected 

data can be used to assess the current condition of the pavement and later predict its 

deterioration. As can be seen in the figure, there exist two classifications for the pavement 

inspection tasks: Manual and Automated. For example, in the USA, “the majority of state 

Departments of Transportation (DOTs) collect inventory and condition data for asset 

management and maintenance quality assurance (MQA) purposes” (Pantelias et al. 2009) 

in (Coenen & Golroo, 2017).  These programs elaborate periodic inventory and condition 

surveys of all unfractured assets to determine the roadway’s level of service, priorities, and 

trade-offs (Hart & Gharaibeh, 2011). This means that the objective of the data collection is 

to determine which sections of infrastructure must be prioritized, determine the sections to 

intervene, the kind of intervention, and finally and most importantly optimize a limited 

budget in relation to a cost-benefit analysis.  

Today, a large amount of data collection work is still doing manually. That is to say, most of 

the inventory and survey work is done in the field by professionals. For example, (C. Zhang, 

2008) mentions that “the predominant method in conducting road condition survey and 

analysis is still largely based on extensive field observation by experts. Although the process 
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of data collection, in this case, is standardized by norms like the ASTM D6433, the most 

recurrent critic of this kind of process is the subjectivity of the inspectors. In addition, other 

issues like the safety of the inspectors (exposed to moving traffic and pollution from the 

vehicles), and the labor, cost and time consuming are frequently mentioned in the literature 

( (S. Zhang, Lippitt, Bogus, & Neville, 2016), (Coenen & Golroo, 2017), (Pan, Zhang, Cervone, 

& Yang, 2018), (C. Zhang & Elaksher, 2012a) among others). For instance,  Coenen & Golroo, 

(2017) points out that “manual pavement inspection is labor-intensive and dependent on the 

inspector, it is prone to subjectivity and high in labor costs.” 

On the other hand, road agencies around the world have developed several methods to 

automatize road surveying. The most extended method is the use of vans or vehicles with 

several mount sensors and data processing tools inside and outside the vehicle. Kenneth, 

(2004) in C. Zhang,  (2008) points out that there have been advances in the development of 

“a pavement survey vehicle coupled with sensor technologies and data-processing onboard.” 

Some of the sensors include CCD cameras, GPS, laser scanners, illumination instruments 

and a combination of other devices. (Zakeri et al., 2016). Table 2-2 presents a list of different 

evaluation systems based on a combination of multiple systems. L, CLS, LC, and ITP mean 

laser, controlled light system, linear camera, and image processing tools respectively. They 

are a divide in systems only for data capturing, coarse evaluation, and detailed evaluation.  

Table 2-2 Examples of automated systems for pavement survey. (Chambon & Moliard, 2011) 

 

Such methods are not exempt from criticism. For example, S. Zhang et al., (2016) points 

that, these methods are expensive, time-consuming, tedious, require specialized staff on a 

regular basis, and can exhibit a high degree of variability, “thereby causing inconsistencies 

in surveyed data over space and across evaluation.” (S. Zhang et al., 2016). Other authors 

suggest that “The mobile vehicle integrated with PMS also has a potential risk for traffic 

safety and is unable to cover the full pavement of different lanes simultaneously.” (Pan, 

Zhang, Sun, & Zhao, 2017) 

Regarding the last point, there is a common practice while evaluating pavement 

infrastructure with those kinds of vehicles.  In the USA, the van usually ubicates on the 

outermost traffic lane (the one where heavy vehicles usually circulate. Also, the pavement is 

tested in just one direction if the road possesses less than four lanes. (Board & National 

Academies of Sciences and Medicine, 2004) Therefore, it is essential to the point that if one 

survey is entirely done for a road with this method, it does not mean that the information is 

collected for the whole road but rather for one of the road lanes.  It is true that, often, the 

outermost lane is the one that is exposed to heavy loads, and therefore it gives an appropriate 



8 
 

idea of the general state of the road.  However, it is possible to find differences in the 

pavement structure and condition locally (different lane, different direction, border effects); 

such differences are not correctly captured by this method. 

An alternative that has been explored is the use of satellite photography for the surveying of 

infrastructure. This method proved to be useful to some extent for elaborating an inventory 

of the road. However, “other important pavement quality parameters such as rutting, and 

cracking are undetectable.” (Herold et al., 2004)  in (C. Zhang, 2008).   Therefore, its 

application in the survey in pavement distresses was not further analyzed in the present 

research.  

Finally, it is essential to know which types of sensors are available for identifying each type 

of pavement distress.  Coenen & Golroo, (2017) elaborated Table 2-3 that shows the relation 

between the detection equipment and the pavement distress. Table 2-3 along with Table 2-1 

can provide a basis for the selection of the sensor depending on the needs of surveying.  

Table 2-3 Relation between distresses and detection equipment. (Coenen & Golroo, 2017)  

 

2.3 UAVs 

UAV is an alternative for the automatic collection of information of pavement distressed. 

Yet, before proceeding to evaluate the use of UAVs in infrastructure surveying, it is vital to 

understand what a UAVs is, and what are its characteristics, advantages, and limitations. 

“An unmanned aerial vehicle (UAV), referred to as a drone, is an aircraft without an aviator 

aboard. A drone has been commonly equipped with a camera capable of capturing high-

resolution images and recording videos used to identify structural damage of infrastructures, 

among other uses (Eschmann et al. 2012; Nebiker et al. 2008) in (Duque et al., 2018) On the 

other hand, the unmanned aerial systems (UAS) include the vehicles and the other basic 

components that allow the operation of a UAV. Figure 2-3 shows the components of a UAS. 

In the literature, it is common that the concepts of drones, UAV and UAS are confused or 

used without precision. Therefore, those definitions can appear interchangeably in the 

present document.  
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Figure 2-3 Basic components of a UAS. (Mallela et al., 2017) 

Most of the authors agree that the most important benefits of the use of UAVs are its 

flexibility and the low cost of the systems. For instance, Zakeri et al., (2016) mention that 

“the advantages of UAV systems are their low cost, fast speed, high maneuverability, and 

high safety for collecting images. UAVs are already replaced over satellites and manned 

vehicles. Moreover, they overcome the low flexibility and high cost involved in applying 

aerial imagery.” (Zakeri et al., 2016). As a result, the UAVs have become more prevalent in 

different applications. As shown in Figure 2-4 Market analysis for UAS in Europe 2008-

2020. Figure 2-4, the use of drones has grown significantly in Europe from the year 2012.  

 

Figure 2-4 Market analysis for UAS in Europe 2008-2020. (Mallela et al., 2017)  
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An essential characteristic of the UAS is its coverage and the resolution of the imagery. 

Figure 2-5 shows the scale of detail that can be achieved with the drones and other imaging 

systems.  The figure shows the application in the agriculture field; however, it is useful to 

identify the scales that can be managed with a UAS. Satellite imagery covers the whole globe 

and can be used in applications in the Kilometers scale. Instead, UAV has the ability to cover 

areas of several kilometers of extension and at the same time are able to identify details at 

1cm scale or less. Therefore, UAS can be utilized to identify detailed defects or elaborate 

inventories of several kilometers of infrastructure.  

 

Figure 2-5 Scale of UAV imagery compared to other data collection methods. UAS4S conference 2016 in (Ader 
& Axelsson, 2017) 

Due to this flexibility, drones can be utilized in multiple applications. Table 2-4 shows a list 

of the possible applications of the drones in the transport engineering and construction. The 

table only presents a few examples of the drone's applications identified by the USA federal 

highway administration. As can be seen, the drones can be used in a broad range of fields 

and are not restricted to a specific scale or field.  



11 
 

Table 2-4 Transportation engineering and construction applications of UAS. (Mallela et al., 2017) 

 

2.3.1 Types of UAV 

Drones can be divided into two broad categories according to their shape and type of 

operation. The first is plane-configured UAV. Those mimic a single wing and propelled 

aircraft. “These MUAVs can fly in a straight-line path and must be designed to obey the same 

laws of aerodynamics that apply to conventional aircraft. The wingspan on this type of 

MUAV can vary from 12 inches up to four feet, depending on the application.” (Newcome, 

2004) in (Hart & Gharaibeh, 2011). Those kinds of UAV can develop greater speeds 

compared to the other kind of UAV and are able to carry higher loads. In addition, it is 

possible to improve the autonomy and reduce battery consumption because they have the 

ability to glide since they are based on aircraft. (Hart & Gharaibeh, 2011). Those 

characteristics made those kinds of aircraft ideal to cover greater distances or areas. 

However, the maneuverability is sacrificed along with the resolution of the information. 

Therefore, they can be used for a task like an inventory of large or linear infrastructure or 

topographic surveying of large extension.  

The second type of UAV are the ones based on helicopters. A helicopter-configured UAV 

“utilizes upward thrust induced by a single or multiple propellers to manoeuvre in flight. The 
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typical size for helicopter-configured MUAV is approximately 2-3 ft diametrically. However, 

recent research has used nanotechnology to produce an insect-sized helicopter-configured 

MUAV.” (Newcome, 2004) in (Hart & Gharaibeh, 2011). The main advantage of this kind of 

system is its maneuverability; as Hart & Gharaibeh, (2011) mention, they are able to move 

in reduced spaces, do sharp turns, and take off or land in reduced spaces. Those 

characteristics make those drones ideal for application on closed spaces, and small areas 

such as bridge inspection. Finally,  Table 2-5 contains a resume of the advantages of the 

diverse types of UAV and some of the most know models.  

Table 2-5 Advantages and examples of various types of UAV. (Mallela et al., 2017) 

 

2.3.2 Limitations 

There are several limitations in the drone use.  One of the main limitations is the regulations 

concerning use. For example, drones cannot be used close to airports, military installation, 

jails and other restricted infrastructure in most of the countries. In other cases, the 

regulators have developed a licensing system for the use of drones, especially when the 

application is not personal or related with leisure. In the case of Sweden, there exist multiple 

areas where the drones are restricted. Sverige AIP, (2011) has published a document listing 

the areas of restriction for drone flying. It is possible to find online in the correspondent 

aeronautic regulations authority the regulations applicable to each country. 

The second limitation on the drones is the effect of the wind. “Flight systems are subject to 

environmental effects and a major contributor affecting image quality is the continuous 

movement of the vehicle due to fluctuations in wind speed and direction.” (Morgenthal & 

Hallermann, 2014) . Wind possess the capacity to move the UAV and create slight differences 

in its trajectory or cause blurry or unfocused imagery because of the movement. Current 
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drones possess the ability to make self-corrections in its trajectory. However, such 

corrections are not done instantly, and errors can occur.  

Similarly, “standard GPS does not allow accurate flight altitude control which is an essential 

factor under flight planning aspects.” (Eschmann, Kuo, Kuo, & Boller, 2013) GPS allows 

precise localization of the UAV regarding latitude and longitude. However, such systems do 

not possess the same precision regarding elevation. Some drones incorporate altitude 

sensors instead. However, it is still challenging to program detailed the vertical trajectory on 

a drone. Thus, in some cases like the monitoring of close space infrastructure, manual flight 

control can be recommended.  (Eschmann et al., 2013) 

Besada et al., (2018) made a comparison between the predicted altitude, longitude, 

longitude, and yaw vs. the real behavior of the drone in a windy and non-windy day for a 

drone defined the path.  Figure 6 shows the results of the comparison. In the top graph, it is 

possible to observe the variation of the trajectory in the called x and y planes. There exist 

small variations that are significantly more evident on a windy day. A critical remark is 

elevation precision. As can be observed in the graphs, the elevation is the measurement that 

presents a higher deviation in the data concerning the programmed path. The findings from 

Besada et al., (2018) are consistent with the suggestions made by   Eschmann, Kuo, Kuo, & 

Boller, (2013) and Morgenthal & Hallermann, (2014) 

 

 Figure 2-6Figure 2-6  Mission execution and simulated results (Besada et al., 2018) 
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The other major issue with UAV is the battery capacity and flight times. The cheapest UAS 

possess a battery life of around 20 minutes. “On civil deployment and affordable solutions 

where the UAVs offered have endurance in tens or at most a few hundreds of minutes. 

Considering these flight time constraints, the problem of large infrastructure monitoring” 

(Ondrácek, Vanek, & Pechoucek, 2015). As Ondrácek, Vanek, & Pechoucek, (2015) mentions 

that battery duration generates issues when large infrastructure areas are surveyed. 

Therefore, this is a crucial aspect limiting the drone’s applications and must be considered 

in the definition of UAV missions.  

The most common response to this issue is the use of spare batteries or limiting the flight 

area. An attractive alternative to solve these issues is proposed by Ondrácek et al., (2015). 

They suggest the use and deployment of several charging stations that can be allocated using 

the optimal paths for the drone missions and the environmental factors. This would enable 

drones in the surveying of long infrastructure assets like roads or pipelines.  

Finally, lasting is not the only issues with drone batteries. Batteries are affected by the 

temperature as well. Ader & Axelsson, (2017) studied the use of drones in arctic 

environments for research. They write the following about how the UAV batteries are 

affected by temperature: 

“Lithium batteries are notorious for their poor performance in cold settings. The 

discharge time of a fully charged battery is significantly shorter in a temperature of -

20°C than it would be in a 25°C setting.” Drone manufacturer DJI states on its website 

that the lithium polymer batteries that power their drones start draining at an 

increased rate at temperatures below 15°C. Some batteries come with internal 

temperature sensors that prevent them from supplying current when the temperature 

is below a set limit, even though the battery could technically function as normal. This 

is done to avoid unexpected battery failures.” (Ader & Axelsson, 2017) 

Although much of the current technological development in the world is focused on the 

improvement of batteries. Those still represent an issue for the use of drones in all the 

environments.  

 

2.4 Use of UAV for infrastructure assessment  

From the past years, there has been an increased interest in the use of drones for 

infrastructure purposes. Many authors have explored the possible applications of drones in 

civil applications. For example,  Henrickson, Rogers, Lu, Valasek, & Shi, (2016) remarks the 

growing interest in areas like of roads, railroads, pipelines, bridges due to the low cost 

associated with the technology.  Guan, Li, Cao, & Yu, (2016) discussed that a point cloud 

taken from drones could be used for multiple applications in road infrastructure like 

inventory mapping, pavement analysis, traffic analysis, signal analysis among others. Also, 

Duque et al., (2018) mentioned the use of drones for surveying “A variety of structures other 

than bridges and buildings, such as photovoltaic (PV) fields, dams, high mast luminaires 

(HML), dams, and industrial buildings.” Therefore, it is possible to conclude that UAS have 

the potential to facilitate the surveying, not only in the transport or pavement. But in 

multiple areas and/or constructions.  



15 
 

 

Figure 2-7 Extract from the 2018 AASHTO survey on the use of drones. (AASHTO, 2018) 

 

Table 2-6 Geospatial applications by construction companies for highway construction. (Mallela et al., 2017) 

 

 

In 2018, the American Association of State Highway and Transportation Officials (AASHTO) 

elaborated a survey on the current use of drones in the USA for applications within the 

transport authorities. From the 50 USA states, 20 Departments of Transportation (DOTs) 



16 
 

are currently using drones daily. From those 20, six are already using the drones to elaborate 

pavement inspections.  Figure 2-7 shows some of the highlights of the survey.  Similarly, the 

Federal Highway Administration (FHWA) conducted a survey targeting the state contractors 

and DOT about the new technologies implemented in its daily work. Table 2-6 shows the 

results of the survey for the contractors. A first conclusion in the survey was that private 

contractors adopted new technologies much faster than the DOTs. This can be explained by 

the cost reduction and competitive advantages that the newest technologies can provide. A 

second item to highlight is that contractors use small UAV during the whole life cycle of the 

projects. Nowadays UAS are used from the first topographic surveying to the asset 

management, that is the focus of this research. 

2.4.1 Case studies 

Next, some of the alternative applications of the UAS will be discussed.  

2.4.1.1 Bridges 

Bridges are a critical part of highway infrastructure, due to its characteristics and the safety 

of the users it is imperative to ensure its state is suitable for safe operation. As a consequence, 

it is a common practice to elaborate regular inspections on bridges. However, such 

inspection possesses some challenges. First, as it was mentioned in Section 2.2, the most 

extended surveying methods are manual which is subjective, has high labor costs, and time-

consuming. In addition, there exist mayor concerns in relation to the safety of the inspectors. 

“Current visual bridge inspection methods with a crane and rope access are generally unsafe 

for inspectors because of the high elevation of bridges (Hachem et al. 1991; Koonce et al. 

2011).” (Duque et al., 2018).  Therefore, UAS are optimal candidates for improving the 

currents process of bridge inspection.  

Specifically, Otero (2015) in Duque et al., (2018) investigated the use of UAS and evaluated 

different systems in terms of its maneuverability, adaptability, software compatibility, 

payload, size, and user controls to perform bridge inspection. Similarly, Lovelace & Zink, 

(2015) evaluated the different UAV available to performing bridge inspections in Minnesota, 

USA. Additionally, a study by Chan et al. (2015) in Duque et al., (2018) identified “an 

increase in bridge inspection and maintenance backlog as a result of current time-

consuming and expensive inspection procedures. The researchers concluded that the drone-

based inspection reduced the cost to approximately one-third and time significantly, as 

minimal large and heavy equipment needed to be transported and set up at the bridge site.” 

The study from Lovelace & Zink, (2015) concluded that the UAVs are an outstanding 

alternative to perform bridge inspections safely. The level of detail and sensor alternatives 

like the infrared camera outstands the manual inspections. However, the same study found 

that one of the major obstacles for the implementation of a UAV inspection program is the 

regulations from the aeronautical authorities and the high cost of the licenses.   

 

2.4.1.2 Buildings 

Similarly to bridges, buildings are inspected periodically to identify damages affecting them 

and carry out corrective and preventive actions in that regard. The use of UAV has been 

studied by several authors.  Duque et al., (2018) identified some of the most relevant studies 
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on this subject:  “Researchers have studied the possibility of using drones to identify damage 

on the structure (Ellenberg et al. 2014; Eschmann et al. 2012; Irizarry et al. 2012; Irizarry 

and Bastos 2016; Jizhou et al. 2004; Morgenthal and Hallermann 2014; Roca et al. 2013).” 

(Duque et al., 2018)  

 

Figure 2-8 High-resolution digital façade reconstruction from several hundred images. (Eschmann et al., 2013) 

For building inspection, the key advantage of the drones over the traditional methods is its 

maneuverability. Drones allow the investigators to reach areas that cannot be accessed easily 

and safely otherwise. For example, Figure 2-8 shows the reconstruction of a façade and the 

detail of one of the damages that can be identified by UAV imagery. Also, UAV imagery or 

data allows the generation of virtual models of the building. (Eschmann et al., 2013) Such 

models and data provide complementary tools and information to the inspectors, thus 

improving the quality and speed process of building inspection. 

2.4.1.3 Construction 

Construction is one of the key sectors that can be benefited with the improvement of its 

processes. For example, “One study analyzed projects in Great Britain, Denmark, Sweden, 

and Norway, concluding that 77% experienced cost overruns.” (Steven & Ioannis, 2018) 

Therefore, monitoring the progress of construction works is a crucial element to identify the 

failures and problems.  

The progress monitoring process can be divided into different stages that are repeated 

countless times during the duration of the works. First, the data of how the infrastructure is 

actually being constructed is obtained; then, it is processed to obtain the relevant 

information for analysis, and the comparison of the status of the built project vs. the desired 

stage and qualities is made at the end. (Steven & Ioannis, 2018). As in the road sector, this 

process is usually performed manually. Personal, like crew supervisor, engineers or 

surveyors collect the information from the construction using analogical data.  Vick & 

Brilakis (2018) postulate that this data mostly relies on the experiences and criteria from the 

personal and can be subjective; besides, the authors postulate that it is a time-consuming 

process as wee, occupying around the 30 to 50% of managers in constructions. As a 
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consequence, they suggest that the automatization of these kinds of processes with UAVs 

can improve the performance of the constructions significantly.   

There exist some disadvantages and issues with the uses of drones for this purpose. Ham, 

Han, Lin, & Golparvar-Fard (2016)  points out that, with the use of drones, there will be a 

significant amount of data collected from each project. Moreover, that collected data must 

be categorized and processed within a limited deadline to be significant for the decision 

making on a daily basis.  On the other hand, Vick & Brilakis (2018) recognize that such data 

may be usefully used for monitoring the progress of the construction, but it does not allow 

the decision making to identify and classify construction errors.  Consequently, it is possible 

to postulate that drones currently are still not suitable to replace the monitoring of 

construction projects entirely; nevertheless, they constitute an essential tool to obtain 

complementary information for the decision making process.  

2.4.1.4 Railway infrastructure 

Railway infrastructure has several similarities. Rail and road infrastructure are linear 

infrastructure, possess complementary elements that are crucial for its operation, it is 

difficult to close, and its manual inspection involves safety concerns for the surveying teams.  

However, as in roads, the use of drones has been studied for monitoring purposes.  

Flammini, Pragliola, & Smarra (2016) identified the potential use of drones in railway 

monitoring. The areas include structural monitoring, especially for critical assets like bridges 

and tunnels, environmental security monitoring, physical security monitoring, safety 

monitoring, emergency/crisis management, and forensics.  Such areas have similarities to 

the needs in the road sector. Likewise, Singh, Swarup, Agarwal, & Singh (2018) made a study 

on the use of drones for railway infrastructure monitoring. They used drone imagery to 

measure the gauge, distance between tracks, that is one of the critical parameters in railway 

infrastructure. Their results were satisfactory and suggested that drones are a fast, accurate 

and cost-effective way to recollect information about the condition of the tracks.   

However, Flammini, Pragliola, & Smarra (2016) identified that safety is one of the critical 

concerns for the application of UAVs in railways. They were concerned about the possible 

collision between trains and UAVs. Therefore, as in many other applications for drones, 

security and regulations play a vital role in the future application of drones in diverse areas.  

 

2.5 Uses in pavement defect detection 

Nowadays, resources are scarce. As a consequence, there is an increase in the adequate 

preservation or improvement of the current infrastructure. Roads are not exempt from this 

reality. Therefore, new technologies are more than necessary to aid in the process like 

monitoring, maintenance and assessing the level of damage (Nermin & Ahmed, 2018). In 

general, the status of the roads in the world is not considered satisfactory. Inadequate values 

of indicators and measurements like skid resistance, structural integrity or surface defects 

are common. (Schnebele et al. 2015).  If defects like cracking, patched, and potholes are not 

treated in time, its severity increases and will start affecting road users negatively. (Nermin 

& Ahmed, 2018) Furthermore, without periodic maintenance, the road administrators and 

government costs of pavement rehabilitation or replacement can increase significantly.  
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Hence, it is crucial to identify such defects on time and provide adequate treatment. Among 

this document, virtues like the flexibility, low cost, data collection speed, and safety of UAV 

have been highlighted. That characteristic makes UAV perfect candidates for the 

improvement of the infrastructure condition assessment. In the case of pavements, “UAVs 

are able to operate rather close to the object and acquire images with few centimeter 

resolutions (Eisenbeiss, 2006), providing sufficient detail for identification and extraction 

of road condition parameters.” (C. Zhang, 2008) Since UAS are flexible, there exist 

opportunities to explore technologies different to simple imagery. For instance, mobile 

LiDAR systems are being continuously improved, and there exists the possibility of using 

them with the help of UAV. Such technologies are expected to gain more importance in the 

coming years in an application like road defect detection or inventories (Guan et al., 2016). 

The main advantage provided by the UAS is the reduction on the amount of time needed for 

capturing the data. As C. Zhang & Elaksher (2012b) point out, with the UAS, the inspection 

process can be automatized, field visits will not be needed thanks to the possibility of remote 

use, and the measurements on the condition of pavements can be done from an office with 

the help of a computer and software. 

The steps in a drone surveying process can be described as it is shown in Figure 2-9 

 

Figure 2-9 general guide for the effective use of geospatial in highway construction projects. (REDNOA INC, 
2017) 

The first step on the process is to identify the objects to measure, the constraint in the 

projects, data requirements, and the tools to be used. Then, the data is collected from a field 

where quality control is performed. Finally, the final products for each task are processed. 

From the reviewed literature, it was possible to identify that most of the authors divide the 

UAS survey process into two major steps or research areas. The first is the data collection. 

That step usually includes the selection of the geospatial tools, sensor, and the process of 

collecting the data. The second is related to the postprocessing and production of useful data 

through the UAS collected information.  Teke (2017), Barfuss, Jensen, & Clemens (2012), 

and Georgopoulos, Loizos, & Flouda (1995) are examples of researchers that have followed 

such an approach.  

On the other hand, Nermin & Ahmed (2018) recognize the two previously mentioned 

categories but recommend the inclusion of a third step or research area as well. They refer 

to this area as the validation of the data for maintenance needs. That is to say; it is essential 

to evaluate if the data works for programming maintenance actions or predict the 
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deterioration of the structures after and before it is processed.  These steps are usually left 

aside in the current research, but it is crucial for the implementation of UAS monitoring 

programs. In this way, it will be possible to evaluate the real gains of the UAS vs. the 

traditional monitoring, and ensuring that the maintenance of the infrastructure is adequate 

and resources are distributed optimally.  

The following sections will explore the current status of the research in the three previously 

mentioned steps — namely, data acquisition, postprocessing, and the inclusion of the 

information in the maintenance programs.  

 

2.6 Data acquisition  

2.6.1 Drone mission 

One of the first steps on the data acquisition process is the definition of the mission. Mission 

refers to the planning of the UAV trajectory, identification of data requirements, and 

identification of required permits among others. According to REDNOA INC (2017) 

missions can be divided in pre-mission where permits are acquired, control points are 

established, and data needs are identified. Later, comes the mission that refers to the 

actual flight. Finally, a post-mission stage in which the data acquired is stored and 

verified in the field. Missions must be defined particularly for each project before the flights. 

The data requirements, storage, verifications, and regulations can be standardized. 

However, other elements like flight paths are particular and unique for each project.  

The UAV trajectory is one of the most critical parts of the data acquisition. Aspects like image 

quality, coverage area, image resolution, and data procurement times are greatly influenced 

by flight planning.  Therefore, companies supplying drones have developed tools to help 

pilots and interested parties to define their UAV missions adequately.  Besada et al. (2018) 

mention that such tools simplify user labor significantly in the mission definition. Figure 

2-10 shows the mission process, where a user initiates the Mission Definition System (MDS) 

process through a human-machine interface (HMI) to calculate the mission parameters. 

Then the data stored and transferred to the drone where the pilot is allowed to interact with 

it. Alternatively, the information can be transmitted directly from the MDS user to the drone 

without pilot intervention. Then the drone flight control system (FCS) performs the 

programmed flight with the help of the navigation system as the sensor data is stored.  

Although the system performs well,  Besada et al. (2018) point out several issues with the 

tools as well. The first issue mentioned by them is the interoperability. The software cannot 

be used with other brands since they have different protocols. They are designed in that way 

on purpose, and some of the advanced options are unlocked only to the professional or more 

costly models. The second issue is that “interface is oriented to simple flight plans defined 

through a time-ordered waypoints sequence, and to the manual definition of other data such 

as altitudes or heading.” (Besada et al., 2018) Therefore, flights cannot be planned through 

these tools considering elements like the coverage needs infrastructure characteristics and 

such. Consequently, additional calculations might be needed to ensure the quality of the 

data.  
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Figure 2-10 mission setup system.  (Besada et al., 2018) 

Another issue is raised by Rathinam et al. (2008), they argue that for linear structures 

mission control programs do not ensure complete coverage of the study area.  They mention 

that waypoints are a collection of preprogrammed points that will be visited by the UAV in a 

sequence, but this does not ensure that the UAV path will coincide with the study area.  

Figure 2-11 illustrates the Rathinam et al. (2008) postulate. Here the drone trajectory when 

reaching the point 2 is unknown and therefore it may deviate from the desired path (grey). 

Although, this may be a problem for previous models or poorly planned missions. Nowadays, 

UAS software can ensure the correct coverage of the study area, and such problems are not 

common.  However, this postulate demonstrates the importance of the mission planning in 

data collection to avoid potential mistakes.  

 

 

Figure 2-11 Trajectory and waypoint issues in the surveying of linear structures. (Rathinam et al., 2008) 
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2.6.2 Types of sensors 

Figure 2-10 shows that sensors are the elements responsible for capturing the data in drones. 

Thanks to its versatility, drones can use multiple types of sensors. The following sections 

show some of the possible sensors that can be used for pavement defect detection in drones.  

2.6.2.1 Cameras 

Cameras are the most common payloads in drones; they are the most accessible, less costly 

and versatile sensors. As a consequence, the use of cameras on drones is one of the most 

widely explored topics in the literature.  A great example of this situation is the paper from 

Mathavan, Rahman, et al. (2015) in Coenen & Golroo (2017). They used a Sony Cybershot 

DSC-W180 camera to evaluate the functionality of an automatic crack detection algorithm. 

The price for this model of camera is located under the 100USD. It is for this versatility and 

reasons that authors like Coenen & Golroo (2017) suggest that digital photos taken from low 

altitude provide a satisfactory level of detail for identifying all kinds of defects in the 

pavement. Similarly, Zhang & Elaksher (2012b) advocate that the low cost, flexibility, and 

efficiency of UAS with mounted cameras allow the user to identify and evaluate all the 

distresses in the road surface.  

A significant percentage of the reviewed literature focuses on the automatization of crack 

detection from pavement surface imagery. Such studies make use of machine learning 

algorithms and IA to evaluate the photos and identify automatically cracks. It is possible to 

mention authors like Ying & Salari (2010), Segantine (2015), and Zou et al. (2012) among 

others performing this type of research. More information on this subject will be presented 

in section 2.7.  It can be argued that exist a clear trend in the image processing and automated 

defect detection, with several papers and investigations on automated detection with the 

help of machine learning algorithms being published every month. However, there are 

advantages or tools from camera sensors that are not being fully explored by researchers.  

For example, the acquisition of imagery from drones allows users to create digital terrain 

models (DTM) that are relatively accurate. Such models can be compared to the ones 

elaborated for building inspection and mentioned in section 2.4.1.2.  During the literature 

review, two references regarding this topic were found. The first one corresponds to the 

study from Schnebele et al. (2015) where the authors explore the use of digital terrain models 

applied to unsealed roads. “Digital photos taken from low altitude manned aerial, UAV, or 

vehicular platforms provide data with appropriate resolutions for identifying distress such 

as potholes, ruts, and corrugations as well as changes in road surface elevation” (Schnebele 

et al., 2015).   

The other example corresponds to S. Zhang et al. (2016) investigation, Figure 2-12,  they 

propose the use of a Digital Surface Model (DSM) for the complete evaluation of a road 

segment. Figure 2-13 shows the results of  Zhang et al. (2016) study. They compared the 

results obtained from the photogrammetric reconstruction with actual measurements made 

on the field.  The results show a good performance of the technique in contrast with the field 

results. In the case of the rutting, the authors did a manual measurement and simplifications 

that can explain the greater differences in this item. 
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Figure 2-12 Digital Surface Model from a photo-restitution (S. Zhang et al., 2016) 

 

Figure 2-13 radar plot measurement for different pavement defects for 28 study sites. (S. Zhang et al., 2016) 
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As can be seen, cameras are the most used sensors for drones. However, there are still 

unexplored applications from these. Researchers have not addressed uses like the 

photogrammetric reconstructions, inventory elaboration or road construction fully.  

2.6.2.2 LiDAR 

An alternative to cameras in drones are LiDAR sensors. LiDAR technology has been used on 

road applications from some time before. First mobile lidar systems were launched around 

2003, and it immediately attracted the attention of the transport authorities (Jacobs 2005, 

Toth 2009, Stauth and Olsen 2013) in  (Guan et al., 2016). Such systems are usually mounted 

on vans or vehicles, and then surveyors drive along the road sections while capturing 

information of all the visible infrastructure, from road surfaces to power lines, bridges, street 

lights, rails among others.  (Guan et al., 2016) The output of such kind of sensors consists of 

point clouds that must be processed in the offices.  

Recent developments had allowed that such kind of sensors could be mounted in UAV.  One 

of the key advantages is the cost of those sensors compared with the mounted or large-sized 

sensors.  “Aerial LiDAR is cheaper than mobile LiDAR; it can collect data in about sixty 

percent of the time, and for about sixty percent of the cost of mobile LiDAR.” (Michigan 

Department of Transportation & Dye Management Group, 2014). Table 2-7 shows a 

comparison between different technologies. There rows two and three correspond to sensors 

mounted on UAV. Row 2 Unmanned aerial LiDAR corresponds to the sensor discussed in 

this section, while Row 3 Unmanned aerial photogrammetry corresponds to a Camera sensor 

discussed in Section 2.6.2.1.  

Table 2-7 Summary of accurate and dense spatial data collection technologies. (Steven & Ioannis, 2018) 

 

In terms of cost, cameras are more accessible than LiDAR sensors. As it was mentioned 

before in Section 2.6.2.1., cameras below 100USD possess acceptable resolutions for 

acquiring road defect data.  However, Steven & Ioannis (2018) suggest that the resolution of 

such cameras is still minor compared with LiDAR sensors. On the other hand, Coenen & 

Golroo (2017) mention that LiDAR applications on roads have a relatively low resolution and 

its use is limited to “macro-failures such as rutting, potholes, and edge drop-off.” (Coenen & 

Golroo, 2017).  In practice, results of the data resolution are significantly affected by several 

parameters like quality of the sensor, flight elevation, flight speed, point density (in the lidar 

case), the presence of obstacles. Therefore, data quality varies among the commercially 

available sensors, and it is not possible to suggest that one technology is more accurate than 

the other. The sensor selection depends on the considerations made at the beginning of the 

project. 
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Nevertheless, it is important to highlight that LiDAR technology possesses the potential to 

be used in pavement inspections and that both technologies must be seen as complementary. 

Photography based techniques produce a significant number of visual information with less 

cost, while LiDAR has the ability to catch the surfaces accurately in the presence of 

obstructions or cover a significant area with minor postprocessing time. (Koska et al., 2017)  

2.6.2.3 Multi- and Hyperspectral imagery 

Another type of sensor that has shown capabilities for acquiring data for pavement 

maintenance purposes. Hyperspectral sensors are camera-like sensors that capture imagery 

outside of the visible spectrum. The data is later post-processed to allow visualization of 

diverse features. “Hyperspectral imagery utilizes large numbers of narrow, contiguous 

spectral bands (sometimes ranging from as much .35 − 2.4 μm) to gather detailed spectral 

information, often regarding chemical and mineral properties, of an observed feature. 

(Schnebele et al., 2015) 

The cameras make use of the composition of the asphalt pavement. As asphalt pavement 

deteriorates, contents of hydrocarbons present in the mixture decrease, this leads to changes 

in the asphalt composition, and, ultimately, in the reflectivity. (Schnebele et al., 2015) Such 

changes in the reflectivity allow the identification of different defects of the asphalt. Also, 

defects like cracks or potholes cause that foreign material stays into the asphalt or that the 

material of the inferior layers come to surface. For instance, Figure 2-14 by Pan et al., (2018) 

shows the different reflectivity ranges for pavement distresses in a test section. As expected, 

traffic lines have a higher reflectivity than pavement, and defects involve less reflectivity in 

contrast with pavement in a good state. As a consequence, it is possible to classify the areas 

in the image and identify defects in the pavement through this type of sensors.  

 

Figure 2-14 Image mean spectrum of pavement, potholes, cracks and traffic lines. (Pan et al., 2018) 
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Along with Pan et al., (2018), there are authors like S. Zhang et al. (2016) and  Herold, 

Roberts, Smadi, & Noronha (2004) that have studied the use of hyperspectral imagery in 

pavement monitoring. A common observation among the authors is that Hyperspectral 

imagery needs to possess a higher level of detail to be used for road inspections.   S. Zhang 

et al. (2016) and  Herold, Roberts, Smadi, & Noronha (2004) suggest that such imagery 

should be taken with a resolution inferior to 1cm.  

Finally, it is essential to mention that hyperspectral imagery possesses two significant flaws 

for defect detection. First, when foreign objects like an oil spill, water, patches, or external 

material is in the imagery. It is not possible to elaborate an adequate analysis of the bands 

and or defects since such materials will hold different reflectance values. Secondly, the 

pavement has multiple recipes and compositions. Therefore, reflectance among different 

pavements will vary; it is even possible that different reflectance is found sections 

constructed at different times on the same road. For instance, older pavements will exhibit 

a broad range of different characteristics when compared making more difficult the use of 

this type of imagery.  (Herold, Roberts, Smadi, & Noronha, 2004) 

2.6.3 Imagery requirements 

Imagery resolution is the critical parameter that allows the identification of defects in the 

pavement.  Image resolution controls how much detail contains an image and is usually 

measured on the pixel size. “Traditional imagery for pavement identification vary from 2 to 

1 cm per pixel for a 4m photograph taken from a survey vehicle.” (Board & National 

Academies of Sciences and Medicine, 2004).  Figure 2-15 shows the traditional pictures 

taken by surveying vehicles.  The image corresponds to a single lane with a resolution of 1 

pixel per centimeter. Such imagery is the one traditionally used for automated crack 

detection by survey vehicles.  Such imagery is relevant to identify the parameters required 

for UAS took imagery to be acceptable or used along with the same automatized crack 

detection methods.  

 

Figure 2-15 Traditional pavement imagery (Board & National Academies of Sciences and Medicine, 2004) _ 
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Within the literature, there exist several examples of recommendations about the adequate 

size of a pixel for pavement monitoring purposes.  For example, “AASHTO Provisional 

Standard PP44-01, Standard Practice for Quantifying Cracks in Asphalt Pavement Surface. 

That standard defines a crack as a discontinuity in the pavement surface with minimum 

dimensions of 1 mm (0.04 in.) wide and 25 mm (1 in.) long.” (Board & National Academies 

of Sciences and Medicine, 2004) Here, it is essential to clarify that new standards R-85 and 

R-86 were introduced in 2018, but it was not possible to access this information. 

Nevertheless, Nermin & Ahmed (2018) propose some values from a more recent point of 

view. Table 2-8 proposes some updated standard and considerations regarding the quality 

of the imagery.  The authors propose that the imagery resolution should be enough to 

recognize cracking about 3mm depth and 6mm width.  In addition, Nermin & Ahmed (2018) 

provide other considerations for the data collection. Such recommendations respond to 

coverage of the image or external factors that could affect the quality.  

 

Table 2-8 Data collection requirements for distress detection. (Nermin & Ahmed, 2018) 

 

As it can be seen resolution is a vital parameter in pavement distress data collection.  

However, what are the elements that affect resolution in data collection? Resolution is 

affected mainly by two elements. Firstly, the resolution is affected by the characteristics of 

the sensor. Different technologies and different sensor models possess different 

characteristic concerning the quality of the image taken and its storage. Second, the distance 

from what a picture is taken influences the real size of a pixel. Figure 2-16 shows the 

influence of the flight altitude in the coverage and resolution for two different sensors. As 

can be seen, the pixel size quality is inversely proportional to the flight altitude, but at the 

same time, the coverage increases with altitude. Therefore, it is essential to balance those 

two parameters accordingly to the project needs.  It is important to notice that the behavior 

of the graphs in Figure 2-16 is similar but not exactly the same for each sensor model in the 

market.  
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Figure 2-16 Image overage and pixel size vs. flight altitude (Torres-Sánchez, López-Granados, De Castro, & 
Peña-Barragán, 2013)  

As can be found in the literature, one of the major obstacles for the use of digital imagery or 

UAV data is the level of detail (resolution) of the data. S. Zhang et al. (2016) claim that the 

main impediment for extending the use of UAS for pavement distresses evaluation is that 

the spatial resolution is too coarse to resolve detailed distresses and that usually have 

magnitudes in the millimetric order. However, along with the recent advances in sensor 

technology and adequate mission planning such difficulties can be overcome.  Nevertheless, 

adjusting plans, flights missions and objectives are vital to acquire pavement distress 

information from UAS successfully.  

 

2.7 Postprocessing 

After finishing the data capture and verification, the next step is to take the raw information 

obtained from the UAS and transform it into utilizable data. This process is called 

postprocessing and can represent a more considerable amount of time in contrast with the 

data acquisition. Figure 2-17 represents the required workflow required after the flight 

mission to extract the required information from the UAV obtained data. The first step is to 

define what is the information needed, and the right tools to extract it. Later, the 

postprocessing begins by preparing the files and extracting the required characteristics. 
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Finally, quality assurance is needed to ensure the compliance of the results with the 

standards and requirements.  

 

 

Figure 2-17 Workflow to produce final products to support design (REDNOA INC, 2017) 

For imagery, it is possible to extract cracks by using software like MATLAB or C++ 

programming. Photogrammetric restitution requires the use of specialized and often paid 

software like Autodesk ReCap or Agisoft Methashape (previously Photoscan). Regarding 

LiDAR imagery, the mainly used software for point classification is Global Mapper, but it is 

possible to find other alternatives, including free software.  

As can be seen, for each application exist multiple software solutions. However, a fair 

amount of the current research focuses on Machine Learning (ML) or Deep Learning (DL) 

solutions for the automatic detection of pavement distresses. Digital image processing is a 

topical area of investigation due to the possible gains in efficiency and minimization of the 

risk. In the case of pavements there exist many studies looking into automatic crack 

detection since the process still have not overcome multiple flaws. (Sudiatmika, 2017) 

 “Automatic interpretation comprises image processing and pattern recognition techniques 

to identify defects and distresses.”(Schnebele et al., 2015) Figure 2-18 shows the primary 

process for automated crack detection. Once the image is taken, it is delivered for the off-

vehicle processing. Each image is scanned through a crack detection software where the 

classification and features of the distress are obtained if present. Finally, that information is 

quality checked and delivered to the decision makers.  

This process seems rather simple. However, the automatic extraction of the crack features is 

a challenging problem. There exist plenty of external factors and properties of the pavement 

that hinder the automatic detection of cracks. To mention some, shadows, particle textures, 

brightness intensity, joints, and wet areas make the imagery slightly inhomogeneous (Zou et 

al., 2012). As Zou et al. (2012) explain, these features make the contrast of the actuals crack 

not differentiable thus, traditional methods of feature extraction like intensity thresholding, 

edge detection, and sub-window based will not detect the cracks correctly and may result in 

several false positive cases.  
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Figure 2-18 Automated pavement cracking analysis (Board & National Academies of Sciences and Medicine, 
2004) 

As a consequence, alternative methods for extracting crack features have been explored 

recently.  One of the main newly explored fields is computer vision and Deep learning (DL). 

Algorithms called convolutional neural networks (CNNs or ConvNets) have been researched 

for some years now. In the past, parameters had to be programmed before the image could 

be processed. Nowadays, what characterizes this type of DL networks is that the network 

learns the parameters, from a learning set,  by itself by encoding the properties of the image 

within its architecture with the help of different analysis layers (Karpathy, 2018). An 

advanced version of this network is called deep CNN (DCNN) which posses a higher number 

of layers hence improving the feature abstraction capabilities. (Gopalakrishnan, 2018) 

Gopalakrishnan (2018) suggest a list of three main types DL  network algorithms that can be 

used in crack detection: 

 “Caffe is developed at the Berkeley University of California… It is considered to be an 

easy-to-deploy production platform developed exclusively for DL-based computer 

vision systems and is believed to be one of the fastest CNN implementations available 

with an ability to process over 60 million images per day” (Gopalakrishnan, 2018). 

Running it with a C++ platform or MATLAB is possible. (Karpathy, 2018) 

 “TensorFlow, originally developed by researchers and engineers working on the 

Google Brain Team, uses data flow graphs for numerical computation and is mainly 

designed for developing and implementing deep neural network models. One major 

advantage of TensorFlow that vastly increased its popularity among DL researchers 

and companies is its ability to deploy computation to one or more CPUs/GPUs on a 
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variety of systems and devices through a single application programming interface 

(API)” (Gopalakrishnan, 2018). 

 “Keras is a high-level Python DL library and API capable of running on top of 

TensorFlow... It is well known, among both budding DL researchers and experienced 

ones, for its ease-of-use (minimal programming) and ability to allow fast 

prototyping” (Gopalakrishnan, 2018). 

 

2.7.1 Case studies and techniques 

2.7.1.1 Machine learning methods 

As it was mentioned before, currently, much of the research is focusing on Machine Learning 

or DL algorithms. There exist multiple papers in this area with different proposals to be 

studied. The present section will study three examples from the literature selected to show 

the evolution of the machine learning algorithms. The first example uses a Back Propagation 

Network (BPNN) which was the precursor of CNN. In the second example, then the use of 

CNN in 2d imagery is explored. Finally, the third example uses DCNN to analyze 3d imagery.  

 

Figure 2-19 Horizontal and vertical projective integral example. (Cubero-Fernandez et al., 2017) 

First, Cubero-Fernandez et al. (2017) suggest a method of three steps for identifying cracks. 

First, the image is pre-processed, then a BPNN ML method is used, and finally, cracks are 

classified. Its learning mechanism is based on the book C4.5: Programs for Machine 

Learning from 1993 and it consists of a BPNN using decision trees to define the image 

attributes. Cubero-Fernandez et al. (2017) argue that its system obtained an error on an 

average of 20%, highlighting the errors from longitudinal cracks that are around 33%. These 

results although important shows significant errors than hider the use of this technique for 

practical applications. Another significant flaw of the technique is that the algorithm is not 

capable of producing a final image with the cracks, but rather a crack probability graph with 
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the location of the cracks. Figure 2-19 shows an example of a result with the Cubero-

Fernandez et al. (2017) network 

Another example of a traditional crack detection method is the one proposed by Zou et al. 

(2012). They used CNN to extract the cracks from the imagery. One of the critical elements 

of their proposal is the use of a geodesic shadow-removal algorithm to improve the image 

quality and enhance crack detection. Figure 2-20 shows the process suggested by Zou et al. 

(2012) for their DL crack detection mechanism.   

 

Figure 2-20 CrackTree proposed flow chart (Zou et al., 2012) 

A. Zhang et al. (2017) postulate that the CrackTree system proposed by Zou et al. (2012) has 

satisfactory results. However, they also mention that the system decomposition of original 

data creates discontinuities in the extracted features, thus creating issues in the quality of 

the data as can be seen from the crack seeds and final crack in the previous figure. Another 

issue with the system is that the authors do not include any mechanism for quantifying crack 

widths, which can be an important indicator of the severity of the damage. 

On the other hand, A. Zhang et al. (2017) focused its system in the analysis of the pavement 

with DCNN with 3D laser imagery data. They argue that two-dimensional imagery is not 

suitable for automated crack recognition process since it is more prone to be affected by 

noises like shadows. Therefore,  A. Zhang et al. (2017) that 3D imagery presents more useful 

information and fewer noises and should be used for crack detection.   

They proposed the use of DCNN with several layers. They did not normalize the data size 

input and elaborated a pixel to pixel learning where every pixel is compared with the network 

with the help of restrictions from the previous analysis layers. The critical difference of A. 

Zhang et al. (2017) with the previously mentioned works is that they not use a pooling layer 

(or down-sampling layer) that avoids the extraction of repeated features reducing the 

computational needs in around 75% but may cause information loss at the same time 

(Deshpande Adit, 2016). The results from  A. Zhang et al. (2017) were satisfactory, but 



33 
 

improvements must be made regarding fine cracks and joints. Figure 2-21 shows the typical 

errors obtained by the authors.  

 

Figure 2-21 Representative errors of CrackNet on testing images. (A. Zhang et al., 2017) 

 

2.7.1.2 Multispectral imagery 

Pan et al. (2018) propose the use of Neural Networks to recognize pavement distresses. One 

of the differentiator elements from Pan et al. (2018) is that he makes use of multiple learning 

algorithms and not CNN alone.  They claim that, by using that configuration, the proposed 

network has a 98.3% of effectivity for recognizing cracks and portholes using less 

computational powers.   

The second element that makes Pan et al. (2018) work differently is the inclusion of 

automatic pothole detection in the imagery. Figure 2-22 shows the results of the 

classification made by the Network proposed by Pan et al. (2018). There it is possible to 

observe that there exist areas that could not be appropriately classified because of the 

different reflectance values from some elements in the road.  

 

Figure 2-22 Classification result of a sample of a road segment. (Pan et al., 2018) 

One of the most relevant results in Pan et al. (2018) is the analysis of the influence of the 

pixel resolution in the automatic identification of distresses. During the development of their 

research, the authors fly the UAV at different elevations, obtaining imagery with different 
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pixel resolution. Figure 2-23 presents the result of the analysis made by Pan et al. (2018). 

The graph introduces the relationship between pixel resolution and classification accuracy. 

The number of miss cracks increases when the pixel size is greater 3cm. At the same time, 

the paper mentions that the mean value of the crack width is 2.8cm. Therefore, the authors 

suggest this as a plausible explanation of the 3cm threshold.  By extrapolating the results, it 

is possible to argue that the pixel resolution must be chosen accordingly to the width of the 

cracks that might be present in the pavement to analyze.  

 

Figure 2-23 Automated crack classification for different image resolutions. (Pan et al., 2018) 

 

2.7.1.3 Hyperspectral imagery 

Hyperspectral imagery is another option for monitoring pavements. The application of this 

type of sensors into the pavement area has not been extensively studied. One of the few 

examples of the application of such systems is the research of Resende et al. (2014).  

A first item to highlight in the Resende et al. (2014) research is that the imagery was not 

taken with the objective on the pavement defect detection. Therefore, its resolution and 

quality may have hindered the correct identification of defects. Also, the identification of 

defects was made manually over a small road section. The first step in the Resende et al. 

(2014) research consist in the identification of the pavement areas in the imagery, and later 

the identification of the pavements is made and contrasted with a manual survey from the 

test section. Although the research does not introduce an automatic detection method, it is 

relevant since it proves the usefulness of this kind of imagery for pavement monitoring.  

Nevertheless, there exist issues with this type of imagery that has been pointed out by other 

authors.  For example, Schnebele et al. (2015) argue that the recognition of pavement defects 

with such kinds of images becomes more complex in older pavements due to the exposition 

of un-weathered materials with different spectral values. In the same way, high traffic 

volumes have been found to increase the reflectivity while causing deterioration by the 



35 
 

polishing effect, and this information may interfere with a correct distress classification with 

this kind of images (Schnebele et al., 2015). 

2.7.1.4 LiDAR postprocessing 

With a difference of the previous methods, LiDAR is not based on imagery but in cloud 

points. Therefore, the extraction of the road defects with this methodology seems to be 

different. Although it is possible to produce imagery from them applying methods like the 

one from  A. Zhang et al. (2017) studied in section 2.7.1.1. 

Alternatively, Guan et al., (2015) have developed a framework to extract cracks directly from 

LiDAR point clouds  called ITVCrack (Iterative Tensor Voting). First, they extract the points 

that correspond to the pavement surface from the complete point set. Then, they convert the 

point data to imagery and use an edge extraction algorithm to extract the crack data. Figure 

2-24 shows the comparison of the results obtained from the ITVCrack technology vs. other 

technologies and the real ground condition.  As can be seen, the ITV Crack framework seems 

to outperform other alternatives regarding precision. However, Guan et al., (2015) point that 

currently the computer processing power needed for its framework is considerably 

demanding, and this might hinder its practical application.  

 

Figure 2-24 Comparison of ITVCrack with other technologies. (Guan et al., 2015) 

LiDAR technologies provide enough information to extract other features besides pavement 

defects. The same data can be used in the extraction of road markings and manhole covers, 

inventory of roadside elements, tree inventor and elaborate terrain models for future studies 

among others. (Guan et al., 2016). While putting the added benefits of LiDAR into account, 

it is possible to overcome the cost barriers that put this technology in disadvantage against 

traditional imagery.  



36 
 

 

2.8 Information quality and use 

Once the data is processed, it is essential to ensure that the information has the right amount 

of detail, covers the study area, and is delivered on time. In the case of pavements, this kind 

of information is part of much larger systems. Such systems are tools called Pavement 

Management System (PMS), on which the management decisions are made based on long-

term policies (Shahin & Walther, 1990) in (Coenen & Golroo, 2017). The objective of such a 

system is the optimization of the preservation of pavement, and the rational use of the 

resources. The fundamental idea of the PMS is to reduce the life cycle of the pavement, 

ensure the correct state of the pavement, ensure the safety of the user, and , ultimately, 

improve the sustainability of the road networks (Leonardi, Barrile, Palamara, Suraci, & 

Candela, 2019) (S. Zhang et al., 2016). The systems rely significantly on information about 

the current pavement condition and the prediction of future damages and deterioration to 

optimize resources.  

 Therefore, it is crucial to ensure that the information collected is useful and contains all the 

required data. Information from UAV needs to be taken and processed fast enough to permit 

the assessment of the state of the pavement or at least improve the current times and detail 

levels.  Since the responsible for roads “devote large amounts of time and money to routinely 

evaluate pavement surface conditions as the core of their asset management programs.” (S. 

Zhang et al., 2016), a satisfactory quality assurance system is needed to ensure the 

compliance of the information with the road agency needs. 

The Board & National Academies of Sciences and Medicine  (2004) suggest the following 

three key points to ensure the quality of road imagery: 

“How accurately does the condition of the pavement at the time of imaging reflect the 

“true” pavement condition? The many factors contributing to variability in this 

instance include the moisture and thermal conditions of the pavement, the surface 

texture, the degree of shading, and the angle of the sun. 

With what degree of accuracy does imaging characterize the roadway it represents? 

The variability no doubt depends on what type of imaging is used, the characteristics 

of the cameras employed, the geometric configuration of the data collection vehicle, 

the lighting employed, and many other factors. For that reason, there will almost 

certainly be a different set of answers for each vehicle, even from the same vendor or 

manufacturer. 

How accurately does the data reduction process from images reflect the true pavement 

conditions? Again, there is no doubt that numerous factors are contributing to 

variability, not the least of which are image quality, the hardware, and software used 

in the evaluation, the training of the operators (or raters), and the protocols used.” 

(Board & National Academies of Sciences and Medicine, 2004) 

As can be seen, the quality measures suggested by The Board & National Academies of 

Sciences and Medicine  (2004) have resemblance with the topics and issues discussed in the 

previous sections. Therefore, by following an adequate mission planning, identification of 
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the particularities of the project, and elaborating an adequate postprocessing process among 

others, it is possible to ensure the quality of the information.  

Finally, once the imagery quality is ensured, it is important to visualize how drones may 

transform the current management schemes. Table 2-9 shows a proposal for the 

introduction of UAS for the assessment of the road network in Kuwait. Highlighting several 

elements is important. First, as it was mentioned before, drones are more flexible and less 

costly to operate. Therefore, it is expected that the surveying frequency and scope increase 

along with the quality and data amount while the cost is reduced. UAS could reduce the 

subjectivity from the surveying personnel and will increase the confidence in the predictions 

and resource allocation. Similar scheme improvements can be expected with the use of UAS 

in other places.  Table 2-9 Comparison among Current Practices, MRP and Proposed 

Maintenance Rating System for Kuwait. (Nermin & Ahmed, 2018)  

 

Table 2-9 Comparison among Current Practices, MRP and Proposed Maintenance Rating System for Kuwait. 
(Nermin & Ahmed, 2018) 

 

 

 

2.9 Summary 

A first element to consider is the lack of a unified standard in the definition of the pavement 

defects. Gopalakrishnan (2018) point out that most of the studies do not have a standard 

definition regarding what is a crack. This makes not possible the comparison or adoption of 

a standard methodology for crack detection.  

Secondly, one of the critical elements of the UAS more than the platform (UAV) is the sensor 

to be used. Elements like wind, GPS positioning systems, and flight patterns can affect the 



38 
 

precision of the data collection process negatively. In this regard, an adequate mission 

definition plays a key role. The adequate definition of the objectives, quality needs, test area, 

selection of methodologies and such can improve substantially the results of the quality of 

the data recollected by UAS.  Also, it was showed that the image resolution, or point density 

in the case of LiDAR, plays a vital role in the quality of the imagery and the capability of the 

systems for extract features and distresses from the collected information.  

Along the literature, there were several issues that affected most of the reviewed methods. 

First, it is widely agreed the identification of crack features is highly demanding due to the 

inhomogeneous road surfacing. Furthermore, environmental factors as shadows are a 

significant problem since they difficulty the recognition of defects in the pavement. “if such 

areas are large and frequent, they can significantly affect the results of both extent and 

severity determinations for a given roadway” (Board & National Academies of Sciences and 

Medicine, 2004).  Figure 2-25 shows the effects of the shadows and joints over the DL or 

automated crack detection frameworks.  However, it is essential to remark that technologies 

like LiDAR have the possibility to overcome such restrictions.  

 

Figure 2-25 Shadows and joint effects in the automated crack classification process  (Ersoz, Pekcan, & Teke, 
2017) 

Regarding the improvement opportunities for future research, the reviewed papers show test 

performed over a wide range of pavement sections and conditions. Besides, Gopalakrishnan 

(2018) mentions that learning methods use different sets not only for analysis but for 

learning as well. Due to these characteristics, it is difficult to compare the results from one 

method to another.  

Furthermore, it was noted the lack of research in certain areas and the omission of some key 

elements in the analysis. First, there exist areas like the hyperspectral imagery and LiDAR 

application that have been under-explored and can constitute alternatives to the traditional 

imagery. Concretely, in the case of LiDAR, it shows some advantages over the 2D imagery 

like the significant precision on crack extraction, the independence of the data quality 

regarding ambient conditions, the possibility to use the collected data for other purposes, 

and the recollection of 3d features.  

Precisely over the last item on the list, it is crucial for automated systems to collect other 

defects rather than cracks. From the studied papers and techniques, only 3 involve the 

identification of defects like potholes. Distresses like rutting were only mentioned by two 

authors, while no information was found about the remaining pavement defects. Therefore, 

other kinds of defect constitute an important area of future research. Other elements that 
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can be considered like pavement defects and that were set aside are the seals and patching. 

From the crack identification frameworks, none included the effects of prior reparations in 

the automated crack identification, which can constitute a significant obstacle for the 

application of such methods in the daily pavement monitoring practices.  

Despite the previously mentioned improvement areas, the information gathered through the 

literature review will constitute a basis for the present thesis. The available technologies, the 

current state of the automated detection, possible limitations of the technology, data quality 

requirements, and the key parameters to consider are useful elements identified in the 

literature.  
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3 Methodology 

The central hypothesis of the master thesis is the following: drones can be used to improve 

the sustainability, efficacy, and efficiency of pavement maintenance. First, to avoid some 

vagueness and ambiguity in the definition, sustainability regarding pavements is defined as 

follows by the FHWA. “A sustainable pavement is one that achieves its specific engineering 

goals, while, on a broader scale, (1) meets basic human needs, (2) uses resources effectively, 

and (3) preserves/restores surrounding ecosystems.”  (Muench & Van Dam, 2014) In 

consequence, the research will focus on how the UAV can improve the following aspects of 

road maintenance. Therefore, the work will focus on how those factors could be improved 

through the use of UAV.  

It is possible to identify several aspects that can be improved with the use of UAV. For 

example, the FHWA (2014) mentions that “technologies are resulting in the production of 

higher quality, longer lasting pavements that can have significant environmental, economic, 

and social benefits.” (Muench & Van Dam, 2014) Within these technologies, the technologies 

related to the collection information are included in the FHWA (2014) document. In this 

regard, the UAV technologies could provide a less costly and time-consuming information 

acquisition process. Improving the lifespan of the pavement structures, optimizing the 

resources needed for the maintenance, provide more detailed and relevant information for 

the decision making, and in overall ensure that the pavement is in suitable conditions for the 

users.  

To identify the methodology that can be proposed, first, it is necessary to determine the 

measurable variables and how the hypothesis can be manipulated or measured to determine 

if there exists an improvement in the pavement maintenance with the use of drones. To this 

purpose, a literature review was carried out. From the available knowledge, a deductive 

approach was followed to organize the current state of the art in drone infrastructure 

monitoring and identify the key issues and potentialities of this technology in port 

infrastructure. 

Some of the key concerns identified in multiple papers (S. Zhang et al., (2016); Schnebele et 

al., (2015); Resende et al., (2014); Guan, Li, Cao, & Yu, (2016) among others)  was the quality 

of detection of the defects and the type of sensor used. While other papers occupy of how the 

postprocessing of the images can be done (Schnebele et al., (2015); Pan, Zhang, Cervone, & 

Yang, (2018) to mention the most relevant ones). Finally, one last concern is the 

incorporation of the data in the asset management systems. Although, fewer papers 

discussing this issue were found. To mention some it is possible to include Schnebele et al., 

(2015); Nermin & Ahmed, (2018); and Zakeri et al., (2016). To resume, the following are the 

key parameters that could provide insight into the convenience of the use of drones for 

pavement maintenance: 

 Capture of the pavement defects and features 

 Postprocessing 

 Convenience of the produced data for asset management  

The present thesis will focus on solving the methodological questions related with the first 

and second item in the list, the capture of the pavement defects and postprocessing. For this 
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purpose, it is necessary to identify the conditions and instruments that can provide an 

essential advantage for the UAV against the traditional systems, verify that the UAV can 

produce data (photos or models) where the pavement defects and features can be adequately 

confirmed (reliability and validity). The adequate capture of the pavement features depends 

on factor like the drone speed, drone altitude, kind of sensor used, meteorological 

conditions, data resolution, flight pattern among others. Some of those variables are not 

entirely independent. For example, image resolution is dependent on the drone elevation 

and the kind of sensor that is used. The image resolution is one of the critical variables since 

“the actual obstacle for using digital aerial images for detailed pavement surface distress 

evaluation is the spatial resolution is too coarse to resolve detailed distresses, which often 

manifest at the millimeter scale.” (S. Zhang et al., 2016) Nevertheless, it is possible to 

increment the resolution of the imagery as  C. Zhang & Elaksher (2011) point; nowadays, 

drones are capable of capture images up to 5 mm (or higher) that allow an adequate 

identification of the pavement defects.   

For the present master thesis, an experiment is selected as the primary method. The 

experiment will be performed in a pavement test section.  Then a drone will be used to collect 

information on the pavement features. Some of the variables mentioned before will be 

maintained constant by controlling the drone speed and flight pattern as well as the flight 

area. In the case of the meteorological conditions, it is not possible to control directly such 

variable. However, it is possible to perform the data acquisition flights at the same hour and 

with similar meteorological conditions, avoiding the wind, rain and snow conditions. Some 

of the parameters that could be manipulated through the experiment are the drone altitude 

and the kind of sensor that could be used; it will allow obtaining different data and imagery 

resolution indirectly. Thus, the information can be processed, and an adequate resolution 

level can be identified for its use in the pavement conditions surveying. 

 Within this purpose, one of the project partners, Stockholm Hamn AB, will provide the 

drone and physical space (pavement section) to test it.  Several measurements can be 

performed in this section, and the different results can be compared among them. By 

following this methodology, it is possible to define the experiment as field experimentation. 

The field experimentation possesses certain advantages over another kind of 

experimentation. For example, simulations can be ruled out as a methodological instrument 

since it is not viable to simulate the field data acquisition in a simulation. It is not possible 

to simulate and create data for capturing pavement defects with a sensor mounted in a UAV. 

Also, data acquisition is one of the critical parameters identified for the master thesis work.  

Furthermore, some of the difficulties, obstacles, impressions, and experiences (qualitative 

data) obtained through the data acquisition process are relevant to evaluate the possibility 

to implement UAV systems for the studied task.  

An essential feature of the experiment is the possibility of including a control group data to 

compare the results obtained in the field. This can be done by traditionally acquiring data. 

That is to say, to perform a survey in the selected pavement section by using the traditional 

means. Those means could include the use of a survey van or the recollection of information 

in the field by doing a manual inspection (walk and record). For the case of the “manual” 

inspection there exist different guidelines and regulations for different countries that can 

ensure that the data collection is performed objectively and adequately. For the present case, 
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such an inspection can be made according to one of the several AASTHO based manuals 

since there are no Swedish guidelines for this kind of surveys. 

An essential element in the proposed experiment is the extension of the area to survey. If 

multiple sensors and elevations are tested in a significant number of different sections, the 

results coming from the investigation could be widely generalized. However, if just one 

section of pavement is used, it will affect the capacity to extend and generalize the results to 

a full range of studies. The present experiment is planned as the second case, where the 

number of sections to be tested are limited to a few. To operationalize the experiment on a 

broader range of pavement sections and climates would require the use of multiple survey 

teams located in different geographical places at different periods. Teams should use the 

same equipment and fly parameters in every case and ensure similar weather conditions. 

Even though it is possible to operationalize such a scenario in real life, there exist budgetary, 

time and resource limitations inherent to all projects that do not allow the creation of such 

experiments. In consequence, the present master thesis results, although useful, will not be 

generalized to all levels. They will serve as a basis on which the Stockholm Hamn AB and 

future research and maintenance programs can continue to build on.   

Once the data is acquired, the current techniques to process the obtained data will be 

explored. The scope of the present work covers the identification and study of the methods, 

but not its application. Such restriction was adopted due to the time limitations of the 

present work. This means that it would be possible to identify the potential of the UAV 

imagery for infrastructure maintenance by contrasting the base or control section results 

against the other sections. However, the final data extraction of the data will not be 

performed. As with the data collection, the final results cannot be generalized, but they will 

provide an adequate basis for the development of further research or programs. As 

consequence, for the reasons here exposed, the field experiment constitutes the adequate 

methodological alternative for the master thesis work and allows the adequate collection of 

that kind of data in contrast with other methodological alternatives like laboratory 

experiments and simulations.  
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4 Roadmap for the use of drones in the port infrastructure 

maintenance 

To allow the UAS to be used commercially for infrastructure maintenance, damage 

prediction it is necessary to address several issues that hinder the use of this technology in 

those contexts.  The objective of this section is to provide a roadmap for the development of 

the UAS technology towards this goal. The present section will serve as a high-level guide 

presenting the necessary milestones and steps to fully develop this technology for the desired 

purposes of the present work. 

It was found that the UAS needs to be improved in different aspects, it is possible to group 

some of the activities proposed in the roadmap by classifying accordingly to the stage of the 

project.  The three main categories that can be made accordingly to the project stage are the 

following.  

  

In Appendix 1 Drone development Roadmap is possible to find a complete overview of the 

necessary steps for the development of drone application in the maintenance labor of port 

infrastructure.  

4.1 Need identification and sensor selection 

The identification of the particular needs of the project is an essential step for the 

development of UAS. As it was discussed in section 2.3 and section 2.6.2, there exist multiple 

types of sensors and UAV that can be used alone or in combination.  Different types of drones 

give access to a different type of coverages and even sensors. Drones that mimic airplanes 

give the user a higher coverage in the scale of Kilometres while a helicopter bases drone 

provides better maneuverability.  In the case of the port infrastructure, it is necessary to 

evaluate first what is the extent of the area that the drone will be required to flight, and which 

kind of infrastructure is going to be monitored, so the selection of the UAV is made 

accordingly. In the case of the Norvik Port, there exist infrastructure like railroad lines, 

bridges, pavement and buildings in which there exists a potential interest to monitor. 

Therefore, the use of a Drone that gives more flexibility could be beneficial for the project 

and allows the measurement of a broad range of features from the infrastructure. 

The sensor plays a vital role in the selection of the UAV as well.  Different UAV possess 

different carrying characteristics and supported maximum weights.  Although most of the 

sensors for UAS are designed taking into account the weight, it is possible to find in the 

market sensors that are too heavy to carry for certain types of drones. Similarly, there exist 

attachment limitations where some sensors are not compatible with the attachment 

Need 
identification

UA System 
selection

Data 
acquisition

Post-
processing 

Information 
use
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mechanisms of certain types of drones. Finally, some companies offer pre-set UAS 

configuration with a specific sensor included. This type of drones are easier to mount and 

put into operation but restricts greatly the alternatives of the users regarding sensor choice 

or even the use of multiple sensors with a single platform.  

As it can be seen sensor affects the UAV selection significantly, but What affects sensor 

selection? Three key elements affect the selection of the sensors greatly; the first one is the 

features to measure.  For instance, if it what is required is to measure is a distance between 

two different objects; the selection of a LiDAR sensor is not correct since that sensor is 

mostly capable of provides point clouds and 3D data. Then a simple camera might be a better 

choice. On the contrary, if the data requires the precise analysis of the variations in height 

from a pavement, then the LiDAR data can make more sense and would require less 

postprocessing effort and computational resources.  From the perspective of the port 

requirements, a platform which is capable of mounting different types of sensor might be 

more cost effective, due to the variety of features that might be important to measure. It can 

vary from crack identification and bridge inspection to the measurement of rutting in the 

pavement as an example. 

A second consideration is the detail level required from the data. It is possible to find a wide 

range of sensors in the market; such sensors vary significantly in price and characteristics. 

Generally, higher precision or a major number of additional features means a higher cost in 

the sensor as well. However, for some of the applications, it is not necessary to acquire the 

most expensive sensors; in some case, a few centimeters precision is enough. Particularly for 

the port infrastructure, the applications may vary from construction progress monitoring, in 

which a few centimeters error could be allowable, to defect detection, in which a sub-

centimeter precision is required.  

The third consideration is the use of the information and the technical capacity to make use 

of the collected data. Different types of sensors produce different kinds of information.  The 

critical question regarding sensors is How the data acquired with the UAS can be used or 

incorporated in the damage prediction or maintenance efforts? In this regard, the limitation 

is given by the expected output format and the ability to use such data to predict the damages 

or produce concrete actions that ensure the continuity of the port operations. Alternatively, 

the data can be used if there exists the technical capacity to transform or process the acquired 

data into meaningful information for the decision makers as well. However, such post-

processing is often limited by budget, time and computational constraints. 

Connected with the third consideration, there exists an element to consider for the 

development of the UAS. It is the definition of file standards and information management. 

It is vital that the information is saved on a previously agreed file format standards and 

information structures or maps. In this way, it is possible to ensure the interoperability 

among the different software packages used for the processing of the data, that the 

stakeholder has access to the data and the information of its interest easily, and no 

information is lost, omitted or misused.  

In the case of the port infrastructure, two sensor technologies are of particular interest. The 

first one is LiDAR technology, that was explained in section 2.6.2.2. That technology allows 

the acquisition of 3D data. Buczkowski (2018) mentions that Lidar precision has values 

between 1 to 3cm for aerial systems. There exist sensors, like the YellowScan Vx for example, 
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that has a precision of 1cm according to its technical specifications. However, as Buczkowski 

(2018), LiDAR sensors are significantly more expensive than cameras and that limits its 

application to a few cases where high precision is required. Besides the claimed precision, 

the points are taken per second, weight and stability of the LiDAR sensor are essential 

characteristics to consider when selecting a LiDAR sensor. Table 4-1 shows the comparison 

of several available LiDAR sensors.  

Table 4-1 LiDAR sensors comparison based on manufacturer specifications 

Sensor Weight 
Accuracy 
(Z-axis) 

(cm) 

Distance 
precision 

Range 
(m) 

Points per 
second 

(Thousands) 

LeddarVU 0.13 5 6mm 60-180   

LiDAR USA INS and 
Velodyne Puck VPL-16 

1 - 1.6 3   100 300 

LiDAR USA INS and 
Quanergy M8 Laser 

1.6 2   150 440 

Velodyne HDL 32E 1.3 2   80-100 1390 

RIEGL VUX-1UAV 3.5 1 5mm 300 500 

RouteScene LidarPod 3 2   100 1400 

YellowScan Surveyor 
Ultra 

1.7 5   100   

 

On the other hand, cameras are the most extended type of sensors for use in UAV. With this 

kind of sensor, it is possible to acquire 3D and 2D data. However, the procurement of the 3D 

requires a considerable amount of time and computational power, and its accuracy is minor. 

Buczkowski (2018) remarks that the accuracy of camera sensors can be similar to the LiDAR 

if the right equipment, processing and the use of help systems like ground control points are 

adequately used. Therefore, the selection of a camera sensor designed explicitly for 

photogrammetric purposes is vital, if a high accuracy in the survey is intended. High-end 

sensors, like the Phase One iXU 1000 sensor with 100MegaPixels resolution and wholly 

designed for UAV, reach prices as high as 70000 USD.  A standard photogrammetric sensor 

can be purchased with around 5000 USD. Nevertheless, it is essential to mention that in case 

that the requirements of the information are not highly demanding the use of a cheaper and 

less precise platform is always advised.  

In the case of cameras, one of the foremost parameters to take into account for the camera 

precision is the pixel size, as explained in section 2.6.3. However, it is essential to remark 

that this parameter is affected by other camera constraints like focal distance, lens aperture, 

and resolution among others. Moreover, the pixel size is the limiting parameter, but the total 

precision is affected by other elements like photography overlap, number of ground control 

points, and use of alternative positioning systems, as explained in the next section.  
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Table 4-2 UAV camera sensors comparison. (Propeller Aero, 2017) 

 

4.2 UAV selection 

Once the questions in this section are solved, it is possible to choose an optimal combination 

of sensors and drone that considers the restrictions mentioned before. This process can be 

an iterative procedure where the compatibility of the elements and that the designed system 

fills the needs and overcomes the restrictions of the project. 

Although the drone selection seems to be a straightforward decision, besides the payload 

capacity, flight duration, area, and cost, there exist multiple factors that need to be 

considered to select the adequate UAV for the job. It is possible to find multiple lists on the 

internet with several UAV models.  For example, Appendix 2 Commercially available drones 

trough Amazon shows an updated list of some of the offered models in the market. The list 

contains approximately 60 different models, and it is possible to find more UAV models not 

listed there.  

A good start is to filter the models by the type of system that might be of interest. As it was 

mentioned before in the case of port infrastructure, a helicopter-based system gives more 

flexibility in the task. After that, it is possible to take out drones with flight times under 20 

minutes.  Equally, the budget is an essential initial filter for the systems. Those three filters 

can provide some initial guidance about the type of drone required. 

After those steps, the selection of the drone should be focused on the primary purpose of the 

drone. It is possible to find UAV with more than 20 min autonomy, similar costs, and types 

of sensors for a wide variety of purposes. For example, it is possible to find drones around 

5000 USD, with acceptable autonomy for racing, audio-visual purposes, irrigation or 

surveying. For the case of port infrastructure monitoring, it is clear that the vocation use of 

the drone is related to the surveying of infrastructure and such kind of model should be 

considered.   
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Having a look at the products from the leading UAV producers, there exist a wide variety of 

platforms that are labeled as commercial. In the case of DJI, one of the biggest drone 

producers, they offer the line Matrice pro that consists on a hexacopter platform with a high 

personalization level that allows the use of multiple types of sensors and the possibility to 

include several additional features and accessories. Other producers offer similar UAV 

labeled as products for industrial or surveying purposes. Such kind of drones was there is a 

need for the use of multiple sensors.  

However, it is essential to evaluate not only the purpose but the required precision level as 

well. There exist works in which, for instance, a 6cm error might be acceptable and cheaper 

or basic drones might be enough to carry out the tasks. Thus, reducing significantly, the cost 

of the equipment. In other cases, a precision major than the one offered with conventional 

systems is required. Therefore, it might be necessary the use or systems different than 

ground control points (GCP) ensure a centimeter level accuracy. In the market exist 

solutions like the RTK (Real Time Kinematic) & PPK (Post Processed Kinematic)   (“Do 

RTK/PPK drones give you better results than GCPs? | Pix4D,” 2017) that replace the GCP 

and claim to increase significantly the precision and processing times for surveying drone 

applications from traditional camera sensors.  

Due to the extensive UAV offer in the market and the different conditions for each project, 

it is possible to argue that the drone selection is highly dependent on the needs of each 

project. Therefore, it is not possible to recommend a single solution for the varying 

conditions of the infrastructure to asses. A UAV selection must be made independently for 

each project.  

 

4.3 Data acquisition 

The first thing to consider for acquiring the data is adequate planning of the mission. The 

mission plays a crucial role to obtain acceptable quality information. Several considerations 

and limitations must be studied for each particular project. The first significant element to 

consider is the resolution of the data. As it was mentioned in Section 2.6.3, the data quality 

that the sensor can acquire is dependent on flight parameters as elevation and speed. For 

example, the flight altitude influences the pixel resolution in camera sensors, or flight speed 

might affect the point density for LiDAR sensors. Such variables must be verified for each 

required data and each kind of sensor.  

Additionally, as it was mentioned in section 2.3.2, law and regulations are often limitations 

for the projects that involve the use of UAV. Often, such laws are focused on the protection 

on the national security and critical infrastructure, which is the case of the Sverige AIP, 

(2011) document. Therefore, existing restrictions regarding flights nearby jails, courts, and 

military assets among others. On the other hand, the governments and air traffic authorities 

enforce measures to preserve the security of air transport users. In some countries, the 

privacy of the population is considered and included in the UAV restrictions resulting in 

banning drones in populated areas.  As a consequence, it is vital to determine the restrictions 

enforced in the area for the use of drones and involve them in the mission planning and data 

acquisition programs and schedules.  
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Besides the regulations, it is possible to encounter environmental conditions in the area that 

affect data acquisition. For example, the wind is one of the strongest meteorological 

conditions that could potentially influence information procurement with UAS. Strong 

winds can deviate UAV from the pre-programed path. Although drones have the capacity of 

autocorrect such variations. Still, it is possible that the quality of the information is affected. 

For example, coverage of the photographs for photo-restitution or point coverage of specific 

sectors may vary because of strong winds. 

 Another element to consider is the presence of arboreal individuals of tall height (more than 

30m tall as an example). Those may limit the path available for the data procurement and 

can potentially harm the UAV equipment in case of collision. As those environmental factors, 

there exist several more that must be considered to ensure the quality and precision of the 

data acquisition process.  Among those, it is possible to include the daylight and shadow 

conditions, rain or snow conditions, snow accumulation, presence of other restricting 

infrastructure as examples. 

Once the environmental factors and other constraints have been identified, the next step is 

to elaborate on a flight plan or drone mission. The drone mission is usually elaborated taking 

into account all the restrictions identified and with the help of specialized software. In the 

market there exist multiple packages, like the DJI GS pro, that is sold by the same drone 

manufactures. However, for professional approaches software like the PIX4D capture 

provide a higher number of editable characteristics for the requirements of each project. In 

general, most of the key actors in the GIS and UAV business, like Trimble, PCI Geomatica, 

Esri, provide drone-based solutions for the data capturing and image processing.  

Table 4-3 UAV flight mission software comparison based on the developer’s information 
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DJI GS Pro iOS Camera ✔ ✔ ✔ ✔ ✔ ✔   2 
KMZ, 

SHP 
DJI drones 

Map Pilot 

for DJI 
iOS Camera ✔ ✔ ✔ ✔ ✔ ✔   1  DJI drones 

Pix4D 

capture 
iOS/ Android Camera ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 4  DJI, Parrot, 

Yuneec 

UgCS 

Windows/ 

macOS / 

Linux 

Camera/ 

LiDAR 
✔ ✔ ✔ ✔ ✔ ✔  ✔  KML, 

DEM 

DJI, Parrot 

Yuneec, Others 

  

Depending on the characteristics of the project, it would be necessary to decide on factors 

like elevation, speed, flight pattern, and image coverage among others.  First, the higher 

elevation affects the more the coverage, and flight time. However, depending on the sensor 

the precision of the survey may be affected. The speed flight influences the stability of the 

camera, the lesser the speed flight, the higher the overlapping and stability of the photograph 

to avoid undesired blurriness. Nevertheless, with lower speeds the time required to do the 
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same program increases.  Finally, flight pattern might influence the flight time, and quality 

and amount of data obtained. As it can be seen, the mission must be planned particularly for 

each case, and the paraments mentioned before must be optimized to acquire the maximum 

amount of sufficient quality data overcoming the limitations of the UAS.  

After the mission is planned carefully, as most of the projects, it is necessary to control and 

ensure the quality of the execution. This means that the drone flight must be monitored to 

detect, and correct if necessary, mistakes in the execution of the programmed flight. Equally 

important, data must be checked before leaving the survey site to avoid longer processing 

times or even the necessity of returning to the project site to repeat the flight. Nowadays, 

there exist several flight planning software solutions that allow real-time data verification on 

site.   

4.4 Postprocessing 

Once the drone mission is completed, it is necessary to extract the useful information from 

the procured data. This process can be divided into two parts. First, the raw drone data is 

processed and transformed into information that is legible or from which the features can 

be extracted. The second stage is the extraction itself of the interest qualities from the drone 

information.  

Depending on the type of data and information, there are exist different post-processing 

procedures. In the case of 2D information, the drone delivers several photographs. Those 

photographs can be overlapped, captured the object from different angles or different times, 

or have different resolutions and so on. A first approach consists of the alignment of the 

images to create a photomosaic. In this way, the pictures are combined in a single image, 

and it is possible to extract the most useful information from each picture, eliminate some 

of the imperfections of the pictures, and avoid the undesired angle differences from the 

objects in a single picture. 

Photomosaic can be divided, if necessary, and loaded in different software packages like 

Matlab,  Civil 3D to extract several features. It is possible to apply several transformations 

to the image and manipulate the images before loading them into the different software 

solutions. It is possible to apply filters to increase the contrast for the interest features, 

remove the shadow interferences or filter colors in different bands to make more viable the 

feature extraction process. Alternatively, through the use of machine learning and 

convolutional networks the improvement of the images can be performed while the features 

are extracted as it would be explained furtherly in this section. 

Besides the 2D data, it is possible to obtain 3D information from 2D UAV imagery. This 

process is called photo restitution and is frequently used in the surveying industry. As it was 

explained before, photo restitution data can be nearly as accurate as LiDAR surveys if the 

field work and tool selection are done correctly. One of the keys to the process is the use of 

the right sensors and UAV. The second element of importance is the georeferencing of the 

pictures. Although drones have their own GPS, its accuracy is not rival for a high precision 

survey. Therefore, it is necessary to add support systems that help to improve the accuracy 

of drone surveying. The most common support system is the localization of reference points 

taken with high precision GPS systems, and that can be identified in the pictures. However, 
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new systems like the RTK and PPK are winning terrain against the traditional control point 

approach due to its increased survey speed and reduction of post-processing times. 

The photo restitution process itself is made entirely using the software. Most of the process 

is automatized, but human interaction is much needed to define the critical parameters of 

the process. There exist several solutions in the market, being Agisoft Metashape and PIX4D 

the most popular software used for this purpose. Nevertheless, the process is almost the 

same with all the different commercially available solutions. First, the photographs groups 

are imported into the software and aligned. This means that the software creates a significant 

composition with all the images by finding the common points in the imagery and giving 

them a proper orientation. Then, the approximate elevation is calculated for a point by using 

the different angles of the interest point that are found in different images. After that, it is 

possible to build a mesh and give an adjusted texture to the final result. This process is 

computational and time demanding thus the increased popularity of RTK and PPK systems 

that complete automatically part of this process while the UAV is still in the air.   

Table 4-4 Main photogrammetry software comparison based on the developer’s information 
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Output 
formats 

PIX4D 
PC or 
cloud 

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
3990 
UER 

las, shp, dxf, 
dgn, pdf, csv, 
klm, Geotiff 

Agisoft 
Metashape 

PC or 
cloud 

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
3499 
USD 

Geotiff, 
las,pdf,dxf,km

z 

Reality 
Capture 

Cloud ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔  1500
0 EUR 

las, shp, dxf, 
dgn, pdf, csv, 
klm, Geotiff 

Autodesk 
ReCAP 

Cloud   ✔ ✔ ✔ ✔    
310 

USD/ 
year 

las, shp, dxf, 
dgn, pdf, csv, 
kmz, Geotiff 

Trimble 
Inpho 

PC  ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔  
las, shp, dxf, 
dgn, pdf, csv, 
klm, Geotiff 

 

In the case of LiDAR, the process is less complicated and resource consuming compared with 

the photo restitution. The raw output from the LiDAR consists of a point cloud that includes 

the position and elevation of a vast number of points.  That point cloud can be directly 

transferred for processing.  It is possible to obtain multiple elevation values for the same 

point in the same cloud due to obstacles like vegetation, service lines, barriers, and building 

edges among others. Within the processing software, points can be classified to avoid 

mistakes related to the previous issue. After the point classification, it is possible to generate 

the desired output information directly within the software.  Some of the most widely used 

LiDAR processing suites are TerraScan, LAStools (+ArcGIS or ERDAS), ArcGIS and ERDAS 
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Imagine; those suites possess similar characteristics while LAStools provides further 

capabilities and options to some of the base software. Several suites like PIX4D and Trimble 

Inpho are capable of mange LiDAR data as well, with fewer options. More information is 

available on the developer's website.   

Once the first step of the post-processing is completed, it is necessary to extract the features 

from the data taken in the field. In the case of single infrastructure with low complexity or 

few components, like bridges, it is possible to extract features by observation or manually in 

most of the cases. However, elements like roads or surfaces are often more complex, and it 

is not possible to extract the interest features manually. In such cases, it is necessary to 

involve software solutions or machine learning.  

Unfortunately, software solutions have been developed for more robust testing systems like 

Testing road vans or heavier equipment than drones. Additionally, those software solutions, 

like WiseCrax or CrackIT,  focus mainly on the automated crack detection and classification 

of paved roads. Thus the automatized detection of another kind of distress is often left aside. 

In cases of more complex infrastructure assessments and UAV data acquisition, it is 

necessary to develop custom toolboxes to help with data processing. Such toolboxes are often 

developed under more robust packages like Phyton or Matlab and use newly developed 

machine learning techniques. Furthermore, the accuracy of the automated detection 

software is lower when compared with the new machine learning techniques (Some, 2016). 

Some of the available Machine learning techniques are compared in the Gopalakrishnan 

(2018) paper.  

Once the data has been extracted, it is necessary to identify the potential uses that the data 

can have and the best way to manage it. Information obtained must be used to evaluate the 

current damage and predict future damage, so the decision makers are able to recommend 

the best course of action to maintain the infrastructure and minimize the affectation of 

operations. In this case, infrastructure can be managed with the use of databases and 

prediction models. An exciting alternative is to send the information obtained from the UAV 

flight and the extracted features into the BIM solution of the project with the help of 

additional software like PIX4DBim.    

 

4.5 Data usage 

After extracting the interest feature values from the data acquired through the UAV, the next 

step is to define which the possible uses for the information are, and what is the best way to 

involve the information in the decision making.  As can be seen from Table 4-4, the output 

format of the information of the postprocessing may result in multiple alternatives to include 

the information in the pavement management systems.  

Pavement management system databases are composed usually of a considerable number of 

variables. In such case, the UAV collected data will become a part of the multiple inputs that 

might be available for the decision makers. Table 4-5 shows the importance given by the 

American Society for Testing and Materials (ASTM) to the different types of data in a 

pavement management system in a High, Medium, and Low scale. From the data, it is crucial 

to notice that surface distresses play a vital role in the maintenance of port-like areas, but 
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that alone does not constitute the only data necessary in a pavement management system.  

The periodicity of the data collection might be given by external standards, the needs of the 

infrastructure, the importance of the element, and the importance of that data in the 

analysis.   

 

Table 4-5  Priority Guidelines (Level of Importance) of Data Needs Other Paved Areas (Commercial Areas, 
Industrial Yards, etc.) (ASTM, 2015) 

 

Once the data is collected, there exist multiple application for the information. A promising 

application is the construction of databases that allows the users the continuous monitoring 

of the pavement and allows the user to identify how the defects and damages of the pavement 

are progressing. This can be done with the implementation of periodical assessment tasks 

with the UAS. Tasks can have different levels of detail to improve post-processing times and 

reduce the cost of the assessment. In this way, it is possible to evaluate the deterioration of 

the pavement in real time while calibrating damage prediction models allowing the 

acquisition of information for long- and short-term maintenance. 
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Predict the damage on the pavement has been a task that most of the pavement management 

systems have underwent. Models to predict the pavement damages can be deterministic for 

small sets of data, or probabilistic for broader data sets and pavement areas. In the incoming 

years, newly developed models based on Neural Networks similar to the ones used for data 

recognition in imagery have been developed. (Yao, Dong, Jiang, & Ni, 2019). However, 

despite the model chosen for managing the pavement, input data plays a vital role to ensure 

the accuracy and precision of the selected models. UAS recollected data brings the possibility 

to administrators and other users, not only to obtain data for the models but to evaluate and 

calibrate such models and determine how well they fit the reality of the pavement, 

independently of the model chosen for the task. 

After evaluating the possible severity of damages and how they can progress, the next step is 

the selection of the actions required for the treatment of the damages in the pavement. A 

UAS pavement database could help the decision makers to make more intelligent and 

efficient treatment choices. It is possible to determine how the damages have been 

progressing and which previous actions have been more efficient to maintain the pavement 

in optimal conditions by evaluating actual field data collected by UAV.  In this way, the 

actions with higher benefits and more significant impacts on the pavement durability are 

prioritized over subsequent treatments with lesser gains. In this way, it is possible to make 

pavements more sustainable with lower resource demands and ensure the adequate 

operability of the infrastructure.  
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5 Case Study: Roadmap for the Norvik port Project 

5.1 The Norvik port project 

The port is being built as a response to the necessity for a new port in Stockholm to attend 

bigger ships, the projected increment in the maritime cargo traffic in the Baltic due to the 

economic growth in the area. (Stockholm Hamn AB, 2016). The Norvik port project is located 

in the north of Nynäshamn municipality and south of the Stockholm region in Sweden; this 

location brings some advantages. It is expected that with the construction of the port the 

trips from the ships coming from the north of continental Europe will be reduced, the 

location gives the port the possibility to connect easily with Stockholm and the region 

reducing the travel times, and cost while making more eco-friendly the goods movement. 

(Stockholm Hamn AB, 2016) 

 

Figure 5-1 Norvik Port localization. Google maps 

The project includes the construction of a container port in an area of approximately 500 

thousand square meters. The project is developed to serve some of the biggest cargo vessels 

in operation and includes the construction of all the complementary services needed as 

administrative buildings, customs, entry roads, and rail connections.  The project is planned 

for construction in two different stages. The first stage is planned for moving 300000 TEU 
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per year and dispatch around 104000 vehicles, while the second stage will increase the 

capacity of the port in 200000 TEU per year additional by incrementing the port length in 

400m. (Stockholm Hamn AB, 2016) Figure 5-2 shows the general plan and surfaces of the 

projected port. 

 

 

Figure 5-2 Norvik port plan overview. (Stockholm Hamn AB, 2018) 

 

5.2 Need identification 

Information about the port project was obtained directly from Stockholm Hamn AB. The 

information that obtained comprises the port layout, several base and project planning 

documentation. From this information, it was possible to identify some of the most relevant 

aspects and needs about infrastructure management in the port.   

Within the port layout, several structures and spaces can be identified as Figure 5-2 Norvik 

port plan overview. (Stockholm Hamn AB, 2018)shows. The first structure corresponds to 

the container storage area. The pavement structure of this area is mainly composed by an 

unbound granular base, two bitumen layers and pavement concrete blocks on the top.Figure 

5-3 presents the typical pavement structure of the container storage area. The area is subject 

to heavy loads of 20 to 40 tons per container stacked in the area. As a result, queue areas in 

the pavement are subject to stresses that may lead to differential settlements and 

deformations.  Additionally, the areas where the trucks transit inside the port must be 

reviewed as well. Inside the port, those areas include the customs controls entries, truck 

paths, and loading areas.  
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Figure 5-3 Typical pavement structure of the container area. (Stockholm Hamn AB, 2018) 

In addition to the pavement in the container storage and transport area, accessibility to the 

port must be guaranteed along with the port operation. Therefore, the new access road 

should be maintained in optimal conditions to ensure that the port operation runs smoothly. 

The pavement structure can be found in Figure 5-4. In the case of this pavement structure, 

mainly heavy goods vehicles are expected to use the road. Several entry controls are expected 

since it is an access road to the port. Hence it is necessary to consider creep and routing 

issues while evaluating the pavement condition.  

As part of the port access infrastructure, the project includes the construction of a bridge. It 

is located at the entry of the port, and its primary function is to cross the projected rail track. 

Although, bridge life is longer than pavements life thus inspections are not as frequent as 

with the pavement. In Sweden, this kind of infrastructure must be monitored after six years 

of construction and later a minimum of every six years according to Trafikverket regulations  

TDOK 2018:0179 (Uhtb, 2018). It is possible to use UAS to inspect areas of difficult access 

for this type of infrastructure. 

 

Figure 5-4 Typical pavement structure of the access road. (Stockholm Hamn AB, 2018) 

To facilitate the goods movement, a railroad track is being constructed as well. The track is 

located south of the access road and north of the container storage area. The track will be 

connected with the Stockholm- Nynäshamn commuter train line tracks. Hence it will be 

directly connected with the train network of Stockholm and the rest of the country. The train 

track is supported mainly in a layer of 50cm ballast material. The final part of the track 

intersects with the container storage area; thus no ballast is used, and the tracks are 
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supported by concrete sleepers and a deeper foundation. Regarding the inspection, the rules 

that regulate the railroad infrastructure inspection are contained in the TDOK 2014:0240 

“Säkerhetsbesiktning av fasta järnvägsanläggningar”. Inspections periods vary depending 

on the component. Several components must be inspected two or three times a year while 

others have a six-year periodicity  (Westerberg, 2014). Consequently, for elaborate the 

inspections for the rail infrastructure, it is necessary to identify the responsible and a plan 

to minimize the affectation of the port operations.  

Finally, the tracks of the crane equipment are subject to considerable stresses. For cranes, 

“most often, maximum design wheel loads are limited to the design loads on a rail section 

and, similar to the crane corner loads, can be within 350-450 kN” (Tsinker, 1997). As an 

approximate reference value, it must be noticed that this value is far higher than the 80KN 

equivalent load commonly used for road traffic. Therefore, it is necessary to ensure that the 

deformations in those areas are within the acceptable ranges and no excessive damage is 

present. Such activities can be performed with the help of UAS as well. 

5.2.1 In field application 

Although several key infrastructure elements were identified due to the time restriction of 

the present work and the current status of the construction works of the port, it was not 

possible to evaluate all of them. Nevertheless, a test to evaluate the feasibility of the use of 

UAS for port infrastructure was performed. For the test, the block pavements (Marksten) 

from the container storage and internal vehicle movement area were selected. They are one 

of the critical elements of the port, and it was possible to translate a few samples to perform 

the test without interfering with the actual construction works of the port.  

  

Figure 5-5 Container area concrete pavement blocks. Left: finished block pavement. Right: unplaced blocks 

As it was mentioned before, the area with the block pavement corresponds to the zone where 

the containers are stored. Therefore, this area is under significant long-time heavy loads 

increase the risk of plastic deformation in the underneath flexible pavement base. The 

interest features in those conditions correspond to the vertical deformations and the 

displacement of the concrete pavement blocks.  Due to the drone surveying limitations and 

the requirements of the project a centimeter precision can be expected for the project.   

A first step in the experimentation was to arrange a baseline. The first arrangement to be 

captured by the drone consist in a pavement stone sample evenly placed as in the finished 

pavement.  
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Figure 5-6 First pavement block arrangement for the field test 

Once the base arrangement was captured, layouts were placed to measure the capability of 

the drones measuring elevation differences among the blocks. From the previous 

arrangement, two blocks were uniformly raised 1.5 cm and 2.5 cm. This will allow the 

evaluation of the precision of the drone survey regarding elevation changes.  The following 

figure shows the layout disposition.  

 

 

Figure 5-7 Pavement blocks layout 2 for evaluating height difference  
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A third layout was placed to evaluate the accuracy regarding the perception of the distance 

among the pavement concrete blocks. Once again, the original arrangement was modified to 

allow the evaluation of the UAV surveying technologies. For this layout, the blocks were 

separated 1 cm, 2 cm, and 3 cm. The following pictures show the layout.  

   

  
Figure 5-8 Pavement blocks layout 3 for evaluating block displacements 

The final layout proposed for the field experiment consists in the evaluation of the capacity 

of the drone is postprocessing to identify rotations among the blocks. Rotations of 

approximately 4 and 8 degrees were set up. Higher rotations are challenging to prepare due 

to the pavement block shape. The layout is presented in the following figure.  

 

Figure 5-9 Pavement blocks layout 4 for evaluating block rotation 
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5.3 Sensor and UAV selection 

For the case study of the Norvik Port, the operation of the port will require different precision 

levels to address the infrastructure inspection needs adequately. In the case of some of the 

bridges and rail tracks, the inspections can be made with scales rounding the several 

centimeters order, while for other infrastructure an accuracy rounding the centimeter or 

sub-centimeter precision might be adequate. For instance, to able to detect early cracks in 

the pavement that are no wider than a few millimeters, the captured imagery must be below 

the sub-centimeter accuracy. Another example is the pavement in the container area; the 

movements in this pavement are not easily detected due to its characteristics, shape, and 

arrangement. Therefore, if the operators desire to identify the problematic areas before the 

damage in the pavement progresses considerably, it is necessary to opt for sensor solutions 

that provide a sub-centimeter accuracy.  

Regarding the decision about a LiDAR or a camera sensor, the LiDAR could deliver the 

precision to detect small deformations in the terrain and the cracks in the pavement. 

However, due to the block characteristics of the pavement, it could be challenging to 

implement an automated method of crack detection, and the possibility to use the drone for 

the inspection of other types of infrastructure makes a camera sensor more suitable for the 

work in the port. However, considerations about the processing times must be done if such 

an alternative is chosen. 

Regarding the type of sensor, the ideal for photogrammetric jobs is to have a high precision 

sensor. Therefore, without having considerations of budget restriction, a sensor like the 

Phase One iXU 1000 could be ideal for detecting the small changes in the terrain surface. In 

addition to this sensor, a cheaper camera like a basic GoPro model or similar can be mounted 

for works that require less accuracy in order to protect the more expensive sensor. An 

alternative to this configuration, with a more favorable budget perspective, is a Canon 5DS 

that can be purchased for around 2500 EUR for the body. The lens can be interchanged 

making the camera ideal for various purposes, but it must be bought separately for an 

additional value of 800EUR each approximately.  

Regarding the type of UAV, as it was mentioned in Section 4, the quadcopter type of drones 

are more appropriate for the works required in a port due to its superior maneuverability 

against another kind of UAV. Since some of the sensors that might be used are coming from 

third parties, it is vital to select UAV device that allows the implementation of additional 

modules, multiple and different sensors, or the improvement of the equipment. Some 

alternatives in the market include the DJI Matrice 600 pro available for 5700 EUR, or the 

Yuneec H520 for around 2000 EUR. It is recommended that the selected system include an 

obstacle detection module in the drone as well.  

An essential remark while selecting the drone is the stability of the UAV. Sweden east coast 

is subject to strong South West winds that reach an average speed of more than 13.5 m/s in 

the point of interest according to data of the Swedish Meteorological and Hydrological 

Institute. (SMHI, 2017). UAV with 6 propellers (Hexacopters) or 8 propellers (Octocopters) 

are usually more stable and reliable compared with a 4 propeller (Quadcopter) models. 
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Therefore, such models are more widely used for professional applications that require 

superior stability, reliability, and involve higher weight and costly sensors.  

For the field experiment, it was possible to access the UAS used by Stockholm Hamn AB on 

the construction project. Currently, Stockholm Hamn AB uses the drone to monitor the 

advance of the construction works of the port and quantify the amount of material that has 

been retired to make space for the port. The model used by the port is a DJI Inspire 2 as the 

one depicted in Figure 5-10 

 

 

Figure 5-10 DJI inspire 2 drones with the Zenmuse X5S camera. (“DJI Inspire 2 - Power Beyond Imagination 
- DJI,” n.d.). 

Some of the most important characteristics of the inspire 2 UAV are its maximum 27-minute 

autonomy, fast image processing, and obstacle avoidance in mostly all directions among 

others. A full list of specifications is available at the manufactures website  (“DJI Inspire 2 - 

Power Beyond Imagination - DJI,” n.d.).  

Regarding the sensor, the choice of Stockholm Hamn AB was the default ZENMUSE X5S 

camera mount in the UAV inspire platform. It is a 20.8 MP camera with a 17,3mm focal 

distance as default option. This camera provides a ground sample distance of about 3cm at 

a flight altitude of 120m. It is possible to attach different lens to this sensor to improve its 

accuracy.  A full list of specifications is available at the manufactures website (“DJI Zenmuse 

X5S - Specifications, FAQs, Videos, Tutorials, Manuals, DJI GO - DJI,” n.d.). 

5.4 Flight planning 

For the Norvik port, there are several factors to be taken into account for planning the flights. 

As it was mentioned in section 5.3, the wind in the area of the mission is considerable. 

Therefore, in the mission, slower speeds are recommended to allow the UAV to correct its 

trajectory when wind causes deviations. Lower speeds help to prevent blurriness in the 

photographs taken in the mission and improving the image clarity as well. On the other 
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hand, the mission has to be planned to take into account the battery and flight time capacity 

of the UAV. Slower speeds impact the coverage of the drone. 

Another critical factor is the flight altitude. The operation in the port involves the use of 

equipment with high elevations, like the rail cranes used for unloading cargo vessels, and the 

stack of containers. Therefore, it is possible that the UAV would find several obstacles along 

its path. Flight altitude is dependent on the selected sensor and the desired pixel size as well. 

Most of the available commercial software solutions allow the control of the pixel size 

depending on if the selected sensor is in its catalog. However, the obstacle detection feature 

is not always available for all the drones an including it in the drone mission planning might 

be relevant.   

A third element to consider in the port Norvik port is the Law Regulation or restrictions to 

drone flights. The port area is located in the Nynäshamn municipality that is covered by the 

restriction region ES R21 UNL. By verifying the area in the Sverige AIP (2011) document, it 

points out that the area is not usually restricted unless it “promulgated by means of NOTAM 

or AIP SUP” (Sweden aviation authority notes). These events are not uncommon. As it was 

reported by personnel in the site, the area has been blocked several times due to military 

exercises. Then, mission planning must take into account such restrictions when they are in 

effect. Figure 5-11 shows the location of Nynäshamn and the restriction areas defined by the 

Swedish aviation authority (LFV) 

 

Figure 5-11 Drone restriction map for Nynäshamn. (LFV, 2019)  
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For the field experiment, Stockholm Hamn AB uses the software Map pilot for DJI Business 

as software for mission planning. For the day to day operations the drone covers the whole 

project area with a resolution of approximately 3cm per pixel. For the experiment, the flight 

plan, specifically the pixel resolution, was manipulated to obtain pixel sizes of 0.5, 1, and 2 

cm and 70% overlap. The software adjusted the elevation, pattern, and speed of the mission 

automatically to obtain the desired results. The pavements blocks were translated to an area 

close to the port where no interference to the construction where made and no obstacles 

where present.   

5.5 Postprocessing 

Once the data is obtained, the next step is to take the information for processing and 

extracting the interest features. Various steps must be followed according to the selected 

sensor. From the test flight in Norvik port, about 4000 pictures were taken. The first step 

was to categorize the pictures according to the corresponding flight. Different sets of pictures 

where obtained according to the scenarios described in section 5.2.1.  

The quality control of the pictures showed that for the rotation scenarios the wind and the 

camera position were incorrect. Only the 1cm flight was correctly done. Therefore, it was 

necessary to repeat those last three flights. Unfortunately, the flights had to be repeated in a 

later date to the original, and between flights, the drone was severely damaged. As a 

consequence, it was not possible to repeat such flights by the time of presentation of this 

document. 

To process the data, a solution from the different software alternatives presented in  Table 

4-4 had to be chosen. The two solutions with the most potential and better cost-benefit ratio 

are PIX4D and Agisoft Metashape. Between these two software packages, Agisoft Metashape 

was used to process the data as training were available by the personal of Stockholm Hamn 

AB. In addition, that software corresponds to the one commonly used in the Swedish market, 

thus reducing compatibility issues. Digital Elevation Models (DEM) and orthophoto mosaics 

were created form the pictures with the help of the software as a first output for data 

extraction. The process followed in the software for postprocessing is shown in  An example 

of the results of the photographs processing results is found in Figure 5-13. Similar results 

were obtained for all the processed set.  

 

Figure 5-12 Basic imagery postprocessing with Agisoft Metashape 
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Figure 5-13 Orthophoto mosaic (Left) and DEM (Right) obtained from the data with Agisoft Metashape. 
Example of a 0.5cm cm/pixel set. 

 

However, the output data from Metashape itself might not be enough to retrieve the distress 

data easily. Further processing might be necessary to extract the information. An alternative 

to capture more easily the DEM differences, or terrain differences, is the use of elevation 

maps code by colors that could be easily recognizable by machine learning algorithms or 

other automated defect recognition tools. (Patric Jensfelt, personal communication, March 

12, 2019). This idea was tested with the collected data since it will permit identify the 

potential of the data and its accuracy to be used with a machine learning algorithm 

afterward.  

To produce the elevation maps, the Autocad Civil3D suite was used. The software allows the 

creation of the elevation maps automatically. However, a significant obstacle is the amount 

of data that it can manage. Therefore, for bigger areas, the use of alternative software 

packages like Matlab or Phyton is recommended. The results of the elevation maps can be 

found in Appendix 3 Elevation map results. It is essential to mention that the final results 

were not tied to multiple ground control points. Therefore, the elevations in each set of 

photographs and pixel resolutions may differ.  Nevertheless, the interest variable in the data 

is the relative difference within a set (How visible details are) and not the comparison of 

global elevations among different sets 

The results from the elevation map and the DEM are useful to detect elevation changes and 

settlements in the pavement, but not for detecting the separation of blocks or lateral 

movements. Therefore, a different technique is necessary for the detection of this type of 

defects in the pavement. In the industry, software like WiseCrax or CrackIT does this 

automatically with data from pavement survey vans. An alternative to these methods, 

applicable to UAS, is the use of Artificial Intelligence (AI) or Machine Learning (ML). Those 

techniques work by applying several transformations or filters to images until cracks are 

recognizable and can be identified. For the data recollected in Norvik port, it was not possible 

to implement a crack recognition algorithm due to the scope of the work and the time 

constraints. As an alternative, several filters were applied to the Orthophoto mosaics with 

Adobe Photoshop to evaluate the viability of UAV collected data for the application of AI or 

ML. The process followed in Adobe  Photoshop is the one described below. The results of the 

transformations are shown in Appendix 4 Orthophoto mosaic transformation results. 
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 Image was duplicated in a new layer. 

 Colors were removed for the image. 

 A 100% color dodge filter was applied. 

 Colors were inverted in the image. 

 Contrast was increased to 100% 

 RGB color levels were set to 0.25. 

After the data is processed and transformed, the following stages consist of the extraction of 

the interest data such as settlement values, crack area or length, or block displacement 

among others. After such data is obtained the following steps are the involvement of these 

data in models that allow the prediction of the damage and the opportune treatment of the 

infrastructure. At last, the maintenance actions over the infrastructure are defined.  

  



66 
 

6 Discussion 

The present chapter will discuss the results obtained from the application of the methods 

and the proposed roadmap. The roadmap was applied to the Norkvik port project as a case 

study. The roadmap case study consisted of the identification of the infrastructure to assess, 

sensors and UAV that could be potentially used v. the current situation used UAS for 

monitoring the construction. Later, the information gathered in the port was processed to 

evaluate its adequateness for maintenance and damage prediction uses.  The discussion will 

be structured as follows. First, the roadmap outcomes will be analyzed, by comparing the 

obtained results against the ones expected and the knowledge found in the literature review. 

Later, some of the improvement opportunities regarding the suggested roadmap are 

discussed.  

6.1 Results analysis 

6.1.1 Need identification 

The first step in the proposed roadmap is the adequate identification of the infrastructure to 

be assessed. After the infrastructure is identified, the next step is to find what are the most 

relevant characteristics or parameters of each one of the identified elements. Here, it is 

essential to identify the periodicity, level of detail, and other relevant information for the 

planning of the infrastructure assessment.  

In the Norvik port, it was possible to identify several elements that might require a periodical 

monitoring that might be performed with the help of a UAS. Some of the elements include 

the container storage area, the access road, the access bridge, and the railroad track among 

others. From this list, due to time and place restrictions, the pavement of the container 

storage area was selected to perform further analysis. From the pavement, it was identified 

that the UAV could be used to measure three main interest characteristics: the elevation, 

displacement, and rotation of the pavement blocks. Such measurements cover a broad range 

of defects and damages that the pavement might present such as settlements, rutting, and 

freeze-thaw processes among others. 

Although the proposed defects covered most of the damages that could be present in the 

pavement, some elements could not be modeled in the test. A significant example is the 

cracks in the pavement. The pavement in the port was newly constructed, and the test blocks 

were obtained from the unplaced blocks stored in the construction area. Therefore, such 

block does not show any sign of deterioration. Cracks could become a challenge for the 

automating postprocessing since there exist small spaces among blocks that a machine 

learning algorithm or other software might identify as cracking.  

It is worth noting as well that most of the studied papers from the literature review discuss 

the application of UAS for inspection and maintenance of single infrastructure elements. For 

instance, Lovelace & Zink, (2015) focused its study in bridges, Eschmann et al., (2013) 

focused in buildings, and  Flammini, Pragliola, & Smarra (2016) studied the UAV 

applications in railroads. However, none of the papers that were reviewed treated the use of 

UAV for inspecting facilities with multiple types of structures such as pavements, building 

and rail tracks. Therefore, one of the main challenges of the use of UAV is the adequate 
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selection of sensors and UAV that could be used for inspecting the structures, and how such 

inspections should be carried out.  

6.1.2 Sensor selection 

Regarding this selection of the sensor, it must be done accordingly to the identification of 

the needs in the previous step. From the need identification, it was found that the port 

management and inspection required sensors capable of a centimeter or sub-centimeter 

accuracy. On the other hand, a task as the inspection of some rail track elements and bridge 

would not require such kind of accuracy. Therefore, a combination of an accurate and 

cheaper sensor was suggested as an option. Alternatively, the use of a sensor that allowed a 

certain degree of adaptation such as the Canon 5DS camera or similar with interchangeable 

lens was suggested.  

However, Stockholm Hamn AB already had within its assets a ZENMUSE X5S sensor that 

was used to run the test. The comparison between this sensor and the proposed ones can be 

found in Table 4-2. It is important to mention that high accuracy is not needed from the UAV 

collected imagery currently.  Stockholm Hamn AB uses the drone mainly to monitor the 

advance in the construction works, and later the information is translated to the BIM used 

to manage the progress by the project team. Such activities do not require a sub-centimeter 

precision. Thus, 2 or 3cm pixel size is more than acceptable for such tasks. The other task 

performed with the help of the UAS is the quantification of the earth movements during the 

construction process and the final amount of material to has to be disposed of. Earth 

movement volumes on the port construction are in the order of several hundreds of tons; 

hence the accuracy of the estimations is not a pressing factor. For this task, an accuracy over 

the centimeter scale is tolerable as well.  

On the other hand, the port operation activities and the defects in the port infrastructure 

have different tolerances compared with the construction phase. Some activities of the 

operation phase require superior accuracy. The small deformations and cracks in the 

pavement area, for example, entail a survey with higher accuracy than the one used for 

volume calculation or construction progress monitoring. Thus, it is recommended to 

evaluate the convenience of the current sensor or change it to carry out more specific 

activities in the port.  

An alternative to the camera sensors that can be implemented in the port is the LiDAR. 

LiDAR sensors provide slightly higher accuracy with less computational time when 

compared with the camera sensors. LiDAR can be used for several activities in the port such 

as bridge inspection, pavement inspection with better or similar results than its camera 

counterparts. Nevertheless, a significant disadvantage of this type of sensors is its cost that 

might be significantly higher compared to some of the suggested sensors. Furthermore, a 

high-end camera sensor can obtain similar accuracy with the use of enough control points 

or new technologies.  

6.1.3 UAV selection 

Similar to the sensor selection, the selection of the UAV must be made accordingly to the 

needs of the project and the kind of sensor that has been chosen. One of the key 
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characteristics of the drone must be the compatibility with the selected sensors and the 

ability to withstand its weight and have a reasonable flight time. It was found that the 

industry usually makes uses of Hexacopters or Octocopters since they are capable of carrying 

higher loads and have better battery life. Therefore, the use of a modeler with those 

characteristics was recommended in Section 5.3. 

On the other hand, Stockholm Hamn AB owns a DJI Inspire 2 UAV. Some of the 

characteristics of this model can be found in section 5.3 or entirely on the manufacturer’s 

webpage. A critical remark that was found while investigating the characteristic of this model 

was that it was branded as a professional filming model, which is contrary to the DJI Matrice 

200 or other models branded for industrial use. In practical terms, the Matrice 200 offers 

greater flight time, more damage reliability (due to the six propellers),  and higher 

compatibility with third-party accessories and sensors. On the other hand, the DJI inspire is 

a more agile model, with a major number of flight modes, some cinematic camera option 

and augmented image processing and storage. 

Similarly, there exist models in the market that attend other necessities like photography, 

extreme sports, agriculture, security and vigilance, fire fighting among others. As it can be 

seen both UAV are premium models, but they tackle different needs and markets. Thus, the 

drone selection is not a trivial decision and must be done carefully taking into account the 

real needs of the project. 

Within the literature review, two of the main limitations that were found in drones are its 

sensibility to wind, and the accuracy of the GPS. Regarding the wind conditions, it might 

cause several issues with the programmed mission. In the literature review, it was mentioned 

that “Flight systems are subject to environmental effects and a major contributor affecting 

image quality is the continuous movement of the vehicle due to fluctuations in wind speed 

and direction.” (Morgenthal & Hallermann, 2014). Such fluctuations were observed in the 

picture mosaics obtained from the test flights in the Norvik port. There can be observed that 

the wind influenced the path of the UAV and generated deviations vs. the programmed 

trajectory as it is shown in Figure 6-1. The deviations derived in differences in the coverage 

percentage, presumed blurriness and a decrement in the quality of the data obtained in 

general. An alternative to reduce the harmful effects of wind is the use of UAV that minimizes 

the adverse effects of the winds. Typically, such UAV models refer to hexacopters or 

octocopters that withstand better the wind forces or equipment with advanced navigation 

systems.  

Concerning theGPS incorporated in the UAV, in the literature review, it was mentioned that 

the accuracy of the UAV itself is not enough to provide a detailed ubication of the data against 

the real-world location. UAV are equipped with standard GPS. However, “standard GPS does 

not allow accurate flight altitude control which is an essential factor under flight planning 

aspects.” (Eschmann et al., 2013) In such cases, it is necessary the use of enough control 

points or alternative technologies like RTK or PPK localization. For the data obtained in the 

Norvik port, the feature of interest was the resolution of data and if the defects were 

sufficiently observable. This means the relative elevation of one point compared with 

another point elevation in the same cloud point or the resolution of the photographs and 

mosaics, and not the real position of a given point in the world. However, real positioning is 

important for the use of UAS in the maintenance and inspection of infrastructure. Thus, it is 
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necessary to ensure the data quality by using control points or alternative technologies to 

improve the accuracy given by the GPS equipped in the UAV. RTK or PPK are technologies 

that could give some advantages over control points since they ensure the correct positioning 

of the UAV data not only in the postprocessing stage but in the data acquisition as well.  

 

 

Figure 6-1 Deviation in the programmed UAV path due to windy conditions 

 

6.1.4 Mission planning 

As it was mentioned in the literature review, along with the mission planning, there were 

elements found such as restriction areas for the UAV flight. It was identified that the area of 

the Norvik port was included within an occasional restriction area.  The Stockholm Hamn 

AB personnel identified this, but the extent or exact information was not précised by them. 

Although the restrictions did not affect the present work, it was reported that flight 

interruptions happened while operating the drone in the port but there was no knowledge of 

exact times or dates. To access this information, it is necessary to register on the LFV site, 

which is recommended for future flight planning. In this way, it is possible to avoid delays 

and loses originated for such restrictions. 

As it was mentioned in the previous section, the wind played a substantial role in the UAV 

path deviations. By looking at the information of the Swedish meteorological service, it was 

possible to identify the area as one with strong winds compared with the rest of the country. 

It is possible to review wind conditions of the day in the webpage of the Swedish 

meteorological service. This process is recommended to avoid obtaining low-quality data, 

putting in risk the equipment, and reprocesses or flight repetitions. In the flight done for the 

present document, such information was not taken into account due to the access of 



70 
 

restrictions to the port and equipment. Therefore, the days in which it was possible to 

elaborate the flights were restricted to a few. However, this situation influenced negatively 

the quality of the data acquired as can be presumed from the data set 4. Set 4 block rotation 

photographs could not be used due to blurriness as a result of movements of the camera of 

the flight presumably caused by the strong winds that day. 

About the software planning, Stockholm Hamn AB uses Map pilot for DJI Business. The 

software allowed the easy programming of the flight by manipulating the interest variable. 

However, as it was mentioned in the literature review, most of the functionality of software 

solutions available in the market are restricted to a few manufacturers. In the case of “Map 

pilot for DJI”, as its name indicates, is mostly compatible with DJI products. Sensor choices 

are limited as well to a few Sony and DJI sensors. Therefore, in case of updates or the 

incorporation of new sensors the software needs to be replaced by another option in the 

market.   

One of the lessons learned from the experiment was the in-field data revision. As it was 

mentioned before, data from the last set of photographs corresponding to the block rotations 

poses issues due to blurriness. A good practice that could have been implemented to prevent 

such issues is the revision of the data collected in real time or the revision of the data in the 

field. In Table 4-3, where a mission software comparison is made, it is pointed out that there 

exist packages in the market like the PIX4D Capture that allows the revision of the collected 

data in real time and can be an alternative to reduce the necessity of repeat flights, or obtain 

inadequate quality information due to mission issues or external influences. 

6.1.5 Postprocessing 

For the data obtained in the Norvik port, the postprocessing consisted in the production of 

the outputs that could potentially be used with Machine Learning (ML) techniques. It 

corresponds to the initial output mentioned in Appendix 1, where the raw data is 

transformant into formats in which the defects could be extracted manually or through ML 

algorithms. In this case, the main outputs where the Orthophoto mosaics, DEM, Elevation 

Maps, and transformed imagery.  Results can be found in Appendix 3 and 4 

To process the raw data from the port, the first step was to use a software suite to produce 

the DEM and orthophoto mosaics. The software that was used is Agisoft Metashape. As it 

was expected from the information collected in the literature review, the initial 

postprocessing process with the software was time and resource consuming. The processing 

times for several of the most demanding task, like the construction of the point cloud and 

depth mesh lasted around 3 and 9 hours respectively for the 0.5 cm/pixel, for high accuracy 

settings configuration and an area of approximately one hectare. On the contrary, the 

process for the 2.0 cm/pixel had a duration inferior to one hour for each task. Figure 6-2 

presents the actual times for the processing of Set 1 for the 0.5 cm/pixel and 2.0 cm/pixel 

resolutions. 

By escalating such process to the whole container area (5000 square meters or 500 hectare), 

due to the processing times and resources required for it might be not feasible for the 

implementation of a UAS with sub-centimeter precision for monitoring the pavement.  

However, there exist solutions in the market to address this issue. One of the key elements 
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is the cloud processing, most of the software solutions where the information is transferred 

to the software provider servers and processed by a network of dedicated servers reducing 

the processing times significantly. Agisoft Metashape as other software solutions has this 

option, but it could not be used due to limitations in the web registration of the license. 

Complementarily, technology like the PPK send the drone information directly to the 

processing software servers, so it is already available and processed when the surveying team 

returns to the office.    

    

     

Figure 6-2 Processing time comparison of the dense cloud and depth mesh processes with Agisoft Metashape.  
Left: 0.5 cm/pixel. Right: 2 cm/pixel 

DEM and orthophoto mosaics are the main products that can be obtained from the 

postprocessing with photogrammetric software like Agisoft Metashape. However, such 

information can be furtherly refined to ease the work of the ML algorithms. In the present 

work, DEM was furtherly processed into the elevation maps presented in Appendix 3. As it 

can be seen in the results, for the DEM created from the 0.5 cm/pixel resolution the shape 

of the blocks is clearly differentiable and its elevation is clearly distinguished from the 

terrain. When the quality of the information is reduced, such shape becomes less defined, 

and the software starts interpolating and smoothing the surface. The pavement blocks are 

seen as elevations that are part of the terrain, like small hills,  as in the case of the 2cm /pixel 

resolution.  

In the case of Set 2 corresponding to the elevated blocks, a block was elevated 1.5 cm, while 

the other was raised 2.5 cm. The two elevated blocks were visible in the elevations map for 

the 0.5 cm/pixel data. For the 1 cm/pixel data, the shape of the two blocks is slightly 

differentiable, but due to the smoothness applied by the software, it could be easily confused 

with a hill like the one presented in the first set of flights. For the 2cm/pixel resolution the 

two-block shape is no longer distinguished, and the overall shape is similar to a cone.  
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Besides the differentiation of the raised blocks from the others, the other element of interest 

in the elevation maps is the accuracy of the difference in elevations of the blocks. In the 1 

cm/pixel data a difference of about 2 to 3 cm between the raised blocks and the normal level 

can be guessed. At a detail level, this measurement could be only made in the 0.5 cm/pixel 

produced data. The elevation map with 0.1 cm resolution is the main element to do that 

measurement. By looking at the coverage area, it is possible to take elevation number 6 or 7 

in the accompanying table as the normal block level. Assuming again the coverage area 

elevation number 25 as the level for the block raised by 2.5 cm. While for the block raised 

1,5cm it is possible to assume elevations 19 to 21 approximately. Similar reasoning can be 

made with the maximum elevations found within the area of the elevated blocks to account 

for the smoothness factor of the processing software. This gives the results presented in the 

following table.  

 

Table 6-1  Field vs measured elevation differences for the set 2 and 0.5 cm/pixel data resolution 

Field 

difference 

respect to 

block normal 

level (cm) 

Elevation 

map key # 

Elevation 

map 

apparent 

elevation 

range (m) 

Apparent 

elevation 

difference 

(cm) 

Elevation 

map key # 

maximum 

elevation 

Elevation map 

apparent 

maximum 

elevation 

range (m) 

Apparent 

difference 

maximum 

elevations 

(cm) 

Normal 6 
-8,085 to -

8,084 
- 6 

8,085 to -

8,084 
- 

+1.5 20 
-8,071 to -

8,070 
+1,4 24 

-8,067 to -

8,066 
+1,8 

+2.5 24 
-8,067 to -

8,066 
+1,8 29 

-8,062 to -

8,061 
+2,3 

 

As it can be seen on the previous table, the differences in the field and the image 

measurement can be detected with some accuracy. An essential factor to mention that affect 

the measurements is the surface smoothing of the processing software. Such an issue can 

mask the real difference level among two objects and may create a hill effect as happened 

with the data created from the 2cm/pixel resolution imagery. Also, the unevenness of the 

terrain where the blocks were placed for the test might affect the difference that was found 

among the block levels, especially while working on a sub-centimeter level of detail.  

By looking at Set 3 shape, it is clear that as for set 1 the general shape of the blocks is 

adequately captured by the 0.5 cm/pixel data. However, the feature of interest of the set 

(distance among blocks) cannot be differentiated in the elevation map. Although, elevation 

differences are present; the boundaries between block are not discerned in the image. This 

might be caused by the smooth factor applied by the software and the small area that space 

between pavement blocks represent. 

One of the critical issues identified along the data is the smoothing of the surface. Processing 

software often interpolates and relate different points in order to achieve a more realistic 

surface. However, since the test object for the field experiment were pavement blocks, its 

shape might cause more significant elevation differences among two adjacent points. To 

avoid such sudden changes, the algorithms from the software uses the smoothing process in 

the data. The smoothness was influenced even greatly by the small sample size (number of 
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blocks placed). This caused an undesirable boundary effect in the data that worsened the 

smoothing between the high points and the terrain surface; such influence could have been 

avoided by placing a wider block area and testing the inner blocks.  

By contrasting the results with the literature review, it is possible to mention that the quality 

of the results falls within the expected outcome. A better pixel resolution means better detail 

quality in the post-processed information. It was possible to see the interest parameters 

within an acceptable detail level in the 0.5 cm/pixel resolution data, and the quality begins 

to deteriorate as the pixel resolution worsened.  Nevertheless, the 0.5 cm/pixel resolution 

data signified longer flight times, and more costly and extended processing times in the office 

to produce. Such data would require, faster and better equipment and control to ensure the 

quality. In consequence, the convenience of the level of detail should always consider the 

required level of detail and cost while planning and acquiring UAV data.   

The second process that was followed after obtaining the processed files for Agisoft 

Metashape was the transformation of the orthophoto mosaic as it was described in section 

5.5. The filters that were applied corresponds to some of the transformations that an ML 

algorithm might apply to the information in order to extract the interest parameters. The 

results of the transformation are presented in Appendix 4.  

From the pictures corresponding to the 0.5cm /pixel resolution, it can be seen that it is 

possible to differentiate the separation among blocks even for the normal scenario. While in 

the case of the data that correspond to the separated blocks the different distances of 

separation are distinguished clearly in the picture. In the 1 cm/pixel resolution imagery, the 

blocks in the normal picture and the different separation degrees of the pavements in the 

block separated set are still differentiable at this resolution level. At 2 cm/pixel resolution, 

the blocks cannot be longer be differentiated in the normal imagery, and the broader 

separations among blocks (2cm or more) are the ones that are noticeable in the image. 

The results show that the data from UAV can be used to detect defects in the block pavement 

since the separation of blocks was noticeable even with resolutions of 2 cm/pixel without the 

help of sight assistance tools. In the case of ML, those techniques are capable of modifying 

further the imagery and create even more precise data for the extraction of defects in the 

pavement and are not limited with the same restrictions as the human eye. Therefore, it is 

likely that machines could recognize cracks within the data.  The extent of the data and 

processes that ML can produce is limited mainly by the original resolution of the 

information, hence the importance of defining the tolerance levels adequately for the UAV 

survey.  

However, one of the main concerns regarding the data is cracking since it constitutes one of 

the main failure modes for the studied pavement. It was not possible to test cracked 

pavement blocks because the pavement was newly constructed. Therefore, there is not 

enough data about the capability of the system to detect such failures in the present study. 

Regarding cracking, there is another source of concern. As it can be seen in the results for 

the 0.5cm /pixel resolution the block separation for the normal section the block space is 

clearly noticeable. The separation might be detected in an automated feature extraction 

process as cracks and became a source of errors.   
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Environmental effects are noticeable in the imagery as well. As it was mentioned in the 

literature review, different illumination conditions and shadows may result in different 

outputs in the final data. For instance, the picture of 0.5 cm/pixel for the set 1 is more 

illuminated resulting in a background were gravel around the test area is less visible, and it 

is possible to see more clearly the separation among blocks. On the other hand, gravel is 

more noticeable in the background in the picture of 0.5 cm/pixel for the set 3, while the 

separation among blocks that are closely placed cannot be differentiated.  Furthermore, the 

picture of 0.5 cm/pixel for the set 1 has a darker background, and the block separation is less 

noticeable due to a darker image. In field applications, it is not possible to control the 

environmental influences entirely, and these sources of error will always be present. 

However, it is crucial to account for this error while elaborating the mission planning or 

processing the imagery. For instance, it is possible to plan flights on clearer days at a defined 

time. In this way, it is possible to minimize the effect of externalities.  

   

6.2 Improvement opportunities 

Within the improvement opportunities is essential to mention that it is possible to improve 

or upgrade the current drone and sensor used by Stockholm Hamn AB. The current UAS 

works adequately for the current necessities and uses that the company gives to them. An 

octocopter or hexacopter could bring more opportunities, reliability and improved 

performance against the current system if the company decides to implement the use of UAV 

for the inspection of the infrastructure. On the other hand, the advantage of the current 

sensor is the compatibility with the planning mission software since its manufactured by the 

biggest company in the market. Nevertheless, it is possible to find in the market interesting 

sensor options that could improve the quality of the collected data with the UAV. 

Another critical opportunity that could be applied in the sector is the use of technologies that 

reduce the time of processing data. Processing of photographs is one of the most resource 

consuming task in the UAV surveying. However, the use of new technologies and services 

can reduce the needs to process the imagery considerably. A technology that is not new is 

the use of servers instead of computers to reduce the processing times. Most of the mainly 

used photogrammetric software solutions offer this possibility. Thus it could be valuable to 

evaluate its efficiency in this kind of projects. 

Moreover, the PPK technology offers an exciting alternative since it increases flight 

precision, eliminates the need for ground control points and accelerates the information 

processing times. PPK technology is newer than RTK. Therefore, there are not manufactures 

that offer this solution as a default configuration of its drones. Most of the PPK supplier are 

independent or small companies. Thus compatibility might be an issue with this technology.  

At last, the use of multiple or alternative sensors is another prospect yet to be explored. The 

use of LiDAR drones for inspecting pavements an infrastructure or extracting damages of it 

is a topic yet to be explored fully. A comparison of its effectivity against the camera sensors 

could provide new research opportunities. Besides LiDAR there exist different types of 

sensors like infrared or hyperspectral cameras with a more limited used, but that could 

provide relevant information for the operation and maintenance of infrastructure.   
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7 Conclusions 

Before starting with the conclusions, it is essential to recall what were the objectives of the 

present work. The overall aim of this research was to evaluate if drones can be incorporated 

to the regular inspection and port activities, with a particular focus on the parameters and 

elements necessary for data acquisition and the postprocessing of the information for the 

maintenance of infrastructure. The specific objectives were the following: 

 Explore the current state of the art regarding the use of UAS (Unmanned Aerial 

System)  in infrastructure inspection and management 

 Define the necessary conditions and characteristics of a UAS for the inspection of 

infrastructure in the operation stage at port infrastructure. 

 Investigate the postprocessing needs for the information acquired through UAV 

 Identify possible compatibility and applications of UAV data with other software and 

processes involved in port infrastructure monitoring 

By having in mind these objectives, the present section will provide a summary of the 

findings from the research and will revisit the compliance with the goals that were proposed 

at the beginning of the work. In addition, suggestions on how the future work in this topic 

could progress will be made.  

 

7.1 Key findings and research goals 

7.1.1 State of the art in the use of UAS 

The literature review identified several of the applications of UAV technology, as well as 

some of its limitations, the surveying process, and the potentiality of new technologies like 

Machine Learning (ML) in the area.  The literature review begins by exploring the 

infrastructure to assess with an emphasis on pavement structures. It was found that there is 

a lack of precise definitions on the defects to be measured and that the current techniques 

used to inspect and assess the damages in the infrastructure are mainly done manually by 

experts in the field. This way of assessment entails subjectivity and safety concerns.  

The literature review continued with the assessment of the types of sensors and UAV 

technologies. It was found that UAV can be used in a wide variety of structures like 

pavements, buildings bridges, and railroads among others. However, no evidence of 

widespread use of UAS to monitoring structures was found since there exist several problems 

with the technology that are yet to be improved. The literature review identified that some 

of the most concerning issues with UAV are the lack of precision in the localization and 

trajectory, battery life, and the influence of external environmental factors like wind.  

Regarding sensors, it was found that there exist several technologies like visual cameras, 

LiDAR or hyperspectral cameras among others that can be used in conjunction with UAV. 

Each technology has advantages and disadvantages when they are compared with the others. 

For the port infrastructure monitoring application, some of the most relevant sensor types 

are the LiDAR and the visual cameras. A common point of the sensors is that the level of 
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detail of the acquired information was dependent on two main factors. The first one is the 

own characteristics and capacity of the sensor such as focal distance, lens, laser density 

among others.  The second factor is the flight planning. Among the flight planning 

parameters, elevation, coverage, and speed play a vital role in the level of detail that can be 

obtained from the UAV data. 

Finally, the postprocessing stage focused on the methods that could be potentially used to 

extract the interest features from the raw data. Most of the research that is being been done 

in the area makes emphasis on the use of ML or Deep learning solution for the automatic 

detection of pavement distresses. The research focused mainly on the identification of crack 

in the structures, while few or little interest was found in other types of damages like routing 

settlements, and potholes and so on. Several ML learning algorithms have been tested by the 

researchers with some evidence indicating that Deep Convolutional Neural Networks 

(DCNN) might be the best suited to tackle the automated recognition process.  

It can be argued that literature review explored the current state of a wide range of topics 

involved in the infrastructure inspection using UAS. From the information obtained in the 

literature, it is possible to draw several conclusions. First, a first step in the use of drones is 

the identification of needs over the infrastructure to be assessed. Second, there exist multiple 

types of sensor and UAV technologies that can be applied in infrastructure monitoring; its 

selection depends mainly on the needs of the projects. Such sensors and UAV have a series 

of limitations that must be overcome with adequate flight planning to obtain information of 

satisfactory quality. Finally, current trends of post-processing focus on the use of ML 

algorithms. However, such systems are still at investigation stages and differ with the current 

practice of inspection in the industry. 

7.1.2 Ideal UAS characteristics 

Before to begin defining what makes good a UAS to monitor infrastructure, it was found that 

the first step is defining clearly the variable of interest and needs of the monitoring program. 

The first step on the implementation of a UAS for infrastructure monitoring must be the 

identification of the key infrastructure to assess and its variables of interest. In resume, this 

means the things that really need to be monitored by the system.  The second step in the 

process is to define how such features should be measured, that is to say, the desired output 

formats, level of detail, periodicity, units, and so on. As an example, in the case study, several 

structures were identified. They included the bridge, access roads, rail tracks, crane 

movement areas, and storage containers. Following this, the features to measure in the 

pavement blocks were defined. Those features comprised the block rotation, differences in 

the height, and rotation. 

The next element that must be addressed before the selection of the UAS components is the 

restrictions that are present in the site where the infrastructure to monitor is located. Those 

external factors that might affect the operation of the UAS include winds, precipitation, 

temperature, legal restrictions and illumination among others. In order to ensure that the 

UAS is capable of capturing the information with the desired level of detail, a conscious 

selection of the hardware and adequate mission planning are vital strategies. For example, 

in the case of strong winds, that is a recurrent issue in ports, it is possible to select UAV with 

technologies that are capable of withstanding better the wind forces, select cameras and 
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processing hardware that minimizes blur effects due to motions, or program flights 

accordingly the current wind situation on site. Similar solutions can be implemented for the 

other pressing factors.  

In the end, the selection of the UAS component becomes a trade-off balance given several 

conditions and the characteristics of the project. After the previous restrictions are 

considered, it is possible to select what are the ideal sensors, UAV and additional 

components of the UAS. In this way, it is possible to ensure that the UAS will carry out its 

job without severe issues. Therefore, it is possible to conclude that a good UAS for 

monitoring infrastructure is not the one that possesses the most advanced or expensive 

sensor or UAV. Instead, the sufficiency of a UAS is closely related on its capability to acquire 

the information of the selected structures, with the required quality, and overcome the 

limitations, challenges, and restrictions of the site of application.  

7.1.3 Postprocessing 

Trough the literature review, it was possible to identify that the current trends in research 

regarding postprocessing are orientated towards the application of ML algorithms for the 

automated crack recognition. As it was mentioned before the current state of the research is 

purely academic, and no examples were found on real project applications. Afterward, 

through meetings with experts and further study, it was possible to recognize two moments 

in the postprocessing process. The first stage was the one previously identified and related 

to the application of ML to extract features. As a result of this process, the final output and 

data is produced, and the information can be taken further on into the decision making.  

However, there exists a previous stage in which raw information from the drone must be 

transformed to enable ML algorithms to extract the desired information. Such step is named 

as an initial output in the postprocessing box in Appendix 1.  

The production of the initial output corresponds to the transformation of the photographs, 

point cloud data, or another type of information coming directly from the UAV survey into 

information that can be easily readable for a computer doing ML, like orthophotos, DEM, 

elevation maps and so on. This step may require a significant amount of resources and 

betime-consuming while affecting the quality of the final data as it was evidenced in the case 

study.  Therefore, it is necessary to provide adequate attention and resources to this stage of 

the process as well.  For example, in the case study information (several sets of photographs) 

had to be initially transformed to DEM or orthophotos to enabling the extraction of the 

interest characteristics. Several resources (computers) had to be exclusively allocated only 

produce these initial results.  

One aspect that can be drawn from the research is that the post-processing process is highly 

dependent on the type of input and output information. It is not the same process that must 

be applied to all types of data or the required to capture two different types of defects. As 

with the sensors and UAV, there exists a wide variety of option available in the market, and 

the decisions regarding which software will be used must be driven by the needs and 

restrictions of the project. Furthermore, levels of detail of the data might affect the resources 

needed to transform the information into useful data as it can be seen in the comparison 

presented in Figure 6-2.  
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Another critical aspect to mention in the postprocessing stage is that quality of data matters. 

It is possible to post-process data with low quality, but the results obtained from it might not 

be useful for the project. A clear example is the results presented for Set 4 of photographs 

taken in the Norvik port. Such imagery was not taken adequately, and even though it was 

processed like the other sets, the final results were not utilizable in the analysis.  

7.1.4 Compatibility and application  

Within the literature review and in the development of the roadmap proposed in this 

research, it was possible to identify a wide range of software solutions and output formats 

that can be produced from the information obtained through a UAS. For example, Table 4-4  

shows several alternatives for the processing of UAS data. The last column of this Table 

provides information on some of the available formats in which the information can be 

exported. Those formats, like .tiff, cover a large number of compatible applications from 

image processing, to FEM modeling, SIG, structure design and so on. In the case study, data 

from the UAV was connected to a software solution like Autodesk to be further processed 

into elevation maps. However, within that software suite is possible to use the exported data 

to design new infrastructure, BIM modeling, elaboration of maps and cartographic products 

among others. Similarly, DEM data can be exported in other software solutions like 

MATLAB for modeling, or imagery exported to Adobe Photoshop for publicity and 

presentation purposes. 

To conclude, it was demonstrated that it is possible to establish connections of the 

information coming from the UAV and as result of the initial output with several software 

solutions. Such connection enables to process the data further or to use it for different 

applications. It is essential to clarify that whether or not the exported information is 

functional or not in other software solutions was not tested since it was out of the scope of 

the present research. However, it is clear that information collected with UAS can be 

processed and applied in a wide variety of areas. 

7.1.5 Use of drones in port infrastructure 

Although information from UAS is applicable to a wide number of areas, the main focus of 

the present research was to determine the convenience of this type of data to carry out 

infrastructure monitoring activities in the port infrastructure. The results for the case study 

showed that in case of the elevation differentiation the data it was possible to distinguish the 

differences among blocks with 1cm of difference in the 0.5 cm/pixel. However, for the other 

two resolutions, the differences in height among the blocks were less noticeable. In the case 

of the spacing between blocks, a spacing of 1 cm was noticeable up to the 1 cm/pixel 

resolution, and only wider spaces could be seen in the 2 cm/pixel set. On the whole, it is 

possible to differentiate pavement defects from UAS captured imagery, but the level of detail 

is broadly affected by the equipment, resolution of the imagery, quality of the information 

and mission planning.      

Regarding the question of whether or not are UAS capable of being used for monitoring port 

infrastructure? It is possible to conclude that yes, they can. However, not all UAS are suitable 

for all situations or necessities. The selection of the UAS according to the needs and 
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limitations of the project plays a vital role regarding the viability of implementation of a UAS 

for monitoring port infrastructure. Additionally, elements like the postprocessing of the 

data, quality of the information, interest features extraction and use of the information from 

the users are essential to use UAS to monitor the infrastructure successfully. Such elements 

are not part of the UAS but should be taken into account within the planning of this type of 

initiatives. 

 

7.2 Future work  

The present work reaches the stage in which the data is prepared for the extraction of the 

interest variables and the identification of defects in the pavements.  The following steps for 

the work consist in the application of machine learning algorithms to extract the data needed 

from the survey automatically. Such algorithms need to be adapted to be able to identify the 

multiple defects that can be found in the daily operation of port infrastructure.  Each type of 

defect might require the programming and training of its own ML process. Only after the 

implementation of the ML systems, it could be possible to say that the data from the UAS 

will be fully utilized and available.  

Nevertheless, after the data from the current condition of the infrastructure is obtained, what 

is next? Such data needs to be used and processed to use it in the decision-making system. 

One of the first steps might be the definition and calibration of defect prediction models by 

visualizing and using actual sets of field data collected by the UAV. Such models allow 

forecasting how damage is going to progress in the pavement or other structure, and what 

are the treatment alternatives and its effects in the structure. Multiple scenarios can be 

modeled to select the best alternative accordingly to the parameters defined by the port 

operators. Actions taken can be evaluated by using real field data taken by the UAS to 

determine which are the most effective actions and which ones are not a priority given 

budget restrictions.  Models must be applied to each one of the critical components that have 

been identified by the port operators. After that, another step could be the joint modeling of 

the different components as a whole in order to prioritize the budgets to areas with the 

highest impacts. 

One last issue to address is the interaction of the defect prediction models with other input 

data and the final users. In the port operation, information might not come exclusively from 

a UA; there are other sensor and systems that might be involved in the inspection of the 

infrastructure. Thus, it is necessary to ensure smooth collaboration among the different 

sources of information. An alternative to centralize the port information is the use of an 

extended BIM of the port. The BIM might be capable of storing the information from all 

sources, and the data produced by the deterioration models and present it to the users in a 

friendlier interface. In this way, the right decisions with quality information can be made in 

the daily operation of the port infrastructure.  
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Appendix 1 Drone development Roadmap 
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Appendix 2 Commercially available drones trough Amazon  

Source (“The Drone Chart - 2019 Drone/Quadcopter Comparison,” 2019) 
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DJI Phantom 3 Standard 4000x3000 20 350 1000 25 Y Y N Y Y N N 35 1280x720 Y 

DJI Phantom 3 Professional 4000x3000 20 350 5000 23 Y Y N Y Y Y N 35 1280x720 Y 

DJI Phantom 3 Advanced 4000x3000 20 350 5000 23 Y Y N Y Y Y N 35 1280x720 Y 

DJI Phantom 3 4k 4000x3000 20 350 1200 25 Y Y N Y Y N N 35 854x480 Y 

DJI Phantom 4 4000x3000 20 350 5000 28 Y Y N Y Y Y Y 45 1280x720 Y 

DJI Phantom 4 Pro 5472x3648 8.8 - 24 350 7000 30 Y Y N Y Y Y Y 45  Y 

DJI Phantom 4 Pro w/ Screen 5472x3648 8.8 - 24 350 7000 30 Y Y N Y Y Y Y 45  Y 

DJI Inspire 1 Standard 4000x3000 22 - 77 559 5000 18 Y Y N Y Y Y  49  Y 

DJI Inspire 1 Professional 4000x3000 30 559 5000 18 Y Y N Y Y Y  49  Y 

DJI Inspire 1 RAW 4000x3000 30 559 5000 18 Y Y N Y Y Y  49  Y 

DJI Inspire 2 X4S 5472×3648 8.8 605 7000 27 Y Y N Y Y N  58  Y 

DJI Inspire 2 X5S 5280x3956  605 7000 27 Y Y N Y Y N  58  Y 

DJI Mavic Pro 4000x3000 28 335 7000 27 Y Y N Y Y Y Y 40  Y 

DJI Mavic 2 Pro  28  8000 31 Y Y N Y Y Y Y 45  Y 

DJI Mavic 2 Zoom  24 - 48  8000 31 Y Y N Y Y Y Y 45  Y 

DJI Mavic Air    4000 21 Y Y N Y Y Y Y 42  Y 

DJI Spark 3968x2976 25 170 100+ 16 Y Y N Y Y Y Y 22  Y 

DJI Matrice 600 Pro      Y Y N Y Y Y     
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DJI Ryze Tello      N Y Y N N N N   Y 

Syma X11 Hornet     7 N N Y N N N N    

Syma X11C Air-Cam    30 7 N N Y N N N N    

Syma X12S Nano     7 Y N Y N N N N    

Syma X13 Storm     7 Y N Y N N N N    

Syma X4 Assault     7 N N Y N N N N    

Syma X4S Assault     5.5 Y N Y N N N N    

Syma X54HC 1920x1080    6 Y Y Y N N N N    

Syma X5C Explorers    30 7 N N Y N N N N    

Syma X5HC    40 6 Y Y Y N N N N    

Syma X5SC Explorers 2     7 Y N Y N N N N    

Syma X5UC    70 7 Y Y Y N N N N    

Syma X8C Venture     7 Y N Y N N N N    

Syma X8G     7 Y N Y N N N N    

Syma X8HC    70 6 Y Y Y N N N N    

Syma X8HG 3264x2448   70 6 Y Y Y N N N N    

Syma X8SC      Y Y Y N N N N    

Syma X8SW 1280x720   70 9 Y Y Y N N N N  1280x720  

Syma X5UW    70 7 Y Y Y N N N N   Y 

Syma X5HW 640x480   40 6 Y Y Y N N N N  640x480  

Syma X14W 1280x720   70 6.5 Y Y Y N N N N   N 

Syma X5SW 640x480     Y N Y N N N N  640x480  

Syma X54HW 640x480   30 6 Y Y Y N N N N  640x480  
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Yuneec Breeze 4k 4160x3120    12 N Y N  Y   11 1280x720  

Yuneec Q500+     25 Y Y N Y Y N  18  Y 

Yuneec Q500+ 4k     25 Y Y N Y Y N  18  Y 

Yuneec Q500+ 4k Pro      Y Y N        

Yuneec Typhoon H    1600 25 Y Y N Y Y Y  43 1280x720 Y 

Yuneec Typhoon H Pro    1600 25 Y Y N Y Y Y Y 43 1280x720 Y 

Yuneec Typhoon H Pro RS    1600 25 Y Y N Y Y Y Y 43 1280x720 Y 

Yuneec Tornado H920-CG04      Y Y N Y Y   25  N 

Yuneec Tornado H920-GB603      Y Y N Y Y   25  N 

Yuneec Tornado H920-V18      Y Y N Y Y   25  N 

Autel Robotics X-Star    1000 25    Y Y Y N 35 1280x720 Y 

Autel Robotics X-Star Premium    2000 25    Y Y Y N 35 1280x720 Y 

Parrot Bebop    100+ 11  Y N N Y N N 31  Y 

Parrot Bebop 2    2000 25  Y N N Y Y N 37  Y 

UpAir One 4896x3264   1000 19  Y  Y Y   31   

Parrot AR Drone 2.0    50 12    N N N N    

Parrot AR Drone 2.0 GPS    50 12    N Y N N    

Hubsan X4 H501S   311 300 20 Y Y  N Y N N   Y 

Hubsan X4 H501S Pro   311 1800 20 Y Y  N Y N N   Y 

Hubsan X4 H502S    300 13 Y Y  N Y N N   N 

Aosenma CG035   466 300 18 Y Y  N N N N   N 

Aosenma CG035 GPS   466 300 18 Y Y  N Y N N   Y 

Aosenma CG035 GPS FPV   466 300 18 Y Y  Y Y N N   Y 
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Appendix 3 Elevation map results  

Set 1 Normal 0.5 cm/pixel - Elevation map 1 cm resolution 

 

 

Set 1 Normal 0.5 cm/pixel - Elevation map 0.5 cm resolution 

 

 

Set 1 Normal 1 cm/pixel - Elevation map 0.5 cm resolution 

 

 



90 
 

Set 1 Normal 1 cm/pixel - Elevation map 1 cm resolution 

  

Set 1 Normal 2 cm/pixel - Elevation map 1 cm resolution 

  
Set 2 Height diference 0.5 cm/pixel - Elevation map 0.5 cm resolution 
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Set 2 Height diference 0.5 cm/pixel - Elevation map 1 cm resolution 

  
Set 2 Height diference 0.5 cm/pixel - Elevation map 0.1 cm resolution  

 

 
Set 2 Height diference 1 cm/pixel - Elevation map 1 cm resolution 
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Set 2 Height diference 1 cm/pixel - Elevation map 0.5 cm resolution 

 

 
Set 2 Height diference 2 cm/pixel - Elevation map 1 cm resolution 

  
Set 3 Block separation 0.5 cm/pixel - Elevation map 0.1 cm resolution 
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Appendix 4 Orthophoto mosaic transformation results  

Set 1 Normal 0.5 cm/pixel Set 3 Block separation 0.5 cm/pixel 

 

 
 

 

 
 

Set 1 Normal 1 cm/pixel Set 3 Block separation 1 cm/pixel 
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Set 1 Normal 2 cm/pixel Set 3 Block separation 2 cm/pixel 

 

 
 

 

 

 
 

Set 1 Normal 1 cm/pixel Set 4 Block rotation 1 cm/pixel* 

 

 
 

 

 

*Flight and base data with apparent quality issues 
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