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Abstract: This study describes a new approach to Remotely Piloted Aerial Systems (RPAS)
photogrammetric mission flight planning. In this context, we have identified different issues
appearing in complex scenes or difficulties caused by the project requirements in order to establish
those functions or tools useful for resolving them. This approach includes the improvement of some
common photogrammetric flight operations and the proposal of new flight schemas for some scenarios
and practical cases. Some examples of these specific schemas are the combined flight (which includes
characteristics of a classical block flight and a corridor flight in only one mission) and a polygon
extrusion mode to be used for buildings and vertical objects, according to the International Committee
of Architectural Photogrammetry (CIPA) recommendations. In all cases, it is very important to allow
a detailed control of the flight and image parameters, such as the ground sample distance (GSD)
variation, scale, footprints, coverage, and overlaps, according to the Digital Elevation Models (DEMs)
available for the area. In addition, the application could be useful for quality control of other flights
(or flight planning). All these new functions and improvements have been implemented in a software
developed in order to make RPAS photogrammetric mission planning easier. The inclusion of new
flight typologies supposes a novelty with respect to other available applications. The application has
been tested using several cases including different types of flights. The results obtained in the quality
parameters of flights (coverage and GSD variation) have demonstrated the viability of our new
approach in supporting other photogrammetric procedures.

Keywords: mission planning; flight planning; RPAS; UAS; photogrammetry

1. Introduction

The current use of aerial platforms based on Remotely Piloted Aerial Systems (RPAS) (also called
Unmanned Aerial Systems (UAS) (To clarify, terms such as RPAS and UAS are used when referring
to the complete system (aircraft and control system) and Unmanned Aerial Vehicle (UAV) or drones
when referring to the aircraft exclusively.) has undergone a great development in photogrammetric
applications [1–6]. These applications cover a wide range of scientific areas, from environmental to
industrial and archaeological studies. In addition to this great variability among case studies, there is
a great diversity of aerial systems with different features, which condition the type of flights that can
be performed. For example, the system weight or Maximum Take-Off Weight (MTOW) constitutes
an important aspect to be considered because it limits the study to be undertaken (payloads and sensors)
and other characteristics such as time of flight (flight speed, distance and height, etc.). There are
several classifications of RPAS proposed by several authors and institutions [7–11]. As an example,
Gupta et al. [9] described a classification based on MTOW, endurance, altitude, operational area
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radios, purpose of use, etc. Other aspects commonly used to classify RPAS are the type of platforms
(fixed-wing, rotatory-wing, blimps, and flapping-wing) and the flight control used (ground-control or
remote piloting and semiautonomous and autonomous). Several studies [3,12] gave more detailed
descriptions of these classifications and applications. Additionally, other authors [1,2,13] described
several examples of the use of RPAS in photogrammetric studies. We must also consider that the use
of RPAS is conditioned by the regulations established in each country. As an example, in Spain,
the maximum MTOW without Aircraft Certification is 25 kg, the flight distance must be less than
500 m in Visual Line Of Sight (VLOS), Extended Visual Line Of Sight (EVLOS), or Beyond Visual Line
Of Sight (BVLOS) modes, and the flight height is limited to 120 m (400 ft) [11]. A more detailed global
database of the regulations of RPAS by county is shown in Global Drone Regulations Database [14].
Following these regulations, in this study, we consider RPAS of maximum MTOW of 25 kg, which are
the systems most frequently used for these purposes.

Photogrammetric mission planning consists of the process of determining the location to fly over
(waypoints) and the vehicle actions to perform (e.g., taking a picture) over a time period [15]. It is one
of the first stages in a photogrammetric project workflow and is considered an important procedure
because the image geometry has a strict relationship with the quality of the final products. For this task,
we need to define the flight area (study zone), the RPAS characteristics (time of flight, speed, maximum
height, and distance), the sensor to be used (resolution and focal length), and the orientation and
positioning of the images to be acquired. Traditionally, photogrammetric mapping mission planning
has been conditioned by the type of photogrammetric survey to be developed: conventional aerial
photogrammetry, using conventional airplanes or helicopters, covering distances greater than 300 m,
and close-range photogrammetry, using RPAS or terrestrial images for distances of less than 300 m [16].
These types of survey are described below:

• Conventional aerial photogrammetry usually uses metric cameras mounted on planes assisted
with high-quality positioning and orientation systems based on Global Navigation Satellite
Systems (GNSS)/Inertial Navigation Systems (INS). In this case, the configuration of the flight
is usually defined using flight lines or strips with predefined longitudinal and lateral overlaps.
As examples, several studies [17–19] showed more detailed descriptions of the parameters to be
considered and their calculation. The project requirements demanded by institutions or customers
usually establish ranges of values for these parameters that must be taken into account in flight
planning (overlaps, scale variability, etc.).

• Close-range photogrammetry [20–22] supposes the acquisition of photographs at reduced distances
to the object and combines stereoscopic normal case (parallel axes perpendicular to the object
plane) with convergent images (convergent axes). This acquisition mode is the most widely
used in terrestrial photogrammetry and in RPAS where weight-reduced and nonmetric cameras
are widely employed. As an example, two studies [23,24] described the recommendations of
the International Committee of Architectural Photogrammetry (CIPA), known as the 3 × 3 rules,
for architectural photogrammetric projects planning using nonmetric cameras. In the geometric
rules, it is recommended to use multiple photographic all-around coverage that includes taking
a ring of images all around the object, overlapping each other by more than 50%, and taking
normal stereoscopic images for 3D restitution.

The use of RPAS allows the combination of the two previously described methods because
it allows the use of a wide range of scales and different geometries of capture (conventional aerial
and close range). In addition, we must also consider the evolution of processing algorithms carried
out in these photogrammetric projects. Recently, photogrammetric studies have undergone a great
development caused by the appearance of applications based on algorithms such as Structure from
Motion (SfM) [25–27]. This algorithm allows the orientation of photographs without knowing camera
parameters and network geometry [28], given only a sparse set of correspondences between image
features [29]. In fact, the orientation of photographs is based on the identification of some common
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feature point included in convergent photographs. Therefore, the SfM algorithm requires multiple and
overlapping photographs located as convergent images [30].

Considering these methods and orientation algorithms, there are some aspects to be taken into
account in mission planning such as:

• In the normal case, the tendency is to use high overlaps (both longitudinal and lateral) because of
the advantages in the photogrammetric processing (producing a more robust block from a geometric
point of view that provides a best estimation of self-calibration parameters, and the reduction
of occlusions, along with the possibility of selecting a central part of the images with less radial
distortion and relief displacement). A typical feature, for instance, of mission plans for UAS
photogrammetry is the large forward (80%) and cross (60–80%) overlap to compensate for aircraft
instability [1]. In any case, a balance between the number of images and the cost of processing is
desirable in any photogrammetric project.

• In the case of SfM, there is the use of a large amount of convergent photographs that covers all
objects redundantly from several points of view.

• Variation of the distance to the object (height differences in vertical shots) can cause problems
in stereoscopic coverage (normal case) or great differences in ground sample distance (GSD).
This variation also impacts SfM because the features no longer match.

• Displacement of the image during the capture: this issue is especially important when using
cruising acquisition mode or fixed-wing RPAS.

• The presence of obstacles and restricted areas.
• The distance and height of the take-off point.

In addition to these aspects, we must consider other aspects such as those presented by
Damilano et al. [31] who defined several optimization objectives according to some aspects such as
minimum time, minimum distance, minimization of flight path changes, minimum risk considering
given threats or obstacles, best range and endurance given available energy, best targets observation,
and best data-link coverage. To date, several mission planning applications have been developed for
RPAS. Pepe et al. [32] presented an overview of mission planning applications depending on the type
of platforms and sensors. Gandor et al. [15] classified these applications into three categories:
(i) proprietary and dedicated to a specific platform (e.g., Astec Navigator [33], MK-Tools [34],
DroneDeploy [35], etc.); (ii) open-source applications (e.g., Mission Planner [36]); and (iii) those
applications not dedicated to a specific platform (e.g., Universal Ground Control Station UgCS [37]).
We consider an additional category that includes those noncommercial applications or uses for research
purposes such as those presented by several authors [15,38–41] or the ones outlined in this study.

In this study, we analyze the main planning tools used by professionals and researchers by
assessing their characteristics and applicability. In addition, we propose a new approach that integrates
the advantages of these tools, considering particular issues useful for complex scenes that were not
covered in existing applications. We consider those complex scenes where the use of ideal case of
photogrammetry is not possible and it is difficult to guarantee a mean scale and GSD without great
variations. The implementation of these new functions has been performed in a specific software
that has been tested using several complex real cases successfully. The results obtained have shown
the interest of these new flight schemas for surveying special scenes.

This document is structured as follows: First, a description of the main characteristics of the mission
planning applications is defined in Section 2. The method proposed in this study is shown in Section 3.
Section 4 includes a description of the application developed in this study. The application and main
results obtained are shown in Section 5. The discussion of these results is included in Section 6. Finally,
Section 7 describes the main conclusions of this study and future work derived from it.

2. Mission Planning Applications

In general, we establish five features of the existing mission planning applications developed until now:
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• Integrated map: Consists of the obtaining of cartographic information to be used as a base map.
Depending on the system, the base map can be a vector map, such as OpenStreetMap (e.g., Astec
Navigator) (Figure 1a), with the possibility of uploading a georeferenced image to be used offline.
However, the majority of base maps use georeferenced images downloaded from the Internet
using map servers (e.g., Google or Bing) (Figure 1b). In these cases, the availability of an Internet
connection is required in order to download these images, but once the images of the study zone
are downloaded these applications can be run offline. The use of georeferenced image maps
provides additional information for planning with respect to vector maps (e.g., identification of
obstacles—trees, electricity lines, etc.).

• 3D visualization: Consists of the availability of 3D views of the study zone (Figure 1c). This is
an interesting feature for analyzing the terrain characteristics of the flight zone using a previously
available Digital Elevation Model (DEM). For example, UgCS allows the importation of 3D
building models in order to consider their volume and avoid possible collisions (mainly in cities).

• Block flight planning: This is the common planning mode implemented in all systems. In this
case, the study zone is defined using a rectangular polygon or a polygonal line (Figure 1d). Flight
parameters can be derived from the definition of these limits. In addition, some tools use DEMs
to plan flights (e.g., eMotion X and UgCS) (Figure 1c). Another important feature to consider
is the possibility of obtaining the footprints of images. In this case, the application calculates
and represents the projection of the photographs onto the ground, providing information about
the coverages, overlaps, etc. This projection is usually realized in 2D considering a flat terrain or
using only the four corners of the images and considering a real 3D projection over the terrain.

• Corridor or linear flight planning: This feature allows users to plan flights covering study areas
following a specific linear element (roads, rivers, etc.) (Figure 1e).

• Circular or cylindrical flight planning: Circular flights are commonly implemented in all
applications while cylindrical flights are simulated by adding several circular flights at different
heights. This type of flight allows objects to be covered by convergent photographs (Figure 1f).
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Figure 1. Examples of RPAS mission planners: (a) Astec Navigator using OpenStreetMap; (b) Mission
Planner displaying Bing Aerial Image; (c) UgCS planning module using a block flight determined by
a polygon limit using a Digital Elevation Model (DEM); (d) image footprints in Astec Navigator block
flight; (e) image footprints in Astec Navigator corridor flight; and (f) circular flight planning in DJI
GS Pro.

We consider eight items to analyze among current mission planning applications based on
these categories. Table 1 describes the main characteristics of several mission planning applications
considering these eight items:

• VIM: Vector Integrated Map.
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• OIM: Orthoimages Integrated Map.
• 3DV: 3D Visualization.
• RBP: Block flight Planning (defined by a rectangle).
• PBP: Block flight Planning (defined by a polygon).
• DEM: Digital Elevation Model.
• CFP: Corridor Flight Planning.
• CCFP: Circular—Cylindrical Flight Planning.

Table 1. Main features of mission planning applications related to the most used platforms.

Application VIM OIM 3DV RBP PBP DEM CFP CCFP

DJI GS Pro [42] 3 3 3 3

AscTec Navigator [33] 3 * 3 3 3 3

eMotion X [43] 3 3 3 3 3 *** 3

MikroKopter Tool [34] 3 3 *** 3

Mission Planner [36] 3 3 3 3 ** *** 3

DroneDeploy [35] 3 3 3

Pix4D Capture [44] 3 3 3 3 3

Map Pilot for DJI [45] 3 3 3 3 3

UgCS [37] 3 3 3 3 3 3 *** 3

Notes: * User must georeference the image or use a Mapbox account. ** Indicates height information *** It allows
planning photographs following a line at a certain distance interval from a determined origin point.

3. Method

Once the most important features of the main existing mission planning applications have been
described, it is possible to establish some additional issues to consider when surveying complex
projects using RPAS. Therefore, we consider as complex scenes for photogrammetric studies those
including one or several of these items:

• Great variability of camera-object distances (differences in height in the case of vertical flights and
depth in vertical elements such as buildings).

• Presence of buildings or vertical objects to be surveyed.
• Presence of occlusions or obstacles which block direct vision to the object (need of oblique images).
• Requirement of stereo restitution.
• Objects to be studied elevated from the ground (not included in DEM).

To resolve these issues, the mission planning applications should contain several functions:

• Base map using a service of orthoimages and/or DEM.
• 3D visualization.
• Block and corridor flights considering a DEM.
• Use of tilt images in planning.
• Use of linear elements as real elements with physical characteristics (area, direction, inclination, etc.).
• Circular and cylindrical flight planning considering CIPA recommendations for architectural surveys.
• Quality control determining photographs coverage-maps and minimum, mean, and maximum

GSD (considering DEM) before and after the flight execution.

The method proposed in this study tries to simplify the flight parameters calculation and quality
control procedures as much as possible, in order to facilitate operations and provide a flexible
methodology for developing new cases and solutions to applications in the future. The scheme
(Figure 2) consists of two well-differentiated levels of operation. Core1 is dedicated to the calculation of
basic parameters of the flight. The Core2 objective is to provide the necessary analysis for the geometric
quality control of the block.
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Figure 2. Schema of definition and application design.

More specifically, the Core1 level has as its objective, the calculation of the position and orientation
of the different waypoints depending on the characteristics of the images to be obtained (GSD and
overlaps), the camera used (focal length, sensor size, and resolution), and the flight typology selected by
the user and other technical or legal limitations (maximum flight height, maximum distance between
the UAS and the ground control station, etc.). These calculations are usually implemented in all RPAS
flight planning systems, although in this study, new typologies are considered for surveying complex
scenes. In this case, additional functionalities have been incorporated, such as the DEM analysis both
globally and locally (at strip level) to achieve a better adjustment of the distance between the camera
and the object, and therefore, a value of GSD more throughout the block. The methodology used in this
task starts from the calculations used in any photogrammetric project that can be consulted in any
photogrammetry manual [46–48].



ISPRS Int. J. Geo-Inf. 2020, 9, 392 7 of 22

Core2 is oriented towards providing additional information for the development of quality
assurance tasks prior to the execution of the flight (it can also be used for the quality control of
flights already carried out). In this case, the terrain morphology is considered through the use of
a preexisting DEM in the area. The basic element considered within this operation that is common to
the different planning functions is the methodology known as ray casting [49,50], which is frequently
used in processes of intervisibility analysis in 3D modeling procedures. The selected method (Figure 3a)
focuses on the analysis of the visibility of a given object from the position and attitude of an observer
(camera) [51,52].
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Using ray casting method, it is possible to obtain an accurate projection of the images onto
the ground, allowing the calculation of the real quality of the flight such as GSD (using the approach
described by Höhle [53]), coverage, and overlaps. These parameters are greatly influenced by
the distance between camera and object. This is especially critical in RPAS flights carried out at low
height (usually less than 120 m). Using these projections (the footprints are calculated by considering
10 points of each border of the images and obtaining their intersection with the terrain, Figure 3b),
it is possible to perform different analyses: (a) coverage (It is analysis of how many images appear
at each point of the terrain according to a preestablished grid. This is used to estimate flight quality
and plan the ground control point (GCP) distribution. An interesting study of GCP distribution using
RPAS is described by Tonkin and Midgley [54]), (b) overlaps, and, (c) GSD (including minimum, mean,
and maximum GSD values for the area covered by each image). All this contributes in an effective way
to guaranteeing the flight adjustment to the conditions required. In the case of detecting a problem,
it will be necessary to modify the initially established parameters.

4. Software Development

The method employed to develop the software includes several tasks: (a) definition and
application design, (b) software programming, and (c) monitoring real cases. In our software,
called MFPlanner3D [55], some features stand out: (a) user interface and (b) use of DEM for flight
parameters determination considering the real terrain surface, providing real image footprints and
coverage map (number of images recorded at each terrain point). MFPlanner3D includes functions
that improve the existing RPAS mission planning applications. It has been developed using NASA
World Wind SDK (Software Development Kit) [56] in Java which includes:

• Compatibility with all operating systems where Java is available.
• A basic DEM is obtained from the Shuttle Radar Topographic Mission (SRTM) along with

procedures for calculating intersections with the terrain (ray casting).
• Importation and exportation tools for the main geospatial data sources (e.g., GeoTIFF, Shapefile).
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• Connection protocols to Web Map Service (WMS), Web Feature Service (WFS), and Web Coverage
Service (WCS) and maps from Bing Maps and OpenStreetMap.

• Use of the WGS84 reference system (system used in RPAS).
• Use of UTM projection in area and distance calculations.
• Use of the Earth Gravitational Model 1996 (EGM96) to determine orthometric heights.

Figure 4 shows some examples of MFPlanner3D user’s interface, including the project definition
module (selection of parameters of UAV and camera) (Figure 4a) and flight planning module (using 3D
visualization mode) (Figure 4b).
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The main features for flight planning of MFPlanner3D are based on conventional or block, corridor,
combined, and polygon extrusion flights. All these types can be used independently or combined
depending on the scene to be studied. These cases are described below:

4.1. Conventional or Block Flight

This is the most common flight schema included in all applications. Our software includes
some additional features useful for photogrammetric surveys. MFPlanner3D uses a polygon (drawn
using 3D visualization interface) for the flight area definition, defining the most appropriate strips
orientation. In this sense, flight lines are situated perpendicular to the line of maximum slope
(using DEM). The calculation considers several input parameters such as overlap values (longitudinal
and lateral), flight height (considering the final GSD value and restrictions established by regulations),
etc. Additionally, flight parameters (number of strips and total images, flight time, etc.) are calculated
in real time, making this application a complete interactive tool. The main improvement is DEM use
for the best adjustment of the flight height of each strip considering the mean height of the terrain to be
overflown. Although this function is also implemented in the eMotion X and UgCS applications, in our
approach, we can consider the mean height of the zone or the mean height of each strip obtained from
the waypoints. This last option is implemented in order to obtain a more continuous GSD in contrast
to those that established the flight height at each waypoint individually. In addition, the flight height
remains constant in each strip, avoiding continuous vertical displacements of the UAV. Some examples
of planned flights for a sloped zone considering a DEM (or not) are shown in Figure 5.

4.2. Corridor Flight

The corridor flight mode is used to plan a flight over a determined linear element (e.g., a road).
The traditional approach consists of the definition of a polygonal line considered as the UAV trace and
the flight parameters calculation in a similar way to the conventional block flight. In our system, a new
feature is incorporated. This consists of the possibility of defining the line of objects to be surveyed
in addition to the flight trace (used in other applications). Thanks to this improvement, users can define
the distance and inclination necessary to capture this linear polygon considering a value of longitudinal
overlap. The acquisition of oblique images was also described for several cases in literature. As an
example, Trajkovski et al. [57] proposed a combination of vertical and oblique images for capturing
the steep terrain. Figure 6 shows several examples considering the polygonal line as flight trace
(Figure 6a) and the polygonal line as object trace to define oblique photographs with a tilt value (t)
(Figure 6b). Figure 6c shows a plan using a defined height object (h’). This new approach definitely
supposes an alternative to the traditional flights based on vertical images considering a predefined
flight line. The possibility of including the height of the reference object with respect to the terrain is
very useful in cases of studies where the object is elevated but the DEM did not include this object
(e.g., Figure 6c shows a power line project). We consider this improvement to be very interesting
in several case studies with vertical or sloped objects such as road slopes, architectural buildings, etc.
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4.3. Combined Flight

This flight schema has been included as a novelty in this application. The combined flight consists
of the combination of both modes previously described. The main objective is to cover situations
where it is necessary to capture sloped zones (e.g., landslides). In these cases, it is interesting to
capture photographs perpendicular to the slope plane in order to obtain more details, maintaining
the scale in these zones or avoiding possible occlusions from vertical views. This is coherent with
the data proposed by Trajkovski et al. [57] using a combination of vertical and oblique images to
avoid large-scale changes and the reduced capture of details in the rugged terrain using vertical
images. In our case, to define this mode, it is necessary to establish the flight direction perpendicular to
the maximum slope line, the polygonal line defining the study area, and the inclination. Considering
these data and the additional overlap values and flight height, the photograph positions are calculated
automatically. As an example, Figure 7 shows a combined flight plan implemented over a slope.
We highlight the fact that photograph positions and directions are adapted to the slope considering
the DEM (note the footprints of photographs adapted to the terrain in Figure 7b).
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4.4. Polygon Extrusion Flight

The goal of this mode is related to implementing the CIPA’s rules in order to capture architectural
buildings, which are not implemented in other applications. It is based on the vertical expansion of a 2D
plane polygon in order to generate a 3D object. In this type of schema, we need to define the polygon
of the base and the height of the object. The application calculates all parameters automatically,
including some convergent photographs located in the corner zones. The geometry of photographs is
calculated considering the vertical planes that define the buildings (Figure 8). This schema improves
on those circular flights provided by several applications for surveying these objects because it allows
the capturing of stereoscopic photographs (parallel axis), supporting stereo restitution.
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5. Applications and Results

We have applied the new proposed approach to several real cases in order to test the application
in complex scenes considering block, corridor, and vertical schemas. In addition, we also applied
it to a terrestrial photogrammetric project using a mast and the quality control of a previously
developed flight.

5.1. Block Flight Project

This mission planning was developed on a quarry zone with great relief variation (about 210 m).
The main objective was to obtain a high-detailed DEM of the area using RPAS photogrammetry
methodology. Therefore, great requirements of spatial accuracy and image geometry were established
in order to obtain a good stereoscopic coverage for the DEM and 3D restitution tasks. This implies
a constant scale in photographs (GSD value) and adequate overlap values.

To achieve this goal, it is necessary to propose an adequate control of the distance between
the camera and the object (terrain), taking into account its own morphology. Figure 9 shows
the importance of using a DEM to establish the correct geometry of the flight, something that is always
true in any photogrammetric flight operation, but which in the case of RPAS is even more important
when dealing with flights at low altitude. Here, the differences in the elevation of the terrain are
proportionally very important, affecting the changes of GSD and overlaps in the images captured.
The flight was planned considering an AscTec Falcon 8 RPAS with a GSD equal to 0.03 m and 80–60%
overlap values (longitudinal and lateral). The flight height over the terrain was configured at 120 m,
considering the Spanish regulations.

The results obtained (Figure 9c–h) show an important improvement of the flight when considering
the height of the terrain using the DEM (in this case, a 5 m-resolution DEM, available from the Instituto
Geográfico Nacional of Spain, was considered). First, Figure 9a,b shows the planned image locations
(note that Figure 9b shows the flight height of each strip adapted to the mean value of the terrain).
Figure 9c,d shows the image coverage maps of both flights. In both cases, the footprints are adapted to
the terrain.

Considering the photograph coverage, the DEM-based option produces a more homogeneous
image coverage, whereas the non-DEM-based option presents noncovered zones in the highest part of
the study area (in red and transparent colors on the right part of Figure 9c). The DEM-based option
shows that the entire zone was covered with at least three images (Figure 9d), whereas there were
some zones with less than three images in the non-DEM-based option (Figure 9c).

These results were confirmed by the analysis of the GSD mean values (Figure 9e–h). In the first
case (not DEM-based), there is a huge GSD variability, with values higher than 0.08 m (more than 2 GSD
considering the desired GSD value), while the second case (DEM-based) showed more homogeneity of
GSD values, with values lower than 0.06 m, according to the desired flight geometry.

The results show an improvement in the flight quality according to the desired values (GSD and
overlaps) when the flight height variability is applied considering the DEM, obtaining more
homogeneous images (GSD and overlap) and a high geometric flight quality.

5.2. Corridor Flight Project

The second example was developed considering a linear element (corridor flight). In this case,
we need to obtain information about the terrain characteristics for a river erosion processes analysis.
For this objective, we planned a multitemporal flights series in order to determine differences between
the DEMs obtained from the images captured over time.

To perform this study, we required a flight along a river that covered adjacent zones where
erosion processes are active. Considering the new flight schemas provided by MFPlanner3D, we used
a combined flight (block and corridor flight) with the linear feature corresponding to the river stream
and the block flight polygon covering the erosion areas (Figure 10).
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Figure 9. Influence of terrain morphology on block flight planning: (a) image locations using no-DEM
option (flight height constant over terrain), (b) image locations using DEM option (variable flight
height in strips considering terrain height), (c) and (d) number of recorded images (coverage map) for
both projects, (e) and (f) GSD values for both projects, (g) and (h) frequency (number of cases) of GSD
variation for both projects.
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Figure 10. Linear case planning: (a) study zone, (b) position and orientation of planned images,
(c) block flight, and (d) convergent flight.

In this case, we used a DJI Phantom 3 Pro. Basic flight configuration consisted of three different
strips; one flight was developed along the river stream using vertical shots (0◦ tilt angle) and a flight
height of 100 m (Figure 10b), considering 80% and 60% overlaps (longitudinal and lateral, respectively),
and two additional convergent flights were developed using 30◦ tilted images, 65 m of flight height,
and 75 m of distance to the object (Figure 10c). These additional convergent flights were performed
in order to avoid problems derived from occlusions that could appear in the vertical flight and to
improve orientation processes (using the SfM algorithm).

5.3. Vertical Object Case

The third case consisted of the flight planning developed in order to obtain a 3D model (using
photogrammetry) of a castle (Burgalimar Castle in Spain) considering the recommendations provided
by the CIPA for documenting heritage. Cardenal et al. [58] gave a more detailed description of this
case study.

In addition to the 3D model, a set of orthorectified images were needed. In order to obtain these
products, a set of stereoscopic and convergent photographs of the object were needed. Moreover, we also
planned a block flight in order to obtain a correct coverage of the plan view of the castle. To summarize,
we planned three flight schemas: (i) a block flight capturing vertical photographs, (ii) three corridor
flights around the castle, acquiring oblique images at different heights, and (iii) a polygon extrusion
flight to obtain the images of the vertical walls of the castle.

We used an AscTec Falcon 8 RPAS to perform all flights. The block flight was planned using
a flight height of 50 m and 80% and 60% longitudinal and lateral overlaps, respectively (Figure 11a).
The linear flights were carried out considering three flight heights of 10, 15, and 20 m and inclinations
of 30◦, 35◦, and 40◦ (Figure 11b). All cases considered a distance with respect to the object of 20 m and
longitudinal overlaps of 80%.

Finally, we defined a polygon coinciding with the perimeter of the castle. This polygon was used
to establish a polygon extrusion flight with a height of 15 m. The flight was planned considering
a distance with respect to the polygon of 10 m and 80% and 60% longitudinal and lateral overlaps,
respectively (Figure 11c). Figure 11d shows a combination of the three flight planning cases.
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5.4. Terrestrial Photogrammetry Using Masts

Although the program was designed with RPAS planning in mind, its flexibility allows it to be
used also for the planning of other projects, both conventional aerial photogrammetry (with special
attention to the quality control of the projects) and with other image capture schemes (e.g., terrestrial
images). In this example, we used MFPlanner3D to plan a terrestrial photogrammetric project using
a mast to lift the camera according to the method proposed in Pérez-García et al. [59].

The method consists of the establishment of several stations of the mast covering the study zone.
From each station, eight oblique photographs were captured, turning the camera 45◦ horizontally
between two adjacent photographs (Figure 12a,b). For this configuration, the basic parameters are
the mast height, focal distance, and camera resolution, but a proper configuration of the different shots
is not simple a priori. We used MFPlanner3D in order to obtain the optimal configuration of the images
(number of stations, mast height, etc.) for the photogrammetric survey. In Figure 12c, we show
the results obtained for 25 stations, using a 6 m mast height and 45◦ tilted images. In Figure 12d,
the coverage map is shown.ISPRS Int. J. Geo-Inf. 2020, 9, x FOR PEER REVIEW 18 of 23 
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5.5. Quality Control of the RPAS Project

Any current photogrammetric project requires on the one hand, a careful planning of the shots to
be taken and on the other hand, the verification that they have been executed according to the plan.
The main objective is to guarantee the geometric quality of the images before beginning their analysis.
In this paper, a methodology (and software) is proposed for the flight planning in order to avoid
different problems in practical cases (scale, overlaps, GSD, etc.). MFPlanner3D can also be used for
the quality control of existent (executed) flights. It is possible to control the geometry of the photographs
by analyzing photograph coverage, overlaps, GSD values, and optical axes inclination using the camera
characteristics and log file data.

In this example, a fixed-wing RPAS (Trimble UX5) flight was used. The flight execution was greatly
affected by weather conditions, more specifically strong winds, which caused problems in the location
and orientation of the camera for each shot (Figure 13a) and caused optical axis deviation that
reached in some cases values of about 25◦ (Figure 13b). These aspects are very important considering
that the large rotation of images decreases image block geometry quality with irregular overlaps
and inconsistency of stereo models [60]. Using MFPlanner3D, we obtained the footprints map of
photographs (Figure 13c), the coverage map (Figure 13d), the GSD map (Figure 13e), and the directions
and modules (mainly caused by the inclination) of the optical axes (Figure 13f).
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6. Discussion

The examples show the efficiency of the method and the application developed in this study
in covering different scenarios in photogrammetric projects. In this sense, we included new flight
schemas (e.g., combined and polygon extrusion modes) and a methodology for flight quality control
based on image coverage maps and minimum, mean, and maximum GSD values.

The image coverage map provides an interesting method for checking the images’ geometry
and could be useful for GCPs locations design. In UAV-SfM photogrammetry, the best option is to
try to distribute the GCP evenly or homogeneously not only in the periphery but also in the center
of the area [61] appearing in the highest number of images possible. In addition, Tonkin and
Midgley [54] suggested the importance of a uniform GCP spatial distribution. Therefore, using
these premises and the results obtained, we can analyze the scene and implement the best GCP
placement. The combination of several flight configurations in the same project provides a more
reliable structure because of the inclusion of photographs from several points of view, avoiding
possible occlusions and providing more global terrain information. These are the most outstanding
characteristics of the proposed approach, but there are more advantages to be noted. As examples,
global 3D visualization, the use of DEM in order to obtain a best flight adjustment and real footprints,
the possibility of including the height of the reference object with respect to the terrain level, etc.

This method introduces features that do not exist in the other RPAS mission plans with great
importance in photogrammetric projects. Thus, six basic features can be considered (and included
in Table 1):

• Flight adjusted to DEM by strips (DEM-S).
• Corridor Flight Planning by Objects (considering interest trajectories) (CFP-O).
• Block and Corridor Combined Planning (B+C-CP).
• Polygon Extrusion Planning (PEP).
• Calculation of Coverage Maps using real Footprints projected onto the terrain (CM-RF).
• Calculation of GSD value at the center of the photographs (C-GSD).

7. Conclusions

This study has described a new approach for the mission planning of RPAS photogrammetric
flights. In this context, the main characteristics to be included in planning applications considering
the issues that can appear in complex scenes have been identified. These complex scenes are usually
conditioned by the terrain and the presence of objects or obstacles. To solve these difficulties, we have
added two new flight mission schemas to the ones most commonly implemented in most flight mission
planning applications (block, corridor, or circular). These new schemas are based on combined flights
(block and corridor) and a polygon extrusion flight. The first one is suggested in cases where the object
presents a great inclination (e.g., great slope) and combines both types of flight in order to minimize
occlusions and facilitate orientation processes by including convergent photographs. The second was
suggested in order to develop photogrammetric flights of buildings or vertical objects (e.g., walls).
The main advantage of this new planning type is related to the obtaining of stereoscopic pairs of
photographs (parallel axes) and convergent photographs in contrast to those developed using circular
flights (convergent photographs). In addition, several improvements have also been suggested to
the planning types most commonly used. Therefore, in the case of block flights, we considered
the terrain behavior in order to establish a flight height by strip. In the case of the flight of linear
elements, we considered the possibility of including inclined photographs and determining the height
of the object displaced over the DEM in order to study objects not considered in the terrain (e.g., power
lines, solar panels on parking covers, etc.).

In this approach, we have considered flight quality controls. First, we suggested
the implementation of a control of the geometry of the photographs in the planning stage. More
specifically, the main aspects of the photogrammetric flight related to scale, overlaps, GSD values,
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geometry, etc. must be analyzed using several resources such as photograph coverage maps and GSD
maps. In addition to monitoring the flight planning, these products have a direct influence on other
procedures such as the planning of the location of GCPs. Second, we also suggested the implementation
of another control after the execution of the flight in order to check the geometry of the photographs
acquired. This control must confirm that all parameters achieve the project requirements.

The approach developed in this study was applied using a research tool that implemented
the functions and improvements described previously. This application was tested using several real
cases including block, linear, combined, and polygon extrusion flights. The results have demonstrated
the viability of the approach even in special cases, where the flight is simulated using a camera mounted
on a mast and using oblique photographs. The quality controls developed have demonstrated their
efficiency in detecting problems, previously and subsequently to the flight execution.

Our approach allows the planning of different types of flight. In a photogrammetric project,
we can use as many flights as we need independently of their typology. In cases where the requirements
are not achieved, we can design a combined flight using several types of flight. The quality control can
show results of these flights both individually or combined to choose the best option to be implemented.
This operability has been designed to cover those situations where a simple type of flight does not
guarantee the compliance of the requirements of the project.

Future research will focus on planning flights using other sensors and taking into account their
characteristics (e.g., LiDAR) and combinations of complex scenes such as those presented in cities.
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