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Sammanfattning
Obemannade flygfarkostsystem (eng. Unmanned Aerial Systems, UAS) används allt
mer frekvent för datainsamling inom geodetisk mätning. I takt med att
användningsområdena ökar ställs också högre krav på mätosäkerheten i dessa
mätningar. De efterbearbetningsprogram som används är en faktor som påverkar
mätosäkerheten i den slutgiltiga produkten. Det är därför viktigt att utvärdera hur
olika programvaror påverkar slutresultatet och hur valda parametrar spelar in. I UASfotogrammetri tas bilder med övertäckning för att kunna generera punktmoln som i
sin tur kan bearbetas till digitala terrängmodeller (DTM).
Syftet med studien är att utvärdera hur mätosäkerheten skiljer sig när samma data
bearbetas genom blockutjämning och tät bildmatchning i två olika programvaror.
Programvarorna som används i studien är UAS Master och Pix4D. Målet är också att
utreda hur vald extraktions nivå i UAS Master och vald bildskala i Pix4D påverkar
resultatet vid generering av terrängmodeller. Tre terrängmodeller skapades i UAS
Master med olika extraktionsnivåer och ytterligare tre skapades i Pix4D med olika
bildskalor.
26 kontrollprofiler mättes in med nätverks-RTK i aktuellt område för beräkning av
medelavvikelse och kvadratiskt medelvärde (RMS). Detta för att kunna verifiera och
jämföra mätosäkerheten i modellerna. Studien visar att slutresultatet varierar när
samma data bearbetas i olika programvaror.
Studien visar också att vald extraktionsnivå i UAS Master och vald bildskala i Pix4D
påverkar resultatet olika. I UAS Master minskar mätosäkerheten med ökad
extraktionsnivå, i Pix4D är det svårare att se ett tydligt mönster. Båda programvaror
kunde producera terrängmodeller med ett RMS-värde kring 0,03 m. Medelavvikelsen
i samtliga modeller understiger 0,02 m, vilket är kravet för klass 1 från den tekniska
specifikationen SIS-TS 21144:2016. Medelavvikelsen för marktypen grus i UAS
Master i modellen med låg extraktionsnivå överskrider dock kraven för klass 1.
Därmed uppnår alla förutom en av terrängmodellerna kraven för klass 1, vilket är den
klass med högst ställda krav.

NYCKELORD: UAS, DTM, Pix4D, UAS Master, Blockutjämning, Fotogrammetri
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Abstract
Lately Unmanned Aerial Systems (UAS) are used more frequently in surveying. With
broader use comes higher demands on the uncertainty in such measurements. The
post processing software is an important factor that affects the uncertainty in the
finished product. Therefore it is vital to evaluate how results differentiate in different
software and how parameters contribute. In UAS-photogrammetry images are
acquired with an overlap which makes it possible to generate point clouds in
photogrammetric software. These point clouds are often used to create Digital
Terrain Models (DTM).
The purpose of this study is to evaluate how the level of uncertainty differentiates
when processing the same UAS-data through block adjustment and dense image
matching in two different photogrammetric post processing software. The software
used are UAS Master and Pix4D. The objective is also to investigate how the level of
extraction in UAS Master and the setting for image scale in Pix4D affects the results
when generating point clouds. Three terrain models were created in both software
using the same set of data, changing only extraction level and image scale in UAS
Master and Pix4D respectively.
26 control profiles were measured with network-RTK in the area of interest to
calculate the root mean square (RMS) and mean deviation in order to verify and
compare the uncertainty of the terrain models. The study shows that results vary
when processing the same UAS-data in different software.
The study also shows that the extraction level in UAS Master and the image scale in
Pix4D impacts the results differently. In UAS Master the uncertainty decreases with
higher extraction level when generating terrain models. A clear pattern regarding the
image scale setting in Pix4D cannot be determined. Both software were able to
produce elevation models with a RMS-value of around 0,03 m. The mean deviation
in all models created in this study were below 0,02 m, which is the requirement for
class 1 in the technical specification SIS-TS 21144:2016. However the mean deviation
for the ground type gravel in the terrain model created in UAS Master at a low
extraction level exceeds the demands for class 1. This indicates all but one of the
created models fulfil the requirements for class 1, which is the class containing the
highest requirements.

KEYWORDS: UAS, DTM, Pix4D, UAS Master, Block adjustment, Photogrammetry
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1. Introduction
1.1 Background

Acquiring a block of overlapping photos with an Unmanned Aerial System (UAS) for
surveying purposes is a photogrammetric method. The overlapping areas are what
makes it possible to measure in images, and consequently what makes it possible to
generate point clouds. In the field of land surveying the photos are often processed
along with ground control points (GCPs) into georeferenced point clouds that can be
further processed, analyzed or modelled.
There are several photogrammetric post processing software suites for UAS-data.
Techniques and instruments are continuously developing, therefor their use in land
surveying broadens and increases. With wider use comes higher demands on the
uncertainty in such measurements. The processing in the photogrammetric software
affects the uncertainty in the delivered products. Therefore the processing is
important when evaluating how results differentiate and how parameters contribute.
It is also important to study and evaluate software on the market to see how results
differentiate between brands and which parameters are significant.
Using UAS is often less time-consuming than other methods, therefore there is an
economical value in studying and evaluating photogrammetric software. Increasing
the reliability of UAS-data and to show the possibilities of post processing software is
therefore important. An evaluation of the uncertainty of measurements in this case,
gives the software user a wider understanding of capabilities and limitations of
different software.
1.1.2 Delimitations

Only two photogrammetric software suites are used, due to time constraints. The
UAS-data used covers an area near the University of Gävle, Sweden and was collected
in 2014. The reader should bear in mind that the study aims to evaluate some of the
parameters, the entire range of possible combinations of settings have not been
studied.
1.2 Terminology

In this paper terminology concerning uncertainty in measurements is based on the
Guide to the expression of uncertainty in measurements written by the Joint Committee for
Guides in Metrology (JCGM, 2008). In line with these documents the term uncertainty
is used instead of terms like accuracy and precision.
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Abbreviations:
UAS - Unmanned Aerial System
UAV - Unmanned Aerial Vehicle
GCP - Ground control point, used to set the absolute orientation of a UAS-survey.
Targets - These are placed strategically in the area of interest. The GCPs are located
at the center of the targets, which are visible in acquired images.
Tie-points - These points are created to set the relative orientation. Features that
appear in two or more images are linked together using tie-points.
GNSS/INS-data - Refer to the measurements collected from the UAV at each camera
exposure. Measurements contain X, Y and Z-values along with omega, phi and
kappa angles from the Inertial Navigation System (INS).
Checkpoints – points measured in the area of interest, used to check the uncertainty
of a project.
1.3 Purpose of this study

The focus is to evaluate terrain models extracted from point clouds generated through
block adjustment and dense image matching. The purpose is to evaluate two
photogrammetric post processing software suites by processing data and conclude
how the results differ. In this study UAS-data covering an area just west of the main
building of the University of Gävle is used in both software, by using one set of data
in both software, differences in results are assumed to solely originated from
differences in algorithms and parameters used in the post processing software. This
allows the characteristics of these software to be more easily differentiated, both in
process and results. The generated terrain models are evaluated using control profiles.
The goal is to evaluate what level of uncertainty can be achieved by generating point
clouds through block adjustment and dense image matching in two different
photogrammetric software suites. This type of information could be beneficial for
companies planning on investing in new software, as well as the people operating
these types of software for commercial use.
1.3.1 Research objectives

– How does the level of uncertainty differentiates when processing the same
UAS-data through block adjustment and dense image matching in two
different photogrammetric post processing software suites?
– How does image scale in Pix4D and extraction level in UAS Master impact
the results?
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2. Literature review
2.1 Basics of photogrammetry

Photogrammetry is a technique for extracting information from photos. This makes
it possible to measure and obtain secondary information from images such as
positioning, orientation, shape and size of objects in the photo (Kraus, 2007). The
American Society for Photogrammetry and Remote Sensing (ASPRS) has stated a
definition that covers the width of photogrammetry:
“Photogrammetry is the art, science and technology of obtaining reliable information
about physical objects and the environment through processes of recording measuring
and interpreting images and patterns of electromagnetic radiant energy and other
phenomena.” (ASPRS, n.d.)

When using aerial images in surveying, a strip is the term that describes a row of
acquired images along the flight route (Lantmäteriet, 2017a). A block in aerial
surveying refers to all strips combined in a project.
2.2 Stereo photogrammetry

Understanding stereoscopic depth perception is important since it allows two
overlapping images to be processed into a 3D-model (Kraus, 2007). Using Stereo
measurements is a common principle used in photogrammetry. The principle is based
on viewing the same object from two perspectives. When viewing an object with your
two eyes, an angle is created where the line of sight of the left and right eye converge
(figure 1) (Wolf, DeWitt, & Wilkinson, 2014). This angle is called parallactic angle
and increases as the distance to the object decreases (Wolf, DeWitt, & Wilkinson,
2014). Differences in the parallactic angle are interpreted unconsciously in the human
mind; this is what makes it possible to perceive depth by viewing an object with
binocular vision. Of course, there are other ways for us to perceive depth for example
by the relative sizes of objects and by shadows etcetera (Wolf, DeWitt, & Wilkinson,
2014).

Figure 1. Illustration of parallactic angles (Y Q and Y P ). Illustration based on lecture
3, Digital Photogrammetry, Yuriy Reshetyuk, University of Gävle.
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2.3 Relative and absolute orientation

In order to link a project to the ground coordinate system, the exterior orientation of
the project needs to be determined. The exterior orientation can be divided in two;
relative orientation and absolute orientation. Tie-points are used in order to retrieve
the relative orientation of each image in a dataset, the results of a tie-point extraction
is a non-georeferenced 3D point cloud. This orientation is computed by utilizing the
coplanarity condition along with the statistical method of least square adjustments. In
each stereo pair the difference in position and orientation is described by two
translations (X, Y) and three rotation parameters (Omega, Phi, Kappa) (Wolf,
Dewitt, & Wilkinson, 2014). In photogrammetric post processing software the
process of extracting tie-points is automated.
Ground control points are points on the ground with known coordinates used to set
the absolute orientation of the project. The number of GCPs in the area and their
geometric distribution are factors that affect the absolute orientation of the acquired
block of images (Chen, et al., 2017). Muji and Tahar (2017) suggests that at least five
ground control points should be used, one in each corner and one in the middle. The
absolute orientation links the image coordinate system to the object space coordinate
system, in other words it correlates the dimensions of the photos to the actual ground
coordinate system (figure 2). To compute the parameters needed for this correlation
both systems must be known (Muji & Tahar, 2017). In an UAS project, ground
control points are placed in the area to set the absolute orientation. They should be
easy to identify in the images, therefor large targets with marked centers are often
used. These targets are measured terrestrially but also captured on camera and
measured in the images.

Figure 2. Illustration of the relationship between ground-, image- and image space
coordinate system. Illustration based on lecture 6, Digital Photogrammetry, Yu riy
Reshetyuk, University of Gävle.
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2.4 Resection, intersection and block adjustment

Space resection in photogrammetry refers to the positioning and orientation of a
single image in space by using the collinearity condition. Points are collinear if they
are positioned on a single straight line (Wolf, Dewitt, & Wilkinson, 2014). In
photogrammetry the points positioned on a straight line are the exposure of the
camera, an object point in space and its corresponding point in the image plane (Wolf,
DeWitt, & Wilkinson, 2014). Space forward intersection is the determination of an
object's ground coordinates (X, Y, Z) in the object space coordinate system by
extracting and computing the image coordinates of the object in a set of two or more
images, as shown in figure 3 below (Kraus, 2007; ERDAS, 2010).
Block adjustment is the process of orienting the images within a block (Wolf, Dewitt,
& Wilkinson, 2014). It is a bundled process where all images in a dataset are processed
simultaneously. Block adjustment is a statistical method that combines space resection
and space forward intersection by using the least square method to estimate the best
fit for the entire block. (Kraus, 2007).

Figure 3. Space forward intersection: determining an objects ground coordinates from
the image coordinates of the object in two images.
2.5 Software for post processing

There are two main methods used in software suites when processing two dimensional
images into three dimensional objects, these are either based on computer vision or
based on photogrammetry (Mårtensson & Reshetyuk, 2014). The algorithms used in
computer vision focuses on automation of the processes and seems to be developing
at a higher rate due to the fact that these algorithms are often developed by the
computer vision-community and put on the internet as open-source (Wegen & Pronk,
5

2014). This makes it possible for others to get access to and further develop the
algorithms. The photogrammetric methods are more often developed by corporations
with the aim to lower the uncertainty of products. They are to be sold and therefore
the algorithms are developed under different circumstances and are usually not opensourced (Wegen & Pronk, 2014). In this study the post processing is done in the post
processing software Pix4DMapper 4.2.26 (Switzerland) and UAS Master 9.0
(Germany), which both uses a combination of computer-vision and photogrammetry
(Pix4D SA, 2017; Trimble Germany, 2018).
2.6 Swedish guidelines

The Swedish guidelines provided for photogrammetric aerial surveys are stated in the
book HMK- Flygfotografering (2017b) published by the Swedish Mapping, cadastral
and Land Registration Authority. In general, it is said that the planning needed for an
aerial survey is depending on the specifications of the final product. The requested
uncertainty and level of detail affects the planning (Lantmäteriet, 1994) but also the
requested geometric resolution of the images (Lantmäteriet, 2015).
Specific guidelines for UAS-surveys are still in the process of being developed.
Operators interested in analogue photogrammetry are referred to the document
HMK-Photogrammetry (Lantmäteriet, 1994). Furthermore, it is stated that results
from UAS-surveys are varying depending on type of system and operator. However,
in the updated publication HMK-Flygfotografering (Lantmäteriet, 2017b) two papers
are referred to for further reading on UAS-surveying. The first paper emphasizes the
importance of placing the GCPs strategically with a good geometry, it is also said that
uncertainty decreases at three GCPs therefore at least four GCPs should be used
(Gunnarsson & Persson, 2013). The second paper is published by the Swedish
Transport Administration and contains general information on UAS as a
photogrammetric method together with thorough information on two different UASprojects (Mårtensson & Reshetyuk, 2014).
There are also guidelines regarding the control of elevation models to consider when
delivering such projects. These are published in the technical specification SIS-TS
21144:2016 Engineering survey for construction works - Specification for production and
control of digital terrain models (SIS, 2016) produced by the Swedish Standards Institute.
The Swedish Standards Institute (SIS) is the authority of standardization in Sweden
and represents Sweden in both the European standardization organization (CEN) and
the International Organization for Standardization (ISO) (Swedish Standard Institute,
2018).
Control profiles are used to assess the height uncertainty of elevation models and to
detect systematic errors. To evaluate the control profiles according to SIS (2016) the
mean deviation of the elevation model is computed. The types of surfaces present in
6

the elevation model are classified depending on undulation and ground type. The
number of control profiles are related to the size of the area, the number of different
types of surfaces and chosen type of control (A, B). The quality requirements for
elevation models are described in SIS (2016).
2.7 Digital elevation model

A Digital Elevation Model (DEM) is a representation of the topography or terrain, in
digital form. This is one of the products that can be created in photogrammetric
software from UAS-data (Bandara, Samarakoon, Shrestha, & Kamiya, 2011). Digital
elevation models are used as a collective term for both Digital Surface Models (DSM)
and Digital Terrain Models (DTM). A surface model includes the terrain along with
buildings and other objects while a terrain model represents only the terrain (Zhang,
Zhang, Yunjun, & Zhao, 2017). Elevation models can be represented in different
ways; either vector-based or as grid structured raster (Muji & Tahar, 2017).
2.8 Parameters for point cloud generation

Photogrammetric software employs algorithms when creating point clouds. Different
algorithms are used depending on the purpose of the point cloud, more so different
algorithms may be used in different software. The images are processed in the
software using the algorithms, besides this the algorithms operates at a chosen level
of extraction level or image scale.
The extraction level in UAS Master indicates at what image scale the images will be
processed at (Trimble Germany, 2018). In Pix4D the image scale is described to
determine at what scale additional 3D points are computed (Pix4D SA, 2017). In this
study three terrain models are created in UAS Master at different extraction levels
and three terrain models are created in Pix4D at different image scales. The
algorithms used in UAS Master for this study is a combination of Least Squares
Matching (LSM) and Feature Based Matching (FBM) which is described more in the
method chapter. The algorithms used at this stage in Pix4D are not fully disclosed by
the manufacturer.
2.9 Previous research regarding assessment of elevation
models

Several studies have been made to assess the uncertainty in data collected with UAS,
however the methods used to assess this uncertainty varies depending on the purpose
of the study but also on legislation of the country the study was made in. The Swedish
Standards Institute (SIS) recommends using control profiles to determine the
uncertainty of digital terrain models.
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In 2016 a study was conducted by Reshetyuk and Mårtensson (2016) in which the
uncertainty of measurements was assessed using control profiles according to the
specification SIS-TS 21144:2016 (SIS, 2016) published by the Swedish Standards
Institute. The purpose of the study was to evaluate if it is possible to produce a digital
terrain model with an uncertainty below 0,02 m. The area of interest was relatively
flat with some cases of gravel extractions. According to SIS-TS 21144:2016 (SIS,
2016) the ground is classified to be gravel with both flat and undulating terrain. In this
particular study two different brands of software were used to generate a digital
terrain model from the set of images acquired by UAS: PIEngineering RapidTerrain
and Agisoft Photoscan. Photoscan is based on computer vision and RapidTerrain is
more photogrammetrically structured. The results of the study show that it is possible
to attain an uncertainty level below 0,02 m in a digital terrain model created with
UAS. The authors found that RapidTerrain gave better results on undulating terrain
than Agisoft Photoscan. Relative redundancy is showcased in RapidTerrain but not in
Agisoft, however block adjustment takes more time in RapidTerrain (Reshetyuk &
Mårtensson, 2016). This study show it is possible to acquire uncertainties in elevation
models created through UAS-surveys at levels corresponding to the highest
requirements in SIS-TS 21144:2016 (SIS, 2016). This level allows an uncertainty of
0,02 m and is used for detailed planning.
Another study made by Mårtensson and Reshetyuk (2016) was done using the same
UAS-data as used in our study, in addition another set of data from May was used.
The purpose was to investigate the uncertainty in terrain models generated in two
different post processing software (Mårtensson & Reshetyuk, 2016). The software
used was Agisoft Photoscan/Geo and RapidTerrain. The uncertainty is expressed
using RMS-values, and varies between 0,01-0,04 m. The results from the survey
shows RMS-values for each ground type. The survey made in April and processed in
Photoscan produces an RMS-value for asphalt at just below 0,02 m, around 0,03 m
for gravel and around 0,05 m for grass. The survey done in April and processed in
RapidTerrain produces RMS-values for asphalt and gravel at around 0,03 m and just
below 0,04 m for grass. The authors conclude RapidTerrain produces a more
homogenous results over the different ground types. The study also lifts the issue of
shadowed areas; shadows should be avoided when using UAS.
In a study made by Kršák, et al. in 2016, a low cost UAS was used in conjunction with
the post processing software Agisoft Photoscan to generate a DTM. The area of
interest in this study was a surface mine in Slovakia. The results show that over 98%
of the checkpoints differed by less than 0,12 meters, which is the statutory maximum
deviation for detailed points in mines in Slovakia (Kršák, et al., 2016). This study
show that low cost UAS system in conjunction with the Agisoft Photoscan could
provide a satisfying result.
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Muji and Tahar (2017) analysed the accuracy of digital elevation models by comparing
the root mean square error (RMSE) and slope inclination in two different software.
The aerial images were obtained by a hexacopter UAV, covering an area in Shah Alam.
To assess the accuracy in the data analysis the authors used 15 checkpoints.
Checkpoints are points measured on the ground that are not used to set the orientation
of the project, instead these points are used to determine how the model deviates
from the reference measurements. In addition to the checkpoints eight ground control
points were used. All points were manually established in the studied area.
Checkpoints were used to evaluate the accuracy of the elevation model, by computing
the RMSE for the checkpoint coordinates. The GCPs were used to georeference the
area of interest and to make sure distortion was avoided. The two post processing
software used in this study were Agisoft Photoscan and Pix4D. By using the same data
and settings in two software the differences in results are presumed to solely depend
on the algorithms and parameters used in the post processing software. When
processing the data without the GCPs both software produced relatively high RMSE,
though the RMSE was slightly better in Pix4D. However, these results are not
comparable due to the fact that Pix4D automatically discarded a few images for being
too blurry, this caused the loss of some elevation data along with five checkpoints and
makes the results incomparable. When using the GCP data in the post processing, the
RMSE in Agisoft (0,67 m [N], 0,41 m [E], 0,42 m [Z]) was lower than in Pix4D (0,68
m [N], 0,69 m [E], 0,37 m [Z]) in all directions except vertically and therefore proved
to be more accurate of the two software.
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3. Research methods
The UAS-survey utilized in this study was carried out in April 2014 with a SmartOne
C plane and a Canon PowerShot S100 camera. The survey was carried out by Metria
for later use in Mårtensen’s and Reshetyuk’s scientific study (2016) at the University
of Gävle. Ground control points were also measured in conjunction with the UASsurvey. The control profiles used to control the elevation models were measured by
us in may 2018 with the use of Network-RTK. Deviations between control profiles
and elevation models for UAS Master were computed in the software TerraScan.
Pix4Dmapper 4.2.26 on the other hand creates the elevation model in raster format,
the heights corresponding to the control profiles were sampled using ESRI’s ArcMap
10.5.1. The post processing of the UAS-data was carried out both in Pix4Dmapper
and Trimbles UAS Master. The projection SWEREF 99 TM was used along with the
height system RH2000 both for the block adjustment and in the control profiles.
The parameter of focus in this study is the image scale in Pix4D and extraction level
in UAS Master when creating points from corresponding pixels in the point cloud
generation. The software suites operates differently, so in order to make the results
comparable other settings have been made to be as equivalent as possible.
3.1 Study site and UAS measurements

The weather during the UAS-survey was sunny with mild wind. Overlap in images
was 80 % both along strips and across. The area of interest is 2 ha and located just
west of the main compound at University of Gävle, Sweden (figure 4). It is a fairly
flat grass covered area a part from a couple of trenches and a small ridge that separates
the grass lawn from a parking lot. The area also covers a building called Building 45
which is a laboratory facility that belongs to the University of Gävle. The camera used
was a Canon PowerShot S100, 12.1 Megapixels. From the UAS-survey 105 images
were acquired with the SmartOne C plane. The data set acquired consists of images
along with coordinates of the GCPs and camera stations describing the approximate
position of the camera at each camera exposure.
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Figure 4. Illustration of the area of interest (red outline) and GCPs (white points). The
area is located west of the University of Gävle, Sweden.
3.2 Ground control points in this survey

Ground control points were also measured during the UAS-survey in 2014, as shown
in figure 4. Five of the targets were black and white and sized 40x40 cm, the other
four were painted white and placed on manhole covers. In a project of this size, 4 to
5 GCPs would have been enough to achieve good results according to other studies
(Gunnarsson & Persson, 2013; Muji & Tahar, 2017), however the UAS-survey
performed in 2014 was done with other scientific intentions and therefore excessive
GCPs were measured. In this study we have chosen to incorporate all 9 GCPs in our
data processing. The GCPs were measured with network-RTK. Instruments were of
the brand Leica: Leica Viva GS14 and Leica Viva CS15. To minimize systematic errors
the GCPs were measured a second time 45 minutes after the first round.
3.3 Data processing in UAS Master and Pix4D

UAS Master and Pix4D both use a combination of computer-vision and
photogrammetry (Trimble Germany, 2018; Pix4D SA, 2017). The workflow varies
in some ways. In the following chapters data processing in UAS Master and Pix4D are
described separately, starting with UAS Master. In both software block adjustment
was used, tie-points were created at the original resolution level using dense image
matching and the parameters of the camera were calibrated by the software. The a
priori uncertainty of the coordinates of the GCPs were set to 0,02 m both vertically
and planimetric since they were measured using network-RTK. In this study the
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uncertainty in the position of the UAV at each camera exposure was 10 m, settings
were made to give these initial orientation values low influence. The data used in the
post processing consists of aerial images, coordinates of the ground control points and
GNSS/INS-data.
3.4 Processing data and generating point clouds in UAS
Master

The workflow in UAS Master started with a project preparation i.e. importing all data
and creating strips. The initial processing consists of three stages of georeferencing:
Tie-point extraction, measuring ground control points and orientation. Once these
steps were done a report was created and one could proceed to generate surfaces and
point clouds. The full process and workflow is described more in detail in the
following sections.
3.4.1 Georeferencing

Tie-point extraction
The first stage of georeferencing was a tie-point extraction which is used to determine
the relative orientation of the images. This was done with the level of extraction set
to full resolution and the approximate initial orientation set to be weak. Full
resolution means that tie-points will be extracted up to the level of original pixel size
(Trimble Germany, 2018).
The process that takes place when extracting tie-points include a series of operations
beginning with a scale-invariant feature transform-operation (SIFT-operation)
followed by a Structure from motion-algorithm, a blunder detection and thereafter
an initial bundle block adjustment (Trimble Germany, 2018).
The SIFT-operation is a method based on computer-vision, its pursuit is to detect
features constant in regards to changes in scale, illumination and local affine distortion
by converting the images into large amounts of local feature vectors (Lowe, 1999).
The Structure from motion-operation uses two sets of consecutive stereo pairs to
transfer points that occur in both sets, this adjusts large kappa-angles (Trimble
Germany, 2018). A resection computation is also involved in this step. The result of
the Structure from motion-operation is a roughly georeferenced point cloud, where
the absolute orientation is based on the weak initial orientation data (Trimble
Germany, 2018).
Measuring ground control points
In this step the ground control points visible in the images were measured in the
software (figure 5). Based on the imported ground control coordinates and the
corresponding measured points in the images the absolute orientation of the project
can be estimated. A computation called calculated ray intersection was used in order
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to automatically estimate the position of the GCP and pan to the area of interest after
measuring the GCPs in the first few images. The measure mode was set to manual
and complemented by least square matching.

Figure 5. Left: original target. Right: Target as visualized in UAS Master.

Orientation
In this final step of georeferencing, the project is refined and improved by a bundle
block adjustment that allows the camera parameters to be calibrated. In this process
the settings were made to determine the displacement of the principal point using the
default settings. The default setting uses three radial and two tangential coefficients.
The GNSS/INS- data was not used in this step since their high uncertainty would
influence the results negatively. After the orientation a report was created containing
general project information along with results of the camera calibration, bundle block
adjustment and other quality indications.
3.4.2 Surface generation

When generating point clouds in UAS Master there are two parameters to consider,
extraction level and model type. The extraction level determines if the processing is
done at the original image scale (high resolution), first pyramid level (half resolution)
or second pyramid level (low resolution) (Trimble Germany, 2018). The ground
sample distance is the distance on the ground that corresponds to the distance in the
image between the centres of two neighbouring pixel. For terrain models in UAS
Master the point density is given by the ground sample distance multiplied with the
factor 25. The ground sample distance is taken is from the original image, the first
pyramid level or the second pyramid level depending on chosen extraction level
(Trimble Germany, 2018).
In this study the model type terrain was used. Three models were created, one at each
extraction level. For the model type terrain, UAS Master utilizes a combination of
Least Squares Matching (LSM) and Feature Based Matching (FBM). FBM is used in
the beginning of the process to create a rough base at a fast rate, the uncertainty is
approximately one third of a pixel (Trimble Germany, 2018). LSM needs better initial
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values and is used at the end of the process. It is used for fine tuning and decreasing
the uncertainty of the points, the uncertainty is approximately one tenth of a pixel
(Trimble Germany, 2018). The generated point clouds in LAS 1.4-format was
transformed to LAS 1.2 in 3DReshaper since TerraScan does not read LAS 1.4.
3.5 Processing data and generating point clouds in Pix4D
Mapper

The workflow in Pix4D for creating a digital terrain model is divided into three
processes, the initial processing, the point cloud generation, and the surface model
generation. Before embarking the first computations all data was imported to the
software. In this software all settings are set before starting any processes. A more
thorough description of the settings used are found below.
3.5.1 Initial process

In this procedure tie-points are created to set the relative orientation of the images.
The image scale of the tie points was set to full, meaning tie-points are extracted at
the level of the pixel size of the original images, which was recommended for precise
results (Pix4D SA, 2017). In this software there are settings concerning what method
to use when matching image pairs, for example one can choose free flight/terrestrial,
aerial grid/corridor or customize the settings manually. Aerial grid was selected in
this project which optimizes the pair matching for Aerial Grid paths (Pix4D SA,
2017). The targeted number of tie points was set to automatic, which is the default
setting in this software. This initial procedure also involves a calibration of the camera
parameters. The method for calibrating these parameters was set to standard and
camera optimization for internal and external parameters was set to calibrate all
parameters, meaning all internal camera parameters was optimizes and for the
external parameters the rotation and position of the camera was optimized as well as
the linear rolling shutter.
The algorithms used to compute the tie-points and calibrate the camera parameters
are not fully disclosed by the manufacturer. There are also very few scientific papers
concerning the algorithms used in Pix4D. In a study made in Italy the topic is discussed
briefly, the authors mention the structure-from-motion method, SIFT-operator and
bundle block adjustment (Benassi, et al., 2017). Both structure-from-motion and the
SIFT-operator are based on computer-vision whereas bundle block adjustment is a
traditional photogrammetric method. These statements seem reasonable, although a
full grasp of the algorithms and operations used cannot fully be determined from the
information provided by the manufacturer.
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3.5.2 Measuring ground control points
After the initial process the ground control points are measured in the images. Similar
to the calculated ray intersection in UAS Master Pix4D offers a way to estimate the
position of the ground control points in each image after measuring the first few. In
this software it is based on automatic colour correlation (Pix4D SA, 2017).
Assumingly this method recognizes the color in the first images and then automatically
matches it to the correlating pixels in the other images. By measuring points in the
images that correspond to the coordinates of the ground control points the absolute
orientation of the project is set. The absolute orientation at this stage of the process
is an improvement of the rough initial orientation that was based in the position of the
camera at each exposure i.e. the GNSS/INS-data in the EXIF-file.
After measuring the ground control points a reoptimization is done, assumingly a
bundle block adjustment calibrating the camera parameters once again to improve the
external and internal orientation of the camera while optimizing the orientation of the
project. A quality report is created containing general project information, results of
the bundle block adjustment along with parameters from the camera calibration.

Figure 6. Left: original target. Right: Target as visualized in Pix4D.
3.5.2 Dense Point cloud

A dense point cloud is created after the optimization discussed in the previous section.
At this stage Pix4D offers many options. Point density is set to optimal and the
minimum number of matches is set to 6. Point cloud classification is used since it is
recommended by Pix4D in order to improve the terrain model. In this study the focus
is on image scale therefore three models were created using different image scale
settings. Different image scales were chosen to assess how this parameter impacts the
results. Image scale 1 means that additional 3D points are computed at the original
image size, 0,5 uses half image size and 0,25 uses quarter image size. The default
setting is to use multiscale, which was not used in this study since the focus is to
investigate how different scales affects the results.
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3.5.3 Surface generation

The last step in the process is to create a terrain model in raster. In order to do this a
raster surface model is first created from the densified point cloud. From the surface
model a terrain model is created in GeoTIFF-format. Since the parameters of interest
were set in the process of densifying the point cloud, the settings at this stage were
set to default. In addition a noise filter and a smoothing filter was applied to the surface
model. The smoothing surface reduces sharp features and the noise filter uses
neighbouring points to correct the altitude (Pix4D SA, 2017). The ground sample
distance was set to 25 in order to match the settings in UAS Master.
3.6 Measuring control profiles and assessing the quality of
the elevation model

Control profiles (figure 7) were measured in April 2018 using network-RTK. The
instruments used to measure control profiles were of the same brand and model as
those used in 2014 to measure GCPs. Instruments were made by Leica and borrowed
by the University of Gävle: Leica Viva GS14 + Leica Vivo CS15. The coordinates
were derived from the average of 15 measurements, the PDOP was below 4 and the
uncertainty was below 2 cm throughout the survey. In this study 15 measurements at
each point was sufficient for a couple of reasons; the images and GCPs were acquired
four years prior to this study, no control profiles measured today can determine the
exact ground at the time the photos were taken. It should also be said that the purpose
of the study is to determine how results differentiate in different post processing
software and not to estimate the absolute position of the ground.

Figure 7. The distribution of measured control profiles in the area of interest.
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The study site consists of three different types of man-made-surfaces according to SISTS 21144:2016 (SIS, 2016): grass, asphalt and gravel. According to SIS-TS
21144:2016 (SIS, 2016) the maximum allowed uncertainty of the method used to
measure points in a control profile is 0,05 m (planimetric) and 0,02 m (vertically).
26 control profiles were measured, the coordinates were then transformed from
SWEREF 99 16 30 to SWEREF 99 TM in the software GTRANS provided by the
department of geodesy at the Swedish Mapping, cadastral and Land Registration
Authority. The number of control profiles in this study exceeds the recommended
amount (SIS, 2016) to increase the redundancy of the project.
The deviation between control profiles measured in and the elevation models from
UAS-Master were calculated in TerraScan, which uses triangulation to interpolate
heights. This software interpolates the digital elevation model in order to extract the
heights from the elevation model that corresponds to the planimetric coordinates (X,
Y) of each point in the control profiles. This allows for the height (Z) to be assessed.
The heights from the GeoTIFF created in Pix4D were sampled in ArcMap using the
nearest neighbour-method. Differences in heights were computed along with
standard deviation and Root Mean Square (RMS) for all models.
The following formula (1) describes the standard uncertainty S:
𝑆= √

Σ𝑁 (𝑋𝑖 − 𝑋̅)2
𝑁−1

(1)

S is given by the observed values Xi, the mean value of the observations 𝑋̅ and the
number of observations N.
The RMS for a control profile i is described in formula (2):
𝑅𝑀𝑆𝑖 = √

𝑛−1
2
(𝑆𝑖 )2 + ̅̅̅̅̅
Δℎ𝑖
𝑛

(2)

The RMSi is given by the standard uncertainty Si, the number of points in a profile n
and the mean deviation ̅̅̅̅̅
Δℎ𝑖 .
The root mean square is a combination of the standard uncertainty and the mean
deviation (Persson, Rost, & Lithén, 2014). The recommendations of SIS-TS
21144:2016, are based on the mean deviation, however in this study we have chosen
to focus on the RMS-value because it combines two important quality indicators. The
standard uncertainty is a statistical measure that is based on the normal distribution,
the results are in other words based on the spread of the values, while the mean
deviation implies if the model has been shifted (Reshetyuk & Mårtensson, 2016), in
this case vertically.
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4. Results
RMS-values and mean deviations for all ground types are presented below,
information about each control profile is found in appendix A.
4.1 Block adjustment

The results from the block adjustment are presented in table 1. These results are
derived from the quality reports created in the two software suites. The planimetric
RMS-errors of the software are similar, however the vertical RMS-error is 0,0064 m
in Pix4D and 0,0017 m in UAS Master. Additional results from the block adjustment
are found in appendix B and C.
Table 1. Shows the RMS-error (RMSE) values for X, Y, and Z coordinates of the GCPs after block adjustment.
UAS Master
Pix4D

RMSE X (m)
0,0037
0,0033

RMSE Y (m)
0,0032
0,0031

RMSE Z (m)
0,0016
0,0064

4.2 Calculated mean deviations

Table 2 shows the calculated mean deviation of all models created in both Pix4D and
UAS Master. The mean deviation for the different ground types are also shown. The
maximum allowed mean deviation for asphalt, gravel and grass are from table 7 in
SIS-TS 21144:2016 and the requirements for all surfaces combined are from table 6.
All mean deviations for the combined surfaces are lower than 0,02 m. However the
mean deviation for gravel in the terrain model created in UAS Master at a low
extraction level is 0,032 m, which exceeds the recommendations from SIS (2016).
This indicates all but one of the created models fulfil the requirements for class 1
according to SIS (2016). In Pix4D the mean deviation decreases with higher image
scale in almost all ground types (table 2).
Table 2. Mean deviations for separate ground types and all surfaces combined, along with allowed maximum mean
deviation according to SIS (2016).
UAS
Full

UAS
Half

UAS
Low

Pix4D
1

Pix4D
0,5

Pix4D
0,25

SIS-TS

Asphalt

-0,001

0,004

0,002

-0,002

0,008

0,013

0,02

Gravel

0,020

0,025

0,032

-0,007

0,022

0,024

0,03

Grass

0,019

0,019

0,005

0,008

0,016

0,018

0,05

All
Surfaces

0,013

0,016

0,012

0,001

0,015

0,018

0,02

OK

OK

-

OK

OK

OK

Class 1
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4.3 RMS-values for each terrain model

In UAS Master three models were created at full-, half- and low extraction level. In
Pix4D three models were created at quarter-, half- and original image scale.
Results from the models created in UAS Master show that an increased resolution
lowers the uncertainty as shown in figure 8. In Pix4D on the other hand the half image
scale (0,5) shows better results than both quarter image scale (0,25) and original
image scale (1). The lowest RMS-value at 0,029 was produced in UAS Master with
extraction level set to full, in Pix4D the lowest RMS at 0,030 m was created at image
scale 0,5. The RMS-values for all terrain models can be seen in figure 8.

Figure 8. The RMS-values from all models created in UAS master and Pix4D.
4.3.1 RMS-values for different ground types

In general the RMS-values in models from UAS-Master decreases with higher
resolution. In Pix4D the pattern is not as clear, and varies more depending on ground
type.
The RMS-values for Asphalt are presented in figure 9. This is the ground type in which
both software produced the lowest RMS-values. UAS Master presents homogeneous
results for all extraction levels at around 0,02 m. The results in Pix4D varies from
0,016 m to 0,027 m, where the half image scale (0,5) gives the lowest uncertainty. A
cut out from the point cloud showing the differences in the asphalt area is presented
in figure 10.
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Figure 9. The RMS-values for asphalt from all terrain models created in UAS master
and Pix4D.

Figure 10. Points clouds generated in Pix4D at image scale 1 (left) and 0,5 (right).
The black area shows where no points have been created.

20

Grass is the ground type that shows the overall highest RMS-values and also the highest
variation between lowest and highest RMS-value, varying from 0,034 m to 0,058 m.
Again the RMS-values in UAS Master decreases with higher resolution, in Pix4D on
the contrary the RMS-value increases with higher image scale, as shown in figure 11.

Figure 11. The RMS-values for grass from all models created in UAS master and
Pix4D.

In the model created in UAS Master the uncertainty of the graveled area (figure 12)
decreases with higher resolution. Half image scale (0,5) in Pix4D shows better results
than both quarter image scale (0,25) and original image scale (1).

Figure 10. The RMS-values for gravel from all models created in UAS master and
Pix4D.
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5. Discussion
The study shows that results vary when processing the same data in UAS Master and
Pix4D, yet the lowest RMS-values of combined surfaces in each software are almost
identical. In UAS Master the lowest RMS-value was 0,029 m and in Pix4D the lowest
RMS-value was 0,030 m. UAS Master tends to be more predictable than Pix4D when
comparing extraction level and image scale. When changing the parameter related to
extraction level in UAS Master there is a clear pattern showing lower RMS-values
with higher resolution. In Pix4D a clear pattern is hard to determine when changing
image scale in the point cloud densification, however half resolution is often better
than full resolution. This could be due to the fact that the software struggles to extract
tie-points in homogenous areas. In the results from the block adjustment the RMSerror are quite similar planimetrically (table 1). However the vertical error is 0,017
m and 0,064 m in UAS Master and Pix4D respectively (table 1). This may be the
reason why results are more unpredictable in Pix4D.
The results from the block adjustment indicates that Pix4D has a higher uncertainty
in height than UAS Master before the terrain models are generated. Pix4D can still
achieve good results, but is more unpredictable than UAS Master. In figure 9 we can
see that the number of points on asphalt decreases with higher resolution in Pix4D,
this could also be a consequence of the struggle to find tie-points and one of the
reasons why full resolution is not always the best alternative. It is hard to give a
thorough analysis of the results from Pix4D since the algorithms are not fully
disclosed.
One thing observed is that the RMS-values of this dataset is sometimes lower from
the processing in this study, compared to some of the processing done four years ago
in the original study made by Mårtensson and Reshetyuk (2016). For example, the
asphalt from processing in RapidTerrain produced a RMS-value around 0,03 m
(Mårtensson & Reshetyuk, 2016) whereas both Pix4D and UAS Master achieves
results at around 0,02 m on asphalt. There are several possible reasons for this. To
start with, different software have been used. In addition the algorithms in general
may have been modified by developers during these four years. Different sets of
control profiles have been used which should be noted because control profiles
measured today cannot fully determine the ground in 2014 when the photos were
taken. With this in mind the ground could have been affected by deformations. These
deformations may have, by chance, worked in our favor.
Of the 19 control profiles measured in 2014 three of them were located in a shadowed
area, this may also affect the comparability since shadows have shown to affect the
results (Mårtensson & Reshetyuk, 2016). In our study only half of a single control
profile was located in the shadow. The reason for this was that, in addition to our
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research objectives, it was planned to also evaluate how shadowed areas affect the
results. A multi-path error caused by a nearby building made it hard to achieve a low
uncertainty in the measurements of the grassed area. Therefor we stood by our
original though. The few points of the control profile located in the shadowed area,
this is considered not to affect the results.
Using the control profiles from 2014 instead of measuring new ones could have
eliminated some of the above issues. Another idea could have been to exclude some
of the ground control points from the orientation process, and instead use them as
check points to assess the uncertainty of the models. The GCPs were measured on
conjunction with the UAS-survey and therefor represent the ground as it was four
years ago. Although using only this method would have been insufficient.
In the study made by Mårtensson and Reshetyuk (2016) the control profiles were
measured using a total station. Consequently the uncertainty in these measurements
are lower than those made in this study. This compromises the comparability of the
two studies in some ways. The distance between a few points in two of the control
profiles in this study exceeds the recommended 3 meters by SIS (2016). However
these factors are considered to not affect the study considerably, for two reasons: an
excessive number of control profiles have been measured and the focus of this study
is to analyze how results differentiate in different software, not to determine the
absolute orientation of the project.
There are also a few factors considering the comparability of the two software suites
UAS Master and Pix4D. In Pix4D there are more settings to choose from than in UAS
Master; for example minimum number of matches and point density. In this study we
have chosen to set the minimum number of matches to 6 and point density to optimal,
since it is beyond the scope of this study to investigate all possible settings. In pix4D
there is also a setting called multiscale. This is a default setting that calculates 3D
points on multiple image scales and is recommended by the manufacturer. Since the
focus in this study is to compare the results of different image scales and extraction
levels, we have chosen to not use multi scale, consequently this could have an impact
on the results. It should also be questioned if the image scale setting in Pix4D and the
extraction level in UAS Master can be considered comparable. In Pix4D there is a
setting for image scale as well as for point density, these two collectively might
resemble the extraction level setting of UAS Master.
The maximum mean deviation in all models of this study is below 0,02 m. All but one
of the models are classified to belong to class (1) according to SIS (2016), which is the
class with the lowest uncertainty. This means the models can be used in detailed
planning for roads and railways as well as for volume computations on man-made
ground, such as asphalt. In this study we have chosen to intertwine the mean deviation
and the standard uncertainty with the use of RMS-values. Using only the mean
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deviation is questionable, since high and low deviations can sometimes cancel each
other out, resulting in a low mean deviation even though the maximum and minimum
deviation is high (Reshetyuk & Mårtensson, 2016). In Pix4D the mean deviation
decreases with higher image scale. The model with the lowest mean deviation is the
model created in Pix4D at the highest image scale, which is the model from Pix4D
with the highest RMS-value (figure 8). This confirms the insufficiency in solely using
the mean deviation, which does not take the spread of the values into account.
The output formats for the terrain models varied in the two software suites, in Pix4D
the output was in raster format, whereas UAS Master creates a point cloud in LAS
format. This affected the computations of the control profiles. For UAS Master the
control profiles could easily be computed in TerraScan where the output report
contains both RMS-value and mean deviation. TerraScan uses triangulation to
interpolate the heights. In Pix4D the output is in raster format, the heights of interest
were sampled using ArcMap. RMS-values and mean deviation is then calculated
manually. This method introduces possible errors such as the nearest neighbor
sampling in ArcMap that can be affected of the pixel size of the raster. In addition,
manual computations are questionable because of the introduction of the human
factor. In UAS Master the output was in LAS 1.4 format, which cannot be read by
TerraScan. To change the format to LAS 1.2 the point cloud was saved in
3DReshaper, this is considered not to influence the results.
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6. Further studies
Using UAS is a cost efficient method that is becoming more popular. UAS is a time
efficient and profitable method, useful in both detailed planning and other types of
projects. This is favorable in a sustainable city that values strategic and efficient
planning, which is why we recommend further studies on this subject. There are
plenty of more studies to be done and many photogrammetric software on the market
to evaluate. In the study made by Mårtensson and Reshetyuk (2016) it is notable that
results vary depending on a shadow casted in the grass area in one of the two sets of
data. The software used, RapidTerrain and Agisoft Photoscan, handles this differently.
Therefore we recommend doing more thorough studies regarding how shadowed
areas affect the results in different software. It is further recommended to research
how other parameters impact the uncertainty of the results. To make the study even
more reliable it is recommended to use more than one set of data and comparing the
generated point clouds in software such as CloudCompare.
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7. Conclusions
– Terrain models from UAS Master and Pix4D can achieve similar RMS values, yet with different settings.
– Terrain models from both UAS Master and Pix4D can achieve mean
deviations below 0,02 m, which means they fulfil the demands for class 1 in
table 6 of the technical specification SIS-TS 21144:2016.
– Even though results from the block adjustment varies UAS Master and
Pix4D can achieve similar results when creating terrain models.
– Using the highest resolution when generating point clouds does not
guarantee the lowest RMS-values. In UAS master the lowest RMS-value is
produced using the highest extraction level, in Pix4D however the lowest
RMS-value is produced when setting the image scale to half resolution.
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Appendix A

Mean deviations and RMS-values for all control profiles. All values are presented in
meter.
ID
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8

Ground
type
Gravel
Gravel
Gravel
Gravel
Gravel
Gravel
Gravel
Gravel
Grass
Grass
Grass
Grass
Grass
Grass
Grass
Grass
Grass
Grass
Asphalt
Asphalt
Asphalt
Asphalt
Asphalt
Asphalt
Asphalt
Asphalt

UAS Master Low
Mean
deviation
0.010
0.049
0.018
0.041
0.042
0.012
0.036
0.050
-0.019
-0.016
0.038
0.003
0.035
0.020
-0.017
0.026
-0.036
0.018
0.002
-0.002
0.005
0.004
0.006
0.000
-0.002
-0.001
RMS
0.021
0.021
0.019
0.017
0.014
0.025
0.013
0.023
0.053
0.045
0.046
0.018
0.046
0.031
0.038
0.049
0.107
0.042
0.021
0.021
0.019
0.017
0.014
0.025
0.013
0.023

UAS Master Half
Mean
deviation
0.016
0.032
0.011
0.023
0.037
-0.006
0.031
0.053
0.030
0.034
0.029
0.004
0.025
0.011
0.007
0.023
0.018
0.013
0.012
0.002
0.008
0.017
0.004
-0.006
-0.002
-0.001
RMS
0.028
0.048
0.025
0.031
0.040
0.027
0.041
0.057
0.042
0.052
0.035
0.014
0.030
0.022
0.024
0.049
0.025
0.026
0.016
0.021
0.015
0.022
0.014
0.017
0.018
0.023

UAS Master Full
Mean
deviation
0.017
0.024
0.004
0.025
0.028
-0.001
0.020
0.040
0.049
0.048
0.031
-0.002
0.017
0.011
0.007
0.010
0.010
0.008
0.009
-0.015
0.013
0.014
-0.006
0.000
-0.008
-0.015
RMS
0.028
0.043
0.022
0.036
0.032
0.028
0.027
0.046
0.053
0.052
0.037
0.012
0.022
0.019
0.018
0.019
0.031
0.022
0.021
0.025
0.024
0.020
0.016
0.013
0.017
0.022

Pix4D 0,25
Mean
deviation
0.016
0.024
0.013
0.014
0.037
0.005
0.037
0.049
0.013
-0.015
0.036
0.012
0.033
0.026
-0.001
0.028
0.022
0.023
0.017
0.013
0.008
0.017
0.014
0.008
0.006
0.019
RMS
0.017
0.025
0.013
0.015
0.033
0.006
0.037
0.050
0.017
0.020
0.036
0.012
0.033
0.026
0.007
0.029
0.023
0.023
0.018
0.013
0.008
0.017
0.015
0.009
0.007
0.019

Pix4D 0,5
Mean
deviation
0.009
0.019
0.011
0.020
0.033
0.005
0.036
0.045
0.006
-0.017
0.037
0.007
0.028
0.020
0.008
0.026
0.023
0.023
0.007
-0.005
0.007
0.017
0.014
0.009
0.009
0.005

RMS
0.010
0.019
0.012
0.020
0.033
0.005
0.036
0.045
0.012
0.022
0.037
0.008
0.029
0.021
0.010
0.027
0.024
0.023
0.008
0.005
0.008
0.017
0.014
0.009
0.010
0.006

Pix4D 1
Mean
deviation
-0.025
-0.027
-0.024
-0.011
0.012
-0.014
0.036
-0.001
0.011
-0.028
0.032
-0.006
0.022
0.020
-0.005
0.021
0.002
0.016
-0.017
-0.027
-0.003
0.011
0.017
0.001
0.010
-0.008

RMS
0.027
0.029
0.025
0.015
0.013
0.016
0.036
0.008
0.017
0.033
0.032
0.008
0.022
0.020
0.009
0.022
0.009
0.017
0.018
0.027
0.009
0.012
0.018
0.004
0.011
0.010
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Appendix B
Results from the block adjustment in UAS Master. The results are derived from the
quality report created in the software.
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Appendix C
Results from the block adjustment in Pix4D. The results are derived from the
quality report created in the software.
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