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Abstract  

Structure from Motion, a Cheaper Alternative for Three-Dimensional Modeling 
in Earth Science 
Viktor Fagerström  

In this report, two methods for three-dimensional modeling are evaluated against 
each other. The first method is terrestrial laser scanning (LiDAR) that uses a laser 
beam to record the surrounding environment, and the second one is called Structure 
from Motion (SfM). The SfM technique works on the same bases as photogrammetry, 
which is that an object of interest is photographed from multiple angles with 
overlapping images and mutual points are identified and used to create a three-
dimensional model. Since both the equipment and the software used to produce 
LiDAR models are very expensive the main thought of this project was to produce the 
SfM model using a cellphone camera and free open source software. 

The study was carried out in such a way that a “before and after” -model was 
generated of a small snowy mound to see how well the SfM method performed 
compared to the LiDAR method.  

The final result revealed that SfM method deviated with approximately 8mm from 
the LiDAR method. One of the main difficulties during this project was to correctly 
reference the models against exact coordinate, which also could have been one 
reason to why the two models differed the way they did.  

Taking into consideration the user-friendliness and the low cost of the SfM 
method, it is a very promising tool for earth science related field research.        

Key words: Structure from Motion, photogrammetry, WebODM, “terrestrial laser 
scanning”, “open software” 
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Sammanfattning 

Structure from Motion, ett billigare alternativ för tredimensionell modellering 
inom geovetenskap 
Viktor Fagerström 

I denna rapport så kommer två metoder för att framställa tredimensionella modeller 
att jämföras mot varandra. Den ena metoden är markbunden laserscanning (LiDAR), 
vilket använder sig av en scanner som skickar ut en laserstråle som scannar av 
omgivningen. Den andra metoden använder en teknik som kallas för ”Structure-from-
Motion” (SfM). SfMs grunder bygger på samma teknik som används inom 
fotogrammetri, vilket är att objektet av intresse fotograferas, med en vanlig kamera, 
med ett flertal överlappande bilder och gemensamma punkter i dessa bilder används 
för att producera en tredimensionell modell. Då både utrustning och programvaran för 
att producera laserscanningar är mycket kostsamma så är grundtanken med denna 
undersökning att endast använda en mobiltelefonkamera och gratis öppen källkod 
programvara för att producera SfM modellen.  

Själva undersökningen gick till på så sätt att en ”före och efter” modell skapades 
av en snöhög med båda teknikerna för att se hur bra SfM förhöll sig mot LiDAR 
metoden.  

Resultatet visade sig att SfM metoden avvek från LiDAR-resultatet med ungefär 
8mm. En av de största svårigheterna med detta projekt var att korrekt referera 
modellerna till exakta koordinater, vilket även kan vara en av orsakerna till att 
modellerna inte korrelerade med varandra helt och hållet.  

Med tanke på användarvänligheten och kostnaden för SfM metoden så är detta ett 
mycket lovande verktyg för användning inom geovetenskap.     

Nyckelord: Structure-from-Motion, Fotogrammetri, WebODM, LiDAR, markbunden 
laser-scanning, öppen källkod  
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Introduction 
A big part of practicing Earth Science is to reconstruct structures for later research. 
This can be done by drawing in a field-book, by photographing the structure or as 
examined in this report, by scanning and processing to three-dimensional models.  

Creating three-dimensional models of structures opens up a whole new 
perspective on how to view and examine structures related to earth science. Often 
researchers are interested in change, the amount of change, and the rate of change. 
This could, for example, be in the form of erosion or displacement. The use of three-
dimensional modeling is an effective way to register these variations. When 
considering using three-dimensional modeling for a project the cost of the equipment 
and the software must be calculated into the budget since the cost of using these 
methods could be very expensive. 

The purpose of this report is to evaluate a photogrammetric method and compare 
how well it compares to more conventional methods (e.g. terrestrial laser scanning 
and high accuracy GPS). This method is called “Structure from Motion” (SfM) and is 
an adaptation of stereographic photogrammetry and works in such a way that 
multiple overlapping, offset images are taken of the structure of interest (Westoby et 
al., 2012). 

The way the analysis will be performed by first creating a reference model using a 
terrestrial scanner (LiDAR). The aim is then to recreate this model using the SfM-
method and the use of a smart-phone camera and only open source software in a try 
to keep the total cost of the project as low as possible.       

Background 
Laser scanning (LiDAR) and Trimble GPS 
Laser scanners first started to develop during early 2000 has today expanded to a 
worldwide used technique for acquisition of three-dimensional objects. The 
abbreviation LiDAR stands for: “Light Detection and Ranging” and describes the 
fundamental functionality of a laser scanner; it measures the range (distance) to a 
certain point in the terrain by sending a laser beam that reflects on the surface and 
then returns to the sensor. The LiDAR system then calculates the three-dimensional 
position of that point in either a local or a global reference system (Lemmens, 2011). 
LiDAR systems can be mounted on different platforms depending on the required 
results. The system can be both stationary or mobile, and also terrestrial or aerial. 

To be able to determine the position of the points created by a LiDAR scan, some 
reference points in the scan must be determined. If the position of the reference point 
is determined with a high accuracy, then the scan can be georeferenced and precise 
measurements can be acquired from the model. These position measurements can 
be done with a high accuracy GPS such as a two-frequencies geodetic GPS receiver.          
 
 
History of Photogrammetry and Structure from Motion 
The technique that structure from motion is based on is called photogrammetry and 
was first used in 1849 by Aimé Laussedat (Shaffner et al., 2004). Photogrammetry is 
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the method of using two or more, two-dimensional photographs of the structure of 
interest, taken from different angles as seen in figure 1, and combining these through 
common points, also known as key points, to get a three-dimensional image. 
 

 
 

Figure 1. Basics of photogrammetry and the structure from motion technique. The object of 
interest is photographed from different angles and corresponding points (key points, red dots 
in figure) in different images are identified and correlated to each other to produce a three-
dimensional image. Stone icon made by Freepik from www.flaticon.com   

  
This image could then be used to carry out measurements on structures in all three 
dimensions (Birch, 2006). Over the next 100 years after Laussedat first developed 
the photogrammetry method the overall advance in the field did not make any 
substantial progress until the digital images started to replace the conventional film 
during the 1950s (Shaffner et al., 2004).  

During the time between 1950 and 2000 aerial photographs was mainly used 
together with the photogrammetry technique. This worked well for large-scale 
scenarios but failed to map structures with overhang and near-vertical features since 
aerial photographs are taken at such an angle that features that are located hidden 
under overhang are not registered.  

When the development of digital consumer cameras and computers became more 
accessible photogrammetry users started to develop the software and technique that 
today are used in modern cost-effective Structure from Motion applications such as 
OpenDroneMap/WebODM (WebODM Authors, 2018) and Agisoft Photoscan. 
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Images captured for use in SfM applications can be obtained either by terrestrial-
bound cameras or cameras mounted on unmanned aerial vehicles (UAV), commonly 
known as drones.  

During the last few years the SfM technique has been used for several earth 
science related studies such a mass balance calculations of a glacier in the Italian 
alps (Piermattei et al., 2015),  soil erosion estimation (Glendell et al., 2017), 
modelling of shallow river topography (Javernick et al., 2014) and earthquake surface 
displacement (Morelan et al., 2015) just to mention a few.   
 

Survey site 
The area used in this study was a park located in Uppsala called “Lilla Lugnet” 
(59.849877, 17.630445) (figure 2). This park had some bumps and small hills that 
were suitable for the experiment. This park also had a large accumulation of snow 
that had been moved there by people shoveling snow during the winter. This mound 
served as a suitable object for modeling (figure 3).  
 

 
Figure 2. Survey location. The red dot represents the location of the snow mound located in 
the park “Lilla Lugnet” in central Uppsala. Map data: Google maps.   
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Figure 3. Part of the snow-mound used in the experiment. The height is roughly 4 meters. 
The gray and brownish part of the mound are mainly dirt and gravel. The main part of 
alteration of the mound was done in the area marked with the red rectangle.  

Method  
The snow-mound was scanned to make a reference model. Thereafter the snow was 
altered a bit, to simulate mass movement or a small avalanche and a new scan was 
performed to measure the difference. To be able to use the acquired data it had to be 
processed and converted to the right type of file format. This is done in various 
software, which is described later in this chapter.     

Data acquisition  
The LiDAR method  
The first scan was generated by the terrestrial laser scanner (model: FARO Focus 
3D) to produce a reference model that would work as a “true” measurement of the hill 
before the alteration took place. 

Before starting the scan three reference spheres was placed on the snow mound. 
These spheres were placed in the scene to be detected by the scanner and can later 
be used to associate the known coordinates of the spheres with the scanned result. 
The location of the spheres was measured with high accuracy with a geodetic GPS 
receiver.  

When making the first scan the scanner was set to the lowest resolution and the 
largest range to create a rapid 360q scan (figure 4).  
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Figure 4. Preview of the first scan. This scan has setting set to lowest resolution and highest 
range. The red rectangle illustrates the area that is used for the more detailed. 

 
With the help of this quick scan, the scanning field could be narrowed down to a 

more specific area of interest, and the resolution was increased to get a more 
detailed scan. The scanner displays a preview on a small screen to ensure that the 
correct area where scanned (figure 5).  

 

Figure 5. Scan with higher resolution and a narrower range. The three white dots (indicated 
with arrows) in the images are the reference spheres. 
 

The next step in the scanning process was to determine the resolution and quality 
desired for the scan. Depending on the setting selected a point-cloud with different 
amount of points is created and, in this case, the laser scanner was set to produce a 
point-cloud containing roughly 2 million points. The object of interest was then 
scanned, both before and after alteration of the snow. The scanner was not moved, 
and the settings were the same for both of the scans. 

The Structure from Motion method 
Compared with the LiDAR method, the data acquisition used for the SfM method is 
very simple. It is basically done by taking overlapping photographs of the feature of 
interest. The images must have at least 60% overlap (Bemis et al., 2014) and should 
preferably have similar lighting conditions. The smallest amount of images needed to 
achieve correspondence of features in the recorded scene is theoretically three 
(Westoby et al., 2012), however, it is recommended to get as many photographs as 
possible as this increases the number of possible key points. 

2m 
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Software description   
After a sufficient number of scans, photographs and GPS measurements was 
obtained the data needed to be processed.  

The file format that the Trimble GPS output its data is “.T01”, which is a special file 
format used by Trimble. The T01-format was converted to RINEX-format by a 
software called “ConvertToRinex” (Blume, 2011) and then uploaded to Natural 
Resources Canada (NRCan), which provide a service called “Precise Point 
Positioning” (PPP). During this stage, the accuracy of the data collected by the GPS 
receiver was improved by the awareness of the orbital location and the clock offset of 
the involved satellites (Bisnath & Yang Gao, 2009). Returned from NRCan the GPS 
locations comes in .csv format, which could be opened in a program such as 
Microsoft Excel.  

The software used to process the laser scan data was “SCENE” (FARO 
Programmers, 2017). During this testing a 30-day trial version of the software was 
used, the cost for the full version of the software is approximately 90.000 SEK for one 
license. The SCENE software is used to identify the earlier mentioned reference 
spheres, and to use the exact coordinates retrieved from the GPS measurements to 
georeference the scan. When the scan is correctly referenced, SCENE is used to 
export the scan in the file format desired for further analysis. In this case, the data 
was exported to a point cloud using xyz-format that gives all points a: x, y and z 
value, and also the color for the selected point in RGB format. At this point, the point 
cloud is ready to be imported to CloudCompare (CC) (Girardeau-Montaut, 2018) for 
the concluding evaluation. See figure 6 for workflow chart.  
 

 
Figure 6. Workflow for the LiDAR method. 

The next step was to try to create a similar point cloud using the structure from 
motion method. The images taken of the structure of interest is uploaded to the 
WebODM software (WebODM Authors, 2018). After the program has completed the 
processing the software produces a model in a few different types of file formats. If 
the original images had location-information embedded in the meta-data or if known 
ground control points (GCP) information where uploaded simultaneously as the 
pictures, WebODM should produce georeferenced models. The referenced models 

Setup Scanner and 
reference spehres Quick low res scan  Increase scan quality and 

decreas scan area 

Scan Import scan to SCENE Refrence scan to exact 
coordinates

Export scan point cloud to 
xyz-format

Imort xyz-file to 
CloudCompare

Use Cloudcompare to 
calculate differences 
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can be imported directly to CloudCompare without any alteration. If the model lack 
location data it must be imported into another software called “Meshlab” (Meshlab 
Authors, 2018), and then exported in xyz-format to be able to be used in 
CloudCompare. The workflow is shown in figure 7. The same photographs are also 
processed by a trial version of the software Agisoft Photoscan Professional. This 
software has the ability to produce a denser point cloud than WebODM, which gives 
a more detailed model. Agisoft Photoscan exports the model in file formats that also 
can be imported to CloudCompare for further analysis.    
 

     
Figure 7. Workflow for the Structure-from-Motion method. 

When all the point clouds have been referenced correctly and imported into 
CloudCompare, the software is used to, as the name implies, compare and calculate 
dissimilarities between point clouds.  

Results  
CloudCompare measure the cloud to cloud (C2C) absolute distance between two 
selected point-clouds both for the LiDAR model and the SfM model and outputs a 
colorized model that illustrates the amount of change that has occurred. Both models 
have some areas that lack data due to the way the data were collected.     
 
LiDAR scan result  
The results from the laser scan are shown in two images (figure 8) containing the 
same structure from two different angles to get a sense of perspective. The maximum 
C2C distance is 46.1cm and the scale increases 5cm each step, as indicated by the 
colored scale bar. The scan consists of approximately 1.7 million points with an 
average point cloud density of 800000 (figure 9). All point in the point cloud is 
individually colorized by the SCENE software. The scanner where stationary during 
the entire scan, the reason why there are a lot of holes in the scan is that the scanner 
cannot see through objects. Therefore, areas behind other structures do not get 
registered. 

Take photos of 
structure of 

interest 
Upload images to 

WebODM 
Process images 

with desired 
settings

Download model 
in required format  

Import model in 
meshlab and 
export to xyz-

format if neccecary

Import model file 
to CloudCompare 

Use Cloudcompare 
to calculate 
differences 
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Figure 8. The LiDAR scan presented in frontal view (a) a profile view (b) to get a better 
sense of the orientation. The colored scale bar indicates the difference in the cloud to cloud 
(C2C) distance in meters in the model with a maximum C2C distance of 46.1cm. Areas in 
white and brown colors are snow and/or gravel -covered areas with no observed change. 

 

 
Figure 9. LiDAR scan point cloud density. The colored bar indicates the density with a 
maximum of approximately 4.96 million and an average at 1 million points.  

Structure from motion result 
The result from the SfM models was produced multiple times with different settings, 
first with WebODMs default settings, and then with the settings set to high. The 
captured photographs were also processed through a trial version of the software 
Agisoft Photoscan, which have the ability to produce a denser point cloud with more 
detail. 

a) 

b) 
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In figure 10 the result from the processing with settings in WebODM set to “high 
quality” is shown. The greatest cloud to cloud (C2C) distance in this model is 0.4698 
m (46.98cm). The model is the result of around 100 photographs, 50 were taken 
before alteration, and 50 after. This model consists of roughly 1 million points with an 
average point cloud density of 300000 (figure 11).  

After that the same images were processed through Agisoft Photoscan with similar 
settings as in WebODM. The model created with Photoscan (figure 12) consists of 
approximately 3,7 million points and displays a more detailed view of the change that 
has occurred. This was done to investigate if improved “SfM”-method results could be 
acquired by using licensed-bound software.  
 

 

Figure 10. The SfM model presented in frontal view (a) a profile view (b) to get a better 
sense of the orientation. The colored scale bar indicates the difference in the cloud to cloud 
(C2C) distance in meters in the model with a maximum C2C distance of 46.98cm. Areas in 
white and brown colors are snow and/or gravel -covered areas with no observed change.  
 

a) 

b) 
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Figure 11. Image showing the SfM model point cloud density. The colored bar indicates the 
point cloud density with an average of approximately 300000. This indicates a rather uniform 
coverage all over the model. 

 

Figure 12. Improved result using (SfM) and the use of a trial version of Agisoft Photoscan 
Professional. The models are presented in a front view (a) and a profile view (b). The colored 
bar indicates the amount of change and are presented in meter. Maximum C2C distance is 
44.5 cm. This point cloud consists of 3.7 million points.  

Discussion 
The purpose of this report was mainly to evaluate the SfM-method and determine the 
pros and cons relative to terrestrial laser scanning techniques. The experiment was 
performed in such a way that a snow mound was scanned (using a laser scanner) 
and photographed (using an Iphone 7+) before and after structural alteration. The 

a) 

b) 
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data were then processed using different software and two “before and after” – 
models were produced.  

The ideal result would have been that the model created with the SfM method 
would have been identical with the LiDAR scan. 

Compared with the LiDAR method, which is considered as the more accurate 
technique, and produced a point cloud with a maximum C2C distance at 46.1cm, the 
SfM method presents a model with a maximum C2C distance at 46,9cm. This gives 
the SfM approach an accuracy of r0.8cm compared to the LiDAR method. This result 
must be placed in relation to the accuracy that is necessary for the analysis. 
Depending on the scale of the structure that is being reconstructed this precision 
could be seen as very usable, for example when reconstructing slightly larger 
formations. In this study when the overall structure size (i.e. the altered region) was 
around a few meters, which is roughly 5-10% of the overall spatial extent of the 
region of interest, the discrepancy between the two methods was quite small.  

One of the problems creating both the laser scan model and the SfM model were 
to correctly reference the models against exact coordinates. So even though the two 
models display quite the similar results, the actual real-life size of both models could 
be somewhat incorrect. Since SfM depending on an external light source (a lamp or 
the sun), it is more sensitive to variation in light, which could be an explanation 
WebODM produced a less detailed model.  

Both the methods have the problem that some part of the model lack data. This is 
due to that that none both methods have the problem to record objects that are 
behind other objects. The SfM method does this better since the camera is moved 
around the object and record the structure from different angles. The LiDAR method 
can also do this, although this requires that the scan is moved between each scan 
and that all the reference spheres are visible during all the scans, so they can be 
registered by the software and used to combine point cloud from the multiple scans.   

One of the main goals of this research was to produce three-dimensional models 
using free open source software and relatively cheap equipment (i.e. a smart-phone 
camera and medium grade computer), and if this aspect of the SfM result is taken 
into consideration, the results were astonishing, since the equipment and software 
required to create the LiDAR scan is several hundred of thousand Swedish kronor.  

Advantages of using laser scans are that they could produce a denser point cloud 
(1,7 million points total in this case, compared to 1 million for the SfM model) that can 
be used to produce models with higher quality and accuracy. The LiDAR scan has 
the ability to produce point clouds with up to 20-30 million points. The point cloud 
density calculation and plot are another evidence that the LiDAR scan produces a 
more detailed model compared to the SfM method. The software Agisoft Photoscan 
had the ability to set the setting more specifically, which made it possible to make a 
model with 3.7 million points. This is a terrific result that produces a very high-quality 
model, but this software is not free and open source, and do not entirely fulfill the 
purpose of this report.    

The advantage of using the SfM-technique and the WebODM software is that it is 
free, and it does not require equipment that most people does not have access to. 
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Although both techniques require referencing against exact know coordinates to be 
able to produce precise measurements.  

Many modern cameras and almost every new smart-phone on the market has a 
built-in GPS receiver. If these cameras are used to take photographs that will be 
used to produce models the SfM way, these models will automatically get 
georeferenced using WebODM. But the accuracy in of these models are limited by 
the GPS accuracy of the device, which often is roughly 5 to 10 meters (Clark, 2015). 
As technology advances the precision of these GPS receivers will increase, and the 
referencing will be more accurate (Moore, 2017). GPS averaging application used on 
a smartphone could theoretically be used to gather location data that could be used 
to reference the models.  

If there would have been more time to repeat the measurements a few things 
could have been done differently. The first one is that a larger number of pictures 
should have been taken using the SfM method, to hopefully produce a more detailed 
point cloud. And the WebODM software could have been more tested in depth, with a 
larger variety of different settings. Secondly, the GPS location of the reference 
spheres should have been measured more carefully and multiple time to get more 
accurate location data that later could be used to better reference the scans. Also, 
the number of references should preferably be no less than five. 

Conclusion 
Conclusively is the SfM method a great low-cost alternative to terrestrial laser 
scanning if mm precision is not required and if exact coordinate-referencing isn’t 
crucial for the result. It is also a more practical method for the everyday-user in that 
way that laser scanning requires big, heavy, and sensitive equipment that not always 
can be brought to remote locations. A small camera can also easily be mounted on 
either a drone or a balloon to take aerial photographs that can be used to produce 
three-dimensional models over larger areas such as a volcano, glacier or a mountain-
side. This makes the SfM method an even more versatile and useful technique.  

With that said, one of the technique is not better than the other, rather that they 
both have certain benefits over the other, and that they complement each other 
where the other one lacks.  
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