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ABSTRACT 

Digital Elevation Models are a representation of Earth’s surface and are used in many areas of 

research. There are a number of freely available DEMs with near-global coverage, which have 

elevation accuracies ranging between 10 to 25 m. This project attempts to generate DEMs of 

comparable accuracy using open source images from satellite sensors and web mapping services. 

Images from Landsat 8, ASTER, and Sentinel-2 satellites, and from Microsoft’s Bing Maps were 

used to generate DEMs for a 6.633 km2 area in Oshawa, Canada. It was found that it is key that 

when combining images from different spaceborne sensors, the spatial resolution should be within 

10 m of one another. Additionally, the radiometry of the images, in terms of intensity and contrast, 

must be similar. The highest accuracies of DEMs had RMSE values of 20.047 m and 20.579 m, 

when combining images from Sentinel-2 with ASTER and Landsat 8, respectively. 
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1. INTRODUCTION 

A Digital Elevation Model (DEM) is a digital representation of the Earth’s surface. DEMs provide 

information about the surface elevation and topography that is important to many areas or research, 

such as resource management, hydrology, and geology, among many others. Common methods of 

obtaining elevation data include land surveying and aerial surveying, which may be expensive 

options. However, there are freely available near-global DEMs that are generated using spaceborne 

sensors and have vertical accuracies in the magnitude of metres (Yang et al.,2016). 

One freely available DEM is the Advanced Spaceborne Thermal Emission and Reflectance 

Radiometer Global DEM (ASTER GDEM), generated using images from the spaceborne ASTER 

sensor. The ASTER GDEM is reported to have vertical Root Mean Square Errors (RMSE) between 

10 m and 25 m (METI, 2009). Another freely available DEM is the Shuttle Radar Topography 

Mission DEM (SRTM DEM), which is reported to have a vertical accuracy of 16 m (NASA, 2001). 

However, the SRTM DEM has at times been found to have a Root Mean Square Error (RMSE) as 

high as 23 m in certain areas (Li et al., 2013). Additionally, there is the Earth-Env-DEM90, which 

is a fusion of the ASTER and SRTM DEMs developed by Robinson et. al (2014), and has produced 

RMSE values of 10.55 m, with accuracies reaching 5.36 m in certain areas. Sources of errors are 

attributed to primary data, specifically spatial resolution of images (Sharma et al., 2011), as well 

as algorithms of elevation derivation (Hirt et al., 2010). 

Since all that is required to derive elevation is stereo images, it is then possible that overlapping 

images from satellite sensors may produce DEMs. This project will attempt to generate DEMs 

from open source images that may act as an alternative to freely available DEMs. Open source 

images that will be used will be from the Landsat 8, ASTER, and Sentinel satellites. Additionally, 

aerial images from Microsoft’s Bing Maps web mapping service will be used. These sources were 

chosen for their varying spatial resolutions, which was mentioned as one of the leading causes of 

elevation errors by Li et. al (2017), to identify the effects that resolution has on elevation.  

The DEMs derived from the open source images will have their elevation accuracy assessed using 

ground control points established in a 6.633 km2 area in Oshawa, Canada. Also, accuracy would 

be tested against a control DEM published by the Ontario Ministry of Natural Resources. 

(Note: Digital Surface Models and DEMs are considered synonymous for this project.) 
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2. STUDY AREA AND MATERIALS 

2.1 Study Area 

The study area for the project was a section of Oshawa, Ontario, measuring 3.088 km by 2.128 km 

(6.633 km2), seen in Figure 1. This region was selected because aerial images and ground control 

points were made available for the it, thanks to The Airborne Sensing Corporation. Since this was 

the available area for control, the project was then centred around attempting to determine the 

accuracy of DEM generation for areas of similar size and landcover from open source satellite 

images and images that may be easily obtained from web mapping sources. 

In this case, the study area was residential, with the Oshawa Creek running through the centre, 

providing a region of lower elevation compared to the rest of the scene. Also, the South edge of 

the study area is approximately 3.5 km from the shore of Lake Ontario, and there is a noticeable 

sloping of the land toward the lake to the South, as seen in the control DEM, mentioned later on.  

 

Figure 1 - The study area, outlined, within Oshawa, Canada 

 

2.2 Images 

Images from five sources were used for DEM generation: 1) Aerial images, 2) Landsat 8 images, 

3) ASTER images, 4) a Sentinel image, and 5) images from Bing Maps. The inclusion of the 

satellite images was based not only on their open source nature, but also because of their varying 

spatial resolutions and, in certain cases, for providing stereo coverage of the study area. 
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For consistency, the satellite images were obtained in time frames as close to one another as 

possible, even though the elevation of the study area was not expected to change noticeably in 

even a large period of time. Since the aerial images were taken in February 2016, the satellite 

images were acquired in a time frame that was as close to February 2016 as possible. Constraints 

on obtaining images close to that time were the availability of images with minimum cloud cover 

as well as temporal resolution. 

The aerial images were obtained from The Airborne Sensing Corporation, the satellite images were 

obtained from United States Geological Survey (USGS) Earth Explorer, and the Bing Maps images 

were obtained from http://bing.com/maps. 

 

2.2.1 Aerial Images 

There were ninety-two aerial images used to generate a DEM. The images were taken by The 

Airborne Sensing Corporation on February 22, 2016, with a Vexcel UltraCam. The exterior 

orientation parameters of the images were obtained using Applanix GNSS and IMU sensors. The 

images and associated data were collected as part of an IMU calibration flight near the company’s 

airbase at the Oshawa Executive Airport. 

The images were taken at an average flying height of 906 m above the ellipsoid, World Geodetic 

System 1984 (WGS84). The images have an approximate resolution of 0.07 m, and each pair of 

overlapping images meet a minimum standard of 60% overlap and 30% sidelap.  

 

2.2.2 Landsat 8 Images 

Two Landsat 8 images were used for DEM generation, and may be seen in Figure 2. Landsat 8 is 

the most recent satellite in the Landsat program, launched in February 2013, as a collaborative 

effort between NASA and the USGS. The satellite’s “Operational Land Imager” contains a push-

broom linear array sensor, which means the sensor detects pixels in an across-track line. 
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Figure 2 - Landsat 8 Multispectral-29 (left) and Landsat 8 Multispectral-30 (right), with 

study area is marked in red. The images are numbered for their WRS Row Number 

Though the two images appear to overlap, they are not stereopairs. This is because the push-broom 

sensor may only capture an image from one pose, when on the same path. This means that the area 

of overlap was actually taken from the same pose, and that any apparent overlap may be attributed 

to the division of the images in post-processing. Any apparent differences seen in the overlap 

would be due to potential geometric and radiometric corrections applied to the images in the post-

processing phase, before publication. 

The study area was located in the apparent overlap of two images, for this reason, both images 

were included in the generation of DEMs. However, the two images may not be used with one 

another to create a DEM, again, because Landsat 8 contains a push-broom sensor, meaning that 

coincident features in both images were taken from the same camera pose.  

The Landsat 8 Multispectral images that were used contain Band 2 (Blue, 0.452 – 0.512 µm), Band 

3 (Green ,0.533 – 0.590 µm), and Band 4 (Red, 0.636 – 0.673 µm). The images have a spatial 

resolution of 30 m and were both taken from World Reference System (WRS) Path 17, and from 

consecutive Rows 29 and 30, on September 16, 2015. To distinguish between the two Landsat 8 

images for the remained of the report, they will be identified by their unique row number (i.e. 

Landsat 8 Multispectral-29 and Landsat 8 Multispectral -30). 

¯

0 12060

Kilometres

¯

0 12060

Kilometres
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Additionally, Band 8 (Panchromatic, 0.503 – 0.676 µm) for both images were included because 

the panchromatic spatial resolution is 15 m. These images will be referred to as Landsat 8 

Panchromatic-29 and Landsat 8 Panchromatic-30, also in accordance with the images’ unique row 

number. The Landsat 8 Panchromatic images may be seen in the Appendix, Figure 8. 

 

2.2.3 ASTER Images 

Two Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) images were 

included in DEM generation, and may be seen in Figure 3. The ASTER sensor was developed by 

the Japanese Ministry of Economy, Trade and Industry (METI), and operates onboard the NASA 

Terra satellite, which was launched in December 1999. Similar to Landsat 8, the ASTER Visible 

Near Infrared (VNIR) sensor is a push-broom. 

As mentioned earlier, ASTER images are used to create the ASTER GDEM, using images from 

forward and backward mounted sensors. Images from the backward-facing sensor, named Band 

3B, are not freely available. 

  

Figure 3 - ASTER-17 (left) and ASTER-18 (right), with study area is marked in red. The 

images are numbered for their WRS Path Number. 
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The two Landsat 8 images were not stereopairs because they were take from the same path with a 

push-broom sensor. However, the two ASTER images are from different paths, meaning that they 

were taken from different poses and are, in fact, stereopairs. The images were taken from 

neighbouring paths 17 and 18 and share an approximate 29% overlap.  

The ASTER images contain Band 1 (0.520 – 0.600 µm), Band 2 (0.630 – 0.690 µm), and Band 

3N (0.780 – 0.860 µm), from the VNIR (Visible Near Infrared) subsystem. The images have a 

spatial resolution of 15 m, and were both taken from Row 29, and from consecutive Paths 17 and 

18. The image on Path 17 was taken on September 25, 2013, and the image on Path 18 was taken 

on August 12, 2011. To distinguish between the two ASTER images for the remainder of the 

report, they will be identified by their unique Path number (i.e. ASTER-17 and ASTER-18). 

 

2.2.4 Sentinel Images 

One Sentinel image was included for DEM generation, and may be seen in Figure 4. The two 

Sentinel-2 satellites were launched in June 2015 and March 2017, by the European Space Agency. 

Similar to the previous two sensors that were discussed, the Sentinel-2 sensor is a push-broom.  

 

Figure 4 - The Sentinel image used, with study area is marked in red. 
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The image was taken on September 24, 2016. Similar to Landsat 8 and ASTER, the Sentinel sensor 

does not produce stereo-images, and the study area is not located in a region of overlap for Sentinel 

images, meaning that only one image may be used.  

The Sentinel image contains Band 4 (Red, 0.635 – 695 µm), Band 3 (Green, 525 – 595 µm), and 

Band 2 (Blue, 0.425 – 0.555 µm). The image has a spatial resolution of 20 m. 

The Sentinel image was the final satellite image included. Figure 5 illustrates the spatial coverage 

of the images from the satellite sensors involved in DEM generation. 

 

Figure 5 – Footprints of the five satellite images used. (A) represents Landsat 8-29, (B) 

Landsat 8-30, (C) ASTER-17, (D) ASTER-18, (E) Sentinel. 

 

2.2.5 Bing Maps Images 

A final source of open source images came from Bing Maps. Bing Maps is Microsoft Bing’s search 

engine web mapping service. The mapping service uses aerial imagery for visualization, which 
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was selected for DEM generation. The service is similar to that of web mapping services offered 

by Google, with the difference of using aerial images, instead of satellite images, as is the case 

with Google. 

The resolution of the images obtained from Bing Maps were variable based on the scale that the 

image was displayed in, i.e. the level of zoom. For a small scale (zoomed out), the image would 

cover a large spatial area and be represented with the number of pixels available on the display 

screen, resulting in a coarse spatial resolution. However, for a large scale (zoomed in), the image 

would cover a small spatial area, but be displayed with the same number of pixels, resulting in a 

finer spatial resolution. 

Because of this, images at different scales were captured for DEM generation. Images with spatial 

resolutions of 0.15 m, 13 m, and 27 m were obtained, and may be seen in the Appendix, Figure 9. 

 

2.3 Ontario Ministry of Natural Resources Digital Elevation Model 

To serve as a control, aside from the ground control points established in the study area, the results 

were also compared to a publicly available provincial DEM published by the Ontario Ministry of 

Natural Resources. The dataset was created using the Ontario Base Map (OBM) Contour dataset, 

OBM Spot Heights, and Water Virtual Flow. 

The DEM is a raster dataset published on May 1, 2006, representing surface elevations with a 

spatial resolution of 10 m. The accuracy of this dataset is reported to be ±5 m, vertically, and ±10 

m, horizontally. 
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3. METHODOLOGY 

3.1 Image Selection 

As discussed earlier, the open-source images selected for DEM generation were from the Landsat 

8, ASTER, and Sentinel-2 satellites, and also from Bing Maps. The image sources were selected 

for their open source nature, and in the case of the three satellites, the open source archive of 

images. 

Another reason for the selection of the satellite images was their near-global coverage. The three 

satellites have near-polar orbits, allowing for near-global coverage, additionally, Bing Maps has a 

full global coverage of images. 

The final reason that these sources of imagery were chosen was because of their varying spatial 

resolution. The Landsat 8 Multispectral images have resolutions of 30 m, the Landsat 8 

Panchromatic images have resolutions of 15 m, the ASTER images have resolutions of 15 m, the 

Sentinel image has a resolution of 20m, and finally, the Bing Maps images have varying 

resolutions based on the scale in which the scene is presented. This would allow for the 

investigation into the effects of differing resolutions on the accuracy of the resulting DEM. 

 

3.2 Preparation of Digital Elevation Models 

Once the images were selected, the possible combinations of pairs of images were considered for 

DEM generation. Though it was possible to have used more than two images of the study area to 

generate a DEM, this project considered the accuracy of DEMs created by using two images only. 

Table 1 is a matrix of all potential image combinations that would be tested. The nine image 

sources are listed, along with their resolutions along the column and row headings. The empty 

intersecting cell represents a potential DEM pair. Certain cells are blacked-out to remove 

redundancies, and also to remove illogical pairs, such as the Landsat 8 images, because they were 

taken from the same path with a push-broom sensor, which, as explained earlier, results in them 

being unable to generate a DEM. Also, the Bing Maps images were paired with only one of each 

of the Landsat 8 Multispectral, Landsat 8 Panchromatic, and ASTER images. This results in a total 

of twenty-seven possible DEMs that may be generated. 
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Table 1 - Matrix of the twenty-seven possible combinations of image pairs for DEM 

generation. 

Once the possible images pairs were determined, their DEMs were generated. All of the DEMs 

were generated using Agisoft’s PhotoScan photogrammetry software, except for the DEM 

generated using the aerial images, which were done using ERDAS Imagine. 

PhotoScan generates DEMs by first reading the images and any associated spatial reference. Then, 

it performs a feature detection process to identify tie points between the two images. The positions 

of the two images are then determined through a process of triangulation, allowing for the tie points 

to also be given spatial reference. After determining the locations of these tie points, the software 

then constructs a spatially-referenced “dense cloud”, which is the determination of significantly 
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more matched points between the two images, now that the orientation of the cameras is known. 

Finally, a DEM may be generated by creating an interpolated raster surface given the dense cloud. 

In the process of DEM generation, PhotoScan allows the user to determine the level of accuracy 

with which the tie points should be selected. For consistency, and also to obtain the theoretically 

most accurate results, the highest level of accuracy was chosen (“Highest” accuracy tie point 

generation). Also, the user is allowed to select the level of quality and the level of depth filtering 

with which the dense cloud will be generated. Again, the highest levels of processing were selected 

for this project (“Ultra High” quality dense cloud generation, and “Aggressive” depth filtering). 

Also, the Landsat 8 Multispectral images, ASTER images, Sentinel image, and Bing Maps images 

were converted to grayscale when processed in pair with either of the Landsat 8 Panchromatic 

images, which appear in grayscale. This is so that both images in a pair appear in grayscale when 

processed in PhotoScan. The software appeared to perform best when image pairs were both 

represented in grayscale or were both represented in RGB, but not both. 

Due to the proprietary nature of Agisoft’s PhotoScan, additional information about the algorithms 

for feature detection, triangulation, dense cloud construction, and DEM generation is not known. 

The DEM generated from the aerial images was produced in ERDAS Imagine’s Photogrammetry 

suite. The software follows a similar process to PhotoScan, but requires the exterior orientation of 

the images to be known. A pixel sampling distance of 8 pixels was selected to generate matched 

points between images. Though 8 points is a fairly high sampling interval, it was selected due to 

computational limits. The result of this sampling interval was a DEM of degraded quality. 

However, this was deemed acceptable for this study, since the scope is mainly to investigate the 

accuracy DEMs generated using open source data, of which the aerial images are not. 

The results of the processes produced DEMs with the spatial coverage equal to that of the overlap 

of the image pair used to generate it. The DEMs were then clipped to cover only the study area in 

Oshawa, Ontario. 
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3.3 Accuracy Assessment 

The accuracy of the DEMs were investigated by determining the Root Mean Square Error (RMSE) 

of the DEMs with respect to the twenty-five ground control points, listed in the Appendix, Table 

4. Additionally, the Mean Error and Standard Deviation, was used for testing the accuracy of the 

DEMs (Li et al., 2017; Robinson et al., 2014; Li et. al., 2013). The RMSE and Standard Deviation 

values would give indications of relative error in elevation, and the Mean Error would indicate 

elevation bias. The formulas used are given below. 

 RMSE = √∑ (zi−Zi)
2n

i=1
n      (1) 

        Mean Error, 𝑒̅ = √
∑ (𝑧𝑖−𝑍𝑖)
𝑛
𝑖=1

𝑛      (2) 

        Standard Deviation = √∑ (𝑧𝑖−𝑍𝑖−𝑒̅ 𝑖)
2𝑛

𝑖=1
𝑛−1

              (3)  

 

Where 𝑧𝑖 is the elevation from the generated DEM at the location of the control point, 𝑍𝑖 is 

the elevation of the control point, and 𝑒̅  is the mean error. 

 

3.4 Differenced Digital Elevation Models 

Over a study area of 6.633 km2, the twenty-five ground control points that were used may not 

provide a sufficient sample size. For this reason, the elevation errors associated with the DEMs 

were compared visually, as was performed by Rayburg et. al (2006) and Risbøl et al. (2015). 

The control DEM from the Ministry of Natural Resources, represented as a raster dataset, was 

subtracted from the generated DEMs, also in raster format. The result was a model representing 

the difference in elevation from the control surface. Meaning, that by visual interpretation, the 

closer the value at any point in the model is to zero, then the more accurate the result is.  
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4. RESULTS 

4.1 Generated Digital Elevation Models 

The generation of DEMs for the twenty-seven possible image pairs was attempted. Of the twenty-

seven potential pairs, seven DEMs were generated, and twenty image pairs failed to generate 

DEMs. The spatial resolutions of successfully generated DEMs are provided in Table 2, which is 

similar to Table 1, except with entirely blacked out columns removed.  

 

Table 2 - Spatial resolutions of the seven generated DEMs. Crossed out cells represent 

image pairs that failed to be generated. 

The images of various resolutions from Bing Maps failed to generate DEMs with any other image, 

except in the case of a 13 m resolution Bing Maps image paired with ASTER-18. 

Source

A
S

T
E

R
-1

7

A
S

T
E

R
-1

8

S
en

ti
n

el

B
in

g
 M

ap
s

A
er

ia
l

Resolution (m) 15 15 20 13 0.07

Landsat 8 Multispectral-29 30 30.00 20.00

Landsat 8 Multispectral-30 30 30.04

Landsat 8 Panchromatic-29 15

Landsat 8 Panchromatic-30 15

ASTER-17 15 20.01

ASTER-18 15 20.03 15.00

Sentinel 20

Bing Maps 13

Aerial 0.07 0.74

Resolution (m)



14 
 

The resolutions of the resulting DEMs are relatively close to the resolutions of the images used to 

generate them, except in the case of the aerial image. This is due to the 8-pixel sampling interval 

that was chosen in processing, as discussed in the Methodology. 

The spatial resolutions of the remaining DEMs are all close or identical to those of the image of 

coarser resolution in the pair used to generate them. This is the case with all, except the DEM 

generated using Landsat 8 Multispectral-29 and Sentinel, which has a spatial resolution of 20.00 

m, identical to that of the spatial resolution of Sentinel, the image with finer resolution of the pair. 

In this case, the higher resolution may be attributed to a high number of points that were matched. 

Besides that case, the resulting spatial resolutions are nearly those of the image with coarser 

resolution used to generate them. This is expected, as the feature matching algorithm would be 

limited to what features are detectable on the coarser image. 

The seven DEMs that were produced, along with the control DEM from the Ministry of Natural 

Resources may be found in Figure 6, on the following pages. The DEMs in Figure 6 all appear in 

the same elevation scale, indicated at the top of the figure, along with the control DEM from the 

Ontario Ministry of Natural Resources. This was for the sake of comparison. (The same DEMs, 

represented in unique scales, based on each model’s maximum and minimum elevation values may 

be found in the Appendix, Figure 10). 
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Sentinel and ASTER-17 

 

Sentinel and ASTER-18 

 

ASTER-18 and Bing Maps 

Figure 6 - The seven DEMs that were generated, identified by image pairs used to generate 

them. The DEMs are represented in the same elevation scale, indicated at the top, along with the 

control DEM from the Ontario Ministry of Natural Resources 
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It should be noted that the DEMs were all clipped to fit the study area. In the case of the DEM 

generated from aerial images, there were no stereopairs for certain regions, meaning that the DEM 

has no data in those regions. Also, in the case of the DEM generated with the images ASTER-18 

and Bing Maps, PhotoScan was not able to generate tie points over the entire study area, also 

meaning that there are regions with no data. 

 

4.2 Accuracy Assessment Results 

The results or the accuracy assessment, represented by RMSE, Mean Error, and Standard 

Deviation, may be found in Table 3. 

 

Table 3 - RMSE, Standard Deviations, and Mean Errors of the generated and published 

DEMs 

RMSE (m) Mean Error (m)
Standard 

Deviation (±m)

4.463 -4.431 0.539

RMSE (m) Mean Error (m)
Standard 

Deviation (±m)

7.887 4.313 6.745

ASTER-17
Landsat 8 

Multispectral-29
236.094 -190.896 141.785

Sentinel
Landsat 8 

Multispectral-29
20.579 -10.680 17.954

Sentinel
Landsat 8 

Multispectral-30
48.745 -24.941 42.745

Sentinel ASTER-17 20.047 6.011 19.519

Sentinel ASTER-18 101.327 -46.321 91.979

ASTER-18 Bing Maps 142.294 -91.189 111.806

Aerial

Derived DEM Image Source(s)

Control DEM

Ontario Ministry of Natural Resources
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From Table 3, it may be seen that the accuracy assessment was also applied to the control DEM 

from the Ministry of Natural Resources. This was done to assess their claim that of vertical 

accuracy of ±5 m. The results for the control agreed with the published claim (RMSE = 4.463 m, 

Standard Deviation = ±0.539 m). 

The generated DEM with the least error, as expected, was the one from the aerial images (RMSE 

= 7.887 m, Standard Deviation = ±6.745 m). However, this level of error is rather high given the 

0.07 m spatial resolution of the aerial images. The cause for this is attributed to the fact that lower 

processing standards were used in the generation of this DEM due to computational restrictions. 

Of the open source image DEMs, the DEM generated from Sentinel and Landsat 8 Multispectral-

29 (RMSE = 20.579 m, Standard Deviation = ±17.954 m), and the DEM generated from Sentinel 

and ASTER-17 (RMSE = 20.047 m, Standard Deviation = ±19.519 m), produced results with the 

least amount of error, and least amount of elevation bias (Mean Error = -10.680 m, and Mean Error 

= 6.011 m, respectively). 

In the case of the Sentinel and ASTER-17 DEM, the RMSE of 20.047 m was generated by using 

20 m and 15 m image spatial resolutions, respectively. And in the case of the Sentinel and Landsat 

8 Multispectral-29 DEM, the RMSE of 20.579 m, was generated by using 20 m and 30 m spatial 

resolutions, respectively. This meant that the RMSE values were approximately equivalent to that 

of one Sentinel pixel, measuring 20 m, and significantly better than Landsat 8’s 30 m pixels. This 

is also comparable to the ASTER GDEM accuracies. 

The DEM generated with Sentinel and Landsat 8 Multispectral-30 (RMSE = 48.745 m, Standard 

Deviation = ±42.745 m) and the DEM generated with Sentinel and ASTER-18 (RMSE = 101.327 

m, Standard Deviation = ±91.979 m) contained slightly greater levels of error. They produced 

biases of -24.941 and -46.321 m of Mean Error, respectively. 

In the case of the Sentinel and Landsat 8 Multispectral-30 DEM, the RMSE of 48.745 m is 

equivalent to less than two 30-metre pixels from the Landsat 8 image (additionally, less than three 

20-metre Sentinel pixels). And in the case of the Sentinel and ASTER-18 DEM, the RMSE of 

101.327 m measured approximately five 20-metre Sentinel pixels (otherwise, approximately seven 

15-metre ASTER pixels). 
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Finally, the DEMs produced by ASTER-17 and Landsat 8 Multispectral-29 (RMSE = 236.094 m, 

Standard Deviation = ±141.785 m), and by ASTER-18 and Bing Maps (RMSE = 142.294 m, 

Standard Deviation = ±111.806 m) produced the results with the most error. These DEMs also had 

the highest level of bias, with -190.896 m and -91.189 m, respectively. 

In the case of the ASTER-17 and Landsat 8 Multispectral-29 DEM, the high level of error may 

potentially be attributed to the incorrect detection and location of matched points between the 

images. This potentially occurred due to the large difference in spatial resolution between the two 

images, with the ASTER image having a resolution of 15 m and Landsat 8 having a resolution of 

30 m. 

In the case of the ASTER-18 and Bing Maps DEM, the spatial resolution was matched closely at 

15 m for the ASTER image, and 13 m for the Bing Maps image. However, the large error would 

potentially have also originated with a failure to correctly match points between the two images. 

This may be because the Bing Maps images are aerial images that have been mosaiced together, 

causing geometric differences among matched points. Also, Bing Maps images may have 

undergone post-processing enhancements or radiometric corrections, making features appear 

different between the two images. 

 

4.3 Differenced Digital Elevation Model Results 

The accuracy assessment provided a means to statistically compare the generated DEMs, however 

the twenty-five control points used over the 6.633 km2 study area may not have provided a 

sufficiently sized sample. To compensate for this, and to compliment the accuracy assessment, the 

seven generated DEMs were differenced with the control DEM from the Ministry of Natural 

Resources to visually assess errors in elevation.  

These differenced models are depicted in Figure 7, on the following pages, and represent the result 

of subtracting the control DEM raster from the generated DEM raster. Interpreting the results, the 

closer the resulting differenced raster value is to zero, the smaller the bias. The models in Figure 

7 are represented in the same scale, for the sake of comparison. (The same models, represented in 

unique scales based on each model’s maximum and minimum value, may be seen in the Appendix, 

Figure 11). 
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Differenced Sentinel and ASTER-17 

 

Differenced Sentinel and ASTER-18 

 

Differenced ASTER-18 and Bing Maps 

Figure 7 - Generated DEMs differenced with the control DEM from the Ministry of 

Natural Resources. The models are represented in the same scale of elevation error, for 

comparison.
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From visual inspection of the errors, it is clear that the trend observed from the accuracy 

assessment is maintained. The DEM with the least amount of error is the DEM generated from 

aerial images. Following the aerial images, both the DEM generated from Sentinel and Landsat 8 

Multispectral-29 and the DEM generated from Sentinel and ASTER-17, appear to have a relatively 

low level of error, confirming the rankings of RMSE values of 20.579 m and 20.047 m, 

respectively. 

Also following the levels of error seen in the accuracy assessment, the Sentinel and Landsat 8 

Multispectral-30 DEM has more error than the three previously mentioned DEMs, followed by the 

DEM generated using Sentinel and ASTER-18. However, these levels of error appear not to reach 

the extremes of the remaining two DEMs. The remaining two DEMS being ASTER-17 and 

Landsat 8 Multispectral-29, and ASTER-18 and Bing Maps, which produced the highest RMSE, 

also visually produce the most erroneous differenced rasters. 
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5 DISCUSSION 

5.1 Effects of Resolution on Digital Elevation Models 

Besides the seven DEMs that were generated, there were twenty possible image pairs that failed 

to generate DEMs. Each unsuccessfully generated DEM failed at the feature detection stage of the 

process, meaning that common features between images were not found. Since there is significant 

overlap among all the images (29% overlap between ASTER-17 and ASTER-18 being the least 

amount), the issue was not that there were no coincident features between image pairs. This 

suggests that varying spatial resolution is one potential cause of failure.  

The clearest case of this is with that of the aerial images, which failed to generate DEMs with 

every other image. The aerial images have a spatial resolution of 0.07 m, which is very different 

from that of the satellite images, with the ASTER images having the closest spatial resolution at 

15 m. This meant that features in both images appeared very differently and thus the feature 

detection algorithm was unable to generate matching points between images. 

However, when combining the aerial images with images from Bing Maps, with spatial resolutions 

of 0.07 and 0.15 m, respectively, the feature detection failed. This was possibly due to the images 

being taken in different seasons, or due to the mosaicking of the aerial images, or various 

radiometric corrections applied to the Bing Maps images before publication. 

Large differences in spatial resolutions may also explain the reason why the Landsat 8 

Multispectral images, with spatial resolution of 30 m, failed to generate DEMs with ASTER-18, 

Landsat 8 Panchromatic images, and the aerial images, which all have spatial resolutions of 15 m 

or less. And when Landsat 8 Multispectral-29 was able to generate a DEM with ASTER-17, it 

produced the highest RMSE value, 236.094 m. This suggests that for successful DEM generation, 

the difference in spatial resolution of the image being used must not exceed 15 m, or must stay 

within 10 m. 

The observation that similar spatial resolutions between images may also explain why the Sentinel 

image was successfully able to generate DEMs with each of the ASTER and Landsat 8 

Multispectral images. The Sentinel image spatial resolution of 20 m was relatively close to both 

the ASTER and Landsat 8 Multispectral image resolutions of 15 m and 30 m, respectively. These 

results produced the best RMSE values of the DEMs generated from the open sources images. 
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However, there were cases observed where similar or exact spatial resolutions between image pairs 

failed to generate DEMs. This is evident in the case of the Landsat 8 Panchromatic images, of 

spatial resolution 15 m, which failed to generate DEMs with the ASTER images and the Sentinel 

image, or spatial resolutions 15 m and 20 m, respectively. Though the spatial resolutions were 

either exactly the same or close, features failed to match. This is thought to be due to the difference 

in radiometry between the images, and is discussed in the following section. 

One way to overcome the limitation of requiring images of similar resolutions is down sampling. 

With down sampling, an image of fine resolution undergoes an image scaling so that its resolution 

is made coarser, potentially matching the resolution of another coarse image with which a DEM 

may be generated. The failed DEM combinations in this study all occurred at the feature matching 

phase. Down sampling would potentially make features in fine resolution images lose detail and 

appear as they do in coarser resolution images. This may overcome the failure of feature matching. 

Popular methods of resampling include Nearest-Neighbour, Bilinear and Bicubic interpolation 

methods. Each has benefits and drawback with respect to the preservation of spatial information, 

which is key in feature matching, as is discussed by Xiong & Zhang (2010). 

An alternative to down sampling is the process of panchromatic sharpening, or “pansharpening”. 

With pansharpening, a coarse resolution multispectral image would be made finer in resolution by 

fusing it with a fine resolution panchromatic image. This could potentially allow for successful 

feature matching with fine resolution images and allow for DEMs to be generated.  

There are various methods of pansharpening, including Gram-Schmidt spectral sharpening and 

many wavelet-based methods. Different methods have considerations to be made with respect to 

spectral and spatial information preservation, as is described by Vivone et al. (2015). 

 

5.2 Effects of Radiometry on Digital Elevation Models 

As has been discussed, it is important that the spatial resolution of images used to generate DEMs 

be relatively similar for accurate results (within a 10 m difference between pairs of satellite 
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images). And as has also been discussed, the radiometry of the images being used must be similar 

as well, and is crucial for DEM generation. 

The clearest example of this is the failure of the Landsat 8 Panchromatic images to generate any 

DEMs when paired with other images. The Landsat 8 Panchromatic images have a spatial 

resolution of 15 m, exactly that of the ASTER images, and similar to that of the Sentinel image 

(20 m), yet it still failed to generate DEMs. This is believed to be due to the images intensity and 

contrast.  

The Landsat 8 Panchromatic images have a lower brightness and higher contrast than the other 

images that were paired with them. This made features in the image appear much differently 

compared to the other images. When features appear differently, tie points fail to generate, 

potentially explaining why the Panchromatic images failed at the feature matching phase, when 

paired with every other image. 

The observation of requiring similar radiometry is also seen with the images from Bing Maps. The 

images from Bing Maps appear to have undergone some form of radiometric corrections, and is 

likely the cause of the failure at the feature detection phase as well. Even though spatial resolutions 

were kept similar to those of the image being paired with. 

A way to potentially overcome differing radiometric properties in image pairs is radiometric 

equalization or normalization. In the process of radiometric equalization, the statistical properties 

of radiometric information of a pair of overlapping images are considered. The properties are 

determined either for the entire overlapping area, or for certain smaller areas. The statistical 

properties are used to correct the brightness offset, contrast, and intensity or gain of either one of 

both images, such that the result is similar radiometry between the pair. A more detailed 

investigation of the types and effects of radiometric equalization is discussed by Du et al. (2001). 
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6 CONCLUSION 

The aim of this project was to determine if DEMs generated using open source images could 

compare, or even surpass, the vertical accuracies of freely available DEMs, such as ASTER 

GDEM, SRTM GDEM, or EarthEnv-DEM90. To do this, images from ASTER, Landsat 8, 

Sentinel-2, and Bing Maps were used in pairs to generate DEMs over Oshawa, Canada. These 

images were selected for their open source nature and for their varying spatial resolution. Aerial 

images were also included, for comparison. There were twenty-seven potential pairings of images 

that could produce DEMs. 

Of the possible twenty-seven DEMs, seven were successfully generated, and twenty failed to 

generate. The successfully generated DEMs had spatial resolutions that were approximately that 

of the images with coarser resolution between the pairs used to generate them. This was true for 

all generated DEMs, except for the one generated using Landsat 8 Multispectral-29 and Sentinel, 

which had a 20 m spatial resolution, matching that of the finer resolution Sentinel image and not 

the coarser image, Landsat 8 (30 m). 

It was also found that the greatest factor contributing towards the success of DEM generation was 

the difference in spatial resolution between image pairs. Image pairs with large differences in 

spatial resolution failed to generate DEMs. Specifically, these pairs failed at the feature matching 

phase. This would be due to features being represented very differently between images pairs of 

large resolution differences. 

Alternatively, when images were of similar spatial resolutions, DEMs were successfully generated 

with relatively high accuracies. The lowest RMSE values of all of the generated DEMs were 

20.047 m and 20.579 m, made when combining images from the Sentinel-2 satellite with images 

from the ASTER and Landsat 8 sensors, respectively. Sentinel images, with a resolution of 20 m, 

had the most success in generating DEMs with other satellite images, because of its similarity to 

images with resolutions of 15 m and 30 m. It was found that DEMs were able to be generated with 

relatively high accuracy when the difference between resolutions of image pairs was within 10 m. 

It was also observed that radiometry is required to be similar between image pairs. This was found 

to be the reason that the low-intensity, high-contrast Landsat 8 Panchromatic images, though 

similar in spatial resolution to other images, failed to generate any DEMs. Comparable radiometry, 
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similar to the need for similar spatial resolutions, allowed for feature detection to occur more 

successfully in DEM production.  

In conclusion, the project was not able to consistently generate DEMs of accuracies that surpass 

those of other open source datasets. However, in certain cases, DEMs were produced that did 

exceed the vertical accuracy of some open source datasets. It was found that elevation accuracies 

are proportional with image resolution, thus, using open source images with spatial resolutions 

finer than 15 m may potentially exceed the accuracies of the open source DEMs. 
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APPENDIX 

  

Figure 8 - Landsat 8 Panchromatic-29 (left) and Landsat 8 Panchromatic-30 (right), with 

study area is marked in red. The images are numbered for their WRS Row Number. 

 

 

   

Figure 9 – Bing Maps Images, with resolutions 0.15 m (left), 13 m (centre), and 27 m 

(right). 
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Sentinel and ASTER-17 

 
Sentinel and ASTER-18 

 
ASTER-18 and Bing Maps 

Figure 10 - The seven DEMs that were generated, identified by image pairs used to 

generate them, with the Ontario Ministry of Natural Resourced DEM at the top, for 

reference. 
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Table 4 – The elevation of the DEMs at the location of the control points, along with 

control elevation. All elevations are with respect to the datum, WGS 1984. 
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Aerial Images 

 
ASTER-17 and Landsat 8 Multispectral-29 

 
Sentinel and Landsat 8 Multispectral-29 

 
Sentinel and Landsat 8 Multispectral-30 

 
Sentinel and ASTER-17 

 
Sentinel and ASTER-18 
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ASTER-18 and Bing Maps 

 

Figure 11 - Generated DEMs differenced with the control DEM from the Ministry of 

Natural Resources, represented in unique scales. 
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