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ABSTRACT: 

 

Nowadays UAVs has been widely used for large-scale surveying and mapping. Compared with manned aircraft, UAVs are more 

cost-effective and responsive. However, UAVs are usually more sensitive to wind condition, which greatly influences their positions 

and orientations. The flight height of a UAV is relative low, and the relief of the terrain may result in serious occlusions. Moreover, 

the observations acquired by the Position and Orientation System (POS) are usually less accurate than those acquired in manned 

aerial photogrammetry. All of these factors bring in uncertainties to UAV photogrammetry. To investigate these uncertainties, a 

three-dimensional simulation and visualization system has been developed. The system is demonstrated with flight plan evaluation, 

image matching, POS-supported direct georeferencing, and ortho-mosaicing. Experimental results show that the presented system is 

effective for flight plan evaluation. The generated image pairs are accurate and false matches can be effectively filtered. The 

presented system dynamically visualizes the results of direct georeferencing in three-dimensions, which is informative and effective 

for real-time target tracking and positioning. The dynamically generated orthomosaic can be used in emergency applications. The 

presented system has also been used for teaching theories and applications of UAV photogrammetry. 
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1. INTRODUCTION 

Nowadays UAVs has been widely used for large-scale 

surveying and mapping (Haala et al., 2011; Remondino et al., 

2011; Colomina and Molina, 2014). Compared with manned 

aircraft, UAVs are more cost-effective and more responsive. 

However, the POS data acquired in UAV photogrammetry are 

usually less accurate than those acquired in manned aerial 

photogrammetry. UAVs are usually more sensitive to weather 

condition, i.e. wind greatly influences positions and orientations 

of UAVs. In addition, the relief of the terrain may result in 

serious occlusions. All of these factors bring in uncertainties to 

flight planning, image matching, direct georeferencing and 

ortho-mosaicing, etc. 

 

Flight planners usually consider the average elevation of the 

whole surveying area. However, the relative flight heights of 

UAVs are usually lower than those of manned aircrafts. The 

complexity of the terrain may result in serious occlusions and 

under-overlap due to low flight heights. 

 

The SIFT operator proposed by Lowe (2004) has been widely 

used for matching images with large rotation, scale and lighting 

variance (Snavely et al., 2006; Agarwal et al., 2011). Keypoint 

descriptors indexed by approximate nearest neighbors algorithm 

(Arya et al., 1998) were used to determine tie points. Outliers 

from initial matches were removed using the fundamental 

matrix (Hartley and Zisserman, 2004) with RANSAC (Fischler 

and Bolles, 1981). Although the epipolar geometry guarantees 

strict geometric relationship between tie points, there are still 

situations where this framework results in false matches. The 

false matches may bring in errors and unnecessary computations 

to the following relative orientation procedure. It has been 

reported that researchers used GPS/POS data in image matching 

(Yuan and Ming, 2010). Footprints and Voronoi diagrams have 

been used to generate image pairs. Footprint-based method 

generated the footprints images and then determined the image 

pairs by footprint intersection (Rupnik et al., 2014). The terrain 

is usually assumed planar for this kind of methods. If the terrain 

is complex, the footprints will not lie on a plane, which makes it 

difficult to determine the intersections. 

 

Another method to generate image pairs is based on the 

Voronoi diagram (Zhang al., 2009). However, the Voronoi 

diagram generated by the horizon positions of exposures only 

determines the neighboring relations among images. 

Neighboring images do not necessarily overlap, which may still 

leave unnecessary computations to the relative orientation. 

 

Nowadays, global digital elevation models are freely available 

on the web and widely used in navigation, hydrology, and 

geology, etc.  Rexer and Hirt (2014) evaluated the accuracy of 

the ASTER GDEM2 and SRTM v2.1/v4.1 over Australia, and 

found that the elevation accuracy of these datasets were at the 

level of meters. The high accuracy of the datasets enables 

applications such as satellite photogrammetry (Teo et al., 2010).  

 

POS data can be used for direct georeferencing (Baumker and 

Heimes, 2001; Zhao et al., 2014). The 3D position of a ground 

point observed by more than two images can be determined by 



 

using spatial intersection. Image observations should be 

obtained by image matching. If an image point is not reliably 

matched, its spatial position cannot be determined using this 

method. DEM can also be used for direct georeferencing. DEM-

based direct georeferencing usually starts from an average 

elevation and iterates to converge. However, the iterative 

method may stop at a local optimal with bad initialization due 

to complex terrain and inaccurate POS data. 

 

A three-dimensional simulation and visualization system for 

UAV photogrammetry has been developed. In this paper, the 

system is demonstrated with flight plan evaluation, image 

matching, POS-supported direct georeferencing and ortho-

mosacing. Section 2 details the methodology of core utility 

programs of the proposed system. Experimental results are 

discussed in Section 3 and conclusion is made in Section 4. 

 

2. METHODOLOGY 

The proposed system is designed and implemented in B/S mode. 

On the server side, there is a set of utility programs 

implemented in C++.  The utility programs are responsible for 

generation of simulation data, perspective projection, 

coordinate transformation, file I/O, DB access and real-time 

communication, etc. The 3D visualization on the browser side is 

implemented in JavaScript and uses the open-source JavaScript 

library Cesium as its visualization engine. The presented system 

runs on a Dell E6440 laptop with 8GB main memory and 64-bit 

Windows 7 operating system 

 

Perspective projection in this work is based on the collinearity 

equation, which is mainly used to generate the image 

observations of the ground sample points. The collinearity 

equation is a mathematical model which projects a three 

dimensional point P onto the image plane. Figure 1 illustrates 

the geometric configuration of perspective projection defined by 

the collinearity equation (equation (1)). 

 

 
Figure 1. The geometric configuration of perspective projection 

defined by the collinearity equation 
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where (X, Y, Z) is the position of a three dimensional point P 

under the object coordinate system M-XYZ, (x, y) is the 

position of p under the image plane coordinate system o-xy, (XS, 

YS, ZS) is the position of the center of projection S under M-

XYZ, f is the focal length, and the nine parameters (a1-c3) are 

the elements of the rotation matrix R defined as 
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where  is the primary rotation about the Y-axis,  is the 

secondary rotation about the X-axis, and  is the tertiary 

rotation about the Z-axis. 

 

 
Figure 2. The image plane coordinate system and pixel 

coordinate system 

 

When all of the parameters in equation (1) are known, the 

projection p of a ground point P can be determined. Given the 

relationship between the image plane coordinate system o-xy 

and the pixel coordinate system o’-colrow shown in Figure 2, 

the position of p under o’-colrow can be determined by 

equation (4). 
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where (colpp, rowpp) is the position of the principal point under 

o’-colrow, (x, y) is the position of p under o-xy, and d is the 

pixel size. 

 

 
Figure 3. The ENU and NED coordinate system 

 

Perspective projection in the proposed system is computed 

under the East-North-Up (ENU) coordinate system (Figure 3). 

The ground sample points can be simulated or sampled from the 

GDEM. When the range of the research area and GSD are given 

and the terrain is largely planar, the ground sample points can 

be generated randomly. If the terrain is complex, the ground 

sample points should be sampled from the GDEM data and the 



 

sample points should be transformed to ENU. In the proposed 

system we use the ASTER GDEM 2 in favour of its high 

resolution and accuracy. 

 

The data acquired by the POS consists of position and 

orientation observations. The position observations are usually 

latitude, longitude and altitude which are defined under the 

geodetic coordinate system, and can be transformed directly to 

ENU. The orientation observations are usually pitch, roll and 

yaw which are defined under the North-East-Down (NED) 

coordinate system, and can be used to construct the rotation 

matrix R in equation (2). 

 
The direct georeferencing in this work is based on the following 

equation. 
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where all the variables in the equation above are the same as 

those in  equation (1). The 3D position of p under M-XYZ can 

be determined with the following procedure. 

 

a. Given an image point p, the interior/exterior orientation 

parameters, and the DEM that covers the research area. 

b. Resample the DEM under ENU and obtain the minimum 
minZ  

and maximum 
maxZ of Z coordinates of all the sample points. 

c. Given the incremental step Z , iterate through all the 
iZ  in 

the range of [
minZ ,

maxZ ]. Determine the horizontal position (X,Y) 

of p using equation (5) and test consistency of horizontal-

vertical coordinates using the resampled DEM. If the test is 

passed, store the 3D point P(X,Y,Z) as a candidate. 

d. The 3D point P in the set of candidate points that is nearest to 

the center of projection S is considered as the 3D position of p. 

The procedure is illustrated in Figure 4. 

 

 
Figure 4. Illustration of the direct georeferencing 

 
It can be seen from Figure 4 that the bundle passing the center 

of projection S and the image point a intersects with planes (h, 

h’ and h’’) with different heights at different positions (A, A’ 

and A’’). Only the true position A lie on the DEM, which 

means the horizontal position of A is consistent with its vertical 

position. 

 

The results of the direct georeferencing are transformed back to 

the geodetic coordinate system and stored in the DB. The front 

end queries the DB at constant time intervals and visualizes 

results in the browser. 

 
The ortho-mosaicing utility program in the current system 

directly uses the position and orientation data acquired by the 

POS. Images are firstly ortho-rectified using the DEM and then 

merged to the orthomosaic. 

 

3. RESULTS AND DISCUSSION 

The presented system is first tested with data collected in a 

mountainous area. The research area is visualized using the 

proposed system (Figure 5). The rectangle-like area is 6 km 

from east to west and 7 km from south to north. The elevation 

of the area is in the range of [200, 1050] meters.  

 

 
Figure 5. 3D visualization of the research area 

 

The images were acquired with a Nikon D810 camera mounted 

on a fixed-wing UAV during a flight in 2016. The flight height 

was about 1500 meters above the sea level. After the flight, the 

images and POS data were downloaded. Several ground control 

points with accuracy at the level of decimetres were measured 

by using the static networked GPS. 

 

Figure 7 and 8 shows the perspective projection of a ground 

control point onto an image. The true position of the ground 

control point is labelled with a yellow point, and the projection 

calculated with the POS data is labelled with a red point. It can 

be seen that the POS data are accurate enough to be used to 

locate ground control points. 

 

 
Figure 6. The perspective projection of a ground control point 

on an image 

 



 

 
Figure 7. A closeup of the perspective projection of a ground 

control point 

 

The flight plan evaluation is tested with images of the same area 

acquired with a Canon 5D Mark II camera during another flight 

in 2014. The flight height is about 1200 meters above the sea 

level, which means the relative flight height at the top of the 

mountain is less than 200 meters. The flight is designed in 

consideration of the average elevation of the whole area. 

However, the base line at the mountain top is too short to 

guarantee the expected forward/side overlap. The POS and 

DEM data are used to evaluate the flight plan. The DEM data 

are firstly sampled under the ENU coordinate system. Then the 

ground sample points are projected to the images using the POS 

data and imaging parameters. The images with projections of 

the same ground sample points are considered as overlapped. 

Using this method, the images that lack of overlapping are 

easily located. Using the exposure positions exported by the 

flight planner, the under-overlap problem can be discovered and 

avoided before the flight. 

 

 
Figure 8. 120 UAV images and the reconstructed strips 

 

Figure 8 shows the sparse reconstruction of 120 UAV images 

using bundler. There are 30 images along each strip. The first 

image is the upper right one. The initial image matching result 

of the first image is as follows 
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The numbers shown above is the number of tie points detected 

by bundler between the first image and the other images. The 

false matches are labelled red. The image pairs are regenerated 

by using the method presented in the paper. The false matches 

are filtered in the result. 

 

Figure 9 shows an image acquired during the flight in 2016. 

The result of direct georeferencing is shown in Figure 10. The 

geodetic coordinates of the principal point pp and four corners 

are determined. The coordinates are exported and labelled in 

Google Earth to make a comparison. It can be seen from Figure 

9 and 10 that area shown in the UAV image and that determined 

with direct georeferencing is largely overlapped. The geodetic 

position of the pp shown in Figure 10 corresponds well to the 

center of the UAV image. It should be noticed that there’s a 

shift to the southwest in the georeferencing result. This may 

result from the system error in the POS data.  

 

 
Figure 9. An UAV image from images acquired in 2016 

 

 
Figure 10. The direct georeferencing of an UAV image 

 

Figure 11 shows the footprints of the images dynamically 

overlaid on the textured DEM in the presented system. The area 

covered by each image can be immediately determined. The 

user can navigate the area in 3D and interactively select the 

interest area/point and view the UAV images that cover the 

area/point. 

 



 

 
Figure 11. Dynamic visualization of the footprints 
 

Figure 12 shows the result of real-time direct georeferencing. 

Two video cameras (visual and infrared) mounted on a fix-wing 

UAV capture high-resolution video during a flight in 2017. The 

video and POS data are directly transmitted to the ground 

station via line-of-sight communication or satellite 

communication. The utility programs on the server side receive 

the POS data and transform the coordinates and construct the 

rotation matrix R accordingly. Then the footprints of the video 

are generated and dynamically overlaid on the textured DEM. 

The blue footprints correspond to the visual camera and the red 

ones correspond to the infrared camera. The infrared footprints 

can be used to locate the burning point and measure burning 

area, which is very important for forest fire fighting. 
 

 
Figure 12. Real-time footprints of high-resolution video 

 

Figure 13 shows the orthomosaic dynamically generated using 

the images and POS data collected during the flight in 2016. 

The ground sample distance of the orthomosaic is set to 1 meter. 

The time spent for ortho-rectification and mosaicking of each 

image is at the level of several seconds. An overview of the 

imaged area can be immediately obtained from the orthomosaic. 

It should be mentioned that the boundaries of neighboring 

images are not well merged because no bundle block adjustment 

has been done. 
 

 
Figure 13. The dynamically generated orthomosaic  

 

4. CONCLUSIONS AND FUTURE WORK 

Uncertainties resulted from bad weather conditions, inaccurate 

POS data and complex terrain make challenges to UAV 

photogrammetry. A three-dimensional simulation and 

visualization system for UAV photogrammetry is presented. 

The system is demonstrated with flight plan evaluation, image 

matching, POS-supported direct georeferencing, and ortho-

mosaicing. Experimental results show that well-designed 

algorithms could improve the robustness of UAV 

photogrammetry. The image pairs generated with the POS and 

DEM data are accurate and false matches can be effectively 

filtered. The image pairs are also useful for flight plan 

evaluation. The presented system enables 3D navigation and 

interaction of the results of direct georeferencing, which is 

useful for emergency applications. 

 

The presented system is still under development. The future 

work will focus on real-time POS-supported bundle block 

adjustment, video ortho-mosaicing, and real-time 3D 

visualization of orthomosaics. 
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