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ABSTRACT

This paper describes the developed techniques for photogrammetric processing of imageries acquired from a low altitude Unmanned Aerial Vehicle (UAV) based platform. While the flexible low-altitude UAV systems acquire imageries with higher overlap and high ground resolution for detailed mapping, such systems usually suffer from the impact of air resistance, wind velocity, mechanical vibrations etc. Therefore, the UAV cannot exactly follow the predefined flight mission for image acquisition, resulting in large variations of overlaps and orientations between adjunct images. This has posed challenges for photogrammetric data processing. We have developed efficient methods to process UAV images for photogrammetric mapping. We employed the SIFT algorithm to extract feature points in images and determine conjugate feature points across images by comparing point attributes. Afterwards, automatic relative orientation is performed followed by a free-network bundle adjustment. With this procedure, the image block is automatically formed by integrating individual images acquired in the mission, and the orientations of the imageries are determined through the robust bundle block adjustment. Finally, experimental results are presented with real data demonstrating the stability, reliability and robustness of the developed photogrammetric processing methods.
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1. INTRODUCTION

Unmanned Aerial Vehicle (UAV) systems showed great interests for several mapping applications in recent years. This is apparent in comparison to manned aerial surveying, which, although offer accurate maps, are expensive and have limited endurance of only a few hours. UAV systems could be mounted on either high or low altitude platforms. Low-altitude systems have the potentials of conducting photogrammetric surveys at cloudy days, providing different views and tilted images of the surveyed objects, and supplying low-cost and easy-to-maintain systems for engineering applications. These systems are utilized in several applications like: modeling of cultural heritage (Pueschel et. al, 2008; Eisenbeiss, 2004; and Eisenbeiss and Zhang, 2006), documentation of archaeological sites (Bendea, 2005), forest-fire monitoring (Zhou, 2005), road following (Egbert, 2007), vehicle detection (Kaaniche et. al, 2005), disaster management (Ambrosia, 2003), and mapping urban and suburban areas (Spatalas et. al, 2006). UAV systems are also employed in environmental, agricultural, and natural resources monitoring (Zongjian,2008). Moreover, Rango et. al (2006) recommended using lightweight UAV systems in acquiring high quality geospatial information for resource management agencies, rangeland consultants, and private land managers. 

In this paper, we developed an UAV-based imaging system within a USDOT-supported project to monitoring the condition of roads. The system consists of a mini electric helicopter, on-board navigation system (computer, GPS/IMU), Canon EOS Digital Rebel XTi digital camera, and ground control station (GCS). The mini helicopter has a payload of 25lb, and is capable to fly around 25 minutes with fully charged battery. The GCS allows for mission plan based on an existing map, while the on-board navigation system ensures the UAV travel along the predefined path. The camera has an approximate focal length of 50mm, a 10.1Mpixel resolution (3888x2592 pixels), and a pixel size of 5.7mm. The system can reach 200m above the ground and fly at a maximum speed of 10m per second. With the on-board computer, the system can be programmed to trigger the camera to exposure and acquire images at predefined positions. This functionality makes the stereo imaging possible which allows for 3D photogrammetric mapping.

Our current research focuses on developing a reliable approach for automatic orientation of UAV-acquired imageries to support photogrammetric mapping. Following this introduction, we present our general strategy for image orientation. Afterwards, the details of each procedure are discussed. The developed algorithms have been implemented and experiments have been conducted with the UAV-acquired imageries in several missions. The experimental results are reported. Finally, conclusions are drawn and future work is discussed.


2. IMAGE ORIENTATION APPROACH

After the acquisition of imagery by a UAV mission, the imagery should be accurately orientated before photogrammetric mapping and image-based measurement can be performed.  Our developed procedures for image orientation are outlined in Fig.1. 
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      			Figure 1. Outline of image orientation approach

The three main challenges in this work are automated relative orientation, formation of image block and bundle block adjustment. The procedure commences with a pair of stereo images; where feature points are extracted using the SIFT algorithm (Lowe, 2004), and point correspondence is determined by the comparison of the point attributes. With the conjugate points, the relative orientation of the stereo images is performed through the coplanarity principle. Afterwards, we compute the model coordinates which are then employed to calculate the exterior orientation elements of the image immediately neighboring the stereo pair via space resection. The exterior orientation elements are further refined by a bundle adjustment procedure which also simultaneously updates the 3D model coordinates. The above process will repeat iteratively and more images areadded, while the block grows progressively until all images collected in the mission are integrated. A final bundle adjustment will be conducted on the formed image block with the computed exterior orientation elements of each image as approximation. This results in accurate exterior orientation parameters which allows for stereo or multi-image mapping. The whole procedures will be detailed in the following sections.

Camera calibration

Camera calibration is necessary for extracting accurate 3D information from images. The aim of camera calibration is to calculate the so-called inner orientation parameters. Several commercial software and open source algorithms for camera calibration are available in the market and the literature. In this research, the camera characteristics are determined via the iWitness software (Cronk et al., 2006). The advantage of this software is that it does not request special calibration field with precisely measured 3D points. Instead, color-coded targets are used. During calibration, the color-coded targets can be randomly distributed on the floor or wall and several images are recorded for the scene. Afterwards, the calibration is performed automatically, delivering the calibrated focal length, the principle point coordinates and the distortion parameters. The process is easy to operate and particularly suitable for projects with consumer-grade non-metric cameras that frequently request filed calibration. 

Feature point extraction & matching

Automatic extraction of feature points and determination of correspondences across images are very important in image orientation. First, SIFT algorithm (Lowe, 2004) is employed to extract distinctive image points. These points are invariant to image scaling, translation, and rotation. The SIFT operator generates a 16x16 sample array around each keypoint, and the gradient magnitude and orientation are computed for each sample point. The gradient orientations are then accumulated into 128 orientation histograms summarizing the contents of 4x4 subregions. Finally, for each keypoint point, the SIFT operator computes 128 descriptor values in the range between 0 and 255. Figure 2 shows the extracted point features in one image using different SIFT thresholds. 



Figure 2. Extracted feature points by the SIFT operator from a road image. The results using different thresholds (0.01, 0.05, 0. 1) in SIFT algorithm are shown in left, center and right, respectively.

Afterwards, the extracted keypoints of each pair of images are matched based on the Euclidean distance of their descriptor vectors. A descriptor D1 in image (1) is matched to a descriptor D2 in image (2), if the Euclidian distance between the two descriptors multiplied by a pre-selected threshold is not greater than the distance of D1 to all other descriptors. This simple algorithm proved to be efficient in our project. Fig 3 shows the results of matching different image pairs in the along- and across-track directions of which only very few mismatches remain.  The mismatches are usually from the improper determination of the threshold which is difficult. In addition, as the nature of the comparison of point attributes, any two different points with similar attribute will be most likely selected as conjugate points, since no image geometry constraint are applied.




Figure 3. Results of matching two different image pairs in the along-track direction (top) and in the across-track direction (bottom). The green lines link the conjugate points in the image pair.


Relative orientation 

With the conjugate points between images, we determine relative orientation of an image pair, as the initial step to form the image block. The coplanarity condition is applied and a least-squares estimation model is performed to compute the relative orientation parameters of the two images. Inputs to the model are the image coordinates of the corresponding points in the two images, while outputs are the exterior orientation parameters of one image with respect to the second image. Since mismatches are unavoidable, a robust estimation able to account for correspondence errors is required. For this purpose, RANSAC procedure could to be useful (Labe and Forstner, 2006). However, RANSAC procedure has no upper bound on the time it takes to compute the parameters. Another disadvantage of RANSAC procedure is the need of setting problem-specific threshold. For these reasons we used the L1-norm estimator in our research. L1-norm minimization is capable of identifying gross errors in many systems of overdetermined equations when adequate redundancy exists. In our implementation, we start with a low threshold for image matching in order to include all the potential correspondences, and apply L1-norm to minimize the coplanarity-objective function and remove gross errors. With the remaining correspondences, we then repeat the L1-norm minimization procedure to further detect errors and refine the relative orientation parameters. This process is repeated until no more errors are detected. This procedure proved efficient in our current experience. Almost all the errors are detected and removed by the L1-norm estimator, except one type of mismatch which has very similar point attributes, and also on the epiploar line. This type of error does not affect the quality of relative orientation. But it will produce incorrect 3D model coordinates. However, it can be detected and removed in the space resection process described below. We have applied the above procedure to relative orientation with dependent and independent methods on two sets of stereo imagery acquired in along-track and across-track directions by our UAV system. Results for the independent relative orientation are reported in table 1. The posterior estimator of the reference variance (o^) for the relative orientation process was less than one pixel in image space after removing the outliers using the L1-norm estimator.

	
	
	 (Xc, Yc, Zc in meters) and  (, ,  in degrees)

	
	
	Xc
	Yc
	Zc
	
	
	

	1st pair
	image 1
	0
	0
	45
	1.1732
	0
	1.8044

	
	image 2
	0
	-6
	45
	2.9562
	-0.209
	2.0018

	2nd pair
	image 1
	0
	0
	45
	0
	-15.6
	-33.99

	
	image 2
	6.0
	0
	45
	-1.848
	-11.36
	141.44


Table 1. Relative orientation results using two different pairs 
(1st pair: along track – 2nd pair: across track)

Following the computation of the relative orientation parameters of an image pair, the 3D model coordinates of conjugate points are computed via space intersection. The so determined relative orientation of the stereo image and the 3D coordinates serve the base to form the image block. We then search for the image immediately neighboring the stereo image by examining common points in the overlap areas. Then, the exterior orientation elements of the neighboring image are calculated via space resection. Again, L1-norm estimator is applied to minimize the effect of incorrect 3D points resulting from the mismatches. A bundle adjustment is performed taking the calculated exterior orientation elements as approximation. This will further refine the exterior orientation elements and update the 3D coordinates. We then continue the search-resection-bundle adjustment process to iteratively integrate images to the block until no more images are left or the remaining images cannot be integrated due to null overlap because of poor flight mission by the light-weighted system. The details of the bundle adjustment are given in the following section.

Bundle adjustment of free network 

The collinearity equation (Equation 1)  represents the relationship between the 3D coordinates of object space points, their image coordinates, and camera orientation parameters. 

            					(1)	
Where: 	xo, yo and f are the camera interior parameters,
      	xji and yji are the corrected coordinates of point j in image i,


Mi is the rotation matrix for image i, 
Xci, Yci, and Zci are the exposure station 3D coordinates for image i, 
Xj, Yj, and Zj are the object space coordinates of point j. 
The corrected image coordinates xji, and yji are computed as follows:

 
where:


k1, k2, and k3 are the radial lens distortion coefficients.

Seven constraint equations, among the 3D coordinates of object space points, are imposed to overcome the datum deficiency problem resulting from the lack of ground control points (Kraus, 1997). This is given in Equation 2.

                         	(2)
where: 
Xi, Yi and Zi are the 3D object space coordinates of point i,
dXi, dYi and dZi are the correction of the 3D ground coordinates of point i.

The final least-squares estimation model is solved in a unified approach (Mikhail and Ackermann, 1976), where all unknowns involved in the adjustment procedure are considered observations. However, differentiation between real, i.e. image coordinates, and pseudo observations, i.e. orientation parameters and ground coordinates, is presented in the covariance matrix of each group. Observations assigned with low variances are considered fixed during the adjustment and are not allowed to change freely. On the other hand, observations assigned with high variances are allowed to be adjusted freely. Equation 3 represents the final least squares estimation model. 

(3)

where: 
n is the number of rays in the image block multiplied by 2,
m is the number of ground points, 
p is the number of images
v is vector of residuals for the image coordinates,
B is the coefficient matrix,
C is the coefficient matrix of the constraint equations,
f is the vector of numerical values , 
 is the vector of unknowns.
The final solution for the model is presented by Equation 4.
 	(4)	
where: 
We is the weight matrix for the image coordinates, 
Wec is the weight matrix for the constraints, 
Wxx is the weight matrix for the unknowns,
fx is the difference between the approximate values and the adjusted values at each iteration, 
other symbols are defined in Equation 3.
	
3. EXPERIMENTAL RESULTS

The proposed approach was tested with imagery acquired by our UAV imaging system in several missions to collect road imagery in rural areas. During the mission, the UAV helicopter flew along both edges of a road segment in the journey, capturing road images for road condition evaluation. The flight speed was set to 4m per second, and the camera was triggered by the on-board computer to acquire imagery with 60% overlap in the flight direction. In our test road segments, the roads are usually 8 to 10 meters in width. Most of the road surface was observed in four or more images. Due to poor accuracy of the map for mission plan plus the inadequate GPS accuracy for flight navigation, the UAV did not exactly fly along the road sides. Sometimes the flight paths are inward to road surface, resulting in significant image overlap in the cross track direction, and thus very short cross-track base length. In addition, this light-weighted machine is subject to disturbance of wind, air resistance etc. Poor along-track overlap (~20%) has been observed.

Following the procedures described in the previous section, the relative orientation process is first performed using a pair of stereo images and the 3D object space coordinates of conjugate points are then computed via a two image intersection subroutine. Afterwards, new images are added sequentially and a free network bundle adjustment is performed to update the exterior orientation parameters and the object space coordinates. Each time a new image is added, the algorithm locates its’ point features, find their correspondent points in all pervious images, and adds the new set of points in the image block. The free network bundle adjustment then computes the exterior orientation parameters of the images and update the 3D coordinates of the object space points. The developed approach is robust and does not rely on the starting image pair. Fig 4 shows the results of each stage for a 14-image block.  Fig. 5 is another example of automatic orientation of images acquired in another mission where an image block of 12 images are automatically formed and the orientation parameters of images are precisely determined.
  [image: ] 
  
Figure 4. 3D view of automatic image block formation and image orientation. Top-left shows relative orientation of an image pair. Then, the block is progressively growing by integrating more images (top-right, bottom-left) until no more images are left (bottom-right). The object space points are shown in red.
 

Figure 5. Results of 2nd block of 12 images


4 3D MEASUREMENT OF RUTS AND POTHOLES

The developed 3D reconstruction algorithms were applied to the acquired imagery for 3D measurement of surface distresses, such as ruts and potholes. Figure 6 (left) shows an image patch of rut on a road section. Field survey with tape shows the distress is very mild with the depth of the hole around 2 inches. After manual identification of the rut in images, a regular grid was generated. Image matching was then performed using the techniques described earlier. With the determined image orientation parameters, the 3D positions of the road points were computed. This resulted in dense 3D points allowing for precise description of the shape and size of the rut as shown on the right of Figure 6. The similar procedures were applied to a road segment with mild potholes Figure 7. The depth of the potholes is around 1.5~2 inches measured in field with tape. The 3D model of the pothole is demonstrated on the right of Figure 7.

5. DISCUSSION AND CONCLUSIONS

In this paper, we have presented an approach for automatic orientation of aerial imagery acquired by a small-scale low-altitude UAV imaging system with a consumer grade digital camera. The process starts by relatively orienting the first image pair, while other images are added successively. After each image is added, a free network block adjustment is performed to compute the exposure stations of the cameras and the 3D coordinates of the object space point. We have used SIFT to extract feature points. During the process, the L1-norm estimator has been employed to detect and remove gross errors. The experiments with real image collected in several missions demonstrated the efficiency of the developed approach. Our future work will further improve the developed approach to efficiently handle difficult cases, such as short base line and detection of small errors. In addition, we will test the algorithm with other datasets of high relief, exploring the optimum weighting policy in the unified least-squares adjustment model, utilizing the GPS and INS data to evaluate the absolute accuracy of the system, enhance the extracted coordinates and investigate the effect of the camera geometry.   

[image: ]
Figure 6. 3D reconstruction of rut. Left: an image patch of rut on a road. The blue dots represent grid points. Right: reconstructed 3D model of the rut area.
[image: ]
Figure 7. 3D reconstruction of pothole. Left: an image patch of pothole on a road. Right:
reconstructed 3D model of the pothole.
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