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Abstract 

Structure deterioration cause by aging and plus extreme weather is the one of the 

major problem in developed country, at same time, aging of society makes the industry 

automation more important than anything else. The first step of condition/damage 

assessment is usually visual inspection, which can be expensive, laborious and 

dangerous as it is often performed by climbers or inspector with special equipment. As 

a solution to these problem, researcher around the world has all come up similar idea – 

using Unmanned Aerial Vehicle / Drone to perform some part of the visual inspection. 

Even though, conventional drone performing visual inspection produce high resolution 

photo and high definition video, however, none of them are quantified, hence the use 

for engineering is very limited (this is one of the main reason why infrastructure 

inspection by drone didn’t get popular despite the drone technologies has been around 

for at least ten plus years). Research team in Chung-Yuan Christian University has 

developed a universal unmanned vehicle control system for controlling different type 

of vehicle for visually inspection of infrastructure. With system integration 

technologies, data fusion and novel image processing method, the team is able to 

quantify the recorded photo or video to provide the measurement in mm scale, plus 

unique image processing (correction) technique that research team has developed. Next, 

the paper will also discuss the accuracy and reliability of the image quantification plus 

the processing results. Finally, the generation of Façade map from processed image will 

be also discussed. 
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Introduction 

 

Infrastructure aging is one of the most serious issue in the developed country as 

most of them were built right after WWII which more than half century ago, hence 

requires a significant effort to be performed with respect to inspection such that 

damage being considered critical can be recognized early in advance and a respective 

infrastructure management can be performed. Taking bridge as example, FHWA 

stated the needs of inspection regularly [1~3] and number of bridge listed by FHWA 

is around 60,000 which will cost annual budget of 1.3 billion USD just on the 

inspection. Apart from US, in Korea, 12,000 bridges require inspection [4]. 

  First step in the inspection is the "visual inspection", so inspector simply just look 

at structure and record its damage level. The task is simple, but it become very 

difficult, dangerous and costly when the structure is in complex shape like bridge. 

Visual inspection consist of the inspector follow the guide book, and record what 

he/she saw on the damage either by pen and paper or in digital photo [1~5]. For 

example, in Australia, level one bridge inspection [6] requires the inspector to 

identify the damage and generate the damage map when it is possible. 

 

Fig 1. Left, example road bridge in Australia. Right. damage map generated by visual inspection [6]. 

  Different countries have slightly different visual inspection standard, but results 

are the same; identify damage (such as cracking and corrosion), generating the 

damage map for further evaluation of safety of the bridge. This method is very 

similar to inspection of tall building 

  All the visual inspection require the inspectors on site, and most of time it will 

involve get in special trucks, climb or going into water [7~9], which can be dangerous 

and costly.  



 
Fig 2. Visual inspection for the bridges. Note, special equipment is needed and tasks are costly and 

dangerous 

  With modern technology, now most of visual inspection record are done by digital 

photography, and this paper will describe using aerial inspection robots with digital 

camera for bridge inspection as a trail and its further development on the 

quantification of the photo and way of generating damage map.   

 

 

Unmanned aerial vehicles - aerial inspection robots 

  The research group in CYCU developed a universal unmanned vehicle autopilot 

system based on different open source UAV/MAV project. 

 

Fig 3. The Universal autopilot system for varies inspection robots  

  Since the team has all the know-how of the system (including hardware and 



software), hence, the system is able to integrate with external sensor and put digital 

camera in control loop to perform further data fusion to quantify capture photo. 

However, even the team is able to perform inspection by different vehicles, this 

paper will focus on the vehicle with 6 propeller (hexacopter). 

 

Unmanned aerial vehicles modeling – hexacopter  

The test vehicle in this project is the hexacopter – copter with six propellers, a 

slightly different to the conventional quadcopter, but the principal is still the same.  

 

Fig 4. Model of hexacopter for the mathematical modeling – may be different from 

the real model. 

 F , , = Force in X, Y, Z direction body axis   i = rotational speed of motor i  ϕ, θ, = Roll, Pitch and Yaw angle attitude   cϕ, θ, . sϕ, θ, = cosϕorθor . sinϕorθor   b = Lift constant  d = Drag constant  q = 6DOF acceleration of the vehicle 

Lift force from motor � = ��    F = ∑ ��=   

Torque from motor  � =  �� = ��   τ = ∑ ���=   

Therefore the force matrix becomes: �� = [�  �  � ]� 



τ = [�∅ �� ��]� F = [��    �]�  

 � in different axis  �� = [ � − � L + � + � − � − � L cos 6 °] �∅ = [ � + � − � + � ]L cos 3 ° �� = ∑ ���=   d � + � + � − � + � + �  

F = ∑ ��=  

Because the modeling are all respect to body axis, therefore must apply Euler angle 

transformation to change to Earth axis:  

R=( � − � �� ∅ � � ∅ � ∅ �� ∅ − � ∅ ∅ �) 

��� = ( ) 

�� = � × ���  

= ( � − � �� ∅ � � ∅ � ∅ �� ∅ − � ∅ ∅ �)( )  

Hence, the force matrix in the   

�� = [ − sin �sin ∅ cos �cos∅ cos �]  

���  ��� − ��� = �  

The total force and torque becomes:  � = [�� �]� 

=
[  
   

− sin �sin � cos �cos ∅ cos ��� − �� ��� − �� �∑ ��� ]  
     

Consider the near hover condition, therefore Euler-Largrange method can be used 

for constructing 6DOF equation: 



[  
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  −
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  =
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Which can be rewritten to: 

=
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The developed model is then uploaded to the autopilot that developed by CYCU 

research team. 

 

 

Quick Building Inspection results   

 The trail inspection of the bridge last less than 10 min with total collection of 300 

photos from two different camera (with different resolution). Even the pilot during 

inspection try to make sure the camera is perpendicular to the target building, 

ho e er, the results sho s that each photo still co tai  so e attitude  error, a d 
source of these error comes from the actual physical modeling of the multi-rotor 

copter. 



 

Fig 5. collected photo for the bridge inspection. note, not all the photo that camera is perpendicular to 

the bridge, mostly is the "heading" error. 

  Secondly, since camera lens are convex shape so it can project the real world 3D 

into 2D in optical sensor, however, this convex lens cause the radial distortion of the 

photo (see Fig 6). 

  Third, for engineer to access the seriousness of the damage area of the bridge (in 

this case), he/she will need to have actual measurement data for each photo (or 

quantification of the photo). Lastly, if closer observe the collected photo in Fig 5, one 

have to look though all the photo in order to identify the location of each photo, 

therefore, if one could ge erate digital ap  of the inspected building. 

 

Fig 6. Distortion of the photo in this paper. Note, the bridge appear not straight in the photo, but it is 

physically straight. Distortion comes from the convex lens from camera. 



 

Development of inspection method.   

 Summary of last sectio  are: fix the attitude error  i  each photo.  Remove the 

distortion cause by the lens. 3) Quantification of each capture photo, and lastly 4) 

generation of digital map from collected photo. However, the solution for these 4 

points are as follow:  

 
Fig 7. The overall facade map of the bridge and its hyperlink detail view. note: only focus on the 

bottom side of the bridge and this façade map (digital map was formed with mostly assistance from 

human input to the standard image processing softer) 

 

1-Removing of radial distortion (Remove the distortion cause by the lens) 

  The radial distortion is most common distortion, it happen to every single camera, 

and most common one is the Barrel distortion (see Fig 8), therefore, most of 

commercial image processing software package has capabilities to solve such 

problem. However, commercial software package either solve the distortion problem 

by using the lens data provided from the manufacturer or by user manual tuning, 

which in other word is that none of those two method are accurate because, 1: even 

the same camera, lens can be slightly different, which means distortion can be still 

appear after apply manufacturer's lens data. 2: manual tuning is based on how user 

felt about the image, which has very large human error, hence, not accurate enough 

to use. 

  Zhang [10] has develop method for estimating the lens model from camera by 

taking photo of know size of chase board pattern in different angle and distance (but 

with same focal length and preferably same lighting condition). In this paper, A4 size 

chase board pattern has been used for different camera, and detail mathematical 

model can be seen in [10]. After lens model, a three by three matrix has been found, 

it is then apply to each photo to remove the radial distortion (Fig 9) 



 

 

Fig 8. Different type of radial distortion to camera. Note, the most distortion is a), and photo for 

inspection require c) 

 

 

Fig 9. a) process of lens model estimation, total 20+ photo are taken at different distance. b) image 

after correction, note, here is the image from different angle.  

 

2. Image correction - perspective correction fix the attitude error  i  each photo  

  Correction of image for the attitude error are known as perspective correction for 

image processing, and general equation can be expressed as follow, where R is the 

3D rotational matrix 

  I rr t  = I rigi al ∗ R 

  Even though conventional method uses 3D rotational matrix to correction the 

image, but the output image is project in to 2D space, which means the correction in 

roll is perfectly ok, but pitch and yaw/heading error will be not be corrected (at least 

for the human feeling is not corrected) 



 

Fig 10. Left, original picture with 12 degree heading error. Right. corrected image after processing, 

note, the correction is only 2D. 

  In order to solve this problem, the R matrix have to change with different distance, 

however, each camera will have different optical spec, and hence calculation of R is 

very difficult. Since the vehicle system is integrated with distance sensor, and camera 

shutter control, therefore by using data fusion of distance and attitude of the 

camera/vehicle, R matrix can be reconstructed. The tem in CYCU developed an 

experimental set up that consist of a) vehicle autopilot, b) distance sensor, c) camera, 

and d) a tripod. Experimental procedure are set as follow: 1) chase board pattern are 

fixed on the vertical wall. 2) Tripod is placed at certain distance from the wall, and 

distance is recorded by the autopilot system. 3) Different photo are taken at random 

attitude (pitch and yaw). Note: Black box of the autopilot system records the attitude 

each time when the shutter on the camera are pressed. 

 

Fig 11. The experimental set up for the image processing data collection. Note: the Co-author is using 

laser distance sensor to check the height of the camera respect to the target height. 

The collected data are later manually tuned, but with record, and relationship 

between attitude error, distance and correction factor of the target can be found. 



 

Fig 12. Experimental results of the image perspective correction. Note, only heading error 

experiments are performed. 

  With results presented in Fig 12, correction factor for different photo scale can be 

estimated provided using same camera and zoom level. Fig 13 shows the correction 

by the proposed method 

 

Fig 13. Left, original picture. Right, after correction 

3. Quantification of photo 

 Image become more accurate after radial distortion a d attitude  correction, and 

next step is to use such image to quantify the damage (ie, crack length or width). In 

order to quantify the physical size or real world in the photo, distance from target to 

camera is required, and previous work in building inspection [11] uses ultra sound as 

distance sensor to perform data fusion for quantification was successful, but it 

require on site calibration for every mission, and ultrasound reflection become 

inaccurate when the target geometry is complex and narrow, therefore it is not 

suitable for bridge inspection (target could be very narrow). In this paper, an optical 

sensor [12] is modified for integration to autopilot system to act as distance sensor.  

  Since the image processing is done off-board, therefore distance measured is 

stored in the black box, and it is synchronize with camera shutter. 



  For working out the scale of the photo, following equation can be applied 

length focal

camera fromobject  of distance
  scale     

Secondly, the system was mainly designed for outdoor environments, and the 

reliability must be tested, therefore, experiment were set up for measuring same 

object - a line of length 14.1 cm, in different distances to estimate the accuracy and 

reliabilities of overall system. The results of the experiments are displayed in Fig 14, 

and it shows most accurate results are in between 1.5 to 3 m (5% error), which is 

normal inspection distance of the robots. Inaccuracy of the results in the close range 

(0 to 1.5m) is cause of human error (difficult to estimate the where the black line 

begin and ends from the paper). 

 

Fig 14. Left. Target area for quantification experiments. Right. the results of accuracy of the 

quantification experiment. Note: the data are compared between calibrated lens and un-calibrated 

lens. 

4. Digital map generation: Façade map. 

  Forming façade map is like image mosaic, the only different for this project uses 

very high resolution photos. Secondly, apart from the image information, the system 

from CYCU contain other sensor reading with the image, therefore data fusion could 

take place before actual stitching.                                                            

 

Fig 15. Façade map of the wall. Note. The process is still require some human operator input. 

However, after image correction, Photoshop could take care most of stitching work. 

 

Conclusion  

  This paper has described both benefits and challenges of using flying robot for the 

visual inspection. With visual inspection development of the image tuning and 



quantification technique is very important, and this paper describe the development 

method base on the data fusion and conventional tool (no image processing expert 

in the project). Quantification method developed in this paper shows error can be 

kept within 5% when distance between target and camera are kept between 1.5 to 3 

meters (which is typical close range inspection). 

Lastly, image correction allows further automation of forming façade map (digital 

map) of the building. However, in this stage still some input from human is required.  

  

Future work 

  Due to the time and weather condition, the full inspection of any building is not 

yet preformed when writing of this paper. Therefore, fly trail must be taken to further 

ensure the usefulness of all the technique and technologies developed in this paper. 

 “eco d, the i age after attitude  correctio  ca  cha ge so e of its origi al aspect 
ratio, which means some of the physical measurement may not be accurate enough, 

but due to limited time, this project have not yet gone into detail investigation, 

hence, the next step will focus on such issue. 

Thirdly, visual inspection method is mainly appropriate for detecting surface cracks 

and corrosion damage. Also, the results obtained are difficult to quantify and the 

reliability of evaluation is dependent on the inspector's experience. Therefore, 

further research will be carried out for developing of contact test by using flying 

robot for using contact sensor such as ultra sound to measure damage inside the 

structures. 
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