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Abstract. Solar forecasting can be obtained through sky images by detecting clouds, responsible for the high-frequency 

variability of solar irradiation. Therefore, ceilometers are commonly used to perform this task, but are expensive. Thus, 

in this work we propose a model that uses stereo vision with fisheye cameras, with the objective of measuring the height 

of the cloud base. This system is currently installed in the Energy and Environment Laboratory of the University of 

Brasilia. The model proposed to determine the heights does not require the undistortion image process, typical to fisheye 

lenses, nor the rectification of the images, being these the major contributions compared to other existing models. For 

the validation of our model, a new validation method with a drone was used. With drone in stationary flight at various 

points and desired altitudes, we captured several images of the sky with our fisheye cameras. With this, we verified the 

heights obtained by our model and compared them with those reported by the drone. The first results showed an error 

of less than 10% (concerning the value reported by the drone) at heights up to 490 meters relative to the cameras.   
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1. INTRODUCTION  

 

In the literature different approaches to stereo computer vision are found, however, there are still few involving 

omnidirectional cameras as is the specific case of fisheye cameras.  Abraham and Förstner (2005) presents an epipolar 

rectification model considering the equi-distance and stereographic model as fisheye projection models and use 

rectification of the images after undistortions (image flattening). Khomutenko et al. (2017) propose a method that is used 

to model fisheye cameras by projecting straight lines on conical sections, which will be the epipolar curves responsible 

for adapting the Semi-Global matching algorithm to stereo fisheye systems and finally, calculate a dense direct 

stereoscopic matching without fisheye distortion or rectification. Cai and Qiao (2021) bring a fisheye camera calibration 

method for stereo systems where they use the Levenberg-Marquarat algorithm to minimize the difference between 5 

corresponding points of the two stereo images, considering both intrinsic and extrinsic parameters of both cameras. The 

aforementioned stereo calibration methods and also the one proposed in the OpenCV API require the use of a known 

pattern, such as the chessboard or dot pattern, where the dimensions of these are known. This is a similar procedure to 

the camera calibration presented above, but with the difference that, in this case, the chessboard or pattern of dots must 

be seen simultaneously by the cameras. In the recent work of Cao et al. (2022) proposes a stereo fisheye model of direct 

mapping of points in space, which is obtained using neural networks. This condition is difficult to meet here, since in the 

proposed system, the cameras will be at a distance greater than 40 meters. It should be emphasized that the proposed 

model does not use rectification or image flattening, which differentiates it from the mentioned methods.   

The use of stereo vision with fisheye cameras applied to cloud base height measurement has already been used with 

different methodologies. Kassianov et al. (2005) propose a method to find the best alignment for the two sky images by 

assuming a single cloud layer in view, aligning the two sky images, and then analytically retrieving the cloud height from 

the distance in pixels between the centers of the two sky images. In the approach proposed by Nguyen and Kleissl (2014), 

the authors project the two images onto sky grids, defined by latitude and longitude, with predetermined heights and find 

the height that aligns the two images in the best way. Both methods are based on the correlation between both images, 

which implies assuming only one cloud layer. Nguyen and Kleissl (2014) also propose a method to determine the different 

cloud heights using 2D correlation on the epipolar lines projected on the complementary stereo image, but the correlation 

must be performed to find each point of interest. Crispel and Roberts (2018) measure the cloud heights but flatten and 

then rectify the images of the fisheye cameras to obtain a simple stereo system of cameras like the type of perspective 

camera.  

There are studies applying the box voxel concept with two and four cameras using a ceilometer as a validation tool 

(Kuhn et al., 2018; Nouri et al., 2019). It is worth noting that these models only apply undistortion to the images and 
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calculate the displacement between the two images, on both axes, and based on this displacement, the height of the points 

of interest.      

In this work, a stereo computer vision model with fisheye cameras is proposed to determine the height of clouds or 

very distant objects, within a wide field of view, on heuristics of easy physical implementation and low computational 

complexity. To address these, two premises were considered: i) eliminate the image rectification procedure, which 

normally requires the transformation of the distorted circular images of the fisheye cameras into undistorted images; ii) 

eliminate the projection of epipolar lines, even if on the original images.  

 

2. MATERIAL AND METHODS 

 

In this section, the method for camera calibration and the stereo vision model with fisheye cameras used in this work 

will be discussed. It will also be presented the physical assembly assumed for the experimental system and the 

specifications of the main instruments that make up the entire experiment. 

 

2.1 Camera model and calibration cameras  

 

In the stereo system, two Vivotek FE9381-EHV cameras are used. Even though they are the same model, they have 

different distortions, therefore it is initially necessary to perform the calibration of the fisheye cameras separately. Unlike 

projective (pinhole) cameras, fisheye cameras have a curved lens so their focal length will change  with the radius, 

according to the projective function 𝑓(𝑟) and  r is related to the image pixel coordinates (𝑟(𝑥, 𝑦) = √𝑥2 + 𝑦2), Figure 1 

shows these relationships.  The projective function has polynomial form 𝑓(𝑟) = 𝑎0 + 𝑎1𝑟 + ⋯+ 𝑎𝑛𝑟
𝑛  and the algorithm 

developed by Scaramuzza et al. (2006) is used to find its coefficients. This omnidirectional camera model allows to 

approximate the different lenses that compose the fisheye camera to a single lens with its curvature defined by 𝑓(𝑟), for 

which coefficients are estimated from several pictures of a chessboard in several positions regarding the camera. This 

model is available for use with Matlab (OcamCalib toolbox). 

 

 
 

Figure 1. Scaramuzza model fisheye camera and calibration results for two cameras. 

 

The coefficients of the polynomial function 𝑓(𝑟) = 𝑎0 + 𝑎1𝑟 +⋯+ 𝑎𝑛𝑟
𝑛, obtained in the calibration process are 

exposes in the Table 1, 𝑐1𝑥 = 𝑥10 and 𝑐1𝑦 = 𝑦10, referring to center of the camera 1, and 𝑐2𝑥 = 𝑥20 and 𝑐2𝑦 = 𝑦20 referring 

to camera 2. The coefficients 𝑎11 and 𝑎21 are zero because 
𝑑𝑓(𝑟)

𝑑𝑟
|𝑟=0 = 0. The first subindex of each of the coefficients 

refers to camera 1 or 2 respectively. 

 

 Table 1: The coefficients of the polynomial function. 

Camera 1 Camera 2 

𝒂𝟏𝟎 630,939 𝑎20 627,381 

𝒂𝟏𝟏 0 𝑎21 0 

𝒂𝟏𝟐 −683,907 ∙ 10−6 𝑎22 −514,267 ∙ 10−6 

𝒂𝟏𝟑 490,328 ∙ 10−9 𝑎23 996,681 ∙ 10−10 

𝒂𝟏𝟒 −509.5 ∙ 10−12 𝑎24 −240,4 ∙ 10−12 

𝒄𝟏𝒙 = 𝒙𝟏𝟎 960,09 [𝑝𝑖𝑥𝑒𝑙] 𝑐2𝑥 = 𝑥20 960,27 [𝑝𝑖𝑥𝑒𝑙] 

𝒄𝟏𝒚 = 𝒚𝟏𝟎 960,31 [𝑝𝑖𝑥𝑒𝑙] 𝑐2𝑦 = 𝑦20 960,07 [𝑝𝑖𝑥𝑒𝑙] 
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2.2 Fisheye cameras stereo computer vision model 

 

Once both cameras are calibrated, they are positioned such that the x-axis of both cameras are collinear and the optical 

axes (z), also of both cameras, parallel pointing to the sky aligned with the zenith. In Figure 2, 𝑃𝑤 = [𝑋𝑤 , 𝑌𝑤 , 𝑍𝑤], defines 

a point in 3D space, world coordinate system (WCS) [𝑋𝑤 , 𝑌𝑤 , 𝑍𝑤], which is restricted to camera 1 and therefore coincides 

with its camera coordinate system (CCS). This constraint allows passing in a direct way from WCS to CCS. The image 

plane of the cameras is defined by the pixel coordinate system (PCS) [𝑥1𝑖 , 𝑦1𝑖] and [𝑥2𝑖 , 𝑦2𝑖] for camera 1 and 2 

respectively, The PCS may be alternated or referenced as image coordinate system SCI for simplicity or convenience. 

The image centers 𝑐1 = [𝑥10, 𝑦10] and 𝑐2 = [𝑥20, 𝑦20] are the optical centers (in pixel) obtained in the previous 

calibration, as are the projection functions of the cameras as a function of radius (𝑓1(𝑟1), 𝑓2(𝑟2)) which are assumed to be 

the variable focal lengths. 𝑟1 and 𝑟2 are functions of 𝑝1𝑖  and 𝑝2𝑖 respectively. 

 

 
Figure 2: Fisheye stereo vision proposed. 

 

The problem of finding the height of the point 𝑃𝑤 of the object of interest is solved by triangulation between the 

coplanar vectors 𝑐1𝑃𝑤̅̅ ̅̅ ̅̅ ,   𝑐2𝑃𝑤̅̅ ̅̅ ̅̅   and   c1c2̅̅ ̅̅ ̅ = 𝑇, where T represents the translation vector of camera 2 regarding camera 1. 

In simple stereo vision systems, as it results in most cases after eliminating the distortion of the images and rectifying 

them, or in systems where both cameras come aligned and calibrated as a simple stereo system, the measurement of the 

depth or distance of the objects is obtained from the relation established in the equation resulting in, 

 

𝑑(𝑥, 𝑦) =  |[𝑥2
 ′′ − 𝑥1

′′ , 𝑦2
′′ − 𝑦1

′′ ⏞    
0

]| = 𝑓
|𝑇|

𝑍
, (1) 

 

where 𝑥1
′′and 𝑥2

′′ are the pixel coordinates of the camera images after correcting for fisheye lens distortion and after both 

images are rectified, |𝑇| is the translation vector between the cameras and 𝑧 = ℎ is the height of point 𝑃𝑊 in space. To 

be able to determine the height in distance units, the pixel size of the camera sensor must be known. 

The aim of eliminating the undistortion step and the rectification step is to reduce the error produced in the images, 

as well as the loss of field of view that the fisheye camera provides. However, it is possible to obtain a relatively large 

field of view in the undistortion process by making the chosen 𝑓 smaller than the 𝑓(0) provided by the manufacturer. 

Defining the field of view (𝑊) a new 𝑓 will be obtained from the relation tan𝑊 =
𝑁𝑃

2𝑓
 where 𝑁𝑃 is the image size in 

pixels. However, this process compresses the image in the center and dilates it at the edges (see Figure 3), introducing 

even more errors and distortions due to the reverse transformations performed from the function 𝑓(𝑟) obtained in the 

calibration of both cameras. One should also consider the change of the scale factor in the case of using a different focal 

length than the original camera. Figure 3 summarizes the above. 
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Figure 3: Undistortion fisheye camera image.  

 

To avoid these problems and reduce the processing required in these steps, the omnidirectional camera model 

proposed by Scaramuzza is used, which allows performing a transformation from 2D to 3D space, establishing the 

relationship between a given point in the image and a 3D vector that originates from the center of the image. The proposed 

omnidirectional camera model treats the system as a single compact system, eliminating all the intermediate lenses that 

could exist in the cameras. Thus, in this work a simpler fisheye stereo vision system is proposed, in which Eq. (1) is not 

utilized, mainly because variable 𝑓(𝑟) is assumed.Another problem that must be considered in triangulation is the case in 

which the vectors, due to difficulty in aligning distant cameras, 𝑐1𝑃𝑤̅̅ ̅̅ ̅̅   and 𝑐2𝑃𝑤̅̅ ̅̅ ̅̅   are not coplanar, and consequently do not 

intersect. This is also the result of the large number of variables implicit in the optical model (intrinsic parameters) used 

to model fisheye cameras; the extrinsic parameters that bring the cameras closer to an optimal alignment; the cameras' 

own errors. Figure 4 shows graphically the problem of non-coplanarity between the vectors. A possible way to solve this 

problem is to find the smallest segment between both lines, equivalent to finding the orthogonal segment between them.    

 

 
Figure 4: Fisheye stereo vision problem of non-coplanarity of vectors. 

 

 The camera model proposed by Scaramuzza is based on the following hypothesis, 

 

𝑃𝑤 = [

𝑋𝑤
𝑌𝑤
𝑍𝑤

] = 𝜆 [

𝑥𝑖 − 𝑐𝑥
𝑦𝑖 − 𝑐𝑦
𝑓(𝑟)

], (2) 

 

this model treats 𝑃𝑤  as a vector in 3𝐷 space, so this vector is collinear to the vector defined by [𝑥𝑖 − 𝑐𝑥, 𝑦𝑖 − 𝑐𝑦 , 𝑓(𝑟)]
𝑇
, 

where 𝑟 = √(𝑥𝑖 − 𝑐𝑥)
2 + (𝑦𝑖 − 𝑐𝑦)

2 and 𝜆 is a scale factor that will allow the points to be mapped onto the line defined 

by the vector 𝑐𝑃𝑤̅̅ ̅̅ ̅ (see Figure 1). It is therefore possible to extend this single omnidirectional camera model to a stereo 

model (see Figure 2). Assuming the constraint that the coordinate system of camera 1 (in this case CCS) is coincident 

with the WCS, the following assumption holds, 

 

𝑃𝑤 = 𝜆1 [

𝑥1𝑖 − 𝑐1𝑥
𝑦1𝑖 − 𝑐1𝑦
𝑓(𝑟1)

]
⏟      

𝑣1

⏞        
𝐶𝑎𝑚 1 

= 𝜆2[𝑅] [

𝑥2𝑖 − 𝑐2𝑥
𝑦2𝑖 − 𝑐2𝑦
𝑓(𝑟2)

]

⏟      
𝑣2

+ [𝑇

⏞              

]

𝐶𝑎𝑚 2

𝑇 , (3) 
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where 𝑐1𝑥 , 𝑐1𝑦, 𝑐2𝑥 and 𝑐1𝑦 correspond to the coordinates of the image center 𝑐 = (𝑐𝑥 , 𝑐𝑦) of both cameras respectively, 

𝑥1𝑖 , 𝑦1𝑖 , 𝑥2𝑖 and 𝑦2𝑖 are the pixel coordinates of the image (PCS, the position 0,0 corresponds to the upper-left corner of 

the image), [𝑅] and [𝑇] are the rotation matrix and the translation vector, respectively, of camera 2 regarding camera 1. 

However, [𝑅] is disregarded since it is assumed that the cameras are aligned and leveled regarding their coordinate axes, 

where [𝑇] =
T [𝑚𝑚]

𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 [𝑚𝑚]
 must be in pixel unit. To make the system of equations more compact, everything is expressed 

in image coordinates, 

 

𝜆1 [

𝑥1𝑐
𝑦1𝑐
𝑓(𝑟1)

]

⏞    
𝑣1

= 𝜆2 [

𝑥2𝑐
𝑦2𝑐
𝑓(𝑟2)

]

⏞    
𝑣2

+ [

𝑡𝑥
𝑡𝑦
𝑡𝑧

]

⏞
𝑇

, 
(4) 

 

reorganizing we obtain,  

 

[

𝑥1𝑐 −𝑥2𝑐 −𝑡𝑥
𝑦1𝑐 −𝑦2𝑐 −𝑡𝑦
𝑓(𝑟1) −𝑓(𝑟2) −𝑡𝑧

]

⏞              
𝐴

[
𝜆1
𝜆2
1

]

⏞
𝜆

= [
0
0
0
]

⏞
𝑏

, 
(5) 

 

thus, it results in a system of inhomogeneous linear equations over determined, and as presented in  Figure 4 the lines do 

not necessarily intersect and therefore the problem can be solved as a minimization problem, transforming it into a system 

of homogeneous equations, according to Eq. (5). Knowing that 𝑏 will only take the value 0 in the ideal case of the system 

and for the trivial solution 𝜆 = 0 (which is not of interest). This type of system is easy to solve using singular value 

decomposition (SVD). An in-depth description of the subject can be found in Hartley and Zisserman (2004, Appendix 5). 

Thus, given a matrix 𝐴, which meets the condition of numbers of rows greater than or equal to the number of columns, 

the objective is to find λ that minimizes 𝑏, with λ restricted to ‖λ‖=1, applying SVD to A one obtains 𝑆𝑉𝐷(𝐴𝑚𝑥𝑛) =
 𝑈𝑚×𝑛𝐷𝑛×𝑛𝑉𝑛×𝑛

𝑇  and the values of λ are defined by the values of the last column of V, as follows, 

 

𝜆 =

[
 
 
 
 
𝑣13
𝑣33
𝑣23
𝑣33
1 ]
 
 
 
 

, 𝑐𝑜𝑚 𝜆1 =
𝑣13
𝑣33

 𝑒 𝜆2 = 
𝑣23
𝑣33
,  (6) 

 

2.3 Physical installation and materials  

 

The two cameras were installed on the outside of the roof of the Energy and Environment Laboratory (LEA) at UnB 

(see Figure 5a). The specifications of both cameras are detailed in Table 2. For the connection between the cameras, a 

wireless connection system consisting of two antennas and an Ethernet switch was used to have a single connection point 

to the cameras (see Figure 5b,c). Tripods and a base for leveling and aligning the cameras were used to support the 

cameras (see Figure 5e,d). The leveling was performed by a digital inclinometer (with 0.10° resolution). The distance 

between the cameras was checked by a digital rangefinder (with 0.10 𝑚 resolution) and tape measure.  

 

 

   
(a)                                              (b)                  (c)               (d)               (e) 

Figure 5: (a) Rooftop physical installation of the cameras. (b) and (c) Antennas for communication with hub. (d) 

Camera fisheye with with base, support, and connection box. (e) Tripod and a base for leveling and aligning the 

cameras.  
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Table 2: Camera specifications. 

 

VIVOTEK FE9381-EHV Technical Specifications 

Pixel size 2.4 μm x 2.4 μm 

Maximum resolution 1920 x 1920 pixels 

Focal length 1.47 mm 

Field of view 180° horizontal/vertical/diagonal 

 

Finally, with the system installed and leveled, it is necessary to perform the x-axis alignment of the cameras, one 

regarding the other. The calibration of the rotation between the cameras, on the horizontal plane, is the most difficult to 

perform manually. On the other hand, it is simple through post-processing, using the images of the sky with the Sun as 

reference. As can be seen in Figure 6, a rotation of 5.6° counterclockwise was applied to the image obtained by camera 

2. 

 
 

Figure 6:  Calibration of the rotation between the cameras. 

 

3. RESULTS AND DISCUSSIONS 

 

The validation of the proposed stereo vision model with fisheye cameras, to be applied in a cloud height measurement 

system, is performed using a drone as a reference point (𝑃𝑤) with known height. The drone allows validating the height 

measurement in a wide field of view. For the experiment, the drone was positioned at desired heights, at each of these 

positions synchronized photos were taken with the drone camera and with both cameras of the stereo system pointed to 

the sky. The experiments were carried out at night to facilitate the identification of the drone in the images because it has 

a white light at its bottom. The photos obtained with the drone camera have the height information and geographic 

coordinates related to its positioning. 

The pictures were taken by sectors (right), identified with numbers 1 to 5, and at different heights identified with 

colors (Figure 7 left). 
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Figure 7: Sectors or quadrants – left. Sequence of pictures at 490 𝑚 (magenta), 390 𝑚 (yellow), 290 𝑚 (blue) and 

190 𝑚 (red) – right. 

 

The drone used was DJI, model Mavic Air 2. Its maximum flight altitude is 500 𝑚, and an accuracy in stationary 

flight of ±0.5 𝑚 vertical and ±1.5 𝑚 horizontal (with GPS positioning). In its lower part, it has led lighting, which allows 

a location in night flights. It has a stabilization system with a maximum control speed of 100 °/s with an angular vibration 

range of ±0.01°. Therefore, this model provides an extremely reliable reference point in space for the measurement range 

used 90 𝑚 - 490 𝑚. The relative height of the cameras to the drone take-off origin point is 10 𝑚.   

 

 
 

Figure 8: DJI Mavic Air 2 drone, used for validation. 

 

The validation of the model with cloud images is usually performed with a ceilometer as a reference instrument. 

However, the ceilometer only makes it possible to measure the height of the clouds passing over its sensor. Therefore, 

the use of the drone allows a validation of the stereo vision system on a larger horizontal range.  

Figure 9 shows the acquisition of the positioning (in pixels) of the drone on the camera images, which is manually 

obtained. 
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Figure 9: Acquisition of the positioning (in pixels) of the drone in the images. 

 

Analyzing the errors represented in the left graph of Figure 10, it is observed that there is an overestimation bias of 

the drone height in the positions indicated by picture 2 and 3 at almost all heights, the exception being the drone position 

indicated by photo 2 at 490 𝑚. It is also observed a higher accuracy and precision in the measurements of the positions 

indicated by picture 5, which are the ones that have greater proximity to the center of the computer vision system. The 

absolute percentage errors relative to each measurement, as shown in the right graph of Figure 10, show that the accuracy 

and precision of the measurement increases with increasing height, as the error is smaller and more uniform. The global 

metrics used for system evaluation were Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE) and 

Root Mean Square Error (RMSE). For the calculation of these metrics the 20 drone positions were considered and the 

results for both cameras are shown in Table 3.  

 

    
 

Figure 10: Absolute Error (right) and percent error (left). 

 

Table 3: Global metrics considering the twenty drone positions for the two cameras.  

 

ERROR Camera 1 Camera 2 

MAE [m] 22,78 21,53 

MAPE [%] 6,52 7,34 

RMSE [m] 7,86 9,70 

 

The first observation to infer is that the error is related to the position radius of the drone in the images, but no such 

relationship was found when determining the drone positioning radius in each picture. As a conclusion of this 

experimental phase, it is inferred that the cameras should be aligned and leveled again using some equipment that allows 
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to obtain a substantial improvement, especially about leveling in the horizontal plane. To verify this hypothesis, the system 

was readjusted, and new measurements were taken, this time only considering the highest possible height of 490 𝑚 and 

a height of 90 𝑚, both in relation to the cameras, as shown in Figure 11. 

 

 
 

Figure 11: Sequence of pictures at 490 𝑚 (magenta), 90 𝑚 (yellow) after recalibration. 

 

The values of the heights measured by camera 1 are presented in the left graph of Figure 12, where it is possible to 

observe that there is an improvement in the measurements. This is also verified through the absolute percentage errors of 

each of the measurements, which can be observed in the right graph of Figure 12. The highest absolute percentage error 

is 11.09% relative to camera 1 for the height of 90 m and 6.86% for the height of 490 m, also referring to camera 1. The 

results indicate a substantial improvement after the physical recalibration of the system. 

 

 
 

Figure 12: Absolute Error (right) and percent error (left) after recalibration. 

 

The global system metrics for each of the cameras are shown in Table 3 and confirm the improvement in measurement 

accuracy and precision. 

 

Table 4: Global metrics considering the twenty drone positions for the two cameras after recalibration. 

  

ERROR Camera 1 Camera 2 

MAE [m] 13,21 13,95 

MAPE [%] 6,06 5,87 

RMSE [m] 6,76 6,55 
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4. CONCLUSION  

 

The proposed model and the new validation method using a drone brought satisfactory results. Therefore, they proved 

to be suitable for use in the implementation, configuration and adjustment of a system that enables the determination of 

cloud height to be used in short-term solar forecasting. However, its use can be extended to other applications where this 

data is relevant, such as for airport operation and for meteorological applications. 

It is possible to establish a stereo vision model with fisheye cameras to be implemented in the measurement of objects 

at relatively high distances with results lower than 10% without the need for undistortion and rectification of the images, 

which would decrease the processing time. 

Finally, for system improvements, it is proposed to employ a base for each of the cameras in the system, in which it 

has mechanical systems that enable better calibration of leveling and positioning, in addition to providing greater 

robustness against unevenness caused by external forces.  
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