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Abstract—In this paper, a novel algorithm which combines 
the super-resolution imaging and occlusion removal into a single 
and automatic procedure is proposed. By utilizing the visual 
parallax of objects at different depths and the sub-pixel 
information of the images captured by a camera array, we can 
estimate the shape of the occlusion and reconstruct the 
background at a higher resolution iteratively. The occlusion 
shape estimation is achieved by a new method called “seed 
growth”, which treats the detected feature points of the occlusion 
as “seeds”. These “seeds” will gradually grow until they reach the 
occlusion boundary. Experimental results show that the proposed 
algorithm can well remove the occlusion while super-resolving 
the background. It performs equally well when there are multiple 
occlusion objects or the object has irregular shape. 

Keywords—camera array; super-resolution imaging; occlusion 
removal; seed growth 

I. INTRODUCTION 

Occlusion is often an annoying problem in imaging. It is 
particularly the case in some image based monitoring or 
tracking applications where the operation may fail when 
encountering occlusions [1], [2]. To solve the problem, the 
synthetic aperture technology [3]-[6] were developed such that 
they can “see through” occlusions with a camera array. Such 
technology has been adopted in some applications like video 
tracking for relieving the occlusion problem [7]-[10]. However, 
these synthetic aperture techniques actually just blur the 
occlusion object in the image but not totally remove it. So 
shadows of the occlusion object often remain on the recovered 
background. While other methods try to totally remove 
occlusions using, for instance, the inpainting method [11]-[13]. 
However, those inpainting methods cannot detect the occlusion 
automatically. They require human to manually select the 
occlusion which limits their practical values. Furthermore, they 
work well for repeated texture regions but tend to fail for 
complicated textures and large unknown holes. 

The huge resource requirement is also a major limitation of 
the synthetic aperture methods. While a camera array is needed 
to recover the occluded background, the amount of memory 
storage (or the data bandwidth for networking applications) for 
the images can be extremely high. To lower the resource 
requirement, one of the solutions is to reduce the resolution of 
the cameras in the array which however affects the image 
quality. As the image taken by each camera in the array can be 
considered as a sub-pixel lower resolution version of the target  

Fig.1. The camera array system developed by our team. 

scene, super-resolution techniques can be applied to combine 
all images taken by the camera array into a single high 
resolution image. The study on super-resolution imaging has 
been conducted for long [14]-[16]. It is also suggested in [17] 
to use camera array to implement super-resolution imaging. 
However, as to our knowledge, there is no work that combines 
super-resolution imaging and occlusion removal into a single 
and automatic procedure.   

In this paper, a novel super-resolution imaging algorithm 
with automatic occlusion removal is proposed. The new 
algorithm firstly identifies the feature points of the target and 
occlusion objects using a scale-invariant feature transform 
(SIFT) [18] detector. And due to the different parallax, we can 
separate the feature points into the target and occlusion ones by 
using the Random Sample Consensus (RANSAC) algorithm 
[19]. Then we use a Lucy–Richardson (LR) deconvolution [17] 
method which can blur the occlusion to implement the 
super-resolution imaging. In particular, we add the Huber prior 
[16] to the iterative process to enhance the quality of the image 
edges. At every iteration, we estimate the shape of the 
occlusion object by using a novel thought called “seed growth” 
method. It is then removed gradually from the image during the 
iteration. In our experiments, a camera array system as shown 
in Fig.1 is used to capture the images. This system is composed 
of 25 Raspberry Pi modules each connected to a camera 
generating low resolution pictures. The experimental results 
show that, comparing with the traditional synthetic aperture 
methods, the proposed algorithm can well remove the 
occlusion object, while reconstruct the target at high resolution. 

II. BASE MODEL 

To simplify the discussion, let us assume that there is only 
one occlusion object in front of the target background. Then 
each image captured by the camera array with N cameras can 
be considered as the superimposition of the occlusion layer o 
and the background layer b, which can be expressed as follows: 
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௜ݕ = ௜ܭ ∙ ௜݋ + ሺ૚ − ௜ሻܭ ∙ ܾ௜ ,        (1) 

where ݅ ∈ ሼ1,2, … , ܰሽ denotes the camera index; K is a mask 
such that it is equal to 1 for occlusion appearing pixels and 0 
otherwise. They are all vectors for mathematical convenience. 
Here, ‘∙’ means element-wise multiplication and ૚ is an all 
one vector. Although the above model has only one occlusion 
layer, it can be easily extended to multiple occlusion layers. 

Let ݔ௕ denote the high resolution background vector we 
want to get. Then ݔ௕  is related to the low resolution 
background ܾ௜ captured by camera i by ܾ௜ =  ,                 (2)	௕ݔ௜ܯ

where  ܯ௜ = ܴܦ ௕ܹ,௜	.	                (3)                                                      

In (3), ௕ܹ,௜ denotes the warping matrix for the background 
with respect to camera i; and D, R denote the decimation and 
blurring operator, respectively. By substituting (2) into (1),  
and since ܭ௜ ∙ ௜ݕ = ௜ܭ ∙ ௜, we can have ሺ૚݋ − ௜ሻܭ ∙ ௜ݕ + ௜ܭ ∙ ௕ݔ௜ܯ = ܾ௜.       (4) 

By concatenating all ܭ௜, ݕ௜, ܯ௜ and ܾ௜ for all i as ,ܭ	ݕ, M 
and ܾ, we can rewrite (5) into a compact form as follows: ሺ૚ − ሻܭ ∙ ݕ + ܭ ∙ ௕ݔܯ =  :௕ and ܾ are estimated with the following algorithmݔ ,ܭ (5)        .ܾ

Algorithm I 

Initialize ܭ଴ and ݔ௕଴.  

Step 1: ሺ૚ − ௧ሻܭ ∙ ݕ + ௧ܭ ∙ ௕௧ݔܯ = ܾ௧ାଵ. (6) 

Step 2: ℜሼܾ௧ାଵሽ =  ௕௧ାଵ. (7)ݔ

Step:3 ℕሼݔ௕௧ାଵሽ = ሼܭ௧ାଵሽ. (8) 

Repeat Step 1-3 with the new ܭ and ݔ௕ until converged. 

In Algorithm I, ܭ௧, ݔ௕௧  and ܾ௧ are the estimate of ݔ ,ܭ௕ 
and ܾ at iteration t. ℜሼ. ሽ is a super-resolution operator that 
takes on an array of low resolution images to generate a high 
resolution estimate. In this paper, the LR deconvolution 
method with the Huber prior is adopted for the implementation 
of ℜሼ. ሽ. It will be described in detail in Section III. ℕሼ. ሽ is 
our proposed “seeds growth” method which will be described 
in Section IV. It makes use of the current estimated ݔ௕ to 
generate a better estimation of the mask. Note that the 
relationship between the mask ܭ௜ for different cameras i is 
not a perspective transformation, since different camera may 
capture different side of the occlusion object. Hence they have 
to be estimated one-by-one separately.  

III. ADDING PENALTY TERM TO LR DECONVOLUTION 

Although there are many efficient super-resolution 
algorithms in the literature, here we follow the approach in [17] 
to adopt the LR deconvolution to implement the operator ℜሼ. ሽ as follows:  

௕௧ାଵݔ  = ℜሼܾሽ = diagሺݔ௧ሻ்ܯ൫diagሺݔܯ௕௧ሻ൯ିଵܾ.   (9) 

It is firstly due to its simplicity. Besides, different from other 
super-resolution methods, we find it is the super-resolved 
version of synthetic aperture method that can blur the 
occlusion in the scene and keep the background recognized 
due to the mismatched homography as defined in ܯ (the 
homography defined in ܯ is for the background), while other 
methods may destroy the background. However, similar to 
many maximum likelihood super-resolution methods, direct 
application of the LR deconvolution can introduce observable 
high frequency noise. So a prior is often added to the iterative 
process. One popular choice is the Huber prior [16], which is 
constructed by using the Huber function defined as follows:  ߩሺݔ, ሻߙ = ൜ݔଶ																										|ݔ| ≤ α2α|ݔ| − αଶ									|ݔ| > α    .    (10) 

where α is a free parameter. One can see that the function is 
quadratic in the center and linear in the trails. We can use it as 
a prior function to our iterative process as follows: 

ሻݔሺ݌    = ଵ௓ ߥ−ሼ݌ݔ݁ ∑ ,ݔሺ݀௖ߩ ሻ௖ߙ ሽ ,        (11) 

where z is a normalization constant; ν is the prior strength 
which is often chosen empirically. ݀௖ݔ measures the image 
gradient at the position and direction defined in the parameter 
set c as follows: ݀௠,௡,ଵݔ = ௠,௡ିଵݔ − ݔ௠,௡ାଵ ݀௠,௡,ଶݔ+௠,௡ݔ2 = ௠ାଵ,௡ିଵݔ0.5 − ݔ௠ିଵ,௡ାଵ ݀௠,௡,ଷݔ௠,௡+0.5ݔ = ௠ିଵ,௡ݔ − ݔ௠ାଵ,௡   .    (12) ݀௠,௡,ସݔ+௠,௡ݔ2 = ௠ିଵ,௡ିଵݔ0.5 −  ௠ାଵ,௡ାଵݔ௠,௡+0.5ݔ

It can be shown that the Huber prior can be combined with the 
LR deconvolution as follows: ݔ௕௧ାଵ = diagሺݔ௧ሻ ቀ்ܯ൫diagሺݔܯ௕௧ሻ൯ିଵܾ − ்ܳߥ ∑ ௕௧ݔᇱሺܳߩ , αሻ௖ ቁ 

  (13) 

where the matric Q performs the operation of ݀௖. By suitably 
selecting the parameter ν and ߙ, the high frequency noise 
generated by the LR deconvolution can be suppressed while 
keeping the image’s edge structure. Since (13) is also iterative, 
we combine Step 1 and 2 of Algorithm I as follows:  

Algorithm II 

Initialize ܭ଴ and ݔ௕଴.  

Step 1: ݔ௕௧ାଵ =diagሺݔ௕௧ሻ ቀ்ܯ൫diagሺݔܯ௕௧ሻ൯ିଵሾሺ૚ − ௧ሻܭ ݕ∙ + ௧ܭ ∙ ௕௧ሿݔܯ − ்ܳߥ ∑ ௕௧ݔᇱሺܳߩ , αሻ௖∈஼ ቁ. 

(14) 

Step:2 ℕሼݔ௕௧ାଵሽ = ሼܭ௧ାଵሽ (15) 

Repeat Step 1 and 2 with the new ܭ until converged. 

In our experiments, the initial ݔ௕଴ is obtained by using the 
traditional synthetic aperture method which focuses on the 
background. ܭ଴ is all zero vector.  



IV. SEED GROWTH METHOD FOR LEARNING THE MASK 

To estimate the mask, we introduce in this section a new 
algorithm called the “seeds growth” method. For the proposed 
algorithm, we firstly use the SIFT to detect the feature points 
in the scene; then use the RANSAC algorithm to estimate the 
homography based on the feature points. We denote it as ܪ௕. 
Assume that the background feature points are more than the 
occlusion ones. The estimated ܪ௕  should fit for the 
background but not the occlusion. Then those points fitting for ܪ௕  are excluded and RANSAC is done again to find the 
homography ܪ௢. Among the rest, those feature points fitting 
for ܪ௢ belong to the occlusion. The feature points for the 
background and occlusion can thus be separated.  

We treat those feature points of the occlusion as “seeds” 
for finding the mask. For each seed, we initially set a small 
window centered at it. Then the four borders of each window 
will grow iteratively and stop until it just reach the occlusion 
boundary. Then all windows are merged together to form the 
mask. More specifically, the windows are grown based on a 
probability function as follows: ܲ ቀݏଵ|݈௤,௜, ݈௤,௫್,೔೟ ቁ =

۔ۖۖەۖۖ
݀	݂݅																											,1ۓ ቀ݈௤,௜, ݈௤,௫್,೔೟ ቁ < length൫݈௤,௜൯ ∙ ௧ܪܶ
expቌ−ௗቆ௟೜,೔,௟೜,ೣ್,೔೟ ቇି௟௘௡௚௧௛൫௟೜,೔൯∙்ு೟ଶ∙௟௘௡௚௧௛൫௟೜,೔൯∙ఙమ ቍ																																		
																														݂݅	݀ ቀ݈௤,௜, ݈௤,௫್,೔೟ ቁ ≥ length൫݈௤,௜൯ ∙ ௧ܪܶ

,  (16) 

where ݈௤,௜ refers to the pixels of the qth border of a window 
in the image taken by camera i of the array; ݈௤,௫್,೔೟  refers to 

the pixels at the same position of an image transformed from 
the estimated background ݔ௕௧  according to the homography 
with respect to the position of camera i. The function length൫݈௤,௜൯  gives the number of pixels in ݈௤,௜  and ݀ ቀ݈௤,௜, ݈௤,௫೟್ ቁ is just the ݈ଵ-norm of the difference between ݈௤,௜  and ݈௤,௫೟್ ௧ܪܶ . is a threshold determined using the 
k-Nearest Neighbors approach with the feature points 
positions on the background to estimate the difference at the 
occlusion rims between ݔ௕௧  and ݕ௜. Due to the page limitation, 

it cannot be described in detail here. ܲ ቀݏଵ|݈௤,௜, ݈௤,௫೟್ ቁ is the 
possibility that a window border has grown beyond the 
estimated occlusion region according to the difference 
between the estimated background and the observed images. 
The growth rate is inversely proportional to the probability as 
follows: ܵ௤ = ܵ௠௔௫ ∙ ቂ1 − ܲ ቀݏଵ|݈௤,௜, ݈௤,௫೟್ ቁቃ.           (17) 

where ܵ௤	denotes the growth step size for the qth border of 
the window, and ܵ௠௔௫ is the maximum growth we allowed. 
So in each iteration, the qth border of the window will move 
outward in its normal direction by ܵ௤ pixels. The length of 
the two adjacent borders will also be adjusted accordingly. 
When all windows stop growing, they are combined to form 
the mask ܭ in (16). Three examples are shown in Fig.2. For 
objects with rectangular shape, the masks can fit the 

occlusions very well. For objects with irregular shape, we can 
still roughly get the mask of the occlusion object, which is 
sufficient as shown in the results evaluation in section V.   

V. EXPERIMENTS AND EVALUATION 

As mentioned before, we do not find an existing approach 
that can achieve exactly the same as the proposed algorithm. 
So our comparison is only based on evaluation of the proposed 
algorithm and compare with the synthetic aperture method and 
the LR deconvolution with Huber prior. In the experiments, a 
high resolution image of the background is first taken and 
used as the ground truth (Fig.3(f)). Then the low resolution 
images with occlusions are acquired by the camera array and 
then enlarged with interpolation to the same size as the high 
resolution image. An example is shown in Fig.3(b). Such 
interpolated images are used in the synthetic aperture method. 
The result is shown in Fig.3(c). It can be seen that although 
the synthetic aperture method can “see through” the occlusion 
to a certain extent, it leaves a big shadow covering the 
background. Besides, it cannot super-resolve low resolution 
images; the resulting image is as blur as the original ones. 
When testing the LR deconvolution with Huber prior method, 
we use the low resolution images directly captured by the 
camera array. As mentioned before, the LR deconvolution 
method can give a result similar to the synthetic aperture 
method. It can also “see through” the occlusion (see Fig.3(d)). 
Besides, it can super-resolve the images to generate a clear 
high resolution image. The Huber prior further improves the 
image by removing the high frequency noise. However, the 
shadow left is quite annoying. Fig.3(e) shows the result of the 
proposed algorithm. It can be seen that we can almost 
perfectly reconstruct the background in high resolution 
compared with the ground truth (Fig.3(f)) without any 
occlusion. The only artifact appears at the lower part of the 
image which is indeed the table in the scene. It is because, in 
the initialization step, the homography is estimated based on 
the background plane. So the pixels of the desk, which is a bit 
closer to the camera array, cannot be perfectly reconstructed. 
Fig. 4 shows some intermediate results during iterations. 

The base model can also be extended to the case of 
multiple occlusion objects. Fig.5(a) and (b) shows the result of 
removing two occlusion objects at different depths. It is 
indeed achieved by adding another occlusion feature point 
separation step at the initialization stage. The proposed 
algorithm can also recover the background plane with higher 
resolution well. Similar result is achieved for irregular shape 
objects as shown in Fig.5(c) and (d). Although the mask 
derived as shown in Fig.2 is not very accurate, we can still 
remove the occlusion object and super-resolve the background. 
Fig. 6 shows another example. It shows that the proposed 
algorithm can perform equally well for different backgrounds. 
Due to the page limitation, we cannot include more results. 

VI. CONCLUSION 

In this paper we have presented a novel framework which 
can super-resolve the background and automatically remove 
occlusions and if any, at the same time. In the proposed 
algorithm, we utilize the different parallax of the background 
and the occlusion object for separating their feature points. 
Based on them, we developed a new “seed growth” method 
for estimating the occlusion masks. The super-resolution is 



carried out based on the LR deconvolution method with the 
modifications of including the Huber prior and the estimated 
occlusion mask. Experimental results show that the proposed 
algorithm can well remove the occlusion and super-resolve the 
background at the same time. To the best of our knowledge, 
there is no existing work that achieves exactly the same 
function.  

Fig.2. Original pictures (top row) and their corresponding mask estimation 
results (bottom row) 

Fig.3. (a) Original low resolution image captured by the center camera of the 
array. (b) High resolution image interpolated from (a). Results of using (c) the 
synthetic aperture method; (d) the LR deconvolution plus Huber prior; and (e) 
the proposed algorithm. (f) High resolution ground truth. 

Fig. 4. From left to right: low resolution image, the initial result we input, the 
result after 5 iterations,the result after 10 iterations and the final result. 

 

 

 

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

Fig.5. (a) Two occlusion objects. (c) Irregular shape object. (b) and (b) Results 
of using the proposed algorithm on the scenes in (a) and (c), respectively. 

Fig. 6. The occluded low resolusion image (left); result of using the porposed 
algorithm (middle); the original high resolution ground truth (right). 
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