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Abstract—We propose a robust background subtraction 

method for multi-view images, which is essential for realizing 
free viewpoint video where an accurate 3D model is required. 
Most of the conventional methods determine background using 
only visual information from a single camera image, and the 
precise silhouette cannot be obtained. Our method employs an 
approach of integrating multi-view images taken by multiple 
cameras, in which the background region is determined using a 
3D model generated by multi-view images. We apply the 
likelihood of background to each pixel of camera images, and 
derive an integrated likelihood for each voxel in a 3D model. 
Then, the background region is determined based on the 
minimization of energy functions of the voxel likelihood. 
Furthermore, the proposed method also applies a robust refining 
process, where a foreground region obtained by a projection of a 
3D model is improved according to geometric information as well 
as visual information. A 3D model is finally reconstructed using 
the improved foreground silhouettes. Experimental results show 
the effectiveness of the proposed method compared with 
conventional works. 

I. INTRODUCTION 

A free viewpoint video provides a new visual experience, 
in which audiences can see scenes from anywhere in 3D 
space.[1] In the free viewpoint video system, the virtual 
viewpoint can be moved such as back-and-forth and around as 
well as up-and-down among objects in a field where cameras 
cannot be mounted. It gives audiences an immersive feeling, 
and we call these view-changing experiences “walk-through” 
and “fly-through”. 

There are two main categories for generating a free 
viewpoint video. One is a model-based method[2] and another 
is an image-based method.[3] In order to realize the visual 
experiences mentioned above, the former method is more 
suitable than the latter since the former does not have 
restrictions on virtual viewpoint positions in 3D space, if a 3D 
model can be appropriately reconstructed.[2] It should be noted 
that 3D model accuracy has a large impact on the video 
quality, and the purpose of our study is to reconstruct the 3D 
model with high accuracy. 

A typical method for acquiring a 3D model of interesting 
objects (e.g., humans) is a shape from silhouette[4] which 
reconstructs a visual hull in a 3D voxel space using silhouettes 
of objects extracted from camera images. Therefore, an 
accurate silhouette is necessary to generate a high-quality 3D 
model. There have been the numerous related works on the 
silhouette extraction. Most of them classify each pixel of a 
camera image into background region or foreground region 

using only visual information from a single viewpoint.[5][6] 
There is a substantial difficulty of the works in the case the 
foreground area and the background area have the same color, 
and it is highly probable that the extracted silhouette image 
includes both of unwanted regions and missed parts which 
correspond to false positives and false negatives caused by 
misclassification in extraction process, respectively. In this 
paper, we propose a robust background subtraction method 
using multi-view images, instead of using only a single 
camera image. The method applies the likelihood of 
background to each pixel of a camera image, and derives the 
integrated likelihood of each voxel in a voxel space, which is 
considered to be integrated information of multi-view images. 
The background region is determined based on the likelihood 
of voxel space with local adaptation to minimize its energy 
functions. Furthermore, the proposed method also applies a 
robust refining process, in which each silhouette is improved 
based on projections of the 3D model to each viewpoint. 

The rest of the paper is organized as follows. Section II 
overviews related works, and Section III details our robust 
background subtraction method based on 3D model 
projections with likelihood. Section IV presents experimental 
results and comparison with conventional methods. Finally, 
the paper is concluded in Section V.  

II. RELATED WORKS 

There has been some research to improve a shape from 
silhouette method regarding suppression of false positives and 
false negatives in silhouette extraction. In order to reduce the 
number of false negatives, papers [7] and [8] proposed the 
method to relax a condition for the foreground determination. 
These methods count the number of viewpoints in which a 
voxel is projected outside the silhouette, and identifies the 
voxel included in the foreground object when the number is 
below the threshold. Especially, the paper [8] calculates the 
likelihood of misclassification for each voxel based on the 
ratio of false positives and false negatives in each silhouette 
image, and decides the threshold used in the paper [7] 
mentioned above. 

However, these methods do not have a removal process for 
false positives. Therefore, the silhouette extraction process 
shall exclude unwanted regions precisely. Additionally, the 
threshold for reducing false negatives is not continuous but a 
discrete value based on the accepted number of viewpoints 
outside the silhouette. It might cause false positives in 
resultant visual hull, since the threshold cannot be set 
sensitively. MMSP’10, October 4-6, 2010, Saint-Malo, France. 
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Another approach to refine silhouettes and a visual hull is 
introducing intersection and projection consistency into 3D 
space and multi-view images, respectively.[9] This method 
refines each silhouette and visual hull by cross-referencing 
both of them. Furthermore, the input data of this method is a 
rough visual hull that includes all objects. Thus it does not 
need background subtraction to be applied, and is independent 
of the accuracy of silhouette extraction. However, in order to 
remove unwanted regions from each silhouette, this method 
only uses the edge information of camera images acquired by 
region segmentation. Therefore, the accuracy of visual hull 
and silhouette images strongly depends on the performance of 
region segmentation. In particular, it is very difficult to extract 
foreground objects with sufficient precision when similar 
color features are found in both the foreground and the 
neighboring background. Consequently, the removal process 
of unwanted regions does not work properly, and the final 
visual hull and silhouettes might include false positives and 
false negatives. Additionally, the refinement process for 
dealing with false negatives is not considered, and the false 
negatives remain in the final result.  

There is another issue with a shape from silhouette method 
itself, which may include inaccurate concave surfaces. That is, 
the reconstructed visual hull is just a convex polyhedron in 
which the real object is inscribed. Some solutions are 
proposed in the paper [10], and we do not pursue this issue in 
this paper. 

III. PROPOSED METHOD 

To overcome the problems mentioned in II, we propose a 
robust background subtraction method considering the 
likelihood of background in each viewpoint instead of 
extracting binary silhouettes. We derive integrated likelihood, 
and the background region is determined in the voxel space. 
Furthermore, we refine visual hull and corresponding 
silhouette images based on geometric information in 3D space 
so that robustness for both false negatives and edge features 
can be improved. 

The proposed method has a series of procedures as shown 
in Fig. 1, and is summarized into two stages. These are the 
determination process for the visual hull based on the 
likelihood and the refinement process reflecting geometric 
information in voxel space. The proposed scheme takes multi-
view synchronized images as input and provides a 
reconstructed visual hull as output. 

A. Introduction of likelihood as background object 

Conventional shape from silhouette methods need a binary 
silhouette image for every viewpoint; but it is highly probable 
that the binary silhouette images include false positives and 
false negatives. Such problems often arise if images include 
objects whose pixel color values are close to those of the 
background region. In order to overcome this problem, we 
analyse the pixel-wise likelihood as a background object for 
input camera images instead of employing the binary 
segmentation process. Furthermore, we derive integrated 
likelihood in a voxel space. 

 
Input：multi-view images of 1 frame

1. defining the likelihood function for each 
pixel of camera images

2. extracting silhouette image with 
likelihood

3. constructing voxel space with 
likelihood

4. binarizing voxel space with likelihood

5. projecting visual hull which is improved

6. refining each silhouette

7. reconstructing visual hull

Output: Visual Hull

Determination process 

for visual hull

Refinement process

 
Fig. 1.  Flowchart of the proposed method 

First of all, it is assumed that camera images for a certain 
length of time without any foreground objects are provided in 
every camera position. We represent each pixel value as 
multi-dimensional vector x  in a particular color space. On the 
assumption that pixel values are approximated by normal 
distribution, the likelihood function as a background object is 
defined as ),;( Σuxf  by the following equation. In the 

equation, u  and Σ  are an average vector and a covariance 
matrix of pixel value x  for some frames, respectively. 

)).()(
2

1
exp(),;( 1 uxΣuxΣux  Tf  (1) 

We acquire a silhouette image with likelihood in each 
viewpoint based on the function. Then, each voxel v in the 
voxel space is projected to viewpoint ),...,1( Nnn  , and 
voxel likelihood v  is calculated based on likelihood 

))(( )(nvf x  of projected pixel value )( )(nvx . Here, we 
construct the voxel space with likelihood by calculating the 
average value of ))(( )(nvf x  to achieve a representative 
feature of all viewpoints using equation (2). 
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Conventional works proposed the extended method, which 
reduces false negatives by ignoring some viewpoints for 
which voxel v  is projected outside the silhouette.[7][8] 
Compared with these works, our proposed method is able to 
control false negatives not discretely such as the number of 
viewpoints but continuously based on the likelihood. 

B. Binarization of voxel space with likelihood 

The simplest way to binarize voxel space with likelihood is 
to employ the thresholding of a single voxel. However, voxels 
whose likelihood is close to the threshold might be 
misclassified. To deal with such a problem, we define the 
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energy function considering the adjacency relationship in a 3D 
space, and binarize the voxel space with likelihood by 
minimizing the energy function using a graph-cut algorithm. 

Energy function );( vαvE  is defined by equation (3) 
where ,...),...,( 1 ivvv  indicates indices of all voxels in a 
3D space, and ,...),...,(

1 ivv vα  identifies whether each 
voxel belongs to the foreground or the background region. 

);();(
ivii vUU vαv  is a data term that depends on 

only likelihood 
iv  of voxel iv , and gives the energy value 

as shown in equation (4). Here, vb  and th  are positive 
constants.  
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),;,();( ),( jiv vvjiNji vvVV vαv  is a smoothing term 

featuring the difference between 
iv  and 

jv  of a pair of 
adjacent voxels iv  and ).),(( vj Njiv   It gives the energy 
value related to 

iv  and 
jv  by equation (5) where  

)(vdis is the Eucidean distance of adjacent voxels, and vN  
indicates all the combinations of a pair of adjacent voxels iv  
and jv . In the equation, v  and v  are positive constants, 
and v  is calculated with the expectation operation   
related to vN  as follows. [5] [6] 
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The value of data term U  decreases in proportion to the 
likelihood of a voxel that is classified as foreground. In 
addition, the value of smoothing term V decreases in 
proportion to the difference between likelihood 

iv  and 
jv  

of adjacent voxels beyond the region boundary. The 
minimization of this energy function is known to be solved 
based on the graph-cut algorithm.[5] In the proposed scheme, 
the binarization process for the voxel space is conducted in a 
similar way while assigning label 0 and 1 to the background 
and the foreground, respectively. 

C. Refinement based on 3D model projections 

1) Removal of unwanted regions for the visual hull: We 
introduce a removal process of unwanted regions which are 
misclassified as foreground. Since a voxel size of a real object 
is usually larger than that of unwanted regions, the voxel size 
is used to distinguish them. The proposed process eliminates 
small regions whose voxel size is not ranked in the top R-
order of all objects.  Prior to rank the regions, the visual hull is 
divided into the closed regions. 

2) Removal of shadow regions for silhouette images: 

Shadow regions cannot be extracted as closed regions since 
the shadow is connected to the foreground regions. Therefore, 
the above removal process does not work well. However, it is 
possible to eliminate shadow regions based on the constraint 
that they exist on the floor in 3D space. At first, we represent 
each pixel value of viewpoints as vector )( pI  in an 
appropriate color space, and calculate the difference between 
foreground image )( pfI  and base image )( pbI  captured 
without any objects. The pixel that satisfies the condition of 
equation (7) is regarded as an unwanted region candidate. In 
the equation,  dI  indicates the threshold parameter. 

.)()( dbf Ipp  II  (7) 

Considering that the difference of chroma signals between 
foreground images and base images is small in shadow 
regions, the color space UV is effective for detecting shadows.  

Then, we calculate the intersection point where the light 
rays of each pixel and the visual hull cross in 3D space. When 
there is an intersection point whose height from the floor is 
nearly equal to 0, the pixel can be eliminated as a shadow 
region. When 

inp  indicates the pixel index from viewpoint n, 
corresponding light rays are expressed by equation (8) where 

),,(
iiii nnnn zyxr  and ),,( nnnn ZYXM  indicate the 

gradient and the camera position, respectively. 

.),,(
inn

T tZYX rM   (8) 

For each pixel in an unwanted region candidate, we calculate 
the intersection point of the visual hull and the corresponding 
light rays as ),,( vvv ZYX , and when the condition below is 
satisfied the pixel is eliminated. In the equation, dY  indicates 
the threshold parameter which stands for the height in 3D 
space. 

.dv YY   (9) 

3) Removal of unwanted regions for silhouette images: We 
introduce the removal process for unwanted regions that 
neighbor the contour of the foreground object. Each silhouette 
image is binarized by minimizing the energy function with 
graph-cut algorithm, and the pixels regarded as background 
after minimization are removed. Energy function );( pαpE  
is defined by equation (10) where ,...),...,( 1 ippp  and 

,...),...,(
1 ipp pα  indicate pixel indices and labels 

identifying whether the corresponding pixel belongs to the 
background or the foreground. );();(

ipii pUU pαp  
is a data term that depends on only likelihood )( if x  
calculated by pixel value ix , and gives the energy value 
related to 

ip  by equation (11). Here, pb is a positive 
constant. ),;,();( ),( jip ppjiNji ppVV pαp  is a 
smoothing term defined with the difference between ix  and 

)),(( pj Nji 　x  by equation (12). In the equation, 
)(pdis is the Eucidean distance of adjacent pixels, and pN  

indicates all the combinations of a pair of adjacent pixels ip  
and jp . Variables p  and p  are positive constants, and 
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p  is calculated by equation (13) where   indicates the 
expectation operation related to pN .[5] [6] 

 

).;();();( ppp αpαpαp VUE   (10) 

 








 ).1()))(1(log(
)0()))((log(

);(
ip

ip

i
pib

pib
pi f

f
pU 




　

　　　

x
x

 (11) 

 















).(0

)(
),(

))(exp(
),;,(

2

ji

ji

ji

pp

pp
p

jipp

ppji jidisppV






　　

xx

 (12) 
 

.))(2( 12  jip xx  (13) 

IV. EXPERIMENTAL RESULTS 

In order to evaluate the effectiveness of the proposed 
method, we conducted three experiments for multi-view video 
sequences. In experiment 1, we evaluated the reconstruction 
accuracy of visual hull compared with conventional works. In 
experiment 2, we analysed the contributions of each process in 
the proposed method. Finally, in experiment 3, we generated 
the free viewpoint video using the visual hull reconstructed by 
the proposed method. In these evaluations, we used multi-
view images which were captured in a 360-degree circle with 
the spatial resolution of 640x360, and temporally aligned 
frames in each viewpoint. We prepared two kinds of 
sequences. Sequence A was captured with 30-cameras as in 
Fig. 2 (a), and sequence B was produced with 11-cameras as 
in Fig. 2 (b). Figures 3 and 4 show test images, which also 
include base images captured without any objects. 

 

 
(a) Dataset 1. 

 
(b) Dataset 2. 

Fig. 2.  Camera Configuration 

A. Experiment 1: reconstruction accuracy of the visual hull 

In order to assess the accuracy of the visual hull 
reconstructed by the proposed method, we conducted an 
experiment for sequences A and B. The resolution of voxel 
space was 2cm3 in both sequences, and the number of voxels 
were 256x128x256 and 160x100x100 in x-y-z coordinate 
system in sequence A and B, respectively. The likelihood 
function of each pixel was defined according to the equation 
(1), and base images of 60-frames in each viewpoint ware 
used to calculate the likelihood function. The parameters ware 

set as shown in TABLE I from preliminary experimental 
results. As indicated in TABLE I, the unwanted region 
removal process for silhouette images was not applied to 
sequence A, and the shadow removal process was not applied 
to sequence B. Therefore, in equation (1) each pixel value is 
represented as 3-demensional vector in RGB color space in 
sequence A, while it was represented as 2-demensional vector 
in UV space in sequence B. 

 

(a) A foreground image (b) A base image 

Fig. 3.  Dataset 1 (dancing) 

(a) A foreground image (b) A base image 

Fig. 4.  Dataset 2 (wrestling) 

TABLE I 
PARAMETERS OF THE PROPOSED METHOD FOR EXPERIMENTS 

(a) Binarization process 
 

 vb th v

Exp. 1 10 8.0 1.0
Exp. 2 10 3.4 1.0

 

(b) Unwanted region removal 
for the visual hull 

 R 
Exp. 1 8 
Exp. 2 2 

 

(c) Shadow region removal 
 

 dI dY

Exp. 1 3.0 2.0 
Exp. 2 – – 

 

(d) Unwanted region removal 
for the silhouette image 

 pb p
Exp. 1 – – 
Exp. 2 10 250.0

 

We evaluated the accuracy of the finally reconstructed 
visual hull by comparing the projections of the visual hull and 
the ground-truth images. The quantitative performance was 
assessed as follows. First, we prepare ground-truth images 
which were manually segmented, and then compared them 
pixel-wise with the projections of the visual hull. Finally, 
three values Recall, Precision, and F-measure ware calculated 
based on true positives, false positives and false negatives by 
equation (14), (15), and (16) as in the case of related work.[8] 

 

neegativesfalse#positivestrue#

positivestrue#
Recall


  (14) 

 

positivesfalse#positivestrue#

positivestrue#
Precision


  (15) 

 

PrecisionRecall

PrecisionRecall2
measureF




  (16) 
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As conventional schemes, the GrabCut method[6] which 
uses only single image information, and Zeng’s method[9] 
which uses the information of multi-view images, were also 
evaluated for comparison. Regarding the GrabCut method, we 
measured pixel-wise differences between the ground-truth and 
extracted results in each viewpoint. With regard to Zeng’s 
method, we used projections of the visual hull to evaluate with 
the same criteria as used in the proposed method.  

The projection images of the visual hull reconstructed by 
proposed method are shown in Fig. 5. The resultant images 
are shown with textures to help understanding. The results of 
the GrabCut method and Zeng’s method are shown in Fig. 6 
and Fig. 7, respectively. As shown in these results, it is 
obvious that the projection image of the visual hull generated 
by the proposed method almost corresponds to the object 
region in each viewpoint, except that there are a little false 
negatives neighboring the contour of the arms. Such false 
negatives are assumed to be caused by the estimated error of 
each projection matrix. The estimated error of the projection 
matrix directly affects the accuracy, since our proposed 
method employs projections between voxel space and each 
viewpoint. On the other hand, the GrabCut and Zeng’s method 
resulted in a lot of false negatives and false positives. The 
accuracy of Zeng’s method depends on the results of region 
segmentations that are applied first, and the method does not 
work well especially for objects with similar textures to 
background. 

  

 
(a) Viewpoint 09 (b) Viewpoint 25 

Fig. 5.  Results of the proposed method 

 
(a) Viewpoint 09 (b) Viewpoint 25 

Fig. 6.  Results of the GrabCut method 

 
(a) Viewpoint 09 (b) Viewpoint 25 

Fig. 7.  Results of Zeng’s method 

 
Additionally, we evaluated all the silhouette images from 

every camera viewpoint. For the proposed method, the 
GrabCut method, and Zeng’s method, comparative results are 
shown in TABLE II. The difference in Recall values among 
the three methods is not large since all the methods are 
controlled to avoid false negatives in the early stage of 

processing to the extent possible. However, the difference in 
Precision values is significant, which proves that the proposed 
scheme is more effective than conventional methods. 

TABLE II 
COMPARISON OF QUANTITATIVE MEASUREMENT 

 Recall Precision F-measure
Proposed method 0.951 0.924 0.937 
GrabCut method 0.831 0.674 0.738 
Zeng’s method 0.965 0.376 0.541 

B. Experiment 2:analyzation of contributions for refinement 
processes 

The proposed scheme is assumed to be comprised by two 
key functions that are the binarization process of the voxel 
space with likelihood and the refinement process considering 
the 3D geometry. In order to clarify the contribution of the 
respective function, we analysed results of each process for 
proposed method. An example of projection images of the 
visual hull reconstructed by binarizing the voxel space is 
shown in Fig. 8 (a). This result corresponds to the 
performance without the refinement process. We can confirm 
that the reconstruction accuracy is comparatively high, though 
there remain a little false positives in the floor. On the other 
hand, Fig. 8 (b) shows the result when refinement process was 
additionally employed. The difference between Fig. 8 (a) and 
Fig. 8 (b) shows the improvement by refinement process of 
visual hull. For the specific region in Fig. 8 (b), the close-up 
image is shown in Fig. 8 (c). It shows that there remain 
shadow regions near objects of legs. We applied shadow 
removal process to all viewpoints, and reconstructed the 
visual hull using improved silhouettes. A projection image of 
the improved visual hull is shown in Fig. 8 (d). The difference 
between Fig. 8 (c) and Fig. 8 (d) indicates the improvement by 
shadow removal process. 

 

(a) Projection image of the non-
improved visual hull on viewpoint 05 

(b) Projection image of the improved
visual hull on viewpoint 05 

(c) Close-up image of a specific 
region in Fig.8(b) 

(d) Projection image of the visual 
hull whose shadow regions were 

removed on viewpoint 05 

Fig. 8.  Results of the refinement process 

To evaluate the removal process for unwanted regions for 
silhouette images, we analysed the results for sequences B. An 
example of projection images of the visual hull reconstructed 
by binarizing the voxel space is shown in Fig. 9 (a). It is 
confirmed that false positives are remaining near object 
contours. The removal process was then applied for every 
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viewpoint, and the visual hull was reconstructed using 
improved silhouettes. A projection image of the improved 
visual hull to the corresponding viewpoint is shown in Fig. 9 
(b). For the specific region in Fig. 9 (a) and Fig. 9 (b), close-
up images are also shown in Fig. 9 (c) and Fig. 9 (d), 
respectively. Figure 9 shows that unwanted regions on the 
floor as well as neighboring contours have been removed 
appropriately. 

 

 
(a) Before applying the process (b) After applying the process 

 
(c) Before applying the process 
(close-up of a specific region) 

(d) After applying the process 
(close-up of a specific region) 

Fig. 9.  Results of the removal process for unwanted regions near contours 

Furthermore, we quantitatively evaluated the projection 
images for both the non-improved visual hull and the 
improved visual hull in a similar way as in experiment 1, and 
the results are shown in TABLE III. The improvement of 
Precision values shows that false positives were successfully 
suppressed, and the flatness of Recall values suggests 
robustness for false negatives.  

TABLE III 
RESULTS OF THE REMOVAL PROCESS FOR UNWANTED REGIONS                 

NEAR CONTOURS 

 Recall Precision F-measure 
Removal : OFF 0.996 0.805 0.890 
Removal : ON 0.963 0.971 0.967 

C. Experiment 3:generation of  free viewpoint images 

We generated a free viewpoint video for sequence A using 
the visual hull reconstructed by the proposed method. We 
made a polygon model by applying the marching cubes 
method,[11] and generated virtual viewpoint images by 
appropriate texture extraction from camera images and 
corresponding polygon mapping. 

Two examples of generated virtual viewpoint images are 
shown in Fig. 10. We assumed two virtual viewpoints located 
above actual camera viewpoint 25. The results for the near 
viewpoint and the far viewpoint are shown in Fig. 10 (a) and 
Fig. 10 (b), respectively. Although there is a little error in the 
texture mapping, we can confirm that the occlusion regions of 
right-hand-side objects in Fig. 5 (b) are successfully generated 
in Fig. 10 (indicated by circles). 

V. CONCLUSION 

To realize highly precise 3D model reconstruction, we 
proposed a robust background subtraction method using the 
integrated information of multi-view images. As an inherent 

problem of the conventional schemes for 3D model 
reconstruction, the precision of the visual hull is highly 
dependent on the background subtraction result for the 
specific viewpoint. In order to overcome this problem, the 
proposed scheme employs two main features. One is 
determination of the background region based on the 
likelihood in a voxel space, and the other is the refinement of 
both visual hull and projection images considering 3D space 
geometry as well as visual information. From experimental 
results using actual multi-view images, it was confirmed that 
both key features greatly contributed to significant 
improvement compared with the conventional methods. 
Furthermore, it was also confirmed that the virtual viewpoint 
images were generated precisely while the occluded regions 
were reconstructed successfully. 

As future works, we need to introduce a process that 
reduces the influence of estimated error of projection matrixes. 

 

(a) Virtual viewpoint from just 
above viewpoint 25 

(b) Virtual viewpoint from further 
above viewpoint 25 

Fig. 10.  Generated virtual viewpoint images 
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