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Abstract

We introduce a novel approach to deal with image segmentation which takes into
account the consistent structure of the backgrounds. The concept is from background
subtraction. Our method only needs users to specify their target objects by a bounding
box. The system then finds the object contour by maximizing the consensus between
the predicted background and the original image. We combine principles from image
completion and foreground extraction approaches into a powerful unified engine.
Besides, a new and harder dataset is introduced with images which have structural

background objects.
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Chapter 1

Introduction
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FIGURE 1.1: (A) The input image with a user-provided bounding box. (B) The result

of GrabCut [Rother et al., 2004]. (C) The result of LVK [Lempitsky et al., 2009]. (D)

Our result. Here is an example of the indistinguishable object and the results of three

methods. By exploiting the structural background, our method obtains the best result
(D).

Image segmentation techniques have been wildly developed nowadays. It is the process
of assigning a label to every pixel in an image such that pixels with the same label share
certain visual characteristics. For instance, graph-based partitioning methods [Boykov and
Jolly, 2001] tries to analyze the similarity between adjacent pixels. Image cosegmentation
[Rother et al., 2006], exploiting the evidence from other images, segments objects in

different images simultaneously by analyzing the coherence of the objects. Some other
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Chapter 1. Introduction 2

works extended the concept of image segmentation for video sequences [Friedman and

Russell, 1997] or saliency map [Goferman et al., 2012].

Nevertheless, it is still challenging to automatically and precisely segment objects from
images. In the domain of interactive image segmentation, they aim to use little user
assistance for better segmentation results. Most of existing methods separate foregrounds
and backgrounds by their color distribution and achieved impressive results in most cases.
However, this strategy lacks ability to handle images whose color distribution of the desired
object is quite similar to the background objects. We found that existing state-of-the-arts,
such as GrabCut [Rother et al., 2004] or. context-aware saliency map [Goferman et al.,
2012] will fail to separate objécts in such-case. It is because these methods are driven by
low-level stimulus such as intensity, color, orientation; and local texture. Without precise
initial color of the foreground object, they will classify part or whole foreground region
to the background. “As a result;-these methods have to ask for more user-intervention or
require more obvious information about the objects. This situation, however, conflicts

the demand of an automatic system.

Actually, we human beings distinguish an object not only the low-level but
also higher level attributes.” The structure of objects is a good feature for
recognizing an object.” However, we have not'seen such an useful feature utilized in
image segmentation researches. As a result, we develop a novel approach exploiting the
consistent structure of backgrounds, and use the consensus to discriminate foregrounds.
Besides, for automatic applications, it is easier for systems to indicate a bounding box
than provide precise strokes within a target. Thus, we use merely one boundary box
embraced the object as the user input and aim at accurately segmenting the foreground

object.



Chapter 2

Related Work

Our research is about image segmentation. We will briefly introduce recent state-of-the-
arts in interactive image segmentation and image cosegmentation. Besides, our method
can also be used in saliency detection. We will compare our research with saliency de-
tection approaches. In addition, our-background prediction method is based on image

completion, we introduce several image completion articles as well.

Interactive image segmentation- Graph Cut, introduced by Boykov et al. [2001] par-
titions images into two parts based on the colordistributions from user-indicated strokes.
The concept is by treating each pixel in the image as a node in a graph and finding energy
minimizing cuts in the graph. This method is efficient and effective and becomes a seminal
core of many advanced methods. GrabCut [Rother et al., 2004], as an improved version
of Graph Cut, allows a considerably reduced degree of user interaction. They employed
Gaussian Mixture Model to approximate foreground and background probability distribu-
tions for digital matting. And instead of one-shot Graph cut, they proposed an iterative
energy minimization. They used provisional labels on some pixels in the foreground which
can subsequently be retracted in next iteration. This benefits to simple initial interactions.
Users are allowed to use just a rectangle around the desired object instead of marking

strokes on their targets. Lempitsky et al. [2009] further adds a bounding box prior into
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the GrabCut framework. This strategy prevents the solution from excessive shrinking
and ensures that the user-provided box bounds the segmentation in a sufficiently tight
way. Nieuwenhuis and Cremers [2013] considered not only the color distributions of user-
provided strokes, but also the spatial distribution of the strokes. It can handle difficult
images which exhibit strongly overlapping foreground and background color distributions

due to large lighting variations.

Lazy Snapping [Li et al., 2004], an useful UT design for image cutout, proposes two steps:
a quick object marking step and a simple boundary editing step. The first step specifies
the object of interest by a few marking lines. The second step allows the user to edit the
object boundary by simply clicking and-dragging polygon vertices. This design is hard
to handle thin and branch structures. Gulshan et al. [2010] demonstrated the power of
shape constraints. This-approach-restricts the space of possible segmentations to a small
subset and help to eliminate false-segmentations. They manager to extend the notion of
star-convexity from'single to multiple centersin a traced way, and further generalized this

notion from the Euclidean to geodesic.

FIGURE 2.1: Some examples of hard to segment objects and our segmented results.
Many image segmentation methods will fail to detect regions like the stem of the bill-
board in (A), while our method obtains a good result.
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Image cosegmentation techniques denote the task of simultaneously segmenting com-
mon objects of different images. Rother et al. [2006] presented a generative model with an
MRF term encoding spatial coherency, and a global constraint which attempts to match
the appearance histograms of the common parts. They demonstrated that supplying just
one additional image can be sufficient to segment both together. Cosegmentation pro-
vides higher accuracy than that achieved with either one alone. Image cosegmentation
techniques shows how useful it is if we give one more image to the segmentation system.

From the other aspect, this also show the difficulty of precise single image segmentation.

Saliency detection techniques are used to detect the salient regions of an image.
Goferman et al. [2012] proposes a novel-algorithm for context-aware saliency detection.
The idea is that salient regions are distinctive with respect to both their local and global
surroundings. Although they try-to-use psychological evidence of human visual attention,
their analyses are still regarding-low-level considerations such as local texture and color.
If the color of an object is similar to the surroundings (like the stem of the billboard in

Figure 2.1), it willfail to detect this region out.

Image completion techniques; also referred to-as inpainting or image filling, is an
image editing tool for ebject. removal and replacement or digital photograph restoration.
It is used to fill holes after objects.are removeds Criminisi et al. [2003] proposed an al-
gorithm for removing large objects in images and replacing them with visually plausible
backgrounds. They employ an exemplar-based texture synthesis technique modulated by
a unified scheme for determining the fill order of the target region. It is capable of propa-
gating both linear structure and two-dimensional texture into the target region. Shift-Map
Image Editing [Pritch et al., 2009] described a new geometric rearrangement of images.
They treated problems as an optimal graph labeling where the shift-map represents the
selected label for each output pixel. Image Melding [Darabi et al., 2012] built upon a
patch-based optimization foundation. They enriched the patch search space with addi-
tional geometric and photometric transformations, and integrated image gradients into

the patch representation. With these improvements, it enables patch-based solutions to a



Chapter 2. Related Work 6

broad class involving inconsistent sources. We find this technique is helpful for predicting

background objects, and thus use the predicted background to distinguish foregrounds.




Chapter 3

Overview

We propose an iterative framework of image segmentation based on structural inconsis-
tency. We first take image segmentation as-an background subtraction problem. Unlike
the traditional video-based background subtraction, we propose predicted the complete
background by modified inpainting techniques. Given a user indicated bounding box, we
assume the foreground object can be precisely extracted with perfect background filling.
Therefore, we aim at reasonably filling the box region by known background regions. With
this assumption, we can get a predicted background-and can further be used to distinguish
possible foreground locations.”We call-this-step as ”Image segmentation using structural

inconsistency”. At this step, we will get a rough object contour.

The result obtained in the structural-inconsistency-based subtraction is a indicating mask
with the approximate foreground object position and silhouette. To further refine the con-
tour, we manager to use the approximate contour to generate strokes like user interaction
of the foreground extraction method. By means of these strokes, we use a graph-cut-based
foreground extraction tool for a more precise segment. We use Geodesic Star Convezity
[Gulshan et al., 2010] at this step because of its content of shape constraint. We will
introduce each step in detail in the following chapters. Figure 3.1 is the flow chart of the

proposed framework.



Chapter 3. Ouverview 8
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(Segmented imagr—.)

F1cure 3.1: The flow chart of the proposed system.

Our system has three main steps:

1. Image segmentation using structural inconsistency- we first apply image
completion method to predict the background in the user-indicated rectangle region.
We use Image Melding [Darabi et al., 2012] as the essential inpainting method. While
we have predicted backgrounds, we can examine the similarity of the predicted
backgrounds with the original image. By this evaluation, we understand which
region may be the background regions and thus can obtain possible foreground
regions. This method is denoted as ”Structural inconsistency evaluation”. However,
the inpainted regions may have distortion compared with the "true” background,
so we further apply ”Block-wise background correction” to the inpainted regions.
We divide the inpainted regions into blocks and transform each block geometrically

for correctness. And again, we apply ”Structural inconsistency evaluation” to the
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corrected background. Finally, we can get a ”Structure inconsistency map (SImap)”

indicating possible foreground regions.

2. Indication map generation- we generate an indication map by using the SImap.
Since the contour of SImap is only approximated through structural inconsistency;,
we would like to further refine the border by graph-cut-based methods. Therefore,
we construct a more conservative map indicating where are the true foreground
locations and where are the true background locations. The constructed map can
be regarded automatic-predicted strokes (labels) for Graph-cut optimization in the

next step.

3. Graph-cut based foreground extraction- by the indication at the previous step,
we can further take it on a foreground extraction toolfor more precise segmentation.
With the helpful labels in-the indication map, we can get final precise segmented

results.



Chapter 4

Methods

Existing interactive image segmentation methods may fail in images whose color of fore-
ground is quite similar to the color-of backgrounds. For these images, they will ask users
provide more cues about the object locations, such as marking more precise boundary
positions of the desired objects. This situation, however, conflicts the objective of an
intelligent segmentation system. Therefore, we intend to provide a system that only need
the initial bounding box embraced the object, and with no more interactions, our system
can then automatically segment.the object more precisely than existing methods. It can

greatly decreases user interactions and benefits to automatic computing systems.

We now introduce our algorithm of image segmentation by structural inconsistency. There
are three main steps: Image Segmentation Using Structural Inconsistency (Sec 4.1), In-

dication Map Generation (Sec 4.2), Graph-Cut-Based Foreground Extraction (Sec 4.3).

10
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4.1 Image Segmentation Using Structural Inconsis-

tency

Image inpainting or image completion is pervasive used as a restoration tool of images
nowadays. We found the ability of inpainted image can be used for extracting foreground
objects by treating the inpainted region as predicted backgrounds. Nevertheless, straight-
forwardly using background subtraction with inpainted images does not have satisfactory
results. Therefore, we proposed a consistency matching framework. Our framework in
this step goes through three parts: background prediction, structural inconsistency eval-
uation and block-wise background correction...We conduct an iterative process to find a
coarse boundary contour of the foreground object by using the characteristics of structural
consistency. For each iteration, we first inpaint the masked region specified by users, and
then subtract the inpainted image from.the original source image to obtain a structural
inconsistency map (Shmap). By examining each pixel value in the SImap from the bound-
ary of the mask region to the center and discarding pixels under a particular threshold,
we can get a binaryrmask indicating pessible foreground region. Finally, we take this bi-
nary mask as the input of the first step. Then our system iteratively removes background
regions until the binary mask.is no longer changed or reaches a particular number of
iterations. The inpainting regions will gradually become smaller in each iteration, which
means, the source region for inpainting will become bigger offering more clues of back-
ground information and resulting in a more accurate inpainting image (Figure 4.1). We

include pseudo-code of our algorithm in Algorithm 1, and the details are described in the

following subsections.

W EEEEE;

FIGURE 4.1: An example of the changing of foreground regions in each iteration with
the first image as the input.
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Algorithm 1 Framework of Image Segmentation Using Structural Inconsistency

Input: Input image S and bounding box mask T’
Output: Binary mask B indicating foreground region
1: Downscale S and mask T’
2m=T
3: for iteration i =1 — n do

4: Q2 « BackgroundPrediction (.S, m)

o: D = ||Q — SH

6: t < PredictDiffThreshold(D, m)

7 m < StructurallnconsistencyEvaluation(D, t, m)
8: Y < BackgroundCorrection(£2, S)

9: D = ||Q/—S||

10: m < StructurallnconsistencyEvaluation(D’, t,m)
11: if IsConverged(m) then

12: break

13: end if

14: end for

15:

16: Upscale m

17 B=m

4.1.1 Background Prediction

We choose Image Melding [Darabi et al., 2012] as our inpainting tool since it outperforms
previous state-of-the-art.methods in the field of image inpainting. Image Melding builds

upon a patch-based optimization foundation:

Given a user-defined rectangle mask, the input image is then divided into the source
region S and the target region T (Figure 4.2). The objective is to replace content of T
with content from region S. They suggest a patch-based optimization problem by minimize

the following function:

E(T,8) =Y min(D(Q. P) + AD(VQ. VP)). (4.1)

where Q = N(q) is a w X w patch with target pixel ¢ at its upper left corner, and P =

f(N(p)) is a w x w patch that is a result of a geometric and photometric transformation
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FIGURE 4.2: Left: the input image image with user provided bounding box. Right: the
target region 7" and the source region S forimage inpainting.

f applied on a small neighborheod- N around source pixel p.-P and @) has three color
channels. VP and V(@ are the two luminance gradient channels on source and target
region respectively, The above energy function finds a cover of the missing data using the
available one. That is, to find the optimal patches which are the most similar to the local
neighborhood in the source region. With thissmethod, we can get a background prediction

for separating the different structure in the foreground (Figure 4.3).

4.1.2 Block-wise Background Correction and Structural Incon-

sistency Evaluation

Even though the predicted background is highly similar to the original region, there may
be still slight unfitness between the predicted background and the original one. Thus,
we further apply local image warping to the inpainted region. We divide the inpainted
region into 15x15 blocks. For each block, our system finds the best affine transformation
to the block in the original image. It is denoted as ”Block-wise Background Correction”.
The minimization function aim to find the best affine matrix of predicted background and

original image:
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. A o 3 2 - .
arg min ZZ: |I(Aqi) — I(pi)|*, 7 € block region (4.2)

subject to |A — I|* < threshold & (4.3)

where A is the affine transformation matrix, I(p) gets the color value in position p,
and ¢ is in predicted background image, p is in original source image. [ is the identity
matrix. With a constraint of matrix A, it bounds the transformation in a small set
preventing big deformation. We use Levenberg-Marquardt algorithm to find the best affine
transformation. In this way, each inpainted;block will deform to a more precise fitting to

the ground truth input image.

As long as we have the predicted background image, we ¢an evaluate the inconsistency
between source image and predicted backgrounds. \We call this step as ”Structural In-
consistency Evaluation”. " We can obtain a Structural-Inconsistency map (SImap) by

subtracting predicted background from source image (Figure 4.5).

FIGURE 4.3: An example of background prediction result. Left: input image with a
bounding box specified by users. Right: the inpainted result.
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D(i) = [[p:) = Sl (4.4)

where i is pixels belonged to source image, €2 is the inpainted image with best warping,
and S is the source image. D collects the L1 norm distance of each pixel. Then, we check

each pixel in D inwardly from the border of the rectangle mask.

, 1 ,if D(i) > t;
Seg(i) = (4.5)
0 , otherwise.

Seg(i) is a binary mask gathering the pixels whose value is above a threshold ¢. The
notable strategy is thatiwe check each pixelinwardly from the mask border, until there is
a boundary contour whose values of pixels belonged to the contour are above the threshold
t. A concept demonstration. is showed in Figure4.4. The threshold ¢ is predicted as the

value at the last 10% of difference distributionin mask region.

FIGURE 4.4: Inward structural inconsistency checking. The process starts from the

mask boundary to the center in sequence and converges until there is a boundary blocked

out checking process. The pixel values outside the boundary region are all under the
threshold ¢.

4.1.3 Refinement

In this step, we further manipulate the Seg(i) image for a better result. First, we use ma-

jority to the binary mask, a morphological operation which sets a pixel to 1 if five or more
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FIGURE 4.5: An example of structural inconsistency map (right) produced by subtract-
ing inpainted image (middle) from source image (left).

pixels in its 3-by-3 neighborhood are 1s; otherwise, it sets the pixel to 0. This operation
attempts to centralize the mask helping to get a compact boundary contour. Second, We

find the biggest connected component of the binary image eliminating unconnected parts.

Our system iteratively executes three steps introduced in section 4.1.1 to 4.1.3. Our ob-
jective is to gradually shrink the possible foreground regions, in other words, to reduce
the essential background prediction regions. This strategy takes the advantages of image
completion results singe the image completion is good at borders within the inpainting re-
gions. And therefore, weuse the inwardly structural inconsistency evaluation as described
in section 4.1.2. For each pixel, the larger its distance away from inpainting boundary,
the less information it can receive about the surrounding objects. Compared with the
one-shot procedure by executing background prediction one time and then tried to ana-
lyze the only SImap, we found that our iterative procedure can gradually approach the

object silhouette and lessen the effects of imperfect inpainting results.

4.2 Indication Map Generation

This step intend to generate an indication map denoting foreground strokes and back-

ground strokes for graph-cut optimization. As we have obtained a coarse binary mask of
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the foreground object, it can be used to create strokes for a more precise segmentation.
At first, we take the boundary contour C; of the binary mask Seg. Then, by applying
dilation operation on Cy, we can get a band shape of thicker contour. This band has two
boundaries: one inside the mask region of Seg, and the other one outside. We then treat
the outside boundary as the background strokes, and inside boundary as the foreground

strokes (Figure 4.6).

(4) (B)

FIGURE 4.6: (A) The final mask obtained fromSec4.1. (B) The Indication Map. (C) A
demonstration of locations of foreground strokes (Red) and background strokes (Black).

4.3 Graph-cut-based Foreground Extraction

We have tried various foreground extraction tools [Boykov and Jolly, 2001, Grady, 2006,
Liu et al., 2009] and find the method of Geodesic Star Convezxity [Gulshan et al., 2010]
gets the best result with our indication map. We take the indication map as the input
of GSC. With the shape constraint introduced by GSC, we obtain a precise segmentation
at this final step. Insufficient segmented boundary can be improved at this step (Figure

47).
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FIGURE 4.7: The result of GSC by our indication map (Figure 4.6).
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Experiments

5.1 Quantitative Evaluation

We compare the average quality of our method to the previous methods, Grabcut [Rother
et al., 2004] and LVK [Lempitsky et al; 2009]. Both of these two methods can be initial-
ized by one user-provided bounding box. Without: further user interaction, our method

outperforms these methods and provide more precise segmentation results.

We construct a database with 80/images which have obvious structural backgrounds. Some
images are difficult to be segmented because the color of foreground objects is quite similar
to the background objects. We took 72 images from LabelMe dataset [Russell et al., 2008]
with ground truth marked by users. And 8 images are from Grabcut database with ground

truth provided by the authors.

5.1.1 Evaluation

We utilize the two well-known measures precision and recall and Fy-measure to evaluate

the accuracy of comparative methods. The precision and recall is defined by

19
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tp

Precision = 5.1

tp+ fp (5:1)

Recall = p (5.2)
tp+ fn

where tp is the set of correct results, fp is the set of unexpected results, and fn is the set

of missing results. The score is measure by F,-measure.

5 - Precision - Recall

F = )
27 4. Precision + Recall

(5.3)

Table 5.1 shows the Fy-measure of our method tegether with Grabcut [Rother et al.,
2004] and LVK [Lempitsky et al., 2009]. Our method achicve the highest score in this
dataset. Figure 5.1, 5.2 and 5.3 show some examples of the segmentation results. We can
see many objects are difficult to distinguish out. But our method performs the highest

quality segmentation results.

Method Fy-measure

Our method 0.9594
LVK 0.9207
Grabeut 0.8713

TABLE 5.1: Fh-measure scores in our structural dataset.

5.1.2 Comparison on Other Dataset

In order to prove the generality of our approach, we further test our method on Com-
plex Scene Saliency Dataset [Yan et al.]. Because our algorithm depends on background
prediction by image completion, we can not handle objects without sufficient background
information. Therefore, we choose 50 out of 200 images as the testing data. We demon-

strate the Fy-measure scores and compare with Grabcut [Rother et al., 2004] and LVK
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[Lempitsky et al., 2009] in Table 5.2. It shows that our performance is as good as LVK
method. And it confirms the generality of our approach even though the backgrounds are

not structural objects. Results are showed in Figure 5.4.

Method Fs-measure

Our method 0.9267
LVK 0.9248
Grabcut 0.8928

TABLE 5.2: Fy-measure scores in Complex Scene Saliency Dataset.

5.2 Discussions

We mainly compare our method to Grabcut and LVK. Indeed, Grabcut provides an ef-
ficient, iterative version of graph-cut-based optimization. They use Gaussian Mixture
Models for color data modelling and estimating the probability.of each pixel. The itera-
tive energy minimization benefits to improve the parametersiof GMMs. This method is
good at images with simple backgrounds and objects of high contrast color distributions.
Following from the concept of Grabcut, LVK further adds a bounding box prior to the
Grabcut framework. They propose an algorithm helping for finding a tight shape. The
shape should satisfy the tightness of user-provided bounding box. Nevertheless, LVK can
not understand the real shape of an object. They can only find a conservative shape
which can satisfy the tightness constraint. As a result, if the target object has a similar
color distribution to the background, the approach of LVK will fail to segment in this
situation. However, our method takes the advantage of consistent background structure,
and recognizes the shape of an object by the distinct structure from backgrounds. Our

method can segment the desired object with high accuracy.



Chapter 5. Ezxperiments

22

FIGURE 5.1: Results from our structural dataset. From left to right: (1) The input
image. (2) The results of Grabcut. (3) The results of LVK. (4) Our results.
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FIGURE 5.2: Results from our structural dataset. From left to right: (1) The input
image. (2) The results of Grabcut. (3) The results of LVK. (4) Our results.
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FIGURE 5.3: Results from our structural dataset. From left to right: (1) The input
image. (2) The results of Grabcut. (3) The results of LVK. (4) Our results.
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FIGURE 5.4: Results from the CSSD dataset. From left to right: (1) The input image.
(2) The results of Grabcut. (3) The results of LVK. (4) Our results.



Chapter 6

Conclusions and Limitations

We have shown a structure-based image segmentation framework that use structure con-
sensus for foregrounded and background separation. Our method combines principles
from image completion and foreground extraction approaches into a powerful unified en-
gine. And we demonstrate the high precision of our method in indistinguishable images
by only one box as input. Our method can greatly decrease user interaction and benefits

to further automatic segmentation systems.

Our method still has a few/limitations: the input-image should content sufficient back-
ground information. And if there'is another object identical to the target object in the
image, our system may regard the object as parts of background and will fail in this

situation.
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