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Abstract. While computer vision has made noticeable advances in the
state of the art for 2D image segmentation, the same cannot be said for
3D volumetric datasets. In this work, we present a scalable approach to
volumetric segmentation. The methodology, driven by supervoxel extrac-
tion, combines local and global gradient-based features together to first
produce a low level supervoxel graph. Subsequently, an agglomerative
approach is used to group supervoxel structures into a segmentation
hierarchy with explicitly imposed containment of lower level supervoxels
in higher level supervoxels. Comparisons are conducted against state of
the art 3D segmentation algorithms. The considered applications are 3D
spatial and 2D spatiotemporal segmentation scenarios.

1 Introduction

The advent of big data and ease of access to computational resources has led
to increasing interest in directly analyzing 3D data instead of merely relying on
their 2D image projections. Consequently, 3D supervoxels which are a natural
extension to 2D superpixels, play a key role as can be seen in many computer
vision applications spanning spatiotemporal video and 3D volumetric datasets.
For example, high dimensional data in the form of lightfields, RGBD videos and
regular video data, particle-laden turbulent flow data comprising dust storms
and snow avalanches and finally 3D medical images like MRIs are avenues for
further development and application of 3D supervoxel estimation methods.
The popular ultrametric contour map (UCM) framework [1] has established
itself as the state of the art in 2D superpixel segmentation. However, a direct
extension of this framework has not been seen in the case of 3D supervoxels. The
current popular frameworks in 3D segmentation start by constructing regions
based on some kind of agglomerative clustering (graph based or otherwise) of sin-
gle pixel data. However, the 2D counterparts of these methods on which they are
founded are not as accurate as UCM. This is because the UCM algorithm does
not begin by grouping pixels into regions. Instead it first computes a high quality
boundary map which is subsequently utilized toward obtaining closed regions.
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The two step process in UCM is carried out by combining boundary organiza-
tion with pixel clustering which leads to high quality segmentation results in 2D.
Therefore, it follows that a natural extension of this two step process in the case
of 3D should be a harbinger for success.

UCM derives its power from a combination of local and global cues which
complement each other in order to detect highly accurate boundaries. However,
all the other methods, with the exception of normalized cuts [2] (which directly
obtains regions) are inherently local and do not incorporate global image infor-
mation. In sharp contrast, UCM includes global image information by estimating
eigenfunction scalar fields of graph Laplacians formed from local image features.
Despite this inherent advantage, the high computational cost of UCM is a bottle-
neck in the development of its 3D analog. Recent work in [3] has addressed this
issue in 2D by providing an efficient GPU-based implementation but the huge
number of voxels involved in the case of spatiotemporal volumes remains an
issue. The work in [4] provides an efficient CPU-only implementation by lever-
aging the structure of the underlying problem and provided a reduced order
normalized cuts approach to solve the eigenvector problem. Consequently, this
opens up a plausible route to 3D as a reduced order approach effectively solves
the same globalization problem but at a fraction of the cost. Therefore, the main
work of this paper is threefold: First, we design filters for 3D volumes (either
space-time video or volumetric data) which provide local cues at multiple scales
and at different orientations akin to the approach in 2D UCM. Second, we intro-
duce a new method called as oriented intervening contour cue which extends
the idea of the intervening contour cue in [5] for constructing the graph affinity
matrix. Third, we solve the reduced order eigenvector problem by leveraging
ideas from the approach in [4]. After this globalization step, the local and global
fields are merged to obtain surface boundary fields. Subsequent application of
a watershed transform yields supervoxel tessellations (represented as relatively
uniform polyhedra that tessellate the region). The next step in this paper is to
build a hierarchy of supervoxels. While 2D UCM merges regions based on their
boundary strengths in its oriented watershed transform approach, we did not
find this approach to work well in 3D. Instead, to obtain the supervoxel hier-
archy, we follow the approach of [6] which performs a graph-based merging of
regions using the method of internal variation [7].

In summary, our approach extends the popular and highly accurate gPb-
UCM framework to 3D resulting in a highly scalable framework based on reduced
order normalized cuts. To the best of our knowledge, there does not exist a
surface detection method in 3D which uses graph Laplacian-based globaliza-
tion for estimating supervoxels. Further, our results indicate that owing to the
deployment of a high quality boundary detector as the initial step, our method
maintains a distinction between the foreground and background regions by not
causing unnecessary oversegmentation of the background at the lower levels of
hierarchy.

Road map: The next section describes the related work on 2D and 3D segmen-
tation which influenced our work. Section 3 describes how we extract supervoxels



Supervoxel-Based Segmentation of 3D Volumetric Images 39

by extending the 2D gPb-UCM framework. Section 4 evaluates the proposed app-
roach and other state of the art supervoxel methods on two different types of 3D
volumetric datasets both qualitatively and quantitatively. Section5 concludes
by summarizing our contributions and also discusses the scope for future work.
Throughout the paper, we use the term pixel and voxel interchangeably when
referring to the basic “atom” of 2D/3D images.

2 Related Work

Normalized Cuts and gPb-UCM: Normalized cuts [2] gained immense pop-
ularity in 2D image segmentation by treating the image as a graph and com-
puting hard partitions. The gPb-UCM framework [1] leveraged this approach in
a soft manner to introduce globalization into their contour detection process.
This led to a drastic reduction in the oversegmentation arising out of gradual
texture or brightness changes in the previous approaches. Being a computation-
ally expensive method, the last decade saw the emergence of several techniques
to speed up the underlying spectral decomposition process in [1]. These tech-
niques range from various optimization techniques like multilevel solvers [8,9],
to systems implementations exploiting GPU parallelism [3], and to approximate
methods like reduced order normalized cuts [4,10].

3D Volumetric Image Segmentation: Segmentation techniques applied to
3D volumetric images can be found in the literature of medical imaging (usually
MRI) and 2D+time video sequence segmentation. In 3D medical image segmen-
tation, unsupervised techniques like region growing [11] have been well studied.
In [12], normalized cuts were applied to MRIs but gained little attention. Recent
literature mostly focuses on supervised techniques [13,14]. In video segmenta-
tion, there are two streams of works. On one hand, [15-18] are frame based
that rely on segmenting each frame into superpixels in the first place. Therefore
they are not applicable to general 3D volumes. On the other hand, a variety of
other methods treat the video sequences as spatiotemporal volumes and try to
segment them into supervoxels. Those methods are mostly extensions of popu-
lar 2D image segmentation approaches, including graph cuts [19,20], SLIC [21],
mean shift [22], graph-based methods [6] and normalized cuts [9,23]. Besides
these, temporal superpixels [24-26] are another set of effective approaches that
extract high quality spatiotemporal volumes. A comprehensive review of super-
voxel methods can be found in [27,28]. All of this development in the area of 3D
supervoxels has led to a general consensus in the video segmentation community
that supervoxels have favorable properties which can be leveraged later in the
pipeline. These characteristics include: (i) supervoxel boundaries should stick
to the meaningful image boundaries; (ii) regions within one supervoxel should
be homogeneous while inter-supervoxel differences should be substantially large;
(iii) it’s important that supervoxels have regular topologies; (iv) a hierarchy of
supervoxels is favorable as different applications have different supervoxel gran-
ularity preferences.
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3 Supervoxel Extraction

Our work is a natural extension of the state of the art 2D superpixel method, the
gPb-Ultrametric Contour Map framework (gPb-UCM) [1], henceforth referred to
as 3D-UCM. The 2D gPb-UCM framework consists of three major parts: image
gradient features detection, globalization and agglomeration. Analogously, the
workflow in the 3D-UCM framework presented here is volume gradient features
detection, globalization and supervoxel agglomeration. However, the voxel car-
dinality of 3D volumetric images far exceeds their 2D counterparts. Therefore,
certain computational considerations force us to adopt reduced order eigensys-
tem solvers. These approximations will become clear as we proceed. The upside
is that the 3D-UCM algorithm becomes scalable to handle sizable datasets.

3.1 Volume Gradient Features Detection

We first require an edge detector to help quantify the presence of boundary-
surfaces. Most gradient-based edge detectors in 2D [29,30] can be extended to 3D
for this purpose. We based our 3D edge detector on the mPb detector proposed
in [1,31] which has been empirically shown to have superior performance in 2D.
The building block of the 3D mPb gradient detector is an oriented gradi-
ent operator G(z,y,z,0,¢,r) that is described in detail in Fig. 1. To be more
specific, in a 3D volumetric intensity image, we place a sphere centered at each
pixel to denote its neighborhood. An equatorial plane specified by its normal
vector (6, ¢) splits the sphere into two half spheres. We compute the inten-
sity histograms for both half spheres as g and h. Then we define the gradient
magnitude in the direction ¢(6, ) as the x? distance between g and h:

5 1 i) — h(i))?
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In order to capture gradient information at multiple scales, this gradient value
is calculated at different radius values r of the neighborhood sphere. Gradients
obtained from different scales are then linearly combined together using

G(z7y7 2597 90) = ZarG(I7 y’ Z7 07 <p’r) (2)

where «, weighs the gradient contribution at different scales. For multi-channel
3D images like video sequences, G(x,y, 2,0, ¢) are calculated separately from
different channels and summed up using equal weights. Finally, the measure of
boundary strength at (z,y,z) is computed as the maximum response among
various directions (6, ¢):

me(x,y,z) = HgaxG(x,y,z,H,@). (3)
)
In our experiments, 6 and ¢ take values in {0, 7, 7, %”} and {—%,0, 7} respec-

tively and in one special case, ¢ = 7. Therefore we compute local gradients in
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Fig. 1. The oriented gradient operator G(z,v, z, 0, ¢, r): At location (z,y, z), the local
neighborhood is defined by a sphere with radius r. An equatorial plane m (shaded
green) along with its normal vector ¢ splits the sphere into two half spheres. The one
above n is shaded yellow and the one below is shaded blue. We histogram the intensity
values of voxels that fall in the yellow and blue half spheres respectively. Finally we
calculate the x? distance between the yellow and blue histograms as the local gradient
magnitude in the direction ¢ of scale r (Color figure online).

13 different directions. Neighborhood values of 2, 4 and 6 voxels were used for r.
Equal weights o, were used to combine gradients from different scales. Also, as
is standard, we always apply an isotropic Gaussian smoothing filter with o = 3
voxels before any gradient operation.

3.2 Globalization

The core aspect of the gPb-UCM algorithms is spectral clustering. It globalizes
the local cues obtained from the gradient features detection phase and specifically
focuses on the most salient boundaries in the image by analyzing the eigenvectors
derived from the normalized cuts problem [2]. However, this approach depends
on solving a sparse eigensystem at the scale of the number of pixels in the image.
Thus as the size of the image grows large, the globalization step becomes the
computational bottleneck of the whole process. This problem is even more severe
in the 3D setting because the voxel cardinality far exceeds the pixel cardinality
of our 2D counterparts. An efficient approach was proposed in [4] to reduce the
size of the eigensystem while maintaining the quality of the eigenvectors used in
globalization. We generalize this method to 3D so that our approach becomes
scalable to handle sizable datasets.

In the following, we describe the globalization steps: (i) graph construction
and oriented intervening contour cue, (ii) reduced order normalized cuts and
eigenvector computation, (iii) scale-space gradient computation on the eigenvec-
tor image and (iv) the combination of local and global gradient information.
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Graph Construction and Oriented Intervening Contour Cue: In 2D,
spectral clustering begins from a sparse graph obtained by connecting pixels that
are spatially close to each other. gPb-UCM [1] constructs a sparse symmetric
affinity matrix W using the intervening contour cue [5] that is the maximal value
of mPb along a line connecting two pixels. However, this approach doesn’t utilize
all the useful information obtained from the previous gradient features detection
step. Figure 2 describes a potential problem and how we deal with it. To improve
the accuracy of the affinity matrix, we take the direction vector of the maximum
gradient magnitude into consideration when calculating the pixel-wise affinity
value. We call this new variant as oriented intervening contour cue. For any
spatially close voxels i and j, we use 7j to denote the line segment connecting 4
and j. d is defined as the unit direction vector of ij. Assume P is a set of voxels
that lie close to 5. For any p € P, n is the unit direction vector associated with
its mPb value. We define the affinity value W;; between ¢ and j as follows:

Wij = exp(— max{mPb(p)[(d, n)[}/p) (4)

where () is the inner product operator of the vector space and p is a scaling
constant. In our experiments, P contains the voxels that are at most 1 voxel
away from ¢j. p is set to 0.1. In the affinity matrix W, each voxel is connected
to voxels that fall in the 5 x 5 cube centered at that voxel. So the graph defined
by W is very sparse.

...‘.B |
|

Fig. 2. Left: Suppose we want to calculate the affinity value between voxels A and B.
C is the voxel with maximal mPb value that lies on the line segment AB. In the upper
left case, A and B belong to one region. In the lower left case, A and B are in two
different regions. But the intervening contour cue of UCM [1] gives the same affinity
value in both cases, which is not very satisfactory. Obviously it would be better if we
consider the direction t of C’s mPb. Right: In our oriented intervening contour cue
approach, when calculating affinity values, we always take the product of mPb(C') with
the absolute value of the inner product (t,n), where n is the unit direction vector of
line segment AB. If A and B are on different sides of a boundary surface, |(¢,n)| will
be large, leading to small affinity value and vice-versa.
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Reduced Order Normalized Cuts and Eigenvector Computation: At
this point, the standard 2D gPb-UCM solves for the generalized eigenvectors of
the sparse eigensystem

(D —W)v=ADv (5)

where D is a diagonal matrix defined by D;; = X;W;;. However, solving this
eigenvalue problem is very computationally intensive. It becomes the bottleneck,
both in time and memory efficiency, of the normalized cuts segmentation algo-
rithms. To overcome this, an efficient and highly parallel GPU implementation
was provided in [3]. However, this approach requires us to use GPU-based hard-
ware and software suites—an unnecessary restriction. A clever alternative in
[4,10] builds the graph on superpixels instead of pixels to reduce the size of the
eigensystem. We chose to generalize [4]’s approach to 3D as (i) the superpixel
solution is more scalable than the GPU solution in terms of memory require-
ments, (ii) specialized GPU co-processors are not commonly available in many
computing platforms like smart phones and wearable devices, and (iii) the app-
roach in [10] is specifically designed for superpixels in each frame in video seg-
mentation, thus not easily generalizable. Finally, the approach in [4] constructs
a reduced order normalized cuts system which is easier to solve. The reduced
order eigensystem is denoted by

(LY(D —W)L)x = NL"DLx (6)

where L € R™*" x € R™ and Lx = v. The purpose of L is to assign each pixel
to a superpixel/supervoxel. In our approach, the supervoxels are generated by
a watershed transform on the mPb image obtained from the volume gradient
features detection step. Obviously the number of supervoxels m is much smaller
than the number of voxels n in the whole 3D volumetric image. In practice,
there are usually two to three orders reduction in the size of the eigensystem
(from millions voxels to a few thousands supervoxels). Therefore it is much more
efficient to solve Eq. (6) than Eq. (5).

s fe [
&1_ ¢ KB

Fig. 3. Upper Left: One slice of a brain MRI from the IBSR dataset [32]. Lower
Left: One frame of a video sequence from the BuffaloXiph dataset [33]. Right: The
corresponding slices/frames of the first 4 eigenvectors.
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Scale Space Gradient Computation on the Eigenvector Image: We solve
for the generalized eigenvectors {xg, 1, ..., Zn} of the system in (6) correspond-
ing to the smallest eigenvalues {\j, A}, ..., AL }. As stated in [4], A; in (5) will
equal to A, and Lz; will match v; modulo an irrelevant scale factor, where v;
are the eigenvectors of the original eigensystem (5). Similar to the 2D scenario
[1], eigenvectors v; carry surface information. Figure3 shows several example
eigenvectors obtained from two types of 3D volumetric datasets. In both cases,
the eigenvectors distinguish salient aspects of the original image. Based on this
observation, we apply the gradient operator mPb defined in (3.1) to the eigen-
vector images. The outcome of this procedure is denoted as ‘sPb’ because it
represents the ‘spectral’ component of the boundary detector, following the con-
vention established in [1]:

1
Vx

Note that this weighted summation starts from ¢ = 1 because )y always equals
0 and vg is a vanilla image. The weighting by 1/4/); is inspired by the mass-
spring system in mechanics [1,34]. In our experiments, we use 16 eigenvectors,
ie. K =16.

K
sPb(x,y,z) = Z mPby, (2,y, 2). (7)
i=1

The Combination of Local and Global Gradient Information: The last
step is to combine local cues mPb and global cues sPb. m Pb tries to capture vari-
ations in every corner while s Pb aims to obtain salient boundary surfaces. By lin-
early combining them together, we get a ‘globalized’ boundary detector gPb:

gPb(z,y,2) = wmPb(z,y,z) + (1 — w)sPb(z,y, 2). (8)

In practice, we use equal weights for mPb and sPb. After obtaining the gPb
values, we apply a post-processing step of non-maximum suppression [29] to get
thinned boundary surfaces when the resulting edges from mPb are too thick.
Figure 4 shows some examples of mPb, sPb and gPb.

3.3 Supervoxel Agglomeration

At this point, the 2D gPb-UCM algorithm proceeds with the oriented water-
shed transform (OWT) [1,35,36] to create a hierarchical segmentation of the
image resulting in the ultrametric contour map. However, we find that the same
strategy does not work well in 3D. The reasons are two-fold. First, because of
the irregular topologies, it is more difficult to approximate the boundary surfaces
with square or triangular meshes in 3D than to approximate the boundary curves
with line segments in 2D. Second, in the merging process, following OWT, only
the information of the pixels on the boundaries are used when the boundaries
between superpixels are greedily removed. This is not a robust design especially
considering that in 3D the boundary surfaces are frequently fragmented.
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Original Slice mPb

Fig. 4. sPb augments the strength of the most salient boundaries in gPb.

Due to the above considerations, we turn to the popular graph based image
and video segmentation methods [6,7] to create the segmentation hierarchy. We
first apply a watershed transform to the gPb strengths obtained from the pre-
vious step to get an oversegmentation. Next we iteratively merge the adjacent
segments starting from this oversegmentation. The output of this procedure is
a segmentation hierarchy represented by a tree-structure whose lower level seg-
ments are always contained in higher level segments. As in [6], the merge rules
run on a graph. The nodes of the graph are regions. First, for any two adja-
cent regions R; and R;, we assign an edge e;; to connect them on the graph.
The weight of e;; is set to the x? distance between Lab space or intensity value
histograms of R; and R; with 20 bins used. Also, for any region R, a quantity
named the relaxed internal variation RInt(R) is defined:

RInt(R) := Int(R) + |T§| 9)
where Int(R) is defined as the maximum edge weight of its minimum spanning
tree (MST). For the lowest level regions, i.e. the regions of oversegmentation
obtained from the watershed transform, Int(R) is set to 0. | R| is the voxel cardi-
nality of region R. 7 is a parameter to trigger the merging process and control the
preferred granularity of the regions. In each iteration of merging, all the edges
are traversed in ascending order. For any edge e;;, we merge incident regions
R; and R; if the weight of e;; is less than the minimum of the relaxed internal
variation of the two regions. Thus the merging condition is written as

weight(e;;) < min{RInt(R;), RInt(R;)}. (10)

In practice, we increase the granularity parameter 7 by a factor of 1.1in each
iteration. This agglomeration process iteratively progresses until no edge meets
the merging criteria. The advantage of graph based methods is that they make
use of the information in all voxels in the merged regions. Furthermore, as shown
in the experiments below, we see that it overcomes the weakness of fragmented
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supervoxels of graph based methods. This is because traditional graph based
methods are built on voxel-level graphs.

Finally, we obtain a supervoxel hierarchy represented by a bottom-up tree
structure. This is the final output of the 3D-UCM algorithm. The granularity of
the segmentation is a user driven choice guided by the application.

4 FEvaluation

We perform quantitative and qualitative comparisons between 3D-UCM and
state of the art supervoxel methods on two different types of 3D volumetric
datasets. Datasets and experimental results are presented in this section.

4.1 Experimental Setup

Datasets: The most typical use cases of 3D segmentation are medical images
like MRIs and video sequences. We use the publicly available Internet Brain Seg-
mentation Repository (IBSR) [32] for our medical imaging application. It con-
tains 18 volumetric brain MRIs with their white matter, gray matter and cerebro-
spinal fluid labeled by human experts. These represent cortical and subcortical
structures of interest in neuroanatomy. For video segmentation applications, we
use the dataset BuffaloXiph introduced by [33]. The 8 video sequences in the
dataset have 69-85 frames and are labeled with semantic pixels. This allows us
to examine whether the algorithms have the same perception as humans in the
case of 2D+time segmentation.

Methods: A comprehensive comparison of current supervoxel and video seg-
mentation methods is available in [27,28]. Building on their approach, in our
experiments, we will compare 3D-UCM to two state of the art supervoxel meth-
ods: (i) hierarchical graph based (GBH) [6] and (ii) segmentation by weighted
aggregation (SWA) [8,9,37]. GBH is the standard graph based method for video
segmentation and SWA is a multilevel normalized cuts solver that also generates
a hierarchy of segmentations.

4.2 Qualitative Comparisons

We present some example slices from both the IBSR and BuffaloXiph datasets
in Fig. 5. Even a cursory examination shows us that all the three methods differ
markedly in the kind of segmentations they obtain. However, it is hard to say
which method performs best when compared to the ground truth. As can be
noticed, GBH has a fragmentation problem in both the IBSR and BuffaloXiph
datasets. A large number of small fragments of irregular shapes are visible in
its results. On the other hand, SWA has a clean segmentation in IBSR but
suffers from fragmentation in video sequences. In contrast, 3D-UCM has the most
regular segmentation. This difference is clearer if we look at the whole hierarchy.
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Original
image

Groundtruth

SWA

Fig. 5. The level of segmentation hierarchy is chosen as similar to ground truth gran-
ularity. Left: IBSR dataset results. The white, gray and dark gray regions are white
matter, gray matter and cerebro-spinal fluid (CSF) respectively. Right: BuffaloXiph
dataset results.

Finer level Coarser level

Fig. 6. The hierarchy of segmentation of all three methods of the same skating frame
in Fig. 5. The leftmost column is the finest segmentation in each hierarchy.
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Figure 6 shows the segmentation from fine to coarse of the same skating frame
as in Fig. 5. Obviously, GBH and SWA generate unnecessary oversegmentations
of the background at finer levels. This is because the first building blocks of the
GBH and SWA hierarchies are single voxels. This makes them sensitive to local
illumination or intensity value changes. 3D-UCM overcomes this problem by
integrating global cues to obtain an initial set of supervoxels which leverage the
strength of a high quality boundary detector. Hence, the basic building blocks
of our hierarchy are these initial supervoxels and not the elementary voxels. It
suffices to say that 3D-UCM generates meaningful and compact supervoxels at
all levels of the hierarchy while GBH and SWA have a fragmentation problem
at the lower levels.

4.3 Quantitative Measures

As both the IBSR and BuffaloXiph datasets are densely labeled, we are able to
compare the supervoxels methods on a variety of measures.

Boundary Quality: The precision-recall curve is the most recommended mea-
sure and has found widespread use in comparing image segmentation methods
[1,31]. This was introduced into the world of video segmentation in [16]. We use
it as the boundary quality measure in our benchmarks. It measures how well
the machine generated segments stick to ground truth boundaries. More impor-
tantly, it shows the tradeoff between the positive predictive value (precision)
and true positive rate (recall). For a set of machine generated boundary pixels

3D Segmentation Accuracy
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—ap-uew|

s ®
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(a) IBSR, boundary (b) IBSR, region (c) IBSR, compactness

el Compactness

Precision

Supervos

3D Segmentation Accuracy

—aBil

Number of Supervoxels

B w  mn e o om0
Recall Number of Supervoxels
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Fig. 7. Quantitative measures.
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Sy and human labeled boundary pixels Gy, precision and recall are defined as

follows:
|SbﬂGb‘ _ |SbﬂGb|
—_ call = ———.

, re = 11
S e D)

We show the precision-recall curves on IBSR and BuffaloXiph datasets in Fig. 7a
and d respectively. 3D-UCM performs the best on IBSR and is the second best on
BuffaloXiph. GBH does not perform well on BuffaloXiph while SWA is worse on
IBSR. One limitation of 3D-UCM is that there is an upper limit of its boundary
recall because it is based on supervoxels. GBH and SWA can have arbitrarily
fine segmentations. Thus they can achieve a recall rate arbitrarily close to 1,
though the precision is usually low in these situations.

precision =

Region Quality: Measures based on overlaps of regions such as Dice’s coef-
ficients are widely used in evaluating region covering performances of voxel-
wise segmentation approaches [38,39]. We use the 3D segmentation accuracy
introduced in [27,28] to measure the average fraction of ground truth segments
that is correctly covered by the machine generated supervoxels. Given that
Gy, ={91,92,--.,9m} are ground truth volumes, S, = {s1, s2, ..., S, } are super-
voxels generated by the algorithms and V' represents the whole volume, the 3D
segmentation accuracy is defined as

1 & " olsi Ngl x 1(lsi Nl > 1siNG,
3D segmentation accuracy:—zzjfll i N9l |(| |] gil 2 155 091
m < gi
i=1

(12)
where g; = V'\ g;- We plot the 3D segmentation accuracy against the num-
ber of supervoxels in Figs. 7b and e. GBH and SWA again perform differently
in IBSR and BuffaloXiph datasets. But 3D-UCM consistently showed the best
performance, especially when the number of supervoxels is low.

Supervoxel Compactness: Compact supervoxels of regular shapes are always
favored because they benefit further higher level tasks in computer vision. The
compactness of superpixels generated by a variety of image segmentation algo-
rithms in 2D was investigated in [40]. It uses a measure inspired by the isoperi-
metric quotient to measure compactness. We use another quantity defined simi-
larly to specific surface area in material science and biology. In essence, specific
surface area and isoperimetric quotient both try to quantify the total surface area
per unit mass or volume. Formally, given that S, = {s1,s2,...,8,} are super-
voxels generated by algorithms, the specific surface area to measure supervoxel
compactness is defined as

1 <~ Surf i
specific surface area = — m (13)
n Volume(s;)
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where Surface() and Volume() count voxels on the surfaces and in the super-
voxels respectively. Lower values of specific surface area imply more compact
supervoxels. The compactness comparisons on IBSR and BuffaloXiph are shown
in Figs. 7c and f. We see that 3D-UCM always generates the most compact super-
voxels except at small supervoxel granularity on IBSR. GBH does not perform
well in this measure because of its fragmentation problem, which is consistent
with our qualitative observations.

Our quantitative measures cover boundary quality, region quality and super-
voxel compactness that are the most important aspects of supervoxel qualities.
3D-UCM always performs the best or the second best in all measures on both
IBSR and BuffaloXiph datasets. In contrast, GBH and SWA fail on some mea-
sures. In conclusion, we have empirically shown that 3D-UCM is a very compet-
itive general purpose supervoxel method on 3D volumetric datasets with respect
to the proposed measures albeit on a few datasets.

5 Discussion

In this paper, we presented the 3D-UCM supervoxel framework, an extension of
the most successful 2D image segmentation technique, g Pb-UCM, to 3D. Exper-
imental results show that our approach outperforms the current state of the art
in most benchmark measures on two different types of 3D volumetric datasets.
Furthermore, we deployed a reduced order normalized cuts technique to over-
come a computational bottleneck of the traditional gPb-UCM framework. This
immediately allows our method to scale up to large datasets. When we jointly
consider supervoxel quality and computational efficiency, we believe that 3D-
UCM can become the standard bearer for massive 3D volumetric datasets. We
expect applications of 3D-UCM in a wide range of vision tasks, including video
semantic understanding, video object tracking and labeling in high-resolution
medical imaging, etc.

Since this is a new and fresh approach to 3D segmentation, 3D-UCM still
has several limitations from our perspective. First, because it is a general pur-
pose technique, the parameters of 3D-UCM have not been tuned using super-
vised learning for specific applications. In immediate future work, we plan to
follow the metric learning framework as in [1] to deliver higher performance.
Second, since it is derived from the modular framework of ¢ Pb-UCM, 3D-UCM
has numerous alternative algorithmic paths that can be considered. In image
and video segmentation, a better boundary detector was proposed in [18], with
different graph structures deployed in [17,41,42] followed by graph partitioning
alternatives in [43,44]. A careful study of these alternative options may result in
improved versions of 3D-UCM going forward. Finally, 3D-UCM at the moment
does not incorporate prior knowledge for segmentation [45,46]. Prior information
like object shape and optical flow motion cues could greatly improve segmenta-
tion performance. These represent interesting opportunities for future work.



Supervoxel-Based Segmentation of 3D Volumetric Images 51

References

10.

11.

12.

13.

14.

15.

16.

17.

Arbelaez, P., Maire, M., Fowlkes, C., Malik, J.: Contour detection and hierarchical
image segmentation. IEEE Trans. Pattern Anal. Mach. Intell. 33, 898-916 (2011)
Shi, J., Malik, J.: Normalized cuts and image segmentation. IEEE Trans. Pattern
Anal. Mach. Intell. 22, 888-905 (2000)

Catanzaro, B., Su, B.Y., Sundaram, N., Lee, Y., Murphy, M., Keutzer, K.: Efficient,
high-quality image contour detection. In: 2009 IEEE 12th International Conference
on Computer Vision, pp. 2381-2388. IEEE (2009)

Taylor, C.: Towards fast and accurate segmentation. In: Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, pp. 1916-1922 (2013)
Fowlkes, C., Martin, D., Malik, J.: Learning affinity functions for image segmen-
tation: combining patch-based and gradient-based approaches. In: Proceedings of
the 2003 IEEE Computer Society Conference on Computer Vision and Pattern
Recognition, vol. 2, pp. II-54. IEEE (2003)

Grundmann, M., Kwatra, V., Han, M., Essa, I.: Efficient hierarchical graph-based
video segmentation. In: 2010 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), pp. 2141-2148. IEEE (2010)

Felzenszwalb, P.F., Huttenlocher, D.P.: Efficient graph-based image segmentation.
Int. J. Comput. Vision 59, 167-181 (2004)

Sharon, E., Brandt, A., Basri, R.: Fast multiscale image segmentation. In: Pro-
ceedings of the IEEE Conference on Computer Vision and Pattern Recognition,
vol. 1, pp. 70-77. IEEE (2000)

Sharon, E., Galun, M., Sharon, D., Basri, R., Brandt, A.: Hierarchy and adaptivity
in segmenting visual scenes. Nature 442, 810-813 (2006)

Galasso, F., Keuper, M., Brox, T., Schiele, B.: Spectral graph reduction for efficient
image and streaming video segmentation. In: Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition, pp. 49-56 (2014)

Pohle, R., Toennies, K.D.: Segmentation of medical images using adaptive region
growing. In: International Society for Optics and Photonics on Medical Imaging
2001, pp. 1337-1346 (2001)

Carballido-Gamio, J., Belongie, S.J., Majumdar, S.: Normalized cuts in 3-D for
spinal MRI segmentation. IEEE Trans. Med. Imaging 23, 36-44 (2004)

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., Van
Der Kouwe, A., Killiany, R., Kennedy, D., Klaveness, S., et al.: Whole brain seg-
mentation: automated labeling of neuroanatomical structures in the human brain.
Neuron 33, 341-355 (2002)

Deng, Y., Rangarajan, A., Vemuri, B.C.: Supervised learning for brain MR seg-
mentation via fusion of partially labeled multiple atlases. In: IEEE International
Symposium on Biomedical Imaging (ISBI) (2016)

Galasso, F., Cipolla, R., Schiele, B.: Video segmentation with superpixels. In: Lee,
K.M., Matsushita, Y., Rehg, J.M., Hu, Z. (eds.) ACCV 2012. LNCS, vol. 7724, pp.
760-774. Springer, Heidelberg (2013). doi:10.1007/978-3-642-37331-2_57

Galasso, F., Nagaraja, N.S., Cardenas, T.J., Brox, T., Schiele, B.: A unified video
segmentation benchmark: Annotation, metrics and analysis. In: IEEE International
Conference on Computer Vision (2013)

Khoreva, A., Galasso, F., Hein, M., Schiele, B.: Classifier based graph construction
for video segmentation. In: 2015 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), pp. 951-960. IEEE (2015)


http://dx.doi.org/10.1007/978-3-642-37331-2_57

52

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

C. Yang et al.

Khoreva, A., Benenson, R., Galasso, F., Hein, M., Schiele, B.: Improved image
boundaries for better video segmentation. arXiv preprint arXiv:1605.03718 (2016)
Boykov, Y., Veksler, O., Zabih, R.: Fast approximate energy minimization via
graph cuts. IEEE Trans. Pattern Anal. Mach. Intell. 23, 1222-1239 (2001)
Boykov, Y.Y., Jolly, M.P.: Interactive graph cuts for optimal boundary & region
segmentation of objects in N-D images. In: Proceedings of thr Eighth IEEE Inter-
national Conference on Computer Vision, ICCV 2001, vol. 1, pp. 105-112. IEEE
2001

(Achar)lta, R., Shaji, A., Smith, K., Lucchi, A., Fua, P., Susstrunk, S.: SLIC super-
pixels compared to state-of-the-art superpixel methods. IEEE Trans. Pattern Anal.
Mach. Intell. 34, 2274-2282 (2012)

Paris, S., Durand, F.: A topological approach to hierarchical segmentation using
mean shift. In: IEEE Conference on Computer Vision and Pattern Recognition,
CVPR 2007, pp. 1-8. IEEE (2007)

Fowlkes, C., Belongie, S., Malik, J.: Efficient spatiotemporal grouping using the
Nystrom method. In: Proceedings of the 2001 IEEE Computer Society Conference
on Computer Vision and Pattern Recognition, CVPR 2001, vol. 1, pp. I-231. IEEE
(2001)

Chang, J., Wei, D., Fisher, J.: A video representation using temporal superpixels.
In: Proceedings of the IEEE Conference on Computer Vision and Pattern Recog-
nition, pp. 2051-2058 (2013)

Reso, M., Jachalsky, J., Rosenhahn, B., Ostermann, J.: Temporally consistent
superpixels. In: Proceedings of the IEEE International Conference on Computer
Vision, pp. 385-392 (2013)

Bergh, M., Roig, G., Boix, X., Manen, S., Gool, L.: Online video seeds for tempo-
ral window objectness. In: Proceedings of the IEEE International Conference on
Computer Vision, pp. 377-384 (2013)

Xu, C., Corso, J.J.: Evaluation of super-voxel methods for early video processing.
In: 2012 IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
pp. 1202-1209. IEEE (2012)

Xu, C., Corso, J.J.: LIBSVX: a supervoxel library and benchmark for early video
processing. Int. J. Comput. Vis., 1-19 (2016)

Canny, J.: A computational approach to edge detection. IEEE Trans. Pattern Anal.
Mach. Intell. 8(6), 679-698 (1986)

Meer, P., Georgescu, B.: Edge detection with embedded confidence. IEEE Trans.
Pattern Anal. Mach. Intell. 23, 1351-1365 (2001)

Martin, D.R., Fowlkes, C.C., Malik, J.: Learning to detect natural image bound-
aries using local brightness, color, and texture cues. IEEE Trans. Pattern Anal.
Mach. Intell. 26, 530-549 (2004)

Worth, A.: The Internet Brain Segmentation Repository (IBSR) (2016). http://
www.nitrc.org/projects/ibsr

Chen, A.Y., Corso, J.J.: Propagating multi-class pixel labels throughout video
frames. In: 2010 Western New York Image Processing Workshop (WNYIPW), pp.
14-17. IEEE (2010)

Belongie, S., Malik, J.: Finding boundaries in natural images: a new method using
point descriptors and area completion. In: Burkhardt, H., Neumann, B. (eds.)
ECCV 1998. LNCS, vol. 1406, pp. 751-766. Springer, Heidelberg (1998). doi:10.
1007/BFb0055702

Arbelaez, P., Maire, M., Fowlkes, C., Malik, J.: From contours to regions: an empir-
ical evaluation. In: IEEE Conference on Computer Vision and Pattern Recognition,
CVPR 2009, pp. 2294-2301. IEEE (2009)


http://arxiv.org/abs/1605.03718
http://www.nitrc.org/projects/ibsr
http://www.nitrc.org/projects/ibsr
http://dx.doi.org/10.1007/BFb0055702
http://dx.doi.org/10.1007/BFb0055702

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Supervoxel-Based Segmentation of 3D Volumetric Images 53

Najman, L., Schmitt, M.: Geodesic saliency of watershed contours and hierarchical
segmentation. IEEE Trans. Pattern Anal. Mach. Intell. 18, 1163-1173 (1996)
Corso, J.J., Sharon, E., Dube, S., El-Saden, S., Sinha, U., Yuille, A.: Efficient
multilevel brain tumor segmentation with integrated Bayesian model classification.
IEEE Trans. Med. Imaging 27, 629-640 (2008)

Menze, B.H., Jakab, A., Bauer, S., Kalpathy-Cramer, J., Farahani, K., Kirby, J.,
Burren, Y., Porz, N., Slotboom, J., Wiest, R., et al.: The multimodal brain tumor
image segmentation benchmark (BRATS). IEEE Trans. Med. Imaging 34, 1993—
2024 (2015)

Malisiewicz, T., Efros, A.A.: Improving spatial support for objects via multiple
segmentations. In: Proceedings of the British Machine Vision Conference (BMVC),
pp. 1-10 (2007)

Schick, A., Fischer, M., Stiefelhagen, R.: Measuring and evaluating the compact-
ness of superpixels. In: 2012 21st International Conference on Pattern Recognition
(ICPR), pp. 930-934. IEEE (2012)

Ren, X., Malik, J.: Learning a classification model for segmentation. In: Proceed-
ings of the Ninth IEEE International Conference on Computer Vision, pp. 10-17.
IEEE (2003)

Briggman, K., Denk, W., Seung, S., Helmstaedter, M.N., Turaga, S.C.: Max-
imin affinity learning of image segmentation. In: Advances in Neural Information
Processing Systems, pp. 1865-1873 (2009)

Brox, T., Malik, J.: Object segmentation by long term analysis of point trajectories.
In: Daniilidis, K., Maragos, P., Paragios, N. (eds.) ECCV 2010. LNCS, vol. 6315,
pp. 282-295. Springer, Heidelberg (2010). doi:10.1007/978-3-642-15555-0-21
Palou, G., Salembier, P.: Hierarchical video representation with trajectory binary
partition tree. In: Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, pp. 2099-2106 (2013)

Vu, N., Manjunath, B.: Shape prior segmentation of multiple objects with graph
cuts. In: IEEE Conference on Computer Vision and Pattern Recognition, CVPR
2008, pp. 1-8. IEEE (2008)

Chen, F., Yu, H., Hu, R., Zeng, X.: Deep learning shape priors for object segmen-
tation. In: Proceedings of the IEEE Conference on Computer Vision and Pattern
Recognition, pp. 1870-1877 (2013)


http://dx.doi.org/10.1007/978-3-642-15555-0_21

	Supervoxel-Based Segmentation of 3D Volumetric Images
	1 Introduction
	2 Related Work
	3 Supervoxel Extraction
	3.1 Volume Gradient Features Detection
	3.2 Globalization
	3.3 Supervoxel Agglomeration

	4 Evaluation
	4.1 Experimental Setup
	4.2 Qualitative Comparisons
	4.3 Quantitative Measures

	5 Discussion
	References


