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Abstract

In this paper we present an image segmentation tech-
nique that fuses contributions from multiple feature sub-
spaces using an energy minimization approach. For each
subspace, we compute a per-pixel quality measure and per-
form a partitioning through the standard normalized cut al-
gorithm [12]. To fuse the subspaces into a nal segmen-
tation, we compute a subspace label for every pixel. The
labeling is computed through the graph-cut energy mini-
mization framework proposed by [3]. Finally, we combine
the initial subspace segmentation with the subspace labels
obtained from the energy minimization to yield the nal seg-
mentation. We have implemented the algorithm and provide
results for both synthetic and real images.

1. Introduction

Image segmentation in a particular feature subspace is
a fairly well understood problem [13]. However, it is well
known that operating in only a single feature subspace, e.g.
color, texture, etc, seldom yields a good segmentation for
real images. In the simple case given in Figure 2, segment-
ing in either the color or the texture subspace does not yield
all of the regions. However, combining information from
multiple subspaces in an optimal manner is a dif cult prob-
lem to solve algorithmically. Although there is recent in-
terest in combining two subspaces of information, primar-
ily color and texture [1, 4], we are unaware of any general
technique for combining multiple subspaces.

The obvious approach one might take to combine infor-
mation from multiple subspaces is to construct a large fea-
ture vector with components from each of the subspaces,
and then employ a standard segmentation approach. How-
ever, it is not clear that such an approach makes good use of
each subspace, and the curse of dimensionality may render
the problem intractable.

In this paper we propose a method that fuses separate

segmentations from multiple subspaces into one nal seg-
mentation. The fusion is performed in the graph-cuts based
energy minimization framework [3, 10]; such an energy
minimization approach attempts to capture the global struc-
ture of an image where local techniques would fail.

1.1. Related Work

The literature on image segmentation is dense. Here, we
sample relevant papers. Jain et al. [8] provide a complete
survey of data clustering techniques. Our approach uses the
normalized cuts [12] image segmentation in each subspace
independently. This approach is one of a class of techniques
characterized by Weiss [13] as an eigendecomposition of
the af nity matrix.> The normalized cuts technique is also
used in [11] where the authors provide a technique for com-
bining texture information and brightness information for
image segmentation.

The strength of energy minimization techniques lie in
their ability to model global image structure on which local
methods would normally fail. However, before the recent
work by Boykov et al. [3, 2], energy minimization algo-
rithms were typically solved through simulated annealing
methods which rendered them computationally intractable.
Their framework provides an approximate solution to the
minimization in polynomial time. While not all ener-
gies can be minimized using graph cuts, Kolmogorov and
Zabih [10] de ne the class of energy functions which are
graph representable and thus can be minimized using graph
cuts. The graph cut minimization techniques have been suc-
cessfully applied to image restoration [3], stereo [9], and
joint stereo-background separation [7].

2. Approach

We propose a technique that computes segmentations in
multiple separate subspaces and then fuses them in a man-

1The af nity matrix is a large matrix containing information about
inter-pixel af nity (similarity or dissimilarity).



ner that attempts to capture the global image structure. The
thrust of our work is to select an appropriate subspace for re-
gions in the image based on the underlying image structure
in that region. We propose a general energy minimization
algorithm that computes this selection, or labeling.

We rst concentrate on our approach for combining the
results of segmentation algorithms. To this end, let S be the
set of labels for the considered subspaces and 1 be the set
of image pixel locations. For every subspace s 2 S we de-

ne two functions: the quality function? Qs : I ¥ [0;1]
and the segmentation Cs : I ¥ Zg with the restriction that
Zs, \Zs, = ;. Intuitively, the quality function should mea-
sure the expectation that a pixel neighborhood will yield a
promising segmentation. Q is the set of quality functions
TQs;s 2 Sg over all subspaces and C is similarly the set
of segmentations fCs;s 2 Sg over all subspaces. One can
employ a variety of techniques to compute Q and C; in Sec-
tion 3 we provide the complete algorithm and examples of
techniques to compute Q and C in Section 4.1.

2.1. Labeling via Energy Minimization

As discussed in [10], there is a certain class of energy
functionals that can be minimized using graph cuts. The
energy function we choose belongs to that class of function-
als. The input to the energy minimization algorithm is the
set of quality measures Q and segmentations C. The output
is to associate a labeling L : 1 ¥ S for each pixel i 2 1
that is the best subspace from the set of subspaces S. We
assume that the clustering obtained in each subspace is the
optimal one for that subspace. Thus, wherever the quality
measure is good for a particular subspace, the clustering for
that subspace will also be good. Based on [3], the energy
functional that we minimize is

E(L)=  Qr@()+ Vij(L@);LG)) (@)
i21 i;j2N

where N is the neighborhood over a set of pixels, V;j;j is
the discontinuity preserving smoothness or the interaction
term between neighboring pixels i and j. Itis de ned based
on the clustering in each of the subspaces. We simplify the
notation L (i) to be L; here.

Vij(Li; Lj) =
ko + (ki k2) (Cr(1);CL;(4)) (Cu;(i);CL;G))

()

where C_, denotes the clustering in the subspace with label
L at pixel i, ko > ky and is the Kronecker delta function.

20 being the best quality and 1 the worst quality.

Intuitively, the interaction term (2) attempts to preserve
the boundary at L and L; if either subspace segmentation
Cy, or Cy; indicates a boundary. Additionally, it enforces
smoothness in the labeling by linking adjacent pixels. We
include a detailed discussion of the interaction term in [5].

The energy function we use satis es the constraint de-

ned in [10]. Due to space limitations, the proof is included
in [5]. In order to minimize this energy functional, we cre-
ate a set of graphs as outlined in [3] without the a-nodes and
perform -expansion? at every step to compute the labeling
that minimizes the energy.

2.2. Fusion of Subspaces

The nal step of our algorithm performs the fusion of the
subspace segmentations C based on the labeling L. Each
pixel i 2 1 inthe nal segmentation is assigned to the re-
gion based on its labeling L(i) and the subspace segmenta-
tion CL(i):

Ce(i) = Crgpy(i); 8121 ©)

Note that a boundary in L creates a boundary in the nal
segmentation. Likewise, note that boundaries in the highest
quality regions (over which L is constant) are preserved. To
reduce noise, we rst median Iter L.

3. The Complete Algorithm

The complete segmentation algorithm is presented in
Figure 1. We initially compute a standard single-subspace
segmentation using the normalized cuts algorithm [12] and
a pixel-coef cient for each subspace that measures the sub-
space quality. These two quantities drive the energy min-
imization which assigns a per-pixel subspace label that is
then used in a fusion procedure.

SEGMENT (Inputimage 1)
foreach (subspaces 2 S)
foreach (pixeli 2 1)
Compute quality Qs(i)
Compute clustering Cs(1)
Compute labeling L(I)
foreach (pixel i 2 1)
Ce(i) = Crqy(D)
return C¢ as nal segmentation

coNO O WNE

Figure 1. Proposed segmentation algorithm.

We employ the standard normalized cuts algorithm [12]
to compute subspace segmentation (Ck; k 2 S) and choose

3Hence the use of small values for high quality and large values for low
quality (Section 4.1 for more information).



to use the dominant 6 eigenvectors of the af nity matrix
instead of performing explicit recursion. We follow the
same formula to compute the af nity matrix A as [12];
namely, we populate the entries of A as the product of
the feature subspace similarity term and the clamped spa-
tial proximity term. Speci cally, for pixels i and j let

Xij =k X(@i) X(j) ko where X(i) is the spatial loca-
tion of pixel i,
_ - ( Xij
Aj=e FE e x Xy <r (g

0 otherwise

where F(i) is the feature vector based on feature subspace
(see Section 4.1 for examples of F) and r is the neighbor-
hood truncation threshold. We follow [12] in our choices of
parameters, r; g; x: 5;0:01;4:0 respectively.

4. Experiments

In this paper, we consider techniques and results for the
color and texture feature subspaces only; however, there is
no inherent limitation in our approach limiting it to these
two subspaces. We present results for both synthetic and
real data.

4.1. Subspace De nitions

In both the color and texture subspaces, we use an in-
tuitive approach to measuring quality (Q¢ and Q¢): the
variance of the image 1. For the color subspace, regions
with low color variance are expected to yield good seg-
mentation. We take a conservative measurement and use
the color-channel with the worst variance. Let i 2 |
be a pixel in the imaquNi be a neighborhood of pixels
about i, P(i) = JN% won 1P(X) where p 2 1,9, b, i
is alpjane of the color image or grayscale, and P(i) =

A en (IPG0 P2
o) = max (@) 9); b i) 5)
iy =i (6)

By convention (Section 2.1), we de ne quality 0 as best
quality and 1 as worst quality. Let be a threshold on the
max color variance allowed (we use 0.2 in our experiments).

C

1 if (i
Q)= oy o=

otherwise ()
QM) =1 () 8

For the color and texture subspaces, we de ne F(i) as
follows:

- Color - F(i) = [v;v s sinh;v s cosh](i), where
h;s; v are the HSV values.

- Texture - F(i) = [jI  g1j; ;j1  9gnjl(i), where
the gk are the Gabor convolution kernels [6] at various
scales and orientations. In our implementation we use
4 scales and 6 orientations.

4.2. Results

Figure 2 shows the result of our algorithm on a synthetic
image that contains three regions: one from the texture do-
main and two from the color domain. It is clearly visible
that fusing the subspaces improves the segmentation signif-
icantly over either the color or texture subspace alone.

E:'-'n

Figure 2. Result of subspace fusion on a syn>»
thetic image. First row is the color subspace
segmentation and quality. Second row is the
texture subspace, and the nal row s the orig»
inal image and the fusion segmentation. Note
that quality ranges from 0 (black) to 1 (white)
with 0 the best quality and 1 the worst quality.

Figure 3 shows the result of subspace fusion on a real
zebra image. The segmentation in both the color and tex-
ture subspaces is shown with the resultant segmentation ob-
tained by subspace fusion.

It is important to note that the segmentation in the texture
subspace in the zebra image is not very good as the segmen-
tation was run on a very low resolution image (i.e. 100x80)
where the texture information is subdued. We expect that on
higher resolution images the results would be much better,



Figure 3. Complete segmentation for the ze-
bra image. Top-left is the high resolution im-
age and top-right is the low-resolution image
used. Row 2-left is the color subspace clus-
tering, Row 2-right is the texture subspace ,
bottom-left is the labeling with black assigned
to color, and bottom-right shows the nal
clustering.

but dueto thehigh computatiorcostinvolvedwith segment-
ing high resolutionimages,we currentlyrestrictoursehes
to low resolutionimages.

5. Conclusionand Futur e Work

In this paperwe have presenteda techniquefor im-
age seggmentationwhich employs informationfrom multi-
ple subspacesWe malke two contributions: First, we pro-
posea techniqueto measuresubspaceuality basedon the
expectationthat a local image neighborhoodwill yield a
goodsgymentationfor a given subspace Secondwe pro-
posea novel useof the graph-cutbasedenegy minimiza-
tion framework [3] to fusethe subspacesggmentationsnto
a nal sggmentation.

Presentlywe showv techniquesandresultsfor the color
andtexture subspacesHowever, thereis no inherentlimi-
tationin our approacHimiting it to thesetwo subspaces.

For future work, we planto experimentwith additional
subspacesreconstructiorgeometryfor multiple cameras,
contoursneighborhoodtatisticsgetc. Also, thetexturesub-
spacewe are currently using is basedon the Gabor Iter
responsevhich assumes repetitive texture. However, for
caseswith scale-aryingtexture,this measurewill perform
poorly. Alternatively, sincethe Gaborcorvolution provides

ameasurdor repetitvenessa betterquality measurevould
be onethatjudgesa neighborhoods repetitvenessWe are
currentlyinvestigatingoothscaleinvariantrepetitive texture
measuresndthe useof Fourier analysisfor computinga
measuref repetitvenessFor thegraphcutresultswe plan
to studythe effect of usingdifferentsizeneighborhoods.

Acknowledgements This materialis baseduponwork supported
by the National ScienceFoundationunderGrantNos. 0112882andIS-
0099770. Any opinions, ndings, and conclusionsor recommendations
expressedn this materialarethoseof the author(s)anddo not necessarily
re ect theviews of the NationalScience~oundation.

References

[1] S.Belongie,C. CarsonH. GreenspanandJ. Malik. Color
and Texture-Basedmage SegmentationUsing EM and Its
Applicationto Content-BasedmageRetrieval. In Interna-

tional Confeenceon ComputeiMsion, 1998.
[2] Y. Boykov andV. Kolmogora. An ExperimentalCompari-

sonof Min-Cut/Max-Flowv Algorithmsfor Enegy Minimiza-
tionin Vision. In Enegy MinimizationMethoddn Computer

\ision and Pattern Reca@nition, pages359-3742001.
[3] Y. Boykov, O. Veksler and R. Zabih. Fast Approximate

Enegy Minimization via GraphCuts. IEEE Transactions
on Pattern Analysisand Machine Intelligence 23(11):1222—

1239,2001.
[4] J.Chen,T. PappasA. Mojsilovic, andB. Rogawitz. Adap-

tive Image SegmentationBasedon Color and Texture. In
Proceeding®n InternationalConfeenceon Image Process-

ing (ICIP), 2002.
[5] J.J.Corso,M. Dewan,andG. D. Hager ImageSegmenta-

tion ThroughEnegy Minimization BasedSubspacé-usion.
TechnicalReport CIRL-TR-04-01,The JohnsHopkinsUni-

versity, 2004.
[6] D. Field. RelationsBetweenthe Statisticsof Naturallmages

andtheRespons@ropertieof CorticalCells. Journal of The

Optical Societyof Americag 4(12):2379-23941987.
[7] B. Goldlucke andM. A. Magnor Joint 3D-Reconstruction

and BackgroundSeparatiorin Multiple Views using Graph
Cuts. In IEEE Confeenceon Computenvision and Pattern

Recgnition, pages683—6882003.
[8] A.K.Jain,M. N. Murty, andP. J. Flynn. DataClustering:A

Review. ACM ComputingSurves 31(3):264-3231999.
[9] V. Kolmogorw and R. Zabih. MulticameraSceneRecon-

structionvia Graph-Cuts.In EuropeanConfeenceon Com-

puter\Vision, pages32-96,2002.
[10] V. Kolmogora andR. Zabih. What Enegy FunctionsCan

Be Minimized via GraphCuts? In EuropeanConfeenceon

Computenision, volume3, pages5-81,2002.
[11] J. Malik, S.Belongie,J. Shi, andT. Leung. Textons,Con-

tours, and Regions: Cue Combinationin Image Segmenta-

tion. In InternationalConfeenceon Computeiision, 1999.
[12] J. ShiandJ. Malik. NormalizedCutsand Image Segmen-

tation. IEEE Transactionn Pattern Analysisand Machine

Intelligence 22(8):888—-9052000.
[13] Y. Weiss. SegmentationUsing Eigervectors: A Unifying

View. InternationalConfeenceon ComputeiMsion, 2:975—
982,1999.



