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ABSTRACT

Clustering multi-way data is a very important research topic due
to the intrinsic rich structures in real-world datasets. In this paper,
we propose the subspace clustering algorithm on multi-way data,
called ASI-T (Adaptive Subspace Iteration on Tensor). ASI-T is
a special version of High Order SVD (HOSVD), and it simulta-
neously performs subspace identification using 2DSVD and data
clustering using K-Means. The experimental results on synthetic
data and real-world data demonstrate the effectiveness of ASI-T.

Categories and Subject Descriptors: 1.5.3 [Pattern Recognition]:
Clustering- Algorithms

General Terms: Algorithms, Experimentation, Performance

Keywords: Multi-way data, Tensor, Clustering, Subspace

1. INTRODUCTION

Multi-way data or tensors can be represented as X € R91:42
When m = 3, X is a three-way data with three modes: data units,
features, occasions. The three-way data can be matricized to form
a flattened matrix. The sum-up matrix is (X = ¥;(X;)), where X;
is the i-th frontal slice. Multi-way data naturally appear in many
applications such as webpage personalization and high-order web
link analysis [8]. One way to cluster three-way data is to convert
the three-way data into two-way matrices, but this approach may re-
sult in information loss and fail to capture the underlying structures
in three-way datasets [1]. On the other hand, tensor factorization
methods can be used to cluster three-way data by discretizing their
component matrices. There are generally two types of tensor de-
composition models: Rank-1 Decomposition [10] and Tucker De-
composition including HOSVD and 2DSVD [12, 5]. Many multi-
way models can be considered as the extensions or modifications
of the above two types.

Despite significant progress made on subspace clustering for two-
way data, few attempts have been made to develop subspace clus-
tering algorithms on three-way data. Most tensor factorization mod-
els only deal with the subspace selection (data reduction) prob-
lems. In this paper, we propose a subspace clustering algorithm
on multi-way data via adaptive subspace iteration, called ASI-T.
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ASI-T model is a special version of HOSVD model. We show that
the clustering algorithm is also equivalent to K-Means clustering
and 2DSVD, and it is a subspace clustering extension on three-
way data. More specifically, ASI-T consists of two simultaneous
steps: select the subspaces using 2DSVD (identifying the subspace
structure in mode 2 and mode 3 of the tensor from the current data
clusters) and cluster the three-way data units (mode 1) using K-
Means clustering. These two tasks are performed alternatively and
iteratively to achieve the stable clustering partitions and subspaces.

2. FACTORIZATION MODELS

Notations Scalars are denoted by lowercase letters, e.g. x, and
vectors are denoted by boldface lowercase letters, e.g. X, where the
i-th entry is x;. Matrices are denoted by boldface capital letter, e.g.
X, where the i-th row of matrix X is x; , the j-th column of matrix
Xis x j, and the (i, j)-th entry is x;;. Three-way arrays (tensors) are
denoted by boldface underline letters X, and the (i, j,/)-th entry is
Xijl- Xny nyny 18 denoted as the flattened matrix by matricizing X in
the first mode. The Kronecker product ® is the operation between
two matrices such that Kronecker product of the matrix A € R**?
and the matrix B € R js the matrix C € R4*  where each
entry is the product of two entries from A and B respectively. We
present a brief overview of various tensor factorization models.

Rank-1 Decomposition: The objective function for Rank-1 de-
composition can be written as

2
K
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where U e R K v ¢ R12*K W e R *K Rank-1 decomposition
is also called Parafac [10] with orthogonality constraints.

2DSVD: 2DSVD is an extension of SVD that it approximates
each frontal slices of the three-way data X by minimizing
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where U e R >k |y e R2*k2 apd § € Rk xkaxns,
HOSVD: HOSVD (High Order SVD) minimizes
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where U € R <k v ¢ Ri2xk W e R%Ks and § e Rkt xkaxks,



ASI-T Model: ASI-T model minimizes

2
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5.t FTF = I, GTGg = 1,D is binary and row stochastic. 4)

G e R >k gnd F € R™**%2 gre two column-wise orthonormal ma-
trices, and Y € RK1 *k2%ks iq 4 core tensor. Different from HOSVD,
D is a binary and row-stochastic matrix, i.e., there is only one entry
with value 1 in each row, and other entries are all Os.

3. ASI-T MODEL

ASI-T is equivalent to simultaneous K-Means clustering and 2DSVD.

The objective function in Eq.(4) of ASI-T can be transformed into
Jasi—1 = |[Xny ngny = DYk, koks (GO )T [[7. )

Let Zy, nyn, = Yk, ok, (G® F)T, Eq.(5) can be written as
Jasi—t = | Xny nsny = DZig nyny|[F- ©)

Note that Eq.(6) is the same as the K-Means objective function
where D is the cluster indication matrix (binary and row-stochastic)
and Z, n,n, is the cluster centroid matrix. Moreover, note z;;; =
Y.p.qVipgfjp8iq- This leads to a formulation of 2DSVD approxima-
tion as shown in Eq.(2). Thus ASI-T clusters data units using K-
Means and compresses data using 2DSVD simultaneously. ASI-T
can also be viewed as an extension of two-way subspace clustering
on three-way data [4, 9]. The derivation is omitted.

We use the alternating least square algorithm to optimize D, F
and G by updating one while fixing the others iteratively until con-
vergence. Let M = D(DTD)~1DT. Then the objective function can
be written as |[Xn, nyny||% — |[MXn, nny (GGT @ FFT)||2. Note
that we need to maximize the second part.

Update F: We maximize

Trace (FTX,,ZA,,B,,1 (M-T)®GGTXE | F) .

The optimal F can be obtained by taking the first k, eigenvectors of
anﬁnsnl ((M - I) ®GGT)XE2.n3n1 [6]
Update G: G can be optimized by maximizing

Trace (GTX,,},,,II,2 (FFT ® (MfI))XE&nlnzG) .

Update D: D is updated by assigning each data unit to a cluster.

4. EXPERIMENTS

Five Synthetic data are generated by using the algorithm pro-
posed by Milligan [7] with different configurations. The real datasets
are extracted from the DBLP computer science bibliography that
can be downloaded at http://www.informatik. uni-trier.de/~ley/db/.
The data are three-way arrays with the author, term, and year modes.
We conduct experiments on two such three-way datasets, one of
which is DBLP1000 (1000 authorsx 1000 termsx20 years), the
other of which is DBLP100 (100 authorsx200 termsx20 years).
Normalized Mutual Information (NMI), Adjusted Rand Index (ARI),
and Accuracy (ACC) are used as our performance measures. Gen-
erally, the larger the values of these measures, the better the clus-
tering performance. The clustering performance of ASI-T is com-
pared with a wide range of clustering algorithms: 2 Tensor factor-
ization methods: (1) Rank-1 approximation method and (2) HOSVD;
and 7 Two-way data clustering methods: (3) KMeans(sum): K-
Means on the sum-up matrix (authors X terms); (4) KMeans(ext):
K-Means on the unfolded matrix in the first mode of the three-way
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array; (5) KMeans(pca): Perform PCA first on the unfolded ma-
trix in the first mode and then use K-Means algorithm; (6) InfoCo:
Run information theoretic co-clustering algorithm [3] on the sum-
up matrix; (7) EuclCo: Run Euclidean co-clustering algorithm [2]
on the sum-up matrix; (8) MinSqCo: Performs minimum squared
residue co-clustering algorithm [2] on the sum-up matrix. (9) Clus-
terAgg: Run K-Means clustering on each frontal slice of the three-
way array, and combine them using clustering aggregation [11].
The clustering results are computed by averaging ten runs.

Table 1: The clustering performance comparison on 2 DBLP
datasets among 10 clustering methods.

Methods DBLP100 DBLP1000

ART  ACC NMI|ART ACC NMI
KMeans(sum)[0.523  0.675 0.479[0.157 0.388 0.319
KMeans(ext) [0.106 0.400 0.228(0.004 0.250 0.014
KMeans(pca) [0.312  0.550 0.330{0.199 0.424 0.342
Rank-1 0.664 0.800 0.612/0.154 0.386 0.189
HOSVD 0416 0.700 0.535|0.187 0.408 0.204
ClusterAgg 10.654 0.815 0.653|0.099 0.305 0.187
InfoCo 0.510 0.775 0.510{0.253 0.415 0.245
EuclCo 0.506 0.675 0.551{0.129 0.361 0.207
MinSqCo 0.351 0.600 0.410[0.218 0.406 0.319
ASI-T 0.657 0.825 0.672/0.415 0.480 0.464

The clustering performance on five synthetic datasets are omit-
ted due to space limitation. We observe that the best performance
values are achieved by ASI-T among all these clustering methods
with all measures on all synthetic datasets. The experimental re-
sults on DBLP datasets are presented in Table 1. We observe that
clustering performance of ASI-T on DBLP100 and DBLP1000 is
the best. In higher dimensions the advantages of ASI-T become
more evident because the three-way subspace clustering of ASI-T
can overcome the curse of dimensionality. For the same reason,
KMeans(pca) and three co-clustering algorithms perform relatively
better on DBLP1000 compared to their clustering performance on
DBLP100. KMeans(ext) is the worst clustering methods for the
curse of dimensionality. Rank-1 approximation and ClusterAgg as-
sume that frontal slices should share the similar patterns or similar
clustering results, thus achieve relatively better clustering results
on DBLP100 than they are on DBLP1000.

Acknowledgments: The work of T. Li is partially supported by
NSF under 11S-0546280, HRD-0317692, and I11P-0450552.

S. REFERENCES

[1] E. Acar and B. Yener. Unsupervised multiway data analysis: A literature
survey. Technical report, Rensselaer Polytechnic Institute, 2007.

[2] H. Cho, L. Dhillon, Y. Guan, and S. Sra. Minimum sum squared residue
co-clustering of gene expression data. In Proc. of SIAM Data Mining, 2004.

[3] L S. Dhillon, S. Mallela, and D. S. Modha. Information-theoretical
co-clustering. In SIGKDD, 2003.

[4] C.Ding and T. Li. Adaptive dimension reduction using discriminant analysis
and k-means clustering. In /ICML, 2007

[5] C.Ding and J. Ye. Two-dimensional singular value decomposition (2DSVD)
for 2d maps and images. In Proc. of SIAM Data Mining, 2005.

[6] G. H. Golub and C. F. V. Loan. Matrix computations (3rd ed.). Johns Hopkins
University Press, 1996.

[71 G.W.Milligan. An algorithm for generating artificial test clusters.
Psychometrika, 50:123-127, 1985.

[8] T.G. Kolda and B. W. Bader. The tophits model for higher-order web link
analysis. In Workshop on Link Analysis, Counterterrorism and Security, 2006.

[9] T.Li, S. Ma, and M. Ogihara. Document clustering via adaptive subspace

iteration. In SIGIR, 2004.

R.A Harshman. Foundations of the parafac procedure: models and conditions

for an ‘explanatory’ multi-modal factor analysis. UCLA working papers in

phonetics 16, pages 1-84, 1970.

A. Strehl and J. Ghosh. Cluster ensembles - a knowledge reuse framework for

combining multiple partitions. JMLR, 3:583-617, 2002.

M. A. O. Vasilescu and D. Terzopoulos. Multilinear analysis of image

ensembles: Tensorfaces. In ECCV, 2002.

[10]

[11]

[12]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


