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Robust Principal Component Analysis

e PCA
X —A 1
ran'ZE'A"<r” [ (1)
e Robust PCA
min Al + AllS[l, st X =A+S. (2)
o = +

Candes et al., Robust Principal Component Analysis? J. ACM, 2011.
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Robust Principal Component Analysis

In a surveillance video, the background forms a low-rank part while the
moving objects form a sparse part.
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Robust Principal Component Analysis

minl|L]« +AIS[1, st X=L+S. (3)

)

The nuclear norm is not accurate for matrices with large singular values!

IL]|g = logdet(l + (ZT Z)*/?) Zlog (1+oi(L (4)

min[|Llg + A[S]l, st X =L+S. (5)
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Robust Principal Component Analysis

Fast factorization-based approach:

ICllig + MIS|l1, st X=UCVT +S UTU=1,VTV =],
(6)

min
c,s,u,v

...,’..= e "

Nonconvex: factorization, nonconvex rank approximation

Peng et al., A fast factorization-based approach to robust PCA, ICDM 2016.
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Robust Principal Component Analysis

@ Background-foreground separation: In a surveillance video, the
background usually forms a low-rank part while the moving
foreground forms a sparse part.

@ Shadow removal from face images: In a set of face images from the
same person, the face usually forms a low-rank part wile the shadow
forms a sparse part.

@ Anomaly detection: In a set of handwritten digits, the majority
number forms a low-rank part while the anomaly forms a sparse part.

@ Denoising of hyperspectral images: In hyperspectral images, the
ground truth image forms a low-rank part while the noise forms a
sparse part.
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Foreground-background Separation

(a) Original (b) IALM c) AltProj ) F-FFP e) AltProj (k=5) ) U-FFP

Figure 1: Foreground—background separation in the Highway video. The top left
is the original frame and the rest are extracted background (top) and foreground
(bottom).
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Foreground-background Separation

Table 1:  Results with r Known for Datasets with Single Background
Data | Method | Rank(L) |||S|lo/(dn) | 5212 | # of lter. | # of SVDs| Time
AltProj | 1 09331 | 2.96e-4 | 37 38 49.65
Highway | IALM | 539 | 08175 | 6.02¢-4 | 12 13 269.10
FFFP | 1 0.8854 | 5.74e-4 | 24 24 14.83
Eccalator | AltProj | 1 09152 | 2.29e-4 | 40 41 110.75
Airport | |_JALM | 057 | 07744 | 7764 | 11 12 [1,040.01
FFFP | 1 0.8877 | 545e-4 | 23 23 30.78
AltProj | 1 0.8500 | 5.20e-4 | 35 36 4464
PETS2006] IALM | 203 | 08649 | 563e4 | 12 13 144.26
FFFP | 1 08675 | 5.6led | 24 24 1433
Shopping | POl | 1 09853 | 3.91e5 | 45 46 4535
Vall IALM | 328 | 08158 | 9.37e-4 | 11 12 123.99
FFFP | 1 09122 | 7.70e-4 | 23 23 11.65

For IALM and AltProj, (partial) SVDs are for d x n matrices. For F-FFP, SVDs are for n x k
matrices, which are computationally far less expensive than those required by IALM and AltProj.
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Foreground-background Separation

(a) Original (b) IALM (c AltProj (d) F-FFP (e) AktProj (k=5)  (f) U-FFP

Figure 2: Foreground-background separation in the Light Switch-2 video. The

top and bottom two panels correspond to two frames, respectively. For each

frame, the top left is the original image while the rest are the extracted

background (top) and foreground (bottom), respectively.
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Foreground-background Separation

Table 2:  Results with r Known for Datasets with Multiple Backgrounds

Data | Method | Rank(L) | [|S|lo/(dn) | 7 2lF | # of Iter. | # of SVDs| Time
AltProj | 2 09243 | 1.88e-4 | 39 41 4732

Lobby IALM | 223 | 08346 | 6.19e¢-4 | 12 13 [15254
F-FFP | 2 0.8524 | 6.42e-4 | 24 24 15.20

Light AltProj | 2 09050 | 224ed | 47 49 | 87.35
Gt o | JALM | 591 | 0.792L | 7.03e4 | 12 13 [613.08
FFFP | 2 08323 | 7.54ed | 24 24 2412

Comera | AltProj |2 0.8806 | 534ed | 47 49 | 8499
pan o [ JALM | 607 | 0.7750 | 6.86e-4 | 12 13 |43347
FFFP | 2 0.8684 | 6.16e-4 | 24 24 22.25

Time Of | AltProj | 2 0.8646 | 4.72e-4 | 44 46 | 61.63
Day IALM | 351 | 06990 | 6.12e-4 | 13 14 | 26587
FFFP | 2 08441 | 6.8led | 25 25 18.49

For IALM and AltProj, (partial) SVDs are for d x n matrices. For F-FFP, SVDs are for n x k
matrices, which are computationally far less expensive than those required by IALM and AltProj.
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Shadow Removal from Face Images

Table 3:  Recovery Results of Face Data with k =1

Data | Method | Rank(Z) | [|S|[o/(dn) | *Z>F | # of lter. | # of SVDs| Time
AltProj | 1 09553 | 8.18e4 | 50 51 | 462

Subject 1| IALM | 32 07745 | 6.28e-4 | 25 26 | 243
FFFP | 1 09655 | 8.86e-4 | 36 36 137

AltProj | 1 09755 | 2.34e-4 | 49 50 | 5.00

Subject 2| IALM | 31 07656 | 6.47e-4 | 25 26 | 266
FFFP | 1 09402 | 048e-4 | 36 36 137

Figure 3: Shadow removal results from EYaleB data. For each of the two parts,
the top left is the original image and the rest are recovered clean image (top) and
shadow (bottom) by (1) IALM, (2) AltProj, and (3) F-FFP, respectively.
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Shadow Removal from Face Images

Table 4: Recovery Results of Face Data with kK =5

Data | Method | Rank(Z) | [|S|[o/(dn) | *Z>F | # of lter. | # of SVDs| Time
Subject 1 | PO |5 09309 | 3934 | 51 55 | 6.08
U-FFP | 5 09632 | 9.0le-4 | 36 36+36 | 1.44

Subject 2 | PO | 5 0.8003 | 6.40e-4 | 54 58 | 7.92
UFFP | 1 09645 | 5854 | 37 37+37 | 153

Figure 4: Shadow removal results from EYaleB data. The top panel are the
recovered clean image and the bottom panel are the shadows by (1) AltProj
(k=5) and (2) U-FFP, respectively.
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Selected ‘1's and ‘7’s from USPS dataset.
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Anomaly Detection
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Figure 6: {y-norms of each row of S.
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Figure 7:  Written ‘1's and outliers identified by F-FFP.
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Denoising of HSI

(d) LRMR (e) NAILRMA (f) WSN-LRMA () NonLRMA

Figure 8: Restoration results on synthetic data: Washington DC Mall. (a)
Original image. (b) Noisy image. The resorted image obtained by (c) VBM3D,
(d) LRMR, (e) NAILRMA, (f) WSN-LRMA, and (g) U-FFP.
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Denoising of HSI

(a) Original (b) VBM3D (c) LRMR

() NAILRMA (e) WSN-LRMA (f) NonLRMA

Figure 9: Restoration results on HYDICE urban data set: severe noise band. (a)
Original image located at the 108th band. Resorted image obtained by (b)
VBM3D, (c) LRMR, (d) NAILRMA, (e) WSN-LRMA, and (f) NonLRMA.
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Scabality
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Figure 10: Time cost of F-FFP changes with respect to dimension and sample
size of the data.
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Multiple Subspaces

PCA/RPCA recover a single subspace.
But data may have multiple subspaces...
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Low-dimensional Subspaces

Rather than uniformally distributed in the high-dimensional space,
high-dimensional data often come from a union of low-dimensional
subspaces, i.e., high-dimensional data often have low-dimensional

structures.
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Low-dimensional Subspaces

Can we exploit low-dimensional structures?
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Subspace Clustering

o lterative Methods: K-subspace, g-flat

@ Algebraic Methods: matrix factorization based, generalized PCA,
robust algebraic segmentation

@ Statistical Methods: mixture of probabilistic PCA, agglomerative
lossy compression, random sample consensus

@ Spectral Clustering-Based Methods: factorization-based affinity,
GPCA-based affinity, local-subspace based affinity, locally linear
manifold clustering ...

Vidal, Subspace Clustering, IEEE Signal Processing Magzine, 2011.
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Sparse subspace clustering

e Sparse Representation:

min ||z]lo s.t. x = Az. (7)
z

e Sparse subspace clustering: self-expressiveness of the data

min HZ”O s.t. x;j= Xz;,zi=0. (8)
z

or
mZin IZ|lo s.t. X = XZ,diag(Z)=0. (9)
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Sparse subspace clustering

mZin IZ]1 s.t. X =XZ diag(Z)=0. (10)

Elhamifar and Vidal, Sparse Subspace Clustering, CVPR 2009.
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Low-rank Representation

Clean data: mZin IZ|l. s.t. X=XZ.

11
Noisy data: mZin | Z|l« + Al|Elj21 s.t. X=XZ+E. (11)

« = x <

Liu et al., Robust Subspace Segmentation by Low-Rank Representation, ICML 2010.
Liu et al., Robust Recovery of Subspace Structures by Low-Rank Representation, IEEE T. PAMI, 2013.
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Low-rank Representation

The nuclear norm is not accurate for rank approximation.

mZinIogdet(l+ZTZ)—i—)\H5H1+’YHEH% st. X=XZ+S+E. (12)

Here logdet(l + 27 Z7) = Z log(1 + 0?(2)) (13)

« =« <0

.

Peng et al., Subspace clustering using log-determinant rank approximation, KDD 2015.
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Thresholding Ridge Regression

SSC and LRR eliminates the noise effects from the data, where some prior
knowledge is required.

min |x; — X;zil13 + Allzi[3 (14)
where
Xf: [X17X27"' y Xi—1, Xi+1, """ ’X"]' (15)
OR
min X — XZ|[z + M| Z||F, st diag(Z) =0. (16)

TRR eliminates the noise effect by thresholding small values in Z.

Peng et al., Robust subspace clustering via thresholding ridge regression, AAAI 2015.
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Variance Regularized Ridge Regression

Existing methods usually convert 2D data to vectorial (1-dimensional)

datal
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2-Dimensional Data

2-dimensional (2D) data means that each example is a 2D matrix.
Examples:

A gray image is a matrix;
Each frame of a video sequence;
A user-item in recommender system is changing over time;

°

°

°

@ A community in a social network is changing over time;

@ There is often a need to partition a scene into multiple segments;
°

Satellite images bring daily weather reports and provide farmers with
information for precision agriculture;

Real estate sales use geographic information systems.
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Spatial Information

Spatial information identifies the geographical location of the features and
reveals the inherent structures of the data.

Age Age
Gender Salary
Height Height
weight weight
Marrage Marrage
Salary Gender
Nationality Nationality
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Spatial Information

Why not tensor method?

e For candecomp/parafac (CP) decomposition based methods, it is
generally NP-hard to compute the CP rank;

@ Tucker decomposition is not unique;
@ The application of a core tensor and a high-order tensor product
would incur information loss of spatial details;

@ Tensor computation and methods usually involve flattening and
folding operations, which, more or less, have issues similar to those of
vectorization operation and thus might not fully exploit the true
structures of the data.

Lu et al., Tensor robust principal component analysis: Exact recovery of corrupted low-rank tensors via convex
optimization, CVPR 2016.

Kolda et al., Tensor decompositions and applications, SIAM Review, 2009.

Letexier et al., Noise removal from hyperspectral images by multidimensional filtering, IEEE T-GRS, 2008

Chong Peng (QDU) VALSE Webinar May 16, 2018 31/ 66



2-Dimensional Features
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2-Dimensional Projections

P= [p17p27"' 7pf]
PTP=1I
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Variance Regularized Ridge Regression (VR3)

Construct the coefficients for low-dimensional representation with
projected data:

n

n
2
min X:P— z--X-PH 47| Z|2 + 1 TH(PTGpP), (17
LD 2P| 1z TGP, a7

where Gp is inverse of 2D covariance matrix of X;'s.
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Variance Regularized Ridge Regression (VR3)
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Variance Regularized Ridge Regression (VR3)

Preserve spatial information by seeking projection directions from both
horizontal and vertical directions:

XiP— ,XPH o TH(PTGpP) + 7|2
oMoy 2o 6P = 5568 TP 6oP) 217

+3>[xra- S a7 af +nmeT o)
i—1 j=1

counter part to P
(18)
where Gq is inverse of 2D covariance matrix of XjT's.
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The subproblem of optimizing Q is

o, S Sagof @, o

Theorem 1

Define Fy = Y7, XiX; T R=>", zj,XX ,and F3 =Y 1,
D1 )z(J)X X" The problem of (19) is a constrained quadratic
optimization, and adm/ts a closed-form solution,

eig,(F1 — 2F2 + F3 + 12 Gq), (20)

where F1 — 2F, + F3 + vGq is positive definite and eig,(F) returns
eigenvectors of F associated with its r smallest eigenvalues.

v
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The subproblem of optimizing P is

.
P;nP.nIZHXP ZZJ,XPH o Te(PTGpP). (21)

Theorem 2

Define Hy = 371y X[ Xi, Ho = 331 D1 zi X X;, and Hy = 377,

Z(ih\Z i € problem o is a constrained quadratic
ZJ 1 4(i) (j)X, Xj. Th bl f (21) d quad
optimization and admits a closed-form solution,

eig,(Hl —2H, + Hz3 +7 Gp), (22)

where Hy — 2Hy + Hs + 1 Gp is positive definite.
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The subproblem of optimizing Z is

n n 2 n n 2
. Z Z z : T 2 : T 2
mZIn =1 HXIP - =1 ZJI)(JPHF + =1 HX’ Q - =1 zji)(j QHF + THZHF
1= J= 1= J=

(23)
We define a matrix K with
K = Tr(PT (X" X;)P) + Tr(QT(XiX;")Q),
then it is seen that (23) admits a closed-from solution:
Z=(K+7l,)" K. (24)
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Convergence Analysis of VR3

Denoting the objective function of (18) by J(Q, P, Z), under the
updating rules of (20), (22) and (24), the value sequence of the objective
function {j (QK, Pk, Zk )}20:1 is non-increasing and converges, where k
denotes the iteration number.
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Nonlinear VR3

To further account for nonlinear relationships of the data, we try to ensure
the smoothness between linear and nonlinear spaces on manifold:

min J(Q, P, Z2)+mTr(ZLpZ ) + mTr(ZLoZT),

Z,PTP=1,,QT Q=I, (25)

Learning on manifold

where Lp and Lg are constructed using projected data X;PPT and
QQT X;, respectively.

e Fully connected graphs:
[Welj = Tr((X;P)T(X;P)) and [Wol; = Tr((X/" Q)T (X" Q)).
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The subproblem for @-minimization is
Q;nclanl Z HXTQ ZZJ,X QH + 1T (QT GoQ) + mTr(ZLoZT).
Jj=1
(26)
Theorem 4

Define Fa = 311 Y1y ||z — z[|3X:X;T. Given that Z is bounded, the
problem in (26) is a constrained quadratic optimization, and admits a
closed-form solution,

eig,(Fl —2F + F3 + ")/2GQ aF %F4), (27)

where F1, F», and F3 are defined in Theorem 1.
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The subproblem of optimizing P is

min X:P — zXPH 4+ THPT GpP) + mTH(ZLpZ T
PTP,ZH Z WTH(PT GoP) +mTr(ZLpZT).

(28)
Theorem 5

Define Hy = 311 >y ||z — z[3X,7 X;. Given that Z is bounded, the
problem of (28) is a constrained quadratic optimization, and admits a
closed-form solution,

eig, (Hy — 2Hy + Ha + 71 Gp + - Ha), (29)

where Hy, H,, and Hs are defined in Theorem 2.
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The subproblem of optimizing Z is

min > HQ.P.Z)+mTH(ZLpZ ) + naTr(ZLoZT). (30)
i=1

Solution Z = Iyap(lC + %I,,, mlp +mLlo + %l,,,lC). (31)

. Tz{—mr(m;n{Ab@xrxj)}—Al(ZXfX»)
j=1 Jj=1

- 772r( miin {)‘B(ZHIXIXJT)} - Al(ilxjxj-r)) },

then (31) is bounded and is the optimal solution to (30). Here, \i(-) is
the ith largest eigenvalue.

v
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Convergence Analysis of NVR3

Theorem 7
Let

L(Q,P,Z)=T(Q,P,Z) +mTHZLpZT) + m THZLoZT)

denote the objective function of (25). If the condition of Theorem 6 is
satisfied, then under the updating rules of (27), (29) and (31),

{L(Q¥, Pk, Zk)}ii1 is non-increasing and converges, where k denotes the
iteration number.

v
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Experimental Results

Table 5:  Clustering Performance on Extended Yale B data set

No. of Subjects 2 Subjects 3 Subjects 5 Subjects 8 Subjects 10 Subjects
Accuracy (%) || Average Median | Average Median | Average Median | Average Median | Average Median
LSA 67.20 52.34 47.71 50.00 41.98 43.13 40.81 41.41 39.58 42.50
SCC 83.38 92.18 61.84 60.94 41.10 40.62 33.89 35.35 26.98 24.22
LRR 90.48 94.53 80.48 85.42 65.84 65.00 58.81 56.25 61.15 58.91
LRR-H 97.46 99.22 95.79 97.40 93.10 94.37 85.66 89.94 77.08 76.41
LRSC 94.68 95.31 91.53 92.19 87.76 88.75 76.28 71.97 69.64 71.25
SsC 98.14 100.0 96.90 98.96 95.69 97.50 94.15 95.51 89.06 94.37
LatLRR 97.46 99.22 95.79 97.40 93.10 94.37 85.66 89.94 77.08 76.41

BDLRR 96.09 - 89.98 - 87.03 - 72.30 - 69.16 -

BDSSC 96.10 - 82.30 - 72.50 - 66.80 - 60.47 -
s3c 98.57 100.0 96.91 99.48 95.92 97.81 95.16 95.90 93.91 94.84
NSN 98.29 99.22 96.37 96.88 94.19 95.31 91.54 92.38 90.18 90.94
TRR 97.87 99.22 97.07 98.44 96.17 97.50 95.69 96.48 95.10 95.78
VR3 99.12  100.0 99.23 99.48 98.96 99.38 98.73 98.63 98.85 98.75
NVR3 99.07 100.0 | 99.26 99.48 | 99.25 99.38 | 99.16 99.22 | 99.38 99.38
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Experimental Results

Table 6: Clustering Performance on Alphadigits data set

No. of Subjects 2 Subjects 3 Subjects 5 Subjects 8 Subjects 10 Subjects
Accuracy (%) || Average Median | Average Median | Average Median | Average Median | Average Median
LSA 89.30 96.15 77.31 77.78 66.19 66.15 59.24 59.94 57.35 58.72
SSC 94.30 97.44 86.42 91.46 76.74 74.88 70.00 69.99 67.86 67.18
LRR 92.24 96.16 85.79 88.89 76.66 76.41 69.50 69.56 66.33 67.44
LRSC 84.19 91.03 74.35 74.36 62.23 62.05 52.02 51.92 49.23 48.97
KSSC (P) 94.58 97.44 87.15 92.31 77.36 76.92 68.94 67.95 66.15 65.64
KSSC (G) 94.07 97.44 86.36 91.45 76.16 73.85 68.81 68.91 67.52 66.67
LS3C 93.77 96.15 87.33 90.17 74.76 73.85 65.94 66.03 62.99 63.51
s3c 93.34 94.87 86.34 88.03 72.89 71.28 64.17 65.06 62.82 61.79
TRR 95.60 97.44 90.71 93.59 81.02 83.59 72.06 72.44 68.38 69.49
VR3 96.10 98.72 | 91.14 9402 | 8L.19 8308 | 73.13 7404 | 7385 7667
NVR3 96.21 98.72 | 01.84 94.87 | 81.57 83.50 | 73.27 74.04 | 76.41  76.92
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Parameter Sensitivity
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Figure 11: Performance of VR3 and NVR3. K = 2 on the top while K =10 on
the bottom. Performance of NVR3 with respect to different combinations of: (a)

~1 and 7,; (b) 7 and «; (c) m1 and n;.
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Extracted 2D Features and Recovered Data

Figure 12:  The top left is the original image. For the rest, the first (resp. third)
row are the ith column (row) component image Xp;p; (resp. giq/ X), and the
second (resp. fourth) row are the reconstructed images E}:l ijpjT (resp.

Sy qjquX) using the first i column (resp. row) component images, which from

J
left to right represents i = 1, 3, 8, 15, and 30, respectively.
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K-means

K-means: min||Y — UVT|%,
u,v (32)
st v >0,WT =

@ K-means is the most widely used clustering method and expanding it
for 2D data is attractive.

@ Is it possible to expand K-means for 2D data? How?

Chong Peng (QDU) VALSE Webinar May 16, 2018 50 / 66



Double-Sided Two-Dimensional K-Means

n k
i XiPPT =" Uy
RS oflte

+ )\{ Z Hx,- - x,-PPTHi + Z HX,- —QQTX;
i=1 i=1

- v{Tr(VTLpV) +Tr(VTLg V)},

k
2
.
_+]|ee X,-—;U,-v,-j
J:

)

2
’F} (33)

st. U={Up, -, U},PTP=1,QTQ=1,VWT =, v; >0.
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Double-Sided Two-Dimensional K-Means

+ T (VTLpV)+Tr(VTLg V)},

st. U={U,- U},PTP=1,QTQ=l,,n+n=2r
WT =, v; >0.

Closely connected with some existing methods, such as K-means, spectral
clustering, and 2DPCA.
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Optimization

Augmented Lagrange Multiplier (ALM)-based Optimization.
2
F

n
min {‘
UV,P.Q -
i=1
T T P 2
+ W) TV LpV) + TrH(VT Lo V) +§Hz—v+e/pHF,

k k
2
XiPPT =" Upvi| + HQQTX,- -3 Uy
j=1 j=1

3 e 43 - o}
i=1 i=1 (35)

st. U={U,-- U}, PTP=1,QTQ=1,,n+r=2r
W =1,z >0.
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Optimization-Jointly for {P,Q,r1,r}

n
Hip = (1-M\)Gp — ) (X7 ©;+ 0] X)),
i=1
Hy := (1 — )\1)GQ - Z(X/e,—r + eiXiT)’
i=1
and ©; := Ej'(:l Ujvji.

Sotution || = F = perm(ig (H-+¢1) = perm(eigz, (W), (20

where perm(-) is a permutation of the matrix columns, which ensures the
block diagonal structure of F.
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Reduced to
in ||V —E|?, 37
Jon, | I3 (37)

where
- T/, _ A p
E=(9(V)) " (Jx?) +9(Xx9) - Z2Z(Lp+Lo) + 5 (2 +0/p).

(38)
Solution V =AB'T, (39)

where A and B are matrices containing the left and right singular vectors
of E, respectively.
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2
0 A
inllZ—(v-=2-2vL+L] . 4
pgf2- (V-7 -G+ )| 0
A
Solution ZZ<V—@—ZV(LE+L5)>, (41)
PP +

where (-); is element-wisely defined by (6); = 3(|6] + 6).
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Optimization-U, ©, and p

U-minimization subproblem is:

n k
i X:PPT =) " Uy
{2 u

k
2
.
_+]|le@Txi - Z; Upvi
J:

2
F} (42)

i=1
1 — ¢
Solution U= {2 Z(X;PPT + QQTXi)Vij} . (43)
i=1 j=1
©=0+p(Z-V), p=pk. (44)
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Experimental Results

Table 7:  Clustering Performance on Yale

N Accuracy (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 51.36-£02.20 | 71.36£22.78 | 70.00£10.97 | 71.36£19.05 | 73.64£24.97 | 73.184223.61 | 53.64+04.18 | 86.36+13.03 | 92.27+07.44
3 40.00-£08.43 | 61.82+£15.20 | 62.73+11.52 | 52.12:£13.08 | 63.33+£21.40 | 65.45418.75 | 52.12+04.24 | 72.12+12.10 | 84.55+06.62
4 30.91+05.79 | 46.14+11.54 | 58.18+12.69 | 44.09+06.96 | 49.55+11.33 | 48.414+10.28 | 40.45+07.93 | 60.45+10.45 | 78.41+12.96
5 28.18406.43 | 50.00+08.45 | 52.73+12.03 | 50.73416.47 | 53.27+09.35 | 54.364+19.59 | 39.82+05.65 | 58.73+11.37 | 70.91+14.97
6 23.64+05.40 | 50.61-04.91 | 43.94+05.39 | 37.58+07.92 | 53.18+03.53 | 51.974+04.04 | 33.64+03.90 | 51.36+04.07 | 65.15+09.56
7 22.73406.13 | 47.27+06.57 | 47.53+07.75 | 39.61+11.19 | 54.55+04.37 | 51.954+05.09 | 34.81+06.12 | 52.73+04.02 | 67.01+06.40
8 21.36-£04.54 | 48.30-£05.55 | 46.2508.02 | 37.73+10.67 | 53.98+04.92 | 52.61406.16 | 32.95+05.59 | 49.89+04.68 | 63.86+07.42
9 19.29+03.31 | 45.45+07.68 | 45.15+06.95 | 32.53+06.28 | 54.44+02.67 | 48.28+05.92 | 30.00403.20 | 50.30406.85 | 58.59+04.97
10 17.64+03.30 | 43.36+04.29 | 41.82+06.23 | 28.91+05.71 | 50.00+04.56 | 46.45+04.91 | 28.73402.36 | 46.73+03.81 | 57.64+05.47
12 16.97+01.72 | 40.83+04.23 | 43.03+04.31 | 30.30+03.50 | 49.92+05.74 | 46.44+03.03 | 27.80+01.43 | 45.08+06.04 | 52.05+04.07
14 15.39+00.31 | 41.75+02.82 | 37.92+04.10 | 25.52+03.02 | 45.65+02.87 | 46.04-£02.09 | 25.06+00.98 | 44.61+03.33 | 51.62+02.96
15 14.55 39.39 43.03 21.82 44.24 43.03 21.82 44.85 52.12
Average 25.17 48.88 49.36 39.36 53.81 52.35 35.07 55.27 66.13
N Normalized Mutual Information (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 01.41+02.27 | 35.14+42.14 | 17.22+15.69 | 30.43+29.47 | 43.23+46.31 | 39.634+42.56 | 01.15+01.90 | 52.87+29.87 | 67.87+27.05
3 10.49+16.72 | 33.94+22.01 | 33.19+16.80 | 25.24+20.95 | 43.87+31.44 | 41.45+28.65 | 18.91410.05 | 46.94+18.56 | 62.74+12.59
4 09.91+11.06 | 23.75+16.61 | 37.56+14.27 | 21.25411.23 | 33.70+15.98 | 28.47+14.65 | 14.95+10.54 | 39.72+12.17 | 63.39+16.14
5 14.66+12.12 | 35.68+14.72 | 36.96+15.16 | 33.17+22.40 | 44.13+12.21 | 39.87+26.15 | 23.49409.30 | 44.78+15.32 | 61.59+17.07
6 13.48+09.35 | 40.74+07.93 | 33.76+07.42 | 21.77+12.82 | 44.67+05.95 | 42.47+06.28 | 20.54+07.17 | 38.37+06.02 | 57.72+09.79
7 16.59+08.73 | 39.44+07.78 | 40.62+07.07 | 29.02+16.15 | 48.63+06.08 | 46.31+05.75 | 27.41408.44 | 43.89+06.09 | 63.12+07.54
8 16.60+06.88 | 43.51+05.72 | 43.17+09.20 | 33.19+14.25 | 49.65+06.68 | 47.97+08.00 | 26.32406.87 | 44.85+05.35 | 61.17+06.62
9 15.94+05.53 | 42.94+08.06 | 41.48+06.11 | 25.19+08.62 | 51.76+03.55 | 46.80-06.43 | 26.60+05.05 | 45.97+06.09 | 57.43+05.23
10 15.70+04.55 | 43.73+03.17 | 41.53+05.41 | 23.94+06.23 | 49.02+05.39 | 46.39+05.34 | 27.50+03.24 | 44.59+04.10 | 58.00+05.78
12 16.82+02.40 | 42.83+04.26 | 44.42+04.20 | 31.53+05.45 | 51.76+02.82 | 50.24+02.37 | 30.29401.43 | 46.56+04.94 | 55.99+03.03
14 16.82+00.13 | 46.204-02.59 | 44.88+03.26 | 28.78+04.08 | 50.86+02.13 | 51.3601.95 | 30.63400.76 | 47.77+02.04 | 55.53+02.72
15 16.40 43.84 46.95 26.86 49.64 52.56 29.25 48.20 52.59
Average 13.74 39.31 38.48 27.53 46.74 44.46 23.09 45.38 59.76
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Experimental Results

Table 8:  Clustering Performance on PIX

N Accuracy (%
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 94.50+£10.39 | 94.50+10.39 | 99.50+01.58 | 94.50+£10.39 | 99.50+01.58 | 99.50+01.58 | 73.00+11.11 | 96.50+07.84 | 100.0+00.00
3 85.33+14.42 | 96.00+05.84 | 96.67+03.85 | 95.00+06.89 | 96.00+05.84 | 97.67-+06.30 | 60.67+09.27 | 97.33+03.06 | 99.67+01.05
4 87.00+£22.26 | 96.25+04.60 | 77.00+13.43 | 90.50+13.58 | 97.25+03.81 | 99.25+01.69 | 59.25+12.47 | 96.50+04.44 | 99.75+00.79
5 72.804:24.37 | 87.20+£11.00 | 75.40+11.85 | 71.80+13.62 | 90.80£09.34 | 95.404:08.17 | 55.00+10.38 | 90.804:07.50 | 99.40+00.97
6 63.33£24.47 | 84.83+12.38 | 74.17+12.65 | 72.83+12.74 | 90.17+09.51 | 90.00-£11.92 | 47.33+05.89 | 89.00+08.72 | 98.17+04.19
7 68.14£23.00 | 84.14+05.89 | 71.86+05.68 | 65.57+08.31 | 90.27+07.64 | 94.8605.64 | 51.29+06.48 | 87.14+07.85 | 94.43+05.53
8 61.25::08.27 | 84.12:+05.65 | 78.13+04.18 | 58.00+06.07 | 87.25+0714 | 95.25402.27 | 51.38+03.79 | 82.374+05.38 | 88.50+05.92
9 72.11+09.83 | 83.22+07.45 | 88.89+04.89 | 57.11+04.03 | 92.89+00.57 | 96.44-+00.70 | 45.33+05.02 | 87.00+06.83 | 94.33+05.53
10 73.00 80.00 70.00 62.00 80.00 87.00 11.00 81.00 95.00
Average 75.27 87.81 81.29 74.15 91.57 95.04 50.47 89.74 96.58
N Normalized Mutual Information (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 83.81£28.77 | 83.81+28.77 | 97.58+07.64 | 83.81+£28.77 | 97.58+07.64 | 97.58-£07.64 | 25.16+21.49 | 88.28+22.45 | 100.0-£00.00
3 77.98+11.64 | 89.87+11.64 | 90.84+08.94 | 88.11+14.96 | 89.87+11.64 | 94.9512.80 | 34.04+13.10 | 92.32+08.18 | 98.98+03.22
4 86.63+07.13 | 93.39+07.13 | 74.99+12.76 | 86.82+16.72 | 94.67+05.78 | 98.42+03.44 | 42.33+16.08 | 93.45+07.08 | 98.75+02.01
5 75.40:07.04 | 87.42:+08.35 | 77.38+10.89 | 67.15+14.69 | 90.13+07.54 | 93.60410.71 | 47.52+10.15 | 88.04+07.35 | 98.04+03.78
6 70.44+05.09 | 86.71+08.47 | 73.30+08.81 | 69.75+11.39 | 90.64+05.68 | 91.12+08.83 | 45.19+07.04 | 87.05+07.23 | 93.71+05.88
7 75.50404.18 | 86.74£03.63 | 77.56+06.43 | 64.08+09.35 | 91.54:£04.57 | 93.92404.67 | 49.54+08.12 | 87.06+07.05 | 92.46+02.09
8 72.33+01.28 | 85.70+03.87 | 81.734+04.35 | 60.00+05.12 | 90.56+03.07 | 93.29+02.72 | 49.33+03.90 | 83.54+04.15 | 93.50+03.19
9 80.16£01.76 | 86.31+04.83 | 87.91+06.31 | 60.67+03.91 | 92.78+00.82 | 94.76+00.94 | 45.26+03.24 | 87.89+04.59 | 94.31+03.27
10 81.42 88.09 69.29 62.45 87.01 92.52 11.73 86.02 95.85
Average 78.19 87.56 81.18 71.43 91.64 94.46 38.90 88.18 96.83
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Experimental Results

Table 9:  Clustering Performance on 40% Corrupted ORL

N Accuracy (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 60.00+14.14 | 78.50+15.82 | 55.00-£00.00 65.50+09.85 | 77.504:20.03 | 61.00+06.58 | 76.50+16.67 | 93.50+£09.73
4 31.00403.16 | 49.75409.68 | 37.50+00.00 49.50+06.65 | 59.00+10.08 | 38.75+04.45 | 53.50+10.01 | 68.75+12.09
6 23.834+01.37 | 36.334+07.89 | 31.67400.00 43.67+07.28 | 48.174+12.36 | 31.67+02.48 | 45.50+10.45 | 68.67+17.12
8 18.50£01.84 | 30.38+04.72 | 31.25+00.00 41.25+05.56 | 42.754+06.42 | 29.75+04.16 | 34.25+04.87 | 59.12+06,92
10 15.90-+00.88 | 29.27+03.58 | 27.00+00.00 34.50+04.22 | 39.40405.13 | 11.00-£00.00 | 33.10+03.60 | 53.20+07.39
12 13.67+01.43 | 27.42+02.40 | 22.50+00.00 33.50+04.02 | 34.50+:04.93 | 23.33+01.80 | 30.75+02.65 | 47.17+04.16
14 12.14+00.95 | 25.50+02.78 | 21.43+00.00 32.64+03.63 | 36.21+04.73 | 23.29+01.31 | 28.50+£02.98 | 44.00-£02.84
16 11.37+00.77 | 23.81+02.80 | 21.88+00.00 29.25+02.55 | 33.88+03.06 | 21.69+00.84 | 25.94:+01.57 | 43.19+04.73
18 10.61+00.81 | 23.06+02.03 | 19.44+00.00 30.72+03.74 | 32.06402.80 | 21.39+01.29 | 25.83+01.58 | 44.00+04.44
20 10.20+00.89 | 22.10+02.00 | 20.004-00.00 27.70+03.10 | 31.95+03.07 | 19.85401.36 | 26.35+01.43 | 39.45+03.64
Average 20.72 34.61 28.77 35.57 43.54 25.84 38.02 55.70
N Normalized Mutual Information (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 14.62+30.00 | 43.76+35.61 | 00.79+00.00 12.74+12.09 | 43.50+44.67 | 07.33+09.71 | 34.46+33.07 | 76.60+30.23
4 09.634+03.12 | 26.82+12.41 | 08.934+00.00 24.67+06.12 | 38.374+12.68 | 11.68-:04.82 | 32.00+12.80 | 54.17+14.51
6 10.45+02.09 | 20.64+09.85 | 17.02+00.00 30.53+09.59 | 35.82+13.95 | 15.68+03.16 | 31.24+10.86 | 61.41+£20.70
8 10.38+01.55 | 22.45+06.22 | 21.29400.00 36.09+06.28 | 36.88+07.35 | 20.69+03.54 | 26.83+06.68 | 56.09+06.98
10 09.72400.86 | 25.374+04.16 | 23.72400.00 33.73+04.38 | 38.11405.97 | 11.73+00.00 | 29.77+04.75 | 54.80+05.89
12 10.16+00.78 | 26.16+03.84 | 24.40+00.00 35.80+03.90 | 36.134+06.41 | 24.13+01.96 | 30.12+02.11 | 51.80+04.46
14 10.00-£00.42 | 26.10+02.79 | 26.36+00.00 38.26+03.47 | 41.14405.66 | 27.07-£02.20 | 30.89+03.02 | 50.78+02.45
16 10.08+00.36 | 27.18+02.80 | 29.41+00.00 35.31+02.43 | 41.68+03.10 | 27.75+00.68 | 31.74:+02.58 | 51.45:+04.41
18 10.35+00.65 | 27.78+01.76 | 28.80+00.00 38.96+03.73 | 42.12+02.52 | 29.92+01.17 | 33.37+01.92 | 49.46+04.50
20 10.17+00.43 | 28.41+02.30 | 30.99+00.00 37.79+03.30 | 43.96+03.97 | 30.09+01.33 | 36.87+01.33 | 49.75+03.64
Average 10.56 27.47 21.17 32.39 39.77 20.61 31.74 55.63
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Experimental Results

Table 10: Clustering Performance on 60% Corrupted ORL

N Accuracy (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 55.00400.00 | 72.50+13.18 | 55.00-£00.00 55.00+00.00 | 67.00+12.74 | 59.00+06.58 | 66.50+11.56 | 87.50+11.84
4 30.504+01.05 | 42.25405.83 | 37.50+00.00 27.50+00.00 | 44.00+08.51 | 38.00+03.07 | 44.75+06.06 | 61.50£05.55
6 23.50401.46 | 33.00404.50 | 31.67400.00 18.33+00.00 | 37.00+£09.26 | 31.50+03.80 | 35.50+04.91 | 51.67+16.10
8 18.75+01.95 | 29.25+01.79 | 31.25+00.00 13.75+00.00 | 32.25+03.27 | 28.50+02.75 | 29.13+02.95 | 42.50+05.30
10 16.70+01.42 | 26.20+01.69 | 27.00+00.00 11.00+00.00 | 28.30+03.56 | 11.00+00.00 | 26.30+02.36 | 37.50+03.72
12 14.58+01.06 | 23.92+02.39 | 22.504+00.00 10.00+00.00 | 27.17+02.49 | 24.33+01.88 | 24.33+02.63 | 34.58+01.58
14 12.93+01.09 | 23.36+01.69 | 21.43+00.00 08.57+00.00 | 25.21+02.36 | 22.14+00.89 | 24.14:+02.23 | 34.86:+04.61
16 12.06+£00.84 | 22.00+01.21 | 21.88+00.00 07.50+00.00 | 24.69402.29 | 21.25+01.41 | 21.94+01.65 | 30.69+02.53
18 11.44+00.65 | 20.94+01.17 | 19.44+00.00 06.67+06.00 | 24.224+01.05 | 21.06-£01.21 | 21.33+01.18 | 29.28+03.78
20 10.60+00.57 | 21.10£01.76 | 20.004-00.00 06.00+00.00 | 23.65+02.59 | 20.75401.32 | 20.85+01.93 | 28.25+03.63
Average 20.61 31.45 28.77 16.43 33.35 27.75 31.48 43.83
N Normalized Mutual Information (%)
HCA K-Means KKM SC RPCA 2DPCA NMF RMNMF DTKM
2 05.19400.00 | 26.614-23.96 | 00.81-£00.05 05.19+00.00 | 17.01+16.16 | 03.86+04.01 | 14.33+15.97 | 56.93+36.99
4 07.974+00.86 | 15.794+08.02 | 08.93+£00.00 08.20+00.00 | 15.80+08.36 | 07.87+02.82 | 16.33+08.77 | 38.29+08.99
6 09.324+00.94 | 16.06+04.27 | 17.02+00.00 09.56+00.00 | 23.44+11.20 | 14.05+03.90 | 20.78+05.58 | 41.03+19.23
8 09.574+00.66 | 20.66+02.71 | 21.29+00.00 10.60+00.00 | 23.65+04.99 | 18.06£02.48 | 18.89+02.97 | 35.96+04.88
10 09.84400.74 | 21.07402.14 | 23.72400.00 11.73+00.00 | 23.88+04.12 | 11.73+00.00 | 20.44+03.48 | 36.60+04.20
12 09.864-00.47 | 23.224-03.14 | 24.40400.00 12.36+00.00 | 28.30+02.50 | 24.64+02.97 | 22.14+04.06 | 36.21+02.61
14 09.774+00.36 | 25.324+02.41 | 26.36-£00.00 11.96+00.00 | 29.14+02.51 | 25.36+01.62 | 24.18+04.22 | 39.28+04.05
16 09.66+00.15 | 26.094+01.70 | 29.41-£00.00 11.81+00.00 | 30.63+02.90 | 26.75+02.27 | 25.45+01.67 | 37.04+02.36
18 09.99+00.32 | 27.104+01.42 | 28.80-£00.00 11.86+00.00 | 31.93+01.43 | 29.55+01.23 | 27.93+01.71 | 38.29+03.80
20 09.87+00.27 | 28.84402.03 | 30.99+-00.00 12.13+00.00 | 33.40+03.26 | 31.41+01.48 | 28.52+03.42 | 38.04+03.52
Average 09.10 23.08 21.17 10.54 25.72 19.33 21.90 39.77
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Effect of Number of Projection Directions
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Figure 13: Performance variations in accuracy and NMI with respect to different

r values on Yale and PIX.
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Extracted Features
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Figure 14: Extracted 2D features from two sample images of Yale data set. In
each block of (a) and (b), the top left is the original image; in the right, from top
to bottom are Xp,p, , EJ 1Xp,p, . Giq; TX, and EJ 19i9; T X, i.e., the ith feature
extracted by P, the recovered image by the top i projection directions of P, the
ith feature extracted by @, and the recovered image by the top i projection
directions of Q, respectively. From left to right, / equals to 1, 2, 3, and 4,
respectively.
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