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Approximate Weighted Kernel k-means for Large-Scale Spectral Clustering

JIA Hong-Jie'?, DING Shi-Fei'?, SHI Zhong-Zhi’

!(School of Computer Science and Technology, China University of Mining and Technology, Xuzhou 221116, China)
%(Key Laboratory of Intelligent Information Processing, Institute of Computing Technology, The Chinese Academy of Sciences, Beijing
100190, China)

Abstract:  Spectral clustering is based on algebraic graph theory. It turns the clustering problem into the graph partitioning problem. To
solve the graph cut objective function, the properties of the Rayleigh quotient are usually utilized to map the original data points into a
lower dimensional eigen-space by calculating the eigenvectors of Laplacian matrix and then conducting the clustering in the new space.
However, during the process of spectral clustering, the space complexity of storing similarity matrix is O(x%), and the time complexity of
the eigen-decomposition of Laplacian matrix is usually O(n°). Such complexity is unacceptable when dealing with large-scale data sets. It
can be proved that both normalized cut graph clustering and weighted kernel k-means are equivalent to the matrix trace maximization
problem, which suggests that weighted kernel k-means algorithm can be used to optimize the objective function of normalized cut without
the eigen-decomposition of Laplacian matrix. Nonetheless, weighted kernel k-means algorithm needs to calculate the kernel matrix, and
its space complexity is still O(n%). To address this challenge, this study proposes an approximate weighted kernel k-means algorithm in

which only part of the kernel matrix is used to solve big data spectral clustering problem. Theoretical analysis and experimental
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comparison show that approximate weighted kernel k-means has similar clustering performance with weighted kernel k-means algorithm,
but its time and space complexity is greatly reduced.

Key words: spectral clustering; trace maximization; weighted kernel k-means; approximate kernel matrix; big data
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(280 e AN i R LA 1.
BiE 1 im AU k-means &%,
LITPA
o X={xi,...x,} BREREN 0 MEIE RS
o m:BEHLRAE I B A (m<<n);
o EEREAN
o  MAXITER:#x KiEA K H.
iy v AL B R AE B SRR AR RE U
Step 1. M X FBEHLEI m D, ER A X = (%,,...5,,) -
Step2.  ARHEILEE B K=D"'AD™ 5L K =[x, %)), T K = [K(Z,,2))] 0
Step 3. W T=KK".
Step 4.  BENIWIIARNREHERE U
Step 5. AR =0.
Step 6. repeat

Step 7. A =t+1.
Step 8. VS IAL S B AL Y=UW=UD M08 L=[diag(Y1,)]”",Jf6 Y IH—1k: ¥ = LY.
Step 9. W a=YT =YKK ™.
Step 10.  for j=1,...,n do
Step 11. A AEA R x PR BT g St
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Horb of Realtish i 17, @) & K 05 j 7.
Step 12. SR U 58 j 50,2 3058 =i 170 & U= LI AR 6% b 0.
Step 13.  end for
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m’n). VIS oF ST S KR B U (VT ST 42 O(mnet), 5o 2 SV W SRR BE AR 1 BT LA VR 1 R ok 5
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I AAL ]
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W KR T, B, 36 B N O A A 2 35 K T 0,3% U0 Ak i J AT LAY 6 88 T AR vk Sk SR AR, WAt 100 i A
O(log(1/&)), o, e/ B (RS BE . b1 T B0 BE B BRI AOAE— 2D T BAE DY O(m k) IR BT LA A SR A 3o R F) 31 55
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4.2 BiRUEs
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5548 H A R B IR AU k-means A LEIEBUINBUZ k-means (AN [ 2 AR AXAE T HL 0 BRAITE— AR
NERIT AR I o R T SRRE SR BRI TR A A2 TR R R A P S R AL 7 R S SR 1
5 22 R L

W1 A RIBMEE U RBULEAERE w8 iR B AERE Y=01,....p0) =UW.5E L AL B &=(&8,&,. ..,
ENe {0,137 Al AR B AL R AR I A5 FEHOHE A xp Bl R R T 2 ) I E= 15 A WU, E=0. BN A%
k-means R FRZET LR IR N

L(Y,E) :zr(W‘/ZKW1/2)+iL‘,,(Y,§) (14)
Hrh, £(Y,8)= argﬂigl[sf(a,- 0 &) K(a; o &) -2y K(a, 2 &)].

VERE,E1, N (1, TG ATN 1), BB T 9T S0 sk b % ) L, A T 4 A S
FIINBUZ k-means 5535k, R, £(Y,1,) 52 FRUEIN B k-means Sk ISR 28R 22 P KIS 3 2 45 11 T L(Y, &M E
FENGER

3138 2. CAINABEREHFE Y.L, SR L N A S

E[LY,HI<LY1,)+ tr[};[(W”ZKW”z)I + ﬂ[diag(W”zKW”z)]’l] W],
n

Hh, L(r 1) =tr(W" KW ) e (0 PKWPYT.
IS 1 U TATE x HA ce ) < LBE w@)<1,2 L= 14> ... = 1,20 HINBUZFEE W2 KW 45 AE
.45 52 B B AR FE Y, 45 T AR 25 30
Eg[L(Y,f)]—.C(Y,lﬂ)< k/m
LEL,) > Ain

i=k+1

N T VLIS 14 % 8 ANRRER I BURZ AR BE W PR S T @ ANFRIEAE ST n/a, 0 4% (R AEA
Ji 00 4i=.. =A=nla,Aga=...=A,=0.3 — R B a=2k 00, WKW 1 4E 0 B AEAE AN BOR T 25300 2 1,84

HRHEHETS 1,48 F o
E.[L(Y,5)]-L(Y.1,) < Kim _ kim _ klm 2%

L(Y,1,) Z A a'la-k) al'a-al2) m’
i=k+1

EFR Y WKW AR O REAE AR A AN B K T 2 S A 3 I SR U AU k-means 3R
HARZE G RAEA K m BB, L SARUE AU k-means T8 2515 25 (1) 22 W 23 Bl A KEAS S IO ML O(1/m)
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T 5 gl
5 LRSS

BT ULAUMBUE k-means (113 58 B350/ AWKK-SC, 0 T 38 AWKK-SC 592 1145 %0t AT % EL T 1%
SRS 53 A 4 b i TR 0 TR 2R ST AE S v B b I 3R R fi o W AR 40 e b B SR R SR (NTW-S O,
JEFHRAE AU k-means (3% 3250 (WKK-SC)'2 . 3 Nystrom (R BRIT B 3% 524 517 (Nystrom-SC) 1),
T MEKA R L% 2 H I (MEKA-KCO)! OB A7 Sz #2 F — A e vk B 300 TR LA 1), L
J3:Intel Xeon E5-1620 3.60GHz 4bFE#%,18G A 77, Windows 7 64 f#E4F R4, F & L H & MATLAB 2012b.% 1
TS e AP 1 v i

Table 1 Data characteristics of benchmark datasets

£ WR €T R E R R

EIEES s A YR KM
Waveform 5000 40 3
Ringnorm 7 400 20 2

USPS 9298 256 10

MNIST 70 000 784 10

Forest cover type 581012 54 7

Waveform 3455205 3 I BN 33%, 3L 40 4EBVEF IR 19 4 #0275 K0t e 75 1K 248k
0,J7 7% 1.Ringnorm 5 AR e (1 15 ZRE A 43 1) L B0 99 AR [7] F) 115 24 20 A1, ELA: 3 79 ol 20 A th o A L 7 2% 11
Hb 7, AN 551X 4> USPS Fil MNIST #52 T 5 5 7 5dlm 421, S A4 F & 10 PR R0 T 5 807 [ AR
Fr AN 256 458 784 Y [fIRFE 7] f 6 71 Forest Cover Type 3 #2225k 19 35 [ Hb i i 7% )= (USGS) il 35 [ #k 45
JRI(USFS), AT 43 1 7 S0, 455 AR 3R — Fh AR Mo s S8 71,

BN g B G AT LUK i i bR 25 1 BUSE A 28 hR 28 2 1) B9V — 4k .45 & (normalized mutual information, 7
FR NMI) e 15 -H 5925 1) 58 2 v ify g 1231,

AU, =Wl ,ouf) Feon 5 RIAG B ARAR N N FEBHEBE, U, = () ,...ouy )| 785 B S [ AR BN N 1)
K Ja R X PR R AR B 2 ) R — A BLAE S e SH
1U,.U))

NMI(U,,U,) = NN
Hp [(U,U)R U AU, Z B EAS B H(U)F HU)ARAE S0, T8 BAF I — 4 A8 A7 T X R [0, 1] 55 Bk
HRH A R TR A Ok A T NMIT A

NMIU,,U,)) = (15)

L nt k n'
n’ log—- n' log—
\/[Z; : gnj(; ; gnJ

oo, ne = )1, TR § PR AN 0! = )T, B B A 0 = ) o TR T A
SRR EIRE £ o B 0/ e SRR A B LS B s A v 4, I NMIL A 1 SRS
43,0 NMI {EESE T 0.NMI [ (iR 7, 9277 5 10 RRAT T 7% WS H 50 45 0L, 2 B0 25— SR o
BT S BC0R 62 IR AR A B A FUHER o 100, b T R BEURIA fh. Sk O U 5 B /N,
PRI 3 4 Fh 072 B SRS S35 47 20 Y, 36536 NMI Jib 10 PRI, 56 45 L 26 2= A AR L,
S TEVEHEAT).
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Table 2 NMI index of algorithms on different datasets
F2 HEAAFRSGEE LI NMI fabs
Stk KA B Waveform Ringnorm USPS MNIST Forest cover type
NIJW-SC 100% 0.3658 (+£0.0066) | 0.6874 (£0.0029) | 0.6095 (+0.0027) — -
WKK-SC 100% 0.3595 (+£0.0039) | 0.7632 (£0.0071) | 0.6455 (+0.0049) ~ -
50 0.3668 (£0.0032) | 0.6283 (£0.0073) | 0.6178 (£0.0019) | 0.4623 (£0.0076) | 0.1066 (0.0012)
100 0.3687 (+£0.0028) | 0.6568 (£0.0060) | 0.6305 (+0.0052) | 0.4746 (£0.0047) | 0.1107 (£0.0029)
Nystrom-SC 200 0.3716 (+£0.0010) | 0.6634 (£0.0026) | 0.6416 (+0.0045) | 0.4790 (£0.0049) | 0.1125 (£0.0033)
500 0.3742 (£0.0057) | 0.6689 (£0.0014) | 0.6485 (+0.0038) | 0.4833 (£0.0036) | 0.1210 (£0.0017)
1000 0.3769 (+£0.0017) | 0.6727 (£0.0009) | 0.6514 (£0.0035) | 0.4865 (£0.0025) | 0.1235 (+0.0006)
2 000 0.3847 (+£0.0053) | 0.6841 (+£0.0012) | 0.6564 (+0.0023) | 0.4901 (£0.0047) | 0.1243 (+0.0014)
50 0.3587 (£0.0035) | 0.8887 (£0.0021) | 0.4559 (£0.0043) | 0.2709 (£0.0054) | 0.0814 (£0.0015)
100 0.3605 (+£0.0012) | 0.8919 (+£0.0033) | 0.5207 (+£0.0054) | 0.3326 (+£0.0042) | 0.0818 (+0.0009)
MEKA-KC 200 0.3613 (£0.0023) | 0.8926 (£0.0018) | 0.5649 (£0.0037) | 0.3514 (£0.0044) | 0.0824 (£0.0005)
500 0.3619 (£0.0014) | 0.8933 (£0.0025) | 0.5819 (£0.0021) | 0.3776 (£0.0031) | 0.0832 (0.0011)
1000 0.3627 (+£0.0017) | 0.8941 (£0.0028) | 0.5936 (+0.0065) | 0.4989 (£0.0023) | 0.0845 (+0.0008)
2 000 0.3634 (£0.0015) | 0.8959 (+0.0019) | 0.6118 (£0.0016) | 0.5152 (£0.0027) | 0.0858 (+0.0012)
50 0.3568 (+£0.0011) | 0.6764 (£0.0037) | 0.5845 (+0.0061) | 0.4754 (£0.0028) | 0.0806 (+0.0034)
100 0.3585 (£0.0021) | 0.6957 (£0.0078) | 0.6124 (+0.0039) | 0.4929 (£0.0064) | 0.1073 (£0.0015)
AWKK.SC 200 0.3596 (£0.0008) | 0.7226 (£0.0031) | 0.6264 (£0.0041) | 0.5089 (£0.0038) | 0.1194 (+0.0022)
500 0.3604 (+£0.0016) | 0.7327 (£0.0005) | 0.6309 (+0.0033) | 0.5144 (£0.0017) | 0.1245 (+0.0014)
1 000 0.3611 (£0.0005) | 0.7345 (£0.0024) | 0.6375 (+0.0026) | 0.5246 (£0.0021) | 0.1321 (£0.0041)
2 000 0.3617 (£0.0013) | 0.7360 (+0.0018) | 0.6461 (+0.0063) | 0.5378 (£0.0035) | 0.1386 (+0.0027)

MF 2 Al LA Y NIW-SC 5% f WKK-SC #9724 Waveform,Ringnorm,USPS J& L8485 /N (1) 44 45 b n LA
1E R IE4T {5 A% 4 4 P MNIST,Forest Cover Type 3X £ K A4S A1) B8 4 I, 2 327 U A7 AN A2 T T vE 28 25 IR X
Tf A0 90 1S Aol ) 5 (0 R AR B e, 5 ) B2 R P 2 O(n®), 24 Bt B A1 I, 75 AR K 1) PR A7 5 1) Sk A7 fig AR AL
R B2 AR %o 5 s A A AL S pl — AN URS BV SRR 8 AT, MNIST 245 70 000 MU A4,1X
SR 1A B nxn (R AADURE B, K249 55 22 36.5GB 1 4 47511 Forest Cover Type $#a 5-47 581 012 A% i, B4
ARACLAE B4 by FH 0 N AE 29 2515.1GB. Nystrom-SC 5.3, MEKA-KC 5.3 AWKK-SC &3 i1 TR 7 it
A 000 SR W ASL T R P A ARURE I £ — 8 4, 2 TR0 52 2% B KR R B AR, BT mT LA A2 PR A I A7 L% MINIST, Forest
Cover Type JEAT .10 H B35 AL AN B0 20X 3 BP0 NMI AR & Wi 4 . B 40K & Nystrém-SC 57
151E Waveform F1 USPS #5454 I RILFK4F , MEKA-KC 5354} Ringnorm 4 42 1) 5 SOk, 5 i =1, AWK K-SC 5
¥L7E MNIST F1 Forest Cover Type #0854 L AR B IXFE— @ FEBE LUt T AWKK-SC 592 fit i 4 4 b b 21
KBRS T — D5 A IS AT R0, 36 3 4 TR IR & N AR 4R 1 20 UOR ST 1 ) i)
RN WAEA R, SE I VEREAT).

& 3 W NIW-SC S FIE AT I R) S5 K. R A 00000 75 B 1 Laplacian KB, 560 LA AE 23R, 48 AN ok Rt (4 1)
R 2 2% BEAR 55 . WKK-SC SR A% k-means KA1k Normalized Cut [ H 5 e £, A D TSRS AE 1) &, BT LA
AR L NIW-SC HIEHE m A > AH & WKK-SC 532 B2 R A% 4 30A% M B 00 AT 18 55, G SR A5 b B 1) 5090 A AR
2 MR TE B I KR I ) A b2 N A B840 B8R B 3R AT 3 AL TH 55 1) Nystrom-SC,MEKA-KC 1 AWKK-SC &
EAE SR AR R REAR DA B BRI 45 5, 0 I 2 50000 w0 ARk 1)) L1 7 B 47548 AT LI 328 1T Nystrom-
SC Hik 5 AWKK-SC SEH K FH RENURIFE Sms, BAR B2 i AilRr LG mT DA s SRS UE I % (H 2 AR 2 38 I 2 11
5B G K TR I 1) AT 48 W 2T LA R R Nystrom-SC 55099 i T 75 B2 0 55030 (0L PR AR 108 1) 2 7 KR S 25038 0 3 2
{03 L TR IS B i) F 3 A K MEEK A-KIC B335 75 B 9 A I B ) ke s gk e £ 109 & b ADUAZE LB, 224 i 42
O RASEAR R I B9 RIS AT A0 R A1 T AWKK-SC 50925 1) 2R 28 I (1) = 22 5 5 AR H5OR IR AR I 01T 0%, AR Ak 34
AEO 22,1 HK 22 350155 DL B8 1 58 0 (9 B 0] N 58 BOR 2B AT 45 X U B AWKK-SC B IR A3 3 1y, 0
A KBRS 124 TAE.
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Table 3 Clustering time of algorithms on different datasets (s)

®3 FRAEAFREEE LR F(s)

LY, SR N K %(‘J’E%

Sk A E Waveform | Ringnorm USPS MNIST Forest cover type
NIW-SC 100% 247.4842 | 707.356 8 | 1835.8909 - -
WKK-SC 100% 157.670 1 | 428.0777 | 1164.4943 — —

50 0.118 4 0.122'1 0.1857 1.734 8 6.2324

100 0.1513 0.173 1 0.248 8 1.9450 72232

Nystrom-SC 200 02727 0.3245 04775 2.6910 10.012 6
500 1.4845 2.0172 22387 53881 25.5517

1000 193151 13.028 1 13.220 3 18.3412 59.966 1
2 000 97.806 0 101.804 9 99.2593 120.730 4 221.592 6

50 1.419 6 2.745 6 4.742 4 24.367 3 78.998 9

100 1.794 0 2.9952 52104 26.130 1 96.829 8
200 2.168 4 34788 5.929 6 30.966 1 131.883 2
MEKA-KC 500 2.698 8 4.929 6 7.503 6 54.288 3 248.681 1
1000 5.3040 8.5956 12.667 2 85.3793 389.1459
2 000 16.723 3 24.8197 30.2953 171.211 0 556.147 3

50 0.079 4 0.092 3 0.3659 4.909 6 16.206 4

100 0.113 6 0.156 2 0.4821 52658 19.316 6

200 0.2009 02191 0.648 1 6.096 2 25.5679

AWKK-SC 500 0.443 6 0.516 2 1.2877 9.0817 46.516 8
1000 1.030 4 1.299 6 2.3536 14.792 9 84.936 1
2 000 5.613 8 6.206 8 8.976 9 47.0112 193.804 0

6 “RiIF

SRAR UG SRS H B R E A% B8 J7 V2 MM T T AR AT ) i, R R 233 ) 52 2% P A o, G2 A B A K IR B 4.
AN B T IS 1 k-means 5B k-means — 3% 2 0] f{ K &R, UEHH T Normalized Cut ¥ H br e
5 IMBU% k-means [ H AR B8 H0Z 5E O 1R IE — 880 M AR SO T T — B0 T DR B8 135 28 288 ) R 1 ALk
A% k-means 5925 1% 503 — J7 TR FH AR (0 77 sCOR G35 2R 2 1) H s R 50, 38 %0 T X Laplacian i BEREAE 53 % ;
577 10 8 A 2 v R ZE — A B BE LR 28 R A8 /N 1 7 2 ) ot A UE S A R B TR bt (] B
G T B SRS T H 5 e P R 2 ) 5 SR BRI o AT SR W 5 A A AR R BRI I B k-means A B 3T AU
k-means ¥ 58 1% 2 25 B A5 SR m0AS HU0 1S I T 528 3 vk /0 0 5 0 o S ) B AR R AT AL B T AT 4R
BRI A 2K . AR SR P AL 1 SR s 23 450 2 3 4 b R, LS T DR R 4 v SRR I s e T — 0 % 8 B R
FORFE B BB AR SR — 20 55035 B4 tH B0 1 1 e

BOAH ARG TRAT 0 ARSI TAR 45 3 SO AU DU R A7 275 Il
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