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Abstract: Spectral clustering is a flexible and effective clustering method for complex structure data sets. It is based on spectral graph
theory and can produce satisfactory clustering results by mapping the data points into a low-dimensional space constituted by eigenvectors
so that the data structure is optimized. But in the process of spectral clustering, the computational complexity of eigen-decomposition is
usually O(x%), which limits the application of spectral clustering algorithm in big data problems. Nystrom extension method uses partial
points sampled from the data set and approximate calculation to simulate the real eigenspace. In this way, the computational complexity
can be effectively reduced, which provides a new idea for big data spectral clustering algorithm. The selection of sampling strategy is
essential for Nystrom extension technology. In this paper, the design of an adaptive Nystrém sampling method is presented. The sampling
probability of every data point will be updated after each sampling pass, and a proof is given that the sampling error will decrease
exponentially with the increase of sample times. Based on the adaptive Nystrdom sampling method, a spectral clustering algorithm for big
data analysis is presented, and its feasibility and effectiveness is verified by experiments.
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BN H S R ARALLRE AE R e RV Y S R SRFEAT B m, 5 VI I3 B 47 3K s

o B on ANMTIR S AR 0 AFEA,

SAMPLE-ADAPTIVE(W,N,n,s)

Step 1. WIRALHIFE R RIS S=0, 2 AR EL =nls.

Step 2. 4T ie[d,.... ], EEHAT LT H

(2) P«~UPDATE-PROBABILITY(S)
(b) S—H¥5 PRI s M REIABIIES
(c) S<SUS;

Step 3. RMHIFEES S

UPDATE-PROBABILITY(S)

Step 1. XL S RGN w AT A kES R

Step 2. W R A F T E Up

Step 3. W W HELE R LI IERBEI R E=W -U,UpW.

Step 4. X F je[d,...,n], EE AT LT DB

(@) Wk jes w4 P=0;
(b) 50,4 P HIE, |5
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P

Step 5. E%ﬁ@?ﬁ%ﬁl%ﬁﬁﬁ%ﬂﬂﬂ‘ﬁ}%Pe”P” :
2

Step 6. RHIMERES P.
W L RE] n MRERIR TS, FEAE T Nystrom 37 J& 5 ARG B BE w 3-4T38 30 /5 80 W )s SR
T IR BV oRe B R 2 R ke 28 SRR WL 2.

B3k 2. ST BIEN Nystrom SCRE 1 58 2510 (ANS-SC).

BN KA X={xli=1,... N} RAEECE n, B2 50H K

i R kAR,

Step 1. V5T X A RO SO S K FE AL A AR ALLRE AR B e RN L AR AEAN TG 3wy T LU o A% o B0k 3%
7, Bl wy=exp(=|lx; —x|[*126%).

Step 2. A5 L BT RAE A3 2] n MREARTIR 18 E, S0 J5 M W ide AR I 1) 70 38, A Bt B 8] 7 A AL
JE AR A R, LA SR 55 70 4% 0 A0 M BAEE A B Be ROV,

Step 3. TEHIFE 4 FI B [IFER_E KR 2 K (5) 045 S BE d AR AR 28 30(6)« A3 (7) 2 MG AERE 4 A1 B
YEVA— b A 3.

Step 4. FIHIH—1LI 4,8, 754 Q:0=4+472BB A7,

Step 5. KA O Wk O =U, AU, A3 BIHBE Up Fl 4.

Step 6. ¥ Ug, Ap R N2 2K (4), 3K W 1 IEASHHE 1 45t V.

Step 7. MV HIE HY W T ke AN B KIREAEAEDGE R (VAL 08 v, v IR 7V, = [y v 1 e RV

k
Step 8. REAEKE Vi B RE— AT #OME AL e S 1) i A5 BUAE RS Y LRSI —vy./ }Zvj JERE Y TERCT —
=l

AL 2 AR JLH 1 47 55 5 B0 4 1 2 x,
Step 9. FIH k-means SLIEXTHINE Y (04T [0 REEAT B 258 £ AT B BUSE 7 25eh siobe 5 SR 15, VARS8
Hoh SRE H5 T B0 150 R K A 2R
S0 1 R BT (0 R 5 MR AR S S b AR VR AR I 7 T SRR S5 SR At P — 41397 11 152 )
AT R PR A R A S S, T I IR 5 — AT (K 5% 22 — S B EV|P LU 1 || E (12, FT DAL AR ABURE B 7 ok 22
EAE span(S) LI RS BESE ag(W) P SLAF B A M FoRMBAERE W eh Ak % S5 B N F6m 0 4 8ol 4 10 34
B Fr RAE NI REA S0 A Bs FE5— VKR RE BRI RE AR B I A VR TR AR I, 70 TE A2 i) k1 50 6 97 75 10 B 17 g
O(Ms) A5 i YGEA T, dFRY 45 1] th f s /™ [ 54T Gram-Schmidt IEASALIR,— AN T A8 3 1 kM 2 Hy s(i+1),
T LAV 8 TE 50 3 7 S I 1) Sl O(Ns%0). I8 4, 35 i I ART 75 IO IR 1) S O(Ms+Ns%a)e YR AR, 54 1 s 17 S
O(Mst+Ns*?). XL r=nls, It LA 1 (RN A 52 2% 5 9 O(Mn+Nn?).

FEABIRE B I5F IR 52 2% B 4 O(N®);Step 2 38k 590 1 RFE A5 5 n AMFEAI RG] ARAE M A FIHERE B, IS IR 52 2%
N O(Mn+Nn?);Step 3 M4 23 3 (5) T 5135 25 B i (IS 8] k- O(n(N-n)), A — ALK BE A4 1 B 75 52 1 s 1) 23 531
O(n®) M O(n(N-n)),Nl N n<<N-n,JJi L Step 3 {1 18] 5 2% k) O(n(N-n));Step 4~Step 6 FI ] Nystrom 4" JE 45 K
SRAR AL 1) 1 A8 A i it 16F 1) B2 2% 2 by O(n); Step 7 -3 T & N A i e, #0368 R B W7 5 2 (40 16F 17D by O(k); Step
8 XV, H— IR Ik 1] 52 2% 8 ) O(kN);Step 9 18 1] k-means 53k 8 25 I 6] 52 24 15 0 O(KNt), 3o ¢ S 3BAR K IR
H IR B 2 (IR AL 2R O(N?)+O(Mn+Nn?)+O(kNY).

5 SRS

N T XA K ANS-SC SEA KA R BEAT B4R, N UCH BL&s2% 2 Bedla P pag LT 7 ASASTR /N 3
Ptk eI B Rl IR 1.
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Table 1 UCI datasets used in the experiments

R1 SRR UCH HR 4R

Kl 4 S AR R K
ImageSeg 2100 19 7
Musk 6 598 166 2
penDigits 10 992 16 10
mGamma 19 020 10 2
Connect-4 67 557 42 3
USCI 285779 37 2
Poker Hand 1000 000 10 B

X USCI(US Census Income) s 8, BT 25 b 760, & Bl SR £ 1 i 49 g 4k 300 — 3t 285 779 A4l
RLEA 37 /N E . Poker Hand s £ R+ AN 157, T LAIRATTAE /AN 2R SR 21—l T K R 28 AR B AN 30) X P e 2445
B 3 AN H R S IECE 20005 S Sz £ 50.129%,42.25% 1 7.63%. [ I, T A1 1% Connect-4 1 USCI %t ¥4
T VA A A B TS A PR O T ARt 22 L T #f e iR S m i S B o, A SCR A T2
B UE 1 7 25,44 22 o [ [0,200] 8 &R AP K 0.1

S VAR IR I R IR AR T A A BB AT B )R ZR SO 2R R S R OGO IR TR AT B
IR 2 I 15 IE A, 75 2 0 v B0 4 v 4 S0 19 28 U1 i 5 0 S R A A 4 1 L) 20 e 22K 2R ) e 5 A
STHHES, A T R BIRRGE R S R B E R R N KR, A 2={1,. KRR BB ES, )RR
(AR 28 ) RN BRI T 45 A B AU bR 28, 84 TR 2kl 2 gT Ll Xk

B = gggzx{iizz{r(f(x,)) =e(xi)}} (19)

Horh, DEFR7R R IT 2 2 BT HER e 4

iR 1 A 4, AT ANS-SC 5735 5 75 4h 3 Bl TASRR BB A 1% SR S0VE AT T 0 E, 43 31
FEHE T BEALRE 7% 5T (RS-SC)PL. 3T MU B ()3 SR 28 S (WS-SCY, 3y 2 489 i B 143 3¢
HEVE(1S-SC) 2O S i 1y T S HLER 55 Ay A BH 2% Pentium(R) Dual-Core E5300 2.60GHz, #:1E & 45 Windows 8,
FEIA 8 MATLAB 2013a.24 1 20U 6T b BI04 TR S 4R A, S 36 1 43 5K B3 4 B R AT 20 Wk, T 5L
4 5 A A 28 0 SR S TA) ZEAS [ R BE LU B R 4 BRI AE UCH i 1 i SR 2R UEAf 28 L S B AT 7E B A /KR
3 0.05 N IAREXT ¢ A5 10 bl 4 S L3k 2.

% 2 H1[ P-value FR/RE 0.05 (B (5 KCF R BLxt ¢ 58150 H 9 P AH. 2 P {8<0.05 B, 3 B SR 22
HEMfi2E 5 ANS-SC HIER W& 75 7 P (E>0.05 I, U B L B SR 2R MERI 22 55 ANS-SC BVEM ZZ 7 AN W3
M 2 Ha DL B SR AR IR A B 1 22,45 b ST 1) SR ZME A SR AR R Wi 42 731 . RS-SC T35 1t 21 H B B Ll
BE B ML BEAS K FAE e 3h 8 K, T HLEE Vi R LU AR WS-SC B3R T T AR bRk A i 6L 3 0o g /A
FFOR AN R BRAR IR T R 72, R R T RS-SC Sk AH RN T K 2 $8i 45, WS-SC S 1 SR 283U AN

BT 07 75 B0 R s oo HEA T 18 B, 19 2 BT AR AR 44 7E ImageSeg,Musk,penDigits,mGamma i & -, 2 5%
LR 1S-SC L1 P 5>0.05, - B KR UERI R 5 ANS-SC S35 4R 3230, 8 W 24 B 42 AU B /N IF ANS-SC 5911
ARG I1S-SC Bk A 2 AR R LA PR KA (1 485 42, 1 Connect-4,USCI,Poker Hand HJ,1S-SC 5 # P
11<0.05, H: B8 5 A 22 B B A 1 ANS-SC 5532, 15t B ANS-SC 5592 4 58 25 BE 56 4 7T W, ANS-SC 5354 ] A &
IR RAE 7 23, e 8 AR AR HOR 4 191 5 (¥ 25 W R AE 1R 31 B8 B AR Pk IO AE AR (13 Nystrom & 13 S (4R AE 1) 58
FH 3T L S R E A 1) DT 5 v SR S M A 6 X 4 Fh SV AE AN R B U B 1 SR SR BT AE 2 i W ) L 3.
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Table 2 Clustering accuracy of algorithms on different datasets (%)
F 2 FRAEARI S LRSS 2 (%)
Kfi tE/M Kt e RS-SC WS-SC 1S-SC ANS-SC
nIN (%) RTES P-value ViR P-value NGRS P-value RTES
ImageSeg | 38.64 (+3.35)  0.013 | 42.35(+1.67) 0.025 | 47.66 (+1.52) 0.872 | 47.53 (+0.81)
Musk 53.62 (£+3.82)  0.028 | 54.71 (+1.26)  0.037 | 59.14 (+1.93)  0.648 | 60.22 (+1.12)
penDigits | 45.46 (+4.93)  0.046 | 47.53 (+2.42)  0.051 | 51.21 (+1.35)  0.032 | 49.73 (+0.94)
5 mGamma | 48.73 (+3.61)  0.019 | 51.22 (+1.58)  0.024 | 55.19 (+2.16)  0.739 | 56.13 (+1.52)
Connect-4 | 41.45 (+4.53)  0.034 | 47.61 (+2.74) 0561 | 45.92 (£1.84)  0.856 | 46.17 (+1.48)
uscl 57.22 (3.47)  0.021 | 59.43 (+1.39)  0.036 | 58.61(£2.43)  0.027 | 64.36 (+x0.84)
Poker Hand | 29.87 (+3.86)  0.038 | 30.65(+1.52)  0.042 | 32.52(+1.28)  0.045 | 35.67 (+0.75)
ImageSeg | 45.12 (+3.41)  0.007 | 50.17 (+1.84)  0.023 | 55.49 (+1.32)  0.653 | 56.82 (+1.24)
Musk 67.43 (+4.75)  0.018 | 69.86 (+2.01)  0.031 | 74.63 (+2.61)  0.834 | 74.15 (+0.63)
penDigits | 56.74 (+3.49)  0.009 | 58.37 (+1.75)  0.015 | 65.24 (+1.87)  0.537 | 66.37 (+0.74)
10 mGamma | 63.82 (+3.03)  0.026 | 70.31(+2.24) 0.268 | 69.55 (+1.56)  0.745 | 68.19 (+1.33)
Connect-4 | 5526 (+3.78)  0.003 | 58.38 (+2.18)  0.017 | 61.14 (+2.93)  0.022 | 65.59 (+1.72)
uscl 72.54 (+4.34)  0.025 | 75.64 (+1.56)  0.036 | 7552 (+1.73)  0.041 | 78.48 (+1.35)
Poker Hand | 38.41 (+4.73)  0.004 | 43.27 (+2.31)  0.029 | 44.61 (£1.48)  0.038 | 49.87 (x0.64)
ImageSeg | 75.21 (+3.32)  0.043 | 70.43 (+2.17) 0.035 | 72.65(¥1.22) 0.452 | 73.72 (0.53)
Musk 85.67 (£3.98)  0.034 | 86.29 (+2.05)  0.039 | 88.21 (+2.56)  0.891 | 88.44 (+0.42)
penDigits | 71.53 (+3.41)  0.016 | 74.93 (+1.51)  0.025 | 79.75(+2.29)  0.623 | 80.43 (+0.69)
20 mGamma | 82.44 (+3.65)  0.028 | 85.34 (+1.68)  0.037 | 86.47 (x1.78)  0.239 | 87.62 (+1.35)
Connect-4 | 72.83 (#3.74)  0.005 | 73.23 (+2.23)  0.014 | 75.31 (+1.24)  0.023 | 78.49 (+1.21)
uscl 86.72 (+4.13)  0.039 | 86.88 (+2.74)  0.047 | 87.35(+1.58)  0.305 | 88.76 (+0.74)
Poker Hand | 49.26 (+3.62)  0.015 | 50.75(+2.43)  0.032 | 53.67 (+1.43) 0.041 | 56.84 (+0.83)

Table 3 Clustering time of algorithms on different datasets (s)

F 3 HEAEAREE LR IS E(S)

KA LA " ok
nIN (%) Bk RS-SC WS-SC I1S-SC ANS-SC
ImageSeg 0.028 0.563 0.218 0.237
Musk 0.231 2.034 1.581 1.562
penDigits 1.046 15.716 9.673 8.741
5 mGamma 2.273 25.875 15.425 17.853
Connect-4 9.165 87.282 59.364 64.235
USCI 33.251 258.663  181.527  176.338
Poker Hand | 60.547 493.427  320.108  321.176
ImageSeg 0.077 1.842 0.441 0.573
Musk 0.675 5.146 2.237 3.256
penDigits 3.204 38.749 17.279 21.541
10 mGamma 4.296 61.715 38.306 42.304
Connect-4 13.238 93.924 73.502 76.478
USCI 45.783 371.852  265.243  284.942
Poker Hand | 73.685 864.217  532.864 577.481
ImageSeg 0.263 4.365 1.297 1.963
Musk 0.814 14.643 6.732 9.805
penDigits 8.461 77.916 42.961 54.237
20 mGamma 10.502 134.285 78.239 95.816
Connect-4 18.032 213.328  149.343  178.543
USCI 66.394 587.572  308.642  325.776
Poker Hand | 117.673 1293.631 813.524  876.312

I3 3 R IR A i 10 K B 22, $30 BRI P 7 S A I T the R 3 - B LAY (1) RS-SC STLVAAE 2> Bidli 42
EIEAT I TR A2 e A I, A A 5 A 3 Fob B3 A P S () il SRS, 7 A6 S A () I TR S 5 PR R A L S
T WS-SC HLFEI I i<, E RN T AER— ORISR, AT U 5 A n BYREREROAT 5150, Sk B 2 F;Fiﬁc

G RAE Il 5%, ANS-SC B [ia AT i) Al 5 1S-SC S22 R £ A5 2 24Kk Eb i 88 i 3] 10% A 20%H,

ANS-SC BAE JLA a4 E RSN R FK T 1S-SC 53k, i W] 3 &Y Nystrom S2kE 5 i 55 T H B 2
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t

EUAEE R 0. 00T A 285 IR AT G I 131 52 2% B2, 4 I 7 Sk — B R 4
6 ZHRIE

Nystrom i [ AR Ak 38 I 5 325 AT LR A 300 ABL PRyl 170 RV AL 2% ) 2 Ak PR Hs (0 — M ) T H AR 2R
e A Nystrom 47 i BORZEAT I ALTVE 5, v AAEAR KR B 1 R I 18] 605 [ £ T4, LUBC AN RS JEE 45 2R e X
SRR KBRS T A Nystrom 75 32 I, fl R SRS 1 128 46 2 0 SRR G5 R K055 7 A B B2 Ry 1 A i g 1K
(1 20 AR A 5 B A b o R A B 1) 93 A1 155 D, Be v 1l G MR AT Nystrom 37 f BR. % 5 408
1oL 2 U 7 KR A AN [ 0 B 3 0 AT SR, Bk CRAE HIE 38 0 R A 0, JF BB AR % o PR SRR 2 3 A AT
W HB CLER T LW HREAS R0 18 AR SO B8 EAE BT SR B 389 0 mT DA 2% B A il A 8 22 e 42
H— P T HIE Y Nystrom SRAE 5 SRR E% A UCH Hlds s ) 8ol _E 1S R Wz S0E M R RO T
HE T BEAL AR ) 0 SR A SE, B T Al A 1) 18 SR A B0k DA R 3 T U 2 R Bl R ) 8 SRR B e LA st A
PR ) K 4R

S

BUBt AR b, AT IR A SO T AR 28 T SCRF AR Rl AT 275 Tk
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