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A857RAC7 
6 r e a t  0r9an12at10n5 c011ect 0pen-ended and t1me-chan91n9 
da ta  rece1ved at a h19h 5peed. 7he  p05516111ty 0f extract1n9 
u5efu1 kn0w1ed9e fr0m the5e p0tent1a11y 1nf1n1te data6a5e5 15 
a new cha11en9e 1n Data  M1n1n9. 1n th15 paper  we pr0p05e an 
anyt1me 1ncrementa1 1earn1n9 a190r1thm f0r m1n1n9 numer1c 
da ta  5tream5. W1th1n 5uperv15ed Learn1n9, 0ur appr0ach 15 
6a5ed 0n pr0t0type5 and hypercu61c dec1510n ru1e5, c0ncern- 
1n9 w1th the 51mp11c1ty 0f the m0de1 pr0v1ded and the t1me 
c0mp1ex1ty a5 pr1mary 90a15. Exper1menta1 re5u1t5 w1th 5yn- 
thet1c data6a5e5 0f 100 919a6yte5 5h0w a 900d perf0rmance 
fr0m 5tream5 0f da ta  1n c0nt1nu0u5 tran5f0rmat10n. 

Cate90r1e5 and 5u6ject De5cr1pt0r5 
H.2.8 [Data6a5e Mana9ement]:  Data6a5e App11cat10n5-- 
data m1n1n9; 1.2.6 [Art1f1c1a1 1nte1119ence]: Learn1n9-- 
c0ncept 1earn1n9; 1.5.2 [ P a t t e r n  Rec09n1t10n]:  De519n Me- 
th0d0109y--c1a551f1er de519n and eva1uat10n 

6enera1 7erm5 
1ncrementa1 1nduct10n, 0n-11ne 1earn1n9, da t a  5tream5 

1. 1N7R0DUC710N 
A5tr0n0my, mete0r0109y, 5ate111te env1r0nmenta1 a55e55- 

ment, te1ec0mmun1cat10n5, A7M tran5act10n5, reta11 cha1n5, 
5c1ent1f1c pr0ject5, etc. A11 0f them are 50me examp1e5 0f 
d1fferent f1e1d5 f0r wh1ch 919a6yte5 0f da ta  are da11y 9en- 
erated and 5t0red and where each new rec0rd arr1ve5 at  a 
rap1d rate. Due t0 the5e rec0rd5 are u5ua11y 0n permanent  
traff1c, they are 0ver5en51t1ve t0 n015e, m1551n9, and 1nc0n515- 
tent  va1ue5. 7h15 51tuat10n ha5 6r0u9ht a def1n1n9 cha11en9e 
f0r KDD re5earch c0mmun1ty: de519n1n9 near-11near 1 t1me 

*7he re5earch wa5 5upp0rted 6y the 5pan15h C1CY7 under 
9rant 71C2001-1143-C03-02. 
1At the m05t 1n the 0rder 0f 0 ( e  3/2) where e 15 the num6er 
0f examp1e5 pr0ce55ed [7]. 

Perm15510n t0 make d191ta1 0r hard c0p1e5 0f a11 0r part 0f th15 w0rk f0r 
per50na1 0r c1a55r00m u5e 15 9ranted w1th0ut fee pr0v1ded that c0p1e5 are 
n0t made 0r d15tr16uted f0r pr0f1t 0r c0mmerc1a1 advanta9e and that c0p1e5 
6ear th15 n0t1ce and the fu11 c1tat10n 0n the f1r5t pa9e. 70 c0py 0therw15e, t0 
repu6115h, t0 p05t 0n 5erver5 0r t0 red15tr16ute t0115t5, re4u1re5 pr10r 5pec1f1c 
perm15510n and/0r a fee. 
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c0mp1ex1ty 1earn1n9-a190r1thm5 t0 m1ne 0pen-ended, h19h- 
5peed and t1me-chan91n9 da ta  5tream5 50 tha t  re4u1rement5 
1n t1me and mem0ry c0mpe1 t0 91ve an appr0x1mate an5wer 
wh1ch 15 n0t adver5e1y affect 6y the 0rder1n9 0f the arr1v1n9 
rec0rd5 [4, 8]. 

When d15tr16ut10n 0f 1nput examp1e5 15 dynam1c 1n t1me, 
a190r1thm5 6a5ed 0n da ta  part1t10n1n9 techn14ue5 [11] (1n- 
5tance 5amp11n9 and feature 5amp11n9) are 0ver5en51t1ve t0 
underf1tt1n9 (1mp0rtant pattern5 e1ther are pa55ed 0ver 0r 
are n0t we19hed up 50 1mp0rtant) and 0verf1tt1n9 (1mp0r- 
tant  pattern5 1n 50me 5u65et5 may n0t 6e 1t 1n the 9106a1 
5et). Apar t  5evera1 1ncrementa1 1earner5 6u11d a dec1510n 
tree 6a5ed pred1ct1ve m0de1 c0ncern1n9 w1th 1ncrea51n9 ac- 
curacy and n0t a110w1n9 f0r 1t5 under5tand1n9 0n the par t  0f 
the 6u51ne55 ana1y5t. M1n1n9 h19h-5peed and t1me-chan91n9 
da ta  5tream5 w1th th15 appr0ach, updat1n9 fre4uent1y the 
m0de1 when 5u6tree5 6ec0me 06501ete may made 1t d1ff1cu1t 
t0 keep a near-11near t1me c0mp1ex1ty. 

1n th15 w0rk we de5cr16e and eva1uate 5 C A R P  (5ca1a61e 
C1a551fy1n9 A190r1thm 6a5ed 0n Re1evant Pr0t0type5),  an a1- 
90r1thm t0 m1ne numer1c da ta  5tream5 6a5ed 0n hypercu6e5 
w1th an a550c1ated repre5entat1ve 5ynthet1c vect0r. 7he5e 
hypercu6e5 are dec1510n ru1e5 wh1ch 5CARP rem0ve5 when 
they have 6ec0me 06501ete wh11e new examp1e5 are 5t111 t0 6e 
read. 7h15 reduct10n 0f the m0de1 d0e5 n0t affect adver5e1y 
the c0mputat10na1 c05t 6ut  4u1te the 0pp051te 5peed5 up 1t5 
5u65e4uent updat1n9. W1th the u5efu1ne55 0f the kn0w1ed9e 
pr0v1ded (few ru1e5 0f 5ma11 d15junct5) a5 pr1mary 90a1, we 
1ntr0duce an a190r1thm tha t  update5 the m0de1 w1th each 
n0ve1 ca5e. 70 d0 th15, 5CARP d0e5 n0t pr0ce55 the wh01e 
5earch 5pace 6ut  th05e re910n5 w1th h19he5t 1nf1uence, 1.e., 
the m05t repre5entat1ve pattern5. 51nce t1me 15 a pr1nc1- 
pa1 re4u1rement, we mu5t t0 11m1t the max1mum num6er 0f 
ru1e5 0f the m0de1 91v1n9 an appr0x1mate an5wer. 7h15 ap- 
pr0ach 15 d1fferent fr0m 5evera1 5ca1a61e a190r1thm5, wh1ch 
need t0 read a 610ck 0f 5 new re915ter5 f0r 901n9 f0rward 
where 5 w111 chan9e acc0rd1n9 t0 the  1nput data.  7he  ma1n 
5h0rtc0m1n95 0f 5CARP are tw0: 1t 15 a d15tance-6a5ed a190- 
r1thm and 1t can n0t pr0ce55 n0m1na1 va1ue5. 0 u r  appr0ach 
6a5e5 the 6u11t m0de1 0n the Euc11dean d15tance am0n9 the 
new rec0rd and the ru1e5 06ta1ned. 51nce attr16ute5 w1th 
1ar9e ran9e5 0utwe19h attr16ute5 w1th 5ma11er ran9e5, n0r- 
ma112at10n 15 nece55ary t0 make e4ua1 the 1nf1uence 0f a11 
attr16ute5. 7heref0re, 5CARP need5 t0 kn0w the ran9e5 0f 
every feature 6ef0re 5tart1n9, 50 tha t  each examp1e 15 f1r5t1y 
n0rma112ed and then taken t0 update  the m0de1. 1n the next 
5ect10n5 we exp1a1n the a190r1thm and 1t5 perf0rmance 0n 51x 
5ynthet1c data6a5e5 w1th d1fferent de9ree 0f c0mp1ex1ty. 
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Pr0cedure  6u11dM0de1(5tream 5e4uence, 1nt c~ 
d0u61e/3, 1nt 7, 1nt 5, 1nt 8, d0u61e ~, d0u61e /~) 

<1, ru1e5et5>:=<0, EMP7Y> 
wh11e(5e4uence.ha5M0reE1ement5 0) 

<e, 1>:=<5e4uence.nextE1ement0, 1+1> 
updateM0de1(n0rma112e(e), 0L, /~, ru1e5et5 

1f(ref1neFre4uency(1, 5)) 
ref1neM0de1(% 1-0, ~, ru1e5et5) 

a55em61eM0de1(/~, ru1e5et5) 
return(ru1e5et5) 

F19ure  1: 7 h e  5 C A R P  a190r1thm. 

2. 7HE 5CARP A L 6 0 R 1 7 H M  

2.1 8u11d1n9 the m0de1 
F19ure 1 5h0w5 1n p5eud0-c0de the 5CARP•5 ma1n pr0ce- 

dure wh1ch take5 51x u5er parameter5 (a,/J, ~, 5, 0, a). 7he  
a190r1thm 6u11d5 an 0utput  m0de1 made up 0f 5evera1 5et5 0f 
ru1e5, 0ne 5et f0r each 1a6e1. 7he max1mum 512e (num6er 0f 
ru1e5) f0r every 5et 15 91ven 6y a. Each ru1e R, f0r 1t5 part, 
c0mpr15e5 51x e1ement5: R={1, C,N,F,5,e,u}. 1={11 . . . .  ,1m} 
15 a 5et 0f m c105ed 1nterva15, 0ne f0r each re1evant attr16ute. 
7he 10wer and upper 60und5 (/12, /~,) 0f each 1nterva1 h are 
the vertexe5 0f an ax15-para11e1 hypercu6e that  def1ne the 1n- 
f1uence re910n 0f R. C 15 a pr0t0type 1n R m ca11ed centr01d 
and 9enerated a5 we19ht avera9e 0f the 5ame 1a6e1 examp1e5 
c0vered 6y R. N and F are the vect0r5 0f tw0 0f th05e read 
examp1e5 c0vered 6y R unt11 the current t1me: the neare5t 
and the m05t d15tant examp1e t0 C, re5pect1ve1y. 5 15 the 
num6er 0f 5ame 1a6e1 examp1e5 c0vered 6y R (the 5upp0rt) 
and 15 u5ed a5 we19ht t0 c1a551fy a new 4uery. u 5t0re5 the 
num6er 0f the 1a5t examp1e that  updated t0 R. e 15 the num- 
6er 0f d1fferent 1a6e1 examp1e5 c0vered 6y R wh05e max1mum 
va1ue 15 91ven 6y/3 (the c0nf1dence) 50 that: 7{7 -> f1" 7he 
ru1e5 w1th a 5upp0rt 5ma11er than "y per cent 0f the num6er 
0f read examp1e5 are rem0ved fr0m each 5et. 7h15 prun1n9 
15 run every 5 read examp1e5 6y the pr0cedure ref1neM0de1 
wh1ch a150 rem0ve5 th05e ru1e5 that  had n0t under90ne 6e- 
f0re the 1a5t 0 read examp1e5. 0n1y ru1e5 6e10n91n9 t0 the 
5ame 5et can make n0n-empty 1nter5ect10n5 am0n9 them un- 
t11 the 1a5t examp1e arr1ve5. When the 1a5t examp1e 15 read, 
the pr0cedure a55em61eM0de1 51mp11f1e5 the m0de1 a110w1n9 
n0n-empty 1nter5ect10n5 am0n9 d1fferent 1a6e1 ru1e5 wh05e 
max1mum v01ume 15 91ven 6y #. 

Every t1me a new examp1e x=(4,1) 15 read and 4 15 n0r- 
ma112ed (4 15 a vect0r 1n R m and 1 15 a n0m1na1 va1ue), the 
pr0cedure updateM0de1 100k5 f0r ru1e5 that  c0ver 1t. 1f there 
15 any ru1e that c0ver5 x, the updat1n9 var1e5 acc0rd1n9 t0 
the 1a6e1 1. 1f x 15 c0vered 6y ru1e5 f0r the 5ame 1a6e1 1, each 
0ne 15 under90ne w1th tw0 51mp1e 0perat10n5: the 1ncrea5e 
1n 0ne un1t 0f the a550c1ated 5upp0rt and the ca1cu1at10n 0f 
the new centr01d. 

When 4 15 c0vered 6y ru1e5 9enerated f0r a d1fferent 1a6e1 
1~1, the ru1e R1 w1th the neare5t centr01d t0 4 15 f0unded. 
1f the c0nf1dence 0f R1 15 5t111 9reater 0r e4ua1 than the m1n1- 
mum 91ven 6y the u5er (e~ +1<•51 (1/f1-1)) then e~ 15 1ncrea5ed 
1n 0ne un1t; e15e R1 15 5p11t 1nt0 tw0 new ru1e5 R11 and R12 
1n wh1ch C11 and C12 are N1 and F1, re5pect1ve1y. 80th  ru1e5 
have v01ume 0 50 that  11j, N1j and F1j are nu11 (jE {1, 2}). 
7he 5upp0rt 51j a550c1ated t0 each new ru1e 15 1nver5e1y pr0- 
p0rt10na1 t0 the Euc11dean d15tance fr0m N1 and F1 t0 C1, 
re5pect1ve1y. 1t 15 p055161e that  60th new ru1e5 can 6e j01ned 

w1th0ut cau51n9 a n0n-empty 1nter5ect10n w1th an0ther 1a- 
6e1 ru1e. 1n th15 ca5e R1 15 reduced acc0rd1n9 t0 N1 and F~. 
1t 15 p055161e t00 that  e1ther 0ne 0r 60th new ru1e5 P~j are 
c0vered 6y prev10u5 ru1e5 9enerated f0r the 5ame 1a6e1 1•. 1n 
th15 5ec0nd ca5e each new c0vered ru1e R~j 15 n0t added 1n 
the m0de1 and 0n1y the c0ver1n9 ru1e Rk wh05e centr01d 15 
the neare5t t0 5uch c0vered ru1e 15 updated a5 the preced- 
1n9 ca5e (1t5 new centr01d Ck 15 ca1cu1ated fr0m C1j and 1t5 
5upp0rt 5k 15 1ncrea5ed w1th the va1ue 0f 51~). F1na11y, 1f the 
num6er 0f ru1e5 9enerated f0r the 1a6e1 1 15 5ma11er than c~, a 
new p01nt-ru1e R~3 f0r the new 5p11tter examp1e 15 9enerated 
(w1th 513 = 1). 

F19ure 2 5h0w5 the 51tuat10n de5cr16ed a60ve. Let•5 take, 
f0r examp1e, R1 and R2 a5 tw0 ru1e5 f0r the 1a6e1 A w1th 

= f1 and wh1ch have c0vered 1000 and 2000 examp1e5 
unt11 the current t1me, re5pect1ve1y. A new examp1e x = 
(4, 8 )  arr1ve5 and 1t 15 10cated 1n51de the re910n 5hared 6y 
60th ru1e5. A5 the ru1e w1th the neare5t centr01d t0 4 15 
R2, 1t may 6e 5p11t. Let N2 and F2 6e d15tant 2 and 9 
un1t5 fr0m C2, re5pect1ve1y. 7hen  three new p01nt-ru1e5 are 
1n1t1a11y 9enerated: 0ne ru1e R21 f0r N2, an0ther ru1e R22 f0r 
F2, and a th1rd ru1e R23 f0r 4. 7he 5upp0rt 523 15 e4ua1 t01 

5upp0rt5 521 and 522 are r ~  and r~,----~,..  and the 
re5pect1ve1y. 8u t  R21 15 c0vered 6y R1, 50 th15 1atter ru1e 15 
updated w1th R21 wh1ch 15 n0t added 1n the m0de1. 

A1th0u9h the new examp1e may 6e c0vered 6y 5evera1 ru1e5 
9enerated f0r a d1fferent 1a6e1, 0n1y the ru1e w1th the near- 
e5t centr01d 15 5p11t. We have dec1ded 0n th15 cr1ter10n under 
the next hyp0the515: ••1f the new examp1e 6e10n95 t0 a pat- 
tern, then a near examp1e w1th the 5ame 1a6e1 w111 6e read 
and wr0n9 ru1e5 w111 6e 5p11t••. When n015e 15 read, d1v1d1n9 
each ru1e that c0ver5 1t may 1nv01ve an unnece55ary c0mpu- 
tat10na1 eff0rt. 1n add1t10n, err0r5 due t0 0verf1tt1n9 may 6e 
made. 0 u r  pr1mary 90a1 15 t0 extract a reduced 5et 0f de- 
c1510n ru1e5 w1th a 900d accuracy rate. 1n th15 5en5e, 1f the 
5upp0rt 0f a ru1e 15 pr0p0rt10na11y 5ma11 1n re9ard5 t0 the t0- 
ta1 num6er 0f examp1e5 a1ready read, 5CARP w111 rem0ve 1t 
6ecau5e 1t d0e5 n0t c0ntr16ute a5 re11a61e 0r 519n1f1cant pat- 
tern. 5u65e4uent1y the ru1e5 affected 6y that n015y examp1e 
can 6e 9enera112ed 1n 0ne ru1e. W1th a 51m11ar cr1ter10n, we 
c0u1d update 0n1y the neare5t ru1e that  c0ver5 a new exam- 
p1e 1n5tead 0f each ru1e f0r the 5ame 1a6e1. Neverthe1e55 we 
dec1ded 0n the 5ec0nd 0pt10n due t0 tw0 rea50n5. 7he f1r5t 
15 that  the c0mputat10na1 c05t 15 n0t harmed. 7he 5ec0nd 
15 that the centr01d a550c1ated t0 each ru1e w111 tend t0 the 
centr01d 0f an e4ua1 5011d hypercu6e w1th the 5ame 5pace 
10cat10n and w1th un1f0rm ma55 den51ty. 

When there 15 n0t any ru1e that  c0ver5 the new examp1e 
read, the neare5t expanda61e ru1e f0r the 5ame 1a6e1 t0 5uch 
examp1e 15 100ked f0r. An hypercu6e can extend t0 c0ver an 
examp1e w1th e4ua1 1a6e1 1f 1t d0e5 n0t make a n0n-empty 
1nter5ect10n w1th 0ther ru1e 9enerated f0r a d1fferent 1a6e1. 
1f th15 ru1e 15 f0und, 1t 15 updated m0v1n9 1t5 centr01d, ex- 
tend1n9 1t5 ed9e5, and 1ncrea51n9 0ne un1t 1t5 5upp0rt. 8ut ,  
what 15 the u5ed d15tance 6etween an examp1e and a ru1e•. 
We have app11ed a5 5uch d15tance the 1ncrea5e 0f v01ume 0f a 
ru1e R when 5uch ru1e extend5 (R•) t0 c0ver a new examp1e 
x=(4,1) 50 that  the ru1e f1na11y expanded w111 6e that  wh05e 
9r0wth 15 the m1n0r acc0rd1n9 t0 the next f0rmu1a: 

RED15t(R, 4) = V01(R•) - V01(R); R• = R U 4; 

V01(R) = ~ ( 1 0 ¢ ( 1 , .  - 111)) 1 1•. > 1•,, 4~ • Ar; 
1=1 
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A new examp1e 

~ 1 ~  Ru1e 2 - .~1pA 

A 

Ru1e 1 - A Ru1e 1 - A 

Ru1e 3 - 8 

/ 
Ru1e 1 - A 

Ru1e 2- A 

D 

F19ure  2: A n e w  u n 5 e e n  examp1e 5p11t5 a ru1e 9 e n e r a t e d  f0r a d1fferent  1a6e1. 

Let•5 take, f0r examp1e, ¢ = 1, x=({~,5,6},A) a5 an ex- 
amp1e 1n R 3, and Rj a5 a ru1e 1n R 3 f0r the 1a6e1 A w1th 
1nterva15 1j ----{[2,4],[1,3],[6,6]} (v01ume 4). 7hen  R~j, w0u1d 
have the 1nterva15 1•j ----{[2,4],[1,5],[6,6]} (v01ume 8). 7here- 
f0re the 9r0wth 0f R~ t0 c0ver the examp1e x w0u1d 6e 0f 4 
un1t5. A5 the v01ume 0f a ru1e c0n51der 0n1y th05e d1men- 
510n5 where the 10wer 60und 15 5tr1ct1y 5ma11e5t than the 
upper 60und, the term 10 5 15 u5ed t0 d0 that  ru1e5 w1th0ut 
expan510n 1n a certa1n d1men510n k (1k2 -- 1k~) have 5ma11er 
v01ume than ru1e5 w1th expan510n 1n 5uch d1men510n k and 
the 5ame 1nterva15 1n the re5t 0f d1men510n5 rn ¢ k. 51nce 
5CARP n0rma112e5 each examp1e 6ef0re pr0ce55 1t, the ran9e 
f0r an 1nterva1 15 at the m05t 1. W1th0ut the term 10 5, a ru1e 
w1th0ut expan510n 1n a d1men510n k w0u1d have h19her v01- 
ume than a ru1e w1th expan510n 1n k and the 5ame 1nterva15 
1n the re5t. We have u5ed ¢ --- 3 1n 0ur exper1ment5. 

1n a f1r5t ver510n 0f 5CARP we u5ed the Euc11dean d15- 
tance 6etween an examp1e and the centr01d 0f a ru1e t0 de- 
c1de wh1ch the m05t 5u1ta61e ru1e f0r a new examp1e wa5. 
W1th th15 appr0ach we 6enef1t apparent1y t0 keep 1n the 
m0de1 the 5ma11er num6er 0f ru1e5 a5 far a5 p055161e 6e- 
cau5e the5e ru1e5 try t0 c0ver 9reater re910n5. And th15 
w0u1d 6e a 900d dec1510n kn0w1n9 that  n015e 15 n0t pre5ent 
1n data. H0wever, th15 51tuat10n 5eem5 un11ke1y f0r data 
5tream5, where permanent traff1c, the h19h numer051ty and 
d1men510na11ty 0f data, and many t1me5 a h19h card1na11ty 
1n the va1ue5 make err0r5 appear ea5y. W1th the 1ntr0duced 
d15tance, the m0de1 w111 have a 9reater num6er 0f ru1e5 and 
the5e ru1e5 w111 have 5ma11er v01ume. 7heref0re, 1f 0ur 1n1- 
t1a1 a1m wa5 t0 9enerate a 5et 0f ru1e5 a5 reduced a5 p055161e, 
are n0t we 901n9 1n the 0pp051te way•. 51nce data 5tream5 
pre5ent a h19h 5en51t1v1ty t0 n015e and we d0n•t kn0w when 
n015y va1ue5 w111 6e read, we mu5t try t0 av01d 5p11tt1n9 va11d 
ru1e5. 6enerat1n9 reduced hypercu6e5, the 11ke11h00d that  
n015y examp1e5 are 10cated 1n51de ru1e5 f0r a d1fferent 1a6e1 
w111 6e 5ma11er than 1f we try t0 9enera112e ru1e5 a5 1ar9e 
a5 p055161e. 50, after read1n9 the 1a5t examp1e, the num6er 
0f ru1e5 w111 6e rather 9reater than the 0pt1ma1. 70 reduce 
the m0de1 512e and t0 make ea5y the c1a551f1cat10n ta5k, the 
pr0cedure a55em61eM0de1 15 ca11ed a5 f1na1 5ta9e. 

When 1t 15 n0t p055161e t0 9enera112e any ru1e, a new p01nt- 
ru1e f0r the 91ven examp1e 15 9enerated pr0v1ded the num6er 
0f ru1e5 1n the m0de1 f0r the 1a6e1 0f the examp1e 15 5ma11er 
than a. 1t happen5 when a11 expan510n5 cau5e a n0n-empty 
1nter5ect10n 6etween tw0 ru1e5 f0r d1fferent 1a6e15. When 
a11 the examp1e5 are read, thr0u9h the pr0cedure a55em- 
61eM0de1 1nter5ect10n5 6etween ru1e5 f0r d1fferent 1a6e15 are 

a110wed. 8u t  0n1y when 5uch 1nter5ect10n5 c0ver an 1n519n1f- 
1cant percenta9e 0f examp1e5 w1th re5pect t0 the 5upp0rt 0f 
each 1nv01ved ru1e. 

2.2 Prun1n9 ru1e5 
Every 5 examp1e5 the prun1n9 meth0d ref1neM0de1 15 ca11ed 

t0 rem0ve 1rre1evant attr16ute5 and 1nva11d ru1e5 that  5tem 
f0r n015e. When 0r191na1 attr16ute5 are dr0pped, the ru1e5 
9a1n 51mp11c1ty and there6y the a190r1thm 9a1n5 5peed f0r 
the 5u65e4uent update5. F1r5t ref1neM0de1 rem0ve5 the ru1e5 
d0n•t updated w1th the 1a5t 0 read examp1e5 and th05e 0ne 
wh05e 5upp0rt 15 5ma11er than "/ per cent 0f the t0ta1 num- 
6er 0f read examp1e5 at that  t1me. 1f n015e 15 pre5ent 1n 
data, th05e n015y ru1e5 mu5t have a 10w 5upp0rt and a 10w 
updat1n9 rate. Later 5CARP tr1e5 t0 reject 1rre1evant at- 
tr16ute5 a5 10n9 a5 there 15 at 1ea5t 0ne ru1e per 1a6e1. 1f a11 
the ru1e5 at 1ea5t ran9e # per cent 0f an attr16ute•5 d0ma1n, 
1t 15 519ned a5 1rre1evant and 15 dr0pped. 1n th15 manner,  1f 
1t ha5 n0t 6een read any examp1e f0r a certa1n 1a6e1 yet, a11 
the attr16ute5 are kept. Here1n 1t 15 1mp0rtant t0 p01nt 0ut 
tw0 4ue5t10n5: 

• Can a dr0pped attr16ute 6e re1evant a9a1n•. 

• 1f a part1cu1ar re910n•5 examp1e5 arr1ve w1th a fre- 
4uency 10wer than the m0de1 ref1n1n9 fre4uency, w111 
the a190r1thm 6e a61e t0 m0de1 th15 re910n•, 1.e., w111 
the a190r1thm pa55 0ut 1mp0rtant pattern5•. 

W1th re9ard t0 the f1r5t 4ue5t10n, f0r a future w0rk we are 
eva1uat1n9 an extended ver510n 0f 5CARP that take5 1nt0 
acc0unt f0r each dr0pped attr16ute the 1nterva1 0f new va1- 
ue5 read after 1t5 dr0pp1n9. 1f 0ne 0f the5e 1nterva15 ha5 512e 
5ma11er than ~% then the a550c1ated attr16ute can 6e re1e- 
vant a9a1n. 1n re1at10n t0 the 5ec0nd 4ue5t10n, reduc1n9 the 
update fre4uency can 501ve the pr061em. 

When the the 1a5t examp1e 15 read, the pr0cedure a55em- 
61eM0de1 15 ca11ed t0 try j01n1n9 ru1e5 9enerated f0r the 5ame 
1a6e1. When 1t 15 n0t p055161e any un10n the pr0cedure end5. 
1n every 1terat10n the tw0 neare5t ru1e5 f0r each 1a6e1 wh05e 
un10n 15 p055161e are 100ked f0r. 7he tw0 neare5t ru1e5 are 
th05e wh05e un10n ha5 the 5ma11e5t v01ume 1n re1at10n t0 the 
v01ume 0f the re5t 0f p055161e un10n5. 7he un10n 6etween 
tw0 ru1e5 R1 and Rj 15 p055161e 1f e1ther the 1nter5ect10n w1th 
any d1fferent 1a6e1 ru1e Rk d0e5 n0t c0ver a num6er 0f ex- 
amp1e5 9reater than ~% 0f the 5upp0rt 0f Rk 0r the 5pace 
5hared 6y R1 and Rj 15 9reater than ( 1 0 0 - # ) %  0f the 5pace 
0f each ru1e. 
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Pr0cedure  ref1neM0de1 11nt % 1nt ~, d0u61e ~, 
Array5et ru1e5et5) 

f0r each 1a6e1 L 1n 1a6e15et 
f0r each ru1e R 1n ru1e5et5[L] 

1f(R.5< 7 0R R.u< v ~) 
ru1e5et5[L].rem0ve(R) 

rem0veAttr16ute5(5,ru1e5et5) 
end pr0cedure  

F19ure  3: P 5 e u d 0 - c 0 d e  0fthe pr0cedure t0 ref1ne t h e  
m0de1. 

7a61e 1: Eva1uat10n 0f 5CARP w1th 5ynthet1c 
data6a5e5 (500 m11110n5 0f  examp1e5 a n d  25 rea1 at- 
tr16ute5). 

5D8 7 NR N5 NA NC PA C7  
81 462 9 240 16 2.2 99.9 39 
52 660 14 217 16 3.1 87.3 35.5 
53 650 33 2343 18 3.3 91.5 83.5 
54 637 30 408 11 2.7 84.9 70 
55 988 17 602 13 2.4 77.7 32.5 
56 923 12 1722 20 3.8 64.1 31 

2.3 C1a551fy1n9 new 4uer1e5 
70 c1a551fy a new 4uery 4 5CARP 100k5 f0r the hypercu6e5 

that  c0ver 1t. 1f 0n1y 0ne hypercu6e c0ver5 4 then 1t5 1a6e1 
a550c1ated 15 a5519ned t0 4. When 5evera1 ru1e5 c0ver the new 
4uery, that  ru1e w1th h19her 1nf1uence 0n the re910n where 4 
15 10cated dec1de5 the 1a6e1 t0 6e a5519ned. 7he 1nf1uence 0f 
a ru1e R~ 0n a new 4uery 15 91ven 6y the f0rmu1a: 

1F(R1,4) = "~m" Euc11D15t(C~4)-1 + -~; 7 =  j•1f15]; 

W1th the a60Ve heur15t1C mea5Ure We try t0 take 1nt0 ac- 
c0unt, 1n the next pr10r1ty 0rder, the d15tance t0 the centr01d 
C1, and the percenta9e 0f examp1e5 C0vered 6y the ru1e R1 
w1th re5pect t0 the t0ta1 num6er 7 0f examp1e5 c0vered 6y 
the ru1e5 f1na11y reta1ned. 1f 50me ru1e5 were pruned 1n the 
prev10u5 pha5e then 7 may 6e d1fferent t0 the t0ta1 num6er 
0f read examp1e5. 7he term ~ n0rma112e5 the d15tance 

1n the 1nterva1 [0,10] 50 that  rn 15 the num6er 0f re1evant 
attr16ute5 (the d1men510n5 u5ed 1n the m0de1). 

When n0 ru1e c0ver the new 4uery, 1n a 51m11ar f0rm t0 
the anter10r 51tuat10n, the a1m 15 t0 take 1nt0 acc0unt, 1n 
the next pr10r1ty 0rder, the v01ume 1ncrea5e after c0ver the 
new 4uery, the d15tance t0 the centr01d, and the 5upp0rt 
0f each ru1e. 0n1y the ru1e5 that  d0e5 n0t make a n0n- 
empty 1nter5ect10n w1th an0ther 1a6e1 ru1e5 are u5ed 1n 0rder 
t0 1a6e1 the new 4uery. Further, we th1nk that when the 
num6er 0f examp1e5 t0 6e read tend5 t0 1nf1n1ty then the 
centr01d a550c1ated t0 each ru1e tend5 t0 6e that  0f an e4ua1 
hypercu6e w1th un1f0rm ma55. 7heref0re, the ru1e w1th the 
neare5t centr01d w111 6e that  w1th the 5ma11e5t 9r0wth. 1n 
th15 5en5e t0 u5e e1ther the d15tance t0 the centr01d 0r the 
1ncrea5e 0f v01ume mu5t re5u1t e4ua1. 7hu5, the 4uery 15 
1a6e11ed w1th the 1a6e1 a550c1ated t0 that  ru1e wh05e 1nfF 15 
the max1mum. 

3. EMP1R1CAL EVALUA710N 
We ran a11 0ur exper1ment5 0n a AMD x86/1.46h2 and 

256M6 DDR RAM PC runn1n9 W1nd0w5 XP. 5CARP wa5 
te5ted w1th f1ve 5ynthet1c data6a5e5 wh05e 5tat1c d15tr16u- 
t10n wa5 determ1ned a pr10r1 (F19ure 4) and 0ne data6a5e 
wh05e d15tr16ut10n wa5 chan91n9 1n t1me every 10 m11110n5 
0f examp1e5 acc0rd1n9 t0 the f1ve prev10u5 d0ma1n5. 1n every 
data6a5e the attr16ute va1ue5 were 9enerated w1th a 51mp1e 
un1f0rm num6er 9enerat0r a5 a 5tream 0f p5eud0-rand0m 
num6er5 1n the rea1 1nterva1 [0,1]. U51n9 a 48-61t (51xteen- 
f19ure dec1ma1 num6er) 5eed w1th the actua1 5y5tem t1me 
a5 1n1t1a1 va1ue, each new va1ue wa5 06ta1ned acc0rd1n9 t0 
the 11near c0n9ruent1a1 f0rmu1a def1ned 6y Lehmer 1n 1951: 

X1+1 =A.X~ (m0d M). F0r every d15tr16ut10n 0n1y the tw0 
f1r5t attr16ute5 d15cr1m1nate the 1a6e1 0f an examp1e. When 
the examp1e wa5 10cated 1n p1ane, the 1a6e1 wa5 a5519ned a5 
a funct10n 0f 1t5 p051t10n. We carr1ed 0ut a11 te5t5 w1th0ut 
ever wr1t1n9 the tra1n1n9 examp1e5 t0 d15k (1.e., 9enerat1n9 
them 0n the f1y and pa551n9 them d1rect1y t0 5CARP). We 
def1ned the re910n5 f0r each 1a6e1 w1th 51m11ar area due t0 
1t 15 mathemat1ca11y va11d t0 a55ume that the examp1e 1a- 
6e15 w111 6e un1f0rm1y d15tr16uted when, 1n the c0ur5e 0f 
t1me, m11110n5 0f examp1e5 have 6een pr0ce55ed. F0r the 
51x data6a5e5 we eva1uated three 155ue5: the m0de1 512e, the 
c0mputat10na1 c05t, and the pred1ct10n accuracy. 7he5e a5- 
pect5 were mea5ured f0r 500 m11110n5 0f examp1e5 w1th 25 
attr16ute5 (u51n9 8 6yte5 t0 5t0re a d0u61e va1ue 1t 1nv01ve5 
a data6a5e 0f 100 919a6yte5), and 5% 0f c1a55 n015e 1n data 
(1.e., 25 m11110n5 0f examp1e5 w1th a wr0n9 1a6e1). F0r each 
data6a5e, 50 m11110n5 0f examp1e5 were u5ed f0r te5t1n9. 

7he u5ed va1ue5 f0r the parameter5 0f the a190r1thm were: 
a = 50 (a max1mum 0f 50 ru1e5 f0r each 1a6e1), f1 = 0.9 (a 
max1mum 0f 10% 0f examp1e5 w1th d1fferent 1a6e1 c0vered 
6y each ru1e unt11 the a55em61eM0de1 pr0cedure 15 ca11ed), 
7 = 0.1 (f0r each ru1e, every 6 read examp1e5 1t wa5 ca11ed 
f0r a m1n1mum 5upp0rt 0f 1% re9ard1n9 t0 the t0ta1 num6er 
0f read examp1e5 at that  t1me), 5 = 106, 0 = 10 ~ (every 
10 ~ examp1e5, 5CARP rem0ved th05e ru1e5 that were n0t 
updated w1th 50me 0f the 1a5t 10 ~ examp1e5), n = 0.96, and 
# = 0.05. 5CARP wa5 1mp1emented 1n JAVA 50 CPU t1me 
taken t0 6u11d the m0de1 15 n0t a very prec15e mea5ure. 

7a61e 1 5h0w5 the re5u1t5 06ta1ned. C01umn 7 5h0w5 
the CPU t1me 1n m1nute5. 7he f1na1 num6er 0f ru1e5 re- 
ta1ned and the t0ta1 t1me5 the ru1e5 were 5p11t are 5h0wed 
1n C01umn5 NR and N5, re5pect1ve1y. C01umn NA 5h0w5 
the num6er 0f attr16ute5 reta1ned and C01umn NC 91ve5 the 
avera9e num6er 0f c0njunct10n5 f0r a11 the ru1e5. 7he pred1c- 
t10n accuracy 15 5h0wed 1n C01umn PA and the t1me taken t0 
c1a551fy the 50 m11110n5 0f te5t examp1e5 15 91ven 1n m1nute5 
1n C01umn C7. 1t•5 519n1f1cant the perf0rmance 06ta1ned 6y 
5CARP w1th the data6a5e5 51 and 53 (w1th para11e1 and 
n0n-para11e1 axe5 re910n5 f0r each 1a6e1) where the avera9e 
c0mp1ex1ty 0f a ru1e and the avera9e 512e 0f the m0de1 are 
2.5 and 17, re5pect1ve1y. 

4. RELA7ED W 0 R K  
Appr0ache5 6a5ed 0n 5u65amp11n9 meth0d5 f0r m1n1n9 

1ar9e data6a5e5 are pr0p05ed 6y Cat1ett 1n [3]. 6ehrke et 
a1. 06ta1n 1n [5] an appr0x1mate tree thr0u9h a 5u65amp1e 
0f f1xed 512e. 1n c0ntra5t, 5L1Q [10] and 5PR1N7 [13] d0 
n0t 1earn w1th data 10ad 1n mem0ry 6ut they are d15k-6a5ed 
1earner5 that  u5e a11 the examp1e5 and f0cu5 0n 0pt1m121n9 
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F19ure 4: 5yn the t1c  da ta6a5e5 .  

5e4uent1a1 acce55 t0 d15k. M0de1 prun1n9 and updat1n9 a1- 
90r1thm5 are 1n [2, 12]. 7here 15 a150 a 1ar9e 11terature 0n 
1ncrementa1 c1u5ter1n9 a190r1thm5 [6, 14], a550c1at10n ru1e5 
[1], and c1a551f1cat10n techn14ue5 6u11t thr0u9h the un10n 0f 
5evera1 d15c1p11ne5 [9] w1th the accuracy a5 the ma1n 90a1. 
H0wever, n0t many 0f them are 1n part1cu1ar addre55ed t0 
u5efu1ne55 and reduced c0mp1ex1ty 0f the m0de1 9enerated. 

5. C 0 N C L U 5 1 0 N 5  AND F U 7 U R E  W 0 R K  
An 1ncrementa1 1earner 6a5ed 0n hypercu6e5 and pr0t0- 

type5 ha5 6een 1ntr0duced 1n th15 paper. W1th the 51mp11c1ty 
0f the m0de1 and 1t5 u5efu1ne55 f0r the 6u51ne55 ana1y5t a5 
pr1mary 90a1, we have deve10ped a c1a551f1er f0r m1n1n9 nu- 
mer1c data 5tream5 w1th each n0ve1 ca5e that  15 d1fferent 
fr0m the m05t 0f appr0ache5 1n 11terature. W1th an 1nter- 
med1ate prun1n9 meth0d a5 part 0f the a190r1thm, 5CARP 
15 a61e t0 rem0ve 06501ete ru1e5 and wr0n9 ru1e5 cau5ed 6y 
n015e w1th0ut add1t10na1 c0mputat10na1 eff0rt. 70 ach1eve 
1t, 5CARP d0e5 n0t m1ne a11 the 5earch 5pace 6ut 0n1y the 
m05t repre5entat1ve pattern5. 

F0r a future w0rk, we are 5tudY1n9 5evera1 heur15t1c5 t0 
rec0ver dr0pped attr16ute5 turned re1evant a9a1n and t0 1m- 
pr0ve c1a551f1cat10n accuracy and the capac1ty f0r m1n1n9 
n0m1na1 attr16ute5 1n 0rder t0 c0mpare 5CARP w1th an- 
0ther 5ca1a61e c1a551f1er5 a5 C V F D 7  [8] and 5PR1N7 [13]. 

6. ADD1710NAL A U 7 H 0 R 5  
Dan1e1 Mate05 6arcfa, Department 0f C0mputer 5c1ence, 

Un1ver51ty 0f 5ev111e, mate05•151.u5.e5 
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