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AIN=—RETY Y

» BEETIL
f(x) = wiz1 + waza + ... + wyzy
» A—XIVETIN
f(x) = K(z,x1) + oK (x,x2) + ... + o, K (2, p)

» AN—REFTY VY

> {w;}, O—EAE (—HOFHMOHT [ ERR)
» {o; 1, O—EHF (—EOEFHDOHT f 2KE)

I. Takeuchi, Nagoya Institute of Technology 2/38



'_-—\\\
AIN—RET YV TDH
» LASSO (L; ERHEIC & 248D R /8—Z1k)

w”:=arg min A [lw]) +;(y¢—f(wi))2
Ly ERIE T
(A >0 IFEAME/NRS X —%)
» SVM (b ¥ JBRBEHIC L 2EFHDR/—21L)

1 4 -
ot = argor‘relh& ia Ko+ C'Zlmax{o, 1- yzf(wl)}
1=

b JERKREH

(C > 0FERHENRSZ X =%, K IEH—FILITH)
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AN—AFEOHAEIORNER Y —=2 Y
> ZX—ZEBOHEIR b

» FEBRORERICH

SWT, EDw; PED a; NJ|ER
ZHbhH LR

» AN—RBZBEOHEIRMNIA ) VFILDRTE d
EHEnICKET D

» 20 )—=v Ik BEFEE

> %g_ﬁ‘-ﬁ‘: wj =0 tf-&:éﬁﬁ&%’ a; = 0 ttﬁé%ﬁﬂ%?ﬁ
E/RAETDIEERAI Y —ZV T EMR

INSDFHPEFZIMESHSRET DI EICK
YEMBRFENTEE LD
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Ea—YRTFA4I9RELRERI)—=VY

» Ea—YVRFT4 VR
wj =0 ERBFFEP ; =0 R BHH[ZHR L TIYRKRE,
FRRICKEME SR
» Sure independence screening (Fan et al., 2007)

» Shrinking option in 1ibsvm (Fan et al., 2005)

» 229 1)—="7% (safe screening)
wj =0% o =0 &RB I ENRESNIFRCEHNZRY
R (REMOHERITTE)

» REVMR V) —= U (Bl Ghaoui et al., 2012)
» BEFEFIR V) ==V (Ogawa et al, 2013)
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AHODOEERNA
» Part 1: SVM DZRELEFIR YY) —=v

Ogawa, Suzuki, and Takeuchi. Safe screening of non-support vectors in

pathwise SVM computation. ICML2013.

» Part 2 : BRXRBERAETIVOLRLEHR V) —=2 9

Nakagawa, Suzumura, Karasuyama, Tsuda, and Takeuchi. Safe feature pruning

for sparse high-order interaction models. arXiv:1506.08002.
» Part 3: 2RV ) —Z VI EDIGA
» BRESH

Okumura, Suzuki, and Takeuchi. Quick sensitivity analysis for

incremental data modification. KDD2015.

» EFILER

Shibagaki, Suzuki, Karasuyama, and Takeuchi. Regularization Path of
Cross-Validation Error Lower Bounds. NIPS2015.
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Before safe screening

AIF—% (n=1000 and d = 2)
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YR—MRI NVEFEYR—IRT ML

» SVM O33R

n

~ -1 |ff(.’13)<0, _ *T .0 * .
1=
FHA PUESFiZY

=720, {(z,u)}, FIIREFEE
» SVM IZEHICBEIL TR/R—=2

af =0 = DERAHRfICKEESALW = SV
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=TV EIFYR—IRT ML

o FIR—KRY kL (SVs) .
*x*x yif(xi)) <1l = a;=C
oo yf(xz;)=1 = «; €[0,C]

o JEHR— MY ML (non-SVs) .

oo yif(x;)) >1 = a; =0

B2/~ 2 T T T T
ERICHEER v ICBWT,
yif(@i) = (yizs) Tw* > 1
DY IID Z E DD, B (25, y) EBTTHEW
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RAEPIAL Y —— U TDEETAST

» TEBEOMREBR ICEVT, RER ' ERMED, 5B

RESUKRB

w* € B:={w ] lw —m| <7},

NEEFITHBIRRAEEZ D (m: i, r: ¥R)

solution space R?
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» I—=I Y yif(x;) = (yizs) T w* OTFRE LR :
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“RAEPIAL ) —— U TDEATAFT 3

BEMR w NERBICEZTNTWS, §4bLL, w* e BARLIE,

min(yiazi)Tw >1 = (yifﬂz‘)TUJ* >1 = a;=0

weB
~ ~——— N——
I—IUVDTFR>1 I—=IU>1 JE SV

BB w* NRMTH->TH, REFEEZIT
KBABRTHNIL, FESVERETES!

I. Takeuchi, Nagoya Institute of Technology 13/38



'.—
RERESOEK (FIE)
» LTFDIZADHxEILHEE (SVMA2EL) 2EZ % :

. L, o g
= = = 0;(w).
w' = iy, Jw) = gl + 0 )

=120, li(w) =y, 2] w) FORBRERE T 5.
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RERESOEK (FIE)
» LTFDIZADHxEILHEE (SVMA2EL) 2EZ % :

. L, o g
= = = 0;(w).
w' = iy, Jw) = gl + 0 )

2L, l(w) =y, ] w) FORIBRERE T 5.
» RO w e R? I L, RER w* FUTORICEENS :
w' eB={w||w-m|<r}.
2L, BROPDEERIE, Vi(w) ceRI %4 D w BT
2ERDLAELTEE, UTOLIICEALNS :

1 & _ 1
m= g (w—C’Z}V&(w)) =g

D+ czn:wi(w)H .

=1
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RERESOEK (FIE)
» LTFDIZADHxEILHEE (SVMA2EL) 2EZ % :

* . : L 1 2 g
w” = arg min J(w) := §H'w|| + CZEi(w)

=120, li(w) =y, 2] w) FORBRERE T 5.
» EROw e R ICH L, RER w* BUTOHRICEENS :
w'eB:={w|||lw-m|<r}.

2L, HROPDEERIE, Vi(w) eRI %4 O w BT
Z2RBDLALT DL, UTDLIICH5ZALNS :

1 - _ 1
m::2<w—C§V€i(w)>, =

w+02w H

=1
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BREAYIC 1

» RERw EECKBEBRT 2 ICIZERDIELUE w € R?
EFATS

> AR w PERERR w ISEWEHFE r VNS RY, R
)—=vJTEZHESVINEZD

MATLAB demo
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Before safe screening After safe screening
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» FAHENRS A= O HINEVWEZDOEBPLBAELRE TS
» BERDZEAMENRSA—9 CICBT2@BAELRET S
» BTH YT TR EICKYELUEAEED (Part 358
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ETTTY

Data | Sample Size n || LIBLINEAR || Sc.Rule

Sc.SVM [ Sc.Total

acoustic 78,832
covtype 581,012
yahoo 1,036,492
url 2,396,130
kdd-a 8,407,752
kdd-b 19,264,097

BNDEANL/IRS %A =4 Co = (|lyy | © Kl|oc) ! IC&F 5 BBAARRIEAR % T
e LT C=Cp/08IZ81F2#H SVM ORi#EMR%E KD S

I. Takeuchi, Nagoya Institute of Technology

0.16
0.54
5.55
10.39
18.20
37.54

0.03
0.09
1.13
1.71
2.37
4.53

0.01
0.11
1.39
6.92
3.37
2.26

0.038
0.199
2.518
8.631
5.740
6.788

FEIZN (W)
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%ﬁff‘n% 2 (Cy <Oy <

. DFRFZIRRRD D)

Data Set | Kernel (v) || LIBSVM/LIBLINEAR || Sc.Rule Sc.SVM | Sc.Total
Linear 27.54 0.184 26.14 26.32
dna RBF (0.1/d) 138.8 0.6979 104.4 105.1
n = 2,000 RBF (1/d) 6.13 0.6239 34 4.024
d = 180 RBF (10/d) 2.95 0.4729 2.43 2.903
Linear 235.5 0.4799 231.6 232.1
DIGIT1 RBF (0.1/d) 801 1.302 731 7323
n = 1,500 RBF (1/4d) 72.84 1.281 63.82 65.1
d =241 RBF (10/d) 557 1.096 3.08 4.176
Linear 115.2 0.3319 114 114.3
satimage RBF (0.1/d) 21345 6.465 20604 20610
n = 4,435 RBF (1/d) 448 7.966 322.3 330.3
d = 36 RBF (10/d) 32.06 8.181 5.74 13.92
Linear 994.1 32.34 937.4 969.7
gisette RBF (0.1/d) 418.9 15.19 389.5 404.7
n = 6,000 RBF (1/d) 55.74 14.26 37.93 52.19
d = 5,000 RBF (10/d) 56.68 10.32 54.44 64.76
Linear 5.22 0.5139 4.25 4.765
mushrooms RBF (0.1/d) 757.2 28.23 603.7 631.9
n=8,124 RBF (1/d) 143.6 24.24 95.79 120
d=112 RBF (10/d) 100.2 16.32 81.21 97.53
Linear 4403 26.59 4504 4531
news20 RBF (0.1/d) 22.15 16.05 21.52 37.57
n = 19,996 RBF (1/d) 4664 83.55 3760 3844
d=1,355,191 RBF (10/d) 59656 166.5 51310 51477
Linear 81.53 1.607 73.31 74.92
shuttle RBF (0.1/d) 58866 638.1 56118 56756
n = 43,500 RBF (1/d) 55717 692.7 49999 50692
d=9 RBF (10/d) 51568 738.5 43053 43792

I. Takeuchi, Nagoya Institute of Technology
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AN—ABRZEERETILOD
BEEBHR ) —=2

I. Takeuchi, Nagoya Institute of Technology 20/38



'— .
L EAHEIC & B2 R/IR—EFET IV (LASSO)
» LASSO DX ERE

n
w”* = arg min A|w|; + Z(yz - mei)Q
weRd i—1

» LASSO Dt fElRE

n
Z Lij7Yi

=1

<1,Vvj

* R — 3 1 . 1 . 2
¥ o= argﬂflelﬁ& 5 Yi — Xyl s.t.

» ANRN—RMEDRM

n
E3
g TijY;
i=1

<1l = w!=0,
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A
LASSODZER/HR ) —=2

> W EREE v Z2OEE R
> (El Ghaoui et al., 2012)
> (Liu et al., 2014)
» (Fercoq et al., 2015)
» B2 —=vy
v e RIEBIE,

n n

{Ynea% Zx”% <l = wa% <l = w; = 0
=1 =1

27 DLERD 1 K 27D 1 K 28— 2R

W B v DR TH>TH, REMEEITHEE
ROV THNIL, RBHLIBORHHERETES !
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BRXEFAET IV
» ZNIOFILORE (REEJ@E)
{(zi,9i) i1, 2zi € [0,1], 9 € R
- BREEFMEFIL 8D =Y (%) @)

f(zi) = wiz1 +waza + ... + wizg
+wi22122 + w1 32123 + ...+ Wi—1,4d%d—1%d

+ w123212223 + W1 24212224 + ... + Wd—2 d—1,dZd—22d—1%d

» ILERANMTH X e RP £EZ, LASSO &RV Y —=v 5

(main effect) (2™ order interactions) ce (r*™ order interactions)
1 ! 1.1 1 1 ! 1.1 1 1 1 1
z] zg | z1 25 zZg_ 124 | o zy25 2 Zd_p41Zd—riy2’Fd
X = : o : | | :
nxD . . | . | | . .
n n n_n n n n n
Z1 Zd , F172 Zd—1%d , FlLR20 R o PFd—p41Fd—r42 " Fd
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..——\ls n
EFEOXMNEOQRMEEBDONY v S
» Bz, d=>5000,7=5DHAE, D> 10

» IRTOBRREFARHMORATOLRZGAETE W
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 —
Z2M Y IJL—)U (Safe Pruning Rule)

J— K () j ORHORSENYIL—I : spr(j)

n
*
E Zij' Vi

i=1

=72 L, Des(j) i/ — K j DFR/ — ROES
/
J

j'€Des(])

<1 = wf =0 forall ' € Des(j),

spr(j) is true = ;
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' ZERNY JL—ILDENME

spr(z;) = false, A= {z}
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' LERAMYIL—ILDOEIE

spr(z122) = true, A= {z1}
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' LERAMYIL—ILDOEIE

spr(ziz3) = false, A= {z1,2123}
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' LERAMYIL—ILDOEIE

spr(z12324) = false, A = {z1, 2123, 212324}
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' LERAMYIL—ILDOEIE

spr(z1z4) = true, A = {z1,2123,212324}
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' LERAMYIL—ILDOEIE

spr(z) = true, A = {z1,2123,212324}
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' LERAMYIL—ILDOEIE

spr(z3) = true, A = {z1,2123,212324}
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' LERAMYIL—ILDOEIE

spr(zy) = false, A= {21, 2123, 212324, 24}
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' LERAMYIL—ILDOEIE

A= {21, 2123, 212324, 24 }
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time

time

EREEER (> > ... OREROHE)

o

180 1.8e+08 7000
160 IB—[  16e+08 1B— 6000 depth 1 —
140 SPR == 1.4e+08 SPR == depth 2 =
120 1.26+08 3000 depth 3 —
(]
100 £ tes08 34000
Q
80 § 8e+07 % 3000
- ®
60 6e+07 2000
40 4e+07
20 26407 1000
ol s o o=
2 -18-16-1.4-12 -1 -08-06-04-02 0 2 -1.8-16-14-12 -1 -08-06-04-02 0 2 -1.8-16-14-12 -1 -08-06-04-02 0
log Lam/LamMax log Lam/LamMax log Lam/LamMax
protein
450 2.5e+08 1600
400 B = B =— 1400 depth 1 ==
SPR — 2e+08 SPR — 1200 depth 2 —
° depth 3 ==
3 1.5e+08 =
& 2
g 8
£ tes08 5
#*
5e+07
50
0 ob———= 0
-2 -1.8-16-1.4-12 -1 -08-0.6-04-0.2 0 -2 -1.8-16-14-12 -1 -08-0.6-0.4-0.2 0 2 -1.8-16-1.4-12 -1 -08-0.6-04-0.2 0
log Lam/LamMax log Lam/LamMax log Lam/LamMax
mnist

Itemset Boosting (Saigo et al., 2006) & L8R

I. Takeuchi, Nagoya Institute of Technology 27/38



Part 3

BERV ) ==V I RMDBE

(BE)
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" —
BEAV ) ==V UMD

» RERV ) —ZVITEMOFE
» JVOELEE o AMELNTVWS & &,

» RER w* 22O B NHMY,
RBEROEFA 7 0w OTFRE EREETETR

>

» 23T OH (275 ADFEMRE)
. . . * 1 ifelw* >0,
i =sien(f(@)) = sin(ewt) = { T} S0

Thbb,
minz'w >0 = §=+1,
weB
maxz w<0 = §=—1.
weB

RBREMORSTE 27 ZADENTES |

29/38
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| A
BIRFEBDT=8 DREE DT (kpp2o1s)

old training set Do1q new training set Dyew

removed

R
removed
added
added A

(solving an optimization problcm) Csolving an optimization problcm)
old optimal solution w4 new optimal solution W,
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R
removed
added
added A

(solving an optimization problcm)
old optimal solution w4 new optimal solution wrﬁcw

I. Takeuchi, Nagoya Institute of Technology 30/38



|
BIRFEBDT=8 DREE DT (kpp2o1s)

old training set Do1q new training set Dyew

removed

R
removed
added
added A

(solving an optimization problcm)
l Incremental Learning
old optimal solution w;l ( =) new optimal solution wr*lew
O(|Dnewl)
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—
ZORFEZ D18 DRRE DT (kpp2015)

old training set Do1q new training set Dyew

removed

R
removed
added
added A

l

(solving an optimization problcm)

l Quick Sensitivity Analysis

(QSA) .
old optimal solution wold —) lower bound LB(9

O(|A| +|R|) upper bound UB(@Tu,
(# € R? is an arbitrary vector)

IIEW )

H(W)

The computational cost depends only on | A| + |R|.
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R DT

» HEt
BHAIDORER w!, 20w & L, FEHREORER
wk  WCEATIRENN (270 A98 ML) %2175
» EERERTE
» kdd2010 RV FT—PFT—4

Ntrain = |Doid | > 8 million and ngest > 0.5 million

» FIFEEFID 0.01, 0.1, 1% % HH

» HERFER
% of updated instances | 0.01% | 0.1% | 1%
% of label identification | 99.987% | 99.958% | 99.867%
% of speed-ups 99.888% | 99.887% | 99.791%

99%LLEDF R M S AL % 1/1000 DEFEIR b THE
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BESREM I OIXNYFT—2 3 Y (ps2ois)

0.32 T T T

03 b

0.28 - ]

0.26 ]

024 i :

Validation Error

022 - :

02 - ]

0.18 ]

0.16 | . | | .
0.001 0.01 0.1 1 10 100 1000

Regularization Parameter C

Model selection can be done with approximation guarantee.
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o
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A lower and an upper bounds of wéTm' is written as

LB(wg' ) = a(dg, z}) — = (B(ds, ) +7(9(05), 21)),

1 QQlQ

UB(wg' o)) = (g, z}) + C(a(ﬁ)@,w;) +8(g(wg), 27)),

where, for C' > C,

alivg, @) = 5 (gl +wgTe) > o,
B, ) = 5 (gl - weTa}) > 0,
and
Yo(oe), 7)) = (g, )l + g(ag)a) > o,
gtirg), o) = 5 (lgte), Dl - g@D)e) > o,

where g(w5), x}) is the gradient vector of the objective function at w = .
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