The 26th Annual Conference of the Japanese Society for Artificial Intelligence, 2012

4B1-R-2-7

Jobooobobooobuobgobogoouoooonod

Co-Embedding Method for Incomplete Data Matrix by Locally Linear Alignment
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In this paper, we consider the “co-embedding” problem whose goal is to embed both the row and column vectors
of a given observation matrix into low-dimensional latent spaces respectively. We propose an efficient co-embedding
algorithm especially when a large portion of the matrix is structurally missing. A remarkable feature of the method
is that the low-dimensional latent representations are efficiently obtained via matrix eigendecomposition, whereas
conventional methods require iterative estimation of missing values and are subject to local optima. Besides, we
extend the unsupervised co-embedding method to a semi-supervised version, in which the computation is reduced

to solving a system of linear equations.

1. 0000

gooooooboooooboooobooooooboboooo
goooooooocoooooooooocooooooooon
goooooooboooooboooooooboooooboboo
udooooooobboooooooooooboooboo
O000PCAD OO0O0O0O0O0O0O0OOMDSOOOOOOOO
0000 Isomap[Tenenbaum 00] O LLE[Roweis 00] O O O
goooooooooooooooooooooooooon
oo0oooOoooosSvboooooOoooOoONMFOOOOO
goooooooobooooooooooboooooooon
goooooo
goobooooboobboOoooooobbooooooooon
goooooooobooooooooobobooooooooon
goooboooooooooocooooooooooooon
gooobooooobooooooooooboobocoOouooooon
goboooooooooobooooboog
gobooboobooboooboobooboboooooboo
goooooooooboooooooooobooboonoon
gobooooboooobooooooooooooooooon
gooooooooooooooooooooooooooon
goooobooboooooooooooboooooooooooon
goooooooboon
goobooooooooooooooooooobooDoobo
gooooooooocoooooooocoooooooooon
00000000000 (ALS)[Shum 95] 0 Wiberg 0000
00 [Okatani 07] DO 00000000 0OOOOOOOOO
030000000000 Structure from Motion (SFM) O
0ooooooooooooooooooOoOoOOOO PCA
OPPCAOID EMOODUOOOOOOOOOODDOOOOOOOO
gboboooooobooboooooooboooooboooan
000 [Roweis 8000000000 OOOUOOOOOOO
gooooooooodoooooooooooooooan
gbooobooboooooboobooboobobooogoon
goooooooooooboooboooboboooooooooon
ooboooooooooooooooboooooooobooboo
goobooooooooooboboooobobooooooooon

O000: e-mail: yairi@space.rcast.u-tokyo.ac.jp

uoooooooobooooooooooooobooooooo
goooooooooooboocoboboooooobooooo
goooooooooooboooboboooooooooooo
goooooooooooooooooobobooooooo
gooooooooooooooooooooobooooooo
gooooooooocoooooooooooboooooo
goboooobooooboooo

2. J0bOboooobboboooboo

2.1 00000O000000D0O0O0O00OO0000
MxNODOOOOOOOY = [y lie1,..amje1,.n 00
00000000 ()00 v, 0000000000000
000 pOOODOOODOOOOOOO

YO (4,7)00 3, 00000000000000000
0000000000000 ¢,000000000000
0y,00000000 ¢;=100000000 ¢; =00
ooo

0000000 (Co-embedding) 00000000000
0000000000000000

1. YOOOOO MODO NDOODOOOODODOOOOOO
O00O00On0O0O0D0O000O0O0 X = [@,.. To
goood

.,:EJV[}

2. YOOOOO NOO MDOODOODOOOOOOOODO
00000mDO0D0000000 Z=[z1,...,25] O
ooooo

ooooooO00oooooO0oOooooO0ooooOooooXx
0 zOo0OOoOoOoomooooooy oooooooooo
ugoboooobooooboboo

goooooobooooobooooooooooboooa
000000000y, 0020000000000 o; €R™
0z, eRM"O00O0O0O0ODOOO2000 g0O0O0O0OOOOO
oobooooooooo

Yij = 9(xi, z;) + € (1)

x1 000000YOO000000000000000000000
oooooooooooobooOoboOboOoOoboOoOooooooooo




The 26th Annual Conference of the Japanese Society for Artificial Intelligence, 2012

0000e;; 00000000000000000000000
00000 (4,f) 000000000000000 ;0000
000000 {z} (i=1,...,M)000 {2} (=1,...,N)
0000000000
0000000000D00000000000000000
0000000000000000000000000000
0000000000000000 y,0000002,;00
00000000000000000000000mMO0 j,
/00000, =¢,=1000i00000000 2 0O
2, 0000000000000000
00000000D00000000000D0000000
0000000000000000000000000000
000000000000000

22 000O0O0OO0OOOOOOOOOOOO0
oobooooooobioobbg,;, =1000000000
y,; Doooo0oooodoooogoooooooooooo
goboooooooboooooo
T=G@)z (2
O000G(z:) 0 2, 000000000ODOODOO0OOZ; O
z; 000000000000
gobodooooboooooooboobobodde; 00
O+.0000000000bbo00ooobooobooboooon
z;0j000000000000C000000000D0O0OO
gbooobo 200000000 =-; 00000000000
gbobobooooooooboooOooboboOooonn. 200
uoooooooboobooon ¥y, 00000000000
ooooooooooomooooooooooooooo
goooooooooooooboooooooooooooon
gooooooboooboooooooon
oooooooooooooooooooooobooobooo
O0ooU0o0oooUooooUooooUD {20000
gooooooooobooboooooooboboooooooon
gooooooooooooboobooobbooooooooon
gooooooooocoobooooooboooooooooon
ooooU0o0ooUoUooUDUo {x}0D00O0OOOO

23 000000000 OOOOOOOOO0
000000000000 {2, 000000000000
000000000¢,;=1000002;0 %,00000
0000000000000000000000000000
00000000000000 2,00000y,,00000
0000000000000000000000000000

yi; = 9(xi, z;) + ei; = G(=i)[z] , 1]

(3)

00000000 7, 000000000000000000
¢,;=100000000,;00000000000000%,,
0y,00000000000000000000 2,000
000¢q,=100000000040000 2,0000
000000000000

M
_ Qi G _

M
= E qi,j%i,5
ZZ 190 i=1

0000 Giy = ¢ij/>ie,,; 0000000000000
oooooo

25 =Tyl ;1" =Tigi;

Zj

(4)

00000000000000000000000000
{T}¢=1,...,M)000000000000000000
00000002, 0000000 {2,}(=1,...,M)00
0000000000000000 7, 0000000000
00000000000000000000 ®,4,00000

0{T} (i=1,...,M)00000
L&
Don = 3 Z ; i |25 — 20 11 (5)
J=1 it

gbooobooocooboooooboooooboo sbooon
gobooooooooooooooboooboooooooo

By (T) =Tr(T (D -V 'V)T) (6)

gooobooboboooboobooboboobao

00000000000v = [G1,91,,---dm98,),
N ~ ~ ~

vV = [’UIM'W’U]—\I}]Tv Dl = Zj:l qi,]”yiyjyzjy D =

diag(D1,...,Dy), T = [Ty,...,Ty] ' 000000000

Z=|z,...,zy) 00Z=VTOOOOD

®,, 000000T=0000000000000000
Z'Zz=T"(V'V)r=1000000000000000
000000000000000Top: = [t Ums1] OO
0000000000 ug, ..., umy 0000000000
(D-=V ' Vu=AV V)u (7)
0200000000000 m+10000000000000
00000000000000000000Z00Z =V Ty
00o0ooooo
000000000000 X =[@,...,2em] 00000
00000000000000000 ;000000000
0000 2 00000000000000000000 {«;}
O00{vec(T3)}0 n0000000000000000O0CO0
000000000wee(T;) 000 T, 0000000000
0000000000000 0000000000000Y
0000000000000000000T 0000000
0000000000000000000000000000
0000000000000000000000000000
osvbOOOOO0
00000000000 000000000 ;000000
0000 Verbeek 0OOOOO0 CCA[Verbeek 04] 0000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00o0oo0ooooo

24 000000DOO0O0OOOO
00000000000000000000000000
00000000 {}, {2, 00000000000000
00000MO0O00000000000000000000
0000000000000000000000000000
000000000000000000000
00000000000 «;00000000000000
000:000000000000000 O0OOOOOOO
000 2, 0000000000000000000000
00000000000000000000000
oo = Tr(T"

(8'S)T) (8)



The 26th Annual Conference of the Japanese Society for Artificial Intelligence, 2012

oooOooo sooTOo0O0oOO0O000OO0O00b0O000
oo0o0ooooooooooonooon ¢4, 0000000
00000®an + asme - Psme 0000000000000
ooooood
pooooooobooooooooooooooooooon
goboboobooboboboboboboboboboboob
gooboooooooooboooooooboooooobooooo
oo0oooOo0o0o0o0oO0O0C0O0CcOO0ObO0OO0O00O0 GPSO
voooooooooooooooooooooooooon
ooooooooooooooooooooooooon
0000000000 2, 00000000 2;00000
00000000000 0000B00 4000000
z;: Zj (if§j:1), O(If 6j:0) (9)
oooooooooooboooooocooooooooon
oooooooooooooooooooooooon

N
Bar =) 55112 — ] (10)
j=1

0000Z* = [z7,...,2zy]" 000 J. = diag(éy,...,0n),
000000 10000000000000

Dy =Tr(VT - Z°) ' J.(VT - Z%)) (11)

000000000000 0000000 ®Psem(T) = Pan +
Asmo * Psmo+azip - P, 0000000000 OC0OCOOODO
gooooooooo

Topt = (D+V T (sipd:— IV +asmoS T 8) ayV ' J.Z7)
(12)
goooooooda {wZ}DDDDDDDDDDDDDDD
00000000000 0oob00O000ob00oo00 000
DDD{vec(’f’i)}DDDDDDDDDDDDDDDDDDDD
0000000 {«;}000000000O0O0UOODOOOO
Jodoooooooobooboooooooooooooa
0000000 oOO00DoOoDooOO00TiknovOODOOGOOO
goooooooooooooon

3. 00O

3.1 (00 1) SFMOO
gbooooooooooooooboooooooooo
0000000 SFM(Structure from Motion) 000000
goboboooooooooooooobocoooooooooo
gobooooooooooboooono 12000000000
gooooob0oobooboooboOooboobooobooobo 2
0000000000 [yi,---,y,n~) 00000000000
o0o000 12000 200000000000N =2000
ooo0oooM=1000000000000000Y 00O
gbobooooboooooobooooobobooo 200000
030000 {2}00000000000000
gooboooooooooboobooooooboooooo
0000 (SVD)OO0D0DD000D000000 1(a)MD00
ooooooUooOoooooooooUooooooo 1(b) o
oboooooo 12000 300000boo0oobooon
gooooooooooobooboooooooooooo
0000000000000Y 00000 30%0000000

() DOOODOOODOOO
oo

(a) SVD

Ul.oooooboocoobbooooboouoobooo3booboao

(a) ALS (18.9

(b) Wiberg (16.4
sec) sec)

(c) LLACoE
(0.17 sec)

02 000000000000000DO00 12000 3D0O
Ooo0o0o0oo0. ooooooooob MatlabOOOOODO
Dell Precision T1500 000000

goooooooooooboobooooooooboooooboooo
000000000 00oO00ooooooooooo (ALS)O
O000Wiberg0ODOOODDODO0OO0ODO0OODOOO 2 (a)-
()ODO0DOO0O0OO0ODOO0OODOLDOLDOUDOUODOOOOOO
ooooooooooooooooooooooooooo
gobooooooooobooooboooobooooooooo

3.2 (00O 2) SLAMOUO
000000000000000 SLAM(Simultaneous Lo-
calization and Mapping) 000 0000000000000
goooopooooooOoOogooooose40DOOOOOO
OO00APOOOUOOODOOOOOOOODOODODODOOO OO
oooopoooodoooo ApO00OoOOoOoOoOooooOod
000000ooooo0oO0ooo 3onooooooooooo
0000000000000 0O0D0OO0O000oooooog
gobo0oooooo4000000D0O0ODOOD 3100

03 0000000000 O4D0O0D0O0O0ODOOO



The 26th Annual Conference of the Japanese Society for Artificial Intelligence, 2012

P -
95 04 02 0 0z 04 06 08 1 12 s

() 00000 (byDOOODO

Os5 000000000000D000000

o
%2 015 01 005 0 o005 01 ois %312 01 -00s 006 -004 002 0 002 004 006

() 00000 (byDOOODO

Oe6 000000O0OO0DOOOODOOODO

(a) APOO

(byOOOOOO

o r7noooooooobooobooboooooooo

0o0000000000000
000000000000000 @ (i=1,...,310)00
000000000000000000000000000
000 z (j=1,...,564) 0 APO0ODDOO000O0O0O0
000 y,j00004000000000 ;000 APODO
000 bearingd D000 range0 0000000000000
0o000000000O0O0OO0OO0OO0O0O0O000O0
00000000000 v,0000000000000
0o0O0O0O00O0O0O0O0O0OOOO0O0O0O0

1
1) =
) 1+ exp(0.15 - (d;,; — 50))

Pr(gi; = (13)
0000d;,; 00000000000 4000 APOOOO
gooooooooooobooboy obooooboooboooon
97%0 0000
3.2.1 0O00O0OO0OO0OOOOOOOOOOOO
Oo00XO0zOoOoOoOOooooooooooooooooo
gooooooooooooooooooocoooooooon
00 ¢.,,0 00000000 U0OOOOOO0OO 5()0O0O0
Doo0O0O0APOOO0OOZOOOOODOOOOOOOODODOD
gobooboooobooooooobobooooooooooobogoon
0000000XO0 000 6()0000000000O00O0
oo

0000000 0000000000 Fig5(b) 00
0 Fig6(b) 0000000000000 00000000
00 asme=0200000000000000000000
000000000000000
3.22 000000000000OOO0OOO0

000000000000000000000000000
000000 300000000000 700 APOOOO
000 {2,}00000000000000000000 40
000000000 600000000000000000
000000000 {z}0000000000000000
ooo

07()000 (b)000000000000000 APO
000000000000000000000000000
0000000000000000000000000000
000000000000000000000000

4. 0o0odnO

gboobooooooboooooooboboooooooono
dooooooooooboooobooboooooooooooo
gooooooooooooooboooooboooooo
gooooooobooooooooooooboboboooooo
goooooooooooooooooooboobooooon
goooooooooboobooooooooooboooooooo
oobooooobood

0000020000000SFMO SLAMOOOOOO
goboooobooooooooooobooooboooo
oooooooooooooooooooooooooooo
goboooooooboooooboooooo

gooo

[Okatani 07] Okatani, T. and Deguchi, K.: On the Wiberg
Algorithm for Matrix Factorization in the Presence of
Missing Components, International Journal of Computer
Vision, Vol. 72, No. 3, pp. 329-337 (2007)

[Roweis 98] Roweis, S.: EM Algorithms for PCA and
SPCA, in in Advances in Neural Information Processing
Systems, pp. 626-632 (1998)

[Roweis 00] Roweis, S. and Saul, L.: Nonlinear dimension-
ality reduction by locally linear embedding, Science, Vol.
290, pp. 2323-2326 (2000)

[Shum 95] Shum, H. Y., Ikeuchi, K., and Reddy, R.: Princi-
pal Component Analysis with Missing Data and Its Ap-
plication to Polyhedral Object Modeling, IEFEE Trans.
Pattern Anal. Mach. Intell., Vol. 17, No. 9, pp. 854-867
(1995)

[Tenenbaum 00] Tenenbaum, J. B., Silva, V. D., and Lang-
ford, J. C.: A global geometric framework for nonlinear
dimensionality reduction, Science, Vol. 290, pp. 2319—
2323 (2000)

[Verbeek 04] Verbeek, J., S.T.Roweis, , and N.Vlassis, :
Non-linear cca and pca by alignment of local models, in
Procs. of NIPS (2004)



