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Eav—ARY =Yy ARy NI =% T H—R0EK, LT L ZROEEFICE T, b MRE/ICHT Dbk 2 fl
HOT =2 NREIZE - EHEND L9270l T =2 %A T HMMCEEL, E L2 —F oy —e 2FHEREL
T B2 ETH—EADHEEZR>TEY, T oI EEORA L E/KT 2 EEREN ARSI TV 5. A LIEE
(AI: Artificial Intelligence)°m ARy M2 L, F—& HHCBET AHINIC L - ThA eftFERAEIMLE N TN E VWS T
WHENTEY, SBT —ZOTOEEMETILIZEE > T EHIFFENS.

FEEEOT = O TIITHR L2 27 —2 0% <13, HAOMEEERITFOATH, FAMEITHE LTRBT LI ENRTED S
ERFHNTWD. FI2IE, CEOERITIT LFIB LN ENICE L HERICHIGT 2, £ XETITH T 2 Bafo HB R E K317
FITRITE D, FRICHEOBIES, 1T L 5B 22— LM, EREN2—FOMMBARZ LTI E LTRBRETHS.

FHEELTH5fE (N\MF: Nonnegative Matrix Factorization)id, Z DX 5 RIFAMITINIE LTERAEINDLZT—FHANEL, &
BEOMESCT —F FICEL R Z — 2 HE T T 2 FIETH 5. BAEIZIE, NWF O@EAIZ X > TAT) L 2 2475317810
OB ~ZHRIND. GO REZFIRT 52T, T—2F0 % — Ot & KBEOMZENTREIC /e D, Bz,
XEOEFERT T —F~#HTHZ LT, F£XHFLCBTHHBEBOHBERE b L IZAR—YEHEOLEFESCT 7 /vy —HH
DOXEREWZHBTHET LN TE L. WRRICEET — 2 ~#HT228 T, Faalb— MFERa—b—F& Dl
BONRY = EHHL, F2—FREOWE Y — N EOREE SO THET 20 EET A2 2L RARETHSD. 51
NMF (3781 & AR T DRt ET L E AT 2L b TE, —DOATATINCK LTET TIER L, BHEOITHNIR L TH#EMT
HZENTED. ZhUICkY, FlxE, F£AZEINEINTEET — % 2R TEHOITHE ST TH2 L TES.

NMF OBFFRIZIVNT, F—2 00N E LTONFICHER L, BEFAEIET 5 2 & THM e/ s — & 2809 2 & (R b)
L, MFET AL LTONFIZHEH L, NIF OFEFHAIHER O BRI E 2 95 2 & (FERRAENT) O 2 DIXEE /e iF 50 Mk
Th5DERBHENTWD. AR TIE, 2O NF OJRETUE & BERIFTICET 5 2 SO R 2R

JEPABICBET % 12 B OBFSERIIE, AS) & 22 BATHIOIT £ 12PN ORI R BA Tih - T bl FTEEZ NMF O R BIRT ST
NORELETNVITY XAOERTHD. TEOT =X B CIE, T — X & HERAIE T 2 RS O A S IRES 0L
D, BEORRLIEHOT—4%, 2 HH2—FRHEBIEEMEGEIM LN E W) 2—FHADT —& L & B[R4
RO2—PFERICH DA FHIEEA ShT2” v o 2—PFEROT — % O E ST 2032 T D, BEFIEICE-
THEANHAL « SEFAHNL DT — 2 OO K 9 IehiE D RIR DEHOT — 2 A EDLETHNIT 5 Z RN RIS, Zihuck
D, BlZIZENENLOT — 4 OBDNVIRNGETH-> THBER S KBMHEEMET 5 Z LN AHEIC2 5.

FERRAEATIC B35 2 D H OBFGERERIE, A S— 3T XA Z ORI EEAN LA AT 7T e —FIZE S MFO T L=
U R L, B4y A X NMF (VBNMF: Variational Bayesian NMF) OHGGHENT T 5. VBNMF (2 K » THI S DT80 oy fihs B,
EHHBETRNLF—EIEEND BB OR/IMETH U, A /=T 2 OB EMEOFELEZIT D, L, £ HHA
TR X—OHERMNTIL N E TITONTE LT, N /8T 2 & LAREROBRIIMIA SN CZ oz, 22 TZO
eI, BOBHT XV —OWEEMIT 2175 2L TINEMPAL, NA /=T XX OFREMICL > T VBWF D5y fighs R
DRE BT DHEBHEERNEET D Z L 2R L. ZOREIIAA A= F A ZFEDESE LTHRATE 5.

KFEORERRITROEY TH 5. ETE2EBETHMEET L E LTONF &EFOHET LT ZAIZHOWTRT. RICH 3 3= TR i
MR DEHOITHIE L TRILEND T — X %5879 5 NIF OFJIERE T /DWW TORT . 8 4 3 TIRZE 01 X NMF O BEGR fi7
WMORRETT. RBIELIHETELDD.
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A method of decomposing a nonnegative matrix into a product of low rank nonnegative matrices, nonnegative
matrix factorization (NMF), is widely applied to pattern recognition and data analysis. However,
mathematical theory of statistical learning and application to multiple data have not been established.
In this thesis, we clarify the accuracy of statistical inference of NMF using variational Bayes method
(VBNMF) and construct a method applicable to multiple data with different granularity.

Variational Bayesian method is a representative algorithm for NMF. The factorization result output by
the VBNMF is determined by the contribution of the hyperparameter to the variational free energy (VFE),
which is the objective function of VBNMF. However, theoretical property of VFE has not been clarified.
This study investigates the property by asymptotic analysis and clarifies the phase transition structure,
which describes the relation between hyperparameter and factorization result.

Due to e.g., the difficulty of comprehensive data collection and protection of personal information, it
is required to analyze the data with different granularity, for example, user individual’s data
representing such as a visit count by user and user group’ s data representing such as purchase count by
gender/age. Since standard NMF cannot be applied in this setting, we construct an extended NMF that can
handle multiple matrices whose granularity of the rows or columns are different.

This thesis is organized as follows:

Chapter 2 introduces the model and algorithms of NMF. Chapter 3 is devoted to the proposed NMF models
for analyzing multiple dataset with inconsistent granularity. Chapter4 provides our theoretical result
of NMF. Chapter 5 summarizes the thesis.
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