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New Genetic Operator Considering Target Semantics
in Geometric Semantic Genetic Programming

*A. Hara, J. Kushida, R. Tanemura and T. Takahama (Hiroshima City University)

Abstract— In this paper, we focus on solving symbolic regression problems by Geometric Semantic Genetic
Programming (GSGP). In GSGP, offspring is produced by a convex combination of two parental individuals.
In order to improve the search performance of GSGP, we propose an improved Geometric Semantic Crossover
utilizing the information of the target semantics. In conventional GSGP, ratios of convex combinations are
determined at random. On the other hand, our proposed method can use optimal ratios for affine combina-
tions of parental individuals. We confirmed that our method showed better performance than conventional

GSGP in several symbolic regression problems.
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Fig. 1: An example of tree structural program for
symbolic regression problems.
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Fig. 2: Standard subtree exchange crossover in GP.
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Fig. 3: Two parental individuals 77 and T5.
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Fig. 4: An oﬁ'sprmg created by the Geometric Seman-
tic Crossover in R = 0.5.
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Fig. 5: An illustration of parents (7} and T3) and an
offspring created by conventional Geometric Semantic
Crossover in the case of R = 0.5.
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Fig. 6: Characteristics and problems of the conven-
tional GSGP.
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Fig. 7: Relationship of parents 77, 75 and target P in
semantic space.
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Table 1: Parameter settings.

Population Size 100
Max Generations || 2000
Tournament Size 4
Elite Size 1
Crossover Rate 0.8
Mutation Rate 0.2
Number of Trials 10
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Interactive Evolutionary Computation using Partial Solution and
Quantification Approach for Performance Evaluation

«R. Matsumoto, H. Someya (Tokai University), T. Kashima (Kinki University),
Y. Orito (Hiroshima University)

Abstract— We propose an evaluation technique that focuses on partial solutions in interactive evoltionary
computation (IEC) The partial solution evaluation is utilized in crossover and mutation operations. We
applied the proposed IEC method to the menu planning problem. In experiment, we use characteristic score

based on quantification approach.

Key Words: Interactive evolutionary computation, Menu planning problem, Combinatorial optimization

1 [FLC®IC

BT VT Y XL (Genetic Algorithm) (%, 48
DRI E R 2 B midE b FET, #EEREO—
HThsd. EWR-BERY VT =T 040 - TESTA
DA A TH 5. WEERHE(LFIE (Interactive
Evolutionary Computation) 1%, ZDEEHT LT
AL DFHEEH RS %2, ANEIEE2FETHL. £
535 ZET, WEMTIVTY XL TG D%
LW - AARETH o -RIETE R T HZ L
MTED. F/z, NHERZWMDALI LN TE S
B, ANFEDRGEERREER, BV ICE D W R kA AT BE
TH5. CGT—rFPHEL, AMSLVWBFRY MHE,
NEHEBDE B E T — A< A = 7R LI sHE 1
TW5., F72#z, NEEMELEHREZ R HE U@ L
KRS, NEORMEZHET %S H D, Bk
T%, ANERZESBA~OEBRS HfFE TS, 20
IS CREWAHTIGHEIhTWS D,

L IZAT, WEEREMFIREOBREEL UT, Ky
DANENDEAFHIRE e T WD, ERFEGDOBRIZ,
VAT LR S D AT EMEE LRI IR S50,
EENT VT XLORE F, EARGHG % i 0K S &
WO HFEEIZ R D R T WD, -V OLMEKEH
WD, ZDD, 1T—FARMBHD 7O DFHRAH
KOoNTWSE., BRIRE UTIFARDT 2 —
7 = — ZADWEXR NEOFEHM O ¥ E #2175 B D.
LRI E AR EELR EDHIT 5N 5B,

BAZN 7V T XL 2GR L, w5
FHT T AV A% B U (LR ED D B 2 9,
UL U, SEERELEIRITEA U 726370,

AAFFETI, fRHER DR CTRERL X 1 5 RIEZ X RIZ,
A REFEAMIZ & o T, FHMlROEHZRK T 5 FiEE
RET 2. VoML, K oENREEN
PIZEFEI R 2T, BT 2. RARFEEBLGE
PRI L, FELEY AT LT, FHliEBRZT-
2. #iRERL, AFEOEHAMEEZRT.

R EFEI A (Menu Planning Problem) &, &
ORI OMEE 2 RE T S EEEETH S, &
W2 B, MAZEDEY, ZEERICFETS. £
7z, REREIIEDS A, HHOFHPEIHE (Hu
) —DFE) - BXEGHLY (RN - etk - F=HiMEO

8
2015 12 18 -19

-50-

HRE) - BXH L FHHE - £8Nm o A - DAETAK
7RI DM (BRI~ V3D - flEDHEE) , &
MOGIE (7VVX—WEDOERE) mE2EFRT 286
=B, BRembON, HIELICRE. 20D
FBADWERT B —EOBN L2 ERT 2 Z L IXR#ETH

h, InoDfilfEtEE2FERL 2D, WIBMOB %
HHFEZ DL, EREPHEEBL VX —DREL, K
RIEREZREIZE 5T, HHORESWEEL LS.

ARG, IRET 2 FEE2ENENE R EA Y T,
AFEaFEHE UV AT N LB HEREERIZ LD, [
ADREFZHHL, ZhoDHhoREzilsas. &
B, fliFEDED, KYAFAIE, Ha)—2HAD
D2 0% 5ET 5.

W EEREALEF R D MERER] B2 E 12 DWW T DG 1L, #
BEIINT2T7 v r— b 2ERL, FIEOFHEZTTD.
WG DL K DR Z EBROFERICE S W THRINT
W3, L2L, Z0X5RHiAEIZA & o T
WERLZZBNEDD, HDEOVHFE LRV, KIFFET
&, 7Ur— MERIZE SR VIR EEHEL, &
BZE D W FEO R Z T\, KAFEOEMME %k
R5.

2 REFE

AR TRET 5, oz w7, EEIHE G
AOEGEALTIEZRR S, B HFEEER U 7= AR,
I—PIZHRL, WHIELTE 55 Z & CHHiiZ D
FTHESH D, 51T, FHliENEERIZDONT DA, #
S H T2 DI TH S 5. o MEHIX, X
NIZERED, AN WX DIZTE7201FHT 5.
F/z, A-YRBALEERE, BTHICZIEE720, [
EN A BURINA R E2 AW 5.

2.1 #HAZRTITE

HARLZROHGIEIZDWTRRS., £9, TV X LI
WEMZERT 5. &b, KFEOEFIY A X popsize
X, n ZHRBDNT A =22 LT, PLFDOREREEK
iz e 5.

(1)

PUFIZ =R D & 5 K% T 2 o i
5. ¥/, 7u—F vy —bE2H1IZRT.

(1) FIHIEENID AR

popsize = (,C2) X 2

15PG0014 © 2015 SICE



C =D

)
WL D ARk

1<
AT BT K DR
v
TR ER DR
=R\ B - j
TR ) A b ) €— —FOFH & AN

v
ORI
v
SEX -+ NI RO M
v
YA I 00 e

paisy
N
'

e

YES

w0 D

Fig. 1: f=ZFEO 70 —F v — |+

o MY 1 X popsize DWWEM%Z T > X LT
T 5.

(2) HFEEHGRRAL & 4 A & Ol !

o VAT LAITHEKRDFHETZ L, F—F AT b
A XN, Dbr—F A2 MNERE ¢ BFETL,
q AR % ERN. ZO g fifkzE 2—FIHRL,
BN E 1 DEATES S, ZOREKE >
7= VRRIZR LT, BRHZ EDOEOEIMENT
WBh, 1 DFEATEH LD (¢ W), Zh
73: Nz Efﬁébﬂb, %JFQXNZ 1’{4:%3':&]&3—5
F7z, BR T EEMNEEZBHT 57-2DIZ,
HIX NI U R A o — BRSO A N L
ZEMLTHL.

(3) H DHHHY

o h—F AV YA XN, Oh—F AV ER
Zn— N, HETL, AP SHIET S, &
FFATLZ SRS FR AT & 5 il i TRT n MR %
i3 5.

(4) RX - IR DEH
o FIE (3) T:ERU 7z n kD HN 5 2 DR
LTOMAEET, ThETNT% 2 KT OFF
5. FER, popzize (RO TPER I N 5.
(5) #THIE

o FIE (2)~FIME (4) % HE) 0 A T
D&Y

Gene structure

Partial solution t=2 Partial solution t=T

( ) [ )|+ [C )

Evaluation array
{e or 1 D

Partial solution £ =1

{0 or 1

Fig. 2: Gene Structure

@ (516 or 1

t=1 t=2 t=3
n n

;
b + +
Yeta X s =1 s =0 s =0

WET 2—FIRIR S FIEEI IR
el . ......... . |:| .................. |:|
myq mya mi 2 my ¢ my 3 mi 3
. s =0 s =1 s =0
Yufa Ry =PRI 2L FRR 23 min
A | ] | (. | | ] e
e
mi mic mi 2 mya mig mig
=R P=(1-R) P=0.5 | e

Fig. 3: XX DHl

2.2 EEFRER

ARFIEOMERFRIGIEZBR S, AR %G
falk 0%, REME 31— NLU 78RR M &,
53 fif~ D FEATRE B &2 A& 9 2 BEEECST S 2 SRRk
nad (X2). Mix, THEOHAMEN(t=1,...,T) 5
M E 4, & N, GIEOBEET my(g=1,...,G)
MO EI NG, SIE, & N, IG5 iHiZE S,
WX ORI NS, ZOMEERIX, N1 TV KT
HY, NFTOLSIZBEAFT 5.

g {0 (Z—YBNERL B> D ROL &
T (Z—YHERU B RDOE G
2.3 XK - RREE

(2)
B, —BERXEITS. 2L, a—¥HEEHiliL
EROMRE, HEX AWK ST, HOMXEI 2 IZRX -
GRS RMR A RET 5. [k X o s L1
hY O SY) AR X BH, Wt DXMH
DL XEHE PC &, MFD L5125,
0.5 (S5, S50 s

bt
. W5 0 D)
P -
) ETes)
(=R x s+ Rx )} (e

(3)

BIZAE, =¥ gfak X oL Tt=1, kY
CRLT =2 2 BRL 5, 55 =1, &) =1
Ry, IXERIN3IDES12h5. WAt DK
M DZERERRER PM T O X > 1245,

, P (Sp =
= { o2y W

WZIE, 2—FPPREK Z 12U Tt =2 28R/ L
=54,
ERAERMERIIK 4D LS5,
3 ERAEEHER
AFEEZ1H 3R (FEK) , 1 HEOBNEER

A U=, BB RIS HE S 72 200 i H O 7 — &
R—2EMAT S, BB, BETEIOFT—ZR—2



t=1

IR -
gtz | | | - ,,,,,,
iR T
Pl 51) m11 mi G my 2 mya
* L_Rf t_
gysnms  Pa=R Pl=Rt ptog

Fig. 4: 2258244

DID & F5. RFEEEFEELZV AT LT KD FEEIZ
WZHRNL ZER L TH 5\, ISR %
3.1 BRYLERY AT LDERE

AR AT LOFHIBIEIL, EARDRTEAZD 1 HD
WaAhn ) — &I A%, ¢ X T O iR T
REINERIZIE, BWOWEHiiZ N3 cs S T
W35,

3.2 ERFZE

EROMREMI 2 3 55 D (FREFE, Partial) &, 4
f A & (A0 il DX EEILHEALEFRL (w/o partial),
T ¥ R DT RSN & 47 5 T3k (Random) @ 3 #f
HOFEzZ LIRS 5.

3.3 FEOFEAE & FHMmIEE

ZMROEME, —YDFEIRL 72 EAREZ ik L,
I—YORELD, EFWNIZKINTWE2HET S
728, LRD 3 >0fiEE2 HET 5.

Preference score 1%, #AHARDER L, 2 —PHER
U7 ERTER E DREEL T WA 22 RTEIETH 5. ¢
HMRIZBWT, £H P OSEBRIZEENS, HET
BIFISIA D IDi O P9 (ID DR &, 21—
SRR ) A N LN IDi 0% LY (ID o sy
) 23 ELEZEDTH S, Preference score 13,
RO TEES.

A

172,

ID Max

Z Pi(g) % LEQ)

i

()

KL%, AV Rw T 5477 —FHEREIZHEDO W8
T, g ttROER P oKREaKIZEENS, BT
RIEFIA D IDi O HBER % TV, LT— V&R
WY AN LN IDi O BRI % BED A &
AL, HALEZBETH 5.

T OWERE D, HEER Chu ) =7 U RIZEN
7R & < THREEEMD 2o, 5 Tidkw
UAERRERD RDh, ERZHKRT 2720, {iERo0,
HEMRNID DTy b —DH#i2H#HRS. &Ko
vV —EERILLTFORTEES.

) o

P(g) P(Q)
R S 1 I A
- popsize X T X 108 popsize X T

PR 7 2 — FOREE A B 72, 22—V EEL
A E TV EER L, YIalb—YaviiTols
ZDEFIIE, TRTORIZS V& LTHFAIEED
BEINTNT, I%W@ﬂ@%,g®ﬁ&hﬁA?
TEA R & 72 BAEUA - S8R %, EEIRISERT 5. &
HEERE DFE R %, BRI - THILET LV EHES
Ldbtd, fHET 5.

idMax

2:_

-52-

Transition of Preference score (n6)

|- partial
—e—  w/o partial
—e— Random

Preference score
2000 3000 4000

1000

0

—r1 T T T 1 1 T T1 T T T T T T T T T T T 1
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Preference score
Fig. 5: Preference score D#ER

Transition of KL (n6)

50

"]~ partial
—e—  w/o partial
_|~* Random

40

KL
20 30

10

T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fig. 6: KL & D H#EF

3.4 EREREER

BFEZNTN 8 HDOWERE IZERET-o-TE L -
7z. 5 (2 A FEIE D #ER#E O Preference score Y1 %
%T.HGK%@&@W&%@KL%W%?%%%?
X7 IZ&EEOWBREOT Y vu Y —EHERT.
B, TVIRE—DF 7D agent FHZ 39 [A]> I 2L —
VavEiToEEEERT.

Preference score %, Partial D FiENR L, ATk
OAEMENREBINTWS, L, KLERRIZw/o
pMWﬂ@?EﬁE< 7z, YOFiED, HARED

WZHEL R AEARH L. Ik, MR EE -7
ﬂ@f)’, I—PBIRER ) A ML - TW B4,
DA—PRFEOH) A b, EFMOID LA NS T A
DA% WA T, TORMIZEELNEN 72\
ThdLEZOLND. BMIZHBESEEDOHIIHETH S
Preference score % & 0 HWYJIZ 1 —HF DG DEAIZE
HINTIZ, FEORIZRETVWS. M8 ﬁﬁ@
BRT, 2=V OREIPEAL 2RO, 21— R
SE) AN, EHOID E AN T LDA A=V X%
m~UTz.

4 F&D
AEEREALEE L, BRI 2, AFICEES
FHETHS. .&ﬁﬁf‘aﬁa&(@ KETDPHE LW - AR T H o 72

METHRMElT 2 ZehnTE, ANHEEZEZRDAD
ZEMNTEEH, =PIz U TOEHEDIKE WEE
Nhb., £z, ZLOWETIX, BoONMEHN, 21—
FOLELH D o720, FRIITDONET VT —1
2=k 0, EWRNRERMNERHMIZ L TWa. KifFET
@,%ﬁ%%%ﬁb,z—%®ﬁm%ﬁ%ﬁ&t.i
7z, KRFEEOBEMWTMZ1TS 720, TENRIEEZ
E#L, BECHEDWFHliZ T -7z, BT X 24
REWFEz, HRE2EDZERTT, 2T OHANE



3 T tano ninomiya —e— takatsu
o honda maruyama honda
S % matsudo ken —e— agent
w
<
5%
g .
3 L O B B B B B SO S B I N N N S |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Generation
Fig. 7. T b0 ¥—FHEDOHER
Z— PR .
"
HHIEY 2 1 R
4% Histgram Histgram

Transition of Ei py average (n6,

A A

ID

N

ID
A
M1y  [Tedmn,
ID ID
A A
EK B
/D D
il
o B

Fig. 8: 2 —¥#HRRE ) 2 b LIPS RZ 2521 —
Y OUELF DZAL

fELTU o560, REOHIMEDORE 2175 7.

HhE FEEROBUIHIRE 25 2T o 7 BRI I
2UET. £/, BT — X284t L T 72 & 572 Eat Smart,Inc.
G EFE T,

SE Xk
1) AP ABARISHRAEMZ AL : LB~ R

2)

3)

T o H1E HEEE, 114/122, mfURFAAE, (2010)
S E E], T REEFREE © A L ZHEALERIZIE D KB LWVl
ZT LT XL, RIS 2ASTHR S (MPS), #0%
T 7L & RS, 1998-44, 31/36 (1998)
HARFRR 7 A IV ZECBEARI T L T ) A 22815
RORTIEIC £ B AEL DB T 5 52, HfEs
15 AARKBENHR Y 7 ¥ « #4255« journal of Japan
Society for Fuzzy Theory and Intelligent Informatics,
20-5, 791/799 (2008)

-53-



BEMcKkB7 7

VAHBETIVDIRELZTDOMEE

OBIZEH CRERYE)

Proposal of new fuzzy inference models using OR operation and its properties

«Hirosato Seki (Osaka University)

Abstract— This paper firstly propose a fuzzy inference model by using OR operation. Moreover, an OR
operation type fuzzy inference model with weights are also proposed. The proposed models are equivalent
to inference results of minimum decision rule based on the rough set theory. Finally, the properties of the

proposed models are shown in this paper.

Key Words: Approximate Reasoning, Fuzzy inference model, Rough set, OR operation, Equivalence
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Mamdani W7 7 ¥« #imOBERE AF— LIV YV
RESEE OFIEANEH U LR, MLETETTI7I0
HEEmOMIZE LI TbNTER Y.

Mamdani D7 7 ¥ 4 #HEFRETIV D RBOE - B
HOET)IVIRED IF-THEN B 7 7 ¥ ¢ #EGET IV T
&, mifEEBIC AND HREZHWTWAD, 1DTH
JERNE B, TOHANCHT AR 0 &
ToTLXES.

—77, REIC R INEAE R E S50 E & A3
TREIV—IV L%, RwNIEIL—IV) e Bl
925 LT, I7EGIEDGENISHS 29,
TG G T— 27205 5, MUNIE)V—)V 7z il
I3 LIcKOFEERMOBRLS T EMNARETH S T
s, T7 Y )=V KB NREIL— IV DR
FAREICT AT LIIEHICEETHS. LHMLEDD,
FINFE IV — VLIS O I —IVIEE T LWz, i
DT 7V 4 HHETIICE T BT 7Y 2 )L—)L 2 {diH]
T BHBICE, FEFRNBG EAREOBRNECS. D
L&@ —fRIIFTRTDT 7T ¢ )=V Vi

@71/4% N TN ) =5 A O ek
%%%bﬁem&m

L7z o T, AR TSR OB Z -V
72 OREERI 7 7 ¥ o Y ET IV RIERT S LIc K
D, BUNIEIL—)IL & EliAHERERNME O NS T b
R, iz, OREEMR T 7V ¢ #EFmE T IVICEH
D7 LTzEAMTE OREER T 7 Vo HesmET IV E
RET 3. KAEFIVEEREIIC, EHE0LTHT EIC
X D RwINRE I — )L & E MRS RS SN B T &
ZRY. B, EAE 0,1 THAEE, MUNE
W—IVLAN DIV =)V, ThbE, MNREIL—)L 72 E
HId BBICHIRE NIV —)L 2RI L CildT 5 T &
INTE S, HEROBUNIEIL—))VTIFESNEn

WEEMES N T IOV TE S KT 5.
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2.1 T77IVHRETIV
ARBEBTRRENE T 7 o #HET IV TH S Min-
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IF-THEN )L—)L RS E N 5.

Rule R; =

{
(1)

T T T, x,29,...,0, SHIFEH O A T2 %,
AL A2 A BT 7Y A, B, BRI T
VaEGERT. Fhi=1,2,... . M THY, MIIH
RlOzRT. 58, BRIFTEOT7 7185 B, B
MEucEE M2 SNiGE%E T-S#HERTET LS, @
ICEEMZ NG AEERIET 7Y « st TV 9
&,
2.1.1 Min-Max-ZEHETIV

AHiTIEE T, Mamdani OHERTETILE LTHISBN
% Min—-Max—8.0ETIV D ICDOWTEAT 5. Min—
Max EOEFILORAER (1) D& SIC5Z 5N5.
AT 429,28, a0" T 7TV )= <AL A7
A?—eB”ﬁ%ﬁﬁht%b@%w#%B%ﬂ[@)
E2icH5z26Nn% (X130 .

HIPEER AL, A2 AP ANATT “a, 29, ...
AbNicb &, TOWAEKE h; &

r1 is A} and x5 is A7 and - - -
—yis B;

3 n
and x,, is A}

, %,775\14?’_

hi = min{4; (21), A7 (23),..., A} (a7)} (2)

DEIICHEAENS. LI >T, ZORRIOHAEGmS

1 y

Fig. 1: Min-Max #.0ET )V
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Bi(y) = min{h;, B;(y)} (3)
DEIEL T EMNTES.
K (1) Omi&Hemti R B’ & By, B, ..., B}, &

Fmax THiBG I A LICKDIBETLENTES. 974
b,

B'(y) = max{B}(y), B3(y),- -, By (y)}

Li5%.
fERwfi R BT 2 &E yo EATDK DI B’ D
HLVERDD T LICEDIFENS.

(4)

" /y-B’(y)dy
/B'(y)dy

2.1.2 KHHE-ME-BEOLETIV

TICAHEITE, B IE-EOETIL S 5610
DNTibRS (K22 . REE-mBE-EOET IV
DOFIANE Min-Max-HELOET IV EEREC, K (1) TH
ZbN%.

AT 4a9, 2y, a0 e T 7T )b—)b “AL A2
A? — B;"h BI85 NI HEEmiE R Bl/» IV END RS
WkdEN 3.

RIS “AY, A2 AP A AT “al 2y, ... 20 i
ZAbNicb &, TOMEE h ZLLITOXIITKRDS
ns.

hi = Aj(a) - A3 (29) - A} (a) (6)
T IIMBEZE®RT 5. LI > T, TOH
TR B LI FO LS IcEhN5.

Bily) = Aj(a})-- A}(a)) - Bi(y)
= hi-Bi(y) (7)
X (1) Omf&Heimni Rt B’ & By, B, ..., By, =

B (+) THBT AT LICKDBETENTES. T
THb,

B'(y) = Bi(y) + Bs(y) + -+ By (y) (8)
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X--d --b SN B
E X ) X, y
X X l i
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b
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L%,
HEFARGHR B DIRERIA yo ZFEEICKDLLNTRD
HTEINTES.

/y - B'(y)dy

/ B'(y)dy

Yo

2.2 ST7&4523)

2.2.1 &l
HmONRE RS 2ESE U, U FOEERRE

R&9%. UDRICKBFEMEH [2]g (&, FMEBGR R
DE ETHWICKAITERVRREELEDT. HOES
XCUWKHLT, RICXD X OTFEMR.(X) MU E
ERLR(X) BLLFOX S ICERSNS.

R (X)={z €U |[z]r C X}
R (X)={zeU|[z]lgn X # 0}

(10)
(11)

FERLE FSREOX (R(X),R* (X)) Z X DT THE
BLEMTS. X DT T7HEER, EEOUZBROELT,
X O EFAANSDENUZEDT. R(X)E X \D
IRIEDEED L < IRWHROES LIREN, R*(X) &
X ICIRET 2[R D H 2 MR DEE LR ENS.
23 STEELRER

PYERIT (U, CUD,V, p) D 4THMATEEINS. TTT,
U IHRROESE, CRBEMTEMNES, D 3EEMES
TH5. VIIBEBHEDES, pldUxC orDMSV O
PANDEGZRT. £ 1ISREXRDOHIZRT. DX
6 ANDiEFH (Patient) DG Z8HE (Headache : LA H),
YR (Musclepain @ BA#% M), {Aifit (Temperature : B4
% T) SR (Flu: L& F) 2RI L Te 77— 2T
36% U= {(El,xz, ...,LCG}, C = {H,M,T}, D= {F},
V = {yes,no,normal high,very high} Tdb 5. X{5D
AW pEDOPET T A Dy (k= 1,2,---,p) IZ57E]
TN T s L, FFEMEOENES AC CITED
&, JRET ZAD NI, FELERO K S ITER
INs.

Au(Dy) = {z € U | [z]a € Dy}
A*(Dy) ={x €U | [x]AﬁDk#(Z)}

(12)
(13
722U, [2]a ld AIC KB MG 2 DR ZRDT.
1BV T, REKTHL2EEDES Dy
{21,729, 23,24} EMETHEVEETDES Dy
{zs5,26} £ 9%. £z, A {HM,T} 9% &

Table 1: EERDH

Patient | Headache | Musclepain | Temperature | Flu
1 no yes high yes
To yes no high yes
x3 yes yes very high yes
T4 no yes very high yes
Ts no yes normal no
6 yes no high no




A*(Dl) = {$1,$3,$4}, A*(Dl) = {.1‘17.’1?2,,@3,1‘471'6},

A*(Dg) = {1‘5}, A*(Dg) = {$2,$5,£L’6} 75‘\?%"5“%
RERICHET BB L L TRRITRTIALIE

ECVA(D]C) z‘:iﬁﬂio)'ﬁ'yA(Dk) b\%%éMTb\% 10).

_ [A(Dy)]

aa(Dy) = 4" (Dy)| (14)
_ [A(Dy)|
7a(Ds) = =5 (15)

IX| IS X OBZEBTHS. as(Dy) BIEMES A
ICKOPIEDT T A Dy, WEDRILEUTE 50720,
va(Dy) RBMES A OISR K DYES 5 2 Dy, 5
EDOREDERENIMEICHETE 5072 RL TS,

% 1 LCBU\T, D1 = {1‘1,1‘2,1‘3,.134}, D2 = {1‘5,336},
A = {HMT} £3%&, aa(D1) = 3/5 = 0.6,
va(D1) = 3/4 = 0.75, aa(Dy) = 1/3 = 0.33,
va(D) =1/2=05 L7x%.

2.3.1 REREREIL—IV
WERIT, FHEEIEOMICHT 3 PE B %R
THRENL—IVEEZ TV, FlZE, %108 217

~

[H = yes] A [M = no] A [T = high] = [F = yes]

55—V, 9B, [HENH D, MREIEL, 1K
ENETNE, RETHS] LWV REV—IVERL
TWVW5.

RENV—IVA =T OBZFET 37201, XDOX

IBIEENEZ SN TV S.
YN
Cer(T' | A) = N (16)
Cov(T' | A) = 'FG'A' (17)
TAA
Supp(I'| &) = (19)

Cer(T | A) ZREEELIN, ZO)I—)ILEDRE
IELWHERLTWS. Cov(l | A) IZHEBRE L FEEIN,
Z D)L= K D # T 23 T E 0508 & 2R
LTW5. Supp(l' | A) IZFHELFEN, ZD)L—
W1 S NEMBRDMEN H T2 2R LTV S.

F1CHBWT, A=H=no]A[M=yes|, ' =[F =
ves| £ 95 &,

|21, 24 2

Cer(l' | A) = ———— = — =0.67
er( | ) |x17$4,$5| 3
2
Cov(l | A) = 0Tl 20

|$1,$2,3337334| 4

2

Supp(T' | A) = 21, 4] =-~(.33
|1, 22, 23,24, 75, 26] 6

L%,
2.3.2 SI7EBICKBHFER

T T TR, RERICHIET B MUNIEIL—)V 72 g X
TEHT 2 HETHIRETINCDONTIERS. RE
£ (U,CUD,V,p) W5a2b6N-bE, EEtsEs
B C D OJFHEICHEDE, WNROEED p HOPE Y
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FADL(kE=1,2,...,p) IKnEIENETE. Dk
&, WEY T A Dy IS CTREITHID (4, 5) Borid=X
(19) DX I ICEHRINS.

M} = {(a, p(a1,0)) | pleia) ple;,a)}
i€ K ={i| 2 e CUDy)}, e Ky = (i | oy £Di)
(19)

T T, L(M]) % (i,7) o DEROHRBM & 95 &,
X (20) TR B O FIMEEHER Z kDL, s
SN 2 € Dy, ZELEMEOES DN IEL—IV
DML B.

(20)

VoA L)

iEKT jEK,

DK TS NTOREY T A Dy [ DWTT
ZU3, PUERNICNTET U NRE L —)L D g X TH
RDENB.

%% 1 bC;FSb\’C, Dy, = {$1,$2,$3,$4} L bei%/El\, H&
EYZ T A Dy OPRGEFTHINIA T DX 51275 %.

Te

[T highy}
{(H,yes),(T,very high)}
{(T,very high)}

X (20) &b

VN cof)

€K ek,
=[T = high| A ([H = no] V [M = yes])
V ([H = yes] V [T = very high]) A ([M = yes|V
[T = very high])

(IRTN|YAT):
{(M.yes),(T,very high)}
{(H,no),(M,yes),(T,very high)}

T
x3
T4

V [T = very high]
([H = no] A [T = high]) V ([M = yes] A [T = high])
V ([H = yes] A [M = yes|) V [T = very high]

CHUTED, RITRT rl,r2,r3,r4 O 4 DOREIL—
IVMELNS.

r1 ¢ [H=no] A [T = high] = [F = yes]

[
ro : [M = yes| A [T = high] = [F = yes]
r3 : [H = yes] A [M = yes] = [F = yes]
r4 : [T = very high] = [F = yes]

MEMEZEELET77V0#BETIVO

=X
el A, R1OKSHRERET 7« Ham i
Ads2e%2EZ%. COLE, £1EZHILEZV—
VT 2350, Patient 2o & 6 DX DI, 29 &
xg DA TEIE Headache is no, Musclepain is yes,
Tempareture is high &[@] CTH 2 DI L, PEEME
35875 %. COXSBFEZENET—2 20T
B, TREBEMEILNRWIEEDNZLFET 5. C
DESBFERZFAET—ZH LT, 2.3.2 TRT &
57T TRBIC KB NIENV— V2 lVg T Lic K
D, FEZGE T L& KEEO RO R 215 5N



BT ENHBNTVS 23, LM LEND, —RiNk
T I q R AWTEEE, 77 Y 1 b=V ORI
AND THEIENTWVWB 728, 1 DDA TEIEFRNE R
555, ZORAOBEEEIZICE->TLES. L
oo T, — kN7 7 4 =I5 XTD)—
Wi WG E, BuNREIL—IVD X S I /RiEILV—)L
D& THEERIIESENENT Ebh 5.

DT D, KETRERRIEIL—VITHIGL, 1D
DLEIERS NS & - L LT HERERNME B NS
7281, AND {977 OR EICE A it 2%
Lz 7V ot TV (L%, OREERIT 7 ¢
HERTETIV) OIRERITS. ORHER T 7V ¢ #HEimTt
FTIVDT 7Y 4 )—)VELL RO XS Ic5EZ56N%.

Rule Rz =

xyis A} or xyis AZor - --
— yis B

or x, is A7

(21)

2T T, x1,29,...,2, WEHIFEFR DO AN JTZ £,
ALAZ AT BTV ER, B BBEAET Y
VaEEEET. Flhi=1,2,..., M THH, MIZ
A OK B2 2T
A1 a2y, 2l T 7V b—)b “AL A2
Ar — B H1E5NT OR BT 7 ¥ ¢ T T
VOB HEGRRR B ZLFO& S Ik BN 5.
WIS “AL, A2 AW ANAST “a9, 29, ..., 207 VG
AbNicLE, OR THAEINTWVWAS T D, Z0O
WA h ZATOX S ITkdENS.

0»

hi = Aj(af) + A7 (29) + -+ + AP (aD) (22)
CTT B z=E%d 5. Licho>1T, Zoif
SR BZI T O & 518N 5.

B

i) {A}(29) + - + AP (a)} * Bily)

hi * B;(y)

- (23
T T T, R« A min #HEZR ED t-norm &
K9 %.

X (26) DRGSR B & B, B, ..., By, %
max (R ED t-conorm, &5 WIEIAELRT (+) THS
THILICKDRETENTES. Tixbb,

B'(y) = Bi(y) * By(y) * - -~ x By (y)

L%, T, HEE X t-conorm, BB WA
RS B.

HesmAE R B DR yo & min-max FOETILR
REFEINE-EOTETIVERFRICLL R TROZ T LM
TZ5%.

(24)

yv_/ylﬂw@
(/F@My

—filEe LT, K 3IREFT-Max-E.OTTIVDGED
HEGmIX %159

(25)
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Fig. 3: fREFI Max F.OETIVOEED OR HER
T HEERETIV

4 OREEEI7IA#HBETIVOME

KBTI T 7 ¥ o HEROZEMMEOBUSH 5 OR HE
BT 7 O 4w T T IV ORI RS .

FZLDIRLITDE ST T 7 ¥ o HESRm OS2 T 5%
LTW5.

EH L2 EEOANDGZENLE, 2DDT 7
VA HERETIVOHERERNELVET S, Ok ¥,
2D0DT 7Y 4 HHETIVIEEMTH % LIFES.

PERD AND BT 7 2 ¢ Hedm ClERIHERAY AND
EHWB 728, 1 DTHIEFMIREISZ-> 2551
ZOMAMN 01 >TLES. LED->T, HtsE
EZlLE, STHEEDX S BRUNRELV—ILDX S
TRRABIV—)b & M HERRAG RIS S .

—J5, OREEM T 7 ¥ ¢ HEdmTl&, wifhEE Lo
FIE (22) DX S IThEZRAWS 28, AS1&ib—v
DM TIEFNHENR 572 LTE, FhLSOE
DEMET % &Ik b RIBIV—)V L EFEOFERZE
BT LENTES.

¥z, OREEM T 7 ¥ ¢ Heam T T IV IEF NI S
DAV TRABILV—)IL & i fHeimfs G5 hb c e 7z
EZIGE, BiERICEREAINL, KIEERIT DV
TREAZ0LTEHENEZILNS. ThDB, §i
I UCEAFT 2175 OR HER T 7 ¥ ¢ #HEdm
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Analysis Method of Phase and Period Sensitivities in Rhythmic Phenomena

«Y. Mori and Y. Kuroe (Kyoto Institute of Technology)

Abstract— Sensitivity analysis is fundamental and essential in analysis and design in any system. This
paper discusses a method of sensitivity analysis of rhythmic phenomena which are found in various systems
such as physical systems, biological systems and human societies and so on. Sensitivity analysis of rhythmic
phenomena is very difficult because rhythms appear autonomously as periodic phenomena in nonlinear
systems and only few studies have been done. In this paper we propose an analysis method of phase and
period sensitivities in rhythmic phenomena. We first give the definition of phase for periodic tra ectories of
nonlinear systems and derive a strict expression of phase and period sensitivities by introducing Poincaré
map. Based on the expression we derive an efficient computer algorithm to calculate phase and period
sensitivities by intruducing sensitivity equations or ad oint equations. It is shown that the proposed analysis
method makes it possible to obtain both the period and phase sensitivities accurately.

Key Words: Rhythm phenomenon, Period sensitivity, Phase sensitivity, Nonlinear system, Poincaré map,

Sensitivity equation, Ad oint equation
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T %(b(tmw%,p) & %WT, Ty, p) %, FEFEAFERX
ERHWCHET D HEEHHT L. FTHANKZD
Wil t., 2 ROZVBERH D, ZIUIRO I HIZLTK
5. §RLL, FIETHALZ=Za— b IkIZE Yk
Fo/RT v Vi & JHHED R K @, = HIHR
RBELUTQ)XEM< Zeil&) AMHE o(t, 2., )
MRKEZDT, ZHH(7) REMWMETHHLE LTH
%%%E?éﬁﬂamﬁﬁié Z DML ¢, LR T
%:ﬂam 25 0(ter, Trg, D) & F56(T, T, p) BT D
ﬁ&bé EMWTES.

i’d‘“, %(b(T, Ty, P) ZRODFHEERT. z,(t) =
%¢@wwmt£<t,@§ﬁ&ﬁ

%z;n(t) = %f(qb(ta x'm’p)’p)zp(t)
0
+ gpf (@t ), 2(0)=0  (26)

BELLZENTE 9. 0 < to, < T HBEDZEOD
T, ZOREHER (26) 2% T FTMHZ LT
%qﬁ(teww%,p) bt %MT, Ty, p) DIEKRD 5N 5.

—H, BEEARAZEAL TRODIGEIIU DR
22 0. Az, ZEAL, (26) ROML L
AfEE LD, X517, *ﬁt& K, = E AL THL
Iz <zp7up>%7JDZ.%> IDLE L <z 5, >=<

4 e 7zp>—i-<zp,dtzp> AN D RVAS NP <Df

Zpis 2p >=< 2p,, Df - 2, > WD LD LITHEET
% &, BREHIZIRADEOND.
d
<zp1,dtzp+Df Zp + Uy >
. 0 , . d .
=<zp,i,up>—<a—p_f,zp>+%<zpi,zp>
(27)
22T (27) RDABIZERL
d
pred z2,=-Df -2, — 1, (28)

YEE, X5 2,(T) = 0, a,t) = e;0(T) LB F,
2, (0) = 0 B 2O 2 LITHE L THLE (0,T) O
KECRA TS 2 L TIRRZEL 2L NTEB.

o, = | "<

0 N
aipif, Zp > dt (29)
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PEIRERIE, DITORIZES.
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(30)
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L.
ﬁﬁubf,%%ﬁﬂﬁéﬁxbfgwamx%m)
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MAZFHETL L TRDEND.
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ML 2N, BLXOAAAT 72 —=IZHDAEN
PALERY IV M N ENRE UTHREEE2H
WCREMRIT 217 5. BBIZ, EERY AT LADREN
BYZLBEED—DTHDAY ZLDETIIZHL
REEEZEATS. BB, RAOHIINEZ DEEN
FRMTIIZIZSR D S5 NZRND T, EAHELUZ > TRD

FIRE L IREFEOBR LR TS Z 212k 2DMERE
% Gl 5.
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L2y (t) = pawi(t) — praa(t) — (23(t) + 23(t))z1 (1)
Saa(t) = praa (t) + pawa(t) — (23 (1) + 23(1))w2(t)
(32)
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p=[1010]' 52595, ZOYVAT LIE
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= [/p2 0] ZHIHIIRTE L 9 B fiRI%
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NDOFELOEZ DA% top1, tevs, F2TIODML
% 6, b T3, TITlE, 0Ok IDOMMHEEE

o, G wRkDB. ZOmE, HROBIBHL, B
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3

B B R I 63%1 _ {

4p 0i| ’ tev2 @p L:BE
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DEOITHEAUBEER KD, £9, K7V h VI
Y% o(x) =20 =0&UT321HTHHELZAHIEIZ
V) AMEDRT VA VB S & DR x.,, &
T %kdd &, ., = [1.00000 0.00000), T = 6.28319
Li3on, 72, ten = 2.35619,t0, = 1.57080 & 15
57z, Table 112, THHIZx0 UEERIEZ @A UK
JE% RO 7FER L RITNIB O N Bl EZRT. 20
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Whnd.



Table 1: Values of sensitivities for the periodic orbit
of (33) obtained by using the proposed method and
their true values

. Obtained values

tScnt51— Sensitivity Adjoint Trlue
vities equations equations values
% —6.28319 —6.28319 —27
S 5.37288 x 10~ —1.98213 x 10~ ! 0
It 3
60;111 —2.35619 —2.35619 —3z
ol 2.50500 x 10~° —1.54378 x 10™° 0
Bleuz —1.57080 —1.57080 -z
atpl 9 9
el 2.03079 x 10~ —2.78651 x 10~ 0
% —1.31744 x 108 3.45821 x 10~8 0
% —5.26239 x 1079 | —1.54342 x 10~° 0
% —1.30390 x 10~ 7 2.38635 x 107 0
% —1.14014 x 1078 | —2.78627 x 10~ 3 0

4.2 RERYIv SFAIILDH
Rossler System & IEENDIRATRIND Y AT A
10) 2545,

Ly (t) = —aa(t) — 3(t)
Lo (t) = a1 (t) + pra(t)

Las(t) = p2 + z3(t) (21 (t) — ps3)

:@yX%ALi, /\05)(—‘& P = [pl P2 pg]/ OD,ﬁEL:J:
D, WAAZFRETLZZEMMONTNS 0, 22T
WETIOVATLDRERY IV YA 7% k5%
LF5. NI A—-KRpEp=1020226'2L, K
TYAVEEY % o(x) =23 —-1.0=0%0L, 321
HTHMHUZBECEY, AEPEDR T > A L Wik
S EDR R, LAMT 25kd2 L, ThTha,
[4.893635 — 0.8806169 1.000000]', T' = 5.755597 & 1%
b7z, Fig. 11RO SN FMHEZ RY. F/z,
ZOrXI/BLNAEY AT DY(T, ., p) 1,

(34)

0.5442572  0.8590171 —1.646925
D¢ = [0.9554855 —0.05122281  2.034469
1.007236 0.7306589  —0.3340546

T, ZOMEA I, [1.000000, —2.663039 x 1076,
—0.8410176] T o7z, L7zA>T, kb b7 I
WEZRERBRY) IV NI AN THDLHHTESE., ZDY
Y M I ENHRE LT, BuEihie, =202485%
WOHERLNEL D L E, T48DH & (x,p) =22 — 2.0
UL E, BIU Las(t) =0 882 L0 5 HLH
HELBEE, TH8DL Ep(x,p) = 21(t) + pras(t) &
Uz & EOMMD/NT A — S Gu BEU G2 %
REFEZEDRDDZLIZTD. BE, tepr, 01, tev2,
Oy I EZNTH, ter = 0.8496555, 6; = 0.9275393,
tevo = 1.343512, 0 = 1.466666 LG5, £/2Zh
5 DK 2 fRITIICRD B DIZNEETH D DT, HE
EOFERDOFZ UM A MGET D 72012, ZMmELUuz &y
KOIEE L KT 228 12T D, pi=1,2,3%%
NTN Ap; = 0.001 ZFEALX B2 SOFM T &K
T YR VWE E DR &, & 3.2.1 HTHHAL 2 fik
TR, BBEORHE Y 2RkDD. Zhdk) 5D
KA 0, § = 1,2 Z3Rd, TALOMEZIIZLT, KR
CRAHBE DTS S, j = 1,2 2 RS,

AO; 0, -0,
Ap;  Ap;

i=1,2,3,j=12 (35

-65-

X3

-4
-3 2 I
07

2 4
X 3
1 475

Fig. 1: Obtained stable limit cycle of Rossler system
(34).

Table 2: Values of sensitivities of stable limit cycle
obtained by the using proposed method and the dif-
ference method

Sensi- Obtained values
tivities bensﬁc;Vlty Adj o‘mt Deffernce
equations equations method
5771 —2.63884 —2.63884 —2.63678
% 0.991910 0.991910 0.989833
5)77; 0.0644745 0.0644745 | 0.0644700
6537“11 0.928815 0.928815 0.920609
6;‘;’;1 0.162657 0.162657 0.161540
6;;21 0.154795 0.154795 0.154752
85;12 0.325562 0.325562 0.318881
0;,‘:;2 1.06763 1.06763 1.06561
0;;’3’)2 0.0695680 0.0695680 0.069558
% 1.43921 1.43921 1.43058
% 0.0177167 0.0177167 | 0.0168287
% 0.158594 0.158594 0.158547
5a2 1.02784 1.02784 1.02050
% 0.912734 0.912734 0.910900
% 0.0595153 0.0595153 0.059505

HROMZ DL T 2 B 3 E Ao &S D BUE
Y EBEIZRD S, Table 2 12, B EICkDskdDSN-
fEREZRYT., ZOMEIY, BEEITEY) BEITRE
WRODLENTNDZ N5,

~
~

1,

4.3 FREMRYIIv bFATILDH

FIZEIRARZ L HIZ, (34) ATRKI NS Rossler Sys-
tem [IAAAERKET DN HD. & ZIFINT A—
ApZp=1[020258) 5L, YATAXFig. 2
RS EDIBANAAT NIV 4—%2ED. 2T
DHFAT NT7 72 —=IZHDIAENT WD ARNLZERY
IV MIA oV ENGETSH. £IT, 3.2.1 HTHN
ULAETARLZER) Iy v ANV ERDE. KT
VAVWIHZ o(x) =21 —70=0&9Fd&, VIV
NFAZIWERT VA VWHEDRER xy, & T
DB ZTNEN @, = [7.000000 3.245391 7.073312]',
T = 5.883814857 D L HIZBF LN/, BoNnzY Iy
Mo Z)0V% Fig. 3ITmR9. /2, ZO& /LN
=Y 2175 Do(T, x.,, p) 1,

-
PR

—0.4955839 —1.771688 —0.2164725
D¢ = | —0.04617354 0.5178315  0.3696711
3.666980 7.742870  —1.461715
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Fig. 2: Chaos attracter of Rossler system (34).
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Fig. 3: Obtained unstable limit cycle embedded in the
chaos atracter of Fig. 2.

T, TOMEAMHIL, —2.439468, 3.647235 x 10712,
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UT, B2 23(t) —7.0=0 820D HEMNED
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BEU Lay(t) =0 L RBEVIELIELH S, F
BHB Ep(x,p) = p2 + x3(t)(x1(t) —ps) ELIEE
DRI 01, 03 DIST A — K & ‘?,—g; B0 ?,% %3k
5281293, BB, te, tews, 01, Oy IZTNFN,
tepr = 0.2274579, teps = 0.1108945, 61 = 0.2428969,
0 = 0.1184216 £ 155 7=. Table 312, REEIZ L -
TROONFZEEDIEY, ZHELUZ X D E SN2
EDMEZRT. D Table &V, REEIZX Y @EYIC
EEBRDENT WD Z EB05.
4.4 aoTaoNTIOEBE) XLDH

T, ERVATLAOMBEY) AADOWHETLL
EYHITENTVBRRATRINSG Y2y YayNT
OWHY) ALZNELT 21D,

d _ p _

sri(t) = 1+("2(i§;"”)2 pntl (t)

Fewa(t) = () — PR — pera(t) (30)
7= 1+ 1+8p7Z2(t)

ZDYAT A, NTA—=R%E p=[p) pa p3 pa Ps e
p7 ps Po)/ = [1 0.1 0.5 10 0.03 0.1 200 0.1 0.05)" & L
7 &, W24 RHEOEBHEZ S D, KT VLV E
% o(x) = 22(t) —20=0%, L, 321 HTHHL -

-66-

Table 3: Values of sensitivities of unstable limit cycle
obtained by using the proposed method and difference

method
Sensi- Obtained values
tiviti Sensitivity Adjoint Deffernce
tvities equations equations method
= —1.55353 | —1.55353 | —1.55069
% 0.527629 0.527628 0.526560
2z 0.0270276 | 0.270277 | 0.0271797
sl 3.40010 3.40010 3.32181
el —0.817278 | —0.817277 | —0.821047
ol 0.0110913 | 0.0110912 | 0.0110201
T2 —0.351816 | —0.351816 | —0.350368
o2 0.187190 0.187190 0.187067
Tewz 1 _0.115731 | —0.115731 | —0.115695
ook 3.69502 3.69502 3.61225
ook —0.894533 | —0.894532 | —0.898434
ook 0.0107284 | 0.0107282 | 0.0106524
% —0.344429 | —0.344429 | —0.343030
oz 0.189276 0.189276 0.189150
2% —0.124130 | —0.124130 | —0.124091
pP3
35
3t i
25 i
2+ i
X
15 .
1+ i
0.5 i
o 1 1 1 1
0 0.5 1 1.5 2 25 3
X1

Fig. 4: A periodic trajectory of Drosophila circadian
rhythm (36).

FEIZEY, VIv A2V EEHEDRY V7
VI B & D% 2, LB T 25k0DB L, ThE
M, = [2.133354 2.000000], T = 24.20420 ¥ 54

7-. Fig. 4 i@ oNn7z) Iy Mo 2V ERT. F£z,
ZDE FII/OENY AT DH(T, x.,, p) 13,
Do = 1.570873 0.2316894
" | —-3.870568 —0.5708732

T, TOEAMEI, 1.000000, —3.019807 x 1013 T
Hotz. UEnoT, RN~ FEAMMIIZER) Iy
N7V THBEHHTES., 2DV IV A2
WERRE LT, HlEn z(t) — 1.0 =0 LR HEN
LB EE, §8DL E(x,p) =x1(t) —1.0& UL
LE BEU Lo (1) =0E5DRZHENELS Y
F, TRDL Ep(x,p) = H(IZ(ZW —pazy(t) &

U7z & ORI 01, 0, D/3T A — S 90 B LU G2
ZRODIELIZTD. BB, tept, tevs, 01, 02 1FTNT
N, teyr = 7.861385, teye = 16.90535, 6; = 2.040743,
0y = 4.388472 550 7-. Table 4 12, #EFEHEIZL >
THROONZEEDE L, 25ELUZ & YD 1E L7 &
EOEZRT. T0 Table &V, #EHEIZX D @Y
EENRD HNT NS Z N5 nb.



Table 4: Values of sensitivities of Drosophila circa-
dian rhythm obtained by the proposed method and

the difference method

Obtained values

tsizr:tsins Sensitivity Adjoint Deffernce
equations equations method
= 2.53174 2.53174 2.53240
2= —188.158 —188.158 —186.704
2 5.06350 5.06349 5.06557
= —0.0403334 —0.0403327 —0.0402900
o —31.8281 —31.8281 —31.7915
=z —90.9368 —90.9367 —90.3936
o 0.00284568 0.00284567 0.00286000
o 18.1462 48.1461 48.0188
3= 108381 —108.381 —107.108
Tl 3.73801 3.73801 3.73589
Tl —123.513 —123.513 —122.518
Tl —13.4394 —13.4395 —13.4262
Tl 0.770412 0.770412 0.770697
Dl 2.15043 2.15044 2.14849
Dl —2.96962 —2.96960 —2.97969
Dl —0.0177469 —0.0177469 —0.0178720
P 33.7797 33.7797 33.6037
sl —79.5924 —79.5924 —79.0415
e 5.28379 5.28379 5.28043
a2 —193.666 —193.666 —192.400
e 10.5676 10.5676 10.5530
T2 0.162262 0.162263 0.162340
T —30.1974 —30.1973 —30.1747
T —88.2306 —88.2306 —87.7720
o2 —0.00179548 | —0.00179549 | —0.00181000
L 39.1695 39.1695 38.8628
Do —125.598 —125.598 —124.634
ot 0.756892 0.756892 0.756208
s —16.1986 —16.1986 —16.1877
s —3.91568 —3.91568 —3.91160
Tt 0.203392 0.203392 0.203463
P 3.24178 3.24178 3.24244
- 6.89632 6.89632 6.87358
ok —0.00484685 | —0.00484685 | —0.00488100
oL 4.70951 4.70951 4.66531
ok —11.5235 —11.5235 —11.5388
Fo2 0.912592 0.912593 0.911506
FoZ —16.1588 —16.1588 —16.2190
T2 1.82519 1.82519 1.82065
T2 0.0494347 0.0494347 0.0494460
B2 —2.06818 —2.06818 —2.07168
Bk —6.41607 —6.41607 —6.41947
ook —0.000982042 | —0.000982044 | —0.000989000
ok 1.43864 1.43864 1.37938
Sk —12.9536 —12.9536 —12.9914
5 BHYIC
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BLGRENIEREEIR T, TOREA N AL EMHIL
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ARaTlE, EREEHEYATAIIENSE ) X ABS %
Mg UTZDORBEMTEIIOWTEMRL, R, Y
ALDORAEE ST DINT A — 22T 2 EE %K
DB FERRBELE. FOEDIZ, VAT AOFEB
EONMHDOEEE S X, MHEEFITHT /55 A—
KRBT DR R KRB 2N, EENRFICED
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Abstract— We propose a novel Riemannian preconditioning approach for the tensor completion problem
with rank constraint. A Riemannian metric or inner product is proposed that exploits the least-squares
structure of the cost function and takes into account the structured symmetry in Tucker decomposition. The
specific metric allows to use the versatile framework of Riemannian optimization on quotient manifolds to
develop a preconditioned nonlinear con ugate gradient algorithm for the problem. Numerical comparisons
suggest that our proposed algorithm robustly outperforms state-of-the-art algorithms across different problem
instances encompassing various synthetic and real-world datasets.

Key Words: Riemannian optimization, Structured symmetry, Least-squares, Tailored Riemannian metric,

Tucker decomposition

Introduction
This paper addresses the problem of low-rank ten-
sor completion when the rank is a priori known or esti-
mated. Without loss of generality, we focus on 3-order

1

tensors. Given a tensor X™*"2XM"3  whose entries
X} i, are only known for some indices (iy,i2,i3) €

Q, where ) is a subset of the complete set of indices
{(i1,12,13) : 1q € {1,...,n4},d € {1,2,3}}, the fized-
rank tensor completion problem is formulated as

1

min
X cRn™1Xn2xng Q‘
subject to rank(X) =r,

1Pa(X) — Pa (X%

where the operator Pq(X);iyis Xijigis if
(i1,92,13) € Q and Pq(X)iiris = 0 otherwise and
(with a slight abuse of notation) || - ||r is the Frobe-
nius norm. rank(X) (= r = (r1,72,r3)), called the
multilinear rank of X, is the set of the ranks of for
each of mode-d unfolding matrices. ry < ng enforces
a low-rank structure. The mode is a matrix obtained
by concatenating the mode-d fibers along column and
mode-d unfolding of X is Xy € R"a*Md+1mDN1 " Td—1
ford ={1,...,D}.

The optimization problem (1) has many variants,
and one of those is extending the nuclear norm reg-
ularization approach from the matrix case ! to the
tensor case. While this generalization leads to good
results 2 3 4 its scalabilityto large-scale instances is
not trivial, especially due to the necessity of high-
dimensional singular value decomposition computa-
tions. A different approach exploits Tucker decom-
position % Section 1) of o low-rank tensor X to de-

*This work was initiated while Hiroyuki Kasai was with the
Department of Electrical and Computer Engineering, Technis-
che Universitdat Miinchen, Germany.

TThis work was initiated while Bamdev Mishra was with
the Department of Electrical Engineering and Computer Sci-
ence, University of Liege, 4000 Liege, Belgium and was visiting
the Department of Engineering (Control Group), University of
Cambridge, Cambridge, UK.

8

2015 12 18 -19

-68-

velop large-scale algorithms for (1), e.g., in & 7). The
present paper exploits both the symmetry present in
Tucker decomposition and the least-squares structure
of the cost function of (1) by using the concept of pre-
conditioning. While preconditioning in unconstrained
optimization is well studied & Chapter 5) precondition-
ing on constraints with symmetries, owing to non-
uniqueness of Tucker decomposition 5 Section 4.3) =g
not straightforward. We build upon the recent work
9) that suggests to use Riemannian preconditioning
with a tailored metric (inner product) in the Rie-
mannian optimization framework on quotient mani-
folds 1011 12) " Our proposed preconditioned nonlin-
ear conjugate gradient algorithm is implemented in
the Matlab toolbox Manopt ') and it outperforms
state-of-the-art methods. In the supplementary ma-
terial section, we show concrete mathematical deriva-
tions and additional numerical comparisons. We also
provide a generic Manopt factory (a manifold descrip-
tion Matlab file) with additional support for second-
order implementations, e.g., the trust-region method.

2 Exploiting the problem
structure

We focus on the two fundamental structures present
in (1): symmetry in the constraints, and the least-
squares structure of the cost function. Finally, a novel
metric is proposed.

The quotient and least-squares structures.
The Tucker decomposition of a tensor X € R™ *"2x"3
of rank r (=(ry,re,73)) is O Sectiondl)  yx
gX1U1X2U2X3U3, where Ud € St(rd,nd) for d €
{1,2,3} belongs to the Stiefel manifold of matrices
of size ng x ry with orthogonal columns and G €
R’I"l ><T2><7‘3' Here’ WXdV E RTLlX""nd_l ><m><nd+1><-~~nN
computes the d-mode product of a tensor W €
R XN and a matrix V. € R™*™,  Tucker
decomposition is not wunique as X remains un-

15PG0014 © 2015 SICE



changed under the transformation (U, Uq, U, G) —
(U101,U30,,U303,Gx,07 x,07 x30%) for all
Oy € O(rg), which is the set of orthogonal ma-
trices of size of rq x rq. The classical remedy
to remove this indeterminacy is to have additional
structures on G like sparsity or restricted orthogo-
nal rotations 5 Section 4.3)  Tp contrast, we encode
the transformation in an abstract search space of
equivalence classes, defined as, [(U1, Uy, U3, G)] :=
{(U101,U202,U303,Q><101T><202T><303T) : 04 €
O(rq)}. The set of equivalence classes is the quotient
manifold 14, Theorem 9.16)

M/~

M/(O(r1) x O(r2) x O(r3)),  (2)

where M is called the total space (computational
space) that is the product space M := St(r1,n1) x
St(ra, na) x St(rs, ng) x R™*"2%7" Due to the invari-
ance of the Tucker decomposition, the local minima of
(1) in M are not isolated, but they become isolated
on M/ ~. Consequently, the problem (1) is an op-
timization problem on a quotient manifold for which
systematic procedures are proposed in 10 11 12) by en-
dowing M/~ with a Riemannian structure. We call
M/~ the Tucker manifold.

Another structure that is present in (1) is the least-
squares structure of the cost function. A way to
exploit it is to endow the search space with a met-
ric (inner product) induced by the Hessian of the
cost function ®. This induced metric (or its ap-
proximation) resolves convergence issues of first-order
optimization algorithms. Specifically for the case of
quadratic optimization with rank constraint (matrix
case), Mishra and Sepulchre 9> Section 5) propose a fam-
ily of Riemannian metrics from the Hessian of the
cost function. Since applying this approach directly
for (1) is computationally costly, we consider a sim-
plified cost function by assuming that 2 contains
the full set of indices, i.e., we focus on | X — X*|%
to propose a metric candidate. A good candidate
is by considering only the block diagonal elements
of the Hessian of |[X — X*||%. It should empha-
sized that the cost function ||X — X*||% is convex
and quadratic in X. Consequently, it is also con-
vex and quadratic in the arguments (U;, Ug, Us, G)
individually. The block diagonal approximation of
the Hessian of |[X — X*||% in (U, Uz, U, G) is
((GIG{> ®In17 (GQGg) ®In27 (GSGZ?) ®In37 IT17’27"3)7
where G is the mode-d unfolding of G and is assumed
to be full rank. The terms G4G? for d € {1,2,3}
are positive definite when r1 < rors, ro < rir3, and
rg < rira.

A novel Riemannian metric and its moti-
vation. An element z in the total space M has
the matrix representation (U, Uy, Us, G). Conse-
quently, the tangent space T, M is the Cartesian prod-
uct of the tangent spaces of the individual mani-
folds, i.e., T,,M has the matrix characterization 2
.M = {(Zvy,,2v,,Zu,,Zg) € R"*" x R"2*"2 x
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RnaXrs x Rr1xr2xrs s UPgy 4 ngUd =0, ford e
{1,2,3}}. The earlier discussion on symmetry and
least-squares structure leads to the novel metric g, :
T MxT,M—R

gx(fm»ﬂm) = <§U1377U1 (GlGilr» + <£U2anU2 (GQGg»
+HEuys 10, (G3G3)) + (€6, mg), 5
3

where &,,m, € T,M are tangent vectors with
matrix characterizations, (§u,,¢&u,,éus,&g) and
(MU, s MU,, MUs,NG), respectively and (-,-) is the Eu-
clidean inner product. As contrasts to the classical
Euclidean metric, the metric (3) scales the level sets
of the cost function on the search space that leads a
preconditioning effect on the algorithms developed on
the Tucker manifold.

3 Notions of optimization on
quotient manifolds

Each point on a quotient manifold represents an
entire equivalence class of matrices in the total space.
Abstract geometric objects on a quotient manifold call
for matrix representatives in the total space. Sim-
ilarly, algorithms are run in the total space M, but
under appropriate compatibility between the Rieman-
nian structure of M and the Riemannian structure of
the quotient manifold M/ ~, they define algorithms
on the quotient manifold. Once we endow M/~ with
a Riemannian structure, the constraint optimization
problem (1) is conceptually transformed into an un-
constrained optimization over the Riemannian quo-
tient manifold (2). Figure 1 illustrates a schematic
view of optimization with equivalence classes, where
the points x and y in M belong to the same equiva-
lence class (shown in solid blue color) and they rep-
resent a single point [z] := {y € M : y ~ z} on the
quotient manifold M/ ~. The abstract tangent space
Ti)(M/~) at [z] € M/~ has the matrix representa-
tion in T, M, but restricted to the directions that do
not induce a displacement along the equivalence class
[x]. This is realized by decomposing T, M into two
complementary subspaces. The vertical space V, is
the tangent space of the equivalence class [z]. On the
other hand, the horizontal space H, is the orthogonal
subspace to V,, i.e., T, M =V, & H,. The horizon-

Fig. 1: Riemannian optimization framework.



Table 1: Ingredients to implement an off-the-shelf conjugate gradient algorithm for (1).

Vertical tangent

vectors in V, Q, € Rraxra, QdT

{(U191, U205, U303, —(Gx1Q1 + Gx2Qs + GXx383)) :
—Qy,for d € {1,2,3}}

Horizontal tangent
vectors in H,

{(€U1a<U27CU37<g) eT,M:
(Gng)CSdUd + CGdeT is symmetric, for d € {1,2,3}}

U (-) projects an ambient
vector (Yu,, Yu,, Yu,, Yg)
onto T, M

(Yu, — UiSu, (G1G]) ™!, Yu, — UsSu, (G2G3 ) 7,
Yu, — UsSu,(G3G3) "1, Yg), where Sy, for d € {1,2,3} are
solutions to Sy, GG § + G4G,Su, = G4G] (Y( Us+ U] Yu,)GuG)

II(-) projects a tangent
vector £ onto H,

(§u, — U1, &u, — UaQo, u, — Us s,
gg — (*(gxlﬂl —+ gXQQQ + gX3ﬂg))), where Qd
are solutions to particular coupled Lyapunov equations.

egrad,, f

(S1(Us ® Uz)G (G1G{) !, 82(Us ® U1)G3 (G2Gy )7,
S3(U2 (9 Ul)Gg(GgGg)_l,S X1 U{ X9 Ug X3 Ug:) X3 Ug),
where & = ﬁ(’PQ(gxlUl X2U2X3U3> — PQ(X*))

tal subspace provides a valid matrix representation to
the abstract tangent space Tl (M ~) 10 Section 3.5.8),
An abstract tangent vector {;) € Tiy(M/ ~) at [z]
has a unique element &, € H, that is called its hori-
zontal lift. Endowed with the Riemannian metric (3),
the quotient manifold M/ ~ is a Riemannian sub-
mersion of M. The submersion principle then allows
to work out concrete matrix representations of ab-
stract object on M/ ~. Particularly, starting from an
arbitrary matrix (with appropriate dimensions), two
linear projections are needed: the first projection ¥,
is onto the tangent space T, M, while the second pro-
jection II, is onto the horizontal subspace H,. Their
formulas are shown in Table 1. The computation cost
of these projections is O(n1r} + nar3 + nari).

Finally, we propose a Riemannian nonlinear con-
jugate gradient algorithm for (1) that scales well to
large-scale instances. Specifically, we use the con-
jugate gradient implementation of Manopt with the
ingredients described in Table 1. The convergence
analysis of this method follows from % 16:10)  Tf
F(X) = || Pa(X) —Pa(X*)|%/|Q], then the Rieman-
nian gradient grad, f, which has the matrix character-
ization W(egrad, f), where egrad, f is the Euclidean
gradient of f. We show a way to compute a step-size
guess effectively. The total computational cost per
iteration of our proposed algorithm is O(|Q|ryrar3),
where || is the number of known entries.

4 Numerical comparisons

We show numerical comparisons of our proposed al-
gorithm with state-of-the-art algorithms that include
TOpt 9 and geomCG 7, for comparisons with Tucker
decomposition based algorithms, and HaLRTC ), La-
tent 3, and Hard ¥ as nuclear norm minimization al-
gorithms. All simulations are performed in Matlab on
a 2.6 GHz Intel Core i7 machine with 16 GB RAM.
For specific operations with unfoldings of &, we use
the mex interfaces that are provided in geomCG. For
large-scale instances, our algorithm is only compared
with geomCG as other algorithms cannot handle these
instances. We randomly and uniformly select known
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entries based on a multiple of the dimension, called
the over-sampling (OS) ratio, to create the training
set Q. Algorithms (and problem instances) are initial-
ized randomly, as in 7, and are stopped when either
the mean square error (MSE) on the training set ) is
below 10~!2 or the number of iterations exceeds 250.
We also evaluate the mean square error on a test set
I', which is different from 2. Five runs are performed
in each scenario.

Case 1 considers synthetic small-scale tensors of
size 100x 100x 100, 150x 150x 150, and 200 x 200 x 200
and rank r = (10,10,10) are considered. OS is
{10,20,30}. Figure 2(a) shows that the convergence
behavior of our proposed algorithm is either compet-
itive or faster than the others. Next, Case 2 con-
siders large-scale tensors of size 3000 x 3000 x 3000,
5000 x 5000 x 5000, and 10000 x 10000 x 10000 and
ranks r = (5,5,5) and (10, 10,10). OS is 10. Our pro-
posed algorithm outperforms geomCG in Figure 2(b).
Case 3 considers instances where the dimensions and
ranks along certain modes are different than others.
Two cases are considered. Case (3.a) considers ten-
sors size 20000 x 7000 x 7000, 30000 x 6000 x 6000,
and 40000 x 5000 x 5000 with rank r = (5,5,5). Case
(3.b) considers a tensor of size 10000 x 10000 x 10000
with ranks (7,6,6), (10,5,5), and (15,4,4). In all
the cases, the proposed algorithm converges faster
than geomCG as shown in Figure 2(c). Finally,
Case 4 considers MovieLens-10M dataset that con-
tains 10000054 ratings corresponding to 71567 users
and 10681 movies. We split the time into 7-days
wide bins results, and finally, get a tensor of size
71567 x 10681 x 731. The fraction of known entries is
less than 0.002%. We perform five random 80,/10/10~-
train/validation/test partitions. The maximum itera-
tion is set to 500. As shown in Table 2, our proposed
algorithm consistently gives lower test errors than ge-
omCG across different ranks.

5 Conclusion and future work

We have proposed a preconditioned nonlinear con-
jugate gradient algorithm for the tensor completion
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Fig. 2: Experiments on synthetic datasets.

Table 2: Case 4: test MSE on I' and time in seconds.

MovieLens-10M Proposed geomCG

r Time MSE on I’ Time MSE on T’
(4,4,4) 1748 £441 | 06762+1.5-10 3 | 2081£40 | 0.6956 + 2.8-10 °
(6,6,6) 6058 +47 0.6913+3.3-10°2 | 6554+ 655 | 0.7398+ 7.1-107°
(8,8,8) 11370 +£103 | 0.7589 £7.1-1072 | 13853+ 118 | 0.8955+ 3.3-10~2
(10,10, 10) 32802 + 52 1.0107+2.7-1072 | 38145+36 | 1.6550+ 8.7-102

problem by exploiting the fundamental structures of
symmetry, due to non-uniqueness of Tucker decompo-
sition, and least-squares of the cost function. A novel
Riemannian metric is proposed that enables to use the
versatile Riemannian optimization framework. Nu-
merical comparisons suggest that our proposed algo-
rithm has a superior performance on different bench-
marks.
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Fig. 1: Qubit neuron model
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Fig. 2: 3-layerd network

SHEE LS WMEISHET 2655 2 — 4, 6, B
HEHE S5 A — & LIREN B RA R LD A\ &R 38
SA—RThHD. £, g() RV IEA REKTH 2.

BETE 272 (8), (9)1F, FhFnEARTS—
MZRGELTWA. X (8) Ik 1 ¥y Mallizsr — Mzxt
JEU, fERD=a—mYETIVORETH 5 %EMNE
PEEAMMHERLIZ Lo TRILTWS. £72, X (9) &
2 ¥y M NOT 7 — MRS L, R (6) 12815 K
BRI ST A — Ry ZAIZIZ Uz R B L 705 10),

3.2 Ry hNT7—UEE

Figl DEFEy h=—a—mavEFILEHWT, Fig2
WRTANBE{LY (1 =1,2,--- L), hiElE {H,}
(m = 1723 aM)’ '—'Lljjj)% {On} (n = 1’27 7N)
D575 3EORER NN 2#8 L, 0 NN %A
BTHD QNN &35, UTF, FEO=a2—0Y# L,
M, N ZMHW\WT 3@#iED NN % L-M-N(D,,) £ &5
T5. D, ld=a—n BT AENRTIA-XOHBET
»H5.

QNN TIiZ, BFMHEKREZHWCEHREZIT 20,
AJME % B FAMRBUCZB L 23 d e 5720, Ko
T, AMMBIOIFHOD=a—mVIiZAhINE AN
fill inputy 1A FITR T R CAMME y] 1Ic£Hish 5.

le =TI input;

: (10)

I T, dinput; 13 [0,1] OEFHDFEHTH D, AJIMHA
1E [0, 7/2] DHEPADAAHE & OBRFIREBIZEImINSG.
72, QNN OHAE O o n ZBHSHE SN D HE
output, 1%, BETHFZOMEMRIZEOIE, TD=a—
0y OFJREE 1) PBIHIS N DHERIZL T

output, = |Im(z9) (11)

thzoensd, 22T, 20 BHENEODnBHHD=2—
oot ITHB.

NIA=ZOFEZG TN IT) AL, BEVIEREKE
(BP) Z2fH L, FEMRE%E U T 2 FTirERBE V5.

| 2



2 FERABABIIIKATEZ 6N 5.
1 KN
Eiotal = B} g ;(tﬁ - OUtPUtn,p)Q

ZIZT, KIX¥EAAX—2ORE, output, , 1 p FH
DAANRR = ZBIFBnFZEHD=a—arhrolh
Indry hU—2 W, 2 3FOHINTRIET %
fifs5Ch 5.

(12)

NIA=ZDOEIIIREFENEEZHWS, NTA—
2 D EHAL,
aE = o g (13)
Apew  — \old _na(f;(gfjl (14)
s = o - ﬁgﬁl (15)

LHEzZoNnG, ZZT, n I 3FEBRBEITEENE T
A—RTH5B 10,
4 B
AETIE, IAARIDO—D>THBu—L Y7 b
Z 7 X ORHIFEZE L T QNN OM:REFEN 2 1710,
WH O NN % & LT QNN O A Mz 57T
4.1 O—LYY7 s394
O—L Y7 o 22Fa—Lv Y ERERICEOV
T, REVEBTEIHIAARINETNTHS. ZDOT—
Lo ARRAIRIRIZERT 3 DO HRERA SRR X 1,
dx

L= oly-a) (16)
Y= w2y (17)
% = xzy—fz (18)

ERBIIND. 22T, =, y, 2 dRHtIzBIT0—
Ly T b7 20REEERT. £, 0, p, flIEHE—
LYY ARBRARDNRTA—RTH 5.

Zou—L Y HRRDNT A — R BREOMIZHE
ETDHIELILEST, ZORBIAARINZRD. HlZ
W, a—VL Y ARRDNRIA—-X%E o =10, p=28,
B=8/3 & ET L, n—LVYYAREALLHAONS
RIFZ2DODT NT I REAETBEHA AR S.
4.2 ZERAE

O—L Y7 77 XDOREZFHTEAY FT—
7%, QNN, NN ZNZIUIZDWT tablel IZRT LD
KT 5. 2D E, QNN ENNDSRTA—ZDH
HE D, 2HEBEIZRD I DICHRET . T TR
FELRYy NT—=21280WT, Bglt—2, t—1, tiZ
BIYdWRE2, vy, 22 AN LS, KHt+10
RENH NI N B XS ITFE 2175,

AERIZBWT, O—L VY HBEADNRTA—%K g,
p, BEAIETRULMBIZHEEL, a—L VYT T
7 ZDOUPREE 2 =10, y=1.0, 2=1.0&7 5.
AEBICHWS T — &%, Bt € [1,30] O#HiFH 2
/NRFRE At = 0.01 FIFE T8I - 72, 3000 ATy 74D

_74-
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Performance Analysis for Quaternionic Bipartite Auto-Associative Memory

*T'. Minemoto

1 T. Isokawa!, M. Kobayashi?

. H. Nishimura! and N. Matsui!

(YUniversity of Hyogo, ?University of Yamanashi)

Abstract— Quaternionic Bipartite Auto-Associative Memory (QBAAM) is an associative memory neural

network which can store and retrieve patterns with multiple levels.

A part of neurons in the network are

quaternionic neurons. These neurons can represent three kinds of discretized phases, i.e., three-dimensional

multi-level values.

The rest of neurons are conventional (real-valued) neurons.

We show that QBAAM

has better noise robustness than conventional Quaterninic Hopfield Associative Memory (QHAM) through

numerical simulations.

Key Words: Associative Memory, Quaternion
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Fig. 3: Noise robustness of QBAAM and QHAM (N = 100, M = 100)
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Hyperbolic Gradient Operator and Hyperbolic Backpropagation Algorithm

*T. Nitta (National Institute of Advanced Industrial Science and Technology, AIST)
and Y. Kuroe (Kyoto Institute of Technology)

Abstract - In this paper, we define the Wirtinger derivative for hyperbolic functions, and derive
the hyperbolic gradient operator using it. Furthermore, we derive the hyperbolic back-propagation
algorithms for some multi-layered hyperbolic neural networks using the hyperbolic gradient op-

erator.

The use of the Wirtinger derivative reduces the efforts required the derivation of the

learning algorithms to half, simplifies the representation of the learning algorithms, and makes

their computer programs easier to code.

Key Words: Wirtinger Calculus, Hyperbolic number, Neural network, Learning algorithm, Back-

propagation
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Restricted Boltzmann Machine
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A Proposal of Neuron Generation and Annihilation Method in Restricted
Boltzmann Machine

x3. Kamada (Graduate School of Information Sciences, Hiroshima City University )
T. Ichimura (Faculty of Management and Information Systems,

Prefectural University of Hiroshima)
A. Hara (Graduate School of Information Sciences, Hiroshima City University )

Abstract— Restricted Boltzmann Machine (RBM) is a generative stochastic artificial neural network of
energy-based model for unsupervised learning. Recently, RBM can be used as a method of pre-training in
Deep Learning. In this paper, we will propose the adaptive RBM that can discover the optimal number
of hidden neurons according to the training situation by applying the neuron generation and annihilation
method. In this method, a new hidden neuron is generated when the fluctuation of the vector for the
learning parameters is larger, and the inactivated hidden neurons are annihilated while the training. Some

experiments in the proposed RBM were executed by using 2 kinds of data sets.

Key Words: Deep Learning, Restricted Boltzmann Machine, Neuron Generation and Annihilation
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Fig. 1: Structure of RBM
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Learning neighborhood image space of unlabeled images with deep learning

«T. Nishisaki, F. Hamatsu, and T. Hamagami (Yokohama National University)

Abstract— A method of learning neighborhood image space of unlabeled images with deep learning is pro-
posed. For classification problem of the large image dataset, labeled data is indispensable property. However,
preparing sufficient labeled images costs more, compared to the unlabeled images. In order to overcome the
problem, a method for classification of unlabeled images with a few labeled image and interpolation of them
is examined. The proposed method learns the neighborhood image space of the representative images for
target class with Google Similar Image Retrieval. Experiment results show it is confirmed that the proposed
method is effective for image classification of the target class with only unlabeled images.

Key Words: Deep learning, Image classification, Unlabeled images
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Table 1: Network structure.

Name Patch | Stride | Output map size Affltri:;?l%?ln
Input - - 80 x 80 x 3 -
Convolutionl | 5 x5 1 76 x 76 x 15 ReL
Max-poolingl | 2 x 2 1 38 x 38 x 15 -
Convolution2 | 5 x5 1 34 x 34 x 30 ReL
Max-pooling2 | 2 x 2 1 17 x 17 x 30 -
Fully-
connectedl 1% 1% 8000 ReL
Fully-
connected2 Ix1x50
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E

,'IIIII
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Fig. 7: Examples of representation images.
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Noise Reduction by Particle Filter for Al Sailing

* Hideaki Manabe and Kanta Tachibana (Kogakuin University)

Abstract—

The sailboat can be manoeuvered avoiding obstacle and arriving at destination if its position,

direction, and absolute wind are measured exactly. However, measurement noise is added to signals when they
are measured by GPS, compass, and wind sensors. We implement a sailing simulator to give observed values of
position, direction, and apparent wind including the measurement noise to the Al sailor. This study investigates

effect of particle filter to reduce the measurement noise.

Key Words:
1 ZC®HIC

4B, BEECRATH, R & o A EnERET A A
STV D, WARD HEREIRONFEIXIZE A LR S
TRV, BB & OES & AN OERRO E 7255,
WAL A DB 2R3, BP0 HEFIH LT L
iR n) fich s, £, HPESCE—Z—FR— b
VAL, R, MR 7R EANERIIC LT D03, ko
B3 B 71 & 70 5 BRI A LT D 2 & SIS
L2 B 7o, @O\ EREERET L 0 B METH D.

JEREASEE N DR 2 [FhE U, FEAEASBERN O B BNLE
~ET D 72O TG 5 & FHRE LT, B
DOALE L&, RO FRET 5N D. 2 b OEH
DIEREIZ oy, B2 Rl — Iz X0 B #hiEis %
FKEITXS. oL, EETHWD GPS, = /3A, &
B Y — T ) A ANAET D, 2 TANSE
TIE, BREDONLE L&, BT oROBHEIC 2 A4 X%
T2 X2 EY I 2 L—F—%FHEL, N—TFT 4
TINTANEIED ) A RREOHRERGRET 5.

FEFHOWTE VCIE, WEETDICHZY GPS, 21X
A, BprErt—2BE L, Bl A AOREZIELEZT
VX ab—3a VERATY, B — Iz LS
HHINLE~OYLENAFIRE & 72 D8I/ A XOBEZ R
FEL7-. LvL, S ORZECIXEMCTHW 8, 4 X0
KIBORE SHHHLTZOHRTHY, TOBM /A XD
RIZE D72 o T, & 2 TRIFZETH, /S—T 4 b
T A4NE DERNT ) A RAeREL, Rk ihes
BAZBIT D ) A AREOHRERGET 5.

2 AIRGE & BBIRE
2.1 MREHR =2 L—4—

ARFEBRTIE, 2DWANERHES 2 2 L —X—I2 XV, Al
WEDZDDS—F 4 I VT 4 NEZIZED A R
Z BT, Fig UXMEA L2t 1 2 1 —%—o
27V —ray hThD.

8 -102-

2015 12 18 -19

Noise Reduction, Particle Filter, Al Sailing

e

B (BRI 7)g

B R~V 7)

Fig. 1: SEERICAE M L7t s S = L— & —

MAROEONHEE, WHE, (&, HAITEORD~
7 VR L AISENET DRED B A Z T 5. WAL
ENEDLD ERNRY MVRNEDD, SLICETREL
B D720, WAROIRREITRF % %) 2 LT 5.

Fig. 2133 A7 AWK TH 5. AUTPUARDOALER,
Fhro, JANRT SAwX) =8I 5. O, Bl
A REBEITHT-0I2, EORFHRIZ ) A X&MI0T 5.
oL, B h—IZI3 B A AR E b 720,
AUZ AN T DRNIAN—=T 4 J VT 4V E ZlT . 74
IV B T I TR BB S A O T AR OFTHE) 25381
T 5. AIOEY E5478NE “EIchEEds” , Al
fEz9%”, “fEUSARy (HEHET2) 7 O3fEET
5. ATENZ K> T O AL AG T2 LT 572,
WROEEZ| DM ONLERC AL, BDOX7 MV D
5D LT D wE@IE, WU O EX T OHExHEW % 7~
9. ZAUTK L TTRNT ORGIE, WARDZ T S E T H
0, HexHER S BREOEE N7 ML EFIWTRD S

(a=w-1).

15PG0014 © 2015 SICE



( \ —, o
i 1 w(x)
I [ M S 2 —ay ] :_ JED
l I SVAVIZ
e e -

% 91 |

JAY?)
[ T h— ]

_[ PR—F 4 INT AN ]

Fig. 2: A7 AHEH]

Fig. 3ICWUAR D Z A F 2 7 A w3, WURONEEE 1%
WUZEZT 2 DHEE I ORE SR> TR E S, HEES

33y PRI D BT OREMARD TN GRES.

FL T ORI EW 2 D BEDEE RS hLEE S
Wb DTHLEMNG, DEWDMEIZ LY, WAROHELET)
MRED, MEESRIRET S, SOMNELT D LD
DELZELL, ZIUT XV IRIGZ ORI LD D.

AWFZEDM AT 2 = L—3 3 > TlE, Fig. 2, Fig. 30 5
MCHATET V2 RBET 5.

Fig. 3: WD X A F I 7 &

22 EY—O8 A/ 4 X

GPSt v ¥—, AmEs > ¥—, Hirkr ¥ —7T
TnENZ d(=w—9),0% 8B+ 5. £/, GPSEY
=D ) A X%E~ N(O, 0,21), JREERSEE >

— OB ) A X%, ~ N(O, 0,21), Ffitr¥—n

B ) A XE&ey ~ N(B,og>) 95 (I : 2RTEDENL
1751) .

2.3 AROFIEIL—IL

AT Hffi7eTable. WA AL — T LD, #EOHE:

TEAO ZIRTET 5.

Table. 1: WAROHIEINL—L—F

iy
N

N ﬁ\‘

JEL[E) N

>

iR JEF RTS8 %
75

[
A BRI E N S D
gl BRI EE N S D

il JE BRI (Z RS & %

o B [ 2t

paxiill BEEDHE AT v K — %)

WTTWT, 2o EENS R H

WU T7ERTHT v R —|Z
A>T 5

pasil BAEDIE AT~ R — %MW

WTTWT, 2o EENS R H

WU T7ERTHRT v R —|Z
A>T 5

ot

T
=

AiFICBRT ) 7D
Dl EHL—ERHD

FHENZHA=Y 7O
Wipl Lb—EHNnb 5

At ot

FEMNCH=Y 7O
Dl EL—ERHD

EFEOWTITH 220 1t

o

JRENE B REOMSCIZ N C R B O S AT, B
ORMFEIZINTHBN G B A2 5581 A7 &
20, LR ESZT HGEIEL T L. ke
DOEIEAIZIBNT, “B” OFEAITAe =1L L, “&”
OEFENTIANG = -1 5. “HiE” OBFEITA0 =0~
725, 7R, RIS IXWAR OIS D IEA +60° D E,
T R =7 AR B Rk RO J5 181+ 45° D
FPHE 5.

-103-




3 IR—TAINT710)L3

R=T 4 INT 4 NEZZVH 7)o T—>Tll—
BB -V V7Y o7 DlEIC TS,

weE TR TANSYLY
%ﬁ WOSEHE  UHITULY

-

X IHH

M) —= (61) [$3)
O L =F @ 0L 00)

X HH
X IHHE

W _ ) @y oG 10}
i =F @5 - 0") w =R, (¥, |x),-)

Fig.4: /X=7 4 J VT 4 V4
T X AOIEE (bl F(2005)2)

SIDIX—T 4 T IV BIREFZN D/ —TF ¢ 7 )V % T
L, BUMEEBS LAY TCRELZHETS. £ LT
VBTV 7k 0, REORWS—=T 1 7 VHE
WIERCERIZN, BEDERWRR—T 4 7 W EhE D&
IF < 2b. Fig 4 1 IX—T 4 J VT 4 NET T
U R LOEHEX T 5. AETIIAMETHEH LI
AT AETIVEBIEF LI OWTHHT 5.

30 YATFLETIL

RIEE S L LT, WAROALEX,, HED, FA06,, J&
7 MW EFERT 5. fEOBEERIZIS U TR
HIEE L, AN ETHDHLETHLUTDTA
TAET LEHNS.

SYS
it = ff—l + ﬁt + gxy

SYS
Wy = Wt—l + gwy

sin@,_; + €5,
0, = Af, + arctan ———— ¢
cosB_q1 +&5]

£~ N (0,021

X

. = 2
& ~ N(0,671)

sys _sys sys2
€91:€92 N(O'% )

A 31T DREDEAEAG,IE, /A XEL THRAITE
HbDET5.

32 AETIL

BUEE L LT, WMOALERS, R omE~s
~ovagbs, reebs M35, LLFOBHET V% H
W5,

XS = %, + €205
&?bs = R(—0) (W, — V) + ggbs
sin @, + &35

obs

62 = A, + arctan
cosO; + &57

= 2
g2 ~ N (0,020°°1)
> = 2
gobs ~ N(O,agbs 1)
obs _obs obs?

89'1 ,89'2 ~ N(O, O‘g )

(72721, R(O) : [H#1T751)

33 AERE

BINET IS, £/5—F 4 I VORELE R
T 5, RELIMFOR TSNS,

L = exp(—|Z,|* = |Z,]* + Beos(67* — 6,))
IIT, 2,2 3UTFTHS.

zobs "4
5 X T T Xt
Zx = U;(C)bs

_ a?bs B R(—Q)(Wt - ﬁt)

a

aé)bs

B

7233, Beos(6°7 — ) IE 7 + > - I —F AN DR

FE B
exp{Bcos(8°P5 — 0)}

gobs —
Fom) 2mly(B)
BT, EH S EHIBR LIS b O Th S, BIatE

JERFGA—=ZTHD.

-104-



34 VYU TYLY

VYo7 o Zd—ry MERIZEDITH. BE
DEN =T 4 7 )VTRITNT L, BEOK D —
T4 7 EEITIICL K 72 B.

4 ZEER

AEBRTIE, 1,600X900 7 E/LDT 4 —/L KD
DOFAM & VN2 2 SO BT Y 7 2 A B JEA &
H, WIS L v —icfitinEng /A4 A& K
BT 52 ExEEETS. FHOEM=Y 7 OHIZ
IRMNTERICAD &, KO =Y 7REH=Y TITE
DY, FREYIKIND. ks, RNEEIVIREEER
XT8N —=T 4 TNV T 4 N E ONRERRRET D12,
7 =)V ROFEN-53 ORI 2 BB, B4 O R %
WAL E L, Bz —E &7 5.

BW A XDNRT A—2L, o, =10, g, =03,
g =3LRELT. £To, =T 4 I NT 4 NFDIN
—7 4 7 VEIE 10,000 & T 5. VAT AETIUTET
505%,057%,6°D 3 SDORTA—=EDHH 1 OOfE
DHEEIGETEREITH. £, VAT LET IV
ZBWT, ¢7° =10, BHET LIZB W Tohs =
10,0275 = 0.3, = 10IZ%ET D.

WSO EDON EAR, HE4D, fxtEEzwe L, &

Y —%iE LB L EE e ENX, O, w, K3 —
T4 7 ADBREIENTHEEZ ZhEhE, o,w s T
%, EEBRIIK/RT A—H T 10,000 A7 v 71TV, It
D 1,000 A7 7 OBHANE & EOED D e 15

Jitk

10000 10000
1 N 3 12 1 o 5 12
1000 Z %~ %[ 11500 Z [ = vl
t=9001 t=9001
10000
1 a2
1000 Z |We = W]

t=9001

, THME & BOEDAED LR

10000 10000
1 Z:P :f 1 Z:P sr
—_— Xy — X —_— Ve — 7D
1000 £t 11000 L
t=9001 t=9001

10000

1 = 2
1000 25 [We = wl

t=9001
J A RFRAFER
A 12 A2
; 10000 ; _; ; 10000 1‘; _1‘7’
1000 t=9001 t t 1000 t=9001 t t
)
- A2 - A 12
; 10000 |2 2 ——N'10000 | >
1000 t=9001 xt - X 1000 t=9001 vt - vt
Y
L 10000 W _ w
1000 t=9001 t t
—_ ~ 2
L 10000 W _ w
1000 t=9001 t t

ERFERCEMNT S, A BRI, FREND
RAEZEHUZ SV THUINE & ELOED D R )7
R A2 TFHIE & EOMEDOFED —Fe PP IR TEl > 728
THY, BUHIEL LRI —T 4 I VT 4 VHIZED
JARDIEY ESERLIETHS.

5 #ER

Fig. 5-Fig. 712, NTA—H EZNEN
(057°,0,7%,0,)° ) LR TE LB ORER %777 Fig. 5
2, 6,7°=050°"=1L1L7C, o #LESETHT
STEHEBO D 1,000 2T FOMEIZOWNT /
A AP E Y. Fig. 612, 02° =5,0,7° =1& L
T, 0 BB ST - B FEBROBEEIZONT )
A RFEAFEE Y. Fig. 712, 02° =5,0,"° =05¢&
LT, o 2 BB SH T T A ERORE D 1,000
AT FORNRY ST HONT ) A R L R~
J A RBEAFRITERE T ETO 1,000 27 v 7 D
EPTAR TR

£, HEAT T D) A RFEFR

[ x| [P v [w-w
% =3 |2 - v W - w
% FERIE T £ TD 1,000 AT T 4RO T-AEDE 114
OE &5 3 WA = T — R — TR T

~

-105-



/A RFERTFE

1 2 5 10 20 50 100

Sys
ay”

Fig. 5: /N7 XA —%% (0%, 0.5, 1) & L7zBED
REfED ) A RFEAFR

H{— 025
M 02

322

7

015

/AX

0.1
0.05

0
001 002 005 01 0.2 0.5 1 2 5 10

Sys
a,”

Fig. 6: /37 X —%%(5, 0,%, 1) & LIzED

HED ) A XA

0.7

0.6

Bt o
s

?@6 04

X o3
‘?

0.2
~

0.1

0

0.1 02 0.5 1 2 5 10
o

Fig. 7: /37 A—=2%(5, 05, 0,)°) & LT
JR R D ) A ZFRAFER

6 EXR

AREBRTIX, FHEGEOREBERICBITD /A Xk
DINREMGET D728, BT MO BEIZET 50
froEhx &, FORKICEDR~NZ L, BUANEOEA
T Wb, IR=T 4 INT 4 VR BT T A R RE
L72JBARZ MDD 3 FEFHICOWTELET 5.

Fig. 8 1285 A—4%(5, 0.5, 1) & LI=BEDFERRIC
BT, 10,000 AT v FIZEET HERIOEGED 7 ¢
—/V RO A Z@i LIZERT3 A7 v S L ER 3 AT

v TICBT DAY S AW E RS R x5 1R CGRYE) ,
feahnsy e (M) TH 5. BADSIIAT 7L
OWONLE, FOBEMIIEOW, BEOBERITE
HWMEN S ZOFEFEH Lizw, IKOAOERRII S—T
TNT 4 NEEDNTT I AR ERELIZWTHD.
A REZOFEEXMSIEWTIE, B A XD
TEOEANRY ML RERBIEORH DN, N—T
SUTNT ANVE ZNTTew T, BEOfEICITSL 2
WD, Lo T, WREBZEMAREGEDOY A TH BAT
W2 A RBRENTE WA 5.

797 798 799 800 801 202
49

50

n

n
)

53

54

55

Fig. 8: 7 4 —/L FOEiH Z @i L 72 FROw

7 FE - SROFEE

AWFFETIE, REEEBSABEICE(LT 5 Z &4
BT Z DA AL WL &) EHERRTEE 5 2 5
o, N—=F 4 I NT A NRITLD ) A R EH
L7z, £, ZNENDNRT A—F % 1 DETEZT-
BRD ) A AR A FHAI LTz,

LHENINT A =B DF 2 —= 0 7 T8 TIT o723,
SBIIZNEDNRTA—=EZDF 2 —= 7 % HEIIC
TV, Br P —llixb#@ LIz =T 4 I VT 4V H %
FHELT-NEEZEZ TN D,

BE X

1) T8 B, W SR ALEICKE 2 o —MERED
WEE, FHEE B o AT A - [ SRl
TH2(SSI2015), SS21-13 (2015)

2) kO e ki 4K, R
Vol.88, No.12, pp.989-994 (2005)

Bt

s (E 7=

Ly

-106-



BB ) A7 LOFHITEIZELY AN
V=% VAT 227 1 DRERBEICNT BIRE
-#—7?V—ZV7F7:%%£H%ﬁw—7ﬁ%$%«®
l_ -

O AW (FATIRS R ERAGRE S AT RRE B IR A IK)
I (FAZIRSREEREE AR B S AR

A Proposal for Growing Process of Social Community by Altruism Behavior in

Army Ant System
-Its Application to Group Development Method for Open Source Software-

«T. Uemoto (Graduate School of Comprehensive Scientific Systems, Prefecture University of
Hiroshima)

T. Ichimura (Department of Management and Information Systems, Prefecture University of
Hiroshima)

Abstract— Recently, the developing software project is complex tasks because many projects in developing
process are processed parallel and many developers join two or more projects. To improve the efficiency of
group developing software, various methods are executed and the analysis of their behaviors is important.
The community of the developers are analyzed by using analyzing method of network structure. We develop
the simulation system of developing software with altruism behaviors. The system was developed on the
basis of developers behaviors of SourceForge.net. In this paper, we observed the community growing process
under the agent’s altruism behaviors. This paper reports the efficiency of altruism behavior in the software
developing community.

Key Words: Altruism behaivor, Social community, Software development
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‘Intelligent’ Behavior By A Few Robots
Without Apparatuses for Mutual Communication

*[TAMI Teturo (Robotics Industry Development Council)

Abstract— A group of a few macroscopic robots with neither apparatuses for mutual communication nor

external sensors is shown to give an intelligent behavior.

Four(No = 4) robots make an ob ect track an

required path in a plane region surrounded by walls. This is done by changing our viewpoint of describing
purely Newtonian systems from mechanical one to number density picture even for systems with a few

robots.

Key Words:

Intelligent behavior, Robots with neither apparatuses for mutual communication nor external

sensors, Group robots with a few robots, Boltzman distribution, Broadcast control
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Fig. 2: Exchanging M = 5 tips among N = 4 agents.
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state T E K C
1 5 0 0 0

2 4 1 0 0
3 4 0 1 0

4 4 0 0 1
5 3 2 0 0

6 3 1 1 0
54 0 0 2 3
55 0 0 1 4
56 0 0 0 5

Table 1: M = 5 resources among N = 4 agents
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Fig. 3: Error of apriori equal probability and that of
Boltzmann distribution fitting for M = 5 tips ex-
change among N = 4 agents.
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Fig. 4: Distributing kinetic energy in 5 bins among 4
robots.
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tistical mechanics.
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Estimation of T ermal
Aluminum Plate
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osoya, A. Yanou, M. Minami and T. Matsuno (Okayama University)

Abstract— This paper considers the estimation of thermal conductivity for temperature control model of
an aluminum plate with radiative heat transfer. In our research, we consider that the application of the
control law which has been used in previous research to industrial eld. In the previous study, we were able
to represent the model of interest in a formula, regardless of shape and material. In that case, it has been
treated as already-known about the parameters. However, in the actual environment, physical parameters
such as thermal conductivity change. So, we has been built an algorithm for estimating their parameters,
but not the estimation results can be said to be appropriate value. Therefore, the model so far by considering
the radiative heat transfer that was not taken into account, it was estimated parameters.
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Fig. 1: Aluminum Plate Model
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Table 1: Aluminum Plate Model Parameters

Density of aluminum P 2700[kg/m?]
Specific heat of aluminum c 917[J /kgK]
Heat transfer coefficient 20[W /m?k]
Thermal conductivity ¥ 238[W/mK]
Width of plate dy 250[mm]
Thickness of plate dy 10[mm]
Length of plate ds 120[mm]
Initial Temperature 11,15, Ty 300[K]
Emissivity € 0.07
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Fig. 2: Aluminum Plate Temperature Control Exper-

imental Device
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