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Psychometric functions for visuotactile pairing for all subject
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Fig. 6.  Wrist model
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Fig. 1. Stimulus conditions for the experiment. Two singleton stimuli,
one unique in the color dimension, the other in the shape dimension,
were presented simultaneously with four additional identical stimuli.
Open and filled symbols correspond to cyan and yellow, respectively.
Monkeys had to make a saccade (arrows) to one of the singleton
stimuli, depending upon the instructed target-defining dimension. In
the shape search (upper row), the shape singleton was the target and
the color singleton was the distractor. In the color search (bottomrow),
the shape singleton was the distractor and the color singleton was the
target. The nonsingleton stimulus never became the target (nontarget).
Examination of the two search conditions was conducted in separate
blocks. The ongoing target-defining dimension was signaled by the
color of the fixation spot.
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Fig. 2. A parietal neuron showing dependence on stimulus features and
the target-defining dimension

(A-D) Spike density functions during the multidimensional visual
search task. Thick black and gray lines indicate the responses to the
shape and color singleton stimuli appearing in the receptive field.
Dotted thin gray lines indicate the responses to a nontarget
(nonsingleton) stimulus. Solid and dashed lines respectively indicate
that the stimulus in the receptive field was the target or distractor. The
responses are temporally aligned at the onset of the stimulus array. (E)
Normalized mean responses (with SE) of the same neuron for the entire
set of 24 trial conditions, which were calculated by dividing the
responses to the 24 different stimulus conditions by their average.
Upper insets indicate the stimulus features in the receptive field in the
shape search (left) and the color search (right). In each set, three
connected circles respectively indicate from left to right that the
stimulus in the receptive field was the target (T), distractor (D) or
nontarget (NT). Asterisks indicate significant difference from the two
other responses in each set (Mann-Whitney U test, p < 0.01).
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Fig. 3. A parietal neuron showing no dependence on stimulus features
or the target-defining dimension

The activity of this neuron always exhibited significant discrimination
of the target from the other stimuli, irrespective of the stimulus features
and target-defining dimension. Conventions are the same as in Fig. 2.
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Fig. 4. Time course of the population responses

Average population responses of the variant type neurons (n =21) in the shape search (A, B) and the color search (C, D). For clarity, only neurons that
preferred the shape dimension are shown. The stimulus shown in the receptive field had either the preferred (A, C) or nonpreferred (B, D) stimulus features.
Traces in each panel are aligned at the time of array presentation (left panel) or saccade initiation (right panel). Thick solid, thick dashed and thin dotted lines
indicate the population responses to the target, distractor and nontarget stimuli, respectively. Black, light gray and dark gray lines respectively correspond to
the responses to a shape, color and non singleton stimuli. Shaded areas indicate 1 SE. Three triangles respectively denote mean saccade reaction times when
a shape, color, or non singleton stimulus was presented within the receptive field. Horizontal black lines below the spike density functions indicate the period
during which the target was significantly discriminated from the distractor and nontarget stimuli (permutation test, p < 0.01). The number above this
horizontal line indicates the first time after the stimulus onset that target discrimination became significant and continued for at least 50 ms. (E-H) Time
course of the population responses of the feature type neurons (n = 11) are shown in the same format as in A-D. (I-L) Time course of the population responses
of the invariant type neurons (n = 35).
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Position invariance in the peri-personal space
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Abstract—We propose an adaptive acquisition method to
infer model of others’ sensorimotor patterns, using the mimesis
model. The model abstracts others’ motion patterns and links
to a primitive symbol representation based on self body config-

uration. It, however, doesn’t concern the structural difference

between self and other. Furthermore, unobservable inner sen-
sory information such as torque cannot be treated. We utilize

symbol communication to solve these problems.

. INTRODUCTION
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Abstract—The present study examines the possible roles
of cortical chaos in generating novel actions for achieving
specified goals. The proposed neural network model consists of
a sensory-forward model responsible for parietal lobe functions,
a chaotic network model for premotor functions and prefrontal
cortex model responsible for manipulating the initial state of
the chaotic network. Experiments using humanoid robot were
performed with the model and showed that the action plans
for satisfying specific novel goals can be generated by diversely
modulating and combining prior-learned behavioral patterns
at critical dynamical states. Although this criticality resulted
in fragile goal achievements in the physical environment of the
robot, the reinforcement of the successful trials was able to
provide a substantial gain with respect to the robustness.
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BERE MR, 2L CH O IMEIVETEMIIR 2k 2 & BllE S
, MBCE M2 KRS a- KOy -TEBIE-CT B
F & BN T D EM RIS T A% I RSB R T 5.
TN Z B S0 B2 R 0> D D SR B AE ISR LT 7 A i
Ml EFER 5. BD, HRECIHENIL, FHEXEH =0 A
T (L RRAME) , HEA0 (N (EMAR) , LT, H70HE0 GE
B O TEMFIT ALV ERINDS. /E-T,
BEZHIE T AENDZE0E, BRI S S oo B M2
THZETHDLEWHEIR DL,

5 B AR N RITEE RIS BT, E ORI TEBL RO 7 B
REFIE T DDT=A50 2 Ji #h SRS N O FE AR
CPGOD FH/E R SR CThHH[3]. i B IEINHI R & h 5
FHREE O I BEMBIER 052 ENGER ST (1K
4,5, 7). ZOHEAALEHANBI TR T 25 BIEL~ LD
P E ST AEEZOND. 61T, RE CEIEM
31 BERRE D OB ER 22 T2 L2 BB DL,
EX AR HIH SR 135 9 0 5 2 Hk-3< Negative feedback %5
KA IE T 28, EERFIZR T 20 BRR O R E1 B
HL QWD REMEN 5.

2. HRERANHFHRIZLSERRG S OHIE

1 BR SR B R LTk 3 2 Jr i S S R I O B Ak o L
AN LT (KI10A) . #H5R O i H 735 Cdh D AT i
R (NRGe) 1L Bl EM AR 2 LT, LW
JoE 0 3L o SEBEDHE AR A Bl 3%, ZoME A TE I
VR BB RE (FRA) O (ERIAR 2SI E A 2 &2 9.

EEY IR VEER), EROFT B 5 R
PEER), LT, BE O OB XL R ATERN 4
TED. BRI R AR T D IERE MR AT BE IR X, B
B - W - LB - AL BE DL~ U S BRIPE I E 2 R IE S 0
T, ZORDIFEENE(LTDE, B2HOBHBEENELTD
(M10B) . L AMERERC351F 545 OB A& i 15 B oo 115 2
(General inhibition) IZZ DR DIEENCLVFEIREINDEE X
HNB[A]. BATICIT 5 FIROEE) I VEEB) ORI
Tho. BITRHCIE, BSOS, BEICHET2 T
O JE i SR I BT R HNARE L CEET 5720, B
S5 R B VB SR O MR 2 U X VT 5.

X9 EFERIIFIROME

BRI R AEB T 5L, R AR
M, BRI 2T A0 1M, <
LC, B OB 2 MK Sh,
FLUTEEMHIS D, ZOMf%
VR 0D L~ LG R BT R0 R
&R, LT, /NSO ELEE AT
B T5H. Fiz, IRGHEEEL (PPN) X,
RIMELJEERZE D H T 5 BBk
EB (SNr) 7250 GABAVEBN 3N 4
Pl %520 F 5. RERSEE (T IRERRA
DR) /1 BHPPNSCAB AR (R ~D Bz &
b, ZOMHROIEETMHIS 5.
L AR IE oD BEARIH R IT 2D
T AT LINEEIT25EE 250 T0D. 7
— g MR\, RORRE - LIRS - 3R,

Inhibitory

ﬂqo“ internenrons %bf/]\ﬂiﬁﬁ\%@&%‘”li@) @%ﬁﬁﬁ-(:
mo’— Interneurons Bﬁ‘éﬁ‘%%%ﬁl//\/bﬁ\%%éhé

Ai‘ ' &/"— (©PG)  GABA; y-7 I /iM%, DR, H{llikis

- ¥ Ach:7tF/=2l v, BHT,; & r

QY] N b=, NRPo; WIIIG#EEREL, NRG;

aTs FRRIRERB RS, VLF; R, la ;

o Primary afferent la 7‘%7%’%&: IP; Ib ﬁff‘ﬁi, MN; @@%HH@,

(Sensory input) CPG; X _AE'EEE%%
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ZOVERNTEEOE ALBEL ~ LT 2 DRE R, K
T OEEHIN LB 52 LNATREICARD, 5 BRI R
YEAROARZ BERZ T ANME 2Rl (K
10C). —J, Bl A NELEETWE ST EMERY, T
OFERGEE) L thEBE DS ERTHD. —REF B O
VAR A BT S iEE AL, ZooESNCR 595 i B
SRS 2 BB S 5. Z s, R O ERIIR O TE 8
ZINEIT D72, 5 2 AL S iE B AL o BLE PE o
BN EFL, ZOiEEN M ER BIEN RSN, L
L, ZOEENZEF - Uy ViE# 1 Z 3Bl 5 2 e B A 1 i
B2, ZORRIZ, BEHE OB EITINA T #h S
TR L BRI RO EEAEZBET5L, RFTOR
TEOE TR 1 351 5 15 BE AR DAL A T 7= T R 2 5
ZHZENTES(X10D).

A Basic connactions B REM slaap atonia

NRGe () NRGe MRGe
Anhibitory i Irnhibitory
interniron nterniuron
Extensar
e’ E e @ 00~ | a-0-
Inhibyiticn Inhibition
[—
et <E)-@ D@ @0~
Triheibsition ] Inhiibition
P o 4
Inhibitory fnterneiron | .
in FRA poihuniyy - FRA, ipal-FRA | conlr A

In-uctivate FRA pathways

C Locomotion D voluntary hand grip

MRGo (\_--) : C) MRGe Corticospinal (\_ _-)
. traet MRGE
: Extengion Tiegetive
09 0B |-Ore
L —] L
_ Active
(- Or Q- e
Hiexion ‘D—! . ; ’ 62‘—!
P i
Ipsl FF\::‘\ | ‘l.antrn-F RA FIF{A

CHT activates
loeal FRA pathiiys

Alternate activation of FRA patliiaiya
diring locomotion

10 FERINGIR LB RETHERR D E/ER

A 7 BRI R & b B RR BE O B RE R B, B L ABEARES
DR IR, L LR R (13 i B2 @h 220 o ¢, iR o
IAEAIL S R L, 5 5 KOV 5 & S BC § BA AE MR il S
5. C; TR A O JE dh SR RS 3 28 HAZTG B3~ 5720, A
D AR A IA IG5, D B BE R OB R 4 3
Ficl 32 e A & e i SRR B 4 B S 57200, T O 123N
T5. FELOWIINIA SIS BB, B 5 CRGEB I, T 75 3l iE
BHHIAE. Ipsi-, contra-FRA; [RHMIFS O el Ji S5 S8
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ZHRVOFILSITEED AT LINAT A ND=ZHD R

— R ERETILIC

SAVER, BEA, LRk

IRIFHEIE |, %,

ES

B HITHIBEDER —

VRS KEBEA TR B AR AR
PR KRB LA e Mi2e Tl LK
SHERE KRB LR ER bl L
SRR B oL AR TR

1. [XC&HIZ

I, TR CHEMR MBS 2T A HR S, 4%
RERBICE IR A AT BN 2 KT D LN TED. 2oL
LB OB TR AER IR, TEk, AARPREIEEE O RS
IS RS S C& 2. L LEg, BIRmEk
WS A/ NTES 2 B R IEE R Z & B eI R
22 8IE-C, BELOMUHAEERZMES L, H#HiE
I DR B TIEER Z HBLL TWA Z E b LN E o
TWa. bbb, BOEISHATTAEBIFEREEOMRINIZIL,
PRI R BRI O A TIXRANRH 0, Z OBkt
ROBREE & OEIAR BAEH O T AR T D IE LB D
ANZRA DD THIENEETHLEEZONS.
ZDRDFEL2 DT N—TTIL, =&YV (Macaca fuscata)
DZRBAITERRE LT, HE RGN TRREET L
AL, ESTHICR N DS BRG O LRI FR T &
HEDHTND., I, MREEROBIRET NV EMBEL TH
BIEET MCEEL, HIEHERKR - iR - BREER O Y)
TRAHEAE RIS X0 BB T 2 TIER A2 B ) FRIC R T S
EEIBLT, BITOMISBIRD A B = X L& ARG R
THZEEABBLTWS. AT, 29 L=k ¥k
ITEEBND VAT DAL A AT =7 AFFRICONT, BEET
DEWIRN A RET 5.

2. ZRBTD 3 RAFXFRITAVRETDRE
1t
B8 3,4, Skm/h IZERE L7 b Ly RI NV EE T R_BTT5
=R YL 2 ERKA =123 kg, KU=92 ke) D2 Fi#EH %, 4
BONAAE—RBRAT (T I A A=V T 7 /ad—-
HotShot1280) % FIVCRIEIHREE L, & DA TED) 4 Elh 5 rY
WM LTz, BB T 125 frame/sec, v v ¥ —HRE X
1/250 sec & L7z, AFZETHWEZ Ly RV (/¥ A%
- MMX300-FG-140) 13 600 x 400 mm DR A5t (A
% - EFP-S-1.5KNSA13) & ARTREZR K 9 ITHRERINCER G
L72bDThHS. ThEAWTHITIO=R L PFILDOERIC
TERT 28REH AKX I HRIFHICFHIL7-. B oz 4
OENEER 7 L— A2, 70 8 [EOZ# A (B L e,
PeEshE, KEESNE, Kis+, Eik, EhagsisE, Rex
WRoglE, FHPFEH) OMEEZT VLA XL, £0 3 KT
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MEORSRINT =X ZFHH L7z (K 1).

TRABTRFORER D 3 WotiEE T — X1, HEEE L i
FICHEHE R =R PO 3 R ESHHEHRET L (20 # 41
MEiEBE) 12~y FrZ LT, HERRAEEED
BATH 3 ROTENEZHEE 92 Z L3 A RE & 20 D BRAICIT
FHEI U 72 A & TV B OGN E ORE, BLOEH
O FEPR .00 b DIRZEE R/MET 2T 7 V0L (B
AIE) ZHE L, EHROBEZ FEE LZ[1]. RO
EERIE, TTLVORHEEERET DI R+ TH DN,
BB ICNIET DB R R MR AR T2 Z i kb,
fEE PRI RO VBRI B ER 2 HET 52 LA T
ETCWVWDZENNMD (1X2).

KD T ZRAATHOBIEABIRI O 3 ot A LA 3T L
TG, BED LY A0 ZBIT T, DRBEIZERICK
L CHEICHMENLICH Y, F - R A BOIZ A e, B e
WCNIET 2, 2BITHEEN K E < 72 B2 2o T BET 2 Bt
R X0 KRE MBS 207, BRI HHHIc Ly kx
BT 27 L, BHMTEEOHAK L & HITHIEMICHREEZE
fEEETW5D, ZEERHLN RS, ZOZ X, —FE
O HEMEICE SO THITRER SN, U X LEREOEE
BEMTEOEENIE SN TWDE DI TIRRN T & 2R
LTWb. —JF, REFHNEAT S IR I35 — 2 % g
HE, COBTHEREICBONTHE NOSITICA LD I
W72 69, SHHIRPEICZEOE— 7 PNl Z 5 — 1Mz D
&, FRRKAIOE— 7 1 IHTRHEN K E < 251200
KT 25 Z &R INT[2].

3. ZRHITOHEEER
SR YNO TRABTICE, BB R 2 o

X1



2 3O BRI IE OBIREHEE (72 B, A5 - BEHLRE) .

ENGETLIOTHA A0, TOIELEZHLNITIHD,
SR DO BT OBENMEER (BAEE - BB
FEEEY 7= 0 OIHE = R /L X & : Cost of Transport) Z &M L,
BATIRE & OB E RO, BEMICIE, JEET v —
PMIZERE L7 R Ly RIAET=RrdPLr EEbLY L 2
B {8 1 =12 kg, fEK2=55ke) I _RABITEITOYE,
F v =N D R R SRR E DRI Z{K(CO, ppm/sec) %,
IR A PR B s (B ERT CGT-7000) (2L
FHMIL[3,4]. TLTZDEICTF v o A—FFAE T U CTHAL
Rr 272 0 o “ERM LR FHEHE 2k, MEKRE % 0.85 & KE
LTMBEHEEICHRA L. ZhICHEMNBRBHER Y-V 0O
Rt r L XTEEE 201 Jml [5]2F 0 CorLXHEES
HEL, BiMtEREZEH L.

B 3 ICHATHE L BEEEROBREZRT. b MRADT
BT OYE, ATHE & BEMEFROBAMRITAN 1.3 m/s TH
EEFESUTR LD, b o HBBTTIERE OBIEIZ IS
TOSTERENBREBRIN TV ZERMBNTND.
Lox L= P OBE, BITEER/N S WK ClIB bl
FRIIEL 2D OO, BATHEA KX WV T R8T,
FE—EPL LAETEAOT 2@ MR E5 2 EBHALNE R
o7z

=R YL TR AT OB SR RE & R s AV ol
WENKEL RHHRABEVERET, 9 CIiA =7 AL L
TIIBIT ML ETITEB L TW D ATREMENE 2 b D (duty
HA 05 ETH). & FOETROBEMEFRITEE DR
EHLICHFRE T AR E 220, b NI EIERA 2 D BT
2.5 m/s THITH B EITIZEERT S Z ENMLRLTVWAL6].
=R YA DEE, ETOBIITRREHRIBITOZNLY
IR F IS D728, B MR S5 R BIE )
B W ATREME DS RIR STz,

Cost of Transport (J/kg.m)

velocity (km/H

B3 =AY RBIT OB ER & O BR.
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1: lliopsoas

2: Biceps femoris (femoral part)
3: Vastus

4: Tibialis anterior

5:Soleus

6: Rectus femoris

7: Bicepsfemoris (crural part)
8: Gastrocnemius

4 /8

i
.f_t-}' 5
4 =Ko 2 RTHEKET L.

4 ZIROFILDODZRHITYIalL—vay

SR O ZRBTEHERNTEI ) FICHEERL,
DORBENIR I E R R OHEER - FEREIIHICHBEOLED
WA VDL HITZIT TV BDNERAEERZ W L TR
NS % 2 LN TEIUE, B RHITORIF L Ekx
HFES 5 FCEHBERTBEARMET b0 LS. ZD7ZH PD
74— FAy 7 HEBNC S =R Lo T RBITIEE O
TAFNY I 2 Lb— 3 Y EITY, SRORIEBNSZE BB E)
BHRICH 2 DB ERF L.

I THEHEARPALOMERRE, K4 I1RT 2 Kot 7 i
ORIEY v 7 L LTET ML, Ffl 8 SO EE i %58
Uiz, BEIRH DT A—21%, W5 LI 200 RB 5 e
=R PO 3 RTHERET IS THRE L.
SEEENIRRP R &, EEYnofEHicl T kLT,
PREEHESOEESL TOREIN VD D& L.

EEOARITLUL TOFIETIT- 72, £7, “BHITO 3K
T T — & O AT BIEEGE R RO 7. BEmIZE, E
WDIFHET L0 F LB D 3 B S AR M 5 e, K
Va2l —arDEDICHTEICEH LR, F 6 S
3ol T —Z AR RmEICERE L, &SHTIHEEG, 4, 5 km/h)
D 2 WL FEIBRE RO, BT — X I ERET NV OF
EEIFFE BT DK KA Db DE W,

J B . OB X B AR IC I IE R TR SN D,
IXZOEE) Z, LU O EKBEECR/N RIEEEIL 7.

y\’T‘\
— —

2 = acos[4r(> = 0)]+b 0
S
Z T ) IR BSOS, s1XA N T A N E, ab,0 135K
ThV, TNENERMROEE, #ME»som S, AfHE
ERT. AFETIIZO I EREERST L LI - T
R OB E ARIIZE R L, BRx 2 RARRE AR L.
BARINZIZ ST E D 3 125%, DEERL, 2) fifdz 0
b FOMEICEET D, 3) 0 2t hOEICEEL, bl a
-1 2T D, 4 axBrllT b, W) 4 ODFKMETIRE
R OWEL AR L, Thaizd Lo IcHEggs, LEH
B, B SOEEAFHE Lz (EEOBBNIESITONS
AW oiz). K SIZEIN LIS TIREOBE (Gt
1) &, 4km/h 28T DEAEHE (FHF234) 27T, &1
=R PV OEFHEAT, 2 IXELO ETEOMMARE k
E—E L7z MRT, 3 IFELO ETEI e R WA
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« 2 EEEE

X5 2Ialb—g HWEHEAEDE. A-C:3,4,5km/h

DOEFHHT—% (FM:1), D-F:4kmh OFM2,34.

a7 T T, 4 IZELOBETEH LRV T v b
BT ERIE LTINS,

BAATHRE D 4 508, 3 12 0 BEHuE (BFifAE) icon
T, BEHGEEGEEICERLZ. T LTCUTICRT 250

IR - & PD RN HE > CTHAH~DEBIE S

$, = w—Ksin(g, — @, —7)
$. = w—Ksin(g, — ¢, — 1)
%=mg—{w»mm

@)

ZIZT g op IXFFENENLELRICHIST DIRET-OMMH, o
IRE T DO EM 2 HET D /3T A —FQu/T), TIEHTEB, K
RE, o [ TEEBFES (7272 L a<0 D & & ¢=0), & pldFEiN
ENESUCHE, EACHIGHEEE, S350 BEBE (o
@%ﬁxaxi€4y%ﬁf&é.%ﬁ%ﬁ#éﬁ@k%é
TIEEIE S a ITHHIL, 1 0L SHRRMENZRET 5.
%ﬁ¢@mzw%%%w,%%%K%@%m&$tﬁdw
TUTOLIICEHEAE L.

LY, i
e m

2T EIIRH =X, v ITAINAEHE, e ITAERDORH=
RN DA FEA~OBEEHETHSD. T2 Tl e =025
L L72[8,9].

X 6A (CFEFHHIT — % (& 1) (1220, BATEM%E 0.75,
1, 1.5 fFI2Z{b S THMTEITOE - &L 2 OB diE LR
T ZOBTEABMOERX, FR3~T 47 ABEZXTITHT
HWEEZZNEN1.3,1,07 5352 Llicxint 5. SMTEE
DMEW & &1L 3km/h, EWE &1L Skm/h, EORIL 4 km/h O

BFEICBWTBEEFREPIHEAIRLS 2o TNDH I ERD
MWD, Trbb, BEEb LV MTEHERLIZHIGLT, £0
BatFERE R/IMET 2 XD TSI R~T 4 7 A %R
fEEETWA. £72 3, 4km/h OHBETITHITHEDH R L &
LICBEEERENE L R DHEANH D DOICH LT, 5Skm/h T
T DA R S, Z o EEE, EFTICE

€)

R L]
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E 3kmih m d~ ©
o2 A askmn” o241 B humanike
= h compliant &
22 /SI’“" “ 12 flat
‘é o A a
@ 20 | Y 20 * A
] e W, A
c 18 o 18
2 P ]
§ 16 P 16

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

velocity (km/h) velocity (km/h)

K6 ERSNIHATOBEMISER L BITHE ORI,

B E SR & QBRI L T\ 5. (REK 10kg
DO=AR PN 5 km/h THITLTDH duty Hix 0.5 % TEIS Z
EIFRWVR, 2O L X OBTIINFEIIITETICRSTND
BT,

3 BePEDBATHRED 4 HEICHONVT, BEMEFERE 7 0 v
FLZZAER (K 6B), & 2, T hbbELBEZE MIZ
BRI OB SEEMES R ERHALNE R
Sz, UL, B FOBTICR LN DEOBE D/ NZ — 0
BITNEOM LIZERICFE L TNDHZ e aRm LTV,
¥, G2 OB FEE LM 1 oL kT 5 LEiHED
E) NI, ThROLEKEE Fide MSTOEEN A
RETHICHLPb LTI ED LY ILE DRE R &8
FALTWRWnWZ R ohoT-. ZORKE LTI, BouEr
& o G RERR I X 2 BIETNEBI O MY, EEARINIBIC b
o3t NBITOBEZYIT TV L AEBEERZZ b5,
721 L, Ky Ialb—3 g CIAERENOMIEESE A E
B LTV, 5 km/h OB TSR IAR R & DI R
BLONTWLAEELH . BEEERORHAR (K3)
W& B &, BATHENHE R L THRBEERIIT L A SELL
L&w ST S E O TR E RS R OMIER 2 A THE

WCHZDEEBEHRIEL CW MLERH D EEZ LN,

5. BIGHHITIEBIDAERK

FiRDO 7 4 — Ky Z BN IS S BITARK T, & B
WCHEBREN 2 RENTA VEET DMERSH Y, Flmk
HRBEORFMENEZET DL RBARLELTLES.
T BEHESHE I TND 720, FROEREOEENIT
U CHTR BEMICEICENT D Z LTy, Bz sl
7Rz [k L, ISR TIER 2 AR TE 2D, T4
— R 7% U — RIZHES GEBFIE A REHATDh TV S 70
EHERIE D,

Ivanenko H1E, & NOBATHO T O ER % T L,
BATHOFIEEN N Z — 38 5 DO FER Sy (FKE) OfA
AbETINTREAINI B2 L EZPL N LE[10-11]. 2
S LIz ORI @ S 2 — 0L, FHICHEET DR
= b(spinal module) T — FENTWNDH I LNREIHN
TWD[12]. ABFZETIE, T L5 BFHICNET 2R OIE
B\ Xz — /ﬁ\#ﬂﬁAbéﬂT HTIEEN O FHAR I IEEN S /3
A=y, Thbb7 41— K73V —FEG&2EoTRY, =
N RBEN I &7 4 — RNy 7 R EBRABICEET S Z &
WX THEH TR DWW TRERILESNTWD EE X, B
To T T A AP R ORI T VAR L (7). B4R
1Z1%, spinal module DAL T D EWTE & 5 DO Tl
TEXHH0E L, TNOLEREOELAEDLEIZL Y ZHDHE



. cz-motoneurons
Basic Patterns

/ m* ”
o o +Ad / W Woas
Il =
CPG 4 I ﬁ Ve i
o 6T — M ==
m Wy, Wi
A =
Sensory 4-_ \ Wi
Information G Ay —.—
B7 EWHORRADEIC LS IATES S — > DML,

WA\W)WW
W,

1IToOBAGEG. A LMY By ML

T#é

<l 8 ﬁ
B: V.

AIEEBAZ —IMESN TS ERE L. £l 0FEEF
X CPG MO SN ANHE OB E LTREINATE
D, BH~EERRESIEIOMHEIZESTHA SR b L
L7-. I4E CPG 1%, U RAZARMT % U X o468 (rthythm
generator: RG)&, & 2B SN DMAEFITESNTHE
i OEBNFE S & AED /¥ — AL BNJE (pattern generator: PG)D 2
JEREIE TR SN TWD Z ERIB I TV D[13-14]28, =
WO R LEDLRIZL Y EFHOERTE Y —IESN D
BREE, O PGITHIET S.

—J7, KBOERBEIEILT 4 — Ky 7 RICE VTR T
WBHLEEZLNTWS. I TIRREH OB LT D72
DR OEMEZERNT T 2 BIR LS A J28 9 D AR BEfiJE v
PD 74— Ry 7 RE L TEBHIEHREZET VLT, &5
WCATEE DRI DT, REHEiOE.LOKFEEEIZHS<
T4 — RNy 7 RERBEER Y OfIZEE LT-. £72 CPG ®
IRENMTAR S - B D & o L 7SN T Y By FER
52 EDNEHZEMCHON L5 TWD. 2D CPG ONLFEY
Ty FRLETMMELEZ. EBICAKET AT, BREHERE
EORMENEZEZEE L, TOfE% 80ms & L7=.

ZOBTHIEE T V& T A9 o b 2 LT EHsE
TSN L, ZRBMTEBOAERE R ATz, iR E
FNRIFET DE T A—H1%, EFHHBTT— 4 % BiE
HUEE T2 PD 74— Ko ZHIENC X 0 FE LIS TOM
EEEE 25512, BATERRNICIRE LTz,

AT O AT AER, TSR T EAFTE L7
FoMBEIFES OO, b FOFESTEIRIIHINT HiETh %
HETLZENTER AT ML, EKBREICERTS
L0, REEIE RO, IKEOMER, &vo7zBTH st
ILCBRIEATNICK LT, & HREAEMNICHEIS L CRITE R
BMCEDZLELMGELE (M8). 5% ZOHBITAERTT V%2
FiRD =R PN ORREHFGERKET VIZEAL, 20 3
WL TEBI OB ) FHEREZRA L TETH 5.

6. BhHhYIZ
;M GBS RE A S, TRENCRhERT
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BATEFERLTCND. 29 LB OB BT AR ENRE
OFEINCIENT T, = PV OAATHEB % LIS T % 23D
TWD VAT DAL T AT =7 AWFROBUR 28 L.
o OF AR 72 B :ﬁyfwtﬂahéiﬁ@ﬁmﬁ
Sk, VIal—va XY EEMICHITE 2EEICHE
BT HZLildb. @t@&ﬁfﬁ%% TEERFEEN D
BT DR D D EBRF R EZ S L, EEHTO
INTREREREET D Z LIS RV RRET LV OELZED
Y OEICHISTEE O FEH A 1 = xALEofw%tm
EZTND.
5% Xk
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Table. 3. Candidate of stimulus position
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Fig. 3. Conceptual illustration of a probe. (a) Overview image of the probe. The probe is inserted into biological tissue. (b) Tip of the
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Fig.4 The probe was fabricated on a 25-um-thick parylene C substrate. (b) The fluidic channel is U-shaped at the tip of the probe.

Rl 5 & &b, HER~OERRFIZI T D i
KO Z T+ D720, K=y F BT
HE L OMBBRERTETARTA—XIZER L
FEERREL, EBRIZT v 2B L7 MiRE 51
L THATE2Z E2RLE. £z, SHGEMRE
il LTI, ~A 7 aZA47 )Y RAT 0 —T7EE %

AT MREMERRETTHY, ZHNITHOVTHHE L
7=.
IV. &%k

[1] O. Fukayama, N. Taniguchi, T. Suzuki, K. Mabuchi, Control of a
vehicle-formed BMI system for rats by neural signals recorded in the
motor cortex, Proc. 3rd International |EEE EMBS Conf. on Neural
Eng., 2007, pp. 394 — 397.

68

[2] R. E. Kalman and R. S. Bucy, New Results in Linear Filtering
and Prediction Theory, Trans. ASME, J. Basic Eng., VVol. 83D, No. 1,
1961, pp. 95 - 108.

[3] G. Paxinos and C. Watson, The Rat Brain in Stereotaxic
Coordinates, Compact Third Edition, 1997, Academic Press.

[4] O. Fukayama, N. Taniguchi, T. Suzuki, K. Mabuchi: Automatic
Adaptation of Vehicle Controller to Time-Varying Neural Signals
Recorded in RatCar System; A Vehicle-formed BMI, Proc. of Joint
4th International Conference on Soft Computing and Intelligent
Systems and 9th International Symposium on Advanced Intelligent
Systems, 253-256 (2008)

[5] O. Fukayama, N. Taniguchi, T. Suzuki, K. Mabuchi: RatCar
system for estimating locomotion states using neural signals with
parameter monitoring: Vehicle-formed brain-machine interfaces for
rat, Proc. of 30th Annual International Conference of the IEEE
EMBS, 5322-5325 (2008)

[6] I, & OAEIR, $aoRFE S, WHFZ : EATIBMI TZ » R
J1—] RIS 2 7w b EE) AR RIS B O REHI 22K 12
B9 2 BLEROBRGT, 23R AR - AR L F Y AR DU AR
£, 81-82 (2008)

[7] N. Kotake, T. Suzuki, K. Mabuchi, S. Takeuchi: A flexible
parylene neural probe combined with a microdialysis membrane,
Proc. of microTAS 2008, 1687-1689 (2008)



[z I 5 MR BN I
M 7R

Abstract — ARIFZEIL, MOERED (BFHh=a—7F 1 7))
L HEMEDOBRIZONWT, vV TF ma—na U IEE O E 7
LA =~y A FT7x—A (BMI) Z{EH L LT
THZIEEHAET, AEEX, EEECS &S, 7y O
WH= o —a U EENBMICER VITEI DD & LTH
BT 2L, IR TRABEENRESENTHZENIVH
MeLipodz, iz, BETHERAMBALELLELZ LD
Mote, IHIT, HizeBMIGRE & LT B S VERE 2 A
AINCBHAG LTz, ERETHOBERTHLIN, 7y MPEGHE
B~ AR b i, ED=a—o R CTHES %
BELBISEDZENAETHD Z ENDNY | LD
KBEENRRKRELS BT D ERHELNI o T,

I. IXC®»IZ

EARDBESHATENC T, T FBRELZEHRT D &
TROOAERERESI AN ORHT D Z L0
TH Y, ZAUTRAE ORI I LV 410 THHE
LD, MOFHREIOEMEIT, o TLESEE
Hebb3 2R L7z X 9iz, - TR T7 Y LI
5WﬁﬂW(ﬁ1—m/)®%%%$ﬂ®@%%@

LxoEE LTCEETRETHY (K1) | KD
MR RRROFSEIX T DL ERBICHL NI LOOH

Be LxL, LEFEGbsonbiER LI-L o2, B8
BNOEDERNED XS ICHETH DL, HIF
NZE ORI ENT 52 & THD TR ATRE L 72
L, Thbb, EIERNZOH KA @) B L e
FIWCFIEER T Z L2 22, MmO HRER O
AENBNTWDIETTHY, TOREHMY & Kb
FICIRZ D Z MM ETH D,

X1 :

TR OMER, HxD=a—m
(O) NREMT 5 Z & T, KIS E S E RHEEEAERM
(o M) ZBRICERT 5,

3T D HIROBEH
TSR PR PR S5 R

69

|Z BM 1 £ THAT T 5

o. HK
WEEE IR & &, T CICHE LKBEZED VD
T =~y oA H T x2—A (BMI) ZiEHT
L2 LT HEROME BWOIEREBUCE D X5 72%
B ZFFONTONT, EBRICHAL TS Z %2 H
B9, BERMICIiE, 7 FBRBELOHEKRTKIET 54

A& BMIUC X VY B K2 SR T ORI EN D i
PRATTHHEEICHONT, AU~V F (ZH) =2—

= /@@J%aaﬁ LT+ %, LT, =
@iﬁﬁf%ﬁﬂ;ﬁ%ﬁ%ﬁﬂtiﬁ“é X0 EEERLIC
B HEMEDOEENZ SOV TH ST 5, 5Lk ERL
[ZOWTIE, &TT— D% O HIEBIZH A2/ |
(2, RO - R A O ATERRRE S B S & Ao T
HUEEIR & 2 O JE DD b [FIRFRLek 3 5.,

. #hE M

AL, WERDOMRBLI LD L 912, fiiE H
(CAE 2 52 1 B0 ALEE - % s Eh i A ik %}: ﬂ/@ztﬁ
W, IO TERFBBUCIB T 2 H RMEOEENZER L, #h
RRIEE) & By R - BRET O A AE I _ouxfaé.%ﬁéﬁ Z i B
THHDOTHDH, £io, KL THOHBMIV AT A
ZRESLT D12 DIZIE, # Lo — o= 7 il (i
REEE 2 L) &V 7 vy T Hi (xy hU—2FT
N E) ODWRANKLETH Y, S5, DHESEARTT
B SEER & R AR RSO aR SRR b AR S o L
WD, THROLAMZ, HRLY, DY Ry
b — 7 B MREFE S WO B s B e S
BRI ChH D, ZHIEET [BE) OFM
WZAEL, ToffitEicaiRcE s bbb,

V. Jik

T TICHEEEETONRICEY, v~V F=a—n
HEORMMFSFEEZMSL L, S biIcznzfc o=
a— 1 EEA L SR EICOBET 2 BN A N A
7o« =T 4 7D AT ARASICA (Realtime and
Automatic Sorting with Independent Component
Anaysis) ZHREEHATHDH, THUIRERER (FRT
A hr— ) ML (ICA) At hET



~YNTF = a—m AEEREENT VAT LA THE Y T
ZBMIOKEART 2T L LTEHLTWS, if:\
BMIE 7220757 v MHFEBEEZ W OB R

T TR R AT G R D /X T A — 5%&EL
Too SHIT, EBEIZT v MIFEEBEETOE, 20
%®7w%%n—m/ﬁﬁ%£ﬁL%ﬁb\ﬁﬁm\
BMIZ{EHATHZ T . ZFDORIL~ AT =a—0a 9%
ATEN O DY & L TEZThE L, £ LT 1T
HORDY Lo GAD~YLVTF =a—nm AEED
AL A fRHT LT,

X 2 i%%%zlié’]fﬁ%ﬂﬁf‘%é B iSRS (free
operantiff) BT ABMIV AT LA THD, HiKE
i 5 56 7/] IKIRATIC® 2/ S 72 I & AV D

(/) —=RAR—=7 ) Z & THRIMEGD Z £ HED
25, BMIGRREE Tid, ROBNIITER 2T 7 UV IVIRD &
D RRBREMm TR S~ VT = o —u UIREN S
iEHORDY L0 | EHEEDZ KD,

Real-time and Automatic Sorting with ICA (RASICA)
Host PC

...... TIF=a—OVER

2 RAM Amsplifiers Amplificr
KOG 1D

el R [,/
PCH 1o MXIT —
Control Display MXE3 bus e
| Raw dodecatrode data ~ Realtime spike sc Task trol PC i’%‘;
EI E > - %%;;}‘:—F
—
=5 ] WS

(Takahashi & Sakurai, 2005) (Patent 2005-118969)

2 HHRJSHEICB T 2BMIY 2T b, BeikdERs (R
FHhu—F) LABBHRAASAL T —F (T AT A
(RASICA) MO ENTW 5D,

BMIGRE CITEI O DY LD =a—n U iEE %
Mk =2 — K (neuronal code) & M573, RASICAIZ
QFIHDOHREa—FE U TILAA DITHBRET S L
MNTE D, 1OIE—ERFHN O KBE D IMFEET H
D RKBEEa—R) . b5 1OE—ERRHIETO =
a—ua HloFRfRkTHS (APHEk=—F) , =
NH2o0a— RFOWTNBITEIORDY & LTX
DHERET 2070, £7, Fa— FOMEEL =2 —1n
DOFEFARH L DBRIT E D DITHWT T 2 o 72,
3 1%, RASICAIZ L D38 KHHFEE =2 — N & [RIH¥E k=
— FOBHZ TR L TEY FCEi=a—r i b
ANRA T F—"—T v TREZ R U C RIS K

70

METEDZ LIZREDR S 5, X4 1ZRASICAIZ L D
BMIS AT AZEESHETCWABROa v a—HH
T D,

INF=a—Ay  FFHRA—F

+

A

‘mA"JM;' Sk —

3 :RASICAIZ L A F XKML =2 — K L A F A =
— N, RFH be— REICAZTEHTLZ &
TIEREIR AL 7 —T ¢ > 7 L RS kO
MNAEETH D,

Yy N=a—ny

ORGECH

R A —18—
Y

'i.l-._ _ -

—‘C_ﬁl ar f:fo '"--'.ﬁ:]

X 4 : RASICAIZ
FIX12AROEM o 231 7 LICATH S T2l 2 D
—a—a DA NNA 7752}[’/%%/74[/—(%@ TiEm %ﬁé
N16MH O = = — v N2 X DR KAEE O (A
) EREIEKORKRE (HiEfA ) 2& R LTWA,

L 2BMIV AT LD B o — A [H[H,



V. AR

MEEICH| & &, BMIE SR N5 TT v bD
WHIZEL D =a—a UG8 & R AkOE/LEHA
FRIZHHE Lz, £37 v Mo, BEORIZ&REZ AN D
ER_Uy b GREN) B2 ) — R — 7 SR % 3
WLz, I, A L2 B0 —a o hbik
LT = a—u AEEEBMIY AT A AN, F ok
BEa— R0 EREB Ak —RRE ) —AKR—7
IR & L TlmE 5 27—,

51X, 1 HBIZITENC KD ) — AR —7 Kbk
M, 2 HBICRAHE=2— RICXH5BMIGRE, 3HH
WZRIF k2 — Rz X A3BMIBREZTHhE=BEIC o
v MBI RO E R LT DO TH B, Bl &
DOERIL, SO 2 — RO HBLOHEREZ /R LT
Do FLERESALIZETRE GEENEF £ 72 1A RR ) ©
Hb, 2HEORAKEE—RIFEHTHY, 2—F
OHEBELNHERT 5 EIRICHME DAL, L,
3 HDRMFE K= — FIZAZ TR 2— FOHBIX
FEAEER L Tz, 2O G, FEEDMH
FRAIGENZ DUV TR RS 2 H ) 2[R O BMIH o4
Ha—RELTAHEY TN, AR kIR —F
ELTHOH W EbhoTz,

Rats = 3, Electrode sites = 3 (each has 5-8 multiple neurons), Region = NCx

1H8 2HH 3HH
T8 RNEEI—F F#AsRa—F
(/—AB—%H) (>2 spikes in 40ms) (> 1 synchrony in 2ms )
10 10 10 L
R s 8- 8 -
L}
§ 6 6 6|~
E2y
B oa| M o i
2 2 2
| | | | | | | | |
10 20 30 10 20 30 10 20 30
2 % %

X5 478y &R o — NI L DM E DL, EEREAT
WHRE, 7 v F 3ILOMERE G bE TN D, RAMBEE
a— Rix, =a—r M (5~81#) 23403 VAP
WC2EIBLEFRATHZ L, Ak — NI, =a—n
VHERND 2oL Eo=a—a i 2 2 Y BLNIZE
WiRAkTHZLTHD,

6 bIRIKDT —Z ThH DA, FLEREALITIEE CAL
Thod, 2HADEKHE—FIAHTHY, =2—
ROMBIAERT D & LITHRME SR Lz, £72.
SHOFRMFEAa—=FLAYNTHY , 2 — FOHHIZ

71

IIHHBEMMK LT, 2020, WEOMRIEE
WZOWTCI, KB & R ki, BMIA Ok
a— RELTHMTHDIN Do,

Rats = 4, Electrode sites = 4 (each has 6-10 multiple neurons), Region = HPC

1HH 2HH 3HH
ey SUSHEI—k R#gRI—F
(/—=RH—2) (>2 spikes in 40ms) (> 1 synchrony in 2ms)
101~ 10 10
R s = =
L]
% 6 6 6
b
BHoab al s
2+ 2 2
Il | Il | | Il 1 | |

10 20 30 10 20 30 10 20 30
e a2 2

6 TEh & i o — NIC X DMANE DO L, e
IFHEECAL, 7 v b ATEOFERE ALY T\ D, Rk
Ba—RNix, =a—8m U 4EFH (6~1 0ff) 5403V
BRI 2ELL ERATE L, Az ka— NI ==
—a VEMAO 29U FO=a—a 2’2 I UBLN
IR AT ThH D,

WEAERH S LB B RS ) — AR — 7 A2 W R L
7o BAERET AR & BMIIC L 2 HIEEEERREZ T v b
(AR L 7o, BEERETRRE &1, 7 v b oS ORHEl D BE
~BELCEALL, BElCh D icakE ANS (/—
AR—7) ETH D, BERERELE X, B CHEE
NT. 7> MIBOABEIT 50 IZBMICED -
vV Foa—uiFENc L EEA TS ) — X
R—7FTHHRETHS, JlficLy, EHEL0EL
EETRETH D Z ENbh -7z, K 713 BRI E
OREIXITH Y | K8 1%, HEEBATIRE L B ER
A EBEIATH> TWDREDT v NOBEETH D,

2L Foa—0OV5
BMI 1—OVES

V

a

—>

X7 BEREREOBMIEN, vV TF=a—a 0
B EBMIV AT AMEL MR — Nizk v, £fo
BB (VAR =7 HOIRNRHNTWND) BT v
rOF ALY 5,




8 : BIFAFHBIAEET> TS T v b, A1
DEEIN G M DOBE~EE L, 51U LTV 5 IRITHR
L/ —AR—=7F2%, FTIEBMNZ X2 HFE#HRIFERE
ZITOoTWARLT v by =a2—m U EBIC L D8
a— FCHRlOBEA BT S ) —AR—2 T2,

BRI A2 T > TV AR B2 1T -
TWAHEEDFR U ECALD = = — 1 iEE 2 f#hT L
77 BEBEIMETIEIENL b= a—a UIEEN 2 FEEk L
TWAHZIFTHY, BEERERETIEZ, M5 - 6 &
FROFEKHBEE a2 — NI X v EBEA R SE 7=, X 91T,
FNENOHBEE 2 H B L 7B 0% KEEE D2
L& d, PSR CTH D, BIEBEREIZE

WTOBFEKBEE DO RN R STz,
N=6
HiE TR H R E
(FBENES) [€:33:5)
s} s b T
g 6 | 6} -
| 1
& + ‘T IL
&
2 2 |-
188 2BH 18H 2HH
9  HEFERALIEE & BEEERLE BT D

FBCAL= = — 1 O KB, B ERE T
FENME o — RIC L v BEZBar S W7,

72

i

AWFFEOFATERRICEA L, ST RK (KHEEEKRT
U —ZETEH) | HUEEERK GUER S
WEIERL) | WA ERAK (B EE B RET E B)
WZIEGH 5.

SCHR

(1) Sakurai, Y. and Takahashi, S.(2008) Dynamic
synchrony of local cell assembly. Reviews in the
Neurosciences, 19, 425-440.

(2) #H71E (2008) REXBMI (LA v —<

VoAU 2T =—A) OBUR LB, AR TS

A&, 111, 916-919.

Hirokawa, J., Bosch, M., Sakata, S., Sakurai, Y.

and Yamamori, T. (2008) Functional role of the

secondary visual cortex in multisensory

facilitation in rats. Neuroscience, 153, 1402-1417.

(4) BHI51E  (2008) WHOIFHRAS &2 5. WAKT:
TR S

(5) Takahashi, and Sakurai, Y. (2008)

Hippocampal neuronal ensembles act as

comparator during delayed non-matching to

sample performance in rats. 38th Society for

Neuroscience  Annual  Meeting  Abstract,

November 16th.

Hirokawa, J., Sadakane, O., Sakata, S., Bosch, M.,

Sakurai, Y. and Yamamori, T. (2008) Superior

colliculus  differently mediates behavioral

facilitations of speed and accuracy by audiovisual
integration. B38th Society for Neuroscience

Annual Meeting Abstract, November 16.

Sakurai, Y. and Takahashi, S. (2008) Dynamic

neuronal plasticity revealed by invasive

brain-machine interfaces. Neuroscience Research,

61, s30.

Iijima, T., Hirose, H., Choi, K., Ttsutsui, K.,

Sakurai, Y. and Koike, Y. (2008) A brain-machine

interface for realizing both target-rearching

(3

S.

(6)

(7

(8

movement and target-holding posture.
Neuroscience Research, 61, s30.

(9) Takahashi, S. and Sakurai, Y. (2008)
Hippocampal neuronal ensembles act as

comparator during delayed non-maching to
sample performance. Neuroscience Research, 61,
s60.

(10) Aoyagi, T., Sakurai, Y. and Nomura, M. (2008)
Estimation of neuronal functional connectivity of
cultured neuronal networks. Neuroscience
Research, 61, s236.

(11) Nomura, M., Hara, K., Sakurai, Y. and Aoyagi,
T.(2008) Estimation of neuronal functional
connectivity of rats’ hippocampus CA1 during a
conditional discrimination task. MNeuroscience
Research, 61, s251.



FRiER- PN — EEZIC BT 55 ROERK, FRLF B DR
NG

RIRRFRFE - A antRaEbT et - Iridg Torasie

BEEE SRR, RN S-S < TRLE oA A BRI RIFSE O %
B, BEMICITEIT S 0R v FOR%, BHEHRS~OL
FH. R IC RS BT LWRIF R OAIR IR LT
RN A R V2525 WO HFFORED 2 9
T, MW BENLEANEE > TV, HRLFEER T
TS D WA & EEICE D HEN 0GR IR
MEIRHTEHEENDENE WD Z L NERN, BRI K
LEELRMEO—STHI LEbND.  MEWHL (PPTN)
IO S - L b EERTEF L3 ) VMO TH Y,
W< o BIEIR R EE O, EEhHIE, HEFE & BRI
WEEBZ BN TEEN, REEIPPINO S D ASGED,
BT HRR B ARICEE 2 RE 2R L TCVWD &R
B4 5 AEMERT — X 2 B-OTHRET D,

XTI

N EE S < BbFE 1, 2] O RA 2RI S O F I
MRBZORZ LT, BENIITET 2Ry FORIK, #
BAOIEASPMEFICEE S < H LWRIEFEER OAIFFIC
R UCHFICHESI2A 7 V525 L0 ) HiffoshE
DG, KW BENLIEENREE > TN D,

I D B B HE I S B O R — <2 AR (DAcell)
TZERI & DA THEE ST FA 0 BN LT
—HE R N — R NGB ETDH I LISk o CRIMAE, RER
7o I RIERZE CRENC RT3 2 Pl & EICE SNl
MozE) 2%0 mLFEEIZET 5 KM, KIMEEET
DYFTAREHEZFRBE L TN D EEZBRTWS[2],
L A RS 5 BT, T T HIREZE A3 DAce 1 T &
DEINFHFEENRTHDEDNENS Z L& | NEFSZR, FHH
HERMICR O EERMEO—oTHE EEZLNSI(]L, 3,
4], DAcellid R—/33 VtHC & % v 7 A ATk o il f#)
[BlEWH TR I EE AR E R LTS, 2
DAcel LIZ & & & E Bz 6 [6] BIAEME, MHIPE (BT TIX
habenulaZp ' [7]) AN&EZITFTTWBEN, TNENDATIG
SOMENHERBIICHL M SN TWRWEDIC, W
R TR ZE O ELRRE A Ao TR,

S 512, DAcel LIk} L CHE M A1 3 72 1) AuiEDAcel 1T/ 3 —
ANGEETDHZENNETH D720, FrlZDAcel LIZHKT 5
BB A O BEENENO LR - TL 5,

G HE25% (PPTN) 1T O b - L b EH AT EF L) v
MO TH Y, < HLEERTE L BERE/ENEE X
BT E72[8], PPTN S M 1 AL IR IZ BAGR L 7o KM IR A%
KB 72 E S AT EZF[9, 10]. F7=. DAcelllZktL
TPPINDS IR S 72 BUEMEA I &G LT D Z & [11, 121705

-
—

73

PPINZ~ & D BUZEME A F775 . DAcel LIZ361T 2% S IR (5 5
DAERICEERBEEZRZ L THWDZ LR ENDS,
T PER OBRR TR 2 BRI U 7= I PN TSR #I % (Deep Brain
Stimulation, DBS) DZx7p &3, PPTNAAEf) & L 72DBSAHI /X
—F YV VRIRIC R D EEIEEOBGEICENH D [13] &
WOER L &N TWD, £72—J T, PPINE FZE L
WIS HAEE (14, 15] OBREZ R THEARZHEL L & T
Do ZIUDH DO ENFHEIZEME LTV A0 E S MNXASH O
TDORBEGZRIEZSRNIEA DN, Z 2 TIHEFHIPPIND
RIS AL IS > TR LTV E B S,

I. PRSI 5 b s B

B < OFFRIFH, ABRTRFFR LY, 7EFLa ) o
T DIHFRARRRICEB T Db o & b BE MR mES R

DOOEDTHY | FRTBRINEE R EICL > TH AT I vy
WAL T DRI AR L TWD EEZX SN TS [16],
B2k PPTN) X T 2 F v ) o 7% 2 L ERVESh M
faz & & [17], Mo b - &b EERT T v a ) M
DOETHY ., T P OREIRTEEOFE., SITHIE., M5, =
BB LR IENEE L SN TE (8],

R IIPPTNIZ SR A B (R TR, ek, BE7ZR
L) ERIMREAE L - TWDH10], Z OREREREE L OB
TeRE A BRI D . B TIFPPINS EERE D — I & L Casdn
EnsZEbHD[10], 52, PPINIEMEEO 7 a— L7
VAT A (FYE AT RUF U CAEENE, R
' = fEEME) &L BTSSR H B (18], Z o 5
JER—PPIN— AT a— /L7 I AT AEAIK) DEEIES)
R, B BRIRMEBICERLAfTHZ Y A—L T &
EZHNTWNWS[9], ZOL21Z, EERITERBIIXT 5
PPINO BB & /R B E 2 A% MR 200 RIC B 577,
PPTNORERERY B BEME 13 o < BRI STy,

I1. BB ESRAE & 28 12351 SPPTNO £ E|

i ABIEE NP

SRS . PPTNIZ R BEEEAZ [10] . #HK TR A [19]
KIMRE [20], KRBk FR [21] 72 &0 BB A ) & 32 1)
BY ., F72DAcel HZZ < DERMRMEER LD [22] Z &N A BN
TWb, X512, PPINIZDAcel LIz %t L CRR 1 7 B P F
AT FE LT B 1],

F 7z, PPINOEBRHNHIZ L > TEE BPPINDOL DT EF /L=
U U HHIZ & 5 CDAcellO A A S U U RIK[23], =aF
SRR [24] OIEMALZNE Z ¥ . DAcellSphasic/p/S— & M &
Fagl &9 & [25] 72 8 b, PPINA S D B M A )2
DAcel LiZ35 1) 2 SREH % AL E S AR (C BB e Bl 2 - L C
WA ENREIND,



T, WL, —o— o UEEER

BT O - ¥ 2 L 72 Al 558k & 3% 552 I K -

T, PPINS & & & 20Ic L 2 il fe (ERHE, ==
F IR L) IS L TWD R EN TV S [14,
261, F£7-. PPINZMREES % L DAcel15HRE L 72 < 72 5 [27]
EMHLENTWD, o, Xz HWZABERIC LT,
PPINAS &A1) S 7= T3 0 RO BIfR L 7158 %

RL[28], &6 RAA Y, AVENLDRFIEAICLD

PPTNDJEENE 1L 23— BRI B O FRREIC )3 D BT
B~ 2T EESZENRENTWAI15],

I11. BEFEMEY v r— FREFOIAPPINO = a—u v
EE

INHLOIEIERMEICHLED LT, W, Bl
SLATEOHIE & W 5 RIE 2> S 7 7=PPINOHEREIZ >\ T
INETHELIFARNDN TR, IRERGEERRE, oy
Ar— NI IR RUG IR 72 & AN ZE AR BB AT T O %
B2 TR0 T VDT, BT T ICIES ATV O FHEI D fEITIC
WLTWALEEDbNS, T2 T, FxIHEHENEY » r—
REREZITH OY L DPPININ S = 2 — 1 iEB 2 308k LT
[29, 301,

BB R 7 Y 2 — VORI ERTEICRIETE

MR FBENE D~ &7 — RFRBEIZEB W T, YLl R4 oR
SN D FEHANM A — EReER L. & O%ERRNEANELT L
B EDICEMDBEREND & EICmrs Ty r— K
4795 (Fig. 1A), 727 L—EKRMEFERL, ELL v ir—
RAMTON BB OB AEHR A 5- %2 5 b,

Fox TR HINC L 2 EEST T & OBIE AR D728, B
PATICHR T 2 BN B 2 BB L &8, FREZITICE» T
HHECTEI2HRMEZELEI T, 5L, #ifL7-R1T CTH
P2 L REIERITE < 2D . WIS EN D772 5
LRI I3 L7z (Fig. 1B) [30],

IO LI, BoEEET GREBN~ORE) 2835
LPPIND = =2 —a AFENI ED L H IR DDA 9 D,

HEARFE AT DA E 5, BREZATEIRBER 72 FHg Y
=a—n UiEHE)

PPINO HIZ, EHIERITICRB W T, FEN M E - m il (R
IR AT 449100 ms) 722 HREEK T (IR 1203 Tk
BHNCR KT H=a—a BN RoNn-7- Fig. 1B)[29] , =
DL IIEBIESEENTE= 2 — 1 U ORKB%TH b=,

D= a—nu rORMEITICE T AIEENLREhRIT &

TIEFITNEL Ipolz, ZOFMAPLETHDO =2 —a 5
) L IREO LR L OB ETIND & ISR T A
JE ORI OB b, iz, ETICHRINE
NS P & D W E 2 B9 & . PPINO R 72 =
a— 1 AAFEN LR 5 (Fig. 1B), Wl 2 d <&
5L PPINOEiHG 7 = o —a UYEE AT % (Fig. 1B).

Fo, KEGIT (BF o <@ ITIER IR ItBnwT=
a—a AFETE o & LRV L L THhH o7 (Fig. 10), Z
DFERIT Z OFEHG I 72PPIND = = — 1 UGBS, sREDRLE)
ERLTH SN HRIMESE V| SREZATITHR T 2 BT,
I ~OHFICTER L TWDL Z L EREB LTS Ll bh

%301,

Fig. . RRFBEMEY v 7 — FEEHOPPINO =2 —n UTEE A)
MR FHEMEY » 7 — NIREORRIRGE, AR 23w g 12 8]
Y ABTERT D, EEBIRE (400-1000 ms), JEARAILANE % .
B r— RS ORI RN D, Y v — Rz m
PoTHyr—RETV, Bl LTYa—2nE526n5%, B
FREHZ TR O =2 —u UiEE), BT R DIECHMA S -2 5
nNabLomns, Exbhinbo~B8iTt5, ) =a—aiF
& PR S AW, FREERE OBIfR,

Sz on8lic - TAE LB —n UiES)

PPIND#I30%D = = — 1 o (_EFE DO FEt TG B & 7R 3730% 0D =

22— 2 &R AR ) CRLRE & ERIFRICHIN & B 2 7=

. ¥9200 msOEG T o —a UIEBOZME FRENRR SN

72 (Fig. 24), 2 HD=a—nm o THBEZITTIC S W%

DIJERIHLENDEN, FD=a—a AFENIZ Of o X 951,

WG 2 b= %, —wEOEE) LA S L TR 5N % (Fig.

2B) [29, 30], 7eds. WREMSUGOWERE (FI100 ms) XA S h

TUWADAcel l DB A S D (113 ms[31]) L b R2RF M-

Too F 72 Z O A LRI 0 B 45 BE 05 E 0D AR T | HE R

F%C. DAcel 1 DI D & 5 (ZFRBE DIETTITAE W FUS AV

b+2ZEnhot,

FLHBH L, bILONBTo T ERFEMY » 7 — RiESD

DY ND= 2 —n AFEFEHT[29, 30JICK>T, UFD2F#

HO=a—o AFENR RO o7z,

1) FREOERE, HD50 T VORBEIGEIC L > TR&
ENEDLD, FREE RN SHEE Y, WK E TR <
Fre I (Fig. 1)

2)  TREEIFRF O GO IERAGR T — ey 2R B e 2 B
BOINE (Fig. 2)

N R gW

WIZ, TNHO= 2—va UG8 HPPTNIZ R VT 2 Sl 5 L

FIZOW TR L7,

Fig. 2. B2 o= SBx§ 2 —MHR=a— v BB Sk
T2 R 2 —w AT, () BUE S ERRICHM O 2z
b2l 2 obas, B) E P OHMSIE EREOEITIZHE - TR
IENEALT D Z E1E7R)



IV. PPTN® SR {E $RALER

PPTINCE & (XEMEAH T ICBIMR L7z GRENTFRIANZR) =2—n
AR ZFRER L7z Fig. D, A% IO == —n UIFEINH
(L LB TG S0 & DOBEHE (TR0 HliK L &
O, EE/ R E, WY 4 X 7 oTH) 2
LTWEDEERNCIHRD BERH 5,

L2 AT, PPINIZ E 2T b EERHT . il PN BEE L7 1F
BEZITR->TWHDES I M, BH—ICEEEMEE ST EM
FREIR — MR B BRI IR O —HEIH TR - T B L Ebh
510, 32-34], Z OB CIZPPIND B X —EHIHIZ L -
TALD EEbS,

5 AT HE MR BIR S RBHRASCHRR FE2[19] TH 5 "l ket
NEZbND, £, BEEICHEMEFEDKMELE TH D
EWVWSFTREMENE X b D, Bl AFIE S —F v Y R &
DBE > HPPTNIZ )95 KIMECE ok (RrIZEBE) D AT
IZEB LTWA[20], F7-. PPINIZHRKEIRCATEEEE D> & SR
FHNEEZZ TR > TWADNE LIV,
F7-F & 1ZPPIN THMITRNIZERIRE T, 52 b - W
W L= 2 —a 5B 2508k L7 (Fig. 2), Z O
{5 BV TARIR TERAMUEF N B0 -> T B E B 5 [35], 2D
FREEIZHL S 7 APEICPPING B8 SH[19], —i®PED/S— 2R
k&4 T &% [28], Z DPPINT O —i@#ME/S— 2 2% DAcell
O TP QW3 2 — R R BB PEISE | 25 &2
LTWHOnE LR, 5% Z0=a—u iFEnabs:
BN BRI WMNE 5 0 EOFEHE GRENEO EEZ 50, #
B0 & O REELIE) A2 L TN D DO DEEIC TR D LB
H5b,

V. #EFRIREOFHFEERE

1 [ S R ¥ (= 2 = hab ST G- 1. | N i R 81 | D=~ A3
Boni- w0z, THREFRRRE ) 130 E O ICE
WARERTHY, EXCENNBIEFEOHAMESTHD &
EZHNTWD, EEIT, Z OB THIRE 2 % HiE 21
) Z L THEMIEET u Ry RRKERF STV D,
BT DU DO EBFRINIZE ) & BE ODAce 1 DTGB A3
ZOWMMTRFEEICBEBRLTVA L VD ZEIRENTE
7o TAD DOBFFEIZEBN T, BTN & i o S04 2
BHEAT>TWND, ETFEPVHOBRET, BT >Th
2RI & D I A TS AR SE A 2R BE T, DAcelliZ
BoNTZHEN S L CORMDIIET D, Fho. LM%
W2k L TR ADIGE D A b7 Fig. 30),

L T ADEEBET L H DHNKIC K B HRENOES TIN5
LT &, DAcellIZBITD 526N EBERLHA I VT
NTRTE D] | FEBRICH X OB 3 5 K5 A 72 <
20 ESITFEENTIXAFTE Lo T2 AT R x4
LA O—BIEDISENAE T 5 [2] (Fig. 3Q), £/, %
Bt TH LT T ORMNE 2 5N WEAITITHREA b
bR DT ORE R CTHIHIER R 65 (Fig. 30)

ZD X HITDAcelliF, HDHTKIC L - TEM, REEPIZT
T X AN LTk, SfiE OB T HENE 51 k- TH
SIS kT 2 BB O WG 5% 2 BT LW HE
T I & EERICG D o= &2 R LT\ 5 [36],

FA MY R E=ali ]

~ . + T Dopamine signal
: + T

=ahll)

Dopamine signal
FEE)

@ I ine sigral

(FE -

Fig.3. ZEE WG L TEILT BDAcel IDIFEI N HF —

Z @, DAcel | OFFENI TGRS & — T K < bR

5 LTD (temporal difference)Bis CinBA ST\ 5, TD
FRICRBWTIE, RMALECHE: CA U R 72 a5 (&
DY FIETAELT, MO X A 2> 7 THET DL A ED
WM TRIOT —F% > 7 AE U — (Fig. 4@)) BEFEHY S,
Z ORRMG ST TENE B (B0 Rz L > T—
FEAD R BN Z 0 . SO X A 2 v 7 TR 2 I AN
x5) CHBMEOIEERME S Fig. 40) SINE S T+
HEEZE Fig. 4Q) & LTDAcel ITEBRINTWAEEZ LN
TW5 (1, 3, 4], FEROFEFZESHI72TDE T L Cld, DAcell
WX D IFRIICHEA 72 GEVY) B ME (MR EEAN O —
EJIED OFkES Fig. 4@) & REBICENT GEVY)
KM FLJE A H 3k [37] D FHIVE D RRBERIE B (Fig. 4®) ZME
T 5 LI Lo TESMINIFRMS 2 EB L5 [3], Z
NETIORLEY v 7 — KR OYILOPPIN= = — 1 LG H)

SERD D bbb, DAcel LITxd 5 2 FIEDBEMED(E =
(B T-8E 5 (Fig. 4@) . FEHMM(E 5 (Fig. 4@)) 23, PPN
NOOEHEOHEEATHETHD LB 25,

TN TR 72 B M D FEGEROE = (Fig. 4®) BIFEET 2
LIRETDE, TOEFIIEINLRIDOTHS I H, Hin
FITBREGED D Z ORI 2B RE L 2 A 2 v 7 OFRNIC

BAA% L7l A I — E OIFRBN TRoo T B L& %

BTV A [BSIMEMRITELARHTH 5, FillDAcel IR
WZH & A X2 7 HINC S EMERR P RIFR A Z R LT D

LWV HENRENTWS[39], S H%PPINTHENE & ¥ 1 2
U T T RN OV TR~ M T HRE A= ER R I B W
TPPINA I, # 1 I > 7 PRI R THZENZ DOV TN
7=y,

EHANUBE B

P b
o i i | Dopamine signal
DAcell — : (FHE)
DEE @ “¥p ine signal
(FE-18EH)
@
Reward signal: R(t)
@ Excitatory to DA
— 1_ Reward predictionV(t)
. ® i
sty B ooyed
Reward prediction:V(t-1)

] . Differentiation of Reward
- - Prediction V(t):

I @0

Dopamine signal (1) = @(PPTﬁ}t@{PPTN)-@( BEW)

Fig. 4. DAcel DB FHFEEHE Sh 3R



ST

(1]
(2
(31

(4]
(5]

(6]

(71

(8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

R. S. Sutton and A. G. Barto, Reinforcement Learning. New
York: The MIT Press, 1998.

W. Schultz, "Predictive reward signal of dopamine neurons," J
Neurophysiol, vol. 80, pp. 1-27, 1998.

J. C. Houk, J. L. Adams, and A. G. Barto, "A model of how the
basal ganglia generate and use neural signals that predict
reinforcement,” in Models of I nformation Processing in the Basal
Ganglia New York: The MIT Press, 1995, pp. 249-270.

K. Doya, "Metalearning and neuromodulation,” Neural Networks,
vol. 15, pp. 495-506, 2002/// 2002.

J. N. J. Reynolds, B. I. Hyland, and J. R. Wickens, "A cellular
mechanism of reward-related learning," Nature, vol. 413, pp.
67-70, 2001/// 2001.

A. A. Grace, S. B. Floresco, Y. Goto, and D. J. Lodge,
"Regulation of firing of dopaminergic neurons and control of
goal-directed behaviors," Trends Neurosci, vol. 30, pp. 220-7,
May 2007.

M. Matsumoto and O. Hikosaka, "Lateral habenula as a source of
negative reward signals in dopamine neurons," Nature, vol. 447,
pp. 1111-5, Jun 28 2007.

D. B. Lindsley, "The reticular system and perceptual
discrimination.," In The reticular formation of the brain., vol.
Boston, pp. Little, Brown & Co0.:513-534, 1958.

E. Garcia-Rill, "The pedunculopontine nucleus," Prog Neurobiol,
vol. 36, pp. 363-89, 1991.

J. Mena-Segovia, J. P. Bolam, and P. J. Magill,
"Pedunculopontine nucleus and basal ganglia: distant relatives or
part of the same family?," Trends Neurosci, vol. 27, pp. 585-8,
Oct 2004.

T. Futami, K. Takakusaki, and S. T. Kitai, "Glutamatergic and
cholinergic inputs from the pedunculopontine tegmental nucleus
to dopamine neurons in the substantia nigra pars compacta,”
Neurosci Res, vol. 21, pp. 331-42, 1995.

J. Mena-Segovia, P. Winn, and J. P. Bolam, "Cholinergic
modulation of midbrain dopaminergic systems," Brain Res Rev,
vol. 58, pp. 265-71, Aug 2008.

A. P. Strafella, A. M. Lozano, B. Ballanger, Y. Y. Poon, A. E.
Lang, and E. Moro, "rCBF changes associated with PPN
stimulation in a patient with Parkinson's disease: a PET study,"
Mov Disord, vol. 23, pp. 1051-4, May 15 2008.

K. Nader, A. Bechara, and D. van der Kooy, "Neurobiological
constraints on behavioral models of motivation," Annu Rev
Psychol, vol. 48, pp. 85-114, 1997.

H. Conde, J. F. Dormont, and D. Farin, "The role of the
pedunculopontine tegmental nucleus in relation to conditioned
motor performance in the cat. Il. Effects of reversible inactivation
by intracerebral microinjections," Exp Brain Res, vol. 121, pp.
411-8, 1998.

E. Perry, M. Walker, J. Grace, and R. Perry, "Acetylcholine in
mind: a neurotransmitter correlate of consciousness?," Trends
Neurosci, vol. 22, pp. 273-80, 1999.

A. E. Hallanger and B. H. Wainer, "Ascending projections from
the pedunculopontine tegmental nucleus and the adjacent
mesopontine tegmentum in the rat," J Comp Neurol, vol. 274, pp.
483-515, 1988.

Y. Koyama and Y. Kayama, "Mutual interactions among
cholinergic, noradrenergic and serotonergic neurons studied by
ionophoresis of these transmitters in rat brainstem nuclei,"”
Neuroscience, vol. 55, pp. 1117-26, 1993.

K. Semba and H. C. Fibiger, "Afferent connections of the
laterodorsal and the pedunculopontine tegmental nuclei in the rat:
a retro- and antero-grade transport and immunohistochemical
study,” J Comp Neurol, vol. 323, pp. 387-410, 1992.

M. Matsumura, "The pedunculopontine tegmental nucleus and
experimental parkinsonism A review," J Neurol, vol. 252 Suppl 4,
pp. iv5-iv12, Oct 2005.

T. Chiba, T. Kayahara, and K. Nakano, "Efferent projections of
infralimbic and prelimbic areas of the medial prefrontal cortex in

76

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

the Japanese monkey, Macaca fuscata," Brain Res, vol. 888, pp.
83-101, 2001.

M. Beninato and R. F. Spencer, "The cholinergic innervation of
the rat substantia nigra: a light and electron microscopic
immunohistochemical study,” Exp Brain Res, vol. 72, pp. 178-84,
1988.

R. S. Scroggs, C. G. Cardenas, J. A. Whittaker, and S. T. Kitali,
"Muscarine reduces calcium-dependent electrical activity in
substantia nigra dopaminergic neurons," J Neurophysiol, vol. 86,
pp. 2966-72, Dec 2001.

T. Yamashita and T. Isa, "Fulfenamic acid sensitive,
Ca(2+)-dependent inward current induced by nicotinic
acetylcholine receptors in dopamine neurons," Neurosci Res, vol.
46, pp. 463-73, Aug 2003.

S. J. Lokwan, P. G. Overton, M. S. Berry, and D. Clark,
""Stimulation of the pedunculopontine tegmental nucleus in the rat
produces burst firing in A9 dopaminergic neurons [In Process
Citation]," Neuroscience, vol. 92, pp. 245-54, 1999.

W. L. Inglis, M. C. Olmstead, and T. W. Robbins,
"Pedunculopontine tegmental nucleus lesions impair
stimulus-reward learning in autoshaping and conditioned
reinforcement paradigms," Behav Neurosci, vol. 114, pp. 285-94,
Apr 2000.

C. D. Blaha and P. Winn, "Modulation of dopamine efflux in the
striatum following cholinergic stimulation of the substantia nigra
in intact and pedunculopontine tegmental nucleus-lesioned rats,"
J Neurosci, vol. 13, pp. 1035-44, 1993.

J. F. Dormont, H. Conde, and D. Farin, "The role of the
pedunculopontine tegmental nucleus in relation to conditioned
motor performance in the cat. I. Context-dependent and
reinforcement-related single unit activity," Exp Brain Res, vol.
121, pp. 401-10, 1998.

Y. Kobayashi, Y. Inoue, M. Yamamoto, T. Isa, and H. Aizawa,
"Contribution of pedunculopontine tegmental nucleus neurons to
performance of visually guided saccade tasks in monkeys," J
Neurophysiol, vol. 88, pp. 715-31, Aug 2002.

Y. Kobayashi and K. Okada, "Reward prediction error
computation in the pedunculopontine tegmental nucleus
neurons,” Ann N 'Y Acad ci, vol. 1104, pp. 310-23, May 2007.
J. Mirenowicz and W. Schultz, “Importance of unpredictability
for reward responses in primate dopamine neurons," J
Neurophysiol, vol. 72, pp. 1024-7, 1994.

W. Schultz, P. Apicella, E. Scarnati, and T. Ljungberg, "Neuronal
activity in monkey ventral striatum related to the expectation of
reward," J Neurosci, vol. 12, pp. 4595-610, Dec 1992.

O. Hikosaka, K. Nakamura, and H. Nakahara, "Basal ganglia
orient eyes to reward," J Neurophysiol, vol. 95, pp. 567-84, Feb
2006.

P. Winn, "How best to consider the structure and function of the
pedunculopontine tegmental nucleus: Evidence from animal
studies," J Neurol Sci, Jun 7 2006.

K. Nakamura and T. Ono, "Lateral hypothalamus neuron
involvement in integration of natural and artificial rewards and
cue signals," J Neurophysiol, vol. 55, pp. 163-81, Jan 1986.

J. R. Hollerman and W. Schultz, "Dopamine neurons report an
error in the temporal prediction of reward during learning," Nat
Neurosci, vol. 1, pp. 304-9, 1998.

C. R. Gerfen, "The neostriatal mosaic: multiple levels of
compartmental organization," Trends Neurosci, vol. 15, pp.
133-9, 1992.

J. Brown, D. Bullock, and S. Grossberg, "How the basal ganglia
use parallel excitatory and inhibitory learning pathways to
selectively respond to unexpected rewarding cues," J Neurosci,
vol. 19, pp. 10502-11, 1999.

C. D. Fiorillo, W. T. Newsome, and W. Schultz, "The temporal
precision of reward prediction in dopamine neurons," Nat
Neurosci, vol. 11, pp. 966-973, Jul 27 2008.



TR EE) O HIENZ I 1T 5 FRErRRE R O & E

HARFH AT e - AP SE T

I IZE®IZ

I 5 S B 1 ) D AR AT 2 BRAR 9 5 b e b IR B 7R [ R
DAEROHERROETAEERTEEHETHD (1),
B Z1E, & M OTII3OFREOEA L 27 MEOT AT
Do, MEEET BTN OBIRSCE S 2 LI

& CCEE OB OIEE & FRFICHI#E T 2 L ER N H D5, T,

WXz omERTEBRELZ EOL S IZHIELTWD O

ThAHIMN?EDMHFBD—o L LTHREBENTEX =D

B MoFV—] | 2F 0 EEROBHRENDE SO
L LTHAT S Z 12k > T HHEOEB A HIHE S

NTWsENnIEXFTHH(1], 2DV FY—n—2k
UC. BB U 72 2500 i 0 e [R5 ) & A4 2 3
Y —OFENEE ST E T, Fl 2 X EER) T
BOREEIS U CRE R Yo —0BGFE L, MTiTEE
AT O 12D, lx OF TR 2Oy T ¥ — % HliH
T5, v Fro—EHNnbZLick-T, BERKTHHZH
2SS & o CHIE AT RE 72 L~ Wb S5 Z &3

TEDHEVIEBEZFTHD, LL, VFU—%ERTD
HARR 2RI DWW CIEBIEE TR E A CH B

ENTHiwn, BAIXZDO LS iyt o — 0K E R
AR SBE D > TV D LWV I RFLE b &I 2D

TWb, ZORFIE. L TORTEYTHDHEEZX TN,
(a) MATEB) O FEARNER H )13 FBEAFET D270
RIZL s TEBR SN FFTTIZHbBN TS, HFHiCE
MENDDEY XXy 7 @B /720 TidZevn, B L
T2 BTN Ul sl fRTE@h S & — 2 GRATEBIRF O 5
TFU—) bHFREICE o TR EN TN D HNRE E T
W5,

(b) BRI EIRE TR E DR AN T T, FrE DR
BEATEMEAL S5, BIZIE, BRI A SN K > TR
) S5 il SO R SO JE S 2 RN B S 2
(RHHEBRF OV —)

1. HBY
DX W EDOVREE X, POVICINEER A2 (TS
T OBROERBE 7  —/v NELL & A EXIEE & DR
ERE L, AMEEFSI & E P LoERERICRET S,

77

IR - BRZ

FREAPIRTIE S & AHVSE) & OBEM A RFT D, AREEIL,
B IEIRE AT O Y VR D E— AR IR E) & D
B, 2N b EAERIEE) & OBIENEE R D 55 2 T
SNMTAEEZHNET D, BELILENLEHANT, Hii==
—R IR ATV —ERICET D TRi R ER T —
ZENETHHEZEN LT 5D,

111. Jitk

ARFEBRITZAD =H PR & LTTRo 7o, ERIZ
B U C, REENEERTFEFTAMERR L7 A B F A 2 TThe
National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals] Z385FL. X HICHAH
PR EN R E B S DOKRITE SV TERRZT o 72,
B

PIUTIE, EFORE & BIET2ARD L= 24 5k
BB 2RI L7, 2 OMBED 2 DITR RN
LI~ =ta T v ¥ L& fif LT (Fig. 1AB), H 1D
RIFICIEa sy Ea— ST 4 AT LA 2R BL, HL =0
NEZER EO2ROH—YVLE LTIRRL, EHICH—
Ty bELTZOORG AR LT (Fig. 10, £T 99

Elbow Fixation.
Left Arm
Potentiometer
Cursor .
Trial Start 3 Target S?“ Grip ?”391 Egd

a :

S Index Finger :

'@ f ‘

[=] |

o i

o i [:"
@ Thumb ] 3

Trial EHCI ! 1sec
Time

Figure 1.

Experimental setup. A,B: diagrams of the custom-made manipulandum
for the precision grip task in top view (A) and lateral view (B). C:
Sequence of a trial. Lever positions were reported to the monkey as two
visual cursor signals on the computer display (gray bars). Two target
boxes were also displayed (black rectangles). D: Example of finger
movements during a single trial. Upper arrows indicate the time point of
each task event. Two traces show lever positions (upper: index finger,
lower: thumb). Shaded area indicates the time range where frequency
analvses were performed (from 0 to 2.048 sec after ‘Grib Onset™).



Spinal neuron

Figure 2 - A: Experimental setup for extracellular recording
of spinal neurons from a monkey performing a precision grip
task. The monkey squeezed spring-loaded levers with his
index finger and thumb. Lever positions were recorded with
muscular activities of hand/finger muscules and spinal
neurons. B: Schematic diagram of recording procedure. A
grass-insulated tungsten microelectrode was inserted into
spinal cord by a hydraulic microdrive. Signal from the
microelectrode was amplified and recorded, while EMG
signals were simultaneously recorded. Inset: sample record
of spinal neuron action potential (10 traces overlayed).
Consistant waveform indicates the stable recording of action
potentials. D, distance from the depth where the first neural
activity were recorded in single penetration.
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A, REHEXAELEEOLITHEE SN TS, #HREIT
ICEY, mikiz ZReiciEly, AR CREEfiv=t=7
VHELERETAS, v a T X0 2O EE Y —
W& TR 2 HREOT E NGNS, HREETTED
FEIEFT AL EO I — Y Vv E ETFEAICEIEL T3
BEEEITY. OB, PHESOBEE 4T v X LOFER
Z2KHz DY 7Y > 7 L— [ TRIBHZ RS, - fiftr 4 5.

ZDOVAT AT, FHfiv=taI o Frr0nbiE~vy
AL LTHWT, 2k FEETIZIT, OO R EHT)
L ZDRKTH 5 HiEEh O B OxHSERE o T& 51
RN B 5
B. xt& & EBHE

KGL, BRRIIS/NMICTRIE 2 3 5 A 84 CEE i
59. 5i% ; BAPEF B/ NMAMIETS, S3MEMLAELL) & 4
FRIR B OBEE D 22 W A 84 ([F150. 95%) Z#EHE L7-.
INIMEBE OFEFHIMII2~ETH Y, MMPERFIEIC L o
3T RITREENTFEE L TR, 2l b i oEE I
BREMNSPEECTHY, SROERBELZITTDHILNT
7. HRICESL > TR ZHA L THEMEL T2 &, 0
HH DV EEIC L DEBE A, AR T8 MDD RAT
v FRIO FEAEES) (Step-Tracking Wrist Movement) '©%
HEEE L7z, BT = —0hRZER 1 cndO W F —
Ty hMFREND E, FEEZHNOLCGEET LI — YL E
HNF =7y MIRFFL, =X — Eo 0 (FEfioaE
TISFLIZHY) IZH LWH—F y PRF RIS, “TX
HIETRL, TELHETIEMRIZ FEEHNALTHI— Y L E
FLWF—Fy FhOFIZAND XY RSN, O,
2EHEO TS OME L T EEEICE DL 24O EE8F; (
R FAR RS (ECR), AN AR A %5 (ECU) , AN FARJE # (FCU) ,
B TFARE ARG (FCR) ) OIFBN %2 [FFICRE L. HEXIT
—F D ERIEAVER T M BB 2 VD CER B 2 AFE L, 7
AR L 7= B & 2kHz, 12bit TH 7V v 7 L7-. &
DOEAILSmT, BB OEEEA10mm & 725 X 5 2kt
B-o TR~ 7-.

III.
A. REHEX L EBES

ES NSRS


mailto:kakei-sj@igakuken.or.jp�

PR 1> © OMEB R4 1L BB = = — 1 A Bl
L, NZILHRS 5. = O RIHO BE BN Ol LC
FHI L 72 b O RIGHER (U FHER) Th Y, = OfER

DRE SITFHED L LBIBERICH D EWESLTNDY. L
L, BE L7 i AT AR BT EARALE I L YRRk S

DIEBFOREEINELDTD, TOFEE TIHERMROHTIC
I Y TRV, £ 2 THEROKRE & hL s OfEICH#H]
BT D EHILEIT 72, KHRAOKRKIEE) 7 M (Preferred
direction) (233U TEE RMEINHERF O BEHET - L2 230. SNmD
LEXDOBRNICARADLEIICERIELE. SHICEREE
=M ERIE, HRA 2L 25T 2 8 IUHE OB % i 1E
FTHIOIZR—/NAT 4V F—F@T. TDT 4 /LF— 3
FRAEBRIY BV 0 D, 2RO B —/S AT 4 L H —T+4y
RIEPMBENTEY, RS TIEFE 28T BRI EY)
27 4 VA —& LT, Cut—off 4Hz, 2k ®Butterworth filter
ERWE. 2LT, B—RRT7 4 NE ) P ENTERHRO
HhER D KE S (ECR,ECU, FCU, FCR) % 7> b fili A ~%
LNTIEEBES L L TAZR L CHIT 21T o 7.

B. FHEOE X LEBHESTHIHEBORE
FHEZERT 240D IEE)
(ECR,ECU,FCU,FCR) 76 T HIEE 2 ¥ L < i T &
DX OB v KD RETE 2 T o7
TP PEESOBEE R (AR, AEE, AMEE) »5 T
BEET bV o OXRRSr &Y mlidr %, RO (D) &X(2) OEE)

BAZHNTE LA RD 5.

16, (t)+70,(t)+ ko, (t) = f (1) (1)
16, (t)+n6,(t) + ko, (t) + mgccos O, (t) = f, (1) (2
ZIT,o0,() Lo, () IXFEEE O E DX S &Y RS T

HY, 0L OITTFEOMERE, AMKELELT. 7 IXEMEE
— AU NTHY, FEMRE R L TRO D, HE kIThE

[R5 & WHRETH Y, 5 F TITHED D I MEIc &Sy
T 7=0.03Nms/rad, k& =0.2Nm/radlZ9 5. MEcTFDOEEE
BEPLTHY, FOEELZH-> THEEBEERIZKRD D, g
BN (629. 8m/s2) THY, f (1) & f (1) 1L F HEB OB
W BRD - FEE ML 7 OXAS &Y RS ERT.
4>Of5A (ECR, ECU, FCU, FCR) Df5i%®E) & FRIEH ML
L OBIRIT, HAWOBBAIVER O J5 1A (Pulling
direction) Xz ASNTHD R (3) & (4) D X HITXARS &Y

AT L TR TE 5.

a,& (1) +a,,8,(t) —a,e,(t) —a,e,(t) = g,(t) ®)
alyel(t)_aZyez(t)_aSyes(t)+a4ye4(t) = gy(t) 4)
2T, gt).e(t).et) e (t) I, FAODHA (ECR, ECU,

FCU, FCR) D a—/ XA T 4 VA Y v T ENT-HEROKE
(ECR,ECU,FCU,FCR) TH Y, g (t) & g, (t) L& AED
I TSRO TZFEE vy DXy &Y Y &R,
a,-a, & a,—a, [ TEHADOIEM~Z FL (Pulling
Vector) DAxiKy Lyl CTH Y, 25 A OMMIIER O 5
M & FRIF DI HIEE 2 BB L CAE O ER S T/
fi sV ZRDH AT A=S TS (a, —a, >0,

a, —a, >0).

KB L@ 2RO THBEXOBIE g (t) 23 FEIH -
N7 () &E—FE D LD ITRELEM 2TV, AR OIER~N
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27 )V (Pulling Vector) D %4y, a, —a,, & a,, —a,, IR

L. ZhICEY, MEOHERSFBEO LT E2RD D
ZENTED.

C. BEEBNCEIT 2E1E O

K202 EBREE & L TIT - 12877 M D F 15 8B D EBR 5 5
OHl %7, BEERE (X 22) X OonbE Fno X —77
v P~ IZIEEROEIPE A E N D FEEREZITo T
WDDIZH LT, MREBOBE (K2b) TEEINL F—5

(a) (b)
20 20
w w
(R 3w
> >
o o
2 2
g0 )
E E
-2, k=3
% -10 'é -10
= B
20 20
20 -10 [} 10 20 20 -10 [} 10 20
‘Wrist joint angle X (deg) ‘Wrist joint angle X (deg)

2. step-tracking FEHIEZOHIE. (a) EFHEERE, (b) /I

v b ERDDFEICFERBE RO D HE N L\ L)
WUED AT YR8 H L. £ 2T, /NMMERICIRIT 2 2 E
BB LT, EBOIEHE S CEB O S, KT IZ O
TERIICOIT 21TV, IEFRERE & ik L7z (X3).

1) EBOERS

(@)

-
—

(b)

'§ m=362"/s
@ 25 8
3 ? m=235
2
o ~
= 30
£ s g
g s 2
g 4} m=015 2
g 'g; 10
E 05
4
0 0
Normal Cerebellar Normal Cerebellar
control patient control patient

B3, IEFHERE L/ NMEE IR T 2B R~ T 4 7 ADH
. (a) EBHOEMS, (b) FHEE

EEOEMESIE, PROZ—Fy NEEIOZ =7y o

D7 fl SEAR GRARRE) 2> D oETNLE O X L (R FERE)
LEEL, WXL O ICEEL TH3allR L.

2.5,

E@J@Ep@g:% (5)



ogo 039 0%0 0% 0% 0% 0% ) B 41/ MR IS\ T8 )71 O T BN IS 1 5 BLE 7

98I SIS WS B2 O 5 R 7= T B b/w (FHR) L fIE B bR 7= FRIH
s , T RO O —BBAEZR L. £ LT, EWkRE &
24 IR R D BB SR T D Rl Pl ORE R AR LR Lz, K
e 2 A N 42F UWORLEZE D IS, BEORJIELS, FEO b
8 2] W L7 LA DRTEEIO I AR TR VREE (FRRIR K
5%l R=0. 80-0.85) MHEHNT=.

0 1 2 3 4 5 6 7 8 9 10 Z OFERIE, 4> (ECR, ECU, FCU, FCR) DAFIEENIC

Time (sec) #£1 FHE PV L BIEBHOME
g g [ Correlation R of Correlation R of
2 lﬁ%ﬂ f normal control cerebellar patient

E sl fw i Torque X 081008 0.8110.09
E g : Torque Y 0.84+0.05 0.81+0.05

Pl T e ESVTRH O RAED A L~ b <R
X4 NHEFEICBT A TFEEHOIR~T 4 7 ADDHEES MCTEDZLEFRLTCND. 2%, K#ELICE > THRD

- TR v (ﬁﬁ EMEDEMGIEBOBIER GRER)
OXIGBRO—F].  EBII T EEB O h &R

T, tIEBRETHY, [DtihéﬁJ iS1os

LZFREMEOHBGEN S OFE2E L 5. K2L[X 3a
NH0 5 K I/ NREBOBEITITEE O A S VO
T, FEIAEE (m=1. 8J) M IEF g (m=0. 75%) K v 3(E2
ERELT, SHICRECHEZ (p<0.001) BdHdHIE
DHER ST,

2) S35 E
8H MO FHIEEN 1T 5 P & K3blZ R L7z, K 3bl
IRENTZ LD IR B O BE DA, 1EROME TRV K
LR SN TE LD ICE & B, 3 CEYE
m=23. 5% /s) S IEF HERE CEXEN=36. 2/%/s) £V AREICK
2o7=(p <0.001) .

PLEDFERMNO A B &, INREEE TR L5 SR 720 B
HEEBORFEY A, AFFEOEBRFEOF THLHOLMNICTH TR

D, Fax DT AT 2 VD T/NMER B O R ED) (B ) OFF
e ERIICHITTE D Z L AR TE .

LNT=E A DOIEZE~RY RV (Pulling Vector) a, —a,,
a, —a, AN ZLIZLY, HARFEOEDIZENT

& 2 DR A O 5O (K ~OEEE) SFEHI
e, MRERICHIT 2 REEHOHRA I = X LOHEE
HLAEREIZ D, DO —flE LT, IMHEBDHM L IENS R
HIEB) (jerky movement) (231 B IEENF S L~V D OFEMT
X bR L7z, EXIE100mseclHEDOFHOE X 2 X7 ML
THRT. FTRIZsHST 5 EROBRE ORI OS5 ORE %
FHIOEXTrRT. R0 EXERD L, IMNWEROBRET
IETFEDRHEN D BIE L KO FA~E\NZ Y, i ClkE
> THID T~ iz V3 5 8w @@#ELTP% Hx o
VAT AT FTRIORENTWD K5I, FBFEO T EED
FEELTOWHRERNOERESEZ, FHARH LTS by
JOREIL LM TED. FIZITEBOEM (Oms) (2
ARHH SN D& FH & L5 - EHECRIC R % 22 E B
SRELN, FENRLIZEWTLEo T2 bbb, 0
#%, IELVEBES #?ﬁ%? B 5 IRAFCU~DE HALTA
S Fh & OB ICE IR L7223 (100ms) %@?& (400ms) T
Fmbﬁ*&éﬁﬁ DELNTEEREIE SESH, il

EREZHRNSDHD T 2:75>;toé°@ Lhonrd.
D. REEBCKIT 5EEES LT O oiD 4 E TOMBIRBIZE T 2 BEEBOSE, X
0 msec 100 msec 200 msec 300 msec 400 msec
g 0 Centar@ 0 cm@ 0 Cenmrq 0 CentarO ° CentarO
i - . - . - v |ma
£ () | (O Ee e () E™e)

0 S o 5 10 05 L] €0 s
‘Wrist joint angle X (deg)

4

% 6 6 6 6
§ v | BCR R i Ber s i BCR R i Ber R i BeR
g- FCR é FCR FCR FCR oL FeR
H e Ve ™ | T ‘ BCU i o | T v | | BU
ke 2 ij 2 2 2 2
; éA 4 Fou? 4 4 FCu | 4 FCu

Vs - - rcu - B3

<Flexion > < Extension >
‘Wrist joint torque X (Nm)
5 NMEEICR T 24EOMHIEE & LRI RE %ﬁ@éﬁ@l%@@% EBEDAFLIE100msec BEDFHHENRY L ERT.

Omsec |ZIiEHBALA H# m. FEO/SRVIEEIGT 2L
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B 2MEOHEE 2R, GlEENI~7 L LTRBEEh TV,

5D EXD X9 RENEITONT OREO L ZHH LTk



LTWENR, rx DY AT LEMEH Z L2k - TR EB D
FRTHLEMBESOREE THLIEEMIONTEDL LI

5.

V. £

DERAMRRIR BT I D LIEGEBSAERA > A 7 LT H 5
X OFRE DN L, FEBIZBIT 5 HEEEMAE 2 3440 L
TEEVY, HUB23TF VLA ==Y Larta
— X BB EDE T, TUXA P — ETORMESOHE,
MEPE Aoy DRI L 0, /MR B O BE O LESEB) K %
ERMNCFHET 2 AT 22 L. &5, ZOVAT
DT REER RO REMR R 7 & OB ERENK A F 4, 28—
FUYUROBEEEOCHBNICHISA SN, LavL, BE
EI AR AT, FORETHLIESoB X, HIZiX
FHIEE) (=EBFES) OBREICINDIFED Z L ITFEMICR
he (REREMN) THhoH7=, Bix a0 bEE O
LCHBREEHOPBEFICED Z EIFTE R, 2F0,
MR B OIRREE X 0 RAMICEHME T 5121, (8% OJF
NChrEIES (HIEE) OREEZIEXDZEN/MLETH
BN HaNEHE LV AT AIFEER L THICED S
RN OFFIEEIZRFICONT5 2 LIk v, MEEERICET
% B ER) & T OFRROEBES THh 5 HIEE O BF % FH
RSO CEDVATATHD. H-oT, “MhdoiERE
BENREDLITENTER, oL R REEHNEZ D0
D IR, MR BICRB B B ET O AR A 7 = X A DR
e, MEEIZEIEIC L722<H LI A TF—v 3 i
LIGHTE D LS ND.

AV AT DMIHMAAENT8IF MO FEiEEN L, FRAHIC
K D2BEHEOEFMOBENEEN TV IHHERDOT, F
BIEENCBMR T D ME ORI B2 H BHE O T )
EEDS OV TE A0 AR CX 2 EHE/EEFRE T
bBD. KX T, FEHEBCERT 2450018 D T
BIEE 2 L C& D L OIS v LeUL TR
WAL AT 7. $RCHBROSHEAZRD L0 bR
Tea—RRAT7 g —L LT, FTEEIBNTHRICHEY) 2~
1 V& — (Cut—off 4Hz, 2k DButterworth filter) Z&E A L,
EHICE N OMMRAER O 5 (Pulling direction)!® &
TS OIBHEE 2 BB L-EHAOER~<Y by
(Pulling Vector) Z AT A2 L2k, /INHEZFOEL L
RIS 72 FL O TEEN (jerky movement) T IEENE S L LD
FEEE B < (FABEMRELR=0. 80-0. 85) 4047 C X 2 F# iE BT o
ATFLELTHRTE.

BBIZ, Tmo A OTRE) TR EE) 2 EEhiES L~
PEEILS ST TEDLZ &L, ZOVAT LAORZEICET
LHRERMELTH Y, BRBYGOEMH LFETXEHRTH
5. 0F0, FEHEMCES LD DRGSR X24E b FE
T 50, RIZEDOETOIEZ ek L2 UL FE OB & A
MHATE RN ETHIE, KUAT AD X HIZRKRmEMTITFE
FT, WA ZHOHEBOERNAABTHS. 5
RIEHAEERE LR b EMERET 5720 THREEME
L, BABRGOEANLHRE L IZRIE20ET, ikl
BRETDZELRAETHD. L, KUAT A TIEAE
OEM A LGB FEESZ(TH 2 TRERICBIT SR
WIEE A EBE S LUV LS TE L0 T, WROBRSG T
fiE M 2 2 IR BEHEBBREREL AT LA THD LE X
biLh.
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ZARFHANZES<
BT OBERENA B = X ADERHEE
SRR 2 0 FEEWREE

FE1

B (D) BT EEBRRE IS S h B TR B 0
RemEw s, REZERSTAE (TMS) | REHE
X (SEMG) &HEERMMRIDORBRIERZHANT, —
REBHHF (M1 ExRBEOCTMSE 52, HED
B EMRIEFEILZHELE, TMSHIEIZLY,
M1720) T < BIEERAL s S BN 7 48 R BB B 72 LI
BWTH, TMSHEEICx L CIERBRICGET 2 NS
BRFEREINDZ L E2R LT, (2 —BMEIC e 22
b X8 2B BRI E TH 5 REZERERNE
(tDCS) #HAWT, THESBEZ M EX ¥ 5 FHEH
Mz LEERERE2E,

. IXU®ic

k:b@:ﬁiﬁ@%bf%ﬁﬁ%%%%&@%i
TRV RIS (A R 0D S BT 1338 BN
L. KEESEHEI 2 EICL 2B VORKE D,
& T AR TOEREIR X, BRIZBWTHA
ENFEOTBIEEFEL WD, BEmbits a3z
HZAARICEBNT, =T —=RN—EBREL TN DX
HoENTHD | BEZ2 P 2HEmAFELH#E LT TW
L ENPVETHD, LZAN, TOLHIRENICE
T HRE | MEZE O REASATIRE O JRK A X EN
THBY., MKREEKRT 2 EOAGEEREIZ /2> T D,
AR IR 1R0M B 7 E 0k O FREE I E 20
Ry MR RSO 72 & BT B O 1f & RIRFRIE 32 2
L2 R, BBEITHREORK 2T & L b8k
1T O AR O BRAE 2 D . BHE IRPO R O
F % O TR T O iR il 2 £ 7 Ak L, BT
HB)EBREOMD Y OBEGRIERICHF S T2 %
BERLTWD, Sblc, Boimilaiint, #l
WAFR Y ~E Y 7 — 3 3 RO BRSO MIEENCE D X
48 H R0 41 0 4L & A il 48 9 % brain machine/computer

interface (BMI/BCI) DBIFIZS7RF T <,
FRLA8-194- T, (1) A TIEB) D BLLE UG OFRE

ABFFEIL, SCEVRM2E BT FE B & - B sEIiIr 5 (BEIE 5454
Bk - - BREEOMAERIC X 2 IS EEERE OB — B8 Mo
WAGHELE —) OB =27,

N B (WFFEREE @ENLIEM - ke v & —  APRRAFSEIT,
T 187-8502 A FLAR/INE /NI R AT 4-1-1, T 042-341-2711, FAX
042-346-1748, hanakawa@ncnp.go.jp)

HPES (R IE@F KT - emft it 42— T
153-8904 AL HUHER H BXBWiG4 T H6-1)
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P, MRS, RZHBERE T

VT, SMAIGEENRTE (PMC) 72 & O &k EE) )
RAFERICIE S SHITFENICE D 5 A2 R L7z
[1]. (2) sz fE 9 R i AV R R OB T8t & 4=
TR O MR IMPER E 24TV, BITIEE ZFFOBE Tkt
I TRWVEE LI LT, fMlEERE (SMA) SR
THATHIEBIAME T L, AAPMCIIAAE M {5 8) %
IRTZEERLIE, B, R—=F 2 Y UIROBET
BEE LR ) MIEEN AL ETH Y . il A REE
WPE D BATREEN R — % o Y UIRIC L DA TREE L JF
BT 2 &V R E AT 2 b0 TH D (Bha
H) . (3) BEKILSHEEE G (fMRI) HICREALEX
(SEMG) & #RIAZEMSMIIL (TMS) % [RIRFIZFHII© =
BHYUAT NEEE L, EEFIE O )& RS 5 NS
B & EENRE D RPERGE A ) O VR & BT B TS
xR4T AMEICT e —F 352 L A2BB LT,
AAEE 1L, TMS-SEMG-fMRI D[R B EHHI 2 I 7= 0F
&, RIAFBEREBEHAIL (IDCS) & XLV EOEEH
BEAMRET 2 PARAIBFE O s A O W THRET 5,

TMS-sEM G-FMRI @ [EI B¢ &I & BV 72 TM SHIlE
BE L BRHEN - MBI OENBIR OB

El=g=N
A TR

TMS & fMRID [E FFFEER S FIREIC 72 V) | IEENFEA A D
=X LOHENERT D RSN TV 528, EfHE
E_EOTMSHIIC X 2B MISENL, EBRER O R
E LT OREABRIZME S IR BN 2 & e iz, MERICIX
HEENVLETH D, AEEIL, TMS-SEMG-fMRIO [A] I
FHAIS A7 A% T, BHAETMSO fIBE 4 iE 8 B
ET 25 ESFHREN (MEP) 257%% T8l LET
JRWEIFH CAM b S, HIBRE & S D IMTEE O
] D S I B % R R~ T2 A28 [2] 25T D,
S, HEWRNT 7 ua—F&217) BT, EEH L HE
L U TORE AT ORI 5 MIEE) 2 45 L TRz
W D7D EEREBERNC D EE 2 BND,
B. Jilk
1) X% TADAMERER EORM - IR B OBE

FENRR L WEFEE 252 1 TR 194 DEFE 7
FF| & W CEYAEESLR) 2MFZE I L7z,

RZABYE T (BT IE @ [E P Rl 5 SR AT T TE AT - iR 15
WIFERT. T619-0288 HUALHF RIS HENT L 152-2)



2)

3)

EENPLERICL DA T r—LFartr b x
7,

TMS-sEMG-fMRIFEI 3+ : #4870 mmdOMRIE 8
DAL (Magstimfhf) % Magstim Rapidiil ¥k
HEE B LT, B AT, £ RIEEN I ~DTMS
R ZATW e B, AERENER (APB) 124
U A2MEPsZit#k L7-, SEMGIZ. R « i keis —
Jb KM & SynAmp (Neuroscanttf) % ¢,
V7V L — ML kHz CRtER LTz, E£TAPBD
MEP I KIZ72 A I A VO EEZFRE L., Rt
B e WE S ICHEHSRACTEE Lz, BEER.
MRIN CTMEPZ & =% — L 72 M B 22§ B [ i
(rMT) Z e L7, fTMRIZ3F A MRI (Siemens
#:84Trio) & BEHERE - ZIEH AV EZHWTT
Sz, T2*H /77 4= bma—-xza—77
TR O—FETH Y, M7 EBRIEEORKE
SEROBICEET D ) A AR5 Xk ke S
U7z stepping stonefix {1k [3] % AV T, A FEWr = Z
ARZEVIFFELWORBEE{T-7 (TRITE =
2700/30 ms, #RMEEIELIERFR] =200ms, 7 U v 7'
=90/, 3x3x3.75-mmAR 7 L 302 T A A) , 343
IR DEIMRIZ o H | HAFETMSHIL 2 — & D7k
JEC20[E 5% 7= (BEHFE0.07-0.125 Hz) , fMRIZ >
DT, TMSHIEEE 2 Htk 71 0 30%7> 5 95%
DFRE (T4 DHERFE TILFFR 2 7 — A X —Z HW
TA Y DTk 7 D 110% D58 £ THRIEL L
72) Th%F 72 1310% %I A TEAL S ¥ 7=, KHE
2o X 16[E 7 5 21E DOfMRI T v %17 > 7.
F— 2 M MEP}ZScand Y 7 k7 =7 (Neuroscan
FEEY) & FDCRRRT U, IR E 2 & I IRE
ZHIE L2, fMRIT — % [3SPM2 & MATLABIZ X
DIEAT UT=, FPARADALER L LT, 2T A R iR4gHs
MOHFHIE, SHOMEMIE, ST 7 L— MZ
BRI SR IERL. 6 MmO T T 4
LB =T K BRI L &2 IT o 72, TMSHI &
AR NERBIRL, TMSHIEO X A I v 71—

LT 2 kBB CIMRIE 52 €7 /L L,

ZOETFIERALSEE LT REEET VI
SLRFHENT 21T o 72, B RIRFERIIIL & B (KR
I DR TR— X EDO ATV, HHh7

52%
69%

85%
101%

A-'
A
\4

117%

TMS Intensity (% rdT)

133%

|1m\.l'
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Adaptive behaviors emerged by functional structures in intearction networks

Daisuke Kurabayashi

Ryohei Kanzaki

Abstract— Insects have only a little brain but the behavior is highly adaptive. We consider that physical
structure of the interaction network works on the creation of the brain function and model the behavioral

processor that controlled by its structural disposition.

In this research, we investigate mechanisms for

intelligent behaviors through novel approach called bio-machine hybrid systems. We focus on (i) insect-
driven robot to see adaptabilities, (ii) cyborg contained by insect-brain and mechanical body, and (iii)

network property to expse long-term responses.

Key Words: Bio-machine hybrid system, network, Bombyz mori
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Dk F1Z 51U Tl Ohtsuki and Tswji (2009) % 2 [,
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Wt T A= D&Y, AFETER,t TtE=0 Tar=—
WAE D 50 THD S, BIZ(LIT =334 THN D, BB LT 0L D
12 t=334 LIz AT — LY, =334 LI E B AT —
LIRS, TR TFBAT —2% 320V T AT —I2mitie
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77— €) 29.2<t<33.4.
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(e)

VTRY—D—RENEFMEPL L (1), BAT -V TIET —
N—DHEHO 85.1% N1 =—DI RSN, 143% Ban=
—DEFHIfFE DD

(b) V—A1—ORY > FBEDRERY, pt), FEAT—U T
U—H—R Y v THME RS (=) TH D, BHAT -V TIIY—
=RV v T IIRER(E=0.933) T, K 6.7% DU —h—pEINE K
DEPRTFULT B,

(€) &I —A F~DEFNE, KEOFMERIIFBHAT -5 &
BIEAT — V125 5 LMEIR & FEAET 5 Td D (r="diploid"), & ®
FERALFIIMEZ T 2 EA v == BTN PET 5 (f=1), A
TV TR — I — TR D T —h —EF T(w=l) BHHAT—
W=0)CIIH L EEE TS, .

1(>-3%).Nash ¥ F OO
FHEER T A — 4 BRENTRER t

ergonomic
stage

reproductive
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- —
m e T, dan=—HNU—h—
Wt) W(t) DREFHERS, WE)IZFH AT

— I TCIXFEEAIC N 5 A8,
JEAT — VI Ms I £ 5 (B8
TREPEHRLTHDDOTE),
@au=—NnNEELLEEI—A L
D, EENTIEREYS 720 0% A —
A N OAEFER, TR T — YT
T — B — T2 DAEPE S v, BHEA
! / TV TR EELT—h—HHk

. HEZ TN EREES NS, T O

PRBEME L 1T - E=1:1 (0.501 :
B

0499) L 725 LT MI T 5,
AMFFETHESMEANT BIZEIT 5 3 DOHE(RAIF]EFxT
SEDMFFRIZA O TE S — L ET NV ZE AN LT, )
IR D05, ALK OF Bl 72 Tl %
Bz, b BEROITHEZ EMLE 1 RIZRO N
FHAESIZBEW T Y= —R U U I RFET D
ETHILIERTHD, V= —FR) o 7iFaa=
—DAT—VIKIF L, AT =YD ar =
— TRV Y v 7 TRl S, ZEZEE
RRFHETRZENDIRELIZBETHDL Z L &
MAREIZRER I U — T —KR Y U T RBET D &
WO BIEREND , RET LD HIROEELHG
WENND, T—H—R Y 2 7l R R
IZh & DN MR IGH 2 SR 2 i b R ) AR RiE L
D1OEFEFFELHN TS (Ratnieks et al. 2006)
T —J—R Y > ZATENT MR EFERFRD 2 T72 <
KT m=— LV DA FEMEMERF O 7o DI L,
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(272 S T2 DIFTR N,

—7. HEOHRIZERT 2 THNTMARE~— 2D
i (Ratnieks et al. 2006) & —% L7z, T7ebbH, H
I EMZ T RIZLREONT BAEETIEY —h—1XH
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TS DU —H —DEANRFIE N a e =—
DEBIREICIKENDIZAH L TR LT, EFEEH
AT —=VICBWTHEHI Y = —DNETEAEFEL,
FEAT =D X DAA IV T U —h—Il ko
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1 —FERDORIE S & e, B HREEZFELFE A D D
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L ETHIE I,

RENOLOTRET—D—KRY o 7O F4E
REAAIMEE 2 £ 7 ) CHGEH TH 5,
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BEE ARFUNFIVRATEESZTYAED LI
ERREFINTOD DN ERN, EEHBIDEEME
TIVERBES H-OITHAREEDH TS, FFEET
[CRAMABEFRRERRAA—DUTFRICEY. B
BEASATVICRYMEINE S S EABLMN D
fzo AFEEFCOBERDBEICERERY . TOHE
BEZBRON T HHIREED =, B IELDENA A
—OUTEEFIRALT, BEAOMHREELHALAITL
fzo F-MHEEBE RS A—DU T LI-ETH, BEK
REIZHVTHRREREMNMERET HEVSHRGH
RERETENTES,

1. BEARLSZTYEOBR

XUHFaviFS TV Bong) IZEoTaia=r

—a B ToTCW5, FAICKDEZT0IIZEETH
D, ARMVEZOSZT VI LEHNIF RS 5 2
EPNHDLNTND, TDTZDAA NI OIRNTED X
WCAA N DS ZTY ZAFRILEL L TN D D05 Z &
FEETH LM, ERHEVIFFESN TV, £2T
BEROZITFTHD ARG, EOMRERFETED X 9
IHERZE L, A E 3T TODNTER L, WS
RITHNEED, 3 FEWTFR, 72 b UERAR AN
PeEA T T,

X AT a Ui EO/NGSOMERIIMERR, S
HOLZIFLIR RIS B V) | ZERHIRCARSOIEA R V) JA T~
DG HIVTN D, Fox DIT ST AT G, i
R EHEREEIRE & OBFHAVR ST Y, R TRE
T DATIOFU TS ATREMEEE Y, MR E CTORFE D,
AABIZS 2T 2D L SRR Ch H NCM
(caudomedial nidopallium), CMM (caudomedial
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e ThBl, ZnHDZ ENSTEBRTOE A
DA = ALEARD SR EMED TETND, 1S
TROMMESSR IR 3 S Do T, T2 TET IO
TR DRSS A B DN T 572010, Mkl &
DI LTz,

2. BEAOHISEEDRENRE

Fig. 1A IZAAFX B F 2 UMOKEGZ R LT\ D,
ZOMITE: D 3FREOHEO AT L 0 Ml OB
ZALNZLIEHOTHY . FHiILHIaAE DAPT Yo L
7eb D, SRITERIEE = v AP TRLTEY | ik
I RO A LTS, ZAUD DR D I
ETIEI Y ADEA TN Z Ebnd, £7255
V2NN VRS RESR 2 BRI U CRIER S5 & T ORI
ENH SN E 72> TL H(Fig.1.B), 2 MEEARD S T
ZED IR DY IIMIZHE U COIMINERIZIE 0 AT &P ZIE V
FOMENR RO Z ENRESN T, 2O

LA OBRRIEN ST 2 b D LB Z BTV 52,

XT3 UMEE TH b LRI BIEZ S
T (Fig.1.B), FHIMERARIZIWTIL, ZOMEEIC
TRFROEIERROND Z &b, MEEmIZI =Y AL
L7EERHEN AT L TN D Z E3bnd  (Fig. 10),
i35 & O TR IR Cl IR BLE fEIE)S anterior
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TED., ZNUBRERITEM LTS I U AL L7k
e & BB LRRR & ORI NS RE A BT 7Ol b E
FThHDHEEZD,
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THZENREETH LD THD,

& 2 CAMIE CIE s i & ARt e adi 2 Fv e
HEFRA A Y T RIC L 0 | HEBIACIS T Dt
WA TIRD Z & & LTz (3], IBIE T8t & 1T RA SRR
BRI & O/ VIO AYHEIRI BRI B 5 FEAT 5
THEDOEDTHY | IRk FEA LTV BT

TTAI REEMESE, vay bV OX ek
R THIAT 2 & TR HEAT 2EETH D, A
WFFECITAR 2 iRt ta 3% Dil, DiO, DiD & %o
2 0F L3 ODIRAEBRIL VY L, TOERI{-%
EPHER A T A ZTHIATeZ L1280 | MERA TN
PR A @RI TRE T D5 b DO TH D,

FRRHW ek b | ENEFTHIATL Z LIC LY
BoNEEgE R T (Fig 2), ZOFEBRICITWEEL C
BRI IR U7z, FERREE L CUVRVEB IR R Z
A AEARZE FHNTN D, BIETEHIC L D EFEA%L, 30
SRR CTERIIBRITD e > b LTl A b2 £ T,
THIENTEDZ LD oT, FITRIISERICS
DN HOEG A IE R L — VB CBIE LT b O Th
% (EEDH 90 umFE COMERB ARSI HICER
TFERLTND), ZOENBELY | MEHARIIIHA < Kk
VZIRIEARTTIANT RIS B RV MERIRISE A 9~ D Afiesiiia &
JEV WHE R DO e & Tl A ORI T
595 Z EDIDTHLMNZ LT,
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I~ VT T — L— VIR RS CBIEE LTS AN
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4. pHAA—DUTEIZ &5 BEMEEHIDRIRIE
4. 1 BN & FERFE

XoAFav ERHEE) IFEEEORBNIOHF T
S LKA H IR CE D8R ClE Li-, flEEOR
FEIE26 C T, 6B 20 FrD BN KBEIT
VITALITE (TL-ST, Light source, USA) 234795 X 9
\ZUTe, BN T EFRRRFEWERITA R 74
ATHEST,

REHID A ZF L HF a7 (11.0 ~ 15.0 g) D 41
Kz, FEREID 30 7ofF] WREEETT o712, IEEAIC
ketamine (40 ml/kg) / xylazine (8 ml/kg) BEIKEHI
180 ~ 200 pl FEHTLCTHRREL., SERICEMR 25
=TI 30 RN CEHE LT, T OBMRIEDK FEB<
72, TIRSIVTWAEVEET A BIC LV F T F =
U DIREARORET T, FRE, BREEROFELI R,
PEEE NICHEE L CRBRCE A L HIC LT, SERZEID

SEERA T LIS Ltk AN (L7~ X aihl i /
~ 4mm, M7 1~ 4 mm) FyOUHEH LEEEEZ Y )L 4 v f
FR=, e H LIZ 72 o 7B IRIZ neutral red (10 mM, . / /}

d .

pH7.4) ZNL, 453G Lz, 2Dk, NLINH

BEIE CA7 72 neutral red ZPEVIEE LTz, BOEFUARRR Fig. 3 pl A A= 7 D705 (EX) &3
8% (MZ95, Leica, Germany) DAT—3 HIZ[EIEHEE DOFEEBOET (TX)

ZMNTEELT, Y7y MZ N THERER Clitizz L TRNZART L 9 2EBRESLD Y 7y M aFIH LT+
WEzAT0-7 (Fig. 3), FEFENDS pHA A= 7 N NIRRT L, 2DV Ty N s T T
EATOTEIN, RERITINANGHUTELZ L&) 9% Z & TR SN Z AR ) ST,
FFLTENARTHSTICHELLY, EED /A X

RO L Qe R DA SNERBRS Z L3 T&Rinodz, 4. 2 AFEAYRMRIEEIO:

CITEALEY Y ERAWETF v NI E Y, R pHA A=V 7 TR 5 Z L2k 0, BEisRREIC
ANZ SN ZUGES 5 Z LN TET BT, U UITHEB AR CH IR REENI 75

BB IO EARTESSE (MZ95, Leica, Germany) % Nz, ZOX 972 B3IEOFHANZ R LizDi, EA
FAVz, S tERIIEEER T v N E N2 TV A L7=F v o NICE D SNOUGEEZ L D DO THDH, BIEH

IA A= T A5 I (MiCAMO1, BrainVision Inc, WA CTIEENE, Z OTEEERIMERE L, (SR
Japan) ZHV, fHEFHEEE 4. 5X 3 mn THYS L7z, b 44.97%25.4 un/s L7272,
JERIZIZ 15V, 150W D~z 4T w7 (IM-150, MORITEX, FoZOBEBRISEORIL, EEELEOE—2 3 3

JAPAN) ZAEFI L, JEFRITIE, 565 m DX A 7o w7 ~6 %H#%. 1 pixel 7= OIEDOHHGHHE 4~8 £

2 F—, 520-550 nm DKL LA —, 580 nm DL~ Tholo, TOMRRENZENT, BREZpHIX 7.4 7

A NVE =T N, T —F OEHHIIT MiCAMOL f#hTH > 5 7.3 OFFEAN pH 2 IZXE LTV 5, IGEh RO

~7 k (BV-Analyzer, BrainVision Inc, Japan) ZffifHL #7AIY, coronal &7 2 a @ lateral JifAj& 00 &L

72, AT OHREIL 15.0 Hz TAFF5461 7 L— LD TmlE. 07 -90° Afka, 90° -180° &Efh, 07 -

BERSG L- (Fig. 3) . -90° Z#Hfa, -90° - -180° ZARATHRL- (Fig. 4 ),
ZORT MIZ LT, FEEH ISR 5 8k
DSEFSHEII AT D Z Lo T,
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Fig. 4 MEFRm COMRBIETEIROGREORE 1
(S TNTR LT 4 BB L Th D,

4. 3 SZTVITSET HEEEOM
FRIZIZ, ATA R AR, #HBE, pure song,

WA song, G song (B song ZFIRFZIET) %
AWz, FHlgE, SRS RVEEA & BERIDRE
TROEEN DT, MESEIBIITE 25 THLED
Z A TVIRE 3T THEEFHROEZREZ S b LD
RN OO FRIPE CE o, BRI, BRIEE
A 7> DR RO LGy Co A bR T 5
Lok, FARNLARRTES) & [FR IR EER O
Ci=bDThotz Fig. 5)

5. ER

XU AT g TR OV CE R R ET L A
eI 5720I2E, TOFHETH HMHAELE DOV TORE
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ONTIIHETH -T2, T 2 THox 1T s
EIRRDA A=V TFHEAFA LTI A GMNTT
5 L&D TEY | coronal 36 L0 sagittal 1A E
BIFIZOWTIE, R & BRI & OmRERi D\ T
DR ZERIFFE DN & 725 O EHIFF LT B,
F TR ORI T s 787 & BT
FHEFEOUADANTHDH Z & baRd Z LT LE,

F72 pH ZB(UIZHER LiclA A= 7 0b, Wi
RN TR S E 2T =y MEERH Y |
ZD=y MNEAARIEOERE L Y 100 FRREER
TREE MR L QWD Z ERIHL N Te o Tz, HEERE

DIV AL LT & b=y h & DB
FRZHONWTHEBERANIETH Y | BT MEET
5 ETOX—L 5 2 RSN D,

-_ N W

m; i m
THIRLE S RIS ONE (A) & 4D

POZIUT DAEREEEI ORI (B)
BO—&FTD L —RAIFRE R L TWNA,

Fig. 5

6. f&m

FRlZpd oA A—2 0 PRI 5 Z LI2 X 0iEE
IR COMBAEGU DU RIS T 572D D 5 1E%
WL LTz, E 7RO IMaR CERRI T 2 ki ash 4
WEERE LD ZE U CHHAICE 2R A MEL L, MiEaEha
NIRRT DRk T2 BIE3T 5 Z LITEh LT,
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[1 FRiimuraA, HottaK, OkaK. 2007. Procesdingsof the2™intemetiondl
symposium on mobiligence215-218.

[2  Atgji Y, WildMJ 2007 Limbic sysemsin birds morphological basis,
Watanebe S, Hofman MA (eds) Integration of comparative neuroenatomy
and cognitive 97-123, Keio Univ.

[3 GanWB, Gruizender J Wong WT, Wong RO, Lichtmean JW. 2000.
Multicolor "DiQlistic" labdling of thenervous system using lipophilic dye
combinaions Neuron. 27(2):219-25.
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BRITFR 2 DIEE AR BI & 1T 5. BROF;
SHO—FITH2 IR ITBELTE, i
FCTHEEL L OMIENITH I T X 7= [Driver
99] [Friesen 98]. ZDzhE. & OWHRDIEIZ
HEL U= —2 s MR 7R ORI X 0
HRLUETE D ENH BT, AN TS
LOWIZEEZAT, JEEOREEZ 2R X <z
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L DEBOFENRIN BT HZ L. EBITL
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RN % B2 B3R, REFOBM R/
HOHERIZ L D528 RN 7210 Clds
VN FERED DI DB TR sk
DOFERES, TR BHBLLI-Z L ARICE
L (HBIZR) OFELEZ LS. EbIC
ZOHHZIE L, E=XIKERHEL L2 L1
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# 1. EFO#EHE (Subjects)

2.2 FEHROFIA
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B =& ZAIEEY, F—AR— R Eiadh
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NEF | THERE = LA Z, SAFONEE MR S 72\
Lol

H—27y NHEFFIL, T3 72 LIRS
WCIAEA £16. 17, FF10.9° OFEPHIC, KFD -
R B W TIE TR 0 BN BT TH D
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E=HOx W%, yIXFEERMETHE=XDy
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ETOFRIHZBNCElnE 138 £ 0 H£580ms
FOGHSE>T=. ST, WiE & ICE= X
IS UTODITRILDEL 72D, ZOEAWLR
W DIE D DRE L DM RO, FH)
D72 LAFZBWTIE, B - mlinE L bk
HEF DT R SN2 h - 72 [ £(4006) = 0. 14, p=
0.88] [£(2707) =-0.50, p=0.62] (X4) . A%
FIRIHZRWTIE, B - g & bICAERE
WER DI ST, BT T INAEHEFOIE
D EUSINE -T2 [£(1322) = 0.74, p=0.46]
[£(907) = -0.09, p=0.93] (X5) . A5RHEIEM:
IZBWTIE, BHE CIIABICEHREOIZ S 235UG
RFEDN R o 7223, miliE ClREW D LS e
57-[¢(1299) =2.82, p <0.01] [£(925) = 0. 06,
p=0.95] (46) . MBIV TIE, 5
S & BICAE L TS 2RV EREFOZ
I NSO N B 72 [ (1273) =-1.20, p =
0.23] [£(930) = -0.40, p=10.69] (H7) . AR
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[ 7: B EORIGER (RTs for left gaze cue)

122

Visual Angle (deg)
-15 -10 5 0 5 10 15

Reaction Time (ms)

—8—y=-7.0" (Young) —d— y=0.0" (Young) —M=y=7.0" (Young)
- @ y=-7.0° (Elderly) -+ y=0.0° (Elderly) -~ - y=7.0° (Elderly)

[ 8 AR EORISEER (RTs for right arrow cue)

BN

Akiyama, T., Kato, M., Muramatsu, T., Saito, F., Nakachi, R.,
and Kashima, H. : A deficit indiscriminating gaze direction
in a case with right superiortemporal gyrus lesion,
Neuropsychologia, Vol. 44, pp.161-170 (2006a)

Akiyama, T., Kato, M., Muramatsu, T.,Saito, F., Umeda, S.,
and Kashima, H.: Gaze but notarrows: A dissociative
impairment after right superiortemporal gyrus damage,
Neuropsychologia, Vol. 44, pp.1804-1810 (2006b)

Akiyama, T., Kato, M., Muramatsu, T.,Umeda, S., Saito, F.,
and Kashima, H.: Unilateral Amygdala Lesions Hamper
Attentional Orienting Triggered byGaze Direction, Cerebral
Cortex, Vol. 17, pp. 2593-2600 (2007)

Akiyama, T., Kato, M., Muramatsu, T.,

Maeda, T., Hara, T., and Kashima, H.: Gaze—triggered
orienting is reduced in chronic schizophrenia., Psychiatry
Research, Vol. 158, pp. 287-296 (2008)

Calder, A. J., Keane, J., Manly, T., Sprengelmeyer, R.,
Scott, S., Nimmo—Smith, I., and Young, A. W.: Facial
expression recognition across the adult life span,
Neuropsychologia, Vol. 41, pp. 195-202(2003)

Driver, J., Davis, G., Ricciardelli, P., Kidd, P.,Maxwell,
E., and Baron—Cohen, S.: Gaze PerceptionTriggers Reflexive
Visuospatial Orienting, Visual Cognition Vol. 6, pp. 509
-540 (1999)

Friesen, C. K. and Kingstone, A. : The eyes have it! Reflexive
orienting is triggered by nonpredictivegaze, Psychonomic
bulletin & review, Vol. 5, pp. 490-495(1998)

McCalley, L. T., Bouwhuis, D. G., and Juola, J. F.: Age
changes in the distribution of visualattention, The
Journals of gerontology. Psychological sciences and

social sciences, Vol. 50, pp. 316-331 (1995)



aFXFORBITENZTHRD-OOHFH L WY — /LD
—Z 7 bR UBRHEERTA MR EZZRT2OD NTHRERNTER —

BIRTERT NFEWR S AT L0058

FE WA, EaR

EHE- atuXolRERHE L, i Ofikh
BN ES THLNWKHBALES—HOERH
tﬁl%%%ﬁ@a%/?a“o ZDOBREATENT, GFL R E

SREENLT, HRALVEY, HRFASWE.
%ﬁhé%'ﬁkbr@ﬁwﬂ\éﬂ‘%/\ YDOTFTH
HENTWD, ZORE DL BEZHALNZT B0
IZiX, FARRLERMIZRBIT DA 7RI @& 2Hik
LAV THLNNCTARERHD, EZTHRL X A
NIV BMER T AME R RAICRHE T AR
FEOBRREHELL,

[ BCEEATH)

BN O BCBEATENT ., MRS WOAR AR O
RTHY, ZLORNKRESHEZ L > TRBINDTH
Thbd, WEHLMEE L. B RIS\ TAAFEE
55, [FFEDOME KM CTHBOSBIR R ELNDZ LI
b FERR AT OERE T, ABERSh, — R
7RBAG LT >TWD[1]-[3]e HFLEI TIL, WA IsR
DINT RUF VAL, BRATE) O B ER K 7T
HD[4], BlIZIE, VT RLFI DA IR T %
R — /3 e ady T—POEInFEEL
T2/ 7T MU AL, BRI E 2 R A<D
[5]c /AT RUF Vo O BT BEALTITAR U i
DT RUFVDIRENDUHIINT L&, WEATH)
(EHESND, —F, REHEMLIZSG G 1T, BRTT

AT

Ak, WAk EH. KRB KA

Level 0

Level 6

winner
Y
loser

1 #HaAOXEoOES THRESW ARG
WEITE (LRJLO0-6)

WETEIX., LRILOMDLAIL 6 ANEEHLT,
LB,

TENCREFR T 20T B RITHEMET IR 24T 8 0

2 ON5. BREmIcBON T, JATRLFYy EREPRRERE BT O DFERET Lo

ARSI LT A R T S DA VRS

FLENCHBIT D/ VT RL TV LRBEOIER A £ [6],

BEHIZBWThH, VMU KoM AE A A3 B

123

AT TWa[T7]. 8]

1. A uaxXoB By
a4 e ClE, HEATE, B TED., YR TENE AR
TV DRERMTH ARSI TNB]9]- [11], BRBEL 7= 2 T



COOH COOH
HO—@—GHz—(:)H — > HO GHz—éH
NHz tyrosine- NHz
. tyrosine- hydroxylase  HO DOPA-
tyrosine | decarboxylase DOPA decarboxylase
HO —@—cnz—clmz ~— Ho CHz—GH;
NH2 dopamine- NH2
. tyramine- dehydroxylase HO
tyramine | 8 -hydroxylase dopamine
HO —@—?Hz—?Hz
. OH NH2
octopamine
X2 ARSI ORBHERR
Diffaduxzs|EEbtol, HEBE IO~ E

THETIT, ERAR—EOf BRI [12), BEL

VR BRI, X 1 OIS IZXKBIENS [9]. [12] &

[13], L-UL 01, EBLL0aAd eV A B AV
BETDIRAETHY | BBATENIRD B, LL
1 &, — DB D RTOE S RIRIETH | B
REER T O<LE B 1 IEIE IBHIT 5, LyL 2 13,
SFREIRNL IR T, il 2 i S B A WA T
B[O, Loyl 3 T, 1 PEMiBLGIZ F3E REA

FEEETD, ZDITAITH &RV T, LUL 4 T,

2 lLoaAmaFH BHWI FHEEIAT TRIERED,
THE)NT DT8R RFERFERERH OB IZ BT
T, Lour 5 T, B o 2 L, AVoJL
FTe FHE G DE T, ZNENDEA R THIHE 2 B
ABRDIERBRT~RLED, LUV 6 T, 2 PB4 )
ZZT TR, BAWIZEEL, FE2MbO LT,

Wit FOIZ L | BE WA DR TN TS,

FlAabERBUMEL T 52810702, EDOB
BEMEIZH-oTH, 1 TL2NBRIT 588> TRV
(TFEREL . 1D LIE D3 HEE T 2, BEE T,
REfE+oEhE L IC SR AR T D,

a1 O AR RN DA T IR — 33

124

EWIRSE DL, ZORREMITBEEIR TS, LL, &R
h=2 DR ZITR B I Ne ) > 72[10], N DA 27k
PSRV AR A SR 72 A CILE B E T S
ZLTES T A R OB MNP SEH L LD RS
RO LT B L, A7 M SV P HIRAIT S
HErORMEZE L5720 THY, EOWRENENDLZ
LI DB R aA u X ORI A RS 5 5
MREFAEIR T O%EZL D12 THhHEIRESNT
W5[8]. [10],

L. AZE R ERBRDA TSI SR
427 k33 (p-hydroxyethanolamine) i, i #), #=

(Octopus vulugaris) DMERK IR TR 20 -7-[14], A7~
RRAT, T =) —IVERD 3L D KB FE D K KT~
T INTRLFUE KT 2ZERTES(K2),
EHEDT = /) —NT I BHHEEY T HEEY
O HRX AR R LR AE #R AR T L AR BEAYIC B AL o 7 18)
TaFFo TV, MLEMIT, P Xo 2 Ra w7
b, BHEEMWICIRIT D/ VT RLF U AT LD
Hilk, MEHEB D T, A7 ST L DTN
BINTNDEE X HIVTEI[T], RIEMHRR, FHX
R, £ LT, ootk x 2 B HERR T A7 3
X8 VO TAEE T B[15], A7 R8I E, BB o
RAY AR & AR AR SR 0 [ 7 TR AR E E &
MR AT L L CRI A S, RNETRBRL QWD
FEARNLEELUTHREL TS, RIEMESRTIE, A
I ST NEIAR ., DN | I O X572
JEDEE ., TLUREAL 2 TOREIRE 2 e
%o FHARE R T, A7 RS 3 kesk A
DRLEAE, Bk % 7RV X MTEIOBAALHERE, 5238 L70
B E ENLEMERATEI O TSN E 2l 2 -
TWD, VIS OFREIREE T, BB I



W, FERERETHDLEEZDND, e, 47
RSV Z BRI, FHEEMW) T RO > TR0,
7SI B B OATEN AL TG B g
R TH DI LT ZLOWFFERE R Lo T2
RENTWB[T]. [8] [15].

T RPN RE TS DHDIE, GHL TS
HIR(GPCRIDA— R —T 7IV—|Z L., 7 A
WS AR ORI Z L B LA T HLETH
5[8], FAE, AT FIKTHSD, BRBDAS
MRIVZFRIT, avlay S CHB SN A7
VERRREEHEBMOT R U ZRIRE DR
CHEIE O RO T AR R O RO M I E S
W, 3 DDITTAIZPHAINTND, A7 &%
BAROE AR, RN ORR % 702 R A&y
X — DI WIREREEL[16], DA R AT

1

2L
X
Y
HI1H

~
\\
\

Pa—LiE, Ca2+, cAMP, A /2 h—/L 1,4,5 UL RE,

TN TVva— L ThD, VIR BN LUTEDS
NIEZNEDEBHI L RAY Dy — i HIENIRZ
DAV HELEEL | B HROfTENC

—IZ AT ISR D I H72 GPCR 3T A=A
MZEoTEMELSILDEE, G ZU T EEIT L TH)
RIROBEENEMAL T 5721 T72<, GPCR DOIF#
IRz R ZEEIAC R B 2720
VRY AR R R DR RO I A B L5 S B A
T, TURFA DAL, WAL L R B
oM D —H A I PN SR IZ D A T e il FR D Z & T
55, WOIAENTNEL T H 1L, MEN/NEND
FRIHSNDI2D I BRI RSN D S Abd i,
IR DV — DA~ LIEIZNHZEHHD[19],

B H[17]. [18],

125

IV. 45/ hFov
URY — DARTEMALZ G RIP)E, VAR — A

EEHE S L TNEE LS T2 8I2E > T, HDHWIE
B’ RIRR OB RS, 72\ TR o B2 B
R DR FZEMTHZEIZE T, Ho T E AR
EIETHEMEX L TEDOT 7V —ThDH, Zih
DERL, JEWVEFHOREY) TIEGNDZERFHIL T
Do FHORIPOFNIL, 7TV Vv Yon=2,
TENT 42, PRV ETHH[20]-[23], BLIORIP
(X, TBEOY 7 2=y MASDTZ T TSN TN D0
WXL, IR ORIPIL, A EL 7T U RRDOY T 2=k
(BE)BV T ARFEG T OB TERIN TN D,
ASHO ML, RNA-N-7 Va4 — B OBERIEEIC
LobDTHD, ZORERTEVEIZLY, 288K —24
RNADA324F B OT T = %P7V AbEE5, 20
EESRTE L, BRI OB B O I RE 10366
THIZDDAT L)L —THEEDMELNDDOEWIT D
ZOIEMENFTEREFERIT, HIfaPN D& G HRR
DFERIRMIETHD, BEOKENL, TR IEORE 2
NG RVERRE OB R RN AL, = R YA
S AIZE S TRIIENICEIAEN LS ZEIZL ST, RIP
DOABRANEA~OWEZ BT HZE T D, M
FIZRIPEA LI, = R AR ADEFR I, )
RS AT LD S ES ERMWIRRIE A~ LRV 21T B
TAT<AIHIHI AN /N ~ERIPZTE 5, Bis STz
RIPIE, FVIRIZIEITIL, E2MDIBIT/ MR
(ER)~EIZN D, RIPSY T, HDWVIE, D7 ThEEH
TEHEDH LI 1T, FEERDIRY — AT DT
DI, M E NI ASRITIUIZRB20, Vv D
A HRE ~OBENT, ERTRIS>TND, <D0
DORIPAEEE L TR TRRHEF 2R D200
ERIOAERRSNDZEDHI DN 2 D & MR i

o



e A IR I o O 1) BTN AL 71 N R O s IS LI N7
JORMDOFE AT D ICE S THhEREL TEIK7ZA)
EVIOEZ BN, FrIC, BEMG O SE PR THE

REINDEE X B, A DR EREIT I,
TR, B CRE AL, vV ARG & SRR S

BHZEITH DI TND[23]-[25], B DD %S A
IR S 534 EDT-010 fICA/LE RO/
ERFOIH72mE L b,

V. BZ

A X ORIFITENC BT A4 7 M I & Lz
&R B D7y F B D BRAR A D 72012 ATEV A B
Z O EF A D T THERE TR+ 528
RRALTE >
A B DR R RARA T T

YD BEFFOMBADOMEIZ LS A Tl
NLH1OIT, Fox T MK RIZA 7 SIUR G4
VR G A AR B &3 D B D VER A B AT
Wo, Fexld, B F AL A I ETEV
e SEI AR 2L, 2 SZREAbET
% FERMEOHLHE T LERLT, ZOEITOWN
T, A B RRRESCEANT DS FT0E %
AT TETHD, FEl7eA TSIV ZHERLINT A
N—F =%, YRV E ST Th D, Thb
1T, 2 A X OB BRI DA 7RSI D
ZE[EE, RERFREI O L a3 35720 D5 /)
I — VeI BTE A,

o~

IR

ZRRSOH
TEh~D

o~

AN

2% 3K

[1] R.C.Brace and J.Purvey, "Size-dependent dominance hierarchy in the
anemone Actinia equina." Nature, 273, pp752-753,1978.
[2] 1.Eibl-Eibesfeld, “Aggression in the Iko-bushmen."
pp1-20, 1974.
[3] D.J.Albert, M.L.Walsh, and R.H.Jonik, "Aggression in humans: what
is its biological foundations?" Neurosci. Behav. Rev. vol.17,
pp405-425, 1993.

WD HA Y THZ LD MR s LD,

Aggression, vol.52,

126

[4] J.Haller, G.B.Makara and M.R.Kruk, "Catecholaminergic involvement
in the control of aggression: hormones, the peripheral sympathetic and
central noradrenergic systems." Neurosci. Behav. Rev., vol.22,
pp85-97, 1998.

M.D.Marino, B.N.Bourdelat-Parks, L.L.Cameron, and D.Weinshenker,

"Genetic Reduction of noradrenergic function alters social memory and

reduces aggression in mice." Behav. Brain Res. vol.161, pp197-203,

2005.

E.A.Kravitz and R.Hurber, "Aggression in invertebrates." Cur. Opin.

Neurobiol. vol.13, pp736-743, 2003.

T.Toeder, "Octopamine in invertebrate." Prog. Neurobiol. vol.59,

pp533-561, 1999.

T.Farooqui, "Octopamine-mediated neuromodulation of insect senses."

Neurochem.Res. vol.32, pp1511-1529, 2007.

P.S.Stevenson, H.A.Hofmann, K.Schoch, and K.Schildberger, "The

fight and flight responses of crickets depleted of biogenic amines."

J.Neurobiol. vol.43, pp107-120, 2000.

[10] P.A.Stevenson, V.Dyakonova, J.Rillich, and K.Schildberger,
"Octopamine and experience-dependent modulation of aggression in
crickets." J.Neurosci. vol.25, pp1431-1441, 2005.

[11] S.A.Adamo, C.E.Linn, and R.R.Hoy, "The role of neurohormonal
octopamine during “fight or flight' behavior in the field cricket Gryllus
bimaculatus." J.Exp.Biol. vol.198, pp1691-1700, 1995.

[12] R.D.Alexander, "Aggressiveness, territoriality, and sexual behavior in
field crickets (Orthoptera: Gryllidae)." Behavior, vol.17, pp130-223,
1961.

[13] H.Hofman, P.A.Stevenson, "Flight restores fight in crickets.” Nature,
vol.403, pp613, 2000.

[14] v.Erspamer, and G.Boretti, “Identification and characterization by
paper chromatography of enteramine, octopamine, tyramine, histamine,
and allied substances in extracts of posterior salivary glands of
octopoda and in other tissue extracts of vertebrates and invertebrates."
Arch. Int. Pharmacodyn. Ther. vol.88, pp296-332, 1951.

[15] 3.Axelrod, and J.M.Saaverdra, "Octopamine" Nature, vol.265,
pp501-504, 1977.

[16] P.D.Evans, and B.Magqueria, "Insect octopamine receptors: a new
classification scheme based on studies of cloned Drosophila G-protein
coupled receptors.” Invert. Neurosci. vol.5 pp111-118, 2005.

[17]w.Blenau, and A.Baoumann, “"Molecular and pharmacological
properties of insect biogenic amine receptors: lessons from Drosophila
melanogaster and Apis mellifera." Arch. Insect Biochem. Physiol.
vol.48, pp13-38, 2001.

[18] w.Blenau, and A.Baoumann, “Aminergic signal transduction in
invertebrates: focus on tyramine and octopamine receptors.” Recent
Res. Dev. Neurochem. vol.6, pp225-240, 2003.

[19] A.C.Hanyalogu, and M.von Zastrow, "Regulation of GPCRs by
endocytotic membrane trafficking and its potential implications.”
Annu. Rev. Pharmacol. Toxicol. vol.48, pp537-568, 2008.

[20] F.Stirpe, "Ribosome-inactivating  proteins."  Toxicon
pp371-383, 2004.

[21] M.R.Hartley, and J.M.Lord, "Cytotoxic ribosome inactivating lectins
from plants.” Biochim. Biophys. Acta., 1701, pp1-14. 2004.

[22] S.Narayanan, K.Surendranath, N.Bora, A.Surolia, A.A.Karande,
"Ribosome inactivating proteins and apoptosis." FEBS Let. vol.579
pp1324-1331, 2005.

[23] F.Stripe and M.G.Battelli, "Ribosome-inactivating proteins: progress
and problem." Cell.Mol.Life Sci. vol.63, pp1850-1866, 2006.

[24] 0.W.Press, "Immunotoxins." Biotherapy, vol.3, pp65-76, 1991.

[25] V.Ghetie, and E.S.Vitetta, "Chemical construction of immunotoxins."
Mol.Biotech. vol.18. pp251-268, 2001.

[5]

(6]
[7]
(8]
[9]

vol.44,



B DT DITEVE S BEB O F

O Rt B (8 SCBR R 225 1 R0 BB D) (S R SZ RSP BR BT N TR 28
KA HmT T (FLBL RS R FER B FER)  ARHECC (SR IR R BRI 58) «
] FH 5 — (35 SCER R 775 ) | [0

BHE Y NFILINTAEDOALE (5 ) 28D FH AL
Lo THANDOMDIY ST IUEZ D, I IULZ O THE)

AR O T O TEF ROk EILE | OET L EL

TLHZ . 8DFEX L AD AT =— ~DE) Bt [TENEIZZD
MR RAALTEBBET AT 2 —H I al —
TarEHWTIRARTWA,

AR, WEAE SRS LI BRI TEI O T L otk
B AT T, R, 2O RERE L7 D B PR BB CE (K1 T8
F—HOEBERED T, FOFER . 7V AEPENTUSE
PENNTF DIFEAE LG % 2RILINA  AEFEN T e o Tz,
Fio BRENTFIIEREERATANC I DL L ANTF DX
ANTIBRET D AREMEN D LN o T, BT, BNT
DOBATIIE AT LT L2 A BNDIFEAE DIV ST
BITL W RNWZ e bholz, ZRHEEFTL T, SR EL
T8 ST A—FE BT B0, NI NLVETLEE
W= SYRF O BEREMR AT AEBRR LT, F2 U
F OFTENTHNA O BRI STtk L CGREIS DO
THRANNOBREEZ H 8 CRIFMIZEHIT 57200 2T
LG [FRHIAEE L T2, ZHbDZENGELNDHE R 2
BOELILET, XU ATENC L Dan=—HEER O 2 R0
OGO ESBITRW BRI Z S22 3 5 LR S5,

1 IXC®iC

DOIVONERMES TWASEI R R E/ Rt AR T 512
AR O T3 a=r—s gy | SBR[ R T D, 3
Y RFIIEEG A OBE ST IR Z D 8D FH A LI
ENDII2=—ar ORI 1EL > TWVAIENFHILT
WA (KL [1-[4]) o ZO8DFH AL, WA b FITEBS
BRNOSD5DEEE - THEET A5 (RIEVAT)

01s80000D000000O0O00ADOOOODODDOO
oooosOO

127

ESHNEMERHINTILDOMBIZRE > TLDOR 716725 (K]
1), ZNETOMEDFER, ARV R RGEET HEs
EHMEDAENKGIIxTTHREHGO M EE | E
RO THEHHEL TWODIRF RS ECTOERiZ R L TW\AHZ
LTS (K1),

bbit, 8DFH o Akt MHEEF D=8 D T D
e IG | OETALLTES L, an=—3 52550
FRENB8D L L AD AT = — DR R TEVZED
FERAEIANTE T T VIZ D B a—F 32l —
Tarz VT TWA 5,6, 7],

bbbz nET, () REITEIOET VEMAIAAL
7P 32— alr ERT, U R THERR DI
FOEPENT DL, (2) IV AT OITIEHEEI TV, &
VADNLE NI TAL IR THIE, (3) F U ADIEH
WCRERRRENE ENTCNDIEE RO TEZ[5,6, 7],

AEEL, INETITONONBNEREL &AW T —
HELEET NVES R UL, $7-, EMFEBRERGSE,
BHNOIYNRFDBITRE— BIOF A REZ T
DIBIEART OITEN Y — BT LT, SO, T —%
OHGERRED 72D, NIV AT HENBRF L AT A
[8] &, HNADIEIE | T, COMRERE DB T —H D
HEhFHAS AT A [9] BRI,

2 fER

2—1 1TEMBIEDKRER

2006-20074F-8-10A (2, FLIE T CHRiI8HE30/3 DA
BARFE CIUNTF OITINBIEZIT o7 (1FEAET R TD
Yty KURITHB IR 25-361%) . B DI HL-BRaE
7471 A7 (Victor GR-HD1) Tfb307 L — A THE L=
bl HUANLE, BIENTF OB L O T 008,
fENTLT=,

2—1—1 BRENFOITENF— DEYT

BIENTF O AT DITEN Z — L H DT,
APED B P —Ze [ A TUNZ D~ BEEICDIBHE T D3t T
CTBREL IV ETTORE 7225, 80%DIBHEN
FidiE & 2BILogE T CRIEV EfT2 B85, sEILL
L GBIELTZDIFA%LL T2 o7, EBIZ, WEDIBHE



HL AT

5 10 15 20 s 1 15
TUAFHEEE LIS UnAFA AR LIRS
02 J000OOO0ODODOOODOOOO0OO0O0OoOoOoOoo
goddooooooooooboboooooooon
000000000000 0O0o0o0oooooOooD
godooooooooooood

03 ODo00oooooDo
gboooobdooo
gooooooooboo
gbooooaoo

NFZHFEHL, SORIGBHET DX v —2BER LA,
BREAFIIHEEDZ o —T2 1 BT HDTIERL,
I DX A —ITBRELT= (X2) , SHIZ, ¥ o —DFEL
R EFE OB T ERR THh-7- (M3) , IBRENTFNE
DE Y —DF U AERERAT 00, F-EDIHIZL
TR T 250 A BT DO F IR &5
WCEBRNMLETHD, BRENNTOZOIH 72 A2 ET 1
(HLAIAT 72012, SRR AT 2 5 | e & 4T > CUD,

2—1—2 BERNTOIYNFOBITRE—
TRV Il — T al IR A R BN TOIY AT
DIGATIRF =2 8T AR Uiz, B O FiE iz
BHETSIICDIY ARF DAL E Z VI 10R BLEHR L 7-L 2
2. 530D H1THES DH HKI80%IT0.4 cm LA F OB EILH»
L7pinolz, X A% L TWRNDIY RT O I E O e K A=
ITHEBEIZHI2 cm Thot-, 22T, FHllRESEEIC AN
T25mmLl EOBENS T2 T E) LEFRL, 10 RT25
mm UL EBEIL7-% D% mover (49208) , FiLLL F DD %
stayer (2320C) L35 C, SOICFERIIZARNT LT, 10D
OFHAZTEICIOBEOBE L T, TNENDOIY AT
MR BN L= & A T-b DR MATH D, FOREE. 7~
Lz mover Th-o THI0R T o LT UKL AT &I IEH
ICENTHHIEN DT, T, IV ST IR (L)
TR ORI (BB T DM 203555 D0 | KKff# (10
D) TIE360FE ITIZIT T & MR EIL TN -, A %L fRHT
R &G EITV BELET IS E QUK T ETH
2o

128

——_ follower:n=25 |
stayer, n = 232 |

mover: n = 482 |

04 00O00ODO0O0O O mover, stayer, follower DO 00O
dooddpDodooooooooooboooooog
mover 0000 0100000000000000000
00000000 DbOO0o0b000DO00DOOooonoon

0.0025

0.?& ".
\Dr>15min
0.5597 0.
' 0.9@
05 00000000O00o00ooooooooboooooo
g0o0ooooooooooooooooooooooon
O0o0000o0obo0osgo00ooooooomoobooaoan
O0o00o0O0oo0ooooooooooono

2—2 BEITEIDEF ML 2L —ay

WEAEE | DLOIUI8D T4 L AD S R MRFET BT
W2 IYRTFIIR I BENAT, BREFD 3D DR g2 fe =R
HICERTLLE X AERXR—2DT 32— a7 Tk
T A —DEREFEL X AOEEMNAERUZ6, 7] . S,
IYNRTFOITENVE ML FET LV EREEEL T (X5), #
ET VT, IVAAT I, BN TIRIE (regting) . B2
17 (wandering) | B35 DOERZETAT (scouting) | fHE %6 HoD
%2 (exploiting) . 3558 7.2 (returning) . Ak Zh# o
ERAERAT (foraging) . %> A (dancing) . Z > ADIBHE
(following) D8 DDA fE=RAYITIER L . RN TOH
1TERRT, BOPNOINH TRERITO% ., IR 35,
BANDOIYASFIL, bV TEMENT ) OEUG LT3R T
BT N\FGA—L L LICBNEZB BT 5, RITH DIV
INFOREN R — TSk H5 FHL72[10], ZDOET L



% S ERE 120 AR S ORI TE D 2L —ar
AT ol fHGA IR T 22 e kD n=— LR K
mnan=—z L7256 | i AR CEban=—(3
HL8FEOEHS R SNBSS, TNETOMETHES
AR REE R e RO TENC B 32/ 37 A—2721F Tl EE
RA-53720 T, BlEfEE  ATEVEBREE T AT A1 TH L [F
R, BFE T O EHBNEHAIS AT LT/ RT A— S BG4 i
W, ET NESLIZHEL TV FETHD,

2—3 BEANOBEEDOIV AT O BEHBH AT LOESE

BOIY AT OFMREIEEMAZETTT ML I
L—albos TRAIRREE(ETHS, 0000000
0000000000000 0DO0O0ODOO0OODOoOn
0000000000000 0D00D0O0oooO
00000000D%ZT, bivbiUuIZoEE0RHEL
ZHBEL T, EEOIVAF 2RI H BB 5
7 L BASELTZ[8],

OILOIBBT LTS AT Al IRO3HS>DIE¥%E A #)
Tﬁ% 1) | LTIy "FLilbnamEiklzn it g

DEET D, 2) IVNTFOROBERESE AN TIY AT O
EASEE 2 5. 3) Y 8Tl (K SE ek O BE[E 1, 22
B EI BRI DIEIR ORI 3 L OB T,

10 70 (30 fps) DML A [ 5| EH T EMTLIL 2 A, 4
300 7L — 2D IEELITRATI 7L — AR T T, 72%
LU o E A (5001 LA _E) & H 8 Tkl c& 7= (X6), &
HIZ, A EE300 71— (1070F) THEREHL . &1
ROITENIUB A L7-, Z D% 5. 50% LA EOERD
TENV B CE72 (X7) , IREETIE, BT 002 —
AN BRI NT A2 HE TR TE Ao, 2o
AT LESBIBEISELTETHD,

2—4 IUANFERNNORE BEEHIT AT LADOBE

IYNRTFOHF AL DB TEN X, BRSO BRI K]
L ClCHNC AL D, 2T, BRBEICKR T DI a 5
PRET T AIAT D 22 R BAZI, BRELIA - LIV
FOITENO FRIRFBIHI S AT L& FHFE LT (IX8) ,

BB ONE A, ZILEOEROT LI T2t
B, I F 2 AN, B RNCIRE, B, CO
—HEWT, FIFRFICEAE L1 meEBEn -0 5IEE
BEGRIE L, IV FOfTEIZCCD I AT T, HOHA
VETAN BT 72 —TiHll-fEgk LT, &2 ThOT —XI
HoOBEBEELEOITHBANCHIEL, 2o — X |ZREEkL
7=

XooOi10020080 80 00 00O OOOOOOOO
g0o0o0o0ooooooooobooooooOooooan
000000000000 000ooOoooooooo
gdoo0oooooooooboouooooooooad
000000000000 0000O0o0oooooo
0000300000000 000000oooono
000000000000 00000o0oooooo

129

TR6 Bl — 2 Uit 33 F 0 F B B
IR 00 D C PR A7 S 1 KR T,

%@ﬁﬁ%nﬂuaakwbtﬁﬁpﬁlig“
XD P4 TR A T2 IR O LK K TH D,

sensor side bee side

Entrance == - A AN
Personal | Tothe Lab
e wall Plas orm scale computer

@ In/Out sensor ) €O, sensor [l Temp/Hum sensor

X8 I "Fan=—HEHBHIT AT A, BHAEOWNIRILHE
/I/:iﬁf DITHEEIBNTEY, 7 IR, bR
CIIRFE VRS . COJEEE DL — 3B D3PI B
ﬁ%nﬂ b, RS ITHBIBAPAL . AN O COLR E
LHREWET D, FERFHCTROFERZNET D, £
TOT —ZXEHAICRES, 2 Ea—2—Z#EDILT
HEhICFieRS D,

0000000000000 0D000000000O
0000000000000 0DOO0ODOOoOoOO
0000000000200000000000000
000000000000 O00DOoOO

BNCO M EE 1 X E IR . 1R 12200 — 2R oT-,
1> HIZHAT O RERY —7 22 HIZY HO/NS/ae —



=
-

Weighttkg)
=
&

=
]

Tempideg)
aHEE88

wmidity 30
2 8 8o

CO2ppm)
e mown aob

o

. i i L i i i i I L i i
&El) 0600 1200 1800 0000 0600 1200 1800 0000 OGO0 1200 1800 0000

7 August 2008 8 August 2008 9 August 2008

X9 == —ERETELNE B, 20084E8H 7—9H dan=—H
B BN BA ORI E L CONERE, B EITRMBAL, B
FRIEEE Uz, IR I, BN SRS CENRO LT,
HNDCOREE IXBAR H A E AR LI,

Distribution of
movement index

| ®Sensor 1 Sensor 2

30

- [ N
wu [=] wu

[
(=]

CO, Increasing Rate (g g™' s")

w

nighttime

daytime

0

0:00 6:00 12:00 0:00

2008/8/6

18:00 6:00 12:00

2008/8/7

18:00

Time

X10 CO /L pERLam=—DiEH), 200868/ 6—7H (ZHT

T%%”H“@J:%qujgﬁ’@ﬁ'lﬁéé’b CIVANFan=—DCOE

Fr BT, BTN 2 EA AR, Fo, Zhb
/\7’“®{£Eﬂi ELBH A DTENITRIBINT,

7 Th-o7(K9) , ZNHDOABRBE T, IV AF DR
YR LT LTWS A REENHDEE B, BED
COYEFERITIT HIZm<, FRIZIETL, ar=—nY
NFIEENEDZEbE—F L= (X10) , 5512 COA: P &
BEMULTZOEFIY AT OIEEENRE T2 DEE 2D
N5, SHITCOEFE L COLME FE D BN fot < B4 B &
ORI T, BEEANT BEREEOT- O IZ A HEN -2 & E R L
TWHEEZLND,

ZOVAT 2V CEYMMOBIRIZITIZET, R
ITENZ 1T Trak SYARTF OMOIES A TEN O A =K L
IZOWTHINRWEENRELNA LR SN,

3 A%OFHBE LA TO TEHERR

130

IUNRTF DL AT DODITENL, 1) ZL<DIBHENT
1 & 2B RARVICIBREL TH U —nb NS, 2) BHE
IRFNFEBDH L ZANRF DOF L AETEL, 3) NEHI T
DIVNFII D B THER RIS A2 LT ENTH
5. VIO RHDD D> TEIZ, IV ARFOX R
HUITRERAENEG ENTNB[5, 6, 7|D T, FRAFD %
DFERDPENETIEINDD, BREFIZ DI NT O
ZFhiE, an=—L LTI R L L TR Z EEEL
T2DEFUZ T2 D, SYAFDOEE | L ORI ZEAT
WCENE 352 L12do T IEHROBRSZHi>TW0DHD0 b
LAVaV, 2O s, RS FFS 72V TR O %GR
FRLIRELERDETHD,

WAL T ATEV R AN L35, BAR L2250 H
S AT DDELND L D/RTA—HEET T
FIATe, SHIZ, P32l — g ERE5E TSE, B
TN DIV ANT OMIGHIRITEN AT =X L&A
HZEEBEIET,

RIZIS, YT OBDTH o A TN BURIEIZT Tl

<, an=—0OfEFHEEL D RICHE B 358, FlziX, £
TV NEE o THAE T 28 & IR OB S E IRF D
FLREDE 72 8\ AR/ T VIV X A BRI T 5728,
VAT AT AR R B R 2B A TVD, 5% O
THEIE A 2 Hd&970%8 RO R BROIRRITHE O T
VWVETZUD,

4 BEICER

K. von Frisch, The dance language and orientation of bee. Harvard
University Press, Cambridge, Massachusetts, London, 1993

J. M. Gould and C. G. Gould, The honey bee. Scientific American
Library, New York, 1988

A. Michelsen, “The transfer of information in the dance language of
honeybees: progress and problems’, J Comp Physiol vol. 173, pp.
135-141, 1993

A. Michelsen, “Signals and flexibility in the dance communication of
honeybees’, J Comp Physiol vol. 189, pp. 165-174, 2003

R. Okada, H. Ikeno, N. Sasayama, H. Aonuma, D. Kurabayashi, and E.
1to “ The dance of the honeybee: how do honeybees dance to transfer
food information effectively?”, Acta Biol Hung, vol. 59 (suppl), pp.
157-162, 2008

H. Ikeno, N. Sasayama, R. Okada, E Ito “Behavioral analysis of
honeybee waggle dance and its effect on foraging”, 2nd International
Symposium on Mobiligence in Awaji, 223-226, 2007

R. Okada, H. Ikeno, H. Aonuma, and E. Ito “Biological insightsinto
robotics: honeybee foraging behavior by waggle dance”, Adv Robotics
vol. 22, pp. 1665-1681, 2008.

T. Kimura, H. Ikeno, R. Okada, E. Ito. “A Study for identification and
behavioral tracking of honeybees in the observation hive using vector
quantization method”, Proc Measuring Behavior 2008, pp. 165-166,
2008.

M. Ohashi, R. Okada, T. Kimura, H. Ikeno “ Obeservation system for
the control of the hive environment by the honeybee (Apis mellifera)”,
Behav Res Methods, in press, 2009.

M. Beekman, RL Fathke, and TD Seeley. “How does an informed
minority of scouts guide a honeybee swarm asiit fliesto its new
home?’ ,Anim Behav vol. 71, pp. 161-171, 2006.

(1
(2
(3l

(4

(9

(€l

(1

(8l

(9

(10



Social risk representation in primate caudate nucleus
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Food Grab task

| Preparatory (P) |

Early (E) |
| | | |

jdd

Human Motion (H) |

Preparatory (P) Early (E) Monkey Motion (

”

Fig 1. Monkey and human competitors sit side-by-side and get baits
placed by experimenter. The human competes for the baits between
himself and the monkey. Trials are segmented into 3 Periods
according to the motion of experimenter, human and monkey.
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% 3

Go
- F

Fig 2. Experimenter hands food directly to
monkey in Go-NoGo Task. As the monkey DI’C‘)p
reaches the food, the experimenter may: let
the monkey take it (Go); close the hand ﬁy ’
abruptly (NoGo); or drop it out of reach “)
(Drop). Each condition occurs in blocks of E =) 4
5~6 trials.Periods used for analysis. Intervals
depends on the specific motions above. No-Go

Monkey motion (M) period is defined in

trials when the monkey makes a
reward-reaching motion, independent of trial
condition.
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Recorded Area  Monkey A Monkey B

PFC (Area 46) 75 (51) 53 (46)

Parietal (Area 5) | 72 (59) 38 (34)

CN 118 (73) 59 (35)
TABLE 1

1. RESULTS
AREBRTHE A 1L, 2OV /L ORIFERTE (n=128), 58
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RIS BN 2308k L (Table 1), B R &V L OIFEID

Competition Task (Monkey A) Competition Task (Monkey B)
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Fig 3. A sizeable ratio from all areas had significant activity relative
to Inter-Trial Intervals (ITI) over all periods and tasks. Frames of
significant motion were excluded from ITL.
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Fig 4. Histogram of net preference vectors for Food Location in
Competition task. Note strong preference for Conflict location during
Period M (indicated by /\).
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Modulation by Food Location

ComplLevel=Low Differential Activity across Tasks
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Fig 5. A) Differential activity of the neurons from Fig. 4 over
different periods. Population preference for Conflict location becomes
significant only in Period M. B) Relation between modulation in
Period M of Fig. 4 and modulation between Drop and Go trials in
Period M of Go-NoGo task. The strong correlation suggests a
common function for the CN neurons across tasks. C) Strong CN
neuron preference for NoGo condition during period P.
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Fig. 2: Manipulandum setup.
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Table. 1: Manipulandum specification

Strokes X =1000mm, Y = 600mm
Maximum hand speed 2m/s
Maximum hand acceleration 6m/s’
Positional resolution 12.5um/count
Hand force sensor +60N(10%)
Hand force application range +£20N(£5%)

Y-axis Motor

Fig. 3: Manipulator-slider mechanism.
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Fig. 4: Measurements of the arm reaching movements. A: Vi-
sual information. The starting point, the target position and
the hand positions are presented on the upright screen. Red
circle, starting point; blue circles, eight target positions; red
square, hand position. B-C: Typical experimental results un-
der three rotation conditions, 0 deg in B, 45 deg in C, and 90
deg in D. The trajectories and velocity profiles to the eight tar-
gets are shown in left and right panels respectively. Each color
indicate the data obtained from respective target position.
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Absgract—In this note, we discuss the stand point of re-
search of passive dynamic walking in the research of Mohi-
ligence. Concretdy speaking, we formulate Embedded
problem. This problem says that there is a poss-hility of
exigence of implicit contral law in the dynamics of con-
trolled object. To solve the problem, we intro-duce a prob-
lem of inseparability and a closed |oop problem and show a
way to solvethe two problems.
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Fig.2 Traditional expression of control system
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L7edoC, f, BEAEBICHfET 5720120
Z OHLAREI 9 2 BB 8 21572 < TIR b 722
W, W) iEmFbILD. Fg5Z .
BRI SEGFHTRI AN =X L

EE B FEAH =X L

FEE: FlERLLTOHEA

18 5A ] 8 ) BA R AL

Fig.5 Structure of our question

ZIT, ATV ORMEE L O TE ERD
L2127 s.
(RO DOE &, BiE~LETe s b

[GH] B8V 2T MZITFRgAD K 9 A% <
FET D, Thbb, [HIARRE] 2559 5
EIIBE AL 2D EToEtER TH S,

[ B AR 2 L=, THIEERD 2895
NPT 5.

3. FEIREMELEES R

THLARTE ] Z2MRAT5OICHEZEE L LTW5

HHR L LT, RO2OMHITHN5.
[R5 FERE) A= 3B A % I, HIEIRI & il
LEIR— IR E 72> TEY, WiE OFEFO&E 3
ML SR TIEAR . O
[ —FRAE] TR L — T RIC R > TV 72N
HAE 5 OMRHT C I JF A BRI A0 52 H (A % B
it (RE) +25Z&ITTER. O

ARETHE, IRaofiE & PAL—T1EE) %[
WET D HRICONWTELRTS.

F£7°, Fg4 O &5 IZHIERN & HlaEst g (& 51038
BE)ICHERYNRAZ DD, BIIRDY NH D5 L,
BIEIZ Lo TR TV AERIZRLZ DG, D220
RN S D EE XD, £ H ThUL, LY Figb



RO L5 2] B olalizgh (1TFH 23 A R OB E))
DIRETE, 2o, ZTOWEVIZH 5 AEREESE 5
TENTELRR A6 XD L DR AL Z &0 H
STl T DL, ZOERY IR D AR S AT
HZ LD, Thbb, [3EFEML) Bk S5,
EBIZ, BLHZDOL ) RENTEICHLEDLT,
HRIZNTHIE G DO HIZ & HFEOHIEIR 2SR DIA Fi T
WBHZENbol=h, Fhg TRERHIERI (Implidt
Control Law)| 4L 9. ZLTHKROTD, KD
Kowmtsn Ry SR Z &4 TEERHIE
HI(Explicit Control Law)] &FEATHL Z L1275,

IRaamrE) >TIEFie) EECETr

Implicit Control Law

- W8 il 0 B
= | ? 5 Explicit Control Law

MED
#TFH1

Fig.6 Transformation of problem: Decoupling

WICPAN—T B Z T 5 2 2B 2 5. 20T
DI SO FETL—T 2T A 0NN H 5.
Fig.7 2. ZOUIMHNIWEER) (RS0 L ~0L) 12Y)
L5tk L, EBOBRIC L > TOL—7 2 MRS E 5
ENTREMEE LTi3EZBN5.

MEAL—Z R >TRIIL—71E]
SR R8O IR

Implicit Control Law

a0l 8l
Explicit Con

Fig.7 Closed loop to Open loop

WHUZ LT, Fg6~Fg.7 DEENTE L, H#H
W EZ 203K 5. TOHET 2BEETH, [
B CH LUV (Fg.8 & HR).

7277 USHARE~D 7 o —F O E1X, Cok
D 7pkER < EENIE R TAMNIURFET D 2 ENFHET
&, UToL2icb~rbiF LTEL.

[LebelA] Xt G fR-Cff i RO Ele &2 92 &
72, AT B OEERIZI T 50 B/ EE) & K4 5
Z L CIHTHHANL—TENFEHRTE D,

[LebelB] k54 S i E 7 £ A i 39

Implicit Control Law X

5 R
AL — TR

FEFHEML—TE

Fig.8 One-shot transformation

TN — TR FEHTE D,
[LebelC] Xt GO P Ele E & a3 2 &
DHSET, T — TR BT E Ao,

4. ZEraE— a3

ARETCIL, HIAMEEE 25 LT (Z0FE B L
L) B 3 L-uLd 9 BTl b Hififi7e LebelA (22
WTHEET D, ZTOROITIE, kX 7ES) Gk o
g,

[Cl] &R THONLEROH HEH THDHZ L.
[(C2] ZDEEAENLETHDHZ &.

T oD% RO D0 ERH D, FHUIME— L3R
B2V, D7e b b—oDfZ ol T b7
V. BREORER, EFELIE,  ZEnoe— 30
NEDOFMEET DA RBITHD EBZ, IROME
ERETD.

U] B 25— 2 13, FETFL— s
(el UHSARR AR 0 1235 2 E R TE DiEEG D
HabE'T > T D (LebelA RERE) . O
EE) oW s, (a)Fig 9 [T X ITHIT LV I )
TRIFBENTHY, ZHUTSGEEZSE T THZ ORI
FZE L7220, (b) Z ORI A Bl U 7 2 BB TI
HEE - L COIRICEICH D, () Lovb B BCEEE
7RI L LTy, Tebh, BL—7"Th Y
LIEIREIN /2> CND, B THD. [ |

HEFHEMIL—FTETEHEBOHEET !

BHNBSIT
A

*qﬁﬂ:ﬂﬂ -”.!-,I”“ -"]ﬂlll'ﬂ
L~ — P
o\
— b ' ) e o8 o ?
| _l p o
FTFHML—TE

Fig.9 An example of the transformations



Z T, ZHECTEBINENTR EICT S 05E)
Bbho TETAMTICET 2 TREAHIEERT otz
s LT (Fglo) . Mol k2 Z Tl
ITEWS 573, CL)~CI)P) % TlIZ B AIENA T2 B
HEATICBET 2 B FE T M IS < BGRIRRE TH v,
CAHICEIZHNTIE T I 2 b— g URERICL Y,
4 15 PDW (23517 2 BRI O FA/EDS R ST

BELEOTHY, ZNHIZHOWNTOIRARFHISHZ D
METHD.
<{EHH >

Cl) 2MIZTHRITE1T

*Implicit Feedback Structure

* Cheap Optimal Control iy IY%E’]‘#ITMTQ'I
C2) M2 THHIEST Implicit Control Law
*Implicit Feedback Structure \

*Two-Delay Feedback Control

2RISR W 51T EAT O A8
* Multi 2-Delay-Cheap-Optimal

Control Structure

ARNZ TR SAT
cEERICEAFHIIPA(ER? ?)

2/0- Az 1T HMELE L RE D
LEalb—iavc kBB

S
B A 180 B D B R ~

Implicit Control Law
Fig.10 Candidates of Implicit Control Laws

c3

C4

cs5

5. BbyiZ

Ak Tl BB T OFEE RN, BEAOIC
RO D EITIES BHR L TV D & W ) Bl b~ 7.
IFIizEgE L TEL.

F7, T 2 CIHRERISIEERI O E A BB T &
W) —FIZHONWTEER LTS, BEE S 2T ATk
BUHIBERI O TR A2 528, 0 X o AeHbARIRE It
WANCTFIEL TWD EEZ TV D.

p2AIFITEEI

i
///. o
P g

G

-

A REBANEHRTEIE  GIMHREBEAYSNDE
ERE A RETS ! FEESI A dER S !

Fig.11 Appearance of Implicit Control Law

F72, AR THE S DIA E = HER] &
WO RBLEHANTHD2, L0 IEMICIE g L
BRIREOBEANC L > TEENDHIEA Ths. T70b
B, FAQll AITRT X1, ETl~_7=fERsIERIx

144

— A VX HE SRE T IIE T, BREE & A
—E LT (FAgILE) IZUOTEHRTIHLDOTHS.
L7zi3>C, [A CHlERISCd - T HIEEOR DL &
S TIEBIDRRAIHIBRIN BN S Z & 2R LT 5.
WA B O E 3 b _XTHL . F12, BEAH
RIS o To1%, L EFEAT DEERHIEER] 2
Mz LT T 2 0hva kT2 ThDH. £LT
ZO XD IeEEDNEMOTIZ A ND Z L HRGE L2
< TEZR b7V, BT, ARG Tid LebelA ORIEE S
227275, LebelB, LebelC ORIEZAMANIZHLY 4% 5 7>
HEZ 7 U b, FH=IT, 2Tl FEo
RN OWTEZR L2, BiiEoakR~ L iz
%, SO EEREIRO S MERSH L. T72bb,
AHEWT gl 28272 TUIRH2R0VD, Z
DOHGER & HIFANC & THLARIE] NFEELTHD A
BEMERDH D, S%iT [ZEEAMBE 250 Wbt
AL /AN

BT, ARRTIE TRRRYHIHEIRIAS DD UL B A
bl ERXTNDEOTIEARL, BB & B
% 72 O X BEAY I & B A LS BRAR L 72 < Tl 2 B 72
W SN ZEETREL TSI L ZHMICL TRE
72 R RAEIEE RO SRR T RITIE B NI e
STV (RAZ— NEIZHOWE S TWD) |,
ASBITT 0 X O RBUE T I E TOBEMIIZE T
HAVT X 72l % OFRERZ FENT L T X 720,

SE

1) T.McGeer : Passive Dynamic Walking, Int. J of Robotics Re-
search, 9-2, pp.62-82, 1990.

2) KA, R, /NE o SIHIAMTRA y b Quartet DS EIRIE)
AT, BABES O RT ¢ 7 A AT ha =7 AGEHEZ 1998,
CD-ROM, 2ClII-6, 1998.

3) RAE, Wil SZEAYBIAM THER Quartetll DATRRAT & 44T
EBy, BARvR v NERFE P 184, ¥ 575, pp.737-742,
2000.

4 KZEH, BH: HMBSITICESH MRy B
QUARTET-IIl OAATHI#, 5 8 BRI Ry U LG
¥, pp.355-360, 2000.

) KA IREPER  ZZBEREISHTICONT, #H5 1EY
AT NS A RS R, pp.281-282, 2007.

6) “FH/MEARBBIZY ¥ T EHT DM T AT L0 JE
- Compass Walking DEF Y v 7 LEMRNT, 7 4 — K3 v 7
AL, > A 7 WIS 2R S0EE, Vol.17, No.12, pp. 553-
560, 2004.

7)) AR, KEE : ZEESTORERICET 2 B8 —-RT
YAV TOWERRN D O T 7 a—F 2 X T AHlEE
W S, Vol.18, No.7, pp.255-260, 2005.

8) “VFHZIATICNIET 2L E LR DV T, & 8 [Elfili
AR %R, 2008.

9) K, KEE, AR ZHETOFRIBHREA =X
LOfRH, 5 26 BHARR Y MEREMTEEEZ, 3B1-09,
2008.

10) http://www.arai.pe.u-tokyo.ac.jp/mobiligence/

11) AED, REE : BISHNS R & 2B D BB 2 2 7= 52 B
AT Ry b, $ 13RI RT 7 2L RIS T &R, pp.
358-363, 2008.



oooobbbbtoooobobbbbooooobobbbood
0000000000000000000000

g oo,00 00,bd oo

Abstract— This paper discusses experimental verifications of
a two-dimensional modular robot called ‘‘Slimebot”, consisting
of many identical modules, each of which has simple motile
functions. We have so far investigated a fully decentralized
algorithm able to control the morphology of the modular robot
in real-time according to the environment encountered. One
of the most significant features of our approach is that we
explicitly exploit ‘“emergent phenomena” stemming from the
interplay between control and mechanical systems. In order to
verify our proposed cotrol scheme, we have constructed real
physical Slimebot. Preliminary experiments suggest that this
robot enables real-time reconfiguration.
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Fig. 1. : Representative data of qualitative agreements between the Slimebot
and rhythmic protoplasmic movement in the true slime mold.
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Fig. 2. : Real physical Slimebot consisting of 3 modules.
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Fig. 3. : (a)Photo of the improved real physical module. (b)3D CAD data
of the same module. The module has 7 DC motors, 6 motors of which are
for extension/contraction of the arms, and the rest is for the ground friction
control mechanism.
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Fig. 4. : Schematic representation of the control system for the real physical
Slimebot.
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Fig. 5. : The physical connection control mechanism by exploiting
genderless velcro straps.
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Fig. 6. : A verification of mutual entrainment among the VDP oscillators
embedded into the modules.
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Fig. 8. : Experimental verification of locomotion with the change in the
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Fig. 1. Environment dependent morphology.(a) Concentric network, (b)
mesh, (c) mixture of mesh and tree, (d) tree network. All plasmodia were
cultured on 0.9 w/v% agar media including 10 w/v% oat meal extract (a,
b), 10mM KCI (d). Pictures were taken at 470 min (a), 690 min (b), 710
min (c), 465 min (d) after sample set up.

INSDEME Y v 7 EHRD S KRS 2y b7 —
7 bR Y —lownT, BHEOEM Ry F 7 — 7T X
W BB RS (mean degree; BEEETE 5L (2 fifiHifR
DEGE I B TEHR ORI EL V) OFE) < k>, 7
7 A% —{%% (Clustering coefficient) C', ¥ T8 55 il fE
(mean node-node distance) L [6]. 2 Xt L%y b7 — 7
Bric B TH % X v ¥ 2 & (Meshedness coefficient) M [7]
ZETE L 7%, ZOREROREN LD D% Fig3 lond, &%
BB fHCTH B A — I =2 aT 1.5 wivih FERESHE)
& SlEBREE (SYETH 5 10 mM KCl 2 &E 0.3 wiv %
FERKGHL) D 2 DDEEEEMICOWT Ry by 7 — 7 @bt
L, HE#n &, PHEAGMEMLEBIOXA Yy 28 M
EDBfRERL T3,

PETEHAEEE L 3, EHLTwS Ry F7—211C8
W, T 2 HE DM Z 6 SR AIRREE (2 2 TILD%
ERZH) R LIEZDDOTHY, 2y FT—InENT
GRS D 2 5> T3 DHKZ E % %, Figl(a) ICTHMREK
n &P TEDRIEEEE L OBRZ R L Tw 5, FylBRED
BAIIE LId@-o K b & LABIMERICH D, —J5, Sl
B OM &3k TG BEE & I3IXTH U st 2
NI, HEIRAZEICAMIC L ZDIEL T 5D
»5,

MW 2 X LDy P 7—27 T3 L « /n.
tree-graph D%y b7 —7TIX L o< logn TH A Z L3
SN T3 [8], Cross-validation ¥ [9] 12 & D fRTE b &
D7 TIERZIT > TR R, 5 B ClIMg IR D sokk
BRBECU tree-graph RO % v b7 — ViR % T 20 H
2, L2LENS, REBOY Y 7 NVIEHETLLD D
WIEETUDBROBEL 74y T4 v 7 3N5 2 Lo ME
v b7 =7 BMRBRMICZD 20D TNV TIRIFTE
TWkIHTh3,

Ay T aE M IZ 2R VHEEDR Y P 7 — 27 NOER
DEAIGIH DD 294 7 VIEEDEEZ /R T, 2 Kool
H_EDY A 7 VEEGEDORKIZA A 7 —DEBEEZ VLI LT
W %, &2 VFHKEOEREE n, ADE% m, HD

166

Fig. 2.
Skeletonized image of (a). Note that the thickness of the skeletons was
dilated here for presentation. (c) Magnified picture of (b). The picture is
original skeletonized one not but dilated one. All image processing were
performed by a image processing software Image J [5]

Method for the network analysis.(a) Binary image of 1(c). (b)
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Fig. 3.  Mean node-node distance and meshedness.(a)n-L plot. (b)n-M
plot. Closed triangles and open triangles denote the data for 1.5 w/v% agra

medium with 10 w/v% oat extract and 0.3 w/v % agar medium with 10
mM KCl, respectively. Lines are connected in order of time.
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Fig. 4. Distribution of tube thickness in networks. (a,b) Conditions were
1.5 w/v% agra medium with 10 w/v% oat extract. (c,d) Conditions were
1.5 w/v% agra medium without chemicals. (e,f) Conditions were 0.3 w/v %
agar medium with 10 mM KCL. (a,c,d) After 5-hr-clutivation. (b,d,f) After
11-hr-cultivation. Each line was obtained from single sample. 57 samples
were tested for each condition. Dashed lines denote undetected extremely
thin tubes by the image processing method illustrated in Fig.2.
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Fig. 5. Oxygen consumption in tree-structured plasmodium (0.3 % agar
medium) and mesh-structured plasmodium (1.5 % with 5 w/v % oatmeal
extract). Weights of plasmodium are 0.10+£0.01 (g).The value p = 0.028 <
0.05 in two sample one sided t-test and p = 0.027 < 0.05 in Wilcoxon
rank sum one sided test. Variances were evaluated as equal by F-test (p-
value = 0.15 > 0.05).
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Fig. 6.
Time-differential images. White/black image indicates decreasing/increasing
thickness, respectively. Time intervals are 8 sec. Spiral waves are observed
couterclockwisely. (f) Schematic diagram of experimental condition. Pass
width is 15 mm, diameter of obstacle is 2.8 mm. Culture medium was
1.5w/v% agar and culture condition was 25°C, RH85%

Plasmodium passing through an obstacle and spiral waves. (a—¢)
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Fig. 7. Optimum thickness distribution in JR-line network calculated with
a path finding algorithm by true slime mold [12]. (a) Simulation result.
Dots denote stations and lines denote railroads. (b) Calculated thickness of
transportation lines and transportation number of people in real system.
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