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the public domain in the
United States and in tho
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public domain in the Uni

countries with a copyright
term of life of the author plus
100 years. This photograph
of the work is also in the

http://en.wikipedia.org/
wiki/Rudolf _Clausius
The two-dimensional work of

Leo Szilard, near
Oxford, spring 1936.
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Photo copyright U.C. Regents; used by

eisin permission. Contact Mandeville Special
Collections Library, U.C. San Diego, for

Se information on obtaining Szilard images.

ted

States (see Bridgeman Art

Library v. Corel Corp.).

H(P)=-> P(A)logP(A)

L RV U TER) AcQ

= (Shannon)
kg IN 2 (kg

Szilard, L. (1929) "Uber die Entropieverminderung in einem Thermodynamischen
System bei Eingriffen Intelligenter Wesen", Zestschrift fiir Physik 53:840-856

Claude Shannon, "A Mathematical Theory of Communication™, Bell System
Technical Journal, vol. 27, pp. 379-423 and 623-656, 1948
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This is a copyrighted image that
has been released by a company or
organization to promote their
work or product in the media,
such as advertising material or a
promotional photo in a press kit.
The copyright for it is most likely
owned by the company who
created the promotional item or
the artist who produced the item
in question; you must provide
evidence of such ownership. Lack of
such evidence is grounds for
deletion as established by these
terms of use.

It is believed that the use of some
images of promotional material to
illustrate:

the person(s), product, event, or
subject in question

where the image is
unrepeatable, i.e. a free image
could not be created to replace
it

on the English-language Wikipedia,
hosted on servers in the United
States by the non-profit Wikimedia
Foundation,

qualifies as fair use under United
States copyright law. Any other
usage of this image, on
Wikipedia or elsewhere, might
be copyright infringement. See
Wikipedia:Non-free content and
Wikipedia:Publicity photos.
Additionally, the copyright holder
may have granted permission for use
in works such as Wikipedia. However,
if they have, this permission likely
does not fall under a free license.
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Simon’s Ant on the Beach

Slides by Rolf Pfeifer (from AlLectures from Tokyo)

Goal x Env x Body -> Actual
motion

S' Intelligent System and Informatics Lab.
- http://www.isi.imii.u-tokyo.ac.jp
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The ,,Didabot” experiment

Slides by Rolf Pfeifer (from AlLectures from Tokyo)

T W, : o X “Didabot”:
‘ - ' Y simple robot for didactical

' 1 84, _ purposes
. ., T-" ‘-.: : -—I,--‘-— S | ' i . . ; \ :
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arena with Styrofoam cubes
Experiment by René te Boekhorst and Marinus Maris



,Didabot" experiment — overview

Slides by Rolf Pfeifer (from AlLectures from Tokyo)




What are the robots doing?

Slides by Rolf Pfeifer (from AlLectures from Tokyo)

?7 Intelligent System and Informatics Lab.
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Didabots

ZERRER.BETEX ORYNMIUTICIVR, BREEORYNNE, BIKRELE. 2006,
2.6 (p59)
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Didabots — real ants

Slides by Rolf Pfeifer (from AlLectures from Tokyo)

styrofoam wﬁjx % dead
' cubes nfort W . |
Kyo., NG :

r::t kyo. R

.
it

2 \r\“‘;‘&..;; £

g




ZTOTURIEESDPOTEENTET:

AN AR D RiffiAs

%%ﬁ@]#@ (A7 A ERfEHIL--- tl‘)_|
B || VTF) @ ol sE (R RS, --+)

B .
5 f
# I ;;ﬁ > fi o B, R, o)
E | =
O g [P EREY L EREUY, )
o o | | L2 B BREMGEY) 12 -
|z | A Ol o e NETR
£ Y [ B[ 5
x EbT,
] Ly REBBERT S e DI, AFY, -0

=] 73, e

BO0) 4| B _ 3

EL DA (A # 2B IL S
o ER

EREM (I A4, EIL, 32X, ---)

A 4

I i
NEER | REB (DA, 4, B3, --0)
N - L > iua
RiZE | RABM(ERS, 557, Hod, AVELFrl, )

A 4

BB (A AY) +

> B

_ EZARR.BEEX ARV UTIOIVR,
9 Intelligent S@und Informatics Lab. =Ry EIKREE . 2006, F1.7
< http://www.isiimii.u-tokyo.acjp (p28)




B b~ B AED Ak AR s I ) AYA FHE, R ResEEh. M SRERYS BANEXS b F DB

EBILRE | FOOREE | FMEKEE | 0% I DI AR %. Bl AR FLEE., KB BHERIL DT | |HE, ¥, EHE Sy
BR &t FHERRE | BREEBRS 1781, BRI 2E. - %, e ey E 3E, HE, X

. ERAES. 1k

HEEY | KBE, I8 | A4 AV v RZ, 7 IR, TATSY, B, TN, U X X3, Xa, P (b I, F | e b BA,

DB DAY, FhE, 5 4)73, Za, (B = 7, (&) 7) R P— BN

L::

B EE. b/ KEtOFER. | FiHORE | Ki, fERsEsE LRI AREAT oIz &< B ETED%S | BEEOBMEL | EX”RHT.

178 - 3 | BE/BICK HH 5 L P> | BTEY. PARSKEME & . 178, FRani RERZEER | R, REM | i, #hRE

FIKERE . BOESE, | £HWEE | R ER. | &FEs. RE, HED, . wEEENHIE. | g, BCER | B, S8, Al
HEYEEE, BHEE, K | 5loiAdK | RATREE, & MIRY, SHoiit = E 2R fFHHE. %, MEO EE, B
ARSET RIS, | fEL. B ? K. , HiX, FEEHEEED FEE. FEEES. DOHE. B, 2.

.

ek REWE = L. 2L. BEXEOHEER AR TBI B AEEFTEHESS. HEMBIRE | RECE s | SRBEM.
Ra=fr— HH0. BEERER B3, DBV, EBF. . EEERN, | BEBRE, 8 | 8%, UL,
vayv, £H aIa=F—var. B, dLRE¥E. JEpLHl., 7 ) HSHE, &
FFEENE, £ 7 xuaE U, JEASE . N—I 7. &E.

B

FAEAR | B, FR | KoM | BB (0T | W%, DliIMo FHE - WEKRE fe bANE. W TERELFRE | FiERE L. FHESH, B

i /B, #lR . REF. | - B XA, SHESHSEARELL. 1. feZsE. M4 (Blfsxtmlt | R (B%E | SLITERS.

AR | EREEEL REEZ /ML, | i) {EiEM:. &AT B) . A & |, Y, BR

EEKE | FEE—~%, al. /ML | RS, A REW) & TS, NE 1 AR N FHRORE. FHROBHX. | BREHRE (B

B WE, 1REh. WL TR | BB L. . BESBOHN (fEBMEIC & FERRRE. EFEOLIRL. | FBF) ORE
MfRmEIC/L | BERAK BRI ERE Y BEYELS. & BIEHEE R EEBHOFE
2/ B MRA. Vg, TEERE BHERFIC L BN B, i .
DY, #= (B, %) 4£ BERRALE. IRER BE (Frlcg

. RERE SR . ", TR
.

TR L. =R | 2L, FF BIEMRR. | MiREh. SEEMRRE BEss L, (mEE AN PPN 1) KIEFTRED | RIBHEDOKIE | ATEHATE, B
NHIEESRA~ | AEHTE | PRAERL. OEMAL. =2—n Emk H—F FEE. RIMHET AEEEES | R%E Ne | EAEREE
DILZEREE | BALIZE D VEIOGTREE. #ERHESL. CPG, BEDFRE. KigHEKR (B | BoXxE{L. 4 ERTPO, S5
BEHY. MBI E fRiER, /AN, 32 REE L YEH) 'B55%) . iH B O KIE 2%

HY. &R, BER. BRE, EHDOEAK. .
. ﬁﬂ%ﬁﬁﬁ
R B %
i =
ErS (ﬁﬁigi
(HERER) US+1)7 N3
(REHHRER) (IFLSHHER)
ERZ, 77FU7, NyH, HTILD

L0, & ~vUR, H, %////—

SR LT

EZBERE.BEERX ORYAY

FYDTUR B ERE

w82

BIREIE. 2006, 5

1Eft& (p46-47)  F



http://www.brain.riken.jp/japanese/g_braaw/g2_top.html
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Plasticity & Emergent Information Structure
Early Development from Embodied Interaction

Information-Driven l I
Self-Organization

Esp. Cerebral Cortex

Brain + Body Environment
http://ja.wikipedia.org/wiki/%E7%94%B
B%E5%83%38F:Brain_diagram_ja.png
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Ryuma Niiyama, Akihiko
Nagakubo, Yasuo, Kuniyoshi:
“Mowgli: A Bipedal Jumping
and Landing Robot with an

Artificial Musculoskeletal

System”, Proc. 2007 IEEE

International Conference on

Robotics and

Automation, ThC5.2 ,

2007/4/12 , Rome, ltaly. Fig.1
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Fl-BEE 05-06
» BAEE>BARLGEE

= ZRAEEA (Bi-Articular Muscles)

» ZREANTIA (McKibben
pneumatic actuators)

= HEDTE-BEESM

INLAR)Y
(PR RE)

Bi-Articular
Muscle
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Jumping & Landing: MOWGLI

Nilyama & Kuniyoshi 05-06

i@ HLER, BSEX - HBEBRRONAA AN HORZEDCBE - FthORy DR
., F11EOKRT4HOR 2RO T, 1CL, pp.50-55, &%, March, 2006.
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Vertical Jurmging
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Vertical Jumping
(horzontal ground, -1 rad’s Hip Joint)
disturbance /
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)

Ryuma Niiyama, Akihiko Nagakubo, Yasuo, Kuniyoshi: “Mowgli: A Bipedal
Jumping and Landing Robot with an Artificial Musculoskeletal System”,
Proc. 2007 IEEE International Conference on Robotics and

Automation, ThC5.2 , 2007/4/12 , Rome, Italy. Fig.10, 11
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“Roll-and-Rise” Motion

-- An example emphasizing "knacks”

BEERX ANEE FHIHE RARRE . FHEREA—T/AFORYMILE T4 FIVvIE ENYITEINEI, BAORYINESREE,
vol.23 , no.6 , pp.706-717 , Sep., 2005. Fig.1 D ZEH(p707)

gl B B _F

» BAREIHEEENL, HASINERIND.

» TR ETIVIEDNARTEE (LERE), 5820 44EL)
» HlEIDUIYVBRZNADE (BRI AFIIRX)

s USYMFAYILTHL. S, BIERER

Ny
2
4 e
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Non-Uniform Trajectory Bundle

T. Yamamoto and Y. Kuniyoshi 02
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(538%)

e RIE
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EZEEEVLEDES L.
HIfRULM=LZELT=,

Z T ARLZELY,
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K. Terada and Y. Kuniyoshi 04
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Success! — Rising In 2secs.
Ohmura, Terada & Kuniyoshi 03

Yasuo Kuniyoshi, Yoshiyuki Ohmura, Koji Terada, Akihiko Nagakubo:

- I Dynamic Roll-And-Rise Motion By An Adult-Size Humanoid Robot,
International Journal of Humanoid Robotics, vol.1, no.3, pp.497-516, 2004.




fhE Y ks ERE EE B 2005

Yoshiyuki Ohmura, Yasuo Kuniyoshi, Akihiko Nagakubo:Conformable and Scalable Tactile Sensor Skin

for Curved Surfaces, Proc. IEEE Int. Conf. on Robotics and Automation, pp.1348-1353, 2006.
Fig.1(p1349), 6(1351)
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Temporal focuses In

understanding actions

TENIEREDI B DT

Yasuo Kuniyoshi, Yoshiyuki Ohmura, Koji Terada, Akihiko Nagakubo,
Shin'ichiro Eitoku, Tomoyuki Yamamoto: Embodied Basis of Invariant
Features in Execution and Perception of Whole Body Dynamic Actions ---

Knacks and Focuses of Roll-and-Rise Motion, Robotics and Autonomous
Systems, vol.48, no.4, pp.189-201, 2004.

S' Intelligent System and Informatics Lab.
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When do you know it's action X?

Temporal localization of action information

_ClZHho=HhRrlZ.
=ZFEELEDE S L.
ﬁljlgﬁl/\f: Li L/T:o

ST REE,

S' Intelligent System and Informatics Lab.
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When do you know It's action “X”?

Temporal localization of action information
Eitoku&Kuniyoshi 04

= 30S’s(M23,F7)

= 64 trials
=2 performers x (2
succ.+ 2fail.) x 8 ZCIZHoT=EhRIE.
: ZEELEDHRE L.
samples (dIfT. HIFRULM=LELT=,
Length).

Z T ALIZELY,

= Random display
s Guess succ./fail.

9' Intelligent System and Informatics Lab.
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o FEARER O MBI I EEN K EEZ A L[Crair
1999].

» KINEEDIZLEEITIBCHEBET /L CHREATEAS.

s AMERREEFIILOHZLDINARIEDTEE

s HEHEEFRYNT—IZN L CREER S EGFFRIT
N E{ERE 1511:?7E|77LJ KAH—ARIXBEEELYD
%Eﬁﬁ(m_wau[uw 2004]. BADITEILFEE
XCDEEERD—ZEZFB, BRITREZTELT S.

s [EEBECFIELTEBEIZHE-T=FOXP21&, EILESH
EHHEEEZTIY, TN EBRZICERIT HAEEEN TS
S TLVvA[Johnson 2005].

j- EBHIEHDOFEEEFNERAEND—REEDERD.
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- -|j-)l/ *Ea.t)] Ii:ﬁb*$ %x A Cortical representation of fingers
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ﬁiﬁiﬁzo / \‘

s EN:EXKFEETDEE ‘
108 . 85X ZEE Bforet ......
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: ij;'» iga;a;umﬁ HB,!

%, EEIL X (B
j" B 35‘;;?&%%0)&?5 PR atics Lab. Kandel, et al.: Principles of Neural

1217y = A 1cjp Science, McGraw-Hill, 2000.




» FN-IRIEHEEEROBEDN, MEROBE
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» FEOREEFIFRELIEEREESE, FE -2 MiE1EIC
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 EBEEED R EL, ETORIMBEREDES
= EFCKY, —EEHLFEIEBRIEE.
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s BF1EFH)(Generalized movement):
s ZRRE2AH 5. (Kisilevsky&Low98,Joseph00)
n RE:

= BHAR : 2B 208 H 5 (Lecanuet&Schaal96), 341 TR HE 2240%
(Birch&Q’ Conner01).

s JL:HNIE(TR) D10% D ERNIZEL (BT, Jacques et al.87)
MNE - ZRRZRTATEHEEBR AL, 308 TrhE EDIREF A EERAIR.
o %’E*%: 28BFE TICHRK.

ek 3218 (8 B) DARFAR TEIFIR

o EFG(%E")

« BIMERREIE - BEEBIZxT SRR D B{KAES K& it TEZE(Madison
et al 86).

« JBIREADFIBEESHNHEERIZHEELE(Lecanuet&Schaal96).

» HREREOHEERSSE:

g » BIROKTIE, 220307 LEEHY. HEHTEIZE—2S. (Rakic
. et al.86)




BBIR-FTERBAETIL

Sangawa & Kuniyoshi 05

n ﬁ%%*ﬁ% (ﬁ%1982|:) % = |8.84906(m - g)
= BAR%FEETIL (He et al. 01, Hill 38) L

hg = == N LR —_— =T _1![’] .-_'J
= TiE HE, BEEXHMA—RITERE "

! .
qa 22(1 =051a)y(u = a)

 EERIFRA, BRVEDKE dt
= BRI D! ? (I\TAEBE).

_ZIZHo1=HhRr(Z. _ZIZHo=-HKRRIE.
Z1EENEDE S L. ZEENIEDEE L.

HIBRLM=LELT=, HIBRLM=LELT=,
Z T A&LEEEY, Z T A&LEELY,
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Sangawa & Kuniyoshi 06

Centra I sulcus

SomatoSensory—-Motor Area Model

Medul |a Model

Spine Model

Sensory Organs Models

Fig. 1-2 The parts of the central nervous system. s
. Eric R. Kandel (Editor), James H. Schwartz (Editor), B.
i?i Intelligent System and Inf Andrew Mudryk:Principles of Neural Science,
P httpy/[wwwisiimiiu-tok |ondon : Edward Arnold , 1981, ISBN: 0-444-00651-6.



Spine MOdel Sangawa & Kuniyoshi 06

Yasuo Kuniyoshi and Shinji Sangawa, Early Motor Development from Partially Ordered Neural-Body Dynamics --
Experiments with A Cortico-Spinal-Musculo-Skeletal Model, Biological Cybernetics, vol. 95, no. 6, pp. 589-605, Dec., 2006.
Fig.7 ®—&B(p.597)

= Stretch Reflex( |
Spindle—la— o —Muscle—Spindle)
= Regulate muscle length.

= Postural control. @ o 0

= Ib inhibition(

Tendon—lb— o —Muscle—Tendon) = \_ b
= Regulate muscle tension. spindle tendon
| muscle
= o-7linkage i
= Simultaneous activation of @ and 7. Spinal neurons transfer

= Override feedback loop of stretch reflex. function (He et al. 01):
= More force on contracted muscles. | 2
—Voluntary motion. o(s) _ .3 {.J +5/33 +(5/33) }

jﬁfj Intelligent System and Informatics Lat i(s) | +2(s/58) + (s/58)7
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Medu”a MOdel Sangawa & Kuniyoshi 06

Yasuo Kuniyoshi and Shinji Sangawa, Early Motor Development from Partially Ordered Neural-Body Dynamics --
Experiments with A Cortico-Spinal-Musculo-Skeletal Model, Biological Cybernetics, vol. 95, no. 6, pp. 589-605, Dec.,
2006. Fig.3(p.593)

Control Signals
= Each neuron controls 1 J, J, Jr

m ::?ree.ct coupling between —
(ot coupine ©OOO0 00

= CPG coupling through the

Body Coupling +
body. G (k22— y 4+ (12X

dt
L . dy 1
= Periodic/chaotic movement E=E-(X—b-y+§)+8-la |
depending on inputs (constant N, : CONtrol input.

i?' L1S\HRAh) - System and Informatics Lab. la:Spindle output

http://www.isiimii.u-tokyo.ac.jp X : Muscle activation,



Chaotic motor exploration

Sangawa & Kuniyoshi 06

= Coupled CPG's generate dx, 1
periodic / chaotic signals | g =¢ (i =3% ~Yit2)+5-(6-x)
(Asai 03). dy, 1
= Periodic for uniform control | g ~ g (e TP Vi) +EX,
inputs. dx, 1,
= Chaotic for non-uniform T O e X Yo+ 2) 40 (4 )
control inputs. dy, 1
= Motor exploration by 5t~ KDY ra) e, ‘
couple chaotic system( BVP eq.
Kuniyoshi&Suzuki 04) 2,,Z, : Control inputs.
= Coupling of chaotic 71 Y
elements via embodiment. ¢ ¢

i@i Intelligent System and Informatics Lab. <—.

http://www.isiimii.u-tokyo.ac.jp



S1IBLUMIDAAFZHR

Yasuo Kuniyoshi and Shinji Sangawa, Early Motor Development from Partially Ordered Neural-Body Dynamics --
Experiments with A Cortico-Spinal-Musculo-Skeletal Model, Biological Cybernetics, vol. 95, no. 6, pp. 589-605, Dec.,
2006. Fig.6(p.596)
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du,
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keS1
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Y, :SIO==2—nr jk e A= —a O]
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s A7 ) y |
-~ 1
. UFTR-HHRZERE ¢ — |
s DFTAYER, EH ; p—
(synaptic efficacies, weight) ca—————
A= =
u 1\,%\\*” P - =) L: '
= FHAE{K (cell body) < - j
s JRE{L(membrane peare = T £\
potential) -
s D R W € o -
+ . ; 4 N
- Eﬂﬂ_(threshold) Eric R. Kandel (Editor), James H. Schwartz =
= Eﬂ];"g(axon) (Editor), B. Andrew Mudryk : Principles of Neural
~Science, London : Edward Arnold , 1981, ISBN: 0-

= SEE)FE i (action potential)  444-00651-6. Fig.2-2
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J
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L o rE o R(sigmoid)Bik
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s Mexican-hat function

e DAL (T 5B ElRE §
w; =(E+1) exp[— | i2— jzlzj— | exp[— | i—j|2j o o

Il 21/

I, j == —8r O E
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= Bonhoeffer and Grinvald, 1991
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Motor (M1) -SomatoSensory (S1)

Areas Model Sangawa & Kuniyoshi 06

= Self-Organizing Network with
spatial structure (Chen 97)

e @reen=

' @~

= Somatosensory area(S1)
= Competitive SOM
= SO0-S1: Modified Hebbian, fully

connected.
= Motor area(Ml) spindle 1 tendon
= Receptive field around Wy
corresponding point on S1 5 7Y (Y )
= Ml-o, M1-7, M1-CPG y; - Output of postsynaptic neuron i.

Modified Hebbian

_ y. - Output of presynaptic neuron j.
9 Intelligent System and Informatics Lab. _ _ o
_Z http://www.isiimiiu-tokyo.acjp w;: Connection weight from jtoi.



Sangawa & Kuniyoshi 06

AR
» S1, M1:20x10 —a—RA >
9 D
« HHE-IEEE:99= 1 —0OY bl b 0% st 11 1 1 N
. R EASLMIERS %;ﬁgﬁfffﬁif
» G (EEM)
= ANYTJRI(ERER)
= Hl{EA S
« —EfE(0.5)
= SEOOVEENE

Z T ARLZELY,

P!i Intell =))|35, BEEX - BR-FEROBK - NEHETILEAEBRE T BEE
- P oposiit, E24@BA0R Y FELSHEES, CD-ROM, 2124, 2006.
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» FERIE:.EN-FH, REER,
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« BEES
u *257“4
« MTEHES ClISH =R,

EFENE DS L.
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Z T ELIEEY,

i‘?i Intell 321575 BEEx BE-HERDS K- HEHET ILEAEREE BHE
o) b pE DL, B 24E B RO ARy NS A S iH#ES CD-ROM, 2L24, 2006,
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