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Reinforcement Learning method for control task

using a pattern generator”

Yutaka Nakamura

Abstract

In order to control a robot that behaves in the real space, it is necessary to adapt
the environment and to obtain control rule autonomously, because of the lack of the
knowledge about the environment in advance or the dynamic change of the environment
such as ground surface. Reinforcement learning satisfies this requirement, and can be
applied to problems without prior knowledge about the environment or the dynamics
of the controlled system. However, it is difficult to learn the control rule for a complex
motion such as biped locomotion, because the system has strong non-linearity and large
degrees of freedom, so that the control rule becomes complex and non-linear in itself.

Meanwhile, neurobiological studies have revealed that rhythmic motor patterns are
controlled by neural oscillators referred to as central pattern generators (CPGs). Moti-
vated by such a control mechanism, rhythmic movements controlled by CPGs have also
been studied. In these studies, a CPG was implemented as a recurrent neural network,
and the control signal was tuned by modifying weights of feedback connections from
controlled system and those of mutual connections between CPG neurons.

In this thesis, as an autonomous learning framework for the CPG controller, I propose
a reinforcement learning method based on a CPG-actor-critic architecture. In my
method, the learning agent tunes the connection weights among CPGs instead of the
complex control rule, such that the learning agent obtains a non-linear control rule by

training the linear controller.

*Doctor’s Thesis, Department of Information Systems, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-DT0161028, March 24, 2004.
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First, I derive a learning scheme of the CPG-actor-critic model based on a value-
based reinforcement learning. This method is applied to an automatic control problem
of a biped robot. A computer simulation shows that my method successfully trains the
CPG such that the biped robot walks stably, and I report the quality of the obtained
CPG controller.

Next, I derive the learning scheme of the CPG-actor-critic model based on a stochas-
tic policy gradient method. Recently, an actor-critic model based on the stochastic
policy gradient method, whose convergence is guaranteed, has been proposed. A learn-
ing scheme based on the value function has not overcome the difficulty caused by the
complexity of the system, but a scheme based on the stochastic policy gradient method
can overcome it. We apply this method to an automatic control problem of a biped
robot. A computer simulation shows that our method successfully trains the CPG such
that the biped robot walks stably, and I report this learning scheme has good property

of improving weight parameters.

Keywords:

reinforcement learning, biped locomotion, central pattern generator, neural oscillator,

actor-critic method, stochastic policy gradient method
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Critic 000 000000000,00000000000000 (NGnet) [31] [32] O
000. NOOOOOOS=(v,x,u)000000 NGnet 000000000000.

L Nu(S) )
—Q9) =Y (=22l 3.11

_/J’m)lzrjll(s_p’m)
2

Non(S) = 2) N2, |7 V2 exp [_ (S

000§ 0SO000000.MONGnet0O0ODOO00DO,|-|0000000. Nu(S)
ool w, 00000 3%, 0NDOOO0ODOOO0,¢,0 Kp,b,, DOOODO,000
OmUOdO000D000000,00000000. NGnetOOODOOOOO (S,q)l]l]l]
goooooooooooooooooD. ooooooooooooooooonon
DDDDD,DDDDDDDDDDDmDDDDDDDDDD.(S,q,m)DDDDDD

g, 0ddooodouootdouoooooouoooooboooon.
(S, q,m|0)=M"W,,(S)(27) 207} exp [—%} (3.13)

2,

000,60 = {t,,, Zpm, om, Kpm =1, ...,M} 000000000000, OO,
o, 000 ¢ O0OD0O0O0OO0OO. OOOODODO SOOO0ODOOODOO0OOODOqgOOOO
E[q|S] = [¢P(q|S)dg000000, NGnet(D (3.11)) 00000000000 000O.
DDDD,DDDD(3.13)DD(3.11)DDDDDD NGnet OO0 OOO0OO0O0O0OOOO.
DDDDDDDDDDDDD,DDDDD(3.13)DDDDDDDDD9DDDDDD
gooooo0o.0oooooooooooooboboonogd EMDDDDDD[33]DD
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O0O00. NGnet 00O0O0OO0O0OD EMOOOODOOOODOOOODDOOOOD
0000000000 [31]. CPG-actor-critic 00000, eritic 000000 O0ODOO
U0 actor 0O OOOO0OO, 00 actor O critic 0OD0O00O000OO0OO0DOO, critic
gbobodoboboobobodobboobooboob. bobooboooboooboon,
gboooooboooobobooooboboooboboo.boboobobobon
gboobobooobo,bobooboboooboboboobobbobooobooobDon
ooooooOooUoooooooooDbOoOo00ooooobbOOoUo0OoDOoOg, NGnet
0000000000000 0000O0O0O000OO0. 00000 EMOOOOOO [31]
gbbogobuobboobbuoooboooobooobooobboooboaon
ooobobob.goog,eitic000OD0D0ODODOD EMOO0OOOOOOOOO. O
gooboboboobo,oboBODO.

OO0, CPG-actor-critic OO0 200000000000000O00OCO0OOOOOO
oo,000obo2o0000obD,00b00000bO000b0Oo0O0On0DOg, NGnet
gbbooobbooobogoobooag.

e NGnet 00000DDO0OOOOOO0O0O000O0O000000.000,000000
000000 SO0000 NGret 0000000000.000,000000
0mO000p(S|m,A)000000,0(3.10)000000000000000
04000 {x,»}000w0000000000000000000.00 Bl

e p(Sim,#) >>0000000000O0ODO,000000 K,OOOODOODODO
oo0o,0bo0bdb K, O oooo. 0O B2

e NGnet 10000000O, p(Sjm,0) <<1 00000 SOO0DO0O000OO0,0O
000 mO00O ¢, 0 NGnet 000 ¢O00000O0000O00C0. 00,000
0 p(S,4lm,0) <<1 0000000000000, 0000 mO0O0000000
00000000000000000000000000,0000000000
000.000,00000000 {S,4}0000 p(m|S,§,0)<<100000,
0000 mO0000000000C0.00000,00000000000000
0,000000000000.00 B3

3.22 0JO00OO0OO0OOO

CPG-actor-critc 00 OO0 O000O0O0OOOODOOOOOOODO.
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Critic 000000 00 t0000,actor 00 (3.7)000000000 u(t) 00
000. 000,CPGOOO0O000DO (21)0B3.6)000000 (v(t+1),x(t+ 1))
000000. 000, eitic 00000 7(v(t),x(t),u(t)) 0000,0 (3.10)0000
0(TPOD0)0000000000000000000000.000, critic0000
(v(t),x(t),u(t)) 000,000000000 (3.10)000000000.000000
000000000, NGnet 000000000000 EMOOOO0O0O0O0OOOOO
ooo.
00000000000 (tmee) 000000, 0000000000000000
000 actor 000000 critic 00000000. 0000,0000 actor 100
0000000000. 00,0000000000 CPGOOOOO0O000OO000
{v(t), x|t =0,1,... tmer} 0000000 actor 000000000000.

Actor 100000 00,00000000000 (v(t),x(t),t=0,1,... tmae O
0000000000000 0000000 actor 00000000000, Actor O
000000000000
0Q(v,x,u) Ou
Ou OW
000000000 [34).

D00, W O actor 00000 W0 Wi 00D00D00,a000000000
000O0. 00,ud CPGOOODOO00000D (v,x) 000D actor 1000, O
(3.7)000000. 0000000000 0Q(v,x,u)/0u00000000 eritic (O
(3.11)) 000,ou/0W 000000 (3.7)0000.000000000000000
O00000C00000000000. 0000, actor 00000000000000
000 eritic 0000000000000000000000000000

0002000000000 10000000,00000000000000000
000000O0. 00000 actor 0 eritic 000000000000000000O0O
O00000.000,actor 0000000 eritic 000000000, critic 1000
000 actor 0000000000000 00000000000000, actor 100
00 critic 0000, eritic 00000 actor 000000000000000. 000
0000000000000000000000000000 citic 0000 actor O
Oooo00o0o0oooooo.

W::W—i—a

(3.14)
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3.3. 0O

CPG-actor-critic 0000000000000 20000000000000 (1010
ggbobo. obboooobbuooooob,ooobooooooboboobboooaon
ceGOOOOODOOOOOODODODOOOODODODOOOO.

3.3.1 000

ceGOODOOOODODOOOODOOO 0.0001 00 Runge-Kutta DODO OO
googoooboo.oo,0oboobob o0l 0obboboboboobobobogo,on
googbooo. oo, bo0booboobobbobooboboobooboobon
g,o0010000o0ogoo0O.

OO0 cCceGUOOOO (0000000 DOOO0DOOOOOOOOOOO.OO,00
gboooo,b0bogbgbbodgbodgb,actor OO0 O0ooO,0boboooooon
gbooo.boboboboobobboboobooobob,obon Wi‘}CtEODDD.
oO0oo,CpGUOOOOOO0DOOOUOOOOOOOWO)OO0ODOOOODOOODODO,O
oooOOo0o0ooooooocpeGoOUOODOOOOOOD

Ilext = a1X1 — CLQXQ + a3X3 + CL4X6
I§° = a1 Xo — a2 X1 + a3 Xy + as X5

£ = a5 X,

£ = a5 X (3.15)
I = —ag X3 — a7 Xy — ag X7

IG5 = —ag X4 — a7 X3 — ag X3

=157, fori=1,...,6

000000000000000. 0000000, 0000000 u = I, i =
1,...,600,0 (315000000 {g)i=1,...,8) 0000000000.
0000 r(v(t),x(t),u(t) 000000000000 x(t+1)0000000000

16



00, #x(t+1)000,

F(x) = kprp(x) + ksrs(x) (3.16)
rh(x) = hy — min(hy, hs) — H
x7 if |x7] <1
rs(x) =
x7/|x7|  otherwise
O0000oo00O0.000,h (i=4,5)0 link<- 00000000, 270 link-1000
000000000 000O00.00 n(x) 000000000 0O0ODOOO,0000O0
0000000000000 0000. 00 rs(x) D0000O0OO0ODODOOOODODOO
O00. 000000, 00boo0oooooooooooooooo. oo, k, O ks
ooooo r, 0, 0000000 HOOOOOOOO. OOOO,00 k,0 k00
gogos000200,0000 HOoOO0LIOOO.
1000ggooosgogo, st ouoooonboooooon
0o0ooooooo. ogdoooooooo,boggoooobbooooooooo
oofdoooooooouoo, b0 oooooooooo
goooo. ogd,00o0o0o0oo0o0000oo0000ooooooooooon
goboooooo. ggobouo s booooobooooooboog,
gooooooooobob, oo ooooo
ceGOOOODOOODOODOOODOODOODDOOODOO.
doooodd,actor DO O0O0O0OD0OOOOOODO a0O00OO0OO0OOOOO. o0, 2
00000000 link-1 000000 200000000000, 000000000
00ooooooooo,eeritic000000O00O0O0O. OD0,000000000000
goooooooobooooo, oo oooooooo
0o0oooooooobooo. 000, 0d0dgdooouog eritic00000O0O0ODOO
0.000 421 000000000000000,criticO000O0OO0OO 10000,0
b0 actor OO OUOOOOOOUOOOOOLOOO0. 0000 gooooo
goboooooboboooooon.

17



400

300

200

100

0 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000

034 0000

15 15

1 1r
0.5 0.5r
0 v 0

-0.5
-1

I
2 3 4 5 6 7 8 9 10 11 12

(¢) 7,000 00000000

035 00000ooooooo

3.3.2 OO0

o3400000000D0O0ODOO. bOoobOoobOoobOoboDoboOo,ob0b0 110D
0000000000000. D000 0O00o0o0o0oOoooOooooooooOD (D 35
00). D4o000000000000000O0O0O0OODOOOOOO,000000O
(03500). 05800000000000000000O0O0OOO0ODOOO (O 350).
0000000000 (ink-2) 000 23 0000000000000000O v, 00O
gobooo3e6ed0b. ooboooboboobbooobooobooboboon.
0000000 (100000000000 oo0o0,00ooooOs300000000
O @OO0)ooro0000000000D00O0ODO actor DODODODOODODOOODOO
gbo.0oo0bobbob,0boobobooboobooboobooboobooobon
gooooo.
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Hand tuned After 5300 learning episodes After 5500 learning episodes

10 10 10
5 5 5
0 0 {;‘ 0
5 5 5
10 10 10
1 0 1 1 0 1 1 0 1
After 5600 learning episodes After 5700 learning episodes After 5800 learning episodes
10 20 20
5 10 10
0 0 0
5 10 10
10 20 20
1 1 1 0 1 1 0 1
After 5900 learning episodes After 6000 learning episodes After 7000 learning episodes
20 20 20
10 : 10 : 10
0 0 0
10 10 10
20 20 20
1 0 1 1 0 1 1 0 1

036 J0O00O00O0O0O0O0OO00OO

00000,0000000000000000000000000 agg, = {10.0, 3.1,
10.0, 6.5, 1.1, 2.5, 10.0,4.9) 0000. 00000 (1000000000 agy = {1.5, 1.0,
1.5,1.5,3.0,1.5,3.0,15} 00000000000,

000000000000 ag, OO0 [10]000000 agp0O0ODO

00000 ¢, 000000000000 37000. 0000000000 ag, O
ayr 000000000000000000000000,000000000 y3=23.0
000.0380000000000000.000000 ag,(00)0 agp(00)0
000 CPGOOOO0O0O00000000000000D,0000000000000
000000000000000,00000000000000.000,00000
000000000000 »000000.000000,0000000000000



-0.051- R -0.05}-

-0.1- E -0.1F

-0.151 - < -0.15}

-0.35- E -0.35f

*0.‘35 *0‘.3 *0.‘25 *0‘.2 *0.‘15 *0‘.1 *0.‘05 6 *0.‘35 *0‘.3 *0.‘25 *0‘.2 *0.‘15 *0‘.1 *0.‘05 6
() 000000000000 agg (b) 0O [10]000000 agr

037 00b0oooo

ud. 0booboooobodobbbodb agpe 0OOO0OL0OOO0O0O0O agep ODOOO
gboboooboooobooo,booobooobboobbooob.obb,obon
gbooobobgooboboooob,obobobooooboboboooboobon
gbooooboob. 20000000 b0obobobooobobboo,bobo,bon
gboooboobouooba, bbbt ~.0O00obobooboboabo,boban
goog.

Uooboooboobobb,ap, 0 agr 0000000000 O0ODOO0ODOOOO
0031000311 000.00(@),00 (0),00 (0)000 (O)booooooo
ooob 01,005, -0050 —01000000,000000 ImOOO00O00O 010 —0.1
gbbobooboobogbu. gboobobooboobuoobog,uooad
ggboboodd,agp dbbooooboogoaoobobgoobooogbbooan. O
0,0000000D0000000D06,06,000-0000000D0O0ODODO 390
gd. 0o0o0db agr O000,00000 agp OOO0DOOO0ODODOOODODOOO,
gboooogog,ogo,booo,gbuoobobooboooobobogbobo.
o,0o0o00oooobooooooooooboo,bboo e, 0000000000, D
gbobooobbooobbooobbon,agr 00000000 DOOO0ODODOOOO
g,000bbooobooooboon.
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- = Hand-tuned

ot |—RL
1
0

|
o1

038 00OOooooood

3.4. 00

200000b0obooboobooboobo,boobobbo20b000000
goobo.0bobooboobooboobooobob,oboobooboobod
gboodgboggo.ogbooboo,bobobobbobooboobooboobon
OO000OD00OD. Actor 00000000 OOCCOODOODODOOOOOOOOOOOOO
gbbobooboobogbuoooobo. oboao,boboobooboobood
gbobodbactor OO0 DOOO0DDOO0ODOODODOODODO.

gogo,bo0boboobooboboo. bogbobooboobooboon
gbbooboobuogboobuoabouogbooboobboboobboobod.
gbbodb,ggbboobobooboobbooboobbooboboobobod.
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Hand tuned CPG controller

plane up slope down slope rough
10 : 10
5
0
5 5 el Q:\\,,'o\\‘\ 5 =, \LT,",\'\\\\
”“}‘vlm.‘\‘\n'-w'h““&‘“ )
10 10 10 10
1 0 1 1 0 1 1 0 1 1 0 1

CPG controller after 7000 learning erpisodes

plane up slope down slope rought

039 00boooboood

22



(e)0DDOOO

0 3.10 ap, UOODOOOODOO

23



(oo @)

(e)0D0D0OO

0 311 agr 00OOO0DOO0OO
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040 0O0O0OOOO0OOO0O0O
CPG-actor-critic [ U [

3000,000000000 CPG-actor-critic 100 0000000000000. O
000000000 200000000 CPGOO00000000000,000000
000000. Konda D [35) 000000000000 [36][37] 00000 actor-critic
000000000. 000000000000000000. 000000 Sutton O
00000000000 (3. 0000,CPGOOO00O0O0O000OOOOO0O0000
00,0000000000000 CPG-actor-critic 00000000,

4.1. DOO0oooon

0000,0000000000000000. 00 ¢t0000,actor 000000
00 s(t) 0000,0000 ut) 000000 #0000000. 00000000
0 ut)000000000D000000s(t+1)000000000. 00 s(t) 00
s(t+1) 000000000 p(s(t+1)|s(t),u(t)) 000. 00,0000000000
000000000000 r(s(t),u(t)) 000000. 000,80Y 0000000
000000000000000.

00000000000000000000000

mo(uls) = p(uls) (4.1)

gbbooboda.bodgbbooboobbobbdg sugboobtd «wbgobod
oooooboooo.obo,000bb 000000 eODOOOOODOOODO. OO,
e DO ODDOODODOOO HiDDDDDDDDD,DDDD,B%ZJT@DDDDDDDD
ob. 000 me U000, 00000000000D000D0OO00DO0ODOODDOO
O000 De(s)DOOODODOO.

25



gogooooobooooooooon
p(0) —/ dsdur(s,u)Dg(s)mg(uls) (4.2)
seS,ueU

000000 1000000000000 p(e), 0000

p(0) =E

> 7 hr(s(e), u(t))] (4.3)

gooooooooooooooooooboooobbo eDOoobbOOODO.
gog,1000o00boobobbobbooboobooboboo.gb sboon
goooooo

Vo(s) = FE

Y (r(s(t),ut) — p(8)) [s(0) = S] (4.4)
t=0

ogddood. Vg(s)D[ll:l s0d0odooooog,10oouooooood ,0(9)
000 sOddoooooooooooooogoooogon.0ogogoogo 44
oooooooooooob, oo ooooooo. oooooooo,oo
0000 Va(s) 00000000

p(6) + Vi(s) = /

u

durg(uls) [r(s,u) - // dsp(s'|s,u)Va(s') (4.5)

S

00000000. 000 ¢ 0,00000000000000000(39. 00,00
gboogd

Qols.w) = r(s,w) ~ p(6) + | dsplsls.w)Vi(s) (1.6

S

O00000.100000000000 p(@) 000000 00ODO 00000 0,000
good

Vip(6) = / dsduDg(s, ) Qg (5, w)t(s, u) (4.7)
godood (Dl:ll:ll]l] C).Dl:ll],
Yi(s,u) = V;Inmg(uls) (4.8)

0,Vv, 00000000 000000 ¢;,0000000,0000 9/09; 000
[35] [39] [38].
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| (4.7)DDDDDDDDDDDDDDD,DDDDDD Qo(s,u) doddoogono
00.000,8xY 0000000000 @0 Q000 ()0
(Q1(s, 1), Q1 (5,0)) = / dsduDy(s, u)Q1 (s, W) Qs (s, ) (4.9)

s,u

00000.0 (4700000 Vip(@) 0000000 Qg(s,u) 00000 ¢;(s,u) O
00000000000.000,00000000 Qy(s,u)0 SxU—ROOO0O0O
00,00000000000000000000000 ¢(s,u) 000000000
000Oo00

vzp(o) = <Q0(S7u)7¢i(s7u)> (410)

ooobooooooob. oboo,0obo0oboooboooboooooooooboOonD, Q
gooobooovyooooooobooooboo QgDDDDDDDD.DDDDD,\I’
ooboooooobooboooOoboooobooOoD Sxyubooooobooooo,
NN QgDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD [35].

Actor-critic 0 0O O

00,Konda O [35) 000000000000 OOD actor-critic 0000000
0000. Critic D QOO0000 {¢;,j=1,...,m} 00000000000 Qe 00O
000.000,00 @0 {¢;,i=1,...,n}00000000. 00, critic00000
0000000000000 D0000D0O00O0DOO.

Qf(s,u) = > w;o;(s,u) (4.11)
j=1

000,w={w;} 0 critic 0000000000000.
Critic 0000000 TD(A) O0DO00DO0DO0OO0OO00OO0O (A€ (0,1). jO0000000
¢; 00000000000 Z; O

Z;(t) = AZ;(t — 1) + 5(s(t), u(t)) (4.12)

000000000, 00000000000 Z(t) = XL_g AN 7¢;(s(r),u) 0000
000000 ¢; 0000000000000000000.0000000,1000
00000000000 p(@) 0 critic 01000000

p(0) = p(6) +n: (r(s(t), u(t)) — p(0)) (4.13)
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wi=w + 1n0(t)Z(t) (4.14)
000000000 40, 000 60 TDODOOODO,

5(t)=r(s(t),u(t)—p(0)+ > wg;(s(t+1),u(t+1))=> wig;(s(t),u(t)) (4.15)

gooooo.
Actor O0O0O0O0O mg O0O0O,0000 wvODODOODODOOODO,actord000OO
00100000000000000 p() D0ODOOODOOOOOOOOOD

0; == 0; + B(t) erq;j (t+1),u(t+1))| ®i(s(t+1),ut+1))  (4.16)

000000000.000,43(¢) 000000,0(w)0000 citic 0000000
0000 actor 000000000000000O0

0D00000000,00000000000000000000000000000
oooo [35).

e 0000 0~0000000000000, Y, 0k=%7 =00, 302 < o,
St <oo O Y (Br/m)t<oco 000000000, 30 %0 kODOODOO
0000000000000000.

o 10 F(W) 0 ’W’F(W) S [01,02],VW€RmDDDDD C, < C, 0000,
IT(w)—T(W)| < Colw—W]|/(1+]|w|+|W|),Yw,Ww e R 0DOO0DO.

4.2. JO00O00O00OO0ODOO0OO CPG-actor-critic 0 00O

ceGOODOOOOoOOODOOOOOODODOOOOODODOOOODODOOO
O.000o00g,ceGUUOOOOD actorDOOOOOOO,CPGUODOOOODO
000 CceGODODOOOOODODOOOO.ODOOOO0DODOOOOODOOOOODD
oocpGOOODOOOODOOODOODOUODDO,O0DOO,CPGUOOODDOOO
ggbobooooboobotooobbodo. oobbooobbooobbuooobbood
gboobodb.ob,gubboobbooobooobbooboboa,bbooabooon
gbbodbboogobobooobboobboobbodo. ob,actor U00ogooogn
gobogo,bboobooboooboobooboboobobooboobooon.
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000,0000000000000000O000O(ThOUbO)0D0O0C0O0OOOOO
ooooOogooo,ceGOOUO0ODODOO0ODOOODOODODOOOODOOOODOOOOn
oo, bgobgboboobobooboboobuoobobooboboboboon
000000000 28] 0000000000, 0000O0OO0ODOODOOODOOODOO
gobooobdooobboobooobobooobbooboboobboooboon
gooog.

ooo,ceGOOOO0ODOOODOOODOOOODOOODOOODOOO 300
ggb,ooobboboooobooooobbboooobobooobboobbooan
(CbGOOOODOD)DOOOO,CPGUOOOUOODODODODDOODOODODOOOOO
O0000,000000000 actor000O0 CPGUOOODODOOOODOODOOOODO
goboobooooboon.

OO0D0,actor OOOOOOOODOO CPGLOOOOOOOOOOODDOOODOO
g, 0boodgobooobbod. ogb,guboboobt actor DOUOODOOOOOOO
gbbodgbboooboobooood.

4.2.1 DOU0OgOoooobOoOoooon

CPG-actor-critic 00O O0OO0D0OOO0DOOO0OOO, actor 0 CPGOOODOOOO
000 » 000000000000 x,0000CPGLUOOOOUOOO s={v x}
0000,00000 ng 00000UDO0O0UOO0 wOOODOO. 00O (HhOODOOOOO
OO00. Actor 0 CPGOOOOO0OOODOO0OODOOOOODOOODOD41000DO0
0O0o0OO000O0o0bDODbD e0O0ODDOOOOOODO.

goooooo

00 ¢t0000,actor 0 CPGOOOOODOODDO s(t)0000,00 70000
000000 u() 00000,

000,CPGOOODDO0D (21)0(3.6)000000 (s(t+1)000000.

000, critic 00000 r(s(t),u(t)) 0000,0 (414)00 (413) 0000000
0 aitic 000000 r00000000000 p(@)00000.

00000000000 (twe) 000000, 00000000000000O0,
000 actor 000000 critic 00000000. 0000,0000 actor 100
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00000000O00. 00,0000000000 CPGOOOOOOODOOOO
{st),u(®)|t =0,1,... tme} 0000000 actor 000000000000

00,00000000000 (v(t),x(t),t=0,1,...,tme; 00000000000
0000000000 actor 0000O0000000. 000000 p@) 000000
000,0 (4.16) 000 actor 000000 #0000 D0 [38)[35]. 000000000
00000000000 O000.

0002000000000 10000000,00000000000000000
0D000O000. 00000 actor O critice 0000000000000000000
000000.000,actor 0000000 critic 000000000, critic 0000
000 actor 000000000000000000000000000, actor 100
00 critic 0000, eritic 00000 actor 000000000000O000. 000
0000000000000000000000000000 critic 0000 actor O
0D0000000000O00O0.

4.3. U0O:00000

CPG-actor-critic 0 000000000000 20000000000000 [10]0
goobo. obobooobbooooob,oo0obo0ooooobbbbooooon
ceGO0O00OO0O0ODOOOOOOODOOOOOODOODOOOD.

good

ceGOODOOOODODOOOODODOO 0.0001 00 Runge-Kutta DODO OO
goooooogoo.ob,0boboob oo1obobobobooboboo,on
googbooo. oo, bo0booboobobbobooboboobooboobon
g,o0010000oooo0D.

OO0 cCceGUOOOO [0)0O0000C0DOOO0DODOOOOOOOOOO.OO,00
gboooo,b0bogbgbbodgbodgb,actor OO0 O0ooO,0boboooooon
gbooo.boboboboobobboboobooobob,obon WiL}CtEODDD.

O0,CpGUOOODODODOOOO sODO0O0OO0ODODOODOOwDOODOOOOODO

mp(uls) = N (1, 0y) = (27r)_1/209_1 exp {— (u- u2);(§u —9) } (4.17)
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gbobD.oob aub

Uy = 01Xy — 02 X0 + 03X3 4 04 X6
U = 01 X9 — 02X + 03Xy + 0,X5
u3 = 05Xy
(4.18)
iy = 05X3
Uy = —06 X3 — 07 X4 — 03 X7

g = —06 X4 — 07X3 — 0 X3

000.000 6={6,...,600} 0 actor 0000000000000.00,2—10
00 2000 CPGOOOO000000000000000 Iy =u0 Iy =-u 0
oo.

Critic 000000 actor D00000 6, 0000000 ¢; =1 = Vinmg(uls),i =
1,...,8000000.

0000 r(v(t),x(t),u(t) 000000000000 x(t+1) 000000000
000,#x(t+1))000,300000000000

7(x) = kprp(x) + ksrs(x) (4.19)
rh(x) = hy — min(hy, hs) — H
x7 if |x7] <1
rs(x) =
x7/|lx7|  otherwise
O0000. 000,h (=450 link« 00000000, 270 link-100000
O000000OD00000D0. 00 np(x) D0ODO0O0OO0DOOOOOOODO,000000O
000000000000 000. 00 r(x) DODOOODOOOODDODOOODODO
0.000000,000000000000000DOD0O0D0O0OO. k0 kODOO
dr0r, DOO00OO0OO,HFOODOOODOOO.
lgoooooogogsboud,sdduuauubooboobboboduuoooon
gooooooob. jddddddudoduooooouuouuouooooooon
goo,0obbobbtbodoooobobobddooon oo oo, 0bO0O
goooooooooooobbbbbbbbob bbb oooooog. ooo
doooogoobobbobobobobbbbobboduoouadg. bb,actor DOOOOO
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B 1
_1+]w]

(w) (4.20)

ooo0. 000, |-|boob000000000. 00000000 oooDODOOOOO
goo.

4.3.1 DOUoooon

oooboo,b00b0obobo0 200b0b0O0oDOoObOOD ceGUOOOODOODOOD
OO000O00ooooOO0on. ActorO0O0O0 000000 DOOOOOOODOOO
O00000000.000000000,04.2(x)0000002000000000
oooooo. 00,0 419 000k,0 k00000 010 000200,0000
HO090OO.O0OOODODOOOODODODOOODODDOOOODOOO0O,0 (419 0 r, O
ODDDDDDDDD—T%DDDDDDDDDDDD.
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10000 20000 30000 40000 50000

() 000000000

o
o
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o
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| | |
©c o 9
o o o
d & R

o

10000 20000 30000 40000 50000

(b)) D000 p(8)
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oo = N w S ol
T

10000 20000 30000 40000 50000

(c) Actor 00 0O0D0O0OD {bs,...,0s}

041 0000

32



15 151

1
- W
0 L4

-05 -0.5
oy -1

() D0D000OO (b) 50000 DO DOODDOODOODOO

042 0000000000000

041 00000000.00000000000C00CO,000000000 p(0)
O000.0 41(x) 000000000O0OO, 0000000000000 O0DODODOO
000000000000.0 41(b)0100000000000O0O0OO0OOOO. O
o,0b00bob wobobobooooboboobob. oo, boboooooogoobon
0000 4.1(c) D00O. 0O 25000 00000000000,00000 5000000
000000000 000,000000000000.0 42(a)0 42(b)0000O0
gboog soo00 00D000DOO0ObDbOOO0ODOOn.

good

0000000 actor 000000000000, 00,0000000000000
0.04300000000.025000000000000000000000000
0000,000,000000000000000000000000.000000
0,0000000 CPGOOOOOOOOOOODO. 00000000000000
0,01 = {0.72, 0.73, 4.52, 1.25, 0.71, 3.99, 5.57, 2.42} 0000 .

4.3.2 DO0O0O0Ooooo

ubodgbugobgobddactor U000 U00nOooooong. actor
000 ¢, 0000000 100000000 Oy ={1.50, 1.00, 1.50, 1.50, 3.00, 1.50,
3.00,1.50} 00, 000000.00,0 (4199000 k0 k,00OOOO 0.10 0.002
00,0000 HOo08OOO. Actor0OODOOOD 6y, 00,2000000000
gbbodgboobobooboo,bgobouoaobboobooboboon.

0 44(a) 0 O 44(b) 0000000000 OODODOOOOOOOODODOOODOO
p()000000. D0ODUODODOD0O0DD0O0OO0OOOODOOO, 0000000000
gob,d0oobbooooobboodgooobobbboooooon. 50000 0000
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-0.06 I I I I
0 20000 40000 60000 80000 100000
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20000 40000 60000 80000 100000

SN O N A O
T

(¢) Actor DOODOOOOOO {b4,...,08}

043 000000000000

0000,actor 0000000 6,4 = {1.46, 0.96, 1.39, 1.49, 2.73, 1.32, 2.72, 1.23} O
goo.

4.3.3 OD0O0O0O

gbobg20b00b000ooboboobobob,oboboooboboboon
gobobboooobobobooobbbooooobobooooooboobo,bbooon
oooO00OoOO00OOoO0DbOO00OOO0OOO0bOO0O0ooOdoboOobDoooOooo ceGoOO
gboodgboggo.odb,dbdd actor D00 ODOO0DODOOOOOOO0OOOODOOO
oooo,0o0o0oboboobooooboo ceGOODOODOODO. DODOOOD
gobooobdooobboobobooobobooobbooboboobboooboon
gboooooobgbo,0oboboobobobooobobooboboooobobon
gbbogbooobooooobd.

vbobobobodgbob,bbobobuobbobobobooboboboooan
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45- q

seconds

4 L L L L
0 10000 20000 30000 40000 50000
learning episodes

(1) 000000000

0 10000 20000 30000 40000 50000
(b)y0O OO

044 00O0OO

gobgobooobooboooboobogb. oo, boobooboooboobod
gboooboooboobooboboobooboooboo.ob,0booboobon
gbboobodgbo,obooboobobogoaon.

44. JUOOOO0OOoOooooooon

0000000000 CPG-actor-critic 00000000 OO0ODOOODOOODOOOO
00. Kakade [41] DOO0O0O0O0O0O0OOOOOOOOOOOOOOOO 4200000
000000 (Natural Policy Gradient Method) DO OO0O0O. O0O0O0OOOOOOO
000 CPG-actor-critic 0000 0O00O0O.

00000 (43) 000000000000 00O000OO0O0DOOODOOD eODOO.
oo0o,00d0 sgdooooooooon

Vo(s) = F

> 'r(s(t) u(t))ls(0) = SﬂTe] (4.21)
t=0

goooogoogo. gooo 76(0,1]DDDDDDD.DD,QDDDDDDDDDDD
gooo
Qols.w) = r(s:w) +7 | dsp(s s, wVa(s) (4.22)

S

O000000.000 §d00000000000000000D0. QUUOOODOO
gobodb,00boobbg mpobbOooboobbooobooboooobog.
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000000 (422) 00000000 ¢, 0000000041 00000

Ip(0)
96,

_/ dsduDeg(s, u)y;(s,u)Qp(s,u)

O00. 000 ¢, 0lnme 00000000 ¢, 000000,0000 Jlnmg/00; O
00O [38] [39] [35].

oooOooo (4.7)DDDDDDDD,QDDDDDDDDDDDDDD 410000
goodooooouoo,oodaao

FU(s,u) =) (s, u)w; (4.23)
O000.000 wODODOODODOOODO. fYs,u) D000O0OO

w = argmin (Qg(s,u) — f*(s, u))’

O00000,00 QOO Qe(s,u) 0000 f¥(s,u) 000000 O0OODOO (4.7)0
O0o0O00ooOoooooo [38). DD,wa0:fudu7rg(u]s)fw(s,u),VsGSDI:ID
Ooo0,00000000000 0000000000, A™(s,u) = Qe(s,u)—V7(s)
O0000,00 sO0000D00 wOD00ODOOO advantage function 00 00O0O0O0O.
DDD,fuduwi(s,u):&VsESDDDDD,DDDD (47)0000 sOOO V(s)
Oofvobooboooobobooooooboooog:

Ip(0)
6

= [ astuDys.wunts.n) (£ + V) (124

[38] [35] [43].

4.4.1 DOOO04OOO

000000 423)000000000000000ODOODOOOOOO,0000 (4.7
0000000000000 D00O000000 e000D0OO0OOOOOOO. [41] [43).

00000000000 QUOO0O0O00O0 423)00000ooU0ooooO. ™
gboboooboodad

e(w) = / dsduDg(s,u) (f“(s,u) — Qg(s,u))? (4.25)

)
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000000000000 woooo 2™ —opopoo. oo

ow;

/ dsduDg (s, u)¥(s,u) (¢(s,u)'w — Qg(s,u)) =0

)

oo,

/ dsduDo(s,u)Qp(s,u)Qp(s,u)’v~v—/ dsduDg(s,u)t(s,u)Qg(s,u) (4.26)

) )

000.00,00 me(uls) 00000 Dg(s,u) 0000 Fisher 0000 F(O) OO
00

F(6) = /S ) dsduDg (s, u) [3 log g (uls) 310g7ro(u]s)}

00, d0;
= / dsduDg (s, u)p(s,u)(s,u) (4.27)

)

000000.000,0 (42600000 F@wOOO,00,0000000 (4.7)0
00.000,0 (4.26) 0 F(O)w=Vp(0) 000,

W =F(8)"'Vp(0) (4.28)

goobooboobooooooog.

442 DOO0O0OO0O0OO

000004100000 actorcritic 000000000000, Actor 00000
0n 000000000000, 00,caitic] Q00000000000, {¢y,|i =
1,...,n} 0000000 {¢;i=1,...,m} 00000000000O0O0:

Qp =Y _w;gi(s,u) (4.29)
j=1

000,w={w;} 0 citic 000000000000DO0. 00,0000 ¢ =1,i=
1,...,n0actor UOOOD0O0D0O0O0OO0OO0ODO0O0O,000000000 ¢4,t =
n+1l,....m 000 sO0O000D0O00D0DOO0OOOO. DO0000O0O00O0OOO00OO0
000 V(s)DOOOOOODO,000000000000O0DO000O0OD 47)DOo
goboobooobooboooog.
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00,0 (4.25) 00000000000 wOOOOOO, actor 000000 600
(428) 000,

0; == 0 + n,w; (4.30)

goooobo.oob,n 0O actor DOODOOOODO.

LSQ

0 (425) 00000000000 wOOOOOOOOOOOOOOOO00O LSQ O
0000 [44] [45] [46] [43]. 00 00000000000O0 7 00000000000

Qp'(s;u) =r(s,u) +7Qp (s, u') (4.31)

000000000.000,d 0 000000000000000O00O0O.

On-line LSQ criticU000O00 wOOODODOODOODODOOOODOOOOOODO

gooooo.

w) = [ Dols.) [rls. ) + (6w - o(s. ) w]’ (4.32)
ooo,

B s w = [ a6l ool (e (4.33)

O00. 0oooood {s@),u®)t=0,1,..., 7} 00000000, 0000000
aao:

T

Dg(s,u) = Y d(s(t),u(t)) (4.34)

t=0

O00000. 000 o) 0 DiracO0OO0OODOOODO. DODOODOODODODODODOOO
0000,0000 (434)00000000000000O0O:

Dwm—mnz<ﬂﬁm%mmw» (435)

t=0 \7=tH
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1
000 ge(0,1] O discount factor O, a(T) = (Zthl (szm 5(7))) oooooo

gb.o0d,0boobuoobbogboobobod

p(s'|s(t), u(t)) = d(s(t+1))Is(t), u(t)). (4.36)

Ooooooooo, O (4.33) 0
B(s' wls(t).u(t) = [ dsdu'3(s' ol )o(s (1), u(t) (437

= / du'¢(s(t+1), " )me(u'|s(t+1)) (4.38)

u
000.00000000,000000000000000000000000000
00000. 000,0000000000000000000000000 [44]. 00
O, [, duti(s,u)me(uls) =0 000,0000 ¢(),i >n 000 uD0000000
oooo,

_ 0 fori=1,...,n
oi(s', ' [s(t),u(t)) = { (4.39)
oi(s(t+1)) fori=n+1,...,m
000.000,0000 (4.32) O
T T
e(w) =a(T)) ( 11 ﬂ(T)) [r(s(t), u(t)) — ¢ ()w]” (4.40)
t=0 \r=t+1

00o0000.000,
p(t) =7o(s(t+1), u(t+1)) — ¢(s(t), u(t)) (4.41)

D00. 000, ¢(s(t+1),u(t+1)) = [0,...,0,¢np1(s(t+1)), ..., dm(s(t+1))) 0O D
0000000.000,0000 (432) 00000000000 wO

w=A"'B (4.42)

5(7)) e(t)¢'(t) (4.43)

( 5(7)) @(t)r(s(t),u(t)) (4.44)
t=0 \7=t1



000000. 0000 oT) 00000 alt) = at—1)/ (8() + a(t—1)) 00000
DDDDDDDDDD,DDDDDD«ﬂwwmzaawzﬁlaﬁ;HMﬂ)ﬂ%D

(FON@) = A = a@)(FONE=1) +alt)f() (4.45)

gbbogbogoboobobooood.

4.4.3 DOUOOOOO

0000000, actor 0000000 0000000000, actor 0000000
00000000000000000 #aspupdate 0 000000. 000,000000
ooo0oo0O0O0O0O0O0o00.

000000000000000000000000 CPGOO0000O0O0OOOOO,
t 0 000000.00 ¢t0000actor 0 CPGOOOO0OODOD s(t) 0000,
00 mg 000000000 w#)00000.000,CPGO0000000O0OOO
000000 (0 (21)0(3.6) 000000 s(t) 00 s¢t+1)0000000. 000
critic 00000 r(s(t),u(t)) 0000,000000000

(4.46)

00000.100000000,00000000 t—to=tme 0000,00000

00000000000000000.000 actor 000000000000
1000000000, t —taspupdate O actor O critic 00 000000000000

NOOODOOOOO, citice 000000 w0

w=A"!B, (4.47)
000000000, actor 000D0O000
0 =0+ nw (4.48)

000000000.000,7, 0 actor J0000000. 000000000000
0000000, Haseupdate 0 t 000000, 00, t — Haspupdate <N 0000000
DO0oo0oo0oooooo.
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gboobooboobbooboobboob.boobbgd, actor O critic 0000
gobooboogoobobooobbooboboobboobbooboog. ooo, actor O
000 critic 0000000000, criticO0000 actor (00)00O0O0O0OOODOO
OU0O00D0O0000 actor O critic00O00O00DOOOO. Critic0O00D0OOOOODODO
0D actor UODO0OO0O0O0O0D0O0D0O0D00OO0O,actor DOO0OOOOODOOO
00 critic 00000000 (425) 00000000000. O00O0oO0OOoOoOOoOO
O, actor O critic 0000000000000 (NO)OOOOODOOODOOOOOO
gbooodao.

4.5. O0O:0000000

00000000000 0000 4300000 20000000000000 [10]
googbo. boboooboooobbob,obo0obooboboobooboobon
ceGO0O0OO0OO0ODOOOOOOODOOOOOODOODOOOD.

good

Actor 0O O mg(uls) O

mo(uls) = N(1,0) = (21)" Y20~ L exp {— (u—ay{u—u) } (4.49)

O00.000,a00 (418)000000000O0O0O. U0,s000000ODODOOO
goboobobooobg,oboon.
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gooonb 4300000000000,

7(x) = knrn(x) + ksrs(x) + knarnz(x) + k7, (%) (4.50)
rp(x) = hy — min(hy, hs) — H

T if ]:1:7\ <1

Ts(x) =
x7/|lr7|  otherwise
—r2 if
ri ifrp, <0
0 otherwise

exp(es — H) —1 ifzg < H
i (x) = )
0 otherwise
000.000, h(i=1,4,5) link 000000000, ;0 23 00000 link-1 O
O00000000D0000000000. rm(x) 0 re(x) 0430000000000
00000,000000000000000,mn0 r, 0000000000000
00000000 D00000D. 000000000000000000000000
00000000000, ky, ks, kno O k;, 00000 7y, 76,72 0 7, 0000000
HO HODOOODO link-100000000000000. 00,000000000
O kp =10,k =01,k =10k =10, H=090 H=-0800000000.
43000000000000000000000000O000000O0DOO0O00
0,000000000000000000000D000D0 0000.00,00000
0000000000000 D00000D000000000000000. 00000
0000000000000 D0000D00000O00O0.
critic 0 1080 000000000000000 6000000000 ¢ = ¢p, =
Vinmg(uls) 00, 000000 : ¢g =1, link-1 D00 : ¢10(t) = z2(t) — 0.9, link-1 O
OD000000: ¢11(t) =27(t), 0 link-1 00000000: ¢pp=as(t) 000000
00,120000000000.

4.5.1 DOoooogno

oooboo,b00b0obobo0 200b0b0O0oDOoObOOD ceGUOOOODOODOOD
0000000000000, ActorOO00OOO0 e00ODODOOODOODODOODODOODO
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OoobOobobO. 00, actor O critic 00000000000 N DO 1000000.
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046 OO

4.5.2 DO0O0O0OoogoOoo

00,000000000000000000000000000 CPGOOOOO
000000000000, actor 000000 60000000 (1000000000
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00000000 64 000000000000 O00000C0. 0000000000
00,00000 1mO0000000,00000000000 (000 —0.050 0.05
000)00000.000,00000000000000000000. 100000
000 100000,1000000000000000000000000000000
000. 00, actor O critic 00000000000 NO 5000000
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00000000000 0000000000000000000000000000
00. 048(b)0 10000 0000000000000000000. 00, 1000000
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4.6. U000 ooooooboboood

000000000000000000000000,000,00(000)00,0
0 (00D0)000000000000000000000000000. 000000
00000000000000000000000,20000000000. 00 [10]
0000000000000 657, 00000000000000000000 Gy O
6,0, 000000000000000000000000 Gppg1 O Opge, 100 300
0000000000000 ag, 00000000,000000 5000000. 0

44



seconds

L L L L
2000 4000 6000 8000 10000
learning episodes

(1) 000000000

average reward

0 I I I I
0 2000 4000 6000 8000 10000
learning episodes

(b)y 0O OO

connection weight

L L L L
0 2000 4000 6000 8000 10000
learning episodes

(c) Actor 00DOOOODO

047 ODO0OO

410000000020 00000000000000000000.0490 4120
0000000 Opgr, Opg2, Onpg1 O 6, 000000000 (ODO0O0)00,00 (OO0
0)ooooooooooooo.oo (0),00 (0),00(0)o00 (o)ooooo
ooobono 01,005, —0.060 01000000, 00000000 45200000
goob.ooo,obobobobobobob —0xboo1b0bObOON
oooo,0ogooooooo ceGUOODOOOOODDOOOOODOOOOOOD
0000DOOO000DbOO0o000oDoDoOO0oO0.00ooo0ooobob0 3000o0oo CpG
000000 ag, O000000O0000 6, 000000.00,0yr 00000
0000000 6,2, 060y 0000000000O0O0O0O0O,00000000000
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O000,00000000000D00C0000OO00O0DO. CriticdOODOOOODO
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5.1. OO

ceGO0O0OOOODOOOOOOOOOOODOOODOO,OD00DOOODOOO
O00 ceGOOOOOODOOOOODOO,ODDOOO00ODODOOODOOOOOD
gogbobobuooobobo,obbuogoobbbuoooobbbooobbbooan
ooo0O0oD. 300000 NGnet UODODOODOOOOOOOODODOOOOD
g, gboboboobbotoooooooboboobbbogooooooboobb,oooad
gobobooooboooobooooobg. oobobobooobobooobobood
googoog,booboobooobobbooboobooboobbob, ol
CPG-actor-critic U0 OO0 CPGUUODOOOOOOOOOODOOODOODOODOO,
gbbogobuooboboobbooobobodobbooboboobbuoooobooan
oo0oodoOooOoO0oOO.000oobooO0obobo0oooooOo,00b0b0 ceGOOO
goboboooobbooobobooobbooob. bboooboboooobobood
oooopoooooooogooobo,ceGUOODOOOUODDODOOOODOOOOn,
ceGOOoOOoooOOOoOoOooOobDOOoOoOUOoDOOOOODOOOObDObOOOODD
gbbodbboooboobooood.

gboogo,0bbobooboboobobobboboobobobobboboobobo,on
gobobooopobooooboob. bbobbooboobbooooboboooobobood
gboooogogbodg,gboobobuboodgbobugobobobooobobod
gb,gobogoboooboobog,boobouoobooboobbobboobod
gboodgbuogoooobooboboobooobuo. oboo,bobuooboobon
gbooooobgoboooboboooobobooboboooo,opoobobon
gbobooobuooobboobooobooobbooboboobboooboon
oo.o0o0oboo,0boogoobboo cegUObOoboooboOoOoOoboOoO,bobDoOoD
gboooodg,gobgboboobobubooobobgobobobooobobod
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googooo,0b0o0boobooobobbooboobooboo,bboobod
goobooboobooooooog.
ub,bodbbuooobooobooobboobobooobooooboooobn,
gbbogobuooboboobbooobobodobbooboboobbuoooobooan
Oo00.0O000,4000000,0000D000000cCPGOOODOODOOO
ooo0O,2000000000D0O00,CPGOOOOOODOOODOOO,OOO0DO
gbboobgodgo,obuooboa,boobouooboobboboobbooobod
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