%

&

HS

QL)

) '+

#$'




11

%

& %




/71

& % ) *

108

% (3) 7

99%

) 7

<0 O!

1 &8 1

99:

0

0

0O O

=8 >

Reinforcement .
Learning

0: 0

~ NEURD-DYNAMIC
PROGRAMMING




71

L))

)@  99?)
)7 1
!
' H# )A )0 4,##B5 A )
00 4 ##C5)
L)
# " O# " $

%  &# &
@  ##6)



D3 *
& ")) )77 ))&
D
& ")) )" " % 2)&
8& 8 2)#
& () )* )" D
2' ' 0&

& " %)* )

D A ##$5E
& "D )
8 * E
% %
= &41= =5

& 40>>>8 * O>>> > 5
* 4@ *



1 %

Sensations

(and reward) actions

Controller
= agent

D /



memory

external sensations
agent

\/Sta’[e

Internal

sensations



| & 1 %

4 % G 5

'y ¥ 4 &&5

$ * 4 &+5 $
* &**

0% % (& ( *
) )

-H > >80=<D 80=< ==
. =>D== =<8=/




| % ( %
& I %
KKK
| % 1

*

@& & %K
1 % 1( &

3

%

% & %




| % 1

*

L (% (
@ &

) *

@ &*

%

*

%

& & 0O

4 45
4 1%
% %D

5

%



11




11

4M 5
M N
N 4 5

N
402 5

N (%

42 5 42 5 425
N % *

# P



8& A (

4M 5
M N

N (%

Mg + 4)OM
+ 4)OL5

L -4M
- 4M

5

)
Mg 5

M,5 N &



8&

A**



%*

& %*

41 %

5



* %

%
&

| *

* %

( %

&

&




8& ! 4M 5 1 ()

| % RE
8& | *1 ()
S* (% (& )
| % RE
@& (& & !

& %* *

&



@& & K4
>2 2 K

K

0 K
* % K
S A*D~

%

D
< & &%

!
&% 4
4 *5

* % 0
| %

* % 0
L &

D

%

%

& %

& %
'&% IA0 J
D J

& 1 & %
5 D &






& %7  49#D 9%?5

&
< 979D 9BB
/ U=
/7 DI % &
L D: D7 U=
* % /

9%6%
3V ( D7 U*



M
AM5-WAOAM OOAOOP X
8 7/AMS 74M>5

48 AbD425 -
402 4255Y 42 425 5Q A45Z

8 A -A

88&
U* Q A -A
A -40D 5P



@&

8 A -A

* 0n 1 (
2 >Y Q772 ->Y ZQ>Y7Z
( 2
>YFZ- , AM-25>YFOM-2Z %
>YFO -*Z- , 4M-20 -*5>YFO -* M-22)
11
>Y 4M M ))50M- M ,-2Z->Y 4M M ))50M-Z

Ad425-> Y OM -2Z

- 48

AM -OM ,-25> Y _, OM-2M -Z
4 & ( 2 5
402 4255>Y OM-2M -Z
4 M +4)OM, 4M555
402 4255
W>Y ,OM2M -ZQ > Y _ o, ONM2M

4 & 2 5
402 4255W 42 425 5Q A 45X
4* & % A 5

A 5425) 4 & % 8 5

-ZX



8& 7 & I12%D 8&

7-47 00)005 7 &
87 7 D & A4H#5

A
008 N8AOO OO DAOO)
8 7 7 P
8
87 7
D )8& 8& * U*
2% A % A, TA,,-8A,

A, A % OOADAOO-=4 5



08 7 7 D &
8 7 7, D & & 8
8 )
I 08 D & 8 %

D2

| 74M 5 74M5
14T5425 - 2 T425 D2

x 7 7 A- A
OOD &

%% 7 7 %%A- QA
D2 )

74M5 74M5

4 A5425- 42 5A45 D2
425 # 42 5-)



> *

I OOAOG 2 , OA4250
* *  [& 00)00

8 &

*

8& 8 D )
" # A &*U* 2%
8 )AL -8 A A
A, 74M5 % OOADAOO - =4 5)



8& 7 = =

8 74M5 AMS % %

48A5425 -
2 402 5W 42 50 A4 5 X
| % ()))A 8 A-8 A)
8 D )
$ %& SAR-A R
| A & 2% 8)
8 8 AR A) %

))) A)8& 8 A-8A)L
A -A A AR A-A R



A~*O0

| A, T7AM5 A, -8A ,
A, AR % * OOA ,NAROO-=4 5)
@& & (& ( . KK
% ())) A)8&
OOAN AROO ,008ADAO0'4 )
I OOADAROO OOADAOOQOOADM J
# 0 & *

) @ (&
OOMDBAOO 4D 5, (&
- WOOA RDAOO A ! ARX

*% D 2



0 YL ( % ":#Z

I A 74M5 A A425 425
& % 2 M)
I A 74M5 AH A %
2 M )) A425H 425)
$ #' ( &
% (0))A ) 8&

A. A)0O8S8A HA & A HA)



0 4
A A
W X
A" A
8 A-8A
A A

@& 4AHA"S

*




%

* %

6#



A 8A A AR-8A R

L A R &. [A&
A 8A)

A B8A

4R5 A425 402 5W 42 5Q A4 5X
2

$ A5
, A425 )) A 4R5)

4A5 * &
* % A R)
! # *0% D 2



8&




2 A*O0
* A, -8A | Q

)*
. 2, 0000)8&

* _ OOMAROO , '4D 5)

| . - O0A, NAROO)
8&  ,o -OOA,, N AROO-0O08 AN 8
ARQ OO0 OODAROOQ - ,Q )
L . *%%)81 . */

& % Q [ %)

4)) Y789;Z5
66



A *O0

N< D?2 =
¥ D2
Ao - 8A @& % &
K
A *& & 8
- % 8A-A)8&
OOAD OO 0O A NAOO'4 D5)
| " & 2% 8)
8& OO"DAOO OO ADAOO'4 [¥)
". 84 "5 - ")

L OO DAOO -O0O "DAOO
OO "D AOOQOO ADAOQO J

Y3 % "9BZ



M 425 &
* Ur & 2 )
74M5 74M5
4 A5425 - 44255 A45 (&
% 425)
"4 07 5 -
. 42[75 402 5

"47 5-
. 42[75 402 5 42 5)

81 4 ©'S A"
o A" 425 - A"4 4255)
8& OOA"., N AROO OO A'DAOO'4D5)

6B



DA * I

74M5  74M 5
4 AH542 5 - 402 5W42 5Q A4 5X)
=D 1& %l)
% (0)))A
4 Ab42 4255- 2 4 A542 5)

I TR- A R
! 12 74M 5 74M5
412 T5425- 2 T42 5)
< 12 -8)
" # TR- 12T R)

T R-A R.8A R.I2A R.I2T R
8- 12 D
A * J



& 3 *

& *A*0
> D *% (
) # * 0 * %% %
& & A R)
L( *K
% (
0 YI'!& \3 % "#BZ
0 % *% * & U*
@& 1 & U** *op
* % &U**
8& SU* Gl & &
%% & (% D
SRY "O#Z+8 Y7 7 %1 &"9BZ
| * & &

%
&
0% % * & &

6C



* D 1& %

)# 0
&
& &

) Y@ @ \7

System

Controller

% "96Z




& Y 997
3 * YL "9?Z
: A5 (&M , -2
1D
A>Y 24 50M#-225
& & &
( %
I 1
X% & 4 1D
D 5
U* &
F D*4 5

69



YL( % "#Z ))L( %
8& 108 % | 9:#)
Y3 % "9BZ3):)3 % * 2
% )0l ), ;% 99B)
Y@ 1 "9#Z )))L) @ 1
& 8&  99#)
Y& 3% "#BZL)7)!!'& %3 )
3% | >2 11

Y "9#Z) D8 L* &)
2, $ON, 99#)
Y7 7%1\ & "9BZ)3)7 ))7 %1\
D %
C, $76$ 99B)
Y@ \7 % "96Z))@ \))7 %
6 2 6

, )< & 8 & <D D9
? < 996)
Y 997 ) % 1)) %
A*DI* D7 % D
H# CN#B9 999)
YL "9?Z)L % 1
0! #B" 99?)

%



%

&

HS

QL)

) '+

#$'




8& !
) 4 U* %5
) %

8 G

3 | %

=45 D %




L

2

* 45
*
4 &5
1& % 8
* %
I 1A0
&
% 41 & %

*Y<\I % "##Z

%

D

I & %5



8& )

L &D%
* /
* &
(& & %
)
3
4% 02 5
402 5 EE

47

)) 402 5+ 24 DOO D 42 500

BC5

4.

B3



( 7*%

48&( 8 1 "$95

1
%
7*% % ( %
&D * *
% ( %
& *
2 & *
* % w4 b5 *
% )

@& " 2 & KK



D

| %

%

&1 &%




1& %

Y ) "#,Z
1& %
> &
L4 5 - ‘4 4D 55
&

- 00 454 o 5
3% ( % %

%E
N* 2 L4 5

3

@*% * * K



0% ))

< %
* %
&
@& *
K
7 %&D
&D E
7 % &
_ _ %
L*%




Y™ ) "#,Z
7% (& *

45N % &

T 45 > %

845 <* *
& /

{

8& 2 %
*% % =4 5




8 & Y #Z

8 % % (& &(
% & % &
>2 %%

%
Y %3 "#?Z
Y& ) "#BZ



& & &

1e+06 - —— g

UCT —m— |
ARTDP —&—
PG-ID —3—

L —

%)
@
o
1000 .
E F
@©
17
1 B e

4 . poh ol ‘ i .
1 10 100 1000 10000

problem size

D -,?7R D

G % E



*

929 3

S )@ )3
) =5)
8 *% % D)
U )
H#H#D, 6#

*%
")

>1 % @
0 %* % ,##C

) !
6)

3* : 4B % 5 929

%

! 1 CBa(
I (& 66a(

3= $#H#H>=

SHHE > =



%
I & %

* %

%

%




A*O * *

A*0
Ao 425 -

2 W42 5Q 402 5A 45%X

L( * & K
L ( ok K






el S
H i el it




& (1K

<E

8& * Y&( %8 1
0$9Z & &% 1 &
( (& & %



* "9CZ

Q
o
<]

o

IlllIlilll|I‘IL!)IIIIIUlllllillllllllbll (R = RN

o o

o o

e}




@ & %0

L ( * 402 5A45 %K

WA




3 * 045 -
(M JM _ + 4)5
* 0 A45-<

>Y Q45Z-045
AYO0_45Z-A Y 4M

% %
& % y)=

425 425 %2

4M5S

SYALS



8& % 1 & %

function RDM-prepare(p, r, v)
. draw Xj,.... Xy randomly, uniformly over X

[iE
2

o XX, %
3 Plil. ) - zi’t’if p()éj();,a)’ i, 8) —r( X, a)
4
5

. v— VI(K; p,r,v) // call value iteration
. return v

1: function RDM-estimate(x, v,p,r.y)// x € X

X\, -
2. return maXaeA{r(X* a) +7 2 Z}{ﬁ f;(;j)x ) VU)}
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1: function planO(x. v, p, r,~)

Xi|x, :
2: return argmax,_ 4 {r(x, a)+7> i Zi‘fg 5())((3,3) v(l)}

%* & **1
* &

1: function plani(x. p. r.~)
2: v —prepare(p,r,7)
3: return planO(x, v, p.r.~)
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D
Sampling based fitted value iteration — single sample

1: function SFVI-SINGLE(N. M. K, u, F, P. S)
2: fori=1to Ndo
_ Xi,a X;,a
3: Draw X; ~ pu, Y ~ P(-X;, a), F?j ~ S(-| X, a),
Gj=1,....M, a € A
end for

V — 0 // approximate value function
. fork =11to K do

\A/w—maxaeA{ B 1( R LV (Y ))}

V' «— argming_ ~ Z, (F(XG) — V)2 /f fitting
. end for

return V

SR 8 A

Y I*"#BZ



> D

Sampling based fitted value iteration — multi-sample variant

1: function SFVI-MULTI(N. M. K, u. F. P. S)

2: V — 0 // approximate value function

3. fork =1to K do

4. fori=1to Ndo

5 Draw X; ~ p, Y72 ~ P(:|X;, @), R*® ~ S(-|X;, a),
(J=1...., MaeA)

6. end for

7V — maxa A{l 3 (F:Xf?a+ V( YX"’a))}
8: V «— argmmfe]_—z:lr ((F(X) — V)2 11 fitting

9: end for
10: return V
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