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Sn’

(2.7)
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AR T h'A_h > ™ 2h g Ah™ 9 AT FY A w<”

'V_W'+/\q3<u.l"h5’1'Wh/\h/\hfﬁB ‘;‘h_+ h = Q h W _
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function Valuelteration( MDP(S, A, T . R),~ )
initialise Q(s.a) « 0
repeat until /A < small positive number
A0
for each state s € S
for each action a € A
q— Q(s,a)
Q(s,a) — X, TSR, +4V(s))
A — max(A,|q - Q(s.a)|)
end repeat
return (s, a)
end Valuelnteration
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K veE "8 A v -~ 7 '] h <jcWaa TChAM T sShH ML sy h

h <1 ' " Qlearhing ~h " . 8" ) L. ">h 9H DO

function Q-Learning

initialise ()(s.a) — 0 and set the learning rate 3

initialise s +— initial state

repeat until termination
choose action a using exploration policy derived from Q
take action a, observe r, s’
Q(s,a) — (1 — 3)Q(s,a) + B[r + v maxa Q(s',a’)]
s+— &

end Q-Learning
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(3.3)
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(3.4)

3.33.1Q-Learning
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function HEXQ( MDP(states = X, actions = A) )

X « sequence of variables (X', X2,..., X% sorted by frequency of change
Sl '\'l
Al — A

for level e — 1 to d — 1
explore S¢, A€ transitions at random to find 72,, Exits(S°), Entries(S¢)
ME R® «— Regions(S¢, A¢, T2,, Ezits(S°), Entries(S¢))
construct sub-MDPs from MER® using Exits(S°)
for all sub-MDPs m

1‘.‘,',,.1.\" .a%) — Valuelteration(sub-MDP m, ~ = 1 )

A = Uy arpne Exits(i)
Setl = MER® x X!

Ezxecute(level d, initial state, top level sub-MDP)

end HEXQ

V. "B T Thymcuh U HEXQONTA LT T L HexQO [ BB F K& B S

‘B<¢)"M0"h’15' ‘)_q)"J"I'\H’I'\h_"_"">,r>5B'_' “h’L"‘/\ ¢ <!
ST s ‘h 7 >sh a7t SAwW L B hAgs g WA rnk

o . AR > hj h s A 'Q'h.“ "‘h/\’hh’__"""" >hs>‘r‘h_]h" VU
_'B/\<B_‘_h’h _" I 7~ h >>nm" < A B h/\h{"’>(“¢}\h’__""’"'j

execute(d, s, Op 4 & | I BIBS [ Er)BS <@HexQ® K Bf Bfcf &r B )BE 8 <o

LB LT ¢ wy, s h T oh T Hengst(2002)Q . T A

521fhvi A" >" """ B _hj <" _A

S‘ h A hw, awh” h=>"B' | <' >h B AY T, t¢on >h ¢+ >

h ot > > _ hj <' - ADd | _7 ¢t h _ W >h@yop S>hs'_ hj
K> Ah " ~ o B oy " UI—' é‘W 1 (:tj“hz_lwrn B—:jh_

initializeX (0 (4 ¥, [ BIBS [@NB B . s ad i’ <hyi” T
hoh (Rbegh 0¥, [BIBf[&BE BZ ~¢<o
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- Yi<">h ¥ h Ah <1 h > (Array“gt)@ A" ' h h<<chur )
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s h o, h j > ¢s _ h ' >s_hj‘<w:--z:n'y"h|.{<h
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5.2.23’#‘(;“’_\"'"5!

1 - e j "™ >nh H" j.“hh_‘(_‘DHO Jp_’v/\‘v /\‘_*h t v h =~ h ~ h?> B ! B .
A waAah vt T h b fnitializas T (e) 0 _ 0618 [ BIB[ [ErB
25) initializeA 0 (0 ¥ , [ BIBf [ @) BZ_VE<H H LT
h, > A 7 AJAxaylLis®Primitve Action® A Ok . T w. T AT
s -t - wiY g8~ -1~ M3 Sh__ gAraybisStatey - ,
¥ S rl’BQ_ FPTTWILATC " hTT Csh h v B - T B 1Y h
‘tprimitives/\w'JB‘Bl ¢ h - vy “J¢5¢">W/\h h Ah |
thcD h v’ >- Y 7 B A h C " A" "B " h AL T ¢ h .Y
Ch*h A Y s 1™ R Rorth, South, East, West, GET
PU-EU e h Vot w vy ¢ B AW~ 1 B " B K> Ah ¢ .1 "¢~ -
6 n X(ArmaylListActiony.s © > h, " h Y ° AY <E-ChshTyh s
h Ah w~’hss ¢h: T Y ABRADWAT T sXEY Mk’ A p
h -~ B < B ° h h - B 6 Y T wASsY X HOLY s Y

523nve " “A'ARY 38 'hj hBw! FS AT LCNMIA T LA

Chs',mw’” 1 8" _ AOD

_['VhAh,W"p'CDQHECDH v ~ - h ¢ v h B G B <8’
LY A h -~ h "~ h oo gt ' A Y. ! h h <« <«

'h’h_"B’ > AT h‘_'z h <<fh>18 vE Bi\/{\h Amh >

hot AL ST > T A W<

B/\h ¢ h <« - Bt h * AR T 'ANT 'Y > vh jL b CAB [ CARS B>

¢ h h * h > B °* ¢ h* ! E AW@™1Ys ' B 7 'r'BC 8] hh™'wqh 7 .

T SRR VAL B e A S

B ‘ " S h Hé}xQ}_'vh‘ ) ¥ K - 2 VBC{,VC <W’ A h_ “(’)‘:‘ _j"’/\' Im 7 . 0



(s'=0, d=GET)

(s'=4, d=GET)

(s'=20, d=GET)

(s'=23, d=GET)

(s'=0, d=PUT) (=0, (s=0, d=PUT))

(s'=4, d=PUT) (S=0, (s=4, a=PUT))

(s'=20, d=PUT) (=0, (3=20, &=PUT))

(s'=23, d=PUT) (=0, (s=23, a=PUT))

1Y >hdp' wvTo Tt _. KT ahT B~ " W ArmylistPxias® bt T 1 T wft ChoA
>s b o<t T findExits(ep o EAN TRYBI L EBE BT T s <D yO
1.8 M ~#HexQr Kheh< - ' Yo _ sv'1Y 54)§' ",
¢ h* V‘B_"'"HS.[V _\gek“y\h'lcp iﬁ_h‘_éﬁ“h“a‘i'_""‘ B "t
B AW 408" h g 's T wh Y Aot _AfrayListStates <" >h
¢ h- T 5 AArraylistActionsh < <fi 8 Ah " ¢ h *ArrayLists * * > W A
Abstract Actions & Primitive Actionsh A h < 1 . _ BT T wy T

h A" S) s A -~ ~YhAah ., w’hs>s T R R W
EvVv' 1L, AY T 7 h>s . wov YooY w A h y 8 47 0°¢ h
R L L RS
E T T WY B AW 1Bt grimitive B <a<hhy h AR Bt wh bt
B AW 1 8" h w, 5" VAT U hehy sy B> Y > g wy hg
T ,h > A h gt wivT SN opd@pus " T WL, A ]

COAN TfindExitst (e) (08 [ BIBL @& B BX " E<O
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M.y (s*=0, (s=4, a'=PUT)) ==  (52=0, Abstract Action =(s!=4, a'=PUT))

AUt ) cbonpeTikn sVEPYELD EpUNVENETOL WC «Ms Tov smibdTn oto Tafi, myoive

oto keAl 4 ko skTEAsON TV sveEpysia PUT».

1'j>h:Iph¢’ph{5'J>h h,h"lst(ts'lﬁ‘"l‘ Hn/,\w*fus‘_hf.‘@pl B AW~ 1 B

ArrayList  Abstract_Actions ¢ h ° ow e h oA > A h = C<r

nextLevelAbstractActions(g) 0 1 & BB [ @HR . BT <' ‘seindExitge) 6 L &
[BfBff&rB .BX "~ 5<® yo

1_“5‘M"51' i w v ¢ h A 'C__ wyY | Y {"_‘ h
"‘ h“’_|5<' A _‘. "‘h/\wlh/\h’qf.‘_va<l|5“_wv

E AW T OIGET PU.T_ ' B h «c<chy B * _ s oW _'h j5_<'"_j "h _|_'|
j"l' <h | " * s Wh“‘_(.Bh{ in h h A GET’_ Bls<‘|5“j_hs_" . “ h i
_h@ﬁ’h ‘ h h <<hveg S B\gu\‘_'h“/\pw'[s‘_'jfh:ls"’hg"‘jh_
Ch_sz' h - 7 _hv' h_\BIj'_(‘h' ‘F‘l.A'"Ch B £ &g N
_v‘l V"+‘A>V*5,V|'{,l\_‘h>B T "V'Jv,>5Av ¢
1 . " "HOT B LT o h 'WVV‘Z/\V"__WV“‘ BQ'h”_I T ‘_VW“\Ms‘_B’" ‘/\l
h I 3"jszﬁo)__n’l/whxx‘hlrh’lﬂ‘rﬁ_h‘

> 5"jh_'l j”‘Cs_h‘pUT‘_B’ V\L/thv’h'(f'h‘_vlﬁ‘cl_lﬁ
I TR 6nZ nNnX HANX HoOO _~ ~ 7~ "i<' >h

B wAhB- h = L R A E v 'l
C o, hocgh< T @ ThiTTYN ¢ Ar@ybigtEntiiess’s _ h b T € <t
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$=08=5S=10S=155=20 =0

S=19=6S=115=16S=21 =4

S$=28=79=129=175=22 =20

$=39=85=135=18S=23 =23

S=4S=9S=14S=19S=24

1Y >h6 s " T LAY LT (ArfayListEntrieda

K B O h =~ B < ¥ A _ h Cw 17w B

h ¢ w Cw B _ ¥ . ) h v B > Ah < h ~ h ¢ B

1 ¥ h A ) B ! > B _ h . ¢ w . w B _ ¥ H

w B t h t q w 1 w N " t ) ~ . ) w ¥ t T v

_h\i"q) A Bt 4L M 1 ' h _h {‘“ B - T Bgl'h , h >

KoY oA BT T wy oA |7 findEnthes(e)'(t 8 > s i

I BIBS L a&r BIORRES ""<s"<® *~ A _ b > A_w<h o o>s b oRC

oY T Ush FpEeTE 4 Th ChY oy Y T s gl dy 0
AR T oY > 8 hj h 8B, A | S 1 h « > W

findTransitiénModel(SA_Gridworld.size_x, SA_GrihﬂMze_y,SA_Gridwbrld.wéll,
eyt s, [BIBIf&B B "~ #<0o

exits

.
o

exits

4
2Oy O

0r0
o

D

bb%?
OFORORO
DLIEIEID
}OrO

S

2

exits exits
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1" >h7@ ~  Ab T > _hj A>T AAE <77 B TEETSWINAMTY T AT

Wv"{"‘v«s:"“wlm"‘hq‘)_' _" >"/\_W<" C'/\B’_h‘ _" _hV’Z
_hv’ " Sw 7t A h _"/\ bW'J‘B]’ﬁ‘TB“iB"Bp,‘W_@‘Kh’ '_hj“hQ<<_""/\‘
B¢ 8 < prmitibes AW 1 s s - - wNorthySouth EastWest Get Pu).ce 5 * ¢ ' Ah

h " w.s ' “Hengst(2002).h " Q _ 7 A

I/;\I

./ , } (s1=20. a=pickup) /\
\bf (512—1-.

s1=23, a=pick
a=pickup) /\>\ ( a=pickup)

/-—\ (s!=0. a—picl\up%@
\tjl_/'—"’//’ (2=0. (s =0, a= putdown))
e (s2=0. (sl = 4. a= putdown))
Level 2 exits { (s?=0. (s'=20. a= putdown))

- (s2=0. (s' = 23, a= putdown))

1“>h8@ -~  Ab” > h ] M>8 AN <7 TRBHBESTWATY T AN (
W Bt Wy T T gl S s T LT ghoAa ot Sh YTy s

o7 _hvi oAl T O ST XN R N WHA® "HoU T T T
- v A S wv“{"l éJ‘Q h‘_' ‘_" 5‘,_5"(."
5"‘|f-,h“_0q3"’<, ">h/\_‘¢' “" - 7w~ Bt A h J’V/\B' h/\_
BT T8 LY Ghto 0 Y A BV WV LT s K T T GBS0 S T A

a'=GET), (s4, d=GET), {s20, d=GET), {s23 d&=GETE _ ' _ s 4 s A s~ ' j " j hys h-
Shve Ao h A 1 A h S shgi thT gD T Y O3S Q7 ysE L W AT
_" f.‘_Hn‘v"l’)h’h>W/\5‘ VB"‘""Cs'h{j“’<'l>h¢h“_"' M w ! B~ " j A '
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B h ¢ j " haAaw [ §7 Y IMarkdv EquivalentRegions MER$E ~ A h °

e ot T >ha T e s THexQHT T A W T Regionge) (he< s T
[BIB[ [Er B S " "« _° ~ 87T ,w LA BT
- - 8 17 ¢ RegionS_h” Hengst (2002 _ ~ TG99 >Mm T A N

o T B A 'Régions™ 7 joo et vt Chk B
BT T wWRleTY <Y 2 I S 610), b oA T T sCaxt AR >
SCQnt states int €) ( [ BIBI [ 2@ 68 BEh " 8 <dhA_~ " 7

B

T

S B hj h h - Q YA w A h L : Y

1 ¥ ¢ SCC © Mengst(2002) =~ i " S s

N

n

Al B 1 B >SwWAY " ' ! ¢ h h

A SCC_ 1oy Nt >_th-r~ U] B N A h 4 Relgl(‘)n$‘

A

h

function Regions( states S, actions A“, T7,,, Exits(S"), Entries(S%))
// Find SCCs so that all states are reachable from all others
repeat until number of SCCs do not increase
for each s, &' € S* and a € A" (where s transitions to s’ on action a)
if (T2, > 0 and {(s,a)} & Exits(5%)) adjls][s'] — true
else adj|s|[s'] — false
SCC( states S°, adj[s][s"] )
for each s.a.s" connecting two SCCs
adj[s)[s'] ~— false
Ezits(S®) — Exits(S°)U {(s,a)}
Entry(S€) « Entries(S®) U {s'}
end repeat
// Join SCCs into regions so that all region entry states can reach all exit states
for each s, a, s’ connecting two SCCs
if (SCC|s] has no other Exit or SCC|s’] has no other Entry
Ezits(S%) «— Exits(S°) — {(s,a)}
Entry(S) «— Entries(S¢) — {s'}
for each &' if(s' = SCCIs'])
SCCls'] — SCCls]
return |SCCs|, SCC[|, Exits(S°), Entries(S°)

end Regions

A

~

h < <7

~
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14 >h9 @ A hRegidng © » ° ¢ Y L T e S S
[h' ~h<<hy ¢ hs' ™ "~ sRegiang' ~ ° ~ S8 >' AR, S h "8 "1 " @
i h Y s > A h® R MER{">'/\V,{B'{JBB>’W/\”"Zc’){w'/\'h ' h = Q ' < B
> Y 7w > AN D >‘55_ hC]hh “het h S B ‘h :< <|sh'vs'"’1‘l‘)‘l’1ll_"‘f 8, H’ __.B 1~
- h ¥ A ‘WASQCQ{nthhU"B"‘ﬁh‘ 1, ., AB YA " AT " h A h
w AMER(h , - ] h = Q < B . _ ‘ IQ i%" N ;wj'l’ ABW ’B>'BI__h>j.'h"‘ Tty 0t _ ' .
SV LT A v 8 s T T e Hengs(2002)m” 0 AT QS
i B "B "JB“’_/x\IadH]ﬂ I'“c’)‘ L"‘{”>““““‘m’"'h"¢5 “/\h’_'
findAdjacentMatrix1(SA_ Grldworld size_x, SA_Gridworld.size_y, SA_Gridworld. Watﬂ)
IBI Bf [ Er B BZh‘ *5<CD*5MHU*51 LY *Di B‘FAYIBJIB&BL( IR A AR
’_“’B{Lfl . _ B <B h >~ j J . TB\,{"‘;_{
Join_Sccs(ce))iB IBIBJiCEFB 1312 Hlf<fb My D 15‘1“¢_1'¢h to
Connected_Sccs@)! ® I BIBIJErIBR BZ B <® HNU
function SCC( states S, adjls| ] )
initialise finl' 0
initialise SCClalle « 0O
for cach state s £ S
initialise ool WHITE
initialise [ » unde fined
initialise SCC'ls! + unde fined
for each state s £ S if (col|s] - WHITE) DFS1(s)
for each state s £ S colls WHITE
for each state & ¢ S in order of decreasing fl»
W(ook|s WHITE) DFS2{s)
increment SCClabe!
returm SO SCClabel
DFS1(s)
col|s] — GRAY
ncrement finlime
for each state & ¢ S ¥f (adjs)|s"| and col|s WHITE) DFS1(s')
col |5 BLACK
flsl v finTime
increment [inl imue
returm
DFS2(s)
colls — GRAY
for each state »" ¢ S if (adjls'|ls] and collx WHITE) DFS2(s')
col|s} « BLACK
SCCa SCClabel
returm
end SCC
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5.25n 1 | rSubdDPs

B¢ > >"h svQ 7 ' >haA O THexQ >" " sK _hoy
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Hengst(2002).

P
>\ (s1=20. 1‘pickup)
1

(s1=23, a=pickup)

=4, a=pickup) / /
S

/ :\I/(Sl;ojlﬁjickup) Q-

(s?=0. (s!= 23, a= putdown))

0

()
>\ =20 gk /\
1

(s1=23. a=pickup)

=4, a=pickup) / /
S

/ \ (s'=0. a=pickup) Q

(s2= 0. (st =20, a= putdown))
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(51—70 a=pickup) /\
o (s1=23, a=pickup)

=4, a=pickup) / \ /
/-—\ (s!=0. a=pickup) )\ =
1 —

(s2= 0. (s = 0, a= putdown))

(s!=20. 1—131ckllp) /\
- (s1=23, a=pickup)

sl=4, a=pickup) / /
/.7\ (s1=0, a=pickup) )\_Q‘
N

(s2= 0. (s = 4, a= putdown))
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function Valuelteration( MDP{(5, A. T, R),~ )
initialise (J(s.a) — 0
repeat until /. < small positive number
A —0
for cach state s £ S
for each action a € A
g +— (s, a)
(‘.}l::" f.!.:| — Z,.,'-' T;l,c" [Rf-c T L-r['q.l::l]
Moe— max(A, |g — Q(s, a)|)
end repeat
return (J(s.a)
end Valuelnteration
14 >0 3pedbm | A D Valuélteration< h > h A s . SUBMDP ¢ h>'h
‘>w"l'.‘"_“'l 1 ¢ ht BQq)‘m"hN,_B":'
> ' h > _ ~ @-Leafnimg (Wadtkins, 34989)” R B



ARt gswwg a & > W, MehgstR002) e T MO T

valuelteration(sub_mdp m, State_Variables state, imte)s & [ Bf Bf JE&( B  BXZ"' " 6 Kx®s o

1 h A Y >_ A >7 B 47 ¢_ 1" Cho
526r1 T rh_h‘_h‘5+/\ ¢ h rl/\sé+1|5‘_/\ )
rh-" B 1 VU hcd Tt hS>SW oL p AP BH MM AL D
v LT SN T YT L AN T AN hTWISA T AT BT
SSwW L, YA T efHm Tt T WY AT <Y Ch _h hCEI(T T ?
AT <7 ¢ h h * ho >, A B TS B> BhA' <! Y'E hye<!
<t o1 oo : L AT SV K Eth by ¢h bz h ot ¢
B~ ' > AT e#ld" T walh TnextLevélAbstractActions(gp + ¥ . [ BI B[ [ Er B

B X 24 witalizeS(e+1) o616 [ BIBI NDErlF BZ " 8<®d HpO

_n' < hvp E AW~ 1 B! B. _"\ e-I-H_I_l')"VD'BVA_V_B"</\VBI'WA‘A'+V\7{'V _
BV L N S SwLl T A (e hsTAT WA T T Y o T t
@ @ h _ b T > T Wt <t e
YU B AW Bt Y T T W (Q.E)@m T8 KH T S T h S hoA
hoo" Y S L o] T h <o ™77 > 5 ¢
BT we Y o gE hevVw<” A1 (Se0ya=GEY}, (s'=4,

a'=GEY, (s'=20, a'=GEY, (s'=23 a'=GE}, (s'=0, a'=PU7, (s'=4, a'=PU7), (s'=20,

a'=PU7, (s'=23,a=PUM). [ h ">~ ., Y s~ "81 o

t ' ~ ~ - ’ ~ 1 ~

h =~ B <7 A E Vv ' o1 1 >8 A7

s © ' T w($=0, (3RO, d=PUT)), (=0, (3=4, a=PUT)), (=0, ($=20, d=PUT)),
(=0, (S=23 a=PUT))

62



nA - Vo ¢ h Yh B~ 8BS B A B - Y T ow Y j ’ ¢ A
h “>v . N 1 vty - N s -’ e /\v<v C h
B h]31<’<mq)|5‘5‘1" ‘_“ “J\TFI()C“"’?WNV,h"’> tas
HerZ B ¢ h * B B - S i - w ' 'he B hS 'BAY > Y h B B
BT T ow Y h =" _ 8B<” A > AT 7 AT <7 ¢ h
n' o<hie=1y " s _hjfzew > ™35 yh v’ ¢h *hah Shhgep ¥ 7 sy ¥ A
o J h > s H HexQo " h &5’ m:“g)m?v:“w‘s-- “jchh ot
¢ h h h > g ° é‘;n>)m7\pupé};325:-u'““"““>'¢ hy h ° B
- T . T8t wr3h pOMe O ANt
5.271 . AN M~ Execute
E AR LByl EM<y T h T h g
| o WP .h >1j._)'} ‘R A h < BSUb-MDF’(h ’h_h/\”_ __h’_w"l YA
g v h¢th * > & ‘Bh >'sy sh jhe't s T WY T S YLt
Y > A >"  éxecutd(d, s, Of ® ] B BIJCESG)L?,Q?I&ZB <BE <P "
h Ah Y ' ¢ h 1t h ¢S h ‘' B B "5{" ¢ h<_ A h YA

/""\

f—

\ /D (s2=0, (st=

/
\
/
\
4
4
N

0, a=putdown))

™~

4

/ij =0. (s'= 4. a= putdown))
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/D (s*= 0. (s'=20. a= putdown))
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A ) =0, (s!= 23, a= putdown))
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T OAEMN T As T ow S Ths<us' C Vluelferation, T T S5, h<h Y p @
> B A b T e h oyalue (. >8P o AR T Value(int e,

sub_mdp m, State Variables@®)s @ [ Bf Bf [ a3B)g  'BA. “ dhz P
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function Execute(level e, state =, action a)

if (e =0)
execute primitive action a and observe s and reward
return

m — sub-MDP associated with action a

repeat
act «— value( level e, sub-MDP m, state =) or exploration policy
{s* «— abstraction of s at level «
Execute(level « — 1, state s, action act)
if{ (s, act)=exit) return

else
V* — value( level ¢, sub-MDP m, state s)
E (5" act) = (1 - B E (s, act) + B{reward + V'

end Execute
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function value( level e; sub-MDP m; hierarchical state s )
if ¢ =0 return 0
A — actions available in m
v+ —0C
a®* «— undefined (best greedy action at level ¢)
foreacha e A
me-1 — sub-MDP associated with a at level ¢ — 1
v' «— value(e — 1, me_y, 8)+E;, (5% a)
if (v >v)
e o
a®* —a
return v, a"°
end value
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Hengst(2002).1 <~ = 7 “ "™ > ¢ ° > 'Ah 7 Vdlugint e, sub mdp m, State Variabless)
o4¢  [BIBffEB BXZ "¥<® opo
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