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Ho00oood

Playing two-player games using reinforcement learning and self-play can be challenging due
to the complexity of two-player environments and the potential instability in the training
process. It is proposed that a reinforcement learning algorithm can train more efficiently
and achieve improved performance in a two-player game by leveraging the knowledge from
the single-player version of the same game. This study examines the proposed idea in
ten different Atari 2600 environments using the Atari 2600 RAM as the input state. The
advantages of using transfer learning from a single-player training process over training
in a two-player setting from scratch are discussed, and the results are demonstrated in
several metrics, such as the training time and average total reward. Finally, a method for
calculating RAM complexity and its relationship to performance after transfer is discussed.
Results show that in most cases transferred agent is performing better than the agent trained
from scratch while taking less time to train. Moreover, it is shown that RAM complexity

can be used as a weak predictor to predict the transfer’s effectiveness.
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1.1. Reinforcement Learning in Multi-player Settings
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1.2. Hypothesis
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1.4. Methodology
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1.5. Overview
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2.1. Markov Decision Process
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2.2. Reinforcement Learning

YouTube
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Video Game
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Cleaning The
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Figure 2.1: An example of an MDP. This MDP represents an student as an agent that can
be in different states like work, university, and video games. Transition to each state carries
different rewards that signify their value or cost.
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':| Agent ||
state reward action

s, | R A

i ‘ Rr—l [ .
P Environment

Figure 2.2: Agent-environment interaction in reinforcement learning. This is Figure 3.1
from [13] R
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Figure 2.3: A screenshot of the game 00000 0000 included in the game 00000 0000000 [14],
the values on top show the current score of each player.

(0 000 0000000 DiQJ000oo 0o 00 00iiooot 000mboDodo 0o l0Domo 0o 0 doooooooo
0000000000 000 Oitooooo Dot 0 000 0 0O0ioo Ooboooo 0 00 0 0i0oioDiooo oooo
0000DOI000 000 Dooibboooo oo JO0ooo bohooboool  bobooooioo oo bobooooo booo
0000 OO0 DO 0oboo DOo0ioo oo booo Dooo 0U0oo boooioodb Lo iO0oodtoo
(000000 DOU 00Uooion 0oiboioooo boo Ditbitioot boUooodiot pobooo booodooo
(000 01000000 0 000 00000 s 000 000000 00 Didoooog 4o

O00i0  0oooo Coooood

000 00000 [0000i0d 00idooor 000 booooood oooooo 0 0o boodo 0oboo oo O biodd

(00000 s 00O 000 boooboooo 0o O Cooooot Oomoo- o
! #

)@_
v(s)=E [GjSi=s] =E KRisksr jSt=s; mjiny
k=0



2.2. Reinforcement Learning

000 0000000 00ido 0000000 Lriboiboor 00U tooooooy booooo o 0o 0booo o toooo
s 0000 00000 0O 000000 bofoo 1

v (s) = maxv (s) 0o0oo

0o0id - 00Ooboooiud Loootd dbooboioood

Qo0 00 000 bo0dbdooooo boorboooo U Doioloooidool boododth U Doo Ooooood
0000000 0O0I0ooo Dod 0Umiboo Doo fooooboodo 0oU booditoot botoo oo Oooo
000t 0000 Do0ioto [0 00oiooo ooooddo o 0ooboo O 0ooo 0odobooo Lo ooooo
000000 Uodooo 0o bOobooo 000 booito booo Dootooo 0oo boiood 0 0ooo 00d0ood 1o
0000 00000 boboldoootitoor dboooooo oo 00 00 0o boo 00O 0dooo0o 0odo Dooo
000 0000000l 00 000t 0ot Uoooo 0o 0o 000 000 Dooitoo boboibootitodr Ooooo
000 0000000 0obooooooo 0o tdotbootooo O dobddood Uoodooo 0ooooootioo ooo
0000DI000I0d oo LOo0oootloodd Ooomdd Do COdododdoodd Oooddr Ood Oooodoo
Oiiio [ 000 00ooo 0Odooioo foooooo 0 0ooodo botiddo Dot boouooo 1
000 00000 Uooiome 0o bdbooioo 0oo 0ooo 0uoiboo 0o o bof0O0o Lo Goo Ooobdioo
0000000 0Oooomn Dootd OO0o0o 0ooo boo 000otooo Doooot Qo U 0iod - 00 0oooodo
000 DOOI0000I0D D00 000 Doiob 00 00 000oCoro bodoooooo 0o boooooobo tooo
00000000000 00 bOoo 0oo0 Coo0e boo Ooooodo Dooo bo bootobdod oo hooroo Oooto
0000 00 0000 booroo boobo bo boobootomoo booeo toooa

0000l 4boiodbtoibd dodoond

00000 00 D00 CoootooooD 0oooooo boo 0ooiodoooooo CoOo0oooD oo oooobor Oomo
000 00I000000 000 LoO0ohoo boobob oo oo boodo Oooo Do tooo O Oooob booob o o
01000 00000 0o bono0noo O 0oooooo oomoo 0 oo
" " 4
q(s;a)=E [G{jSi=s;Atr=a] =E KRkt jSt=s:Ar=a :
00000

12



2.2. Reinforcement Learning

000 000000 0ooibooooind 00ooon Uoottooooo boo booooodo Oooooo o 0o boodo
10 00000 s 0000 000000 a 000 0000 0O00 DOoot 0o DOooiooo 0bmoo - loooodoo

q (s;a) = maxq (s;a) 0o0oo

Oooid 0o 4otod dodooiooo

000 00000 0o00ooo boooooo fbod o Dodo 0oU 0oodo to O 0oodo oo 0oy dododo
000 00000 Dooootoo 0o ooDo Ooboo 00004 0o 0ob boodo 0ooo foo 0oooo doooodo 0o
000 [0 000 [000oool 000 dordbo 0boofiioo boo 00ooo jooloodt booo

ViS) =E Rt + V(s 0onoa

4S;a) =E Ruy + qssa) 0o0oo

000 00000 DoOomo 0oo0ooot oo 0oo 0orooo bobooodo boo 0oo
000000 DOmoo 000 1000

v (s) =Emax[Ru1 + Vv (5] 00000
h i
q(sid) =E Rea + maxq (s,@) 001000
a

Oo0id  Jodoiiitod 000 Joooooobd Looioooo

L00000000D dibdonodu oo 0ddoott fodooo Lot booooo 0o Do odooo 0 oo
00 000 Uboodooo 0o oo foohibioooo 0o Loooooood foobdodoo od doooo
00000 000 00000000 0000000y 1h0od 0iitooy Doooot 0o 0 4oooo 0o 0oo 0ooood
(000 DDOOo0ood 0ibooiiodo 0ot Lo Dooddodo Lo 000 oio 0bdoooood 0omo
00000000 Diboonooo 0o Lo boooo brotod Ihoo

13



2.2. Reinforcement Learning

0oiio0  0oiooioh 0obobd Dobooito dotobooo

00 0000000 Doohoool 0o boooo booo o tooo 0o oo boo ooitidoo ooouoomua
0000000 000 000 00mbo 0ooo 0o Dooitioooo bootoot bomooo 0oo 0oo b0 toooooo
10 DODO0MCo 0ooob 0o 000 0o 0ooo o

000000 - 0o0booor 4ooootbod boooonod

00000000 000000000 0000 O000000 0000 01000000 0000 00000 00 000 00000000
0000 D00 00000 0000 000 00000000 00000 00 000 000100000000 0000 0000 000
0000000000000 0100 00000 0000 00000000 000 00000 00 0 00000 00000 00 00000
1000000 DONIC00000 DI00000 000000 000 00 00000000 000 0000000 0000 00 0O
0000000 [0 T D(0) OOio0 0000 000 00000100 0000000 00 000000 000 00100 00000
0000 0000

V(S) V(S)+ [Re1+ V(Sw1) V(S 000000

000 0000 0 000 0000000t 0o boombo 004 Oootooo Looooobd foo Didootooo Lootooo
000 00000000 Doooe 00 S, OO0 D00 000000 00000000 Regsy + V(Seep )

Ooooug - 4oiogodooo

Qiiob0oto U 0 Loooimoo bolooioy bioooood hooo 0ooo 0ot 04 boooo oodo™d
(0 O00oO0ooo boo O 00odoo oo 0ood 0o 0o 0oDoooo Lodootoo o boo odo bodor oo
00000 [00000ooo Qoo 0oo dhottuddol boo foooitoo noboooo oot 4o oo oood

(10 0000 LOmOOoooioOr oo Doot DoOooon Cooo o Coooooioo oo 0o toiodoo
h |
Q(s;a) Q(s;a)+  Rur + max Q(s%a) Q(s;a) 000ooo
a

Q000 DOODOIO0 foOo 0o Oooto oo 0od bododor O loCoood Oooo foo dorooo
000i000oo DOUDOoO 00t 000 O bO0doioo 0Uoo0ooo Oitoo 0oy OO boooo tbooboog
goooo

14



2.3. Deep Learning

0000 0000000 0U0000ooo 0Obooo DO0 fo 0000 botibootoooo hbodiobo fotoooo
00 00000 0000000000 OO0 000000 000001000 ORwy + maxee Q(s"; %) 0 10 00000 OO
000 Doidod booiooio thootidy 0ooooor 0o [itoolo 0doCodocod O boo odoitod
000 0000000 Dooiooo Dooo 00 bodddiood boo Oobooo @ b ooooot OO0 DoCoo oo
Oio0 000 000000 0oiooo 0o 0oooo 000 0oo 0oooo 0ooo Oobooo 0o Doo od ooo
00000000000 00000 00 DOOoDOO 0O0oodl 0o 0ooo oooC 0o0 Dootoooooito boloo
10000100 0 0000000 00000 000 0000000000 00 000 00000 (s; a; r; ) 000 0000000
0oood
00 000 J000oioC 0ooo 0ooo 0oo Deootodo oo 0Oood boo oo toocoodbooo
0uo0otoo [0thd Doboto boo duooooo booo (o 0Uodod 0ot 0o Uidoo0dog ™ bdo
o000

00 0000 Oboooind

I | A m

Q00000 0ooootot oot 0odooootiduol Oooo. oo Lo lodtodu 0o 0oo deoo
0000000 fobooooo  Dooo 0ouoed oo Uoodoooion Oooot Cdorod Oododdo ood Dood
000 00000 000 00 Q00U [hoooo 00 boooooy U doodi Doo Dio0iotl oo oo
000000 0000000 U 0 Do0toooobot oo o b 0ifoinotool totol toodooo 0o Ooo
00 0o000n 0000000 D00 OUittoooboll 0ofeo oo ittt 0o bootito toidolh mooeo
0

Oo0id  4ool 4dodoot goooooog

0J U000 000000 Doo0ooo 0o 0 Dooool tontoob 0ooo boo boo 0o oo botoog oo
0000 400 000ooo 0odooo 0of0oooo Looo oot o0odo o fditotoUdddolo booooua
000 000 DOOI0QD 00Uoo 000 oo o0 oo foooo fdiotomoodl totooar (otoodoo
0000000000 D00 000Uoodibdidol ood 0odoto booo ot boboioobro booo bo booooo

15



kXjX .22T G2 "MBM;

bi M/IBM; ?B;?@/BK2MbBQM H /i U2X;X BK ;2bVX PM2 Q7 i?2
i?7°Qm;?b BM /22T H2 MBM; 2b2 "+? Bbi?2 BK ;2 2+Q;MBiBQ|
reB+?r b #H2iQ bm T bbi?2 +H bbB+ +QKTmi2 pBbBQM H;Q°
+QKT2iBRERM 42T H2 "MBM; 2 b +?B2p2/ MmK2 ' Qmb KBH2biQ
#2 ;BMMBM; rBi? qOU/kE@B+P? BMi"Q/m+2/ rQ / 2K#2//BM;b M/ bl
MB}+ MiHv BKT Qp2/i bFb HBF2 b2MiBK2Mi M HvbBbX MQi?2
/22T H2 "MBM; Bb :2M2" iBp2 /p2 b 'BRB-L2INM@mb2U7QbV (
i?72B° #BHBiviQ ;2M2 i2/ i -BM+Hm/BM; BK ;2bX

kXjXj GQbb 6mM+iBQMb M/ PTiBKBxXx iBQM

HQbb 7mM+iBQM Bb K2 bm™ #H2 r v Q7 2p Hm iBM; K +?BM
HBF2 M2m' H M2irQ F# b2/ QM T2 7Q K M+2X .Bz2 2Mi HQbb
[2T2M/BM; QM i?2 bT2+B}+ TTHB+ iBQM- 7Q" 2t KTH2- i?2 K2
r?2°2i?22 2°°Q  Bb i?2 /Bz2 2M+2 #2ir22M i?2 i *:2i Ur? i M2ir:
T 2/B} ¥ M/ T 2/B+iBQMUr? i M2iyQ/ B~ 248 KiRQ-M QM 2 X

1 X 5 .
Jal=— (i %) UKXRjV
i=1
" b2/ QMi?2HQbb7mM+iBQM- MQTiIiBKBx2 + MmT/ i2i?2T ~
Q7 KQ/2H bQ i? ii?2 Qp2° HH HQbb Bb KBMBKBx2/X :* /B2Mi /
K2i?Q/ Q7 QTiBKBx iBQM i? imT/ i2b 2 +? r2B;?i # b2/ QM Bib ;
iBp2HvVX PM2 +QKKQM p2 ' bBQM Q7 ;" /IB2Mi /2b+2Mi Bb biQ+? ¢k
Ua:.Vr?B+? BKbiQ+ H+rmH i2i?2 ;" /B2Mi # b2/ QM QM2 b KT
bi2 / Q7i?2r?QH2/ i X AMbi2 /Q7 QM2 b KTH2-Bi+ M HbQ mb
Q7b KTH2b i2 +?2 mT/ i2-r?B+? Bb+ HH2/ KBMB@# i+? ; /B2



kX9X .22T _2BM7Q +2K2Mi G2 "MBM;

/ K PTiBKBx2"

AM i?Bb i?2bBb-i?2 / KQTiIiBKBx2 Bb mb2/iQ +QM/m+ii?2 2tT
(RNBb M a:. QTiBKBx2  rBi? irQ 2ti2MbBQMb //2/- KQK2MimK
J2 M a[m "2 S'QT ; iBQM U_JaS QTVX 6B biHv- / K mb2b i?2
i2+?MB[m2 r?B+? rBHH ++2H2 i2 ;" /B2MibBMi?2 "B;?i /B 2+il

KQpBM; p2° ;2 Q7i?2; /B2Mib M/ //BM; i?Bb iQ i?2 mT/ i2X
~JaS'QT Bi K BMi BMb KQpBM; p2' ;2 Q7 i?2 b[m "2 Q7 i?2 ;°
/IBpB/2b i?2 ;" /IB2Mi rBi? i?72 "QQi Q7 i?Bb p Hm2- / TiBM; i?2
7Q 2 +? T K2i2 X _JaS QT ?2HTb i?2 T ~ K2i2 b rBi? ?B;? ;°
bK HH2 mT/ i2 bi2Tb M/ T  K2i2 b rBi? HQr2 ; /B2Mi mT/ iZ2
bi2TbX

kX9 .22T 2BM7Q +2K2Mi G2 "MBM:

22T "2BM7Q +2K2Mi H2 "MBM; Bb ii?2 BMi2 ' b2+iBQM Q7 /22
7Q +2K2MiH2 "MBM;- M/? bi?2 /p Mi ;2Q7 mbBM;i?2 2T 2b2
/22T M2m~ H M2irQ FbiQ T'Q+2bb ?B;?@/BK2MbBQM H BMTmi /
bQHP2 "2BM7Q +2K2Mi H2 "MBM: T Q#H2Kb rBi? H ;2 bi i2bT
+iBQM bR X2 (

kKX9XR .22T _2BM7Q +2K2Mi G2 MBM; BM : K2b

PM22 "Hv#' 2 Fi?"Qm;? BMi?Bb }2H/Bb i?2 .22T Z@L2irQ F U.z
.ZL mb2b /22T M2m  H M2irQ F iQ TT QtBK i2 i?2 Z p Hm2b
iQ ? M/H2 +QKTH2t H2 "MBM; 2MpB QMK2Mib bm+? b i?Qb2 7Q
#v mbBM; i?2 2MiB 2 b+ 22M QKA) XBh 28 bm b2 BQWT nZilb M/ Bib
bm++2bbQ b ? p2 HHQr2/ "2b2 “+22'biQ i +FH2 p bib2i Q7 p
}1'bi@T2 bQMb?QQi2 b KYKT®MQh22KIBQKBM2Mi 2t KTH2 Q7 ._C

Rd



kX9X .22T _2BM7Q +2K2Mi G2 "MBM;

Bb HT? :Q-r?B+2r b #H2 iQ K bi2  i?2 ; K2 Q7 :Q M/ +2?B2p

Qp2  i?22 ?2mK M rQ H/ kBXKAB Q@ Ki?2 BMi2 2biBM; 2t KTH2 Q7 .

BM; K2b Bb HT? ai - +°2 i2/ #v .22TKBM/- i?Bb T°QD2+i BKD
M/K bi2 > H2p2H BM ai “*  7i AAX

kX9Xk Pi?2 TTHB+ iBQMb Q7 .22T _2BM7Q +2K2Mi G2 "MBM

Pi?2 i? M; K2b-. G ? b #22M bm++2bb7mH BM p "BQmb }2H/b
kRX .22TKBKB+ mb2b "2BM7Q +2K2Mi H2 "MBM; iQ i’ BM bB}
i? i+ M BKBi i2 p BQmb bEBHHb bm+? kj)MMW@NM2 M/ DmKT|
BMi2 2biBM; 2t KTH2 Bb aBK@iQ@ 2 Hi > Mb72 r?2°2 K2i?Q/ i
i BM2/ BM bBKmH iBQM iQ "2 H@rQ H/ "Q#Qi Bb T°QTQb2/ #
bBKmMH iQ 6b /vM KB+b /m BM;i° BMBM;-2M #HBM:; i?2 ;2MiiQ
TQHBK®RD (

KX9Xj .22T Z@L2irQ F

Z@H2 "MBM; mb2b i #H2 iQ biQ 2 i?2 [@p Hm2b- #mi i?Bb Bb |
bi i2 M/ +iBQM bT +2bX .22T Z@L2irQ ' F +QK#BM2b i?2 B/2 Q
M/ Z@H2 MBM;- Bi mb2b /22T M2m  H M2irQ F iQ 2ti~ +i 72 i
/IBK2MbBQM HBMTmi/ i M/ mb2b Z@H2 MBM;iQ mT/ i2i?2 M
6B;mKXB?Qrb M QmiHBM2 Q7 /22T Z@M2irQ F r?BH2 BMi2 +
2MpB Q Mig2Mi (

.ZL r b i2bi2/ QM i "B keyy bBM;H2@TH v2' ; K2b M/ 2 +?2
H2p2H T2 7Q K M+2 + Qbb 9Nk§X BAMeiyA2; #RHOF 2[m iBQM- Bi
Bb b?QrM ?Qr i?2 h. mT/ i2 BM [@H2 "MBM; Bb mb2/iQ /2}M2 i
/22T M2m™ H M2irQ FX LQi2i? ibBM+2 BK ;2b 7 QK 2KmH i2/ i
?2 p2 #22M mb2/ b i?2 M2irQ " F6b BMTmi- +QMpQHmMIiBQM H H v?2
2ti° +iBM; 72 im 2b 7 QK i?2KX h?2 /22T Z M2irQ'F HbQ mb2b 2

R3



kX9X .22T _2BM7Q +2K2Mi G2 "MBM;

M/ i :2i M2irQ FiQ B/i?2i BMBM; T Q+2bbX

6B;m 2 kX9, .ZL “+?Bi2+im'2 BM "2BM7Q +2K2Mi H2 "MBM; b2imTX h?2
M2m™> H M2irQ F U.LLV iQ TR QtBK2B 7T /Bz2 2Mi +iBQMb ;Bp2M i?2 +m""
bi iZ®X h?2 2r '/ 7°QK i?2 2MpB " QMK2Mi Bb mb2/ iQ + H+mH i2 i?2 2°°Q"
T 2/B+Q2@p Hm2 7 QK i?2 M2irQ ' F QM@ p?RRm2X2ih?Bb 2°°Q - Q" HQbb- ;mB/2
i72 QTIBKBX iBQM Q7 i?2 M2irQ F- 2M #HBM: Bi iQ KQ 2 ++m" i2Hv T 2/B+i
+iBQMb- i?mb BKT QpBM; i?2 ;2Miéb TQHB+v Qp2  iBK2X

0 1
Q(a;s) Q(a;s)+ %)rs + maxQ(a®s) Q(a § UkXR9V
| ?{)?;Zi } TP_‘f%,ESg-iBQM

1tT2'B2M+2 2TH v

AMi?2 Q B;BM H2tT2 B2M+2 "2TH v-i?2 2tT2 B2M+2 Q7 i?2 ;2
(s;a;2r) Bb biQ 2/ BM #mgBDbri?2 2m "2MiBld i22 +m " 2Mi

+iB@MBDb i?2 M2ti birn2BbMi/?2 +m > "2Mi “2r /X i 2 +? i° BMBM;
2TQ+?- # i+?2 Bb mMB7Q KHv b KTH2/ 7 QK i?Bb #mz2 X h?B
rBi? # 2 FBM; i?2 +Q "2H iBQM #2ir22M +QMb2+miBp2 2tT2 B2

RN



kX9X .22T _2BM7Q +2K2Mi G2 "MBM;

h ";2i L2irQ F

A7 r2 HQQF ii?2 i “;2i p Hm2 M/ T 2/B+iBQXM®PiHED2 BM 1[m |
TT "2Mi i? i #Qi? i?2i “;2ip Hm2 M/ i?2 T 2/B+iBQM +QK2 7"
M2irQ F-r?B+? + M+ mb2 T"Q#H2Kb HBF2 mMbi #H2 QmiTmiX
M2irQ Fi? i /Q2bM&imT/ i2 b7 2[m2MiHv bi?2 K BM M2irQ F
i?72°2#v 2M? M+BM; i?2 H;Q Bi?K6b bi #BHBivX i2 +?i° BMBM
+ H+mH i2/ mbBM; i?2 i “;2i M2irQ'F M/ 6T 2/B+iBQM6 Bb + H-
K BM M2irQ FX 7i2° +2°i BM MmK#2 Q7 bi2Tb-i?22i *;2i M2irg
T2'BQ/B+ HHViQ K i+? i?2 K BM M2irQ FX

22T Z L2irQ°F H;Q ' Bi?K

SMiiBM; HH i?2 /Bz2 2Mi +QKTQM2Mib Q7 .ZL iQ;2i?2 - i?Bb B
H:Q Bi?K 7TmM+iBQMb, 6B bi- K2KQ'v#mz2 Bb BMBiB HBx2/
2M+2bX "Qi? K BM M/ i “;:2iM2m> H M2irQ'F "2 BMBiB HBx2

AM 2 +2 2TBbQ/2- i?2 ;2Mi b2H2+ib M +iBQM # b2/ QM i?2
TQHB+v-2t2+mi2bi?2 +iBQM-"2+2Bp2b “2r /- M/i  MbBiBQN\
h?2 ;2Mi6b 2tT2 ' B2M+2- BM+HmM/BM; i?2 +m  2Mibi i2- +?2Qb2M
M2ti bi i2- Bb biQ 2/ BM i?2 K2KQ v #mz2° X L2ti- # i+? Q7 T b
Bbb KTH2/ 7°QK i?2 #mz2°X 6Q 2 +?2 b KTH2/ 2tT2 B2M+2- i?2
Bb +QKTmi2/ mbBM; i?22i ;2i M2irQ ' FX h?2 K BM M2irQ F Bb i?
/DmbiBM; Bib r2B;?ibiQ KBMBKBxXx2i?2 /Bz2 2M+2 #2ir22M Bib
M/ i?2 +QKTmi2/ i ;2CoKidPpRN?2 i “;2i M2irQ ' F Bb mT/ i2/ #v
+QTVBM; r2B;?ib 7°QK i?2 K BM M2irQ ' F iQ 2M? M+2 i’ BMBM;
+V+H2 biQTb 7i2° bT2+B}+ + Bi2 B Bb K2i-7Q 2t KTH2- 7i2°
Q7 2TBbQ/2bX
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kX9X .22T _2BM7Q +2K2Mi G2 "MBM;

kX9X9 .22T Z@L2irQ ' F //BiBQMb

q?2M +QK#BMBM; i? 22 2H2K2Mib, QzZ@TQHB+v- 7TmM+iBQM TT
bi> TTBM;- /2 /Hv i'B RPXTT2RMbBHY i'B / K v "2bmHi BM bHQr

+QMp2 ;2M+2 M/ mMbi #H2 i° BMBM; "2bmHibX hQ pQB/ i?2 /
/IBIiBQMb ? p2 #22M //2/iQ i?2 "2:mH ~.ZL U HbQ FMQrM b o

iQ ?2HT i?2 H;Q Bi?K +QMp2°;2iQ HQ+ HQTiBKmK 7 bi2 > M/
h?2irQ //BiBQMb i? i ?2 p2 #22M mb2/ BM i?2 K BM 2tT2 ' BK2Mik
"2 S'BQ'BiBx2/ 1tT2 ' B2M+2 2TH v M/ .Qm#H2 .22T Z L2irQ F

S'BQ ' BiBx2/ 1tT2'B2M+2 _2TH v

q?2M b KTHBM; 2tT2 ' B2M+2b 7 QK i?2 #mz2  BM i’ /BiBQM H 2
2 +7 2tT2°B2M+2 ? b i?2 b K2 +? M+2 Q7 #2BM; +?2Qb2MX AM
2tT2 B2M+2b ? p2 /Bz2 2Mi 2z2+ib QM .ZL i BMBM:X S 'BQ'B
"2TH v USKA Mi2bi?2h.2°Q b T BQ BivK2 bm 27Q 2 +? 2t1
h.2 "Q Bbi?2/Bz2 2M+2 #2ir22Mi?2 T 2/B+i2/ M/i “;2iZ@p Hr1
i72p HmM2 Q7 i?2h.2°Q -i?2:;°2i2 i?2 T Q# #BHBivi? i i?Bb 2
#2 D2H2+i2/ 7Q  i° BMBM:X S1_+ M ?2HT i?2 H:Q Bi?K +QMg
T'BQ BiBx2b mbBM; i?2 KQ 2 BM7Q K iBp2 2tT2 B2M+2b } biX

kKX9X8 .Qm#H2 .22T Z L2irQ Fb

Pp2 2biBK iBQM Q7 +iBQM o Hm2b

h?2 i2Max.eQ(a%s®) BM 1[m iKXREHB2b QM i?2 b K2 b2i Q7 Z p Hm2
7Q° #Qi? i?2 b2H2+iBQM M/ 2p Hm iBQM Q7 M +iBQM r?B+?
iBK iBQMX +iBQM b2H2+iBQM + M #2 /2+QmTH2/ 7°QK i?2 2p
/IBz2 2Mi M2m™ H M2irQ ' Fb- QM2 7Q  b2H2+iBQM M/ QM2 7Q" 2
I ;2 M2irQ ' Fi? ir b/Bb+mbb2/KkEKMXM2 A2 MBZYNQ 2p Hm i2

i?72 +iBQM-r?BH2 i?2 K BM M2irQ ' F/Q2b i?2 +iBQM b2H2+iBC
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kX8X h” Mb72° G2 "MBM;

iBQMb #2HQr b?Qr ?2Qr i?2 + H+mH iBQM Q7 i?2 6i “:2i6 BM i?2
'QBM; 7°QK 0 MBHH .ZL iQ kQmZMN@s;ZL () /12MQi2b i?2
i :2i M2irQ FX

r+ max ,Q(s® a; ) UkXR8V
h?2 Qm#H2 Z@H2 MBM; i ;2i+ Mi?2M #2 r Bii2M b,
r+ Q(s“,argmaaxQ(sa,a; ), ) UKkXReV

kX8 h” Mb72° G2 MBM;

h> Mb72  H2 "MBM; '272°biQ mbBM; FMQrH2/;2: BM2/7°QK QM
/QK BMb iQ BKT ' Qp2 H2 M2 BM i “;2i/QK BMX h> Mb72" H2
"2 TTHB2/iQ #Qi? i’ /BIiBQM H K +?BM2 H2 "MBM; i2+?MB[m2
M2irQ FbX IbBM: i Mb72  H2 "MBM; +QmH/ "2bmHi BM KQ 2 2{
#2ii2° T2 7Q K M+2 bBM+2i?2bQm +2 /QK BMUbV ? b H 2 /vm
+QmH/ #2 H2p2® :2/ 7Q 3K M2ri bF (

kXe h” Mb72° G2 MBM; BM _2BM7Q +2K2Mi G2 "MB

*QK#BMBM; i° Mb72  H2 "MBM; M/ _G HHQrb 7Q  [mMB+F2  H2
KQ 2 +QKTH2t TKQ¥HZKMWN72 H2 "MBM; BM "2BM7Q +2K2Mi H2
#2 /[BpB/2/BMiQ i?2 7TQHHQIBM; + i2;Q B2b, “2r */b? TBM;- H2
bi> iBQMb- TQHB+v i® Mb72 - BMi2 i bF K TTBMkKNXM/ 2T 2b2M
aQK2 MQi #H2 2t KTH2b Q7 i° Mb72> H2 "MBM; BM "2BM7Q +2}
7QHHQrb, h> Mb72° H2 "MBM; Bb TTHB2/iQ “2H iBQM H 2;
H2 "M ;2M2° HBx2/ BEXTmM¥BB MM(/ :QHREB?,Qr i? i

i° Mb72 "BM; FMQrH2/;2 #2ir22M bHB;?iHv KQ/B}2/ _G 2MpB QN
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kXeX h® Mb72° G2 "MBM; BM _2BM7Q +2K2Mi G2

T Qp2/ mbBM; :2M2" iBp2 /p2°b "B HL2irQ ' Fb U: LbV rBi? BKB
BM;X Mr > M/ _ v+?Qk/7@RQMbi’ i2 i?2 2z2+iBp2M2bb Q7 i M]
H2 "MBM; BM /22T _G 7Q° miQMQKQmb M pB; iBQM BM i?2 IM
SH2BM2bjR)i THET(Qb2 bBK@IiQ@bBK i® Mb72 -i" Mb72 "BM; FM(
BM HBKBi2/ IMBiv2M;BM2 BKTH2K2Mi iBQM Q7 _Q+F2i G2 ;m
b?QrBM; i? i FMQrH2/;2 [mMB+FHv H2 M2/ BM bBKTHB}2/ 2Mp
mb27mHBM KQ 2 +QKTH2t 2MpB QMK2Mij®) "THZb2Mi/ S2°2x@ C
"2b2 "+?2 QM i?2 222+iBp2M2bb Q7 T'2@i° BMBM; am++2bbQ" 62
i?72B° FMQrH2/;2iQ M2ri ;2ii bFb rBi?Qmi 7m’i?2 i BMBM;X
JMHH2 @" Q+F? MmY)2ZMimB K20 i?2 /B{+mHiv Q7 i° Mb72 > H2 |
'2M2° HBxBM; iQ /Bz2'2Mi T'Q#H2K p "B iBQMb M/ i?2 M22/ 7
K “FiQ i2bii> Mb72° H2 "MBM; BM _GX h?Bb Bb M QM;QBM; +
7m i?2 bim/B2bX

a?B7iBM; i?22 7Q+mb iQ "2b2 "+?i? i Bb +HQb2HV "2H i2/iQ i’
; K2b- JBii2H 2eXBMK Q/m+2 K2i?Q/ 7Q  i° Mb72 " "BM; FMQrH?Z
ir22M _G ;2Mib +°Qbb /Bz2 '2Mi; K2bBMi?2 i "Bkeyy2MpB Q!
i? M /DmbiBM; T '2@i° BM2/KQ/2H7Q i?2i ";2i; K2-i?2vi Bl
;2Mib bBKmHi M2QmbHv-2 +? mbBM; /Bz2 2Mi pBbm H 2T 2b?2
P K2X J+1r M 2jdHRTHQ 2/ FMQrH2/;2 i° Mb72" #2ir22M ; K2 p °
7Q ;2M2  H; K2@TH vBM;X h?2v /2p2HQT2/ 2?B2  "+?v Q7 ;2I
iBQMb M/ 2tTHQ 2/ i?2 2{+B2M+v Q7 irQ /Bz2 2Mi K2i?Q/b Q7 i
mMbBM; M2irQ ' Fi? i? b#22M T 2pBQmbHVi° BM2/ QM ; K2 p2
i?7 i +QK#BM2b KmHiIBTH2 2tT2'i M2irQ ' FbX PM2 Q7 i?2B" K2i?
bBKTH2 M2irQ F i Mb72 - r?2°2i?2 bQm +2 M/ i?2 i ;2i M2ir
b K2bi'm+im 2 M/i?2v +QTvi?2r2B;?ibH v2 " @rBb2- bBKBH °
i° Mb72  mb2/ BMi?Bb bim/vX
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kXdX i "B keyy

kXd | B keyy

h?2 i "BoB/2Q *QKTmi2 avbi2K U i "Bo*aV Bb pB/2Q ; K2 +Q
rb} bi " 2H2 b2/ BM RNdd M/ r b H i2" "2M K2/ iQ i "B keyyX
keyy r bi?2 } bi i Bob + i B/;2@# b2/ pB/2Q ; K2 +QMbQH2
BKTQ' i Mi QH2 BM BMi Q/m+BM; BMi2 +? M;2 #H2 ; K2 + i B/,
iQ 2MDQV KmHiIBTH2 ; K2b QN3 X BRE ; kikBPQMb QHBK ;2

Q7 i?2 i "B keyy +QMbQH2X h?2 T'BK v +QMi'QHH2  7Q" i?2
DQvbiB+FX h?2 DQvbiB+F BM+Hm/2b M 3@/B 2+iBQM H biB+F
/B 2+iBQMb, 7Qm > 7Q  mT- /QrM- H27i M/ “B;?i- M/ 7Qm" KQ":
Q7 /D +2Mi brBi+?2b, mT@H27i- mT@ B;?i- /IQrM@H27i- M/ /
#miiQM b2 p2b b i?2 T'BK 'v +iBQM BMTmi- +QKKQMHV mb2/
}1’'BM; Q° DmKTBM; BMp "BQmb ; K2bX 6Q" ; K2b "2[mB 'BM; T 2
HQM; QM2 tBISBRMM/"2 FQmii "B BMi"Q/m+2/i?2 T //H2 +QM@
i"QHH2'bX 1 +?2 T //H2 72 im'2b Qi iBM; /B H7Q" M HQ; +Q\
+iBQM #miiQM- b b?C®EBM 6B;m" 2

kXdXR > "/r "2 M/ GBKBi iBQMb

h?2 i "BkeyyBb 2K "F #H2 TB2+2 Q7 ? /r "2-rBi? MmK2 Qml|
bBQMb K /2iQ "2/ m+2 T Q/m+iBQM +QbibX Aimb2bi?2 JPa e8y
Bb +?22 T2  p2°'bBQM Q7 JPae8yki? i+ M //'2bb 72r2° K2KQ" v
iBK2- JPa ey8k Bib2H7 r b M zQ '/ #H2 +?BT i? ir b 7 bi +QKT
+QKT2iBM;jBPBHBZL JPae8yd? bi?B i22M //"2bb HBM2b- +QKT
bBti22M BM i?72 JPa e8yk-r?B+? HBKBib BiiQ //"2bbBM; QMHV
HQM;bB/2 i?2 HBKBi iBQMb Q7 i?2 T°'Q+2bbQ - i?2 + "i'B/;2 B
/[1"2bb HBM2b i? M r? ir b T°QpB/2/ #v i?2 T'Q+2bbQ 6b T +F
i?72 bvbi2K iQ QMHv //°2bb 9EB" Q7 + "ijBX2>@Fr2pR2QM+2 (
i2+?MB[m2 + HH2/ 6# MF brBi+?BM;6- HHQr2/ + "i'B/;2b iQ &
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kXdX i "B keyy

6B;m 2 kX8, MBK ;2 Q7i?2 i B keyyrBi? DQvbiB+FX RN3y p2 ' bBQMX *:
Tm#HB+ /QK BMX

UV CQVbiB+F U#V S [/H2

6B;m 2 kXe, i "B keyyDQvbiB+F M/ T //H2bX * 2/Bi, 1p M KQb- Tm#HB

b2+iBQMb Q7 +Q/2 r?22M i?2 *S1 iQm+?2b bT2+B H b2i Q7 bQ7i
BM _PJ //°2bb W% hPBbr v- h?2 + i'B/;2 mb2b i?2 b K2 9EB"
[>2bb bT +2 #mi + M Qp2 +QK2 i 'B6b K2KQ v HBKBi iBQMb M
+QKTH2t; K2bX
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kX3X i "Bkeyy M/ "+ /2 G2 MBM; 1MpB"QMK2M

h?2 i "BkeyyM22/2/Qi?2 +?BTb7Q T Q/m+BM; bQmM/ M/ ;"
MQi 2[mBTT2/ rBi? 2MQm;? K2KQ'viQ biQ'2 M 2MiB 2 b+22M
BM 7 K2 #mz2 - HBF2 KQ/2 M bvbi2KbX AMbi2 /- i "B mb2/
+ HH2/ h2H2pBbBQM AMi2'7 +2 / TiQ jBWAW?ZQi" iBBb Tm TQb
T Q+2bbQ BMi2'7 +2b rBi? i?2 hA M/ Bi ;2M2" i2b pB/2Q Qmi-
HBM2 #v HBM2- bvM+? QMBx2/ rBi? i?2 * hdb 2H2+i QM #2 KX
; K2b BM i "B keyy- T'Q;  KK2'b? /iQr Bi2 +Q/27Q 2p2'v b+
7° K2 #v r'BiBM; iQ hA BM iBK2-bQ i? ii?2 /BbTH v +QmH/ b?2C(
i?72 b+ 22MX h?Bb Bb + HH2/ §3)%XBM; i?2 #2 K0 (

JQ 2Qp2 - h?2 i B keyy HbQ BM+HmM/2b i?2 e8jk _ JTAMTm
hBK2' U_APhV +?BT i? i +QK#BM2b i? 22 2bb2MiB H +QKTQM?2
_J-irQ3@#Bi BMTmifQmiTmi TQ ib7Q +QKKmMB+ iBQM rBi?
HBF2 +QMi QHH2 b- M/ T Q; KK #H2 BMi2'p HiBK2 iQ bvM
2t2+miBQM rBi? bvbi2K QT2 iBQMb bm+#43)Xo ;- T?B+b "2M/2 BN

kX3 i B keyy M/ "+ /2 G2 "MBM; 1MpB " QMK2M]

h?2 "+ /2 G2 "MBM; 1MpB " QMK2Mi U G1V +ib b M BMi2 7 +2
i "B keyy ; K2 2MpB " QMK2MibX h?2 i "B keyy rb "2H2 b2/ Bl
Qp2 8yy ; K2b r2'2 /2p2HQT2/ 7Q " Bi- +Qp2'BM; # Q / ;2M 2
+iBQM@ /p2Mim 2- TmxxH2b M/ b?QQi2 bX .2bTBi2i?2 p B2i
? /r " 2Bb bBKTH2- RXRNJ?x *SI M/ +QMbQH2 J Q7 Rk3 #vi.
Gl mb2b ai2HH - MQT2M@bQm +2 i B2KmH iQ ' X G1T Qp
rBHH // "2BM7Q +2K2Mi H2 "MBM; T Q#H2K b2iiBM;b HBF2 2
+iBQM # b2/ QM i?2 b+Q 2 M/ r?22i?2 i?2: K2 ? b2M/2/ Q" MQ
i?72 ; K2bX M 2TBbQ/2 #2;BMb QM i?2 }"bi 7° K2 7i2° "2b2i +
Bbi2 ' KBM i2/ r?2M i?2 j)K2AMM/®1(- ; K2 b+ 22M Bb Rey #v kRy
TBt2HbN/ R3 +iBQMb + M #2 2Mi2 2)XB DQVbiB+F (
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KXNX 1b2 Q7 i "B 1MpB QMK2Mib BM _2BM7Q +2K2Mi

kXN 1b2 Q7 i 'B1MpB QMK2Mib BM 2BM7Q +2K2M]

BM:;

AM Qm  2KTB B+ H bim/v-r2 +?Qb2 i2M /Bz2 2Mi i B keyy 2M
PB/2/ #v :VKM*XUBYMKOBM;H2 TH v2'V MERUIBMITWQQ bV X

"Qi? Q7 i?2b2 HB# "'B2b mb2 i?2 G1 b i?2B # +F#QM2 7Q B
+H bbB+ i "B keyy ; K2bX h?2 2 ? p2 #22M MmK2 ' Qmb ii2KTib
;2Mib iQ TH v i "B keyy ; K2b mbBM; _GX PM2 Q7 i?2 KQbi MQi
K2Mib Bb r?2M .ZL "2 +?22/ ?mK M@H2p2H T2 ' 7Q K M+2 + Qbtk
; K2bk@X 7i2° i?Bb #°2 Fi?"'Qm;?- Qi?2° H;Q Bi?Kb M/ BKT Q
.ZL bm+? b _ BM#Qr .ZL M/ T2@s .ZL ? p2 b?QrM T"QKBbBM;
M/ BM bQK2 + b2b bm T bbBM;X ZIQ " 2bmHPIM{HV- MQp2H T@
T Q +?2 Q7 +°2 iBM; M mtBHB v "2r '/ mbBM; BMbi m+iBQMb =
K Mm Hb Q7 i?2 i B keyy ; K2b ? p2 b?QrM BKT Qp2K2Mi BM
M/ i° BMBM;QMRBQ(C i?72 Tm TQb2 Q7 i?Bb bim/v-r27Q+mb QM i
.ZL H;Q'Bi?Ki? iBb+QKKQM T rBi? i "B; K2bX g2 mb2 .ZL rBi?

Q7 BKT Qp2K2Mib bm+? b T'BQ BiBx2/2tT2 ' B2M+2 "2TH v M/
B/ i?2i BMBM; T'Q+2bbX AMi2 ' Kb Q7 mbBM; .ZL BM KmHIB@
2i HX ? p2 +QM/m+i2/ bim/vr?2°2i?2v mb2/i /BiBQM HHv b
;Q ' Bi?Kb UBM/2T2M/2Mi H;Q Bi?KbV BM KmHIiB@ ;2Mi 2MpB C
KmHIB@ ;2Mi H;Q Bi?Kb BM i?Qb2 2MpB " QMK2Mib M/ b?Qr2/
HBF2 7TmHHv Q#b2 ' p #H2 +QQT2  iBp2 b2iiBM; BM/2T2M/2Mi
7Q K KmHIB@ ;2Mi H;Q Bi?KbX h?2B i ;2i KmMmHIB@ ;2Mi 2Mp
i?7°22 i Bkeyy "GBZEMIQ#Qi SMaT +2 qvX h?2v HbQ mb2/

i "Bkeyy_ JBMbi2 / Q7 BK ;2b ®9R 28)Kd @QZbKv BKTH2K2M @

i iBQM/2i BHb "2 BMbTB 2/ #vi?BbrQ ' Fbm+? bi?2 M2irQ " F bi

kK2iiTh,ff;vKM bBmKX7 * K XQ7;
12iiTh,ffT2iiBM;xQQX7 ~ K XQ;f
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kXRyX amKK “v

i?72 bQ7ir "2 mb2/iQ i BMirQ@TH v2  ; K2b M/ bQK2 Q7 i?2 T
bT2+B}+ iBQMbX

kXRy amKK "v

h?Bb b2+iBQM T 'QpB/2b M Qp2'pB2r Q7 7QmM/ iBQM H +QM+
H2 MBM;- HQM; rBi? i?2B  BMi2; iBQM M/ TTHB+ iBQMbX A
G +QM+2Tib bm+? bi?2 ;2Mi@2MpB " QMK2Mi BMi2" +iBQM N\
+BbBQM S ' Q+2bb2bX E2v 2H2K2Mib HBF2 TQHB+v- p Hm2 7m\
#2ir22M 2tTHQ ' iBQM M/ 2tTHQBi iBQM ‘2 /Bb+mbb2/- HQM; r
i2KTQ  H/Bz2 2M+2 H2 MBM; M/ Z@H2 MBM;X "mBH/BM; QM
b2+iBQM i?2M 2tTHQ 2b /22T H2 MBM; T'BM+BTH2b- 7Q+mbB
/22T M2m® H M2irQ ' Fb- M/ QTiBKBX iBQM i?°Qm;? HQbb 7mM-
iIQ /22T 2BM7Q +2K2Mi H2 MBM;-r?22 /22T H2 MBM; i2+?ME
2M? M+2 G-rBi? bT2+B H ii2MiBQMiQ ; KBM; TTHB+ iBQMb-
L2irQ " FbU.ZLV M/ Bibp B iBQMb HBF2 . Qm#H2 .ZLX 6m i?2 -
BMiQi  Mb72  H2 "MBM;- #Qi? BM ;2M2" H M/ bT2+B}+ HHv rBi
6BM HHv- i?2 +? Ti2  BMi"Q/m+2b i?2 i "B keyy ? “/r "2 M/ Bil
+QM+HmM/BM; rBi? "2pB2r Q7 2H i2/ rQ Fi? i miBHBx2b i "B |
#2M+?K "F7Q '2BM7Q +2K2Mi H2 "MBM; 2b2 "+?X

AM i?2 M2ti +? Ti2 -i?2 "2b2 "+? K2i?Q/QHQ;vBb T 2b2Mi2/ E
BM; i?2b2H2+iBQM Q7 ; K2b M/ 2MpB QMK2Mib mb2/7Q 2tT2 |
i* BMBM; H;Q'Bi?K- M/i?2 2tT2'BK2Mi H+QM};m" iBQMbX //
B+ i2/ b2+iBQM /Bb+mbb2b ?2Qr i "B keyy J+ M #2 mb2/ b M
bm++2bb7mH i> Mb72 - BMi'Q/m+BM; i 'Bkeyy J+QKTH2tBiv
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*2 Ti2" ]

2b2 “+?2 J2i?Q/QHQ;vV

AM i?Bb b2+iBQM- A :Q Qp2 i?2/2i BHb Q7 /Bz2 2Mi i "B keyy
i72 +Q "2bTQM/BM; i "B keyy; K2b mb2/BM i?2 2tT2 ' BK2MibX
M2MpB QMK2Mi 272 biQ bT2+B}+ i '‘Bkeyy; K2+QM}:m 2/l
KQ/2 M//B{+mHivH2p2Hi? iBM+Hm/2b "2BM7Q +2K2MiH2 "N
2MpB QMK2Mib 2 ivTIB+ HHv p BH #H2 BM _G HB#  'B2b- bm
:vKM bBmK- 2M #HBM; bQ7ir "2 ;2Mi iQ BMi2  +i rBi? i?2 ; |
“2r /b # b2/ QM Bib +iBQMb- M/ Q#b2 'p2i?2 bi i2bX L2ti-i?2 "
2t2+mi2/ QM 2p2'v ; K2 #27Q 2 i° BMBM; Bb /Bb+mbb2/- T "iB
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I2iiTh,ffTVTBXQ ;fT°QD2+ifamT2 amBif
92iiTh,ff;Bi?m#X+QKfB{sfK +?BM
8J "BQ ""QbX- 1MiQK#2/-6H ; * Tim'2 M/ am "QmM/
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jXRX .2i BHb Q7 i "B keyy 1IMpB " QMK2Mib M/ : K2

+? MM2H iQ M2irQ'F +QmH/ K F2i?2i° BMBM; KQ 2 /B{+mHi &
Bi ? '/2° 7Q  i° Mb72° H2 "MBM; iQ /Bb+Qp2  i?2 T “ib Q7 Q#b:
+QKTH2i2Hv M2rX hQ pQB/ i?Bb T'Q#H2K- A MMQi i2/ i?2 T °
keyy irQ@TH v2' _ Ji? i "2/B2+iHv "2H i2/iQ TH v2 QM2 Qi
iBQMb Q7 7Qm > Q7 i?2i2M 2MpB " QMK2Mib 2 BMbTB 2/ #v i?2

i "B MMQi i2/ _J AMBYX k22( MMQi iBQM Bb /QM2 mbBM; #Qi"
S2iiBM;wQQ M/S*Blkeyy 2KmH iQ "X Pm 7Q+mb Bb K BMHv QM
i?7 i +QmH/ z2+i TH v2 6b; K2TH vbm+? bTH v2'b6 HQ+ iBQNM
MmK#2" Q7 2K BMBM; HBp2bX 7i2° MMQi iBM; i?2/2bB 2/ T °
S2iiBM;wQQ +mbiQKr> TT2 i? irQmH/ " 2+QMbi'm+ii?2 Q#b2"
irQ #v br TTBM; i?2 "2H i2/ T "ib Q7 TH v2  irQ rBi? TH v2'  QM2X
i?Bb "2+QMbi'm+iBQM Bb M Q#b2'p iBOQM 7 QK i?2 T2 bT2+iBj
i?2Qm;?i?2 _Jbii2r bQ B;BM HHv+ Tim 2/ r?2MTH vBM; b Tt
i?Bbr v-A2Mbm 2 i? ii?2 M2irQ ' F+ MbiBHH TH v b TH v2 irC
i?72 "B;?1/2+BbBQMb # b2/ QM i?BbX

MMQi iBQM S Q+2bb

hQ MMQi i2 M i B keyy; K2-A}'biTH vi?2; K2 mbBM; S2iiB
IBbTH vi?2  J+QMi2Mib 7i2°2 +? +iBQMiQ Q#b2 ' p2i?2 +? M;
Q#b2 p iBQMb- A B/2MiB7v F2v ; K2 /2i BHb bm+? b i?2 HQ+ il
i?72B b+Q 2b- M/ i?2 MmK#2 Q7 HBp2b 2K BMBM;- B7 TTHB
Kv ?2vTQi?2b2b mbBM; M i "B keyy 2KmH iQ" + HH2/ S* 1 Ub?C(C
jX¥- r?B+? HHQrb K2 iQ Hi2 i?2 _ J +QMi2Mib r?BH2 i?2 ; K2
M/ Q#b2 p2 i?2 2z2+ibX 6Q BMbi M+2- B7 A bmbT2+ii? ii?2 |
i?72 _J 2T °2b2Mib i?2 b+Q 2 Q¥TTH2vVRM @ M22B N ;2 i?Bb

p Hm2 M/ +?2+F B7i?2b+Q 2 QM i?2 b+ 22M mT/ i2b ++Q /BM
MMQi iBQM Bb p2°'B}2/X

E2iiTh,ff2KmiQTB X+QKfBM/2tXT?Tf2KmH iQ bfBi2Kfkdy@ i "B@keyyfRNe@T+ 2
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jXRX .2i BHb Q7 i "B keyy 1IMpB " QMK2Mib M/ : K2

6B;m 2 jXk, MBK :2 Q7 i?2 S* 1 2KmH iQ  2MpB " QMK2MiX h?2 "B:?i bB/2 b
#2BM; TH v2/ rBi? 2KmH iBQM +QMi ' QHH2 b- i?2 H27i bB/2 b?Qrb i?2 /2#m
_J+QMi2Mi M/ QTiBQMb iQ +? M;2i?2 p Hm2bX

9R



jXkX h?2 H;Q ' Bi?K

iXk h?2 H:Q'Bi?K

/Qm#H2 /22T Z@M2irQ F b2 p2b b i?2 T'BK v "2BM7Q +2K?2
Q' Bi?K 7Q  i° BMBM; BM #Qi? bBM;H2@TH v2' M/ irQ@TH v2
2M? M+2 i° BMBM;- T'BQ BiBx2/ 2tT2 'B2M+2 "2TH v Bb 2KTH!
KQ 2 bB;MB}+ Mi 2tT2 ' B2M+2b "2 ;Bp2M T BQ BivX 7mHHv +

H M2irQ F- b? "BM: i?2 b K2 “+?Bi2+im 2 7Q" #Qi? bBM:H2¢
TH v2  ; K2b-Bb mb2/iQ K TRKk3@#Vvi2 Q#b2 p iBQMb iQ i?2 +i
p "B2b + Qbb 2MpB QMK2Mib #mi "2K BMb +QMbBbi2Mi #2ir22
M/irQ@TH v2 p2 'bBQMb Q7 2 +? ; K2X h?2 /2i BHb Q7 i?Bb M

2vT2 @T ° K2i2'bmb2/7Q i BMBM; XKl #2 7QmM/ BM h #H?2
h #H2 jXe, >vT2 T °~ K2i2°'b mb2/BMi° BMBM; 7Q" #Qi? bBM;H2@TH v2° M/
>vT2 T ° K2i2° 0O HmM2 7Q  bBM|/HBR@MR2 V®) irQ@TH v2°
TMHHv@+QMM2+i2/ Hl v2 |/ BRXMKEBQ M|b 8Rk“k8e
MmK#2 Q7 iQi Hhi2Th Ry-yyy-yyy| J tBKmK Q7 9-yyy-yyy
QTiBKBx2" / K / K
/IBb+QmMi 7 +iQf yXNN yXNN
H2 "MBM; " i2 yXYyyyR yXyyR
# i+? bBx2 jk k8e
"2THv #mz2° bBx2 Ryy-yyy 8yy-yyy
2TbBHQM /2+ v " [i2 Lf d yXNNNNN38
MmK#2 Q7 T > HH2H 2MpB QMK2Mib R
TH v2 k }t2/ 2tTHQ  iiBQM ~ iL2f yXy8
b22/b NN (k9- 9k-8e- NN- jyyy)
b2H7@TH v bi2T Lf 8yyyy

a2H7@TH v Bb mb2/ iQ TH v i?2 QTTQM2Mi BM irQ@TH v2°
.m BM; i BMBM;- QMHvV i?2 M2irQ ' F Q7 TH v2° QM2 U HbQ + H
+iBp2Hvi> BM2/r?BH2i?2 M2irQ F Q7 TH v2 irQU HbQ + HH2/
QMHv mT/ i2/ i+2°i BMiBK2 bi2TbX h?Bb 2Mbm 2bi? ii?22 QTT
Bb Hr vb mT/ i2/rBi?i?2 T '2pBQmb ;2M2° iBQMb Q7 i?2 TH v2"
i?2 M2irQ Fb "2 bQH2HV i  BM2/QMi?22tT2'B2M+2b Q7 TH v2°
BbiQ MQii> BMi?2 QTTQM2Miéb M2irQ F b2T ~ i2Hv- 1Mbm BN

dHBM2 */2+ v7 QK RiQ yXy8
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jXkX h?2 H;Q ' Bi?K

/IBbiBM;mBb?2b #2ir22M TH v2°'b R M/ k/m BM; ; K2TH v Bb 2b
Tm TQb2-i?72 K2i?Q/ Q7 ;2Mi BM/B+ iB QM BB +TnTiHBR2/BM a2 +il
BMi?2irQ@TH v2 i B keyyi BMBM;X h?2bQm +2 +Q/2 Q7 i
2MpB QMK2Mib- HQM;bB/2i?2 ;2Mi BM/B+ iBQM +mbiQK r’ TT
1?72 TT2M/BH2hb X

h?2 1TbBHQM .2+ v

AMirQ@TH v2 i BMBM;-i?2 2TbBHQM Bb /2+ v2/ i 2 +? bi2T i
2tTHQ iBQM " i2 ;"  /m HHvV /3Xj2?R2bX?@BThQ2 #BHBiv Q7 2t@
THQ  iBQM 7 QK i?2bi “iBM; bi2TiQi?22M/X h?2 MmK#2 Q7 bi
# b2/ QM ? pBM; ky-yyy 2TBbQ/2b rBi? kyy bi2Tbh 2 +?X

6B:m 2 jXj, h?2 2TbBHQM p Hm2 /2+ v- b i?2 2TbBHQM /2+°2 b2b 7' QK R iQ
2tTHQ  iBQM /2+°2 b2b M/ i?2 T Q# #BHBiv Q7 2tTHQBi iBQM BM+'2 b2bX
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jXkX h?2 H;Q ' Bi?K

iXkXR aQ7ir "2 1b2/ M/ i?2 JQiBp iBQM

hQ bi "ii° BMBM; i?2bBM;H2@TH v2 p2 'bBQMb Q7i?2 i "Bkey:
BM; 7Q° HB#  "vi? i+QmH/? M/H2i?2BMi2°"M HbQ7i?2.ZL H;
r?BH2 #2BM; KQ/mH - HHQrBM; 7Q 2 bv //BiBQM M/ 2KQp H
M22/2/X hB3Bb?QBBM7Q +2K2Mi H2 "MBM; HB M/v # b2/ QM S\
VKM bBmKX AM hB Mb?Qm- Bi Bb TQbbB#H2 iQ i BM M i "B |
rBi? .ZLX aQK2 KQ/B}+ iBQMb r2°2 K /2 iQ 2Mbm 2 i? i i?2 2Mg
7QHHQrOm T '2@T Q+2bbBM; bT2+B}+ iBQMbX AM //BiBQM iC
rb HQQFBM; 7Q° HB# v+ T #H2 Q7 ? M/HBM;i° BMBM; BM ir
;, K2bX hrQ@TH v2" i "B keyy ; K2b ? p2 "2BM7Q +2K2Mi H2 ~
BKTH2K2Mi2/ BM S2iiBM;wQQ-bQ Mv HB#  "vi? i+ M? M/H2 S
i?72Q 2iB+ HHvV #2 #H2 iQ i° BM i 'B keyy 2MpB " QMK2MibX >Qr
T Q#H2K rBi? i?2 +QKT iB#BHBiv Q7 S2iiBM;wQQ rBi? hB Mb?C
/27 mHi bbmK2bi? i HH2MpB QMK2Mib + M 7QHHQr i?2 ;2Mic
U 1*V KQ/2HX AM i?Bb KQ/2H- ;2Mib b2[m2MiB HHv Q#b2 p2 i
i F2 +iBQMb M/ "2+2Bp2 "2r /b7 QK Qi?2° ;2MibX h?Bb Bb /B
0T " HH2HO6 KQ/2H-r?22 HH ;2Mibi F2 +iBQMb iQ;2i?2 M/
2r /b 11?2 b K2 iBK2X >Qr2p2°- i "B keyy 2MpB " QMK2Mib BN
QT2 i2# b2/QM T " HH2H KQ/2H /m2iQ i?2 mM/2"HvBM; HB#
bi'm+im 2/ "QmM/i?Bb TT Q +?X h?Bb K2 Mbi? ir?2M bBKmH
keyy 2MpB QMK2Mib mbBM; G1-i?27 K2rQ FrQmH/ MQi mT/ |
'2Mib ;2i 7°QK i?2 2MpB " QMK2Mi U 2r */V mMiBH HH +iBQMb

;2MibX AM S2iiBM;wQQ- i B keyy2MpB QMK2Mib "2 #v /27 m
"MMMBM; # b2/ QM i?2 1*KQ/2H-#mibBM+2 BM G1i?2b2 2Mpt
+i b i'Tm2 1* KQ/2H-i?2 7° K2rQ'F rBHH MQi mT/ i2 i?2 "2r
QM2 ;2Midb bi2T M/ QMHv mT/ i2bi?2 “2r °/ 7i2° HH ;2Mib ?

32iiTh,ff;Bi?m#X+QKfi?mKHfiB Mb?2Qm
N2iiTh,ffTviQ +?2XQ;f
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iXjX h> Mb72° G2 "MBM;

K F2 bm 2 i? ii?2 KQ/2H K i+?2b i?2 +im HmM/2 HvBM; BKTH2
+ M mb2i?2 6T ° HH2HG KQ/2H 7Q 2 +?2 ; K2 BMbi2 / r?2B+? + N
S2iiBM;wQQX AM hB Mb?Qm-i?2i° BMBM; H;Q Bi?Kb rQ F Qz
i? i 2MpB " QMK2Mib BM S2iiBM;wQQ 2 HH# b2/ QM i?2 1* KQ
BbMQii'm2BMT  +iB+2 b 2tTH BM2/-A? /[iQHQQF7Q" M Hic
BMirQ@TH v2  2MpB QMK2MibX

LQiB+BM; i?2 T'Q#H2Kb rBi? i’ BMBM; KmHIB@TH v2" ; K2b
bTB 2/%¥ A +?Qb2 MQi?2 HB# v+ HH2/ 6J +?BM6 i? i BKTH2
2Mi "2BM7Q +2K2Mi H2 "MBM; H;Q Bi?KbX A //2/i?2 i "B ke
b2imT Kvb2H7- 2Mbm BM; i? i i?2 b2imT Bb T > HH2H BMbi2 / Q
MQ r'QM; bbmKTiBQMb "2 #2BM:; K /2X hQ "2+Q"/i?2 /Bz2 2\
iQ i?2i° BMBM; T'Q+2bb HBF2 i?2 “2r /- +iBQMb M/ i?2 iBK?2
i BMBM; T'Q+2bb- A mb2/ q2B;?ib M/ "B b2b Ugq "VX AM gq " vC
M/ IM2@imM2 KQ/2Hb M/ biQ 2i?2B  HQ;b QM +HQm/7Q 2t

iXj h> Mb72° G2 "MBM;

6Q i?2 i° Mb72° Q7 FMQrH2/;2 7°7QK bBM;H2@TH v2  ; K2 iQ
P2 'bBQM Q7 i?2 b K2 2MpB QMK2Mi- i?2 ;2Mi Bb }'bi i’ BM2/ E
b2iiBM;X 7i2 i?Bbi> BMBM;- HHi?2r2B;?ib "2i Mb72 °2/iQ
M2irQ FiQ #2 i° BM2/ BM irQ@TH v2 b2iiBM;X hQ K F2 i?2 Q
KQ 2 2{+B2Mi M/ /2+ 2 b2i?2iQi H mMMMBM; iBK2 r?BH2 H2p2
7°QK i?2 i° Mb72 "2/ M2irQ F- i?2 }'biirQ Hv2'b 2 7°Qx2M N
mT/ i2/ /m BM; irQ@TH v2 i BMBM;X S '2HBKBM v 2tT2 BK2N\
MmK#2' b Q7 H v2  7°22xBM; "2 +QM/m+i2/iQ /2i2 " KBM2 r?B+7? i
7Q° i?2 K BM 2tT2 ' BK2MibX
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jX9X 1tT2°'BK2Mi a2imT

] X9 1tT2 BK2Mi a2imT

bT 1iQ7i?BbrQ F- M2KTB B+ Hbim/vQMi?2i2M i "B keyy .
Bb +QM/m+i2/- rBi? irQ b2ib Q7 i BMBM;X 6Q i?2 i  Mb72 "2/
M2irQ ' FBbT 2@i  BM2/ QM i?2 bBM;H2@TH v2 ; K2 7Q i2M K
i?72r2B;?ib Q7 i?Bb M2irQ ' FBbi Mb72 "2/iQi?2irQ@TH v2 p2
T K27Q 7m’i?2° "mMMBM; Q7 ky-yyy 2TBbQ/2bX 6Bp2 /Bz2 2Mi
2Mi - M/QK b22/b "2 mb2/ BMi?2 irQ@TH v2 2MpB QMK2MibX
7°QK@b+" i+? ;2Mib-}p2b2bbBQMb rBi? /Bz2'2Mi~ M/QK b22/k
IQM2 7" QK b+ i+? BM i?2 irQ@TH v2 p2 bBQM rBi?Qmi Mv i’
2TBbQ/2bX h?2 Qmi+QK2b Q7 i?2b2 2tT2 BK2Mib BM i?2 irQ@
+QKT "2/ #v 2p Hm iBM; i?2 "2r /b2 "M2/#vi?2TH v2 " BM 2 +?
i biBM; i?2 i  Mb72 "2/ KQ/2H rBi? i?2 QM2 i  BM2/ 7°QK b+ i
?2vT2 T " K2i2'b "2 TTHB2/ + Qbb HH ; K2b M/ 2tT2 BK2Mik
+QMbBbi2M+v M/ T 2p2Mi #B bX h?2b2 ?2vT2 @T ~ K2i2 b + M 1
j X%

h?2 irQ@TH v2 i° BMBM; 2tT2 BK2Mib r2°'2 +QM/m+i2/ mbBM
b2iiBM;b BM+Hm/[2Z/dBWM?BE g DBQMb Q7 i?2 Svi?QM T +F ;2b mb
i BMBM; BMi?2irQ@TH v2 2tT2 BK2Mib +XM #2 7QmM/ BM TT

jX8 i B keyy J*QKTH2tBiv

hQ mM/2 bi M/ r?vi> Mb72 T2 7Q Kb #2ii2° BM bQK2 ; K2bi? N
2" H7 +iQ ' bKmbi#2 +QMbB/2°2/-T 'iB+mH "Hvi?2/Bz2 2M+2b

aT2+B}+ iBOM .21 BHD
*S1 d+Q 2b Q7 kt AMi2HU_V s2QMU_V :QH/|8jky *SI ! kXky:>Xx
PT2 iBM; avbj2KQ+Fv GBMmt 2H2 b2 3X3 U: 22M P#bB/B MV

SVi?QM 02 bBOQBVIi?QM jXRRX8

J JtBKmMK Q7 Ry :" _ J

h #H2 jXd, avbi2K bT2+B}+ iBQMb
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jX8X i B keyy J*QKTH2tBiv

F2v /IBz2'2M+2 HB2b BM i?2 _ J p Hm2b bT2+B}+iQ 2 +? ; K2
p Hm2b +? M;2 BM "2bTQMb2 iQ i?2 ;2Miéb +iBQMbX hQ +? °
# b2/ QM BibBM@; K2 _ Jp Hm2b M/ iQ 2bi #HBb? K2i B+ i? i
QM2 : K27 QK MQi?2 -i?2 +QM+2Ti Q7 +QKTH2tBiv Bb BMi Q/
QM i?2i2KTQ  Hp 'B iBQMbBM _J/i- bi2KTQ  HBM7Q K iB

; K2 BM T ' Q; 2bb #v QMHvV "2HVBM; QM i?2 Jp Hm2bX 6B bi
+ i2bi?2 6+? M;26 BM 2 +? #vi2 Q7 i?2 _J-r?B+? + M b2 p2 b
Q7 i?2 _ J Q#b2°p iBQMo6b +QKTH2tBivX JQ 2 7°2[m2Mi +? M;:
bm;;2bii? ibT2+B}+ #vi2b "2 KQ 2 /vM KB+- 2 +iBM; iQ /Bz2 =
+QMi” bi- #vi2 p Hm2 i? i 2K BMb +QMbi Mi + M #2 2 bBHv /B
M2m® H M2irQ ' F bBM+2 Bi /Q2bMdi +QMi B#mi2 iQ i?2 +m  2Mi |

//IBiBQM HHv-i?27Q+mbBb QM 6i2KTQ  H6 bT2+ib #2+ mb2
BM #vi2p Hm2 Qp2  iBK2 + M #2 KBbH2 /BM; B7 pB2r2/ ;HQ# H
TH v2 6b TQbBIiBQM KB;?i +? M;2 bB;MB}+ MiHv 7" QK i?2 #2;BI

; K2X h?Bb /Q2bMdi M2+2bb "BHv BM/B+ i2 ;72 i2° _ J +QKTH:
"2~2+ib i?2 TH v2°'6b +iBQMb "2bmHiIiBM; BM bm#bi MiB H /B:
bi "iBM; M/ 2M/BM; TQBMibX hQ pQB/ KBbBMi2 T 2iBM; i?Bb
bT2+B}+ iBK2 rBM/Qrb "2 M Hvx2/r?2M + H+mH iBM; _ JX

/i b2iQ7 _ JBMbi M+2b Bb +QHH2+i2/ 7Q  2p2 ' virQ@TH v2
/i b2i-i?2/Bz2°2M+2 #2ir22Mi?2 +im H/ i BM 2 +? #vi2 M/i?.
i?72 M2B;?#Qm BM; p Hm2b- + H+mH i2/ mbBM; F2 M2H +°Qbb
Bb /2i2 ' KBM2/X 1 +? /Bz2 2M+2 p Hm2 Bb i?2M b[m “2/X h?2
b[m "2//Bz2'2M+2b Bb +QMbB/2 2/i?2}M Hp Hm27Q" bT2+B}
p Hm2bX h?Bb T°Q+2bb Bb "2T2 i2/ 7Q" 2p2°v #vi2 BM i?2 _ J i
i? 0 2T °2b2Mi i?2 i2KTQ Hp "B iBQM BM i?2 _ J7Q 2 +? #vic:
h?2b2 p Hm2b "2+ TT2/iQ KBMBKBx2 i?2 BM~m2M+2 Q7 QmiH
keyy J ? b Rk3 #vi2b- i?Bb TT'Q +? T'QpB/2b Rk3 b2T " i2 i
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jX8X i B keyy J*QKTH2tBiv

[2i2°KBM2 DbBM;H2 +QKTH2tBivp Hm2 7Q i?2 _Ji? i+ M#2 +C
/IBz2 2Mi; K2b-i?2 p2 ;2 Q7 i?2 Rk3 "2bmHiBM; p Hm2b Bb + |
bi?2}M H+QKTH2tBiv K2 bRO2QrbH2BBT?R+2bb BM KQ 2 /2i BI
K2i?Q/ Q7 pBbm HBxBM; i?2 K ;:MBim/2Q7 _J/i p B iBQMI
keyy ; K2 2MpB QMK2Mi Bb T 2b2Mi2/X IbBM; i?2 “2H iBp2 p Hi
iBQMb- 22 iK T+ M#2:;2M2" i2/7Q 2 +?2; K2X h?2b2 22 iK T
"2 Re #v 3 7Q  #2ii2° pBbm HBx iBQMX
h?2 Th2m/Q+Q/2 7Q " + H+mH iBM; i?2 _ J 22 iK Tb M/ _ J +Q
K2 bm 2 Bb T°QpB/2/ B hi? 2Q B MiKlavedgencalc 7mM+iBQM
Bb Rk3 p Hm2b + H+mH i2/ 7Q 2 +?2 #vi2 BM _ JX h?Bb “2bmHi
BMiQ 22 iK T M/i?2 _ J +QKTH 2 tdioul&t@ndomplexis/M

H;Q Bi?K R2" ;2n+ H+

R,7mM+iBO®M;H2n#vi2n p2° ;2 H+t- F2’M2HnbBx2V
k, bmKnp Hm24 2 M2H" M)
i C2im MRER e,
9,2M/ 7TmM+iBQM
R,7mM+iBi@M ;2n+ HY/ i -/ i nbBx2- F2"M2HnbBx2V
k, /IBznbmKx2 Qb rBi? (@atalsRapdl])
7QX 0 iQdatansize kernel nsize+1) /Q
p2° ;2 bBM;H2n#vi2n p2(daiZ r;kethel nsize)
/IBz datajx + F2M2HnbBy2 —p3~ -9
/IBz /B%Z
/IBznbmK/BznbmHKBz

2M/ 7Q°

~o M /BznbmK
2im N pEors M2 A maE x 2

Ry2M/ 7mM+iBQM
RR/MM+iBQHMFMH i2n+QKTH2tBiVF2 M2HnbBx2- +HBTnp Hm2V
Rk, ~2bmHip2° ;2n {ddtatdata:shapd0]; kernel nsize)

Z wa o oo

Rj. * 2 b m H+ Hi@gdult; glip nvalue)
128 f
R9, ~ Kn+QKTH2tBi, =l

R8, 2?2 iK T +°2 i2n?2 {teslt)
Re, 2im"MKn+QKTH2tBiv-?2 iK T
Rd2M/ 7mM+iBQM
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jiXeX amKK v

jXe amKK v

h?Bb +? Ti2 T ' QpB/2b M Qp2 pB2r Q7 i?2 2tT2 BK2Mi H b2in
mb2/iQ //°72bb i?2 "2b2 "+? [m2biBQMb bi i2/ BM a2+iBQM R Xk
/2i BHb Q7 i?2 i "B keyy 2MpB " QMK2Mib b2H2+i2/ 7Q" i?2 2tT
7vBM; i?2 T "iB+mH ~ ; K2b mb2/ M/ i?2B" +QM};m iBQMb- bm
IB{+mHivX //BiBQM HHv-Bi +Qp2'bi?22T'2@T Q+2bbBM; i2+7?
/IB+ iBQM K2i?Q/b BKTH2K2Mi2/ iQ 2Mbm 2 i? i i?2 M2irQ Fb -
/IBbiBM;mBb? #2ir22M TH v2'b QM2 M/irQX 6QHHQrBM; i?Bb- i’
i?2 T'BK v H;Q'Bi?Kmb2/7Q i BMBM; M/ QmiHBM2b i?2 2tT:
HQM; rBi? i?2 bQ7ir "2 2KTHQv2/ M/i?2  iBQM H27Q +?QQb
"Bi?Kb 7Q  i?2 bim/vX 6BM HHv- Bi BMiQ/m+2b i?2 H;Q 'Bi?K n
_ J+QKTH2tBivX

h?2 TQHHQrBM; +? Ti2" T 2b2Mib 2tT2'BK2Mi H "2bmHib- #2
HBKBM v 2tT2'BK2Mib iQ bb2bb r?2i?2° 7°22xBM; QM2 Q" irC
Qmi+QK2b BM i Mb72" H2 MBM;X Aii?2M /2i BHb K BM 2tT2
i* Mb72° "2/ ;2Mi rBi? QM2 i> BM2/ 7°QK b+" i+?- 7Q+mbBM; C
M/ T2 ' 7Q°K M+2 iQ K2 bm '2i° Mb72" H2 "MBM;6b 2z2+iBp2M2|
BM+Hm/2b M M HvbBb Q7 i?2 i "B keyy _ J +QKTH2tBiv + Ql
PB'QMK2Mib M/ Bib "2H iBQM iQ i’ Mb72> H2 "MBM; bm++2bbX
2tTHQ '2b 7 +iQ b BKT +iBM; T2 7Q K M+2 #v 2t KBMBM; i?2 2z
bi2Tb BM aT +2 AMp /2°b M/ KQ/B7vBIMIiR Ki#BY Kkk2iblk BM
?2Qri?2b2p "B iBQMbBM~m2M+2 ;2Mi #2? pBQ" M/ H2 "MBM;

9N



*?2 Ti2 9
1tT2 BK2MiI H _2bmHib

AM i?Bb b2+iBQM-i?2i Mb72 "2bmHib "2 T QpB/2/X 6B bi- A
iBK2i F2M 7Q  2tT2 ' BK2MibiQ +QKT "2 i?22 2{+B2M+v Q7 "mMM
MQM@i Mb72 "2/ 2tT2 BK2MibX 6m i?2 KQ 2-i?2 T2 7Q K M+
i* BMBM; BM i?2 irQ@TH v2  KQ/2 #Qi? rBi? M/ rBi?Qmi i’ Mb7
AMi?2 7QHHQrBM; b2+iBQM- A ;Q Qp2 i?2 i 'Bkeyy Job +QKT
BHHmbi® iBM; i?2 J+QKTH2tBiv "2 T 2b2Mi2/- M/ K2 bm 2K
+QKTH2tBiv Bb BMi Q/m+2/X h?2 }M Hb2+iBQM BM+HmM/2b "2p
iBQMb M/ /Bb+mbbBM; i?2 i° Mb72" "2bmHib M/ i?2 "2H iBQM]I
+QKTH2tBiv M/ i Mb72 bm++2bbX

9XR S 2HBKBM 'v 1tT2 BK2Mib

h?2 T'BK 'v;Q Hr biQi Mb72 b Km+? FMQrH2/;2 b TQbbB#
BM; bm 2 i? i i?2 M2irQ'F? /2MQm;? + T +BiviQ H2 "M M2r FM
TH VBM; i?2 irQ@TH v2  ; K2bX 6Q  i? i- A} bii'B2/ 7 22xBM; |
i72 M2irQ"F QMHvV M/ i?2M 7 22xBM; i?2irQ }’bi H v2'bX Ai2bi:
+ Qbb HH 2MpB QMK2Mib iQ /2i2 ' KBM2 r?B+? K2i?Q/ T2 7Q K
h?2b2i2bibr2 2 BMi2M/2/iQ T'QpB/2 M2 "HvBM/B+ iBQM Q7 T

8y






	Abstract
	Preface
	Acknowledgements
	Dedication
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols, Abbreviations, and Nomenclature
	Introduction
	Reinforcement Learning in Multi-player Settings
	Hypothesis
	Thesis Contributions
	Methodology
	Overview

	Background and Related Works
	Markov Decision Process
	Reinforcement Learning
	Agent-environment Interaction
	Episodic versus Continuous Tasks
	Policy
	Goal of RL (Discounted Return)
	Value Function
	Exploration versus Exploitation
	Action-value Function
	The Bellman Equations
	Model-free and Model-based Training
	On-policy versus Off-policy Training
	Temporal Difference Learning
	Q-learning

	Deep Learning
	Neural Networks
	Deep Neural Networks
	Loss Functions and Optimization

	Deep Reinforcement Learning
	Deep Reinforcement Learning in Games
	Other Applications of Deep Reinforcement Learning
	Deep Q-Network
	Deep Q-Network Additions
	Double Deep Q Networks

	Transfer Learning
	Transfer Learning in Reinforcement Learning
	Atari 2600
	Hardware and Limitations

	Atari 2600 and Arcade Learning Environment
	Use of Atari Environments in Reinforcement Learning
	Summary

	Research Methodology
	Details of Atari 2600 Environments and Games
	Atari 2600 Games Used
	Atari 2600 Environments Used
	Actions
	Game Variation and Difficulty
	Pre-processing
	Agent Indication

	The Algorithm
	Software Used and the Motivation

	Transfer Learning
	Experiment Setup
	Atari 2600 RAM Complexity
	Summary

	Experimental Results
	Preliminary Experiments
	Main Experiments
	Average Running Time
	Average Total Rewards Per Episode
	Percentage Change of the Areas
	The Atari 2600 RAM Complexity

	Additional Experiments
	Number of Steps
	Modifying Playfield Symmetry in the Entombed Environments

	Discussion
	Summary

	Conclusion and Future Work
	Summary and Conclusion
	Limitations and Future Work

	Bibliography
	Ludography
	Atari 2600 Game Annotations
	List of Python Packages
	Training Source Code
	Agent Indication Custom Wrapper

