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;=<?>@>BA�CED.FGDB<?HJI�KLC@A�>@A�IMDNAPO

QMR

S!TEU�V :=W�XZY\[^]�Y�_`;�Y�a�;+bdc�c

egf QLh <iDBDBA�O�DNH\DBjLA#]�CBFkO f FGDBA eml jLHgHJnoHkpqDNjLA

bdIr<isJAPCB>@<iD R Hkp S Fk>@>NF l j f >@APDBDB>=: h jLAPCB>EDd<iI�KtFkC@DB<uFkn-p f nivLn?n h A�IMD

HkpqDNjLA�CBAPw f <?C@A h A�IMDN>xpyHJC�DBjLA�OLA�zJC@A�A�Hkp

;�Y U|{ Y�_2Y�cZ} VdT XqY e Y�} V�~

ctA Q C f FkC R��k�J�J�

;dA�KtFkCED h A�IMD`Hkp U H h K f DNAPC egl <?API l A
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;=<?>@>BAPC@D.F DN<?HkI!} C@A�>BAPIMDNA�O

QMR

S!TEU�V :=W�XZY\[^]�Y�_`;�Y�a�;+bdc�c

:=KrKLCBH7sJAPO Fk>xDBH�>ED R n?A�FkILO l HJIMDBA�IMD QMR��

:=IrOLCBA�����FkCEDNH�� U jLFk<?C

� A�< Q H/]�HkILz�� S A h Q A�C

} F f n b`DBzJH � � S A h�Q APC

e jLniH h H
	6<?n Q A�C@>@DBA�<?I�� S A h Q A�C

��� �|C frl A U CBHkp D
� ;=A�KLFkC@D h API D U jtFG<?C
;=A�KLFkC@D h API D`Hkp U H h K f DNAPC eml <iA�I l A
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T ��<?>@j%DNH�DBjtFkI��\DBjLA h A h Q A�C@> Hkp h#R l H h�h < DBDBA�A � } CBHkpyAP>B>BHkCB>�:dILOLCBA�� ��FkC@DBH�� � AP< Q H

]�HJILz��k} F f nmb`DBzJH � �JFkIrO e jLniH h H 	6<?n Q APCB>EDNA�<iI � T I KtFkCEDN< l�f n?FkC
� T �|H f n?O ni<��GA DBH=DNjtFGI���:=ILO R

pyHJCxjL<i>x>BH f ILO APOL<iDBHJCB<?Fkn�� f OLz h A�IMDdFkILO�zJHgHmO�<?OrA Fk> �

<is



��� � ��� � ���

���������
	��
����	�������������������������	���� ���!	��"�������#��$����%�#&('����

) 	+*��#&-,.	�$/	������10��2�
	���34��05$��#�#� &6�7���8�����%����&9&6�#&

c�W ��_�b`:+_ ~ �k�k�M�

S!TEU�V :=W�XZY\[^]�Y�_`;�Y�a�;+bdc�c

� � e � � bda T�� W _ e T {|~ Y�cZ:=_ T 	oY�a`:

S � e � � bda T�� W _ e T {|~ Y�cZ:=_ T 	oY�a`:

} j � ; � �-b=a T�� W�_ e T {|~ Y�c S : eLe : U�V b e W {x{ e : S V W�_ e {

;=<?C@A l DNA�O QMR�� } CBHGpyA�>B>@HJC�:=ILOrCBA � ��FkC@DBH

{ jL<?>�OL<i>B>@A�C@DNFGDN<iHJI l HJIr>B<?OrA�CB>dF\KtFkCEDN< lPf nuFGC�Fk>BK-A l DdHGp >@A�w f A�IMDB<uFkn OLA l <?>@<?HJI h F � <?ILz f I��

OLAPC f I l A�CED.Fk<iIMD R <iI ��jr< l j �xF D/A�F l j >ED.FkzJA ��F OLA l <?>B<iHJI�� h F � <iILz4FkzJAPI D/HJK-A�CBFGDN<iILz4<?I FkI

f I l A�CED.Fk<iI �|HJC@n?O(D.F �kA�>�FGI F l DN<iHJI DBjtFGD�A�ni< l <iDN>�F CBAP<?IrpyHJC l A h API D >B<?zkItFkn�FGILO l F f >BA�>�DNjrA

>@DNFGDNA\HGp DNjLA � HJCBniO DNH l jtFGILzJA �
	���
������������������������ <i>�F�KtFGD@DNA�C@I4Hkp Q APjtF sg<?HJC=DBjtFGD R <iA�n?Or>

DNjrA�jL<izJjLA�>ED+A� rK-A l DNAPO DNHkDNFkn CBA �|FkC@O�H skA�C`DNjLA APIMDN<?C@A#O f CNFGDB<?HJI!Hkp�FkI FkzJA�IMD�[ >d<?IMDNAPCNF l DN<?HkI

��<iDBj < DN> f I l APC@DNFk<?I � HJC@n?O �`{ jLA�KrCBH Q niA h Hkp OrAPDNAPC h <?IL<iILz/FkI HJKrDB< h Fkn niA FkC@IL<?ILz�>@DBCNFGDBA�z R

<?>/F >@HJC@D/Hkp h APD.F!� KLC@H Q n?A h � ��<iDBj HJKmDN< h Fkni<iD R OrAPvtILAPO ��<iDBj CBAP>BK-A l D�DNH(F OL<?>EDNC@< Q f DB<?HJI

Hkp A�IMsg<?C@HJI h A�IMDN>+DBjtFGD�DNjrA�FkzJA�IMD�<?>=n?<��GA�n R DBH�API l H f IMDNA�C � ]�< sJAPI4DBjL<?>=KLCB<iHJC f I l A�CED.Fk<iI D R

H7sJAPC K Hk>B>B< Q n?A�A�IMsg<?C@HJI h A�IMDN> � DNjrA%HJKrDB< h Fkn"� n?A�FkCBIL<iILz�FGzJA�IMD h f >@D l HJnin?A l D#FkILO f >@A�<?ImpyHJC#�

h FGDN<iHJI <iI(FkI(<?IMDBA�n?ni<?zJAPIMD �|F R � Q Fkn?FkI l <iILz zkCBA�APO R A� mKLn?HJ< D.FGDB<?HJI Hkp l APC@DNFk<?IMD R � APw f <isGFkn?APIMD

� HJCBniO h HgOLA�ni> ��<iDNj�A� rKrn?HJCBFGDNHJC R F l DN<iHJIL>�Fk< h APO�FGD�OL<?> l APCBIL<iILz\DNjLA�DNC f A�>@DNFGDNA�Hkp9ItFGD f CBA �

S R FGKLKLCBHJF l j%DNH FkKLKLC@H$ m< h FGDB<?ILz�HJKrDB< h Fkn n?A�FkCBIL<iILz�>EDNCBFGDNAPzJ<?AP>|CBA1D.Fk<iIL> DBjLA=p f nin h HgOLA�n

HkpmDNjLA >BAPw f A�IMDN<?Fkn OLA l <?>B<iHJI�KLCBH l AP>B>9DBjtFGD
�G<iI#<iI l HJC@K HkCNFGDB<?ILz�F ��F R AP>B<uFGI h HmOLAPnJpyHJC APskHJnisg<?Irz

f I l A�CED.Fk<iI D R F Q H f D f I�� ILH ��I�KLCBH l AP>B> KtFkCBF h A1DNAPCB>
�MDNF �kAP> DNjrA�pyHkC h Hkp F S FkC �GH s�OLA l <i>B<?HkI

s



KLC@H l A�>B>9OLAPvLILA�O\H7sJAPC�F`>BAPD Hkp�� j R K-A�C@>@D.F DNA�>�� ��jrHJ>BA l FkC@OL<?ItFGn?<iD R zJCBH ��>9A  mK HkILA�IMDN<?Fkn?n R ��<iDBj

DNjrA�KrnuFkILIr<?ILz\jLHkCB<��PHJI �

T OLAPskA�niHJK l H h K f D.FGDB<?HJItFGnxKLCBH l APO f CBAP>%DNjLFGD%C@APDNFk<?I DNjLA�p f n?n ��F R AP>B<?FkI pyHJC h f nuF DN<?HkI �

Q f D#>B<iOLA�>EDNAPK <?IMDNCBF l DNF Q <in?<iD R!QMR f DN<in?<��P<?ILz�DBA l jLIr<?w f A�>#pyCBH h C@A�<iIrpyHJC l A h A�IMD#n?A FGCBIL<iILz�DNjLA��

HJC R�� >@K A l < v l Fknin R � S HJIMDBA � U FGCBn?H�>@< h f nuFGDB<?HJI�FkILO DNjrA�FkOLHJKrDB<?HJI\HGp KLFkCNF h APDBA�C@<���APO p f I l DN<?HkI

FkKLKrCBH  m< h FGDNHJC@>	� � � R K f C@> f <iILz�FGI FkKLKrCBHMF l j�DNjtF D=<i>dzJC@H f ILOrA�O <iI F l H h KLniAPDNA ��F R A�>B<?FkI

� HJCBniO h HgOLA�n � T OLAPskA�n?HkK FGn?zJHJC@<iDBj h >�DBjtFGD\KLC@HmO fLl A�K-HJn?< l <iA�>#DBjtFGD\A� mjL< Q < D K-A�CEpyHJC h FkI l A

zMFk<iIL>xH7sJAPC=>B< h Krn?A+jLA f CB<i>@DB< l > �xS HkCBA�H7skA�C
�-<?I l HJIMDNCNFG>@D`DNH h FkI R jrA f C@<?>@DB< l >
�LDNjrA � f >EDN< v l F �

DN<iHJI�HJCdniA�zJ< DN< h F l R HGp DNjrA�K-HJn?< l <?AP>�pyHJn?niH ��>xOL<?C@A l DBn R pyC@H h DNjrA#p F l D`DBjtFGD`DNjLA R FkCBA l niA FkC@n R

h HkDN< skF DNA�O QMR F l H h KLniAPDBA l jtFkCBF l DBA�CB<
� FGDB<?HJI Hkp DNjLA f ILOLA�C@n R <?Irz�OLA l <?>B<iHJI KLC@H Q niA h DNH Q A

>BHknisJAPO �

{ jL<?>�OL<i>B>BAPC@DNFGDN<iHJI [ > l HJIMDNCB< Q f DB<?HJIL>�<iI l n f OLA�F!C@A�<?ImpyHJC l A h A�IMD�niA FkC@IL<?Irz!FGn?zJHJC@<iDBj h pyHJC

A�>EDN< h FGDB<?ILz�]�< DBDN<iIL> <iILOL< l A�>9pyHJC h f n DN<"� FkC h A�O Q FkILOr<iD KLC@H Q niA h >
�MF S HJIMDBA � U FGCBn?H�zkCNFkOL<iA�IMD �

Q Fk>@A�O�FknizJHJCB< DNj h pyHkC FkKLKLC@H  r< h F DN<?Irz=>BHkn f DB<?HJIL>qDNH�zJAPILA�CBFknLKLC@H Q niA h > Hkp-HJKrDB< h Fkngn?A FGCBIL<iILz��

F�zJCNFkOr<?A�IMD#� Q Fk>@A�O�> l jLA h A pyHJCo< h KLC@H sg<iILz�HJKrDN< h FGnkn?A�FkCBIr<?ILz�K-HJn?< l <?AP> <?Ir>@D.FGI DB<uFGDBA�O�Fk> vtIL< DNA �

>@DNFGDNA�>EDNH l jtFk>@DB< l F f DBH h F D.F � FkIrO FkI <?IMskA�>@DB<?zMF DN<?HkI HGp|OL< �6f >B<?HkI KrCBH l A�>@>BAP> Fk>#FkItFkn R DN< l Fkn

h HmOLAPn?>|pyHkCxAPsJHknisg<?ILz f I l A�CED.Fk<iIMD R �

sg<
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T I Q C@HMFkO DBA�C h >
� DNjL<i>+OL<?>@>BAPC@D.F DN<?HkI <?>=F Q H f D�>BAPw f A�IMDN<?Fkn�OLA l <i>B<?HkI h F � <iILz f IrOLA�C f I��

l APC@DNFk<?IMD R � :�D#A F l j >@DNFkzJA ��F�OLA l <?>B<iHJI�� h F � <iILz�FkzJA�IMD#HJK-A�CNF DN<?Irz�<iI FGI f I l A�CED.Fk<iI � HJCBniO

D.F �kA�>+FkI F l DN<iHJI�DBjtFGDdA�ni< l < DN>`F/C@A�<iIrpyHJC l A h A�IMDd>B<?zkItFkn � pyC@H h DNjLA�FkzJAPI D�[ >dA�IMsg<?C@HJI h A�IMD=HkC

pyCBH h DNjrA/FGzJA�IMD�<iDB>BAPnip �=FkILO l F f >BAP>�DBjLA�>@D.F DNA\Hkp DNjLA � HJCBniO � HJC�FGzJA�IMD �=DBH l jLFkILzJA �\{ jLA

FkzJAPIMD [ >/zJHJFkn�<?> DBH h F  m< h <��PA/DBjLA�DNHkDNFkn�CBA���FGCBO < D�OLA�C@<iskA�>�H skA�C�<iDB>\A�IMDN<iCBA�O f CBFGDN<iHJI(Hkp

HJK-A�CBFGDN<iHJI�� FGI <?IMDNAPC@sGFkn DBjtFGD h F R C@A�w f <?C@A DNjLA�FkzkA�IMD�DNH�>@DBCB< �kA�F Q Fkn?FkI l A Q A1D �|APA�I D � H

>BH h A1DN< h A�> l HJI
	L< l DB<?ILz%< h K f n?>@A�> � ��� �dzJCBAPA�O R A  mKLn?Hk<iD.F DN<?HkI Hkp <iDB> l�f CBCBAPIMD � HJC@n?O h HgOLAPn �

FkILO � � � A  mKLniHJCNF DN<?HkI�Hkpq<iDB> �|HJC@n?O�DBH\zMFk<?I�<iIrpyHJC h FGDB<?HJI�DNjLFGD l FkI�C@APvtILA+DBjLA � HJCBniO h HgOLA�n

FkILO�< h KLC@H skA+DNjLA�FkzkA�IMD [ >�K HJni< l R �

Y=sJA�C�DNjrA R A FGCB>
��F4I f h�Q APC�HGpdC@A�>@A FkC l jLA�C@>%jtF sJA�pyHJC h f nuF DNA�O DBjL<?>\KrCBH Q niA h5h FGDBjLA �

h FGDN< l Fknin R � � FkOtFkKrDB<iskA l HJIMDNC@HJnoKLCBH l AP>B>@A�>
� � � O f FGn l HJIMDNC@HJn � � � sGFkn f A�Hkp <?IrpyHkC h FGDN<iHJI � �+FGILO

� HkKrDN< h Fkn6n?A FGCBIL<iILz ��FGn?nqFkOLOLC@A�>@>=A�>@>BAPI DB<uFknin R DBjLA�>BF h A�<?>@> f A�FkILO >@jtFkC@A F Q Fk>B< l ��F R A�>B<?FkI

pyCNF h A��|HJC �!DBjtFGD�<?> � A�nin"� > f < DNA�O pyHkC h HgOLAPn?<?Irz%DNjLA\C@HJn?A\HGp <iIrpyHJC h FGDB<?HJI FkILO�pyHJC�OLA1vtIL<iILz

��jtFGD/F4>BHJn f DN<iHJI(<?> � Q f D l nuFG>B>B< l Fkn|KLCBH l APO f CBAP>�pyHkC l H h K f DB<?ILz4K-HJn?< l <?AP>�DNjLFGD�HJKrDB< h Fkn?n R

Q Fkn?FkI l A+A  mKLniHJ<iDNFGDN<iHJI ��< DNj�A  mKLniHJCNF DN<?HkI�FkCBA�<iIMDNCNF l D.F Q n?Ad<?I�zJAPILA�CBFkn �rFkILO�jtF sJA�HJIrn R/Q APA�I

F Q niAdDBH\FkOLOLC@A�>@>�KLCBH Q n?A h > DNjtFGD|jtF sJA�F�sJA�C R > h Fknin I f h Q APC|Hkp Krj R >@< l FGn6>@DNFGDNAP>xFkILO�>@jLHJCED

KLn?FkILIL<iILz\jLHJC@<���HkIL> ��{ jL<i>xOL<?>@>BA�CED.FGDB<?HJI�KLC@HJK-HJ>BAP> l H h K f D.F DN<?HkItFkn6KrCBH l A�O f CBAP>`DBjtFGD`CBA1D.Fk<iI

DNjrAdp f nin �|F R A�>@<uFkI�pyHJC h f n?FGDN<iHJI � Q f D|>B<iOLA�>EDNA�K�<iIMDNCNF l D.F Q <?ni<iD R QMR f DN<in?<
��<?Irz�>@D.F DNA � Hkp � DBjLA � FkC@D

CBAP<?IrpyHkC l A h APIMD�n?A�FkCBIr<?ILz�DNA l jLIL<?w f AP>�DNjtF D|A h KLniH R S HJIMDNA � U FkCBniH�>@< h f n?FGDN<iHJI�FkILO�KLFkCNF h A �

DNAPCB<
��A�O�p f I l DN<iHJI�FkKLKLC@H$ m< h FGDBHJCB> �

sm<i<



V <i>@DNHkCB< l Fkn?n R � HJILA l H f niO�sm<iA � DNjLA�KrCBH Q niA h HkpqHJKrDN< h FGn niA FkC@IL<?ILz�Fk> 	tH ��<?Irz�ILFGD f CBFkn?n R

H f D%Hkp�FkI < h�h APIL>BA Q HgO R Hkp � HJC � � c <?z f CBA � ��DBjtFGD l HJIL>@<?OLAPCB>�FGOtFkKrDB<isJA l HJIMDBCBHJndKLCBH �

l AP>B>@A�> pyC@H h F�OLA l <?>@<?HJI�� DNjrA�HJC@APDN< l K-A�CB>@K A l DB<isJA � ��jrHJ>BA`HJCB<izJ<?Ir> h F R�Q AxDNCBF l APO Q F l ��DNH�DNjrA

>BAPw f A�IMDN<?FknqFkItFkn R >B<?>|Hkp � Fkn?O � � ����� � �
{ jLA�>@D f O R Hkp�FkOtFGKrDN< sJA l HJIMDNC@HJn=KLC@H l A�>@>BA�>�<i> l HJI l APCBILAPO ��<iDNj > R >@DBA h > ��jLHJ>BA Q A��

jtF sg<?HJC�OLAPK APILOL> f K HkI F�KtFkCNF h A1DNA�C ��jLHk>BA/sGFkn f A�<?> f I�� ILH ��I ��S APDNjrHmOLHkn?HJzJ<iA�>�pyHJC�FkI��

Fkn R �P<?ILz/DNjLAP>BA\> R >EDNA h > l FGI Q A OL< l jLHkDBH h <
��APO ��� f h FkC
� � �	��
 �`<?IMDBH�ILHJI�� ��F R AP>B<uFGI � ILHJI��

KtFkCBF h APDNC@< l ��FkKLKLC@HMF l jLAP>
��A  mA h KLni<ivtAPO QMR _�H QLQ <iIL>#� S HJILC@H > l jLA h A�> � _�H QLQ <iIL>
� � ��
 � �
DNjLFGD#pyH l�f > f K-HJI Fk> Rgh KrDNHGDN< l K-A�CEpyHJC h FkI l A �9FkILO �|F R A�>@<uFkI � KtFkCBF h A1DNC@< l �=> l jLA h A�>�DNjtF D

< h K-HJ>BA h HkCBA`>@DNC fLl D f CBA f K-HJI%DNjrA=KLC@H Q n?A h � F#KrCB<?HkC H7sJAPC�KLC@H Q n?A h <?IL>ED.FkI l A�> � � ��F R A�>B<?FkI

FkKLKrCBHMF l jrA�>`jtF sJA F l n?A FGCBn R � OLAPvtIrA�O�ILHkDN<iHJI�Hkp�HkKrDN< h Fkni<iD R �rFkIrO h F R�Q A�sg<?A��|APO Fk> Q A�<?Irz

>BH h A���jtFGD h HJCBA=F h Q < DN<iH f >�DNjtFkI�IrHJI�� KLFkCNF h APDBCB< l FkKrKLCBHMF l jLA�> � { jr<?>�OL<i>B>@A�C@DNFGDN<iHJI [ >|K-A�C �

>BK-A l DN< sJA�<?> h HJ>ED l niA FkC@n R Fknin?<?APO ��< DNj DNjLFGD\Hkp`>@D f OLAPI DB>�Hkpd_`HJI V H ��FkC@O [ >\<?I DNjrA�A FkC@n R

� �	� � [ > � } FkCBFkn?niA�n=DBH DBjLA�HJC R OLAPskA�n?HkK APO pyHJC�KLCBH l AP>B>@A�> ��< DNj f I l APC@D.FG<?I Krj R >@< l FGn#>ED.FGDBA

� ;dCNF �GA � � ��� � ��� V H �|FkC@O"FGILO jL<?>�>ED f OrA�IMDN> � U H � ��HJni<?ILH �=]�HJI ��Fkn?AP>#� 	 f Q <?A1D.F ��
 S <?nin?APC
�

� �	�	
�� S FkC@DB<?I � � �	����� e <iniskA�C
� � �	�	� � l HJIL>B<iOLA�C@A�O ��F R A�>B<?FkI l HkI DBCBHJn-Hkp S FGC �kH7s l jtFk<?Ir> ��<iDBj

f I l A�CED.Fk<iI D R <iI�DBjLA�<iC DNCNFGIL>B< DN<?HkI�KrCBH Q F Q <?ni<iDN<iA�> �GDNjrH f zJj�DNjLA R A�I l H f IMDNAPCBA�O l H h K f D.F DN<?HkItFkn

Q FkC@CB<iA�CB>�DNjtF D\n?< h < DNA�O4DNjrA�<?C�FkKLKLC@HMF l jLAP> DNH�KLC@H Q niA h >�jtF sg<?ILz4F�sJA�C R > h Fknin I f h�Q APC Hkp

KLj R >B< l Fkn�>@DNFGDNAP>�FkILO >BjLHJCED�KLnuFkIrIL<?ILz�jrHJCB<
��HJIL> � Y�IrA l H f niO <iOLA�IMDB<ip R DBjLA�FkKLKLC@HMF l j K f C �
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Raiffa & Schlaifer
(Decision theory)

Wald (sequential analysis)

Bernoulli, Caratheodory
(optimality principles)

Fel’dbaum
(Dual control)

Bar-Shalom, Tse

Adaptive Control Processes

BellmanHoward
Approximation
Stochastic

Reinforcement Learning

Bandit Problems

Gittins

Simulation

Function approximation

Dynamic Programming

Robbins/Monro

AI
Decision theoretic planning
Reinforcement learning

Exploration vs. exploitation

Dearden et al (Bayesian Q-learning)

Policy gradient techniques
Williams, Sutton et al, Konda & Tsitsiklis

POMDP’s
Meuleau et al (finite state controllers)

Kaelbling(IE); Meuleau et al (IQL+)
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O f CBFGDN<iHJI Hkp=DBjLA FGzJA�IMD [ >�<?IMDNAPCNF l DN<?HkI ��< DNj FkI f I l APC@D.FG<?I �|HJC@n?O � � R K f C@> f <iILz FGI FkK��

KLC@HMF l j�DNjLFGDx<?> zJCBH f ILOLAPO�<iI%DNjrA�HJC R �LFGILO�DNjtF D�FkKLK-A Fkni> DBH�F l H h KLniAPDNA �|HJC@n?O h HgOLA�n DNjtF D

<?I l HJC@K HJCBFGDNAP> F ��F R A�>B<?FkI/pyCBF h A � HJC � pyHJC l jtFGCNF l DNA�C@<��P<?ILz�APskHJnisg<?Irz f I l APC@D.FG<?IMD R � T OLA1sJA�niHJK

FknizJHJCB< DNj h >|DBjtFGDdKLCBHgO fLl A#K-HJn?< l <iA�>�DNjLFGD=A� mjL< Q < D`K APC@pyHJC h FkI l A�zMFk<iIL>�H skA�Cd>B< h KLniA�jLA f C@<?> �

DN< l > �`S HJCBAPH7sJA�C �6<iI l HkI DBCNFk>ED=DBH h FkI R jLA f C@<?>EDN< l >
�tDNjrA � f >EDN<iv l FGDB<?HJI�HJC`n?A�zk<iDN< h F l R Hkp�DNjrA

K-HJn?< l <?AP>|pyHJnin?H ��>�OL<iCBA l DNn R pyCBH h DNjrA�p F l D�DNjtF DxDNjLA R FkCBA l n?A FGCBn R%h HGDN<isGFGDBA�O QMR F l H h KLniAPDNA

l jtFkCBF l DBA�C@<�� F DN<?HkI�Hkp DBjLA f ILOLAPCBn R <iILz\OLA l <?>@<?HJI�KLC@H Q n?A h DNH Q A�>BHJn sJA�O �
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emf KLK Hk>BA+DNjLFGD`F h APOL< l Fkn6C@A�>BA�FkC l jrA�C�<?>xKLC@A�>@A�IMDNAPO ��<iDBj �k� l C@<iDN< l Fknin R <in?n-KtFGDN<iA�IMDN>�FGILO

D � H+ILA � � HJILOrA�C�OLC f zJ> Fk> R APD f I DBA�>EDNA�O � c <?z f CBA � � � � �9V H �Z>@jLH f niO�DNjLAP>BA OLC f zk> Q A DNAP>@DBA�O

HJI DBjLA KtF DN<?APIMDN>+>@H�Fk>=DBH h F! r< h <
��A�DNjrA A  mK-A l DBA�O4I f h Q A�C+HGp�KtFGDN<iA�IMDN> ��jLH�FkCBA l�f C@A�O;:
{ jLA OrA l <i>B<iHJI h F �kAPC+<?> l A�CED.Fk<iILn R <iIMDNA�C@A�>EDNA�O4<iI OLAPDBA�C h <iIL<?ILz ��jL< l j�OLC f z�<i> h HJCBA#A � A l �

DN< sJA � jLH � APskA�C
�6jL<?>`KLCB<iI l <iKLn?A l HJI l A�CBI <?> ��<iDNj!HJKrDB< h <���<iILz K-A�CEpyHJC h FkI l A#API CBH f DNA�DNH�DNjL<i>

OLA1DNA�C h <iItFGDB<?HJI�� jL<?>�zJHJFkn6<i>|DNH h F  m< h <��PA`DBjLA�I f h Q A�C�HGp9> f C@sg< sJHJC@> ��{ jLA�HJKrDB< h Fkn >@DBCNFGD#�

A�z R <?IMDBA�CB>@K APCB>@A�> � A  mKLniHJ<iDNFGDN<iHJI���>EDNAPKL>
�g<?I ��jL< l j\DNjLAxOLA l <i>B<?HkI h F �GA�C�Fk>@>B<izJIL>�F�KtFGDB<?A�IMD�DBH

DNjrA#OLC f z ��< DNj�DNjLA�jL<?zkjLA�>ED=AP>@DN< h F DNA�O�KLC@H Q F Q <in?< D R Hkp�> fLlPl A�>@>
����< DNj � A� rKrn?HJCBFGDN<iHJI���>EDNAPKL>

<?I ��jL< l j �6HJI DNjrA Q Fk>@<?>=HGp H Q >BAPC@sJAPO4H f D l H h A�>
�6F�OLC f z%DNjtF D �|H f n?O Q A OLAPA h A�O�<iIrpyA�C@<?HJC

<?>�FkO h <?IL<i>@DBA�CBAPO(FkI R ��F R DNH C@A�>BHknisJA�p f C@DNjrA�C < DN>#DBC f A%K HkDBA�IMDN<?Fkn pyHJC Q A�<iILz!DBjLA�> f K APCB<?HkC

DNC@A FGD h APIMD � � { jL<?> h A�FkIL> DBjtFGD KtF DN<?APIMDN> Fk>@>B<izJILA�O DBCBA�FGD h A�IMDN> nuFGDBA�C <iI�DNjrAxFkn?niH l FGDN<iHJI�KLCBH �

l AP>B>�FkC@A\n?<��GA�n R DBH Q A DBCBA F DNA�O Q APDBDBA�C �o>B<?I l A DNjrA R�Q A�ILA1vLD�pyCBH h DNjrA\CBA�>@K HkIL>BAP>#Hkp A FGCBn?<iA�C

KtFGDB<?API DB> � �
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θ1 =Pr{Cure | Drug 1} θ2 =Pr{Cure | Drug 2}

..Failure

Failure

Success

c <iz f CBA � � � � V H �">@jLH f niO%KtF DN<?APIMDN> Q A=>@A�w f API DB<uFknin R Fk>@>B<?zkILA�O%DBH�HJIrA=HkpoD � H A  mK-A�C@< h A�IMD.Fkn
DNC@A FGD h APIMDN>�>BH/Fk>�DNH h F  m< h <���A`DNjLA�A� rK-A l DNAPO I f h Q A�C�Hkp9KtFGDB<?A�IMDB> ��jrH%FkC@A l�f C@A�O;:

{ jLA�<i>B> f A|HkptHkKrDN< h Fknin R=Q FknuFGI l <iILzdA� mKLn?HJCBFGDN<iHJI ��<iDNj#A  mKLniHJ<iDNFGDN<iHJI�<?>�F �kA R pyA�FGD f C@A|ILHGD

HJILn R Hkp DNjL<i>=>@< h KLn?A�A  rF h KLniA � �6F/D �|H � FkC h APO Q FkILOr<iD+KrCBH Q niA h � Q f D+Hkp�zkA�ILAPCNFkn FkOtFkKrDB<iskA

l HkI DBCBHJn KLCBH l AP>B>@A�>dFk> � A�n?n ��T I�F h HkCBA=zkA�ILAPCNFkn l HJIMDNA� mD
�tFkI�FkzkA�IMD h <izJjMD Q A � A�n?n � FkOmsm<i>BAPO

DNH K f C@> f A ��jtFGD h F R Q A�K-A�C l A�< sJA�O Fk>/F > f Q HkKrDN< h Fkn|K HJni< l R < pdDBjtFGD�K Hkn?< l R DNF �kAP>/DNjrA

FkzJAPIMDd<iIMDNH�F\KLCBA1sm<iH f >@n R f ILA  mKLniHJCBAPO CBAPzJ<?HkI�Hkp >ED.FGDBA�>BKtF l A �

ctHJC�A  rF h KLn?A � l HkIL>B<iOLA�C\DNjrA S FGC �kH7s OLA l <?>@<?HJI KLC@H l A�>B> � S ;+} ��OLAPKL< l DNAPO <?I c <iz f CBA

� � � ��{ jL<?>�<i>�F�D � H � >ED.FGDBA�� D � H � F l DB<?HJI4KLC@H l A�>B> �qDBCNFkIr>B<iDB<?HJI�KrCBH Q F Q <?ni<iDN<iA�>dnuF Q A�n FGC l > � FGILO

w f FkIMDN< DN<iA�> ��< DNjL<iI l <?C l n?AP>dOLAPILHkDBA A  mK-A l DBA�O4< h�h A�OL<?FGDNA�C@A �|FkCBOL>dpyHJC=API DBA�C@<?ILz�KLFkC@DB< l�f nuFkC

>@DNFGDNAP> ��{ jLA\zJHMFGn <?>dDNH�Fk>@>B<?zkI�F l DB<?HJIr>=DNH�>ED.FGDBA�>�>BH�FG>+DNH h F  m< h <���A � >NF R �oDNjrA A  mK-A l DBA�O

<?ImvtIL<iDBA�jLHJC@<��PHJI(OL<?> l H f I DBA�O > f h Hkp=C@A �|FkCBOr>
����������
	���
 ��� �
����� � DNjLA � skFGn f A%p f I l DB<?HJI������

H7sJAPC=Fknin6>ED.FGDBA�> �

U HJIL>@<?OLAPC�DBjLA l <?C l�f h >@DNFkI l A�<?I ��jL< l j DBjLA�DBCNFkIr>B<iDB<?HJI4KLC@H Q F Q <?n?< DN<iA�>�FkC@A�ILHkD �gIrH ��I �

]�<isJAPI DNjLFGD+DNjrA KLCBH l AP>B>�<i>=<?I >BH h A�>ED.FGDBA � HJIrA\F l DB<?HJI h F R >BAPA h HkKrDN< h Fkn ��< DNj C@A�>BK-A l D

DNH lPf CBC@A�IMDNn R � K-A�C l A�< sJA�O�K-HJ<?IMD#� A�>EDN< h FGDBA�> Hkp f I�� ILH ��I�KtFkCBF h A1DNAPCB>
� ��jL<?niA+FkIrHkDNjLAPCxF l DN<?HkI

�������X#I%L�����(1��&'�/�:F152�:F<"#=2>�.J <���?015:FJ$�.�>#82�:;�&? �&6_J��.<�:F1�:*��?$R 2>/��"�����"2�:F<B'0);#&?�?�:;?�A 2��e<�);:;?�:;<.#8)b%P#8?-#8A&�.%(�"?�2
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c <iz f CBA � � � � :=I S ;+} ��< DNj f I l A�CED.Fk<iIZDBCNFkIr>B<iDB<?HJI(KrCBH Q F Q <?ni<iDN<iA�> � O R ILF h < l > f IrOLA�C � F �
F l DN<?HkI � FGILO �yQ �dF l DN<iHJI � ����� OLAPILHkDNAP>dDBjLA�C@A �|FkCBOL>dpyHJCdAPIMDNA�C@<?ILz/CB<izJjMD �|FkILO niAPp D#� jtFkIrO
>@DNFGDNAP>	� �

h F R C@A�> f niDq<?I�zJC@A FGDBA�CqzMFk<?I�Hkpr<?IrpyHJC h F DN<?HkI�F Q H f DqDNjLAP>BA|KLFkCNF h APDBA�C@>9FGILO�C@A�> f niD9<?I�zJCBA�FGDNAPC

n?HkILz � DBA�C h C@A �|FkCBO � �EY�KmDN< h Fkn n?A�FkCBIr<?ILz�� �#HJC � O f Fkn l HJIMDBCBHJn � ��<?> l HJI l A�CBIrA�O ��<iDBj�>@DNC@<�� <?Irz

F Q Fkn?FkI l A Q APD � A�API DNjrA�>BA�D � H l CB<iDBA�C@<uF �

��������� 	�

��������������������� �!���#"%$����

T pdHJILA�<i> ��<?n?ni<?ILz�DNH FkOLHkKrD�F ��F R A�>@<uFkI K-A�CB>@K A l DB<isJA �|DNjrA�IZDNjLA�A� rKrn?HJCBFGDN<iHJI�� skA�C@> f > �

A  mKLniHJ<iDNFGDN<iHJI <i>B> f A jtFk>�FGn?CBA�FkO R!Q APA�I�>@APDBDBn?APO �o<?I KrCB<?I l <?Krn?A � : >BHJn f DN<iHJI �|Fk>�CBA l HJzJIr<���APO

QMR _`< l jtFkCBO �|A�nin h FkI � F h HJILz�HkDBjLA�C@>
��FG>�A FGCBn R Fk> � �	
�� � �|A�nin h FkI � � �	
�� � � : O R ItF h < l

KLC@HJzJCNF h/h <?ILz#FknizJHJCB< DNj h pyHJC ��F R A�> � HJKmDN< h Fkn-K Hkn?< l <?AP> Q A�zJ<iIL> QMR CBAPzMFkC@OL<?ILz � >@DNFGDNA ��FG>�FkI

HJC@OLA�C@A�O KtFk<iC
�xHJC � j R K APCB>@DNFGDNA � ���'&)(�* � � ��jLA�C@A+& <?> � KLj R >@< l Fkn=>ED.FGDBA � �4DNjLA >ED.FGDBA Hkp�DNjrA

S FkC �kH7s l jtFG<?I �tFGILO,* <i>|DNjLA � <?IrpyHkC h FGDN<iHJI/>ED.FGDBA � � ��jL< l j�> f h�h FGCB<��PA�>�KLFk>@D�jL<i>@DBHJC R Fk>x<iD

CBAPnuFGDBA�>�DBH h HmOrA�n?<iILz#DBjLA�DNCBFkIL>B< DN<iHJItFkn O R ItF h < l >xHGp�& �

ctHJCqDBjLA|OrC f z � Fkn?niH l FGDN<iHJI+A� LF h KLniA �GHJILA l FkI h HmOrA�nJDNjrA D � H+KLCBHk>BK-A l DB<iskA �|HkILOLA�C9OLC f zJ>

Fk> �|APCBILH f n?ni<9KLC@H l A�>@>BA�> ��< DNj f I�� ILH ��I KtFkCNF h A1DNA�C@>
�
- � FkILO.-0/ � ��jr< l j4>B<izJIL<ip R DBjLA�<iC+CBA��

>BK-A l DN< sJA�KLCBH Q F Q <?ni<iDB<?A�>dHkp�> fLl�l A�>@> � : ��F R AP>B<?FkI pyCBF h A � HJC � h HgOLA�ni>�H f C f I l A�C@DNFk<?IMD R <iI

DNjrA�>BA�KtFGCNF h APDBA�CB> Q R F KtFk<?C#Hkp`KLCBH Q F Q <in?<iD R OL<i>@DBCB< Q f DN<iHJI p f I l DN<iHJIL> � HkC KLCB<iHJCB> � c <iz f CBA

� � � � � { jLA!KLCB<iHJCB> h F RZQ A <iIrpyHJC h APO QMR KLCBA1sm<iH f >@n R � zMF DNjLAPCBA�O A h KL<?C@< l FknxOtFGDNF � C@A�> f niDB>

��<iDBj OL<i>BA FG>BA�O h < l A�<?I �@A l DNAPO ��<iDBj ;=C f z � ��pyHJC/A  rF h KLn?A ��FGILO �GHJC/> f Q �@A l DB<iskA l CB< DNAPCB<uF
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c <iz f CBA � � � � :=I�<iIrpyHJC h FGDB<?HJI�� >@DNFGDNA�DNCBFkIL>B< DN<iHJI\OL<uFGzJCNF h pyHJC�DBjLA�OLC f z�Fknin?H l FGDB<?HJI#KLCBH Q n?A h �
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� ��jr< l j�<i> h HJCBA l HJIMDBCBH7sJAPCB>B<?Fkn � � T pq;=C f z � � A�CBAdDNH Q A+FkO h <iIL<?>EDNA�C@A�O�DNH#DBjLA=vtC@>@D|KtFGDN<iA�IMD �

DNjrA#A� rK-A l DNAPO H f D l H h A�<?>�OL< l D.FGDBA�O QMR DNjLA�KLCB<iHJC�pyHJC - � �-FkILO�zJ<iskA�I FkI!H Q >BAPC@sJAPO > frl�l AP>B>

HJCqp Fk<?n f CBA � � A h F R CBA1sm<i>BA|DBjLA f I l A�CED.Fk<iIMD R <iI�DNjLA|A � l F l R Hkp ;=C f z ��QMR FkKLKLn R <iILz ��F R A�>�[ >

C f n?A � : Q >@DNCBF l DBn R ��� A h F R < h Fkzk<?ILA�jLH � � A l H f n?O!A  mjtF f >EDN< sJA�n R l HJIL>EDNC frl D�F/DBCNFkIr>B<iDB<?HJI

OL<?FkzJCNF h <?I ��jL< l j F l DB<?HJIL>dFkILO!H f D l H h A�>`nuF Q A�n FGC l >=FkILO �|A <iOLA�IMDB<ip R ILHgOLAP> ��<iDBj KtFG<?CB>

Hkp OL<?>EDNC@< Q f DB<?HJI p f I l DB<?HJIL> l jtFGCNF l DNA�C@<��P<?ILz�APskHJnisg<iILz f I l APC@DNFk<?IMD R � Y�IrA l H f niO/API sg<i>B<?HkI�DBA�C �

h <?ItFGDB<?ILz#DNjL<i>�DNCBAPA�FGD`F�OrA�KrDBj!Hkp ��� � DBjLA�I f h Q A�C�Hkp9KtFGDN<iA�IMDN> ���LDBjLA�I�> � A�APKL<?ILz f K ��FGCBO

pyCBH h DBA�C h <iItFkn n?A�F sJA�> � � Q F l � <iILz f K �%HkKrDN< h Fkn�sGFkn f A�> f >B<iILz �|APn?n h FkI6[ >�A�w f F DN<?HkI Q APn?H �

� FGILO!IrHkDN<iILz\HJKrDB< h Fkn F l DN<iHJIL>	��FGn?HJILz DBjLA ��F R � f IMDN<?noC@A F l jr<?ILz\DNjrA�<iIL<iDB<uFkn-CBHgHkDxIrHmOLA �

T I zkA�ILAPCNFkn � DBjLA�OL<?>EDNC@< Q f DB<?HJIr> l jtFkCBF l DBA�CB<
��<iILz f I l APC@DNFk<?IMD R FkC@A l HJIMDN<iI f H f >�OLA�Ir>B<iDB<?AP>

OLA1vtILA�OZH7sJAPC l HJIMDB<?I f H f >\OrH h FG<?IL> � C@A�KLC@A�>@A�IMDN<iILz�DNjLAP>BA l HkI DB<?I f H f > OLA�Ir>B<iDB<?AP>\FkILO(K-A�C �

pyHJC h <iILz�DNjrA#<iI DBA�zJCBFGDN<iHJIL>�KrCBA�> l C@< Q A�O Q R �|F R A�>P[ >dC f niA l FkI Q A�F l H h K f D.FGDB<?HJItFGn?n R <iIMDNA�I��

>B< sJA�KLC@H l A�>B> ��T I�KLCNF l DN< l A �M< D�<i> l HJIMsJAPIL<?APIMD DBH�FkOLHJKrD ��jLFGD FkCBA l Fkn?niA�O � l HJI � f zMFGDNA p F h <in?<iA�>

HkpqOL<i>@DNC@< Q f DN<?HkIL> �`DNH h HgOLA�n H f C f I l A�CED.Fk<iIMD R � ;=A ]�C@HmHGD � � ��� � � � ctHJC�A  rF h KLniA �r< pqH f C f I��

l APC@DNFk<?IMD R <iI�- � <?> A� rKrCBA�>@>BAPO Fk>\F Q APDNF�OL<?>EDNCB< Q f DB<?HJI KtFkCNF h A1DNA�C@<��PA�O QMR ��� � (�� � � ��DNjrA�I
DNjrA�K HJ>EDNAPCB<?HkC�OL<i>@DNC@< Q f DN<?HkI pyHJC�- � ��zJ< sJA�IZFGI H Q >BAPC@sGFGDN<iHJI � <i>\Fkn?>@H�F Q A1D.F OL<i>@DBCB< Q f DN<iHJI �

Q f D ��<iDNj�KLFkCNF h APDBA�C@>|DNjtF DxFkC@A+<?I l CBA h API DBA�O�DNH�CBA 	LA l DxDBjLA+H Q >BA�CEsJAPO!OtF D f h � c <iz f CBA � � �
KLniHkDN>�DNjrA Q APDNF!OL<i>@DNC@< Q f DN<?HkI4pyHkC�sGFkC@<?H f >�KLFkCNF h APDBA�C�sGFkn f A�>	� ��{ jLA Q A1D.F�OL<?>EDNCB< Q f DB<?HJI�<i>

>NFG<?O DNH Q A � l n?HJ>@A�O ��<iDBj4CBA�>@K A l D�DNH � A�CBIrH f n?ni< >BF h Krn?<?Irz � �Zbd>B<iILz l HJI � f zMFGDBA p F h <in?<iA�>�Hkp

OL<i>@DNC@< Q f DN<?HkIL>dzkCBA F DNn R >@< h KLn?< vtA�>�DNjLA#D.Fk> � Hkp�C@A�KLC@A�>BAPIMDN<?Irz!FGILO CBA1sg<?>B<iILz f I l A�CED.Fk<iIMD R � <iI
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 C1<:3)G)<�,H2WBV3>,ZX[<8EF<�V;<V3)MF<�]\*-,H267Y*;26M]<�,I[^*-EF7/,1.+<�,H2V=_3),9] `R*`26C\3)Ba26*;7/,1M!]�*-BL263>26<�]ZXIM!26C�<
B�7).A?1*6V-<�]�?�7TV-*;B�M)=926C�<83)G/<L,H2D26C�<�,ZX�<�C#3R[/<LMW*-,!3I.A3),1,1<LE]26C13>2�*;M]7/?K26*-.A32V�`R*`26CbEF<�MJ?�<�Ba2
267
*`26Mc?1EF*-7/EL=,`RC1*;B4CY]1<LMJBLEJ*-X�<�MR26C�<�]1*-Md26EJ*;X10�2J*-7/,e72K9<�,I[^*-EF7/,1.+<�,H243=VfMJBL<�,#3)EF*-7/Mc2JC1<�3)G/<�,H2R*;M
V-*6Z)<�V6M+267+<�,1BL7/01,H26<LE��

� Kg7/,1<j`h<�EF<i267N7/X1MJ<LE�[)<i26C1<j3)G/<�,H2k*-,D7)?[<LE63>2J*-7/,f=>*;2JM9?1CIM^MJ*;BV32Vºe�Md243>2J<�el2J7=em3>BL26*;7/,�.n3)?�?1*-,1G
`h7/09VC]�3)?1?�<V3)E	267oX[<h,17/,1Md243>2J*-7/,#3>E�Mvi)26C�<j3)G/<L,H2(`h7/09VC]D3)?1?�<V3)E�267N32]#3)?�2k3)M9*;297/X1MJ<LE�[)<�M%26C�<
B�7),1MJ<�	^0�<�,1BL<�Mj72K[*;2JMO3)BL2J*-7/,�M�=HX10�2p2JC1*-M_32]13)?�243526*-7),�*-Mp*6VCV-0�MJ7/EdMD*;,
2JC1<cMJ<L,1MJ<q26C#352p26C1<q3)G/<L,H2
*-M9.A<LEJ<�V6M�K�7TVCV;7�`R*-,1Gq*;2JMkB�7).A?1*6V-<�]]?�7TV-*;B�M)==`RC1*;B4CW*-M%3oMF243526*-B>=),17),1MF263>26*;7/,#3)EdM].A3)?1?�*-,1G K�EJ7/.
CIM^?[<LEJMF263>26<LMo2J7A3>BL26*;7/,1M��


 C1<j?�<�EdK�7/EJ.A3),1BL<_7=K126C1<hB�7/.+?1*6V-<�]�?�7TV-*;B�MT*;M�X�7/01,.]1<�]W3>X[7�[/<iX Mr2JC1<i?�<�EdK�7/EJ.A3),1BL<_7=Kg3
 B�Vs3)*;E�[)7\M/3),H2 $ Md26E63526<�G=M/=)*;,'`RC1*;B4C!`h<jB�7/0.VC]DBL7/,1MF09V;2k3),�7/EJ3)B�V;<p267m]1<a26<LEJ.+*-,1<O26C1<_26EF01<iMd243>2J<
72K#,13>2601EF<j3),.]W3o?1EF*-7/EF*^32]17/?�2926C1<i3)?1?1EF7/?1EF*s3>2J<_7)?�26*;.n32VH?�7TV;*-B�M2�>V�<iB�3),�<S��?�EJ<�MFMk26C�<j[>32V-01<
72K^26C1<_B�V-3)*-Ed[/7�MH3>,"2	?�7TV;*-B�M@3)X1Md26E63>BL2?VhMT3)M 1 2 �����"t � ��u (a¼0� ' ��� ¼9�S( `RC1<LEJ<OuL]1<�,17>26<�M�?�7TV-*;B�M
3),9] �v*;Mi26C1<T?�EJ*-7)Ej]1*;MF26EF*-X10K26*-7), K�7/E ¼_( 2JC1<TG/<L,1<�EJ32V-*;w�<�]82JE63),�MJ*;2J*-7/,n.n3>2JEJ* �/K�7)Ec32VCV�MF263>26<LM
3),9]x3>BL26*;7/,1M��|��V;7\`h<�ENX[7/0�,9]P7/,P2JC1<�?�<�E�K�7)EJ.A3),1B�<]72Kp26C�<�B�7/.+?1*6V-<�]'?�7TV-*;B�M'*-Mo?1EJ7�[^*C]1<�]
XIMe26C1<�[>32V;01<T72Kk2JC1<rX[<LMF2  EF<V3)Ba26*h[/< $ ?[7TV;*-B�M/=,`RC�*-B4CY*;Mj26C1<rX�<�Md2NMd243>2J*-B)=�?1CIMKMF*-B�32VhelMF243526<�ey267=e
3)Ba26*-7),�.n3>?1?1*-,�GN`R*;2JCWEJ<LMJ?�<�BL2p2J7@26C1<i?1EJ*;7/E�i/*x�z<=�;= �����^t 1 2 �F��u (?¼9� ' � � ¼0��J V{C#3>2 � 7�`j3>E4]
EJ<�K�<�EFMq2J7n3)MR26C�<  [)3=V-01<T72K;��?�<�EdK�<�BL2a�R*;,.K�7/EF.n3>2J*-7/, $ � � 7�`i3)E4]|= �~} y�y �i.A3�M8X[<�EJ<LGH3)E4]�<�]P3>M

Ë }



26C�< ]1* �|<LEJ<�,�B�<8X�<L2b`h<�<L,b26C1<L[)3=V-01<A72Kj26C�<nB�V-3)*-Ed[/7�MH3>,"2D?[72V-*-B�M/=�`RC1*-B4C!*-M�,17)2�?�E63)Ba26*-B�32VCVhM
EJ<�32V-*;wV3)X.V-<)=�3),9]e26C�<�[>32V;01<T72K�26C1<rBL7/.A?�*CV-<�]e?[72V-*-B�M ]�<�²#,1<�]Y7�[/<LEoCIM^?�<�EJMd243>2J<�M��
����� �������
	 �
�������������
	 	 ����� ������� ���
	 ��� �!�#"���	 ��� �

$i7/,�MJ*C]�<�Ec3)G/3)*-,n2JC1<N2b`h7=e�Md243>2J<)=�2b`h7=e�3)BL2J*-7/,'S<�|� ��]�<�?1*;BL26<�]e*-, ^ *;G/01EF< �T� Ë �Q`R*`26Ce01,Oe
Z",17�`R,I2JE63),1MF*;2J*-7/,e?1EF7/X#3)X�*&%-*`26*;<�M�=I`RC17)MJ<�B�7/EFEJ<�MF?[7),9]1*-,�G+C('^?�<�EJMd243>2J<]?�EJ7^B�<�MFMo*;M;]1<�MFB�EF*-X�<�]
X('
26C1<*)j�TS<�|� ?1EF<�MF<�,H26<�]'*;, ^ *;G/01EF<��2� y �vV!<oMJC#3+%,%gMJC17�` C17�` 267]B�7/.+?10�2J<o26C�<N7/?�2J*-.A3+%
?�7-%-*;B�'/.�7/Ej26C1*;Mc?1EJ7^B�<LMJMq01MJ*;,1G
B�7/,I[)<�,H26*;7/,#3+%�]0'^,#3).+*-BT?�EJ7/G/EJ3).+.A*;,1G��z[)31%-01<T*`26<�EJ3>26*;7/,Å���

�9<LEJC#3)?�Mn26C1<I.A7)MF2A7/XI[K*;7/01M+B4C#3)EJ3)BL2J<�EJ*;MF2J*-B'7+.@26C�<2)j�@S<�m� 26E63>,1MJ*`26*-7),¬]�*s3)G/EJ3). *;M
26C13>2e*;28C#3)M:3),{3)B '^B
%-*;B)=  ?('^E63).+*C]13+% $ Md26EJ0�BL260�EJ<2� V{*;26C 2b`h73.�<V3)MF*-X4%;< 3)Ba26*-7),1Me3>2e<�3)B4C
]1<LB�*-MF*-7/, Md243)G)<x3),9] 2b`h7 ?�7/MFMJ*-X0%-<P?1C('^MJ*;BV3+%NMF243526< MJ0�B�B�<LMJMF7/EJM�.�7/E8<�3)B4CU71.T26C1<x3)Ba26*;7/,1M�=
7/,1<x.A35' MJ?�<�BL04%s3>2J< 26C#3>2:2JC1< 2JE63),�MJ*;2J*-7/, ]�*s3)G/EJ3). C13)M'3 X1EJ3),1B4C1*;,1G6.�3)BL2J7/Ee7+.87.i]26C�<
26EJ3),1MF*;26*;7/,¬]1*s3)G)E63). C#3>M�7-9;:&< �>= C('^?[<LEJMF263>26<LM:3>2e3�G/*6[)<�, ]1<L?�26C´� ^ 7/En3�C17/EJ*;w�7/,�7+. �@?�=
26C�*-MeMJ0�G/G/<�Md26M:EJ7)01G/C4%A'�7/,�< .+*&%,%-*;7/,\CB'^?�<�EFMF243526<�M�� 
 C1*-Me*;M�)i<
%,%-.A3),£� M  .+<�,13)B�< 7+.�26C�<
<��K?#3>,9]1*-,�G�G/EF*C] $ �C)i<�%&%;.n3),|= �~} y �\� � 2JC1<e,"01.�X�<�E
7+.@C('^?�<�EJMd243>2J<�MAG/EJ7�`RM
<��K?�7/,1<�,H2J*s3+%,%,'
`R*;2JCe26C1<T26*;.A<�e�C17)EJ*-wL7/,£�

�N,17>26C1<LE�.�<V3>2J01EJ<c7+.g2JC1<jC('^?[<LEJMF263>26<c2JE63),1MF*;2J*-7/,U]�*s3)G/EJ3). *-Mk2JC#3>2%2JC1<j26EJ3),1MF*;26*;7/,�?1EF7/X#3�e
X1*,%-*;2J*-<LM93>EJ<jZ",17�`R,£�(�*%;2JC17/01G)CD26C1<i01,9]1<LED%,'^*;,1GN26EJ3),1MF*;26*;7/,�?1EJ7/X13)X1*&%;*;2J*-<�M	X�<L2b`h<�<L,+?�CB'^MF*-BV31%
MF263>26<LMD3>EJ<+01,9Z",17�`R,f=%7/0�E�)i3@')<�MF*s3),�.A7O]1<
% ��n®µhnPX[<a243�]1*-Md26EJ*;X10�2J*-7/,x?#3)EJ3).+<L26<LEJM?�E%;<V32]�M
267+3WC('^?[<LEJMF263>26<]?1EJ7^B�<LMJM;`R*;2JC'3LZ",17�`R,'.A7O]1<
%x�

�*%`26C17/0�G/Cx*-, G/<L,1<�EJ3+%%26C1<
?1C('^MJ*;BV3+%pMd243>2J<WB�7/.+?�7/,1<�,H2�7+._C('^?[<LEJMF263>26<+BV3>,�B4C#3>,1G/<+3)Ede
X1*`26E63>EJ*&%A'I3>2�<V3)B4C MF2J<�?f=�26C1<
*-,F.�7/EJ.A3>26*;7/,YMd243>2J<ABL7/.+?[7/,�<�,H2rB4C#3),1G)<�MD7),4%,'YMD%-*;G/CH2�%A' � 7/,1<
*-,F.�7/EJ.A3>26*;7/,+MF243526<TB�7).A?�7/,1<L,"2R*;,1B�EF<V3)MF<�McX('��r3>2j<V3)B4C'MF2J<�? � 26C1<T*;,0.�7/EJ.A3>2J*-7/,+MF263>26<T*;Mc3
 ?�01EJ<qX1*-Ed26C $ ?1EJ7^B�<LMJM�� 
 C�*-M_.A<�3),1MO26C#3>2m��2G'^?1*;BV3+%,%,'.�k7/01E_.+7,]1<�%4.�7/EO01,1BL<�EF263)*-,H2G'+*-MOMH%-7�`I%,'

3),9]'MJ.+7^7)26C4%A'nB4C13),1G/*;,1G+3)M;`i<r7/X1MF<�Ed[/<r26E63>,1MJ*`26*-7),1M��
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� <�?�2JC ,"01.�X�<�ER7+. � *-Md26*;,1BL2R,17 � <LM 7-9;:&< �>=
K � �� Ë �Ë � Ì � y
J � y y��
� � � � ËTÌtyÌ Ë!y�� � KTË��� K ��yIËTÌ �2� K�� � �@?��� Ì J-K = $�� � �2� K $ � �@?��Ë+K � Ë�� = K } � �T� � K � �@? À��ËTÌ �(K-J = $+KIË �T� � Ë � �@?OÀ��
 7>243+% �)= ��y+J = K+K�� �T� Ì+K � �@? À��


 3)X4%-< �2���T» � 01.DX[<LET7+. � *-MF2J*-,1Ba2TC('^?[<LEF243526<
,17 � <�Mr3>2
	>3)EF*-7/0�M � <�?K26C1Mr7+.O26C�<WCB'^?�<�EFMF243526<
26EJ3),1MF*;26*;7/, � *-3)G/E63>.Y�
�Q�����;: 
 � ¡��  ¢��¡D� �¬�DB ?Q� �9�f���m� @a�Q�"¡D���m��¡£�.���.���O?��|���I�.���N v��9¡D�Q ��|�/G	Bd¡��j¥��'¡£�9�I�.���,¡D�


 C1<]243)M��I7+.O<L,"01.A<LE63>2J*-,1G83+%&% � *;MF26*;,1BL2NEJ<�3)B4C#3)X4%;<DC('^?[<LEJMd243>2J<�Mr*-MN3nMJ7/.+<��RC13>2T*-,H2J<�E��
<�Md26*;,1GW?1EJ7)X4%-<L. *;,e*;26MF<
%A.�� ^ *-G)01EJ< �T��� K ?1EJ<LMJ<�,H2JMR2JC1< � 3>263�MF2JEJ01Ba2601EF<�Mc26C#352��i<m²#, � 0�MJ<�.�00%
*-,'3)BLB�7/.+?4%;*-MJC�*-,1GD2JC1*-Mj263)M��Å�

&@01E@3+%;G/7/EF*;26C�. *-,1*`26*-3+%-*;w�<�Mh26C1<]CB'^?�<�EFMF243526<�MF?#3)B�<]267nX�<]2JC1<�*;,1*;2J*s3+%[CB'^?�<�EFMF243526<W,17 � <)=
�RC1*;B4C�<��K*;MF26MA3>2A3 � <�?�2JC�7+. ? J V�<IG/<L,1<�EJ3>26<:26C�< 	>3)EF*-7/01M � <L?�26C"! �I3)Ba26*-7),$#>,1<S�K2���Md243>2J<
MJ0�B�B�<LMJMF7/EJM'3), � 3 ��� 2JC1<�. 267!2JC1<YMF?#3)BL<P*,.@2JC1<�' � 7b,�7)2e3+%;EJ<�3 � ' <��K*-Md2R� �N, 3)EFE635' 7+.
?�7/*-,H26<LEJMT?�7/*-,H2JMN26782JC1<U²#EJMd2r,17 � <W*-,x3�%;*-,��>< � %-*;MF2@71.h,�7 � <LMr3>2r<V3>B4C � <�?�2JC ��7/,1<�7+._26C�<
,17 � <�MF26EF01BL2J01EJ<�²#<
% � Mq?[7/*;,H26Mc267
26C1<�,1<S�K2N,17 � <]*;,e26C1<�%-*-,%�)< � %-*;MF2a��� 
 7AG/<�,1<LE63>2J<D31%&%f26C�<
� *;MF26*;,1BL2@MJ01BLB�<�MFMJ7/E�,17 � <�Mr352r3eG/*&	)<�, � <�?K26C ' ( �i<WG)<�,1<LE63>2J<A31%&%	26C1<W?�7/MJMF*-X4%;<�MJ0�B�B�<LMJMF7/EJM
.�EJ7). ,17 � <�Mo3>2 � <�?�2JC ' � � J �NMo<V3)B4CYMJ01BLB�<�MFMJ7/EN*-MRG/<�,�<�E63526< � ='�h<DB4C1<LB(�'2J7nMJ<L<D*A.%*;2qC#3>M
3+%;EJ<V3 � ' X[<L<�,\G/<�,�<�E63526< � � �)�)<�'b<
%-<L.A<L,H2�7+.R26C�<e3+%-G)7/EJ*`26C1. *;M]26C13>2WC('^?[<LEJMF263>26<e,�7 � <LM
3)EF<NMF2J7/EJ< � *-,n3]C#3>MJCn263)X4%-<>=K*;.A?0%-<�.+<�,H2J< � 3)Mi3>,e3)EJEJ35'A71.�%-*;,��)< � %-*;MF2JM�� � <��I%A' � *-MJBL7*	/<�EF< �
� *;MF26*;,1BL2@,17 � <�M�3)EJ<W*;,1MJ<LEF2J< � 3>2T26C�<,+"-�.0/x7+._26C�< %-*-Md2E%-7^BV3526< � 352r3e?[7/MF*;2J*-7/, � <L26<LEJ.+*-,1< �
X('n2JC1<@C#3)MFC�.�01,1BL2J*-7/,c�1�h<2	K*;<�� 26C1<N*-,0.�7/EF.n3526*-7),AMd243>2J<T3)MR3),e<L*-G/CH2��lX1*;2h,"01.�X�<�Ej*;,eE63 � *��
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state
successor

Depth

next_in_layer

layer
ptr to 1st node in layer 0

ptr to 1st node in layer 1

0

1

horizon

hash_table
0

1
ptr to 1st node in list 0

last_node

Other:

hashsize-1

ptr to 1st node in list 1

Node structure:

next_in_hashlistn   n     n   n
n   n     n   n

11 12 11 12

21 22 21 22

1 1

1 1

2 2

2 2

^ *-G/01EF<��T� � K »��K7/.+<T01MF<�.�04% � 35243WMF2JEJ01Ba2601EF<�M .�7)Ec<�,"01.+<�E63526*-7),e7+.92JC1<rC('K?�<�EFMF263>26<�MJ?#3>B�<2�
�������
	��
��� �@,17>243>2J*-7/,82JC1<�,:.A3)?826C1*;M��)< '8267+3�C#3>MJC:243)X4%;<@MD%;7)2 %;7KB�3>26*;7/,801MF*-,1G
3WMF*-.+?4%-<
.+7 � 00%s3)E .�01,1Ba26*-7), <�	>3+%-013>26< � 01MJ*;,1G � 7/EF,1<�E��zM:EF04%-< � ^ *;G/01EJ<��T� � � MJC�7 �RMe2JC1< EJ<LMJ04%`26*-,�G
� *;MF26EF*-X10K26*-7),�7+. �)< 'KMO267rC#3>MJC��y243)X4%;<jMD%;7)26M?���%&T,�<c7+.[2JC1<c,17 � <cMF2JEJ01Ba2601EF<;²#<
% � Mp*-M%2JC1< � <�?K26C
3>22�RC�*-B4CP26C�<�,17 � <�<��K*;MF26M�� 
 7eB4C1<LB(�P*,._3nG)*&	/<L, ,17 � <W?1EJ< ��<S��*;MF2JM�= �h<WB�7/.+?10�2J<�*;2JMNC#3>MJC
	>3+%-0�<�3), � 2JE63 	/<LEJMF<
2JC1<WB�7)EJEJ<LMJ?�7/, � *;,1G�%;*-,��>< � %-*;MF2o01,H26*,%k*;2N*-M*.�7)01, � ��*`2@*;M@3 � 01?0%-*-B�3>26<R�a=
�h<qEF<V3)B4C+3@,17 � <c*;,D26C1< %;*-Md2 �R*;2JC � <�?K26C/%-<�MFM%26C#3>,�26C1< � <L?�26C
7+.g2JC1<cMJ<�3)EJB4C1< � � .�7)Ep,17 � <���*;2
*-M � *;MF2J*-,1Ba2V=#3), � �h<]B�3),'2J<�EF.A*;,#3>26<@2JC1<�MJ<V3>EJB4CYMF*-,1BL< � 01?4%-*;BV3>2J<T,17 � <�Mq.�01Md2o<S�K*-MF2N3>2R26C�<
M63>.A< � <�?K26C:3), � ,1<��I%A' � *-MFB�7*	/<LEJ< � � *;MF2J*-,1Ba2h,�7 � <LMc3)EF<o*;,1MJ<LEF26< � 3>2_26C1<oC1<V3 � 7+.f2JC1<*%;*-MF2a�a=
7/E��h<rEJ<V3>B4C'2JC1<r<�, � 7+.�26C1<E%;*-MF2���*;2R*;M � *;MF26*;,1BL2a��� 
 C1<rEF<�MJ00%;26*;,1G
3+%;G/7/EJ*`26C1. *;McEJ<V3>MJ7/,#3>X4%,'
<#�+BL*-<�,H2
�R*`26C EJ<LMJ?�<�Ba2�2J7e.A<L.A7)EH' ��.+<�.+7/EH''*-M � '^,#3).+*-BV31%&%,''31%&%-7^BV3526< � 3)M@,1< � � *;MF26*;,1BL2
,17 � <�MN3)EJ< � *;MJB�7*	)<�EJ< � �o3>, � 2J*-.+< � %-*;,��"*-,1GW,17 � <LMN*-,H2J7n3+C#3)MJC'243)X0%-<�G/EJ<�3>2�%A'eEJ< � 01B�<LMN26C�<
26*;.A<NEJ<
	"01*;EJ< � 2J7+B4C�<�B(��.�7/Ej26C�<�?�EJ< �l<��K*-Md26<L,1B�<�7+.k3
G)*&	/<L,IMF01B�BL<�MFMJ7/Eo,17 � <����
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Hash table slot^ *;G/01EJ<��2��� �2» � 7*� 2JC1<rE63 � * � ����C�7/EJ*;w�7/, � �\�OC#3)MFC .�01,1Ba26*;7/, � *-Md26EJ*;X10�2J<�Mc*-,F.�7/EJ.A3>26*;7/,8Md243>2J<
�)< '^MN*-,H2J7WC#3)MJC:243>X4%-<TMH%-7)2JM�� 
 C1<�C#3)MFC'263)X4%-<TMF*-wL< .�7/Ej26C1*;McBV3)MF< �i3)MRB4C17/MF<�,'267
X[< � K+K-K $ =
3), � 26C1< �)< 'KM �h<�EF<Y<L,^0�.A<LE63>2J< � 2J7b3!C17)EJ*-wL7/, 7+. ËTÌ � �/= ��y-J = K-K�� � *;MF26*;,1BL2+*;,0.�7/EJ.A3>2J*-7/,
MF263>26<LMa���
�Q������� �X�9�Q v�,�� ´�DBk ´�Q�| +B��|�O�d�Q�N�

� ,\MJ?�*;26<e71.oMF?[<LB�*-3+% � 3>263PMF2JEJ01Ba2601EF<�M+*-,H26EF7 � 0�B�< � 2J7 C1<
%;? .A3��><826C1<:3+%;G/7/EF*;26C�. <�� �
B�*;<�,H2V=g*`2oB�3),1,17>2@3 	/7)* � )i<
%,%-.A3),£� Mc.A<L,#3)B�<�7+.%2JC1<�<��K?#3), � *-,1GAG/EJ* � =126C17)01G/C'MJ*-,�B�<�,17)2N3+%&%
MJ0�B�B�<LMJMF7/Er,17 � <�Mr3>2@38G/*&	)<�, %-< 	/<�%%3)EF< � *-Md26*;,1BL2�=[26C�<W<��[<�BL2J*&	)<�X1E63>,1B4C1*-,�G�.�3)BL2J7/E@*-MoB
%;7/MJ<LE
2673� J�� 26C#3>,I*`2c*-Mc267 7 J

V!<'MJC13+%&%i263��)<��-? MF2J<�?1Mn3)M+3 ?1E63)Ba26*;BV3+%�=_EF<V3)MF7/,#3)X0%-<:01?1?�<�E
X�7/01, � 7/,Z26C1<'C17/EF*-w�7),
26C13>2
�i<+BV3>,�<S��C13)01MF2J*&	)<
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3 C1<�.�3>BL2�2JC#3>2�2JC1<eC('K?�<�EFMF263>26<e26EJ3),1MF*;26*;7/, � *-3)G/EJ3). *-MW3 � *;EJ<LBL26< � 3)B�'^B
%;*-B8G)E63)?1C54�3

MJ?�<�BL*s3+%qBV3>MJ<P7+.
�RC13>2�)i<LEF2JMJ< �53)M:3>, � 3 MJ*;2JMJ*&� %;*-ML= �~}/} y =jBV3+%,%  MJ<�	^0�<�,H26*-3+%oMF?#3)BL< � <�BL7/. �
?�7/MJ*`26*-7), $�6 *-.+?4%;*-<�MT2JC#3>2 �h<8B�3),bB�7).A?10K26<n2JC1<n7/?K26*-.A3+% 	>3+%-0�</.�01,�BL26*;7/,b01MF*-,1GY7/,4%,' 7/,�<
�r3)01MJM � �K<L* � <�%j*;2J<�EJ3>26*;7/,b?�<�E
MF263>26<87 3 C#3>2+*-ML= �i<:BV3>, MF*-.+?4%,' X�<�G/*;, X('ZBL7/.+?10�26*;,1GP26C�<
7/?�2J*-.A3+% ���lMF26<L? 	>3+%-01<�.�01,1Ba26*;7/,1M*.�7/Eq,17 � <�M@3>2:9<;�=?> � ! �������
	 ��� � �/=#26C1<L, B�7/.+?10�2J<D26C�<
7/?�2J*-.A3+%�@ ��Md26<�? 	>3+%-0�< .�01,1BL2J*-7/,�M .�7/Ec,17 � <�Mq3>2 9<;�=?> � ! ���
���
	 ��� ��@^=13), � MF7A7/,:01,H2J*&% �h<
B�7).A?10K26<T26C1<T7)?�26*;.n3+% 	>3+%-01<T71.92JC1<rEJ7^7)2A7 )i<�%&%;.n3),�BzMh<
	"0#3>2J*-7/,:243��><�Mc26C�<�.�7)EJ.DC

� �E�F b �N, �����G �IH J GE H F b �LKNM GE H ��� � xPOH F Y GE H F b ��Q�(
�RC1<LEJ< Y 2JE63),1M .�7/EJ.+M	26C1<h?1EJ*;7/E9*;,0.�7/EF.n3>2J*-7/,TMd243>2J<)=/*;, � <SR�< � X(' b ( 	^*s3o3*)j35')<�MJ*-3),W01? � 3>2J<
*-,�%;*-G/CH2c7+.�26EJ3),1MF*;26*;7/,1M .�EF7/. MF263>26<:TO01, � <�Eq3)BL2J*-7/, \ � )h<
%&%;.n3>,)BzMi<
	"0#3>2J*-7/, � *-Ba243>2J<�McC17*�
	>3+%-0�<�M	3)EF<%267cX�<pX#3)B(�)< � 01?�.�EJ7). 2JC1<OC17/EJ*;w�7/,TMF<
	"01<L,"2J*s3+%,%,'oX#3)B(�N2J7c26C1<p*;,1*;2J*s3+%�C('^?[<LEJMF263>26<87
������� � 
 
���� �!&U���?��
���+!�DBV��W��X�)�	
����Y+Z�

V�<c3 ��� 2 �h7r,1<��\[#<
% � M%267T7)01E%,17 � <cMF2JEJ01Ba2601EF<c*-, ^ *;G/01EF< �]7 � K 26C13>2pMF2J7/EJ<j2JC1<c7/?�2J*-.A3+%
	>3+%-0�< .�01,1BL2J*-7/,'3), � 7/?K26*-.A3+%[3)BL2J*-7/,�7 3 C1<r<^RK*-Md26<�,�B�<�7+.k2JC1<�%s35'/<LER3)EJEJ3@')=��RC17/MF<]<�%-<�.+<�,H2JM
?�7/*-,H2r267:26C1<_[#EFMF2�,�7 � <
*;,�<�3)B4C %s35')<�E�=k3), � 7+.j2JC1< � >	`%a*b �
� bc9�;�=?> � ?�7/*-,H2J<�Ed[#<
% � *;,
26C�<�,�7 � <rMd26EJ0�BL260�EJ<)=4.�3>B�*&%;*;263>26<LMi26C1<r?1EF7KBL<�MFMq71.kM��i<L<�?1*;,1GA2JC1EJ7/0�G/Ce26C1<
	>3)EJ*;7/01M %-3@')<�EFMe7

f M]3),x<^R�3).+?4%-<>= �i<+B�7/.+?10�2J< � 26C�<A7/?K26*-.A3+%�?[7+%-*-B ' .�7/E@2JC1<W2 �i7 ��MF263>26< #82 �i7 �m3)Ba26*-7),
?1EF7/X4%-<L. �R*;2JC�26C�<nMJ*;.A?0%-<WEJ< �j3>E � MF2JEJ01Ba2601EF<n7+. �0� .�7)E
%-3), � *;,1G'*-,�2JC1</%-<�. 2���C#3>, � Md243>2J<
3), � � �/.�7)E
%-3), � *;,1Ge*-, 2JC1<AEF*-G/CH2���C#3), � Md243>2J<�4�MJ<L< ^ *;G/01EF<�M��]7g@'3>, � �h7 y 6 7jipEF*-7/Er01,1BL<�E �
243>*-,H2G'D*;,D26EJ3),1MF*;26*;7/,D?�EJ7/X#3>X1*&%;*;26*;<�M	*-M9EJ<L?1EJ<LMJ<�,H2J< � X('DX[<a243 � *;MF2JEJ*-X�0�26*;7/,1M �R*`26C�?13)E63).+<L2J<�EFM
� <LMJB�EF*-X1*;,1Gn*;,1*;2J*s3+% � *-Md26EJ*;X10�2J*-7/,1Mc2JC#3>2T3>EJ<D0�,1*,.�7/EF. 7*	/<�EN3+%&%	?�7/MJMF*-X4%;< 	>3+%;01<�ML7 3 C�<�*-,1*`26*-3+%
?1C('^MJ*;BV3+%9MF243526<D*;Mo263��)<L,P267nX�<D2JC1< %;<�. 2��lC#3), � MF263>26<87 3 C1<�7)?�26*;.n3+%�	>3+%;01<�M .�7/E@3+MJ<�%-<�Ba26*;7/,
7+. � * �[<�EF<�,H2qC17/EF*-w�7),1MR3)EJ<r?1EF<�MF<�,H26< � *-, 3 3)X4%;<��]7k@�7

Jml



C17/EJ*;w�7/, ���� K �]7 � }/}� l @�7 � � y@ K � 7g@ J�y@ l l 7 $ �~}
3 3)X4%-< �h7k@�C]&@?�2J*-.A3+% 	>3+%;01<8.�7/E@2JC1<
*-,1*`26*s31%9C('^?[<LEJMd243>2J</.�7/ET7)01ErMJ*-.+?4%;<�7/?�2J*-.A3+% %;<V3)EF,1*-,1G
?1EF7/X4%-<L.$7

3 C1< 	)31%-01< .�01,1Ba26*;7/,r*-M�3I.�0�,1BL2J*-7/,r7+.K26C1<_*-,0.�7)EJ.A3>26*;7/,@MF263>26<>= �RC�*-B4CDEF<�MF* � <LM9*;,]3>,]<L*-G/CH2��
� *;.A<L,1MJ*;7/,#3+%1MF?#3)BL<h7 ^ *;G/01EJ< �h7�� @@?1EF7*	K* � <�M_MJ7).A<R*-, � *-B�3>26*;7/,W7+. 	>3+%;01< .�01,1Ba26*-7),+MF<�,1MF*;2J*&	^*;2G'
�R*;2JC8EJ<LMJ?�<�Ba2j267�*;,0.�7/EF.n3>2J*-7/, ��MF263>26<iXB'A?4%;7)2J2J*-,1G 	>3+%-01<o3)Mi2 �h7�?#3>E63).+<L2J<�EJMi3)EJ< 	>3)EJ*;< � C�� OO
3), ��� OO � �RC1*;B4C � <�MFB�EF*-X�<h26C�<i?1EF*-7/E�01,1BL<�EF263)*-,H2G']*-,�26E63>,1MJ*`26*-7),1M	7/0�2%71.#26C1< %-<�. 2���C#3>, � Md243>2J<
01, � <�ET3)Ba26*;7/,�\ O 4�7)2JC1<�Eo?1EJ*;7/EN0�,1B�<LEF243>*-,H2G' � *-MF2JEJ*;X10�26*;7/,1MqEJ<L.n3)*;,Y01,�*,.�7/EF. 6 7 � ,H260�*;26* 	/<�%,'/=
26C�<o7/?K26*-.A3+%1?�7-%;*-B�'�*-MO7/,1<R26C#352i.A3 RK*-.+*-wL<�M%26C�<N3).+7/01,H2h7+.|2J*-.+<RMJ?�<�,H2j*;,+2JC1<oEF*-G/CH2���C#3), �
MF263>26<>=	MJ*-,�B�<W*;2JMTEJ< �j3)E � *;M@G/EF<V3>2J<�MF2e7��Q7 � 	>3+%-0�<�M�� OO 7+.hB�7).�X1*-,�< � �R*;2JC C1*-G/C 	>3+%;01<�M .�7/E
� OO B�7/EFEJ<�MF?[7), � 2J7'EF<
%-3>26* 	/<
%A'YC�*-G/Cx?1EF*-7/E@<LMF2J*-.A3>26<LM .�7/E@26EJ3),1MJ*`26*;7/,1*-,�Gn267e26C�<+EF*-G/CH2���C#3), �
MF263>26<o01, � <LEc3)Ba26*-7),F\ O B�7/.+?#3)EF< � �R*;26C83)BL2J*-7/, \ � 7 ^ 7)EhC1*;G/C 	>3+%;01<�Mh7+.	� OO B�7/.�X�*-,1< � �R*;2JC
%-7*� 	>3+%-01<LM .�7/E � OO `F0�MF2R26C1<r7/?�?[7/MF*;2J<T*-Mj26EF01<h7
����
 ��
�	 	 �E���

3 C1*;MTB4C#3)?�2J<�ErX�<�GH3),xX(' ?1EF<�MF<�,H26*;,1GY3e,"01.�X�<�Er7+.h<^R�3).+?4%;<�MT7+.hMJ<�	^0�<�,H26*-3+% � <�BL*-MF*-7/,��
.A3��"*-,1G�0�, � <�Ei01,1B�<LEF263)*-,H2G'/=4.�EF7/. � EJ0�G
3 � .+*-,1*;MF26EJ3>26*;7/, 4�3�X#3), � *;2i?1EJ7/X0%-<�. 6 ="267+SI3)E��>7 	
� <LB�*-MF*-7/,Z?�EJ7^B�<�MFMJ<LM �R*`26C\01,1BL<�EF263)*-,Z2JE63),1MF*;2J*-7/,b?13)E63).+<L2J<�EFMe7 f B4C#3>E63)Ba26<�EF*-Md26*-Bn7+.o2JC1<�MF<
<^R�3).+?4%;<�Mr*-MT26C13>2�7/?�26*;.n31%kMF2JE63>2J<�G/*;<�M�.n35' *;,1B
%;0 � <W?1EF7/X1*;,1GY3>BL26*;7/,1ML= �RC�*-B4C!G/3)*-,x*-,F.�7/E��
.A3>26*;7/,Z26C#3>2A.A3@'\X�<'0�26*,%-*-wL< � X(' 3)BL2J*-7/,1M
243��)<�,�*-, MJ01X1MF<
	"01<L,"2 � <�B�*;MJ*;7/,�Md243)G/<LMe7 V�<
EJ< 	^*-<��h< � BL<�Ed243)*;,Z3)MJ?�<�Ba26M�71.I)j35'/<LMJ*s3>,ZMF243526*-Md26*;B�Mj4�26C�<n,17)2J*-7/,�7+.RB�7), `F01GH3>2J< .�3).+*&%;*-<LM@7+.
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Gittins indices:
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