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ê'Ý,á:à(Ü�ü�ß�ì�ë[á4ê'à×âyß�ê�æpß�ì'ëLä_ø�ç&á4ä[ëpÝ_à(ã�ëpç'á:ê'àiärß(å7Ý7â_ß�ê�æ[ß(ì'ëLä`ã(ä]ê'ß�á1ä[Ý�ø�Ý_æpâ�ö,ö_öpÛ�Ü'Ý7åFß�ÿ(Ý
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Û�Ü'ÝÓü'á:æ[åÓã�ñ�ä@ã�ë[ÝU��ëLäfæ@äpâ_ã�Þ:Ý�çèá:ê ü'á4ê�ã�ë[é æpß*ã äfæLã�ê�ç�ã�ëLçèä[á4ô_ÝÓúOá:æ[Ü æ[Ü�ÝEâyß�ê<ç&á½æpá:ß(ê
æ[Ü<ã�æ7æ[Ü'Ý×ß(ë[á4à�á4ê�ã�Þ�ã�ä[ñ�Ý,âBæ7ëLã�æ[á4ßèü<Ý×ñ'ëpÝ,ä[Ý_ëpÿ�Ý�ç!ö­�'ß(ë$Ý�ã�âLÜ ñ�á½ï&Ý_Þ�ønæpÜ'Ý ç&á1äfæLã�ê�â_Ý�æpß
æ[Ü�Ý°ê'Ý,ã�ë[Ý�äfæOòdß(ë[Ý,à�ëpß�ì'ê<ç�ñ'á:ï&Ý_Þ�á1äIâ_ß�å7ñ'ì&æpÝ,ç!ö�Û�Ü'á1äOà�Ý,ê'Ý_ëLã�æpÝ,äwl�ç'á4äræpã�ê�âyÝ­ü'á:æ[åÓã�ñ�ä_ø
ß�ê�Ý@òdß(ëmÝ�ã�âLÜ*ß�ònæ[Ü'Ý7Ý�ã�äræ,ø2úVÝ�äfæ�ø�ärß(ì&æ[Üèã�ê�ç*ê'ß�ë[æ[Üèç&á:ëpÝ,âyæ[á4ß�ê�ä,ö � ògæpÝ_ë°ã�ñ�ñ'ë[ß(ñ'ëpá4ã�æ[Ý
ê'ß(ë[åÓã�Þ4á4ô,ã�æpá:ß(ê�ø�æ[Ü�ß(ä[Ý ü'á:æ[åÓã�ñ�äîã�ë[Ý òdÝ,çýæ[ßuãuäfæLã�ê�ç�ã�ëLç�å@ì'Þ:æ[á]Þ1ã}é�Ý,ë�ñ�Ý_ëLâyÝ_ñ'æ[ëpß�ê
*J	^®V¯�+nã�ëLâLÜ'á½æpÝ,âyæ[ì'ëpÝ�ö��'ß(ë
ã°ä[Þ:á4à�Ü�æ
á4ê�âyëpÝ,ã(ärÝOá4êÓñ�Ý_ë[òdß�ëpå7ã�ê�âyÝ(ø�ú�ÝIâyß&ç&Ý�æ[Ü'Ýmß�ì&æpñ'ì&æpä
úOá:æ[Ü^°mëræpÜ'ß�à(ß�ê�ã�Þ � ëpëpã}é&ä±*J�Iã(ç'ã�åÓã�ëpçZM�Ý,âyæ[ß�ëLäB+(²(ö
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Û�Ü'Ýîê'Ýyï�æÓäfæpÝ_ñuâ_ß�ê�ä[á1äfæLä°ß�ò�ì<ärá4ê'à*æpÜ'Ý×âLÜ�ã�ëLã�âyæ[Ý_ë$ë[Ý�âyß(à�ê'á:æ[á4ß�ê ëpÝ,ä[ì'Þ:æpäL*?��á:à<ö�b�+]æpß
��ê�ç æ[Ü�ß(ä[ÝFú�ß�ëLç'ämá:êèæpÜ'Ý7Þ:Ý_ï�á1âyß(ê*æpÜ�ã�æ@â,ã�ê ü�Ý7åÓã�æpâLÜ�Ý,ç!ö�°mê'Ý7á4ç'Ý,ãîá4ä`æpßiì<ärÝFæ[Ü�Ý
âLÜ�ã�ëpã(âBæ[Ý,ë�ëpÝ,ä[ì'Þ½æLäIã�Þ:ß(ê'àÓúOá½æpÜ*æpÜ'Ý@ëpÝ_Þ1ã�æpá:ÿ(Ý­ñ<ß�ärá:æ[á4ß�ê*ß�ò�æ[Ü'ÝFärñ�ß�æ[æ[Ý�ç*âLÜ�ã�ëLã�âyæ[Ý,ëpä�æpß
à�Ý,ê'Ý_ëLã�æpÝ­ärß(åFÝ]ù�á4ê�çiß�òµ´ F`E7W];U\R¶�W]@R[
\RW]\ ö��èÝ°â_ã�êîæpÜ'Ý_ê×Ý_ï�æpëpã(âBæOòdëpß�å æpÜ'Ý°Þ4Ýyï&á1âyß�êSø
æ[Ü�ß(ä[ÝVÝ,ê(æpë[á4Ý,äSæ[Ü<ã�æ�â_ã�ê$ü<Ý�à�Ý,ê'Ý_ëLã�æpÝ,ç­ü�é`æ[Ü�Ý�ã�ì&æ[ß(åÓã�æpã�ø�æ[Ü�ì�ä�ë[Ý�ç&ì�â_á:ê'àIæ[Ü'Ý�Þ4Ýyï&á1âyß�êSö
��á4ê�âyÝIúVÝ�ã�ë[ÝOá4ê�æ[Ý_ëpÝ,äræ[Ý�ç7á:êÓÞ4Ýyï&á1âyß(êFëpÝ,ç'ì�âBæpá:ß(ê�ø�ú�ÝIâ_ã�êÓã�Þ4Þ:ß�ú�ß�ì'ëLä[Ý_Þ4ÿ�Ý,ä�æpß@âyß(ê�ärá1ç&Ý,ë
æ[Ü�Ý$æpß�ñ òdÝ_úóë[Ý�âyß(à�ê'á:æ[á4ß�ê*ëpÝ,ä[ì'Þ:æpä`òdß(ë`Ý�ã�âLÜ ärñ�ß�æ[æ[Ý�ç âLÜ�ã�ëpã(âBæpÝ_ëLä_ö���ß�ë`æ[Ü�ÝÓÝyï'ã�å7ñ'Þ4Ý
à�á4ÿ�Ý,êîá4ê ��á:à<öKb�ø&ú�Ý­úVß(ì'Þ4çîà�Ý,ê'Ý_ëLã�æpÝIæpÜ'Ý]òdß�Þ4Þ4ß�úOá:ê'à7à(ëpã�åFåÓã�ë�·

¸º¹n»`¼"½¢¾¿½�ÀKÁÂ»�Ã¿½¢Ä)Å?Æ ÁÇ¸º¹Ç»RÆ)½�È¿½¢É`Á
÷kêèæ[Ü'Ý�ê'ß�æLã�æ[á4ß�ê ã�ç'ß�ñ&æpÝ,ç!ø�úVÝEã(ä[ä[ì'å7ÝFæ[Ü�ã�æ
psÊ�r�åÓã�æpâLÜ'Ý�ä]Ýyï'ã�âyæ[Þ4é*ß�ê'ÝEâLÜ<ã�ëLã�âBæpÝ_ë�ø
úOÜ'á4Þ:Ý�p�Ë0rNåÓã�æpâLÜ�Ý,äFã�ê�é ê�ì�å@ü�Ý_ë7ß�ò�æpá:å7Ý�ä�*?& ß(ë$å7ß(ë[Ý�+°ã�ê�é ß�ê�ÝiâLÜ�ã�ëpã(âBæpÝ_ë­òdëpß�å
æ[Ü�Ý7ã�Þ:ñ�Ü�ã�ü�Ýyæ�ö ÷kê ß�ëLç&Ý,ëIæpßiá4å7ñ'Þ4Ý_å7Ý_ê�æ]æ[Ü'Ý7à(ëpã�åFåÓã�ëmç&Ý�ä[â_ë[á4ü<Ý�ç ã�ü<ß�ÿ(Ý�ø2úVÝ7â_ã�ê
åÓã�ù(Ý@ì�ä[Ý$ß�ò
ãZ�Iá4ç�ç&Ý_êN	*ã�ëpù�ß�ÿ«	 ß&ç&Ý_Þw*J�m	�	^+må7ß&ç&ì'Þ4Ý�ö°Û�Ü'ÝFë[Ý�ã�ç&Ý,ëIúOá4Þ:ÞNëpÝ,â,ã�Þ4Þ
æ[Ü<ã�æ`ãL�
	�	 á4äIê'ß�æpÜ'á:ê�à�å7ß�ëpÝ­æ[Ü<ã�ê ä[ß�å7Ý°Ý,ê'Ü�ã�ê<âyÝ,ç*á:å7ñ'Þ4Ý_å7Ý_ê�æLã�æ[á4ß�ê ß�ò
ã
��ê�á½æpÝ
ã�ì'æ[ß�åÓã�æpãÍÌ�öNÛ�Ü'Ý�ç'á4äpâyëpÝyæpÝVß(ü�ärÝ,ë[ÿ�ã�æ[á4ß�êq�
	^	 à(Ý_ê'Ý,ëpã�æ[Ý,ç`òdß(ë�æ[Ü'Ý�Ýyï'ã�å7ñ'Þ4Ý�ß�òK��á4à�ö$b
á1äOärÜ'ß�úOêiá4ê«��á4à�ö`Î�ö
��Ü'á4Þ:ÝIúVÝ�åÓã�ù�ÝOì�ä[ÝOß�ò�ã�ê
�m	�	 å7ß&ç&ì'Þ4Ý�ø�ú�ÝIç&ß­ê�ß�æ
ì�ä[Ý�á:æ
á4ê7æ[Ü'ÝOæpëpã(ç&á:æ[á4ß�ê�ã�Þ

ú�ã}é�ø�ã�ê<ç@ã�äNä[ì�âLÜ�ø}æpÜ'Ý�æ[Ý_ëpåÏ�m	�	 å7á4à�Ü�æNê'ß�æ�ü�Ý�Ý,ê�æ[á4ë[Ý,Þ:é°ã�ñ'ñ'ëpß�ñ'ëpá4ã�æ[Ý(ö"� ÝOç&ß`ê'ß�æ
æ[ëLã�á4ê×æ[Ü�Ýk�
	^	Ð*dúOá:æ[Ü�Mmá½æpÝ_ëpü'á�ß�ëmÑ�ã�ì'åFõj�èÝ_Þ1âLÜ*ã�Þ4à�ß(ë[á:æ[Ü'åÓäB+Bø<ü'ì&æmëLã�æpÜ'Ý_ëmärÝ_æIæ[Ü�Ý
ñ�ã�ëpã�åFÝ_æ[Ý,ëpä)p ü�é$Ü�ã�ê�çµr�æ[ß��'æ�ß�ì'ëná4ê�æ[Ý,ê�ç&Ý,ç7ñ�ì'ë[ñ�ß(ä[Ý�ö � ç�ç&á½æpá:ß(ê�ã�Þ4Þ4é�ø�á:êÓß(ì'ë
äpâLÜ'Ý_å7Ý�ø
ú�Ýmç&ßFê'ß�æVòdß�ëLâyÝIæ[Ü'Ý`Ý_å7á1ä[ä[á:ß(ê�ñ'ëpß�ü<ã�ü'á4Þ:á:æ[á4Ý,ä
úOá½æpÜ'á4êiã@à�á4ÿ�Ý_êîäfæLã�æ[ÝIæ[ß7ärì�å ì'ñEæpßL!�ö
Û�Ü'Ý­Þ4á:ü�Ý_ë[æ[á4Ý,ä�ú�Ý]æpã�ù�Ý`úOá:Þ4Þ�ü�Ý°ç&Ý,äpâyëpá4ü<Ý�çîü�Ý_Þ4ß�ú­ö
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Û�Ü'ÝOê�ì'å$ü<Ý,ënß�ò!äré�å$ü<ß(Þ4ä�Ò á4ä���ï�Ý�ç7ã�ê�çFá1ä�Ý���ì�ã�Þ�æ[ß]æ[Ü�ÝIärá4ô_Ý�ß�ò�ß(ì'ënã�Þ4ñ'Ü�ã�ü<Ý_æ,ö��'ß(ë
��á:ê�ê'á4ä[Ü�ø�æ[Ü�ÝEÞ:Ý_ï&á4â_ß�ê úOá:Þ4Þ
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*dÝ(ö à<öoÔ°�+yö�Û�Ü�Ý
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	^	 á1ä�ç&Ý�âyá1ç&Ý,ç°ü�é`æpÜ'Ý
ê�ì'å$ü<Ý,ë�ß�ò&âLÜ<ã�ëLã�âBæpÝ_ëLä
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DFEFGIHKJ2LNMFO<MQP HRO<GSLTHRE2U"VXWQP VXLNWFVXEFLNMIO<MQP UFYJ�YJ2GIHREFGIVXVXWQP M2JXJ2GFHREIGIVXVXWQP WFGSZ[EF\$EFM
VXEFGIDIWFV2J2GFU"WQP]UIYEFGIVXLNDIEFGIZ[WXP U�JXHRO<GSDFEFGIZ;WQP U"EFLTHREFEFMIDFEFGIZ;WQP ^2\$LTHREFGSVXVQWXP UFYJ2_2O<G`WF_2_2O<MQP
abWIGcWID2J2\�HRO<MXP WFLTHREFDIEFGIZ[WXP Z[EFGSD2J2LNMFO<MQP dFW2JXU�ecLTHKJ2Z[G/dfP D2J2GIHREFVXW2HRg<W

u'�� B�}���)v�h�xÍômÙ�Ù ×#���¢�`{��0������i�j
ØkjI�U���¢�¢����}D~(�$�,�$}B�,���B�<Û

Decoding
Viterbi
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V
N
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W
D
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‘‘The entire
alphabet’’
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W
X

I
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N
W
H

6

N

W
H

5

U
W
I
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‘‘The entire
alphabet’’

9

I
F

S

8

IMEINNKUK U A
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‘‘The entire
alphabet’’
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Y

Viterbi Decoding N
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V
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I

W
N
U
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u��� B�����wv¢��xKô±Ù^Ù­�`ò#}Ý}D{����k{0�0���B�P�(�������,�$���
���0�Z�¢�fzP�s�H}D~(�$�,�$}B�<���,�

Extra node for merging
of adjacent characters

Penalty: -1.0Any None

W
N
U

u'�� B�}���wv¢��xIn��B�<{��,��{�����z�z �0���f���
}D�$�¢�I|¿{��B�

R  0.94
A  0.03

M  0.57

N  0.20
P   0.21

F  0.36
A  0.32
R  0.31

P  0.51
Q  0.25

O  0.98 I  0.97S  0.98
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á4ê æpÜ�ã�æ]Ýyï�æ[ëLãEê�ß�ç'Ý�ø!æpÜ�ì<ämëpÝ,ä[ì'Þ:æ[á4ê'àiá:êèã�ñ�Ý_ê�ã�Þ½æfé*äpâyß(ë[Ý$ß�òp	I!(ö � Þ4Þ:ß�úOá4ê'àîòdß�ë`æ[Ü�Ý
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