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	��[;DN:ÄS\ F G�;DÎ F NS\>ØJCg;>\]Rv;>5 P 36Â�;>=HT�Ø PgF 9<=6= F È�G F C�9<= P ;LCgN:9 P 3BÂY;	���J9<N:Ä 	
�¹\]RW=B3B5>3BNWiSÇ
2 F Cg; F ÂY;DC�Ø Bl

9<N:Ä
Br

5>9�N�9�=B\ F 5 F N P 9�3BN�\]RW=B3B5>;
\]3 P ;>\�RVCg;�ÄS3B5 P ;�Ä�Õ�T�9�5 F U�RWZ P 9�d
P 3 F N:9�=´\]RS=B365D;�\]3 P ;�ÉWN:ÄV;DC�Ç X i<C89�RW7S3B5�9�=´3B=B=BZW\ P C89 P 3 F NÙ3B\�i�36Â�;>NÃ36N�ÉWiSÇ���Ç�^J7QZW\>Ø
F ZSC#9<=6i F Cg3 P 7WU�Ä F ;>\�N F�P Cg;D=BT F N F NS;0ÉWÎV;�Ä¼;DÎ F NSdo3BN P C F N¼\ P CgZW5 P ZVCg;�ØVÈ�7W3B5L7�3B\ F Gyd
P ;DN�3BNW5 F U�RW=B; P ; F C¦;DC]C F NS; F ZS\>Ç¼hWZSC P 7S;DCgU F Cg;�ØlÈ[;�7:9�ÂY; P 7W;�R F \]\]36ÕS3B=63 P T PgF ÉWN:Ä
ZSN:ÄV; P ;>5 P ;�Ä�;DÎ F NS3B5�\];�Ð�ZW;>NS5>;>\�9�NWÄ PgF ;DÎVR F \];%N F ÂY;>=l\]RW=B3B5>;�\]3 P ;>\>Ç

br
1 b2

r l b3
rb br l brb2 b3

l b4
l
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��(��B���)&O�F/�#���$�,� ���@P#�&'�!(0��Q������+�;:<#�$7 �$0,P��(��B�����(.�+/�#���$�,� ��R@%#�&'��(��B�S ����L�):<#�$%,�#4�;�F$�#��+=1#������1��E�#�$�,
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N�U+(0��/�#���$�,� �����;�L�$ Bl

 �$�, Br
 ����8�!(�#15L$?�$
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	 « 	 �[k]�<��nLmM{:tow6nL}�nDw ��� �o��kr³�nL�
^J7S;�=69�\ P \];>5 P 3 F N²\]7 F ÈJ;�Ä²7 F È PgF 5 F U�RWZ P ;�;DÝ�5D36;DN P =HT P 7W;�U F \ P \]36U�3B=69<C�;DÎ F N
5 F NW5>9 P ;>NW9 P ; PgF 9�N�?%2�2 F N�NVZS5>=B; F�P 36ÄV;#=B;>Â�;>=xÇ �²;�N F È ÄS;>\]5LCg36Õv;�7 F È P 7W;�9<=Bi F dCg3 P 7SU 5�9�N4Õv;%U F ÄS3HÉ:;>Ä¼G F CA9�NÏ?%2�2 F N�9�U�3BN F 9�5D3aÄ�=6;DÂY;>=l\ F
P 7:9 P GaC89�U�;>\]7S3HG P \
9<\0ÈJ;D=6=)9<\%RSC F Rv;DC�Ñ E hW\A5�9�N�Õv;¦7:9�NWÄS=B;�Ä�\]3BU
ZS= P 9<NW; F ZW\]=HT�Ç O 3BNW5>;¦N F<P 9�=B=);DÎ F N
=B;>NSi P 7S\�9�Cg;�U
ZW= P 3BRW=B;>\ F G P 7SCg;>;�NQZW5D=6; F�P 36ÄS;>\>Ø�GaC89�U�;>\]7S3BG P \ F 5D5>ZSC4ÄSZVCg36NSi²;DÎ F N\]KQ3BRWRS3BNWiSÇ

exon 2−3 skipped exon 3 skipped
Codon GCACodon GGA

no skipping
Codon TAA

current sequence
position

Codon AGC
exon 3 skippedexon 2−3 skipped

Codon AGC

DNA 

exon 3 skipped
Codon CAG

exon 2−3 skipped
Codon GAG

current sequence
position

current sequence
position

Codon AGC
no skipping

no skipping
Codon AAG

exon 1 G GDNA CGAT T T Aexon 2 exon 3 A G C

exon 1 G GDNA CGAT T T Aexon 2 exon 3 A G C

exon 1 G G CGAT T T Aexon 2 exon 3 A G C

������������0�G2<=M(0�1> �B#�&���(��A/� ��!�=B�,0�6 �#�&'��(��  �����#��� �!(�> �!(�#15L$P&J#��FE�#��! ���#�$��F5L ��(%>? ":<�>? ��
,�����! �$�=;�
#�&��P��#7�!(��-���)&O� �):<#�$ /�#���$�,� ��R@.N U+(0�-=;�������1$.� E�#��! ���#�$ ,0�;���;��> �$0�1� 5+(��=M( $4��=;���;#��!�,0�1� �!(��?��E����=;�
� ��$�=)�!�#�$%=1#4,�#�$7=;#�> E�����!�;�1N��+#��!�B��(� "�L,� C
�1���;$4�8=;#<,�#�$0�8 �����!�B&O��#�> ,� C
�1���;$4�L�):0#�$%�!I4�E�E��$������.�;$.�!�1N
	 (�����L=;#�> E��<�!�$��B��(���
� >? "�!�� :9&O��#�> ���;&*�D��# �����(.�6T0 ������6 �,<@ E����1=;#�> E��<�!�;,-�1$.������;���O��#A�!(��L���)&O���  ����
 �=;=;�1���!�;, &O#��B�!(�� =;#�> E��<�M "���#�$ #�&+�1 �=M( �;$.�!�R@.N%UF(��? �����#65+�9�$�,0�=6 "������(��?�!���<�0�1$0=1�?E�#��! ���#�$ 5+(��;���
��(���
�� >? "�!�� :?��+ �=1=;�;�!���;,7,������$�� ���1=;�����!�#�$ N

X 5>5 F C8ÄS3BNSi PgF \];>5 P 3 F N � ÇS��ØVN F È P 7W;#RSC F ÕS=B;>U 3B\ P 7W;#5 F U�RSZ P 9 P 3 F N F G smax =
argmaxs∈splice{Sc(H, AA(s))}

Ø�È�7W;LCg;
AA(s)

3B\ P 7S; P C89�NW\]=69 P ;�Ä  Æ%X \];>ÐQZS;>NW5D;
DNA(s)

Ç�^ F \¨È�3 P 5L7 PgF RSC F<P ;>3BN°=B;>ÂY;>=�È[;�5 F NS\]36ÄS;DC P 7W;
5>ZSC]Cg;>N P \];>ÐQZS;>NW5D;�R F d\]3 P 3 F N°36N S P 7W; P 7W3HC8Ä°5 F Ä F N²R F \]3 P 3 F NÃ9�N:Ä P C89�NS\]=a9 P ; P 7W;�5 F Ä F N�5 F NW\]3B\ P 3BNWi F G
P 7S;�5DZSC]Cg;>N P 9<N:Ä P 7W; � RSCg;>ÂQ3 F ZS\4 Æ0X ÕW9�\];>\>Ç¦^J7S;>N P 7W;¦\ P ;>R�=6;DNWi P 7�3B\%\]; P0PgF
	QØJ3xÇ ;�Ç+ÈJ;�9<5>5>;>\]\

Vj(i − 3)
È�7S;>N 5 F U�RWZ P 36NSi Vj(i)

Ç O 3BNW5>;¼GyC89�U�;D\]7W3HG P \�5�9<N
F 5D5>ZSCAÄSZVCg3BNWi
;LÎ F NÏ\]KQ3BRWRW3BNSiSØVÈJ;�7:9�ÂY; PgF ;DÎ P ;>N:Ä P 7W;�åA3 P ;LCgÕW3|9�=Bi F Cg3 P 7SU 36N F C]dÄV;DC PgF 3BNW5>=BZWÄS;�9<=B= 	�Cg;�9�ÄS3BNWi�GyC89<U�;>\>Ç¦?0;>NS5>;�Øµ;DÎ F N�\]KQ3BRWRW3BNSi�3B\�9<=6= F ÈJ;>Ä�3HG P 7S;
5DZSC]Cg;>N P \];>ÐQZS;>NW5D;
R F \]3 P 3 F N°36\�N F�P U F Cg; P 7W9�N 	  Æ0X ÕW9�\];>\�9>ÈJ9�T�GaC F U$9¼=6;LG P;LÎ F N�Õ F ZSN:ÄW9�C]T�Ç)h�3Bi�ZVCg; � 3B=6=BZS\ P C89 P ;>\ P 7S;A36ÄV;�9 F G P 7S;#9�=Bi F Cg3 P 7SUÏÇ)Ö P \]7 F È�\ P 7:9 P
;>9�5874\]KQ3BRWRW3BNSi�Â�9�Cg369�N P 5�9�N4=6;>9�Ä PgF 9
ÄS3HÅµ;DCg;>N P 5 F Ä F N�9<N:ÄlØ P 7QZW\>Ø PgF 9�ÄV3HÅµ;DCg;>N P
9<U�3BN F 9<5>36ÄlÇ

^J7S;ÏRSC F<P ;>3BN Ä F U�9�3BN 3BNVG F CgU�9 P 3 F NÜ3B\ P 9�KY;DNÙGyC F U P 7W;�Ô�Gx9<U ÄW9 P 9<Õ:9<\]; 19 Ç
^J7QZS\>Ø¹È[;4È�3B=6=�\]Rv;>5D3BGaT P 7W;�Cg;D5>ZSCg\]3 F N+;�Ð�Z:9 P 3 F NW\ F G P 7S;�;DÎ P ;>NWÄS;�Ä�åA3 P ;LCgÕW3�9�=Hd
i F Cg3 P 7WU�G F C P 7W;
RS=69�N 3 9<Cg587W3 P ;>5 P ZSCg; F G´9�RSC F É:=B;
?%2�2 23 Õv;D5�9�ZS\]; P 7W3B\%3B\ P 7S;9�Cg5L7S3 P ;>5 P ZSCg; F Gµ9<=6=SÔ�Gx9�U�do?%2�24\>Ç"ÑAG:5 F ZSCg\];�Ø P 7W;J9<=Bi F Cg3 P 7SU 3B\)N F<P Cg;>\ P Cg3B5 P ;�Ä PgFRS=69�N 3 Ç"Ô"=69<N 3 U�;�9<NW\ P 7W9 P ÄV3HCg;>5 P´P C89�NS\]3 P 3 F NW\�Õv; P ÈJ;>;>N¼3BNW\];DC P 9<N:Ä�ÄS;>=B; P ;%\ P 9 P ;>\

�



D2

I2

M1 M2 M3 M4

I1 I3

D3

C

J

NS B E T

���������� �0� � ��=!(� �!�;=)�������%#�&8 7&O#���� >? "�!=M( ���! "�!�-E��S �$��%E���#�Q���������� N	�  "��=M( ���M "���;�  ����-�!(0#65+$  ��
� �4�� ����;�6T �$��!�;�R�����! "���1�A ��L,�S �> #�$�,��8 �$�, �!����;$.�����M "���;�A ��8=;���=;���;�6N8UF(�� ,� ��!(��;, ���$��;�8�$0,��=1 "�!� ,�����;=)�
�;$4���R@  �$0, �):< ���!�� �$��� �!�#�$��1N �+#��!�9��(� "�A��(��  ���=M(� ���1=)�������-,0�1>? �$0,����!(� "�9 "�A���1 ����B#�$���=M(� ��! �=)���1� /��
�;>  �����;,%�$-�1 �=M(7 ���1�� "���#�$

B → Mi → . . . → E → J → B
N

9<N:Ä�ÂQ365D;0ÂY;DCg\g9�9<Cg;%N F�P 9<=6= F ÈJ;>Ä Ò \];>;0ÉWiSÇ 	YÓLÇ"^J7S;%U�9�3BN¼U F ÄS;>=v3B\´\];>RW9<C89 P ;�Ä4Õ�T
P È F \]3B=B;>N P \ P 9 P ;>\ Ò B d[9<N:Ä E

d�\ P 9 P ;�ÓLÇ¹hWZSC P 7S;DCgU F Cg;�Ø P 7S;DCg;�9<Cg; P 7VCg;>;�\]Rv;>5>369<=@3BNSd\];LC P \ P 9 P ;>\�� F NW;%Õv;DG F Cg; P 7S;0U�9<36N¼U F ÄS;D= Ò N do\ P 9 P ;�ÓLØ F NS;�9<G P ;DC P 7W;AU�9�3BN�U F ÄV;>=Ò
C
do\ P 9 P ;�Ó´9�N:Ä F NW;¦9<=6= F È�3BNWi�U
ZS= P 36RS=B;�3 P ;LC89 P 3 F NS\ P 7SC F ZWi�7 P 7W;�U�9<36N4U F ÄS;>= Ò J d\ P 9 P ;�ÓLÇ ÆAF�P ; P 7:9 PAP 7S;�\]Rv;>5>369�=�3BNW\];LC P \ P 9 P ;>\ F NW=HTÏ;DU�3 P 587:9�C89�5 P ;DCg\ F N P 7S;¦= F�F R

P C89<NW\]3 P 3 F NlÇ¹2 F Cg; F ÂY;DC�Ø P 7W;LCg;�9<Cg;�ÄV3HCg;>5 P ;>N P C]T P C89<NW\]3 P 3 F NW\´GaC F U B
do\ P 9 P ; PgF 9�N�TU�9 P 5L7�\ P 9 P ;´9�\�È[;>=B=S9<\)ÄS3HCg;>5 P ;LÎS3 P�P C89<NW\]3 P 3 F NS\�GyC F U 9�N�T�U�9 P 587�\ P 9 P ; PgF E

do\ P 9 P ;Ò ÄS9�\]7S;�Ä�=B3BNW;>\�3BN4ÉWiSÇ 	YÓLÇ
Ûl; P H

Õv;�9¼RS=a9<N 3 RSC F É:=B;¦?�2�2 È�3 P 7 m
U�9 P 587�\ P 9 P ;>\>Ø m − 1

3BNW\];DC P 9�NWÄ
m − 2

ÄV;>=B; P ;�\ P 9 P ;>\>Ç X 5D5 F C8ÄV36NSi PgF�P 7W;�N F�P 9 P 3 F NÏ3BN 26 Ø V M
j (i)

3B\ P 7W;�= F i<d F ÄSÄS\
\]5 F Cg; F G P 7S;�Õv;>\ P R:9 P 7 P 7VC F ZWi�7 P 7W;
?�2�2 ;>N:ÄV3BNWi4È�3 P 7²U�9 P 5L7�\ P 9 P ; j

È�3 P 7\];>ÐQZS;>NW5D;´R F \]3 P 3 F N i
Ç O 3BU�3B=69<Cg=HT�Ø V I

j (i)
Ø
V D

j (i)
9<Cg;#ÄV;DÉ:NS;�Ä�G F C[3BNS\];DC P 9<N:Ä�ÄV;>=B; P ;\ P 9 P ;>\#9�NWÄ V X(i)

G F C P 7S;%\]Rv;>5>369<=@\ P 9 P ;D\>ØWÈ�7W;LCg; X ∈ {S, N, B, J, E, C, T}
Ç

�Ü3 P 7 Bl ⊕ 1
Ò Cg;>\]R|Ç

Bl ⊕ 2
Ó#È[;�ÄV;>N F<P ; P 7W;¦\]; P {bl

2 + 1, ..., bl
n + 1}

Ò Cg;>\]R|Ç
{bl

2 + 2, ..., bl
n + 2}

ÓLÇ�hWZVC P 7W;DCgU F Cg;�Ø�È[;�È´Cg3 P ;¼5 F Ä F N S
i,j,k

G F C P 7S;�9�U�3BN F 9<5>36Ä
P 7W9 P 5 F C]Cg;D\]R F N:ÄV\ PgFÏP 7S; P C89<NW\]=69 P ;>ÄÃ5 F Ä F N S[i]S[j]S[k]

Ç�?0;>NS5>;�Ø�È[;¼i�; P
P 7S;
G F =B= F È�36NSi�;�Ð�Z:9 P 3 F N�G F C P 7S; M

d�\ P 9 P ;>\>Ç

V M
j (i) = max

8

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>
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>

>

>

>

>

>

>

>

>

>

:

max
` ∈ Br ,

` < i



EMj
(
5 F Ä F N S

`−1,`,i) +
Õ:9<5LK M (j, ` − 2)

ff 3BG
i ∈ Bl

max
` ∈ Br ,

` < i − 1



EMj
(
5 F Ä F N S

`,i−1,i) +
Õ:9�58K M (j, ` − 1)

ff 3BG
i ∈ Bl ⊕ 1

max
` ∈ Br ,

` < i − 2



EMj
(
5 F Ä F N S

i−2,i−1,i) +
Õ:9�58K M (j, `)

ff 3BG
i ∈ Bl ⊕ 2

EMj
(
5 F Ä F N S

i−2,i−1,i) +
Õ:9�58K M (j, i − 3) F�P 7S;DC]È�3B\];






È�7S;DCg;�Õ:9<5LK M (j, `) = max

8

>

>

<

>

>

:

V M
j−1(`)+AMj−1,Mj

V I
j−1(`)+AIj−1,Mj

V D
j−1(`)+ADj−1,Mj

V B(`) +AB,Mj^J7S;%Cg;>5>ZVCg\]3 F NÏ;�Ð�Z:9 P 3 F N�G F C P 7W; I
do\ P 9 P ;>\´3B\

V I
j (i) = max
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>

>

<

>
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>

>

>

>

:

max
` ∈ Br,

` < i



EIj
(
5 F Ä F N S

`−1,`,i) +
Õ:9�58K I (j, ` − 2)

ff 3BG
i ∈ Bl

max
` ∈ Br ,

` < i − 1



EIj
(
5 F Ä F N S

`,i−1,i) +
Õ:9�58K I(j, ` − 1)

ff 3BG
i ∈ Bl ⊕ 1

max
` ∈ Br ,

` < i − 2



EIj
(
5 F Ä F N S

i−2,i−1,i) +
Õ:9�58K I (j, `)

ff 3BG
i ∈ Bl ⊕ 2

EIj
(
5 F Ä F N S

i−2,i−1,i) +
Õ:9�58K I(j, i − 3) F�P 7S;DC]È�3B\];

È�7S;DCg;�Õ:9<5LK I(j, `) = max



V M
j (`)+AMj ,Ij

V I
j (`) +AIj ,Ij^J7S;¼Cg;D5>ZSCg\]3 F NÃ;�Ð�ZW9 P 3 F N�G F C P 7S;�\]Rv;>5D3a9<=´3BNW\];DC P \ P 9 P ; C

3B\�9�=B3 P]P =B; P Cg3B5LK�T�Ø
\]3BNS5>;

C
9�5 P \�9�\¦Õ F�P 7Ã9�\]3B=B;>N P���{:p 9�N F NSdo\]3B=6;DN P \ P 9 P ;�Ç°e[7:9<C89<5 P ;DCg\�9�Cg; F NW=HT;DU�3 P]P ;>Ä�ÂQ369 P 7W;
= F�F R P C89�NS\]3 P 3 F N|Ø�\ F ;LÎ F N²\]KQ3BRWRW3BNSi�È�3B=B= F NS=HT°Õv;�7W9�N:ÄV=B;�Ä�G F C

P 7S; C → C P C89�NS\]3 P 3 F N|Ç¹^J7W3B\�TV36;D=aÄV\ P 7W;0G F =B= F È�3BNSi¼;>ÐQZW9 P 3 F NH�
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` < i



EC(
5 F Ä F N S

`−1,`,i) +
ÕW9�58K C(` − 2)

ff 3HG
i ∈ Bl

max
` ∈ Br,

` < i − 1



EC(
5 F Ä F N S

`,i−1,i) +
Õ:9<5LK C(` − 1)

ff 3HG
i ∈ Bl ⊕ 1

max
` ∈ Br,

` < i − 2



EC(
5 F Ä F N S

i−2,i−1,i) +
ÕW9�58K C(`)

ff 3HG
i ∈ Bl ⊕ 2

EC(
5 F Ä F N S

i−2,i−1,i) +
Õ:9<5LK C(i − 3) F<P 7W;DC]È�3B\];

V E(i) + AE,C

È�7S;DCg;�Õ:9<5LK C(`) = V C(`) + AC,C
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^J7S;
;�Ð�ZW9 P 3 F NS\0G F C N
d�\ P 9 P ;�9<N:Ä J

do\ P 9 P ;�9�Cg;�\]3BU�36=69�C PgF¼P 7S; C
do\ P 9 P ;�;>ÐQZW9 P 3 F N

9<N:Ä�9<Cg;�N F�P \]7 F È�NlÇ c ZS\ P G F C�5 F U�RW=B; P ;DNW;>\]\>ØlÈJ;�\]7 F È P 7W;
Cg;>5DZSCg\]3 F NS\%G F C P 7S;\]3B=B;>N P \ P 9 P ;>\��

V D
j (i) = max



V M
j−1(i) + AMj−1,Dj

V D
j−1(i) + ADj−1,Dj

V B(i) = max



V N (i)+AN,B

V J (i) +AJ,B

V E(i) = max
j=1,...,m

{V M
j (i) + AMj ,E}

V T (i) = V C(i) + AC,T

ÑAGS5 F ZSCg\];�Ø�N F�P 9<=B=SR F \]\]36ÕS=B;´\]RW=B3B5>;[G F CgU�\�È�3B=6=VG F CgU 9�N�Ñ E h[Ø�\]3BNW5D;´\ F U�; F G P 7W;DUU�3Bi�7 P =69�58K�9�\ P 9<C P 9�NWÄ�1 F C%\ PgF R�5 F Ä F NlÇA^J7W;¦\ P 9<C P 9<N:Ä�\ PgF R�5 F Ä F N�5 F N:ÄV3 P 3 F N5>9�N�;�9<\]36=HT�Õv;�3BNW5>=BZWÄS;�ÄÏ3BN P 7W;¦9�=Bi F Cg3 P 7WUÏÇ O 3BNW5D;¦U�9 P Cg3HÎÏ;>N P Cg3B;>\AG F C P 7W;¦\ P 9<C P d
\ P 9 P ;�9<Cg;�N F�P 5 F U�RWZ P ;�Ä�ÕWZ P 36NS3 P 3a9<=B36\];>ÄlØWÈ[;�\]; P 9�=B= F G P 7S;>U PgF −∞

;DÎV5>;>R P G F C
P 7S;%R F \]3 P 3 F NS\#È�7S;DCg;�9
\ P 9�C P 5 F Ä F N4Õv;>i�3BNW\>Ç

V S(i) =



0
3HG

S[i + 1]S[i + 2]S[i + 3] = X ^�_
−∞ F<P 7W;DC]È�3B\];

^ F 9�=B= F ÈÊG F C#\ PgF RÏ5 F Ä F NS\>ØWÈ[;�ÄS;DÉWNW;

Ex(
5 F Ä F N S

i,j,k) =



−∞
3HG

S[i]S[j]S[k] ∈ {
^�_ X Ø ^ X0X Ø ^ X _ }

Ex(
5 F Ä F N S

i,j,k) F<P 7W;DC]È�3B\];

G F C49�=B=0N F NVd�\]3B=B;>N P \ P 9 P ;>\ x
Ç Æ0F�P ; P 7W9 P Ø#9�= P 7 F ZWi�7 9�= P ;DCgNW9 P 3BÂY;�\ P 9<C P \ F G P 7S;

ÉSCg\ P ;DÎ F NÙ9<N:ÄÃ;>N:ÄV\ F G P 7S;4=69�\ P ;LÎ F N 9�Cg;4N F�P 5 F N P 9�3BNW;>Ä+3BN Bl

9�NWÄ
Br

Ø P 7S;5 F NW\]36ÄV;DC89 P 3 F N F G@9�=B=v\ P 9�C P 9�NWÄ�\ PgF R¼5 F Ä F NW\´9�ÄWÄVCg;D\]\];>\ P 7W3B\¹36U�RS=B365D3 P =HT�Ç)^ F 5 F U�d
RSZ P ; P 7W;�7S36i�7W;>\ P åA3 P ;LCgÕW3)\]5 F Cg; Scmax(H,AA(s))

È[;�7:9�ÂY; PgF 7W;>;>Ä P 7W;
\ PgF R
5 F Ä F N°5 F NWÄS3 P 3 F N�9<N:Ä P 7W9 P 94\ PgF R²5 F Ä F N²5�9<N²Õv;�9<\]\];>U
ÕS=6;>Ä F N�;DÎ F N²Õ F ZWN:ÄQd9�Cg3B;>\>Ç¦^J7W;DCg;LG F Cg;�Ø�ÄVZSCg3BNWi P 7W;�ÄVTVNW9�U�3B5�RVC F i<C89�U�U�3BNWi�RVC F 5>;�ÄSZVCg;�È[;
5 F U�RWZ P ;9<=B=:R F \]3 P 3 F NS\´9<G P ;DC[È�7S36587¼9�\ PgF R�5 F Ä F N F 5>5>ZVCg\´9�NWÄ�ÄS;>N F�P ; P 7W3B\[\]; P 9�\ EndPos

EndPos =

8

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

:

` − 2 | S[` − 1]S[`]S[i] ∈ {
^�_ X Ø ^ X0X Ø ^ X _ } :

` ∈ Br, ` < i, i ∈ Bl

` − 1 | S[`]S[i − 1]S[i] ∈ {
^�_ X Ø ^ X0X Ø ^ X _ } :

` ∈ Br, ` < i − 1, i ∈ Bl ⊕ 1
` | S[i − 2]S[i − 1]S[i] ∈ {

^�_ X Ø ^ X0X Ø ^ X _ } :
` ∈ Br, ` < i − 2, i ∈ Bl ⊕ 2

i − 3 | S[i − 2]S[i − 1]S[i] ∈ {
^�_ X Ø ^ X0X Ø ^ X _ } :

i /∈ Bl ∪ Bl ⊕ 1 ∪ Bl ⊕ 2

9

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

;

^J7S;>N
Scmax(H, AA(s))

3B\�i�3BÂY;DNÏÕ�T

Scmax(H,AA(s)) = max{V T (i) | i ∈ EndPos}.

�



X N F CgU�9�= P C89�5D;>Õ:9<5LK¼ÄS; P ;DCgU�3BNW;>\ smax

Ç¹IJ9�58K P C89�58KQ36NSi�GaC F U F�P 7S;DC´R F \]3 P 3 F NW\#36N
EndPos

9�NWÄ¼587 F�F \]3BNWi�\]ZSÕ F R P 3BU�9<=vR:9 P 7S\ F N49 P C89�5D;>Õ:9<5LK�5�9<N4Õv;0ZS\];�Ä PgF É:NWÄ
\]ZSÕ F R P 36U�9<=µ\]RW=B3B5>;%G F CgU�\>Ç

����� �
��.0� ^J7W;�CgZWN P 3BU�; F G P 7W;�9�=Bi F Cg3 P 7WU 3B\49�\4G F =B= F È�\>ÇÚÛ|; P M
Õv; P 7S;NQZSU
Õv;DC F G[\ P 9 P ;>\036N P 7W;¦?�2�2!9�N:Ä

k
Õv; P 7S;�=B;>NSi P 7 F G S Ç�h F C�RS=a9<N 3 RSC F É:=B;?%2�24\

M = m + (m− 1) + (m− 2) + 7
Ç¹^J7W;0NQZSU
Õv;DC F G�ÄV3HCg;>5 P RVCg;�ÄS;>5D;>\]\ F Cg\Ò

maxi{|P (i)|}
Ól36\@Õ F ZWNWÄS;�Ä%G F C)RSC F É:=B;"?�2�24\>Ç)^J7S;DCg;J9�Cg; k−3(n−1)

\];�Ð�ZS;>NW5>;
R F \]3 P 3 F NW\ P 7W9 P Ä F N F�P 9�=B= F È G F C�\]KQ3BRWRS3BNWiSØvCg;D\]ZW= P 3BNWi43BN O(M · k)

CgZWN P 3BU�;�G F C
P 7 F \];�5 F =6ZSU�NW\ F G P 7W;�U�9 P Cg3BÎµÇ�Ñ0NW; F G P 7W;´Cg;>U�9<3BNW3BNWi�5 F =BZWU�NW\>Ø�;�Ç iSÇ"5 F =6ZSU�N bl

i

Ø
NS;>;�ÄV\

O(M ·(i−1))
CgZWN P 3BU�;�Õv;>5�9�ZS\]; F G P 7W; i−1

R F \]\]3BÕS=B;¹\]KQ3BRWRS36NSi�;>ÂY;>N P \>Ç@^J7W3B\
Cg;D\]ZW= P \J3BN O(

Pn

i=2 M · (i− 1)) = O(M
Pn−1

i=1 i) = O(M·(n−1)·n
2

) = O(M ·n2)9<N:ÄµØ P 7S;DCg;DG F Cg;�Ø O(M · k + M · n2)
G F C P 7W;¼5 F U�RS=6; P ;�9<=Bi F Cg3 P 7SUÏÇ O 3BNW5D; P 7S;

U�9 P Cg3HÎ Vj(i)
3B\ P È F ÄS3BU�;>NW\]3 F N:9�=xØ O(M · k)

\]R:9<5>;�3B\ANS;>;�ÄS;>ÄlÇ

� � ß ½ � �y¾�½

Ö�N P 7S36\�\];>5 P 3 F NÏÈJ;�ÉWCg\ P \]7 F È P 7:9 P#F ZSCA9<=6i F Cg3 P 7WU�5�9<NÏÕv;�\]ZW5>5D;>\]\¨GMZS=6=HTÏ9�RWRS=B36;>Ä
PgF�P 7W;¹RSCg;�ÄV3B5 P 3 F N F G:RW9<C P 369�=Qi�;DNW;J\ P CgZS5 P ZSCg;>\>Ç X G P ;DC P 7:9 P ÈJ;[RSCg;>\];>N P 3BN P ;DCg;>\ P 3BNSi;LÎW9<U�RW=B;>\ F G�N F ÂY;>=µ\]RS=63B5>;�G F CgUÚ\]Rv;>5>3HÉW5�Ä F U�9<3BNW\´G F ZWN:Ä¼3BN F ZVC#9�RWRVC F 9<5L7lÇ

������������
����� �� Ï &'���#��& !�*���� �  ��
��� ����� ����/ �²;¼Ä F È�NW= F 9�ÄS;>ÄÃi�;>N F U�3B5\];>ÐQZS;>NW5D;>\ Ò�� � 	#	#	 N P	� 9<NWKQ3BNWi¼Õ F�P 7�\]3aÄV;>\8Ó F GJ\];>ÂY;LC89�=)i�;>NS;>\%È�3 P 7²9<NWN F<P 9 P ;�Ä;LÎ F N�\ P CgZW5 P ZVCg;�9�NWÄ�9�NWN F�P 9 P ;�Ä�Ô)GM9�U Ä F U�9<3BNW\)GyC F U Í)NW\];>U�ÕW= 27 ÂY;DCg\]3 F N � 3 Ç 	�	QÇ
_0;DNW\]5�9<N 14 È´9�\"ZW\];>Ä PgF RVCg;�ÄS3B5 P i�;>NW;[\ P CgZW5 P ZVCg;>\�3BN P 7 F \];J\];�Ð�ZW;DNW5>;>\>Ç X = P 7 F ZWi�7
_0;DNW\]5�9<N�3B\�5 F NW\]36ÄS;DCg;>Ä PgF Õv; F NS; F G P 7W;�U F \ P 9<5>5>ZSC89 P ;�i�;DNW;�RVCg;�ÄS3B5 PgF Cg\>Ø P 7S;RVC F i<C89�U \ F U�; P 3BU�;>\�RSCg;�ÄV3B5 P \�È´C F NSi²;DÎ F NS\ F C�;DÎ F NÙÕ F ZSN:ÄW9�Cg3B;>\¼9�N:ÄÃU�3B\]\];>\\ F U�;´;DÎ F NS\>Ç �²; F ÕW\];DCgÂY;>Ä P 7:9 P G F C¹36NS5 F C]Cg;D5 P RVCg;�ÄS3B5 P 3 F NS\ P 7S;�9�NSN F�P 9 P ;�Ä�;DÎ F NS\
9�Cg; F G P ;>N¦5 F N P 9<3BNW;�Ä�3BN P 7S;¹\]ZSÕ F R P 36U�9<=YRSCg;>ÄS3B5 P 3 F NS\>Ç�^J7W;LCg;DG F Cg;�Ø�È[;¹=B; P _0;DNW\]5�9<N
F Z P RSZ P 9<=6=|\]ZWÕ F R P 3BU�9�=µ;DÎ F NS\>Ç

^J7S;)Õ F ZWNWÄW9�Cg36;D\ F GW9<=B= F R P 36U�9<=Y9<N:Ä%\]ZWÕ F R P 3BU�9�=�;DÎ F NS\lÈ[;DCg;¹RSZ P 3BN PgF�X%O h�Ô�Cg;�Ä9<N:Ä�?�2�24\%GaC F U$Ô�Gx9<U ÄW9 P 9<Õ:9<\];
Cg;>=B;�9�\]; � Ç 	 ÈJ;DCg;
ZW\];�Ä PgF RVCg;�ÄS3B5 P�P 7S;
;DÎ F N
5 F NW5>9 P ;>NW9 P 3 F N¼È�3 P 7 P 7W;AÕv;>\ P U�9 P 587 PgF�P 7W;0Ô)GM9�U Ä F U�9�3BNlÇ)h F C#9¦5 F C]Cg;D5 P´P ;>\ P d3BNSi
RSC F 5D;�ÄSZVCg;�ØQÈJ;�7:9�ÂY; PgF 9<\]\]ZSCg; P 7:9 PJP 7W;%Í"NS\];>U
ÕS=vRSC F�P ;D36N�3B\#N F�P 5 F N P 9�3BNW;>Ä3BN P 7S;�\];>;�Ä�9<=63Bi�NWU�;>N PAF G"9�Ô�Gx9�U�do?%2�2�ÇµÑ P 7W;LC]È�36\];�È[;�È F ZS=aÄÏ;LÎSRv;D5 PAPgF ÉWN:Ä
P 7S;%9<NWN F<P 9 P ;�Ä¼;DÎ F N¼\ P CgZW5 P ZVCg;�Ç"^J7W;LCg;DG F Cg;�ØSÈ[;%Cg;>ÕWZS3B= P[P 7W;%?%2�2/È�3 P 7 F Z PJP 7W3B\
RVC F�P ;>3BN¦3BN
\]ZW587¦5�9�\];>\>Ç"^J7S;>N�È[;J5 F U�R:9<Cg;>Ä P 7S;[RSCg;>ÄS3B5 P 3 F N F G F ZSC)RSC F i�C89<U È�3 P 7
P 7S;�9�NSN F�P 9 P ;�Ä�;DÎ F NÏ\ P CgZS5 P ZSCg;¦9<N:Ä P 7W;�_0;>NS\]5�9�N�RVCg;�ÄS3B5 P 3 F NlÇ�ÖfN P 7S;�U�9�Ë F Cg3 P T
F Gv5�9<\];>\"È�7S;DCg;#_0;>NS\]5�9�N�7W9�\)U�3B\]\];�Ä�;LÎ F NW\ F C"RVCg;�ÄS3B5 P ;�Ä�È´C F NSi%;DÎ F NS\)È[;JG F ZWN:Ä
P 7S;�5 F C]Cg;>5 P 9�NSN F<P 9 P ;�ÄÏ;DÎ F N�\ P CgZW5 P ZVCg;�ÇA^J7W;�Cg;>\]ZW= P \%9�Cg;�\]ZSU�U�;DCg3BÌ>;�Ä43BN P 9<ÕW=B;
��Ç�h�3Bi�ZVCg;>\��49�NWÄ �4ÄV36\]5DZW\]\];>\ P È F U F Cg;�5 F U�RS=B;DÎ�;DÎS9�U�RW=B;>\�3BN°ÄS; P 9<36=xÇ�Ö�N²9�=B=
5>9�\];>\�È�7W;LCg; P 7W; F R P 3BU�9�=)i�;>NS;�\ P CgZW5 P ZVCg; F GA_0;DNW\]5�9<N²5 F N P 9<36NS\¦9�=B=J9<NWN F<P 9 P ;�Ä;LÎ F NW\�Õv;D= F NWi�36NSi PgF#F NW;JÄ F U�9<3BN|Ø X%O h�Ô�Cg;�Ä�5 F NVÉWCgU�;�Ä P 7S;´_0;>NS\]5�9�N�RSCg;�ÄV365 P 3 F N|Ç^J7S;>\];�5�9<\];>\09�Cg;�N F<P \]7 F È�NÏ3BN P 9�ÕS=B;7��Ç

æ�




Ö�N�GM;DÈ 5�9<\];>\ Ò E I´2 �QØ � EAÆ d�Ô¹h 	
	 � 3 �43BN P 9�ÕS=6;	��9<N:Ä²É:iVÇ ��Ó¦È[;4G F ZWN:Ä9<NÏ;DÎ F N45 F NS5�9 P ;>NW9 P 3 F N P 7W9 P TV36;D=aÄV\09�7S3Bi�7W;LCA\]5 F Cg; P 7:9�N P 7W;�Í)NW\];>U�ÕW=µRSC F<P ;>3BN
9<N:ÄÏ3B\%ÄV3HÅµ;DCg;>N P GaC F U P 7W;¦9�NSN F<P 9 P ;�Ä F NS;�Ç#ÖfN�9<=6= P 7S;>\];�5�9�\];D\>Ø P 7S;�\]ZWÕ F R P 3BU�9�=
F Z P RSZ P)F G X0O h�Ô�Cg;�Ä
5 F N P 9�3BNW;�Ä P 7W;#9�NSN F�P 9 P ;�Ä
;DÎ F N�5 F NS5�9 P ;DN:9 P 3 F N|Ç¹ÑAGµ5 F ZSCg\];�Ø
3 P 3B\AR F \]\]3BÕW=B; P 7W9 P�P 7W;D\];�RSCg;�ÄV365 P 3 F NW\�È�3 P 7�9�7W3Bi�7S;DCA\]5 F Cg;�Øv9�\�ÈJ;>=B=�9<\%_0;DNW\]5�9<N
;LÎ F NW\AN F�P Õv;>3BNWi�9�NWN F�P 9 P ;�ÄlØµÕv;>= F NWi PgF 9�= P ;DCgNW9 P 3BÂY;�\]RW=B3B5>;�G F CgU�\ P 7W9 P 9�Cg;�N F<PTY; P ÄS3B\]5 F ÂY;DCg;>ÄlÇ Æ0F<P ;�Ø P 7:9 P¦F ZSC�9<=6i F Cg3 P 7WU 9�ÄWÄVCg;D\]\];>\ F NW=HT�;DÎ F NS\¦5 F ÄS3BNWi P 7S;Ô�Gx9<U Ä F U�9�3BNlÇ O 3BNS5>; P 7S;[3BNWRSZ P@F NW=HT�5 F NW\]3B\ P \ F G P 7W;[_0;>NS\]5�9�N¦RSCg;�ÄV3B5 P 3 F N�ÈJ;J9�Cg;
N F�P 9�ÕS=6; PgF RSCg;>ÄS3B5 P 9�N�;DÎ F N P 7W9 P 3B\0N F<P 9<U F NSi P 7W;�\]ZWÕ F R P 3BU�9�=l;DÎ F NS\>Ç Æ ;>Â�d;LC P 7W;>=B;>\]\>Ø P 7W;�Cg;>\]ZS= P \%RSCg;>\];DN P ;>Ä�Õv;D= F È \]7 F È P 7:9 P%F ZVC�9<RWRSC F 9�587�36\0\]ZW5>5>;D\]\¨GMZW=3BN�36U�RVC F ÂV3BNSi�9
RVCg;�ÄS3B5 P ;�Ä¼i�;>NS;�\ P CgZW5 P ZVCg;�Ç
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�"(��² *+!����$���-�)�%. / Ö�N P 7W;�\];>5 F N:Ä�R:9�C P È[;09<RSdRS=HT P 7W3B\�9<RWRSC F 9�587 PgF�P 7W;�RSCg;�ÄV3B5 P 3 F N F G�9<= P ;DCgN:9 P 36Â�;4\]RW=B3B5>;4G F CgU�\>Ç+?0;LCg;�Ø¹È[;9<3BUÚ9 P ÄV; P ;>5 P 3BNSi
\]RW=B3B5>;0G F CgU \]Rv;D5>3HÉ:5%RVC F�P ;>3BNÏÄ F U�9<36NS\ P 7:9 P 9<Cg;05>ZSC]Cg;>N P =HT�N F<P
9<\]\ F 5>369 P ;�Ä�È�3 P 7 P 7S;�5 F C]Cg;>\]R F NWÄS3BNWi�i�;>NS;�Ç¦^ F�P 7W3B\%;>NWÄlØvÈ[;
;DÎV5>=BZ:ÄV;
9<=B=¹9<NWN F d
P 9 P ;�Ä°Ô�Gx9<U Ä F U�9<3BNW\%GyC F U P 7W;�\];>9<Cg587|Ç4Ñ0ZSC¦9<36U�\�9�Cg;�Ø�ÉSCg\ P =BT�Ø PgF 3BNQÂY;>\ P 3BiY9 P ;
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