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Definitions: BWT
<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$

<latexit sha1_base64="SkRCBPSf9Gya19he2rkr510Frts="></latexit>

5 m i s s i s s i p p i $
4 i s s i s s i p p i $ m
11 s s i s s i p p i $ m i
9 s i s s i p p i $ m i s
3 i s s i p p i $ m i s s
10 s s i p p i $ m i s s i
8 s i p p i $ m i s s i s
2 i p p i $ m i s s i s s
7 p p i $ m i s s i s s i
6 p i $ m i s s i s s i p
1 i $ m i s s i s s i p p
0 $ m i s s i s s i p p i

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$

<latexit sha1_base64="SkRCBPSf9Gya19he2rkr510Frts="></latexit>

5 m i s s i s s i p p i $
4 i s s i s s i p p i $ m
11 s s i s s i p p i $ m i
9 s i s s i p p i $ m i s
3 i s s i p p i $ m i s s
10 s s i p p i $ m i s s i
8 s i p p i $ m i s s i s
2 i p p i $ m i s s i s s
7 p p i $ m i s s i s s i
6 p i $ m i s s i s s i p
1 i $ m i s s i s s i p p
0 $ m i s s i s s i p p i

Definitions: BWT
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$

<latexit sha1_base64="MNqQvntrpz6OsYv+wkw9aRxlWEk="></latexit>

0 $ m i s s i s s i p p i
1 i $ m i s s i s s i p p
2 i p p i $ m i s s i s s
3 i s s i p p i $ m i s s
4 i s s i s s i p p i $ m
5 m i s s i s s i p p i $
6 p i $ m i s s i s s i p
7 p p i $ m i s s i s s i
8 s i p p i $ m i s s i s
9 s i s s i p p i $ m i s
10 s s i p p i $ m i s s i
11 s s i s s i p p i $ m i

Definitions: BWT
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$

<latexit sha1_base64="MNqQvntrpz6OsYv+wkw9aRxlWEk="></latexit>

0 $ m i s s i s s i p p i
1 i $ m i s s i s s i p p
2 i p p i $ m i s s i s s
3 i s s i p p i $ m i s s
4 i s s i s s i p p i $ m
5 m i s s i s s i p p i $
6 p i $ m i s s i s s i p
7 p p i $ m i s s i s s i
8 s i p p i $ m i s s i s
9 s i s s i p p i $ m i s
10 s s i p p i $ m i s s i
11 s s i s s i p p i $ m i

<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F

Definitions: BWT
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$

<latexit sha1_base64="MNqQvntrpz6OsYv+wkw9aRxlWEk="></latexit>

0 $ m i s s i s s i p p i
1 i $ m i s s i s s i p p
2 i p p i $ m i s s i s s
3 i s s i p p i $ m i s s
4 i s s i s s i p p i $ m
5 m i s s i s s i p p i $
6 p i $ m i s s i s s i p
7 p p i $ m i s s i s s i
8 s i p p i $ m i s s i s
9 s i s s i p p i $ m i s
10 s s i p p i $ m i s s i
11 s s i s s i p p i $ m i

<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT

Definitions: BWT
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



Problem (Counting Queries)

For a pattern P and text T, count(P) returns the number of occurrences of P 
in T



  rankX(i, c) on string X  

is the number of occurrences of symbol c in prefix X[0, i-1] 

  selectX(i, c) on string X  

is the position of the i-th occurrence of symbol c

Definitions: rank and select



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



<latexit sha1_base64="YL8NyTLQZqBQnS5NSWjQZyX8UWs=">AAACG3icbVC7TsMwFHXKq5RXgIGBxaJFYqqSDsCCVMHCWKS+pDaqHNdtrdqOZTuIKuqnMLHCV7AhVgY+gn/AaTPQliNbOjrn3uvrE0pGtfG8bye3tr6xuZXfLuzs7u0fuIdHTR3FCpMGjlik2iHShFFBGoYaRtpSEcRDRlrh+C71W49EaRqJuplIEnA0FHRAMTJW6rknpXoJ3kBOtU6PlLRbghY9t+iVvRngKvEzUgQZaj33p9uPcMyJMJghrTu+J02QIGUoZmRa6MaaSITHaEg6lgrEiQ6S2Qem8NwqfTiIlL3CwJn6tyNBXOsJD20lR2akl71U/M/rxGZwHSRUyNgQgecPDWIGTQTTNGCfKoINm1iCsKJ2V4hHSCFsbGYLkwyykQbJ03zjgs3HX05jlTQrZf+y7D1UitXbLKk8OAVn4AL44ApUwT2ogQbAYApewCt4c56dd+fD+ZyX5pys5xgswPn6BWncn9o=</latexit>

T = mississippi$
<latexit sha1_base64="HWwMYZResRjQ6CBNra5+3NIeV/s=">AAACBXicbVDLTgIxFL3jE/GFunTTCCauyAwLdUk0MS4xyiOBCemUDjR0HmnvGMmEtSu3+hXujFu/w4/wHywwCwFP0uTknHvb0+PFUmi07W9rZXVtfWMzt5Xf3tnd2y8cHDZ0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9IbXE7/5yJUWUfiAo5i7Ae2HwheMopHuSzelbqFol+0pyDJxMlKEDLVu4afTi1gS8BCZpFq3HTtGN6UKBZN8nO8kmseUDWmftw0NacC1m06jjsmpUXrEj5Q5IZKp+ncjpYHWo8AzkwHFgV70JuJ/XjtB/9JNRRgnyEM2e8hPJMGITP5NekJxhnJkCGVKmKyEDaiiDE07czchNeW56dMscd704yy2sUwalbJzXrbvKsXqVdZUDo7hBM7AgQuowi3UoA4M+vACr/BmPVvv1of1ORtdsbKdI5iD9fULjFqYmQ==</latexit>

F
<latexit sha1_base64="50O4No2KoLFTOHN3mr+tBOOMrSE=">AAACDHicbVDLTgIxFO3gC/GFunTTyJi4MGSGhbokuHHhAhNeESakUwo0dDqT9o6RTPgFV271K9wZt/6DH+E/WGAWAp6kyck597anx48E1+A431ZmbX1jcyu7ndvZ3ds/yB8eNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQ1mAcMS8gA8n7nBIw0oN9Z19gu9Ks2d18wSk6M+BV4qakgFJUu/mfTi+kccAkUEG0brtOBF5CFHAq2CTXiTWLCB2RAWsbKknAtJfMEk/wmVF6uB8qcyTgmfp3IyGB1uPAN5MBgaFe9qbif147hv61l3AZxcAknT/UjwWGEE+/j3tcMQpibAihipusmA6JIhRMSQs3ATEdesnTPHHO9OMut7FKGqWie1l07kuFciVtKotO0Ck6Ry66QmV0i6qojiiS6AW9ojfr2Xq3PqzP+WjGSneO0QKsr18RwJpm</latexit>

L, BWT
<latexit sha1_base64="eAXqnu4/sBw6kSl+uH20ofuTN4w="></latexit>

0 $ i
1 i p
2 i s
3 i s
4 i m
5 m $
6 p p
7 p i
8 s s
9 s s
10 s i
11 s i

Definitions: BWT

<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

<latexit sha1_base64="W065nMMqE80a+baALEKUOxrQ0RY=">AAACC3icbVDLTgIxFO34RHyhLt00gokrMsNC3ZgQ3bjERB4GJqRTOtDQdibtHSOZ8Amu3OpXuDNu/Qg/wn+wwCwEPEmTk3PubU9PEAtuwHW/nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRDDBFesDhwEa8WaERkI1gyGNxO/+ci04ZG6h1HMfEn6ioecErDSQ6lWwleYG94tFN2yOwVeJl5GiihDrVv46fQimkimgApiTNtzY/BTooFTwcb5TmJYTOiQ9FnbUkUkM346DTzGp1bp4TDS9ijAU/XvRkqkMSMZ2ElJYGAWvYn4n9dOILz0U67iBJiis4fCRGCI8OT3uMc1oyBGlhCquc2K6YBoQsF2NHcTEFuhnz7NEudtP95iG8ukUSl752X3rlKsXmdN5dAxOkFnyEMXqIpuUQ3VEUUSvaBX9OY8O+/Oh/M5G11xsp0jNAfn6xdbTZqh</latexit>

P = isi
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}



Previous Work

• Many authors at this bit-vector representation on BWT (Mäkinen, 
Navarro, Huo, Sirén, Grabowski,…) 

• We are re-examined the use of Elias-Fano for representing bit-vectors 



Our Contribution

• Optimizations on Elias-Fano that quicken rank query  
- may be useful in other problems/contexts, not only for counting queries 

• Two Elias-Fano-like variants independent of select



Elias-Fano
<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0



Elias-Fano
<latexit sha1_base64="agNI1vlNuDz+v0bR0ZrUl2SJI7E="></latexit>

0 1 2 3 4 5 6 7 8 9 10 11
$: 0 0 0 0 0 1 0 0 0 0 0 0
i: 1 0 0 0 0 0 0 1 0 0 1 1
m: 0 0 0 0 1 0 0 0 0 0 0 0
p: 0 1 0 0 0 0 1 0 0 0 0 0
s: 0 0 1 1 0 0 0 0 1 1 0 0

B = 000001000000 100000010011 000010000000 010000100000 001100001100



Elias-Fano

5 12 19 22 23 28 37 42 50 51 56 57

B = 000001000000 100000010011 000010000000 010000100000 001100001100



Elias-Fano

5 12 19 22 23 28 37 42 50 51 56 57

<latexit sha1_base64="1Pk23SSOH6DIMPX4fX9BxFRX25c=">AAACHXicbZDLSgMxFIYz9VbrbdSVuAm2ggspMwNaEYSiG5cV7AXaoWTSTBuaZIYkI5ah+Ciu3OpTuBO34kP4DqaXhW09EPj4/3OSkz+IGVXacb6tzNLyyupadj23sbm1vWPv7tVUlEhMqjhikWwESBFGBalqqhlpxJIgHjBSD/o3I7/+QKSikbjXg5j4HHUFDSlG2kht+6DA4RU8K522LoUB1zPADHiFtp13is644CK4U8iDaVXa9k+rE+GEE6ExQ0o1XSfWfoqkppiRYa6VKBIj3Edd0jQoECfKT8dfGMJjo3RgGElzhIZj9e9EirhSAx6YTo50T817I/E/r5no8MJPqYgTTQSePBQmDOoIjvKAHSoJ1mxgAGFJza4Q95BEWJvUZm7SyITqp4+TjXMmH3c+jUWoeUX3vOjcefny9TSpLDgER+AEuKAEyuAWVEAVYPAEXsAreLOerXfrw/qctGas6cw+mCnr6xeSv56j</latexit>

m = 57, n = 12, l = 2



Elias-Fano

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57

<latexit sha1_base64="1Pk23SSOH6DIMPX4fX9BxFRX25c=">AAACHXicbZDLSgMxFIYz9VbrbdSVuAm2ggspMwNaEYSiG5cV7AXaoWTSTBuaZIYkI5ah+Ciu3OpTuBO34kP4DqaXhW09EPj4/3OSkz+IGVXacb6tzNLyyupadj23sbm1vWPv7tVUlEhMqjhikWwESBFGBalqqhlpxJIgHjBSD/o3I7/+QKSikbjXg5j4HHUFDSlG2kht+6DA4RU8K522LoUB1zPADHiFtp13is644CK4U8iDaVXa9k+rE+GEE6ExQ0o1XSfWfoqkppiRYa6VKBIj3Edd0jQoECfKT8dfGMJjo3RgGElzhIZj9e9EirhSAx6YTo50T817I/E/r5no8MJPqYgTTQSePBQmDOoIjvKAHSoJ1mxgAGFJza4Q95BEWJvUZm7SyITqp4+TjXMmH3c+jUWoeUX3vOjcefny9TSpLDgER+AEuKAEyuAWVEAVYPAEXsAreLOerXfrw/qctGas6cw+mCnr6xeSv56j</latexit>

m = 57, n = 12, l = 2

quotient: ,   bits⌊i/2ℓ⌋ ⌈log2 m⌉ − l reminder: ,   bitsi mod 2ℓ l



Elias-Fano

U:   

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57



Elias-Fano

U:   1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57



Elias-Fano

U:   1 0 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57



Elias-Fano

U:   1 0 1 1 0 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0 0 1 1 0 0 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57



Elias-Fano

L: .01 .00 11 10 11 .00 .01 10 10 11 .00 .01

U:   1 0 1 1 0 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0 0 1 1 0 0 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57



Elias-Fano

U:   1 0 1 1 0 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0 0 1 1 0 0 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

B = 000001000000 100000010011 000010000000 010000100000 001100001100

,  38 = 1001 10 1001 ⟹ 9

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57

L: .01 .00 11 10 11 .00 .01 10 10 11 .00 .01



Elias-Fano

U:   1 0 1 1 0 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0 0 1 1 0 0 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 5 10 15 20 25

B = 000001000000 100000010011 000010000000 010000100000 001100001100

,  38 = 1001 10 1001 ⟹ 9

.0001 .01 .0011 .00 .0100 .11 .0101 .10 .0101 .10 .0111 .01 .1001 .01 .1010 .01 .1100 .01 .1100 .01 .1110 .01 .1110 .01

5 12 19 22 23 28 37 42 50 51 56 57

,  selectU(9, 1) = 14 selectU(9 + 1, 1) = 16
,             15 − 9 = 6 17 − 10 = 7

<latexit sha1_base64="WAglLOIMsHQ419IDEf2I8Wh+IKs=">AAACE3icbZDLTsJAFIanXhEvVF26aSQmrkjLQl0S3bjERC4JNGQ6nMKE6bSZOVVJw2O4cqtP4c649QF8CN/BAboQ8E8m+fOfy5x8QSK4Rtf9ttbWNza3tgs7xd29/YOSfXjU1HGqGDRYLGLVDqgGwSU0kKOAdqKARoGAVjC6mdZbD6A0j+U9jhPwIzqQPOSMool6dqnY7cePMlCUQciF6Nllt+LO5KwaLzdlkqves3/MApZGIJEJqnXHcxP0M6qQMwGTYjfVkFA2ogPoGCtpBNrPZodPnDOT9J0wVuZJdGbp34mMRlqPo8B0RhSHerk2Df+rdVIMr/yMyyRFkGz+UZgKB2NnSsHpcwUMxdgYyhQ3tzpsSA0ENKwWNiE1KP3saX5x0fDxlmmsmma14l1U3LtquXadkyqQE3JKzolHLkmN3JI6aRBGUvJCXsmb9Wy9Wx/W57x1zcpnjsmCrK9fWPeedg==</latexit>z }| {  bits6 * l
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Experiment

References: 

• boost — 21 samples * 4096 

• DNA — 11377 samples * 2048

• einstein — 2089 samples * 3072 

• world — 498 samples * 4096

Datasets, 200MB, from the Pizza&Chili corpus: 

• DNA 

• english 

• sources 

• XML 

Search queries: 

• 50 000 patterns 

• length = 20

http://pizzachili.dcc.uchile.cl/texts.html
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sources.200MB

FM-HUFF-WT EFFMsd EFFMsdmod+ binsrch + scan

FM-BLCD-WT Multi-EFFMsdmod EFFMsdmod+ multilevel + AVX

FM-HUFF-RRR-63 EFFMsdmod+ binsrch EFFMsdmod+ AVX



• EFFMzs 
- Zero-Suppressed  

• EFFMpu 
- Partitioned-Upper

New Approaches



New Approaches: EFFMzs
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<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U

L number of non-zero buckets2ℓ ⋅

bit vector of length , and  iff the -th bucket is not all zeros(nσ)/2ℓ U[i] = 1 i
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let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L 0 1 0 0



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L 0 1 0 0 1 0 0 0



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L 0 1 0 0 1 0 0 0 0 0 0 1



New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 1 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 1 1 0 0



:           
if     
if    

rankB(i, 1) j = rankU(⌊i/2ℓ⌋, 1)
U[⌊i/2ℓ⌋] = 0 rankB(i, 1) = rankL( j ⋅ 2ℓ, 1)
U[⌊i/2ℓ⌋] = 1 rankB(i, 1) = rankL( j ⋅ 2ℓ + i mod 2ℓ, 1)

New Approaches: EFFMzs

B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="QkI5QXr1bja2fkAOZOELEZJ0x+I=">AAACDXicbVDLTgIxFO3gC/GFunTTCCauyAwLdWNCdOMSE3kkMCGd0oGGTjtp7xjJhG9w5Va/wp1x6zf4Ef6DBWYh4EmanJxzb3t6glhwA6777eTW1jc2t/LbhZ3dvf2D4uFR06hEU9agSijdDohhgkvWAA6CtWPNSBQI1gpGt1O/9ci04Uo+wDhmfkQGkoecErBSRzDAZYGvcbXcK5bcijsDXiVeRkooQ71X/On2FU0iJoEKYkzHc2PwU6KBU8EmhW5iWEzoiAxYx1JJImb8dBZ5gs+s0seh0vZIwDP170ZKImPGUWAnIwJDs+xNxf+8TgLhlZ9yGSfAJJ0/FCYCg8LT/+M+14yCGFtCqOY2K6ZDogkF29LCTUBsiX76NE9csP14y22skma14l1U3PtqqXaTNZVHJ+gUnSMPXaIaukN11EAUKfSCXtGb8+y8Ox/O53w052Q7x2gBztcvYU+bIw==</latexit>

let l = 2

<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

U 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

L 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 1 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 1 1 0 0



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1 0 1

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1 0 1 1

New Approaches: EFFMpu

l = 2



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1 0 1 1 1 1 0 1 0 1

L

New Approaches: EFFMpu

l = 2

, where selectU(⌊i/2ℓ⌋, 1) = selectUsz( j, 1) j = rankUnz(⌊i/2ℓ⌋, 1)

as in sdsl



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1 0 1 1 1 1 0 1 0 1

1 1 1 2 1 1 1 2 2

New Approaches: EFFMpu

l = 2

  bits per entryl



B = 000001000000 100000010011 000010000000 010000100000 001100001100
<latexit sha1_base64="GLuR9xZ8PFfu4urmhPsAhq9Q/oY=">AAACIXicbZDLSgMxFIYzXmu9jboUIdgKLkqZ6ULdCEU3LivaC3SGkkkzbWiSGZKMWIaufBRXbvUp3Ik78Rl8B9N2Frb1QODn/89JTr4gZlRpx/mylpZXVtfWcxv5za3tnV17b7+hokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HufNByIVjcS9HsbE56gnaEgx0sbq2EdF7472OIKX0Eu9YgnSEuQlGJeg8kbFjl1wys6k4KJwM1EAWdU69o/XjXDCidCYIaXarhNrP0VSU8zIKO8lisQID1CPtI0UiBPlp5NvjOCJcbowjKQ5QsOJ+3ciRVypIQ9MJ0e6r+azsflf1k50eOGnVMSJJgJPHwoTBnUEx0xgl0qCNRsagbCkZleI+0girA25mZs0MmD99HG6cd7wcedpLIpGpeyelZ3bSqF6lZHKgUNwDE6BC85BFdyAGqgDDJ7AC3gFb9az9W59WJ/T1iUrmzkAM2V9/wKa6KFr</latexit>

⌃ = {$, i,m, p, s}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Unz 0 1 0 1 1 1 0 1 0 1 1 0 1 0 1

Usz 1 1 1 0 1 1 1 1 0 1 0 1

1 1 1 2 1 1 1 2 2

0 5

L

New Approaches: EFFMpu

l = 2

  bits per entryl

partial sums 
every -th 
prefix sum using  bits

k = O(lg n/lg σ)
O(lg n)as in sdsl
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Future Work

• Explore the use of our indexes for querying labelled trees and automata 

• Exploit AVX instructions more 

• AVX still haven’t been used much in succinct data structures 

• Using our new EF implementations in other applications where EF is 
currently used



Thank you! 


