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>gi|18089116|gb|BC020718.1| Homo sapiens I factor  
AAATTTCAAAAGAATACCTGGAGTGGAAAAGAGTTCTCAGCAGAGACAAAGACCCCGAACACCTCCAACA 
TGAAGCTTCTTCATGTTTTCCTGTTATTTCTGTGCTTCCACTTAAGGTTTTGCAAGGTCACTTATACATC 
TCAAGAGGATCTGGTGGAGAAAAAGTGCTTAGCAAAAAAATATACTCACCTCTCCTGCGATAAAGTCTTC 
TGCCAGCCATGGCAGAGATGCATTGAGGGCACCTGTGTTTGTAAACTACCGTATCAGTGCCCAAAGAATG 
GCACTGCAGTGTGTGCAACTAACAGGAGAAGCTTCCCAACATACTGTCAACAAAAGAGTTTGGAATGTCT 
TCATCCAGGGACAAAGTTTTTAAATAACGGAACATGCACAGCCGAAGGAAAGTTTAGTGTTTCCTTGAAG 
CATGGAAATACAGATTCAGAGGGAATAGTTGAAGTAAAACTTGTGGACCAAGATAAGACAATGTTCATAT 
GCAAAAGCAGCTGGAGCATGAGGGAAGCCAACGTGGCCTGCCTTGACCTTGGGTTTCAACAAGGTGCTGA 
TACTCAAAGAAGGTTTAAGTTGTCTGATCTCTCTATAAATTCCACTGAATGTCTACATGTGCATTGCCGA 
GGATTAGAGACCAGTTTGGCTGAATGTACTTTTACTAAGAGAAGAACTATGGGTTACCAGGATTTCGCTG 
ATGTGGTTTGTTATACACAGAAAGCAGATTCTCCAATGGATGACTTCTTTCAGTGTGTGAATGGGAAATA 
CATTTCTCAGATGAAAGCCTGTGATGGTATCAATGATTGTGGAGACCAAAGTGATGAACTGTGTTGTAAA 
GCATGCCAAGGCAAAGGCTTCCATTGCAAATCGGGTGTTTGCATTCCAAGCCAGTATCAATGCAATGGTG 
AGGTGGACTGCATTACAGGGGAAGATGAAGTTGGCTGTGCAGGCTTTGCATCTGTGGCTCAAGAAGAAAC 
AGAAATTTTGACTGCTGACATGGATGCAGAAAGAAGACGGATAAAATCATTATTACCTAAACTATCTTGT 
GGAGTTAAAAACAGAATGCACATTCGAAGGAAACGAATTGTGGGAGGAAAGCGAGCACAACTGGGAAAAA 
TGAAGCAAATCTCATTGGATATTTTTAAAGGTCTCCACAGAGTTTATGCCATATTGGAATTTTGTTGTAT 
AATTCTCAAATAAATATTTTGGTGAAGCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
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1:	  	  BC020718.	  Reports	  	  Homo	  sapiens	  I	  fa...[gi:18089116]	  	  Links	  	  
LOCUS	  	  	  	  	  	  	  BC020718	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1249	  bp	  	  	  	  mRNA	  	  	  	  linear	  	  	  PRI	  06-‐OCT-‐2003	  
DEFINITION	  	  Homo	  sapiens	  I	  factor	  (complement),	  mRNA	  (cDNA	  clone	  MGC:22501	  
VERSION	  	  	  	  	  BC020718.1	  	  GI:18089116	  
KEYWORDS	  	  	  	  MGC.	  
SOURCE	  	  	  	  	  	  Homo	  sapiens	  (human)	  
FEATURES	  	  	  	  	  	  	  	  	  	  	  	  	  Loca\on/Qualifiers	  
	  	  	  	  	  source	  	  	  	  	  	  	  	  	  	  1..1249	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /organism="Homo	  sapiens"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /mol_type="mRNA"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="taxon:9606"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /clone="MGC:22501	  IMAGE:4716122"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /\ssue_type="Liver"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /clone_lib="NIH_MGC_76"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /lab_host="DH10B"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="Vector:	  pDNR-‐LIB"	  
	  	  	  	  	  gene	  	  	  	  	  	  	  	  	  	  	  	  1..1249	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="synonym:	  FI"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="GeneID:3426"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="MIM:217030"	  
	  	  	  	  	  CDS	  	  	  	  	  	  	  	  	  	  	  	  	  70..1203	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /codon_start=1	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /product="IF	  protein"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /protein_id="AAH20718.1"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="GI:18089117"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="GeneID:3426"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="MIM:217030"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /transla\on="MKLLHVFLLFLCFHLRFCKVTYTSQEDLVEKKCLAKKYTHLSCD	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  KVFCQPWQRCIEGTCVCKLPYQCPKNGTAVCATNRRSFPTYCQQKSLECLHPGTKFLN	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NGTCTAEGKFSVSLKHGNTDSEGIVEVKLVDQDKTMFICKSSWSMREANVACLDLGFQ	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  QGADTQRRFKLSDLSINSTECLHVHCRGLETSLAECTFTKRRTMGYQDFADVVCYTQK	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ADSPMDDFFQCVNGKYISQMKACDGINDCGDQSDELCCKACQGKGFHCKSGVCIPSQY	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  QCNGEVDCITGEDEVGCAGFASVAQEETEILTADMDAERRRIKSLLPKLSCGVKNRMH	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  IRRKRIVGGKRAQLGKMKQISLDIFKGLHRVYAILEFCCIILK"	  
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misc_feature	  	  	  	  193..393	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="FIMAC;	  Region:	  factor	  I	  membrane	  ahack	  complex"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="CDD:smart00057"	  
	  	  	  	  	  misc_feature	  	  	  	  418..714	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="SRCR;	  Region:	  Scavenger	  receptor	  cysteine-‐rich	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  domain.	  These	  domains	  are	  disulphide	  rich	  extracellular	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  domains.	  These	  domains	  are	  found	  in	  several	  extracellular	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  receptors	  and	  may	  be	  involved	  in	  protein-‐protein	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  interac\ons"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="CDD:pfam00530"	  
	  	  	  	  	  misc_feature	  	  	  	  838..954	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="ldl_recept_a;	  Region:	  Low-‐density	  lipoprotein	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  receptor	  domain	  class	  A"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /db_xref="CDD:pfam00057"	  
	  	  	  	  	  misc_difference	  967	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="'G'	  in	  cDNA	  is	  'A'	  in	  the	  human	  genome;	  amino	  acid	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  difference:	  'A'	  in	  cDNA,	  'T'	  in	  the	  human	  genome.	  	  The	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  chimpanzee	  genome	  agrees	  with	  the	  cDNA	  sequence,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  sugges\ng	  that	  this	  difference	  is	  unlikely	  to	  be	  due	  to	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  an	  ar\fact;	  Differences	  found	  between	  this	  sequence	  and	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  the	  human	  reference	  genome	  (build	  35)	  are	  described	  in	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  misc_difference	  features	  below	  and	  these	  differences	  were	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  also	  compared	  to	  chimpanzee	  genomic	  seqeunces	  available	  as	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  of	  09/15/2004	  00:00:00"	  
	  	  	  	  	  misc_difference	  1135	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /gene="IF"	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /note="'T'	  in	  cDNA	  is	  'C'	  in	  the	  human	  genome;	  no	  amino	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  acid	  change.	  	  The	  chimpanzee	  genome	  agrees	  with	  the	  cDNA	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  sequence,	  sugges\ng	  that	  this	  difference	  is	  unlikely	  to	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  be	  due	  to	  an	  ar\fact;	  Differences	  found	  between	  this	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  sequence	  and	  the	  human	  reference	  genome	  (build	  35)	  are	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  described	  in	  misc_difference	  features	  below	  and	  these	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  differences	  were	  also	  compared	  to	  chimpanzee	  genomic	  
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	  	  	  	  	  	  	  	  	  	  	  	  1	  aaahtcaaa	  agaatacctg	  gagtggaaaa	  gaghctcag	  cagagacaaa	  gaccccgaac	  
	  	  	  	  	  	  	  61	  acctccaaca	  tgaagchct	  tcatghhc	  ctghahtc	  tgtgchcca	  chaagght	  
	  	  	  	  	  	  121	  tgcaaggtca	  chatacatc	  tcaagaggat	  ctggtggaga	  aaaagtgch	  agcaaaaaaa	  
	  	  	  	  	  	  181	  tatactcacc	  tctcctgcga	  taaagtchc	  tgccagccat	  ggcagagatg	  cahgagggc	  
	  	  	  	  	  	  241	  acctgtght	  gtaaactacc	  gtatcagtgc	  ccaaagaatg	  gcactgcagt	  gtgtgcaact	  
	  	  	  	  	  	  301	  aacaggagaa	  gchcccaac	  atactgtcaa	  caaaagagh	  tggaatgtct	  tcatccaggg	  
	  	  	  	  	  	  361	  acaaaghh	  taaataacgg	  aacatgcaca	  gccgaaggaa	  aghtagtgt	  hcchgaag	  
	  	  	  	  	  	  421	  catggaaata	  cagahcaga	  gggaatagh	  gaagtaaaac	  hgtggacca	  agataagaca	  
	  	  	  	  	  	  481	  atghcatat	  gcaaaagcag	  ctggagcatg	  agggaagcca	  acgtggcctg	  cchgacch	  
	  	  	  	  	  	  541	  ggghtcaac	  aaggtgctga	  tactcaaaga	  agghtaagt	  tgtctgatct	  ctctataaat	  
	  	  	  	  	  	  601	  tccactgaat	  gtctacatgt	  gcahgccga	  ggahagaga	  ccaghtggc	  tgaatgtact	  
	  	  	  	  	  	  661	  htactaaga	  gaagaactat	  ggghaccag	  gahtcgctg	  atgtgghtg	  hatacacag	  
	  	  	  	  	  	  721	  aaagcagah	  ctccaatgga	  tgachcht	  cagtgtgtga	  atgggaaata	  cahtctcag	  
	  	  	  	  	  	  781	  atgaaagcct	  gtgatggtat	  caatgahgt	  ggagaccaaa	  gtgatgaact	  gtghgtaaa	  
	  	  	  	  	  	  841	  gcatgccaag	  gcaaaggch	  ccahgcaaa	  tcgggtght	  gcahccaag	  ccagtatcaa	  
	  	  	  	  	  	  901	  tgcaatggtg	  aggtggactg	  cahacaggg	  gaagatgaag	  hggctgtgc	  aggchtgca	  
	  	  	  	  	  	  961	  tctgtggctc	  aagaagaaac	  agaaahhg	  actgctgaca	  tggatgcaga	  aagaagacgg	  
	  	  	  	  	  1021	  ataaaatcat	  tahacctaa	  actatchgt	  ggaghaaaa	  acagaatgca	  cahcgaagg	  
	  	  	  	  	  1081	  aaacgaahg	  tgggaggaaa	  gcgagcacaa	  ctgggaaaaa	  tgaagcaaat	  ctcahggat	  
	  	  	  	  	  1141	  ahhtaaag	  gtctccacag	  aghtatgcc	  atahggaat	  htghgtat	  aahctcaaa	  
	  	  	  	  	  1201	  taaatahh	  ggtgaagcca	  aaaaaaaaaa	  aaaaaaaaaa	  aaaaaaaaa	  
//	  



5	  

 number of species   length 
Specie1    RWLFSTNHKD IGTLYFIFGI WSGMVGTALS LLIRAELG-Q SGSLIGD--F  
specie2    RWFYSTNHKD IGTLYFIFGA WAGMVGTSLS MLIRAELG-Q PGSLIGD---  
specie3    RWLYSTNHKD IGTLYLIFGA WAGMVGTALS LLIRAELGAQ PGSLIGD---  
specie4    KWSGATNHKD IGTLYLIAGA WAGFVGAAMS VLIRLELG-Q CGSFLGNNN-  

           KDQIYNVIVT AHAFVMIFFM VMPIMIGGFG NWLVPLMLGA PDMAFPRLNN  
           -EQVYNVIVT AHAFIMIFFM VMPILIGGFG NWLVPIMLGA PDMAFPRLNN  
           -DQIYNVVVT AHAFIMIFFM VMPILIGGFG NWLVPLMLGA PDMAFPRLNN  
           -DQLYNVLVT AHAFVMIFFM VMPVLIGGFG NWLVPLMLGA PDMAFPRLNN  

           LSFWFLPPAL TLLLVGGAVE SGAGTGWTVY PPLSAGIAHA GASVDLSIFS  
           LSFWMLPPSL TLLLASSMVE SGAGTGWTVY PPLSSAIAHA GPSVDLAIFS  
           MSFWLLPPAL TLLLSGGAVE SGAGTGWTVY PPLSSGIAHA GASVDLSIFS  
           LSFWFLIPSL LLLLLSGAVE AGAGTGWTVY PPLS-AVGHA GSSVDFAIFS  

	  Phylip	  Format	  

-‐	  gap	  



Example	  of	  alignment	  



Example	  of	  deleterious	  single	  base	  
muta\on:	  Sickle	  Cell	  Anemia	  

Due	  to	  1	  swapping	  an	  A	  for	  a	  T,	  causing	  
inserted	  amino	  acid	  to	  be	  valine	  instead	  

of	  glutamine	  in	  hemoglobin	  
7	  
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Healthy	  Individual	  
>gi|28302128|ref|NM_000518.4| Homo sapiens hemoglobin, beta (HBB), mRNA 
ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGA 

GGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGC 
AGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATG 
CTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGC 
TCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGAT 
CCTGAGAACTTCAGGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCA 
CCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCA 
CTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACT 
GGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGC  

>gi|4504349|ref|NP_000509.1| beta globin [Homo sapiens] 

MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLG 

AFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVAN  
ALAHKYH  
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Diseased	  Individual	  
>gi|28302128|ref|NM_000518.4| Homo sapiens hemoglobin, beta (HBB), mRNA 
ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGA 

GGTGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGC 
AGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATG 
CTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGC 
TCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGAT 
CCTGAGAACTTCAGGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCA 
CCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCA 
CTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACT 
GGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGC  

>gi|4504349|ref|NP_000509.1| beta globin [Homo sapiens] 

MVHLTPVEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLG 

AFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVAN  
ALAHKYH  



Big	  Alignments	  



Big	  Alignments	  



From	  foldit	  www.frogheart.ca	  -‐	  



Example:   GGGAAAUCC	
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   G  G   G    A   A   A    U   C  C 
j	  

i	  

G
 G
 G
 A  A  A U

  C
 

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

The	  Nussinov	  Folding	  Algorithm	  

Star*ng	  with	  all	  subsequences	  of	  
length	  2,	  to	  length	  L: 

Where	  δ(i,j) = 1 if xi	  and	  xj 

are	  a	  complementary	  base	  pair,	  
and	  δ(i,j) =	  0,	  otherwise.	  

γ(i,j) is	  the	  maximum	  number	  
of	  base	  pairs	  in	  segment [i,j] 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm:	  
Aoer	  scores	  for	  subsequences	  of	  length	  2	  

    G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 

0 0 0 
0 0 0 

0 0 0 
0 0 0 

0 0 1 
0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm:	  
Aoer	  scores	  for	  subsequences	  of	  length	  3	  

    G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 1 

0 0 1 0 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  4	  

    G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 1 
0 0 0 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

Two	  op*mal	  substructures	  for	  same	  subsequence	  

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  5	  

    G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 

0 0 0 0 0 0 
0 0 0 0 0 1 

0 0 0 0 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  6	  

   G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 0 

0 0 0 0 0 0 1 
0 0 0 0 0 1 2 

0 0 0 0 1 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  7	  

   G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 0 1 

0 0 0 0 0 0 1 2 
0 0 0 0 0 1 2 2 

0 0 0 0 1 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  8	  

   G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 0 1 2 

0 0 0 0 0 0 1 2 3 
0 0 0 0 0 1 2 2 

0 0 0 0 1 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Aoer	  scores	  for	  subsequences	  of	  length	  9	  

   G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 0 1 2 3 

0 0 0 0 0 0 1 2 3 
0 0 0 0 0 1 2 2 

0 0 0 0 1 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  
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Nussinov	  Folding	  Algorithm	  
	  Traceback	  

   G  G   G    A   A   A    U   C  C 

G
 G
 G
 A  A  A U

  C
 

i	  

j	  

U	  

A	   A	  

C	  
A	  

C	  
G	  

G	  
G	  

0 0 0 0 0 0 1 2 3 

0 0 0 0 0 0 1 2 3 
0 0 0 0 0 1 2 2 

0 0 0 0 1 1 1 
0 0 0 1 1 1 

0 0 1 1 1 
0 0 0 0 

0 0 0 
0 0 

From	  Timothy	  L.	  Bailey	  	  





0 0 1 2 2 2 3 4 4

0 0 1 1 1 2 2 3 3

0 0 0 0 1 1 2 2

0 0 0 1 1 2 2

0 0 0 1 2 2

0 0 1 1 1

0 0 0 0

0 0 0

0 0

G G C C A G U U C

1	   2	   3	   4	   5	   6	   7	   8	   9	  

G 1	  

G 2	  

C 3	  

C 4	  

A 5	  

G 6	  

U 7	  

U 8	  

C 9	  



0 0 1 2 2 2 3 4 4

0 0 1 1 1 2 2 3 3

0 0 0 0 1 1 2 2

0 0 0 1 1 2 2

0 0 0 1 2 2

0 0 1 1 1

0 0 0 0

0 0 0

0 0

G G C C A G U U C

1	   2	   3	   4	   5	   6	   7	   8	   9	  

G 1	  

G 2	  

C 3	  

C 4	  

A 5	  

G 6	  

U 7	  

U 8	  

C 9	  



BLAST:	  Seeding	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  BLOSUM	  

PGQ	  (18)	  -‐>	  PAQ	  (12)	  
PGQ	  (18)	  -‐>	  PGA	  (11)	  

…	  

T	  >	  10	  



GCNTACACGTCACCATCTGTGCCACCACNCATGTCTCTAGTGATCCCTCATAAGTTCCAACAAAGTTTGC 
|| |||||  | |||  ||||   ||    |||||||||||||||||| | |||||||| |  | ||||| 
GCCTACACACCGCCAGTTGTG-TTCCTGCTATGTCTCTAGTGATCCCTGAAAAGTTCCAGCGTATTTTGC 

GAGTACTCAACACCAACATTGATGGGCAATGGAAAATAGCCTTCGCCATCACACCATTAAGGGTGA---- 
|| ||||||||| ||||||  | |||||   |||||||| ||| ||||||||  |  | | ||        
GAATACTCAACAGCAACATCAACGGGCAGCAGAAAATAGGCTTTGCCATCACTGCCATTAAGGATGTGGG 

------------------TGTTGAGGAAAGCAGACATTGACCTCACCGAGAGGGCAGGCGAGCTCAGGTA 
                  ||||||||||||| ||| ||||||||||| || ||||||| || ||||   | 
TTGACAGTACACTCATAGTGTTGAGGAAAGCTGACGTTGACCTCACCAAGTGGGCAGGAGAACTCACTGA 

GGATGAGGTGGAGCATATGATCACCATCATACAGAACTCAC-------CAAGATTCCAGACTGGTTCTTG 
||||||| |||| | | |||| ||||| || |||||  ||        |||||| ||||||||||||||| 
GGATGAGATGGAACGTGTGATGACCATTATGCAGAATCCATGCCAGTACAAGATCCCAGACTGGTTCTTG 

Human-‐Mouse	  genome	  homology	  

hit	  
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GCNTACACGTCACCATCTGTGCCACCACNCATGTCTCTAGTGATCCCTCATAAGTTCCAACAAAGTTTGC 
|| |||||  | |||  ||||   ||    |||||||||||||||||| | |||||||| |  | ||||| 
GCCTACACACCGCCAGTTGTG-TTCCTGCTATGTCTCTAGTGATCCCTGAAAAGTTCCAGCGTATTTTGC 

GAGTACTCAACACCAACATTGATGGGCAATGGAAAATAGCCTTCGCCATCACACCATTAAGGGTGA---- 
|| ||||||||| ||||||  | |||||   |||||||| ||| ||||||||  |  | | ||        
GAATACTCAACAGCAACATCAACGGGCAGCAGAAAATAGGCTTTGCCATCACTGCCATTAAGGATGTGGG 

------------------TGTTGAGGAAAGCAGACATTGACCTCACCGAGAGGGCAGGCGAGCTCAGGTA 
                  ||||||||||||| ||| ||||||||||| || ||||||| || ||||   | 
TTGACAGTACACTCATAGTGTTGAGGAAAGCTGACGTTGACCTCACCAAGTGGGCAGGAGAACTCACTGA 

GGATGAGGTGGAGCATATGATCACCATCATACAGAACTCAC-------CAAGATTCCAGACTGGTTCTTG 
||||||| |||| | | |||| ||||| || |||||  ||        |||||| ||||||||||||||| 
GGATGAGATGGAACGTGTGATGACCATTATGCAGAATCCATGCCAGTACAAGATCCCAGACTGGTTCTTG 

BLAST	  finds	  a	  “hit”	  and	  then	  extends	  

Seed match = hit 
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Original	  BLAST:	  Example	  
A   C   G   A   A   G   T  A   A   G   G  T   C   C  A   G   T 

C
   

T 
  G

   
A 

  T
   

C
  C

  T
   

G
   

G
   

A 
  T

   
T 

  G
  C

   
G

   
A 

•  w = 4 
•  Exact keyword 

match of GGTC 
•  Extend 

diagonals with 
mismatches 
until score is 
under 50% 

•  Output result 
GTAAGGTCC 
GTTAGGTCC 

From lectures by Serafim Batzoglou 
(Stanford)  
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•  Original	  BLAST	  exact	  
keyword	  search,	  
THEN:	  

•  Extend	  with	  gaps	  
around	  ends	  of	  exact	  
match	  un\l	  score	  <	  
threshold	  	  

•  Output	  result	  
GTAAGGTCCAGT 
GTTAGGTC-AGT 

A   C   G   A   A   G   T  A   A   G   G  T   C   C  A   G   T 

C
   

T 
  G

   
A 

  T
   

C
  C

  T
   

G
   

G
   

A 
  T

   
T 

  G
  C

   
G

   
A 

From lectures by Serafim Batzoglou 
(Stanford)  



Step	  1-‐pairwise	  alignments	  

Compare each sequence with each 
other and calculate a Similarity matrix. 

A      - 

B     .87     -          

C     .59    .60     - 
A      B      C 

Each number represents the number 
of exact matches divided by the 
sequence length (ignoring gaps). 
Thus, the higher the number the more 
closely related the two sequences are. 

In this similarity (distance) matrix sequence A is 87% identical to sequence B 

Different 
 sequences 



Step	  2-‐Create	  Guide	  Tree	  

Use the Similarity Matrix to create a Guide Tree to 
determine the “order” of the sequences. 

A      - 

B     .87     -          

C     .59    .60     - 
A      B      C 

Different 
 sequences 

A 
B 

C 
0.60 (0.40) 

0.87 (0.13)   

Guide Tree 

Branch length proportional 
to estimated divergence 
between A and B  (0.13) 



Step	  3-‐Progressive	  Alignment	  

A 
B 

C 

Guide Tree 

Align A and B first.  Then add sequence C to the 
previous alignment.  In the closely aligned sequences 
and gaps are given a heavier weight than more diver- 
gent sequences. 



How	  does	  it	  work?	  

•  Star\ng	  with	  a	  group	  
of	  7	  sequences	  from	  
different	  species	  

•  Do	  pairwise	  
alignments	  between	  
all	  7	  sequences	  

•  Score	  given	  for	  
similarity,	  higher	  
score	  indicates	  more	  
similar	  



•  Cluster	  the	  sequences	  by	  similarity	  to	  create	  a	  guide	  tree	  
•  Branch	  length	  is	  propor\onal	  to	  es\mated	  divergence	  

between	  the	  two	  sequences	  











hhp://bow\e-‐bio.sourceforge.net/bow\e2/index.shtml	  



p  i#mississi  p 
p  pi#mississ  i 
s  ippi#missi  s 
s  issippi#mi  s 
s  sippi#miss  i 
s  sissippi#m  i 

i  ssippi#mis  s 

m  ississippi  # 
i  ssissippi#  m 

The	  BWT	  
T = mississippi# 

mississippi# 
ississippi#m 
ssissippi#mi  
sissippi#mis 

sippi#missis 
ippi#mississ 
ppi#mississi 
pi#mississip 
i#mississipp 
#mississippi 

ssippi#missi 
issippi#miss Sort the rows 

#  mississipp  i 
i  #mississip  p 
i  ppi#missis  s  

F L=BWT(T) 

T 

BWT	  sorts	  the	  characters	  by	  their	  post-‐context	  

Slide	  from	  Haim	  Kaplan	  and	  Elad	  Verbin	  
Tel-‐Aviv	  University	  



More	  Burrows-‐Wheeler	  

Input	   SIX.MIXED.PIXIES.SIFT.SIXTY.PIXIE.DUST.BOXES	  

Burrows-‐Wheeler	  Output	   TEXYDST.E.IXIXIXXSSMPPS.B..E.S.EUSFXDIIOIIIT	  

Repeated	  characters	  mean	  that	  it	  is	  easier	  to	  compress	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



Bow\e/Soap2	  example	  

From	  Dr	  Konrad	  Paszkiewicz	  



A	  Euler	  path	  is	  a	  path	  that	  crosses	  every	  edge	  exactly	  once	  without	  repea\ng,	  	  
if	  it	  ends	  at	  the	  ini\al	  vertex	  then	  it	  is	  a	  Euler	  cycle.	  

A	  Hamiltonian	  path	  passes	  through	  each	  vertex	  (note	  not	  each	  edge),	  exactly	  once,	  	  
if	  it	  ends	  at	  the	  ini\al	  vertex	  then	  it	  is	  a	  Hamiltonian	  cycle	  (or	  circuit).	  	  

In	  a	  Euler	  path	  you	  might	  pass	  through	  a	  vertex	  more	  than	  once.	  

In	  a	  Hamiltonian	  path	  you	  may	  not	  pass	  though	  all	  edges.	  

An	  Eulerian	  circuit	  traverses	  every	  edge	  in	  a	  graph	  exactly	  once,	  but	  may	  repeat	  ver\ces,	  	  
while	  a	  Hamiltonian	  circuit	  visits	  each	  vertex	  in	  a	  graph	  exactly	  once	  but	  may	  repeat	  edges	  

de	  Bruijn	  graph	  is	  a	  graph	  represen\ng	  overlaps	  between	  kmers	  



Hamiltonian	  and	  non-‐Eulerian	  
	  Eulerian	  and	  non-‐Hamiltonian	  

Example	  of	  an	  Eulerian	  graph	  (leo);	  possible	  solu\on	  trail	  on	  the	  right,	  	  
star\ng	  bohom	  leo	  corner	  



de	  Bruijn	  graph	  assemblers	  

•  Oases,	  	  
•  	  ABySS,	  	  
•  	  SOAPdenovo,	  	  
•  	  Velvet,	  MetaVelvet,	  	  

•  	  MetaIDBA,	  	  

•  	  Trinity	  
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Parsimony	  Example	  
1 A A G A G T G C A	  
2 A G C C G T G C G	  
3 A G A T A T C C A	  
4 A G A G A T C C G	  

•  four	  sequences,	  three	  possible	  unrooted	  trees	  

1	  

2	   4	  

3	  
1	  

3	   4	  

2	  
1	  

4	   2	  

3	  



Maximum	  Parsimony	  Example	  

1 G G A	  
2 G G G	  
3 A C A	  
4 A C G 

Tree	  1:	  4	  
Tree	  2:	  5	  

Tree	  3:	  6	  

1

2 4

3 1

3 4

2 1

4 2

3

1

2 4

3 1

3 4

2 1

4 2

3

Column	  1	  

Column	  2	  

Column	  3	  

1

2 4

3 1

3 4

2 1

4 2

3

Is a substitution 



Sankoff’s	  Algorithm	  

•  Check	  children’s	  every	  
vertex	  and	  determine	  the	  
minimum	  between	  them	  

•  An	  example	  

60	  

www.cs.uiuc.edu/class/fa07/cs498ss/lectures/lecture13.ppt�	  



Sankoff	  Algorithm:	  Dynamic	  Programming	  

•  Calculate	  and	  keep	  track	  of	  a	  score	  for	  every	  
possible	  label	  at	  each	  vertex	  
– st(v)	  =	  minimum	  parsimony	  score	  of	  the	  subtree	  
rooted	  at	  vertex	  v	  if	  v	  has	  character	  t	  

•  The	  score	  at	  each	  vertex	  is	  based	  on	  scores	  of	  
its	  children:	  
– st(parent)	  =	  mini	  {si(	  le(	  child	  )	  	  	  +	  δi,	  t}	  +	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  minj	  	  	  {sj(	  right	  child	  )	  +	  δj,	  t}	  

61	  
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Sankoff	  Algorithm	  (cont.)	  
•  Begin	  at	  leaves:	  

–  If	  leaf	  has	  the	  character	  in	  ques\on,	  score	  is	  0	  
– Else,	  score	  is	  ∞	  

62	  
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Sankoff	  Algorithm	  (cont.)	  

st(v) = mini {si(u) + δi, t} + 
minj{sj(w) + δj, t} 

sA(v) = mini{si(u) + δi, A} 
+ minj{sj(w) + δj, A} 

si
(u) δi, A 

su
m 

A 0 0 0 

T ∞ 3 ∞ 

G ∞ 4 ∞ 

C ∞ 9 ∞ 

si
(u) δi, A 

su
m 

A 0 0 0 

T ∞ 3 ∞ 

G ∞ 4 ∞ 

C ∞ 9 ∞ 

sA(v) = 0 

si
(u) δi, A 

su
m 

A 

T 

G 

C 

63	  

www.cs.uiuc.edu/class/fa07/cs498ss/lectures/lecture13.ppt�	  



Sankoff	  Algorithm	  (cont.)	  

st(v) = mini {si(u) + δi, t} + 
minj{sj(w) + δj, t} 

sA(v) = mini{si(u) + δi, A} 
+ minj{sj(w) + δj, A} 

sj
(u) δj, A 

su
m 

A 

T 

G 

C 

sj
(u) δj, A 

su
m 

A ∞ 0 ∞ 

T ∞ 3 ∞ 

G ∞ 4 ∞ 

C 0 9 9 

sj
(u) δj, A 

su
m 

A ∞ 0 ∞ 

T ∞ 3 ∞ 

G ∞ 4 ∞ 

C 0 9 9 

+ 9 = 9 
sA(v) = 0 

64	  
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Sankoff	  Algorithm	  (cont.)	  

st(v) = mini {si(u) + δi, t} + 
minj{sj(w) + δj, t} 

Repeat for T, G, and C 
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Sankoff	  Algorithm	  (cont.)	  

Repeat for right subtree 
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Sankoff	  Algorithm	  (cont.)	  

Repeat for root 
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Sankoff	  Algorithm	  (cont.)	  

Smallest score at root is minimum weighted 
parsimony score In this case, 9 – 

so label with T 
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Sankoff	  Algorithm:	  Traveling	  down	  the	  Tree	  

9 is derived from 7 + 2 

So left child is T, 

And right child is T 
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The	  scores	  at	  the	  root	  vertex	  have	  been	  computed	  by	  going	  up	  the	  tree	  	  
Aoer	  the	  scores	  at	  root	  vertex	  are	  computed	  the	  Sankoff	  algorithm	  moves	  down	  the	  tree	  
and	  assign	  each	  vertex	  with	  op\mal	  character.	  
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Sankoff	  Algorithm	  (cont.)	  

And the tree is thus labeled… 
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From	  Van	  Dongen	  



Example	  of	  protein	  network	  

hhp://journals.sfu.ca/rncsb/index.php/csbj/ar\cle/view/csbj.201207005/168	  



hhp://journals.sfu.ca/rncsb/index.php/csbj/ar\cle/view/csbj.201207005/168	  

Example	  of	  Markov	  clustering	  
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Hidden	  Markov	  Models	  
From	  CSCE555	  Bioinforma\cs	  
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Probability	  of	  a	  Sequence	  of	  Events	  
From	  CSCE555	  Bioinforma\cs	  
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Refresh:	  defini\on	  of	  a	  HMM	  
Defini*on:	  A	  hidden	  Markov	  model	  (HMM)	  
•  Alphabet	  	  Σ	  =	  {	  b1,	  b2,	  …,	  bM	  }	  
•  Set	  of	  states	   	  Q	  =	  {	  1,	  ...,	  K	  }	  
•  Transi\on	  probabili\es	  between	  any	  two	  states	  

	   	  	  
	   	  aij	  =	  transi\on	  prob	  from	  state	  i	  to	  state	  j	  

	   	  ai1	  +	  …	  +	  aiK	  =	  1,	  	  	  for	  all	  states	  i	  =	  1…K	  

•  Start	  probabili\es	  a0i	  

	   	  a01	  +	  …	  +	  a0K	  =	  1	  

•  Emission	  probabili\es	  within	  each	  state	  

	   	  ei(b)	  =	  P(	  xi	  =	  b	  |	  πi	  =	  k)	  

	   	  ei(b1)	  +	  …	  +	  ei(bM)	  =	  1,	  	  	  for	  all	  states	  i	  =	  1…K	  

K 

1 

… 

2 



Example:	  The	  Dishonest	  Casino	  

A	  casino	  has	  two	  dice:	  
•  Fair	  die	  

	  P(1)	  =	  P(2)	  =	  P(3)	  =	  P(5)	  =	  P(6)	  =	  1/6	  
•  Loaded	  die	  

	  P(1)	  =	  P(2)	  =	  P(3)	  =	  P(5)	  =	  1/10	  
	  P(6)	  =	  1/2	  

Casino	  player	  switches	  back-‐&-‐forth	  between	  fair	  and	  loaded	  die	  once	  every	  20	  
turns	  

Game:	  
1.  You	  bet	  $1	  
2.  You	  roll	  (always	  with	  a	  fair	  die)	  
3.  Casino	  player	  rolls	  (maybe	  with	  fair	  die,	  maybe	  with	  loaded	  die)	  
4.  Highest	  number	  wins	  $2	  



Ques\on	  #	  1	  –	  Evalua\on	  
GIVEN	  

A	  sequence	  of	  rolls	  by	  the	  casino	  player	  

124552646214614613613666166466163661636616361651561511514612
3562344	  

QUESTION	  

How	  likely	  is	  this	  sequence,	  given	  our	  model	  of	  how	  
the	  casino	  works?	  

This	  is	  the	  EVALUATION	  problem	  in	  HMMs	  



Ques\on	  #	  2	  –	  Decoding	  
GIVEN	  

A	  sequence	  of	  rolls	  by	  the	  casino	  player	  

124552646214614613613666166466163661636616361651561511514612356234
4	  

QUESTION	  

What	  por\on	  of	  the	  sequence	  was	  generated	  with	  the	  fair	  
die,	  and	  what	  por\on	  with	  the	  loaded	  die?	  

This	  is	  the	  DECODING	  ques\on	  in	  HMMs	  



Ques\on	  #	  3	  –	  Learning	  
GIVEN	  

A	  sequence	  of	  rolls	  by	  the	  casino	  player	  

1245526462146146136136661664661636616366163616515615115146123562344	  

QUESTION	  

How	  “loaded”	  is	  the	  loaded	  die?	  How	  “fair”	  is	  the	  fair	  die?	  
How	  ooen	  does	  the	  casino	  player	  change	  from	  fair	  to	  
loaded,	  and	  back?	  

This	  is	  the	  LEARNING	  ques\on	  in	  HMMs	  



The	  three	  main	  ques\ons	  on	  HMMs	  
1.  Evalua\on	  

GIVEN	  	  a	  HMM	  M,	   	  and	  a	  sequence	  x,	  
FIND	   	  Prob[	  x	  |	  M	  ]	  

2. Decoding	  
GIVEN 	  a	  HMM	  M,	   	  and	  a	  sequence	  x,	  

FIND 	  the	  sequence	  π	  of	  states	  that	  maximizes	  P[	  x,	  π	  |	  M	  ]	  

3.  Learning	  
GIVEN 	  a	  HMM	  M,	  with	  unspecified	  transi\on/emission	  probs.,

	  and	  a	  sequence	  x,	  

FIND 	  parameters	  θ	  =	  (ei(.),	  aij)	  that	  maximize	  P[	  x	  |	  θ	  ]	  



Example:	  the	  dishonest	  casino	  
Let	  the	  sequence	  of	  rolls	  be:	  

x	  =	  1,	  2,	  1,	  5,	  6,	  2,	  1,	  6,	  2,	  4	  

Then,	  what	  is	  the	  likelihood	  of	  

π  =	  Fair,	  Fair,	  Fair,	  Fair,	  Fair,	  Fair,	  Fair,	  Fair,	  Fair,	  Fair?	  

(say	  ini\al	  probs	  a0Fair	  =	  ½,	  aoLoaded	  =	  ½)	  

½	  ×	  P(1	  |	  Fair)	  P(Fair	  |	  Fair)	  P(2	  |	  Fair)	  P(Fair	  |	  Fair)	  …	  P(4	  |	  Fair)	  =	  

½	  ×	  (1/6)10	  ×	  (0.95)9	  =	  .00000000521158647211	  =	  0.5	  ×	  10-‐9	  



Example:	  the	  dishonest	  casino	  
So,	  the	  likelihood	  the	  die	  is	  fair	  in	  all	  this	  run	  

is	  just	  0.521	  ×	  10-‐9	  

OK,	  but	  what	  is	  the	  likelihood	  of	  

=	  Loaded,	  Loaded,	  Loaded,	  Loaded,	  Loaded,	  Loaded,	  Loaded,	  
Loaded,	  Loaded,	  Loaded?	  

½	  ×	  P(1	  |	  Loaded)	  P(Loaded,	  Loaded)	  …	  P(4	  |	  Loaded)	  =	  

½	  ×	  (1/10)8	  ×	  (1/2)2	  (0.95)9	  =	  .00000000078781176215	  =	  7.9	  
×	  10-‐10	  

Therefore,	  it	  is	  aoer	  all	  6.59	  \mes	  more	  likely	  that	  the	  die	  is	  
fair	  all	  the	  way,	  than	  that	  it	  is	  loaded	  all	  the	  way.	  



Example:	  the	  dishonest	  casino	  
Let	  the	  sequence	  of	  rolls	  be:	  

x	  =	  1,	  6,	  6,	  5,	  6,	  2,	  6,	  6,	  3,	  6	  

Now,	  what	  is	  the	  likelihood	  π	  =	  F,	  F,	  …,	  F?	  

½	  ×	  (1/6)10	  ×	  (0.95)9	  =	  0.5	  ×	  10-‐9,	  same	  as	  before	  

What	  is	  the	  likelihood	  

π  =	  L,	  L,	  …,	  L?	  

½	  ×	  (1/10)4	  ×	  (1/2)6	  (0.95)9	  =	  .00000049238235134735	  =	  0.5	  ×	  10-‐7	  

So,	  it	  is	  100	  \mes	  more	  likely	  the	  die	  is	  loaded	  



Example	  
Let	  x	  be	  a	  sequence	  with	  a	  por\on	  of	  ~	  1/6	  6’s,	  followed	  by	  a	  
por\on	  of	  ~	  ½	  6’s…	  

x	  =	  123456123456…12345	  6626364656…1626364656	  
Then,	  it	  is	  not	  hard	  to	  show	  that	  op\mal	  parse	  is:	  
	  	  	  FFF…………………...F	  LLL………………………...L	  

6	  nucleo\des	  “123456”	  parsed	  as	  F,	  contribute	  .956×(1/6)6	  	  	  	  	  	  	  	  	  	  	  	  	  	  
=	  1.6×10-‐5	  
	   	  	   	  	  	  	  	  	  	  	  	  	  parsed	  as	  L,	  contribute	  .956×(1/2)1×(1/10)5	  =	  
0.4×10-‐5	  
	   	  	  	  	  	  	  	  	  	  “162636”	  parsed	  as	  F,	  contribute	  .956×(1/6)6	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  
1.6×10-‐5	  
	   	   	  	  	  	  	  	  	  	  	  	  parsed	  as	  L,	  contribute	  .956×(1/2)3×(1/10)3	  =	  	  
9.0×10-‐5	  


