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Bioinformatics Examples 

Some of the images in these lectures are from several sources 
that have welcomed instructors to use them for educational 
purposes (Felsenstein, Moran, Gerstein, Yang, Arkin, Leibler, 
Batzoglou, Pevzner, Nussinov). 
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Local Alignment Example 

y =	  	  	  	  	  	  	  	  TAATA	  
x =	  TACTAA 

y 
x 



23 bifurca)on	  i,j	  pair	   j	  unpaired	  i	  unpaired	  
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RNA Secondary Structure 

•  Secondary Structure :   
–  Set of paired positions on interval [i,j] 
–  This tells which bases are paired in the subsequence from xi to xj 

•  Every optimal structure can be built by extending optimal substructures. 
•  Suppose we know all optimal substructures of length less than j-i+1. 

 The optimal substructure for [i,j] must be formed in one of four ways: 
1.  i,j paired 
2.  i unpaired 
3.  j unpaired 
4.  combining two substructures 

 Note that each of these consists of extending or joining substructures of 
length less than  j-i+1. 



Example:   GGGAAAUCC	
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The Nussinov Folding Algorithm 

Star1ng	  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] 
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Nussinov Folding Algorithm: 
After scores for subsequences of length 2 
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Nussinov Folding Algorithm: 
After scores for subsequences of length 3 
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Nussinov Folding Algorithm 
 After scores for subsequences of length 4 
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Two	  op1mal	  substructures	  for	  same	  subsequence	  
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Nussinov Folding Algorithm 
 After scores for subsequences of length 5 
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Nussinov Folding Algorithm 
 After scores for subsequences of length 6 
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Nussinov Folding Algorithm 
 After scores for subsequences of length 7 
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Nussinov Folding Algorithm 
 After scores for subsequences of length 8 
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Nussinov Folding Algorithm 
 After scores for subsequences of length 9 
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Nussinov Folding Algorithm 
 Traceback 
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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	  
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A
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T	  
	  	  T
	  	  	  
G
	  	  C
	  	  	  
G
	  	  	  
A
	  •  w	  =	  4	  

•  Exact	  keyword	  
match	  of	  GGTC 

•  Extend	  diagonals	  
with	  mismatches	  
un)l	  score	  is	  
under	  50%	  

•  Output	  result	  
GTAAGGTCC 
GTTAGGTCC 



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

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

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

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

BLAST finds a “hit” and then extends 

Seed match = hit 



Query Sequence 

“words” (subsequences of the query sequence) 

Query words are compared to the 
database (target sequences) and exact 
matches identified 

For each word match, alignment is 
extended in both directions to find 
alignments that score greater than 
some threshold 

BLAST 



BLAST: example of missing a target 

•  Fail: 
GAGTACTCAACACCAACATTAGTGGGCAATGGAAAAT 
|| ||||||||| |||||| | ||||||   |||||| 
GAATACTCAACAGCAACATCAATGGGCAGCAGAAAAT 

•  Dilemma 
– Sensitivity – needs shorter seeds 

•  the success rate of finding a homology 
– Speed – needs longer seeds 

•  Mega-BLAST uses seeds of length 28. 



PatternHunter uses “spaced 
seeds” 

•  111010010100110111  (called a model) 
–  Eleven required matches (weight=11) 
–  Seven “don’t care” positions 

GAGTACTCAACACCAACATTAGTGGCAATGGAAAAT… 
|| ||||||||| ||||| || |||||   |||||| 
GAATACTCAACAGCAACACTAATGGCAGCAGAAAAT… 
       111010010100110111 

•  Hit = all the required matches are satisfied. 
•  BLAST seed model =  11111111111 



Simulated sensitivity curves 



PH2: 

(homology identity = 0.7, homology length=64) 
111011001011010111, 
1111000100010011010111, 
1100110100101000110111, 
1110100011110010001101, 
…… 
…… 
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                        10        20        30        40        50        60
                         .         .         .         .         .         .
Hbb_Human.pep   --------VHLTPEEKSAVTALWGKVN--VDEVGGEALGRLLVVYPWTQRFFESFGDLST
Hbb_Horse.pep   --------VQLSGEEKAAVLALWDKVN--EEEVGGEALGRLLVVYPWTQRFFDSFGDLSN
Hba_Human.pep   ---------VLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLS--
Hba_Horse.pep   ---------VLSAADKTNVKAAWSKVGGHAGEYGAEALERMFLGFPTTKTYFPHFDLS--
Myg_Phyca.pep   ---------VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKT
Glb5_Petma.pep  PIVDTGSVAPLSAAEKTKIRSAWAPVYSTYETSGVDILVKFFTSTPAAQEFFPKFKGLTT
Lgb2_Luplu.pep  --------GALTESQAALVKSSWEEFNANIPKHTHRFFILVLEIAPAAKDLFSFLKGTSE
                          *.      .   *                      * .   *

Hbb_Human.pep   PDAVMGNPKVKAHGKKVLGAFSDGLAHLD-----NLKGTFATLSELHCDKLHVDPENFRL
Hbb_Horse.pep   PGAVMGNPKVKAHGKKVLHSFGEGVHHLD-----NLKGTFAALSELHCDKLHVDPENFRL
Hba_Human.pep   ----HGSAQVKGHGKKVADALTNAVAHVD-----DMPNALSALSDLHAHKLRVDPVNFKL
Hba_Horse.pep   ----HGSAQVKAHGKKVGDALTLAVGHLD-----DLPGALSNLSDLHAHKLRVDPVNFKL
Myg_Phyca.pep   EAEMKASEDLKKHGVTVLTALGAILKKKG-----HHEAELKPLAQSHATKHKIPIKYLEF
Glb5_Petma.pep  ADQLKKSADVRWHAERIINAVNDAVASMDDT--EKMSMKLRDLSGKHAKSFQVDPQYFKV
Lgb2_Luplu.pep  VP--QNNPELQAHAGKVFKLVYEAAIQLQVTGVVVTDATLKNLGSVHVSKG-VADAHFPV
                         .. *   .                         *   *     .

Hbb_Human.pep   LGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH------
Hbb_Horse.pep   LGNVLVVVLARHFGKDFTPELQASYQKVVAGVANALAHKYH------
Hba_Human.pep   LSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR------
Hba_Horse.pep   LSHCLLSTLAVHLPNDFTPAVHASLDKFLSSVSTVLTSKYR------
Myg_Phyca.pep   ISEAIIHVLHSRHPGDFGADAQGAMNKALELFRKDIAAKYKELGYQG
Glb5_Petma.pep  LAAVIADTVAAG---------DAGFEKLMSMICILLRSAY-------
Lgb2_Luplu.pep  VKEAILKTIKEVVGAKWSEELNSAWTIAYDELAIVIKKEMNDAA---
                .   .   .                          .

A multiple alignment 



Progressive Alignment 

Pairwise Alignment 
1 + 2 

3 + 4 

1 + 3 

1 + 4 

2 + 4 

2 + 3 

Guide Tree 

1 

2 

3 

4 

Iterative Multiple Alignment 

2 
3 

4 

1 

Principle: 

1 3 2 



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? 

•  Starting 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 proportional to estimated divergence 
between the two sequences 



Progressive Alignment 



Progressive Alignment 



Progressive Alignment 





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 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



More Burrows-Wheeler 



UPGMA 



UPGMA 







Neighbor Joining 

•  If A and B are joined: 

B 

A 

C 

D 

E 



Vector	  clustering	  (K	  means)	  	  	  	  	  Graph	  clustering	  (Markov	  Clustering	  algorithm)	  



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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



MCL animation 

•  Found at  
www.micans.org/mcl/ani/mcl-animation.html 





MCL example, clustering of 
proteins 



Applications of HMM 



protein families 

Applications of HMM: Identify protein 
families in the genomes 



domain families 

Applications of HMM: Identify domains and 
protein families in the genomes 



The Probability that they are 
all Fair die rolls 



Sequence of rolls have many 6’s 



Decoding Problem vs. Alignment Problem 





Viterbi Example 



Underflows and Logs 



Membrane proteins 



>gi|218694017|ref|YP_002401684.1| membrane protein; channel [Escherichia 
coli 55989] 
MQDLISQVEDLAGIEIDHTTSMVMIFGIIFLTAVVVHIILHWVVLRTFEKRAIASS
RLWLQIITQNKLFH 
RLAFTLQGIIVNIQAVFWLQKGTEAADILTTCAQLWIMMYALLSVFSLLDVILNL
AQKFPAASQLPLKGI 
FQGIKLIGAILVGILMISLLIGQSPAILISGLGAMAAVLMLVFKDPILGLVAGIQLS
ANDMLKLGDWLEM 
PKYGADGAVIDIGLTTVKVRNWDNTITTIPTWSLVSDSFKNWSGMSASGGRR
IKRSISIDVTSIRFLDED 
EMQRLNKAHLLKPYLTSRHQEINEWNRQQGSTESILNLRRMTNIGTFRAYLN
EYLRNHPRIRKDMTLMVR 
QLAPGDNGLPLEIYAFTNTVVWLEYESIQADIFDHIFAIVEEFGLRLHQSPTGN
DIRSLAGAFKQ 

Example for TMHMM 
www.cbs.dtu.dk/services/TMHMM/ 



Gibbs Sampling server 

http://bayesweb.wadsworth.org/cgi-bin/gibbs.8.pl?data_type=DNA 



Examples of regulatory sites 
  GTTGTCATGGTGAC 
  GTTTCCATGGAAAC 
  GCTACCATGGCAAC 
  GTTACCATAGTAAC 
  GTTTCCATGGTAAC 
    che-2 
    daf-19 
    osm-1 
    osm-6 
    F02D8.3 -150 -1 
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The Cell is a Computer in 
Soup 

Idealized promoter for a gene involved in making hair. 
Proteins that bind to specific DNA sequences in the  
promoter region together turn a gene on or off.  These 
proteins are themselves regulated by their own promoters 
leading to a gene regulatory network with many of the 
same properties as a neural network. 

(i.e a gene) 
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Regulation of Genes 

Gene Regulatory 
sequences 

RNA 
polymerase 
(Protein) 

Proteins 

DNA 
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Regulation of Genes 

Gene 

RNA polymerase 
(reads the information of the 
gene) 

Transcription 
Factor 
(Proteins) 

Regulatory 
Element 

DNA 
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Regulation of Genes 

Gene 

RNA 
polymerase Transcription 

Factor 

Regulatory 
Element 

DNA 

New protein 



Random Sample 

atgaccgggatactgataccgtatttggcctaggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatactgggcataaggtaca 

tgagtatccctgggatgacttttgggaacactatagtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgaccttgtaagtgttttccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatggcccacttagtccacttatag 

gtcaatcatgttcttgtgaatggatttttaactgagggcatagaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtactgatggaaactttcaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttggtttcgaaaatgctctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatttcaacgtatgccgaaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttctgggtactgatagca 



Implanting Motif AAAAAAAGGGGGGG 

atgaccgggatactgatAAAAAAAAGGGGGGGggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaataAAAAAAAAGGGGGGGa 

tgagtatccctgggatgacttAAAAAAAAGGGGGGGtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgAAAAAAAAGGGGGGGtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatAAAAAAAAGGGGGGGcttatag 

gtcaatcatgttcttgtgaatggatttAAAAAAAAGGGGGGGgaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtAAAAAAAAGGGGGGGcaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttAAAAAAAAGGGGGGGctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatAAAAAAAAGGGGGGGaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttAAAAAAAAGGGGGGGa 



Where is the Implanted Motif?  
atgaccgggatactgataaaaaaaagggggggggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaataaaaaaaaaggggggga 

tgagtatccctgggatgacttaaaaaaaagggggggtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgaaaaaaaagggggggtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaataaaaaaaagggggggcttatag 

gtcaatcatgttcttgtgaatggatttaaaaaaaaggggggggaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtaaaaaaaagggggggcaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttaaaaaaaagggggggctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcataaaaaaaagggggggaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttaaaaaaaaggggggga 



Implanting Motif AAAAAAGGGGGGG  
with Four Mutations 

atgaccgggatactgatAgAAgAAAGGttGGGggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatacAAtAAAAcGGcGGGa 

tgagtatccctgggatgacttAAAAtAAtGGaGtGGtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgcAAAAAAAGGGattGtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatAtAAtAAAGGaaGGGcttatag 

gtcaatcatgttcttgtgaatggatttAAcAAtAAGGGctGGgaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtAtAAAcAAGGaGGGccaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttAAAAAAtAGGGaGccctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatActAAAAAGGaGcGGaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttActAAAAAGGaGcGGa 



Where is the Motif???  

atgaccgggatactgatagaagaaaggttgggggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatacaataaaacggcggga 

tgagtatccctgggatgacttaaaataatggagtggtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgcaaaaaaagggattgtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatataataaaggaagggcttatag 

gtcaatcatgttcttgtgaatggatttaacaataagggctgggaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtataaacaaggagggccaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttaaaaaatagggagccctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatactaaaaaggagcggaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttactaaaaaggagcgga 



Why Finding (15,4) Motif is Difficult?  

atgaccgggatactgatAgAAgAAAGGttGGGggcgtacacattagataaacgtatgaagtacgttagactcggcgccgccg 

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatacAAtAAAAcGGcGGGa 

tgagtatccctgggatgacttAAAAtAAtGGaGtGGtgctctcccgatttttgaatatgtaggatcattcgccagggtccga 

gctgagaattggatgcAAAAAAAGGGattGtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga 

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatAtAAtAAAGGaaGGGcttatag 

gtcaatcatgttcttgtgaatggatttAAcAAtAAGGGctGGgaccgcttggcgcacccaaattcagtgtgggcgagcgcaa 

cggttttggcccttgttagaggcccccgtAtAAAcAAGGaGGGccaattatgagagagctaatctatcgcgtgcgtgttcat 

aacttgagttAAAAAAtAGGGaGccctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta 

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatActAAAAAGGaGcGGaccgaaagggaag 

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttActAAAAAGGaGcGGa 

AgAAgAAAGGttGGG 

cAAtAAAAcGGcGGG 
..|..|||.|..||| 
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Biological Networks: cycles 



Stochastic versus Deterministic 
Deterministic 

Stochastic 


