Joint and marginal probabilities

Joint: P(0,0) = P(0|Q) x P(Q HP(o,lq, xHP gilgi-1

P(3 1 3,hot hot cold) = P(hot|start) x P(hot|hot) x P(cold|hot)
X P(3|hot) x P(1|hot) x P(3|cold)

3 1 3

Marginal:

=Y P(0,0)=>) P(O|Q)P(Q)
Q Q

P(313)=P(31 3,cold cold cold) + P(3 1 3,cold cold hot) + P(3 1 3,hot hot cold) + ...



How to compute the probability of observations

Computing Likelihood: Given an HMM A = (A, B) and an observa-
tion sequence O, determine the likelihood P(O|A).

P(0)=) P(0,0)=) P(0|Q)P(Q)
Q Q

For an HMM with N hidden states and an observation sequence of 7" observa-
tions, there are N7 possible hidden sequences. For real tasks, where N and T are
both large, N? is a very large number, so we cannot compute the total observation
likelihood by computing a separate observation likelihood for each hidden state se-
quence and then summing them.

o:(j) = P(01,03...0:,q: = j|A) represents the probability of be-
ing in state j after seeing the first # observations, given the automaton A. The value
of each cell a;(j) is computed by summing over the probabilities of every path that
could lead us to this cell.

Here, g; = j means “the tth state in the sequence of states is state j°. We compute
this probability o;(j) by summing over the extensions of all the paths that lead to
the current cell. For a given state g; at time ¢, the value o4 () is computed as

N
o (j) =) ou-1(i)aijb;(or)
i=1



Forward algorithm

o;_1(i) the previous forward path probability from the previous time step
a;j the transition probability from previous state g; to current state g;

bi(o) the state observation likelihood of the observation symbol o, given
the current state j

1. Initialization:
a1(j) = agjbj(o1) 1< j<N
2. Recursion (since states 0 and F are non-emitting):

N
o (j) =Y a_i(i)aibj(o); 1<j<N,1<t<T
i=1

3. Termination:

N
P(O|A) = or(gr) =Y or(i)air
i=1



Forward algorithm
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Forward algorithm
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Decoding: finding the most probable states

Decoding: Given as input an HMM A = (A, B) and a sequence of ob-
servations O = 01,03,...,0r, find the most probable sequence of states

Q =q19293...9T.

Similar to the forward algorithm, we can define the following value:

vt(j): max P(q03ql"'qt—1301502'"Otaqt:j|l)
q0:91:-91—1

. N :
vi(J) = rp:afm—l(l) aij bj(or)

v;_1(i)  the previous Viterbi path probability from the previous time step
a;j the transition probability from previous state g; to current state g;

bj(o;)  the state observation likelihood of the observation symbol o; given
the current state j
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Viterbi algorithm

1. Initialization:

vi(j) = agjbj(o1) 1<j<N
bti(j) = 0

2. Recursion (recall that states 0 and gy are non-emitting):

N

vi(j) = m_axv,_l(i)a,-jbj(o,); 1<j<N,1<t<T

i=1
, N
bt: ()

argmaxv;—1(i)aijbj(o;); 1<j<N,1<t<T
i=1

3. Termination:

N
The best score: Px =vr(qr) = max vr (i) * air
1=

N
The start of backtrace: gr* = btr(qr) = argmax vr (i) *a;r
i=1



Gene finding



Gene finding

intron1 intron2
exon1 exon2 exon3

l transcription

— —

splicing

translation

exon = coding
Intron = non-coding




Gene finding

* In human genome, ~3% of DNA sequence is
genes

e Lot of “junk”™ DNA between genes, and even

iInside genes (between exons).

* Due to the reverse complement, one gene can
start from either direction.

* Gene finding must deal with these.




Gene finding for bacterial genomes

In bacteria, there is no intron in the coding region.



First letter

Gene finding for bacterial genomes

In bacteria, there is no intron in the coding region.

Second letter
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Codon usage can be different between the
noncoding regions and coding regions.



Gene finding for bacterial genomes

Horizontal gene transfer

1. One bacterium 2. A connection 3. Both bacteria 4. The recipient
contains a plasmid forms and the now contain the ”p‘a‘/ ?Ve” Integrate
to be transferred. plasmid is copied. plasmid. the plasmid into

its chromosome.
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Codon usages can be different in the typical
coding regions and the atypical coding regions.



Gene finding: frames
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Gene finding: HMM for bacteria

GeneMarker's HMM model

Direct strand coding state:
Typical gene of length i nt

Direct start
codon

Non-coding state
of length n nt

Reverse stop
codon

Direct stop
codon

Direct strand coding state:
Atypical gene of length j nt

Reverse strand coding state:
Typical gene of length k nt

Reverse start
codon

Reverse strand coding state:
Atypical gene of length m n




Gene finding: handling introns

intron1 intron2
exoni exon2 exon3

l transcription
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l splicing
l translation
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Gene finding: handling introns
Splicing site motifs
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Gene finding: handling introns

Splicing site motifs

Donor site
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Gene finding: HMM version 2

'

Q 3 Splice Site 5 Splice Site O



