Letters and Words

REVERES VERVE SEER
BEES
. . REMEMBER
Gene Fmdmg ERE VEER
SEE
ME MERE
REVERSE
VERSE
EVER BEER
VERBS SERVE

HMM: Emission Probabilities, B HMM: Transition Probability, A
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Y
=

0.98

“Toos REVER [ 1.0
R [0.20 o N
v |o.15 Emission Probabilities, B Transition Probabilities, A
B [0.10 -
s |o.10 b1(M)_ 3212 ay = 0.50
E [o.30 bi(R)=0. a,, =045
£:(V) =015 ay, = 0.05
b,(B)=0.10
by(S) =0.10 81 =085
b,(E) = 0.30 a2, =013
=0.02
b,(ER) = 0.6 823
ER ]0.6 b,(ME) = 0.4 a;; =0.01
ME ‘ 0.4 by(REVER) = 1.0 a5, = 0.01
N3 a;; =0.98




HMM: Model, 4

A= (A, B)
Transition Probabilities, A Emission Probabilities, B
ay =0.50 by(M)=0.15
a;; =045 b,(R)=0.20
a;3=0.05 b,(V) =0.15
ay = 0.85 b1(B) =0.10
82220.13 b1(S)=0.10
823 =0.02 b1(E) =0.30
as; = 0.01 b,(ER) = 0.6
as, = 0.01 b,(ME) = 0.4
as;=0.98 bs(REVER) = 1.0 N-5

Probability of Observation Sequence

0= M E R E V E R B S
Q' Q@ Q@ Q@ Q@ Q@ Q@ Q@ @

P( O) = by(M)ay, by(E)ays by(R)ay by(E)ay by(V)ay, by(E)ays by(R) ayq by(B)ay, by(S)

0.150.500.300.50 0.20 0.500.30 0.50 0.150.50 0.300.500.20 0.50 0.100.50 0.10

0.00000000094921875

* Assuming we start in state 1

Probability of Observation Sequence

0= M E R E V E R B 8§

Q Q@ @ Q' Q

P(O) = b(M)ay, by(E)a; bs(REVER)as, by(B)ayq by(S)

0.150.500.30 0.05 1.00 0.01 0.10 0.50 0.10
0.00000005625

* Assuming we start in state 1

Probability of Observation Sequence

0= M E R E V E R B 8§

Q' @ Q' Q' @ Q' Q
P(O) = b(M)a,, by(ER) ay, b,(E)ay; by(V)ay, by(ER)ay, by(B) a4 by(S)
0.150.45 0.60 0.85 0.300.500.150.45 0.60 0.85 0.10 0.50 0.10
0.00000088881046875

* Assuming we start in state 1




Probability of Observation Sequence

Q' Q' @ Q?

P(O) = by(M)ay, by(E) ay, by(RE) a,; by(VERBS)
0.15 0.500.30 0.45 0.00 0.02 0.00

0.00

* Assuming we start in state 1

|
Dynamic Programming Table

bl (01) lf = 1, J = 1 // base case, we start in state #1
5t (]) =J0.0 if t= LJ =1 // base case, we cannot start in

// a state other than state #1

max (51—1 (l) * al.j ) * b/(Ot) lf 2<t<T // recursive case

1=sisN

3,(1) 3y(1) 35(1) 34(1) 35(1) 3s(1) 3,(1) 3(1) 3y(1) Bo(1)

3,(2) 3,(2) 85(2) 34(2) 35(2) 34(2) 8,(2) 8(2) 34(2) 3102)

3,3) 3,(3) 85(3) 84(3) 35(3) 34(3) 3,(3) 3(3) 34(3) 313)

|

Base Case*
bl (O]) 1f = 1’ ] = 1 // base case, we start in state #1
5[ (]) =J0.0 if t= 1’] =1 // base case, we cannot start in

// a state other than state #1

b,(0))

0.0

0.0

* Assuming we start in state 1 and state 1 emits characters of length 1

When State Outputs Character of Length 1

5t (]) =
1123])\]( (51_1 (l) * aij ) * bj (Ot) if 2<¢t<T // recursive case

8,(1) = max{d4(1) * a,; , 84(2) * ay, , 84(3) * a3} * by(O;)

(1) 8,(1)

34(2)

8(3)




|
When State Outputs Character of Length 2

5t (]) =
1123])\]( (51_1 (l) * aij ) * b/(Ot) if 2<¢t<T // recursive case

87(2) = max{d5(1) * ayy , 85(2) * a5y , 85(3) * az,} * b,(00,)

" When State Outputs Character of Length 5

5t (]) =
1123])\]( (51_1 (l) * aij ) * b/(Ot) if 2<¢t<T // recursive case

85(3) = max{8,(1) * a3, 8,(2) * ay; , 8,(3) * ay;} * b3(0;,0,050,0,)

55(1) 5,(1)

85(2) 5,(2) 8,(2)

55(3) 5,(3) 8,(3)

N-1 - 14
' Recurrence For When States Output | Using Logarithms To Compute Optimal
Characters of Length Greater Than 1 State Sequence
Given an observation sequence O = 0,0,0; .. Oy and a model 4 = (A, B), what is

bl (Ol) ifr= 1,] =1 // base case, we start in state #1 the opTimal state sequence?

// base case, we cannot start in

5t (]) =10.0 lft = 19 ] =1 // a state other than state #1

max|\J _ (l) *aq.. )*b . (0 N .0 ) if2<t<T // recursive case, where Ib [ is
IsisN 1161 v / t=lbjl+1 ! // the length of churactcrs/

// emitted by state j

3,(1) 3y(1) 35(1) 34(1) 35(1) 3s(1) 3,(1) 3y(1) 3y(1) Bo(1)

3,(2) 3,(2) 85(2) 34(2) 35(2) 34(2) 3,(2) 34(2) 34(2) 3102)

3,3) 3,(3) 85(3) 84(3) 35(3) 34(3) 8,(3) 34(3) 34(3) 3103

* Assuming we start in state 1 and state 1 emits characters of length 1

* We want to uncover the hidden part of the model. We want to maximize

ARIO, A).

grg maQX(bQ\ (ODage,by, (0r)ag,o by, (03)-ag, o,by, (O ))

ng maQX(ln(bQI (O)age,by, (0y)ag by, (0s)-+ag, 0,by, ©p)

argmax(In(b, (0,))+In(ay,, )+ In(b,, (0,))+In(ay, ) ++-In(a,, , ) +In(b, (O;)))
Q| st:"':QT ) -




|

Recurrence With Logarithms

Example HMM Model, 4

In(h,(0,)) ifr=1,j=1 A= (A, B)
6,(j)=4-° ifr=17=1
. X Transition Probabilities, A Emission Probabilities, B
max(ét_lb_‘(z) + ln(a4.))+ In(b,(0,_y .,--0,)) f2<t<T
| 1=i=N J Y / / a;; =0.50 b,(M)=0.15
] .
a;; =045 b,(R)=10.20
a;3=0.05 b,(V) =0.15
M | HM | &M | sm | D | D | D | &M | SMD | 8D ay =0.85 by(B) =0.10
82220.13 b1(S)=0.10
3,2) 5,(2) 3,2) 3,2 342) 32) 3,2) 3(2) 3,(2) 3,0(2) ay; = 0.02 b4(E) =0.30
a;, = 0.01 b,(ER) = 0.6
53 | &3 | & | 83 | 3 | &3 | 50 | &3 | 33 | 8.0 a;,= 0.01 b,(ME) = 0.4
* Assuming we start in state 1 and state 1 emits characters of length 1 A a3 =0.98 by(REVER) =1.0 Nt
Example Observation Sequence: MEREVERBS Example Observation Sequence: MEREVERBS
In(b,(0,)) iftr=1,j=1 In(b,(0,)) ift=1,j=1
3,(j)=1- ifr=1j=1 3,(j)=1-o ifr=1j=1
g%(ét—lbj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T ?;335(5:—@(") + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T
0,(1) =1In(b,(0))) = In(b,(M)) = In(0.15) = -1.9
-1.9

N-19
* Assuming we start in state 1 and state 1 emits characters of length 1

* Assuming we start in state 1 and state 1 emits characters of length 1




|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

3,(2) = -0

-1.9

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

9,(3) = -o0

-1.9

N-22
* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T

8,(1) = max{d,(1)+In(a)), 6,(2)+In(a,,), 6,(3)*+In(az,)}+In(b,(E))

-1.9

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(1) = max {-1.9+In(0.5),-00+1n(0.85),-00+1n(0.01)} +In(0.3) = -3.8

-1.9 -3.8

N-24
* Assuming we start in state 1 and state 1 emits characters of length 1




|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(2) = max{dy(1)+In(a,,), 6y(2)+In(a,,), do(3)*+In(az,)}+In(b,(ME))

-1.9 -3.8

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

0,(2) = max{-00+In(0.45),-c0+In(0.13),-00+In(0.01) } +In(0.4) = -o0

-1.9 -3.8
0 0
-00

N-26
* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T

8,(3) = max{d ;(1)+In(a;), .3(2)*+In(ay), J.5(3)+In(as;)} +In(b;(ME))

-1.9 -3.8
0 0
-00

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

0,(3) = max{-00+In(0.05),-c0+In(0.02),-00+In(0.98) } +In(0.0) = -o0

-1.9 -3.8
0 0
-00 -00

N-28
* Assuming we start in state 1 and state 1 emits characters of length 1




|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8;(1) = max{d,(1)+In(a,)), ,(2)+In(a,,), 6,(3)+In(as,)} +n(b,(R))

-1.9 -3.8
0 0
-00 -00

N-29
* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(1) = max {-3.8+In(0.50),-00+In(0.85),-00+In(0.01)} +In(0.2) = -6.1

-1.9 -3.8 -6.1

-0 -0

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T

83(2) = max{d,(1)+In(a,,), 6,(2)*In(a,,), J,(3)+In(as,)}+In(b,(ER))

-1.9 -3.8 -6.1

-00 -0

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(2) = max {-1.9+In(0.45),-00+In(0.13),-00+In(0.01)} +In(0.6) = -3.2

-1.9 -3.8 -6.1

-0 -0

* Assuming we start in state 1 and state 1 emits characters of length 1




|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

83(3) = max{d ,(1)+In(a,;), .,(2)*+In(ay), J ,(3)+In(as;)} +In(b;(MER))

-1.9 -3.8 -6.1

-00 -0

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

0,(3) = max{-00+In(0.05),-c0+In(0.02),-00+In(0.98) } +In(0.0) = -o0

-1.9 -3.8 -6.1

-0 -0 -00

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T

8,(1) = max{d;(1)+In(a,)), d5(2)+In(a,,), d;(3)+In(az;)} +In(b,(E))

-1.9 -3.8 -6.1

-00 -0 -00

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{ﬂafé(éz_wj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(1) = max {-6.1+In(0.50),-3.2+1n(0.85),-00+1n(0.01)} +1n(0.3) = -4.6

-1.9 -3.8 -6.1 -4.6

-0 -0 -00

* Assuming we start in state 1 and state 1 emits characters of length 1




|
% Example Observation Sequence: MEREVERBS

2l

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{na])é(ét_lbj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

8,(2) = max{d,(1)+In(a,,), 6,(2)+In(a,,), 6,(3)+In(as,)}+In(b,(RE))

-1.9 -3.8 -6.1 -4.6

-00 -0 -00

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

2l

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{na])é(ét_lbj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

0,4(2) = max{-3.8+In(0.45),-00+1n(0.13),-00+In(0.01) } +In(0.0) = -00

-1.9 -3.8 -6.1 -4.6

-0 -0 -00

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

2l

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{na])é(ét_lbj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t=<T

-1.9 -3.8 -6.1 -4.6 -7.2 -9.1 -11.4 | -109 | -13.9

-00 -00 -0 -0 -0 -0 -6.8 -0 -0

* Assuming we start in state 1 and state 1 emits characters of length 1

|
% Example Observation Sequence: MEREVERBS

2l

In(5,(0))) ift=1j =1
6,(j)=1- ifr=1,7=1
{na])é(ét_lbj(i) + ln(alj))+ ln(bj(Ot_‘bjM...Ot)) if2<t<T

Backtracking Table
1 1 1 2 1 1 1 2 1
1 1 1 1 2 1 1 1 2
-1 -1 -1 -1 -1 1 1 2 1

* Assuming we start in state 1 and state 1 emits characters of length 1




Example Observation Sequence: MEREVERBS

Q'R?Q'QA'*Q'Q!

Backtracking Table

-1 -1 -1 -1 -1 1 1 2 1

* Assuming we start in state 1 and state 1 emits characters of length 1

Application of HMMs: Finding Genes in a
Sequenced Genome

AGCTGTACATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATTAGA
TTTAGCGAGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAGATTAGTA
CGTCGCCCATGAGATGCGCGCGCAGAGCGAATCTATACTACTACTACCTGCTGCATGATG
GACGTATGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCTCTATGATATATA
GGTATGCTTCGCATGCATCGATTAGCTAGCATCTGATCTAAGCCTCGATTGTGTACTCTG
AAAAACACCCAATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATT
ATACAATGCGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAGATTAGT
GTAATCGCAATGCAATGAGCGACGCGCGCAGAGCGAATCTATACTACTACATGCTGCTGC
GTACTGTGCGTAGTACTGAGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCT
TACGATTCGATTGAGCTTCGCATGCATCGATTAGCTAGCATCTGATCGATGCCTCGATTG
TACTTACGATCTGACGTATGCTGTGACTGATGCATCGTATCGATGCATCATGCGTATGAC
ATATCATAGTACTGAGTTCTCTTCTCTCTGATCGGGGAGAGGGGGGGCGTATATCGGAGA
GTAAGTACGCATTGGCATCGATTGCAGGACTTAGCGAGAGAGAGCTTCTAGCGTCTAGTA
ATCCCATGATCTACGAGATGCATGCATGCTGATCGACTGATGTATGCTACTGACTGATGT
ATCATCAGATCTGACTGATGCGCTCTGCATGATGCATCGATCGATGCTATCGGATATACG
CGATACGCTGATACGTATGCATGGCATATTCTCTCTCTCGCTGCTGCTTCGTCTGGAAGA
TTTTCAGAGGGCGTATATATACTCTTCTCTCTATAGCTATACGCTGATCAATACGATCGT
GCATGAGACTATGCATGCTGATCGATATCTCTCTGATATCGCATTAGCATCATGCTAGRA,

Example HMM Used for Gene Finding

* Here, our HMM has N = 4 states. The emission alphabet corresponds to
the four DNA nucleotides: A, €, 6, T. What are our model parameters?

JIntergenic StartCodons Codons

Emission Probabilities

JIntergenic StartCodons Codons

TAA 0.65
TGA 0.28
TAG 0.07

N-44




X\
S Transition Probabilities Observation Sequence

I

* Suppose that the average length of intergenic regions is 160 nucleotdies

- Suppose that the average length of genes is 300 amino acids (i.e., 900 AGCTGTACATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATTAGA
nucleotides or 300 codons) TTTAGCGAGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAGATTAGTA
CGTCGCCCATGAGATGCGCGCGCAGAGCGAATCTATACTACTACTACCTGCTGCATGATG
GACGTATGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCTCTATGATATATA
GGTATGCTTCGCATGCATCGATTAGCTAGCATCTGATCTAAGCCTCGATTGTGTACTCTG
AAAAACACCCAATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATT
ATACAATGCGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAGATTAGT
GTAATCGCAATGCAATGAGCGACGCGCGCAGAGCGAATCTATACTACTACATGCTGCTGC
GTACTGTGCGTAGTACTGAGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCT
TACGATTCGATTGAGCTTCGCATGCATCGATTAGCTAGCATCTGATCGATGCCTCGATTG
ditggelte StartCodoas Cocons TACTTACGATCTGACGTATGCTGTGACTGATGCATCGTATCGATGCATCATGCGTATGAC
ATATCATAGTACTGAGTTCTCTTCTCTCTGATCGGGGAGAGGGGGGGCGTATATCGGAGA
GTAAGTACGCATTGGCATCGATTGCAGGACTTAGCGAGAGAGAGCTTCTAGCGTCTAGTA
ATCCCATGATCTACGAGATGCATGCATGCTGATCGACTGATGTATGCTACTGACTGATGT
8 ntergenic Intergenic = 0-994 ATCATCAGATCTGACTGATGCGCTCTGCATGATGCATCGATCGATGCTATCGGATATACG

a, _ =0.006 _ CGATACGCTGATACGTATGCATGGCATATTCTCTCTCTCGCTGCTGCTTCGTCTGGAAGA
.Intergenic StartCodons aCodonS Codons — 0.997

TTTTCAGAGGGCGTATATATACTCTTCTCTCTATAGCTATACGCTGATCAATACGATCGT

@Codons StopCodons = 0-003 N-45 GCATGAGACTATGCATGCTGATCGATATCTCTCTGATATCGCATTAGCATCATGCTAGE Ay

@startCodons Codons — 1.0

Viterbi Algorithm Observation Sequence

AGCTGTACATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATTAGA

(In(5,(0,)) ift=1,7=1

o,(j)=4- ifr=1,7=1 TTTAGCGAGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAGATTAGTA
gagv((ét_'bj(z) + ln(aij))+ In(b,(0,_ 1,--0,)) if2=t=T

CGTCGCCCATGAGATGCGCGCGCAGAGCGAATCTATACTACTACTACCTGCTGCATGATG

3,(1) (1) 35(1) 34(1) 35(1) 3s(1) 3,(1) 3y(1) 3y(1)
GACGTATGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCTCTATGATATATA

3,(2) 3,(2) 35(2) 342) 35(2) 34(2) 3,(2) 34(2) 3y(2)
GGTATGCTTCGCATGCATCGATTAGCTAGCATCTATCTAAGCCTGCGATTGTGTACTCTG

3,3) 3,3) 35(3) 3,3) 35(3) 3¢(3) 3,(3) 35(3) 35(3)
AAAAACACCCAATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATT

3,(4) 3,(4) 35(4) 3,(4) 35(4) 36(4) 3,(4) 35(4) 39(4)
ATACAATGCGTCTCTCGATTGTGTACTCTCTGCTGCATGATCTATCATACTTAG

* Assuming we start in state 1 and state 1 emits characters of length 1




Optimal State Sequence

FIN

AGCTGTACATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATTAGA

CGTCGCCCATGAGATGCGCGCGCAGAGCGAATCTATACTACTACTACCTGCTGCATGATG
............. s ¢ cCc ccccccccccccoc

GACGTATGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCTCTATGATATATA
c ¢c ¢cccccccccccccccc coc

GGTATGCTTCGCATGCATCGATTAGCTAGCATCTATCTAAGCCTGCGATTGTGTACTCTG
C C C C C C C C C C C C S ...iiiiiiiiinnnnnnnns

AAAAACACCCAATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATT

Optimal Annotation

FIN

AGCTGTACATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATTAGA

CGTCGCCCATGAGATGCGCGCGCAGAGCGAATCTATACTACTACTACCTGCTGCATGATG
............. SSSCCCCCCCCCCCeeeeeeeeeeceeeeceeecececccececcceccecce

GACGTATGCATGTATCGAGAGGATCGATGACTGAGAGGAGGAGTCTCTCTATGATATATA
CCCCCCCCCCCCCrreeeecceeceeeceeeceececececececececececececececcecececccececcceccceccce

GGTATGCTTCGCATGCATCGATTAGCTAGCATCTATCTAAGCCTGCGATTGTGTACTCTG
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLLSSS . v v v v v vv i ii e e n e et

AAAAACACCCAATCGGCGTATCGCGATGCGATCGGCATGTACGGCGCGTATATGCGCATT

FIN

Which Model Parameters Require Updating?

b.\mergenic (10)=0.08
b.\mergenic (40) =0.05
b.\mergenic (70)=0.01

A= (A, B)

Transition Probabilities, A Emission Probabilities, B
b (10) = 0.01
a.lntergemc .Intergenic =0.994 bStanCodons (40) o008
a.lntergemc StartCodons — 0.006 a 0.28 StartCodons .
c 0.22 bstartcodons (70) = 0.09
8startCodons Codons — 1.0 e 0'22
. TAA  0.65 b 10) = 0.01
@Godons Codons = 0-997 T 0.28 en | 0.28 bCodons (40) 003
8Codons StopCodons =0.003 TAG 0.07 Codons ( ) - Y.

bCodons (70) =0.09

.03 ACC 0.02
.02

.01 TTC 0.02
.02 TTG 0.01

.01  TTT | 0.02 NE52
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Parallel Emission Probabilities

For example, the probability that the Codons state
outputs the parallel observation sequences

P. 40 ‘o o
O A IS given by bCodons(A)*bCodons(4O)
The probability that the Codons state outputs the
parallel observation sequences

P. 40 40 40 40 40 40

o A o o ™ ™ G is given by

bCodons(ACC}k)”¢ bCudons(AC*C )* bCodons(4*O )* bCodons(4 0 )*
bCodons(4 O) bCodons(4 O) bCodons(4 O) bCodor\s(4 O) =

0.02*0.01*0.03*0.03*0.03*0.03*0.03*0.Q3,

Parallel Emission Probabilities

More generally, the probability that state j outputs the
parallel observation sequences O, ... O and P, ... P is
given by

b{(O)*..*b(O)*b(PY*..*bP,)

N-54
Recurrence With Logarithms EXTENSION: GMM vs. HMM
In(5,(0,)) ife=1,j=1
0,(j)=1-» ift=1,j=1
max ét_‘bj‘(i) + 1n(al_7.))+ ln(bi(O,_‘b/M...O,)) +In(b,(F_, \,,--F)) if2=t<T
3y(D) 3y(1) 35(1) 3,(1) 35(1) 3¢(1) 3,(1) 3y(1) 3y(1) 311
3,2) 3,(2) 3(2) 8,2) 35(2) 34(2) 3,(2) 34(2) 34(2) 310(2)
3,3) 3,3) 3;03) 8,3) 35(3) 34(3) 3,(3) 3(3) 34(3) 310(3)
N-56

* Assuming we start in state 1 and state 1 emits characters of length 1




# of Introns.

o

Duration of Time Spent in State

Probability of d consecutive observations in state j:

pld) = (a)**(1-a)

(c) Internal exons
150 ,_(®) Introns 250
Histogram — Histogram —

bl Geometric distribution Smoothed density
250

b
200 §

i <}
150 1y 3

I

400 600 800 1000
Length (bp)

Example HMM Model, 4

A= (A, B, C)

Duration Probabilities, C
CCodons (50) =0.001

Transition Probabilities, A Emission Probabilities, B

a.lntergemc .Intergenic =0.994
a.lntergemc StartCodons — 0.006 a 0.28 Ccodons (100) 0.002
a =10 c 0.22 Ccodons (150) = 0.003
StartCodons Codons -
=0.997 ¢ 0.22 TAA 0.65 Ccodons (200) 0.004
aCOdonS S T 0.28 TGA 0.28 CCodons (250) 0.004
Acodons StopCodons =0.003 TAG 0.07 o (300) 0.003
Codons .
|
ARA | 0.03 Acc | 0.02 Ceodons (350) = 0.002
AAC 0.02 Ceodons (4 O)=0.001
ARG 0.01 TTC 0.02 OR
AAT 0.02 TTG 0.01 Ceodons (d) - Gamma(d
ACA 0.01 TTT 0.02

shape, scale)’

Generating an Observation Sequence

1. Begin in initial state

2. Determine duration, i.e., how
many characters to output
(emit) in the current state

3. Emit the determined number
of characters in the current
state

4. Transition to a different
state

5. Return to step #2 and repeat

N-59

Recurrence With Logarithms

In(5,(0,))
‘St (]) ={—®

ifr=1,j=1
ift=1j=1
max (ma;Nc( 8,4()) +In(a,))+ In(c, (d)) + In(b, (O, 1O ))) if2=r=T

minlength; sd<maxlength ; “<is

3,(1) 3y(1) 35(1) 34(1) 35(1) 3s(1) 3,(1) 3y(1) 3y(1) Bo(1)

3,(2) 3,(2) 35(2) 34(2) 35(2) 34(2) 8,(2) 34(2) 34(2) 3102)

3,3) 3,(3) 35(3) 84(3) 35(3) 34(3) 8,(3) 34(3) 34(3) 313)

* Assuming we start in state 1 and state 1 emits characters of length 1




