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What is Phylogenetic Tree?

= A tree represents “evolution path” of life forms
« How did they evolve from “the common ancestor”

= Opossum

Rabbit Mouse




How to “guess’” the tree

*- Traditionally, guessed based on shapes

= Nowadays, we can guess based on DNA
seguences
=« Define a measure called “likelihood” and

compute it on every possible phylogenetic
trees



Phylogenetic tree inference

= Look for the phylogenetic tree that gives the
largest likelihood

=« Compute likelihood values for every phylogenetic
trees

= Practically, take few best phylogenetic trees as
candidates for the phylogenetic tree
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Problem: Huge computation!

Use maximum likelihood method (paml)

= phylogenetic tree inference cost =
ikelihood computation x no. of phylogenetic trees

= For n species, no. of phylogenetic tree = O(2"n!)
= Computation time for a phylogenetic tree also gets longer as n get

Maximum likelihood method (paml)
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To cope the problem

= A approximate method called ‘split
decomposition [shimodaira 01] is
proposed by one of the authors

= This method drastically reduces
computation cost for each tree

s But
= The number of the tree still too big



Goal of this work

= Apply combinatorial optimization
techniques to reduce the trees to be
computed

=« Branch and Bound Method
=« Simulated Annealing
= Speed it up by parallelizing them using
Grid middlewares — Ninf and Jojo
= Likelihood computation
= Combinatorial Optimization



Outline

* = Phylogenetic tree and likelihood
= Split decomposition

= Overview of our system
= Branch and bound

= Evaluation
= Conclusion




Phylogenetic Tree Inference

= Infer phylogenetic tree using DNA sequences

Human  GCCAACCTCCTACTCCTCATTGTACCCATTCTAATCGCAATGG - -
Chimp  ACCAACCTCCTACTCCTCATTGTACCCATCCTAATCGCAATAG - --

Seal ATTAATATCATCTCACTACTTAT AATTCTCCTCGLCGTAG - - -
Cow ATTAACATCTTAATACTAATTATT ATCCTATTGGLCGTAG - - -
Rabbit ATTAATACACTCCTTTTAATCCTACCTGTACTTTTAGCCATAG ---
Mouse ATTAATATCCTAACACTCCTCGT ATTCTAATCGCCATAG - - -
ATTAACTTATTAATATATATTAT TATCCTCCTAGLTGTAG - - -
Out group Out group
Common
Cow ancestor |
~| Mouse __
Seal / —
inference \
Chimp . Opossum
Human Rabbit Cow | Chimp Rabbit

Seal Human Mouse



Phylogenetic tree likelihood

= Likelihood for a DNA sequence can be obtained as
the product of Likelihood for each locus

L(p)=L(x,)eL(x,)eA ®L(x,)

DNA sequence length: m = thousands to billions

Human |GlcaaciTiCTACTCCTCA ACCCATTCTAATCGCAATGG - - -
Chimp ALCAACETECTACTCCTCA ACCCATCCTAATCGCAATAG : - -
Seal AFTAATATEATCTCACTA AATTCTCCTCGCCGTAG - - -
Cow AFTAACATETTAATACTAA TCCCATCCTATTGGCCGTAG - - -
Rabbit AFTAAT TCCTTTTAAT{CTACCTGTACTTTTAGCCATAG - - -
Mouse AFTAATATLCTAACACTCCT ATTCTAATCGCCATAG - - -
Opossum | AFTAACTTRATTAATATATA TATCCTCCTAGCTGTAG - - -
X1 X7 X 20

10



Likelihood for a locus

= Likelihood — how many times a entry

changed

= Smaller times — large likelihood
x, ={A,A,T,C,C}

locus

phylogenetic
1tree1

change:2
likelihood:large

phylogenetic
1 tree2

change:3
likelihood : small

Phylogenetic
tree3

1 2
4: 5 :3

gt

A A
A—AHA
c/ c T

change:3
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Programs to compute likelihood

= Paml [Yang, '97]

= Just compute likelihood for
given phylogenetic tree

= No-search method provided

= Base-sequence, amino-acid
sequence

= Molphy [Adachi et al., ’96]

= Base, amino-acid sequence
= Provides heuristics search

= Phylip [Shurman et al., '80]

= Base, amino-acid, protein
sequence

= Provide several search method

@input

Paml|

@ output

Logarithmic likelihood
InL=-912.5
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Split decomposition

= Splits — components for a phylogenetic tree
= Each split represents a branch of a phylogenetic tree
= A phylogenetic tree for n species can be decomposed into

n-3 splits . ~ é ; 5\
N Z> 5 §> s 6 /
A phylogenetic tree n-3 spllts

= For n species, no. of splits = 2m1-n-1 = O(2")
= Much smaller than the no. of phylogenetic tree = O(2"n!)

= Phylogenetic tree likelihood value can be computed easily from
its composing split’s likelihood values

= Can reduce likelihood computation from O(2"n!) to O(2")

> Fewer likelihood computation
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Likelihood computation using split
decomposition [shimodaira, '01]

= phylogenetic tree P can be represented as composition of m splits
= Each Split stands for axis of m-dimensional space
= Likelihood of each split can be considered as the projection of P to each axis

= Approximately compute phylogenetic tree likelihood using likelihood of splits

L(p)~L(O) =1, ACAAY 'y where 4 =000 =HO)

X3 X ~21500
J ____________ /. ~21520
""""" ‘alter P ~21540 | ‘e
L(XZ) ; § 21560
L(X3) K § 21580 A
g 21600 | /
L(p). g 21620
: S -21640
] 21660 |
21680 |
L( .Xl) ~21700
X1 21700  -21650  -21600  -21550  —21500
maximum likelihood 4




Split composition

= |Naive method : obtain likelihood for each phylogenetic

tree one by one

= Split composition : obtain likelihood using split

composition
= obtain likelihood for each split
+ Split composition

tion using splits
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Parallelization with Ninf

= Ninf [Sekiguchi et al., ‘96] : A GridRPC system
= Servers provide computational resource and programs

= Client invokes a function installed on the server via network
= The API is designed to minimize the program maodification

« Parallelization with asynchronous invocation
= The remote function can ‘callback’ a function in the client

Double A[n][n], B[n][n], C[n][n]; —
dmmuli(n, A, B, C); Libra
@ Server
GridRPC =
Ninf_call(“dmmul”, n, A, B, C); Libara
Server
+ | IDL File
Ninf_call invoke ——> es(ifibrary
Ninf_call result .---..... >
- rver
Callback —_— —p Serve 16




Parallelization with Jojo

= Jojo [nakada et al. 03]: message passing library for
Java
= Dynamic on-demand loading of system/user programs

= Simple API just allow single object passing

GRA ssh
router — client @] router

A

~ || Parent node
] — msg Object
Child node - — handle(Message msg){
parent.call(msg); | +— return object;
A Object )
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Overview of proposed system

= Use Jojo and Ninf
= Obtain likelihood for every splits
= Generate phylogenetic tree candidates and compute likelihood

using the splits likelihood —
=| |Master : | | worker
Jojo ~
Likelihood for| split
add ettt 2y fLikelihood computation L€ Likelihoo_d list
Generates R ueue Of SplitS = fea Phylogenetic tree For splits
splits g = J
D - )
.==21 | Likelihood computation |i¢ Likelihood list
Gather |ike|ih001:|a\dfI Likelihood For a phylogenetic tree | | For splits
for splits Lists for splits - : /
4L :
enerate add ] ‘e, Shyvlagenetic tree
Phylogenetic ._phylogenetic ~ el
i tree queue . Likelihood computation [i¢ Likelihood list
@ For splits For a phylogenetic tree r¢  For splits
\(}iather likelihood / s




Reduce computation using
‘_r Combinatorial optimization techniques

= Combinatorial optimization techniques to avoid
enumerating every possible phylogenetic tree
= Branch and bound

= Cut off useless computation
= Can obtain optimum

« Simulated Annealing
= Approximate method — can gain huge speed up
= Can be parallelized — Replica exchange method

= Genetic algorithm
= Can be parallelized

= In this presentation
= Branch and bound
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Branch and bound

= Branch and bound search tree

= To get a valid phylogenetic tree, compose n-3 splits serially, to the
Root phylogenetic tree (star- shape)

Root
phylogenetlc
Compose split  tree
(1,2,3145) ~— 7| N0 oSS e,
(1,2,4|3, 5{ |3, 4

4

(1,2]|3/4,5) ompos?lsSTB
2\ &w .........

T AT e

4324

phylogenetic tree



Branch and bound

Prune branch on a search
tree

= Maintain incumbent
likelihood

=« Compute upper bound for
the target node

« If the upper bound is
larger than the incumbent
value, proceed ‘
computation on the node Incumbent pg}%u.l.,igsnpood

alu

value &omposition

Upper bound ¥X likelihood

= upper bound for a node
= Compose all possible splits

= Take the likelihood as the

upper bound N



Evaluation

= Experimental environment
= A cluster called ‘abacus’ installed at TITECH

= 21 Nodes

= Linux2.4.18 / GNU Debian woody

= With 2, 4, 8, 16 workers

Processor | AMD AthlonMP 2800+ x 2
Memory | 1024MB

Network | 100BaseT—Ethernet

= Sample group

= seal, cow, rabbit, opossum, mouse, Human,
dugong, armadillo, rat

=« Use mitochondria Sequence — downloaded from NCBI
= 3392 amino acids
= Likelihood computation
= Codeml of Paml 22



Result of Branch and bound

Search method
= Order splits by likelihood
= Depth first

Composition coverage

Cut 95.3 % of trees for 9 species

Whole composition times =
leaf node +prune

Composition coverage
= whole composition times /
whole no. of phylogenetic tree

19.9 times faster

composition coverage
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Parallelization of branch and bound
with Jojo

= Assign a subtree for each worker
= Worker returns sub problems that exceed a specified threshold
= Worker requires new subtree for the master
= Worker reports newly found incumbent value for the master, and master
broadcast it
= | master [R) Reserved (©) Done
\
R ® (D Ry W —

incumbent vilue

@ )

incumbent value

ﬁ Worke w oNker

Exceed incumbent value
@ @ threshold | \ @« @  update b @ - [Search done 24
incumbe

incum value nt valuancumbaadturabhent value




Result of Parallel Branch and bound

= Speed up

= No. of workers 2, 4, 8, 16,

= No. of species 5, 6, 7, 8, 9

= 12.8 time faster, for 16 workers , with 9 species
= 80% efficiency

speed up

14
12
10

o N B~ O

-5 species
L —— 6 species
- —*— ] species

—— 8 species
- — —— 0 gspecies
N — —o

No. of workers

Speed up for parallelized branch and bound
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Summary

= Speed up for 9 species
Old most likelihood method

1 year 5 months

Split decomposition ‘
18 hour 41 min

' 805.8 times

Likelihood computation

splits composition
15 hour 47 min (84.5 %)

Contribution for splits
Of this work - 5.5 %)
64.0 times parallelize(16workers)

13.3 ti

- Optimization tech
19.9 times v(branch and boun

56min20sec

es
Parallelize (16workersb12.7 times

13 min 4 sec

4 min 28 sec

inique
d)

250.5 times

A 4

17 min 34 sec

i> 51493.3 times

A
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Future work

= Employ Genetic Algorithm for
combinatorial optimization

= Use other likelihood programs
= Use other sequence such as protein

= Scalability Evaluation
= Evaluation on Grids

= Fault Tolerance

27



The result

Common ancestor

opossum

armagdillo dugdng rabbit 28



!'_ Thank you
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Combinatorial optimization technique2:

Simulated annealing

ACCEpt jUdgement ( AE = Enext _ Ecurrent )accept reject

|

/

/

= Generate ‘neighbor’ and accept or reject it

depending on the E

= Rarely fall into local maximum poi
= Cooling scheduling is important

s T

= @ :cooling parameter (0 << a < 1)

E<O
E>O0

next ~—

=

aT

current

accept
Accept if

{ ZE
expy— —

T

}

Generate
initial

Genérate

Accept

Neighbor

m

Cool down

v

Convergence

judge
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“Neighbor” for annealing

= For Simulated annealing, we have to define neighbor
= Remove a split from the target tree,

= And add another possible split,
Result

candidate phylogenetic tree

Z&m

12345678

Y Select one
randomly 2 5
6

Select a tree randomly g§/ 12435678
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Parallelize Simulated annealing

= Replica exchange method

= Have several ‘replica’s and assign temperat| ®Sneraic
= Periodically exchange the temperature .
= Advantage of Replica exchange methgt Neighbor |~
= No temp. scheduling required Accept
= May speed up even for one CPU test
= Easy to parallelize accept
Neighbor
t
Temp. Replica exchange i
Exchange
Simulated test
Annealing accept
exchange
¥
- Convergence
time time tesgt

103[24
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Result of Replica exchange method

Measure: minimum search £7—HD &/MERE

S 10 15

No. of workers

20

|
» RKNEREICELLTRENGIEREBOHEIE For /7 species
= BREZA 60 EILLT (HIBE 92.9 %Ll L)
« YURMDML
« 4 /—FLUEDEEERTINER
= No speed up gained for larger no. of workers
= FYRELGEETHM T EILELNHD
180
160
140 =&— max. temp. 5
@ 120 —— max. temp. 10
E 100 —&— max. temp. 20
—§ 80 max. temp. 50
S == max. temp. 100
@ 60 =@— max. temp. 200
40 =+ max. temp. 500
20
0

LT HRBETORRER
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Background

= Phylogenetic Tree Inference based on DNA /
protein sequences
=« Determine probability for each tree using statistics

= Requires enormous computation
= Huge number of Phylogenetic tree

= Likelihood computation for each tree requires certain
amount of computation

= Parallel computing
= Clusters. Grid
= Good Cost-performance

=)

Speeding up Phylogenetic tree inference
by parallelization
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Related work

= RAXML [Alexandros et al., ‘03]

= Depends largely on the initial value
= Master-worker with MPI

= MrBayes 3 [Ronquist et al., ‘03]
= The new generation of MrBayes [Ronquist et al., '01]
= Provides framework for phylogenetic tree inference
= MPI implementation

= Contribution of this work
= Efficient computation using splits
= Parallelization aiming to the Grid
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Contribution of this work

= Parallelize likelihood approximation

= Speed up the approximation
= Try every phylogenetic tree

= Reduce computation cost for each tree using split
composition

= Parallelization

= Master-worker style implementation using Ninf:
a GridRPC system

= Reduce the no. of phylogenetic trees to
be actually tested, using combinatorial
optimization technique
= Employ Branch and Bound method

= Parallelization of branch and bound

= Master-worker implementation using Jojo: a
Message passing library for Java
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