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Abstract

Each person’s genome contains two copies of each chromosome, one inherited from the father and
the other from the mother. A person’s genotype specifies the pair of bases at each site, but does not
specify which base occurs on which chromosome. The sequence of each chromosome separately is called
a haplotype. The determination of the haplotypes within a population is essential for understanding
genetic variation and the inheritance of complex diseases. The haplotype mapping project, a successor
to the human genome project, seeks to determine the common haplotypes in the human population.

Since experimental determination of a person’s genotype is less expensive than determining its com-
ponent haplotypes, algorithms are required for computing haplotypes from genotypes. Two observations
aid in this process: first, the human genome contains short blocks within which only a few different hap-
lotypes occur; second, as suggested by Gusfield, it is reasonable to assume that the haplotypes observed
within a block have evolved according to a perfect phylogeny, in which at most one mutation event has
occurred at any site, and no recombination occurred at the given region.

We present a simple and efficient polynomial-time algorithm for inferring haplotypes from the geno-
types of a set of individuals assuming a perfect phylogeny. Using a reduction to 2-SAT we extend this
algorithm to handle constraints that apply when we have genotypes from both parents and child. We
also present a hardness result for the problem of removing the minimum number of individuals from
a population to ensure that the genotypes of the remaining individuals are consistent with a perfect
phylogeny.

Our algorithms have been tested on real data and give biologically meaningful results. Our web-
server (http://www.cs.columbia.edu/compbio/hap/) is publicly available for predicting haplotypes from
genotype data and partitioning genotype data into blocks.

1 Introduction

Critical to the understandin o the enetic asis or co le diseases is the odelin o hu an enetic
ariation  ost o this ariation can e characteri ed sin le nucleotide ol or his s s  hich are
utations at a sin le nucleotide osition that occurred once in hu an histor and een assed on throu h

heredit Ithou hthet ochro oso eso anindi idualcan e se arated and anal ed inde endentl as

in the stud o current technolo suita le or lar e scale ol or his screenin o tains
in or ation at each he enot e i es the ases at the or oth co ies o the chro oso e
ut does not identi the chro oso e on hich each ase a ears Consider a here there are t o
cO on ases  Or here are our ossi le cases or the enot e 0 o the cases are here either
oth chro o0so es contain or oth chro o0so es contain e re er to these cases as
enot es  he other t o cases are here the rst chro oso e contains and the second contains
and ice ersa e re er to these cases as enot es hus the enot e consists o the

utual in or ation on the t o chro oso es he se uence o each chro oso e se aratel is called the
ha lot e inor ation Consider a case here at our successi e s ith ossi le alues or an




indi idual has a enot e here re resents a hetero  ous site n this case the indi idual s

ha lot esha et o ossi ilities either one chro o0so e contains and the other contains
or one chro o0so e contains and the other contains
ne o the rst oals set the ri ht a ter the co letion o the hu an eno e ro ect is the

ha lot e a in roect he oal o the hu an eno e roect as to nd the consensus enot e
se uence o hu ans n order to achie e ore in or ation on enetic disease one has to no not onl
the enot e data ut also the ha lot e data and not onl the consensus ut hich are the co on

ha lot es ecent studies ha e sho n that s that are h sicall close to each other on the
chro oso e are usuall correlated and that our chro oso es can e artitioned into loc s so that in
each loc there is a stron correlation et een all the s contained in it  hese studies sho that or
each loc thenu ero ossile ariations is usuall er s all or hile the nu er o S
in the loc could e as lar e as he oal o the ha lot e a in roectis to ather all the
ha lot einor ation thatis or each loc tolistall ossi leco inations o s that a ear in the

o ulation ter ha in all this in or ation one could eror a ore accurate case stud to associate
enes and a e loc s ith diseases and urther ore one could se uence the hu an chro oso es
uch aster 1ith hi h accurac his a er ta es the ha lot e a in roect one ste or ard
ndin ane cient a toiner the ha lot edatao a o ulation o ser in onl the enot eso the
o ulation

ienaseto enot es each o len th e address the ro le o inerrin the ha lot e structure
Clear]l in the a sence o additional in or ation one cannot in er the ha lot e structure since there are
an ossi le solutions us eld su ested to add the constraint that the resultin set o ha lot es

should corres ond to a h lo en odel no n as the coalescent odel or erect h lo en n this
odel e assu e that the chro 0so es o each arent are trans itted to the child ith so e ossi le
utations ut ithnoreco ination urther ore e assu e thatin each site there hasonl een
one utation throu hout the histor re resented thetree e ishto nd a directed h lo enetic tree
that ill corres ond to these t o assu tions such that each o the resultin ha lot es ill e ound
in one o the lea es o that tree he ro le as introduced us eld and is re erred to as the
erect hloen alot e role ro le e 1ill or all state the ro le in ection
us eld introduces a ol no ialti e al orith or the ro le is al orith wuses as a lac
o an al orith +to reco ni e ra hic atroids he as totic runnin ti e o his al orith
is here is the nu er o indi iduals isthenu ero s and is the in erse
ac er an unction hichisa er slo 1 increasin unction so that or all ractical a lications it could
considered as a constant Ithou h his al orith is theoreticall er e cient and the atroid theor
ehind it is athe aticall er ele ant the al orith is er co licated and not eas toi le ent
neo theo en ro le s entionedin wus elds a eristo ndasi leande cient al orith to the
ro le n this a er e introduce ane cient and si le solution to the ro le wusin no hea
achiner he as totic runnin ti eo oural orith is hich isnot ase cientas us eld s
al orith ut on the other hand the si licit o our al orith sheds ane insi ht onthe ro le and
allo sustoco e ithso ee tensionso the odel wurther ore note that in ractice isusuall o the
order o a constant et een and and nor all not orethan and thus in ractice thesi licit
o theal orith i esa reat ad anta eintherunnin ti e ei le ented theal orith ando ser e
that in ractice it is e tre el e cient e note that amna et al inde endentl ound a di erent
al orith ith the sa e theoretical er or ance as our al orith e urther sho relations et een the
e tensions o the ro le and other co inatorial ro le s such as satis a ilit and ini u C
deletion ro le

e ein resentin an e tre el si le and ele ant ol no ial ti e al orith or the ro le
Ithou h this al orith a ee ecti ein racticeitsti e ound is unreasona 1 hi h  hereore e
oon to resent our ain al orith hich runs in ti e and roduces asi le linear si e data

structure hich can e used to roduce all ossi le solutions to the ro le ach ossi le solution can e



i licitl enu eratedinti e clearl to out ut the solution one needs ti e e note that
the al orith so and also nd a linear si e data structure hichi licitl stores all solutions e
urther ore e tend our ain al orith to handle the additional constraint that so e o the indi iduals
are related and there ore a arent wust trans it one o its ha lot es to a child and each child has one
ha lot e trans itted ro its ather and the other ro its other e use the data structure returned
our ain al orith  or the ro le asastartin oint or the al orith  and reduce the resultin
ro le to the ro le hich can esol edin ol no ialti e

inall e address the ro le o ndin a ini u set o indi iduals such that re oin the ro

our data set e ill e a leto nd at least one solution to the ro le e sho that ndin an
a ro i1 ation to this ro le illi 1 an a roi ation al orith or the in nCut ro le
here a ra h is 1 en and the oalistore oethe ini u nu ero ed esin such
that the re ainin ra his i artite his role hasalo a ro i ation al orith a reduction
ro the ini u C deletion ro le n the ne ati e side it is onl no n that the ro le
is hard and there ore there is no or the ro le unless e note that the
sa e ro le hen the in ut does not contain hetero ous sites ie 1 en a atri re o in

the ini u nu ero ro s so that the resultin atri  tsthe erect h lo en odel can e easil
a rol ated a actor o

e e aluate our al orith o er the data collected in the stud o a ilo asere iono chro oso e
containin s ro thestud o n this stud enot es are collected ro other ather
child trios and the correct child ha lot es are in erred ro these enot es noure eri ents e use
our ethod to a e redictions o the childs ha lot es ro the childs enot es and then chec our

redictions a ainst the correct ha lot esin erred ro the trios ur results indicate that the al orith
is ractical and e cient and i es iolo icall eanin ul results

here are se eral re ious a roaches to deter inin the ha lot e inor ation ro enot e data

hese ethods include the arsi on a roach o Clar and related a  roaches aiu
li elihood ethods and statistical ethods such as hese a roaches use
heuristics ut in ractice the do not scale to data that contains ore than  sites hile our al orith
can co e ith lar e data sets

r i in ri

e rst or all descri e the coalescent odel erect h lo en and the ro le e assu e
that at each ol or hic site there are t o ossi le nucleotides that a ear at an  osition in an one o
the chro o0so es et us denote these nucleotides and e note that althou h the assu  tion that

there are onl t o ossi ilities at an site see s arti cial it is the case in ost ol or hic sites

1ena atri o sie hich re resents a set o ha lot es e sa that ts the
coalescent odeli there e ists a rooted tree re resentin the e olution o the ha lot es such that
the ollo in holds

ach erte 0 is la eled aro ector 0 len th re resentin a ossi leha lot e

ach coordinate osition in these ro  ectors corres onds to a site

or each coordinate there is at ost one air o ertices such that 1is the arent o and
di ers ro in coordinate

heseto ro so is contained in the set o la els o



1 ure he coalescent tree corres ondin to the ha lot es

ne a leo acoalescent treeis 1 enin i ure
hrou hout the a er ora 1i en inte er e denote the set

et ea ector hose ele ents are dra n ro et and e ectors hose ele ents are
dra n ro he ectors and are ith 1 or each coordinate the ollo in hold

i then

i then

hus i enot e 1isderied ro ha lot es and then and ust eco ati le ith

atri ith ele ents dra n ro is 1 there e ists a atri that ts
the coalescent odel such that ore er ro 0 contains a airo ro sco ati le ith n such
a case the atri is called a 0

1ena atri either nd a
le al e tension o or deter ine that 1is not reali a le

he ro le has the ollo in inter retation he atri re resents the enot es o indi iduals
here the len th o each enot e is or an indi idual and site the our ossi le
ha lot e states are he se uence o ser ed can onl distin uish et een the
three states and tates and stand or the ha lot e states res ecti el tate
stands or either the ha lot e state or e are interested in constructin the ha lot e atri
hich ill e consistent ith and ith the coalescent odel

he assu tions ade the erect h lo en odel do not necessaril hold in real data since there
are ro a 1 ac utations and reco inatione ents Ithou hin ractice these e ents do ha en it is
still reasona le to elie e that the eha ior o a short re ion ill e close to erect h lo en since it is
li el that not too an reco ination e ents or ac  utations had occurred throu hout histor in that
re ion

hrou hout the a er e ill use the ter s and interchan ea 1 et ea atri
ith  colu ns let e a site and let e an ele ent o hen is de ned as the set o
ro so containin the alue at site et and e sites and let and eele entso he
air in i atleast one o the sets or
isnote t et e the set o airs such that induces in
ote that i is a le al e tension o then ore er air o sites cc

he ollo in le a has een ro en inde endentl se eral authors see e



e a in the ro le e ha e to assi n alues to the entries in  so that the
condition o the le ais ul lled or so e root sin our reedo to decide hich o the nucleotides

at a ol or hicsite shall e desi nated and hich shall e desi nated e a assu e ithout loss
o eneralit that the root o the tree is the all eros ector or the ollo in reason co le entin
certain colu ns o the atri ie re lacin and throu hout the colu n one can ensure
that in each site either e er ro containsa ora a earsinthe rst ro not containin a et
the resultin  atri e n this case it is eas to see that unless there are t o identical colu nso s
e er t o sites induce t ollo sthat in an le al e tension or e er t o sites induce

hus i satis es the condition o the le a or so eroot it also satis es the condition or the all ero
ector

n ie o this o ser ation e a restate the ro le as ollo s ien a atri in
hich e er air o colu ns induces nd a reali ation 0 such that or e er air
or deter ine that no such reali ation e ists ni ediate necessar condition or a
reali ation to e ist is that ore er air

orit ort ro

i o

et the atri e an in ut to the ro le andlet eale ale tension o et and et o
colu ns such that et us sa that the air o colu ns i
and i

hen ust resol e the air either e uall or une uall and cannot resol e the air othe uall and
une uall ol in the ro le ise ui alent to decidin in a consistent a  hich airs o colu ns
to resol e e uall and hich to resol e une uall hese decisions essentiall deter ine the atri n
order to deter ine the constraints on a consistent solution e classi the ordered airs o colu ns

ach ordered air 0 colu nsiso oneo ourt es
n this case the air does not ha e to e resol ed
n the re ainin three cases and the air does ha e to eresol ed he cases

are as ollo s

n this case the air ust e resol ed e uall
n this case the air ust e resol ed une uall
is neither o e nor o e n this case a e resol ed either e uall or
une uall
ote that and areo thesa et eand wust eresol edinthesa e a either othe uall or
oth une uall nco letin the descri tion o the al orith e or ith unordered airso colu ns
resolution o the airs o es and can e re resented as etric
hichise ualto 1 isresol ed e uall and to 1 is resol ed une uall la elin unction
is 1 it ields a le al solution to the ro le
or an ro let or ala elin unction and a ro let e the
ra h ith as the set o ertices and or e er i and onl i
aret ole alla elin unctions e sa that do inates 1 1 lies that and
there e ist such that isa ai alle alla elin wunctioni there is no

hich do inates



ssu e rst that 1isale alla elin wunction Conditions tri iall hold t is eas to see

that i thereisa atho len th in ro to  then i ise en and i isodd
hus there is no odd ¢ cle in and there ore is i artite ro thea oe ro ert it is alsoeas

to see that e er connected co onent o isaco lete 1 artite ra h nordertoco letethe roo
e ha e to sho that is a connected ra h ssu e or contradiction that and aret o di erent

connected co  onents o ince othare 1 artite let and e the colorin s

o oth co onents et e de ned or e er

and settin or all the other airs et e de ned or e er

and settin or all the other airs tiseas to eri

that either or ust eale alla elin unction do inatin thus contradictin the a i alit o

ssu eno that satis es conditions ore er ro choose so e in e lace ro

t oro s and such that

i then
and
i and then and
i and then and
t iseas to eri that in the resultin atri or all O

he last condition o this heore can e restated as ollo s or each ro choose a
ore er airo colu mns and such that and are distinct
here addition is odulo

ith this restate ent e see that all the constraints on a le alla elin unctioncan ee ressed as linear
e uations o er the eldo ert oele ents henu ero aria lesisat ost and thenu er
0 e uations isat ost — =n ol no ialti e usin  aussian eli ination one can either deter ine
that no solution e ists or characteri e the set o le al solutions in ter s o a set o aria les that can e
chosen reel such that their alues deter ine the alues o the re ainin aria les

he ol no ialti e oundi lied thisdescri tionis uitehi h wutin ractice an o the airs ill
eo e or e he alues o the corres ondin aria lesarei  ediatel deter ined and urther
aria les can e eli inated easil a orcin rocess hicheli inates a aria le hene er it encounters
an e uation ith one ort o undeter ined aria les

uid r orit
n this section e resent an al orith  or the ro le hich runs in ti e
et ea atri  ith  colu nssuch that ore er air here and are not identical

and e de ne the ollo in relations



i cc
1 cc
hen or each air o non identical colu ns e actl one o the ollo in holds
ote that i then and ust e e uall resol ed and in a coalescent tree reali in ust
e an ancestor o then and ust e une uall resol ed and the ust esi lin sin the
coalescent tree heonl a 1 uouscaseis hen or
atri ith  colu ns is the in ut to the al orith he al orith either deter ines that

is not reali a le or

esol es certain ro s o into ha lot es creatin a ne atri hich is reali a lei and onl
1 is

eletes one or ore colu ns ro to create a atri hich is reali a lei and onl 1 is
and such that an le al e tension o ields a le al e tension o

ecursi el a lies the al orith to

he al orith e ins re eatedl identi in  airs o identical colu ns in  such that
and deletin one o the t o colu ns wuch identical airs wust e e uall resol ed and
deletin there eated co ies does not a ect the resolution o there ainin airso colu ns heal orith
then co utes the relations et een the sites and eri es that or each air

and
he al orith then chooses a ith the ro ert that ore er colu n une ualto one
o the ollo in holds or
uch a 1 otcolu nal aseist or the ollo in reason e can de ne a relation on the colu ns
here or t o colu mns i and onl i or ne can easil eri that 1is a
artial order isa ai alcolu n ithres ect to then satis es the re uired ro ert indin

sucha a1 alcolu ncan edoneinlinearti e once the relation et een all airso colu ns are stored
inthe e or thiscan edoneinthesa e annerthata a i alnu eris ound in an arra

et and t iseasil eri ed that e er colu ne ce t
lies in e actl one o these three sets and that noro in contains a

he al orith no  roceeds to resol e the ro s in er colu nin ust eresol ed e uall

ith er colu nin ust eresol ed une uall ith t re ains to decide hich colu ns in
are to eresol ed e uall ith and hich are to e resol ed une uall ith

0 a e this deter ination the al orith constructs a ra h hose erte set is the set o sites

here is an ed e la eled et een and each site in here is an ed e la eled et een and
each site in and are sites di erent ro then there is aned e et een and la eled 1

and hereisaned e et een and la eled 1

and here are no other ed ese ce tass eci eda o e



athorc clein  is 1 it containsanoddnu ero ed esla eled and other ise
t ollo s ro thele athatt osites oined anodd ei ht ath wust eresol ed une uall t o sites
oined aneen ei ht ath ust eresol ed e uall and hence that isunreali a lei contains an
odd ei ht ¢ cle hus the al orith ter inates ith ailurei an odd ei ht ¢ cle e ists

a site is oined to ane en ei ht ath thenit wust eresol ede uall ith andi it oined to
an odd ei ht ath thenit wust eresol ed une uall ith

t re ains to deter ine ho sites shall e resol ed that lie in a di erent co onent o he erte

set o each such co onent artitions uni uel into t o arts such that an t o ertices in the sa e
art ust eresol ede uall andan t o erticesindi erent arts wust eresol ed une uall or each

such co onent the al orith ar itraril resol es the ertices in one o these artse uall ith and the
ertices in the other art une uall ith

hese choices uni uel deter ine the air o ha lot esinto hich each ro in shall e resol ed
he al orith re laces each such ro the ectorso theset o ha lot es creatin a atri t then
deletes the colu ns in IO Call the resultin  atri
contains no odd ei ht ¢ cle then the al orith resol es thero sin ithout creatin
a con ict or an site here ore once the ro s in ha e een resol ed
does not contain an s in the set o colu ns here ore resolution o thero s in cannot
create con ictsinan air o colu ns containin at least one colu n ro Iso oreachro o
the alues in the colu nso are deter ined inde endentl o ho there ainin colu ns are
resol ed here ore there is no loss o eneralit in dro in those colu ns ro SO isreali a lei
and onl isreali a le inall the resolution o the colu nso as uni uel deter ined  the
re uire ent that colu ns in eresol ed e uall ith and colu nsin e resol ed une uall ith
here ore isreali a lei and onl 1 isreali a le O
n order to illustrate the al orith e ro ide here a short e a le ssu e that the i en enot es
are and et re resent the di erent
colu ns de nition ea 1 do inates and and stron 1 do inates hus e choose
to ethe iot nthe ra h e ha e the ed es he ed e is deter ined
and hile is deter ined and he al orith rst constructs the ra h
then eri es that it is 1 artite 1ince it is 1 artite e color it usin t o colors red and lue ssu e
that are lue and arered heal orith assint oha lot es ore er enot e
heassi n ent ien the al orith il e
and he al orith no re o es
and the ea 1 do inated colu ns and continues recursi el  ith ince is ull deter ined the

al orith sto s

nordertoi le enttheal orith e cientl e rst reco utetherelations et een all airso sites
hich ta es ti e ter the re rocessin each ti e e call the al orith e ha etoco ute
the ed es o the ra h and u date the relations hich ta es ti e or each ro that ets resol ed
hus o er the course o the al orith this or is urther ore at each iteration e ha e to
nda a i alsite construct the ra h deter ine ho to resol e each air o sites and resol e the
ro sin hiscan edoneinti e and thus the total ti e or this o eration o er
the course o the al orith is ence the runnin ti e o the al orith is

n order to et all the ossi le le al e tensions e can chan e the al orith as ollo s ote that the
onl case here the assi n ent is not uni uel deter ined is hen e ha e a connected co onent

o} that is contained in ach such co onent artitions uni uel into t o arts such that the
ertices in one art are resol ed e uall ith and the ertices in the other art are resol ed une uall



ith e introduce a oolean aria le hich is an indicator o  hich art is la eled e uall ith
n the ha lot es resultin ro the resolution o the ro s in the entries in colu ns o
are recorded ara etricall in ter s o this oolean aria le hese entries ha e no e ect on the rest
o the co utation since these colu ns arei  ediatel deleted +t is eas to see that there is a
corres ondence et een le al e tensions and assi n ents o alues to the oolean aria les arisin in this

a his 1 esanon tri ialu er oundo onthenu ero ossilele ale tensions his ound
is t1 ht since  hen all the entries o e ual e ha e e actl solutions
ddin i1 tot t

n an cases the e eri ental studies are done on related indi iduals such as a set o trios o  other
ather and a child Clearl hen one has a trio in an cases one can direct] in er the ha lot e hase

ro the trios utinso e casesitisi ossi le to in er it directl uch a case occurs or s here
oth the other the ather and the child are hetero ous his 1 es the oti ation or an e tension
o the ro le in hich in addition to the coalescent odel e ha e the additional constraint that

each o the arents trans itse actl one o its ha lot es to the child

n this section e sho that thise tension to the ro le can esol edin ol no ialti e or all
e sol e the ollo in ro le

he in ut is a atri o sie and a set
o tri lets er tri let re resents a other ather and child trio e need to
deter ine i there is a le al e tension to such that or e er tri let one o
thero s is a du licate o one o thero s and the other is a
du licate o oneo thero s his corres onds to the act that one o the ha lot es

is trans itted ro the other and the other ro the ather note that e assu e there are are no
utations in the trans itted ha lot es hilein the erect h lo en odel e assu e that wutations
are allo ed throu hout histor

ecall that the out ut o al orith isa atri hich corres onds to all ossi le solutions to
the coalescent odel or each either or here
is a oolean aria le or each e ha e to set the alues o the aria les so that the solution

ill e consistent ith the trios

or ease 0 notation or e er tri let and e er colu n e sa that the
con uration is i
that is the alues and re resent the alues o the other ather and child s

ha lot es e rst need the ollo in le a

the con uration is then ssu e that
or so e connected co onent here isthe a i al site at that oint in the al orith hen
and thus hich is a contradiction



o constraint

a le he ossi le constraints u to s etr he s ol re resents an alue in he
S ol re resents a literal that is
ince at so e oint o the al orith ust e in a set or so e
t that oint all the alues o ill eresol ed in thesa e a and thus
O
or each tri let e introduce three additional oolean aria les hich

ha e the ollo in alues

1 andonl 1 theha lot e or n other
ords i and onl 1 the rst ha lot eo is trans itted ro the other
i and onl i or that is i the rst

ha lot e o the otheris trans itted to the child

i and onl i or that is i the rst
ha lot e o the ather is trans itted to the child

hene er it is clear ro theconte t e illo it and ust rite instead o
t is eas to see that an assi n ent to the aria les corres onds to one o theei ht
ossi letrans issionso theha lot es ro the arentstothechild e thus et that the ro le
is e ul alent to assi nin alues to the aria les and the aria les or
er tri let and e er colu n i ose a constraint on the aria les ore a le
1 the other has aluesin oth ha lot es the ather has in oth ha lot es and the child has in
the rst ha lot e and in the second ha lot e then clearl e illno sho that all these
constraints can ere resented asa C or ula and thus can esol edusin an ol no ialal orith
no n or n a le e list all ossi le constraints hich ollo ro the con urations t
iseas to eri e a that all the ossi le con urations are listed in the ta le u tos etr
ote that since or an t o oolean aria les can ee ressed as and
is e et that all the constraintsin a le can ee ressedas C constraints

eno descri ean al orith orsol in the ro le e rst use al orith uild reeto et all
ossi le solutions to the ro le eno let e the set o constraints induced  all the tri lets
ince e can e ress all the constraints in a C or ula ecan ndale al assi n ent to the
aria les usin an o the al orith s no n or there is no easi le solution e
re ort that the ro le isin easi le



e note that a si let ist tothea o e al orith can also sol e the ore eneral ro le in hich or
so e children onl one o the arents is se uenced he corres ondin constraints should e added to
the ossi lecases 0 tu les in the sa e anner as as done a o e  he details are o itted since the
al orith and roo are essentiall thesa easa o e

ini u not o)

n ractice the iolo ical data does not e actl t the coalescent odel e there ore ose the ro le
ore oin the ini u nu ero indi iduals ro our data set so that the re ainin data ts the
coalescent odel or all e introduce the ollo in ro le

hein utisa atri o di ensions
he oalistore oethe ini u nu ero ro s ro such that the re ainin ro s t the
coalescent odel

Clear]l al orith uild ree sho s that one can deter inein ol no ialti ei the ini u nu ero

ro sis ero n act i thein uttothe ro le isa atri thenthe ro le can ea ro i ated
ithin a actor o a local ratio ar u ent ote that the atri tsthe odeli and onl i there is
no su atri de ned ourro sanda airo colu nssuch that thero so thesu atri contain the
airs hile there is such a su atri esi | re o ethecorres ondin our
ro s entuall e 1ill elet itha atri ithnocon ict ince ore er ourro sthat ere o ed

at least one o the should ere o ed the o ti al solution e et that thisisa a ro i ation to
the ro le

n this section e sho thatthe ini u enot ere oal ro le isatleastashardtoa ro i ate as

the in nCut ro le hich is a ell studied o ti i ation ro le nthe ini u nCut ro le
eare iena ra h and e ishto nda ini u sieseto ed es such that their
re oal earelet itha i artite ra h his ro le hasalo a ro i ation al orith here
isthenu ero erticesin tisonl no nto e hard eno ro ethe ollo in
theore
lo then the theore tri iall holds e thus assu e that lo et e an
a roi ation al orith orthe ini u enot ere oal ro le et ea ra h here
e construct the ollo in atri as an in ut to il
eo di ension he entries o ill ha e the ollo in alues
ore er he last colu n contains onl alues o
ore er
or e er 1 then

n other entr o is ero

ince the atri does not contain an entries ith alues e er t o colu ns ust contain a air
here ore e a e er su atri o hich ts the coalescent odel also ts it ith the all
€ros root e thus assu e that the root is the all eros root ro ert or e er

e ha e that and aresi lin s ro ert colu n isthe a1 alcolu n tiseas to see



that the ra h constructed in al orith uild reeisiso or hic to acho thelast ro so
corres onds to an ed e in urther ore re oin asu seto thero so so that eco es
i artite earelet itha atri hich ts the coalescent odel

et etheset o ro so et e the o ti al solution to the in nCut ro le and let
e the o ti al solution orthe ini u ha lot ere oal role Clearl 1 en a solution
tothe in nCut ro le on one can construct a solution to the ini u ha lot ere o al

si 1 re oin thero sin that corres ond to hus returns a set
o sieat ost hus sincee er ro in a art ro thelast ro sa ears

ti es ecanassu ethat isasu seto thelast ro so eno re oe ro eer ede
hich corres onds to a ro in and it is eas to see that the resultin ra his i artite and that the
nu ero ed esre o edis and thus e etan a ro i ation al orith to
the in nCut ro le O

ote that the sa e roo holds orthe role o re oin the ini u nu ero ro sassu in the
rootis no n in the roo the root is the all eros ector othis ro le thelocalratioar u ent i es
ana roi ationratioo 1 is a atri

rr nt ut
e eri ed the e ecti eness o our techni ue o er a set o data resented in al et al n
their stud the collected the enot es or s in a ilo ase re ion o chro oso e ro
other ather child trios sin these trios the in erred the ha lot es or each indi idual usin
endelian heredit he s ere s lit into loc s containin ro to s and ran in
ro to ilo ases oreacho these loc s ourco onha lot esaccount or o theindi idual

chro oso es

e tested our ethod redictin the ha lot es o the children in the trios onl i en their enot es
sin the ha lot esinerred ro the trios e erea leto eri the accurac o our redictions or
each o the loc s de ned al et al the redictions o uild ree are sho nin a le
n all cases the al orith chooses the correct co on ha lot es and the o erall error rate is elo
hus usin our al orith thestud o al et al could ha e een done collectin the
enot es ro indi iduals instead o collectin data ro trios

e eral issues arise in ractice hena 1 in the al orith toreal data he rstisthatt icall alar e
ro ortion o the enot e datais issin nthe al et al the ro ortiono issin enot e
data is second issue is that the actual ha lot es t icall do not erectl t the erect
h lo en odel es eciall theinre uent ha lot es o e er in ractice the ha lot esrou hl t the
erect h lo en odel -euristics to handle oth issin data and con icts iththe erect h lo en
odel are descri ed in detail in here e resent e eri ental results o the techni uein ore de th

onc udin r

e resented a ractical and e cient al orith to iner ha lot e structure ro enot e data e
urther ore e tended our al orith to co e ith wurther constraints e resented relations et een
classical co inatorial ro le s and the su ested iolo ical ro le ur e eri ents sho that our
al orith sare ractical and could sa eti eand one in iolo icale eri ents e elie ethat urther
e tensions to this ro le could lead to e en ore accurate ha lot e reconstruction on a lar er scale

eci call co in  ith errors in the data and ith issin dataislet asano en ro le



a le redictions o er data ro al etal he second colu nsho stheco onha lot es
as resented in al et al he third colu n sho s the redictions and the ourth i es their
re uencies he th colu n sho s the error ratio in our redictions he error rate is the raction o

ases the al orith uessed ron o er the hole data set and not onl o er the indi iduals ith the
co onha lot es
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