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1 Intro duction

The program PHASHEmMplemerts a Bayesian statistical method for recon-
structing haplotypesfrom population genotype data. The software can deal
with SNP, microsatellite, and other multi-allelic loci (egtri-allelic SNPs,and
HLA alleles), in any combination, and missing data are allowed. The cur-
rent version (v2.1) implements extensionsto the original method that was
described in Stephenset al. (2001). Someof the extensionsare described
in Stephensand Donnelly (2003), Crawford et al. (2004), and Stephensand
Scheet (2005). One unpublished extension is described briey in the ap-
pendix. Experiments with the software on both real and simulated data
indicate that it can provide an improvemert over other existing methods
for reconstructing haplotypes - for example, in simulation experiments in
Stephenset al. (2001) the mean error rate using PHASEvas about half that
obtained by the EM algorithm.

This documert describesthe use of this software, which comesfree for
non-commercial use, and with no warranty whatsoever. Commercial users
require a license. Full details of the conditions of use are available via

http://www.stat.washingto n.ed u/st ephens/ soft ware.ht ml,

where updatesfor the software will also be made available. Pleasesendbug
reports, and requestsfor new features, to Matthew Stephensat the email
addresson the title page.

In publications including results from the use of this program, please
specify the version of the software you useal. If you usehaplotype estimates
from the program pleasecite Stephenset al. (2001) and Stephensand Don-
nelly (2003). If you useestimatesof the reconbination rate from the recom
or _hotspot output les, pleasecite Li and Stephens(2003) and Crawford
et al. (2004).

1.1 What is new in version 2.1?

The main changesfrom version 2.0.x are:

the incorporation of more exible modelsfor reconbination, including
a recommbination hotspot model.

more user cortrol over the priors usedfor reconbination rates.

a few minor bug- xes, the most important being: i) a bug with the -k
option for specifying known haplotypes;ii) a bug in the way the PAC-
B correction from appendix B of Li and Stephens(2003) was being
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computed, which may have created small biasesin reconbination rate
estimatesin previous versions.

reduced memory usagerequiremerts, which may make the program
more stable for larger data setswith lots of SNPs or individuals.

introduced the -O ag to cortrol the frequency threshold at which
haplotype pairs are output in the _pairs le (this waspreviously con-
trolled by the -F ag).

The details of the methods usedto incorporate the recombination hotspot
model are described in Crawford et al. (2004).

1.2 What was new in version 2.0?

The main changesfrom version 1.x were:

the introduction of a new computational approad, resulting in much
faster haplotype resolution.

the introduction of a new model that allows for recombination and
deca of Linkage Disequilibrium (LD) with distance, which results in
more accurate haplotype estimates.

the facility to perform a test for haplotype frequency di erences be-
tween casesand cortrols.

more extensive output summarising the results, including:

{ Population haplotype frequency estimates.
{ Lists of the most probable haplotype pairs for ead individual.

{ The facility to output a samplefrom the posterior distribution of
haplotype reconstructions.

1.3 Quick tour for existing users

Userswho are familiar with version 2.0.x of PHASHvill probably only want
to read the sectionon di erent recombination models (Section 6.1).

Userswho are familiar with version 1.0 of PHASE and want to usethe
new versionwithout readingthe whole of the instruction manual, might skip
to the \Quic k tour for existing users"in appendix A, and then read Section
6.1.



2 Getting started : |Installing and running the
software

| distribute executablesfor PHASHEo run under Linux and Windows. Please
note: | only perform extensiwe testing under Linux, and you are highly
recommendedto usethat versionif at all possible. The Windows version
has beenreported to be unstable for large data sets(for unknown reasons),
resulting in the program terminating prematurely without producing results.

| alsodistribute sourcecode, which you are welcometo attempt to com-
pile on your favourite platform, but which (due both to pressuresof time,
and lack of expertise) | can provide only limited help with. If you do manage
to get an executableworking on another platform, and wish to shareit with
others, pleaseemail it to me, and | will make it available on the web site.

The executablecomesin a gzipped tar le. Extract the les from the
appropriate .tar.gz le, by typing (for example)

gunzip phase.linux.xx.tar.gz

tar -xvf phase.linux.xx.tar

at the commandline, wherexx is the versionnumber. This will createa new
directory called something like phase.linux.xx . Changeto this directory
before attempting to run the program.

To run the program, you must supply an input le corntaining the geno-
type information. Instructions for how to prepare an input le are given
belon. An exampleinput le (test.inp ) is supplied with the software. You
can run the program on the test data supplied by typing

JPHASE test.inp test.out

(make surethat both PHASENd test.inp  arein the current directory.) The
program will input the genotpe data from test.inp , and output a sum-
mary of the resultsto the le test.out . Additional output les (with names
of the form test.out xxx) containing more details for someof the results
will alsobe created, and information (including a summary of progress)will
be printed to the screen. Section 4 describeshow to interpret the program
output.

To analyse your own data, you must prepare an input le in the ap-
propriate format. as described below, and then run the program as above.
A number of additional options, which can be usedto cortrol certain as-
pects of how the program runs, are described in section 7. Note: the



most common mistak e made when preparing the input le is to
incorrectly input missing alleles, so pay particular atten tion to the
instructions  for this below.

3 Input le format

The input le is supplied by the userto specify how many individuals there
are to be analysed,how many loci/sites ead individual hasbeentyped at,
what sort of loci/sites theseare (SNP or microsatellite), and the genotypes
for eadh individual. Optionally, the le may also specify a group label for
ead individual (eg case/corirol status), and the relative physical positions
of the markers.

There are three possibleformats for the input le: this sectiondescribes
the default format, asillustrated in the accomparying le testinp . The
alternativ e formats are described later (section 7.1).

The default structure for the input le can be represerted as follows:

NumberOfindividuals

NumberOfLoci

P Position(1) Position(2) Position(NumberOfLoci)
LocusType(l) LocusType(2) ... LocusType(NumberOfLoci)
ID(1)

Genotype(1)

ID(2)
Genotype(2)

ID(NumberOfindividuals)]
Genotype(NumberOfindividu als)

where the quartities above are as follows:

1. NumberOfindividuals An integer specifying the number of individu-
als who have beengenotyped.

2. NumberOfLoci An integer specifying the number of loci or sites at
which ead individual hasbeentyped.
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3. P The character 'P' (upper case,without quotation marks).

4. Position(i) A number indicating the position of locusi, relative to
somearbitray referencepoint. It is highly recommendedthat you use
units of basepairs for this (any units can be used, but the priors are
all set up to make sensein terms of base-pairs. If you use a unit
other than base-pairsseethe documertation on the -R option). The
loci must be in their physical order along the chromosome (ie these
Positions must be increasing). Unlessyou have very good reasonsto
do otherwise, all loci should be on the samechromosome!

5. LocusType(i) A letter indicating the type of locusi. The options are

(a) Sfor a biallelic (SNP) locus, or biallelic site in sequencedata.

(b) Mfor microsatellite, or other multi-allelic locus (eg tri-allelic SNP,
or HLA allele). The default assumption is that this denotesa
microsatellite locus with stepwise mutation medanism, but this
can be changedusing the -d option described later.

These characters can be separatedby spaces,if desired.
6. ID(i) A string, giving a label for individual i.

7. Genotype(i) The genotypesfor the ith individual. This is given on
two consecutie rows. At ead locus, one allele is entered on the rst
row, and one on the secondrow. It does not matter which allele
is entered on ead row. For biallelic loci, any two characters (e.g.
A/C, G/T, 0/1) can be usedto represen the two alleles, and they
do not needto be separatedby a space. Missing alleles at SNP
loci should be entered as ?. For multiallelic loci a positive integer
must be used for eadh allele (represening the number of repeats at
microsatellite loci), and data for ead locus should be separatedby a
space.Missing alleles at multiallelic loci should be represen ted
by -1.

Someof the above items are optional, as follows:

If you do not know, or do not wish to specify, the positions of the
markers, omit the P, and the list of positions. (In this case,the loci
will be assumedto be evenly-spacedif the recombination method is
used.)



If you do not wish to include individual IDs, then omit them and use
the -n option described later.

For example, consider the example input le, testinp , which is as
follows:

3

5

P 300 1313 1500 2023 5635
MSSSM

The rst two numbersin the le say that there are 3 individuals typed
at 5 loci. The next line indicates their relative positions along the chro-
mosome, and the line MSSSNhdicates that the rst and last locus are
microsatellites/multi-allelic, and the other loci are bi-allelic. The geno-
type information then follows, with three lines for ead individual. The
rst line givesan ID for the individual, and the secondand third lines give
the genotypes. The third individual is missing genotype data at the rst
microsatellite locus, and the rst SNP locus.

Notes:

1. In our example le the allelesfor ead locus are separatedby spaces.
These spacesare necessarybetween alleles for microsatellites and bi-
allelic loci, but are optional between bi-allelic loci. In particular, for
data that consist of bi-allelic loci only, no spacesneed separate the
alleles; e.g. 10010010would be an acceptableinput for the alleles at
eight successie bi-allelic loci.

2. There should be no commasin the input le.

3. While we have used0 and 1 to denote the two allelesat the bi-allelic
loci, any two characters can be used at ead locus (except for the ?



character, usedto indicate missingdata). If more than two characters
(plus ?) are usedat a particular bi-allelic locusthen the program will
behave unpredictably. If you have a tri-allelic SNP that you would like
to include, then specify it as a \m ulti-allelic* locus (M), and usethe
-d option described below to bypassthe stepwise mutation model.

3.1 Missing alleles

Missing alleles at SNP loci should be entered as ?. Missing alleles
at multiallelic loci should be represented by -1.

4 Interpreting the output

4.1 Output to screen during run

When run, the program initially outputs the data it hasread from the input
le; howewer, the phaseat unknown positionsis randomised,and any missing
genotypes are imputed with random guessesso the data will not exactly
match the onesyou input. Since PHASEurrently doesnot ched that your
input le conformsto its expected format, it is highly advisable to chedk
that the output hereis consistert with what you thought you had input.

As the program corntinues to run, it keepsyou informed of progress.
Current versionsof PHASEombine the approximate coalescen prior from
Stephenset al. (2001), with a divide-and-conquer strategy known as Par-
tition Ligation (Niu et al., 2002), as described in Stephensand Donnelly
(2003). This improvesthe speedand accuracy of haplotype estimates over
previous versionsof PHASE particularly for large data sets. The algorithm
starts by dividing the data into segmetss of consecutiwe loci. It then com-
putes a list of plausible haplotypes within eadh segmem, and then itera-
tively combines segmetts to obtain a list of plausible haplotypes,and a best
guessfor ead pair of haplotypes,acrossthe whole region. The division into
segmers is random, but you can get a rough approximation of how many
segmeits it will useby dividing the number of loci by 7 (seethe -1 option for
how to changethe default length of a segmet). The program runs a number
of \burn-in" and \main" iterations on ead segmem, and informs you of its
progressin terms of how many \segmert operations” it has completed (the
total number of segmen operations that it will perform is approximately
twice the number of segmetts).



4.2 Output les

The program producesa number of output les. The rst, which has the
user-speci ed name, and a similar format to previousversionsof PHASEcon-
tains a summary of the individual haplotype estimatesfor ead individual.
The others, described below, have namesof the form outputfilename  xxx,
and contain more details of the results, and estimatesfor the sample haplo-
type frequencies.

4.2.1 The summary output Ile

The format of the summary output le (testl.out in the exampleabove)
is as follows.

A header containing the version number of the software used, and
credits.

A copy of the command line usedto run the program.
A list, and brief description of the output les produced.
A brief summary of the input le.

A list of haplotypesin the \b est" reconstruction, with a summary
of the frequency with which ead haplotype occured in this \b est"
reconstruction (note that these are not supposedto be population
frequency estimates; frequency estimates are given in the _freqs le
described below).

A list of the best haplotype guessfor ead individual, with parerthe-
ses() at positions where the phasewas di cult to infer, and square
brackets [] around allelesthat were dicult to infer. Speci cally, the
bracketed positions indicate those positions where phasecertainty (re-
spectively genotype certainty) was < p (respectively < @), where the
thresholds p and g can be set by the userat runtime with the -p and
-q options. (e.g. use-p0.8 to setthe phasethreshold to 80%.) The
default thresholds are p = g = 90%.) Hint: if you don't want any
brackets displayed, set p and q to 0 using -p0 -q0.

As above, but with only the ambigous positions listed.

A list of the con dence probabilities assaiated with ead phase call
(with only the ambiguous positions listed).
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It is worth noting that the test le supplied is very small, and there is
little information in the data to allow the haplotypesto be inferred. This
is re ected in a relatively low con dence being assignedto many phase
calls. Realistic data setswill typically be much more informativ e about a
large proportion of phasecalls, and the results in the test le should not be
viewed astypical. Nevertheless,this demonstratesthe ability of the software
to provide an honest assessmenof the con dence it hasin its calls.

4.2.2 Additional Output les

The additional output les are given namesof the form outfilename xxx,
wherethe sux xxx indicates the corntents of the le, asfollows:

_fregs Estimates of the sample haplotype frequencies(which can also
be used as estimates of the population haplotype frequencies).
The rst two columns are self-explanatory The next 2 columns
give i) estimates (posterior means) of haplotype frequenciesfor
the whole sample,and ii) estimated standard deviations (square
root of the variance of the posterior distribution) for these fre-
quencies. If the -c option is used (see below) then additional
pairs of columns give estimated haplotype frequenciesand stan-
dard deviations for ead group speci ed in the input le.

_pairs List of the most likely pairs of haplotypes for ead individual,
together with their probability. Only pairs whose probability
exceedshe threshold given by the -O ag are listed.

_recom Contains estimates of recombination parameters acrossthe re-
gion, using the general model for varying reconbination rate
from Li and Stephens(2003). (Note: these estimates are pro-
ducedonly if the reconbination model is used: seethe -M option.
Also, the estimates have a straightforward interpretion only if
the positions of the loci are specied in the input le.) The
rst line of the le givesthe positions of the loci in the input
le (to facilitate subsequeh analysesusing results in this le).
Each subsequen line of the le gives a sample from the pos-
terior distribution of the recombination parameters. The rst
column gives estimates of the badground reconbination rate
(more precisely the value of the population geneticsparameter

, heredenoted ). Column 2 givesthe factor by which the re-
conbination rate betweenlocus 1 and 2 exceedgshe badkground
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_hotspot

rate, and, similarly, column i givesthe factor by which the rate
betweenlocusi 1 and locusi exceedsthe badkground rate.
To get point estimates of these quartities | suggesttaking the
median of the results for eacd column. If you are planning to
make useof the results from this le, then it is advisableto use
the -X option described later (eg-X10 or -X100), to obtain more
accurate estimates.

Contains estimates of reconbination parameters if one of the
hotspot options is used: seethe -M option. The estimateshave a
straightforward interpretion only if the positions of the loci are
speci ed in the input le. Eacd line of the le givesa sample
from the posterior distribution of the recombination parameters.
The rst column gives estimates of the badkground recomnbina-
tion rate (more precisely the value of the population genetics
parameter ). Column 2 givesthe estimated left hand edge of
the rst hotspot, column 3 givesthe right-hand edge, and col-
umn 4 gives the estimated intensity (the factor by which the
recombination rate in the hotspot exceedshe badkground rate.)
If this last column is 1 then this correspondsto no increasein
recombination rate in the \hotsp ot". To get point estimates of
thesequartities | suggestexamining both the meanand the me-
dian of the results for ead column. (Histograms of ead column
can also be helpful in giving you an idea of the uncertainty and
skewnessin the posterior.) If you are planning to make use of
the results from this le, then it is advisable to usethe -X op-
tion described later (eg-X10 or -X100) to obtain more accurate
estimates.

_signif Givesthe p-value for a permutation test of the null hypothesis

_monitor

that the casesand controls are random draws from a common
set of haplotype frequencies(only if the case-cotrol status is
speci ed for ead individual; seethe -c option below)).

The monitor le for the goodnessof t of the estimated haplo-
typesto the underlying model. It hastwo columns: the rst is
the pseudo-likelihood from Stephensand Donnelly (2003); the
secondis the PAC-B likelihood from Li and Stephens(2003).
When comparing behaviour of di erent runs from di erent start-
ing points | recommendusing the rst column, as the second
column can be very dependent on the order of the individu-
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als, which can vary a lot acrossruns. This le replacesthe
““temp.monitor" le produced by previous versionsof PHASE

PHASE will also produce an empty le with sux _hbg. You can ignore
this.

Sharp-eyed usersmay note that for somedata setsthe \b est guess"for
an individual in the _out doesnot exactly match the most likely pair in the
_pairs le. Thesetwo point estimatesare di erent attempts to summarise
the posterior distribution, usingtwo di erent lossfunctions: the \b estguess”
attempts to make the haplotypesas similar to the truth as possible,while
the most likely pair in the _pairs le attempts to maximise the probability
of getting the haplotype complete correct. In many casesthe two guesses
will be exactly the same, and in comparisonsthe average performance of
both methods was almost identical (with perhapsa slight edgefor the most
likely pair in the _pairs le).

5 Obtaining reliable results: run-length and other
parameters

In commonwith many other existing haplotype inferenceprocedures,PHASE
employs an iterative schemeto perform inference. Parametersthat cortrol
the number of iterations performedcanbe addedto the input line, asfollows:

JPHASE <filename.inp> <filename.out> <number of iterations>

<thinning interval> <burn-in>

For example,to set
<number of iterations>=100

<thinning interval>=1
<burn-in>=100

use
JPHASE <filename.inp> <filename.out> 100 1 100

In fact, the above values are the default values. Each iteration consists
of performing <thinning interval> stepsthrough the Markov chain, and
eadh step updates ead individual once.
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The number of iterations required to obtain accurateanswersdependson
the complexity and sizeof the data set. In order to obtain reliable results it
is helpful to apply the algorithm multiple times (I suggest5 times or more),
with dierent seedsfor the random number generator (seethe -S option),
and ched for consistencyacrossresults. | suggesttwo ways for cheding for
consistency:

Examine the haplotype frequency estimatesin the _freqs output le,
and ched that the estimatesacrossruns are consisten (within a tol-
erancethat will depend on your particular application).

Examine the goodness-of- t measure,output in the _monitor le. This
measuresthe goodnessof t to the estimated haplotypesto an ap-
proximate coalesceti model (with reconbination if the recombination
model is used).

If there are substartial di erences betweenruns by thesecriteria try increas-
ing the lengths of the runs, by increasingeither the number of iterations, or
the thinning interval. If independert runs cortinue to give di erent results
within the computer time that you are preparedto expend, | suggestusing
the results from the run with the highest averagevalue for the goodnessof
L.

If all this seemdiketoo much e ort, you cangetthe programto automat-
ically run seweral independert runs, and output the answer corresponding to
the run with the bestaveragegoodness-of- t, usingthe -x option. Howewer,
in this caseyou will not be able to examine the results of the independen
runs to seehow variable they are.

6 Mo delling options (the -M ag)

PHASIgrovidestwo main modelsfor the userto choosebetweenfor haplotype
reconstruction. The rst isthe original model in Stephenset al. (2001), and
Stephensand Donnelly (2003) and ignoresreconbination (or more precisely
the decay of LD with distance). The secondis a new model that takesmakes
explicit allowance for recomnbination. The method to be employed is speci-
ed by the -M ag: -MSspeci es the old model, and -MRspeci es the new
\recombination” model (seebelow for details of di erent possibleassump-
tions for the underlying reconbination rate in the recombination model).
For example, to run the test example under the old (non-recomnbination)
model, use
JPHASE -MS test.inp  test.out
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If the -M ag is not used,the program usesthe new recombination model as
the default, which seemsgenerallyto be slightly more accurate, but is more
computationally-intensive.

In addition to thesetwo models, a hybrid model is also available, which
usesthe faster original model for the preliminary computations, and then
the recombination model for the nal computations. This hybrid method
can be specied by using -MQ ag. In the bendimark test results given
in an appendix, this hybrid method produceshaplotype estimatesthat are
roughly as accurate as the -MR option, but runs more quickly. Howewer,
other (limited) comparisonssuggestthat the -MRoption performs better in
general, and this is thus the default method. For another way to decrease
the time taken for computations seethe -F option.

Notes:

1. in generalthe reconmbination (-MR method will be lesscon dent in its
calls than the (-M§ method. This is not a defect of the method, but
are ection that it makeslessstringent assumptions.

2. if you have only a small data set (say < about 20 individuals and <
about 10 loci), the -MRmethod may struggle to get reliable estimates
for the decay of LD (ie recombination rate parameters). In suc cases
you should considereither using the -MSoption, or altering the prior
on the badkground reconmbination rate to be more informativ e (see-r
below).

6.1 Dieren t assumptions about recombination rate varia-
tion

New in v2.1, PHASEllows the userto specify di erent models for variation
in the underlying reconbination process. Of particular note, the user can
now use PHASHEo assesdhe support for the existenceof a hotspot in the
region being analysed, either specifying a location for the putativ e hotspot,
or allowing PHASHEo estimate a putativ e location. Some of these options
were usedin Crawford et al. (2004) and Ptak et al. (2004). The available
models are as follows:

-MRO the default model, which is the generalmodel for reconbination rate
variation in Li and Stephens(2003).

-MR1n: n hotspots in unknown positions to be estimated. Currently only
n = 1is permitted, sothe model allows for at most one hotspot.
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-MR2n al bl .. an bn: n hotspot in speci ed positions, with left and
right hand edgesof ith hotspot being given by ai and bi. Currently only
n = 1lorn = 2arepermitted (ie at most 2 hotspots). The prior is that eadh
hotspot exists (independertly if there are 2) with probability 0.5; otherwise
recomrbination rate in the hotspot region is equal to the badkground rate.

-MR3 constart recomnbination rate (estimated by PHASHEom data).

-MR4 constart reconbination rate ( xed at value speci ed by user, using
-R option).

For example,to run PHASHRvith a single putativ e hotspot betweenpositions
4200and 5400,use

JPHASE -MR2 1 4200 5400 infilename outfilename

For the hotspot options (-MR1and -MR2 the _hotspot le cortains samples
from the posterior for estimated hotspot location (left and right boundaries)
and intensity. Note that the estimated intensity is allowed to be 1. If we
de ne a hotspot to be\in tensity greater than x times the badkground rate"
then the proportion of times the estimated intensity is > x givesan estimate
of the posterior probability for a hotspot.

Note: when estimating the reconbination parameters,PHASE usesonly
100 of the entered individuals (randomly chosen) becausethis is typically
enoughto get good estimates,and becausdhe computation increasesjuadrat-
ically with the number of individuals. To change this, usethe -N option,
documerted later.

6.2 Notes on priors for recombination parameters

Advanceduserswho are mostly interestedin estimatesof the recombination
parametersmay wish to play around with someof the priors (either to ched
for sensitivity to priors, or becausethey don't like the default priors.)

The form for the prior on the badground recombination parameter, , is
that log( ) is normal with meanlog( ) and standard deviation (truncated
sothat isforcedto lie between10 & and 10%). The valueof is0:5 log(f),
wheref is chosensothat you would typically (95% of the time) expect to
be within a factor f of . The default value of f is large (10%) which makes
the prior approximately uniform. If your data set is small then there may
be little information about in the data, and you may nd the resulting
estimates of vary widely to include valuesthat you would nd a priori
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implausible. If this is the casethen you can make the prior moreinformativ e
by reducing f (to 100 say).

The default value for is 0.0004,which is a typical value for humans
basedon = 4Ngc, where N¢ is roughly 10000 for humans, and c (the
recombination probability per basepair) is roughly 10 8 (1 cM/Mb). You
can adjust this up or down, accordingto what you know about the recom-
bination rate or e ectiv e population sizefor your organism compared with
humans.

For the -MR1option the default prior is that \hotsp ots" (de ned here,
for corvenience,to be any increaseover the badkground rate) occur as a
Poisson processof one every 50000 bp, and the intensity of the hotspot is
allowed to vary from 1 to 1000 (uniform on the log scale). The width of the
hotspot hasa truncated normal distribution, truncated to lie above 200 bp,
with standard deviation 2000bp (re ecting a prior beliefthat most hotspots
will be lessthan 4kb wide). The prior distribution for the hotspot certer
is uniform betweenthe rst and last marker. (In Crawford et al. (2004)
the whole hotspot was constrainedto be ertirely within the two most distal
markers, but we have now dropped this constraint, sothat either edge of
the hotspot may fall outside the two most distal markers.)

6.2.1 Altering the priors: -r

You can specify new valuesfor someaspects of the priors discussedabove,
by creating a le cortaining those valuesand then specifying this le name
straight after the -r ag, with no intervening space.For example, if the le
eg.prior cortains the prior information then use-reg.prior

The structure of the le is that it should be plain text (a .txt le in
Windows) and cortain one number on ead line, in the following order:

Prior guess for rho (mu above)

Factor by which rho might deviate from the prior guess (f above)
Maximumhotspot intensity

Standard deviation of normal prior for hotspot width
Minimumsize of hotspot

Expected distance between hotspot centers

For example, the following le would correspond to the default prior:

0.0004
1000000
1000
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2000
200
50000

For the -MR2option, only the rst three numbers are used. If you are
using an option without hotspots then only the rst two numbers are used.

7 Additional Options

Note that in what follows, all options are case-sensitie, so for example -s
is dierent from -S.

7.1 Alternativ e formats for the input le: -f and -n

The options -f and -n allow the userto specify alternative formats for the
input le.

-f . Usedto specify format of genotypesin the input le. Options are:

-f0 : The default format described above, with two lines per genotype.

-f1 : Alternativ e format in which the genotypesare listed on a singleline,
locus by locus.

-f2 . (SNP data only). Format in which ead genotype is indicated by a
single character, with heterozygotesdenotedby 'H', and homozygotes
denotedby the allele they are homozygousfor. Note that if there is a
site in the data at which there are no minor-allele homozygotes,then
PHASEwill automatically use the character that follows the major
allele alphabetically to denote the minor allele.

-n : Usedto indicate that there are no IDs in the input le.

These options may be usedalone, or in conjunction. For example, the le
test2.inp suppliedwith the software, cortains the samedata astest.inp ,
with no IDs, and with the genotypesgiven on a single line, locus by locus,
and the program can be run using this input le by erntering

JPHASE -n -f1 test2.inp test2.out

at the command line.

18



7.2 Specifying known phases: -k

The -k option allows the userto specify that someof the phasesare known
(e.g.from allele-speci ¢ PCR or family studies). Note that this option works
in exactly the sameway asthe -s2 option in PHASBE.2x, which it replaces.
Including some known haplotypesin the sample can considerably improve
performance.

There are two ways to use this option. The rst is for the user must
createa le which speci es the known phases.This le should cortain one
line for ead individual, with a single character (either a*, 0 or 1) for each
locus.

* indicates that the phasefor that individual at that locusis unknown.

0 indicates that the phasefor that individual at that locusis asin the
input genotypes.

1 indicatesthat the phasefor that individual at that locusis the reverse
of the phasein the input genotypes.

The example le eg.known supplied with the software showns how you
might specify that, for the genotype data in test.inp , the phasesfor in-
dividual 2 are known to be asin the input le (i.e. the genotypesare 12
111 2 and 12 000 3, asin the input le), and the phasesfor individuals
1 and 3 are unknown. (In fact individual 1 is homozygousat someloci, so
its phaseis unambiguous at these positions, but the program detects this
automatically.)

The name of the le specifying the known phasesmust follow the -k
without using a space. For example, to usethe supplied le eg.known with
the data in test.inp , use

JPHASE -keg.known test.inp test.out

The secondusageof the -k option isthat if everyhaplotypein the sample
is known then use-k999. This option is intended to make it easyto use
PHASHEO estimate recombination rates from haploid data. If you use this
option, by default PHASRvill not perform Partition Ligation, but will do all
the loci in one go. This reducesrun times, but may not be a good idea if
you have a lot of missing data or a lot of loci. For example, you might be
concernedif multiple runs from di erent random seedsgive very di erent
results. To over-ride this behaviour, usethe -| ag after the -k ag on the
command line (eg -k999 -I8 to perform standard Partition Ligation).
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Caution: unlike previous versions, version 2.1 of PHASHEnay now per-
form properly if you specify \known phase" for a genotype that does not
have both allelespresert (ie has one allele missing). Thus if you are in the
happy position of having known haplotypes,but with missingdata, you can
pair them randomly to form diploid individuals, and specify -k999 to treat
the haplotypes as known. Howewer, this has not been carefully tested: if
you obsene odd behaviour pleaselet me know.

7.3 Phasing trio data: the -P1 option

We modi ed PHASHo allow it to take accourt of trio data (see Marchini
et al. (2006)). The aim wasto allow PHASHED be usedto phasethe HapMap
trios. Due to limits of time the interface is not especially friendly, and the
computational e ciency could be improved. In particular data sets with
larger numbers of trios may take a long time to run.

Beforel describethe interface, | want to mertion an alternativ e approacd
that may be helpful for larger trio data sets, or data sets, with (slightly)
larger pedigrees: i) identify the unrelated (founder) individuals. ii) use
the family information to identify which phasesare unambiguous in the
founders. iii) specify theseasknown in the \known" le usingthe -k option.
This approac doesnot take accourt of all the information available in the
family data, but it may work in situations where the -P1 option | describe
here doesnot.

To usethe -P1 option you needto:

1. format your input le sothat the parents are rst, and then the chil-
dren come after. The order is suc that the rst child is the child of
the rst 2 parerts; the secondchild is the child of the next 2 parents
etc. eg: for two trios you might usethe order

Motherl
Fatherl
Mother2
Father2
Child1
Child2

(Note that the format of the input le is unchanged; the above is

intended to illustrate the order in which individuals must appear in
the input le.)
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2. 2. Setthe "number of individuals” in the input le (the rst line) to
be equal to the number of parents. egif you have two trios, that is 4
individuals.

3. Call PHASHvith the -P1 option; eg:

PHASEP1 inputfile outputfile

7.4 Initialising estimates for the recombination parameter:
-R

The -R option can be usedto set the initial estimate of the badkground
recombination parameter (often denoted in the population geneticslit-
erature, and here denoted to emphasisethat it is the badground rate).
You probably want to usethis option only if you input the positions of your
markers in units of something other than base-pairs.

The units of are \p er physical distance unit usedto input the posi-
tions". Thus, if you use base-pairsas your physical distance unit in the
input le then the units of are \p er basepair’. The default value for

is 0.0004, which is appropriate for humans if the locus positions are in-
put in basepairs. If you use another unit to enter your positions then you
probably want to changethis. For example, if you input your positions in
kilobases,use-R0.4 to set to be 0.4 per kb (again, generally appropriate
for humans).

Note: If you are testing PHASEnN simulated data produced by a coales-
cert simulator that outputs locuspositions sothat the total regionis scaled
to be of length 1.0, then | suggestusing -R1 as a default setting.

7.5 Setting the seed: -S

The -S option can be usedto setthe value of the seedof the pseudo-random
number generator. The value of the seedshould be a positive integer, and
must follow the -S without a space,asin:

JPHASE -S3253 test.inp  test.out

which will setthe seedto be 3253.

7.6 Performing a case-control permutation test: -c

Version 2 of PHASEan perform a permutation test for signi cant di erences
in haplotype frequenciesin caseand cortrol groups. More precisely PHASE
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tests the null hypothesisthat the caseand cortrol haplotypesare a random
samplefrom a single set of haplotype frequencies versusthe alternativ e that
casesare more similar to other caseghan to cortrols. By taking the similar-
ity of haplotypesinto accourt - rather than just whether two haplotypesare
the sameor di erent - the test can have power even when every haplotypein
the sampleis unigue (which other similar tests, basedon a more traditional

likelihood ratio for example,do not). To perform the permutation test you
must do two things:

1. specify the case-cotrol status of ead individual in the input le by
putting a \0" or a \1", followed by a space, just before the indi-
vidual's identier (or, if you are not including identi ers in the in-
put le, beforethe genotype data for the individual). Seethe le
test.casecontrol.inp for an example.

2. usethe -c ag whenrunning the program to tell PHASEhat the input
le contains case-cotrol status data.

The number of permutations performedcan, optionally, be speci ed after the
-c ag. Eg-c100 will perform 100 permutations. If no number is speci ed,
the default is 100 permutations. Note that the permutation test is quite
computer-intensive, soyou might start with a small number of permutations
to decide whether it is worth doing a larger number. Note that specifying
-cO will produce the default behaviour of 100 permutations. If you really
want to do 0 permutations (ie you do not want to do the test), but you
are using an input le with case-cotrol status information, then you should
use-c-1 (i.e. \-1 permutations"). If your input le contains case-ontrol
information then you MUST usethe -c option.
Note:PHASECctually allows morethan 2 groups. Simply uselabelsO; 1; 2; :::; (k

1), to indicate which of the k groups ead individual is in.

7.7 Multi-allelic  loci without stepwise mutation: -d

The -d option allows the userto relax the assumption of stepwise mutation
medanism for multiallelic loci. This allows the method to be applied to
multi-allelic loci other than microsatellites, or to microsatellite loci where
the stepwise mutation mecanism is inappropriate. (Note that where the
stepwise model is a good assumption, using it will provide more power to
reconstruct haplotypes.) To do this we have implemented a more general
mutation mecanism, where ead mutation is a step-wise mutation with
probability 1, but with probability the mutant type is uniform from
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all possible alleles. The step-wise mutation mecanism thus corresponds
to = 0, while = 1 species parent-independert mutation (PIM). The
PIM model might be appropriate for tri-allelic SNPs, or, absen a better
alternative, for HLA allele designations,for example.

There are two ways to usethis option. First, if every multi-allelic locus
in your dataset is better modelled by PIM than by a stepwise model then
you can simply specify -d1. Otherwise, you must createa le that contains
the valuesfor for ewvery locus or site in your input le, with the values
separatedby spaces. Note that in this caseyou must supply values for
even for bi-allelic markers/sites in your input le, although they will be
ignored.

For example, to specify that the rst locusin test.inp is a microsatel-
lite with stepwise mutation medanism, and the nal locus is a multial-
lelic marker for which parent-independent mutation is appropriate, the user
would supply an extra le consisting of the single line

00001

to specify that the rst locushasa step-wisemutation medanism, while
the last locus has a parent-independert mutation mecanism (which might
be consideredappropriate for multi-allelic SNPs for example). Seethe le
eg.delta provided with the software. The name of this le should immedi-
ately follow the -d ag with no intervening space. For example,

JPHASE -deg.delta test.inp test.out

Note that for microsatellite loci where the stepwise model is a good
assumption,usingthat model ( = 0) will provide more power to reconstruct
haplotypesthan other models ( > 0). Howewer, using a small value for
(e.g. = 0:05 0:1) will provide more robustnessto occasionaldeviations
from the stepwise model.

7.8 Options aecting run times and accuracy

7.8.1 Increasing the number of iterations of the nal run of the
algorithm:  -X

The -X ag allows the userto make the nal run for the whole dataset (all
loci) longer than for the other runs. For example, -X10 will make the nal
runs 10times longerthan other runs (i.e. 10times the burn-in, and 10times
the number of main iterations speci ed). May be useful for obtaining better
estimatesof uncertainty without greatly increasingrun-time. (I particularly

23



suggestusing this option when you are making use of the results in the
_recomor _hotspot les.)

7.8.2 Increasing the number of individuals used to estimate re-
combination rates: -N

To save computer time, if more than 100individuals are entered then PHASE
usesonly 100 of the input individuals (randomly chosen)to estimate recom-
bination rates (and hotspot location and intensity etc). Basedon the results
of Li and Stephens(2003), where only 100 chromosomes(ie 50 individuals)
seemedto give pretty good estimates, this seemsunlikely to a ect accuracy
greatly. If you want to decreaseaun times, and are happy with lessaccurate
recombination rate estimatesyou could use-N50 to basereconbination rate
estimates on only 50 individuals (for example). | don't really recommend
using this option to increasethe number of individuals used(unlessperhaps
you are using the -k999 option ) as computing times increaseconsiderably
but if you really want to....eg-N1000 will use1000individuals in estimating
the reconbination rates.

7.8.3 Controlling the frequency threshold for a haplot yp eto make
the list: -F

The -F ag controls the value that a haplotype's frequency estimate must
surpassin order for that haplotype to be included in the \list" usedwhen
merging sections. The default (corresponding to -F0.01 ) is that the haplo-
typewill beincluded in the list if its estimated frequencyexceeds.01times
the inverseof the number of chromosomesn the sample(so a haplotype will
be included if even a single individual is adjudgedto have at leasta 1 per-
cernt chanceof carrying that haplotype). Smaller values(e.g. -F0.001 ) will
produce longer lists, which meanslonger run times, but potentially more
reliable results. Conversely larger values(e.g. -F0.1 ) will produce quicker,
potentially less-reliable,results. My intuition is that this may be, in some
cases,a better way to reducerunning times than, say, reducing the number
of iterations, but | have not done a careful study (and have found examples
where using this option de nitely decreasesaccuracy).

7.8.4 Controling the frequency threshold for a haplot ype to be
output in the _pairs le: -0

In the _pairs output le, only haplotype pairs whose probability exceeds
the value speci ed after the -O ag are listed. By default, only pairs with
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a probability of at least 0.01 are listed. Note: in versionsbefore 2.1 the -F
ag conrolled both the frequency threshold for making the list (as it still
does, seeabove), and this output threshold. The -O ag was introduced so
that you can make the output prettier without foresakingaccuracy

7.8.5 Size of segments: -l

PHASRises a divide-and-conquer strategy, Partition Ligation (Niu et al.,
2002; Stephensand Donnelly, 2003), to improve the speed and accuracy
of haplotype estimates. The algorithm starts by dividing the data into
segmeis of consecutiwe loci. It then computesa list of plausible haplotypes
within ead segmem, and then iterativ ely combines segmefts to obtain a
list of plausible haplotypes, and a best guessfor ead pair of haplotypes,
acrossthe whole region. By default the segmems are of size 6-8 loci. You
can changethe maximum size of a segmem using the -I option. Eg using
-112 will setthe segmeis to be of size 10-12loci.

7.8.6 Running the algorithm multiple times automatically: -x
The -x option runs the algorithm se\eral times, starting from di erent start-
ing points, and outputs the results from the run with the bestaveragevalue
for the \goodnessof t". Example: -x5 runs the algorithm 5 times.

7.9 Options controlling output

7.9.1 Setting the output probabilit y threshold: -p and -q

The -p and -q options can be usedto set a thresholds at which phasesand
genotypesare called as\correct". The default for ead is 90%. For example,

JPHASE -p0.7 test.inp test.out

would set the phasecall threshold to 70%. Seesection 4.2 for more details.

7.9.2 Outputting a sample from the posterior distribution: -s

You can output a samplefrom the posterior distribution on haplotypesus-
ing the -s option. The estimated haplotypesare then output for every main
iteration of the nal merge operation (so, with the default run-lengths, a
sample of 100 draws from the posterior distribution of the haplotypesis
output). You will getawarning that this cancreatelarge les. The samples
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can be helpful in taking into accourt uncertainty in haplotype reconstruc-
tions in future analyses(seeStephenset al. (2001) for brief discussion),or in
examining featuresof the posterior distribution not included in other output
les.

8 How to cite this program

In publications including results from the useof this program, pleasespecify
the version of the software you usel. If you usehaplotype estimatesfrom the
program pleasecite Stephenset al. (2001) and Stephensand Sceet (2005).
If you useestimatesof the reconbination rate from the _recomor _hotspot
output les, pleasecite Li and Stephens(2003) and Crawford et al. (2004).
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App endices

A Quick Tour for existing users

This appendix is for existing users, who are familiar with version 1.0 of
PHASE and want to usethe new version without reading the whole of the
instruction manual.

A.1 Num bers of iterations

For seweral reasons,the new version of the algorithm requires many fewer
iterations than the old versionto produce reliable results. This is both be-
causei) the new versionupdatesevery individual in an\iteration", whereas
the old version updated a single individual in ead iteration; ii) the new
version makesuse of partition ligation (Niu et al., 2002; Stephensand Don-
nelly, 2003)to break the problem up into smaller groups (\segmerts"), and
then paste the results bad together. The program performs the number of
iterations speci ed for ead of the segmetns, and for ead pasting together
operation. Thus, depending on the number of segmeis (which in turn de-
pendson the number of loci), the number of iterations performed in total

may be many times more than the number speci ed. The default number
of iterations is now 100, with 100 burn-in, and a thinning interval of 1. As
before, the useris advisedto run the program seweral times, with di erent

seedsfor the random-number generator, and ched for consistencyof results
acrossruns.

A.2 Performing a case-control permutation test: -c

Version 2.1 of PHASEan perform a permutation test for signi cant dier-

encesin haplotype frequenciesin caseand cortrol groups. More precisely
PHASEests the null hypothesisthat the caseand cortrol haplotypesare a
random samplefrom a single set of haplotype frequencies,versusthe alter-
native that casesare more similar to other caseshan to cortrols. By taking
the similarity of haplotypesinto accourt - rather than just whether two
haplotypes are the sameor dierent - the test can have power even when
every haplotype in the sampleis unique (which other similar tests, based
on a more traditional likelihood ratio for example,do not). To perform the
permutation test you must do two things:

1. specify the case-cotrol status of ead individual in the input le by
putting a \0" or a \1", followed by a space, just before the indi-
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vidual's identier (or, if you are not including identi ers in the in-
put le, beforethe genotype data for the individual). Seethe le
test.casecontrol.inp for an example.

2. usethe -c ag whenrunning the program to tell PHASEhat the input
le contains case-cotrol status data.

The number of permutations performedcan, optionally, be speci ed after the
-c ag. Eg-c100 will perform 100 permutations. If no number is speci ed,
the default is 100 permutations. Note that the permutation test is quite
computer-intensive, soyou might start with a small number of permutations
to decide whether it is worth doing a larger number. Note that specifying
-cO will produce the default behaviour of 100 permutations. If you really
want to do 0 permutations (ie you do not want to do the test), but you
are using an input le with case-cotrol status information, then you should
use-c-1 (i.e. \-1 permutations"). If your input le contains case-ontrol
information then you MUST usethe -c option.

Note:PHASEctually allows morethan 2 groups. Simply uselabelsO; 1; 2; :::

1), to indicate which of the k groups ead individual is in.

A.3 Mo delling options (the -M ag)

PHASR2.1 provides two main models for the user to choose between for
haplotype reconstruction. The rst is the original model in Stephenset al.
(2001), and ignores reconbination (or equivalertly, the decay of LD with
distance). The secondis a new model that takesmakesexplicit allowancefor
recomrbination. The method to be employed is speci ed by the -M ag: -MS
speci es the old model, and -MRspeci es the new \recombination” model.
For example, to run the test example under the old (non-recomnbination)
model, use
JPHASE -MS test.inp  test.out

If the -M ag is not used,the program usesthe new recombination model as
the default, which seemsgenerallyto be slightly more accurate, but is more
computationally-intensive.

In addition to thesetwo models, a hybrid model is also available, which
usesthe faster original model for the preliminary computations, and then
the recombination model for the nal computations. This hybrid method
can be specied by using -MQ ag. In the bendimark test results given
in an appendix, this hybrid method produceshaplotype estimatesthat are
roughly as accurate as the -MR option, but runs more quickly. Howewer,
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other (limited) comparisonssuggestthat the -MRoption performs better in
general, and this is thus the default method. For another way to decrease
the time taken for computations seethe -F option.

Notes:

1. in generalthe reconmbination (-MR method will be lesscon dent in its
calls than the (-M§ method. This is not a defect of the method, but
are ection that it makeslessstringent assumptions.

2. if you have only a small data set (say < about 20 individuals and <
about 10loci), but have reasonto expectthat there will be moderately
strong LD betweenmarkers, then the -MSmethod might be more ap-
propriate, asthe -MRmethod may struggleto get reliable estimatesfor
the decey of LD (ie recombination rate parameters) from sudc small
data sets.

A.4  Specifying physical locations of loci

To assist PHASHn taking into accourt the expected decey of LD with dis-
tance into accourt in inferring haplotypes, you can optionally specify the
physical positions of the loci in the input le. To do this, include a line
that beginswith a\P" (for position), and then a space-delimitedlist of the
positions of the sites (eg in base-pairs,although any units are ne). This
line must go after the speci cation of the number of loci, and before the
speci cation of the loci types. Seethe le test.inp for an example. Note:
in the current version, the loci must appear in the order that they occur
along the chromosome(ie the positions must be increasing). If no positions
are input then the software assumeshat the loci are equally-spaced.

A5 New output les

In addition to the output le producedpreviously (whoseformat haschanged
very slightly, so any programs that parse the results in this le may need
minor alteration), the program now outputs se\eral other output les, whose
namesare your output le followed by a sux that consistof an underscore
character (_), and a description. Theseare as follows:

_fregs Estimates of the sample haplotype frequencies(which can also
be used as estimates of the population haplotype frequencies).
The rst two columns are self-explanatory The next 2 columns
give i) estimates (posterior means) of haplotype frequenciesfor
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_pairs

_recom

_signif

_monitor

the whole sample,and ii) estimated standard deviations (square
root of the variance of the posterior distribution) for these fre-
quencies. If the -c option is used (see below) then additional
pairs of columns give estimated haplotype frequenciesand stan-
dard deviations for ead group speci ed in the input le.

List of the most likely pairs of haplotypes for ead individual,
together with their probability. Only pairs whose probability
exceedshe threshold given by the -F ag are listed.

Contains estimates of reconmbination parameters acrossthe re-
gion, using the general model for varying reconbination rate
from Li and Stephens(2003). (Note: these estimates are pro-
ducedonly if the reconbination model is used: seethe -M option.
Also, the estimates have a straightforward interpretion only if
the positions of the loci are specied in the input le.) The
rst line of the le givesthe positions of the loci in the input
le (to facilitate subsequeh analysesusing results in this le).

Eadh subsequenline of the le givesa samplefrom the posterior
distribution of the reconbination parameters. The rst column
gives estimates of the average badkground recomnbination rate
(more precisely the value of the population geneticsparameter
). Column 2 givesthe factor by which the recombination rate
betweenlocus 1 and 2 exceedsthe badground rate, and, simi-
larly, column i givesthe factor by which the rate betweenlocus
i 1 and locusi exceedsthe badkground rate. To get point
estimates of these quartities | suggesttaking the median of the
results for ead column. If you are planning to make use of the
results from this le, then it is advisable to usethe -X option
(eg -X10), to obtain more accurate estimates.

Givesthe p-value for a permutation test of the null hypothesis
that the casesand cortrols are random draws from a common
set of haplotype frequencies(only if the case-cotrol status is
speci ed for ead individual; seethe -c option)).

The monitor le for the goodnessof t of the estimated hap-
lotypesto the underlying model. (The goodnessof t measure
is the pseudo-likelihood from Stephensand Donnelly (2003).)
This le replacesthe ““temp.monitor" le producedby previ-
ous versionsof PHASE
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For more details of additional program options, seethe main text of
theseinstructions.

B Brief description of test for dierences among
cases and controls

Here we describe briey this test, which is currently unpublished. The
descriptions is brief, and not intended to be comprehensitwe, but | hope
that it is better than nothing.

The test statistic we useis the PAC-likelihood (Li and Stephens(2003))
computed for estimated haplotypesin caseindividuals, multiplied by the
PAC-likelihood for estimated haplotypes in cortrol individuals, averaged
over the estimated haplotypesin the main iterations of the nal mergeof the
last two segemets. By averagingover the estimated haplotypesin this way,
wetake accourt of uncertainty in haplotype estimates. Signi cance (p-value)
is assessethy computing the samestatistic under permutations of the group
(case/cortrol) labels,and counting how many of the permutations give larger
valuesfor the test statistic. This approad is essetially a likelihood ratio
test using the PAC likelihood asa likelihood. Unlike the more corvertional
likelihood, which is basedon Hardy-Weinberg Equilibrium and the unknown
haplotype frequencies,the PAC likelihood takesinto accourt the similarity
of haplotypes, and the decey of LD with distance. As a result this test has
power to detect a situation where the casesare more similar to one another
than one would expect by chance, even if every haplotype in the sampleis
unique.

C Benchmark Results

| ran PHASE v2.1, with ead of the model options (-MR, -MQand -M§ on
datasets simulated under conditions corresponding to the right-hand panel
of Figure 2 in Stephenset al. (2001). We also ran both programs on the
samedata setswith 5% of genolypesrandomly deleted (i.e. setasmissing).
Note that for the data setswith missing data, the program had to correctly
impute all missing alleles, in addition to correctly calling phase,in order
to scorea haplotype as \correct”. The error rates (as de ned in Stephens
et al. (2001)) are given in the table below. For thesedata setsthe -MQand
-MRoptions gave very similar results, which are consisterly slightly more
accurate than the -MSoption. In further unpublished comparisonsthe -MQ
option also givesresults similar to the -MRoption, and is somewhatquicker.
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The -MRoption is set to be the default method, partly asit seemsmore
principled than -MQand partly becauseit might be expectedto give more
accurate estimates of the underlying recombination parameters (although |
have not tested this).

no missing data
No. inds. | PHASEMR PHASEMQ PHASEMS
10 0.45 0.45 0.46
20 0.29 0.29 0.33
30 0.24 0.24 0.28
40 0.21 0.21 0.23
50 0.16 0.17 0.19

Table 1: Results with no missing data

missing data
No. inds. | PHASEMR PHASEMQ PHASEMS
10 0.46 0.46 0.47
20 0.30 0.30 0.35
30 0.26 0.26 0.29
40 0.23 0.24 0.25
50 0.18 0.18 0.22

Table 2: Results with 5% missing data

D Options not intended for general use

This appendix documerts some options that are not intended for general
use. Mostly they are documerted for completeness,but they may be of
interest to some, particularly researtersinto haplotyping methods.

D.1 Using the Naiv e Gibbs sampler to estimate haplot ypes
(-G)

The -G ag forcesthe program to usethe \Naiv e Gibbs" sampler(Algorithm
2 in Appendix A of Stephenset al. (2001)) to estimate haplotypes. Since
this algorithm useslessinformation than the standard PHASREIlgorithm (the
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prior for the Naive Gibbs sampler ignoresrelationships among haplotypes)
it will in generalbe lessaccurate. Howewer, it is very fast, and may be of
interest for those wishing to comparethe results of the two algorithms. The
current implemertation essetially uses = for all h (in the notation of
Appendix A of Stephenset al. (2001)), and lets ! 0. This captures the
idea that the number of haplotypesin the population is likely very much
smaller than the (typically) huge number of theoretically-possible haplo-
types. Although we have not done extensive investigation, this seemsto
perform better than, say, a uniform prior on allele frequencies.(That said,
this algorithm doesnot give an irreducible Markov Chain, soprobably some
small value of would be more sensible.)

D.2 Simplifying the output (-T)

The -T option causesthe program to output, in the standard output le,
only the best guessof ead haplotype, with uncertainty represetted by ()
and [], but with no other information. This can be helpful in comparing the
estimated haplotypeswith the truth in simulation studies.

D.3 Running several data sets from the same input le (-D)

If you want to perform simulation studies on many data sets, all input in a
singleinput le, you canusethe -D option to specify how many data setsare
in the input le. eg-D100 will do 100 data setsin the input le, one after
another. | usethis ag in conjunction with the -T option when performing
simulation studies.

D.4 Initialising phase guesses (-i )

This option allows you to specify how PHASHitialises the phaseestimates.
Although this option is still available in PHASEersion 2.1, the changesin
the computational algorithm used meansthat it is lessrelevant than for
previous versions (since the results from 2.1 should be less dependart on
the starting point used). It is documerted here for comleteness.There are
three ways of initializing PHASHsing the -i option:

-i0  will initialize phasesat ead position randomly (this is the default
behaviour).

-ilfilename  will initialize phasesusing the phasesin the le filename . Note that
the lename must immediately follow -i1 with no intervening spaces.
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This le should consistof only Os (denoting that phaseis initialised as
input in the input le) and 1s (meaning the opposite) for ead locus
of eadh individual in turn.

-i2  will initialize the phasesso that the initial haplotype guessesare de-
termined by the way the genotypesare entered in the input le.

Note that the companion option, -z, from previous versionsof PHASES not
currently available in v 2.1.

D.5 Controlling the prior annealing

The initial and nal valuesofthe parameter , which cortrols the probability
of adding rather than multiplying haplotype probabilities during burn-in (see
Stephensand Donnelly (2003)) can be set using -b (for initial) and -B (for
nal) options. The default valuesare that starts at 1 at decays to O (i.e.
equivalent to -b1l -B0). Note: you cannot changethe linear decay of beta.
Also, during the actual (rather than burn-in) iterations, is setto O (which
is not necessarilyits nal value over the burn-in).
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