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Abstract

In the following paper we consider a simulation technique for stochastic trees. One
of the most important areas in computational genetics is the calculation and subsequent
maximization of the likelihood function associated to such models. This typically consists
of using importance sampling (IS) and sequential Monte Carlo (SMC) techniques. The
approach proceeds by simulating the tree, backward in time from observed data, to a most
recent common ancestor (MRCA). However, in many cases, the computational time and
variance of estimators are often too high to make standard approaches useful. In this paper
we propose to stop the simulation, subsequently yielding biased estimates of the likelihood
surface. The bias is investigated from a theoretical point of view. Results from simulation
studies are also given to investigate the balance between loss of accuracy, saving in computing
time and variance reduction.
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1 Introduction

There is currently much interest in performing ancestral inference from molecular population
genetic data. To facilitate this inference, there has been an explosion of research in develop-
ing computationally efficient methods. These techniques are designed either to compute the
likelihood, for maximum likelihood estimation, of a sample of genes or for deriving the poste-
rior distribution on parameters in coalescent models, which describe the ancestry of the genes.
Broadly speaking there are three main approaches to inference in molecular population genet-
ics: (i) importance sampling for likelihood evaluation, whose application in population genetics
was pioneered by (Griffiths & Tavaré, 1994a,b,c) (ii) Markov chain Monte Carlo methods (e.g.
Kuhner et al. (1995), Wilson & Balding (1998)) (iii) Approximate Bayesian Computation (ABC)
(Del Moral et al. (2009), Marjoram et al. (2003)). See Stephens (2004) for a review.

In this paper we concentrate on likelihood-based methods. Molecular data have a sampling
distribution which is a mixture over possible ancestries. The state space of the ancestries is huge
and closed-form expressions are available only in the simplest cases. The objective is to calculate
a parameter § € © C R% (dy € Z*) such that

1:6°) 1= sup /F 1z, y: 0)mo (2)dz (1)

for some observed genetic data y € FE, parameter § € O, probability density 7y on F and
I¢: ExFx0© — RT an integrable function. Note that y is typically the genetic types of a random
sample of chromosomes. In addition, z = (zp,...,2;) denotes the coalescent history, i.e. the
set of ancestral configurations at the embedded events in a Markov process where coalescence,



mutations or other events take place. z, denotes the current state, while zg is the state when a
singleton ancestor is reached.

Statistical inference associated to {(y;#) can be regarded as a missing data problem and
could, in principle, be tackled by the EM algorithm (Dempster et al. 1977) and its Monte Carlo
extensions (e.g. Fort & Moulinés (2003)). However, z, the stochastic tree, can be computationally
expensive to simulate and such techniques are typically avoided. For example, for the coalescent
(Kingman, 1982) and ancestral recombination graphs (e.g. Fearnhead & Donelly (2001)), the
standard approach is to use IS (De Iorio & Griffiths, 2004a; Griffiths & Tavaré, 1994a; Stephens
& Donelly, 2000) and SMC methods (Chen et al. 2005) to approximate . These approximations
are usually computed on a discrete grid Ag C © and the estimate of 8* corresponds to the largest
approximated likelihood on Ag. See also Olsson & Rydén (2008) for an alternative procedure for
state-space models.

Techniques such as ABC and composite likelihood (Wiuf, 2006) do not give solutions which
are exact w.r.t. the original model whilst, when possible, exact inference is of interest. This is
because, given a reasonable stochastic model, the approach allows investigators to exactly (up-to
a numerical error) average over the uncertainty in the tree structure when estimating genetic
parameters of interest. One of the main drawbacks of existing exact IS/SMC schemes is the
simulation of the tree backward in time, from observed data, until the tree coalesces. In many
scenarios, especially for large data sets, when getting close to the top of the tree, it often takes
a long time to coalesce. This is due to genetic parameters (e.g. mutation rates) that can be
very large relative to the size of the data. Consequently, it can take a very long time to simulate
the tree back to the MRCA. As a result, the variance of the estimate of the likelihood can be
higher than is desirable, along with long CPU times. It should be noted that the calculation of
the likelihood at these points, § € O, can be inferentially important. In addition, it is seldom
possible to speed up the simulation via importance sampling as the variance of the weights can
become too large. That is, by adapting the parameter of the proposal to lead to a fast coalescence,
the discrepancy between the true process and the proposal leads to a very inefficient algorithm
w.r.t. variance.

1.1 The Time Machine

The approach proposed in this paper is based on IS. Stephens & Donelly (2000) proposed a way
to use IS efficiently to simulate ancestral trees by characterizing an optimal proposal distribution
and similar methods have since been developed for a variety of genetic scenarios (e.g. De Iorio
& Griffiths (2004a,b)). The basic idea is to define an efficient proposal distribution on ancestral
histories which allows us to reconstruct Markov histories backwards in time from the sample y
to an MRCA.

We introduce a stopping time in the IS proposal, backward in time, to stop the simulation
before the MRCA is reached. Then using a simple stopped identity, forward in time we are
able to characterize the bias introduced in the evaluation of the likelihood due to stopping the
simulation of the stochastic tree. The bias can be understood by considering two aspects:

1. The underlying mixing of the evolutionary process
2. The last exit time distributions on the process.

In the context of , the idea is that for many models, close to the top of the tree, the process
is able to forget its initial condition. As a result, stopping the simulation is reasonable, because
the place where it is stopped is forgotten by the process forward in time; we formalize these ideas
later on. In reference to , the more information there is on the true marginal distributions
of the process, the more it is possible to reduce the bias. Ideas from the theory of population
genetics models (Ethier & Griffiths 1987; Ewens, 1972) will be used to achieve the latter.

In reference to a comment of Edwards (2000), our method is termed the ‘time machine’. This
is because, estimation is performed saving the simulation time of going all the way back in time
to the MRCA. A similar idea, in the context of filtering, can be found in the work of Olsson et



al. (2008) and also in option pricing Avramidis & LEcuyer (2006). In our context, we have a
simpler underlying process than in filtering, but the ergodicity conditions considered there do not
apply here. The mixing conditions that they require only apply locally and thus the proofs have
to be modified. Recall that approximate tools for inference from stochastic trees (e.g. Del Moral
et al. (2009), Meligkotsidou & Fearnhead (2007), Tavaré et al. (2000)) are available. However, our
approach is ‘less approximate’, in that our point-wise estimate of the likelihood is significantly
less-biased, but costing more in computational-time.

This paper is structured as follows. In Section [2] we introduce a motivating example, the
coalescent model, which will help to illustrate our ideas. In Section [3| our methodology is de-
scribed; Section [ features an analysis of the bias of the approach; Section 5] presents a simulation
study to demonstrate the performance of our algorithm and we conclude the paper in Section
[(l Appendix 1 contains some proofs, Appendix 2 details of our numerical implementations. Our
ideas are illustrated in the context of the coalescent. However, the formulation is kept as general
as possible, as the framework can be extended to other tree models, such as the infinite sites
model. In Appendix 3 we show how this can be done.

2 Motivating Example

The coalescent model is used as a motivating example for our work. Some notations are first
introduced. In particular, we consider the case in which the type space E = {1,...,d}" for the
collection of the n € Z* genes/chromosomes is finite and the only genetic process of interest is
mutation.

2.1 Notation

Denote by (E,&) a measurable space. For two o—finite measures A; and Ay mutual absolute
continuity is written A\; ~ Ay and the Radon-Nikodym derivative as d\;/dAy. Given a Markov
kernel P : E x & — [0,1], let P(z,-) = ,(-), (the Dirac measure) and write the composition
for j > 1 as Pi(z, ) = [ P(z,dy)P'~*(y,-), with a corresponding composition of inhomogeneous
kernels as P;.;. Write I4 as the indicator of a set. For Card(E) < oo

S(E) ={P = (pij)ijeE : Dij > O,Zpil =1N3Pp; >0,Vi € E,sz = 1,9P =4}
I€E I€E

denotes the class of stochastic matrices for which there exist a stationary distribution 1. The
collection of bounded and measurable function are denoted By(FE). The supremum norm is
written | flloc = supgeg |f(2)]. The total variation distance between two probability measures
A1 and Ag on (B, &) is [[ A1 —Aa[tw = sup e |A1(A) —A2(A)|. Given a probability measure A, and
a j € Z*1, the product measure is written A®7 := MA@~ x X\, A®~1 := 1. The vector notation x =
(z1,...,2j) = 1., is adopted. In addition, let the d-dimensional vector e; = (0,...,0,1,0,...,0)
where the 1 is in the i*" position. The L; norm of a vector is written |x1.;)1 = |z1] + -+ + |z;].
Ford e Z*t, Ty ={1,...,d}.

2.2 Identity of Interest

Define the tree model on the measurable space (F,.%#), with .# = o(F). Let n > 2. The basic
idea is to maximize, w.r.t 6 € ©, the quantity

y1:n;0) = Z /Fk To(210:0) Lyt x Bost (2h—15 0(20) )1 (Y1ims 20—1; 0)d 212k (2)
kek, * Fr

where the observed data is y1., € E, t : F,, — Z%, normally the identity, for m € Z*

B, ={z¢€ 7% |z1.4]1 = m}.



and F = Ui, ({k} x FF) for some E C F,, and K, C Z* depending upon the model under
study. In all of our examples, my(21.5) corresponds to the density of a non-decreasing (in some
sense) Markov process in discrete time, stopped at a random time k € IC,,; that is

k

mo(21:5) = po(21 {Hpe zj— lazj)}HBn+1{t(zk)}

Jj=2

Throughout the article it is assumed that Zke,cn ka mo(z1.5) = 1, i.e. that the stopping time
is a.s. finite w.r.t mg. The stopping time will be determined by the first time that the tree is of
‘size’ n + 1. .

Introduce an absolutely continuous distribution Qg on F' and sample (z%() )i<i<n according
to Qp, then the IS estimator of I(y;0) is

1%[”9 k) Ly x B (B o) @rims 240 _136)
N i=1 Q@( 1k<))
where

T o (or k) = 7o (21:6) Ly} x Boyr (Zh—1:6)1€ (Y1:m, 2615 0)

n 1:k> -

’ Q@(Zl:k:)
and
| X
SN == 6.
() N; ziim()

the empirical measure of the simulated samples.

2.3 The Coalescent Model

Denote the number of genes of type ¢ at event j of the process as zj, with z; = (zjl, . .,z}-i).
The objective is to find the genetic parameters § = (u, P) where p € RT and P € S(T,),
© = RT x §(Ty). p is the mutation rate per chromosome per generation and mutations along
the edges of the tree occur according to a Markov chain with transition matrix P.

The various components of the identity for the coalescent model are defined as:

r = ({k}xF}f)

ke
F, = {ZMec@ru{oph?:2< |z <n+1}
K, = {nn+1,...}

with ¢ the identity function,

H;i 1y]n! : n
(Y, 2 0) = if i =2
(i-a ) { 0 otherwise

and finally,

k

mo(21:k) = H{z:zl_n+1}(zk)}{ Hpe(zjhzj)} /pe(Zo)Pé(Zo,ZﬂdZo

j=2

where

27%

= T TPl

Po(zj-1,2j) = § Zizt lzioahicl if 2=z :
lzj—1l1 |zj—1[1—1+p Zj=zj-1te

if Zj = 2j—1— € te€

otherwise.



pé(ZOa Zl) = H{z:z:2z0}(zl) and

pG(Z()) = { 1/)9(2) if 20 : e;

0 otherwise.

Write pj(z1) = [ po(20)pp (20, 21)dz0 (here dz is counting measure). Note that for any fixed n > 2,
0eco, Zke’cn ka mo(z1.£)dz1.; = 1. For simplicity of exposition, the results are given with only

mutation. However, they can be easily extended to the case of migration as well (e.g. De Iorio
& Griffiths (2004b)).

2.4 Likelihood Computation

To compute the likelihood, for a given 6 € ©, importance sampling is adopted. An importance
distribution, @y, is introduced to simulate the tree backward in time to the MRCA; this ensures
that the data is hit.

In details, let 2 denote the reverse chain backward in time and write z € F,, instead of z (this
convention is used throughout the article, see also Figure . Let:

k—1
o (T1p—1) = ]I{y{":d}(xl){ H QQ(Ij—hxj)}H{xe(Z+u{0})d:x=e,i,ier}(xk—l)
=2

for some Markov transition gg; see Stephens & Donelly (2000) for the optimal Q. Then the
likelihood is

n— 4y
Wyla:0) = L al7) >

_ | k
n—1+p n! e Fn—l

xk {Hpal‘g,xg 1}><
1
qo(Tj-1,7;5)

YTia
o (T1k—1)dX 11

The simulation proceeds by sampling from gg(y7,;, -) and computing the weight

pe(.’L‘z, y?d)

We yn , L2) =
( 1:d ) qa(yﬁdﬂh)

Simulations backward in time are carried out until we reach the MRCA, i.e. when there is only
one individual in the sample. This procedure is repeated N times to provide a Monte Carlo
estimator for the likelihood

d N B -1
~ n—1 ITLiHN 1 i i
SN(lnﬁ) = {nlJr‘u = n! : } Z[ k(7) 1 { 1—[2 w9($§')1,$§‘))H
j=

i=1

where (3351<7:>_1)1§i§1v are the simulated samples, xgi)

d
~ n—1 Il= ()
ln,e(fﬁ:khk)_{ L }Pe Tp—1 {Hwe L1, }

n—1+p n!

= yi.4 for every i € Ty and

This can be repeated for many 6 using a driving value (Griffiths & Tavaré, 1994) or bridge
sampling ideas (e.g. Fearnhead & Donelly (2001)). In addition, to deal with the problem of
weight degeneracy (e.g. Doucet et al. (2001)) resampling steps can be added. See, for example,
Chen et al. (2005).
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Figure 1: A Coalescent tree. Here there are no mutations on the tree, and Bjg is the set used to
stop the simulation, backward in time (see Section [3.2]). The horizontal dotted line represents
the random times p and o — 1.

3 Stopping the Simulation

It is now detailed how we stop the simulation of the stochastic tree back in time before the MRCA
is reached. In the next Section we provide theoretical results and connections to the theory of
SMC are established. For the purpose of stopping the simulation, introduce two stopping times
(forwards in time): the first hitting time of the set Bjy1

T:=inf{k >1:|t(Z)1 =n+1}
and some stopping time a associated to the hitting of a set A € .F#
a:=inf{k >1: 27, € A}

such that
Prla<t)=1

where P, is the mp—probability. For example, in the context of the coalescent, it is suggested to
take, for m <n

a=inf{k>1:|Zg|y =m+1}.
3.1 A Stopped Identity

Let E,, denote the expectations w.r.t the process {Z;}. Then the likelihood can be written
as

l(yl:n; 9) = ]E’ﬂ'e |:]I{y1m}><Bn+1 {Z'rfl; t(Z‘r)}lc(yl:na Z‘rfl; 0):|

and applying the strong Markov property we have

l(yl:n; 0) = Eﬂe |:E <H{y1m}><Bn+1 {ZT—17 t(ZT)}lc(y?:dv Zr_1; 0)‘Zo¢>:|



that is,
l<y1:n§9) = Z/We Ra |:Z/{ H p@ Zi—15%i }lc(yﬁdwzﬂ'l;e) X
i=a+1
H{ylin}XB7l+l{zT_1’t(ZT)}dZaJFl:T} dzq (3)
where

75 (2a) Z/Po (21 {Hpe Zi_ 1721)}11(;\6)& 1a(21:a)d21:0-1-

=2

The equation will be the starting point for constructing our biased estimates of the likelihood
function.

3.2 Coalescent Model

Consider the coalescent model. Specifically, define, for n > m > 3 the stopping time «
a=inf{k >1:2Z; € Bpt1}

which is the first time the forward process has m + 1 individuals.
Using equation , we have

U(y1:n; 0 Z Z /7T9 Za [/{ 1:[ Pe(zz‘—bZz‘)}lc(yﬁd,zf—l;9)d2a+1:r dzo. (4)

a=m T=a+n—m i=a+1

In words this means that to have m + 1 chromosomes, we need a minimum of m steps in the
process and 7 has to be at least n — m + « steps.
In this case, write

0 Za /77119 21 {Hp@ Zi— 1722)}]13 ><Bm+1(za 1o¢)dzla 1
=2
Note this is well-defined due to the fact that the size of the population is non-decreasing, and

then, for any « € K,,,

1§ (20) = [ Ly )5 a1 001 200
where
m—1 +/J/ a—1
ﬁ/pe 21 {Hpe Zi- 1721)}2?9(%[ 1, WIB,, x By (a1, u)dz1.0—2du.

=2

m5(2a-1) =
That is, given «, the distribution of the chromosome counts at the first entrance time of B, 41
can be written as the composition of:
e the distribution of the counts at the last exit time from B,,
e and the Markov transition.

Returning to the likelihood and making the substitutions, o’ =a -1, n=7—a'+1, it
thus follows that

7]+a —1
l(yl:n;e) = Z Z /7T9 Za ]IBm+1 2ot +1 { H p0 Zi— 1722 }

n=n—m+4+2 a’=m—1 i=a’+1

c n .
]I{y?:d}XBn-%—l (Zn+a/*2177+04’*1)l (ylzdv Zntol —2; e)dzo/:njta’fb



Here 7 is the time from the last time there are m chromosomes to n 4+ 1 chromosomes. Now set
p=1inf{k >1:|X| € Bn}.

In other words the simulation is stopped the first time there are m chromosomes. Our approxi-
mation of the likelihood is then

) 4
b(ym;0) = > / he<xp>{Hpe(xi7xin}ﬂ{ymww<x2:1)r(y1€d7m2;e)dxlzp.
=2

p=n—m-+2

On the basis of the above analysis, it is then clear that if

ho@)= 3 / 76 (za) o (2)dze (5)

a=m-—1

then the approximation of the likelihood is exact. That is, to minimize the bias an approximation
of the true distribution of the counts at the last time there are m chromosomes should be used.
The ideas and notation are clarified in Figure

4 Results on the Bias

In our biased simulation, using the decomposition , the procedure will approximate

p
b(y1:n;0) = Z/he(l"p){ Hpa(xiaxi—l)}ﬂ{y;‘:d}xB,L+1(xQ:I)ZC(y?:damZ;G)dxl:p
P 1=2

where our notation is such that:

° (Xk)k21 is the time reversed process

e p is a first hitting time associated to (Xk)k>1

e hy an approximation of a marginal probability.

4.1 Error Bounds

We begin by giving a simple result on the error bounds for SMC algorithms. The result applies
to the standard IS algorithms, for example in De lorio & Griffiths (2004b), Stephens & Donelly
(2000), and for the SMC algorithms as in Chen et al. (2005). The simulation is to be performed
backward in time, as in Section [2.4] The ideas here are adapted from the theory of Del Moral
(2004).

The biased estimates are denoted as S’év (Tnﬁ)’ N > 1, where Flvn’g depends upon whether IS
or SMC is implemented. For example, in the IS case:

he(xp){ f_gpe(xi,Ii—1)}]I{y;d}xBnH(T/z:l)lc(yfd,ﬂﬂz;9)
ln,e(xl:pa P) =

Qo(r1:p)

where
p—1
Qo(z1:p) = H{ygd}xBnH(xz:l){ H qQ(Ii7Ii+1)}H(AC)P1><A(xlzp)
=2

is such that A is the set associated to p > 3 (Qop—a.s.), 1,22 ¢ A and 3° [ Qo(x1.p)dz1,p = 1.
Below expectations w.r.t the stochastic process that is simulated by the algorithm are written as
E and it is assumed _

1n0(21:p, 0)]|oo < +00 VO € O.



Proposition 1. For anyn >2, p>1, 6 € ©, y1.,, there exists a By () < 400 such that:
~ B, »(0)
B[S (In.o) — 1(y1:; 0)|P]1YP < 222 4|1y (1.3 0) — L(y1:m3 6)].
1 (o) = Unons P17 < 222+ fl(y1030) = pnni )

Remark. The result shows the standard variance-bias type decomposition. That is, Bp,n(e)/\/ﬁ
can be thought of as a bound on the variance and |lp(y1.n;0) — 1(y1.0n;0)| is the bias. Our estimate
converges to lp(y1.n;0), and it is sought to control the bias term, which, in our case can be
approximately written in the form

116 (y1:050) — Uy1:n; 0) = [[M1 — Xo](Prr(f))] (6)

for A1, A2 two probability measures and {P,} a sequence of non-homogenous Markov kernels (0
is suppressed on the R.H.S).

4.2 Controlling the Bias

A simple technical result is now given which shows how to control the bias term

Some assumptions are now made, that can be satisfied by many stochastic tree models. In-
troduce a sequence of time inhomogeneous Markov kernels { P, }, on space (R, %) and a sequence
of sets ({Cn :n>0,C, € %})n>0.

(A1) Stability of {P,}.

(i) Initial Probability Measures. A1, Ay are concentrated on Cp.
(ii) Absorption of {P,}. For every n > 1, z € C,,_; we have

P, (z,Cy) = 1. (7)

(iii) Local Mixing of {P,}. For every n > 1, there exist ¢, € (0,1), v, concentrated
on C,, such that for all x € C,,_4

%%osau»sé%m. (8)

The assumption (Al) (which is comprised of (i)-(iii)) will refer to the fast mixing of the
process close to the top of the tree. The absorption type assumption refers to the birth process
associated to coalescent type chains.

Proposition 2. Assume ( Then, for any k > 1, define:
k
2 1—¢2
Dy = L
T 2log3 g 1+ €2

and we have
A1 = A2l Prklltw < Dkl A1 — A2llto-

Remark 1. The result helps to bound the bias as
A = A2 (Pre ()] < [1fllocllTAr = Ao Prage[feo-

Essentially, the fast mizing of P, within the domain it is constrained to allow the composition
of kernels to forget its initial distribution at an exponential rate. In addition, as in Olsson et
al. (2008), assuming €, is uniform in n, the benefits of stopping, in terms of variance/bias trade
off can be substantial.
Remark 2. One point of interest in the sequel is that, if the mizing condition ( does not
hold, it is possible to establish a similar bound when the initial measures A1 and Ay are similar.
That is to say, when A1 ~ Ag and Je € (0,1) such that
d\y 1
e< — < —.
- d)\g T €
This is unsurprising as it implies that if the kernels do not mix, we need to ‘match’ A1 and Ao
for the bias to be small.
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4.3 Verifying the Assumptions

( is now discussed in the context of the coalescent. Note that the results follow, with some
extra work, for coalescent processes with migration. Readers interested in how the method may
be applied can skip to Section [5| with no loss in continuity.

Suppose that the transition matrix P satisfies, for any 7,5 € {1,...,d}, ¢, € (0,1) and
probability ¢, ¢; >0

eppj < Pij < €,

This condition implies that P mixes extremely quickly. Let Co = {z1.4 : |21.4/1 = 3}; this
corresponds to the space of Ay = 7§. Also let C1 = {214 : 3 < |z1.4/1 < 6}. It is clear that
pa(z,C1) = 1: since we start with at most 3 chromosomes and the most possible after 3 steps is
6. Now it can be seen that, for any z € Cy

oz, ) > ep®*()

and
Ph(z,) < e te®3()

243
. . M
=63 f —_— .
“ 69Q[z‘e{llr,l...,d} 90(2)] <u+2> ]
Here the minorising probability v = ¢®3 puts all its probability on having 3 chromosomes. Then it
can be subsequently seen that pg satisfies condition , with Co = {21.4 : 3 < |z1.a)1 < 12,n; > 0}
and so fourth. In effect the condition holds with €, — 0; that is, the closer to the top of the

tree we stop, the faster the process will mix forward in time.
As a result, to bound the bias we can write it, approximately, in the form, for r > n —m+1

with

M) [As — Al [ Sk R(r)]

k=n

with \; as in , Ao = hg, M(r),R(r) € (0,00), I € {1,...,k} is associated to the fact that we
need to iterate the kernels to satisfy and £ € (0,1). r is an integer big enough (say 100000)
where we suspect that the possibility of generating a tree of length n and hitting the data is
extremely small, so we can neglect the upper term. Thus, approximately, the bound shows that
the bias falls geometrically as we stop closer to the top of the tree. Note, however, it cannot go
to zero unless \; and Ao are equal. To an extent, finding good approximations is more difficult
than being able to stop the tree, which is why we focus on this.

Remark 1. The result given here mirrors one proved by Donelly & Kurtz (1999) for Fleming-
Viot models. In Theorem 9.4 of that paper they show that the particle process is uniformly ergodic,
if the mutation process is. This is very similar to the property established above.

Remark 2.The information, in terms of when to stop the simulation, that is contained in the
bound on the bias is as follows. If the mutation process mizes quickly, as above, then the bias
falls at a geometric rate: we should stop the simulation when the process starts to mutate many
times. This could be measured in terms of the effective sample size (e.g. Liu (2001)), if trees are
simulated in parallel, or alternatively, if 47 > n, for M € 7% a large multiple of the current size
of the tree.

Remark 3. In terms of the expression ||A\1 — Aa||tw, one could adopt a parent-independent
mutation (PIM) marginal. If we have

sup [|po(,-) = po,m (@, ) [[ev < sup pi; — &;] = o
T ]
where pg.m(x,-) is the transition for the PIM, and the mutation vector is ¢;, then ideas from
perturbed Markov chains (e.g. Mitrophanov (2005)) can be adopted to determine a quantitative
bound. We are currently investigating a meaningful bound.
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5 Simulations

5.1 Experiment Set-Up

To illustrate our approach, we consider three simulation scenarios: two PIM models and one
parent dependent mutation model (PDM). The two PIM models, denoted PIM 0.5-0.5 and PIM
0.1-0.9 are based on the following per-locus transition matrices:

05 0.5) (01 09\ o .
05 05)°% 0.1 0.9) respectvely,

while the per-locus mutation probability matrix underlying the PDM model is

0.5 0.5
0.1 09)°

In all three scenarios, the initial population was set to 100 sequences and we considered a single-
locus case (i.e. with 2 possible types). For the PDM model only, we also considered the case
of 10 loci (i.e. 219=1024 different types). Irrespective of the number of loci considered, the
distribution of the 100 initial sequences among the different types was sampled from a multinomial
distribution with a probability vector P defined as the invariant point, solution of equation,
Pony1y = Panx1)T(2nxan), where n denotes the number of loci considered and T is the full
mutation probability matrix.

The algorithm description is given in Appendix 2. For the function hg, we use the distribution
of an un-ordered sample from a PIM model (which, even for the PIM cases, is not the correct
distribution in the bias term).

5.2 Simulation Results

Simulations were carried out until there were TM = 1,2, 5, 10, 25, 50 sequences left in the popula-
tion. TM = 1 exactly corresponds the approach in Stephens & Donelly (2000) and is subsequently
referred to as SD. For each simulation, we examined 60 values for p ranging from 0.1 to 30.1.
We report in Figure [2| the estimated log-likelihood distribution, based on 100,000 samples for all
four simulations scenarios (presented in lines) and three values of u (presented in columns).

In Figure [2| it is clear that as expected, uniformly across the values of u, the closer to the
MRCA the algorithm is stopped, the more accurate the distribution of the likelihood is estimated.
However, up to TM 10% (and even TM 25% for p > 20) our results suggest that the time machine
approximation and correction provides an accurate estimate of the distribution of the likelihood.
Conversely, when the algorithm is stopped too early (TM > 25%) the biased estimator underlying
the time machine approach leads to very inaccurate estimates of the likelihood. For even more
extreme cases (TM 50% for p = 0.1), this results in a highly shifted estimated distribution of
the likelihood.

The above observations are also reflected in the mean likelihood (Figure [3]). For every model
considered here, the simulations of the time machine up to TM 25% seem to provide estimates
of the mean likelihood that are similar to the SD approach, although for larger values of p, TM
25% seems to overestimate the mean likelihood. Furthermore, the time machine approach seems
to accurately locate the value of p maximizing the likelihood for TM< 10%, and to provide
acceptable approximations for for this when TM> 10%, regardless of the simulation scenario.

In Figure [4] the average computation time per iteration is plotted as a function of p for
the PDM-10 loci simulations. Results for all other models led to the same conclusions and are
therefore not shown. From this figure, the computation time appears to be a linearly increasing
function of u: increasing the mutation rate naturally decreases the probability of simulating a
coalescent event and therefore tends to increase the time to reach the MRCA (or any population
size). However, it seems that stopping the simulation when there are only more than 5 sequences
left in the population drastically reduces the computation time: for TM 5% the simulation run
is on average more than twice as fast as the SD simulation, and for TM 25%, the time machine
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Figure 2: Estimated distribution of the likelihood for the four simulation scenarios and for three
values the mutation rate g = 0.1,10.1 and 10.1. In each model, results are presented for the six
stopping times in the simulation of the genealogical tree. Plots are based on 100,000 samples.

is more than 3 times more time-efficient than the SD algorithm. It should also be noted that
‘large’ values of u (around 10), for which the time savings are most significant, also seem to be
inferentially important (see the fourth panel of Figure |3)).

In Figure [f] the relative standard deviation across our 100 repeats of the algorithm, of the
time machine to SD are plotted for all the scenarios considered. It can be seen, as expected, that
there is some variance reduction and, for example for the TM 5% PDM, the variance reduction
is of the order 1.5.

On the basis of our experiments, combining both computational efficiency and the numerical
accuracy, the use of the time machine with TM 5% is an efficient alternative to the SD algorithm.
The C++ code is available upon request from the third author.

6 Summary

In this paper we have considered a new approach for simulation of stochastic trees and likelihood
calculation of sample probabilities in population genetics models. The approach consists in
stopping the backward simulations before the top of the tree is reached. We have provided
theoretical results on the bias introduced in the estimation of the likelihood. Some extensions to
our work are described below.

Firstly, to extend our analysis to different models. The paper has been written to facilitate
such analysis and we believe it is rather simple to deal with other stochastic tree models. Also,
some further empirical investigations would help support the simulations and theoretical analyses
presented here. Our methodology would be further enhanced with GPU technology (e.g. Lee et
al. (2010)), and this is one area that we are currently investigating.

Secondly, to look at the consistency (in a likelihood sense) of our biased Monte Carlo esti-
mator. As we observed in Section [5] it appears that the Time Machine seems to recover the
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Figure 4: Average computation time as a function of the mutation rate u. Figures are based on
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maximum likelihood estimator. Therefore consistency, or potential asymptotic bias is of genuine
interest. There are very few results in the context of consistency, due to the dependency in the
data, after integrating out the tree. That is, it is difficult to apply uniform laws of large numbers
to complex dependency structures. None-the-less, we suggest the work of Douc et el. (2004),
Fearnhead (2003), Olsson et al. (2008), Olsson & Rydén (2008) as possible starting points for a
proof.

Thirdly, the time machine can be used in the context of Markov chain Monte Carlo (MCMC).
If one is interested in Bayesian parameter inference, then a stopping-time SMC algorithm can
be used within an MCMC algorithm (particle MCMC (Andrieu et al. 2010)). Significant time
savings per iteration can be gained by using the time machine; see Jasra & Kantas (2010) for
some details.
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Appendix 1: Proofs

We give the proofs of Propositions [T and

Proof of Proposition[1 In the case of IS, the result follows by adding and subtracting Iy(y1.,,; 0)
applying Minkoswki and the Marincinkiewicz-Zygmund inequality. In the case of the SMC algo-
rithm the proof follows from the fact that the algorithm approximates a multi-level Feynman-Kac
formula; see Chapter 12, Proposition 12.2.3 Del Moral (2004). Note that this point is appar-
ently over-looked in Chen et al. (2005), and such a result helps to verify the convergence of the
algorithm. In addition, note that the Proposition 12.2.3 of Del Moral (2004) does not depend
on the importance weights being upper-bounded by 1. Hence, due to the boundedness of the
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weights, the same proof as for IS applies, except the L, bound for particle approximations of
Feynman-Kac formulae is used instead of the Marincinkiewicz-Zygmund inequality. O

Proof of Proposition[3 The proof is fairly simple and combines the proof of Lemma 3.9 and
Theorem 4.1 of Le Gland & Oudjane (2004) (see also Theorem 3.1 of Tadi¢ & Doucet (2005)).
The idea is to use the contraction property of the total variation distance and Hilbert metric, as
well as the relation between the two (see Lemma 6.1 of Tadi¢ & Doucet (2005)).
The only real complication is using the local mixing condition to derive a bound on the

Radon-Nikodym derivatives

d(A Prg) d(A2Prg)

d(A2Pr.)” d(M Pr)’

Consider A\ Py .k, clearly

1
MPrg—1(le,_, Pi(f)) < ;Vk(f)-
In addition

MPrg—1(Ieg  Pe(f)) =0.

Since
M PLi(f) > ervr(f)

it follows that
d(M\ Pr.g) < 1
A
d(>\2P1:k-) Gk
The proof can then be concluded by following the arguments of Le Gland & Oudjane (2004),
Lemma 3.9 and Theorem 4.1. O

Appendix 2: Algorithm Description

Let x = (z1,4,...,%q4), t € 77, the population size within each of the d states at time ¢t. The
algorithm will simulate backward in time genealogical trees for an initial population, x; the
(d—dimensional) counts associated to the observed data, until there are Nrp; sequences left in
the population. The case where Npj;=1 corresponds to ordinary coalescent and Npps > 1 to
the time machine. Most of the notations can be found in Sections 2.1] and 2.2

Iterative algorithm

For any generation ¢, there are |x;|; sequences left in the population, the following steps will be
iterated until |z¢|1=Nrs:
1. Sampling the type of the offspring sequence (i) with probability
Tt

|$t|1-

2. Getting the type of the ancestor sequence (7).
A sequence of a given type ¢ can have arisen from an ancestor sequence of type j through:

(a) a coalescent event with a probability proportional to
|xi,t| — 1.

(b) a j to ¢ mutation event (inclusive of self mutations, from type ¢ to type i), with
probability proportional to:

HKijPjis (9)
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where y
Tjt + HY; C
: if )
EATE J#
Rij = )
Tjt — ].+/M,/Jj if Z:j
|zl — 1+

3. Updating the population sizes within each type.

¢ —€; +e; if a mutation has occurred
Tt41 = s
Ty — € if a coalescent event was simulated

4. Calculate the contribution to the likelihood of the simulated event (suppressing the sub-
script 0)

Ky Kij 5141

if a mutation has occurred
K> Rij |$t|1

we = s (10)
K1 1 wigpa(|wea —1)

if a coalescent event was simulated
Ko ki xig(xie—1)

where
Ky = [wei(|lzeh — 1+ p),
and
Ky = |zep1fi(|wera]s — 1+ p).

5. Updating the log likelihood

log(wy) if t=0
W; = (11)
Wi—1 +log(wy) itt>1

6. Assessing the stopping criterion.
When the time machine is used (i.e. Nyps > 1), steps 1 to 5 are repeated until |z41]1 >
Nrpps. Otherwise, when the full tree is simulated (N7ar=1), steps 1 to 5 are repeated until
there are 2 sequences left in the population. Then, mutations are simulated until both
remaining sequences are of the same type, based on the following three steps:

(a) Choose one of the two sequence, of type ¢, with probability 0.5.

(b) Simulate the mutation event from an ancestor of type j (to type i) according to the
probability defined in equation @, and setting the coalescent probability to 0.

(¢) Calculate the corresponding weight for the sampled j to i simulated transition. At
this final stage there are only two individuals in the population (|z¢|1 = |x41]1 = 2),
hence Ky = Ky, and z;; = 1, then:

Fa i
Kij  Tjet

When the final generation is reached x;;41 = 2, and z; ;41 = 1 for any other iterations
in that step. The weight for each generation, derived from is then defined as:

i

xj ¢+
i

2(xj, + papy)

(d) Update the likelihood according to equation

at the last generation
we =
otherwise
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Estimating the bias

This step is specific to the time machine (i.e. if Npp; > 1). Recalling that p is the generation at
which the iterative algorithm was stopped, the bias induced by stopping the simulation before
reaching the MRCA is estimated as:

ot) = o (1 )*Zlg< T

where I' denotes the gamma function. The likelihood of the tree is then updated

W1 = W, + log(b).

Estimation of the likelihood
The above algorithm is independently repeated N times, the estimate of the log-likelihood is

N
1 w®_Ww rve
log {N ; e } + W,

where W is the value of the final weight for sample i and W = max; <;<y W,

Appendix 3: Infinite Sites Model

We now consider our results in the context of the infinite sites model. We concentrate upon
likelihoods associated to rooted genealogical trees; see Ethier & Griffiths (1987) or Griffiths &
Tavaré (1995) for more details.

The Model

The model is based upon the simulation of distinct DNA sequences, and the multiplicity of the
sequences. In more details, the simulation begins with a single DNA sequence z; = (0), and
counts n; = 2. The process can then undergo a mutation (rate p) or a split. If a mutation occurs
(to the first sequence say) we have the new state x1 = (1,0), o = (0) and n = (1, 1), otherwise
the new state is 1 = (0) and ny = 3.

The key point is that new mutations introduce a new site (that is a new integer number
(which is larger than all others currently present) to the start of a selected sequence) and hence
DNA sequence, whilst splits only increase the number of an existing sequence. The state-space
consists of the d—distinct sequences (vectors of potentially different length sequences x4, ..., z4)
and the respective counts (nq,...,ng) of the sequences that have been simulated. That is, in the
previous notation

zi = ((T1:4)i> (N1:4)1)-

The simulation stops, as before, when |(n1.4)x|1 = n+ 1. In general, transitions are governed by
the following Markov kernel. A mutation (rate u), at time j — 1, of the [*" sequence occurs with
probability
1 1%
|(n1:a)j—1l1 [(n1a)j—1li — 1+ p

and a split of the [*" sequence occurs with probability

|(n1:a)j—1l1 =1 [(n1a)j—1[1 —1
zj-1)1 |(n1:a)j—1l1 — 1+ p

see Ethier & Griffiths (1987) and Griffiths (1989) for details on the transition dynamics.



19

In this scenario, the state-space is more complicated. Let

Ed;rl:'rd = {(rla oo 7Td> € (Z+ U {O})d7 (‘/L‘%:rlw .. >$il:rd) € (Z)Tl X X ((Z)Td) :
x%:rl 7é #xf:rdai € Tml’i > > x% :O}

here r; are the lengths of the distinct sequences, and the ordering constraint notes that the
discovery of a new site is added to the beginning of the segment vector. In addition, let

Foa = {n"e@")n2<n" <n+1}
En = U {dn} X Edn,rlzrdn X Fn,dn
d7zeTvz+1

then
F= | {k} x EE.
ke,
There are three trans-dimensional aspects to the state-space; the time to simulate n+1 sequences;
the number of distinct sequences and the respective lengths of the distinct sequences (which is
determined in part by the first two aspects).

The Bias

For the infinitely-many-sites model, we will use the idea of the first time the number of segregating
sites is m (or mutations here) to stop the simulations backward in time. In a similar manner
to Section it can be established that we want the approximating function hg(-) to be the
marginal of the process at the last time we have m segregating sites.

In the context of the infinitely-many-sites model, the bias is controlled by our ability to
approximate this marginal (see Remark 2 in Section. This is because the Markov transitions
can only change the multiplicity of counts, or increase the number of distinct sequences; we are
unable to change the beginning of sequences. As a result, it is not possible to establish conditions
such as (A[I).

Approximating the Marginal

We propose the following approximation of the marginal, based upon the theoretical properties
of such models (Ethier & Griffiths, 1987;Griffiths, 1989) and the relation to the infinitely-many-
alleles model (e.g. Griffiths (1979) and the references there-in). Let us consider the marginal
distribution, call it 5. We extend the state-space to include uncertainty on d, the number of
distinct types, ¢ = |n1.4/1 and s the number of segregating sites, and adopt the decomposition

§o(21:,d, 5, ¢) = Eg(21.ald, 5)E0(n1:ald, )€ (d|c)o(s]c)Ea(c).

Now, under certain conditions, there are results about the exact densities g(n1.q4|d, ¢) (Ewens,
1972) and &p(d|c) (Watterson, 1975). In the case &y(s|n), as noted by Griffiths (1979), for large
populations (such that diffusion results can apply) the infinitely-many-sites and infinitely-many-
allele frequencies are not too different. Therefore, we propose to use the probability (as in Ewens
(1972))

d
6o(dle) = fe 1S

with Sﬁd) are Stirling numbers of the first kind.
For the quantities &y(x1.4|d, s) and &y(c), we use approximations. For the former, a uniform

distribution is adopted
s d -1
wnann-(_ 5 ()

mi,...,ms€CG s ~i=1
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where
Cas = {mis:m;€{0,....d},mi1+---+ms€ Od,s}
d—1
Cas = {d=1,....> (s—j)}
=0

That is, it is a simple task in combinatorics to show that if there are s mutations with mq.,
repetitions of mutations 1 to s, (subject to the constraint that each mutation can only occur at
most once in each sequence and that order of allocating a mutation does not matter) then there

are

11()

=1\
possible sequences; summing over all the possible multiples yields the desired cardinality of the
state-space. &p(c) is not known (except as the marginal of a recursion (as in Ethier & Griffiths
(1987))) and is assigned Pois(nj/0) (Poisson) distribution (at time 7).

In practice, it may not be possible to evaluate some of these quantities and a further Monte

Carlo simulation/numerical approximation (for the integral over s and the normalizing constant
of &y(x1.4|d,1)) will be required. That is to say, we set

ho(21.0) = Eo(21.4)-

The approximation will be different for every simulated sample.
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