@ CrossMark

Adv. Appl. Prob. 53,923-950 (2021)
doi:10.1017/apr.2021.9

EXACT SIMULATION OF COUPLED WRIGHT-FISHER DIFFUSIONS

CELIA GARCIA-PAREJA (& * *** AND
HENRIK HULT,* KTH Royal Institute of Technology
TIMO KOSKIL* ** KTH Royal Institute of Technology and University of Helsinki

Abstract

In this paper an exact rejection algorithm for simulating paths of the coupled Wright—
Fisher diffusion is introduced. The coupled Wright—Fisher diffusion is a family of
multivariate Wright—Fisher diffusions that have drifts depending on each other through
a coupling term and that find applications in the study of networks of interacting genes.
The proposed rejection algorithm uses independent neutral Wright—Fisher diffusions as
candidate proposals, which are only needed at a finite number of points. Once a candi-
date is accepted, the remainder of the path can be recovered by sampling from neutral
multivariate Wright—Fisher bridges, for which an exact sampling strategy is also pro-
vided. Finally, the algorithm’s complexity is derived and its performance demonstrated
in a simulation study.
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1. Introduction

Sampling paths of a diffusion process remains a challenging problem in applied probability.
The major bottleneck is that its finite-dimensional distributions are seldom available in closed
form, and one must often resort to time-discretized numerical approximations. These approxi-
mations, however, induce bias and approximation errors that are difficult to quantify. Moreover,
reducing such errors requires refining the time-discretization grid, which, in turn, increases
computational costs. In this context, exact simulation algorithms, which aim to recover sam-
ples from the true finite-dimensional distributions of a diffusion, have become increasingly
popular.

The standard approach to exact simulation of diffusions is based on the family of exact
rejection algorithms, which rely on an acceptance-rejection scheme that requires samples from
a candidate diffusion only at a finite collection of (random) time points in order to take a
decision. The candidate needs to be such that it can be simulated without approximation, and
it needs to allow for the construction of the acceptance—rejection probability by means of a
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Girsanov transformation of measures; see [34]. Once a candidate is accepted, the algorithm
returns a skeleton of the target path, and the remaining segments can be sampled at any other
time instant by simulating from suitable diffusion bridges and with no further reference to the
unknown target distribution.

In their seminal paper, Beskos and Roberts [5] present an exact rejection algorithm for
simulation of paths of a class of one-dimensional diffusions, which requires imposing some
boundedness assumptions on the drift of the target diffusion and its derivative. Acknowledged
as too restrictive, these assumptions are relaxed to one-sided bounds in a second publication
[3], and a further extension based on a layered Brownian bridge construction provides an exact
simulation method for boundary crossing and hitting times [4]. Other extensions include algo-
rithms that allow for simulation of killed diffusions and have applications to double-barrier
option pricing problems [9], and a localized exact algorithm that relaxes any boundedness
assumptions by considering smaller pieces of the target path and can be used to simulate dif-
fusions with boundaries [10]. Another interesting approach is that presented in [40], where the
authors provide an exact rejection algorithm for jump diffusions.

Downsides of the exact rejection algorithms presented above include that they impose some-
what strong assumptions on the drift and require the use of the Lamperti transformation (see
[37]) to provide unit volatility coefficients, which hinders generalizability to the multivariate
case. To overcome these issues, alternative techniques have been proposed, such as the one
in [6] which introduces an exact algorithm for simulation of multivariate diffusions based on
tolerance-enforced simulation and rough path analysis. This algorithm overcomes the more
restrictive assumptions required in [5] and [3] but has, admittedly, infinite expected running
time.

Another restrictive feature of exact rejection algorithms is that they rely heavily on the
availability of suitable candidates (in all cases mentioned above, Brownian motion or slight
modifications thereof). For diffusions with finite boundaries, for example, Brownian candidates
may either differ too much from the target, thus providing low acceptance probabilities, or be
unsuitable to construct the acceptance—rejection probability itself. Rejection algorithms with
candidates other than Brownian motion include [31], which uses Bessel proposals to simulate
target diffusions with a finite entrance boundary.

In this context, the recent work in [32] extends the class of diffusions for which exact rejec-
tion simulation is possible. The authors propose a simulation technique to recover samples
from neutral Wright—Fisher diffusions that, in turn, are used as candidates in an exact rejection
algorithm for simulating a wider target family of one-dimensional Wright—Fisher diffusions.
Diffusions of this class, as well as their multivariate counterparts, are extensively used in popu-
lation genetics, where proliferation of exact simulation algorithms can foster the use of suitable
inferential techniques such as approximate Bayesian computation; see [46], [2], and [21].

Along these lines, the main contribution of this paper is to present an exact rejection algo-
rithm for coupled Wright-Fisher diffusions, with candidates built from samples of independent
(multivariate) neutral Wright—Fisher diffusions that can be recovered using the techniques
presented in [32]. The coupled Wright—Fisher diffusion [1] is a family of multivariate Wright—
Fisher diffusions that models how different allele types (genetic traits) co-evolve across
different loci (different locations along the genome). It incorporates parent-dependent mutation
at each locus, interlocus selection in the form of pairwise interactions, and free recombination.
The model is based on quasi-linkage equilibrium where the fitness coefficients are inspired by a
Potts model (see [1, 38]) and generalize the classical additive fitness under weak selection (see
e.g. [7, Ch. II]) to the multi-locus case. The assumptions in the coupled Wright—Fisher model
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are suitable, for example, for studying networks of loci in recombining populations of bacteria
(e.g. Streptococcus pneumoniae) that evolve under shared selective pressure when the linkage
disequilibrium is low across the genome; see [14, 43]. In contrast, the model is unsuitable in
populations of bacteria where the amount of homologous recombination is low, which makes
it difficult to separate couplings arising from recombination from those arising from selection
(e.g. Streptococcus pyogenes).

The coupled Wright-Fisher diffusion corresponds to a haploid version of the two-locus
model in the case of weak selection, loose linkage in [17]; see also [20] for a different multi-
locus extension. Diffusion models in the presence of epistasis, i.e., allelic interactions between
loci, have been used in the analysis of sets of human immune system genes in the presence
of balancing selection; see [8]. Conversely, diffusion approximations have been deemed poor
in some scenarios, e.g. for low mutation rates where the stationary density is ill-defined at the
boundary; see [30].

To complete the proposed exact rejection algorithm, a further contribution of this paper
deals with simulation of multivariate Wright—Fisher bridges, for which an exact simulation
technique is provided. These bridges allow sampling further points of the path once a skele-
ton of the coupled Wright—Fisher diffusion has been accepted. Our sampling approach can
therefore be viewed as a generalization of that presented in [32] for the one-dimensional
Wright—Fisher diffusions to the multivariate case.

The rest of the paper is structured as follows. In Section 2 we briefly present the main
properties and structure of the family of coupled Wright-Fisher diffusions, together with a for-
mal overview of exact rejection algorithms. In Section 3 we recall and present some revised
algorithms for exact simulation of one- and multidimensional neutral Wright-Fisher diffu-
sions, i.e., those needed for sampling our candidate processes. This leads us to the proposed
exact rejection algorithm for coupled Wright—Fisher diffusions (Section 4). Section 5 includes
performance results illustrated through several simulation scenarios, and in Section 6 the tech-
nique for simulating exactly from a multivariate Wright-Fisher bridge is provided, which
completes the sampling scheme. Finally, Section 7 contains mathematical proofs.

2. Background

This section provides the necessary insights on the structure and main properties of the
coupled Wright—Fisher family of diffusions and fixes some notation. It also provides a brief
overview of exact rejection algorithms for diffusions, which constitute the basis of our work.

2.1. Coupled Wright-Fisher diffusions

The family of Wright—Fisher models, and more specifically their diffusion approximations,
have been widely used in population genetics; see, for instance, [36] and [24]. In its simplest
form, the Wright—Fisher model describes the evolution of the frequency of two allele types
in a single locus that have the same fitness, and whose configuration at each new generation
of individuals is chosen uniformly and with replacement from that of the current generation
in a haploid population of constant size. Extensions of the model include consideration of
more than two allele types that might be located at different loci, and can incorporate other
evolutionary forces such as mutation, selection, and recombination. A comprehensive overview
of the family of Wright-Fisher models can be found, for example, in [12] or [18].

With the proliferation of genome-wide association studies, questions arise about how
genetic variants associated to numerous diseases co-evolve or interact over time. Moreover, the
increasing availability of allele frequency time series data is fostering the study of evolutionary
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forces such as mutation or selection; see [44], [43], [45], and [39]. Within this framework, the
coupled Wright-Fisher model [1] tracks the evolution of frequencies of allele types located at
different loci, and, as well as locus-wise mutation and selection, describes possible selective
pairwise allele interactions between loci in a haploid population. Its diffusion approximation
can be derived as the weak limit of a sequence of discrete coupled Wright—Fisher models char-
acterized by the assumption that the evolution of the population at one locus is conditionally
independent of the other loci given the state of the previous generation. The coupled Wright—
Fisher diffusion can be expressed as a system of stochastic differential equations of the form

dX; = [a(X;) + G(X)]dt + D% (X1)dB;, Xo=xp, t€[0,T], 2.1

where X; is a vector of frequencies of allele types, o governs their mutations, and G contains
the single and pairwise selective locus interactions.

Let L denote the total number of loci and d; > 2 the number of different allele types in
each of them. For n := Z{‘zl [d; — 1], let us index each element of an n-dimensional vector
xbyiefl,..., L}, referring to a specific locus, and j € {1, ..., d; — 1}, referring to an allele
type, so that x = {x'}2 | where each x' = {x"j}/”.lgll. If x € R" refers to the vector of allele type
frequencies X;, the elements of the drift a(x) € R” take the form

o (xV) = = (0] — 101x7), (2.2)

| =

where |0| = Zfizl Gli and Gli > ( denote the parent-independent mutation rates to allele type
kef{l,...,d;} atlocus i, so that mutations occur at each locus separately. Wright—Fisher dif-
fusions with drift «(x) correspond to the reversible neutral mutations allele model. The coupled
Wright-Fisher model also admits parent-dependent mutations, but we will not consider these
here.

The coupling term G(x) € R" has general form (Svirezhev—Shahshahani gradient)

G(x) = D(x)Vx(V o f)(x),

where the square of the diffusion matrix D(x) = diag(D'(x")) € R"*" is an L-block diagonal
matrix with entries

. xXY(1 —xY), j=k,
D]’.kz j o kef{l,...,di—1},ie{l,... L}
—xlyik, jF£k,

V, is the gradient operator with respect to each component of x; f transforms x into the aug-
mented (n 4+ L)-dimensional vector X that reflects the dependency between allele frequencies

at locus i, i.e., )
xY, j=ke{l,...,di—1},

1- 27;11 x k= dj;

and V() € R,
- T 1 _ 7
VX)) =X)" s+ E(x) Hx,

where s € R"*L is the vector of within-locus selection parameters and H € R0 x+L) g 5
symmetric between-loci pairwise interactions matrix. The matrix H is in fact built by L blocks
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of zeros of size d; x d; in the main diagonal (denoted by 0%, and off-diagonal blocks of the
form H! = (H)T e R4>4 j£1 i 1e{l,..., L},

o't g2 ... ... ... ... HY
H= Hil . Hi(i*l) Oii Hi(i+1) . HiL ,
HEY ok

so that interactions of each locus with itself are not permitted. Note that if one removes the
coupling term G, (2.1) simply becomes the usual multivariate neutral mutations Wright—Fisher
diffusion, where X; describes the evolution of allele frequencies that evolve at each locus with-
out interacting. The explicit form of V(x) := V,.(V o f)(x) in terms of s and H is specified in
the following proposition, whose proof can be found in Section 7.

Proposition 2.1. Let V(x) € R" be the n-dimensional vector such that V(x) := V(V o f)(x).
ThenVie{l,...,L},je{l,...,di—1},

di—1

L
Vi =kKi+>" (K,’f +y K[l{{xlk>,
=1 k=1

with
. Jf_ idi . pil il o gl gl il il
KS =y s Kl = hjd[ hdidl’ and Klk = h/k hjdl hdik+hdid1’

where hj’lk denotes the entry in row j and column k of the block H' of H.

Following Kimura’s formulation [35], the explicit stationary density of (2.1) can also be
obtained by solving the corresponding Fokker—Planck equation, see [1], whose solution takes
the form

1 —
P(x)= z7r(x)e2<V°f ), (2.3)
where
L di—1

L ) di—1 )
7T(x) = l_[ni(xi) = l_[ a1- Z xtﬁ/)%fl l—[ (i1
J=1 j=1

i=1 i=1

and Z is the normalizing constant

Z= / n(x)ez(v"/ YD)y,
xeX

Here X = {xe R" |17 >0, Y01 i <1},

The representation (2.3) resembles the stationary density of the haploid version of the model
studied by Fearnhead (see [20, Theorem 2]), which in the two-locus case agrees with the
coupled Wright—Fisher diffusion.
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2.2. Overview of exact rejection algorithms for simulation of diffusions

This subsection provides an overview of the exact rejection algorithm presented in [5], and
presents the same sampling scheme followed for simulating from the coupled Wright—Fisher
diffusion, as detailed further in Algorithm 4. Let

where ju(-) is such that (2.4) admits a weakly unique solution (X;)c[0,7]- Let Qy, be the law
of the process (X;):e[0,7], and let P, denote the law of a Brownian motion (B;);¢[0,7] starting
at Bp = xo. By means of a Girsanov transformation of measures one can write the Radon—
Nikodym derivative of Qy, with respect to [Py, as

dQyq f ' (B))dX L / ! 2(By)dt (2.5)
=ex - = . .
dPy, p ) MDD )axy 2 ) w by
Assuming that u(-) is differentiable everywhere and using It6’s lemma, (2.5) can be rewrit-
ten as ’
dQx ~ ~ 1 5 )
—exp {ABD — Ao exp | = [ (2B + /B
dPy, 2 Jo

where A(x) := fg w(u)du. Imposing the further conditions that A(x) be bounded above by a
constant K, and that (u? + 1/)/2 be bounded between constants K~ and K, we find that

dQx,
dP,,

T
xexp {A(BT) — KA} exp {— / (BB — K)dt} , (2.6)
0

with A(x) < K4 and K~ < ¢(x) := %[Mz(x) + 1/(x)] < K™, is a suitable acceptance—rejection
probability.

Note that an exact evaluation of the integral in (2.6) is not possible without any approxi-
mation error, because this would require the storage of infinitely many points of the sample
candidate path B = (B;)c[0,7]. However, the key point of the exact algorithms proposed in [5]
and references therein is that an event occurring with probability (2.6) can be evaluated by
sampling B only at a finite number of time points. This follows because the last term in (2.6)
can be interpreted as the probability of the event w 3 that no points from a homogeneous spatial
Poisson process ® = {(#;, ¥;);j=1, ..., J} with unit intensity on [0, T] x [0, Kt — K] lie
below the graph of 7 — ¢(B;). A formal statement and proof of this observation can be found
in Theorem 1 of [3].

Therefore, the exact sampling procedure (detailed in Algorithm 1) starts by drawing a sam-
ple from @ that will determine the (random) time points at which the candidate B will be
drawn, and then provides a skeleton of (X;);c[0,7] at such time points upon acceptance of the
sampled candidate (that is, if all the evaluated $(B;) lie above the sampled Poisson points).
Note that the last point on the candidate path, B, serves to evaluate an event that occurs with
probability exp{A(Br) — K4} and that is independent of w e In previously presented versions
of the algorithm, Br is considered to follow a specific probability distribution, thus slightly
modifying the candidate to be a certain biased Brownian motion, which is shown to improve
the algorithm’s efficiency. Such an option is not needed for our purposes and is therefore not
fully described here. In brief, this modification permits the boundedness condition on A(x) to
be relaxed, but the equivalent function in our proposed exact algorithm is already bounded.
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Algorithm 1 Exact algorithm for simulating skeletons of paths (X;);c[0,7] of a diffusion
process with law Qy,

1 Simulate @, a Poisson process on [0, T] x [0, K* — K™].

2 Simulate U ~ Uniform(0, 1).

3 Given ® ={(#, ¥;);j=1, ..., J}, simulate B ~ P, at times {1, ..., #;} and at time 7.
4 if p(B,) — K~ <y, Vjand U <exp{A(Br) — K} then

5 return {(1;, By), Vj} U{(T, Br)}

6 else

7  Go back to Step 1.

8 end if

3. Simulation of the candidate processes

This section is devoted to describing existing simulation strategies for the candidate pro-
cesses in the exact rejection algorithm that will be presented later in Section 4. Suitable candi-
date processes in our setting will be L independent (d; — 1)-dimensional neutral Wright—Fisher
diffusions (X;);c[0,7], €ach one a weakly unique solution of

dX, = a(X)di + D2dB;, Xo=xo, €0, TI, G.1)

with «(X;) a (d; — 1)-dimensional vector with o/ (x) = %(9;‘ — 16 |x%).

3.1. Transition density function expansions

Exact simulation of each neutral Wright—Fisher diffusion is possible by exploiting an avail-
able eigenfunction expansion of its transition density function that allows a probabilistic
representation; see, for example, [29].

For a fixed locus i e {1, ..., L}, let x=(x1,...,xq—1) be a vector of initial frequencies
and 6 + 1 a d-dimensional vector with entries 6; +1[;, j€{l,...,d}. Then the probabilistic
representation of the transition density function of (X;);e[o,77in (3.1) is given by

o
806y =D (D Y Muns(DDo4i(). (3:2)
m=0
{l|=m
where the qfn(t) are transition functions of a pure death process Ago(t) with an entrance bound-
ary at 0o, M, «(-) is the probability mass function (PMF) of a multinomial random variable,
and Dy () is the probability density function of a Dirichlet random variable; that is,

d—1 la y_y 1
Mo (D= fo [15
1_[/ l j=1
and Og+1g—1
d—1 AT g
(e +1) 0+1j—
DoyiW)=—F——— | 1— Zyj 1_[ S
Hj:l L'®;+1) j=1 j=1

with [y =m — 27[:_11 [;. A more detailed description of the process Ago(t) and an exact sampling
technique are provided later on.
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Algorithm 2 Exact simulation of samples from g(x, - ;), transition density of the (d — 1)-
dimensional neutral Wright—Fisher diffusion with recursive mutation

1 Simulate M ~ A% (1).

2 Given A% () = m, simulate L ~ Multinomial(, x).

3 GivenL=(ly,...,l;—1), simulate Y ~ Dirichlet(6 + [).
4 return Y =01, ..., Ya—1)-

In the case of one-dimensional (d = 2) Wright-Fisher diffusions, the multivariate compo-
nents of the mixture in (3.2) reduce to their one-dimensional counterparts, i.e., a binomial and
a beta random variable, respectively [29].

A sampling strategy for g(x, -;¢) is summarized in Algorithm 2; see [28] or [32] for an
analogous version in the one-dimensional case (the latter also includes a modification for the
infinite-dimensional case, that is, for Fleming—Viot diffusions). Once expressed in probabilis-
tic terms and given the simplicity of Algorithm 2, recovering samples from g(x, ;) seems
straightforward. However, sampling exactly from qfn(t) poses some difficulty because it is only
known in infinite series form. Previous approaches for simulating from approximated versions
of qfn(t) can be found in [28], [25], [26], and [33]. In the next section, we review the exact
simulation procedure presented in [32], which is the one used here.

3.2. Exact simulation of the ancestral process A%

We describe here the sampling procedure for recovering exact samples of qfn(t), the transi-
tion functions of the aforementioned death process A% . In more detail, let {A%(¢): # > 0} be a
pure death process on N such that AZ (0) = n almost surely and with its only possible transition
m— m — 1 occurring at rate m(m + |0| — 1)/2 foreachm =1, . .., n; that is, it represents the
number of non-mutant lineages that coalesce backwards in time in the coalescent process with
mutation. Then, let qfn(t) =1lim;,— P(AZ(I) =m).

For a more thorough interpretation of the transition density g(x, -, 7) and its one-dimensional
counterpart, it is worth noting that the expansion in (3.2) is derived via a duality principle for
Markov processes [16], that is, from the moment dual process of the Wright—Fisher diffusion,
which is also a pure death process representing lineages backwards in time; see for example
[15] or [29] for a complete derivation and details. The corresponding dual (coalescent) process
for coupled Wright—Fisher diffusions is derived in [19].

An expression for qfn(t) starting from the entrance boundary at infinity is as follows (see

[24]):
© .
a0 =" (= Db m), (3.3)
i=0
where
D () = 101 +20m+ ) = D IO+ 2m+i = 1) guismeiiol— /2, 3.4)
mt m!i! (6] 4 m)

As shown in [32], samples from qfn(t) can be recovered exactly by means of a variant of the
alternating series method, described in [13, Chapter 4]. In brief, the alternating series method

would require the sequence of coefficients b0

p ;(m) to be decreasing in i for each m, a condition
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that is not always met here. Nonetheless, one can exploit the fact that there exists a finite Cﬁf,’e)

such that for all m and i > C%’Q) the sequence of coefficients bgl’_f?(m) decreases monotonically
as i tends to co. More explicitly, there exists

CL = inf {i > 0: (bt (m) /by Nm)) < 1} <. (-5

Then, once C%’Q) is available, the remaining of the sequence of coefficients is ensured to
be decreasing and the alternating series method can be applied. The following proposition
summarizes the main properties of the bound C(t’e).

Proposition 3.1. ([32, Proposition 1]) Let b(t )(m) be the coefficients defined in (3.4) and let
C,(ﬁ 9 be as in (3.5). Then

@) C(t’e) < oo for all m;

(X)) . . (1,0)

(i1) bm_H(m) y0asi— oo foralli> Cy",

(1,0)

(i) Gy’ =0forallm> D(J’Q), where

1 1o|+1
Dg’f?):inf{uz(?—' |2+ )vO:(|9|+2u—1)e“(“+'9'—1>’/2<1—e}, (3.6)

fore |0, 1).

Part (iii) of Proposition 3.1 will be of interest later in proposing the exact sampling algorithm
for (d — 1)-dimensional Wright—Fisher bridges (Section 6), where an explicit bound on m is
needed.

Following Proposition 3.1, one can then recover exact samples from qfn(t) because the terms

bﬁfl +3(m) become monotonically smaller with increasing i, and for each m there exists k;,, an

element of k € RM*! (i.e., k = {k}™_,), such that

M 2kpy+1 ‘ M 2k
S (M) := ZO ; (— Db m) < qu<r)< 2020( Db ) =S (M),

Because

limsup ST (M) = PA% () <M) and _ liminf S+(M) PAY (1) < M),

F— (00, ...,00) k—(00,...,00)

and because both SIE_ (M) and S]I:(M) can be computed from finitely many terms, given
U ~ Uniform(0, 1) we can find k0 € RM+1 with elements k% such that

K0 = inf {km € N: S_(M) > U or ST(M) < U]

foreachmg {0, ..., M}.
Now, if k" is such that § ];_0 (M) > U, standard inverse sampling provides

M
inf !M €N Y gy = S, (M) > U’ : (3.7)

m=0
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Algorithm 3 Exact simulation of samples from qfn(t), transition functions of the ancestral
process A,

1 Set M < Gmod, k < (0, ...,0),j <1
2 Simulate U ~ Uniform(0, 1)
3 repeat

4 forallme{0,...,M}do

5 Sethy < [CEP )2

6 end for

7 while S (M) <U < S; (M) do

8 Sethk«k+(1,...,1)

9  end while

10 if Si:(M) > U, check if inf M satisfied then
11 return M

12 elseif SIZ:(M) < U then

13 SetM < Gmoa + (— 1Y4]
14 if j odd then

15 k< (ko, ..., k)

16 else if j even then
17 k< (k,0,...,0)
18 end if

19 endif

20 Setj<«j+1
21 until false

with M exactly distributed following qfn(t). The sampling strategy will consist in exploring the
summands in § ];_ (M) and S;{'(M) through their respective indexes m and k,,, until, for a given
realization of U, the condition (3.7) is satisfied.

A complete simulation procedure is presented in Algorithm 3, where several improvements
mentioned in [32] have been incorporated. Most notably, the variable M is initialized at the
nearest integer around the mean of a certain distribution (not necessarily at 0) that serves as
an estimate of the mode gmoq of qfn(t), a modification that decreases computation times sub-
stantially. Such initialization originates from an asymptotic approximation of the transition
functions qfn(t), see [25], which states that as t — 0, Ago(t) converges to a normal distribution,
that is,

AL - p

D) —— N0, 1)ast— 0, (3.8)
G )

where % =25/t and

o+ B2 (1455 —2n). B£O,

(1,002 _
R T
?s ﬁ_os

with n=p/ef —1 for B£0 or n=1 otherwise, g = %(|9| — 1)t, and where 2> denotes
convergence in distribution; see [32, Theorem 1].
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Note that this initialization is possible because the exploration of the summands in S/E_ (M)
and S]I:(M) does not need to occur in any specific order. It is also worth mentioning that, when

M is initialized at 0, the vector k is updated increasingly, i.e. a new element of the vector is
added at every new iteration where M is increased by one unit. In Algorithm 3, however, M is
updated telescopically; that is, at each new iteration j, M moves farther from gmoq by one unit
alternatingly above or below. This in turn entails updating the corresponding M + 1 elements
of k accordingly; i.e., the number of elements might either increase or decrease at each
iteration. In addition, because M is updated telescopically, when an M such that Si:(M) > Uis
found, one needs to ensure whether this is the infimum M for which this condition is satisfied.
For precise results on the complexity of Algorithm 3 and simulation performance we refer the
reader to [32].

At this stage, Algorithm 3 can be used in Step 1 of Algorithm 2, and an exact sampling
procedure for (d — 1)-dimensional neutral Wright—Fisher diffusions is completed.

4. Exact rejection algorithm for simulating coupled Wright-Fisher diffusions

Let X; be the n-dimensional vector of allele frequencies satisfying (2.1). Following the
same scheme as Algorithm 1 in Section 2, Algorithm 4 simulates exact skeletons of paths of
coupled Wright—Fisher diffusions with L loci and d; allele types each,i € {1, ..., L}. Candidate
processes in this case are L independent (d; — 1)-dimensional neutral Wright—Fisher diffusions,
each one a weakly unique solution of (3.1) and sampled exactly following Algorithm 2.

The exact rejection algorithm proposed in this paper relies on the existence and characteri-
zation of the following acceptance—rejection probability, which is detailed in Theorem 4.1 and
whose proof is deferred to Section 7.

Theorem 4.1. Let CWF,, G x, be the law of X, solution of (2.1), and let WIFL, », be the joint
law of L independent (d; — 1)-dimensional neutral Wright—Fisher diffusions weakly unique
solutions of (3.1), ie{l,...,L}. Then the Radon—Nikodym derivative of CWF, g x, with
respect to WIFL,, v is of the form

dCWFy G x,

T
IWFL, ., =exp {A(Xo, X7)} exp {—/O (b(Xt)dt},

and there exist constants A=, AT, C~, and CT such that A(Xo, X7) is bounded on [0, 11" x
[0, 17" by A~ < A(Xo, X7) <A™ and ¢(X,) is bounded on [0, 11" by C~ < ¢(X;) < CT, with

L di—1

A(Xo, X1) = /T V(X;) - dX, = Z Z <K;f/(x¥ _Xg’) 4
0

i=1 j=I

M=

i (xi il
K7 (X7 - x7)

1—1

l

2 L

Mh

i (xiilk _ iy
+ ki, (XPx - X8} ))

I=i+1 k=1

+

and
1
$X) = 3 (VX)) DX)VX) + 2(VX) e(X))] -

Using Algorithm 2 in Step 3 (or the corresponding modification for one-dimensional dif-
fusions, if d; =2 for some i), Algorithm 4 returns an exactly simulated skeleton of (X;):c[0.7]
solution of (2.1).
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Algorithm 4 Exact rejection algorithm for simulating skeletons of the paths (X;);c[0,7] of a
diffusion process with law CWF, g x,

1 Simulate @, a Poisson process on [0, T] x [0, CT — C™].

2 Simulate U ~ Uniform(0, 1).

3 Given ® ={(#;, ¥):;j=1, ..., J}, simulate X ~ WFL, , at times {t1, ..., #;, T}.
4 if p(Xy)) — C~ <, Vjand U < exp{A(Xo, X7) — AT} then

5 return {(#, X;), Vj} U{(T, X1)}

6 else

7  Go back to Step 1.

8 end if

The algorithm’s computational complexity can also be established; this is made precise in
Proposition 4.1, whose proof can be found in Section 7.

Proposition 4.1. Let L be the number of loci; let M(t) denote the total number of coefficients
that must be computed in the implementation of Algorithm 3, where t € (0, T) is the time
distance between two sampled skeleton points; and let N(T) denote the number of Poisson
points required until the first skeleton in Algorithm 4 is accepted. Then E[LM(t)] < oo and
E[N(T)] < oo, and more specifically, there exists k > 0 such that

E[LM(I)] = o(t_(1+K)) as t—) 0’ and
E[N(D] <T(CT — Cf)eT(C+*C‘)+A+7A—.

In summary, the complexity of Algorithm 4 increases either as t — 0, when the average number
of coefficients to be computed in Algorithm 3 increases as 1/z, or with increasing 7, when the
average number of Poisson points needed until acceptance increases exponentially.

The latter is easily solvable, simply by considering shorter intervals [#;—1, #x] such that

K
U 1, ] =[0,T), withto=0, tx =T, and tx_1 <tx, Vke{l, ..., K},
k=1

and then concatenating the accepted skeletons in each of them. To solve the problem when t —
0, we follow the recommendation in [32], and whenever ¢ < 0.05, resort to the approximation
in (3.8).

While asymptotically the algorithm’s growth rate does not depend on the number of loci, it
is worth mentioning that with increasing L the acceptance probability decreases, as there are
a larger number of skeletons that need to be accepted simultaneously, which naturally affects
the algorithm’s feasibility. This will be clearer in the next section, where simulation results
for examples with L =2 and L =4 are provided. As expected, the acceptance probability also
decreases whenever the target diffusion differs more from the neutral Wright—Fisher candidate.
This is exemplified in the next section, where results are shown for two coupled Wright—Fisher
models with the same number of loci and mutation parameters, but different selective pairwise
interactions.
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TABLE 1. Table for 10,000 sampled paths satisfying (5.1) with 2 =0.1 and 6 = 6] =67 =65 =0.01.

h=0.1

T (x“,x(z)l) Att.  Poisson points  Coeffs  Approx. Acc.prob.  Time (s)

0.1 (0.5,0.5) 1.07 0.001 300.68 0.001 0.93 0.146
0.1 (0.02,0.8) 1.11 0.001 311.04 0.001 0.90 0.149
1.0 (0.5,0.5) 1.08 0.004 7.79 0.001 0.92 0.001
1.0 (0.02,0.8) 1.08 0.004 7.78 0.001 0.92 0.001
5.0 (0.5,0.5) 1.09 0.029 3.78 0.002 0.92 0.001
5.0 (0.02,0.8) 1.12 0.031 4.23 0.004 0.89 0.001

5. Numerical experiments

In the following, several implementations of Algorithm 4 are shown along with their simu-
lation results. The examples below represent plausible network structures present in biological
applications, and whose interaction parameters are of interest. Examples of these include
frequency-dependent selection in population dynamics with applications to vaccine interven-
tions [11], genome-wide discovery of interdependent loci affecting antibiotic resistance [42],
co-evolution of interacting human gamete-recognition genes [41], and analysis of sequence
data [23].

Consider the case of two loci with two allele types each, i.e., L=2 and di =d> =2. A
particular example with mutation, one-type allele interaction between loci, and no within-locus
selection reduces (2.1) to

dX}' =" (XMdr + X1 (1 = XHhxPdr + /X! (1 - X!1dB],
dX?! = ' (X2Ydr + X211 — X2HhxMde 4 /X2 (1 — X?1)dB?,

where the o!!(-) are as in (2.2), B= (B,l, B,z) is a vector of independent Brownian motions,

H'Z =2l = <g 8), and H is 0 elsewhere.

In this case, A(Xo, X7) := h(X}' X3! — X}1x2") and

5.D

9060 =5 (1 [ - X!+ Pt - xh]
Ty [Xfloz“(X,“) +thla21(xt21)]) ’

and the bound constants were set to AT =h(1 —x}'x3l), ¢~ = —%(|91| +162%]), and Ct =
%(% + 911 + 912), where |0f| = 9{ + Oé.

The results of several simulation scenarios for sampled skeletons of the diffusion solution
of (5.1) are shown in Table 1 and Table 2, which report the total length 7 of the considered
interval [0,T], the initialization of the path (x(l)1 , x%l), the average number of attempts (drawn
skeletons) until acceptance, the average number of Poisson points needed until acceptance,
the average number of coefficients computed in Algorithm 3, the acceptance probability, the
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TABLE 2. Table for 10,000 sampled paths satisfying (5.1) with i =1 and 8] = 6] =67 =67 =0.01.

h=1

T (x“,x(z)l) Att.  Poisson points  Coeffs  Approx. Acc.prob.  Time (s)

0.1 (0.5,05) 211 0.059 610.96 0.005 0.47 0.318
0.1 (0.02,0.8) 2.69 0.076 778.90 0.005 0.37 0.393
1.0 (0.5,0.5) 223 0.615 90.19 0.005 0.45 0.058
1.0 (0.02,0.8) 2.77 0.774 111.10 0.001 0.36 0.063

0.5

T3

FIGURE 1. Stationary distribution (left) and histogram of 10,000 samples (right) from (X,”,X?l)
satisfying (5.1) at T =5 with (', 5') = (0.5, 0.5), h=0.1, and 6/ = 0.01.

number of approximations needed due to small #s in between drawn points of the skeleton, and
the average time in seconds per accepted path.

As shown in Table 1 and Table 2, the average number of coefficients needed is larger for
shorter intervals, where the sampled Poisson points are more likely to be close to each other
(t — 0), than for longer intervals, as expected from the results presented in Proposition 4.1.
Also, the acceptance probabilities when 2 =1 drop to around half compared with the sim-
ulations when /= 0.1. This is also expected, as the model with larger pairwise interaction
parameter differs more from the candidate paths, so acceptance of the candidate becomes
harder. This is also reflected in the average number of attempts, needed Poisson points, and
coefficients, which increase consistently in the case 7 = 1. Running time also increases with
increasing 7. In the case 1 = 1 and T =5 the total running times became prohibitive.

In order to establish the correctness of Algorithm 4 and with the aim of providing a
qualitative comparison, sampled paths of the solution of (5.1) at large T are compared with
the corresponding stationary density, and this is done for different mutation parameters (see
Figure 1 and Figure 2) with satisfactory results. Note that the stationary density for (5.1) can
be explicitly computed, and its normalizing constant reads as follows, see [1]:

IRXCRNGCS i D" @2h)"  T(6,)

= F91+n,
ro? +62) 162|™n! T(|0Y] + n) 1 +m

n=0

where a”™ = a(a+ 1) ... (a+ n — 1). For the qualitative comparisons in Figure 1 and Figure 2,
the infinite sum is truncated at a sufficiently high n so that the remainder is negligible. For the
parameters in Table 1 and 2 the truncation level is set to n = 70.
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||i!ﬂ% :".";iih'\"| ||

FIGURE 2. Stationary distribution (left) and histogram of 10,000 samples (right) from (X,“,thl)
satisfying (5.1) at 7 =5 with (x}!, x31) = (0.5, 0.5), h=0.1, and9' =1.2, 92 0.8.

Consider now the case of four loci with two allele types each, i.e., L=4 and d; =2 for
ie{l,?2,3,4}. A particular example with mutation, one-type allele interactions between loci,
and no within-locus selection reduces (2.1) to

dxM =" (xXMdr + XM (1 — XM X2 4 X2 ha X de +
+y X1 - x/"aBy,
dX* = o2 (X2Ndr + X2 (1 — X2Hh XM de 4+ /X' (1 — X?1)dB?, (5.2)
dX> =3 3N dr + X1 (1 — X2 Hho XM de 4+ /X1 (1 — X3)dB?,
dXxM = o (XMdr + XM (1 — XM xMde 4+ /XM (1 — xTaB?,

where the «'l(-) are as in (2.2), B= (Bl 32 B3 B;‘) is a vector of independent Brownian
motions,

g2 — g2l — hy 0 ,H13=H31= hy 0 ,andH14=H41= hs 0 ’
0 0 0 0 0 0

and H is 0 elsewhere. In this case,

AXo, X1) = (X X3 — XJXE + mal X3 X3 — X33 + ha X xg — x4 xgh
and
1
P(X) =5<[<h1>2x31<1 =X+ ()X (1= XN + ()* X (1= X DH1h?

+ (MX2 + X 4 X2 X = XM 20 X 4 X3+ hax e (X
+ (e (XY + hpP (X3 + 3o (X)X 1)),
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TABLE 3. Table for 10,000 sampled paths with #; = 0.1, i, =0.15, h3 = 0.2, and 6]? =0.2.

h1 =0.1,h =0.15,h3=0.2

T xf)l Att. Poisson points Coeffs Approx. Acc. prob. Time (s)

0.1 0.5 1.45 0.054 412.65 0.001 0.69 0.402
1.0 0.5 2.08 0.811 112.60 0.005 0.48 0.129
5.0 0.5 9.96 19.648 881.37 0.004 0.10 1.007

and the bound constants were set to
AT =Ry (1= x§'53D) + ha(1 — ) gh + s (1 — x'a3h,
1
c = —5(|9‘|(h1 + hy 4 h3) + 16%|hy + 103 |ha + 16*|h3), and

(1 + hy + 13)? + (h1)? + (h2)? + (h3)?
4

ct= %(911(1114-}12 +h3) + + 1165 + hy0; +h3ej) :

Similarly to the previous example with L =2 and interaction parameter & = 1, the model
in (5.2) differs more from the candidate process than, say, a model with only one pairwise
interaction parameter (that is, a model with, for example, h; = h3 = 0). This is clearly reflected
in the low average acceptance probabilities, or, equivalently, in the average number of attempts
or simulated Poisson points needed until acceptance; see Table 3. Moreover, simulating from
the model in (5.2) implicitly requires the simultaneous acceptance of four candidate paths,
which makes acceptance more difficult. Nonetheless, it is still feasible to use Algorithm 4
in these scenarios, as other approximate simulation strategies would be affected by similar
problems.

6. Simulation of multidimensional neutral Wright-Fisher bridges

To complete our simulation scheme, this section presents an exact simulation technique for
sampling from neutral (d — 1)-dimensional Wright—Fisher bridges. As mentioned before, once
Algorithm 4 recovers a skeleton of the desired coupled Wright-Fisher diffusion, the remainder
of the path can be filled by sampling from the corresponding neutral Wright—Fisher bridges,
with no further reference to the target distribution needed; see, for example, [3].

Consider a (d — 1)-dimensional Wright—Fisher bridge, between x at time 0 and z at time t.
Its transition density is given by

8(x, y:9)8(y, z;t — 8)
g(x, z;1)

8z,1(x, y38) = , O0<s<t, 6.1)

where g(-, -;-) is as in (3.2), see [22]: The precise eigenfunction expansion for g. ;(x, -;s) is
provided in the following proposition, whose proof can be found in Section 7.

Proposition 6.1. Let g ((x, -;5) be as in (6.1), the transition density function of a
(d — 1)-dimensional Wright—Fisher bridge. Then its eigenfunction expansion reads

o0 o0
8zi(X, y38) = Z Z Z Zp%ﬁjﬁ’e)99+z+r(y),

m=0n=0 1 7
{l|=m |rl=n
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Algorithm 5 Exact simulation of samples from g ,(x, -;s), transition density of the
(d — 1)-dimensional neutral Wright—Fisher bridge

1 Simulate (M, N, L, R) ~ {p“=5"Ds(m, n, 1, r) e N x N x N¥ x N4},

m,n,lr
2 Given (M, N, L, R) = (m, n, [, r), simulate Y ~ Dirichlet(6 + [ + r).
3 return Y =(y1, ..., yi—1)
with

(zst0) _ ISt = )

m,n,l,r o(x, 2:0) Mm,x(l)DGJrr(Z)DMGJrl;n(r),

where DMg11.q(+) denotes the PMF of a Dirichlet—multinomial random variable, with
nl(16 + 1)) li[ T+ 1+ 1))

L0 +141D) Ly GITE+1)

DMeoyin(r) =

Following the result in Proposition 6.1, a sampling scheme for g; ;(x, y;s) is provided in
Algorithm 5.

Similarly to Step I in Algorithm 2, sampling exactly from the discrete random variable
with PMF p;f:fl’_i’ﬁ’g) is not straightforward. However, given the results obtained so far, it only
remains to find how to evaluate g(x, z;¢) without approximation error, and the sampling strategy
will be complete. As pointed out in [32] for the one-dimensional case, note that the problem of
evaluating g(x, z;¢) at x and z is different from that of sampling from it.

By (3.2) and (3.3), one obtains

gz =Y Y (= Dich it my =YY (= by mEDyir,@1.  (62)

m=0 i=0 m=0 i=0

where L,, ~ Multinomial(m, x).

As in Section 3, the aim is to find monotonically converging bounds on pz_’fl’i_’i’e) so that the
alternating series method can be applied.
Let
m m
,2,1,0 ,2,1,0
dom = Z Cg,ffifm)_i(m), dymy1 = Z Ci,fffﬂ'),m_,'(m),
i=0 i=0
form=0, 1, ..., which, rearranging the terms in (6.2), gives the alternating series
[e¢)
g,z =Y (dym—domi1)=do—di +dy — . ... (6.3)

m=0

Indeed, it can be proved that the terms (d;);>0 are monotonically decreasing from a certain
threshold that is characterized in the following results, which is a condition required to apply
the alternating series method.

First, note that the strategy presented in [32] for the one-dimensional case applies here
almost without change, with the exception of the terms involving E[Dg,r,,(z)] which by an
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analogous (generalized) argument can be shown to decrease in m, as shown in the following
lemma, proved in Section 7.

Lemma 6.1. Let L, ~ Multinomial(m, x). Then for all m € N,

E[Dp+1,,, )] < KO*IE[Dy.y, ()],

where
d—1 d—1
- 6 2(1+ |6
goso - (100 (152 ) 2000 ) () S8
Oa — 7yl "
j=1 j=1 <J j=1

o ., 20+16
+Z(| I ( ﬂ |)> . 6.4)
g

Now, similarly to (3.5), the following bound is defined:
O _inf {m >0:2j> €7 forall j=0, ... m} . (6.5)

This is used in Proposition 6.2 below, which fully characterizes the bound on m. The proof is
again deferred to Section 7.

Proposition 6.2. Let the sequence (d;)i>o be as defined in (6.3), and consider the bounds E®9)
DE”Q), and K9*9 a5 in (6.5), (3.6), and (6.4) respectively. Then, for € € (0, 1),

Aoy < domy1 < dom

forallm > E%9 v Dg*e) v 2K /e,

Once the bound in Proposition 6.2 is established, exact simulation of (d — 1)-dimensional
Wright—Fisher bridges (d > 2) is possible by setting

F(S t,0) . CS;,&) Vi C}([[I*S,@) Vi E(l‘,@) v Dg,g) Vi 2[2'(9,)&2)/67

m,n,lr "

which for 2u > F 2’;’% provides the monotonically converging bounds

emnirRu+1)<ennirRu+3)< p;’;;;ie) <emnlrQu+2) <emnnir(2u),
where
u i7,(s,0) u i, (t—s,0)
o (— D', [i(m) Y iy (— 1)'b,
em,n,l,r(u) = ==0 i =0 nt Mm,x(l)DGJrr(Z)DMGJrl;n(r);

ity (= Did;

see [32, Proposition 4].

,2,8,1,0
To recover exact samples from p(xZ $:1.6)

m,n,lr
N x N x N¢ x N such that X(j) = (m, n, I, r). Now, for each j there exists v;, an element of
veR/M (e, v= {v/} _o)» such that

, consider the pairing bijective function X:N —

J J J
- ,2,8,1,0
RE)= Y esp@ui+ 1) <Y pi™ <> exg(@v):= RE (),
J=0 j=0 j=0
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Algorithm 6 Exact simulation of samples from the discrete random variable with PMF
(P m n 1 ) e N x N x N9 x N9}

m,n,l,r

1 Setj<«0,vo<0,v<(vg)

2 Simulate U ~ Uniform(0, 1)

3 repeat

Setvj < (Fg(j)g) /2]

while R (j) < U < R+(1) do
Setv <— v+(,...,1)

end while

if R; (j) > U then

9 return 3(j)

10 elseif RY (j) < U then

(eI B o) SRV NN

11 Setv < (vo, ..., v}, 0)
12 Setj<«j+1
13 endif

14 until false

providing a setting analogous to the one presented in Section 3. The proposed exact sam-
pling scheme can be found in [32, Algorithm 5], which we reproduce here as Algorithm 6 for
completeness.

Other approaches to exact simulation of one-dimensional Wright—Fisher bridges include
that recently proposed in [27], which restricts to the case where either 6; or 6 is 0, and one or
both of x and z are 0, which is not applicable here.

7. Proofs
Proof of Proposition 2.1. Let V:R" — R" be such that V := V,(V o f)(x), where we recall
that ,
-xllv . :{11"'7di_1}1
flk(x) —lk {
1-— Zj | Ui k= d;.
Then forallie{l,...,L},je{l,...,d;— 1}, we have
8(Vof)(x) 0 — _ 0 — _
Vi -~
V=" o xid V&)
L 4 L 4
SR ES )TN 3) SR
I=1 k= 1 I=1 k=1
di—1
ij id; 1 i il il
=57 —s" Z <h}d1 Hiay + Z (7 = i, — Rl - Rl ) )
=1
di—1 di—1
_KLJ+Z( U+Z l/[k> lj+2( U+ZK[!]/{[k>
1#1
where the last equality holds because whenever i =/, all entries of the blocks H' are 0. O
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Proof of Theorem 4.1. By definition of A(-), ¢(-), and X,

T
exp {A(Xo, X7)} exp {—/0 ¢(X,)dt} =
T T 1
=exp {/o V(X;) - dX; —/0 3 (VX)) DXV X + 2(V(X) e (X)] dt}

—exp { /0 ' D>(X)V(X,) - dB, — /0 ! % [V DX)V(X)] dt} . (7.1)
Because V(-) and D(-) are continuous on [0, 1]7, there exist constants C~ and CT such that
Cc < %V(X,)TD(XI)V(XI) <cC*, almost surely.
Consequently,
/O ! %(V(Xt))TD(X,)V(X,)dt <00, almost surely,

so Novikov’s condition is fulfilled and (7.1) can be identified as a Girsanov transformation
1
[34] with Girsanov kernel (V(X,))" D2 (X,).
Let Q be the probability measure with

T
aWFL, , ~ oP Ao, Xn)} eXp{— /0 ¢(Xt)dt}.

It follows that the law of X under Q coincides with CWF, ¢ y,. Indeed, by Girsanov’s theorem,

t
B=B - / D2(X,)V(X,)ds
0
is a Q-Brownian motion and
dX, = [e/(X,) + DX)V(X))dt + D2 (X)dB, = [a(X;) + G(X)dr + D2 (X,)dB,.

Now, by Proposition 2.1, and for K, K;, Kjx € R",

T T L d;—1
/ V(X)) - dX; = f <Ks + Z (K, + Z K[kX,”‘)) -dX,
0 0
=1 k=1

T L d-1

T T L
=/ KS-dX,+/ ZKl-dX,+/ > Kuxk-ax,
0 0 0
I=1

=1 k=1
L di—1

T T L L T L d-1 - .
=33 ( / Kidx; + / > Kjax{ + / N d(x}kx;f)),
0 0 = 0

i=1 j=1 I=i+1 k=1

where the rightmost term comes from pairing terms of the form

Kixitax) + kifxlax = kjla(x!x7),
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and recalling that KZ( = K*, and i # [ prevents squared terms. Hence,

l/’

di—1 L

L
/ V) -dX, =Y <K'/( x4 - ”)+ZK}’(X¥—X(’{)
0 i=1 j=I I=1
L d—1
£ 20 kY (ot - xixg) )
I=i+1 k=1

The fact that

L di—1 L L d—1
ot 35 (k) SRt () 3 3 (it )
i=1

=1 j=1 I=1 —it+1 k=1

is bounded follows immediately, concluding the proof. (|

Proof of Proposition 4.1. Let M(t) be the total number of coefficients that must be computed
in Algorithm 3, with ¢ € (0, 7) the time distance between two sampled skeleton points. By [32,
Proposition 5(iv)], there exists a k > 0 such that E[M(r)] = o(tf(”")) as t — 0, and further
random coefficients needed in Algorithm 2 do not add to the algorithms’ complexity. Similarly,
although our rejection scheme uses Algorithm 3 L times,

E[LM(1)] = LE[M(1)] = o(r~ ")),

so the algorithm’s complexity is proportional to L, but its growth rate as ¢t — 0 remains the
same as with L =1.

Now let €:= dCWF, G x,/dWFLyx, be the acceptance-rejection probability in
Algorithm 4. Because A~ <A(X7) <AT and C~ < ¢(X,) < CT,

T
e ocexp {A(Xr) — At} exp {— / (X)) — C)dt} >exp{—T(CT —C)+A" —AT).
0

Let D refer to the number of Poisson points needed to decide upon acceptance or rejection of
a proposed path. Then, following [3, Proposition 3],

E[N(T)] = E[D]/e = T(C* — C7)/e < T(Ct — )l (€T —C+AT-A"

where the first equality follows from considering the expectation of the sum of all drawn
Poisson points Zl(:l D; over [ iterations of the algorithm until the first path is accepted. First
conditioning on / and applying the law of iterated expectations, and then applying the law of
total expectation, concludes the proof. O
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Proof of Proposition 6.1. Let g; ((x, y;s) be the transition density function of a (d — 1)-
dimensional Wright—Fisher bridge, between x at time 0 and z at time 7. By (6.1) and (3.2),

g(x, y;:9)g(y, z;t — )
g(x, z;t)

8zi(x, yi5) =

Z ) (s) Z M ()Dy 41(y) Z 4, — ) Z My (D 4(2)

n=0

\I\—m |r| =n

>y Z Z =) 4 Dy Moy (YD 110,
m=0 n=0 g(x Z t)

|1| o Irlen

(x Zt)

By definition,

d—1
Zy/ l“l_[y,

M, )(F)DQ-H(}’) = l_[

rqge +1 _
x — (10 +1D) Z = 11—[ O+—1
[Ti=i F(9./+l) j=1

rqe+1
Multiplying and dividing by 6+ 1+ rl) and rearranging shows that

L T+ 1+ 7))

d d—1
CCRTIN s QCE R M CETE T SO
LA +1+7D o TO+n [Tl TG +4+m S

d—1
Oj+l+ri—1
X 1_[ y]j AN = D/\/l9+1;n(V)D0+l+r()’)~

(x,2,5,1,0)

Now, identifying the coefficients of p, "}’

, the proof is complete. O

Proof of Lemma 6.1. For the sake of simplicity, we will first consider the case d =3 and
then show that by analogous arguments the results can be extended to the general (d — 1)-
dimensional case. First, note that the indexes of the sum on the right-hand side of

E[Dy11,, (D] =Y P(Lyn=DDy1(2)
1

|l|=m
can be seen as being placed on the (d — 1)-face of the d-simplex Sy={leR? [ >

0, 2;1:1 [ =m}. For example, if d =3, we only need to consider indexes /; and I, (see
Figure 3). Thus,

m m—Iy

E[Dp 1,1 =Y D PLn=0DDp4i(2). (7.2)

11=0 I,=0
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I3
lo
m 9
m -9
- e
K} .
. °
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. °
L] .‘_ "
[ ' o (]
° e ll

T
m

FIGURE 3. Graphical representation of the two-dimensional case (d = 3). Each point in the figure repre-
sents an element of the sum in (7.2). For every and up to each m, all points depicted in the plane [} — [
(left) correspond to points depicted in the mth (/1 — I — [3)-face (right), which in turn represent each and
every one of the summands in (7.2).

Let us define the quantities
Q= PLn=DDyi(), QY. = PLnr1 = DD, 7(2).

where [ € R? is equal to [ except in its jth component, for which 7]- =1l + 1. As a special case,
when j = d, one can write I; = m — ]‘-1;11 li+1.
Then, for [y < [mz1], b < |mz2],

(d) m—+1 0] +m

= l—x1 — 11—z — 7.3

Qnt1 m+1—11—1293+m—ll—12( x1—x2)(1 =21 —22)Qm (7.3)
- m+1 0] +m

T l4m(l—z1—22)B+m(l —z1 —22)

2
<(@Vm +m(1+16)) + 10|

(I=x1 —x2)(1—z21 —22)%m

> (I =x1 —x2)(1 —z21 —22)Qm

65 m2(1 —z1 — 22)?

2(1+10])
l—z1—2

0
< (Ua —n—m)v )(1 X1 —2)Om.
03

Here, in the second inequality, note that the function

m? +m(1+0])+ 16|
m2(1 —z1 — 22)?

g(m):=

is decreasing in m, and thus for m > 1, it attains its maximum value at g(1). Then, if

m+ 1 0] +m
14+m(l—z1—2) 6 +m(l —z1 —22)°

fm) =

one obtains f(m) <f(0) v g(m) <f(0) v g(1) yielding the desired result.
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Similarly, for I} < [mz1], [mz2] < b,

= < -
"L+ 16+ 1 222 0n = mzy + 16, + mzzx2Z2Qm
0 m*+m(l+10])+ |0 0 2(1+16
< (4, mtmd 0D+ 1] anmSCJmV—L—LB>mQW (7.4)
92 212 92 22
and for [mz;| <[y and all /5,
mELT 1 041 121 Qm = mz1 + 16, +mZ1X111Qm
0 mE4+m(l+10)+10 0 2(1+16
< (4, mmd+ o) l|mm%é(L%Vl—Jj)m%r 1.5)
91 2Zl 9] 21
Combining the inequalities in (7.3), (7.4), and (7.5),
lmz1] Lmza] lmzi]  m+1-0 m+1  m+1-1
1
E[Do 1,1 ()] = Z Z i+ Z > eht Z Qi
=0 hh= =0 h=|mz]+1 Li=lmz1]+1 L=
mz1] Lmza]
6] 200 +101)
S(—(l—m 2)V (1—x; —x2) Z Z (o
l-z1—-22 —21 —22
=0 b=
lmz1]  m—1I
0] 2(1 + 101
T (9—12 z S Q.
2 =0 Ly=mz)
[y
El HHW) ©
+(Flav Y Yo
! 11 lmz1] =
0 2(1+ 16
S[(u(l—m ZZ)Vu) (1—x1—x2)
l—z1—2

0 2(1+16
+ZC| ;ju§%EmmmL

g .
0; i

where, in the first inequality, terms starting at /; = [mz;] + 1 are compared one-to-one to terms
starting at [; = [mgz;], and the last inequality holds after taking common factors and noting that

the terms for [; = |mgz;] are bounded by both

2(1
<@(1—Z _Z2)Vw> (1=x1 —x2)

l—z1—z

and R

Z(IGI 2(1+I9|)>
GV ) ¥

— \ 0 g

J=1
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The proof for the general (d — 1)-dimensional case follows analogously. Consider

m m—lI; m—|llg—>

E[Doir, 1= D ... Y Plw=DDs(),

;=0 [,b=0 ly—1=0

where |l|g_» = Z;i;f .
Following the strategy used above, the sums can be partitioned into terms such that either

(a) Ij < |mgz;] for all j;
(b) |mz;] <ljforall j# 1, and l; < |mz;] for all i # j; or
(¢c) |mz1] <1, and [; is free for all i # 1.

Note that this partition covers all (non-exclusive) combinations and includes all the elements of
the sum. Now, comparing E[Dyy,,,,(2)] with E[Dy,,(z)], the bounding constants for each
case are as follows:

(a)
|9| = 2(1+|9|> -
Z d—1 - ij ’
i=1 Zj:l Zj j=1
(b)
( 6] 2(1 + |9|)>
49 &
(©
ol 2<1 +161)
64
This yields _
E[Dp+1,,, ()] < KO*IE[Dy.r, ()],
with
d—1 d—1
. i 2(1+161)
KOD= — (1= "g|v—a—|[1-D x5
d—1 ]
O j=1 - ZJ 1% j=
0 2(1+ |6
+Z<I |] ( .| |)>xj’ -
i1 b g

Proof of Proposition 6.2. The proof follows from that of [32, Proposition 3], which is
reproduced here for completeness.

The inequality dayi1 < da, follows because if m > E"? then 2j> C(t 0) for all j=

0, ..., m, which, by Proposition 3.1, implies
0
byl m— ) < by om = ).

Multiplying by E[Dp1,, ;(z)] and then summing overj=0, ..., m gives

m
_ (x,z,t,0) (xztG) _
d2m+1— E Cm+/+1 m—/< E m+/m = . (7.6)
Jj=0
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Proving doy+2 < dom+1 requires some extra steps. First, note that

m+1
o o (x,z,t,0) o (x,z,1,0)
dom+2 = dom+1) = Cmtltrm+l—r = Z Cm+2+j,m—j>
r=0 j=—1
where j=r — 1. Noting now that 2j + 1 > 2j > Cy) for all j=0, . . ., m, which implies
(1,0) . (t,0) .
bm_;,_j_i_z(m )< bm+j+1(m =,
and using the same argument as in (7.6) yields
m m
(x,z,t,0) (x,z,t,0)
Cmtjt2,m— < 2 Cmtjt1,m—jo
j=1 j=1
where the sum is taken only over j =1, ..., m so that the remaining terms in d2;,,4+2 and da;+1
can be compared. Indeed, it only remains to prove that
(x,z,1,0) (x,z,1,0) (x,z,1,0)
Cm+1,m+1 + Cm+2,m < Cm+1,m .
Note now that
(x,z,1,0) (t,0)
c b, [ (m)

C(k),(;p?w) - b;{t,e)(m)

where
0] +m+k—110]+2k+1

k—m+1 |0]+2k—-1
the second equality follows from (3.4), and the last inequality holds because h,,(k) < hi(k) =
|6] + 2k + 1; see the proof of [32, Proposition 1].

Because by hypothesis m > D?’G), recalling the definition of D?’G) in (3.6) and choosing
k=m+ 11n (7.7) yields

hp(k) =

Cmtam < (101 + 2k + DePHIMRLE0D < (1 — )it
Finally,
,2,1,0) .0
i Beln+ DE[Dyir,, ] [01+2m  E[Dpir,, @)

cﬁjffl’:z) B b;’l’f)l(m) E[Dy+1,, (2]  (m+1)(|0] +m) E[Dgir, ()]
1 <1 m >E[D9+Lm+](Z)]< 2 E[D9+Lm+](z)]<

S (m+1) 01 +m) E[Doir, ()  (m+1) E[Dsir,(2)]
where the last inequality follows because m + 1 >m > 2K®*9 /e and using Lemma 6.1,
yielding
(x,2,t,0) (x,2,1,0) (x,2,t,0) (x,2,t,0)
Cm+1,m—i—1 + Cm+2,m < écm+l,m + (1 - G)Cm+1,m = Cm—i—l,m ’
which concludes the proof. (]
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