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Abstract. Genetic drift describes random fluctuations in the number of genes variants in a
population. One of the most popular models is the Wright—Fisher model. The diffusion limit of
this model is a degenerate diffusion-convection equation. Due to the degeneration and convection,
Dirac singularities will always develop at the boundaries as time evolves, i.e., the fixation phenomenon
occurs. Theoretical analysis has proven that the weak solution of this equation, regarded as measure,
conserves total probability and expectations. In the current work, we propose a scheme for 3-alleles
model with absolute stability and generalize it to N-alleles case (N > 3). Our method can conserve
not only total probability and expectations, but also positivity. We also prove that the discrete
solution converges to a measure as the mesh size tends to zero, which is the exact measure solution
of the original problem. The simulations illustrate that the probability density decays to zero first on
the inner nodes, then also on the edge nodes except at the three vertex nodes, on which the density
finally concentrates. The results correctly predict the fixation probability and are consistent with
theoretical ones and with direct Monte Carlo simulations.
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1. Introduction. Genetic drift is one of the mechanisms that cause changes
over time in frequencies of an allele, which is an alternative form of a gene located
at a specific position on a specific chromosome [14]. For example, there are different
alleles which determine the gene for blood type in humans. In a finite population,
the DNA coding of alleles determines distinct traits that can be passed from patents
to offspring through sexual reproduction and the allele’s frequency shifts by random
chance. The simplest model of random genetic drift is known as the Wright-Fisher
model by Wright [19, 20] and Fisher[7]. Moran [8] and Kimura [9, 12, 10, 11] derived
the diffusion limit of random Wright—Fisher model. In this paper, we perform a
mathematical and numerical analysis of the model.

The model derivation and numerical analysis for 2-alleles could be found in [21,
6, 22]. In this work we focus on the genetic drift problem about 3-alleles, denoted by
A, B, and C, at a given locus in a population with a fixed size A'. Then, there are a
total of i := 2N alleles in the population of any generation. Under the assumptions
of the Wright—Fisher model, the random process is a discrete-time Markov chain. Let
Xi = (2, yr), where xj and y; denote the fractions of alleles A and B, respectively,

*Received by the editors September 10, 2018; accepted for publication (in revised form) May 9,
2019; published electronically July 25, 2019.

https://doi.org/10.1137/18M1211581

Funding: The work of the authors was supported by the National Science Foundation grant
DMS-1516344 and by the National Natural Science Foundation of China grants 11271281 and
91230106.

TSchool of Mathematical Sciences, Soochow University, Suzhou, Jiangsu, 215006, China, and Zu
Chongzhi Center for Mathematics and Computational Sciences, Duke Kunshan University, No. 8
Duke Avenue, Kunshan, Jiangsu, 215316, China (xsxztr@hotmail.com).

fDepartment of Mathematics, University of Pittsburgh, Pittsburgh, PA 15260 (xinfu@pitt.edu).

8Department of Applied Mathematics, Illinois Institute of Technology, Chicago, IL 60616
(cliul24@iit.edu).

9School of Mathematical Sciences, Soochow University, Suzhou, 215006 Jiangsu, China (xyyue@

suda.edu.cn). 1770

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/18M1211581
mailto:xsxztr@hotmail.com
mailto:xinfu@pitt.edu
mailto:cliu124@iit.edu
mailto:xyyue@suda.edu.cn
mailto:xyyue@suda.edu.cn

Downloaded 12/11/22 to 152.3.111.89 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

NUMERICAL METHOD FOR MULTI-ALLELES GENETIC DRIFT 1771

in the kth generation. The transition probability is assumed to be
iyl (1 —x —y)" 7 pl
il (n—i— j)!
for each 4,5 € {0,1,...,A} with i + j <7 and for each
(z,y) € {(%,2)|4,j€{0,1,...,n},i+j<n}.

Note that z := 1 —x — yi is the fraction of allele C in the kth generation. Using the
transition probability, the first and second conditional moments could be given by

(1.1) P(Xi1 = (5.2

Xy = (x,y)) =

E(Xg41Xk) = X,
1 22 _

Thus, {X;}72, is a martingale process, which is called neutral. Waxman [18] proved
that for a neutral Wright—Fisher model without mutation, the phenomenon of fization
will happen; that is, after sufficient generations, only one of the alleles remains in the
population. The fixation probability of each allele is equal to its initial fraction.

Given a population with a total of n alleles and a probability measure pg of
the initial distribution of X', the transition probability (1.1) determines a unique
stochastic process { X' }72,. We scale the time by setting tx = k/(2n) and X}' = XJ.
As 7 — oo, { X[ }22 approaches a continuous stochastic Markov process {X (t)}:>o-
Let p(t) be the probability distribution of X (¢). It is regarded as a bounded functional
over continuous functions by, for any ¢ € C°(Q),

3 1
(1.2) {(u(t),¢)= /Q ¢l yyule, y. t)dady + [ / vi(s, £)C (s (s)ds + C(Pwi(t)]

i=1

and subject to an initial state as a point measure
(13) Mo = 6(5607 y0)7
which means that the initial fractions of three alleles are, respectively, z,y°, and
29 =1— 2% —¢°. Here we denote
Q={(z,y) |z>0,y>0,z:=1—z—y >0},
(1.4) xz1(s) = (0,5), x2(s) = (s,0), z3(s) = (s,1 — s),
I = {CCl(:S) ‘ S (0’ 1)}3 P = (130)7 Py, = (071)7 Py = (070)
Thus, u(,-,t) is indeed the probability density of X () on €, v;(-,t) on I';, and w;(t)
on P;. One can derive that (u,v,va,vs, w1, ws, ws) is a solution of an initial value
problem of the following partial and ordinary differential equations [17]:
u(z,y,t) = (2 = 2*)ufor + [(y — y*)ulyy — 2[oyulsy, (z,y) €Q,
vie(s,t) = 1[(s— sH)viss +ulzi(s),t), i=1,2,3, se€l0,1],

AR va(1,8) + v3(1,1)
wg(t) = Ul(l,t) + 1)3(0,75) s t > 0.
’Ll)g(t) " vl(O,t) + ’UQ(O,t)

Here subscripts []zz, [|ays [Jyy, [-]ss denote partial derivatives. The initial state shall
be one of the following situations:
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e the initial point measure centers inside the domain, i.e., (z%,3°) € Q,

u(z,y,0) = u’(z,y) = d(2%y°), (z,9) € 9Q,
(1.6) v;(8,0) =0vY(s) :==0, i=1,2,3,
w;(0) =w) :=0, i=1,2,3;

e the initial point measure centers at one of the edges, i.e., (2°,4%) € T';,,

u(z,y,0) = u’(z,y) =0, (z,y) € Q,

(1.7) i (5,0) = vf) (s) :=6(s0), s0 € (0,1),i0 € {1,2,3},

’ v;(5,0) = v0(s) := 0,
w;(0) =w? :==0, i

e the initial point measure centers at one of the vertexes, i.e., (z°,9y%) = P,,,

)
: 0(s):=0, i=1,2,3,
wy (0) = w? =1, iy € {1,2,3},

0
wi(0) = w? =0, i#ipe{1,2,3}.

(1.8)

The density function f of u(t) can be expressed as

3 3
(19) f= U+ZU1‘5D —|—Z’wi5pi.
1=1 =1

Here dr, is the line Dirac measure concentrated on the edge I'; and dp, is the point
Dirac measure concentrated on the vertex P;, which are defined as < dr,,¢ >=
fl“i ¢ds, and < 6p,, ¢ >= ¢(P;) for any ¢ € C(2). We call f in (1.9) a complete
solution [21, 22] of the Wright-Fisher equation

(1.10)  fi = Lf == [(# — 2%) flaow — 22y fley + [(y — ¥*) flyy  on Q x (0,00).

To illustrate that fization probabilities (v, va, v3, w1, we, w3) are related by the above
equation, we define the adjoint £* of £ under the L? inner product by

(1.11) L= (2 = 2)Coa — 22YCay + (Y — ¥°)Cyy-

A complete solution of (1.10) in terms of measure is defined as follows.

DEFINITION 1.1. Let a probability measure o on Q be given as in (1.3). A com-
plete solution of (1.10) with initial measure pgy is a family of probability measures

{u(@®)} on Q such that for any T > 0 and any ¢ € C*1(Q x [0,T)),

(112)  (u(T),¢( 1)) _/OT (10, G 1) + £5¢C, 1) )t = (110, C(,0)).

Here C*1(Q x [0,T)) consists of functions having continuous second order spatial
derivatives and first order time derivative.

This definition of a complete solution is equivalent to that u(t) is given by (1.2)
with a family of functions {u,v1, ve, v3, w1, wq, ws} satisfying (1.5) subject to one of
the initial states (1.6)—(1.8).
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Taking ¢ = 1, we obtain conservation of total probability. Taking ((z,y,t) = =
and ((z,y,t) =y, respectively, we obtain conservation of expectations

(1.13) (z,7) :== E[X] = E[Xo] = (2°,¢°) Vt>0.

Tran, Hofrichter, and Jost in [16] solved the eigenproblem for the operator £ and L£*,
constructed a solution via Fourier series, and showed that the solution satisfies, with
z:=1-2z—y,

tlig.lo(U,vlvv%v&wlaw%wS) = (07 0,0,0,z,9, 2)'

This illustrates the fization phenomenon of the Wright—Fisher model.

This paper is devoted to the design of a numerical scheme that provides a complete
solution. We intend to discretize (1.10) to obtain a complete solution given by (1.5).
One main contribution of this paper is to extend the original state space € to R? and
convert (1.10) to the following form:

(1.14) fi=Lf = 8—2(x+z+f) + a—g(y+z+f) + (2 — ﬁ)z(xJ“erf)

Ox? Oy Or Oy ’
where z = 1 — z — y and at = max{a,0}. We notice that in the literature, “no-
flux” boundary conditions with certain specific meaning were frequently imposed on
the boundaries {z = 0}, {y = 0}, and {z = 0}. Here, we enlarge the state space to
R2, which implies those “no-flux” boundary conditions. Please note that the no-flux
boundary conditions are also implied in the definition of (1.12). Also, we extend
the covariance matrix in such a way that the probability density is supported on the
state space () if initially so. We shall discretize (1.14) in a manner such that it is
symmetric in z,y, and z := 1 — x — y preserves the total probability, expectations,
and the positivity. Note that problem (1.10) is degenerated and there exists a second
order mixed derivative term. It is a considerably difficult task to discretize (1.10) in
its original form to obtain a monotonic scheme which maintains positivity (see [13]).

For two-alleles problem, the corresponding governing equation is

filz,t) = (@(1 = 2) f)aw = (x(1 = 2) f2)2 + (1 = 22)f)x

for x € [0,1] and t > 0. One could regard —x(1—x) f, as a diffusion flux and —(1—2z) f
as a convection flux. For the convection-dominated equation, the upwind scheme is
typically a good choice. However, the authors in [21] proved that an upwind scheme
will violate the conservation of expectations due to the numerical dissipation and
proposed an absolute stable central difference scheme based on finite volume method.

The method in [21] cannot be extended directly to the 3-allele problem. Instead,
based on the new formula (1.14), a numerical scheme is designed to find a complete
solution. The scheme preserves the discrete total probability, expectations, and posi-
tivity. Some estimates on discrete L> and H'! norms are given to show the absolute
stability of this scheme. Both the numerical analysis and simulations illustrate that
the probability density decays to zero first on the inner nodes, then also on the edge
nodes except at the three vertex nodes, on which the density finally concentrates.
The results correctly predict the fixation probability and are consistent with theoret-
ical ones and with direct Monte Carlo simulations. We also prove that the discrete
solution converges to a measure, which is the exact solution of problems (1.10) and
(1.3) as the mesh size tends to zero. It means that we prove again the existence of
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the solution of the problem, which was first proved in [16] by a constructive method.
Taking into account more factors such as selection or mutation [15], the method in
[2, 16] may fail since one can hardly construct the solution; our discrete method will
still work. This is another contribution of the paper. Furthermore, our method could
be easily extended to the case of N-alleles (N > 3).

This paper is organized as follows. The numerical scheme, corresponding conver-
gence, and stability analysis are presented in section 2. In section 3, simulations with
different initial values are used to illustrate that the scheme could admit a complete
solution and capture the fixation phenomenon of 3-alleles evolution. The conclusions
and discussions are given in section 4.

2. Numerical analysis.

2.1. The numerical scheme. In this section, we present the discretization of
the operator £ in (1.14). In fact, £ is indeed a surface diffusion operator on the
equilateral triangle S defined by

S={(z,y,2) |z >0,2>0,2>0,x+y+z=1}.
Also, £ is symmetric in «, y, z. Thus, we first discretize the original physical space by

equilateral triangle meshes and then project the equilateral triangle mesh of S onto
Q to design the corresponding discretization of £ on R?; see Figure 1.

Py

F1c. 1. Schematic of computational domain.

Let h = 1/n,At = T/m for some positive integers n and m be the spatial and
temporal mesh sizes, respectively. We use grid points

Tr; = Zh, yj = ]h, Zij =1- Ty — yja tk = kAt.
We discretize (1.10) as follows:

k k 1
(2.1) ZDd oaf)l, i,j € Z,k €N,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where we use notation ¢f; = ¢¥ ; = ¢(xi,y;,t) and D3, D3, and D3 are second order
finite differences along lines parallel to the z, y, and z level sets, respectively:

1
— gt 24k k k k
oy =a"z", Di¢y; = { it1,5 — 203 +¢i—1,j}a

h2
1
(2.2) 02 = y+z+, Dgﬁbfj = ﬁ{qsﬁj-',-l - 2¢§j + (Zsﬁj—l}v
1
o3 =aTy", D%ﬁj = ﬁ{ f+1,j—1 - 2¢fj + ¢f—1,j+1}-

As to the initial values {fg (i,7) € Z*}, we take the situation (1.6) (2°,4°) € Q as
an example. Assume that 0 = igh, y° = joh, then

(2.3) 0 = h72 f0 =0 i (i, ) # (0, jo) € Z2.

0,J0
Then we could obtain the initial total probability and expectations as follows:

o0 o0

(2.4) i Z-thzzl, Z xiiojh2:x0=5c, Z yj?thZyO:g.

1,j=—00 1,j=—00 1,j=—00

We divide the spatial index (4,5) € Z? into four groups:
1. Exterior nodes: Q¢ :={(i,j)|i<0orj<O0ori+j>n}
2. Interior nodes: Qy, = {(i,j) € Z*1 <i,1 < j,i+j<n—1}
3. Interior edge nodes: ', = TL UT2 UT?, where

n’

IL={0,j)|1<j<n-1}, T2={(,0)]1<i<n-1},
2 ={ln-0]1<1<n-1}

4. Vertex nodes: P, = P} UP2U P3,
Péz(n70>7 PSZ(O,TL), PSZ(QO)'
Then, we have the following well-posedness theorem of the numerical scheme
(2.1)~(2.3).
THEOREM 2.1. The scheme (2.1)—=(2.3) admits a unique nonnegative solution
{£51(i.5) € 2, k € N}

In addition, the following holds: B
1. For esterior nodes, ff =0 each k > 1 and (i,j) € QF.

j
k| (,7) € Qu} form a closed system:

2. For interior nodes, {f;

,J
ko gk—1
(2.5) ”T” = D%(fzf)fg + Dg(yzf)fg + D%(xyf)fj
3. For interior edge nodes, i.e., fori,j,l=1,2,...,n—1,
f‘koff‘ko_l k Zi,lf'kl‘f'xz‘—lf‘k_11
- At “ = D%(mzf)iﬁ + . h — )
k k—1 k k
i~ Jos 21,5015 T Yj— -
(26) foaJoi o = D3yt + Lty . EiES
k—1
fl]?n—l —Jin—l ‘(L.lflflk—l,n—l + yn*lflfl]?n—l—l

At h
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4. For vertex nodes,

k k—1

n,0 ~ Jn,0 1—h
Atn = (5—1,0"’]07]:—1,1)’
fon—Jfom' 1=h
(27) At o= h (f(;c,n—l + fﬁn—l)a
S0~ Joo' 1=
AL = 0,1 1,0)-

5. For each k > 1, {f;; (i,7) € Z*} is a mean preserving probability measure
in the sense that fi’} is nonnegative for any i,j and

(oo} (o]

@9 Y mw=t Y wi=n Y wi=g

3,j=—00 1,j=—00 1,j=—00
Proof. 1. When i < 0 and k =1, (2.1) can be written as
(2.9) zlj = D%(ererf)zlet-

Thus, fllj =0 when j <0orj>n—14 When 0 < j <n—1, one has a closed system
as AF =0 for F = [f}, fh, ..., fr._i_1)7, since yz = 0 at j = 0 or n — 4. Due to
—D3(yz)i; = —D3(y(1 —z; — y)); = 2, A is a tridiagonal M-matrix, i.e., diagonal
entries are positive, off-diagonal entries are nonpositive, and the matrix is diagonal
dominated. Thus, F = 0 is the only solution. Then from (2.9), 4 =0forj =0
or n — 4. Hence, le = 0 if 7 < 0. By induction, one can show that Z-’?- = 0 for each
k> 1 and ¢ < 0. After a similar analysis for the case j < 0 and the case i + j > n,
we conclude that ff = 0 when (i, j) € Q.

2. The interior node system (2.5) follows from (2.1). Note that the right-hand
side of (2.5) depends only on the interior nodes, due to the fact that zyz = 0 on the
boundary of Q. Thus, the system is closed, in a form as BF¥ = F*~! where FF is
a vector with all the unknowns fi]fj, (i,j) € Qp,, and B is a seven-diagonal matrix.
Thanks to —D?(z2) = —D3(yz) = —D3(zy) = 2, B is a M-matrix. Then one has
that the system admits a unique solution and the solution is nonnegative if F¥~1 is
nonnegative.

3. The interior edge systems (2.6) follow from (2.1). When the interior system
(2.5) is solved, one has a closed system for interior edge unknowns at each edge. Each
linear system has a tridiagonal M-matrix. So the solution is nonnegative since the
interior unknowns have been shown to be nonnegative and unknowns at last time step
are assumed to be nonnegative.

4. The assertion follows from (2.1) and the fact that zyz = 0 on 9.

5. The assertion follows by applying the following identity:

Z@J'D?l(adf)?j = Z(Udf)ij?iﬁ/)ij
ij ij
to linear functions. This completes the proof. 0

As to the numerical implementation, for each time step tx, k =1,2,..., one first
solves the closed system (2.5) for interior unknowns fikj, (i,5) € Q,, then solves the
three closed systems (2.6), respectively, for interior edge unknowns i’;, (i,5) € Ty,
and finally gets the unknowns at the three vertexes fi’;, (i,7) € P, from (2.7).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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2.2. Convergence of the scheme and well-posedness of the PDE. We
define

(2.10) ufy = fhlg, (L), v =hfl1r, (), wh=h>fl1p (iJ),

where 14 (a) is the indicate function: 14(a) =1ifa € A and 14(a) = 0 otherwise. Let

¢ € C2L(R? x [0,T]) be a test function with compact support, and have continuous

second order spatial derivatives and first order time derivative. Multiplying (2.1) by
¢ h2At and summing the resulting equation over %, j, and k, we obtain

Z Z ( FETV )+ Avgl ZDd odf”)
k=11,j=

k;+1 k 3

:Z il — oL + Z qu< i —i—ZadDd(;S )hQAt
4,J k=1 1,5
k+1
= D (ohyu) — oljulj h2+z > w( ZadDd(b )hQAt
(4,7)E€Qn k=1 (¢,7)€Qn
m—1 ¢k+1 _ ¢ 3
211) + D (6100 — v h+ > Z%( NI )hAt
(4,5)€ln k=1 (i,j)€ly d=1
m—1 k+1
by — Ol
+ Z — fw) + wijj At.
(i,7)€P, k=1 (i,j)€P,
We define u2t(z,y,1), hAt(s t), hAt(t), i = 1,2,3, as piecewise constant
functions
Ah(A ayat) = u?ja (xayat) S ‘/ij (( - I)Ata kAtL
U1 (y,t) = U&jﬂ (y7t) € (yj - 27y] + h} ((k - 1>At7kAt]7
v (2, t) = Wk, (,t) € (2, — & 2 + &) x ((k — 1)At, kAL,
(2.12) v (s, t) = of._, (st) € (xi—%,xl—kg} ((k — 1)At, kAt],
wi At = why, te (k- 1)At kAL,
wy®'(t) = wh,, te((k-1)At kAL,
wi (1) who,  t € ((k—1)At, kAL,

where Vi = (z; — 2,2, + 2] x (y; — &, y; + 2] is the control volume of node (z;,y;).

Denote By := B x [0,T]. For a temporal function 1 € C°[0,T], we define its
piecewise interpolation I%tw in a backward way as in the definition (2.12). For a
spatial function 1 € C°(QQ), we define its piecewise interpolations I gw in a central
way as in the definition (2.12) with B =Q or I';, i = 1,2,3. For any ¢ € C°(Qr), if
we define its piecewise interpolations Ip,.¢ = ITAt o I with B = Q or T;, then we
have

(2.13) 1Y — Ipp2l| Lo (Bry — 0, as h, At — 0 for B =Q,T;, or P;.

k+1 k
For ¢ € C*1(Qy), if we denote by Op = ¢y + L*¢ and by Ohgh, = 2%
S o4 D30k, we have

2.14 Og)k. — O 0, as h, At — 0.
(2.14) (megﬁfe[QT]I( o), o — 0, as —
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With all of these notations, (2.11) can be rewritten as, for ¢ € C%1(Qr),

T/
0=¢l . - /Q WAy, T) Iad (e, y, T)dady + / / WA g (O6)drdydt

3
h,At h, At

- (s, T)Ir,d(z(s), T)ds (s, 0)Ir, - (B¢)(x(s ),t)dsdt]
3 [ remmetats man [ [ eon
3 T’

(2.15)- ) [wZ’At(T)¢(Pd7T)— / wl A AN OG) (Py, t)dt

d=1 0
m—1

+ > uk (Dot - Dol )n2at+ Y ok (D) - Dhgbfj)hAt]
k=1 (imj)eﬂn (17j)er'rL

+mz_: 3wk (qufj _ D%ij) At

k=1 (i,j)€Pn

where 7! = T — At, and we have used ¢ = ¢; at the vertexes P;,i = 1,2,3 and

Uioj = wioj = 0 V(i,j). In order to take the limit in the above equation, we need the

following weak* compact result on Radon measures Proposition 1.48 in [5].

LEMMA 2.2. Let {u,} be a nonnegative bounded sequence in L*(B). Then, {u,}
is weakly* compact in M(B), i.e., there exists a subsequence uy,, andu € M(B) such
that

(2.16) lim [ up, ¢de = <u7¢>M(B),CS(B) for any ¢ € C°(B),

k—o0 B

where M(B) C (C%(B))’ is the set of nonnegative linear functional on C2(B), i.e.,
Radon measures.

Then, by Lemma 2.2 and the first equality of (2.8), we have, for any fixed T > 0
and up to a subsequence, that, when h, At — 0,

uP Bt — u € M(Qr) weakly* in M(Qr),
Az, y, T) — a(z,y, T) € M(Q) weakly* in M(Q),
(217) oM — v € M(Tyr) weakly* in M (Tyr), i =1,2,3,
vf Al(s,T) —s (s, T) € M(T;) weakly* in M(T;), i = 1,2,3,

wl A — w; € M([0,T]) weakly* in M([0,T)), i = 1,2,3,
w AN (T) — @y(T), i = 1,2,3,

where, to get the first five results, we set B = Qp,Q, T'; 1, T, and [0, T, respectively
in Lemma 2.2.
Taking the limit of (2.15) along the subsequences and thanks to the inequalities
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(2.13) and (2.14), we find that, for any ¢ € C*(Q7),

T
o=<<S<x°,y0>7qs(x,y,o>>—ﬁ<x,y,T>¢<x,y,T>dxdy+/ /u<x,y,t>[¢t+z:*¢]dmydt
Q

3 1
(2.18) Zl/ (s, T)d(xq(s), T)ds — // va(s, t ¢t + L (b) (za(s), t)dsdt]
5 "
— UN}d(T)d)(Pd,T) 7/ wd(t)¢t(Pd,t)dt] .
d=1 0

Thanks to the above equation, we have u(z,y,T) = u(z,y,T), vi(s,T) = Ul(S T),
and w;(T) = w;(T), just as the initial condition is fulfilled u(x,y,0) = (x in the
weak sense. This means u/2%(z, y, T) — u(z,y, T) weakly* in M(Q), /"% ( T) —
vi(s,T) weakly* in M(I;), and w>*(T) — w;(T) in (2.17).

Thus, (U,Ul,’UQ,’Ug,w1,’LU2,’LU3) is a weak solution of (1.5)—(1.6), i.e., a complete
solution of (1.10) and (1.3).

It was proved in [16] that there exists a unique distribution solution of the problem

(1.10) and (1.3). The uniqueness leads to the fact that the sequences u™2¢, U?’At,

h,At

and w,"~", @ = 1,2,3 converge as a whole.

THEOREM 2.3. The piecewise numerical solutions (2.12) from the discrete scheme
(2.1) and (2.3) converge as the step size h, At — 0. And the limit is a solution of the
problem (1.5) and (1.6).

2.3. Stability analysis of numerical scheme. In this section, we study the
L*>® and discrete H! stability of the numerical scheme, and long-time behavior of
the numerical solution. The L™ estimates illustrate that the numerical solution at
the inner nodes and edge nodes exponentially decays to zero and all the mass (or
probability) is gradually concentrated to the three vertexes.

2.3.1. L°° stability and long-time behavior. If we define
M(ty) = a ,
( k) (i ’Ijn)e)é fz]

Ml(tk) (le)ag; fl]

M (tk) = max{x - Oh27y f0nh2 z f(écOh?}?

we have the following L>° stability results.

THEOREM 2.4. For each t € {tx}32,,

(2.19) M(t) < M(0)e= 0™ %ar"
oy In(142A¢)
(2.20) Mi(t) < [Ml(()) + 5M(0)}e 2¢ 1200280
In(1+4+2At)
(2.21) My(t) < [Mi(0) + § M (0) 2557

Proof. Fix k > 1. Suppose (i,7) € Q, is an interior node such that fi’; = M (ty).
Then we obtain from (2.5) that

M — k-1
% < M(tk){D%(.TZ)ij + D3(yz)i; + D%(WJ)M} = —6M (ty,).
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Thus,

M(tg—1) M(0) g, (4640
M) < —F=U .« ) o kTR
)= T56ar = = areane M0k ’

Suppose (i,j) € I, is an interior edge node such that M (tx) = i’;h. By symme-
try, without loss of generality we can assume that ¢ = 0. Then multiplying (2.6) by h
we find that

M (ty) — hf(?j_l

A7 < My (tk) D3 (y2)o; + (215 + yj—1) M (tx)

= —2M, (tr) + [1 — 2h] M (t).
Thus,

Mi(ti_1)  At[1— 20 M (t)
<
M) = 5755 1+ 2At
M (tk-1) At [1 —2h]M(0)
T 142At 0 (14 2A0)(14 6AL)F

By induction we obtain

Mi(0) 2 /14 2A8\k—m (1 —2h)At
Mi(t) < (1+2At)k z; (1 + 6At) (14 2A¢)k+T )
Mi(0) | 1- (55" (1-2n)M(0)
(14 2A0F T (14 2A0)F 4 '

From (2.8) and the above uniform decay estimates we find that
lim ffh% =z, lim fEnr?=g, lim fEn*=z
k—oo k—o00 k—o0

In addition, from (2.7) we find that

koh? — fhoth? 2[M;(0) + M (0)]

0< < 2(1— h)M;(t) <

At - (1+ 2A¢)-.
Thus
0<z—flh®= Y [fish®— fig A’
m=k+1
< 2At|M;(0) + 1M(o) i !
= ! 4 (1+2A0)™
m=k+1

_ My(0) + 3M(0)
o (T+2At)k

A similar estimate for f¥; and f& then completes the proof of Theorem 2.4.
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2.3.2. H' estimates. Now we consider the discrete H' stability of the numer-
ical scheme. We introduce

Pit1,j — Pij — Dij — Di—1,j
Di_ﬁbij _ L7 Dy ¢ij = RAEE s iy

h h
D;_¢ijzw7 Dy ¢i; = Pij = Pig-1
h h
Digy; = Si1am1 =i poy G = Gimigan
h h
Interior estimates. Since u =0 when (4, ) € Q,, we have
Z |u£€] ~Yij 1|2 + \Uij |“w 1 QZU 1)
i, j=—00 At ij

=2 Z Ui‘cj [D%(ffzu)fg + D%(@/ZU)Z + Ds(xyu)ij}
iJ

3
== >3 cai (Dl | + [D7uly ) = 63 Iy 2
ij

ij d=1

Multiplying both sides by A¢(1 + 6At)*~!, ignoring the nonnegative term involving

|ufj —u®7 12, and summing over k, we then obtain the following estimate.
PROPOSITION 2.5. If we let uj; = fl when (i,j) € Q, and uf; = 0 otherwise,
then
] 3 9 5
D H6ALIALY ©N " oai [|D;u§j| +|Dyuf;| }lﬂg >R,
k=1 ij d=1 (i,§) €
61), mOF04E) 272 0272
sup 0 oae h*< D he.
sup ZI PR > IS
(17])6971
Boundary estimates. Next, we consider vF = vk . Since v¥ = 0 when (i,0) ¢

I'2 we have
O Kok _ k=1
vy (vf — vs
9 Z % = va (D%(zzv)fo + zpul + xi_luf_Ll)
i=—00 A

k _ k2 k _ .k 2

A A ! vh
- _ 11— ( 1+1 l‘+ 7 z—l’)

=2 CoFP 4 ) (zavf 4wk ul,

Thus, by Cauchy’s inequality ab < (a® + b?)/2, we obtain

(%

(1+A)[oF 2 — [uf 12 vk =2 ok —ok )2
Xi: At +in(1_‘”7‘)( no T ’ )
n—1
(Jza|? + \xz 12)|uk |2 |u1,1|2 |M (t1)]? |M(0)]?
< < < .
2 2 S T an S gy AT

Hence, multiplying both sides by (1 + At)*~'hAt and summing over k, we obtain the
following proposition.
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PROPOSITION 2.6. If we let vF = hfk fori=1,...,n—1 and v¥ = 0 otherwise,
then
) n—1 k .,k 9 k _ k 2
k—1 N Vi T Y Ui — Vi1
§::(1+At) ) :xi(lxl)[ — |+ |~ ”h

k=1 =1

n—1
M(0))?
<> ¢ MOE,

i=1

Discrete time derivative estimate. More particularly, if we set
k+1 k
E _ fz‘j ~Jiy
9ij = Al )

then, by linearity, {gf]} satisfies the same linear system as that of f:

gk- — gkfl
% = Di(zzg);; + D3(yz9)l; + D3(zyg)L;,
(2.22) g% = D32 f°)s; + D3(y=1°)s; + D2(xyf°);.

Same as the above proposition, we obtain the following estimate for {gfj}

PrOPOSITION 2.7. If we let g?j be defined as in (2.22) and set
M;(0) = 0. M4(0) = h|g?
3( ) (l%%)én |92]|’ 4( ) (lgl)aé)lin |glj|7
then for each k > 0,
E+1 k
wi ™ — uf M;3(0
sup J J < 3( ) -
(4,1) €2 At (1 + GAt)
v = vl Ma(0) + 5 Ms(0)
(14 240k

sup
(i,)€T At

3. Simulation results. In this section, we present several simulation results
by using the scheme (2.1)—(2.3). The results illustrate that the scheme is stable,
positivity-preserving, and could yield a complete solution. The results correctly pre-
dict the fization probability and are consistent with both theoretical results and direct
Monte Carlo simulations.

Example 1. In this example, we test the consistency between 3-alleles and 2-alleles
by choosing the fraction of allele C' be zero in the two-dimensional (2D) model. The
initial value is chosen as poy = §(0.7,0.3), and correspondingly

o [ B2 (wiyy) = (0.7,0.3),
U0 otherwise,

(3.1)

which means (Z, g, z) = (0.7,0.3,0). The mesh size is chosen to be h = 1/200 and the
time step is fixed as At = 1/1000. In this case, the 2D genetic problem is reduced to
the one-dimensional (1D) problem. Figure 2 shows the simulation results with this
initial value, which is not zero only on the boundary z = 0. Panels (a-d) confirm that
values of inner nodes are always zero and evolution only happens on the boundary
z = 0. The dynamics of values on the boundary z = 0 shown in Figure 3 is consistent
with the results presented in [21] for the 1D genetic drift problem.
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1500 -
1000-
500 //1 1
0- //70.5
° 0.5 -
5 >0
(a) t=0.01
1500 -
// 1 1
/
/05
7 //
0.5 sy
X 10
(c) t=0.1 (d) t=5

FiG. 2. Numerical results with initial state (Z,y,zZ) = (0.7,0.3,0) at different time t =
0.01,0.05,0.1,5. The step sizes are h = 1/200, At = 1/1000.

Ezample 2. In this example, we test two initial values with Dirac measures cen-
tered inside the domain €2 to show the evolutions of total probabilities inside the
domain, on the edges and at vertex nodes, respectively.

We consider

h=2 if (x;,9;) = (0.4,0.3)
0 _ irYj ’ ;
(3.2) g { 0 otherwise,
which means (Z, 7, z) = (0.4,0.3,0.3). Next, we consider
h=2% if (zi,y;) = (0.3,0.6)
0 _ 1597 ) )
(3.3) iy { 0 otherwise,

which means (Z, 7, z) = (0.3,0.6,0.1).
In Figure 4, we plot the dynamics of genetic shift of alleles by the following
functions:

m(ty) = Z i]E’h27

(4,§)EQn
_ k1,2 _
pd(tk) - Z 'LJh ) d - 172731
(i,5)€rd
_ k1,2 _
()= > fEn?* d=1,23
(i,4)EPY
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1000 2
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1.2e+004
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253
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FIG. 3. One-dimensional numerical results with initial state f° at different time t =
0.01,0.05,0.1,5 at z = 0. The step sizes are h = 1/200, At = 1/1000.

The curves pi(t),p1(t) + pa(t), pi(t) + p2(t) + p3(t), p1(t) + p2(t) + ps(t) + a1 (t),
p1(t) + p2(t) + p3(t) + a1(t) + q2(t), p1(t) + p2(t) + ps(t) + a1 (t) + g2(t) + g3(¢), and
1=p1(t) +p2(t) + p3(t) + q1(t) + q2(t) + g3(t) +m(t) are plotted on the same picture
to show the probabilities of mono allele and binary alleles populations. The left panel
is the results for the initial value (z, g, zZ) = (0.4,0.3,0.3) and right panel is the results
for the initial value (Z,7,Z) = (0.3,0.6,0.1). The simulation results for the initial
value (Z,7,z) = (0.4,0.3,0.3) are presented in Figure 5. Panels (a—d) illustrate that
the probability density on the inner nodes first decay to zero, then the nodes on the
edges decay to zero, and finally all of the mass are concentrated on three vertex nodes,
which is consistent with our theoretical results.

1 1
08t ] 08t S
PPy
.......... e,
06f 06f P
. B P, *P,*P 50, 40,0

04l ] 04l - ——PytP, M, ||
0.2 ] 0.2

0 500 1000 1500 2000 0 500 1000 1500 2000

Fic. 4. Dynamics of genetic shift of alleles. Left: (z,y,%z) = (0.4,0.3,0.3). Right: (Z,y,2) =
(0.3,0.6,0.1). The step sizes are h = 1/200, At = 1/400.
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%10
1500

1000
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Fi1G. 5. Numerical results with initial state (z,y,z) = (0.4,0.3,0.3) at different time t =
0.025,0.125,0.25,12.5. The step sizes are h = 1/200, At = 1/400. .

Ezxample 3. In this example, we make a comparison between the direct Monte
Carlo simulations for stochastic process (1.1) and numerical simulations for the PDE
model (1.10). The initial states are the same as in Example 2. In Figure 6, the
dynamics of mass on points (P}, P? and P3), edges (T'5, I'2 and I'3 ), and inner domain
Q, of (1.10) are presented. Monte Carlo simulations are done with 7 = 2 = 200
alleles, 2000 time steps, and 5000 sample paths. PDE simulation results are obtained
with mesh size h = 1/(2N), At = 1/(4N). These simulations demonstrate that both
methods are consistent with each other.

4. Conclusions and discussions. We have proposed a numerical method for
a 3-alleles genetic drift problem, which is a two-dimensional degenerate convection-
dominated parabolic equation. Due to the degeneration, there will always be Dirac
singularities developed at the boundary points (0,0), (1,0), and (0, 1). By introducing
a variable z = 1 — & — y and a directional derivative a@ = 8% ~ 3y the scheme is
designed to be symmetric to variables x, y, z. The numerical scheme is proved to be
a stable scheme and could yield a complete solution, which preserves total probability,
expectations, and positivity. The numerical simulations with different initial values
illustrated the robustness of the scheme.

The method could be generated to N-alleles, N > 3 case. For example, the
4-alleles genetic problem could be described by following [16],

3
(4.1) O f — Z 5‘fj((zi5ij —z;z;)f) =0 on Qx(0,00),

i,j=1
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o5 =200, (X,.Y,,2,) =(0.4,0.3,0.3) L n=200,(X,,Y,,2,)=(0.4,0.3,0.3)
. ‘I MCp.
.“ - - -MC p:
04r D 0.8 ,'! .......... MCp,
L MC M,
H o pdep,
0.3 0.6f 1 o pdep,
}b O pdep,
0.2+ MCa, 04h t o McMm,
0.1 o pdeq, 0.2 mv
o pdeq, i’ SR
0 . . . o pdeq, 0 oo
0 500 1000 1500 2000 0 500 1000 1500 2000
wea, |N=200,(X,.Y,,2,)=(0.3,0.6,0.1) . n=200,(X,.Y,.2,)=(0.3,0.6,0.1)
MCa, ——MCp,
MCq,
0.6 o peq, - - -NMCp,
o peq,| ST 08 e MC p,
0.5 O wpeafpm 4 e MC M,
O pdep,
0.4r o pdep,
o pdep,
0.3r O pde M,
0.2r
r “a,
0.1 o
2aug
06 . . .
0 500 1000 1500 2000 500 1000 1500 2000

Fi1c. 6. Comparison between Monte Carlo and PDE simulations. Top: (Z,7, %) = (0.4,0.3,0.3).
Bottom: (Z,9,%) = (0.3,0.6,0.1). Left: Dynamics of mass at points P}, P2, P3. Right: Dynamics
of mass at edges T}, T'2, T'3 and inner domain Q,. Lines: Monte Carlo simulation results. Circles:
PDE simulation results. The step sizes are h = 1/200, At = 1/400.

where 0;; = 1, for i = j, §;; = 0, for i # j, Q = {(x1,22,23) | 1 > 0,29 > 0,23 >
0,24 =1— 21 — 22 — x5 > 0}, and x1, x2, 23,24 are the fractions of the four alleles,
respectively.

Similarly, due to the degeneration of the diffusion coefficient, the static solution
has Dirac singularities at boundary points (0,0,0), (1,0,0), (0,1,0), and (0,0,1),
i.e., one can observe the fixation phenomena. In order to design a stable scheme
which could yield the complete solution, we rewrite the original equation into a more
symmetric form:

Of = 0 (z1maf) + 039 (v2za f) + 055(x324f)
(4.2) + (01 — Bo)*(z122f) + (02 — 05)* (223 f) + (05 — 01)* (w321 f).

In this new formula, a key feature is that we have six second order directional de-
rivatives, just along side the six edges of the simplex 2. We can approximate each
of them by a second order 3-points central difference scheme. For example, on an
equidistance mesh,

U; L 4 Ui 5 — QU s
(0 _82)2U|i,j,k _ Wit1,j-1k i—1,j+1,k .5,k +O(h2),

h2
2 Ui j+1,k—1 + Uij—1k+1 — 2Ui 5k 2
(82 - 83) u|i,j7k = h2 + O(h' )’
o L — QU
(8 — 00)uls o = “EFLIELT uzhgl’j’kﬂ Bak L o(n?),

Then similar results can be obtained as for 3-alleles in section 2. Of course, to prove
the similar convergence as in Theorem 2.3, we have four scales now: keep the scale
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inside the domain, rescale by h on the four sides, rescale by h? on the six edges, and
rescale by h3 at the four vertexes. For even more alleles problems N > 4, the method
still works. However, it is not a practical numerical scheme any more due to the curse
of dimension. Anyway, it could be used as a theoretical tool to prove the existence of
solution to the original problem by compactness argument.

In Theorem 2.3, it is proved that the numerical solution weakly* converges to the
exact solution as a measure on €2 x (0,7), i.e., the whole domain with space and time.
It is possible that the exact solution f(x,t) in (1.9) is a probability measure in space
and continuous in time. To verify this, one need at least prove an enhanced result
that the numerical solution in (2.12) weakly* converges to f(-,¢) in M () ¥Vt € [0, 7.
Similar results on measure solutions can be found in [1, 3, 4]. We will address this in
future work.

In this paper we have only considered the simplest genetic drift case, where the
only evolutionary force acting on a randomly mating diploid population is diffusion.
The mutation, migration, and selection forces can be taken into account to generate
analogous schemes. We will also discuss this in further work.
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