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Abstract

In this paper, positivity-preserving symplectic numerical approximations are investi-
gated for the 2d-dimensional stochastic Lotka—Volterra predator-prey model driven by
multiplicative noises, which plays an important role in ecosystem. The model is shown
to possess both a unique positive solution and a stochastic symplectic geometric struc-
ture, and hence can be interpreted as a stochastic Hamiltonian system. To inherit the
intrinsic biological characteristic of the original system, a class of stochastic Runge—
Kutta methods is presented, which is proved to preserve positivity of the numerical
solution and possess the discrete stochastic symplectic geometric structure as well.
Uniform boundedness of both the exact solution and the numerical one are obtained,
which are crucial to derive the conditions for convergence order one in the L!(£2)-
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norm. Numerical examples illustrate the stability and structure-preserving property of
the proposed methods over long time.
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1 Introduction

The study of dynamical relationship between population systems with random factors
is attracting more and more attention in ecology, where the randomness is usually
caused by the unpredictability of the environments and the incomplete knowledge of
the ecological system.

In this paper, we consider the following 2d-dimensional stochastic Lotka—Volterra
(LV) predator-prey model driven by multiplicative noises in the Itd sense:

dX(t) = X (1) [(—r@m) n n(2>) di + 2<2>dW(z)] ,
(1.1)
Ay (1) = Y (1) [(F(I)X(t) — ;7“)) dt + E(l)dW(t)] ,

where X (1) = (x1(t), --- , xq(t)) " and Y (1) = (y1(¢), - -- , ya(¢)) " denote the popu-
lation densities of d € N species of the prey and the predator at time ¢, respectively,
with a deterministic and positive initial value (X (0) T, Y(0) )T € R%rd. For simplicity,
we denote X := X(0), Yo := Y(0), and use the notation (X,Y) := (X',Y )" €
R for any X, Y € R?. For any vector V = (v, --- ,vq)| € RY, we denote

V = diag{vy, -+ ,v4} € R*4

For any vector or matrix V, by using the notation V > 0, we mean all the entriesin V are

positive. The vector n(l) = (ngl) Lo, 772,]))—r > (01in(1.1)is the natural death rate of the
d species of the predator in the absence of food, and n(z) = (niz), e, n((jz)) > 0isthe

natural growth rate of the d species of the prey in the absence of predation. The matrix
rd = [yl.s.l)] dxd > 0 denotes the rate of conversion of the prey into the reproduction

of the predator and re = [)/1.5.2)]4X 4 > 0 denotes the death rate per encounter of the

prey due to predation. Moreover, W = (W, - - -, Wm)T is an m-dimensional standard

Wiener process with {W;}?" | being m independent one-dimensional standard Wiener
processes defined on the probability space (§2, .%, IP), and matrices =0 = [oi(jl)]dX m»
| = 1, 2, measure the size of the noises.

Cooperation, predator-prey, and competition are three main interactions among
species in ecosystems, in which, competition is one of the most effective interactions.
Such interactions occur when two or more species compete for the same resource

such as food, shelter, nesting sites, etc. The classical deterministic LV model is one of
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Positivity-preserving symplectic methods for stochastic LV model 495

the most important models of competitive interactions. However, in practical circum-
stances, randomness is common and inevitable in biological populations (cf. [1,6]).
In the past decades, besides deterministic models, stochastic ecology models have
gained increasing attention to depict more realistically ecosystems. In recent years,
the stochastic LV model was studied extensively and fruitful results were obtained (cf.
[4,11,14-16,19] and references therein). More precisely, [4] investigated the existence,
uniqueness and non-extinction property for the solution of the stochastic LV model.
By using the Fokker—Planck equation, [15,16] analyzed the long—time behavior of
densities of the distributions of the solutions of the stochastic LV model and proved
that the densities converge in ! to an invariant density or converge weakly to a singu-
lar measure. The permanence of two-dimensional stochastic LV model was explored
in [11], which revealed that the noises play an essential role in the permanence and
characterize the systems being permanent or not. Recently, [14] derived the sufficient
conditions for the coexistence and exclusion of a stochastic competitive LV model and
established the convergence in distribution of positive solutions of the model.

In the nature, the population densities of the prey X and the predator ¥ should both
be positive. Therefore, the first primary goal of this work is to present the positivity
and analyze the global well-posedness and uniform boundedness of the solution to
stochastic LV model (1.1). By utilizing stopping time technique, it is proved that
there exists a unique positive solution to (1.1) (see Theorem 2.1), which is uniformly
bounded

d p
sup E[Z (pix,-(t)+q,-y,-(t))} <C

rel0.T1 |5

with positive constants p;, ¢; and C (see Proposition 2.1). Moreover, we derive an
innovative and undiscovered geometric structure to (1.1) in the almost surely sense

dZ(t) A K(Z))AZ(t) = dZo A K (Zo)dZo (1.2)

with Z(r) = (X(@),Y (@), Zo = (Xo,Yo) and a skew-symmetric matrix K =
[kijl2ax24 defined in (2.10). Here, the exterior product

dZAK(Z){dZ = Y kyjdz Adz,
i,j=1,--,2d

and dz; A dz; of two differential 1-forms dz; and dz; defines a differential 2-form on
R,

dz; (§) dz;(§)

(dz; Adzj)(E, ¢) = det [dm;) dz;(¢)

} VE e R¥,

which is the oriented area of the parallelogram generated by (&;, & j)T and (&, ¢ j)—r
with &; being the ith entry in &£. We call (1.2) the stochastic symplectic conservation law
for the model (1.1) (see Theorem 2.2). To the best of our knowledge, there has been
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no work in the literature which studies positivity-preserving symplectic numerical
methods for the stochastic LV model.

For the stochastic LV model (1.1), an important property is that if the solution (X, Y)
is initially positive, then it remains positive for # > 0. The violation of this positivity-
preserving property may result in unphysical numerical solutions or cause blow-ups
of the numerical algorithm. Thus, it is important to design numerical methods that
can preserve the intrinsic properties of the original system, due to their superiority in
long-time simulation and stability (cf. [2,3,7,8,18]). Motivated by this issue, the sec-
ond main goal of this work is to construct and analyze numerical methods that inherit
the positivity, uniform boundedness of the solution and stochastic symplecticity for
stochastic LV model (1.1). To this end, utilizing an auxiliary function, we introduce a
general class of stochastic Runge—Kutta type methods for this model, and derive the
symplectic conditions on coefficients for the methods to preserve the stochastic sym-
plectic structure. Moreover, for the case @ =0, the pth moment of the numerical
solution is uniformly bounded (see Theorem 3.3)

sup E[1X,” + Y,IP] = C.

n=l1,---,N

Furthermore, the first-order conditions of the proposed methods in the ! (£2)-norm are
given based on the uniform boundedness of both the exact solution and the numerical
one. Finally, several numerical experiments show the favorable performance of the
proposed numerical methods.

The paper is organized as follows. In Sect. 2, the positivity and the uniform bound-
edness of the solution to (1.1) are proved. The symplectic geometric structure is
established for (1.1), which is preserved by the phase flow of the model. In Sect.
3, a class of structure-preserving methods is proposed and our main results are stated:
in Sect. 3.1 we give some conditions to guarantee that a given stochastic Runge—
Kutta type method is symplectic; in Sect. 3.2, we get the unique existence, positivity
and uniform boundedness of the numerical solution of the general class of stochastic
Runge—Kutta type methods; Sect. 3.3 is devoted to obtaining the convergence order
condition of the stochastic Runge—Kutta type methods. Finally, numerical experiments
are performed in Sect. 4 to testify the effectiveness of the proposed methods.

2 Internal properties of the stochastic LV model

This section is devoted to studying some properties of the stochastic LV model (1.1) in
1t6 sense, including the well-posedness, positivity, uniform boundedness and stochas-
tic symplecticity of its solution. Throughout this paper, C will be used to denote generic
positive constants, which may be different from line to line, and the notation a < b
means a < Cb for some positive constant C. When it is necessary, we will use the
notation C(-) to indicate the dependence on some parameters.
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Positivity-preserving symplectic methods for stochastic LV model 497

2.1 Well-posedness and positivity of the solution

The global well-posedness and positivity of the solution to (1.1) are stated in the
following theorem.

Theorem 2.1 For any deterministic initial value (Xo, Yy) € R24 the system (1.1)
admits a unique solution (X (t), Y (t)). Moreover, (X(t), Y (1)) € R%rd forallt > 0.

Proof The local well-posedness of (1.1) is ensured by the local Lipschitz continuity of
the coefficients of the stochastic system (cf. [12]). To show the global well-posedness
and positivity of the solution, we first denote the explosion time by

T, :=inf {t > O] |x;(¢)| = oo or |y; (t)| = oo forsomei =1, --- ,d},

before which the solution starting from (Xo, Yo) does not blow up. Since the initial
value (Xo, Yo) = (x0,1, -+ , X0.d> Y01, " ** » yo,d)T € Rid,there exists some kg € N
such that xg ;, yo,; € [%, ko] foralli =1, --- ,d. For any integer k > ko, we define

the stopping time
1 1 .
xi(t) ¢ <E’k) or y;i(t) ¢ (%,k> forsomei =1, --- ,d}.

It then suffices to show that 1o, := limy_ oo Tx = 00 almost surely.

Motivated by [10], we assume by contradiction that o, < 0o with positive proba-
bility. More precisely, there exist some constants 7o > 0, ¢ € (0, 1) and k1 > kg such
that P(ty < Tp) > ¢ for all k > kj. We introduce the generator . of (1.1):

= inf {t € [0, )

_ . T
£ =X (—F(z)Y n n<2>) Vy +7Y (F“)X — ). vy 4 - ( 2(2)) (X2(2>) V2

)
+ (Y):@) (?):“))T CVyVy + ; ( ):“)) ( ):“))

d d d
d d
2 2 1 1
0] B URTE) FeRD o St Fo
. ‘ ox; “ i
i=1 j=1 i=1 Jj=1
1 d m d m 52
2) _(2) (2) (1
+§ Z Zxal[ it x’ax ox; + Z le i O Vi dx;0y;
i,j=11=1 i,j=11=1
1 d m 32
(1) (1)
+5 D Doy o)y @2.1)
2i,j:11:1 dyi 8y1
where X = (x1,--- ,xd)T, Y = (1, ,yd)T, and refer to [17] for more
details about generators for stochastic differential equations. For coefficient matri-
ces T TP < 0and any given scalars p; > 0,7 = 1,---,d, we can always find
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positive scalars
(@)
q; I:izr}’liydpi%, j=1---,d 2.2)
) ’ yjl
such that

1 2 ..
gy =Py <00 Yij=1,.d. 2.3)

Define an auxiliary function V : Rid — Ry by
d
vy =Y (Ve + v o)

i=1

with

Vi () = pixi — e (1 —In (ﬁ

Pi

)) —e In(x;) >0 forx; >0,
Vi(z)(yi) =qiyi — fi (1 —In (?)) — filn(y;) > 0 fory; >0,
1

where p;, e;, fi € Ry are parameters to be determined and g; are determined by p;
in (2.2) such that ZV (X, Y) is uniformly bounded. Based on the definition of V, we
get

d

ZLV(X,Y) = Zd:xi Z J/,(,Z))’j + ’7,(2) (Pt )

-

s

Xi | pin Z fi yJ(ll)
(1" )

1

Y o

d
+Zyl( V:(/l)xf_”l(l) (
m d
DU

1 i=11

NI~
&Ms

d
_ )
= > xi (a7’ — pivi

M

=1 i=
d
1 d m (2) d
+3 0 (e ) i+32

i=1 I=1 i=11

M&H

i

Ms

21—

1
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Parameters p;, e;, f; can be chosen as positive real numbers such that

2
Pz’l,() E f])/j(,l)— )
2.4

1 2
qjn' — Zem( ' =0,

which, together with (2.3), leads to

d d m m
1 1
1 2 2 1

v =3 (= en®) + 333 (o) e+ 5 D0 (o)

i=1 i=11=1 i=1I=1

=:C*

for any (X,Y) € Rid. Denote 7; := min{tg, Tp}. For any t € (0, 7¢), it holds
xi (1), yi(t) € (%, k) foranyi =1, --- , d according to the definition of 7; and hence

LV (X(t),Y(t)) < C*. Then Ito’s formula applied to EV (X (%x), Y (Tx)) yields

EV(X(T0), Y (7)) =V(X0,Yo)+E/ k.ZV(X(t), Y (1))dt
0

<V (Xp, Yo) + C*Ty < oc.

Note that
Vv _ e; aV . fi
axi b xi 0y - Vi
* oy e S0 SayT i
As aresult, V has a global minimum at (X*, Y*) = (p1 e , qd) with

V(X*, Y*) = 0. According to the definition of 7, there exists an entry in either X (%)
or Y (7x) that reaches the boundary of interval (%, k). Thus, for any k > k; and any
sample w € {rx < Ty}, we obtain

- (1 O
V(X (tk, w), Y (tg, ) = [min, v % , Viik) g
i=1,.d

We conclude from the above that

V(Xo, Yo) + C*To =EV (X (Tx), Y (Tk))
>E[V(X (), Y () iz <109 ]

1
>¢ min (VO (=), vPm)! >
=12 ! k !

i=1,--,d
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as k — oo, which is a contradiction with V (Xg, Yy) + C*T < o0.
Hence, 1o, = 00, which completes the proof. O

2.2 Uniform boundedness of the solution
Based on the positivity of the solution of the stochastic LV model (1.1), we now
establish the uniform boundedness of the solution.

Proposition 2.1 For any (Xy, Yp) € Ri_d and p > 1, the pth moment of the solution
(X(), Y () with t € [0, T] is uniformly bounded. More precisely, there exists a
positive constant C = C (X, Yo, ro, n(l), O, p, T)withl = 1, 2 such that

tel0,7T]

d p
sup | [Z pixi(t) + qiyi (t))} <C,
i=1

where p; and q; are positive constants determined by conditions (2.2)—(2.4).

Proof Define an auxiliary functional

d p
Fpt,X,Y)=¢ |:Z(17ixi +‘1iyi)j|

i=1

on the domain [0, 7] x R2 with X = (x,--- ,xg) " and Y = (y1,---, y4) ", which
satisfies F, (¢, X(t), Y (¢)) > O for any ¢ > 0 according to Theorem 2.1.
Moreover, based on the definition of operator . defined in (2.1), we get

d d d p-1
2 2
LR =3 g =302y @ | e [z@kwkyk)}

k=1

d p=1
1 1
+ Z qiyi Z vix; =0V | pe' |:Z(kak - C]kyk):|

k=1

d r d p=2
1
2 (2
+5 E E PiPjXio; 0} ij(P—l)et[E (kak+‘IkYk):|

i,j=11=1 k=1

d r d p=2
2)
+ Z ZPiCIinG,-(l )UJ(-,))’;’P(P — De |:Z(Pka + ‘Ik)’k)i|

i,j=11=1 k=1

d r d p—2

1

+3 22 D aidjioy oy yip(p — e |:Z(kak +CIk)’k):|
i,j=11=1 k=1

-1

d d !
[Z ( (z)p,x, (l)q,y,)} pe' [Z(pkxk + Qkyk)]

i=1 k=1
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1
+5 Z (pipjxixj +2piqjxiyj +qiq;yiy;)
ij=1,.d

d p=2
.
max_ [E(Z) (E(’)> ] p(p — De' |:Z(kak +61k)’k):|

i,j=1,.d L k=1
/S p2Fp(t7 X’ Y)a

where we used condition (2.3) and the facts
2 1 2
ni( ) pixi — n§ Jqivi < n§ '(pixi + qivi)

and

4 2
Z (Pipjxixj +2piqjxiyj +qiq;yiy;) = [Z(pixl' +Qi.Vi):|
ij=1,.d i=1

Then It6’s formula applied to F, (¢, X (¢), Y (¢)) yields
9
E[Fp,(t, X(1), Y())] = F,(0, Xo, Yo) + E/ aF,,(s, X(s), Y(s))ds
0

t

—HE/ ZLFy(s, X(s), Y (s))ds
0

t
< Fp(0, Xo, Yo) + (1 +Cp2)/0 E[Fp(s, x(s), y(s))]ds.
By Gronwall’s lemma, it holds

E[F, (. x(t), y(1))] <F»(0, Xo. Yo)e1 TP,

Multiplying both sides of the above inequality by e ', we get

d P
2
sup E [Z (pixi (t) +qiy,»<t)>} < Fp(0, Xo, Yo)e ',
rel0,71 | i

which completes the proof. O

2.3 Stochastic symplecticity

In this subsection, we investigate the geometric structure of the stochastic LV model
(1.1). To this end, we rewrite (1.1) equivalently as a stochastic differential equation in

@ Springer



502 J.Hong et al.

the Stratonovich sense:

dX(t) =X <—r<2>Y(z) +3@® - %A@)) dt + X(1) o 2@aw ),
| (2.5)
dy ) =Y (1) <F(1)X(t) — - EA<1>) dt + Y (@) o 2Vdw (),

where ‘o’ means that the stochastic integral holds in the Stratonovich sense, and
! 0 O\ " O _ N (- 0)?
AV = (30 0f) with 20 =3 (00) i=1 i 1=1,2
r=1

Before giving the geometric structure of (2.5), we first consider stochastic differ-
ential equations in the following form

dZ(t) = K~ (Zt))VzHo(Z(1))dt + K~ (Z(0)VZzH(Z(1)) 0 dW (1) (2.6)

with a general invertible and skew-symmetric matrix K depending on Z and general
Hamiltonian functions Hy and H;.

Theorem 2.2 Assume that K = [k;jloax2d is a skew-symmetric matrix satisfying

okjs  0kij Ok
0z; dzy  0zj

=0, Vi,j,s=1,---,2d. 2.7)

Then a 2d-dimensional stochastic differential equation in the form of (2.12) possesses
the following symplectic conservation law almost surely:

dZ(t) A K(Z(1))AZ(t) = dZo A K(Zo)dZy, Yi>0, Zo e R¥.  (2.8)

Proof Throughout the proof, we omit the dependence of Z on ¢ and the dependence
of K on Z unless it is necessary to avoid confusions.

Rewriting Z and K by their components, i.e., Z = (21, - ,zzgl)—r and K =
[kijl2ax24, we have

2d 2d 2d
d(dZ AKAZ) = 3" d@dz) Akijdz; + Y de A dkidz; + Y dzi A kiyd(dz;)
i j=1 i j=1 i j=1
=:1+11+111I.

Denote K1 = [Igi j] , which satisfies
2dx2d

2d 2d 1, i=j
Zkirkrj = - Zkrikrj = 81] = ' . .’
r=I1 r=1 :
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Positivity-preserving symplectic methods for stochastic LV model 503

Then for terms 7 and 111, we get

2d ~ 2 ~ 2
dok; 0Hy ~ 0°Hp ki 0Hy ~  0°Hj
1= kii ki —— | dt kip ——— dW |dzg Adz;
Z l"[(azs 0z, + Kir staz,> + <8zs 9z, + Kir 3z581r> ° i| o K

i,j,r.s=1

2d ~
ks, 9 Ho ks, O H,

- k 00 + dw | dz; A dz;
A_Z <” P G N0
i,j.rs=1

i P (BZHO dt + 02 H dW)d Ad
- ir | =——— o b4 Zj
Pl " 02502, 07502, y /

and
T i k |: Blzjr dHy > 82 Ho dr + a]zjr 0H, iy 9 H, dW:|d Ad
_ » . ir— | o Zi s
i,j.r,s=1 Y 0zs 0z 7 07502, 0zs 0zr g 02502, l '
2 ok, 0H ks OH
= Z is = Odt"‘kis = 1 odW |dz; /\de
e~ 0zj 0z, dz; 0z,
i,j,r,s=1

321‘10 9% H,
+ dt + odW ) dz; Adzs.
Z ”(a 0z, 250z, ) S

i,r,s=1

For term 71, it holds

2d
- Ok;; OH - Ok;; 0H
= Y (k Y20 gt 4 gt lodW)daAdq

o e Iz, 0z 9z, 0z
i,j,rs=1
el Oki; O H ki OH
= E (k” Y —Odt + kg, Y Lo dW) dz; Adz;.
dzs 0z, azs 0z,

i,j,rs=1

Adding these three equalities and utilizing the fact that

2d 7

ok okig ~
E (kl’sJ + Jksr) =0 and kis - _kSl"
— 8Zj aZj
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we get

2d > >
oks,  ~ 0kjj ok d H JdH,
d(az nKkdz) =y (k~‘”+k” 4 ks )( Sar+ = ‘odw)dZiAdzj

o~ 9z 0z 0z 9z, 2
i,j,r.s=1
9% Hy 92 H;
dW )dz, Adz
+2 Z <3zsazr 92,02, o ) Zr Zs
M ok Ok Ok 9 H, 9 H,
= > ( R ”)k ( Dy odW)dz,Adz,
L 0Z; 25 az; 0z, 07,
i,j,r.s=1
2 2
Hy 0°Hj )
+ odW | dz, Adz
rZ (aZvaZr 07502,
=0
almost surely due to the skew-symmetry of the 2-form dz, Adzy; = —dzs Adz,, which
completes the proof. O

Remark 2.1 To avoid confusion, we would like to mention that the operator ‘d’ in
equation (2.12) denotes the differential with respect to time, while the operator ‘d’ in
the differential 2-forms in (2.8) denotes the exterior derivative on the manifold.

Theorem 2.3 Assume that the coefficient matrices T'") with | = 1,2 are diagonal.
Then the phase flow of (2.5) is a stochastic symplectic transformation and possesses
the stochastic symplectic conservation law

dZ(t) A K(Z)AZ(t) = dZo A K(Zo)dZo, Vit >0 (2.9)

almost surely, where Z = (X,Y) = (x1, -+ , X4, Y1, - ,yd)T with Zo = (Xg, Yp) €
Rﬁ_d and K is a skew-symmetric matrix given by

0 —-K*2)

o

] L K@) =diag [y v @10)
Equivalently, the phase flow ¢; : Zo — Z(t) satisfies

091 (Zo)

d¢1(Zo) "
7

370 ] K(%(Zo))[ } = K(Zo). 2.11)
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Positivity-preserving symplectic methods for stochastic LV model 505

Proof We first show that (2.5) possesses the stochastic symplectic conservation law.
Denote

d d
1 2
1 1 1
Hy(Z) ::Z —yl(l )x + '71( ) + 3 (oi(j)) In x;
i=1 j=1
d 1 d
{©) 2 2
F3 | (1233 () ) |
i=1 j=1

d

d
1 2 1 2
H\(Z) = |:Z( ()lnxl+a()IHYi>a"' ,Z( z(in)lnxl+al(;n)lnyl)j| .
1xm

i=1 i=1

Due to Theorem 2.1, functions Hy(Z(t)) and H{(Z(t)) are well-defined, and (2.5) can
be rewritten as

dZ(t) = K~ (Zt))VzHo(Z(1))dt + K~ (Z(1)VZHi(Z(1)) 0 dW (1) (2.12)
with K given in (2.10). According to Theorem 2.2, it suffices to show that condition

(2.7) is satisfied.
In fact, the matrix K = [k;;j]24x24 given in (2.10) satisfies

—ay)™ li—jl=d, i<

kij=9 yp~  li—jl=d i>]
0, otherwise.
By noting that z; 4 = y; fori =1, , d, it can be verified that 2 ] = # 0 if and only

if|j —s|=dandi € {Jj, s}. Forthecasez = j, we get (2.7) holds W1th

okjs n akJ n % B ok n oksj

= =0,
9z 0Zs 0z 9z 0z

and the case i = s can be proved similarly.
Next, we show the equivalence between (2.9) and (2.11). Note that

dZ() A K(Z(1)dZ(0) = a(g(zZO) AK(Z@) gOI(ZOO) Z
_ 3¢1(Zo) d01(Z0)
—dZOA([ 570 } K((Pt(ZO))[ 7 ])am.

If (2.11) holds, then (2.9) holds apparently. If (2.9) holds, then we get

91 (Zo) " 391 (Zo) 3
dZo A <|:8—Zoi| K (¢:(Z0)) I:B—Zo:| — K(ZO)) dZy=0.
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On one hand, since K is a skew-symmetric matrix, the matrix

09 (Zo)

M : —t( 0)
YA

-
= "azq } K(wr(Zo))[

] — K(Zyp)

is also skew-symmetric. On the other hand, the equation dZy A MdZ, = 0, together
with the property for wedge product, implies that M is symmetric. We then conclude
that M = 0, that is, (2.11) holds. O

3 Positivity-preserving symplectic methods

In this section, we design a Runge—Kutta type method for the stochastic LV model
(1.1), which is obtained by applying the stochastic Runge—Kutta method to an auxiliary
equation. We show the positivity of the numerical solution, and present the conditions
for the proposed method to be symplectic.

Based on the positivity of the solution (X, Y) to (2.5), we introduce the auxiliary
stochastic processes

U=InX:=Unxg,--- ,lnxd)T,
V=InY:=(nyp,--,Iny)",
and define notations ¢V := (e, .-, e“d)—r and VP = (vf, e, vg)T for any vector
V = (vi,...,vq)" and p € Ry. Then (2.5) can be rewritten into a system related to

,V):

1
dU (1) = (_r@eV(” +7@ — §A<2>) dt + Pdw (),
X (3.1)
dv(t) = (F(l)eU(’) = 5A“)) di + = Vdw ).

For the time interval [0, T'], we introduce the uniform partition 0 = #y < t; <
- < ty = T with step-size h = T /N. For any fixed s € N, applying the s-stage
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stochastic Runge—Kutta method to (3.1), we obtain

N
1
Un,i =Un+h2a,-,-< r@eVni 4 n 2A(2)>+Zb,,2()Jn+]

j=1 j=1
N 1 s
Vi =Va+h Zai/ (F(l)eu"'-/ - 5A<1)> + ZbijE(I)Jn-H,
’:1 f‘ls (3.2)
1
Unt1=Un +hZ < r®eni 4 5@ 2A(2)>+Zﬂi2(2)J"+l’

s

_ 1
Vil =V, +h ;ai <F(l)eU”»’ —g - EA(D) + Zﬂiz(l)Jn-H

i=1

starting from Up = In Xg and Vy =InXg fori =1,--- ,sandn =0,--- ,N — 1.
Here, J,4+1 := W(ty+1) — W(t,) denotes the increment of the Wiener process. By

defining X,,; = eYni, ¥,; = e"»i, X, = ¢Y and ¥, = ", we finally get the

following s-stage method starting from (X, Yo) for the original system (1.1):

s
Xni = X, kexp (h Za,-j (—I‘(Z)Yn,j + 7@ - A(Z))) * eXp (ZbUZ >Jn+1)

j=1

j=1

Xnt1 = Xp. kexp (hZot,( (2)Y +n(2) A(z))) * eXp (Zﬁ,ﬁ()JnH)
Yn+1 =Y. * eXp (hzai (F(I)Xn,i - A(l) ) * eXp (Zﬂlz( )-]n+1>

i=1

s
Yoi =Y, xexp (h Zai.f (F(I)Xn,j — (1) ) * exp (Zb,jz( )Jn+1)
3.3)

where the product .’ is defined by
U xV=V.xU:= vy, --- ,udvd)T eRd, c.xV=V.xc:=cV

for any vectors U = (uy, - - - ,ud)T, V=(w, -, vd)T € RY and scalar ¢ € R.
The parameters of method (3.3) can be characterized by the Butcher tableau

A B

OlT ,BT

with A = [aijlsxs, B = [bijlsxs, @ = (@1, -+ o) T and B = (B1, -+, B) "
For the stochastic Runge—Kutta type method (3.3), the positivity of its solution can
be obtained directly.
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Theorem 3.1 For any deterministic initial value (Xq, Yo) € R4, the solution of (3.3)
satisfies (Xn, Yn) € R%_dfor alln=0,1,---, N.

3.1 Symplectic condition of stochastic Runge-Kutta type method

In this subsection, we proceed to analyze the condition of stochastic symplecticity for
the proposed method (3.3).

Theorem 3.2 Assume that assumptions in Theorem 2.3 hold and coefficients a;j, o; in
(3.3) satisfy

aiagij +ojaj; = oidj, Vi,j=1,2,...,s. 3.4

Then the stochastic Runge—Kutta type method (3.3) preserves the discrete stochastic
symplectic conservation law

dZpi1 A K(Zny)dZyy1 = dZy A K(Z2)dZ,, VneN

almost surely, where Z,, = (Xp, Y,) and K is defined in (2.10).

Proof Based on (3.2), we denote
Fj=-T@e%i, G; =1Welni,

Then the exterior differential applied to (3.2) leads to

s s
dUn,,‘ =dUn+hZaidej, an,i =an+hZa,~jde,
j=1 j=1

) ) (3.5)
dUps1 = dU, +h Y adFi, dVay1 =dV,+h Y odG;.
i=l1 i=l1
Therefore, we obtain
N
dUps1 AdVag1 = dU, AdV, + 1Y 0dU, A dG;
i=1
s N
+h Y 0 dFi AdV, +h* Y aia;dF; AdG
i=1 i j=1
N
= dU, AV, + 1 Y ai (dUni A dG; + dF; AdV,)
i=1
N
+h2 Z (O(,‘Olj —oidij — ajaj,-)dF,- A de, 3.6)

i,j=1
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where we used the facts
)
dU, AdG; = dU,; AdG; —h Y a;jdFj AdG;,
j=1

N
dF; AdV, = dF; AdV,; —h Y a;jdF; AdG;
j=1

according to (3.5). Note that

dUn‘i ANdG; = dUn,,' A (F(l)eUn.i) dUn,i =0,

where the notation eUn.i is defined in the introduction, and the last step holds due to the

fact that (D eUni is a symmetric matrix. Similarly, we can also get dF; A dV,,; = 0.
Combined with condition (3.4), formula (3.6) turns to be

dUp41 A dVyp =dU, AdV,.
We then complete the proof by noting the facts
dU, AdV,, = K*(Z,)dX,, A dY,,
and
dZ, AN K(Z,)dZ, = —2K*(Z,)d X, A dY, = =2dU, A dV,,

where K* is the symmetric matrix defined in (2.10). O

3.2 Uniform boundedness of the numerical solution

In this subsection, we consider a special case that ¥(?) = 0, that is, only the death rate
of the predator is perturbed by a random noise which may be caused by poaching. The
uniform boundedness of the numerical solution given by the stochastic Runge—Kutta
type method (3.3) is studied.

Theorem 3.3 Assume that @ = 0 and o > 0fori =1,--- 5. For any determinis-
tic initial value (Xo, Yo) € R2?, the stochastic Runge—Kutta type method (3.3) admits
an %, -adapted solution (X,,Y,) € Rid. Furthermore, for any integer p > 1, the
pth moment of the numerical solution is uniformly bounded

sup E[1X,1” 4+ Y,IP] = C,
n=l1,--,N

where C = C(Xy, Yo, ro, n(l), >0, p,.T,A,a B)withl = 1,2 is a positive con-
stant, and | - | denotes the Euclidean norm of a vector.
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Proof The existence and adaptness of the solution to (3.3) can be proved by means of
the procedure given in [5]. Noting that (X, ;, Y,,;) € ]Rid with

s
Xni < Xp.xexp (R ayn® |.
j=1

and denoting constants Cq = > %_;a; and Cg = 3 %_; B;, we have for all n =
0,1,---, N — 1 that

Xnt+1 <Xp. xexp <hCD, (2)) < Xp. * exp (TCan(2)> ,

Ynt1 <Y,.xexp|h Za rd )Xn ,) . % exp (CﬁE(l)J,,H)

<y,

3

j=1

.k exp |:hza rx,. «exp (hZa,jn ):| . % exp (CﬁE(I)JH])
N S
<Y,.*exp hZaiF(l)Xol*exp TCan(z) +hZa,~jn(2) .k exp <C52(1)J,,+1>

i=1 j=1

<Yp. % exp(C). % exp (C,32<” W(an))

with
s N
C .= TZa,-l"(l)Xo.*exp TCo,n(z) +h2aijn(2)
i=1 j=1
being a deterministic vector.

Note also that |U.x V| < |U|| V| for any vectors U, V € R?. Then the pth moment
of the numerical solution satisfies

p
E[1Xns1l” + [Yaa 1] = Xol” |exp (TCan®))

+HYol” |exp (€)|"E |exp (G OWatnin )|

which is uniformly bounded due to the fact

)4
E ‘exp (Clgz(l)W(th))‘p —E Z <exp <C,3 Za W, (tn+1)>)2 2

i=1

d m
< ZE |:exp (pcﬁ Zai(’lr) Wr(tn+1)):|

r=1
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I
M-
1=

I
-
~
Il
-

E [exp (pcﬂai(’lr) W, (tn+l))]
1 2
exp <§pch23 (%ﬁ?) tn+1>
1

1 202 - (1 ZT
exp Ep ﬁZ(Gi,r)
r=1

according to the independence of W, and It&’s formula. O

I
M=
1=

1

~
Il

=

M-

i=1

Remark 3.1 The assumption £ = 0 leads to the uniform boundedness of X,, in the
almost surely sense, which results in the boundedness of Y,,. For the case @ #0, it
can be shown that the pth moment of X, is still uniformly bounded: based on the fact
Xni, Yni) € Ri‘], we get from (3.3) that

Xn+1 < Xy x€xp (hCan@) + CﬁE(z)JnH)

< Xo. % exp (TCan@ + c,gx@W(z,,H)) ,

and hence E|X,1+1|” < C based on the procedure used in the proof of Theorem
3.3. However, in this case, the boundedness of Y,, can not be obtained based on the
same procedure, and some other techniques need to be explored to investigate the
boundedness of the numerical solution.

3.3 Convergence order conditions

Based on the uniform boundedness of both the exact solution and the numerical one,
the convergence order conditions are stated in the following theorem.

Theorem 3.4 Assume that assumptions in Theorem 3.3 and the condition

Za,- =Z,3,- =1 (3.7)
i=1 i=1

hold, then the stochastic Runge—Kutta type method (3.3) converges with global order
one in the L (£2)-norm.

Proof 1t follows from Theorem 2.1 that the auxiliary processes U(¢) = In X(¢) and
V(t) = In Y (¢) are well-defined and satisfy (3.1). Considering the local error between
(3.1) and (3.2) with £® = 0, and utilizing (3.7), we get

hoS
Uh)—-U, = F(z)/ Zaiev"-" — "Wy,
0 4
i=1
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where
t
eV = W —+—/ eV® % dV(s)
0

t
=" +/ eV % [(r“)eU(” — - %A(])> ds + E(l)dW(s)i| :
0

Denote Cl.B = Zj: 1 bij. According to the Taylor expansion, there exists some 6 €
(0, 1), such that

N
i=1
s s
1
= o [e‘/o +e" % <h > ai (F(”eUOJ —n - 5A(”) + cf’z“%)
i=1 j=1
s 2
+%e9v0+(1—9)vovf. * (h > ai) (r(”er —n® - %A(l)) + c,.32<‘>11) }
j=1

s K
) 1
= eVO +h ' E 1Otiaijevo. * <F(1)€U0‘f — 7](1) — EA(1)> + €V0. * E(l)fl , E l(xibij
i,j= L=

s K 2
Qi 9Vy+(1-0) Vo D U i 1 1 a B+(1
I B <hzai,~(l”( debor D — 2 ) +cis >J1> .
i=1 j=1
We then conclude that the weak local error between U (h) and U is of order two:

[ELU (h) — U]l

h s 1
= ‘I‘(z)/ E[h Z Oliaijevo. * (I‘(l)eUO'j — M - EA(I))
0 iji=1

_ /' RIOI <r<1>eU<S> O %Am) s
0

s s 2
Z“i OVo--(1—0) Vo ; Z (e Ui L oa Bw(1)

+' 136 0 ) 0, *<h ‘ lalj(r( )e 0,j -7 _EA ))+Cl 2( ‘]1 dt
1= J:

1
rOg [euo,,] —g® = A0

s
< ‘F(z)‘F {hz 'Zl laa;j ‘evo‘

i,j=
h pt
+//]E[
0 Jo

eV(s)
N @
AN ‘0Vo+(l—0)Vo,i
33 [

‘Fa)eU(s) — M _ 1A<1>H dsdt
2
Y 2
: 1
Do _ (1 1 By
(0 L) s ]
j=

<h?

5
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where we used the uniform boundedness of the solution X () = ¢V® and Y (1) =

eV ®  as well as the facts |U. x V| < |U||V| for any vectors U, V € R and |AU|

|A|r|U| for amatrix A and a vector U with | - | r being the Frobenius norm of a matrix.
Similarly, according to the Taylor expansion, we obtain

s s N
; ; 1
3 a0 = %0 £ 3 el ot -0V [h > ay (ra)gUoi O 5A(l))
—

i=1 i=1

IA

+cBz® Jl]
for some 6 € (0, 1). Then the strong local error satisfies

E|U(h) — Uy

hs B - s
[ Zamevﬂﬂl*g)vﬁi. * (h Zaij (F(l)er,.,' — n(l) — %A(l)> + Cl-B):(l)J])dt
0 ;
j=1

=E

i=1

h pt
—f / eV« [<r<‘>eU<~‘> - - %A“)> ds + 2<‘>dW(s)] dt
0 JO

) 1
R aj (Fu)er.; — M _ 5A(l)) +CExy
j=1

2

2

s
< 02 Z%‘ZE ‘eHVovL(l—@)Vo,i
i=1

h
o[ e
0

< Cch.

2

/I eV % [(F%UW — - %A“)) ds + 2“>dW(s)] dt
0

The estimates for V (h) — Vi can be obtained similarly. Based on the fundamental
theorem on the mean-square order of convergence (cf. [13]), one has

1

(E[lU@) = P + 1V = Vil ])" = cn
for any f, = nh € [0, T], which ensures the final result

E(1X(tn) = Xl + 1Y (t2) = Yul)
) ()eum A )

<E (}eelvnw—al)v(m(U(tn) —Uy)

+ ’evm) A

+ |V (v (1) = V,)

)

1
= max {[ X0 X )" ™o g [YEY 07 ) L E[IUG) = Un P41V ()= Vi)
<Ch

according to the uniform boundedness of the solution (X (¢), Y (¢)) and (X,,, Y;,) shown
in Proposition 2.1 and Theorem 3.3 with 6, 6> € (0, 1). ]
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Remark 3.2 Based on the procedure above, we can also construct positivity-preserving
symplectic methods for (1.1) based on the following stochastic partitioned Runge—
Kutta method

s

1 A
aijj <—F(2)Yn,j + 77(2) - EA(Z)) ) * eXp < § :bijE(Z)J”‘H)’
1

Xni = X, xexp (h
j=1

v~

By 1 = -
Ypi =Y. kexp (hzlaij <r<1>X,,,_,~ g0 5A(l)) ) % exp (Zbijg(1>1,,+1),
iz
s 1 5
Xnt1 = Xp. kexp (hZaj (—F(2>Yn,j +7? - EAQ))) * exp (ZﬁjE(Z)J"*'l)’

j=1 j=1

5 5
- 1 -
Yor1 =Y, xexp (h Zaj (F(I)Xn,j — n(l) — 5/\(1)) ) * exp <Z,Bj2(')1n+1).
j=1 j

The parameters of method (3.8) can be characterized by the Butcher tableau

with A = [aijlixs, A = laijlsxss B = [bijlsxss B = [bijlixs, @ =
(ala"' 7aS)T7 & = (&1"“ 7&.S‘)T5 ﬂ = (ﬂ]a'.' 7/3‘3")—'— andﬁ = (131?"' ?ﬂS)T'

In this case, the stochastic symplectic conditions (3.4) is modified as
o =d;, oidij +aja; = od;,

and order conditions (3.7) turns to be
N N N
D=3 8= Bi=1
j=1 j=1 j=1
for the case @ = 0.

4 Numerical examples

In Sect. 4.1, we present several low-stage positive-preserving symplectic methods sat-
isfying both the order conditions and the stochastic symplectic conditions for (1.1).
In Sect. 4.2, numerical experiments are given for two specific models, where conver-
gence errors and the evolution of the phase area are tested for a one-stage stochastic
Runge—Kutta method (Scheme 1) and a two-stage stochastic partitioned Runge—Kutta
method (Scheme 4) compared with Euler-Maruyama and Milstein schemes.
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4.1 Some low-stage positive-preserving symplectic methods

Four specific s-stage Runge—Kutta methods are presented below whose coefficients
A, B, o and B satisfy the assumptions in Theorems 3.2 and 3.4, and thus are all
positivity-preserving symplectic methods.

Scheme 1 The one-stage stochastic Runge—Kutta method with the Butcher tableau

172 172
1 1 -

More precisely, the scheme has the following form
| 1
Xn+l = Xp. % exp (h <_F(2)(Yn+1- *Yy)2 + 77(2) - EAO)) + E(Z)Jn-i-l) s
1 1
Yir1 =Yy xexp (h (F(l)(Xn+l~ * Xp)2 — 77(1) - EA(1)> + 2:(l)JrH»]) .

Scheme 2 The two-stage stochastic Runge—Kutta method with the Butcher tableau

78 0 14 0
4 38 172 1/4
174 3/4 172 12

Scheme 3 The one-stage stochastic partitioned Runge—Kutta method with the Butcher
tableau

[ 12 12 12 112
1 11

Scheme 4 The two-stage stochastic partitioned Runge—Kutta method with the Butcher
tableau

0 0 12 0 0 0 12 0
2 172 12 0 12 12 12 0
‘ 172 172 172 12 172 12 172 12

More precisely, the scheme has the following explicit form

h 1 1
Yo 1 =Y, kexp (5 (r(”Xn -V - 5A“’> - Ez“)JnH) ,
1
Xug1 = Xp. %k exp (h (—F@Yn,l +9? = 5A<2>> + 2<2)Jn+1) ,

1 1
Yyui1 = Y,. x exp (h (EF(”(XnH + X,) — M — EA(1)> + 2<1>Jn+1> .
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4.2 Numerical experiments

In this section, we consider the following two-dimensional stochastic LV model per-
turbed by an m-dimensional Wiener process W = (Wy, - - -, W)

dx(1) = x(t) [(=y2y(®) + m2) dt + 02dW ()], x(0) = xo,

4.1
dy(t) = y(1) [(y1x(t) —n) dt + 01 dW ()], y(0) = yo,

where y;, n; > 0 and 07 = (071, -+ , O1m) € R>™ We will use Schemes 1 and 4 to
present some numerical experiments to show the favorable performance of the pro-
posed numerical methods in comparison with the following two widely used numerical
methods applied to the stochastic LV model (4.1):

— The Euler—-Maruyama (EM) scheme

Xnt1 = Xp + (=2 XYy + m2X,) + Xp02Jp41,
Yo=Y, +hWnXyYs —mYy) + YyorJpsa.

— The Milstein scheme

,
1
Xns1 = Xo + h(=y2Xu Y + mXn) + Xpo2Juit + Xu Y 02400015,
k=1

,
1
Yvjp1=Y, + h XYy —mYy) +Yyo1dps1 + Y, Z Ul,kal,l]]§?+ )7
k,l=1

where
(n+1) (n+1)h
n
Iy = / (Wi (t) — Wr(nh)) dW(t).
nh

Throughout these experiments, the expectation is approximated by taking averaged
value over 1000 realizations. We use the solution of Scheme 4 with a fine step size
2712 a5 the reference value of the exact solution.

4.2.1 The single noise case

We first consider the single noise case m = 1 and choose parameters y; = y» = n; =
n =o0;=1andor, =0.

The convergence order in the L!(£2)-norm as well as the convergence error is
investigated for the EM scheme, the Milstein scheme, Schemes 1 and 4. It can be
observed from Fig. 1 that the EM scheme is of order 0.5 while the other three schemes
areall of order 1 in the IL! (£2)-norm compared with the reference lines, which coincides
with the theoretical analysis in Theorem 3.4. The convergence errors for the above
four schemes are given in Table 1 over different time intervals 7 = 0.5, 1, 5, 10, 20.
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Fig. 1 L! (£2)-convergence 10°
order for numerical solution
(Xy,Yy)atT = 1inlog-log
scale with step size

he{2 i 4<i<9)

E(Ix()-X [#ly(4,)-Y )

— — Ref. order 0.5
——Ref. order 1
—<— EM scheme
—o— Milstein scheme
—e—Scheme 1
—»—Scheme 4

104 \
103 102 107

Table1 L1(02) convergence error for schemes with 4 = 2-6

T 0.5 1 5 10 20

EM scheme 5.18e—01 3.93e—01 2.35e—01 1.89 3.39
Milstein scheme 5.20e—02 4.99¢—02 1.52e—01 1.26 2.91
Scheme 1 6.80e—03 5.00e—03 1.74e—02 8.08e—02 4.82e—01
Scheme 4 7.00e—03 5.20e—03 1.67e—02 1.08e—01 7.67e—01

It shows that the errors for Schemes 1 and 4 are smaller than that of the EM scheme
and the Milstein scheme.

The performance of two positivity-preserving symplectic methods—Schemes 1 and
4—are investigated, compared with EM and Milstein schemes which are not stochastic
symplectic or positivity-preserving. We present the evolution of the phase area and the
error of the phase area for the EM scheme, the Milstein scheme, Schemes 1 and 4 in Fig.
2. The triangle determined by three points wé =(,7), wé = (7, 1) and wS = (4,4
is chosen as the initial area. We can get three series of points {w} },>0,i = 1,2, 3,
under the propagation of a specific scheme. At each step n in the time interval [0, 20],
the phase area is the area of the triangle determined by points {w}, w2, w?3}.

Figure 2 shows the evolution of the phase area and the error of the phase area. As
shown in (a), the evolution of the phase area of either Schemes 1 or 4 is almost the
same as the exact one, while the phase areas of both EM and Milstein schemes turn to
deviate from the exact one. This phenomenon appears more evident in (b), where we
simulate the error of the phase area for the EM scheme, the Milstein scheme, Schemes
1 and 4. The good performance of Schemes 1 and 4 benefits from the preservation
of the geometric structure, which shows the superiority of our proposed numerical
methods in this work.
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—+—Scheme 4
©  Exact area
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(b)

Fig. 2 Evolution of a the phase area and b the error of the phase area for the EM scheme, the Milstein
scheme, Scheme 1 and Scheme 4 (h = 2*5, T =20)

4.2.2 A multiple noise case

In this subsection, we consider a multiple noise case with m = 3, and choose parame-
ters (1, v2, 11, n2) = (0.5,0.6,0.7,0.8), 01 = (0, —0.3,0.4) and o» = (0.2,0, 0) in
(4.1) such that the species X is perturbed by W, while Y is perturbed by independent
random processes W> and W3. Under this setting, (4.1) turns to be

dx(t) = x(1) [(—=0.6y(t) + 0.8) dt + 0.2dW1(1)], x(0) = xo,
dy(t) = y(t) [(0.5x(t) — 0.7)dt — 0.3dW»(t) + 0.4dW5()],  y(0) = yo.

For the multiple noise case, the Milstein scheme is not easy to implement due to
the presence of the double Wiener integral /, ,El") with k # [. More precisely, / k(?) can
not be expressed in terms of simpler stochastic integrals when k # [, and the Fourier
series expansion is usually used to approximate this kind of integral. Details of the
implementation of the Milstein scheme can be found in [9], and won’t be discussed
here. In the following, Schemes 1 and 4 are tested in comparison with the EM scheme.

Similar to the single noise case, the convergence order in the L! (£2)-norm, and the
evolution of the area as well as its error are given in Figs. 3 and 4, respectively. One
can figure it out from Fig. 3 that Schemes 1 and 4 are both of order 1 while the EM
scheme is of order 0.5. The errors of the phase area for Schemes 1 and 4 are much
smaller than that for the EM scheme as shown in Fig. 4.

5 Conclusion

We have studied the behavior for the stochastic Lotka—Volterra predator-prey model,
including the positivity and the stochastic symplecticity of the solution. A class of
Runge—Kutta methods is presented to preserve the positivity. Both symplectic con-
ditions and order conditions are given to ensure the stochastic symplecticity and the
convergence order one in the L' (£2)-norm of the proposed methods.
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Fig.4 Evolution of a the phase area and b the error of the phase area for the EM scheme, Schemes 1 and
4(h=273T =20)

For more complex biological systems, such as models with competition or cooper-
ation, it is still not clear if the solution is positive mathematically when perturbed by
random noises or if it possesses some kinds of stochastic conservation laws. More-
over, constructions and analysis of numerical methods are more challenging due to the
interacting among different species and non-global Lipschitz nonlinear term involved
in the equation. Some other tools or techniques need to be explored to study the
other biological systems. We hope to be able to report the progress on these problems
elsewhere in the future.
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