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Abstract. This paper contributes a non-linear stability analysis for a class of stochastic Runge-Kutta algorithms by devel-
oping mean-square contractive solutions. This paper illustrates how the stochastic perturbation of a (k, I)- algebraically
stable deterministic Runge-Kutta technique takes over this method and the solutions obtained by it. The numerical

examples back up the validity of the conclusions.

1. INTRODUCTION

We can represent systems that function in the influence of random disturbances by applying
stochastic differential equations (SDEs). When the random occurrences in a differential equation
are substantially smooth, the majority of problems may be handled using methods similar to those
used in deterministic differential equation theory; these equations are referred to as regular SDEs.
If the equations contain a highly irregular random process, the situation changes. Commonly,
these inconsistent components are generalized random processes of the white noise type. Models

of dynamical systems exposed to frequently varying unpredictable excitations can be created
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using these equations. The need to investigate the functioning of numerous engineering systems
exposed to random environmental resonances has sparked interest in the systematic study of
stochastic differential equations of various sorts. In addition to that, control theory, filtering,
signal processing, physics, chemistry, biology, economics and finance, all deal with such systems.
Applications of SDEs has been mentioned in many papers, Refer in [1], [2] and [3].

Because of the difficulty in solving stochastic effects, many models that have been constructed to
describe physical phenomena have neglected them. This is due to a lack of acceptable numerical
methods as well as the absence of suitably powerful computers. However, there has recently
been a surge of attention in developing numerical methods for the numerical solution of SDEs,
which has resulted in the ability to solve more realistic models. In [6], Hairer and Wanner
has discussed about numerical methods for the ordinary differential equations. A fundamental
property of a successful numerical approach is that the solution it generates converges in some
way. Thatis, The error of approximation and the rate of convergence are the other properties of any
numerical approach. There are a multitude of studies in the literature that apply basic numerical
techniques for deterministic equations for SDEs. Maruyama was most likely the first to propose a
method for SDE’s approximate solutions; it is a suitable stochastic analogue of Euler’s approach
for deterministic differential equations which converges in the mean-square sense. Euler method
for SDE has been explained by Jacod and others in [17]. Among more recent contributions,In [8]
Platen and Niclo have constructed a Taylor type formula for developing the solution of a SDE
about the points of a time partition. The most significant class of numerical methods for SDEs are
the Runge - Kutta methods. Runge - Kutta approach has been examined by lot of authors, refer
in [7], [9], [10], [11], [19] and [18].

Mean-square approaches are effective for direct modeling of SDEs, which can provide informa-
tion on a stochastic model’s general behaviour. They serve as the foundation for the creation of
weak approximation methods, which are useful in a variety of applications. Weak approximation
methods are sufficient for evaluating mean values and solving mathematical physics problems.
Our primary aim is to analyze the strong convergence questions for numerical approximations
in the case where the drift and diffusion functions are not necessarily satisfies the globally Lip-
schitz functions. Authors Desmond and Chao yue has examined about the Storng convergence
for Euler-type methods in [15] and [16]. Most of the existing convergence theory for numerical
methods requires the functions are globally Lipschitz; Recent research has looked at probability
convergence under more relaxed function constraints.

In recent years stability theory plays an important role in stochastic differential equations.
Stability, Pth moment stability and exponential stability has been discussed by many authors in [20]
- [25], for different types of stochastic differential equations. The theory of A-Stability is based on
the autonomous linear system x" = ax. This theory is introduced by the author Dahlquist [4] to
represent the linear multi-step methods. Later on in [13], the authors has extended this stability

for SDEs. B-Stability theory is concerned with the general nonlinear systems x' = f(y, x). Between
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these two stability theories, there is a reasonable stability concepts for a linear and nonlinear
nonautonomous system x = a(x)x, Re a(x) < 0. The study of algebraic stability is based on two
aspects, one is quadrature weights and the another one is the non-negative definiteness of the
matrix.

In [13], The authors have focused on A-Stability for the following SDEs

dY(t) = f(Y(t)dt + g(Y(t))dW(t), t € [0, T],
Y(0) = Yy € #°,

They have proved the linear stability properties of stochastic Runge-Kutta methods and examined
the mean square A-stability.
In [27], The authors has discussed about the nonlinear system of stochastic differential equations

of the below form

dX(t) = f(X(t))dt + g(X(¢))dW(t), t € [0, T],
X(0) = Xo,

In this paper, they have examined the mean square contractivity between the two solutions of
nonlinear SDEs.
In [5], Raffaele and Stefano, has discussed about the algebraic stability for the following SDEs,
dX(t) = f(X(t))dt + g(X(t))dW(t), t € [0, T],
X(0) = Xo,

where the function satisfies the one-sided Lipschitz condition and they have assumed the Lipschitz
constant 4 < 0 and proved the non linear stability properties of stochastic Runge-Kutta methods

and examined the mean square algebraic stability.

Motivated by the above works, we consider the one sided Lipschitz condition u; > 0 and going
to prove the (k,I)— Algebraic stability for the same system. This stability is purely based on the k,
d; and [ values.

The paper is coordinated as follows: Section 2 contains the preliminaries, which contains the
needed definitions of this paper. The main theorem and the proof is given in the Section 3. In
Section 4, some numerical examples and it illustration has given. Conclusion of this paper is given

in Section 5.
2. PRELIMINARIES
Consider the following non-linear system of SDEs,

dU(t) = FU(E))dt + g(U(t)dW(t), te [0, T], 2.1)
U(0) = Uy,
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where f,¢ : %% — #". Consider the probability space (), .#, ) with filtration (#);cp 1) and
W : [0, T]XQ — Z be a standard (.#})e|o - Brownian motion with continuous sample paths on
(Q, 7, 2). Consider the discretized domain

Sy, =1{t,=nh,n=0,1,2,.N,N =T/h}.

Consider the Stochastic Runge - Kutta (SRK) techniques in the following form ,

Uy = Uya +1 ) aif (@) + AW, Y yig(U)") n=1,2,...N, (2.2)
i=1 i=1

S S
UZ.W = U1+ hZ bi]'f(ll][-n]) + AW, Z E]ijg(ul[n]) i=1,2,..s.

i=1 i=1
U(t,) is approximated by U, while U(t, + c;ih),i = 1,2,....s is approximated by ﬁ}”]. AW, is a
gaussian random variable with zero mean and variance hthat represents the discretized Wiener

increment. The Butcher tableau for (2.2) is

c| B |Q
al [T
c|bn b . . . bis|qu g2 . . . g1
2| b by . . . by |qa g2 . . . g
(2.3)
G | bs1 b2 . . . bss s1 gs2 - - + {ss
m a . . . as | Y1 Y2 - . . Vs
Consider the deterministic differential equation with the autonomous system
u (1) = f(u(t), t€[0,T]
u(0) = ug
The stochastic perturbation of the well-known deterministic Runge-kutta technique is
S
Uy = Uy_1+ thif(ﬂl[n])
i=1
S
0 =+ ) by f(ag.”]), i=1,2..,s (2.4)
j=1

where g; > 0 and b;; > 0
Definition 2.1. [13] A Stochastic Runge - Kutta method (2.2) is said to be mean-square A-Stable if

Dsgrk 2 Dspe
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Definition 2.2. [6] The mentioned Butcher tableau (2.3) is algebraically stable if
(1) M* = AB + BT —aa" is non-negative definite
(2) a;>0fori=1,2,..s.

Definition 2.3. If there exist dy,dy, ...,ds > 0 such that the matrix

T AT
ar By B,
pr a B}

B2 B3 a3

is non negative definite, where

S
alzk—1—2lZdi
i=1
S

Ay = dibi]' + d]'b]'i —aiaj— 21 Z dmbmibm]‘

m=1

S
az = diqij + djqji — yiyj— 21 Z AmlmiGmj

m=1

ﬁl = di —a; — ZlZ dibij
i=1
s
Bo=di-yi— ZZZ digij
i=1

S
Bs = aiyi =21 ) di(bijgi; + q;ibj)
i=1

then,
E||U, - Vull* < kEl|Uy—1 — Vi |
ez(l) < Vk

the corresponding RK-method is called (k, 1) - algebraically stable.

3. MaiIn Resurts

We need the following properties which need to prove the main results. [5] Consider the fol-
lowing hypothesis where the function drift f and the diffusion g holds the following properties

for the given non-linear SDE with ||.|| the norm in 2" and with the expectation operator E

(H1) f(0) =0=g(0)
(H2) satisfies the one-sided Lipschitz condition, i.e.,

(f(u) = f(v),u—0) < 1 lu—of, for every u,v € %° (3.1)

where p is the one-sided Lipschtiz constant
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(H3) g satisfies the global Lipschitz condition,
|g(u) - g(v)|2 < Llu—of*, for every u,v € %°, where L > 0. (3.2)
(H4) Let U(t) and V(t) be any two solutions
IUn = Vall < pp(DIIUn-1 = Vil (3.3)
Then the solutions U(t) and V() of (2.1) and E |Up|* < oo and [E |Vo|* < oo satisfies
E|U(t) - V(8] < E|Uy— Vol e where p = 2u1 + L (3.4)

Here, if the diffusion function g is precisely zero, then the given system is converted into non-linear
autonomous ordinary differential equation which is already explained in the reference [6]. If 1 > 0
and @p(I) < Vk, we have

E|u(t) - vt <E[u(s)-v(s)] (3.5)

Then the given nonlinear SDE is said to generate mean-square contractive solution.

Theorem 3.1. [5] Assume the stochastic differential equation (2.1) satisfying the hypothesis (H1)-(H3).
Moreover,assume the (C,B,Q,a,y)-SRK method (2.2), emerging from the stochastic perturbation of an
algebraically stable deterministic Runge - Kutta method (2.4). We indicate

M=TQ+Q'T-y"
where I’ = dia(y). If Misa symmetric matrix which is positive semi definite
AQ+B'T =apT
with Q = dia(a) then any two solutions U, and V,, to (2.1), generated by (2.2) with Uy and Vy are initial
conditions respectively with E |Up|* < oo and I |Vo|* < oo, satisfy the following inequality
E Uy = Vol < E|Up-1 = Vaal* + (k)

, where .

ou(h) =2) " yiE (AW, (U -V, g (W) - g (V")) n=1,2,..N

i=1

Lemma 3.1. By using the hypothesis (H3) and for any fixed h* > 0, we get

lim max ¢, (h*) =0

h*—0 n
lim 0] h) =
h*l—>0 n( ) 0

Theorem 3.2. Consider the SRK-method of the non-linear autonomous system (2.1), and assume that its
satisfies the hypothesis (H1)-(H4), If there exist d1,d>, ...,ds > 0, 1,k > 0 such that the matrix

T T
a ﬁl ﬁz
B az BL

B2 B3 as
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is non negative definite, where
S
a=k-1-21)"d;
i=1
S

ay = dlbl] + d]bﬂ —aiaj— 21 Z dmbmzbm]

m=1

S
a3 = diqij +d;qji —yiyj— 2l Z AmGmiqmj
m=1

ﬁl = di —a; _ledibij

i=1

S

Po=di-yi— ZZZ digij

i-1

S
s = aiyi =2l Z di(bijqij + 4;ibji)
i=1
then,
E|AZ|? < k EI|AZ 1P

ez(l) < Vk

the corresponding RK-method is called (k, 1) - algebraically stable.

Proof.
Zy = U, -V,
ZZM al[n] Vl[n]
A" = £ - £V
ag" = g(@") - g(V}")
Zn=Zna+hy adf" + AW, Y ying!”
i=1 i=1
. S S
sz =Zp1+ hz bjjAfj[n] + AW, qi]‘Ag][.n} i=1,2,..5s.
i—1 =1
Now,

S
WZol? = KIZy-alP=2h )" dAf, 2] =

i=1

Zna =Y @™ + AW, Y ying, Zya = n Y asf" + AW, Y ying™)
i=1 i=1 i=1 i=1

S
~K(Zn1, Zn1) =21 Y diAf, 70 (3.6)

i=1
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21 ) ddaf,Z)"y <21y Az, 7))
i=1 i=1

s bl Al
<2l Z{ d{Zy1 Z{ b + AW, Zl‘ 7:08.",
i= i= j=

s
Zi1—h Z bi]‘Af].[n] + AW,
i=1 j

S
708;") (3.7)
=1

Substitute (3.7) in the above equation (3.6)

1Zl? = kI Zy
< Zua=h Y GAf + AW, Y ying” Zua =Y adf"+ AW, Y ying!™)

i=1 i=1 i=1 i=1

—k{Zp-1,Zp-1)— <2l Z di<Zn—1 —h Z bijAf]-[n] + AW, qijAgE'n}/
im1 i=1 =

]

5 5
Zu1—h Z bl’]‘Af].[n] + AW, Z C]i]‘AgE.n]>
im1 =1

S S S
S(U=k+20 ) dil(Zomr, Zoo) =20 Y (di=ai =21 ) dibij) (Zaor, Af]')
i=1 i=1 i=1

S S
—28W, Y {di—yi=21 ) digijh (Zu1, A
i=1 i=1
S S
12 Z (dibij +djbji — aiaj — 21 Z drnbmibu) (AF?, AFY)
i,j=1 m=1

S S
- AW, Z {diqij +djqji —yiy;— 21 Z Amlmim;} <Ag?, Ag?)

ij=1 =1

—hAW, Z {ajyi—21 Z di(bi]‘qi]‘ + q]'ib]‘i} <Afi”, Afgn>
i=1

ij=1

<01 (Zyt, Zua) =20 ) 1 (Zucs, ALY = 20Wy ) B2 (Zuma, Ag))

i=1 i=1
S S
—12 Y ar (Af1LAfT) - AW2 Y as (Mgl Al
ij=1 ij=1
S
—hAW, Y as (A A1)

i,j=1
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Where,
S
a =k-1-21)"d;
i=1
S
Ay = dibi]' + d]'b]'i —aiaj— 21 Z dmbmibm]‘
m=1
S
a3 = diqij +d;q;;i —yiyj— 2l Z AmGmiqmj
m=1
S
ﬁl = di —a; — ZlZ dibij
i=1
S
Bo=di-yi— ZZZ digij
i=1
S
Bs = aiyi— 2 Z di(bijqij + qjibji)
i=1
Then,
ElIAZ,|? < k EIAZ, |
Then the system is (k, [)-algebraically stable. o

Remark 3.1. In this above theorem, the mentioned matrix should be non negative. The minor of the matrix
T
(%) ‘33

ps as
the values of k, | and d; we can fix the non negativity of the matrix.

l must also be non negative, This non negativity is depend on the values of | and d;. By choosing

4. NumericaL ExaMPLES

Example 1
1. Assume the SDE (2.1) with

fU(t)) = 4u(n) + u(r)® g(Uu(t)) = u(), (4.1)

for t € [0,100], Up = 1 and Vj = 0. In this example, the values mentioned in hypothesis (H2) and
(H3) are provided byl =1, u; =4and p = 7.
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05

uit)

With the hypothesis, by choosing appropriate k and d; values we get the constants are a; =
20,ar = 112,a3 = 80,81 = —32,52 = —5,3 = —60 and the given matrix is non negative definite

and the given system is (k,l)algebraically stable.

10218 Fig 2

20 25

Suppose if we change the k and d; values, the matrix is not non negative definite. The eigenvalues

are both positive and negative. So in this case, the matrix is indefinite (see fig 1.3).
Example 2 2. Consider the SDE (2.1) with

fU(t)) = 5U(t), g(U(t)) = sinU(t),
for t € [0,100], Up = 1 and Vy = 0. In this example, the values mentioned in the hypothesis (H2)

(4.2)

and (H3) are provided by [ = 2,1 =2 and p = 11.
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5 %1027 Fig 3

Uit
&

With the hypothesis by choosing appropriate k and d; values we get the constantsarel = 1, a1 =
25,ap = 225,a3 = 112,51 = =50, B> = —6,B3 = —95 and the given matrix is non negative definite
and the given system is (k,l)algebraically stable. Suppose if we change the k and d; values, the
matrix is not non negative definite. The eigenvalues are both positive and negative. So in this

case, the matrix is indefinite.

5. CoNCLUSIONS

In this Paper, we have studied the (k,1)-Algebraic Stability for Stochastic Runge - Kutta methods
which focus on the one sided Lipschitz condition y > 0 where as in [5], authors have discussed
about the one sided Lipschitz condition for 4 < 0. The numerical solutions also discussed for
the same. In the numerical examples, We could note that based on the k, d4; and I values the
algebraic stability of the system is decided. For the future studies, we can prove the Algebraic
stability and (k,1)-Algebraic stability for the different types of numerical solutions for the stochastic
differential equations and also we can concentrate the same for multidimensional systems with

multiple Wiener processes.
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