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We examine the convergence and error rate of two stochastic numerical schemes using the method of proof
used by G. N. Mil’shtein (Theory Prob Appl 19 (1974), 557-562). o© 2006 Wiley Periodicals, Inc. Numer
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1. INTRODUCTION

In G. N. Mil’shtein’s paper [1], first published in 1974, the author introduced the scheme now
named for him:

1 do
X = X, F (a(tm %) = 5 0ty X,) 5 (0, ?cn))At + ot X,)AW, (1

1 __do = VAW
+ 5 O-(tll’ 'xn) a (tn’ xn)( n) 9

which can be used to approximate the solution to the one-dimensional It6 stochastic differential
equation

dx, = a(t, x,)dr + o(t, x,)dW,. (2)

He then proved that his scheme converges in the root-mean-square sense with order O(Af).
Much work has since been done in this area, and many different schemes have been proposed
(see [2] and [3] for a detailed analysis of many such schemes). However, these schemes use
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methods largely different from that originally used by Mil’shtein. In this article, we see that
Mil’shtein’s original method can also be used to prove the convergence of other schemes.

In this article, we study two schemes. The first is a backward Mil’shtein scheme. That is, we
alter Mil’shtein’s scheme by making it implicit in the deterministic term. The second scheme is
a finite difference scheme. In it, we alter Mil’shtein’s scheme by replacing the derivative of o
by a finite difference. This is sometimes useful, for example, if the calculation of the derivative
of o is numerically intensive, or if o itself is only known empirically (e.g., from tables).

2. A BACKWARD MIL’SHTEIN SCHEME
We consider the stochastic differential equation

dxt = [a(xt) + )\O’(X,)O"()C,)]d[ + O'()C,)dw,, X(ZO) = Xo» (3)

where the stochastic integral is taken in the sense of Itd. We note that, for instance, if A =
this is equivalent to the stochastic differential equation

dx, = a(x)dt + o(x) e dw,,  x(t) = x,, (4)
where now the stochastic integral is taken in the sense of Stratanovich.
In this section, we would like to consider an implicit scheme where x(¢,) = x, and the x(#; , ;)
are recursively given as the solutions to
X(tes1) = X () + alx (ti1))At + o(x (1) Awy (5)

+ o (x (1)) o’ (X (1)) [ Awi — paAr];

here w, and w, are constants to be determined later. For simplicity in notation, in what follows,
we will write X, for x(#;) and a, for a(x,), etc.

2.1. Numerical Realization of the Backward Scheme

We see that we will need a method to solve the equation
£ =Xt a@)t + ow + Go[ww® — wotl, (6)
for £, = %,(t, w). For this purpose, we see that
a(t) = a(x, + a(t)t + ow + 5’k5';<[M1W2 — pat]) (7)
=a(x) + a' x)laEG)t + ow + To [ pww? — wat]]

1 "~ o - — =/
+5a"(x)la(@)t + ow + o0l piw? = pot]?

+ O£, Pw, tw?, w?)
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= a, + aa(®)t + aow + 450 (ww? — W)

+ sajoiw® + O(f, tw, w?)

1z
2
= a, + alat + aow + a,o ol (ww? — pat)

—I—% taiw? + 0%, tw, wd).

Therefore, instead of the scheme (5) above, we will consider the following scheme, which
agrees with (5) at order o2, tw, w?) (namely, its order of accuracy):

)_CkJrl = )_Ck + L_ZkAt + C_l/’((_lkAtz + L_Z//((_T/(AWAt (8)
+ a,0,0(u Aw? — A At + %(_l’k'(_szszl‘
+ 5 Aw + G0 (W Aw? — uLAr).

2.2. One-step Approximation
We note, as in [1], that the random process { x, w}, where x is the solution to the Itd equation

(3), has the infinitesimal generator L given by

Lf(t, x, w) = 87f+ [a(t, x) + Ao(t, x)o' (¢, x)] l 9)

1 0f aF 1
g - -
+ x4 (t, x) pye + o(t, x) FPr + >

o*f
PR

We then have the following Taylor expansion for the semigroup

E, ot + 1, x(tg + 1), w(t, + 1)) (10)
= f(to, X0, o) + Lf(to, X0, Wo)t + %sz(to, Xo, wo)t* + O(F),
when f, a, and o satisfy suitable conditions.
We note also the formula
L(f-g) =Lf-g+f-Lg+ Sf-Sg, (1)
where
aof of (12)

Sf(t, x, w) = a(t, x) — + e
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Therefore we have that
L¢*=2¢ Lo+ (Sd),
L*¢* =2(Ldp)* +2¢-L*¢p +25¢ - (LS + SLP) + (S°p)*.
We now consider the function
&t x, w) = x + x, — X, — at — ajat’ — a,owt
— 45w — pot)t — S aioiw’t
— ow — G0 (W’ — wat).

Then, we see that

ajow® + w,0,0,

Ly = = — 2a,at — aiopw — GG (mw* — pof) + pmaoait —

(13)

(14)

(15)

o _ 1—,— _
+ (a + Aoo’) — a0t — gaZOit = 11005

S(bk = 0 — al,{(}kt - ZM]ak(}k(}]LWt - ZIZ(_)',%WZ - a'k - ZMI&k(};(W,

1—1/6_2 /\ ’ 9 /\ ’
Eakk+(a+ oo)a(a-l— oo’)

2 — N5 5 - = = __ - = = __
L ¢, = —2aa; + 21,0,0,0% — [,0,0:0%

62
0

1 - - =/
+3 o’ a2 (a + Aoo’) — wa,0,04 —

J
SL¢, = T (a + Noa') — ajo, — 2u,a 00w — aioiw,
LS, = @[5, — 2maozoiw — ajopw + (@ + Aoo’)a’ + 3 0%,
Sz(bk = (TO', - ZI\L]ak(}k(};{t - (_JZ(_)',%t - 2“1(}]{(};(
Therefore, we will have

¢i(tk+l =l Xy = X Wi — W) = (X — X))’

(bz(()’ O’ O) = (xk - )_Ck)z’

2

Ld),%((), 0,0) =2(x, — x)[(a, — a) + (Aoyop — (IJ«l - Mz)a'ka';c)] + (o — a'k)z,

-
a0y,
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de)i(O, 0,0) =2[(a, — a) + (Aoyo — (Ml - Mz)é’,ﬁ'i)]z + 2(x;, — J_Ck)[ —2aa; + 2(wy

0 1 2
— W)ao,o, — ajor + (ap + Aoyoy) P (a + Aoo), + 3 or Fye (a + )\Ucr')k] + 2(0, — T)

9 1
X\ oy (a + Nod'), — 2a,0, + (a, + Aoo)o] + 3 o-fo-’kf] + (0y0] — 20,01
We now note that we will have equations such as
ay — a;=a'(§)(x — X)),
for some & between x; and x,. Therefore, if we set w; = A + u, = %and define the mean-square

errors €, = E(x, — X,)% we can take the expectation of (10) forr = t,,, — t,, x = X4, — X,
and w = wy,; — w, to arrive at

€., =€ + CeAt + C,eAr” + C;AL. (16)

Remark 1. The constants C, above depend on uniform bounds on a’, a', (a0')’, etc., so we
must assume that a and o have the necessary bounds on these derivatives. More specifically, in
this case it suffices to have C, = C,(|a|+, |0]¢). It is also necessary that 7 satisfy (10). For this,
we note that the formula

Eto,xo,wof(tO + ts -x(t() + t)? W(tO + t)) (17)
= f(to, xo, wo) + Lf(to, X0, wo)t + %sz(fo, Xg, Wo)1?
1

tot+t
+t3 J (to + 1 = h)Eqy oL f (h, x (h), w(h))dh

to

holds whenever f, Lf, L*f, and L*f are uniformly bounded. To see that this is true for
f = &7, we can apply a smooth cutoff function. That is, define {1, = 60,(d?) * bi, where

0, is a smooth real function such that
0,(s) =1, for [s| =n —1,
[(-)n(s) =0, for |s| = n, (18)
0,(s) €0, 1], forn —1=</|s|=n.

Then, each s, satisfies (33), and we achieve the desired result by allowing n — .

Remark 2. We note that if we only consider the equation (10) up to order At, we will obtain
the similar equation
€., =€ + CelAt + C,AL. (19)

However, this requires only that p., — w, = A with no requirement that w, = % That
is, we can be more flexible in our choice of w,, but, as we will see in Remark 3, we
will pay a price in order of convergence.
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2.3. Approximation on the Entire Interval

We shall now see what estimate we obtain for the mean-square error for the entire interval [,
t, + TJ, using the previous one-step estimates. This is the analogue of the argument of
Mil’shtein.

If we define the additional sequence m, by m, = €, = 0 and

Mesr = M + CimeAr + ComA7 + CAP, (20)

we see that the m-sequence is monotone increasing and supplies an upper bound for the
e-sequence. Also, since m, = 0, either n, = Ar? where 1, = 1, + T, or there is some k, such
that n, = Ar?, but M1 > Ar?. In this case, we see that, for k > k,

M = ni(1 + (C, + C, + C3y)Av), (21
so that
me=mni(1 + (C, + Cy + Cy)An) &~ (22)
= A1+ (C, + C, + Cy)ADK
= CA?P.

In all cases we see that the mean-square error over the entire interval is e = O(Ar?).

Remark 3. If we again have only that i, — , = A, but not that p, = %, as in Remark 2, a
similar argument will give us that € = O(A?). For instance, we can choose p, = u, = 0, and
A = 0, and although we have a rather slow convergence rate, we have the advantage that the
scheme no longer uses any derivative of o; if these are particularly difficult to calculate
numerically, this may result in overall computational savings.

3. A FINITE DIFFERENCE SCHEME

As noted in Remark 3, it sometimes happens that the derivative of o is difficult to calculate (e.g.,
when the function o is given by its values from tables). Here we propose to circumvent this
difficulty by replacing the derivative do/dx in Mil’shtein’s scheme by a finite difference, and we
see how this affects the convergence and order of the scheme. For the sake of simplicity, we set
A=0.

We use the scheme with time-step

1
Rt = Xt O hw + GA1 + e (o + all) — 0¥ — aln)(Aw? — An). (23)

This leads us to define the functions
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1
bi(t, x, w) =x+x, — X, — oW — a;t — dot o (oc(x, + at) — o(x, — ar))(w> — 1), (24)

and we find, after some calculation,
L‘f’i(O, 0, 0) = 2(Xk - )_Ck)(ak - C_lk) + (Uk - 5'k)2
and

L?¢;(0, 0, 0) = 2(a, — @,)* + 2(x, — X)(aua} + %a}iaf) + 2(0y — o)(aro + a0

1 2 n_ 1 —p P = = 1)\2
+ 5070 — ;0007 + (00 — 0,0%)°

Therefore, in a manner analogous to the previous scheme, we have that L$7(0, 0, 0) < C,€; and
L*¢$7(0, 0, 0) = C,¢,, where C, = C,(|a|-+ |o]-+). Hence, we again have the inequality

€., =€ + CietAt + C,e,A* + C;AP, (25)
and so, as in section 2.3, we arrive at ef( = O(Atz).
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