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A WEAK TRAPEZOIDAL METHOD FOR A CLASS OF STOCHASTIC
DIFFERENTIAL EQUATIONS

DAVID F. ANDERSON! AND JONATHAN C. MATTINGLY?

Abstract. We present a numerical method for the approximation of solutions for the class of stochastic differential equations driven by
Brownian motions which induce stochastic variation in fixed directions. This class of equations arises naturally in the study of population
processes and chemical reaction kinetics. We show that the method constructs paths that are second order accurate in the weak sense. The
method is simpler than many second order methods in that it neither requires the construction of iterated It6 integrals nor the evaluation of
any derivatives. The method consists of two steps. In the first an explicit Euler step is used to take a fractional step. The resulting fractional
point is then combined with the initial point to obtain a higher order, trapezoidal like, approximation. The higher order of accuracy stems
from the fact that both the drift and the quadratic variation of the underlying SDE are approximated to second order.

1. Introduction We consider the problem of constructing accurate approximations on bounded time
intervals to solutions of the following family of stochastic differential equations (SDEs)

M
dX (t) = (X ()dt + > or(X(t)) vi AW (1), 0
k=1 .

X(0) =z € R?

where b: RY — R?, o040 RY — Rsq, vp € RY, and Wy,(t) are one-dimensional Wiener processes. Thus,
randomness is entering the system in fixed directions vy, but at variable rates o (X (t)). Precise regularity
conditions on the coefficients will be presented with our main results in Section 2}

The algorithm developed in this paper is a trapezoidal-type method and consists of two steps; in the first
an explicit Euler step is used to take a fractional step and in the second the resulting fractional point is used
in combination with the initial point to obtain a higher order, trapezoidal like, approximation. We will prove
that the method developed is second order accurate in the weak sense. Because the method developed here
produces single paths, it is natural to allow variable step-sizes; this is in contrast to Richardson extrapolation
techniques ([20]). Finally, it is important to note that while the method presented in this paper is applicable to
only a sub-class of SDEs, that sub-class does include systems whose diffusion terms do not commute, which is
a classical simplifying assumption to obtain higher order methods (See [9, [14]).

The method we propose is in some sense similar to the classical predictor-corrector. There have already
been a number of such methods proposed in the stochastic context to produce higher-order methods (see [[18|
19,15]). In a general way, all of these methods require the simulation of iterated It6 integrals and sometimes
need derivatives of the diffusion terms. If one only cares about weak accuracy, it is possible to use random
variables which make these calculations easier and computationally cheaper. That being said, the complexity
and cost of such calculations is one of the main impediments to their wider use. By assuming a certain structure
for (I.1)), we are able to develop a numerical method which we hope is more easily applied and implemented.

Though a specific structure of (I.I) is assumed, it is a structure which arises naturally in a number of
settings. For example, our method will be applicable whenever d = 1. Also, we note that diffusion approxi-
mations to continuous time Markov chain models of population processes, including (bio)chemical processes,
satisfy (I.I). As stochastic models of biochemical reaction systems, and, in particular, gene regulatory systems,
are becoming more prevalent in the science literature, developing algorithms that utilize the specific structure of
such models has increased importance ([1} 2]]). Furthermore, in Section@ we quote a result from the literature
which states that any system with uniformly elliptic diffusion can be put in the form of (T.1) without changing
its distribution.
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The topic of this paper is a method that produces a weak approximation rather than a strong approximation
in that the approximate trajectory is produced without reference to an underlining Wiener process trajectory.
We see this as an advantage. Except for applications such as filtering or certain problems of collective motion
for stochastic flows, one is usually simply interested in generating an accurate draw from the distribution on
C(]0,T),R?) induced by (L.I). This is different than accurately reproducing the 1t6 map W + X (¢, W)
implied by (T.I). The second is referred to as strong approximation. In our opinion such approximations are
usually unnecessary and lead to a concept of accuracy which is unnecessarily restrictive. In [7]], it is discussed
that without accurately estimating second order Itd integrals one cannot produce a strong method of order
greater then 1/2. If the vector fields commute, then this restriction does not apply and higher order strong
methods are possible. While the term “strong approximation” is quite specific, the term “weak approximation”
is used for a number of concepts. Here we mean that the joint distribution of the numerical method at a fixed
number of time points converges to the true marginal distribution as the numerical grid converges to zero. If
this error goes to zero as the numerical mesh size to the power p in some norm on measure then we say the
method is of order p. This should be contrasted with talking about the rate at which a given function of the path
converges.

The outline of the paper is as follows. In Section 2] we present our algorithm together with our main results
concerning its weak error properties. In Section 3| we give the intuition as to why the method should work. In
Section[d] we give the delayed proof of the local error estimates for the method which were stated in Section[2]
In Section [5] we provide examples illustrating the performance of the proposed algorithm. In Section [6] we
discuss the effect of varying the size of the first fractional step of the algorithm. In Section[7] we compare one
step of the algorithm to one step in a Richardson extrapolation type algorithm. In Section [8| we show how, at
least theoretically, the method can be applied to any uniformly elliptic SDE. Finally, an appendix contains a
tedious calculation needed in Section

2. The numerical method and main results Throughout the paper, we let X (¢) denote the solution to
and Y; denote the computed approximation at the time ¢; for the time discretization0 =ty < t; < ---. We
begin both from the same initial condition, namely X (0) = Yy = x¢. Let {7757',3, ngk) cke{l,...,M},i e N}
be a collection of mutually independent Gaussian random variables with mean zero and variance one. It is
notationally convenient to define [z]* = z V 0 = max{z, 0}.

We propose the following algorithm to approximate the solutions of (I.1)).

ALGORITHM. ( Weak 6-Midpoint Trapezoidal ) Fixing a 6 € (0, 1), we define

wl 1 w1 (1—0)%+6?

al:im and agziw (21)

Next fixing a discretization step h, for each i € {1,2,3,...} we repeat the following steps in which we first
compute a 0-midpoint y* and then the new value Y;:

M
Step 1. y* =Yio1 +b(Yi1)0h+ > ow(Yi1) vk i) Voh
k=1

M
Step 2. Vi = y* + (aab(y") — asb(Vi 1) (1 - Oh + 3/ [aro2(5*) — azod (Vi )] ™ v nli) /(T = O)R
k=1

REMARK 2.1. Notice that on the ith-step y* is the standard Euler approximation to X (0h + (i — 1)h) starting
fromY;_1 at time (i — 1)h [13].

REMARK 2.2. Notice that for all 6 € (0, 1) one has oy > o and oy — oy = 1. It is reasonable to ask which
0 is best. Notice that when 0 = 1/2 both o and «y are minimized with values oy = 2 and ay = 1. This likely
has positive stability implications. From the point of view of accuracy 0 = 1/2 also seems like a reasonable
choice as it provides a central point for building a balanced trapezoidal approximation, as will be explained in
Section Further, picking a 0 close to 1 or 0 increases the likelihood that the term [a1 02 (y*) — agoz(Yie1)] T
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will be zero, which will lower the accuracy of the method. If instability due to stiffness is a concern, one might
consider a 0 closer to one as that would likely give better stability properties being closer to an implicit method.
In general, 0 = 1/2 seems like a reasonable compromise, though this question requires further investigation
and will be briefly revisited in Section|[6]

For simplicity, we will restrict ourselves to the case when b and the 7, are in C%(R?), the space of bounded
functions whose first through sixth derivatives are continuous and bounded. In general, we will denote by
C*(R?) the space of bounded, continuous functions whose first k derivatives are bounded and continuous. For
f € C*(R4), we define the standard norm

171l :sup{|f(x)\,\8af(x)\ czeRYa= (ov,...,a5),0 €{1,...,d},j Sk}.

It is notationally convenient to define the Markov semigroup P;: C* — C¥ associated with (T.T)) by

(Pef)(z) =E, f(X (1)) 2.2)

where X (0) = x and Markov semigroup Pj,: C* — C* associated with a single full step of size h of the
numerical method by

(Puf)(y) =E, f (Y1),

where Yy = y. Clearly ||Pnfllo < ||fllo and || Prf|lo < ||f]|o- It is also a standard fact, which we summarize
in Appendix [B| that in our setting for any ¢ > 0 and k € N if b,0y,...0y € C¥ then there exists a C =
C(T,k,b,0) so that |P.f|lx < C|f|lk is true for all ¢ < T. All of these can be rewritten succinctly in the
induced operator norm from C* — C* as || Py||x—k < C, [|Ptllo—o < 1 and || P, lo—0 < 1. Analogously, for
any linear operator L: C* — C* we will denote the induced operator norm from C* — C* by || L||—¢ which
is defined by

Lflle
ILlkoe =  sup | fH.
reck,p20 I1fllk

The following two theorems are the principle results of this article. They give respectively the weak local
and global error of the Weak Trapezoidal method.

THEOREM 2.3 (One-step approximation). Assume that b € C® and for all k, o}, € C° with inf,, op(z) >
0. Then there exists a constant K so that

[Pr — Phllo—o < Kh? (2.3)

for all h sufficiently small.

From this one-step error bound, it is relatively straight-forward to obtain a global error bound. The follow-
ing result shows that our approximation scheme gives a weak approximation of second order.

THEOREM 2.4 (Global approximation). Assume that b € C and for all k, oy, € C® with inf, o, (z) > 0.
Then for any T' > 0 there exists a constant C(T') such that

sup  ||Pun — Pill60 < C(T)R2. (2.4)
0<n<T/h

Proof. We begin by observing that

n

Py =Pun =Y _ PF NPy = Pr)Phin—r)
k=1



and hence since supy<,<7 |Psll66 < C(T) and ||PF|lo0 < 1, using (Z.3) we have that for any n with
0<n<T/h -

M=

|Prn — Pylll6—0 < HP;’f_lHO—mHPh — Phulle=0l|Prn—rk)ll6—6

B
Il
—

C(T)Kh® = KTC(T)h* = C(T)h?.

M=

x>
Il
—

0

REMARK 2.5. The restriction that inf,, o (x) > 0 can likely be relaxed if one has some control of the behavior
of the solution around the degeneracies of oy (x). This assumption is made to keep the proof simple with easily
stated assumptions.

3. Why the method works We now give two different, but related, explanations as to why the Weak
f-Midpoint Trapezoidal Algorithm is second order accurate in the weak sense.

3.1. A first point of view Inserting the expression for y* from Step 1 of the Weak -Midpoint Trape-
zoidal Algorithm into Step 2 and disregarding the diffusion terms yields

1 1
Y=Y 1 +h {%)b@ )+ (1 _ 29) b(i@_l)] . 3.1
*) g 2
_ i_1+b(n_1>h+%%+ (32)

Considering (3.1)), we see that when 6 ~ 1 we recover the standard theta method (not to be confused with our
use of #) with theta = 1/2, which is known to be a second order method for deterministic systems. When 6 =
1/2, we recover the standard trapezoidal or midpoint method. For 6 # 1/2, we simply have a trapezoidal rule
where a fractional point of the interval is used in the construction of the trapezoid. We will argue heuristically
that the Weak Trapezoidal Algorithm handles the diffusion terms similarly. We also note that shows that
our algorithm can be understood as an approximation to the two-step Taylor series where 6 is a parameter used
to approximate the second derivative. This idea will be revisited in the proof of Theorem 2.3
Equation (L.I) is distributionally equivalent to

t M oo gt
X() = X(0) + / bX())ds + 3 / / 110,02 (x (o) () Vi (dut x d), (3.3)
0 = Jo Jo

where the Y}, are independent space-time white noise processesﬂ and all other notation is as before, in that
solutions to (3.3) are Markov processes that solve the same martingale problem as solutions to (I.I); that is,
they have the same generator ([6]]). In order to approximate the diffusion term in over the interval [0, h),
we must approximate Yy (Ao »)(07)) where Ay 5(07}) is the region under the curve o7 (X (t)) for 0 <t < h.

We consider a natural way to approximate X (h) and focus on the double integral in (3.3) for a single
k. We also take § = 1/2 for simplicity and simply note that the case § # 1/2 follows similarly. We begin
by approximating the value X (h/2) by y* obtained via an Euler approximation of the system on the interval
[0, h/2). To do so, we hold X (t) fixed at X (0) and see that we need to calculate Y3 (Region 1), where Region
1 is the grey shaded region in Figure[3.1a). Because

Yi(Region 1) 2 N(0,02(X(0))h/2) 2 ak(X(O))\@ N(0,1),

"More precisely, the Y3, are random measures on [0, c0)? such that if A, B C [0, 00)? with AN B = () then Y3, (A) and Yy, (B) are
each independent, mean zero Gaussian random variables with variances Area(A) and Area(B), respectively. Integration with respect to
this field can be defined in the standard way beginning with adapted simple functions which are fixed random variables on fixed rectangular
sets and then extending by linearity after the appropriate Ito isometry is established.
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Fig. 3.1: A graphical depiction of the Weak Trapezoidal Algorithm with @ = 1/2. In (a) the region of space-
time used in the first step of the Weak Trapezoidal Algorithm is depicted by the grey shaded Region 1. In
(b) the desired region to use, in order to perform a trapezoidal approximation, would be Region 2. However
we have used Region 3 in our previous calculation and this is analytically problematic to undo. In (¢), where
V =02 (y*) — 02(X(0)), we see that Region 5 gives the correct amount of new area wanted as subtracting off
the area of Region 4 “offsets” the used area of Region 3. The case 6 # 1/2 is similar.

we see that this step is equivalent in distribution to Step 1 of Algorithm (Here and in the sequel, “ -

denotes “equal in distribution.”)

If we were trying to determine the area under the curve o7 (X ()) using an estimated midpoint y* for a
deterministic X (¢), one natural (and common) way would be to use the area of Region 2, where Region 2 is the
grey shaded region in Figure [3.1[(b). Such a method would be equivalent to the trapezoidal rule given in (3.1)).
However, in our setting we would have to ignore, or subtract off, the area already accounted for in Region
3, which is depicted as the shaded green section of Figure [3.1(b). In doing so, the random variable needed
in order to perform this step would necessarily be dependent upon the past (via Region 3), and our current
analysis would break down. However, noting that Region 3 has the same area as Region 4, as depicted by the
blue shaded region in Figure [3.1fc), we see that it would be reasonable to expect that if one only uses Region
5, as depicted as the grey shaded region in Figure [3.I[c), then the accuracy of the method should be improved
as we have performed a trapezoidal type approximation. Because

Yi(Region 5) 2 N (0, (3(X (0)) +2V) &) 2 \o2(x(0)) + 2v/AN(0,1)
= 202 (y) — o2 (X(0)y/ 4N (0. 1),

where V' = oi(y*) — 02(X(0)), we see that this is precisely what is carried out by Step 2 of the Weak
f-Midpoint Trapezoidal Algorithm.

3.2. A second point of view To obtain a higher order method one must both approximate well the
expected drift term as well as the quadratic variation of the process. The basic idea of the Weak Trapezoidal
Algorithm is to make a preliminary step using an Euler approximation and then use this step to make a higher
order approximation to the drift integral and to the quadratic variation integral. Similar to the desired one
step approximation to the quadratic variation integrals are

/Oh oi(X(s))ds = h [2195;,3(1/*) + (1 - 219) gz(}/i_l):l ’
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where all notation is as before.
Considering just the variance terms of the quadratic variation, we let {e;} be an orthonormal basis and see
that our method yields the approximation

M
Var(X (h) - e;) ~ ZVar(a;c(Yo)(Z/;C - e)mrVOh + \/[alai(y*) — agaz(Yo)]Jr(Vk ~ei)mar/ (1 — G)h)

o
[

M-

E(O’i(YQ)O + [alai(y*) - agag(YO)]Jr(l — 0)) (Vg - €;)*h.

™~
Il

1

If the step-size is sufficiently small then, [a107(y*) — azo?(Yo)] Tis positive with high probability because of
our uniform ellipticity assumption; and hence,

M
1 . 1
V(X (1) ) ~ B (0 €0)* (o) + (1= g5 ) k00
which is a locally third order approximation to the true quadratic variation integral of

M h
Var(X(h)-e;) =B (v - ei)2/ o2 (X (s))ds.
k=1 0

Notice that it was important in this simple analysis that the direction of variation v, stayed constant over the
interval so that the two terms could combine exactly. Of course, one should really be computing the full
quadratic variation, including terms such as Cov(X (k) - e;, X (h) - €;), but they follow the same pattern as

above because each is a linear combination of the integral terms foh o2 (X (s))ds.

4. Proof of Local Error Estimate We now give the proof of the local error estimate given in Theorem
[2.3] which is the central result of this paper.
Proof. (of Theorem We need to show that there exists a constant K so that for any f € C® one has

Ef(Y) ~ Ef(X(h)] < K f]l6h°

Hence for the reminder of the proof we fix an arbitrary f € CS. Observe that Step 1 of the Weak Trapezoidal
Algorithm produces a value, y*, that is distributionally equivalent to y(0h), where y(t) solves

M
dy(t) = b(y(0))dt + Y ok (y(0)) vk dWi(t), y(0) = . @.1)
k=1

Likewise, Step 2 of the Weak Trapezoidal Algorithm produces a value, Y7, that is distributionally equivalent to
y(h), where y(t) solves

M
dy(t) = (ar1b(y*) — aab(z0))dt + Z \/[ala,%(y*) — a0 (mo)|t v dWi(t), y(6h) =y*.  (4.2)
k=1

Let F; denote the filtration generated by the Weiner processes Wy (t) in and (4.2). Then,

Ef(y(h)) = E[E[f(y(h)) | For] | =E [Eon f (y(h))], 4.3)

where we have made the definition Eg,[ - | E[ - | Fpp].
6



Let A denote the generator for the process (I.1), By denote the generator for the process (@), and B
denote the generator for the process (@.2)) conditioned upon Fpj,. Then

(AN) = £+ 5 3 02 el (@)
k
(Bf)(z) = Fblao))@) + 5 3 o(a0) (o)
k

(B2f)(x) = f'la1b(y") — asb(zo)](x) + % > lenon(y™)? — aaok (o) £ i, vl (),
k

where f'[¢](%) is the derivative of f in the direction £ evaluated at the point z. Note that (Af)(zo) =
def

(B1f)(zo). For any integer k& > 2 we define recursively (A*f)(x) = (A(A*=1f))(x), and similarly for
B; and Bs. By repeated application of the It6-Dynkin formula, see [17], we have

h
Eon f(y(h)) = f(y*) + /9 Eon(Baf)(y(s)) ds

h

h s
= F(y") + (Baf) (") (1 — O)h + /9 h /9 Eou(B31)(u(r) dr ds

1—6)2h?
= )+ B (1 - B+ (B3 ) ST
ho ors e 4.4)
[ BB () du dr ds.
on Jon Jon
The term (B3 f)(y(u)) depends on the first six derivatives of f. Therefore, since f € C©
h ps pr
[ [ BB dudras| < e “5)
on Jon Jon

for some constant C'. Combining (#3), @-4), (4.3)), and recalling that Ef (Y7) = Ef(y(h)) gives

EF(Y1) = E [Eonf(y(0))] = E £(y) +E (Bof)(y*)(1 — 0k E (BEF) (") LD

Here and in the sequel, we will write F' = G + O(hP) to mean that there exist a constant /& depending on only
o and b so that for all initial conditions xq

+O(h?). (4.6)

|F' = G| < K[| fllsh”, 4.7)

for h sufficiently small. In the spirit of the preceding calculation, repeated application of the It6-Dynkin formula
to (T.1)) produces

2
EF(X() = f(z0) + (Af) (wo)h + (A7) (o) s + O

The proof of the theorem is then completed by Lemma [&.1] given below. Its proof, which is straightforward but

tedious, is given in the appendix. 00

LEMMA 4.1. Under the assumptions of Theoremfor all h > 0 sufficiently small and f € C° one has
(1—0)2h? B

E | f(y") + (B2f) (") (L = O)h + (B3 ) (y")————| =f(0) + (Af)(z0) + (AQf)(Io)%2 +O(h?).

REMARK 4.2. Comparing equation (3.2) and Lemma[.1|shows that our algorithm can be viewed as providing
an approximation to the two step Taylor series approximation.
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5. Examples We present two examples that demonstrate the rate of convergence of the Weak Trapezoidal
Algorithm with § = 1/2. In each example we shall compare the accuracy of the proposed algorithm to that of
Euler’s method and a “midpoint drift” algorithm defined via repetition of the following steps

h
Yy =Y_1+ b(Yi—1)§

M (.0
Y =Yi1+ by )h+ > ox(Yi1)ve mk Vh,
k=1

where the notation is as before. We compare the proposed algorithm to that given via (5.1)) to point out that the
gain in efficiency being demonstrated is not solely due to the fact that we are getting better approximations to
the drift terms, but also because of the superior approximation of the diffusion terms.

5.1. First Example. Consider the system
ax,(0) ] _ [ Xu() 0 L
[ x| ana g | ] o, 52)

where W1 (t) and W5 (t) are standard Weiner processes. In our notation by (z) = x4, ba(z) = 0, o1 (z) = x4,
oa(x) = 1/10, and v; = [0,1]7, 15 = [1,1]T. Note that the noise does not commute. It is an exercise to show
that

EX,(t)? = E X2(0)? — g x (0)? + iezt(zoOEX (02 +1)+ LA (5.3)

: : 2! 00 ' 200 400° '

For both Euler’s method and the midpoint drift method (5.1) we used step sizes hy, = 1/3%, k € {1,2,3,4,5}
and initial condition X;(0) = X5(0) = 1 to generate 500,000 sample paths of the system (5.2). We then
computed

5x10°
1 —hg
errork;(t) = ]EXQ(t)Z - W E X2k(t)2, (54)
i=1

where X" (t) is the sample path generated numerically and EX(¢)? is given via (5.3). We also generated
10,000,000 sample paths using the Weak Trapezoidal Algorithm with the same initial condition and step
sizes hy, = 1/(4k), k € {1,2,3,4}. We then computed errory(¢) similarly to before. The outcome of the
numerical experiment is summarized in Figure[5.1a] where we have plotted log(hy;) versus log(|errory,(1)]) for
the different algorithms. As expected, we see that the Weak Trapezoidal Algorithm gives an error that decreases
proportional to k2, whereas the other two algorithms give errors that decrease proportional to A.

5.2. Second Example. Now consider the following system that is similar to one considered in [20]

[0 ][0 wsinQ(Xl(t)*Xm)*G o |

dX,(t) X1 (t) t+1 5.5)
Y e AOE S AUIER: ],
where W1 (t) and W (t) are independent Weiner processes. It is simple to show that
E|X(t)|> = EX(0)* + 13log(1 +t). (5.6)
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Fig. 5.1: Log-log plots of the step-size versus the error for the three different algorithms. In (a) the example
(5.2) is considered. The best fit lines for the data (shown) have slopes 2.029, .998, and 1.030, for the Weak
Trapezoidal Algorithm, Euler’s method, and the midpoint drift method, respectively. In (b) the example in
(]3;5]) is considered. The best fit lines for the data (shown) have slopes 2.223, .952, and 1.098, for the Weak
Trapezoidal Algorithm, Euler’s method, and the midpoint drift method, respectively. In both examples all
results agree with what was expected.

We used step sizes hy, = 1/(2k), k € {1,2,...,8}, to generate five million approximate sample paths of the
system @ using each of: (a) Weak Trapezoidal Algorithm, (b) Euler’s method, and (c) the midpoint drift
method (5:1). We then computed

1 5x10° o
errory, (t) = | X (t)[* — 5% 106 Z X)),
=1

where X' (t) is the sample path generated numerically and E|X (¢)|? is given via (5.6). The outcome is
summarized in Figure where we have plotted log(hy) versus log(|errory (1)]) for the different algorithms.
As before, we see that the Weak Trapezoidal Algorithm gives an error that decreases proportional to 2, whereas

the other two algorithms give errors that decrease proportional to h.

REMARK 5.1. We note that in both examples we needed to average over an extremely large number of computed
sample paths in order to estimate errory(t) for the Weak Trapezoidal Algorithm. This is due to the fact that the
increased accuracy of the method quickly makes sampling error the dominant error.

6. The effect of varying 6 The term [0 07 (y*) — 202 (Yio1)] T in Step 2 of the Weak Trapezoidal
Algorithm will yield zero, and the given step will have a local error of only O(h?), if
* . a
a0 (y") < azop(Yi1) <= oi(y") < 072013(3@—1) = (1-260+26%)03 (Yi-1).
1
We will call such a step a “degenerate” step. The function g(#) = 1 — 260 + 26 is minimized at g(1/2) = 1/2,
and g(/) — 1as @ — 0 or & — 1. Therefore, as mentioned Remark 2.2} one would expect that as § — 0 or
6 — 1 more steps will be degenerate, and a decrease in accuracy, together with a bias against o}, decreasing,
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Fig. 6.1: (a) The number of degenerate steps for the Weak Trapezoidal Algorithm applied to (6.1) with h =
1/10 and different values of 6. (b) The log h vs log(|error]|) plot is given for different choices of 6 for the Weak
Trapezoidal Algorithm applied to where the error is defined similarly to (5.4). The best fit lines for the
data (shown) have slopes 1.865, 1.996, 2.029, and 2.033 for § = .05, .25, .50, .75, respectively.

would follow. Using a step-size of h = 1/10, we tracked the percentage of degenerate steps for the simple
system

AX(t) = VX2 +1dW(t),  X(0) =1, ©.1)

where W (t) is a standard Weiner process. To do so, we computed 10, 000 sample paths over the time interval
[0,1] for each of § = .02k, k € {1,...,49}. The results are shown in Figure where the behavior
predicted above is seen. Curiously, the minimum number of rejections takes place at § = .42. It is also worth
noting that one can check on computer software that in the general case the coefficient of h> for the one-step
error grows like 1/6 as # — 0. This does not happen in the deterministic case (3.1)).

While the above considerations give some interesting insight into the effect of various 6, the situation is
more complex. A 6 closer to one should give the method more stability, albeit at an expense as the rejection
fraction increases as 6 approaches one. It would be interesting to perform a stability analysis in the spirit of [8]]
to better understand the effect of 6. In lieu of this, Figure gives the result of a convergence analysis of the
Weak Trapezoidal Algorithm applied to with different choices of 6. Interestingly, larger 6 seem to result
in smaller (and hence better) convergence rate prefactors. This seems to indicate that in at least this example
stability is an issue.

The performance of the Weak Trapezoidal Algorithm as a function of @ is a topic deserving further consid-
eration, but combining the above shows that = 1/2 is a reasonable first choice, though stability considerations
might lead one to consider a 6 closer to 1.

7. Comparison to Richardson Extrapolation It is illustrative to compare the Weak Trapezoidal Algo-
rithm to Richardson extrapolation, which from a certain point of view is the method in the literature that is
most similar to ours. See [20] for complete details of Richardson extrapolation in the SDE setting.

Let Z},5(t) and Z,(t) denote approximate sample paths of generated using Euler’s method with
step sizes of /2 and h, respectively. For all f satisfying mild assumptions, both Ef(Z}, /2(t)) and Ef (Z(t))
will approximate E f (X (¢)) with an order of O(h). However, Richardson extrapolation may be used and the
linear combination 2Ef(Zy,/2(t)) — Ef(Z) will approximate Ef(X (¢)) with an order of O(h?) (see [20] ).

10



or(X(1))]
I o

/ﬂ "

oY) ¢ oY) ¢

2
0 (X(0))
Aq A A
—h L, h_ w h_ o h _ "
2 2
(a) When the process increases (b) When the process decreases

Fig. 7.1: The areas of space-time utilized by 27}, , — Z}, and the Weak Trapezoidal Algorithm for a single &
and a single step. In a), 02(X (t)) increases and 2Zj, 2 — Zp, uses 14, + na, + 2n4,, whereas the Weak
Trapezoidal Algorithm uses 774, -+ 74, + 74, + 74, In the case when o (X ()) decreases, b) above, the
processes use 174, + N4, + N4, — N4, and N4, + na4,, respectively. In both cases, it is the better use of the
areas by the Weak Trapezoidal Algorithm that achieves a higher order of convergence.

Of course, taking f to be the identity shows that the linear combination 27y 5(t) — Zp(t) gives an O(h?)
approximate of the mean of the process. As Richardson extrapolation does not compute a single path, but
instead uses the statistics from two to achieve a higher order of approximation for a given statistic, we will
compare one step of the Weak Trapezoidal Algorithm with a step-size of h, to one step of size h of the process
27}, /2(t) — Zx(t) with the clear understanding that 27Zj, 5 (t) — Z,(t) is only O(h) accurate for higher moments.

Recall that systems of the form are equivalent to those driven by space-time white noise processes
(3:3). As in Section we consider how each method uses the areas of [0, 00)? associated to Yy (du x ds)
from (3.3) during one step. We will proceed considering a single k since it is sufficient to illustrate the point.
For A; C [0,00)2, we denote by 774, a normal random variable with mean 0 and variance area(A4;). Recall that
14, and 14, are independent as long as A; N A; has Lebesgue measure zero. Consider (7.1)(a) in which we are
supposing that o7 (X (t)) increases over a single time-step. The change in the process Zj, /> due to this k would
be v}, times

NA, +NA, +1N4,-

Similarly, the change in Z}, would be v, times 174, +7.4,. Therefore, the change in the process 27}, /5 (t) — Z,(t)
would be vy, times

NA, + N4, + 277A3 :

On the other hand, the change in the process generated by the Weak Trapezoidal Algorithm due to this & is v
times

NA; T N4, T M4; + 74,
Therefore, and as expected, the means should be the same, but the variances should not as

Var(2na,) = 4Var(na,) = 2Var(na, +na,).
11



Similarly, in the case in which o7 (X (t)) decreases as depicted in (7-I)(b), the process 22}, /5(t) — Zj,(t) would
use N4, +n4a, + 14, —na,, whereas the Weak Trapezoidal Algorithm would use 14, +n4,. Again, the means
will be the same, but the variances will not. In both cases, the Weak Trapezoidal Algorithm makes better use
of the areas to approximate the quadratic variation of the true process, and thus achieves a higher order of
convergence.

8. Extension to General Uniformly Elliptic Systems For a moment let us consider the setting of general
uniformly elliptic SDEs

dX (t) = b(X(t)dt + > gu(X () dWi(2), ®.1)
k=1 ’

X(0) =z € R?

where b and W are as before and gj, : R? — R is such thatif G(x) = (g1(z),--- , gar(2))(g1(2), -, gnr(2)) T}
then there exist positive A_ and A such that

A€ < G)g-€ < Mg

for all z, ¢ € R?. For such a family of uniformly elliptic matrices a lemma of Motzkin and Wasow [13]], whose
precise formulation we take form Kurtz [[10], states that if the entries of G are C k then there exists an M and
{op:RE = Rsg:k=1,.... M}, {vp e R : k=1,--- , M} with o, € C* and strictly positive so that

G(z) =Y op(x)mvy .

Hence (8.I) has the same law on path space as (I.I) with these o, and vy. Of course M might be arbitrarily
large (depending on the ratio of A /A_) and hence it is more subtle to compare the total work for our method
with a standard scheme based directly on (8:1I). Furthermore, depending on the dependence on =, it is not
transparent how to obtain the vectors v and functions o exactly. Approximations could be obtained using the
SVN of the matrix G(x) for fixed = but we do not explore this further here.

9. Conclusions and Further Extensions We have presented a relatively simple method directly appli-
cable to a wide class of systems which is weakly second order. We have also shown how, at least theoretically,
it should be applicable to systems which do not satisfy our structural assumptions but are uniformly elliptic.
We have picked a particularly simple setting to perform our analysis to make the central points clearer. The
assumption that b and o, are uniformly bounded can be relaxed to a local Lipschitz condition. That is to say, if
b and o and their needed derivatives are not bounded uniformly, but rather are bounded by an appropriate Lya-
punov function, then it should be possible to extend the method directly to the setting of unbounded coefficients
provided the method is stable for the given SDE (see for instance [12]). If the SDE is not globally Lipschitz
then using an implicit drift split-step method as in [[12], an adaptive method as in [11], or a truncation method
as in [14]] should extend to our current setting. More interesting is relaxing the non-degeneracy assumption on
the oy, which was used to minimize the probability of the diffusion correction being negative. This tact is in
some ways reminiscent of [14] in that a modification of the method is made on a small set of paths, though the
take here is quite different. It would be interesting to use the probability that the correction to the diffusion is
negative to adapt the step-size much in the spirit of [[L1l]. Lastly, there is some similarity of our method with
predictor corrector methods. In the deterministic setting, predictor corrector methods not only have a higher
order of accuracy but also have better stability properties. There have been a number of papers exploring this
in the stochastic context (see [} 14} 19} 8]). It would be interesting to do the same with the method presented
here.
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Appendix A. Proof of Lemma [4.1} The proof of Lemma .| requires the replacement of the terms of the
form o103 (y*) — anoi (z0)]T with [a10% (y*) — asoi(xo)]. The following two lemmas show that this can be
done at the cost of an error whose size is O(h?®). Here O(h3) has the same meaning described earlier around
(@7). We begin with an abstract technical lemma where p and ¢ satisfy 1/p + 1/q = 1.

PROPOSITION A.1. Let X and Y be a real valued random variables on a probability space (§),P) with
| XY |1r(0) < oo for some p € (1,00]. Then |EY [X|* —EYX| < |YX|10(0)(P{X < 0})Y/% Similarly if
X,Y and Z are real valued random variables with |ZXY |ppq) < 0o and A = {X < 0} U{Z < 0} then
EY[X[*[Z]* — EY XZ| < 2|2V X| (e (B{A}) /.

Proof. Let A = {X < 0} and ¢ = p/(p —1). Then |EY([X]T — X)| < E|[Y||[X]" — X|14 <
Y X | (o) (P(A))'/9, showing the first claim. For the second notice that EY [X]+[Z]T—-EY X Z = (EY [X ]+ Z -}
EYXZ) + (EY[X]*[Z]" — EY[X]"Z) and that each of the terms in parentheses can be bounded by the first
result. 0

COROLLARY A.2. Let 0y, € C? with inf, oy (z) > 0 for all k and let Y be a random variable with |Y| < C
a.s. for some C. Then for any p > 1 there exists an hg so that

EY [0107 (y") —a207 (20)] " = EY [a10%(y") — 203 (w0)] + O(hP)
EY [a107(y*)—az0i (20)] T [a107 (y*) — 207 (20)]" = EY [10% (y*) — aa0i (o)) [ar07 (y*) — a207 (20)] + O(hP)}}

Sforallh € (0,ho] and k, € € {1,..., M}, where y* is defined via Step 1 of the Weak Trapezoidal Algorithm.

Proof. Define the event A, = {0} (y*) < —ak(xo)} In light of Proposmon | it is sufficient to show

that for any p > 1 there exists a Cj, such that ]P’(Ak) < C,hP. Because oy, is Lipschitz there exists a positive C'
such that

« «
oi(xo +0) — Ojjai(xo) (1- i)ak(xo) clel,

forany § > 0. In particular, setting § = y* —xo = b(z0)0h+>_, 0;(x0)VOhv; 77%-), and noting that s <
and that the ¢’s are uniformly bounded from both above and below, the result follows from the Gaussian tails
of the n’s. O

Proof. (of Lemma[4.1)) From Taylor’s theorem and the definition of the operators involved one has

62h?
Ef(y") = f(zo) + (B1f)(@0)0h + (B2 )(zo) 5 + O(h°)

62h?
= f(0) + (Af)(w0)0h + (B} f)(w0) —— + O(h?) .

In the last line, we have used the observation that (B1 f)(z¢) = (Af)(x0). Now we turn to E(By f)(y*). We
begin by using Lemmato remove the | - |*. Then we use the fact that «; — @a = 1 and Taylor’s theorem
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to expand various terms to produce the following:
B(B)(07) = EF () farbly") — )] + 523 faroty”) — ool £ )
= Ef(s") asb(y") — azbleo)] + 5 ;[aloz@*) — a0 (o)) e il (67) + O)
= /o) llan)] + 5 D ontan)” (e

+EBy (f'[aad — azb(wo)] + % > (a10f = az0(@o)) v, va] ) (w0)6h + O(h?)
k

1(B1(Af))(0)0h — az (B3 f)(w0)0h + O(h?)
1(A% f)(20)0h — (B} f)(z0)0h + O(R?).

Similar reasoning produces

E(B3)(5") = E(Ba(Ffoably”) — asblio)] + 5 S leno?(y") — azod (wo)] 1" b)) (57))

= f"[b(x0), b(z0)](x0) + B Y 0107 (y") — oo (x0)] ™ F" [k, v, b(o)] (0)
k

+ iE Y i (y") — azoi(20)] Flaao (y*) — azo (o) " vk, vis v, vi] (o) + O(h)
k,j

= f"[b(zo). b(x0)] (o) + D ot (@o) " [vi, v, blo)] (o)

k

+ i Z o,f(xo)a?(xo)f””[l/k, vk, v, v5](20) + O(h)
k,j
= (B} f)(z0) + O(h).

Combining these estimate and the fact that 2(1 — 6)0ay = 62 + (1 — )2 and 2(1 — )6 = 1, produces the
quoted result after some algebra. 0

Appendix B. Operator Bound for P,: C* — C*.

In this section, we show that if b,0, € C* then P, is a bounded operator from C™ to C™ for m €
{0,--- ,k}. The k = 0 case follows immediately from | f(x)| < || f||o for all z € R%. To address the higher k,
we introduce the first & variations of equation (L.I).

For any ¢ € RY we denote the first variation of (T.T) in the direction ¢ by J™) (¢, 2)[¢] which solves the
linear equation

M
dJ W (¢, 2)[€] = (VOX )TV (¢, @) ]l dt + Y v (Vor)(X ()T D (¢, 2) [€] dWi(t) ,
k=1

JD0,z)[f] =¢ and X(0) ==z

Similarly for £ = (&,&) € R? the second variation of X (¢) (in the directions &) will be denoted by
14



J@)(t,2)[¢] and defined by

M

dJ P (t,)[€] = (VoYX ()T () €] dt + Y v (Vo) (X (1) [T P (8, )[€]] dWi ()
k=1
M
+ (V)X (O)ITD (@) ], TO (@ @) [Eal] + D (V2 NIV, 2) (6], TV (¢, @) [E]ldWi()
k=1

J@(0,2)[¢] =0 and X(0) =

These equations were obtained from successive formal differentiation of (T.I)). By further formal differentiation
we obtain analogous equations for the k-variation .J () (¢, z)[¢] where & = (&;,--- , &) € R” is the vector of
directions. It is a standard fact that if the coefficients b, o; are in C* then for any ¢ > 0

supIE sup{ sup |J M) (s,2)[€1, ..., En]|P : & € RY with |¢;] = 1} <oo.
s€[0,t]

This can be found in Lemma 2 in [3] on p. 196 or in a slightly different context in Proposition 1.3 in [l6ﬂ
With these definitions in hand, we have that for any f € C* that

V(Pef)(2)[€] = Eo f/ (X (@) [TV (L, 2)[€]],
V(P f)(@)[€] = Eu f/ (X (1) [T (t, 2)[€] + Eu fO(X () [TV (8, 2)[61], TV (8, 2)[E2])] -

Using the moment bounds we have that for ¢ > 1 and an ever changing constant C,

E sup [V(PA) (@) <CUfllen sup [ V][ < I < oo

B sup [V2(Puf)@)ler &ll” <CUfIEa (B sup 170 0)lea))* + 2 sup 17 6,2)ler, &l
<C|Ifl1g < o

Continuing in this manner we see that for any positive integer m if f,b, oy € C™ then for any ¢ > 1 one has

E sup [V™(Pef)()[€r, +  &ml|? < CllfIEm < 00

[€i]=1

for some C. Now observe that taking ¢ = 1 proves the desired claim on the operator norm of P; from C* to
C* since

k
P21k <OZ1E sup |(VIPf)(@)[ér,- &1 < CY Ifles < Clfllew

=0 l&l=1 §j=0
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