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Abstract

Volatility of the stock price is the key to the pricing problem
of stock related derivatives in finance. Volatility appears in the
diffusion term of the usual modeling of stock prices. One pop-
ular approach is to take volatility to be stochastic, and assumes
that it satisfies a stochastic differential equation. Taking the
stock price to be the observation, we may then pose the filter-
ing problem of estimating the volatility on line based on the
stock price data. This is an unconventional filtering problem
which we solve in this paper. But even more interesting is the
fact that this filtering algorithm is inherently not robust. In the
rest of the paper we derive the robust form of this filter.

1 Introduction

There is a general consensus in the mathematical finance com-
munity that the assumption of constant volatility in the Black-
Scholes model is not borne out by the actual data. Various al-
ternative models have been proposed, including stochastic ones
[1]1[2]. One popular model with stochastic volatility is due to
[3]. One immediate question that arises is : can one estimate
the volatility (preferably online) as one gathers the stock price
data ? On a purely theoretical level, the solution to this prob-
lem is trivial, as the quadratic variation of the stock price over
a time interval should be exactly equal to the integral of the
volatility function over the same time interval. In a previous
paper [4], we show that this theoretical result has no mean-
ing when applied to real stock price data, and to propose a
new formulation of the model leading to a well-defined estima-
tion problem for the case that the noise processes in the model
for stock price and volatility are mutually independent. Un-
fortunately, it seems that we can not apply the method in [4]
to the case when these noises are correlated. The purpose of
this paper is to reformulate the filtering problem for stochas-

tic volatility whose driving noise has a correlation to the noise
in stock price. First we introduce a complementary observa-
tion mechanism which does not contain the signal dependent
noise. Hence, we can derive the Zakai equation for the newly
introduced observation model. After showing that we can con-
vert the introduced observation mechanism to the original one,
the Zakai equation for the original model can be derived. At
present we don’t know the useful transformation to obtain the
robust form of the Zakai equation for the noise correlation case
and the splitting-up method seems to be not applicable to the
noise correlation case in general. However to solve the Zakai
equation, we can develop the splitting-up method to fit our fil-
tering problem of stochastic volatility by using the method of a
stochastic characteristic curve.

2 Problem Formulation

We consider the following model for the price of a stock mar-
ket:

dS(t) = S(t){udt + /V () dW.(t)}, S(0) = S,. (2.1)
with
dV (t) = aV (t)dt + £(V (t)dWs(t)
+5/V(#)dW5(t)), V(0) = V,, (2.2)

where S(¢) denotes the price of stock market at time ¢, V()
is stochastically varying volatility and «, &, § are positive con-
stants. When § is zero, we get the usual stochastic volatility
model originally proposed by Hull and White [3] . We shall
see later that this extra term is essential for deriving the robust
form of the filter when the noise terms in the models of the
stock and the volatility are correlated.

In this model, we assume that

e (i) The price of stock market is observable. Our first ob-
jective is to estimate the stochastic volatility V' (¢) based
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on the observation of stock prices S(s);0 < s < ¢. Our
next objective is to solve the pricing problem for options
in this framework.

(if) Wy, Ws(t) and W5 are Brownian motion processes
with

E{Wi(t)P} = E{|W2(t)]*}
= E{|Ws(t)|*} =1t
E{Wi()Wa (1)} = pet

and Wjs is independent of W, and W5.

The observation process S(t) can be explicitly solved as

= S, exp{ut — 1/0 V(s)ds
+/ VV (s)dWi (s)}
0

2
We introduce the process Z(t) defined by

= log{S5(t)/So}.

Then the modified observation process Z(t) is the solution of

S(@t)

(2.5)

Z(t) (2.6)

dZ()f,uh”v (t)dt + \/V (£)dW (¢ 2.7)

Now it seems that we have a usual filtering problem for the
signal process V' (¢) and the observation process Z(t);

AV (t) = aV (t)dt + E(V (£)dWs (1)

+3\/V (£)dWs(t)), V(0) =V, (2.8)
dZ(t) = pdt — %V(t)dt
+V/V () dWi(t), Z (2.9

However for the above system we can not formulate the usual
filtering problem because the observation noise depends on the
signal process V'(¢) (see [5]). Here we shall repeat the argu-
ment stated in [4]. In fact, for the theoretical model (2.8) and
(2.9), we have the following results:

N(n)

(M _ 7p(n)yp2
nlglgoz 2t = 2™
:/ V(s)ds a.s.

0

<< tﬁf,’()n) = t; with At =

Max| << N(n) |t§"’ —tgﬁ)]\ < &, N(n) < con. More simply,
by using the Ito formula, we also have the following filter:

Z2(t) 72/(]tZ(s)dZ(s) = /OtV(s)ds

(2.10)

(n)
0

(n)

where 0 = t,” < t

(2.11)

Noting that V' (¢) is continuous we can obtain the V (¢)-process
by differentiating (72 (¢) — 2 fn ) with respect to ¢,
ie.,

(2.12)

X(t,7) = %(ZZ(t) - 2/0 Z(s)dZ(s))

is exactly equal to V' (), V¢ > 0.

In practice, however, the real data Z(¢) is never continuously
available in t. We always have discrete observations, however
small is the time interval. Therefore, for real data, the formula
(2.10) can not be used to estimate the process V (¢) for any
t € (0,T].

Our point of departure from the conventional approach in the
observation that the real data Z(¢) will be very close, but not
necessarily identical to the solution of equation (2.7). In prac-
tice , Z(t) is only available at discrete time-points, however
small the time interval.

3 Nonlinear Filtering Problem
3.1 Derivation of Zakai Equation

In order to apply the usual non-linear filtering theory to the ob-
servation data (2.9), the main difficulty is the dependence of
the signal V' (¢) on the noise. So first we replace this depen-
dence,i.e., we introduce the new observation mechanism:

1= 3V(s)

VV(s)

First we consider the filtering problem for (2.8) with (3.1).

t

Z(t) = ds + Wi (t). (3.1)

0

Noting that the initial condition V/(0) has an initial probability
density p,(v), we obtain:

Theorem 3.1 [6] The unnormalized probability density func-
tion p(t, v|Z;) is a solution of

p(t,v\ét) = pa(v)—i—/o A*p(s,v|és)ds
+ / B, 0)pls, 0| Z2)dZ(s), (3.2)
where
B (u)() = (“72 = pg)() - o) @3
and
oy - 2 EW 0,
9, ., &
+%((§ (7)+5) —av)(+)). (3.4)

Now we need to reconstruct the observation data Z(t) from
Z(t). Noting that
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i.e., in the Zakai-equation the signal V' () is fixed as v, we ob-
tain the following theorem:

Theorem 3.2 The unnormalized probability density function
p(t,v|Z;) for the original observation data Z(t) is a solution
of

p(t,v|Z2) = +/0t Ap(s,v|Z,)ds
- B ()l 0l Z2)dZ(s), B5)
where
B(u)() = (2= 5= 250 i) 69

3.2 Realization of Zakai-equation

If the observation noise is independent of the system noise, it
is possible to transform the Zakai equation to the robust form.
Hence we can use the real observation data . However in our
situation at present we don’t know the robust form. So a possi-
ble way to solve the derived Zakai equation by using the obser-
vation data is to introduce the time discretized approximation
of the Zakai equation as used by Pardoux [7]. To do this we
need to extend the splitting up method in [8] to the noise de-
pendent case . Let

T

S on+1
We split [0, 7] insteps 0, A, - - -, (n+1)A. Consider an interval
[iA, (i + DA[,i =0,1,---,n. We set

1 . n .
520 = 268) + Lt - in)}
ot ez %02 (mm'z)
(4 DA =0, (Vo + 2peE(Z(0) = ZGA) VOP)

fort € [iA, (i +1)A]
where p(")(t, v) is a solution of the deterministic equation
given by (3.7).

To solve the deterministic pg’) (t,v)-equation, the transforma-
tion v = e is useful for avoiding the singularity at v = 0,

Proposition 3.2 Denoting

~(n) (n)

Di; (tx) =py; (te"),
we have
Y (te) @ & 2 _ 2y - ﬁﬁ")(t z)
P BT 1 f)—
. 5 L5 (14 (8% = pl)e™) ===}
2 _z z 7161)12' (t’m)
+{3—a+pc§(1pc§—ne +—6 Vet
2 _ —2x

1 1
+{1(pc£e_%”” — e~ 4+ 1)% + e

Loy _
) + 2}1711 (t,z) =0,
() = P57 (G + DA = 0,¢).

ﬁ 14
From above propositions, we can realize the Zakai-equation.
The remaining problem is to show the mathematical property
to support the convergence of the proposed algorithm

a7 (¢ 1 n
pdf( ) _ (A* — 5B*B* - g)pgi)(t) =0, We assume that the volatility process V' (¢) in (e, o) a.s. Vi >
te[iA, (i + 1)A] (3.7) 0. So we introduce the Hilbert spaces fore > 0
APy (t) + gp;?)(t)dt B (1) 0 dZ(t), H = L*(e,00) C V = H'(e,00) N {¢(e) = 0}
FETiA (i + DA 38 and identify A with its dual. We denote by V"’ the dual of V'
€lid, i+ DAl (3.8) and norms on H and V by | - | and || - ||, respectively.
with The duality between V" and V'is referred to as < -,- >.
PP (iA) = pi” (3.9)
n)l () Proposition 3.3 We assume that
p2i (ZA) = pi+1/2 (3]-0)
5> pe. (3.12)
and the sequence p{"’, and p| +1/2 are defined as follows Hence the system (3.7), (3.8) define in a unique way p"”, p\"
n n),,. in L%(T; V), L%L(T; H), respectively.
{ e = 21 (4 1A~ 0) Gy 4
P = o5 (i + 1A= 0), pi" = p, Proof. Noting that V¢ € V/
where 7 is a sufficiently large constant and o denotes the T 1 B*B*
Stratonovich integral. <499 > Ty < 96>
2
By using the method of a stochastic characteristic curve, we get = —{\ 6¢ |2 p{‘)|\/_ \ 1
Proposition 3.1 The explicit solution of (3.8) is given by +({f§(£ —a) + %(E - %)2
v
() (1, 0) = e ! L B _1ipE 1/)652
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Hence form (3.12) we have
1 . .
— <A, 0> +5 < B'B 6,6 >> Bl¢l* + A|¢)* 3.13)

for some 3 > 0and A > 0. It follows from (3.7) and (3.13)
that

(") |2+ﬁ/ Hp(") H ds

n /| (9)ds < PP (3.14)
For pg?)-process, we convert (3.7) to the Ito form:
dpi (8) + 204 (1)t = BB*th
+B*p21 (t)dW (¢). (3.15)
It follows that V¢ € V
|B*(t)¢|>+ < B*(t)B*(t)¢, ¢ >
_ b 1p&o 1 p 1pg pg
= (-5 -3 - 3R89
P& ajae  BPE a0
S g — B /)
< GilolP (3.16)
and by using the integrating by parts formula we get
o) — (L Lk
(B(09:9) = ({}; = 5 = 1 216:0)
< Colgf? (3.17)
By using the results given by Pardoux [7], we have
t
0 OF 0 [ 1957 6) s = 1 (), ()
t
+ [ (Bl 5).0k (s
iA
t
w2 [ (B0 ) e), (319
where
(Byo, ) =< B*B*¢,¢ > +|B*¢|”. (3.19)
Taking a mathematical expectation to (3.18), we obtain
t
B 0P + (- 0Bt | 58 )P as)
< E{|pf} i8)P} (3.20)

3.3 A priori estimates

We begin by establishing a priori estimates.

Proposition 3.4 The processes pu ) ) p(") satisfy
T
B[ e < c.
0

T
B [ W wra<c

E{pP 1)} < C, (3.23)
E{pS ()]*) < C.vt € [0,T]

where C does not depend on T or i for a convenient choice of
n.

Proof. 1t follows from (3.14) and (3.18) that

E{p{? (i + DA = 0)] + |p57) (i + 1A = 0)%}
—B{[p{7 (iA)2 + [p (iA) 1}

(z+1)A (n)
+CE([ (b @IF + ) ()P)ds) <0 (329
for a convenient choice of 5. Hence using (3.11) we get
E{Ip{?) P} - B{p{" 1}
R DN
CoE([ (B + 165 (6) P)ds) < 0(6326)

Summing up the relation (3.26) from 0 to n, we deduce
E / %

where C is independent of 7" or ¢ but depends on p, and p. It
is also easy to obtain form (3.14) and (3.18)

Hﬁ<CE/\M #)2dt < O,

E{p\"*} <0, (3.27)

E{pY ()12} < ¢, By (1)} < C. (3.28)
From (3.14) we deduce
E{p{) @)} < B{Ip{? iA)|*}. (3.29)

By using the Ito formula, from (3.18) we obtain

B O+ 208 [ 1957 )1
= B{p A1)

Hm/lm ). 5 ()P (5) 2ds )

+E{/ (57 (

It follows from (3.16) and (3.17) that

B*p (s))[?ds}).

B O1) + (21— 20— CB{ [ 1 0)1'as)

< B{lpS? (iA)*)
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Choosing
21} 2 201 + CQ,

we get
E{IpS ()"} < B{IpS (4)|).
Hence we also get the estimate (3.24).

3.4 Convergence

From Proposition 3.3, we can extract subsequence, still de-
noted p{™, p{™) such that

p™ = pyin L2(T, V) weakly
o S pyin L2(T, H) weakly
and
w7 8 = pi,pa in L(T; L*(; H)) weakly star.

We can present the following two lemmas from [8].

Lemma 3.1 The functions p, and p- are equal to a common
function &.

Proof. 1t follows from (3.7) that
pE:)I/Q pﬁ:’)()

P (s)ds = 0

<l+1) * 1 * *
+ /t (A +§BB 2)

and from (3.15)
n n u n
p0 =02t [ )

= / §B*B*pgi)(s)ds+/ B*p.gi)
in in

Summing up , we get

@) - p (1))

(i+1)A 1
+ / (~A"+5B"B +
t

t
n 1 n
+ / B (s)ds = / L BByl (s)ds
in 2 in 2

(s)dW (s).

By (n
FIPie (s)ds

/ f Bpi (s)dW (s). (3.30)
JiA

We also regard the operator A* as
A* e L(H; (VN H?))
Hence
146l (vamz)y < Cilgl*.
For the operator B* B* we find that

B*B* € L(H;(VNH?)

with || B*B*¢||(vnm2)) < Ca|¢|*. Hence
E{|Ip5) (8) — 17 ()2 }
P plz (VNH?)’
(i+1)A 1
< 4E(/ I(=A4"+ 5 BB
t

+ D)l ()| v ) ds)?

2

t
n n
HE([ 205 6) oy ds)?
iA
‘1 (n)
4B / SIB BB (v ds)?

4B / B (5)AW (3)] 2y ey }

(i+1)A . )
(0 @)1 + 15 (8)]%) ey

IN

Const. {AE{/
(z+l (n) )
+E{ /A DS ()2t}

(i+1)A
CVA{VARY /A BB + 52 () )dey )

IN

(i+1)A (n) . R
(B /A B (1) 4dt})172)
Const.vV/A

o pi

IN

Since ps,;
we have

— p2 — p1, weakly in LL(T; (V n H2)),
T
[ Bl = pallovormy e =0
J0
hence p; = ps = £.
Lemma32 ¢{=p

Proof. See [8] .

Theorem 3.3 We have

P pin L3(T; V) strongly

Py

P (1), pS (8)

—  pin L%(T; H) strongly
—  p(t)in L*(Q; H), strongly
Vit e [0,T]

Proof. 1t is easy to show that
E{pS (i + 1A} — B{Ip%y iA)*}
WA ) (m) oy ()
+E{/A S ()P — (Bup (), B2 (s))ds} = 0.
From (3.7) we also have
E{p\Y ()2} ~ E{\pﬁ?(m)m

w2 [ <4+ BB D )47 () > ) =0
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Summing up these equations and using (3.11), we obtain
E{p\? (1)} -

+25{ /m

ag/a)
B[ -
J0

Ipal2

(n)

)plz )

—A"+ B B* + (s),pyi (s) > ds}

2

— (Bypl? (5). 97 ())ds} = 0

and
E{|pS? ()17} - E{Ip\7)1%}
t
+E{ / P G — Bl (5), 057 ())ds)
Alt/A]+A 1 y
+2E{/ <(A*+=B*B*+ 2)
A 2 2
xpi? (), p{7 (s) > ds} = 0.

Here we shall show the strong convergence of pg’;)-process.
Introduce

XM () = E{|p(t) — pi? (1)}
+2E{/ a4 ipp
2 2
x(p(s) — p\2(s)),p(s) — 7 (s) > ds}
Alt/A] () )
+E{ / (ulp(s) — p50(s)
—(Bs(p(s) — D57 (), p(s) — P57 (s)))ds}
= (@) + x5 @) + x5 (@)
where
X (t) = B{p(t)]*}
+2E{/0 < (A" +1B"B* + Dp(s).pls) > ds)
Alt/A] ,
B[ (b9 = (Binls).p(s))ds),
0
XS (t) = —2B{(p(t), {7 (1))}
2B [ (< (=47 + 5B B + Pos).af?) (o) >
b (AT %B*B* + Dl 9. p(5) >)ds)
t/A]
—ouP{ / ), 55 (5))ds}
Alt/A]
12B{ / (Bip(3), 05 (5))ds}
and
XS (t) = [pol®.
Noting that
<B'B6,6> —(Bhd) = —|B*¢)>,  (3.31)

we have

Tim " (0) = E{p() \}+2E{/ < —A*p(s),p(s) >
—ng*p(S)lz +nlp(s)|*)ds} = |po|®

From the results of weak convergence of pY;) - process, we have

T 70 = <280} ~ 45 [ (< ~4'pp >
~ 5B Bl + lpl?)ds) = =21,
From (3.31), choosing > X, we have 0 < x(™)(t). Hence
Py

0

P1i
Similarly we can check the convergence of pzl )-process.

— pin L%(T; V) strongly
— p(t)in L?(Q; H) Vt > 0 strongly.
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