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Chapter 5

Stochastic Calculus for
General Markov SDEs:
Space-Time Poisson,
State-Dependent Noise
and Multi-Dimensions

Not everything that counts can be counted,
and not everything that can be counted counts.
—Albert Einstein (1879-1955).

The only reason time is so that everything does not happen
at once

—Albert Einstein (1879-1955),
http://en.wikiquote.org/wiki/Time .

Time is what prevents everything from happening at once.
Space is what prevents everything from happening to me.
—attributed to John Archibald Wheeler (1911-),
http://en.wikiquote.org/wiki/Time .

What about stochastic effects?
—Don Ludwig, University of British Columbia, printed on
his tee-shirt to save having to ask it at each seminar.

We are born by accident into a purely random universe.
Our lives are determined by entirely fortuitous combinations
of genes. Whatever happens happens by chance. The
concepts of cause and effect are fallacies. There is only
seeming causes leading to apparent effects. Since nothing
truly follows from anything else, we swim each day through
seas of chaos, and nothing is predictable, not even the events
of the very next instant.

Do you believe that?

If you do, I pity you, because yours must be a bleak and
terrifying and comfortless life.
—Robert Silverberg in The Stochastic Man, 1975.
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132 Chapter 5. Stochastic Calculus for General Markov SDEs

This chapter completes the generalization of Markov noise in continuous time
for this book, by including space-time Poisson noise, state-dependent SDEs and
multi-dimensional SDEs.

5.1 Space-Time Poisson Process

Space-time Poisson processes are also called general compound Poisson processes,
marked Poisson point processes and Poisson noise with randomly distributed jump-
amplitudes conditioned on a Poisson jump in time. The marks denote the underlying
stochastic process for the Poisson jump-amplitude or the space component of the
space-time Poisson process, whereas the jump-amplitudes of the simple Poisson
process are deterministic or fixed with unit magnitude. The space-time Poisson
process is a generalization of the Poisson process. The space-time Poisson process
formulation helps in understanding the mechanism for applying it to more general
jump applications and generalization of the chain rules of stochastic calculus.

Properties 5.1.

e Space-Time Poisson Differential Process: The basic space-time or mark-
time Poisson differential process denoted as

dII(t) = /Q h(t, q)P(dt, dq) (5.1)

on the Poisson mark space Q can be defined using the Poisson random
measure P(dt,dq), which is shorthand measure notation for the measure-set
equivalence P(dt,dq) = P((¢,t + dt], (q,q + dq]). The jump-amplitude h(t, q)
18 assumed to be continuous and bounded in its arguments.

e Poisson mark QQ: The space Poisson mark @ is the underlying IID ran-
dom wvariable for the mark-dependent jump-amplitude coefficient denoted by
h(t,Q)=1, i.e., the space part of the space-time Poisson process. The realized
variable @ = q is used in expectations or conditional expectations, as well as
in definition of the type (5.1).

o Time-integrated, Space-Time Poisson Process:
t
() = / / h(t. q)P(dt, dq)dt . (5.2)
0 JQ

o Unit Jumps: However, if the jumps have unit amplitudes, h(t,Q) = 1, then
the space time process in (5.1) must be the same result as the simple differential
Poisson process dP(t; Q) modified with a mark parameter argument to allow
for generating mark realizations, and we must have the equivalence,

/ P(dt,dq) = dP(t;Q) , (5.3)
Q
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5.1. Space-Time Poisson Process 133

giving the jump number count on (t,t + dt|. Integrating both sides of (5.3) on
[0,t], gives the jump-count up to time t,

/Ot/QP(dt’dQ) = /Ot dP(s;Q) = P(t;Q) . (5.4)

Further, in terms of Poisson random measure P(dt,{1}) on the fized set
Q = {1}, purely the number of jumps in (t,t + dt] is obtained,

/ P(dt, dq) = P(dt, {1}) = P(dt) = dP(t; 1) = dP(t)
Q

and the marks are irrelevant.

e Purely, Time-Dependent Jumps: If h(t,Q) = h1(t), then
/ By (H)P(dt, dq) = hi (AP (5 Q) . (5.5)
Q

e Compound Poisson Process Form: An alternate form of the space-time
Poisson process (5.2), that many may find more comprehensible, is the marked
generalization of the simple Poisson process P(t;Q), with IID random
mark generation, that is the counting sum called the compound Poisson
process or marked point process,

P(t;Q)

() = > h(T;,Qk), (5.6)
k

=1

where h(T, , Q) is the kth jump-amplitude, T,  is the pre-jump value of the
kth random jump-time, Qy is the corresponding random jump-amplitude mark
realization and for the special case that P(t; Q) is zero the following reverse-
sum convention is used,

0
> WT;,Qr) =0, (5.7)

k=1
for any h. The corresponding differential process has the expectation,
EdP(; Q)] = At)dt,

although it is possible that the jump-rate is mark-dependent (see [223], for
example) so that

E[dP(t; Q)] = Eq[A(t; Q)]dt.

However, it will be assumed here that the jump-rate is mark-independent to
avoid complezities with iterated expectations later.
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e Zero-One Law Compound Poisson Differential Process Form: Given
the Poisson compound process form in (5.6), then the corresponding zero-one
Jump law for the compound Poisson differential process is

dTI(t) = h(t, Q)P (1 Q) (53)
such that the jump in TI(t) at t = Ty, is given by
M)(Ty) = I(T}) — I(T)) = h(T}, Qk) - (5.9)

For consistency with the Poisson random measure and compound Poisson pro-
cess forms, it is necessary that

P(t:Q)

[ s @upa) = [ [ hsopas.da - 2 M)
i /ot dP(s; Q) = /Ot/gp(ds,d‘ﬂ =PHQ)
and

Pw®=LPWA®

Note that the selection of the random marks depends on the existence of the
Poisson jumps and the mechanism is embedded in dP(t; Q), in the formulation
of this book.

o In the Poisson random measure notation P(dt,dq), the arguments dt
and dq are semi-closed subintervals when these arguments are expanded

P(dt,dq) = P((t,t + dt], (g, q + dq])

and these subintervals are closed on the left and open on the right due to the
definition of the increment, leaving no overlap between differential increments
and correspondings to the simple Poisson right continuity property that

AP(t;Q) — P(t:Q) — P(t;Q) as At — 07"

so we can write AP(t; Q) = P((t,t + At]; Q) and dP(t; Q) = P((t,t + dt]; Q).
When t, =t and t;y1 = t; + At;, the covering set of intervals is {[t;,t; +
At;) for i = 0:n} plus t. If the marks Q are continuously distributed then
closed subintervals can also be used in q argument. For the one-dimensional
mark space Q, Q can be a finite interval such as Q = [a,b] or an infinite
interval such as @ = (—o00,+00). Also, these subintervals are convenient in
partitioning continuous intervals since they avoid overlap at the nodes.

o P has independent increments on non-overlapping intervals in time t and
marks q, i.e., Pig = P((ti, t; + Aty], (qr, @& + Agx]) is independent of Pje =
P((tj,t; + At;], (e, q¢ + Aqe]), provided that the time interval (t;,t; + At]
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has no overlap with (t;,t; + At;] and the mark interval (qx, qx + Agqi] has no
overlap with (qe, qe + Aqe]. Recall that AP(t;; Q) = P(t; + At;; Q) — P(t;; Q)
is associated with the time interval (t;,t; + At;], open on the left since the
process P(t;; Q) has been subtracted to form the increment.

The expectation of P(dt,dq) is
E[P(dt, dq)] = o(da)A(t)dt = ¢o(q)dg(t)dt , (5.10)
where, in detail,

Po(da) = Pq((q,q + dg]) = (g + dq) — Po(q)
= Prob[Q < ¢+ dq] — Prob[Q < q] = Problg < Q < ¢+ dg]

= 0o(a)dq

is the probability distribution measure of the Poisson amplitude mark in mea-
sure-theoretic notation corresponding to the mark distribution function ®g(q)
and where dq is short hand for the arguments (q,q + dq], just as the dt in
P(dt,dq) is short hand for (t,t+ dt]. The corresponding mark density will be
equal to ¢o(q) if Q is continuously distributed with continuously distributed
distribution function and also if equal in the generalized sense (symbol gg]), for
instance, if Q is discretely distributed. Generalized densities will be assumed
for almost all distributions encountered in applications. It is also assumed
that @ is a proper distribution,

/Q Do (dq) = /Q bo(q)dg =1

Poisson random measure P(At;, qu) is Poisson distributed, i.e.,

Prob[P(At,, Aq;) = k] = e 77 (Py;)" k!, (5.11)

where

Pis = EIP(AL, A))| = 2(Aq) [ MOt = Bo(Aq)A(AL)

for sets At; = [t;,t; + At;) in time and Aq; = g5, q; + Ag;) in marks.
Thus, as At; and Ag; approach 0T, then they can be replaced by dt and dg,
respectively, so

Prob[P(dt,dq) = k] = e~ (P)" /k! , (5.12)

where

P = E[P(dt,dq)] = ¢q(q)dgA(t)dt ,

so by the zero-one jump law,

Prob[P(dt,dq) = k] £ (1 —P)dro + Pk -

zol
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o The expectation of dP(t;Q) = [, P(dt,dq) is

E [/Qp(dt,dq)} = )\(t)dt/QqﬁQ(q)dq = A(t)dt = E[dP(t; Q)] , (5.13)

corresponding to the earlier Poisson equivalence (5.3) and using the above
proper distribution property. Similarly,

t t
E P(ds,dq)| = B[Pt Q)] = | A(s)ds = A(%).
[ [ pasaa)] ~epwa) - [ i - aw
The variance of fQP(dt, dq) = dP(t; Q) is by definition

Var {/ P(dt,dq)} = Var[dP(t; Q)] = A(t)dt. (5.14)
Q
Since

Var [/Qp(dt,dq)] :/Q/QCOV[P(dt,dql),P(dt,dqz)],

then

gen

Cov[P(dt,dq; ), P(dt,dq,)] = A(t)dtdg(q1)d(q1 — q2)dg1dga , (5.15)
analogous to (1.48) for Cov[dP(s1),dP(s2)]. Similarly, since

Var /HM P(ds,dq)| = Var[AP(t; Q)] = AA(¢)
t Q

t+At t+At pt+AL
/ P(ds,dq)] :/ / //COV[P(dSl,dql),P(dSQ,dqz)] ,
t Q t t QJQ

gen

Cov[P(ds1,dq;), P(ds2,dqy)] = A(s1)d(s2 — s1)ds1ds2
00(q1)0(q1 — g2)dqridgs ,  (5.16)

embodying the independent increment properties in both time and mark argu-
ments of the space-time or mark-time Poisson process in differential form.

and
Var

then

It is assumed that jump-amplitude function h has finite second order mo-
ments, i.e.,

/Q Ih(t, q)2éa(g)dq < oo | (5.17)

for allt > 0, and in particular,

| [ s aoatadans < o (.19
0 Jo
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5.1. Space-Time Poisson Process 137

e From Theorem 8.12 (p. 72) and Eq. (3.12), a generalization of the standard
compound Poisson process is obtained,

P(;Q)
/ / $,q)P(ds,dq) = (T, , Qk) , (5.19)
k=1

i.e., the jump-amplitude counting version of the space-time integral, where
Ty, is the kth jump-time of a Poisson process P(t; Q) and provided comparable
assumptions are satisfied. This is also consistent for the infinitesimal counting
sum form in (5.6) and the convention (5.7) applies for (5.19). This form is
a special case of the filtered compound Poisson process considered in Snyder
and Miller [252, Chapter 5]. The form (5.19) is somewhat awkward due to
the presence of three random variables, P(t; Q), Ty and Qy, requiring multiple
iterated expectations.

e For compound Poisson process with time-independent
jump-amplitude, h(t,q) = ha(q) (the simplest case being h(t,q) = q), then

P(t;Q

. )
0=[ [mtwps.d -] ha@P(0,0):da) = 3 ha(Qe), (5:20)

k=

where the sum is zero when P(t;Q) = 0, the jump-amplitudes h2(Qy) form
a set of IID random wvariables independent of the jump-times of the Poisson
process P(t;Q), see [55] and Snyder and Miller [252, Chapter 4]. The mean
can be computed by double iterated expectations, since the jump-rate is mark-
independent,

P(t;Q)
B[y (t)] = Epg)| > Eqlha(Qk)|P(tQ)]
k=1

= Epuq) [P(t; Q)Eq[h2(Q)]] = Eqlha(Q)]A(t) ,

where the IID property and more have been used, e.g., A(t) = fg A(s)ds.
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Similarly, the variance is calculated, letting ha = Eq[ha(Q)],
P(:Q) - ’
Varlllo()] =B | [ > ha(Qx) — haA(t)
k=1
P(5Q) :
=E z (h2(Qr) — h2) + ha(P(t;Q) — A(t))
k=1
P(t:Q) P(6:Q) B B
=Erwo)| D, O, Bo[(h2(Qk) — h2) (h2(Qk,) — h2)]
k1=1 ko=1
_ P(t;Q) _ _2
+2ha(P(5:Q) = A1) D Eq [h2(Q) — ha] + ha(P(5Q) — A(1))?
k=1
= Epwq) [P(t; Q) Varg[ha(Q)] + 2h2(P(t; Q) — A(t))P(;Q) - 0
+Ra(P(5Q) — A(1)’]
= (Varglha(Q)] + 73) A(t) = Fq [B3(Q)] A®),
using the IID property, separation into mean-zero forms and the variance-
expectation identity (B.188).
e For compound Poisson process with both time- and mark-dependence,
h(t,q) and A(t;q), then
t P(t;Q)
() :/ /h(s,q)P(ds,dq) =S (T Qu), (5.21)
0 JQ k=1
however, the iterated expectations technique is not too useful for the compound
Poisson form, due to the additional dependence introduced by the jump-time,
Ty and the jump-rate \(t;q), but the Poisson random measure form is more
flexible,
t t
i) —| [ [e.0pas.aa) = [ [ et aseta as
0JQ 0JQ
t
:/ EolA(s, Q)h(s, Q)lds.
0
o (Consider the generalization of mean square limits to include mark space
integrals. For ease of integration in mean square limits, let the mean-zero
Poisson random measure be denoted by
P(dt,dq) = P(dt,dq) — E[P(dt, dq)] = P(dt, dq) — éo(q)dgA()dt (5.22)
and corresponding space-time integral be
TE/ h(t, q)P(dt,dq) . (5.23)
Q
—®



5.1. Space-Time Poisson Process 139

Let T, = {ti|ti+1 =t +At; for i = 0:n,tg = 0,th+1 = t,maxi[Ati] —
0 as n — +oo} be a proper partition of [0,t). Let Q,, = {AQ; for j = 1:
m| Ut AQ; = Q} be a proper partition of the mark space Q, noting that the
subsets AQ; are disjoint is implicit. Let h(t,q) be a continuous function in
time and marks. Let the corresponding partially discrete approrimation

m

I =3 h(ti q)) g P([ti,t; + AT), dg;) , (5.24)
=0 3

Jj=1
for some qi € AQ;. Note that if Q is a finite interval [a,b], then Q; =
[gj,q; + Aq] using even spacing with g1 = a, gm+41 = b and Aqg = (b —a)/m.
Then Iy, n converges in the mean square limit to I if

E[(I —In.)% —0, (5.25)

)

as m and n — +o00.

For more advanced and abstract treatments of Poisson random measure, see
Gihman and Skorohod [94, Part 2, Chapter 2], Snyder and Miller [252, Chapter 4
and 5], Cont and Tankov [59], @ksendal and Sulem [223] or the applied to abstract
bridge Chapter 12.

Theorem 5.2. Basic infinitesimal moments of the space-time Poisson
process:

E[dII(t)] = )\(t)dt/gh(t, q)00(q)dg = A(t)dtEq[h(t, Q)] = )\(t)dtﬁ(t) (5.26)
and

Var[dII(t)] = \(t)dt /Q h2(t,q)po(q)dg = A(t)dtEq[h?(t; Q)] = A(t)dth2(t). (5.27)

Proof. The jump-amplitude function h(t, Q) is independently distributed, through
the mark process @), from the underlying Poisson counting process here, except that
this jump in space is conditional on the occurrence of the jump-time or count of
the underlying Poisson process. However, the function h(t, ¢) is deterministic since
it depends on the realization ¢ in the space-time Poisson definition, rather than the
random variable (). The infinitesimal mean (5.26) is straightforward,

B[dII(1)] = E { /Q h(t,q)P(dt,dq)} _ /Q h(t, Q) E[P(dt, dq)]

= A(#)dt /Q h(t, q)bo (q)dq = A(t)dtEq[h(t, Q)] = Mt)dth(t)

noting that the expectation operator applied to the mark integral can be moved to
apply just to the Poisson random measure P(dt, dq).
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140 Chapter 5. Stochastic Calculus for General Markov SDEs

However, the result for the variance in (5.27) is not so obvious, but the co-
variance formula for two Poisson random measures with differing mark variables
Cov[P(dt,dq;), P(dt,dq,)] (5.15) will be useful by converting to the mean-zero

Poisson random measure P(dt,dq) in (5.22),

Var[dll(t)] = E (/Q h(t,q)P(dt,dq) — E(t)/\(t)dt) ]

=E (L (h(t, Q)P(dt, dCI) - h(t, q)¢Q (Q)/\(t)dt)> ‘|

=E (/Qh(t,q)ﬁ(dt,dq)ﬂ

_ :/Qh(t,ql)/Qh(t,qg)ﬁ(dt,dql)ﬁ(dt,dql)}

= [ htt.00) [ 1t g2)Cov [Plat. day) P(at. day)|

= A(t)dt /Q R2(t, q1)pq(q1)dgr = \(t)dtEqg [h*(t, Q)] = A(t)dth2(t) .

Examples 5.3.

o Uniformly Distributed Jump Amplitudes:
As an example of a continuous distribution, consider the uniform density for
the jump-amplitude mark QQ be given by
where U(q;a,b) = lyeciap) 45 the step or indicator function for the interval
[a,b], i.e., U(g;a,b) is one when a < q < b and zero otherwise. The first few
moments are

1 b

“b-a o
1 b b+a
EQ[Q]=b_a/qdq= 5

b
Varg(Q] = ;= [ (4~ (b @)/2)%dq =

(b—a)
12

In the case of the log-uniform amplitude letting Q = In(14+h(Q)) be the mark-
amplitude relationship using the log-transformation form from the linear SDE
problem (4.76), then

hQ) =@ -1
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5.2. State-Dependent Generalizations 141

and the expected jump-amplitude is

b b_ La
Eolh(@)] = 5 [ (e~ g = =5 1.

e Poisson Distributed Jump Amplitudes:
As an example of a discrete distribution of jump-amplitudes, consider

uk

Qg (k) = pr(u) = e_ug ;

for k = 0:00. Thus, the jump process is a Poisson-Poisson process or a
Poisson-mark Poisson process. The mean and variance are

Remark 5.4. For the general discrete distribution,
ok)=pr, Y. pe=1,
k=0

the comparable continuized form is

oo Lal
o) Y Hrlg—k)pk =Y px

k=0 k=0

where Hr(q) is again the right-continuous Heaviside step function and |q| is
the maximum integer not exceeding q. The corresponding generalized density
18

dq(q) =Y 6rlq—k)pk -
k=0

The reader should verify that this density yields the correct expectation and
variance forms.

5.2 State-Dependent Generalization of
Jump-Diffusion SDEs

5.2.1 State-Dependent Generalization for Space-Time Poisson
Processes

The space-time Poisson process is generalized to include state-dependence with X (¢)
in both the jump-amplitude and the Poisson measure, such that

dTI(t: X (£), 1) = / (X (), £, )P(dt, dg; X (1), 1) (5.29)
Q
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142 Chapter 5. Stochastic Calculus for General Markov SDEs

on the Poisson mark space Q with Poisson random measure P(dt,dq; X (¢),t),
which helps to describe the space-time Poisson mechanism and related calculus. The
space-time state-dependent Poisson mark, () = ¢ is again the underlying random
variable for the state-dependent and mark-dependent jump-amplitude coefficient
h(zx,t,q). The double time ¢ arguments of dII, dP and P are not considered redun-
dant for applications, since the first time ¢ or time set dt is the usual Poisson jump
process implicit time dependence, while the second to the right of the semi-colon de-
notes explicit or parametric time dependence paired with explicit state dependence
that is known in advance and is appropriate for the application model.
Alternatively, the Poisson zero-one law form may be used, i.e.,

dIl(t; X (1), 1) 2 h(X(2),1, Q)dP(t: Q. X (1), 1), (5.30)
with the jump of TI(¢; X (¢),t) being

[M(T) = WX (Ty), Ty, , Q)

at jump-time T} and jump-mark Q. The multitude of random variables in this sum
means that expectations or other Poisson integrals will be very difficult to calculate
even by conditional expectation iterations.

Definition 5.5. The conditional expectation of P(dt,dq; X(t),t) is
E[P(dt,dq; X (), 4)| X (t) = 2] = ¢q(¢; x, t)dgA(t; 2, t)dt (5.31)

where ¢g(q;,t)dg is the probability density of the now state-dependent Poisson
amplitude mark and the jump rate \(t;z,t) now has state-time dependence. In this
notation, the relationship to the simple counting process is given by

/ P(dt,dq; X (t),t) =dP(t;Q, X (t),t) .
Q

Hence, when h(z,t,q) = E(:v, t), i.e., independent of the mark ¢, the space-time
Poisson is the simple jump process with mark-independent amplitude,

dII(t; X (t),t) = h(X (t), t)dP(t; Q, X (t),1) ,

but with non-unit jumps in general. Effectively the same form is obtained when
there is a single discrete mark, e.g., ¢g(q) = d(¢—1), so h(z,t,q) = h(z,t,1) always.

Theorem 5.6. Basic conditional infinitesimal moments of the state-
dependent Poisson process:

E[dII(t; X (1), )| X (t) = «] = /Qh(x,t,q)ng(q;x,t)dq/\(t;x,t)dt

= Eolh(z, t, Q)I\(t; z, t)dt (5.32)
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5.2. State-Dependent Generalizations 143

and
Var[dII(t; X (¢), )| X (t) = «] = /QhQ(a:,t,q)(bQ(q;:c,t)dq/\(t;:c,t)dt

= Bq[h?(x, t; Q))\(t; x, t)dt . (5.33)

Proof. The justification is the same justification as for Eqgs. (5.27-5.27). It is
assumed that the jump-amplitude h(z,t, Q) is independently distributed due to @
from the underlying Poisson counting process here, except that this jump in space

is conditional on the occurrence of the jump-time of the underlying Poisson process.
d

5.2.2 State-Dependent Jump-Diffusion SDEs
The general, scalar stochastic differential equation (SDE) takes the form
X () = FXO,0de+g(XO.0W(0) + | X, t.0)P(dt,das X (2),0)
Q (5.34)
LS. )t + g (X (2), )W (£) + h(X (). £, Q)AP(£: Q. X (1), 1)

for the state process X (t) with a set of continuous coefficient functions {f,g,h}.
However, the SDE model is just a useful symbolic model for many applied situations,
but the more basic model relies on specifying the method of integration. So

X(0) = X(to) + [ (F(X(5)5)ds + (X (5), )W ()

to

Th(X(1), 5, Q)dP(s;Q, X(s), 5))

. n AP;
ms X(to) + nlLII;O lz (flAtl + g AW, + Z hi,k>‘| ,

=0 k=0

(5.35)

where f; = f(X;,6:), g = 9(Xi, i), hig = MXi, Tk, Qr), Aty =tiy1 —t;, AP =
AP(t;;Q, X;,t;) and AW; = AW (t;). Here, T}, is the kth jump-time and {Q, Qx}
are the corresponding random marks.

The conditional infinitesimal moments for the state process are

E[dX ()| X (t) = 2] = f(x,t)dt + h(z, ) \(t; z,t)dt | (5.36)
h(z, )A\(t; 2, t)dt = Eglh(z,t, Q)|\(t; z,t)dt , (5.37)
and
Var[dX (t)| X (t) = z] = ¢*(x, t)dt + h2(x, t)A\(t; z, t)dt |, (5.38)
h2(z, O\t 2, t)dt = BEg[h?(x,t, Q)|\(t; z, t)dt , (5.39)
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144 Chapter 5. Stochastic Calculus for General Markov SDEs

using (1.1,5.32,5.33,5.34) and assuming that the Poisson process is independent of
the Wiener process. The jump in the state at jump time T} in the underlying
Poisson process is

(X)(Th) = X(T)7) = X(T,) = h(X(T}), T, Qw) (5.40)

for k =1,2,..., now depending on the kth mark @)y at the pre-jump-time 7,  at
the kth jump.

Rule 5.7. Stochastic Chain Rule for State-Dependent SDEs:
The stochastic chain rule for a sufficiently differentiable function Y (t) = F(X(t),t)
has the form

sym

dY (t) =dF(X(t),t) = F(X(t)+dX(t),t+dt) — F(X(t),t)
= d(cont)F(X( ) ) +d 7ump)F( (t)v )
&t F (X (t),t)dt + Fo (X (t), ) (f(X(t),t)dt + g(X(t),t)dW (t))
1

+ §F11(X(t),t)gz(X(t), t)dt (5.41)

+ [ (FCX® + X0 1.0).6) — FX.0)P(dt das X(0).).
Q

to precision-dt. It is sufficient that F' be twice continuously differentiable in x and
once i t.

5.2.3 Linear State-Dependent SDEs

Let the state-dependent jump-diffusion process satisfy a SDE linear in the state
process X (t) with time-dependent rate coefficients,

dX () £ X (t) (pa(t)dt + 0a(t)dW (£) + v(t, Q)dP(£ Q) (5.42)

for t > to, with X (to) = Xo and E[dP(¢; Q)] = A(t)dt, where pq(t) denotes the
mean and o2 (¢) denotes the variance of the diffusion process, while Q) denotes the
kth mark and T}y denotes the kth time of the jump process.

Again, using the log-transformation Y'(¢) = In(X (¢)) and the stochastic chain
rule (5.41),

AY (1) 2 (ua(t) — 02(t)/2)dt + og(O)dW (£) + In (1 + v(t, Q) dP(;Q),  (5.43)

with immediate integrals

Y (t) = In(zo) + /t: dY (s) (5.44)
" X (t) = zgexp (/t: dY(s)) : (5.45)
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or in recursive form,
t+AL
X(t+ At) = X() exp ( / dY(s)) . (5.46)
t

Linear Mark-Jump-Diffusion Simulation Forms

For simulations, a small time-step, At; < 1, approximation of the recursive form
(5.46) would be more useful, with X; = X (¢;), u; = pa(ts), i = oa(t;), AW; =
AW (t;), AP, = AP(t;; Q) and the convenient jump-amplitude coefficient approxi-
maton, v(t,Q) ~ 15(Q) = exp(Q) — 1, i.e.,

Xiv1 ~ X;exp ((,ul — 0'12/2)At1 + O'iAWi) (1 + Vo(Q))APi , (547)

for ¢ = 1: N time-steps, where a zero-one jump law approximation has been used.
For the diffusion part, it has been shown that

E[eG’IAWI} — eU?Ati/Q,

using the completing the square technique. In addition, there is the following lemma
for the jump part of (5.47):

Lemma 5.8. Jump Term Expectation

E [(1 I VO(Q))AR} — MiALE(Q)] (5.48)
where BE[AP;] = \;At; and 1p(Q) = exp(Q) — 1.

Proof. Using given forms, iterated expectations, the Poisson distribution and the
IID property of the marks @y, then

E[(1+0(Q)2"] = B[e?27]

e—)\iAti Z(/\iAti)kEQ [ekQ}
k=0

e—)\iAti Z(/\iAti)k (EQ [eQ])k
k=0
_ e_AiAti e/\iAtiEQ [GQ}
= AiALEQ[(Q)]

0 An immediate consequence of this result is the following corollary:

Corollary 5.9. Discrete State Expectations:

E[X;11]Xi] = X; exp((pi + MiEq[ro(Q)])At;) (5.49)
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and
E[Xip1] = zoexp | D (1 + A Eqo(@)AL | - (5.50)
§=0

Further, as At; and 6t,, — 0T, the continuous form of the expectation follows
and is given later in Corollary 5.13 on page 148 using other justification.

Example 5.10. Linear, Time-Independent, Constant-Rate Coefficient
Case:
In the linear, time-independent rate-coefficient case with uq(t) = po, oq4(t) = oo,
At) =X and v(t,Q) = 11(Q) = @ — 1,

P(t;Q)—P(t0;Q)
X(t) = woexp|(po — o5 /2)(t — to)+ ao(W(t) — W(to))+ Z vQy |, (5.51)

k=1

where the Poisson counting sum form is now more manageable since the marks do
not depend on the pre-jump-times 1T} .

Using the independence of the three underlying stochastic processes, (W (t) —
W(to)), (P(t;Q) — P(to;@Q)) and Q;, as well as the stationarity of the first two
and the law of exponential to separate exponentials, leads to partial reduction of the
expected state process:

E[X (t)] = zoelto=0/2(t=t0) . gy, [ T W (t— m} ZE (t—ty;Q) = k|E [esz:le]

oo ,—w?/(2(t—t
_ agelio—ci/au-t) [ °))eoowdw

A/ 27T t— to
= dolt—to) Z Aolt — to HEQ

k=0
(Ao(t —to))¥
= ageratt-wehtt=i 3 ol e po
k=0
— ppelrotro(Eq[e?]-1))(t—to) (5.52)

where \o(t —to) is the Poisson parameter and Q = (—o0, +00) is taken as the mark
space for specificity with

Eq [¢9] = /Q €% (q)dg

Little more useful simplification can be obtained analytically, except for infinite ex-
pansions or equivalent special functions, when the mark density ¢pg(q) is specified.
Numerical procedures may be more useful for practical purposes. The state expecta-
tion in this distributed mark case (5.52) should be compared to pure constant linear

coefficient case (4.81) of Chapter 4.
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Exponential Expectations:

Sometimes it is necessary to get the expectation of an exponential of the integral of
a jump-diffusion process. The procedure is much more complicated for distributed
amplitude Poisson jump processes than for diffusions since the mark-time process is
a product process, the product of the mark process and the Poisson process. For the
time-independent coefficient case, as in a prior example, the exponential processes
are easily separable by the law of exponents. However, for the time-dependent case,
it is necessary to return to use the space-time process P and the decomposition
approximation used in the mean square limit. The A in the following theorem
might be the amplitude coefficient in (5.43) or h(s,q) = ¢ = In(1 + v(s,q)), for
instance.

Theorem 5.11. Exzpectation for the Exponential of Space-Time Counting
Integrals:

Assuming finite second order moments for h(t,q) and convergence in the mean
square limit,

E {exp < [ /Q h(s,q)P(ds,dq))} = exp ( /tt /Q (ehw - 1) ng(q,s)qu(s)ds)

= exp ( / (e — 1)(5))\(s)d5) . (5.53)

to

Proof. Let the proper partition of the mark space over disjoint subsets be
Om = {AQ; for j =1:m|UJL; AQ; = Q}

Since Poisson measure is Poisson distributed,

®p, (k) = Prob[P(dt, AQ;) = k] = ¢ 77 (ij‘)k

with Poisson parameter
P; = E[P(dt,AQ))] = A(t)dt®q(AQ;, t;) .

for each subset {AQ;}.
Similarly, let the proper partition over the time interval be

T = {tiltiv1 = t; + At; for i = 0:n,tg = 0,t,41 = t, max[At;] =0 as n — +oo} .

The disjoint property over subsets and time intervals means P([t;, t; + At;), AQ,)
and P([t;, t;+At;), AQ”) will be pairwise independent provided j’ # j for fixed i cor-
responding to the Property (5.15) for infinitesimals, while the P([t;, t; + At;), AQ,)
and P([t;, t; + At}), AQ’) will be pairwise independent provided i’ # i and j' # j,
corresponding to the Property (5.16) for infinitesimals.
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For brevity, let h; j = h(t;, q;) where ¢; € AQ;, Pij = Pi([ti, ti + At;), AQ;)
and fiﬁj = AlAtl‘bQ(AQj)
Using mean square limits, P; ; playing the dual roles of the two increments

(At;, AQ;), the law of exponents and independence (symbol z%i),

t ) ms n m
E [exp (/ / h’P)} 2 lim E |exp ZthP@j
to /Q e i=0 j=1
2 D TG B exp (ki P )]

oo ki

R Pij
= lim I (I, exp (—Pi) Z ﬁexp(hi,jkz‘,j)

m,n— o0 f
kij=0 "

= lim H?:OH;-”:l exp (WJ (exp(hi ;) — 1))

m,n— o0

m

Z (exp(hi7j) — 1) )\iAtiq)Q(AQi, ti)

n
ms
i=0 j=1

= lim exp

m,n— oo

o (/ . (exthis.) = 1) a1 (s)is

= e[ (e, Q) - DAG)s)

to

Thus, the main technique is to unassemble the mean square limit discrete approx-
imation to get at the independent random part, take its expectation and then re-
assemble the mean square limit back again, justifying the interchange of expectation
and exponentiation-integration. 0

Remarks 5.12.

o Note that the mark space subset AQ; is never used directly as a discrete
element of integration, since the subset would be infinite if the mark space
were infinite. The mark space element is only used through the distribution
which would be bounded. This is quite unlike the time domain where we can
select t to be finite. If the mark space were finite, say Q = la,b], then a
concrete partition of [a,b] similar to the time-partition can be used.

o Also note that the dependence on (X (t),t) was not used, but could be consid-
ered suppressed but absorbed into the existing t dependence of h and P.

Corollary 5.13. Expectation of X(t) for Linear SDE:
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Let X (t) be the solution (5.45) with U(t) = E[v(t, Q)] of (5.42), then

B[X ()] = 0 exp ( / (1a(s) + A(s)7(s)) ds) (5.54)

to

— Zoexp ( / t E[dX (s) /X(s)]ds) . (5.55)

to

Proof. The jump part, the main part, follows from exponential Theorem 5.11
Eq. (5.53) and the lesser part for the diffusion is left as an exercise for the reader.

However, note that the exponent is the time integral of E[dX (¢)/X (t)], the
relative conditional infinitesimal mean, which is independent of X (s) and is valid
only for the linear mark-jump-diffusion SDE. 0O

Remark 5.14. The relationship in (5.55) is a quasi-deterministic equivalence
for linear mark-jump-diffusion SDEs and was shown by Hanson and Ryan [114]
in 1989. They also produced a nonlinear jump counter example that has a formal
closed form solution in terms of the gamma function, for which the result does not
hold and a very similar example is given in Fxercise 9 in Chapter 4.

Moments of Log-Jump-Diffusion Process:

For the log-jump-diffusion process dY (¢) in (5.43), suppose that the jump-amplitude
is time-independent and that the mark variable was conveniently chosen as

Q = In(1 + v(t, Q))
so that the SDE has the form
dY (1) S pua(t)dt + oa(t)dW (1) + QdP(5Q) (5.56)

or in the case of applications for which the time step At is an increment that is not
infinitesimal like dt there is some probability of more than one jump,

AP(4Q)
AY () = g ()AL + og(AW () + > Qi - (5.57)
k=1

The results for the infinitesimal case (5.56) are contained in the incremental case
(5.57).

The first few moments can found in general for (5.57), and if up to the fourth
moment, then the skew and kurtosis coefficients can be calculated. These calcula-
tions can be expedited by the following lemma concerning sums of zero-mean IID
random variables:

Lemma 5.15. Zero-mean IID random variable sums:
Let {X;|i = 1:n} be a set of zero-mean IID random variables, i.e., E[X;] = 0. Let
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150 Chapter 5. Stochastic Calculus for General Markov SDEs

M) = B[X["] be the mth moment and
St =3 "X,
i=1

with 5’7(11) = S,, being the usual partial sum over the set and
E[S(™] = nM (™) | (5.58)
then the expectation of powers of S, for m =1:4 are

0, m
nM®, m
nM®), m

m

nM® 4 3n(n —1) (M®)?,

E[(S,)™] = (5.59)

I
=W N =

Proof. First by the linear property of the expectation and the IID properties of
the Xl',

R S

i=1 =1

The m = 1 case is trivial due to the zero mean property of the X;’s and the
linearity of the expectation operator, E[S,] = > "I | E[X;] = 0.
For m = 2, the induction hypothesis from (5.59) is

E[S2] =E Ki)@)] —nM®

with initial condition at n = 1 is E[S7] = E[X?] = M by definition. The hypoth-
esis can be easily proved by partial sum recursion S, 11 = S, + X, +1, application
of the binomial theorem, expectation linearity and the zero-mean IID property:

E[S2,1] =E[(Sh+ Xn41)?] =E[SE + 22X 415, + X2 4]
=nM® +2.0.0+M? =n+1)M? . (5.61)

QED for m = 2.
Similarly for the power m = 3, again beginning with the induction hypothesis

n 3
E[S3] =E <Z XZ-> =nM®
i=1

with initial condition at n = 1 is E[S]] = E[X}] = M®) by definition. Using the
same techniques as in (5.61),
E[S2, 1] =E[(Sn + Xn+1)?] =E[S) 4+ 3Xn4157 +3X. 157 + X2 ]
=nM® +3.0.nMPD +3. M@ .04+ M3 = (n+1)M® . (5.62)
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QED for m = 3.

Finally, the case for the power m = 4 is a little different since an additional
nontrivial term arises from the product of the squares of two independent variables.
The induction hypothesis is

n 4
E [S;ﬂ =E (Z Xi) — TLM(4) + 3n(n _ 1)(M(2))2
=1

with initial condition at n = 1 is E[S{] = E[X{] = M® by definition. Using the
same techniques as in (5.61),

E[Sh 1] =E[(Sh+ Xn41)'] =E[Sp +4X, 4150 +6X7,,S2 +4X2 15 + X0 4]
=nMW +3n(n - 1)(MP)2 +4.0-nM® +6- M® . nM(2)
+4-M® .04+ MW
=4+ 1M £ 3(n+1)((n+1) - 1)(MP)2. (5.63)

QED form=4. 0O

Remark 5.16. The results here depend on the IID and zero-mean properties, but
do not otherwise depend on the particular distribution of the random variables. The
results are used in the following theorem:

Theorem 5.17. Some Moments of the Log-jump-diffusion (ljd) Process
AY (t):

Let AY (t) satisfy the stochastic difference equation (5.57), the marks Qy be IID
with mean p; = Eg[Qk] and variance O'JQ- = Varg[Q4], then the first four moments,
m=1:4, are

pa(t) = B[AY (8)] = (pa(t) + A(t)pg) At (5.64)

oya(t) = Var[AY ()] = (03(t) + (0F + p15) M(t)) At ; (5.65)

M) (t) = E[(AY (t) - E[AY (1)])*] = (M§3> + 15 (302 + ug)) AB)AL,  (5.66)
where M = Eq[(Q — 1;)°);
M)(t) = B [(AY (1) - E[AY (1)])']
- (MJ(“) 4 MY 4 6p20? + uj) A(t)At

+3(03() + (02 + p2) (1)) (At)? (5.67)

where M;4) =Eq[(Qi — Hj)4]-
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Proof. One general technique for calculating moments of the log-jump-diffusion
process is iterated expectations, so
AP(tQ)
pja(t) = E[AY ()] = ua())At + 04(t) -0+ Eapo) [Eq | Y. Qi| AP(5Q)
i=1
AP(tQ)
= ma()At + Bapwg) | Y. EqlQi]
i=1

= g (t) At + Eap;0) [AP(t Q)EQ[Q:]] = (ta(t) + piA(t)) At
proving the first moment formula.

For the higher moments, the main key technique for efficient calculation of the
moments is decomposing the log-jump-diffusion process deviation into zero-mean
deviation factors, i.e.,

AP(tQ)
AY (1) = pyja(t) = oa(DAW (1) + Y (Qi = y) + 1 (AP(£.Q) — A()Ab).
i=1
In addition, the multiple applications of the binomial theorem and the convenient
increment power Tables 1.1 for AW (¢) and 1.2 for AP(t; Q) are used.
The incremental process variance is found by
oia(t) = Var[AY ()]
2
= B[ (cadaW () + S20Q: - ) + (AP Q) - 2020
= Uﬁ(t EAw(t)[(AW) ( )]+20d~0
2
8 [(S2209Qu- ) + (AP Q) - (t)At)) ]
= GHOAt+ Earwe) [ZE0EY TR Bol(Q: — 1) (@ — i)
+205 (AP(£:Q) — A1) A1) 32 Eo[(Qs — )]
15 (AP(t:Q) — A(t)At)?]
= 0i(t)At+Eapwq) [APt:Q)07 + 04 u3 (AP(4 Q) — A(1)At)?]
= (o3(t) + (o7 +13) A(t)) At .
;>
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The case of the third central moment is similarly calculated,

MP ()= E[(AY (1) - pa(t))?]
- E[(odm W0+ E2509Qi - ) + (AP Q) - A080) |
= EAW(t) [(AW }

+3adEAw<t> [(AW)*(®)] E [Ziﬁ“@)(@ — 1) + 1 (AP(5:Q) = A AY)]
+00-04 B[ (E2009(Q: - ) + m(APQ) - \0AD) |
= o3(t)-0+303(t)At-0

+Bara) [S20D LRAED SR Bl(Qi — 1) (@ — 13)(Qe — )]
+3u; (AP(t Q) — AM(t)At) S 2F D AP ED B [(Qi — 1) (Qr — 1))
F3U2(AP(6,Q) — A(t)AL)? - 0 + (3 (AP(1 Q) — A(H)A)?]

= Barwo) [APHEQMP + 315 (AP(5Q) — NOAYAP(EQ)0}
+43 (AP (5 Q) — A(t)A1)’]
= (M]@) + ;i (305 + u?)) A(t)AL .,

depending only on the jump component of the jump-diffusion.

MAMY SV
2007/1/7
page 153

—p
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The case of the fourth central moment is similarly calculated,

My (1) = E[(AY () - uya(0))’]
_® [ )+ SEEEDQ - 1) + iy (APEQ) - A0AD) |
= 03(Eawq) [( W)H(t)] + 405 - 0 + 603Eaw ) [(AW)? ()]

B[(S2509Q: - )+ i5(AP1:Q) - 0aD) |
#0004 8| (T2 = m) + 1y (AP0:Q) - x0A1)|

= 304(D)(A)? + 603(1) AtBapq) [DR5Y TR
EQ[(Qi — 1) (Qr — 13)]
205 (AP(t;Q) — A(t)AL) - 0+ p3 (AP(6:Q) — A(t)At)?]
Eapo) SN0 SREH DRI Tl
EQ[(Qi — 1) (Qk — 1) (Qe — 115)(Qm — p15)]
+4p5 (AP(1; Q) = A1) A1) ZAP“ RPYSELLD WA
Eq((Qi — 1) (Qr — 113)(Qe — p3)]
+6113 (AP(5:Q) — ( )AL)? ZAP“ DY EQl(Qi — 1) (Qr — )]
FAUG(AP(6Q) = M)A - 0+ wj(AP(5Q) — M) At)"]
= 304(t)(At)® + 603 (1) AtEap) [AP(5Q)0] + 115 (AP( Q) = A(t)At)?]
+Eapua) [APHQMY +3APE Q)AP(LQ) - 1)0)
115 (AP(t; Q)= A A AP (1,Q) M;”
+645 (AP(t Q) = MOAD?AP(t;Q)o] + 1 (AP (1 Q) — A(t)At)]
= (M + 4 M + 66307 + 113 MDA
+3 (03 (t) + (oF + 13) At )) (At)?,
completing the proofs for moments m = 1:4.
Also, used throughout, the expectations of odd powers of AW (¢), the single
powers of (Q; — 1t;) and the single powers of (AP(t; Q) — A(t)At) were immediately
set to zero. In addition, the evaluation of the mark deviation sums of the form

E[(Zle(Ql — u;)™] for m =1 : 4 is based upon general formulas of Lemma 5.15.
ad

\_/\./

Remarks 5.18.

o Recall that the third and fourth moments are measures of skewness and peaked-
ness (kurtosis), respectively. The normalized representations in the current
notation are the coefficient of skewness,

ma[AY (1)] = M) (8)/ o (1), (5.68)
from (B.11), and the coefficient of kurtosis,
na[AY (8)] = M) () /o () - (5.69)
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from (B.12).

For example, if the marks are normally or uniformly distributed, then
3 _
M;™ =0,

since the normal and uniform distributions are both symmetric about the mean,
so they lack skew and

_ 1y (30F + ) ADAL 1 (307 + 17) A1)

n3[AY (1)) 0] (a2 + (02 + 1) A1)’ (A2

using oyq(t) gwen by (5.65). For the uniform distribution, the mean p; is
given explicitly in terms of the uniform interval [a,b] by (B.15) and the vari-
ance 0]2- by (B.16), while for the normal distribution, u; and 0]2- are the normal
model parameters. In general, the normal and unform distribution versions
of the log-jump-diffusion process will have skew although the component incre-
mental diffusion and mark processes are skew-less.

In the normal and uniform mark cases, the fourth moment of the jump marks
are

M(4)/04 _ { 3, mnormal Q; }

1.8, wuniform Q;

which are in fact the coefficients of kurtosis for the normal and uniform dis-
tributions, respectively, so

3, normal Q;
miav(o] = ({ Ty o @ Lot s ool + ut) NOAaka(t)

+3 (02(8) + (02 + u2) A1) (A1) /ota(t) -

The moment formulas for the differential log-jump-diffusion process dY (t) fol-
low immediately from Theorem 5.17 by dropping terms O((At)?) and replacing
At by dt.

Distribution of Increment Log-Process:

Theorem 5.19. Distribution of the State Increment Logarithm Process
for Linear Marked Jump-Diffusion SDE:

Let logarithm-transform jump-amplitude be In(1 + v(t,q)) = q, then the increment
of the logarithm process Y (t) = In(X (t)), assuming X (to) = xo > 0, approzimately
satisfies,

AP(tQ)
AY () ~ ua() At + oa(DAW () + > Q;, (5.70)
J
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156 Chapter 5. Stochastic Calculus for General Markov SDEs

where puq(t) = pa(t) —o2(t)/2 is the log-diffusion drift, o4 > 0 and the @j are pair-
wise IID jump marks for P(s; Q) for s € (t,t+ At], counting only jumps associated
with AP(t; Q) given P(t;Q), with common density ¢q(q). The @j are independent
of both AP(t; Q) and AW (t).

Then the distribution of the log-process Y (t) is the Poisson sum of mested
convolutions

Day(n(® Zpk A1) (Pace (+6)") (@) | (5.71)

where AG(t) = pia(t)At + oq4(t) AW (t) is the infinitesimal Gaussian process and
(Pace (x¢0)F)(x) denotes a convolution of one distribution with k identical densi-
ties ¢g. The corresponding log-process density is

Dav (@ Zpk A1) (9acw (+60)") (@), (5.72)

Proof. By the law of total probability (B.92), the distribution of the log-jump-
diffusion AY (t) ~ AG(t) + ZJ-AP(t;Q) Qj is

AP(tQ)
Day((x) = ProblAY (t) < 2] = Prob [AG() + Y Q;<u

[e%e} AP(t?Q)
=Y Prob [AG(t)+ Y Q; <a|AP(1Q) = k| Prob[AP(t; Q) = k|
j=1

k=0
~ Y n0ANeH @) (5.73)
k=0

where pi(A(t)At) is the Poisson distribution with parameter A(t)At¢ and letting

k
®*) (z) = Prob | AG(t) + Z @j <z|.
j=1

For each discrete condition AP(t;Q) = k, AY(t) is the sum of k + 1 terms,
the normally distributed Gaussian diffusion part AG(t) = pq(t) At + oq4(t) AW (t)
and the Poisson counting sum E 1 Q7 where the marks Q7 are assumed to be IID
but otherwise distributed with dens1ty $o(q), while independent of the diffusion
and the Poisson counting differential process AP(t; Q). Using the fact that AW (¢t)
is normally distributed with zero-mean and At-variance,
Pac)(z) = Prob[AG(t) < ] = Prob[ua(t) At + oq(t) AW (t) < x
= Prob[AW(t) < (z — pa(t)At)/o4(t)] = aw ) (@ — pa(t)At)/oa(t))
= @y ((z — ma(t)At) /oa(t); 0, At) = (w3 pua(t) At, o3 (1) At)
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provided o4(t) > 0, while also using identities for normal distributions, where
®,,(2; u, 0?) denotes the normal distribution with mean u and variance o2.

Since ®*) is the distribution for the sum of [ k+1 independent random variables,
one normally distibuted and &k IID jump marks QJ for each k, ®*) will be the nested
convolutions as given in (B.100). Upon expanding in convolutions starting from the
distribution for the random variable AG(¢) and the kth Poisson counting sum

k
oM (2) = (Pag) * b4, ) (z) = <‘1>Ac(t) H (*(bQi)) (z) = (‘I’AG(t) (*¢Q)k) (z),

using the identically distributed property of the @;’s and the compact convolution
operator notation

k
<‘1’Ac(t 11 <0, ) = (( ((Pacw) *0Q.) * ¢Q.) -+ * Dqu_,) * D@, ) (%)

i=1

which collapses to the operator power form for IID marks since H§:1 c = c* for
some constant c. Substituting the distribution into the law total probability form
(5.73), the desired result (5.71), which when differentiated with respect to = yields
the kth density ¢ay ) (z) in (5.72). O

Remark 5.20. Several specialized variations of this theorem are found in Hanson
and Westman [123, 125], but corrections to these papers are made here.

Corollary 5.21. Density of Linear Jump-Diffusion with Log-Normally
Distributed Jump Amplitudes:

Let X(t) be a linear jump-diffusion satisfying the SDE (5.70) and let the jump-
amplitude mark @Q be normally distributed such that

¢q(x3t) = dnlw; p1;(t), 05 (1)) (5.74)

with jump mean p;(t) = E[Q] and jump variance o5 (t) = Var|Q]. Then the jump-
diffusion density of the log-process Y (t) is

Pay () (@ Zpk t)AL) b (3 pua () A + kpa (8), 03 (H) At + ka3 (1)) - (5.75)

Proof. By (B.101) the convolution of two normal densities is a normal distribution
with a mean that is the sum of means and a variance that is the sum of the variances.
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158 Chapter 5. Stochastic Calculus for General Markov SDEs

Similarly, by the induction exercise result in (B.198) the pairwise convolution of one
normally distributed diffusion process AG(t) = piq(t) At + oq(t) AW (t) density and
k random mark @); density ¢¢g for ¢ = 1:k will be a normal density whose mean is
the sum of the k + 1 means and whose variance is the sum of the k£ + 1 variances.
Thus starting with the result (5.73) and then applying (B.198),

day () (x Zpk (¢Ac(t) (x0q) ) (x)
[eS) k k
= (M) At)on <$§ (DAL + Y (1), 05 ()AL + Y o] (ﬂ)
k=1 i=1 =1

M

PrNE) ALYy (5 puig (£) AL + kpi (1), o3 () At + ko’ (1))

el
Il

1

Remark 5.22. The normal jump-amplitude jump-diffusion distribution has been
used in financial applications, initially by Merton [202] and then by others such as
Divelmeyer [75], Andersen et al. [6] and Hanson and Westman [123].

Corollary 5.23. Density of Linear Jump-Diffusion with Log-Uniformly
Distributed Jump Amplitudes:

Let X (t) be a linear jump-diffusion satisfying the SDE (5.70), and let the jump-
amplitude mark Q be uniformly distributed (5.28). i.e.,

1
=——VU(g;a,b
¢q(a) = 3—Ulg;a,0),
where U(q;a,b) is the unit step function on [a,b] with a < b. The jump mean is
pj(t) = (b+a)/2 and jump variance is o3 (t) = (b — a)*/12.
Then the jump-diffusion density of the increment log-process AY (t) satisfies
the general convolution form (5.72), i.e.,

INTOLE Zpk (¢AG t) (x0q) ) Zpk t)At ¢1(§()1( ), (5.76)

where pr(A(t)At) is the Poisson distribution with parameter A(t). The AG(t) =
wia () At + o4(t) AW (t) is the diffusion term and Q is the uniformly distributed
Jump-amplitude mark. The first few coefficients of pi(A(t)At) for the uniform jump-
distribution (ujd) are

300 (@) = bac (@) = énlw; ua(t) AL, 03(t)AL) | (5.77)

where ¢ (z; pa(t)At, o3(t)At) denotes the normal density with mean juq(t) and
variance oq(t)At,

00 (@) = (bac( * 9Q) (&) = den(x — b, — a3 mia(t)At, 03 (1) AL) | (5.78)
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5.2. State-Dependent Generalizations 159

where ¢g, is the secant-normal density

1
Psn (@1, 25 1, 0%) = W‘I’n(iﬂl,@;MUQ) (5.79)
_ (I)n('r27 Hs 02) - (I)n(xla My 02)
o To — I1

with normal distribution ®,(x1,xe; 1, 0?) such that

@y, (4; 1, 0%) = P (=00, zi5 1, 7%)
fori=1:2, and

(@) = (Sac(+60)?) () (5.80)
:Qb‘x;ff“”“¢m@_aax_a_mummAua%@Aw
+x — 2ab__u;d(t)At¢m(:v —a—b,x — 2a; ua(t)At, oﬁ(t)At)
o2 (t)At

(b—a)? (¢n (@ — 2b; puia(t) At, o3 (t) At)

—2¢y, (z — a — by g (t) AL, o3 (D) AL) + ¢ (z — 2a; ia(t) At, o3 (t)At)) .

Proof. First the finite range of the jump-amplitude uniform density is used to
truncate the convolution integrals for each k using existing results for the mark
convolutions like (bffq) () = (pg * 9q)(x) = ¢, +q, (x) for IID marks when k = 2.

The case for k = 0 is trivial since it is given in the theorem equations (5.77).
For k£ =1 jump,

+oo
SN (@) = (Sace) * dQ) (@) = / dac (T —y)oa(y)dy

— 00

1 b
i / On (& — y; ua(t) At, o (1) At)dy

= ! / bn (25 g (t) AL, 03 (t)At)dz
b—a z—b

= %@n(x — b,z — a; g (t)At, o2 (t)At)
—a

= (bsn(x - ba T —a; /le(t)Atv 03 (t)At) )

—o0 < x < 400, upon change of variables and use of identities.
For k = 2 jumps, the triangular distribution exercise result (B.199) is

1 r—2a, 2a<z<a+b
o) () = (po * d@)(¥) = 77— 2b—=, a+b<w <2 5. (581)
q (b—a)? .
0, otherwise

2007/1/7
page 159
—



160

Chapter 5. Stochastic Calculus for General Markov SDEs

Hence,

¢

(2)
ujd

—+o0

(z) = (Pacw) * (¢q * 9q))(x) = dacy (T —y)(0q * ¢q)(v)dy

— 0o

a-+b
/ (y — 2a)dac e (z —y)dy + /
2

a-+b

2b

(2b — y)pag (v — y)dy>

+/ o (2b—$+2)¢Ag(t)(Z)dZ>

_2b—a+ /ual(L‘)At(ZS

(x —2b, 2 — a — b; g (t) At, o2 () At)

L5 2a — pq(t)At

b—a
(bsn(w —a—= b7 xr — 2@; /”d(t)Atu U(Zi(t)At)

b—a

0.2
(5(_”35 (¢ (@ — 2b; g (t) AL, o5 (t) At)

=20 (x — a — b; pua(t) AL, oG (1) AL) + ¢ (2 — 205 pua(t) At, 03(t) AL))

where the exact integral for the normal density has been used . 0O

Remarks 5.24.

o This density form ¢spn, in (5.79) is called a secant-normal density since the

numerator is an increment of the normal distribution and the denominator is
the corresponding increment in its state arguments, i.e., a secant approrima-

tion, which here has the form A®, /Ax.

The uniform jump-amplitude jump-diffusion distribution has been used in fi-
nancial applications, initially by the authors in [125] as a simple, but appro-
priate, representation of jump component of market distributions, and some
errors have been corrected here.

Example 5.25. Linear SDE Simulator for Log-Uniformly Distributed
Jump Amplitudes:The linear SDE jump-diffusion simulator in Appendiz MAT-
LAB code C.14 can be converted from the simple discrete jump process to the dis-
tributed jump process here. The primary change is the generation of the another set
of random numbers for the mark process Q, e.g.,

Q=a+ (b—a)*rand(l,n+1)

for a set of n+1 uniformly distributed marks on (a,b) so that the jump amplitudes
of X(t) are log-uniformly distributed.
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5.2. State-Dependent Generalizations 161

An example is demonstrated in Fig. 5.1 for uniformly distributed marks Q on
(a,b) = (=2,+1) and time-dependent coefficients {pq(t),ca(t), \(t)}. The MAT-
LAB linear mark-jump-diffusion code C.15 is a modification of the linear jump-
diffusion SDE simulator code C.14 illustrated in Fig. 4.3 for constant coefficients
and discrete mark-independent jumps. The state exponent Y (t) is simulated as

YS(i+1)=YS(E) 4 (ua(i) — 02(i)/2) * At + 0q(i) * DW (i) + Q(i) * DP(i) ,

with t(i +1) = t0 4+ i % At for i = 0:n with n = 1,000, t0 = 0, 0 < t(7) < 2.
The incremental Poisson jump term AP(i) = P(t; + At) — P(t;) is simulated by a
uniform random number generator on (0, 1) using the acceptance-rejection technique
[230, 96] to implement the zero-one jump law to obtain the probability of A(i)At that
there a jump is accepted. The same random state is used to obtain the simulations
of uniformly distributed Q on (a,b) conditional on a jump event.

Linear Mark-Jump-Diffusion Simulations

T T
——X(0), State 1
X(1), State 5
=== X(1), State 9
- = X(0), State 10
— XM(1), th. Mean=E[X(t)]
H —— XSM(t), Sample Mean

25F

it L

o RARE

X(t), Jump-Diffusion State

Figure 5.1. Four linear mark-jump-diffusion sample paths for time-
dependent coefficients are simulated using MATLAB [210] with N = 1,000 time-
steps, maximum time T = 2.0 and four randn and four rand states. Initially,
xo = 1.0. Parameter values are given in vectorized functions using vector functions
and dot-element operations, puq(t) = 0.1 * sin(t), o4(t) = 1.5 % exp(—0.01 x t) and
A = 3.0 % exp(—t. x t). The marks are uniformly distributed on [—2.0,+1.0]. In
addition to the four simulated states, the expected state E[X(t)] is presented us-
ing quasi-deterministic equivalence (5.55) of Hanson and Ryan [114], but also the
sample mean of the four sample paths are presented.
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5.3 Multi-Dimensional Markov SDE

The general, multi-dimensional Markov SDE is presented here, along with the cor-
responding chain rule, establishing proper matrix-vector notation, or extensions
where the standard linear algebra is inadequate, for the sequel. In the case of the
vector!state process X(t) = [X;(t)]n,x1 on some n,-dimensional state space D,,
the multi-dimensional SDE can be of the form,

sym

dX (t) "= £(X (1), t)dt + g(X(t), t)dW (t) + h(X(t),t,Q)dP(t; Q,X(t),t) , (5.82)
where
(X (1), £, Q)dP(t; Q, X (1), £) = dIL(t; X (1), 1)
_/Qh(X(t),t,q)’P(dt,dq;X(t),t) (5.83)

is compact symbolic notation for the space-time Poisson terms, W (¢) = [W;(¢)]n., x1
is an n,-dimensional vector Wiener process, P(t; Q,X(t),t) = [P;(t; X(t),t)]n, x1
is an n,-dimensional vector state-dependent Poisson process, the coefficient f has
the same dimension at X, and the coefficients in the set {g,h} have dimensions
commensurate in multiplication with the set of vectors {W, P}, respectively. Here,
P = [Pi]npxl is a vector form of the Poisson random measure with mark random
vector Q = [Qi]n,x1 and dq = [[g;, ¢; + dg;)]n, x1 is the symbolic vector version of
the mark measure notation. The dP(¢; X(t),t) jump-amplitude coefficient has the
component form

h(X(2), Q) = [hi; (X(t), & Q)]s xn,»
such that the jth Poisson component only depends on the jth mark @; since simul-

taneous jumps are unlikely.
In component and jump counter form, the SDE is

d&@ﬁﬁﬁaﬁyﬂﬁ+§f%AX@¢mwxw
j=1

+thi7j(X(t),t, Q)dP;(t; Q,X(t),1) , (5.84)

for ¢ = 1:n, state components. The jump of the ith state due to the jth Poisson
process

(Xal(Tji) = i j(X(T;3,): T 1 Qi)

where T is the pre-jump-time and its k realization with jump-amplitude mark
Q;,x- The diffusion noise components have zero mean,

E[dW;(t)] = 0 (5.85)

1Boldface variables or processes denote column vector variables or processes, respectively. The
subscript ¢ usually denotes a row index in this notation, while j denotes a column index. For
example, X(t) = [X;(¢)]n, x1 denotes that X; is the ith component for ¢ = 1:ng of the single-
column vector X(t).
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5.3. Multi-Dimensional Markov SDE 163

for i = 1:n,,, while correlations are allowed between components,
Cov[dWi(t), dW;(t)] = pijdt = [6i 5 + pi; (1 — i 5))dt, (5.86)

for 7, j = 1:n,, where p; ; is the correlation coefficient between 7 and j components.
The jump noise components, conditioned on X(¢) = x, are Poisson distributed
with P mean assumed to be of the form

B[P;(dt, da;; X (1), £)|X(t) = x] = 63 (¢;; %, )dg; \;(t: x, t)dt . (5.87)

for each jump component j = 1:n, with jth density ¢8) (g;%,t) depending only on
g; assuming independence of the marks for different Poisson components but IID
for the same component, so that the Poisson mark integral is

E[dP;(t;Q,X(1),1)|X(t) =x] = E VQ Pj(dt,dq;;x(t), t)]
:/ E [P;(dt,dq;; x(t), t)]

/ (b (gj; %, t)dgiA;(t; %, t)dt
(% )t (5.88)

for i = 1:n,, while the components are assumed to be uncorrelated, with condi-
tioning X (t) = x pre-assumed for brevity,

Cov[P;(dt, dq;; x, t)Pr(dt, dqy; x,t)] = ¢8) (g5;%,t)0(qr — qj)dqrdq; \; (t;x,t)dt
(5.89)

generalizing the scalar form (5.15) to vector form, and

Cov[dP;(t; Qj,x,1), dPy(t; Qk, X, t)] :/ Cov[P;(dt, dq;; x, t)Pr(dt, dqy; x, t)]
i 7 Qk
= /\j(t;X, t)dt 6j,k (590)

for j,k = 1:n,p, there being enough complexity for most applications. In addition,
it is assumed that, as vectors, the diffusion noise dW, Poisson noise dP and mark
random variable Q are pairwise independent, but the mark random variable depends
on the existence of a jump.

This Poisson formulation is somewhat different from others, such as [94, Part
2, Chapter 2|. The linear combination form has been found to be convenient for
both jumps and diffusion when there several sources of noise in the application.

5.3.1 Conditional Infinitesimal Moments in Multi-Dimensions

The conditional infinitesimal moments for the vector state process X(t) are more
easily calculated by component first, using the noise infinitesimal moments (5.85-
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164 Chapter 5. Stochastic Calculus for General Markov SDEs

5.90). The conditional infinitesimal mean is

E[dX;(t)|X(t) = x] = fi(x,t)dt + Zw: 9i.5 (%, t)E[dW; ()]

j=1

np
#30 [ hasox b0 B[P (dt, dayix. o)
j=1 Qj
= fi(x,t)dt + Z/ hi(x,,05)8%) (a3 %, t)dg; A (£ x, t)dt
j=172

p
= L) + D> P (x, )Nt x, 1) | dt (5.91)
j=1
where h; ;(x,t) = Eglhi ;(x,t,Q;)]. Thus, in vector form
E[dX()|X(t) = x] = [f(x,t)dt + h(x, ) A(t;x, t)] dt (5.92)
where X(t;x,t) = [Ai(t;X,t)]n, x1-
For the conditional infinitesimal covariance, again with pre-assuming condi-
tioning on X(t) = x for brevity,

Nw Nuw

Cov[dXi(t), dX; ()] = D > gir(x,t)g;.0(x, t)Cov[dWy(t), AW (t)]
k=1 /4=1

+ZZ/ / hi o (3%, 5 Qi) e (%, 5 o)
Qr JQu

k=1 ¢=1
Cov[Py(dt,dq,; x,t), Pe(dt, dqy,; x, t)]

=> (91‘,1@(& g5k (%) + > pregin(X,t)gje(x,t) | dt

k=1 Lk
+ 3 (hihy) (%, )88 (ars %, )i (8 x, ) dt
k=1
= | ik gin (1) + > pregin(x,t)g;e(x,t) | dt
k=1 £k
+ (hi,khj,k)(x,t)Ak(t;x,t)dt , (5.93)
k=1

for i = 1:n, and j = 1:n,, in precision-dt, where the infinitesimal jump-diffusion
covariance formulas (5.86) and (5.89) have been used. Hence, the matrix-vector
form of this covariance is

Cov[dX(t), ax’ t)|X(t) = x] & [g(x, t)R’gT(x, t)
+ hAhT (x,t)| dt, (5.94)
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5.3. Multi-Dimensional Markov SDE 165

where

R =pijl, s, = 005 +pig(1 =0 )], s s (5.95)
A=At x,t) = [Nt x,1)05 5]

npxnp

The jump in the ith component of the state at jump-time 7} ;. in the underlying
jth component of the vector Poisson process is

[(X)(Tjx) = Xi(T}) = Xi(T;3) = hij(X(T;3.), Tj s Qik) (5.97)

for k = 1:00 jumps and i = 1:n, state components, now depending on the jth
mark’s kth realization @ at the pre-jump-time T, at the kth jump of the jth
component Poisson process.

5.3.2 Stochastic Chain Rule in Multi-Dimensions

The stochastic chain rule for a scalar function Y (¢t) = F(X(t), t), twice continuously
differentiable in x and once in ¢, comes from the expansion,

dY (t) = dF(X(t),t) = F(X(t) + dX(t),t + dt) — F(X(t), ) (5.98)
_Ft(X(t),t)—i-i%(X(t),t)( dt+Zglk £)dWi (t ))

Ne Ng Nw Nuw

IE93) 3 3 ol e AP TONITTAG AN

i=1 j=1 k=1 £=1
+Z/Q(F (X(t)+ﬁj(X(t),t,qj),t) —F(X(t),t))

7)7 (dt7 dqg7 X(t)7 t) )

LR (X(1), 1) + T (X(8), 1) VL [F)(X(8), 1)) dt

Ne Nog N

3 Z Z 6:10 6:c Z 9ik9ik + ipk-,lgi,kgj,e (X(¢),t)dt
k=1

0k

+> 0 AEIP;
=179

~ [P+ £V L R 9 (VI | (X000

N~

+ /Q AT [F|P

to precision-dt. Here, the
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166 Chapter 5. Stochastic Calculus for General Markov SDEs

is the state space gradient (a column n,-vector),

VIRl = | o ()

T
1Xng

is the transpose of the state space gradient (a row n,-vector),

V. [V [F]] = [%(X’”} e xe

is the Hessian matrix for F, R’ is a correlation matrix defined in (5.95),

n n

Z Z A; jB; j = Trace[AB] (5.99)

i=1 j=1

A:B

is the double-dot product of two n X n matrices, related to the trace,
By (% 1,.07) = [hi g (%147l a (5.100)
is the jth jump-amplitude vector corresponding to the jth Poisson process,
ATIF] = [A[F(X(),t,¢5)]1

), t
= |F(X(t) + h;(X(t).t,q;), t) — F(X(2),1)

1xny,

(5.101)

is the general jump-amplitude change vector for any ¢ and

P = [Pi(dt,dq;; X (1), 1)]

np X1

is the Poisson random measure vector condition. The corresponding jump in Y (¢)
due to the jth Poisson component and its kth realization is

[Y] (T;k) = F(X(T;k) + ﬁj (X(T]Tk) 7s k’ Qﬂ k) ’ TJ k) F(X(T;k) ’TJTIC) :

Example 5.26. Merton’s Analysis of Black-Scholes Option Pricing Model:

A good application of multi-dimensional SDEs in finance is the survey of Merton’s
[201] (Merton [203, Chapter 8]) analysis of the Black-Scholes [34] financial options
pricing model in Section 10.2 of Chapter 10. This treatment will serve as motivation
for the study of SDEs and contains details not in Merton’s paper.

5.4 Distributed Jump SDE Models Exactly
Transformable

Here, exactly transformable distributed jump-diffusion SDE models are listed, both
in the scalar and vector cases, where conditions are applicable.
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5.4.1 Distributed Jump SDE Models Exactly Transformable
e Distributed Scalar Jump SDE:
4X(0) = FX(O). Ot + (X (0,0 (@) + | Xt )P(dt, da)
Q
e Transformed Scalar Process: Y (t) = F(X(¢),t).
e Transformed Scalar SDE:
dY(t) = (F, + Fof + %Fmg2)dt + FogdW (t)
+/ (F(X(t) + h(X(t),,q9), t) — F(X(t),1))P(dt,dq).
Q
e Target Explicit Scalar SDE:
dY (t) = C1(t)dt + Co(t)dW (t) +/ Cs(t, q)P(dt,dq).
Q
5.4.2 Vector Distributed Jump SDE Models Exactly
Transformable
e Vector Distributed Jump SDE:
4X(t) = £(X(0), )t + g(X(0), )W (D) + [ h(X(0).t.0)P(dt.da)
Q
e Vector Transformed Process: Y (t) = F(X(t),1).
e Transformed Component SDE:
1
dY;(t) = (Fis + Z Fijfi+s Z ; ; Fijkgjigr)dt
J J
+> Fiy > gudWi(t)
J l
+3° [ X+ he.t) - AX)P(dt, day),
¢ YQ
hl (X7 ta ql) = [hi,f(xa tv QZ)]’mXI
e Transformed Vector SDE:
1
dY (t) = (Fy + (fTV,)F + 5(ggT : Ve Ve)F)dt + ((gdW ()T V,)F
+ Z/ (F(X + hy, t) — F(X,1))P,(dt, dq,).
/e
;>
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e Vector Target Explicit SDE:
dY (t) = Cy(t)dt + Co(t)dW () + > / Cs.(t, qo)Pe(dt, dqy).
¢ Y9
e Original Coefficients:
f(x,t) = (V.F1) 7T (Ci(t) -y
1
—5(VQEFT)*TCQCZT(VIFT)*1 : V. VIF);
g(x,t) = (V.FT) T Ca(1),
F(x+hy,t) =F(x,t) + Cs4(t,qe) {note: left in implicit form}.
e Vector Affine Transformation Example:
F = A(t)x + B(t),
Ft = A/X + B/,
(V.FN)T = 4,
f(x,t) = A7 (Cy(t) — A'x — B'),
g(X7 t) = AilOQ(t)v
hl(xv ta qf) = Ailc&,l(ta qf)
5.5 Exercises
1. Simulate X (¢) for the log-normally distributed jump-amplitude case with
mean u; = E[Q] = 0.28 and variance 07 = Var[Q] = 0.15 for the linear
jump-diffusion SDE model (5.42) using pq(t) = 0.82sin(27t — 0.757), o4(t) =
0.88 — 0.44 sin(27t — 0.757) and A(t) = 8.0 — 1.82sin(27t — 0.757), N = 10000
time-steps, to = 0, ty = 1.0, X(0) — zo, for k = 4 random states, i.e.,
v(t,Q) = 1p(Q) = exp(Q)—1, with Q normally distributed. Plot the k sample
states X(t;) for j = 1 : k, along with theoretical mean state path, E[X (¢;)]
(5.49), and the sample mean state path, i.e., M, (t;) = Z;?:l X,(t;)/k, all for
i=1:N+1.
{Hint: Modify the linear mark-jump-diffusion SDE simulator Ezample 5.25
with Appendix A MATLAB code C.15 and Corollary 5.9 for the discrete ex-
ponential expectation. }
2. For the log-double-uniform jump distribution,
0, —00 < ¢ < af(t)
_ ) pa(®)/lal(t), a(t) <q<0
f) = , 5.102
Pl = /D), 0< g < b1 (5102)
0, b(t) < g < +o0
—®
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where p1(t) is the probability of a negative jump and ps(t) is the probability
of a posative jump on a(t) < 0 < b(t), show that

(a) EqlQ] = p;(t) = (p1(t)a(t) + p2(t)b(t))/2;

(b) Varg[Q] = o5 (t) = (p1(t)a®(t) + p2(t)0* (1)) /3 — 13 (t);

(©) Eal(@ — s (t))*] = (pr()a® () +pa(O0bP(1)) /4 — i (1) (30r2(t) + 12(0)):
(d) E[v(Q)] = Elexp(Q) — 1], where the answer needs to be derived.

ar

. Show that the Itd6 mean square limit for the integral of the product of two

correlated mean-zero, dt-variance, differential diffusion processes, dWi(t) and
dWs(t), symbolically satisfying the SDE,

AW (£)dWa(t) £ p(t)dt | (5.103)

where

for sufficiently small At;. Are there any modified considerations required if p =
0 or p = 17 You may use the bivariate normal density in (B.146), bounded-
ness Theorem B.59, Table B.1 of selected moments and nearby material of the
Preliminaries Appendix B.

. Finish the proof of Corollary 5.13 by showing the diffusion part using the

techniques of Theorem 5.11 Eq. (5.53).

. Prove the corresponding corollary for the variance of X (¢) from the solution

of the linear SDE:

Corollary 5.27. Variance of X(t) for Linear SDE:
Let X (t) be the solution (5.45) with v2(t) = E[V(t, Q)] of (5.42), then

Var[dX (£)/X (£)] £ 62(t) + v2(¢t)

and

Var[X ()] = E*[X (t)] (exp ( / t Var[dX (s) /X(s)]ds) - 1) . (5.104)

to

Be sure to state what extra conditions on processes and precision are needed
that were not needed for proving Corollary 5.13 on E[X (¢)].

. Justify (5.94) for the covariance in multi-dimensions by giving the reasons for

each step in the derivation. See the proof for (5.27).
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