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We show the convergence of an online stochastic gradient descent estimator to obtain the drift parameter of a
continuous-time jump-diffusion process. The stochastic gradient descent follows a stochastic path in the gradient
direction of a function to find a minimum, which in our case determines the estimate of the unknown drift param-
eter. We decompose the deviation of the stochastic descent direction from the deterministic descent direction into
four terms: the weak solution of the non-local Poisson equation, a Riemann integral, a stochastic integral, and a
covariation term. This decomposition is employed to prove the convergence of the online estimator and we use
simulations to illustrate the performance of the online estimator.
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1. Introduction

Typically, one judges the usefulness of models by how good they are in describing a system and by
the accuracy of their predictions. In both cases, the degree of success of a model depends on a number
of ingredients, which include: model assumptions, mathematical tractability, and the methodology to
estimate the parameters of the model. In this paper, we assume that the system is a jump-diffusion
process and we show how to estimate its drift component with a learning algorithm that updates the
parameter estimates in continuous-time. Specifically, one observes the process X = (X;);>0 that takes
values in R", and which satisfies the stochastic differential equation (SDE)

dX; =b(X;,0%)dt + o (X)) dB; + £E(X;—,dL,), (L.1)

where the jump component £(X;_, dL;) is given by
t
E(Xzf,sz)=/O /S(Xzf,z)ﬁ(dt,dz)- (1.2)

Here, 6* € R is an unknown parameter that one needs to estimate from observations of the pro-
cess X. The process B = (B;);>0 is a standard m-dimensional Brownian motion and the functions b,
o, & are such that b : R" x RY - R", ¢ : R" — R" x R™, & :R" x R" — R". In the jump com-
ponent of X;, [t is a compensated random measure of the Poisson measure p associated with the
pure-jump Lévy process L = (L;);>0 (independent of B) with Lévy—Khintchine triplet (0, 0, v), such
that [, |z|v(dz) < 0o and v(R") < oo.

Here is a brief summary of our approach to estimate the parameter 6*. We denote by (-, -) the dot
product operator and define the function g(0) := f g(x, 9)710* (dx), where 7% isa unique invariant
measure of the process X under the probability measure Py=, and where

1 _
g(x,0) = 5(b(x, 0) — b(x,0%), (6 (x)o (X)) l(b(x, 0) — b(x,0%))) (1.3)
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is a function that specifies how close the function b(x, 6) is to the drift component b(x, 6*) of the
process X.

Next, we employ the deterministic gradient descent method to construct a process 6; that converges
to a stationary point of the function g. Recall that the deterministic descent direction Vyg(0) moves the
value of the parameter 6 toward a stationary point (local or global) of the function g. This stationary
point is the estimate of the unknown parameter 6*. In continuous-time, the updates of the gradient
descent to a stationary point of the function g follow

do, = — BVpg(6;) dt
= — B Vog(X;,60;) dt + B;(Vog(X:.6,) — Vog(6y)) dt
= B:(Veb(X,,6)) (0 (X))o (X)T) ™ (b(X:,6%) — b(X,, 6,) d
+ B (Vog(X,,0,) — Vog(6y)) dt, (1.4)

where B; > 0 is the learning rate.
One cannot implement the unbiased estimator in (1.4) because the drift term b(x, #*) depends on
the unknown value of 6*. Thus, we employ (1.1) to write

b(X,,0%)dt =dX, — /E(X,—,z);l(dz,dt) —o(X,)dB;, (1.5)
which we substitute into (1.4), so the estimator
db; = B[ Veb(X;, et)(g(x,)a(x,)T)*‘ dX; — Vgb(X;, 9,)(a(xt)a(xt)T)”b(X,, 0;) dt]
+ B (Vog(Xy,0;) — Vog(6))) dt — B Vob(X,, Ot)(a(X,)a(X,)T)_la(X,)dB,

— B Veb(X1, 61) (0 (X1)o (X)T) ™! / E(X,_, Djidt, d2) (1.6)

does not depend on the unknown parameter 6*.
In this paper, we show that the integrals

_/ Bs(Vog (X, 65) — Vog(6y)) ds (L.7)
t
and

/ " Vb (X, 0) (o (X)o (X)T) o (X,)d By
t

+ / By Vob(Xs. 6,) (0 (Xy)o (X)T) " / E(X,_, )ii(ds, d2) (1.8)
t

converge to zero as t — 0o. Therefore, the expression in (1.6) is close to the deterministic descent
direction Vyg when ¢ is large because the contribution of the last three terms in (1.6) becomes neg-
ligible. Hence, in this paper we propose the stochastic gradient descent in continuous-time (SGDCT)
algorithm

a6, = Bi[Vab(X., 6,) (o (X))o (X)T) ™ dX; — Vab(X,,6) (0 (X)o (X)T)'b(X,,6)dt]  (1.9)

to estimate the unknown drift parameter 6*.
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One can see how the SGDCT estimator compares to the classical maximum likelihood estimator
(MLE) when the process X is a diffusion. Above, if one excludes the jump component in (1.1), the
process X becomes a diffusion, in which case the estimate of the parameter 6 is the value that max-
imises the likelihood function

t

t
Ez(9)=/ b(Xsa9)(U(XI)U(XI)T)_ldXs_%/ b(X,.0)(0(X)o (X)T) ™ b(X,.0)ds. (1.10)
0 0

Observe that the first order condition one obtains from maximising the likelihood (i.e., computing the
gradient of £,(6) with respect to 6 and equating to zero) has the same form as the expression that
appears inside the brackets in the first line of the estimator in (1.9).

There are two reasons that make a recursive estimator like that in (1.9) useful. First, online updates
of the estimator are more computationally efficient than those based on offline updates. As new obser-
vations arrive, the online estimator is updated, while the offline algorithm solves an new optimisation
problem to estimate the unknown parameter; for example, find the maximiser of the MLE in (1.10).
Therefore, the offline algorithm is in most cases redundant and inefficient, and in high dimensions it is
computationally expensive and in some cases infeasible.

Second, the SGDCT estimator is well-suited for the recent advances in control theory that focus on
‘adaptive robust control’ to obtain strategies robust to model uncertainty, see Bielecki et al. [3]. The
adaptive control framework requires a recursive online estimator (i.e., an estimator that is continuously
updated with the arrival of new information) and also requires that the coupled process (X;, 6;)r>0 is
Markov (to obtain the optimal strategy in feedback form). The SGDCT algorithm in (1.9) satisfies both
requirements.

Finally, there is literature on offline estimators for diffusion and jump-diffusion processes that fo-
cuses on different aspects of the estimation algorithm and observation frequency. When an ergodic
diffusion process is observed continuously, Kutoyants [10] derives the statistical properties of the es-
timator of the drift parameter, such as consistency, asymptotic normality, and efficiency. These results
are extended in Sorensen [19] for an ergodic jump-diffusion process. The literature on parameter esti-
mation with discrete observations is vast, see, for example, Yoshida [24] for diffusions and Kessler [8]
for jump-diffusions.

On the other hand, the literature on parameter estimation for continuously observed processes is
scant. In Levanony [11], the authors assume that the process X follows a diffusion and develop an
online MLE to obtain the drift parameter of the process X. In their approach, the online MLE requires
one to compute the gradient of £;(#) in (1.10) every time a new observation arrives, which is com-
putationally expensive because the function Vy L, depends on the whole trajectory of the process X.
Moreover, there are two papers that discuss the convergence of an online estimation of parameters
in a diffusion-based model. Sirignano and Spiliopoulos [17] introduce an online method to estimate
parameters of a continuously observed diffusion, that is, the process follows (1.1) without the jump
component £(X,_, dL,); thus, our paper extends their work by including jumps in the stochastic pro-
cess. The work of Surace and Pfister [20] studies the problem in [17] when the process X is a diffusion
(i.e., no jumps) and it is partially observed.

The remainder of the paper is organised as follows. In Section 2, we state conditions on the func-
tions b, o, &, so that the process X in (1.1) is exponentially ergodic. Then, we show that the term
ftoo Bs(Vog(Xs, 05) — Vog(6y)) ds converges to zero as t — 00, and we prove the convergence of 6; to
a stationary point of the function g. Section 3 concludes and discusses extensions and applications of
our work. Finally, in the online supplement [2] we provide additional proofs and material, including a
study of the performance of SGDCT.
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2. Online recursive estimator

In this section, we state the assumptions that we use throughout this paper and show our main results.
We recall that the function

1 _
g(x,0)= E(b(x, 0) — b(x, 0*), (G(x)o(x)T) l(b(x, 0) — b(x, 9*))), 2.1)

specifies how close the function b(x, 0) is to the drift b(x, 6*) of the process X. Note that the function
g(x,0)>0,and g(x,0) =0if 0 = o*. !
A pivotal result in this paper is to show that

Tkl = 0 as k — oo, almost surely, 2.2)

where

Tk,y
ky 1= / Bs(Vog(Xy, 65) — Vog(8y)) ds (2.3)
Tk

is a deviation term. Here, the processes {T , }x>1, {T;}x>1 are sequences of increasing stopping times
and |@| denotes the Euclidean norm of 6 € R4, and recall that g6) = f g(x, 9)n9*(dx). We refer to
[k, in (2.3) as the deviation term because it represents the deviation of the stochastic gradient descent
direction Vyg(Xy, 05) from the deterministic descent direction Vyg(6;). Therefore, we need a careful
analysis of the deviation term I'y ,, to show that 6; converges to the unknown parameter 6*.

We show that the deviation term I' ,, can be written as a sum of four components: a weak solution
of a non-local Poisson equation, a stochastic integral, a Riemann integral, and the covariation of two
processes. Then, we prove that each component converges to zero as k — 00, so the estimator process
6; converges to a stationary point of the function g. That is, we show that lim;_, o | V9 g(6;)| = 0 almost
surely, and if the function g(6) is convex, the minimum we find is global, hence 6, — 6* as t — oc.

2.1. Main result and conditions

To streamline the discussion and results, we provide some preliminary assumptions. Throughout this
paper, the stochastic process X satisfies the SDE in (1.1).

Condition 2.1. The functions o (x) and &(x, z) are globally Lipschitz in all variables and the function
b(x, 0) is locally Lipschitz for all 6.

Condition 2.2. There exists a time ¢ > 0, such that X, admits a density p,e (x, y) with respect to the
Lebesgue measure on R, bounded in y € R, and bounded in x € K for every compact set K C R.
Moreover, for every x € R, and every open ball U € R, there exists a point z = z(x, U) € supp(v),
where supp(v) is the support of the measure v (see definition 4.5 in online supplement [2]), such that
E(x,z)eU.

10One could consider alternative functions to g to specify how close is b(x, 0) to b(x, 8*). For example (in the one dimensional
case), let h(x,0) := %l(c(x, 0) — c(x, 9*))/U(x)|2, where ¢ is an arbitrary function and () = fh(x, 9)7[0* (dx). Then, as
in (1.4), the estimator of the unknown parameter would be given by d6; = —pB; ngz(@;) dt. As discussed above, the drift term
c(x, 6*) depends on the unknown value of 6*, so one needs to employ the dynamics of d X; to write b(X;, 6*) and substitute it in
the estimator. Thus, the function ¢ should be such that one can factor out the term b(X;, 6*); for example, c(x, 0) =d (x)b(x, 0)
for a function d(x).
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Condition 2.3. Exponential ergodicity of the process X.
(i) Forall p >0, flz\>1 |z|Pv(dz) < oo and v(R") < oo.
(ii) For all 8 there exists a constant C > 0, such that xb(x, 0) < —C|x|2 as |x| — oo.
@iii) [E(x,2)|/|x] = O as |x| — oo for all z.
(iv) There exist positive constants C1 and C3, s.t. C1 < 05. (x)<Cyforalll <i<nandl1<j<m
where o;; denote the entry of row i and column j of the matrix o.

Under Conditions 2.1 and 2.3, the SDE in (1.1) admits a unique non-explosive cddldg adapted solu-
tion that possesses the strong Markov property. Masuda [12] employs Condition 2.2 to show that the
process X is irreducible; a property required to show that X is ergodic. Also, X has a unique invariant
measure and it is exponentially ergodic due to Condition 2.3. Finally, the process X is of finite jump
activity because v is a finite measure, so there is a finite number of jumps on every compact interval
almost surely.

Condition 2.4. The learning rate B, is such that the following hold: [;° g, dt = oo, [;° B?dt < oo,
fooo |8/|dt < oo, where f; is the derivative of B, with respect to ¢, and there is a p > 0, such that
lim, o B212P+1/2 = 0.

Condition 2.5. The function b(x, 6) is twice-differentiable with respect to both x and 6. Also, there
exist positive constants K and ¢, such that

BVQg
ox

(x,@)‘+|V9g(x,9)| <K(1+16])(1+1x|9), (2.4)

and
2

2

i=1

3iV9g
00!

(x,@)‘ +|Veb(x,6)] < K (1+|x|7). 2.5)

Moreover, we assume that Vg g(6) is globally Lipschitz.

Condition 2.6. There exists a positive function « (x), such that
(—Vog(x,0),6/10]) < —k (x)|6]. (2.6)

Thus, there exists a function A(x) with at most polynomial growth in |x|, such that for all 8;, 6, € R?
and x € R", we have

|T(x,01) — T(x,602)| < [A(x)]|61 — 62, 2.7)

where

7(x,0) :=(Vb(x,0)Vab(x,0)70/16],6/16])". 2.8)
Lastly, for all x, > x1, we have £(x1, z) — &(x2,z) < x2 — x1, where the greater or equal symbol >
indicates the inequality holds for all coordinates.

Condition 2.4 ensures that the size of the learning rate § is such that the SGDCT estimator for the
jump-diffusion process in (1.9) converges to a stationary point of the function g(6). Condition 2.5 is
needed for the proof of the convergence of the deviation term I'y ,,, that is, 'y, — 0 as k — o0, see
(2.2). Condition 2.6 allows us to use a comparison theorem to show that the bound sup,. o E[|6;|”] < co
for all p > 0.
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2.2. Weak solution of a non-local Poisson equation

In this subsection, we define a notion of a weak solution of a Poisson equation to construct a weak
solution of the process X. The following terminology is from Veretennikov and Kulik [22].

Definition 2.7. For a Markov process X, we say that a measurable function f : R” — R? belongs
to the domain of the extended generator A of the process X if there exists a measurable function
g:R"—> R4, such that the process f(X;) — fot g(Xs)ds is a local IFX-martingale. Then, we say that
the function f is the weak solution of the Poisson equation A f = g.

We also need the following notation. The f-norm is denoted by

lwllf:= sup
lgl=f

’

/ g(y)w(dy)

where w is a signed measure and f > 1 is a Borel measurable function. Also, we say that the function
g is centered if [ g(x, 0)x? (dx) =0.

Next, we state an auxiliary lemma to show the ergodicity of the process X and to show the existence
of moments of all orders for the processes X and 6.

Lemma 2.8 (Ergodicity and moment bounds of the processes X and 6). Suppose that Conditions
2.1 to 2.5 hold. Then, there exists a unique invariant measure 7%, such that f |x|pn9* (dx) < o0 and
there exist positive constants C1 and Cy, such that

[Bowsr. ) = O g = Cr (1 11P)e 2.9)

forall p>0,x eR" and t > 0. Thus, sup,. o Ey o=[|X;|7] < 0o for all p > 0. In addition, if Condi-
tion 2.6 holds, we have that

supEy g«[16;1”] <00 forall p > 0. (2.10)

t>0

For a proof, see Section 4 in the online supplement [2].
Now, we state our first theorem which is important to show that the deviation term I'y ,, — 0 as
k — 00, see (2.2).

Theorem 2.9 (Weak Poisson equation). Let the process X follow (1.1). Suppose that Conditions 2.1
to 2.5 hold. Let f be a centered function (i.e., f fx, O r? (dx) = 0 for all ) and assume that for
each 0, there exist positive constants Cy and q, such that | f (x,0)| < Co(1 + |x|?) for all x. Then, the
function

(0.¢]
F(x,0) ::/ Ex,g*[f(X,,G)]dt (2.11)
0
is well-defined and satisfies, in a weak sense, the Poisson equation
Ax o+ F(x,0)=—f(x,0), (2.12)

where Ay g+ is the extended generator of the process X under the probability measure Py (see Defini-
tion 2.7).
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Proof. First, we show that the function F(x,8) is well-defined. Recall that E g«[f(X;,0)] =
f f(,0)ps(x,dy; 6%) and that p,(x, dy; 6*) is the distribution of X, under the probability measure
Py« and Xy = x. Note that

|Exo«[ f (X1, ]| = ‘/f(yﬁ)pz(x,dyﬂ*)—/f(yﬁ)ﬂe*(dy)‘
< Ci(1+ [x|9)e . (2.13)

Next, we show that the function F is the solution to the Poisson equation in (2.12). It suffices to
show that for all 8, the process F(X;,0) + fé f(Xs,0)ds is an F-martingale under the probability
measure [Py, as in the definition of the weak solution of the Poisson equation. Thus, we first show that
the first moment of F(X;,60) + fot f (X5, 0)ds is finite for all 7.

From (2.11) and (2.13), we have that F(X,,0) < (C;/Cy)(1 + |X;|?) and

]Ei@*|: }S/OIEH*[

where the last inequality follows because X, has a finite g-moment, see Lemma 2.8.
Hence, to show that the process F(X;,0) + fot f(Xs,0)ds is an F-martingale, let t > u > 0 and
write

t t
f F(X,.0)ds f(Xs,9)|]dS§C9/ Ege [1+1X,1] ds < o0,
0 0

]Ee*[F(X,,G) +f0t f(Xs,0)ds | ]—'u]
=g+ [[/Omlax,g*f(xm, O)ds:| + [)t f(Xs,0)ds |]-"u} (Definition in (2.11))
= Eo- [/Ooo Ex, o[ f (Xs4e.0) | Fi]ds + /Ot f(Xs,0)ds |]—"u} (Markov property of X)
=/0u f(Xs,0)ds +Ex, 0+ [/Ooo f(Xsqu,0)ds |]:u:|

u
= / f(Xs.0)ds + F(X,.0),
0
where the second to last equation follows from conditional expectation. (]
Remark 2.10. Note that in Theorem 2.9 above, we do not require any assumptions on the existence
or the regularity of the density function of the process X. The regularity of the density function of the
jump-diffusion process is difficult to analyse.

The following lemma is useful in the next subsection; see Section 4 in [2] for a proof.

Lemma 2.11. For any p > 0, there is a positive constant C ,, such that
/ (14 1x17)7? (dx) < Cp.
R

In addition, we have that |V g(0)| < C4 K (1+10]) and |Vg§(9)| < CyK,where K is the same positive
constant as that in Condition 2.5.
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2.3. Convergence of the deviation term

In this subsection, we propose a novel method to prove the convergence of the deviation term I,
see (2.2) and (2.3). When the process X is a diffusion without jumps, one of the steps to prove the
convergence of the SGDCT estimator is to show that the function

G(x,0) ::/0 E. 0+ [Vog (X1, 0) — Vo3 (0)]dt (2.14)

is a classical solution of the Poisson equation (2.12) when f(x,0) = Vgg(x, 6) — Vyg(6), see Pardoux
and Veretennikov [14]. Thus, in the pure-diffusion case, one can apply 1t6’s lemma to the function 8;G
to obtain the following decomposition

Bz, G(Xz .07, ) — Br, G(Xz,,07,) = 'k, + martingale + Riemann integral,

where the deviation term I' ,, is as in (2.3). With this decomposition, one shows that the deviation
term I'y,, — 0 as k — oo, by proving that the martingale term, the Riemann integral, and the function
B:G(X;, 6;) converge to zero as k — 00.

However, when the process X follows a jump-diffusion, the Poisson equation (2.12) has a non-local
term, and to the best of our knowledge there is no general result to show that the Poisson equation with
a non-local operator admits a classical solution. It is difficult, or perhaps not possible, to show that
the function G in (2.14) is second order differentiable with respect to x when X is a jump-diffusion
process. Several papers in the literature also encounter a similar difficulty. Uehara [21] states that the
properties of the function G are difficult to determine and may require Malliavin calculus to study
the gradient estimation of the function G — the author assumes a stochastic process similar to ours.
Moreover, [22] mention that there is no analogue to the results in Pardoux and Veretennikov [15] when
the process X has a jump component.

Therefore, in our setup we face the problem that the function G is not differentiable with respect
to the variable x because the process X is a jump-diffusion. Hence, we cannot employ the classical
1t6 formula on the function G, so below we prove an ‘extended It6 formula’ that we employ in our
analysis. We provide a brief summary of the steps we follow.

First, we show that G is a locally Lipschitz function with the following bound

|G(x.0) = G(y.0)| < C(1+10])1x — y|(1 4 |x|? + |y]9), (2.15)

where C is a positive real number that does not depend on x, y, 8, ¢ > 0. Then, because G is a weak
solution of a Poisson equation, see (2.12), and because it is twice differentiable with respect to 6, we
show that

lB?k.y G(ka,y ’ Q?k.y) - ﬂlk G(sz ’ sz)
= I't,, + martingale + Riemann integral + covariation, (2.16)

where the covariation term in the equation above is a cadlag process.

Second, we study the terms in the above equation in the limit k — co. We show that the left-hand
side of (2.16) converges to zero and each of the last three terms on the right-hand side of (2.16) also
converges to zero. Therefore, the representation in (2.16) implies that the deviation term I'y , — 0 as
k — oo.

Now, we state a lemma and then prove that the function G is locally Lipschitz. The lemma uses the
result that the function E, ¢+[ f (X;, 8)] is locally Lipschitz with respect to x, see Theorem 2.2 in Wang
[23].
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Lemma 2.12. Suppose Conditions 2.1 to 2.5 hold and let C > 0, g > 0. Assume a function f : R*t4 —
R? satisfies | f(x,0) — f(y,0)| < C(1 + |x|? + |y|9)|x — y| for all x, y and t > 0. Then there exist
constants 8 € (0, 1) and Cs > 0, such that for all 0 € R? the following inequality holds

|Exo¢[ f (X1, )] — Ey o[ f (X, 0)]|

)@+ 1l + Iy v =yl =yl <8,
T 287 (T I 1) e =yl =yl >8,

where the constant C does not depend on f.

For a proof see Section 4 in the online supplement [2].

Next, we show that the function G in (2.14) is locally Lipschitz in the variable x. We employ Con-
ditions 2.1 to 2.6, which are easily checked, to show the dissipativity (stability with respect to ini-
tial condition) of the process X. The main idea of the proof of the proposition below is that for a
small value of ¢, we use Lemma 2.12 to control the value [Ey ¢+[g(X;, 0)] — E, o+[g(X;, 6)]], where
g(x,0):=Vpg(x,0) — Vgg(h). And for a large value of 7, we use the exponential ergodic property of
the process X. These two results imply the following proposition.

Proposition 2.13. Suppose Conditions 2.1 to 2.5 hold and let g > 0. Then, the function G in (2.14) is
locally Lipschitz with respect to x and it is twice-differentiable with respect to 6. Thus, there exists a
positive constant Cg 4, such that

|G(x99) - G(y,9)| <Ceq(1+101)1x — yI(1+ |x|7 + |y|7) (2.17)
and
2 9iG
D g (O] =< Ca g1+ 1x1%). (2.18)
i=1
forallx,y,0.

Proof. Let g(x,0) := Vgg(x,0) — Vyg(0). Then, due to Condition 2.5, write
18(x.0) —8(y.0)| = |Vog(x.0) — Vog(y.0)| < K(1+160])1x — y|(1+ x|+ [y|?).  (2.19)
Let § be the same constant as that in Lemma 2.12. Then, for [x — y| < §, we have

G (x.0)— G(y.0)] < /0 IEy o0 [3(X0.0)] — Ey g+ [3(X0. 0)]|

oo
5/ 2+8 e G K (1+101)(1 + |x17 + |y]7)|x — yldt (2.20)
0

24461
<
==

K(L+101) (1 + x| +1y19)1x = 1,

where the second inequality follows from Lemma 2.12. Now, consider the case |x — y| > § and recall
that

”Pt(x, ) — 779* (,)HlHqu < C1(1 + |x|q)e_c2t,
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from Lemma 2.8. Use the triangle inequality to write
IPr e, ) = ey, e < 2C1 (14 17+ [y[9)e .

Therefore, for o > (1/C2)log(C1/(C28)), we have

o0 o0
/ |Ex,9*[g(X,,9)]—]Ey,@*[g(X,,Q)“dtSK(l+|9|)/ 2C1 (14 |x]7 + |y|9)e~ " dt
fo

Io
=2K(1+101)(C1/C)(1 + |x|9 + |y|9)e~ 210
<2K(1+101)(1+ Ix17 + [y]7)Ix — yl, 221)

where the last inequality holds because #y > (1/C>) log(C/(C36)). From Lemma 2.12, write
fo
[ 1B [306.0)] ~ By [0, 0]
0

02C
K1) [ 25 )yl
< K(1+101)Cs(1+ [x7 + [y19)|x — yl. (2.22)

where C’,; is a constant. Therefore, (2.17) holds by (2.20), (2.21), (2.22). Note that we can interchange
the differentiation with the integration operator, therefore

G % 3'Vog 3'Vog
' o (. 9)' < /0 Ex ¢ [W(X“ 0) = =2 O ||dr =€ (1+1x17).  (223)
where the last inequality follows from Lemma 2.11. ]

In the next lemma, we construct predictable representation processes G1 and G, for the process
G(X;,0)+ fol (Vog(Xs,0) — Vpg(0)) ds, which are also measurable with respect to the variable 6.

Lemma 2.14 (Martingale representation ). For each 6, let
t
M} :=G(X;.0) — G(Xo.0) +f (Vog(Xs,0) — Vog(9)) ds,
0

which is a martingale under Pg=, see Theorem 2.9 above. Then, there exist measurable functions
G1(x,0) and Gy(x,0, z) that are continuous with respect to 0, such that

t t
M= [ Gixeords+ [ [ Gatxo.ids.da. (2.24)
0 0 r

Recall that [ is the compensated random measure of the jump component in the process X, see (1.2).
Thus, there exists a constant Cyy 4 > 0 independent of x and 0, such that for all 6 € R4, the following

two inequalities hold:
Gi(x,0)| <Cuq(1+10))(1+1x19) and
~! 1, )] = Carg (1+101)( ) (225,
|G2(x,0,2)| < Carg(1+161)Ixl12l(1 + [x|7]z17 + |x|7)

for all x almost everywhere.
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Proof. First, we show that there exists a Borel measurable function G(x, 0) that agrees with the weak
derivative of G in x almost everywhere and that it is continuous with respect to 6. Let

Gi(x, ) := lim sup (2.26)

{ VoG (x + he;j,0) — VoG (x,0) }
h—0 ’

h

where e; is the unit vector (the vector whose ith entry is 1 and O elsewhere) and the function Gi takes
values in RY x RY, which is a Borel measurable function and agrees with the weak derivative of VoG
with respect to x in the ith coordinate almost everywhere. Therefore, we have that

/qbél-(x,@)dx =—/¢>1-V9G(x,9)dx, (2.27)

forall 1 <i <nand ¢ € C°(R") where ¢; is the derivative of the ith coordinate of the function ¢.
Next, define the function

1
G(x,0) :=G(x,0) +/ [Gi(x,606, ..., Gu(x,00)0] dt,
0

where G = [Gl, e, én] takes values in R? x R” and

Gi(x,0) :=lim sup

{ G(x + hei, 0) — G(x, 0) }
h—0 .

h

Therefore, we have that
/q&f}i(x, 0)dx =— f ¢iG(x,0)dx, (2.28)

because the function G;(x, 0) agrees with the weak defivative of the function G(x, 0) almost every-
where. For all @ and ¢ € C2°(R"), by the definition of G and Fubini’s theorem, write

/q&ék(x,@)dx=/¢<Gk(x,0)+/01ék(x,et)th> dx
=/¢Gk(x,0)dx+//Ol¢ék(x,91)0dtdx
=—/(f)kG(x,O)dx+/01/¢ék(x,9t)9dxdt
=—/¢kG(x,O)dx+/01 —/gkagG(x,Gt)@dxdt
=—/¢kG(x,O)dx—/¢k/01V9G(x,9t)9dtdx
=—/¢kG(x,O)dx—/¢k(G(x,9)—G(x,O)) dt dx

__ / 6:G (x,0) dx, (2.29)
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where the third equation follows from (2.28), the fourth equation follows from (2.27). Therefore, from
(2.29), for each 6, the function G(x, 0) agrees with the weak derivative in x of the function G(x, 0)
almost everywhere.

The function G is continuous with respect to the variable 6 and Borel measurable with respect to x.
Therefore, by the Carathéodory theorem, G(x, 0) is a Borel measurable function continuous in 6 and
it agrees with the weak derivative of G in x almost everywhere.

Next, we show that

t
[G(X.0). B], = / G(X,.6)dIX. B, (2.30)
0

where [G (X, 0), B] denotes the covariation of the processes G(X, ) and B.

If the function G is differentiable with respect to x, then it is straightforward to show that (2.30)
holds. However, we need to analyse the function G very carefully because it is only locally Lipschitz.
Let Cloc(R?) be the space of locally Lipschitz functions and let D be the space of cadlag processes
equipped with the metric of uniform convergence in probability (u.c.p.) topology. Then the mapping

G(.0)~ [G(X.0), B] (2.31)

is a continuous mapping from Cjoc(R¢) to I by a similar argument to that in the proof of Theorem 3.8
in Errami et al. [6]. Consider G = G x ¢y where x is the convolution operator and {¢ }k>11s a sequence
of classical mollifiers converging to the Dirac measure at 0. Then,

t
[G*(Xx.0).B], = / v, G*(X,,0)d[X, Bl;, (2.32)
0

because the function G* is differentiable with respect to x. Moreover, the continuity of the mapping in
(2.31) implies that
[G(X.0),B], = kl_i)n;o[Gk(X, 0). B,
t t
= lim v, G*(X,,0)d[X, B]S=/ G(Xy,0)d[X, Bls,
k—o0 Jo 0

Py« almost surely, where the last equation follows from the dominated convergence argument — see
Lemma 4.3 in the online supplement [2] for a proof.
This shows (2.30), so we write

t
[G(X.0),B], :f G1(Xy,0)ds, (2.33)
0

where G1(x, ) = G (x,0)0 (x). Therefore, from the boundedness of the volatility term in the process
X, the function G satisfies (2.25) for all x almost everywhere by (2.17) and (2.26).
Next, consider the jump part of the process M,g. From the definition of covariation, write

[G(x.6), 2], = ||P1,,iﬁll>0;(G(XtiH ,0) — G(Xy,, ) (Zyy, — Z1y)

t
= / / [G(X,- +E(X;-,2).0) — G(X,-,0)]ids, dz)
0 r

t
:/ / Gr(X,-,0,2)a(ds,dz),
0 r
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where P, is a partition of the interval [0, ¢] and Gz(x, 0,2) =G(x +£&(x,2),0) — G(x,0). From
(2.17), write

|G2(x,60,2)| = |G(x +&(x,2),0) — G(x,0)]
<Coq(L+10D)|EC, D|(1+ |x +Ex, )| + Ix19)
< Cumq(1+101)Ixl1zI(1 + |x]7[z]7 + [x]7),

where the last inequality follows from Condition 2.3. ]

We note that the existence of the martingale representation of the process M? is a result of Theo-
rem 1.1 in Kunita [9].

Now, we show that the difference G(X;, 6;) — G(Xg, 8p) is the sum of a stochastic integral, a Rie-
mann integral, and a covariation term. Our approach is based on Follmer et al. [7].

Proposition 2.15 (Extended Itd lemma). Suppose Conditions 2.1 to 2.5 hold. Let the function G be
as in (2.14) and let the functions G| and G be as in Lemma 2.14. The following extended It6 lemma
holds:

t t
G(Xtv 9;) = G(XO7 90) + / AX,Q*G(XS7 es)ds +/ Gl(Xsa es)st
0 0

t t
+/ / G2(Xs, 05, 2)a(ds, dZ)+/ VoG (X, 05) dbs
0 JR 0

1 d
- [ / 5 VaGr(Xs, 0,)dl0, e]s} +[VoG(X,0),0];, (2.34)
0 k=1
where Gy is a real-valued function for all 1 <k <d, G =[Gy, ...,Gq]T, and the covariation with
respect to x, [Vo G (X, 0), 017, is defined as
[VoG(X.6),0]; := lim (VoG Xy, 6) — VoG (X4, 6,)) Oy — 61)s (2.35)

[Pl —0 P

n

and recall that Ay g+ is the extended generator of the process X, see (2.12).

Proof. Let {P,},>1 be a sequence of partitions of the interval [0, 7], such that the maximal mesh size
of P, converges to zero as n goes to infinity. For a partition P,, write

G(X;,6:) — G(Xo,6o)

=Y {G(Xiy1.00,) — G(Xy, 6,))
Py

=3 (G (X1 00) = G Xy, 00) + G(Xy . 0) — G(X,,, 6] (2.36)
P,

Consider each component on the right-hand of (2.36) individually and because the function G is twice
differentiable with respect to 6, use Taylor’s expansion to write

G(Xt,'_H ) 9[,’4_1) - G(XIH_] ) 9[,‘)
= VQG(XI,'_H s 9[[)(91[+1 - 9[,‘)
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d

1
+ 5 Tr((gl‘,ur] - eti)Tngk (Xl‘,'+1 ) 9[,’)(91‘,'+1 - 9[,))i| + R(Xt,ur] ) 91‘,‘)
L k=1
= VGG(XZ,' s gli)(eti+1 - 91,‘)
_1 - d
+ E Tr((et,-+1 - et,-) V@ G (Xt,-, et,-)(et,-_H - gt,-))
L k=1

+ (VoG Xy, 04) — VoG (X, 6,)) Oy, — 6r)

1
+ E Tr((el,'_H - eti)T(vezG(Xt,‘_H ) 9[,') - VezG(Xt, ) et,'))(et,'_H - 9[,))i|

d

k=1
+ R(th'+1 5 91‘,‘)7

where R is the remainder function and the operation Tr[-] denotes the trace of a matrix. Then, by
standard stochastic integration and Riemann integration, the following equations hold:

t
||P H ZVGG(X’: 011)(9,,+1 etz)—/ VoG (X, 05) dbs,

(2.37)

. 1 |
lim = Tr((On,, — 0,)TV5G (X, 0,)Or,y, — 01)) = / ~ViGi(Xy, 6,)d[0,6];,
I1Pall >0 5~ 2 0 2

n

forall 1 <k <d, because VyG and ngG are continuous with respect to 6. Moreover, we have that
||1}:ﬁ10;R(X““’9“) =0 (2.38)

because the remainder function R depends on the third order of the increment of the process 6 and the
quadratic variation of the process 6 is finite.
The locally Lipschitz property of the function G implies that for all 1 <k <d

V3G (X, 0,) — VEGr(Xy,, 01|

=< CG,q(l + |Xt;+1 |q + |Xt,' |q)|Xt;+1 - Xtil

520(;,4(1+ sup |Xs|q)<2 |AX|+|X¢,, — |), (2.39)

O<s=t tistit1
where X€ is a continuous component of the process X and Zt,- i 1AX] is the sum of all jumps in the
interval [#;, #;4+1]. The following sum converges

”PI m Z(e,l+1 et,)T|Xt+1 — X; |6y, —6,) =0 (2.40)
P

n

because the process X¢ is continuous and the quadratic variation of the process 0 is finite. We denote
by J the sum of the jumps of the process X in [0, T']. Then, the random variable J is finite with
probability one because v is a finite measure. Therefore,

UJTLOZ > Oy — 0)TIAXIO,,, — 6),,)<J2| Jim sup|9,l+l 6, 1* =0. 2.41)
" Py tislitl Pu
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The last equation holds because the process 6 is continuous and its quadratic variation is finite. From
(2.39), (2.40), (2.41), we have that

. 1
”Phﬁn 0 Z E Tr((etm - gfi)T (Vesz (Xfi+1 ’ 91;’) - VGZGk (Xti ’ Qti))(gtHl - 9&')) =0. (2.42)
n - P,,

Next, we show that the covariation term is well-defined. Recall that (see (2.37))

1
im OPZVGG(XH,G,»(@,.H —0,) = /0 VoG (X, 6y) db,

with convergence in u.c.p because the processes X and 6 are semimartingales and the function
VoG (x,0) is continuous, see Protter [16]. In Lemma 4.2 in the online supplement [2], we show that
the coupled process (X, 8) satisfies the time reversal property, so we write

I Phﬁll)() Z \ G(XIH_] s 9[,' )(Gt,'_H - 9[,')

= lim {Z VoG (Xi—4y: 0r-1) 11y, — 9”,.>} oR

| £ | —0 P
= lim — VoG (X, 605 )0 —6:) L oR, )43
”P)L]ﬁrl)() { Z o ( Si ‘SH'I)( Si+1 Jz)} o ( )

si=t—1; <t

where R is the time reversal operator (i.e., X; o R = X;_;). Therefore, it suffices to show that the limit
on the right-hand of (2.43) exists. Consider the sum

Y VoG (X, 05, Oy — Os)

85 <t

=Y VoG (Xy;.05) O, —b5)

s; <t
1 d
+ Z[E Tr((6s;,, — 65) TV Gr (X, ) (B, — es,.))} , (2.44)
si<t k=1

and note that

im PZ VoG (Xiry 11 00) O,y — 01)

is well-defined because the limits of both terms on the right-hand side of (2.44) exist; thus, the covari-
ation with respect to x in (2.35) is well-defined. Therefore,

> (GXiyy04,) — G(Xy . 61))

n

lim
| PullI—0

d

t ll
= f veG(Xs,es)dew[ / Evgck(xx,es)d[e,elx] +[VeG(X,6),6]', (245
0 0 k=1
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from (2.35), (2.37), (2.42). Now, consider the second component of the sum on the right-hand side of
(2.36). From Lemma 2.14, the following equation holds:

tit1 lit1
G(Xt[+199t,') _G(Xt,‘aet,’) = AX,@*G(XSvet,’)dS-i_/ Gl(XSael‘,')dBS
i i (2.46)
lit1 N
[ ] ey oicas. .
t; R
From Lemma 2.14, we have that

1G1(Xs, 00| < Coarg (1416u]) (1 + 1X517), (2.47)

on dPy+ x dt almost everywhere. The sequence Gl (X5, 0;;) converges to Gl (Xs, 65) pointwise because
the function G is continuous with respect to the variable 6 and because the process 6 is continuous.
Use Lemma 2.8, the Lebesgue’s dominated convergence theorem for stochastic integration, and (2.47),
to write

tivl o
li G1(Xs,0:)dBs = G1(Xs, 65) dBg.
anlﬁllO;/ti 1(Xs t,) s /0 1(Xs, 65) s (2.48)

For the jump part, we use the same argument as that above to obtain (2.48), and write

lit1 N t -
lim Zf /GZ(XS,Q,,.,z)/l(ds,dz)Z/ /‘GZ(XS,GS,z)/l(ds,dz). (2.49)
[Py |—0 P ti R 0 JR

The last term on the right-hand side of (2.46) is
tit1 tiy1 B
Ax0+G(Xs,0,)ds = / (Vog(Xs,0,) — Vog(6;))ds.
ti L4
By the assumptions on the function g, we have that
[Vog(x,8) — Vpg(0)| = C(1+161)(1+|x|7),

for some constants C > 0 and g > 0. Therefore, apply the Lebesgue’s dominated convergence theorem
to the Riemann integral and write

tim [
1Pali—0 4=,

fit1

t
(Vog(Xs,0,) — Vog(6,))ds =f0 (Vog(Xs,05) — Vog(6s)) ds

t
= f Ay 0+G (X5, 05)ds. (2.50)
0
From (2.48), (2.49), (2.50), we have

t t
”Pliﬁno {G(Xti+1,91i)—G(Xri,(?ti)}=fo Ax,e*G(Xs,Os)dS+/O G1(X;, 65) d By
n g Pn

t
+/ /GZ(XS,QS,z)ﬁ(ds,dz). (2.51)
0 JR

Therefore, (2.45) and (2.51) show that the extended It6 formula in (2.34) holds. O
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If the function G is twice differentiable with respect to x, then the covariation term in (2.35) is a
Riemann integral, and the formula in (2.34) coincides with the classical Itd formula. The function G in
(2.14) satisfies the weak Poisson equation (2.12) because the function Vgog(x, 8) — Vpg(0) is centered
as required in Theorem 2.9. Then, in the next proposition we apply Proposition 2.13 and the extended
It6 lemma to prove the convergence of the deviation term I'y ,, .

Before proceeding, we define the following increasing stopping times. For an arbitrary « > 0 and
A=XAk)>0
T o= inf{r > Te_1 1 |[Vpg(0)| > «},

Ti = sup{t > 1, 1 |[Vpg(0:,)]/2 < |Vog(0y)| <2|Vpg(br,)|
t
for all s € [z, ¢] and / Bsds < X} ,
Ty

where k = 1,2, ... and 09 = 0, and we denote Ty, =Ty + y for y > 0. This sequence of stopping
times quantifies the period of time for which |V g(6)| is small, see Bertsekas and Tsitsiklis [1].

Proposition 2.16 (Convergence of deviation term). Recall that the deviation term is given by

Thy
Ck.y :/ ﬂS(VGg(Xs’es) - V@é(@;)) ds.
Tk

Assume Conditions 2.1 to 2.6 hold and let Xo = x¢. Then, with probability one, we have that

ITk,yl =0 ask— oo.

Proof. The idea of this proof is closely related to the proof of Lemma 3.1 in [17]. Recall that the
function Vyg(x,0) — Vpg(6) is centered and that G is a solution to the weak Poisson equation (2.12)
and that it is locally Lipschitz.

Let t and T be stopping times, such that T < 7. First, we show that

prG (X7, 67) — B G (X<, 0c)

T T T
=/ ﬂ;G(XX’ Gx)ds+/‘ ﬂsAx,é)*G(Xs»es)dS+/ BsG1(Xs, 05) d By
T T T

T T
+[ /I‘Qﬁst(XS’ 0, Z)ﬂ(dS,dZ)—i—/ Bs VoG (X, 05) dbs
z z

d

?1 T,Xx
+[/ EﬂsVQZGk(Xs,Gs)d[G,G]S] +[BVeG(X.6).6] ", (2.52)
z k=1 -

where $; is the derivative of 8; with respect to ¢ and the quadratic covariation term

[ﬂV()G(X, 9)7 O]z’x = \|}}iﬁll>02(ﬁti+l VQG(XZ‘,'+1 ) 9[,‘) - ﬂti VQG(XZ‘,' ) 91‘,‘))(91‘,'+1 - 0[,‘)- (253)
" P

n

Here, P, is a partition of the interval [z, T], and (2.53) is well-defined due to the time reversal argument
in Proposition 2.15. Write

BzG (X7, 07)—B: G(Xc, 0c) = A} + A, (2.54)
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where A = an B (G( X4y, 0 ) — G(Xy;,0,)) and AT = (By,,, — Br)G(Xy;, 6;,). Next, consider

n—oo

T
lim A% = lim > B}, (ir1 — )G (X, 6,) = f BIG(X;.6,)ds, (2.55)
P, T

where the second equation holds because Y p By, L, elni41)) G (Xy;, 6;;) converges to B G (X, O5)

almost surely and by the dominated convergence theorem. Now, consider

lim A} = lim_ Z B (G(Xiyy s 0,) — G(Xy,, 6,))

n—oo
Pn

T T T
/ By Ar .o G(Xy,6,) ds + / By G1(Xy,6,)dB, + / B VoG (X, 65) db,
T s T

T B T 1 d
+f / BsG2(Xy, b5, 2)fi(ds, dz) + |:/ Eﬁxvesz(XSves)d[e»g]s}
z /R z k=1
+nli>rgoz,3,[+l([VQG(X,G),Q];ZH —[VoG(X,6),6],), (2.56)
Pll

where the second equation follows from Proposition 2.15 and from the dominated convergence theo-
rem.
Next, we must show that

1im Y B, ([VeG(X.0).6],  —[VeG(X.6).6];) (2.57)
Py

is well-defined and it is equal to [BVy G (X, ), «9]?". From the proof of Proposition 2.15, we have that
Bivi ([VoG(X,0), e]jj+l —[VoG(X.0), e]z)

tit1 titi
= B, [ / VoG (Xy, 6)d"6; — / ng(Xs,eodes}, (258)
ti t

where ftlt_”l VoG (X, 05)d™* 6, := lim Zz,- <si<tiy) VoG (X, .5 05) (65, — 65;) is a backward integra-
tion. Take the limit » — oo on both sides of the equation above and write

nli)rr()loZﬂtiH([VQG(X,G),Q];ZH —[VeG(X,0),6];)
P

n

= [/r ﬂSV(gG(XSa e‘v)d*yxes - ft ﬂsVOG(Xs’ es)des:|
=[BVeG(X,0),0]7". (2.59)

The first equality follows from (2.58) and the dominated convergence theorem. The second equality
follows from the definition of [8Vy G (X, 6), 9]?5. Therefore, (2.52) holds and we rewrite the deviation
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term in (2.3) as follows:

Tky
Ty = / BsAx,0+G (X, 05)ds
Tk

Tk,y
—IBIk ]/G(kays ) IBTG(XT79 ) — / ﬂ;G(XYa 0s)ds
T
?k,y 5 ?/w/ 5 .
—/ ﬁsGl(Xy,mst—/ /Rﬂst(Xs,Gs,z)M(ds,dz)
T T

Tky
—/ BsVoG (X5, 65) dOs
T
d

- [ / rk'y %ﬁsngk(xs,eY)d[e,e]s} — [BV5G(X,6), 6] (2.60)
z k=1 -

Next, we prove the convergence of each term on the right-hand side of (2.60). The expectation
operator under the probability measure [Py, ¢+ is denoted by [E. Let Jt(l) = B:|G (X, 6;)|. The inequality

E[|" "] < Cu.gBPE[(1+16,1)* (1 + 1X,17)*]
<4Cw o BFE[(1 +16:1%) (1 +1X,1*)] < CB7,

follows fr~0m Proposition 2.13, and because the random variables X; and 6, have finite moments and
because C is a constant that depends on x(. Now, apply the Borel-Cantelli argument as in Lemma 4.1

in [17] to show that Jt(l) converges to zero with probability one. Next, consider the finite variation term
on the right-hand side of (2.60)

13
15 = / |BLG (X5, 05) + BsLo.0G(Xs, 605)| ds,

where Ly o+ is the infinitesimal generator of the process 6 under the probability measure Pg+. The term
7% obeys the bound
0 ys the boun

o0
supBlJ[] < [ €|+ 82)(1+ BIX P+ EIOP) ds < oo,
>

where the last inequality follows from the properties of the learning rate §; in Condition 2.4, and
because the process X has a bounded 2g-moment and the process 6 has a bounded second moment.

Thus, there exists an integrable random variable J O(O)O, such that

Jt%) — Jé?o as t — oo with probability one. (2.61)

Next, consider the stochastic integral
52 .—f B.G1(X,.0,)dB, +/ /ﬂAGz(XA,eA,z)Mds az)

+ / BsVo G (Xs,65)Veb(Xy, 0)0 (Xs) ™ dBy.
0
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The Burkholder—Davis—Gundy (BDG) inequality implies that

[sup |J<3)| <C E[/ |8,G1(X;. 6))] ds+/ /\ﬂst(Xs,Qs,Zﬂ v(dz)ds

0<s<t

t
+ f |ﬂsveG(Xs,es)vebocv,9>o(xs)‘1|2ds}, (2.62)
0

where C| is a positive constant. From Lemma 2.14, we have that

G1(Xy, 05)| < Carg (1+1651) (1 + 1 X517)
| 7 (2.63)
|G2(Xs, 05, 2)| < Corg (1 + 165 1)1 X121 (1+ X519 1219 + |1 X419). '

Therefore, use the BDG and the Cauchy—Schwarz inequalities to show that the expectation of the first

and third terms on the right-hand side of (2.62) are both bounded by C K f(; ﬂsz ds because the processes
05 and X, have finite p-moments for all p > 0. For the remaining term, write

t
E[f /|ﬂSGZ(XSa0.?,2)|2V(dZ)dSi|
o Jr

t
< c%ME[/O [ B+ 0P XCPIP (14 1 PP 41X o) ”’s}
t
< CIE[/ BE(1+1651%) (1X 1> + 1X,17472) ‘“}
0

t t
EU ﬂf(l+|9s|4)+,3s2(1+|Xs|4"+4)dsi| < éf B2 ds, (2.64)
0 0

where C and C are positive constants that depend on xp. The first inequality in (2.64) results from
Lemma 2.14, the second inequality follows from Condition 2.3, and the last inequality follows because
the processes X; and 6, have finite moments, see Lemma 2.8. Hence, the right-hand side of (2.62)
is finite. Then, by Doob’s martingale convergence theorem, there exists a square integrable random
variable J 0(2?0, such that

(3)

— Jy ast—> oo with probability one. (2.65)

3)
J[‘
Next, consider the following covariation in the interval [#;, #;+1]

[B¥0Gx.0).01"

< lim (ZﬁS,HWeG(XS,H, 05,) — VoG (X, 05)|16s;,, — 051
| Pall >0

+ 185, — By | VoG (X, 65) |16, — 6, |>, (2.66)
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where f’n is the partition of the interval [¢;, #;+1]. Now, consider the second term on the right-hand side
of (2.66)
lim Y 1B, = Byl | VoG (X5, 65)] 165, — )]
||P,1H—>0 B

)1

< lim anqws, Bl (1+ sup 1X, |‘1)sup|9s]+l—esj|

| Pyl —0 5 ti<s<tit]
< lim Cc,q(l + sup |Xs|‘1)|/3[i — By Isup Oy, — 05,1 =0, (2.67)
| Py )| —0 ti<s<tit] j

where the first inequality follows from (2.18) and the last inequality follows because the process 6; is
continuous. Now, consider the term

P OZﬂs AVeG (X0, — VaG Xy, 0516, — )|
—

< Dm0 CogBoa (14 s IX19)1X = X116, — 6]

”Pn”_)oti<sj<ti+l L <s<tiy1

tiy1
<Cogbi(1+ swp IX,1Y) f |dIX. 01,
t

i <s<tit+1

lit1
=CoqB2(1+ swp IX7) /, |Vob(X;s. 65)| ds, (2.68)

i <s<tiy]

where the first inequality follows from (2.18) and the second inequality follows from the definition of
covariation. Therefore, for # > r, from (2.68), we take the sum and the expectation on the left-hand
side of (2.66) to obtain

E[|[8VsG(X,0),6],"]

o0 i+1
<Céq Y. ,3,.21@[(1 + sup |xs|q)/ ‘ng(XS,OS)‘ds]
L

i=lr] i<s<i+l1

<Coy Z BE[(1+ sup 1X,7)]E [fi+l|V9b(Xx,9s)|2ds}

i=|r] i<s<i+1

e i+1
<Coq Y A1+ +i))[f E|V9b(XS,05)|2ds}
i=|r] !
C
<Cgyq Z BH(1+V(1+0) < =

i=r]

where the second inequality follows from the Cauchy —Schwarz inequality, the third inequality follows
from Lemma 4.1 in the online supplement [2], and the last inequality follows from Condition 2.5 on
Vob(x,0) and because E|X,|2? is finite. The inequality above implies that there exists a finite random
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variable J 0, such that
[BVeG(X,0),0]5"| = Jooo ast— oo (2.69)

with probability one. From (2.60), we write that

(1) (1) 2
|Fk,y| < Jfkyy + Jgk + ‘]?k_y,r

3) Thyx
T |+ [BVeG(X.0).0] 1. (2.70)
From (2.61), (2.65), (2.69), each term on the right-hand side converges to 0 as k — oo, which implies
that [T’y ,,| — 0 as k — oo. 0

2.4. Convergence of jump SGDCT

In this subsection, we prove a sequence of lemmas and show the convergence of the estimator in (1.9)
to a stationary point of the function g; we do so in two steps. First, we analyse the deviation term I'y ,,
in (2.3) when k — oo. In our case, the jump-diffusion process X is Markov, therefore we need to use
the ergodicity of the process X to quantify the deviation term I'y ,, via the Poisson equation in (2.12),
see Pardoux and Veretennikov [15]. The technique dates back to Delyon [5] and Metivier and Priouret
[13].

In Proposition 2.16, we showed that the absolute value of the deviation term I'y , is asymptoti-
cally close to zero. Below, we use a similar argument as that in Proposition 3 in [1] to prove that
lim;_, 5 |V g (6;)| = 0 almost surely. For a proof of the following two lemmas, see Section 4 in the
online supplement [2].

Lemma 2.17. Suppose Conditions 2.1 to 2.6 hold. Choose a constant X, such that for a given k > 0

we have 3X + A J4k = 1/2Lvg, where Lvg is the Lipschitz constant of Vg. For k large enough and for
n > 0 small enough, we have

Tk 5 5 Tk B
/ Bsds >\ and )L/Zf'/ Bsds < A.
T Tk

The following lemma shows that the value of the function g decreases when the value of k is large
enough.

Lemma 2.18. Suppose Conditions 2.1 to 2.6 hold and assume that there are an infinite number of
intervals Iy = [t;, Tk). Then, there is a fixed constant y > 0, such that for k large enough, we have

8(bz,) —g(br,) < —vy. .71)
Next, we show that the value of g(6;, D~ g(67,_,) eventually starts to decrease as k — 00.

Lemma 2.19. Suppose Conditions 2.1 to 2.6 hold and assume that there is an infinite number of
intervals Iy = [T, Tk). There is a fixed constant y| <y, such that for k large enough, one has

8(0r,) —gbz,_) <n. (2.72)
Proof. See Lemma 3.5 in [17]. O

The next theorem shows the convergence of the SGDCT estimator.
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Theorem 2.20 (Convergence of the gradient). Let the process 6; follow (1.9) and assume Conditions
2.1 t0 2.6 hold. Then

|Vog(0)| — 0 ast— oo, almost surely.
Proof. Apply Lemmas 2.18 and 2.19 above, and Theorem 2.4 in [17]. ]

The crucial part of the proof of the convergence of the SGDCT estimator is the convergence of the
deviation term I'x ,, in (2.3), which we proved in Proposition 2.16.

3. Conclusions and future research

In this paper, we showed the convergence of the SGDCT algorithm to estimate the drift parameter of a
jump-diffusion process. Our paper is an extension to the work of Sirignano and Spiliopoulos [17]. We
proposed two estimators: an estimator that uses the raw data, and another that filters the jumps of the
jump-diffusion process before estimating the drift parameter.

Our estimators are desirable because online updates are more computationally efficient than offline
updates. As new observations arrive, the online estimator is updated, while offline algorithms solve a
new optimisation problem to estimate the unknown parameter.

We employed simulations to illustrate the performance of the estimators. We see that when the agent
filters the jumps in the process, the estimator converges quicker than when the agent employs the raw
data (i.e., without filtering jumps).

The SGDCT estimator is well-suited for the recent advances in control theory that focus on adaptive
robust control to obtain strategies robust to model uncertainty, see Bielecki et al. [3]. The adaptive con-
trol framework requires an estimator that is continuously updated with the arrival of new information
and also requires that the coupled process (X, 0;);>0 is Markov. The SGDCT algorithm we developed
here meets both requirements.

The online estimators may be employed in many financial problems where prices, or other observed
variables, follow jump-diffusion processes. For example, in high-frequency trading, many models as-
sume that the midprice follows, over a short-period of time, an OU-type process. A similar application
is in pairs trading, where a linear combination of two or more assets follows an OU-type process, see
Cartea et al. [4]. In both cases, the success of these high-frequency trading strategies relies on being
able to estimate the drift of a process. An important advantage of our estimator is that the estimates
of the drift are quickly updated with the arrival of every innovation in the prices of the assets, so the
strategies can be implemented in real time.

Finally, there are a number of future research directions. For example, one may analyse the statistical
properties of the jump-diffusion SGDCT we presented here. If the function b is convex, one could
follow the same argument as that Sirignano and Spiliopoulos [18] to prove the central limit theorem of
the estimator (1.9). Although most of the proof of this extension would follow from standard results on
the property of jump-diffusion processes, one would still require the proof of the convergence of the
term (2.2). Also, it would be interesting to study the jump-diffusion filtering problem where the agent
partially observes the process.

Supplementary Material

Supplement to ‘“Online drift estimation for jump-diffusion processes” (DOI: 10.3150/20-BEJ1319
SUPP; .pdf). The supplementary material in [2] contains three sections. The first section proposes
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https://doi.org/10.3150/20-BEJ1319SUPP
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an alternative SGDCT estimator that employs the continuous part of the process X to estimate the
unknown parameter 6*. The second section discusses the performance of the SGDCT estimator. The
last section provides proofs of Lemmas 2.8,2.11,2.12, 2.17, 2.18, and additional results and theorems,
and mathematical notation.
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