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Abstract

The original Ait-Sahalia model of the spot interest rate proposed by Ait-Sahalia assumes
constant volatility. As supported by several empirical studies, volatility is never constant in
most financial markets. From application viewpoint, it is important we generalise the Ait-Sahalia
model to incorporate volatility as a function of delay in the spot rate. In this paper, we study
analytical properties for the true solution of this model and construct several new techniques of the
truncated Euler-Maruyama (EM) method to study properties of the numerical solutions under the
local Lipschitz condition plus Khasminskii-type condition. Finally, we justify that the truncated
EM approximate solution can be used within a Monte Carlo scheme for numerical valuations of
some financial instruments such as options and bonds.

Key words: Stochastic interest rate model, Delay volatility, Truncated EM scheme, Strong
convergence, Monte Carlo scheme.

1 Introduction

Stochastic modelling of interest rates plays significant roles in calibration and valuation of financial
instruments. Many well-known stochastic models have been proposed to model dynamics of interest
rates, for example Black-Scholes (1973) [1], Merton (1973) [2], Vasicek (1977) [3], Dothan (1978) [4l,
Brennan and Schwartz (1980) [5] and Cox, Ingersoll and Ross(CIR) (1985) [7]. These models were
generalised by Lewis (2000) [8] as a non-linear mean-reverting-theta process

dr(t) = alp — x(t))dt + ox(t)’dB(t), (1)

x(0) = =g, for any t > 0, where «, 4 and o are constants, # > 1/2 and B is a scalar Brownian motion.
This is widely used to model dynamics of interest rates, volatility and other financial quantities. Mao
[T1] studied analytical properties and strong convergence theory of the numerical solutions of SDE
when 6 € [1/2,1]. Higham and Mao [9] examined the strong convergence of Monte Carlo simulations
of SDE . Wu [I0] established analytical properties of SDE and convergence of EM approximate
solutions in probability when 6 > 1.

Ait-Sahalia [I2] conducted empirical studies to investigate several continuous-time interest rate
models. He tested parametric models by comparing their implied parametric density to the same
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density estimated nonparametrically. He discovered all existing univariate linear drift models could not
explain well the dynamics of Eurodollar interest rates. As a result, he proposed a new class of strongly
non-linear SDE described by

dr(t) = (a_1z(t) ™" — ap + arz(t) — awx(t)?)dt + ox(t)?dB(t), (2)

x(0) = zo, for any t > 0, where a_1, a, vy, g are positive constants and 6 > 1, for modelling interest
rate dynamics. In his seminal paper, Ait-Sahalia used Feller test to show conditions under which almost
surely the solution of SDE will not explode in finite time to infinity. Cheng [13] studied analytical
properties including nonnegativity of solution and boundedness of moments of SDE and established
convergence of EM approximate solution to the true solution in probability. Szpruch et al. in [I4]
generalised SDE ([2)) to

dr(t) = (a_1z(t) ™ — ap + aqz(t) — agz(t)?)dt + ox(t)’dB(t), x(0) = xq, (3)

for any ¢ > 0 and established analytical properties and strong convergence of backward and forward-
backward EM approximate solutions to the exact solution of this type of model when p > 1. Dung
(2016) in [15] derived explicit estimates for tail probabilities for solutions to SDE (3]). Interestingly,
all the aforementioned interest rate models share a common characteristic, i.e. volatility is assumed
constant. However, several empirical studies proved that volatility is not constant in most financial
markets and any good financial model should possess important characteristic of reproducing volatility
'smiles” and 'skews’ evident in option markets (e.g., see [17, 20] for detailed accounts).

There are several extensive literature where stochastic models with inherent features of past depen-
dency are used to describe volatility 'smiles’ and ’skews’ adequately. For instance, Kind et al. justified
in [19] that the instantaneous volatility is modelled in terms of the sample variance of the log-prices over
a past interval of fixed length. Mao and Sabanis [20] also extended the geometric Brownian motion
(GBM) to a delay geometric Brownian motion (DGBM) described by a stochastic delay differential
equation (SDDE ), where the volatility is modelled as a function of delay in asset price and justified it
as a rich alternative for modelling financial instruments in a complete market.

In this light, it is natural to introduce delayed volatility function into the generalised strongly
nonlinear Ait-Sahalia model described by the stochastic delay differential equation (SDDE )

{dx(t) = (a_12(t)™F — ag + aqx(t) — apz(t)?P)dt + V(z(t — 7))z(t)?dB(t), t >0, ()

C(](t) = g(t% te [_7—7 0]7

for evolution of interest rates. Here «v_1, v, 1, g are positive constants, p, 6 > 1 are parameters, B(-)
is a scalar Brownian motion and V'(-) is a volatility function which depends on z(t — 7), where 7 > 0
and z(t — 7) denotes delay in x(t). The delayed volatility function V(x(t — 7)) is past-level-dependent
in this case and hence may capture dynamics of volatility ’smiles’ and 'skews’ adequately.

The solution to SDDE obviously cannot be found by closed-form formulas. It is also obvious
SDDE has superlinear coefficient terms. This is further complicated by a_;x(¢)~! in the drift term,
which may explode to infinity in finite time at the origin, and V (z(t — 7)) in the diffusion term. Hence
we cannot employ standadrd EM scheme to numerically approximate SDDE since this scheme
diverges in strong mean-square sense at finite point for SDEs with superlinear coefficients (see [16]).
The truncated EM scheme was developed recently in [21] for numerical approximation of SDEs with
superlinear coefficients. However, the truncated EM scheme may fail to cope with SDDE .

In this work, we are concerned with constructing several new techniques of the truncated EM
scheme to numerically study SDDE and establish strong convergence theory in finite time under
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the local Lipschitz condition plus Khasminskii-type condition. In particular, we aim to establish L9-
strong convergence theory in finite time, where L? D LP ¢ € [2,p) and p is a parameter in connection
with the Khasminskii-type condition.

The rest of the paper is organised as follows: In section 2, we will verify the existence and uniqueness
for the solution to SDDE and show that the solution will never become negative. We will also study
analytical properties such as boundedness of pth moment of the true solution in section 2. In section
3, we will construct the truncated EM scheme for SDDE . We will explore numerical properties and
investigate a finite time strong convergence of this scheme in section 4. In section 5, we will apply the
strong convergence result within a Monte Carlo setting to value some financial instruments. Finally,
we will perform some numerical examples to support the established results in section 6.

2 Properties of the generalised Ait-Sahalia model with delay

2.1 Mathematical preliminaries

Throughout this paper unless specified otherwise, we employ the following notation. Let {2, F,P} be
a complete probability space with filtration {F; }:>o satisfying the usual conditions (i.e., it is increasing
and right continuous while Fy contains all P null sets), and let [E denote the expectation corresponding
to P. Let B(t),t > 0, be a scalar Brownian motion defined on the above probability space. If x,y are
real numbers, then z V y denotes the maximum of x and y, and z A y denotes the minimum of x and y.
Let R = (—o00,00) and Ry = (0,00). For 7 > 0, let C'([—7,0];R,) denote the space of all continuous
functions £ : [—7,0] — R, with the norm ||£]| = sup_, ,<( &(t). For an empty set (), we set inf () = co.
For a set A, we denote its indication function by 1,. Consider the following nonlinear dynamics

da(t) = f(2(t))dt + V (x(t — 7))g(x(t))dB(t), ()

x(t) = &(t), on t € [—7,00), as equation of SDDE such that f(z) = a_j27! — ap + a2 — apa?
and g(x) = 2%, Vo € Ry, with V(-) defined in C(R;;R,). Let C*'(R x R ;R) be the family of all
real-valued functions H(z,t) defined on R x R, such that H(x,t) is twice continuously differentiable
in z and once in t. Given H € C*'(R x R;R), define an operator LH : R x R x R, — R by

LH(2,y,0) = (e, 1) + Holw,0)f(2) + 3 Hea e,V (0)29(2)? (©

called the diffusion operator of the dynamics associated with the C?!-function H, where

_ 0H(z,1) _ 0H(z,1) _ 0%H(z,t)
Ht<£ll',t) = T, Hm<£ll',t) = T and HII(ZC,t) = T
With the diffusion operator, the It6 formula can be written as
dH(x(t),t) = LH(x(t),z(t — 7),t)dt + H(x(t),t)V(z(t — 7))g(x(t))dB(t) a.s. (7)

See, for instance, [I1] for further details.

2.2 Existence of nonnegative solution

We have already observed the f and g coefficient terms of SDDE are non-globally Lipschitz con-
tinuous. Naturally, for SDDE to have a unique global solution for any given initial data, both drift
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and diffusion terms are required to satisfy local Lipschitz condition plus superlinear growth condition
(e.g., see [14] for more details). Essentially, this requires to assume that the volatility function V(-) is
locally Lipschitz continuous and bounded. The following theorem illustrates that the SDDE admits
a unique positive global solution. Moreover, since the SDDE describes interest rate dynamics in the
financial market, it is important the solution x(¢) should always be positive. The following conditions
are however sufficient to establish a pathwise-unique positive global solution x(¢) to SDDE (5)).

Assumption 2.1. (Boundedness of volatility function). The volatility function V : Ry — R, of
SDDE 15 Borel-measurable and bounded by a positive constant A, that is

Viy) <A, VyeR,. (8)

See, for instance, Mao and Sabanis [20] for detailed coverage of the above assumption. In addition to
Assumption [2.1] we also require the following assumption on the parameter values to help control the
potential growth likely to emerge from the diffusion term.

Assumption 2.2. (Condition on parameter values). The parameters of the SDDE (5] satisfy
1+p>20.
Theorem 2.3. Let Assumptions and[2.9 hold. Then for any given initial data
{z(t) : =7 <t <0} =¢(t) € C([-7,0]) : R), (9)

there exists a unique positive global solution x(t) to SDDE ont > 0. This solution can be computed
by the following step by step procedure: for k =0,1,2,... and t € [k, (k+ 1)7],

x(t) =x(kt)+ | f(z(s))ds+ / V(z(s —7))g(x(s))dB(s). (10)
kT kT
Moreover, for any T > 0,
TLILIEO]P’(Tn <T)=0, (11)

where 1, = inf{t > 0: z(t) € (1/n,n)} for every sufficiently large integer n.
We employ an inductive argument to establish this proof.

Proof. For t € [0, 7], the SDDE (5)) becomes the following SDE
da(t) = f(x(t))dt + V(E( = 7))g(x(t))dB(t),
with initial value z(0) = £(0) and has a well-known unique positive global solution
¢ ¢
a(t) = £(0) +/ f(z(s))ds +/ V(&(s = 7))g(x(s))dB(s). (12)
0 0
The solution z(t) to SDE (12)) on ¢ > 0 has been however established in various literature to satisfy

(11)) (see, e.g., [12, [14] for more details). This implies holds for £ = 0. As z(t) is now known on
t € [0, 7], we may repeat this procedure over the interval ¢ € [, 27] to obtain the SDE

dx(t) = f(x(t))dt + V(z(t — 7))g(x(t))dB(t).
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This SDE has a unique positive global solution

/ f(zx ds—i—/ V(z(s —7))g(x(s))dB(s). (13)

Clearly the solution z(t) is a continuous stochastic process on ¢t € [0, 7] and so both integrals are well
defined. Hence the holds for £ = 1. Given that the solution z(t) to SDE on t > 0 satisfies
implies it also satisfies for SDE ((13)). Repeating this procedure for all k& > 0, we obtain a
unique positive global solution to SDDE (j5) which satisfies . O

2.3 Moment bound of the true solution
Moment bounds are essential for valuation and pricing of financial quantities. The following lemmas

give boundedness properties for the solution to SDDE (5)).

Lemma 2.4. Let Assumptions cmd hold. Then for any p > 2, the solution x(t) to SDDE ()
1s upper bounded, i.e.,

sup (E[z(2)]") < Cy, (14)
0<t<o0
for any t > 0 and
1 »
E’—‘ <Oy 15
2w Bl <o 19

where C and Cy are constants.

Proof. For every sufficiently large integer n, define the stopping time by
T, =inf{t > 0:2(t) & (1/n,n)}.

Apply the diffusion operator to H(z,t) = e'aP to get

LH(z,y.0) = a7 + pea?™ [(2) + 5plp — 1e'a?(V(y)g(a))?

1

1
=e'z? +pelaP a2t — ap + ar — apa’) + §p(p — 1)e'z? V3 (y)z*

(p — 1))\21,29)]

< e'a? + paP (o, — apr + aqr® — P+ 5

By Assumption [2.2] there exists a constant K such that
LH(z,y,t) < e'K. (16)
By the Ito formula,

tATh

Ele"™|z(t A1) [F] < |€0)P + E Ke'ds
0

< [E(0)]P + Ke'.
Applying the Fatou lemma and letting n — oo gives

|§( )I

E|z(t)]P < + K < oo, (17)
and hence
sup (Elz(t)]") < Ch. (18)
0<t<oo
O



We can show the same way by applying the It6 formula to H(z,t) = e'z~P.

Lemma 2.5. Let Assumptions cmd hold. Then for any p > 2, the solution x(t) to SDDE ()

satisfies

E(Sup |x(t)|p> e (19)

0<t<T

ont >0, where C3 is a constant.

Proof. Define a function H € C*(R,,R,) by
H(z) =" (20)

By the It6 formula,

AH (a(1)) = po (1) + Splp — 1)a?(da ()’

= paP a12(t) " — ap + a1z (t) — awa(t)” + %p(p — Da(t)* VPV (y)?)de
+ pr(t)PV (y)dB(t)

< [prP 2 (a_y — apz(t) + arz(t)® — apx(t)P™ + @)\2:1:(15)29)]& + Apx(t)PHLdB(t).

So

E(sup |z(t)[") < [¢(0)]” + ]E/O [pa? (a1 — apz(t) + ana(t)® — apa(t)*

+ 2D v )]t + B[ sup /Ot Apa(s)P 01 dB(s)].

2 0<t<T

By Assumption [2.2] there exists a constant K such that

E(sup [#(1)[?) < |£(0)|7 + KT + E[ sup /0 Apz(s)PH-1dB (s)].

0<t<T 0<t<T

By the Holder and Burkholder-Davis Gundy inequalities we then obtain,

T
Blsup lo(0") < |6O)1" + KT+ C( [ Baoorr-vas)

0<t<T

where C' is a constant which may vary from line to line. Hence

E<sup |ac(t)|p> <Oy

0<t<T



3 The truncated EM method

As we have already noted, the truncated EM method for SDEs under local Lipschitz condition plus
Khasminskii-type condition was developed in [2I]. This numerical method was further developed in [22]
to study SDDEs under local Lipschitz condition plus generalised Khasminskii-type condition. Hence,
in order to study SDDE using the truncated EM techniques, we require the following conditions on
the coefficient terms.

Assumption 3.1. (Local Lipschitz continuity of V). For any R > 0, there exists a positive constant
Ly such that volatility function V() in the diffusion term of SDDE (b)) satisfies

V(y) = V(@) < Lrly — (21)
for ally,y € [3,R].

Lemma 3.2. (Local Lipschitz continuity of f and g). For any R > 0, there exists a positive constant
Kpr > 0 such that the f and g coefficient terms of SDDE satisfy

[f(z) = (@) V g(x) — 9(7)| < Krlz — 7| (22)
for allz,z € [z, R].

Lemma 3.3. (Khasminskii-type condition). Let Assumptions and hold. For any p > 2, there
exists K1 = K(p) > 0 such that the coefficients of SDDE satisfy

2 () + L V()P < Ki(1 4 [af) (23)

for all x,y € R,.
Proof. By Assumption 2.1} Vz,y > 0, we have that

—1 -1
of (@) + PSS V(g = wlaciz™ = a0+ arw — aze?) + L=V ()l P

-1
< g — oot + ax? — apxPt 4+ pT)\2x29.
By Assumption [2.2]

-1
of(2) + =V (W)g(@)] < at = agz + ara® + K(p)
<a_i+az’+ K(p)
< Ki(1+1af?),

where K (p) > —apzt! + N2 and K = (a1 + K(p)) V o). O

3.1 The truncated EM approximation

Before we proceed to construct the truncated EM scheme, let us extend the domain of the volatility
function V'(-) from Ry to R by setting the volatility function V(x) = V(0) for x < 0. It is worth
to note that the solution for the SDDE is already known to always be positive, so this extension
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does not in any way influence the solution. The local Lipschitz condition in Assumption [3.1] and the
boundedness condition on V(-) in are also well preserved.

To define the truncated EM numerical solutions for the SDDE 7 we first choose a strictly increas-
ing continuous function p : Ry — R, such that pu(r) — oo as r — oo and

sup ([f(2)]Vg(x)) < pu(r), vr>1. (24)

1/r<z<r

Denote by p~! the inverse function of . We define a strictly decreasing function h : (0,1) — R, such
that

EH%) h(A) = 0o and AYV*h(A) <1, VA € (0,1]. (25)

Find A* € (0,1) such that p='(h(A*)) > 1 and f(z) > 0 for 0 < x < A*. For a given step size
A € (0,A*), let us define the truncated functions

fala) = F(1/n7 (A V (@ A p (B(A))), Vo e R

and
ga(x) = {g(m A “_1(h(A))>, if >0
0, if z <0.

That is, for x < 1/u~*(h(A)), we have fa(z) = f(1/p~ (h(A))) and ga(x) = 0. For x > p~1(h(A)), we
have fa(z) = f(p~'(h(A))) and ga(z) = g(p~" (h(A))). Moreover, for = € [1/n=" (h(A)), = (A(A))],
we have fa(z) = f(z) and ga(z) = g(x) with

[fa(@)] = [f ()] < max [ f(z)]

1/ (A(A)) <2< L (A(A))

and

It is easy to see that
[fa(@)|V galz) < h(A), VzeR. (26)

Obviously, both truncated functions fa and ga are bounded although both f and g may not. The
following lemma illustrates fa and ga preserve the Khasminskii-type condition in very well.

Lemma 3.4. Let Assumption and hold. Then, for all A € (0,A*) and p > 2, the truncated
functions satisfy

p—1 _
zfa(x) + TIV(y)gA(ﬂf)l2 < K(1+ |z?) (27)
Y,y € R, where K is a positive constant independent of /.

Proof. Fix any A € (0, A*). For z,y € R with « € [1/p*(h(A)), p= (R(A))], by (27)), we have

o) + P Vg = o) + P Ving@)P < Ki(1+ [ef)



as the required assertion. For z € R with x € (0,1/u~*(h(A))), we have
0 < zpu '(h(A)) < 1.
So
vfa(z) =2 f(1/p " (h(A)))
-1 1 -1
=y (h(A))M_l(h(A))f(l/u (h(A)))

< ap (WA + 1/ (R(A)))
< Ki(1+1) = 2K,

Therefore, we have
p—1 p—1
efn(x) + LoV @)as (@) < 2K, + PV ()ga (@)
—1
<2K; + pTA29A(x>2
< 2K, + p%lv
< Ko(1+ [2f),
where Ky = 2K, + 1%1)\2. But for z,y € R with < 0, we have
fa(@) = f(1/u™(h(A))) > 0 and ga(z) = 0.
Therefore,
—1
ofal@) + F [V (y)ga (@) <0 < Ki(1+ o).
Finally, for z,y € R with = > p~'(h(A)), we have
p—1 _ _ p— -
vfa(@) + == VW)gal@) <wf(1/n" (MA) vV i (W(A)) + ==V (m)g (e (W(A)F

< (WA F(e ((A)) + Eo= V() g (p

A
+ ( -1

D) ((A) f (i (W(A))
1 (h(A))
< Ko(1+ [ (h(A)]) + <m — D) (A f(p (h(A))),

where with K7 independent of A has been used. But once again we see from that zf(x) <
Ki(1+ |z|?) for any x € R,. We therefore have

ofal@) + f%ﬂwym(xﬂ? < K1<1 I AP + ( — DE 1+ [ (B(A)P)

p=H(h(A))
(( 0 Ki(1+ [0 (R(A)P)
KL (/24 p7H (R(A)))
CKi(1/2 4 2) < 2K (1 + |z)?).
\%

Kg).

It is worthwhile to note that K = (K,



From now on, we will let the step size A € (0,1) be a fraction of 7. That is, we will use A = 7/N for
sufficiently large integer N. Let form the discrete-time truncated approximation for SDDE . Define
ty = kA for k= —N,—(N —1),..,0,1,2, ... Set Xa(t) =~ {(tg) for k = =N, —(N —1),..,0 and form

Xaltrsr) = Xate) + fa(Xa(te) A+ V(Xa(te-n))ga(Xa(te)) ABg (28)

for k =0,1,2..., where ABy, = B(tyy1) — B(tx). Let us now form two versions of the continuous-time
truncated EM solutions. The first is defined by

Za(t) = ) Xalte)lpaesnal(t): (29)

This is the continuous-time step-process Za(t) ont € [—7, 00|, where 1A (k41)a] is the indicator function
on [kA, (k+ 1)A]. The other is the continuous-time continuous process xa(t) on t € [—7, 00| defined
by setting xa(t) = £(t) for t € [—7,0] while for ¢ > 0

za(t) = £(0) +/O fA(fEA(S))d8+/O V(Za(s —7))ga(Za(s))dB(s). (30)
We see that za(t) is an It6 process on t > 0 with its It6 differential
dea(t) = fa(@a(t))dt +V(Za(t = 7))ga(Ta(t))dB(?). (31)

We can clearly observe that za(ty) = ZTa(tx) = Xa(ty) for all k = —N,—(N — 1),... We would like
to point out that this numerical scheme is not positivity-preserving. This will however be tackled
elsewhere.

4 Numerical properties of the truncated EM solution

4.1 Moment bound of the truncated EM solution

To upper bound the pth moment of the truncated EM solution, we require the following lemma which
shows xa(t) and Ta(t) are close to each other in LP sense.

Lemma 4.1. Let Assumption [2.1 hold. For any fized A € (0, A*] and p > 2, we have that
E|lza(t) —za(t)P < CpAp/Q(h(A))p, vt >0, (32)

where C,, stands for generic positive real constants dependent only on p and may change between oc-

currences. Consequently,
iin% Elza(t) — za(t)[P =0, Vt>0. (33)
—

Proof. Fix any A € (0,A*) and ¢ > 0. There exists an integer k > 0 such that t;, < ¢t < t4.;. By
elementary inequality and , we obtain from that

Bloat) ~oa()P <27 (Bl | falea@)ds? + Bl [ Viaals = has(@a(:)BE)P)

< 2! (AHE / | Fa(@a(s))Pds + AP / [V (@als - T>>gA<m<s>>|”ds)

< 2771 (ATTA(R(A) + AT RAR(A)))
< 2771V G AP) AP (B(A))P
< GAP2(h(A))P,
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where C), = 2P71(1 V ¢,A?). Noting from that AP/2(h(A))P < AP/ we get from (32). O
The following lemma reveals the boundedness property of the truncated EM numerical solutions.
Lemma 4.2. Let Assumptions and hold. Then

sup  sup (Elaa(t)f) < Gy, VT >0, (34)
0<A<A* 0<t<T

where Cy stands for generic positive real constants dependent on T, p, K,& but independent of A and
may change between occurrences.

Proof. Fix any A € (0, A*) and T' > 0. By the It6, we derive from that, for 0 <t < T,

Blaa () < €O+ E [ slea()P ™ (rals)faloa(s) + 251V (als = P)osaa (o)) ds

~EOF +B [ plral)l 2 (aa(s)fa@a(s)) + L5V (als = s @a(s)) ) s

t
B [ plea(o)P Hoa(s) ~ 2al9)fa(ra(s))ds
0
By Lemma [3.4 and the Young inequality
_9

2
a’~%h < P2 + 202, Va,b>0,
p p

we then have
Blra() < 6O)P +E [ Klaa(o)P2(1-+ () P)ds
# =208 [ lrals)ds + 28 [ faa(s) — 7alo)PPlalzal) s
<G5+ Cs /Ot(]Elm(S)!p + E|za(s)[")ds + 2K /Ot [wa(s) = Za(s) 2| fa(Zals)[?ds
where Cs and Cg are positive constants independent of A. By Lemma and inequalities and
(25)), we have

E /0 [wa(s) = Za(s)["2|fa(@als)PPds < (R(A))P? /0 E(|za(s) — Za(s)[P/?)ds
< (h(A))p/Q/O (Elza(s) — Za(s)[?)?ds
< (@ [ (Carm)y) s

< C,T(h(A)PAP* < C,T.

We therefore have

¢
Elza(t)]P < Cs+2C,T + Cﬁ/ (E|lza(s)|? + E|za(s)|P)ds
0

t
< Cs5 +2C,T + 206/ sup (E\xA(u)\p> ds.
0

0<u<s
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As this holds for any t € [0, 7] while the right-hand side is non-decreasing in t, we then see
t
sup (E|za(u)|?) < Cs +2C,T + 206/ sup <E|xA(u)|p> ds.
O0<u<t 0 0<u<s

The well-known Gronwall inequality gives us

sup (E|lza(u)?) < Cy.

0<u<lT

As this holds for any A € (0, A*) while Cy = (C5 + 2C,T)e*T is independent of A, we obtain the
required assertion. O

4.2 Strong convergence

For the numerical solution to converge in finite time to the true solution in L9, we need the following
condition on the initial data (see, e.g, [23]).

Assumption 4.3. There is a pair of constant Ky > 0 and v € (0, 1] such that for all —7 < s <t <0,
the initial data &€ satisfies

£(t) — &(s)| < Kalt — s (35)
In addition to the above condition, we also need the following lemma.

Lemma 4.4. Let Assumptions cmd hold and T > 0 be fized. Then for any ¢ € (0,1),
there exists a pair of positive constants n = n(e) and Ay = Aq(g) such that

P(p, <T)<¢ (36)
for each A € (0,A], where
pn = pn(A) = inf{t € [0,T]: 2a(t) ¢ (1/n,n)}
15 the stopping time.
Proof. Define a C?-function, H : R, — R by
H(z) = 1/2* + 2% (37)

Clearly, H(z) — oo as x — oo or x — 0. For s € [0,t A p,], we can derive from the It6 formula that

B(H(ea(t A p) = HEO)+B [ (Ha(eal)fa(eals) (39)
b L)V (3als = 7)aa (@a(5))) ds.
But

Heo(xa(s))fa(Zals)) + %Hm(fﬁa(S))V(fﬂA(S —7))°9a(Ta(s))?

< LH(xa(s),za(s — 7)) + Hy(za(8)) (fA(fA(S)) - fA(ZUA(S)))
1

+ 5 Har(wa(9)) (V(@als = 7)) 08 (Fa())* = V(wals = 7)) ga(za(5)?)
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where LH is @ with H independent of ¢, defined here by

LH(za(s), 7a(s — 7)) = Ha(xa()fa(ea(s)) + 5 Haulra(s)V (wals = 7))0a(ra(s))"

By Assumptions 2.1 and [2.2] there exists a constant K3 such that
LH(wa(s), 7a(s = 7)) < Ky

and

HL(ra(5)) fa(Fa () + 5 Hea(2a()V (2a(s — 7)ga(2a(5))°

< Ky + Holoa(s)) (Ja(@a(5)) — falea(s))) + 5 Haalea(s)(V(2a(s = 7)o aa(5))?

~ V(wals = 7)) galwa(s))?).
Recalling Lemma [3.2] we have that for s € [t A p,,]

Fa@a(s)) = falza(s)] = Kaloa(s) = 2a(s)].

For any (s),2a(s) € [1/n,n], by @), l9a(#a(s))] V |ga(ea(s)] < u(n). Hence by LemmaF3) we
have that for s € [t A p,)

19a(7a(5))* = ga(za(s))’| = [9a(Ta(5)) — galza(s))ll9a(@a(s)) + ga(zals))l
< 20(n) Ko7 (5) — 2 (5)].
Moreover, for s € [t A p,], we obtain from Assumptions and that
[V (@als = 7))2 = Viwals — 1) = V(@als — 7)) = V(@als — )I[V(@als — 7)) + V(zals — 7))
< 2A\Ly|Za(s — 7)) — za(s — 7).

Consequently,

V(za(s —71))%9a(Za(s)® = V(zals — 7))*ga(za(s))? = V(zals — 7))?ga(Za(s))’
—V(zals —7))’galza(s))? + V(zals — 7)) °ga(za(s))? = V(zals — 7)) *galza(s))
(5))* — ga(za(s))?)

2

— gaea(s)2(V(@als — 7)) = V(eals — 7)) + V(@als - 7))*(ga(a
< 2\ (1)) Lol (s — 7) — 2a(s — 7)) + 2X2a(n) K| (s) — 2a(s)].

So we have

Ho(ra(5)) fa(Ta(5)) + 5 Hea(ma())V (2a(s = 7)ga(7a(5))”

< K+ Ma(n))* L Hoo (28 (5))| (s = 7) = 2a(s = 7)]

(K Ho(2a(5)) + N Kapt(n) Hua (w5(5)) ) 175 (5) = 2 (5)|

< K3+ GolTals = 7) —zals = 7)[ + G |Zals) — zals)],
where

(.= max A(u(n))ZLnHm@)}

1/n<z<n

13



and

1/n<z<n

We now have

E(H (za(t A pn))) < H(E(0)) + E/OtApn(Ks +GlZals = 7) —@als = 7)| + GilTa(s) — za(s)])ds
< H(£(0)) + KT + G /_0 [€([s/AJA) = &(s)lds + (G +G) /OTE\:UA(8> — Za(s)|ds
< H((0) + KT + GGATT + (G + ) /0 T(Hm(s) — za(s)]") 7 ds.

By Lemma and , we obtain
E(H(za(t A pn))) < H(E(0) + K3T + (uKaAT + (G + ()T Cy/PAMA,

Therefore T
H(E(0) + KT + GIGATT + (G + G TGy AV
P(p, <T) < n . 39
(n=T) < H(1/n) A H(n) (39)
For € € (0, 1), we may choose sufficiently large n such that
HEO) + KT _ < o)
H(1/n)NH(n) — 2
and sufficiently small step size A € (0, A;] such that
GEMNTT + (Gt GITCY AV e (a1)
H(1/n) A H(n) -2
Combining and , we get the required assertion. O]

To establish the strong convergence of the truncated EM scheme, we first define the stopping time
Up = Tn N Pp, (42>

where 7,, and p,, are and respectively.

Lemma 4.5. Let Assumptions and[{.3 hold. Then, for anyp > 2, T > 0 and sufficiently large
n

E( sup |za(t Avn) — z(t A un)yp) < (Cy(n,p, T) + Co(n, p, T)) API/4ND Calnp.T) (43)
0<t<T
and

) B p) _

ilinoE(Oz?gT lzA(t A vy) — x(t A vyl ) 0 (44)
where »

Ci(n,p,T) = 47T C(p) L Ki7(p(n))",

Co(n,p, T) = 87'C,(T2 (1u(n))*C(p) Ly, + TENC(p) K, + 2" PT7)

and

Cy(n,p, T) = 8 (T"7 (u(n))PC(p) Ly + T"7 NC(p)K, + 2" PTP ).

14



Proof. 1t follows from and that

ralt A v) = aft o)) = [ T aEa(s) — Fa(s))ds + | Wit = masiaats)
— V(s — 7))g(a(s)))dB()
Applying the inequality |a + bP < 2P~1(|a|P + |b|P) yields
eatt Avn) —attnv)P <27 (| [ slaato) = satnla] + | [ V(osts = masaate)
— Vi(a(s = 7)gla(s))])aB(s)] ).

For t; € [0,T],

p

(s fealtnvn) — sl n ) 27 (8] [ sloao) - flato)ls

0<t<t1

+ E( sup
0<t<ty

— V(s —7))g(x(s))ldB(s)

/0 T WV (Eals - 1)ga(als)

)

By the Holder inequality

E(’ /Otm“" [fa(zals)) — f(:v(S))]ds!P> < TP1E</Ot1AUn |fa(Za(s)) = f(m(s))‘pd‘(j)'

Also using Theorem 7.2 in [I1], we obtain

/ TV @als - )ga(@als)) - Vials — 7)g(a()dB(s)

)

< "7 O)E( / " V(Eals - 7)ga@a(s) - V(s - m)g(e(s)Pds),

]E( sup

0<t<ty

where C(p) is a constant. We now have

E( sup |za(t Avn) — z(t A Un)\p) < o1 (THE /0 e fa(Za(s)) — fla(s))|Pds

FTFCWE [ Vsl - mlaalEals)
— V(a(s = 7)g(a(s))ds ).
Meanwhile
B[V Eals Mo (Eale)) — Vals — Matels)) P)is
& [ (V@ — 70slEa ()~ Vials — 7)gal@a(s) + Visls — 7)gala(s)

—V(z(s —71))g(x(s))[?)ds.

15



By elementary inequality;,

E / T (V(@als = 1)ga(@a(s) — Vials — 7)glals)P)ds

<28 [ (Vi@als - )oa(eals) - Vias = Taaea (o)l

+[V(z(s = 7))ga(@als)) = V(z(s — 7))g(x(s))[")ds

<27E [ ga@a(s) IV (@als = 7)) = Vials = 1) + Vials = 1) las(@a(9) ~ s(a()Ps
By
E / T (V(@als = 7)ga(@als) - Vials — 1)gla(s)) Pds)

t1A\vn

< 2p1]E/0 e ga(@a(s))P|V (Za(s — 7)) = V(z(s — 7)) [Pds + 2p1)\p]E/0 lga(Ta(s)) — g(x(s))|Pds.

Moreover, by (24)), for any za(s) € [1/n,n], clearly |ga(Za(s))] < p(n). Hence
E / TV @als — 1)9a(a(9) — Vials — 1)g(a(s)Pds)
< 27} (u(n))"E / T V(@als = 1) = Viels = 1)Pds + 27 VE / " lga@a(s)) — glals)Pds

We note from Assumption [3.1] that
V(Za(s — 7)) = V(x(s —7))]P < Lp|Za(s — 7) — x(s — 7) 7.

So by Assumption , for s € [t; A v,| we obtain

t1A\vn

t1A\vn
E/ [V(Za(s—71)) = V(z(s—71))|Pds < LnE/ |Za(s —7) —z(s — 7)|Pds
° 00 t1A\vn
< L.E [ |&([s/A]A) = &(s)[Pds + LnE/ 1Za(s) — x(s)[Pds
—T 0
t1A\vn
< L K'AP'T + L,E / 1Ea(s) — 2(s)ds.
0
We now have

IE( sup |z (t A vp) —.r(t/\vn)|p) < op-i7r-lg / s (@a(s)) — Fla(s)Pds
0<t<ty 0

+ 41T (u(n))PC(p) Ly KEAP 7

+ 4p1Tp§2(u(n))pC(p)LnE/o - [Za(s) — 2(s)["ds

+ 4p_1T1722ApC(p)E/O - 9a(7a(s)) = g(z(s))|Pds.

16



We note from the definition of the truncated functions fa and ga that
fa(@a(s)) = f(zals)) and ga(Za(s)) = g(Za(s))
for s € [t; A v,]. Hence by Lemma we have
[f(Za(s)) = fz(s)" V |g(Zals) = g(x(s))[" < Knlzal(s) —x(s)]”
for s € [t; A v,). This implies

E( sup |za(t Avg) — (t A Un)yp) < 4PV O (p) Lo KT (u(n) )P AP

0<t<ty

t1A\vn
+ oIl R / Fa(s) — 2(s)|Pds
0

t1A\vp
4T (u(n))PC () LoE / Za(s) — a(s)|Pds
0
t1A\vn

+4PITT NP O (p) K, B / 1Za(s) — x(s)|Pds.
0

This yields
E( sup |za(t Avy) — z(t A Un>|p) < 47T O (p) Lo K2 (u(n) )P AP T
0<t<ty
+ 4L (T* (1(n))PC(p) Ly + TZNC(p) K,y + 21—PTP—1Kn>
t1A\vn
«E / 1Ta(s) — 2(s)|Pds.
0

Using elementary inequality, we have

1 Avn t1A\vp
E/ |Za(s) — x(s) + za(s) — za(s)|Pds < 2p_1E</ (7a(s) = za(s)” + |zals) - x(8)|p>d8>
0 79 t1
< zp—l(/ E[Za(s) — :cA(s)V’dSHE/ sup |za(t A vn)
o 0 0<I<T
C (A Un)|pds>.
This implies
E( sup |za(t Avy,) —z(t A Un)|p>
0<t<ty
< 47T C(p) L K7 (n(n) ) AT
91 (T2 () PO + TP WO, + 277K,

« (/OTE@A(S) —a:A(s)]pds+]E/0tl sup. [ra(t Avy) = 2(t Avy)Pds).

0<t<T
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By Lemma

E( sup |za(t Av,) —x(tA vn)|p>
0<t<t,

< 4TI C(p) LK ((n) P AT
+81o, <T§(u(n))p0(p)Ln L TENC(p) K, + 21,pr> AP/

t1
+ 8! <T¥(ﬂ(n))p0(p)Ln + Tp2;2>\pC’(p)Kn + 21pr1>E/ sup |za(t Avy,) —x(t Awvy,)Pds
0

0<t<T

By the Grownwall inequality, we obtain

E( sup [za(tAva) = 2t Av)l") < (C1(n,p,T) + Co(n, p, T)) AP/ Coten)

0<t<T
as the required assertion. Moreover, we obtain by letting A — 0. O
Theorem 4.6. Let Assumptions and hold. Then, for q € [2,p)
lim E( sup |za(t) — :c(t)|q> ~0. (45)
A—0 0<t<T

Proof. Let v, be the same as before. Set
ea(t) = xa(t) — z(t).

Clearly

E( sup ea(®) =E( sup leal) o7 and oy ) + E( 500 leal T rysror puzry). (46)

0<t<T 0<t<T 0<t<T

For any arbitrary ¢ > 0, the Young inequality

< 4@ r + ub(p/pfq), Va,b > 0,
p pQ(Q/P—Q)

be/P—a) \ (p—q/p)
Q(q/p—q) >

(Qap>q/p (
gives us

E(lea®l) Lz or uzry < TE( swp lea(®)F) + - B < T or pu < T).

0<t<T Qq/(pfq)

Consequently,
qo
IE( sup |eA(t)|‘1) < IE( sup |ea(t)|"1¢r,>7 and pn>T}) +—E( sup \eA(t)]P> (47)
0<t<T 0<t<T p 0<t<T
pb—q

W]P)(Tn S T or Pn S T)

By elementary inequality, we can derive to obtain

E( sup |ea(t)) <27 E( sup (lza(®) + (1))

0<t<T 0<t<T

< QPE(OiggTUxA(tW) v OiggT(|w(t)|p)) .
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So by Lemmas [2.4] and
IE< sup |eA(t)]”> < 22(Cy V Cy). (48)

0<t<T
Moreover,
]E( Sup |eA (t)|p1{7'n>T and Pn>T}> = ]E< Sup |eA (t>|p1{vn>T})
0<t<T 0<t<T

< E( sup |za(t Av,) —x(t A vn)|p>.
0<t<T

So by Lemma [4.5

E( sup_lea(t)PLir,>T and pnm) < (Ci(n,p, T) + Cy(n, p, T)) APH/ ) Csnp D), (49)
0<t<T

Also,
P(r, <Torp, <T) <P(r,, <T)+P(p, <T). (50)

Substituting the inequalities , and into , we obtain

2P(Ch v C

(Ch 4>QQ+
p

pQQ/(p_Q)

IE( sup |€A(t)|p> < (Cy(n,p,T) + Co(n, p, T)) AP/ Cs(npT)

0<t<T

For any given € € (0, 1), we may choose ¢ such that

2°(Ch VvV Cy)qo €

By Theorem and Lemma for any given ¢ € (0, 1) , there exists n, such that for n > n, we may

choose o to have
p—q

£
pQQ/(P_(I) ]P)(Tn S T> S Z_l <52>
and choose n(e) < n, such that for A € (0, Aq]
p—q €
WP(% <T)=y (53)
Lastly, we may select A € (0, A] sufficiently small for € € (0,1) such that
(Ci(n,p, T) + Ca(n, p, T)) AP/ Cap D) < Z- (54)
Combining , , and , we get
E( sup |zalt) - o)) <=
0<t<T
as the required assertion. O
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5 Applications to finance

It is well known that the strong convergence of numerical solutions guarantees convergence in Monte
Carlo simulations relevant for valuing many path dependent financial quantities (see e.g.,[9]). In this
section we apply the strong convergence result obtained in Theorem to value some financial instru-
ments such as a bond and a barrier option.

5.1 Bond valuation

If the short-term interest rate dynamics is described by SDDE , then the payoff of a bond at the

end of time T is given by .
B(T) = E[exp ( - /0 x(t)ﬂ.

Using the step function Z(t) defined in , the approximate payoff based on the truncated EM method

becomes .
BA(T) = ]E[exp ( — / :T:A(t))].
0
It then follows from Theorem [L.6 that

lim [B(T) ~ Ba(T)] = 0.

5.2 Barrier option valuation
Consider a barrier option with a European payoff P. Let the asset price be the exact solution z(7") to
SDDE at expiry date T', B a fixed barrier and K a strike price. The payoff at expiry date is

P(T)=E [@(T) ~ K)*1 z(t) < B)] .

SuPo<t<T

The approximate payoff using the truncated EM scheme defined in becomes
PA(T) = E[@A(T) — K) laupy.,, Talt) < B)].

So from Theorem we have )
lim |P(T) — Pa(T)| = 0.

A—0

You may consult [9] TT] for detailed coverage of the proofs and further examples.

6 Numerical Experiments

To illustrate efficiency of our proposed truncated EM scheme for SDDE , we will perform two
numerical examples with different Ait-Sahalia-type models. In the first numerical example, we will
implement Ait-Sahalia-type model with a_jz(¢)~! term in the drift and delayed volatility function.
In the second numerical example, we will implement and perform comparative assessment of delayed
Ait-Sahalia-type model without a_;z(#)~" term in the drift using both truncated EM (TEM) and
backward EM (BEM) schemes. This becomes necessary because it is unknown if the backward EM
scheme could cope with a_jz(¢)~! term at the origin. We would like to point out that we consider
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this case and use BEM scheme in our numerical study because the main available literature for one
half strong order approximation of Ait-Sahalia-type model focuses on the BEM method (see e.g [25]).
There is so far no relevant literature devoted to strong convergent approximation of Ait-Sahalia-type
model with a_;z(t)™! term and delayed volatility function.

6.1 Numerical example I

In this numerical illustration, we consider the following delayed Ait-Sahalia-type model
dz(t) = (0.1z(t) ™ — 0.3 + z(t) — 0.52(t)*)dt + V (2(t — 1))z(t)*2dB(t), (55)

with initial data £(0) = 0.2 and V'(+) is defined by

1+(e¥—e Y .
{%%a ify =0
1
1

V pu—
(v) , Otherwise.

(56)

Note (56 is a special type of sigmoid function. Naturally, sigmoid functions like are bounded, real-
valued functions and hence fulfill Assumption 2.1 Moreover, parameterising sigmoid-based functions
in financial models on past data are observed to capture volatility skews and smiles (see, e.g., [20]). Do
also note the drift and diffusion coefficient terms of satisfy

sup (|f(2)|Vg(x)) <1.9u*, u>1.

1/u<z<u

This means we can have u(u) = 1.9u% with inverse ' (u) = (u/1.9)Y/3. If we define A = 1073 and
h(A) = A7%3 then p~(h(A)) = (A7%3/1.9)Y2 and 1/p~Y(R(A)) = (A~%/3/1.9)71/3. Displayed in
Figure 1.0 is a Monte Carlo simulated sample path of x(t) with step size 1072 using the TEM scheme.

6.2 Numerical example II

In this subsection, we will assess the performance of TEM scheme with BEM scheme. We already
noted there exists no relevant literature on strong convergent approximation of SDDE ([57)). Hence, we
have to fall on the BEM method which has 0.5 strong order approximation of Ait-Sahalia-type model
without the delayed volatility function. Consider the following delayed Ait-Sahalia-type model

dz(t) = (0.2 + 0.32(t) — 0.5z(t)>)dt + V (z(t — 1))z (t)*2dB(t), (57)

with initial data £(0) = 0.2 and the same volatility function V(-) in (56). Clearly, we have p(u) = u?
with inverse u~'(u) = u'/2. Using TEM and BEM schemes with step size 1073, we obtain Monte Carlo
simulated sample paths of z(¢) in Figure 2.0. We notice that both simulated sample paths are almost
the same. Figure 3.0 depicts log-log plot of the strong errors between TEM and BEM schemes using
step sizes 1073, 107%, 10~® and 107%. For the purpose of comparison, we also plotted the reference line
with slop 1.0. We can see the strong error between TEM and BEM schemes has order 1.0 though this
has not been proved theoretically. .
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Figure 1: Monte Carlo simulated sample path of x(¢) by TEM scheme.
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Figure 2: Monte Carlo simulated sample paths of z(¢) by TEM and BEM schemes.
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Figure 3: The strong errors between TEM and BEM schemes.
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