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Abstract: In this paper, we creatively price the discretely sampled variance swaps under the mean-
reverting Gaussian model (MRG model in short) with regime-switching asymmetric double expo-
nential jump diffusion. We extend the traditional MRG model by further considering the trend
of the financial market as well as a sudden and unexpected event of the market. This new model
is meaningful because it uses observable Markov chains that represent market states to adjust its
parameters, which helps capture the movement of the market and fluctuations in asset prices. By
utilizing the characteristic function and the conditional transition characteristic function, we obtain
analytical solutions for pricing formulae. Note that this is our first effort to provide the analytical
solution for the ordinary differential equations satisfied by the Feynman-Kac theorem. To achieve
this, we have developed a new methodology in Proposition 2 that involves dividing the sampling
interval into more detailed switching and non-switching intervals. One significant advantage of our
closed-form solution is its high computational accuracy and efficiency. Subsequent semi-Monte Carlo
simulations will provide specific validation results.

Keywords: variance swaps; mean-reverting Gaussian model; double exponential jump-diffusion;
discrete sampling; characteristic function

MSC: 91G20; 91G30; 91G60; 60G99

1. Introduction

With the globalization of economies and intensifying competition in financial markets,
more and more investors and scholars have realized the importance of hedging against
volatility risk. Against this background, volatility derivatives have emerged as instruments
that hedge against this volatility risk. Their most prominent feature is that they provide
direct exposure to asset volatility without continuous delta-hedging [1]. Among the various
volatility derivatives, variance or volatility swaps are considered the main and essential
ones. Essentially, they are forward contracts for future realized volatility or variance. The
long position of a volatility or variance swap pays a fixed delivery price at expiry and
receives the floating amounts of annualized realized volatility or variance, whereas the
short position is just the opposite [2]. In other words, the payoff of a variance swap at
maturity T is (v?(T) — K) x I, where v?(T) is the realized annual variance of the return, K
is the strike price such that the initial value of the variance swap equal to zero for both long
and short positions, and I is the notional amount of the swap in dollars per annualized
volatility point squared.

In the literature, there are roughly two types of approaches for pricing volatility swaps
or variance swaps: static replication methods and model-based stochastic methods. Static
replication means that a variance swap could be replicated theoretically by using a port-
folio of standard options and without specifying the volatility function. For example,
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Demeterfi [1] produced some of the most influential pioneering work that demonstrated
how to use a standard option portfolio to replicate variance swaps. Obviously, the out-
standing advantage of static replication is that it does not require a specific model to solve
pricing problems [3], and this method has been widely used for the VIX index since 2003 [4].
However, according to Sahalia et al. [5], this method has drawbacks that make it unsuit-
able for the real market. These include the inability to promptly reflect jumping variance
swap rates, as well as the need for constant adjustment in options. Therefore, we consider
model-based stochastic methods in this paper.

The study of variance swaps pricing in stochastic models can be broadly classified into
two approaches. The first method entails pricing under stochastic volatility with continu-
ously sampled realized variance. It provides an effective way to reduce the computational
difficulty, and recent work can be found in [6-10]. However, this approach is an ideal-
ization that assumes continuous sampling time. According to the research conducted by
Zhu and Lian [11], using this method to estimate realized variance may lead to significant
inaccuracies in variance swaps with longer tenors or less frequent sampling rates when
compared to discretely sampled variance swaps traded in the OTC market. Fortunately,
the second method was developed to overcome this limitation, which entails pricing the
realized variance obtained directly from discrete sampling. Broadie and Jain [12] used
discretely sampled data and various stochastic models to examine the fair strike prices
of variance swaps and volatility swaps. They also compared their pricing formulae with
a continuously sampled situation and found that as observation frequency increases to-
wards infinity, the discrete price converges to the continuous price. Rujivan and Zhu [13]
proposed a simplified analytical approach for pricing discretely sampled variance swaps
when the realized variance is defined as the squared log return of the underlying price.
Zhang [14] obtained an analytical solution for variance swaps under the MRG stochastic
volatility model. Lian [15] first explained the conditions for discrete volatility swaps to
exhibit convergence behavior. Recent work in this field can be seen in [16-18].

However, the regime-switching model is rarely considered in most of the literature
cited above. It is worth noting that the long-term trends in the financial market, which
are influenced by structural changes in macroeconomic conditions, can have a significant
impact on prices. That is, incorporating market trends into regime considerations can
help convert market volatility uncertainty into regime switching to some extent, and it
can also better assist investors in capturing market risks and opportunities [19]. As Elliott
and Lian [20] pointed out, different market states (good or bad economy) can be reflected
by different regimes, and the parameters of the regime-switching model are modulated
by an observable Markov chain. In other words, the regime-switching model can be
described as a Markov-modulated model. Because the market is generally incomplete,
the Esscher transform has been extensively studied as an effective way to determine
the unique equivalent martingale measure (see [21-23]). To the best of our knowledge,
although Markov-modulated Heston models have been widely applied and studied for
pricing options [4,24-27], the pricing of discrete-sampling variance swaps under an Markov-
modulated MRG model has not yet been investigated. Compared to the Heston model and
its reformulated version, the MRG volatility model has the following highlighted strengths.
First, it has the mean-reverting property that ensures the autocorrelation of volatility [28]
when volatility clustering occurs. Second, it has a relatively explicit solution for pricing.
Therefore, in this paper, we attempt to study the pricing of discrete-sampling variance
swaps under the Markov-modulated MRG model for the first time. This research has
significant meaning and value. It can enrich the existing theory of regime-switching models
and help market participants better understand market trends.

At the same time, there is a part of the regime-switching model that has not been
well explored, which is the underlying asset process with jump diffusion. Sudden and
unexpected events in real-world financial markets can result in significant fluctuations in
asset prices, which cannot be disregarded, especially when pricing volatility derivatives.
Many researchers have examined the jump effect with numerical tests and have proven that
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it can increase the degree of matching to the reality of financial markets [29]. In particular,
when the jump diffusion follows the asymmetric double exponential distribution proposed
by Kou [30], the model can help capture market-implied volatility smiles and market jump
behavior [31]. However, little work has been done on pricing variance swaps under a
regime-switching model with asymmetric double exponential jump diffusion, especially
the Markov-modulated MRG model.

Motivated by the reasons stated above, we introduce a novel model in this paper—a
Markov-modulated MRG model with asymmetric double exponential jump diffusion—to
price discretely sampled variance swaps. To our knowledge, this is the first attempt to apply
this new framework to pricing discretely sampled variance swaps. Hopefully, this attempt
to price variance swaps under this new model could provide some thinking for other
researchers and fill the research gap. By utilizing the Feynman-Kac theorem and transition
probability function, we can greatly simplify the pricing process and theoretically derive
the general expression of the characteristic function. This in turn allows us to solve the
pricing problem more effectively. The main contributions of this paper can be summarized
as follows: First, one potential issue for the regime-switching model that incorporates
various economic factors is that the state space of the Markov chain can become quite
large. This can lead to significant computational complexity in pricing and may pose
challenges in practice. For practical purposes, it is significant to reduce the additional
burden caused by the Markov chain. In this paper, we creatively obtain analytic pricing
formulae that can reduce the computational burden and give the analytical solution of the
ordinary differential equations satisfied by the Feynman—Kac theorem. To achieve this,
we propose a new method of dividing the sampling time into more detailed switching
intervals and non-switching intervals. Our Proposition 2 presents a specific expression
for this solution. Second, we have made a creative improvement to the semi-Monte
Carlo simulation method that verifies the accuracy and efficiency of our pricing formulae.
Specifically, we use independent and identically exponentially distributed random numbers
to generate repeated simulation paths randomly, as opposed to the traditional method of
generating repeated simulation paths. Hopefully, it can be viewed as a step forward for the
semi-Monte Carlo simulation in the regime-switching field.

2. Model Setup

In this section, we will formally introduce the MRG model with regime-switching jump
diffusion and the computation methods for calculating realized variance. Additionally, we
will discuss the specific details of the regime-switching framework.

2.1. The Regime-Switching Frame and Markov Chain

Regime-switching models have generated considerable interest for their applications to
a variety of financial problems. As the trend of the financial market significantly influences
the movement of individual stocks, it is essential to enable the key parameters of the stock
to react to general market fluctuations. The market regime is one possible way to reflect the
state of the economy, the mood of investors, and other economically realistic factors. If the
Markov chain is observable, then the state can be interpreted as the market regime [20,25,32].
In other words, we can let parameters of the stochastic modes be modulated by the Markov
chain, then the market factors can be considered in the model. It can help researchers
capture the market movement by representing different market regimes.

Here, we follow the notation introduced in [4]: X = {X(f)} is a continuous-time finite-
state X := {e1, ey, - - ,en} observable Markov chain on a complete probability (Q, F,P),
where P presents the real-world probability measure, X represents N different regimes of
the financial market and the ith state e; = {0,--- ,1;,--- ,0}. Moreover, the dynamic of X
is given by

dX(t) = Q(¢)X(t)dt + dM(t), 1)

where {M(t)} is an RN-valued martingale increment process with respect to the natural
filtration generated by X, and Q(t) = (gi;)i,j=12,..~ is a transition matrix. The element g;;
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presents the transition rate from state e; to ej, satisfying q9ij > 0,i#jandg;; = — % qij (it
J#i
shows that the row sum of matrix Q(t) is always zero).

2.2. The MRG Model with Regime-Switching Jump Diffusion

Under the Markov-modulated MRG model with double exponential jump diffusion,
the dynamic of the stock price process S(t) with a short-term volatility process v(t) is
given by

Ni
350y dt+o(t) AW () + d [,21 (Ci— 1)]

do(t) = k(@xw - v(t)) dt + o dW2(1).

2

All variables here are set on (Q), 7, P) unless otherwise specified, where [P presents the
real-world probability measure. Assume (-, -) is the inner product and for every i = 1,0, A, r,
the elements in i := (iy,1y,...,iN) are non-negative.

In the first equation of (2), p,, = (u, X(t)) is the appreciation rate; {W!(t)} is a
standard Brownian motion; { N;} is a Poisson process with rate A = (A, X(t)); and {C;}
is a sequence of independent identically distributed (i.i.d) nonnegative random variables
such that ¥; = In(C;) has an asymmetric double exponential distribution with the density

fy) = pme ™ >0y + g™ Iy oy, M > 1,72 >0, ®)

where p,q > 0, p + g = 1 represent the probabilities of upward and downward jumps.

In the second equation of (2), 0, := (6, X(t)) is the long-term average value of
volatility. To simplify our calculation and deduce an analytic solution for pricing variance
swaps, we regard the volatility o and the mean recovery speed parameter k as constants;
{W2(t)} is another standard Brownian such that dW?(t) dW?(t) = pdt,p € (—1,1).

Let the dynamic of the bank account process B(t) follow

dB(t) =r,, B(t)dt, B(0)=1 4)

X(t)
wherer, = (r, X(t)) is the instantaneous market interest rate.

For simplicity, we also let 77, 7, and FX be the natural filtrations generated by
W1(t), W2(t), and Markov chain X(t), respectively.

Remark 1. This is the new model that we propose. We take the appreciation rate, long-term average
value of volatility, and instantaneous market interest rate to be Markov-modulated in a creative way.
In other words, the values of these parameters are not fixed compared to the traditional MRG model.
Additionally, we add an asymmetric double exponential jump-diffusion to the asset process and also
let the jump intensity be Markov-modulated parameters.

2.3. Variance Swaps

The realized variance in variance swaps is typically calculated through discrete sam-
pling over the period [0, T] in financial markets, where T represents maturity time. Two
common methods for calculating realized variance are actual-return realized variance

AF N tio1)\?
5, (T) = =37, Y (tm()l)) x 1002, (5)

i=

and log-return realized variance

o%,(T) = 5 iln2< S(t) > x 1007, ©)
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where 5;,, k = 0,...,N denotes the kth observation of the stock price at time t;, which
implies that the total number of observations is N. In addition, AF is an annualized factor
1 N

with a range from 4 to 252, which can be formed as AF = ;—— = T.

3. Change of Numeraire
3.1. Change of Risk-Neutral Measure Q

Because the market modeling by the observable Markov chain is incomplete in gen-
eral [20], the need to seek for “proper” measure is badly needed. After plenty of studies,
researchers have found that the Esscher transform is the tool that satisfies the requirement.
Until now, there has been mature technology to calculate the equivalent martingale measure
via the Esscher transform (see [4,22,33] for more details). Here, we adopt the assumption
that the continuous and jump components of the underlying asset can be respectively
interpreted as systematic and idiosyncratic risk [34]. In other words, the jump component
cannot affect the pricing. Following the setting in [4] and the method used in [23], we
can quickly derive that Wi(t),i = 1,2 is a standard Brownian with respect to risk-neutral
measure Q, where

Tl 1 Fxiw " "xw
dWl(t) = dWi(t) + oAb )

dW2(t) = pdW'(t) + /T — pdW(¢).

We then substitute (7) into (2), and the dynamic process of S(¢) and v(t) under the
equivalent martingale measure Q can be rewritten as

2

ds Y
(t(—% =Ty At +o(t) dWI(E) + d Y

do(t) = k [%) - v(t)} dt + o dW2(t),

)

®)

(Ci— 1)] ,

where

3.2. Change of T-Forward Measure QT

The value of a variance swap at time ¢ under the risk-neutral measure Q is
: TN B Ay S V., X .

It is worth noting that the interest rate 7, , under a regime-switching frame is not a

fixed constant in the usual sense, and it will be influenced by Markov chain X (). Therefore,

T
we need to consider the dependence between discount factor e~ Je %09 and variance

swap payment, which will greatly increase the difficulty of solving pricing problems; for
example, the calculation of the fair strike prices will no longer be a simple calculation of

K =Eg [vf(T)’fgfvfg vfg’], i=dy,dy,

but
— g At 2 S\ TV X
Eq e 2(T)|FEV FY v R

Ki = ’ i= dl/dZ'

7fTr dt
EQ[e 0 |ngfOVVfg<]

Fortunately, we find that this problem will be solved by changing the numeraire to a
zero-coupon bond and derive the T-forward measure Q7. According to Theorem 9.2.2 and
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Definition 9.4.1 in Shreve [35], we can change the risk-neutral measure Q into @T, that is,
the numeraire will be changed from the original money market account to a zero-coupon
bond, and the T-forward measure QT can be defined as

A 1

T _ fO X(t
o) (A)_iB(O,T,X)/ 140, vAcF. (10)

Let B(t, T, X) be a zero-coupon bond that pays one unit at maturity T, then it is given
by [25,36,37]

B(t, T, X) :EQ[ Wrx

= (exp{B(T - 1)}, X) L,

where I, denotes N-dimensional unit vector, operator B := diagr — Q', diagr denotes the
matrix with vector r on its diagonal, and Q" denotes the transposition of Q. Therefore, in
this paper, the volatility vector of zero-coupon bonds is zero. In other words, discounting
the underlying assets with it will not affect its volatility vector. Now, we can present (9) as

A J—'X}
(11)

: N B N DR S, TV, X
Vi(X,t) =Eg e O v (T) — K; ) x I|FP VF/ V F;

1

(12)
= B(t, T, X)Eqr [ (v3(T) — K;) x 1]55 vF v FE],
and obtain the fair strike price
K = Egr [viZ(T)‘fgv FVE], i=dud. (13)

4. Pricing Variance Swaps

In this section, we will take the distribution characteristics of the new model as a
breakthrough, and derive the pricing formulae of variance swaps under discrete sampling.
Here, we employ the characteristic function method to accomplish this goal.

Now we are in a position to formally introduce the characteristic function method. Let
y(T) =InS(T+ A) —InS(T), and assume its characteristic function is given by

F(@;t,T,8,0(t) = Egu[e? D FX v FE v FY). (14)

It should be noted that the imaginary number i = \/—1 is absorbed in the parameter ¢
in (14), and the result will not be changed without the explicit expression of the imaginary
number [20]. Similar to the method used in [4], we first consider the conditional charac-
teristic function under the given Markov chain information ]:T . When the information
FX A 18 given, the Markov-modulated parameters 9 ()7 )‘x( y-and r, ., are deterministic
functions, which means that the information available at time T + A is sufficient to evaluate

these parameters. Namely, we can simplify (14) as

F@it, T,8,0(t) = B [ £ (031, T,8,0(1)| FF, o )| 7. (15)

4.1. Conditional Characteristic Function

In this section, we will focus on calculating the concrete expression of conditional char-
acteristic function f ((p; £, T,A, v(t) |]—"%< A ) and give the following lemma and proposition.

Lemma 1. If the volatility process v(t) satisfies the dynamics (8), then it has an explicit expression
as follows:

t ~
o(t) = +k/ B ek du+a/0 K1) Q2 (1), (16)
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Proof. Let t
f(t,b) = e*ktv(O) —i—ae*ktb—i—k/o gx(u)g*k(f*u) du,

and
B(t) = /Ot & AW2 (u).

For the Ito-Doeblin formula, we shall need the following the partial derivatives of f(t,b):
fi(t,b) = kB, dt —kf(t,b), fy(t,b) =ce™, fu(t,b) =0.

We will also need the partial derivative of B(t), which is dB(t) = ek dW2(u). Then, the
Ito-Doeblin formula states that

do(t) = df(t,B(t)) = [k@x(t) - kf(t,b)} dt + o dW2(u),
which shows that the dynamics (8) satisfies the expression (16). O

Proposition 1. Given the information Fi ' a if the stochastic process follows (8) and the parame-
ters satisfy 2}7 > C(¢; T), then the characteristic function is

F(@it, T,8,0()| Ff,n)

(17)
— L2 (¢; T, 7)exp {N(gb; T,T)+S(¢; T, T)e o (t) + R(¢; T, T)e_ZkTv2(t)}.
with
L(¢; T, 7) =1—202C(¢; T),
2( 4 _n2 .
N(@;T,7) = F(g; T) + MHELD FODLOTD,
: _ M@T)-p(tT)L$TD)
ST = "aigr
. _ —L(¢;T1)+1
ROTT) = 521G
(18)

M(¢;T,7) = p(t,T) + 6ZE(¢; T)

fir = 0 (1) + (1, T),
A~ 2 _
2= g,

—k ftT gx(u)e—k(T—u) du,

where i(¢; T),i = C, E, F satisfies the following ordinary differential equations:
&+ 30PE2 + KOE 4 02C + 7 + ABgr[e? —1] =0, F(¢;T+4) =0,
dE 4 2kGC + (202C —k+ po@)E =0, E(¢;T+A) =0, (19)
A€ +20°C% + (2004 — 2k)C+ 3p(¢p —1) =0, C(¢;T+A) =0.

Proof. The proof of this proposition is presented in Appendix A. [

4.2. Characteristic Function

In this section, we will consider the effect of Markov chain X(t) on the characteristic
function. Using Formula (17) in the previous section, we can derive that
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F(@it, T, 08,0(8) = Bgr [f (031, T, 8,0(0)| Ffon )| ]
R(p; T, T)e ZT02(¢) + S(¢; T, T)e o (t
gL g KT IO ST
+N(¢; T, 7)
(20)
=L (¢; T, T)exp {R((p; T,7T)e 2T02(t) + S(¢; T, T)e_kTv(t)}
E@T [exp {N(¢; T, T)H]—'tx] ,
which means the core calculation of characteristic function is Eqr [exp {N (¢; T, 7) } ]:tX} .

Note that N(¢; T) is defined by (18) and i(¢; T),i = C,E,F satisfies the ordinary
differential equations in (19), then we can rewrite N(¢; T, T) as

52
: — (o _ YT Ry,
2 2 2 @)
1-(t, T n-(t, T ne(t, T
202L(¢; T, T) 202 L(¢;T,T)
In addition, if we try to derive the partial derivatives of (21), then
I(N(¢; T, 7)) 5 8 ab dc od
S = P(T) 5 HE@T) g b5 d g 22)
where
L 02 AT
T 2L(¢; T, T) ©202L(¢; T, T)’
A2 A2
o= EET) oy T
207 L(¢; T, 7)
Therefore, the partial derivatives of 4, b, ¢, d satisty
da  —02e HT(1—202C(§; T)) — 20°C(¢; T)e > 702
ot 2(1—202C(¢; T))* '
ap At T) (K e )02 (1 - 202C(p;T))
ot o4 (1 —202C(¢; T))*
PR T)[(—20%e7%T) (1-262C(¢;T) ) +407C(¢;T)e 2767
404 (1-202C(9;T) ) ’ (23)

ac AR T)OY (ke T + 20% 2T (1,T)

ot 40% '
od 20t T) (Kb, (e KT (1-202C(¢; T)) — 20% X7 (1, T)C(9; n

ot (1-202C(¢; 7))
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In other words, Egr [exp{N(¢; T, 7)}| F/* | can be rewritten as

Eqgr {exp {N(<p; T,7) } ‘]—"ﬁ‘}
g e { [ 2NEL0) ) ] o0

t Ja ob oc od
—E. 200:T). 24 T) =+ = d+ = ;
—E@T{exp{/o (E @:T)- 5 +E@T)- 5 + 5 -d+ 5, c)dt}‘]—"t].

According to the Proposition 3.2 in [20], if Q" denotes the transposition of Q, then

T+A
Egr {exp{c])l/t (h, X(s))u(s) ds} ‘]—"tx} =(®(t, T;h)X(t), I), (25)

where

T+A

O(t, T;h) = exp {/ (Q’ + 4>1u(s)>diag[h] ds},

t

and
L=(1,1,...1) € RN,

Therefore, we can calculate (24) in theory if ¢; = 1 and (h, X(t)) = % So far, the

theoretical derivation of the characteristic function has been completed in this paper. In the
next section, we will first give the analytical solution of the ordinary differential equations
in (19) that ensure high calculation precision.

4.3. Derivation of ODEs

In this section, we will focus on deriving the analytical solutions of (19) in Proposition 1.
These solutions can greatly reduce errors caused by directly simulating numerical solutions
of differential equations and improve computational efficiency.

Proposition 2. Forany T < t < T + A, if function i(¢;t),i = C,E,F follows the ordinary
differential equation

& + 3072+ KOE + 02C + 7 + ABgr [ —1] =0, F(¢;T+4) =0,
dE 4 2kC + (20°C —k + pog)E =0, E(¢;T+A) =0,
4€ +202C% + (200 — 2k)C+ 1p(p —1) =0, C(HT+A) =0,

then we can let {w;} denote the times of regime switching in [T, T + A], and obtain the following
analytical solutions of i(¢;t),i = C,E and F(¢; T):

) _ d=b t)—1
Cit) = G- gt

E(¢;t) = D(¢;t) - E(¢;1,6), (26)

F(g;T) = F(¢:T) + B(¢;T) + B(¢; T)

where
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D(g;t) = 40 exp{ 4t

E(¢’ t’ g) = hi + EO(¢I wi+1/§wi)/
hi = i Eo(¢;wj11,0,),
j=i+1
A(w) = uz (w) +u~2(w),
Eo(¢iw,8) = ¥ -exp{-4(T+2)} [A(w) - A(t)},
b =2p0¢ — 2k,

d= /b —452p(¢p — 1),

k(b+d
a= "G
_ b—d
&= brar
=1d(T+A-1),

— g1
o= arctanh(g+1 ),

y=a+xu(t) :exp{d(T-i-A—t)},

Fi(¢;T) = )Z: {f vzlijzg - exp {d(TJr A)} : {coth(ywiﬂ) - Coth(ywi)}

i=1

0 =

80y ,
+02h2 - ) exp {d(T + A)} . {% . {coth(ywm) - coth(ywi)}

I <a i 11 _ gt (1
d/3g sinh(ywiﬂ) sinh(ywl,) NG

~ 2
+8 2870wy A?(wi4) 1
' d T\ 2+1) | (g—D+(g+D) tanh(xw, )

- (g71)+(g+11) tanh(xwi)] - Sg%d ' {d(gZ + 1) . (wi+1 - ZU,')

tanh(w; /2)
n taih('ZUZ:J+1//2) D } (27)

Sinh(ywz' )
- tanh}ywi)> +2(g2 -1) ‘ln{ sinh(]/wt; } }
tanh(w; /2)
tanh(wiJrl//z) D * (g + 1) . (Sinh(;le) N Sinh‘éywi) ):| }:| ’

E(p;T)=Y% [kéx(w[)hi . % -exp{%d(TJr A)} . {m(M)

=1 gu(wi1)—1

- 1n(73‘“<“"‘)“) } Ky - {A(wiH) V8 ln<7§”<w*‘“)“)

§u(w;)—1 U(wiyy)—1

+(g + 1)2 : <tanh(;m[

+1)

2A(wjq) 1),
23l (g=1) (i

+(g+1) - In(g-u(wiy1) —1) +gd-wipq — (g+1) - In(g-u(w;) —1) —gd - w;
—A(wiyq) - -In gAu(w{Hl)HI
(w +1) \/g < gu(w;)—1

H‘Pfx(wi) +Ax(wy) (,jj’l;, + ,,Z'fq, - 1) } (Wi —w;i)

F(¢;T) =

1

I

+0% - {Glgimin) - Glgiw ||,

G(p;t) = — b -t+i-ln<1—ﬁ).

402 202
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Proof. The proof of this proposition is presented in Appendix B. [

Remark 2. The basic idea of this proposition is to simplify the numerical solution process of the
differential equation. Considering that the Markov-modulated parameters remain constant before
the next regime-switching moment, this proposition creatively divides the integration interval of the
ordinary differential equation into the regime-switching interval and non-regime-switching one.
Therefore, one can solve the simple function definite integral within these small intervals.

4.4. Pricing Formulae

In this section, we will use the relationship between the characteristic function and the
expectation to derive the pricing formulae. Recall that the fair strike price K;,i = d1,d of
variance swaps should satisfy V(X,0) = 0. In other words, we can obtain that

_ AF N 7S(4) — S(ti1)\* s s
Kd1 _EQT Wzl (S(tll)> x 100 ‘FO V‘FO \/’/.-'O
AF N 2
=5 ;EQT (ey(ti) - 1> FXV Fy v;&’] % 1002
. (28)
AF Y
= N ZlEQT [(eZy(fi) —2p¥(t) + 1) ‘]:8( vV ]:g v ]:3/'] % 1002
i=
N
i=1
Similarly, we can compute
_ AF &0 S(t) oo s
Kd2 _EQT lezlln (S(tl_l)) x 100 ]:0 \/]:O \/]-'0
_ AF N 5 S(ti) X S v )
28 () ]
(29)
AF Y
=N LEqr {Vz(fz‘) FoVFS VFX} x 1002
i=1
AF Y
= 5 L P00, 8t,0(0)) x 1002,

where f()(0;0,t;, At,v(0)) = —af(2)(¢;%$z'm'v(o>).

5. Numerical Tests and Discussion

In this section, we will use semi-Monte Carlo simulation to verify the accuracy and
efficiency of our pricing formulae. It provides direct numerical evidence of the comparison
between the Monte Carlo simulation of the model and our formulae. We will also examine
the rationality of the promotion term in the new model, as it will help readers understand
the effects of these realistic economic factors. In addition, we will analyze the sensitivity
of (28) and (29) by studying a 1% change of model parameters. This analysis not only
helps to assess the stability and reliability of the model, but also allows us to identify the
parameters that exert the greatest influence on its results.

We assume a typical market with only two regimes, namely, the market state switches
between regime 1 and regime 2. These market states can be interpreted as bull markets (a
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good economy) and bear markets (a bad economy), respectively. Thus, the state space in
X(t)is X := {e1,e2}, and the transition rate matrix is given by

—-0.1 041
Q= ( 04 -04 > ’ (30)
Moreover, we will adopt the values of parameters in Table 1 that are used in [4,14].

Table 1. Model parameters.

Notation Parameters Regime 1 Regime 2
T Maturity 1.00 1.00
v(0) Initial volatility 0.22 0.22
S(0) Initial stock price 1.00 1.00
] X0) Long-term volatility mean v 0.075 v 0.040
k Mean-reverting speed 2.00 2.00
o Volatility of volatility 0.10 0.10
Ts) Interest rate 0.08 0.06
0 Correlation coefficient —0.40 —0.40
Ag Jump intensity 0.30 0.20
4 Probabilities of upward jumps 0.20 0.20
q Probabilities of downward jumps 0.80 0.80
11 Inverse mean one 25.00 25.00
12 Inverse mean two 50.00 50.00

5.1. Semi-Monte Carlo Stimulation

In this section, we will test the accuracy and efficiency of our pricing Formulae (28) and (29)
by comparing the results generated by semi-Monte Carlo simulation. This comparison more
directly and effectively demonstrates the rationality of the new model and the advantages of the
pricing formulae.

We utilize Euler-Maruyama discretization for our model (8) to Monte Carlo simulation:

M(tis1) = M) + (ry, — 302(6) ) e +o(0) VAR (1) +,
S(tit1) = exp {M(ti+1>}r 31)
olti2) = k(8 — (1) ) @t + oV (P (1) + T=p2W ()

where W1 (t;) and W(t;) are two independent standard normal random variables. If we divide
the sampling interval [0, T] into n sub-intervals, then the time length of each part satisfies
dt =T/n.

Compared to traditional Monte Carlo simulation, semi-Monte Carlo simulation is an
effective method for improving the simulation efficiency of regime-switching models [4,20,38].
In traditional Monte Carlo simulation, randomness exists not only in the simulation of
regime-switching paths but also in the simulation of asset price and volatility processes.
This means that two identical regime paths can have different calculation results. In con-
trast, the randomness of semi-Monte Carlo simulation only exists in the regime-switching
path. Therefore, if the paths are the same, the fair price of the simulation must be the
same. Given that semi-Monte Carlo simulations require fewer computation paths than
Monte Carlo simulations, this paper leverages independent and identically exponentially
distributed random variables to effectively generate simulation paths and capture the
necessary randomness. Specifically, we will adopt the following four steps to implement
the semi-Monte Carlo simulation process:



Mathematics 2023, 11, 2730

13 of 30

Step 1: Generate N = 20,000 independent identically exponentially distributed (i.i.d)
random variables with parameter f.,. These variables represent the time until the first
regime-switching event occurs for each of the N sample paths. Based on the initial market
regime e; and the probability of remaining in this regime 4117 = 0.1, we can estimate the
number of sample paths that do not experience a regime switch before the maturity time
T=1asNy~e %'T.N=a090N . Note that the actual number of such paths may differ
due to randomness in the generation of the i.i.d random variables. Therefore, we only
need to run the following computation for (N — Np) + 1 sample paths, where N — Ny is
the number of paths that do experience a regime switch before maturity, and +1 represents
the one path that does not experience any regime switches.

Step 2: For every sample pathi = 1,2,...,(N — Np) + 1, calculate the conditional
characteristic function (17) according to Propositions 1 and 2. When there is no switch in
the regime switching path, it is worth noting that the difference between the analytical
solutions of the differential equation system (Proposition 2) only depends on the interval
length and the initial regime at the starting point (keeping in mind that there may have
been a switch before the path interval, and the initial regime may be different). Additionally,
the difference in the initial regime is proportional. Therefore, before starting step 2, we
assume that there are no regime switches in the whole process. Then, we calculate and save
the results under different sampling frequencies. After entering the loop simulation, for
any path, we divide it into intervals with and without switching based on the sampling
frequency. In the subsequent calculations, we call and adjust these results when there is no
switching in the initial regime.

Step 3: Utilize the conditional characteristic function in step 2 to calculate the fair
strike price Ki]_,i =12...,(N=-Np)+1,j=12.

Step 4: Calculate the mean of the fair strike price Kéj as the ultimate fair strike price
Kd].,j = 1,2, thatis

No - Kg;(non — regime — switching) + (N — No) - Ky, (regime — switching)]
K; =
] N

(32)

Moreover, we provide an algorithm (Algorithm 1) that calculates the fair strike price
for a variance swap. Here, we only take K; as an example.

Figure 1 shows images of the fair strike price obtained from semi-Monte Carlo sim-
ulation of Equation (28) and those calculated by Monte Carlo simulation under different
observation frequencies ranging from 4 to 252. Actually, the observation frequencies repre-
sent the number of trading days in a year, with 4 and 252 representing quarterly and daily
observations, respectively.

o
S — . .
© —— Result from model Monte—-Carlo simulation
%  Result from our semi-Monte—Carlo simulation solution
o
3 -
- N
el
4
o
S
N~
o
83 7 ¥ %
I

I I I I I
0 50 100 150 200 250

Observation frequency

(a)

Figure 1. Cont.
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—— Result from model Monte-Carlo simulation
*  Result from our semi—Monte-Carlo simulation solution
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(b)

Figure 1. Comparison of the fair strike price obtained from model Monte Carlo simulation and our

semi-Monte Carlo simulation. (a) K;, with regime 1. (b) K, with regime 1.

Algorithm 1: Calculation of the strike price

1 initialization;

2 generate N < 20,000 samples with exponential distribution with parameters S, ;
3 define first.switch.time as the collection of these samples less than T;

4 letsg <— 2T and first.switch.time < {sg,s1,...5x};

5 start simulation;

6 for sin first.switch.time do

7 tg<— 0, t1 ¢ s;
8 generate fy, t3,.. ., te, as following switching time in [0, T;
9 switch times <— {t1,tp, ..., te, };
10 for kin [1,252] do
1 AT « T /k, divide [0, T] into k sampling intervals with length AT;
12 classify these sampling intervals: regime-switching /non-regime-switching;
13 for sampling intervals without regime-switching do
1 ‘ calculate the solution of ordinary differential equation directly
15 end
16 for sampling intervals with regime-switching do
17 divide the interval by switching time and calculate the solution of
ordinary differential equation by Equations (27) and (26)
18 end
19 calculate the conditional characteristic function according to Equation (17)
for each interval;
20 calculate the fair strike price by Equations (28) and (32)
21 end
22 end

It is evident that our solutions match the simulations well, which effectively verifies

the accuracy of our pricing formulae. Furthermore, our pricing formula has higher com-
putational efficiency, with a simulation time of 11.30401 s. In contrast, the Monte Carlo
simulation time for the model requires 3.962049 min (using the simulation running time of
Kj;, as an example).

5.2. Regime-Switching Effect

In this section, we will compare the fair strike price K ,i = 1,2 computed from the

regime-switching hybrid model and the non-regime-switching hybrid model, as shown in
Figure 2. Here, the Kz, i = 1,2 without regime switching mainly refer to the situation where
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the model parameters are kept constant at the initial regime value throughout the entire
contract period T. For example, if the initial regime is bearish, then the model parameters
during the maturity T are all the values under regime 2.

Ka1

Kat

—— Strike price with regime-switching (bullish)
—— Strike price without regime-switching (bullish)

750
|

700
|

o N
2 S —
T T T T T T
0 50 100 150 200 250
Observation frequency
(a)
o
81
| —— Strike price with regime-switching (bearish)
‘ —— Strike price without regime-switching (bearish)
S
o |
I {“
I
=] \
S - ‘\
R
— “ I
s | .
g — —_—
T T T T T T
0 50 100 150 200 250

Observation frequency
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‘ —— Strike price without regime-switching (bullish)
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{ —— Strike price without regime—switching (bearish)
|

\

l

“\
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Observation frequency
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Figure 2. Comparison of the fair strike price obtained from regime-switching or non-regime-switching
models. (a,b) Ky, i = 1,2 with regime 1. (c,d) K;,,7 = 1,2 with regime 2

Figure 2 shows that the price K;,i = 1,2 can be significantly impacted by regime
switching. More specifically, the regime tends to lower K, ,i = 1,2 to some level when it
switches from a bull to a bear regime. On the other hand, when the regime switches from a
bear to a bull regime, the price tends to rise somewhat. At the same time, we also observe
that K ,i = 1,2 are relatively higher when the initial regime is in a bull state (regime 1)
compared to when the market regime is in a bear state (regime 2), which is consistent with
the findings in [4] and real financial markets. Particularly, when the observation frequencies
rises from quarterly to daily, we keep track of the price under regime 1 (see Table 2).

Table 2. Fair strike price under various observation frequencies (regime 1).

Observation K‘fll K'flz K, . Ka, .
Frequency (Rfegn?\e- (R.egupe- (Non-Re.g1me- (Non.-Reglme-
Switching)  Switching) Switching) Switching)

Quarterly (N = 4) 684.6565 655.9717 685.9228 661.9446
Monthly (N =12) 670.1038 650.0076 663.4953 657.1487
Fortnightly (N = 26) 657.2872 647.8999 657.8372 656.8177
Weekly (N = 52) 651.1446 646.8401 655.0941 654.8623
Daily (N = 252) 645.4533 645.5934 652.4541 654.7870

Furthermore, we can see from Table 2 that K, is considerably higher than K;,, and
regime switching can result in large variations in Ky,. This is mostly due to the fact that (6)
prioritizes describing the relative volatility of asset prices, whereas (5) focuses more on the
intensity of asset price swings.
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5.3. Jump Diffusion Effect

In this section, we will investigate the impact of jump diffusion by comparing the fair

strike prices K, i = 1,2 with different jump intensities ;\x< »- Unless otherwise specified,
we assume that there is no jump effect in the stock price process when 7LX( y = 0. Since the
major concern in this section is not the regime-switching effect, we choose to explore the
jump diffusion effect under regime 1. Figure 3 shows K, ,i = 1,2 at different observation

frequencies as the jump intensity A x( increases from 0 to 0.4.

o
'C\> —]
— A=0
_ — A=0.1
o A=0.2
D A=0.3
5 — A=04
. _
o
@ —]
©
o
S T T T T T T
0 50 100 150 200 250
Observation frequency
(a)
o
w pa—
© — A=0
o —— A=0.1
S A=0.2
o A=0.3
< 8 —— A=04
(e}
o
m pa—
(e}
S |
© I I I I I I
0 50 100 150 200 250

Observation frequency
(b)

Figure 3. Comparison of the fair strike price obtained from various jump intensities. (a) K, with
regime 1. (b) K;;, with regime 1.

From Figure 3, we can observe that at each observation frequency, the jump in S(t)
leads to higher prices, and as the jump intensity KX(” increases, the prices further in-
crease. One possible explanation for this is that jump diffusion may lead to changes in the
underlying asset prices, resulting in higher realized variances and higher prices.

5.4. Sensitivity Analysis

In this section, we will examine the sensitivity of our model parameters by computing
the fair strike prices K;,,i = 1,2 on the 1% change in it. As regime switching and observation
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frequency are not the main concern in this section, we consider the sensitivity of parameters
under daily sampling and the initial state of regime 1. Table 3 shows the percentage change
in Ky, i = 1,2 caused by changes in model parameters.

Table 3. Model parameters sensitivity analysis.

Parameters Value Percent Change in K, Percent Change in K},
v(0) 0.22 0.71237780 0.71249860
5(0) 1.00 0.00000000 0.00000000
67X( y v0.075 1.230927000 1.23111800

k 2.00 0.10457790 0.10459840
o 0.10 0.05727434 0.05774045
s 0.08 0.001387612 0.00043574
0 —0.40 —0.00031455 0.00015732
me 0.30 0.00606860 0.00587247
p 0.20 0.00270267 0.00222682
m 25.00 —0.00725323 —0.00598776
12 50.00 —0.00538579 —0.00594781

From Table 3, we can see that the three parameters—long-term volatility mean §X( 0
initial volatility v(0), and mean reversion speed of volatility k—have a significant impact
on the volatility of fair execution prices Kdl.,i = 1,2. Furthermore, changes in k have the
most significant impact on the volatility of prices. This is consistent with the real financial
market, where asset price volatility is primarily related to the stochastic volatility process
of the asset price. Additionally, we find that the initial stock price S(0) has no impact on
the volatility of fair execution price K, .i = 1,2.

5.5. Comparison of the New Model with the Traditional MRG Model

In this section, we will consider the fair strike price under different models and
examine how the inclusion of more realistic factors influences price. In other words, we
will compare the fair strike price under the new model illustrated in (8) with prices derived
from the traditional MRG model.

Both the Heston model and the MRG model are classic models in the stochastic field,
and it would be comprehensive to compare our new model with both of them. However,
as pointed out by Zhang [14], the connection between the MRG model and the Heston
model can be made clear under a specific assumption—that the long-term average value
of volatility 6 is equal to zero. Therefore, in this section, we will focus on comparing our
new model with the traditional MRG model only. Recall that the traditional MRG models
assume a continuous price process with stochastic volatility, and all the parameters in
the models are constant. To maintain this setting, we suppose that the parameters in the
traditional models are all set in regime 1, and non-regime switching occurs in maturity.

It should be noted that MRG model may not adequately capture the long-term trends in
the financial market that are influenced by structural changes in macroeconomic conditions.
However, empirical finance literature extensively documents the correlation between the
financial market and the macroeconomic environment. Moreover, sudden and unexpected
events in real-world financial markets can result in significant fluctuations in asset prices,
which cannot be disregarded, especially when pricing volatility derivatives. Therefore,
adding the assumption in our new model can make it more comprehensive and meaningful.
Figure 4 shows the strike prices obtained from Zhang’s [14] formula and ours. (Here, we
only take Ky, as an example to show the difference.)
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Figure 4. Comparison of the fair strike price obtained under the traditional MRG model with our
new model.

From Figure 4, we can see that the price under our new model is cheaper than the
one in the traditional MRG model. This can be explained as follows. First, both regime
switching and jump diffusion contribute to the variation of the strike price, as discussed
in the previous subsection. Second, this can be interpreted by the assumption that the
parameters in the traditional MRG model are all set in regime 1 (good economy), which
is larger than the ones in regime 2 (bad economy). In other words, a bearish market can
drag down the price to some extent. Moreover, the small value of the long-term volatility
mean may lead to a lower jump probability, meaning that the regime-switching effect has a
greater effect on the price than the jump-diffusion effect. The sensitivity analysis in Table 3
can provide some evidence.

6. Conclusions

In this paper, we investigate the fair strike prices for discretely sampled variance swaps
under the Markov-modulated MRG model with asymmetric double exponential jump dif-
fusion. Compared to recent work in the variance swaps pricing field, the major contribution
of this paper is to propose an effective approach to obtain a general pricing formula and
improve the computational efficiency of semi-Monte Carlo simulation. The pricing problem
can be reduced to an expectation calculation under the risk-neutral T-forward measure.
We obtain analytical solutions for the pricing problem using the characteristic function
and the conditional transition characteristic function. Additionally, we carry out a series
of semi-Monte Carlo simulations to verify the accuracy and effectiveness of the pricing
formulae. Our experiments aim to explore the influence of regime-switching and jump-
diffusion terms, as well as analyze the sensitivity of pricing formulae parameters to the fair
strike price. We find that when regime switching occurs, either the fair strike price for good
economics will decrease or the fair strike price for bad economics will increase. When there
is a jump in market asset prices, the diffusion of the jump will accelerate changes in stock
prices, resulting in higher fair execution prices. In addition, we also find that the stochastic
fluctuation parameters of the propagation model are more sensitive to price fluctuations.

Furthermore, we would like to emphasize the practical applications of our model.
The pricing method proposed in our proposition is generalizable and provides a new
way to accurately compute Markov-modulated variables. This approach can also be
extended to other regime-switching stochastic models. For example, it could simplify the
pricing formulae presented in Elliott [25] and Yang [4] without the need for overly complex
expressions. Our attempt to price variance swaps under this new model can provide
valuable insights and numerical evidence for financial institutions and investors to better
manage and control market volatility risk, ultimately reducing trading losses.

However, it is a pity that we do not deeply consider the effect of a long contract life
where the interest rate can change stochastically. In other words, if the interest rate is
assumed to follow a specific stochastic process instead of a deterministic one, the ultimate
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risk-neutral measure and pricing formulae may differ. It would be worthwhile to explore
how to adjust the pricing approach in such cases for future studies. Moreover, it would be
worthwhile to explore reasonable methods for calibrating model parameter values, which
we lack in this paper and hope that future research can address.
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Appendix A. Proof of Proposition 1

In this appendix, a brief proof of Proposition 1 will be given. Because the effect of
Markov chain X (t) can be temporarily ignored for given information 7 A, We can utilize
the tower law of expectation to simplify the conditional characteristic function as

f<¢; t, T,At,v(t)‘]—“ﬁA) =Egr [erpy(T) ’J—‘f vIFY v ]—'%(M}

=Egr [E@T [e‘/’ym ’]—“% VFY v J-'%(M] ’]—“f vF v ]—‘%(M} (A1)
= Egn [Eqr [ |7 v FY ] |5 v FY ]

Therefore, we can solve the outer expectation of the inner expectation Er [e‘W (T) |F2v FY }
to compute (Al).
We begin by solving the inner expectation Egr [e‘Py(T) |]-'% v FY } . To keep the notation

as simple as possible, the subscript of iX“),i =0,r,A7, fi will be omitted here. Let
U(pt, X, 0(t)) = Egr [eW(T) ‘]—"f v f}’], T<t<T+A, (A2)

where X = InS(t) —InS(T). According to the Feynman-Kac Theorem, function (A2)
follows the partial differential equation

ou . 1,0U - oU 1,0°U 1 ,9°U
g—i-(r—Evz)ﬁ—kk(e—v)—anEvzﬁ%—iazﬁ
(A3)
+ (Tvaziu—i-)lﬂi} [U(p;t, X +Y,0v) —U(p;t,X,v)] =0
Po050ax or it ’ ¢t X, ’
with
U(p;t =T+ A, X,v) =X, (A4)

As the statement in [14], we can assume that the solution of this partial Equation (A3) is
U(¢;t, X, 0) = eF@DTE@DoHCgit)o 19X (A5)
Substituting (A5) into Equations (A3) and (A4), we can obtain the following ODEs:
&+ 3022+ KOE + 02C + 7 + ABgr [ —1] =0, F(¢;T+4) =0,
dE 4 2kC + (202C —k + pog)E =0, E(¢;T+A) =0,
4E +207C* + (2004 — 2k)C + 3p(p—1) =0, C(p;T+A) =0.
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Note that X =InS(T) — InS(T) = 0 at time t = T, then the inner expectation follows:
Egr {EW(T)‘]:% v ]:H _ F@T)HE@T)o(T)+C(¢:T)oA(T). (A6)

We next aim to compute the outer expectation. Substituting the expression of (A6)
into (A1), the outer expectation follows:

F(9:, T, 88, 0()| Ff ) = Eg [P @THE@DMCOMEMIES v 7V v FXL ] (A7)
Adopting the solution procedure used by [11,16], we can solve it by utilizing

P9t T8, 00| Fn ) = [ FOT)PEDI0() do(T), (48)

where f(v) = ef @T)+E@T)o+C@T)o* and p(v(T)|ov(t)) presents the transition density from

state (v(t),t) to state (v(T), T). As Lemma 1 holds, the volatility process v(T) at time T
can be

o(T) = e *T0(0) + k / Be T dut o / e KT=10) Q2 (1)
0
T ~
) + k/ 0, @ “ du + (7/ e KT=1) W2 (),
t
which implies that conditional expectaion fi; is given by
k Ty k k
fie i= Egr[o(T)[o(t)] = e o(t) +k/t By e T du = o () + (L, T)

and the conditional variance 62 follows

o2
0% := Var[o(T)|o(t)] = ﬁ(l —e72kT),

Therefore, we can argue that the transition density p(v(T)|v(t)) must be

1 -5 eM-m)?
P(U(T)Iv(f)):mae T ) (A9)
T

Substituting (A9) into (A8), we then obtain that

fpit, T,A,U(t)’f%(+A)
— L (o(T) — i,)? ;
- ;/w exp 32 (1) = )" + F@:T) do(T)
V2ntr J-eo +E(¢; T)o(T) + C(¢; T)*(T)

_ 1 /,c>° exp{ ( (¢:T) — 2a2) (T )+(E(¢;T)+%)U(T) }dv(T)

V27 +E@T) -

(1—262C(¢; T))o*(T) (A10)

= \/%[7 /j;exp _% _2(&%E(¢;T)+ﬁr)U(T) dU(T)
it = 202F(¢;T)

R2E@T)+0) |
(”(T) - %)

-1 JVieTT) / )| oastrem) do(T).
VL(¢;T,T) 2no L(¢;T,7)

(BFE(@T) +ix)”
L2(¢;T,7)
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To work out this integral (A10), we recall that the probability density function of the
standard normal distribution has the characteristics

o +oo 1 1 \/ﬂ(xfb)z]
/ e—alx b)zdx:\/ZH/ ——e 2[ dx
—00 —c0 /27T

T fte 1 12
- \/:/oo \/27Te H dy
7T

=4/—, a>0,
V a
and for any a <0,

/_oo et (0 qy = /ooe_“yz dy = 2/0 e~ dy > 2/0 1dy = co.

Thus we use this fact to argue that, for ﬁ > C(¢; T), the conditional function (A10) can
be derived below:

f@it, T,8,000)|FF. )

PPN LpT,0) [ g2 202R(@T)  (FFEWT) + i)
=t (‘p’T’T)eXp{_ 202 [L(cp;T,T)_L(q);T,T)_ [2(¢;T,7)

o oy (EE@T) + i) — L(gs T, )2
L™ 2(¢; T, 1) exp{F(4>, T)+ 2L (¢ T, 7)

(2E(¢:T)+e~F o () +(1,T))?
262L(¢T,7)

F(¢; T) +

(e’kTv(t)Jrﬁ(t,T) )2
- 262

L2 (¢; T, T) exp

L~z (¢; T, T) exp {N(zp; T,7)+S(¢; T, T)e_kTv(t) +R(¢; T, T)e_ZkTvz(t)}.

where the parameters are defined in (18), and for ﬁ < C(¢; T), the conditional func-
tion (A10) tends to infinity.

Appendix B. Proof of Proposition 2

In this appendix, a brief proof of Proposition 2 will be given. As shown in Appendix A
of [4], the differential equation

dC 4 202C2 4 (2009 — 2k)C + Lp(p — 1) =0,
C(¢;T+A)=0.
There exists an analytical solution

o d=b u(t)-1
Clg:t) = 402 g-u(t) -1

and all the parameters here are given by (27). Let

dG(¢;t) ., _ k(b+4d)
Tar Wb a= T
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We then rewrite S& + 2k0C + (202C — k + po¢))E = 0 as

d [exp {ZO'ZG(4); t) + St}E(qb; t)] b
T = —2kOC(¢; 1) exp{ZUZG(¢; £+ Zt}. (A11)

To solve this, we first compute

) _d_b.l t 1-g
=5 ¢ [+

d+b t 1
T T 402 '[t"'(l_g)‘/og.u(s)_ldt}
_d+b d+b 1—g gdu
=T /g u(s)(g-u(s) —1) (A12)
d+b 1
%, g )
d+b 1 1
Then substitute (A12) into (A11) to obtain
d[exp {2(72G(¢;t)+gt}E(¢;t)} Cdb w1 p )
= —2k0 - . cexpy—zte-(1—
dt 402 g-u(t)—1 { 2 } ( g u(t))
B ~ d—0D _d | u(t) -1 (A13)
= —2k6 - 12 'exp{ zt} 0]
:a§~exp{—gt}~ {1—exp{—d(T—0—A—t)H.
Solving (A13), we have
) = “g u( e d PO L

Note that there are some Markov-modulated parameters 6,1, A, fi in functions E(¢; t) and
F(¢;t) that can lead to “bad” expressions. We first consider dividing the sampling time
interval [T, T 4+ A] in more detail. If we denote the time when regime switching happens as
wy, Wy, ..., Wy, then

zZ
[T, T+A] = [wi,witr), i=T,1,2...,zT+A,
i=0

which yields that the Markov-modulated parameters are fixed constants in state ¢;,i =
1,2,...,N. Therefore, there exists i such that t € [w;, w; 1),
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~ ~ T+A _ d
E(¢;t,0) : = /t Oy exp{—zs} : {exp {—d(T+A —s) — 1}] ds
~ ~ Wit d
= E(¢;wiy1) + GX(wi) /t exp{—zs} . {exp {—d(T—i— A—s)— 1}] ds

= ~ Wit1 d d
:E(¢;wi+1)+9x(wi)/t exp —d(T+A)+§s —expy —zs | ds

:Ewmmbm+2%ﬁ>em{—QT+Aﬁ[Aw0—Am]

(A15)
In particular, for i = z, E(¢; w,11) = E(¢; A) = 0. In other words, (A15) follows that

(¢/t 9) - E(¢/ wi, )"’EO((PI wl+1l X(w ))

Z Eo(¢; w]+1, w;) + Eo(¢; wit1, 0. x(w )) (A16)
j=i+1

= hi + Eo(¢; i1, 6u,)-
Then the solution (A14) of function E(¢; t) can ultimately simplify as
E(¢;1) == D(¢;1) - E(¢3t,0),
where .
hl = Z EO((P/ wj-‘,—llgwj)/
j=it1

Aw) = ub (w) + u~ 3 (w),
D(g:t) = 2 -exp{§t],

Eo(¢;w,8) = exp{g(TJrA)}[A(w) A(t)}.

Now we are in a position to solve

dF | 1.272 | 143 2 ae 1 3 Y
+ 20%2E2 + kOE + 0*C + 7p + AEA7[e?Y —1] =0,
{ d(t 2 ’ ol | (A17)

F(p; T+A)=0.

According to (18), the computation of conditional characteristic function only requires
F(¢; T). Therefore, we will focus on the calculation of F(¢; T) by following three parts:

1 2

F(¢;T) = E2(¢; 1) dt+k/ E(¢;t)dt

, [T+ T+A v T+HA _
—i—a/ C(4>;t)dt+¢z/ Fdt + Egr[e? —1}/ Adt
T T T

- i BUZ /w E2(¢;t) dt} + Z [ /ww 0 E(¢3t) dt] (A18)

i=1

1

+li{ /w <ptdt—|—<p/ Fdt +Eg [e¢Y—1]/w‘Hth]

= F(¢;T) + B (¢; T) + F3(; T),
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where
F@T) =y (30 [ B2 (g e,
i=1 !
< Wit+1
R@eiT)=1 [k [, E(git) dt,
i=
E(¢;T) = f [ Jo TP C@st)dt+¢ [ FdE+ Egrle?” —1] fwl“)\dt}
i=1
We begin by deriving the formula for F,(¢; T). In fact,
Wit o ~ Wit1 ~ ~
k[ e Egind =Ky, /w " D(git) - E(grt,6)
~ Wit ~
K, [ D) [+ Eo(girwii, )] i (A19)
~ 1 Wit1 ~ Wit1 ~
= kGX(wl)hl /wi D((P’ t) dt + kex(wi) lvi D((P’ t) : EO((P’ wi+1/9) dtr
which shows that we need to derive the two integrals of (A19). Note that
Wit ~
/w_ D(¢;t) - Eo(¢;wit1,0) dt
(Wit ag - u(t) d 29 X (aw;) o d ‘
= [ S e { G e { <5 (T ) | | Alwn) — A1) a
Zaggx(w_) Wiy u(t) T
== /wf Zut) =1 um2(t) [A(wiH) —A(t)] dt
2ag0, Wi b (8) Wi ub(F)
= e [ 1, a1 A0
(A20)

201g§ w, -2 Wiy 1
;”-{A<wi+1>-m-_ | ' ~dy/g-u(t)

_g—|—l./wi+1 1 dt—l-/wm dt}
g Ju, gou(t)-1 g Ju

246, /g u(wing)
= ﬂ(;;(w;-).{ (wit1) /8- ln< z::lt(w )+1>+(g+1)~1n(g-u(wi+1)—1>

+gd - wiy) — A(wit1) - /g ln<”g u(w: +1> (g+1)~ln<g-u(wi)1>gd-wl}.

g u(w;) —1

and
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Wit1 ) o Wit g~u(t) ' g
./Wi D(¢;t)dt =a /wz' giwt(t)—l exp{zt}dt

= ag~exp{;d(T+A)} -/wz.+1 u(t) u*%(t) dt

wi (t)
1 -2 Wiy 1 (A21)
—ag-exp{zd(T+A)}~d\/§~'Wi 5 1~d\/g-u(t)
(Veu®) -
”Veq{ ﬂT+Aﬁ' n( V& #@ia)+1 V8 MW T2 ”w1+1 :
2 g-u(wiyg) —1 Vg u(w;)
Then we can accomplish the computation of F,(¢; T) by substituting (A21) and (A20)
into (A19).
We next aim to derive the formula for F3(¢; T). It is easy to see that
w; w; Wit1 -
a{/ “cx¢ndr+¢/ “fdr+EQﬂwY—1y/ Tia
wj wj wi

(A22)
=0 {G(([J,‘ wi+1) - G((P; w,)} + {4)7X(wi) + ;\X(wi)E@T [e¢y - 1]} : (wi+1 - wi)

where G(¢; t) follows (A12). Since Y follows an asymmetric double exponential distribution
(3), then the expectation satisfies

Eqr {e"’y - 1‘]—"2(} = /:o eV . (p;yle*’ﬁyl{yzo} + q1726772y1{y<0}) dy -1

= pi - /+oo =1 dy + gy, - / ® e+mly gy —1 (A23)
0 0

_ o, an
m—¢ m+e

Therefore, we can accomplish the computation of F5(¢; T) by substituting (A23) into (A22).
We finally try to utilize hyperbolic function to derive the formula for F; (¢; T). There
are three integrals in F; (¢; T):

wi wi ~
27 [ B = [ D) R (grwi, B di

wij wi

1 Wit1 ~ 12
= 50 [ D@5t i+ Eolgwi,B)]
wi

. , (A24)
1 ) Wit 2 5 Wit 5 ~.
— 52 [ DA gt de+?hi [ D3 (gst) - Eo(giwien, ) dt
w; wi
1 w; .
+§c72~/ U D2(git) - B2 (i1, 6) dt.
wi
Let
xi=1d(T+A-t),
— g1
Q: arctanh(g+1)
yi=a+x
Then we can obtain that cosh(a) = % and sinh(x) = %. In this sense, we can

naturally derive
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LX@@-EM@wﬁhazzgﬁngh.@@{gﬁ.z%f”-ap{Zuﬂ+Aﬁ~[AuwH>Auﬂ

2080wt
- d g-u(t)—1

Nl—=

wb(0)- | Alwi) - 2cosh()]

2086, A(wisq) — 2 cosh(x)

d g ui(t) —u"i(t)

280, A(wiy) —2cosh(x)
d (§ —1)cosh(x) + (g + 1) sinh(x)

_ 4080,y (A(wisr)/2)sech(x) — 1
d (§—1)+ (g+1) tanh(x)’

and in the time interval [w;, w; 1),

~ 2
w; . 4 9 w; ' 5 )
/ D?(¢;t) - EX(¢h; wip,0) dt = ( s X“"i)) {/ (A(wiy1)/2) sech”(x) a4

a wir [(g— 1)+ (g + 1) tanh(x)” -
- 1 — A(wis)sech(x) &}
wir [(g— 1) + (g + 1) tanh(x)”.
Further, if we denote xy, := 3d(T + A — wj),j = i,i + 1, then
Wi (A(wig1)/2)°sech?(x) -2\ (A(wi1)/2) hix
/wi+1 [(g—1)+(g+1) tanh(x)]z = ( d ) /wi+1 [(g—1)+(g+1) tanh(x)]z dtanh(z)
_ A(wi) | { 1 (A26)
2d (g+1)[(g—1) + (g +1) tanh(xw,,, )]
_ 1 }
(g+1D(g—1) + (8 +1) tanh(xy,)] J*
and
/wi 1 — A(w;j;q)sech(x) df — wj cosh?(x) — A(w;;1) cosh(x) dr
w1 [(§—1)+ (g +1) tanh(x)]? win [(g 1) cosh(x) + (g + 1) sinh(x)]?
1 wi cosh?(x) — A(w;1) cosh(x)
T 4g /w,.+1 sinh(a) cosh(x) + cosh(a) sinh(x) (A27)

dt

B i - /?Ui COShz(y —wa) — A(w;y1) cosh(y — )
48 Juin sinh? (y)
= uq + Up.

where
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, /’“’" (g +1)*cosh®(y) — 2(g* — 1) cosh(y) sinh(y) + (g — 1)’sinh’(y) .

Wit sinh?(y)
Wi
[ a
Wit1

)L Deat]a LD [ ot (<)

= 8g12d : {d(gz + 1) ' (wiJrl - wi) + (g+ 1)2 : (tanhé/wiﬂ) - tanhl(ywi)>

inh (v, ,
+2(82—1)-In {Ssmgy;))] }
_ 1 Ai) csc _ 1 A(in) [ cosh(y)
e VA8 4g /wz'+1 hly)dt Vg 4g+ /wi+1 Sinhz(y)
_2A®@i) |0 gy g R (e /2) _ 1 o1
"~ dg?” [( D ey |6 (e sinh(yw»)]‘

Therefore, we can substitute (A26) and (A27) into (A25) and obtain that

[ D2ty g, ) d

Wit1

~ 2
_ <4”g3X(wi)> .{Az(wﬁl) . 1

d 2d(g+1) [(g—1)+ (g+1)tanh(x)]
2 (A28)
- 8g12d : {d(gz + 1) t4 gn;(lgj) +2(g*—1) -ln[sinh(y)]}
281 [0 1) 10 tanh (¥ ERERI
" a2 [(g 1)1 |tanh(2)|+<g+1> Si“h(y)”w,.
Similarly, we can simplify
D?(¢;t) - Eo(¢; wis1,6)
@ Wy d Ta
= o u () 1] exp{dt} e p{ 2(T+A)} [A(wlﬂ) 2cosh(x)]
202920 2
- % -exp{;l(T—i—A)} : [g-;(tgt)—ﬁ (1) - {A(wiﬂ) - 2c0sh(x)}
_ 2a2g2§ A(wjyq) — 2cosh(x) (A29)

o oo ltrim).
a d p{Z(T+A)} [(g — 1) cosh(x) + (g + 1) sinh(x)]?

_ Zazgzex(w 1 A(w;i, 1) — 2 cosh(x)

3w ol 1
d © p{z(T+A)} 4¢ [sinh(«) cosh(x) + cosh(a) sinh(x)]?

a’gh, d Alwi
_ (w;) a . (wit1) — 2cosh(y — a)
= — exp{ 7 (T+ A)} o, v .
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Note that
/w,- A(wi-i-l) df = 2A<wi+1> . {Coth(y ‘ )—COth(y )}
Wit sinh2 (y) d Yirt i ’
and
/‘wi cosh(y —a) df — /‘wi cosh(y) cosh(a) — sinh(a) sinh(y) dr
Jwiyy  sinh?(y) Jwi sinh?(y)
g+1 w; 1 g—1 1 w; 1
=— . d sinh - d
d\/8 Jwiy sinh®(y) )+ d\f wi,; sinh(y) /
_ 3+1.{ 11 } L 8= [tanh(yw.,/2)
d\/g Sinh(ywi+1> Sinh(ywi) d\/> tanh (ywi/Z)
then the integral of (A29) in time interval [w;, w; 1) follows
g +
w; ~
/ D?(¢;t) - Eo(¢p; wiyq,0) dt
Wit1
azggX(wv) d
pr— 4’ . by T A
d e"p{z( + )} (A30)
A(wiyq) g+1 1 g—1 y .
C) A\ . - S J
{ 7 coth(y) + IJ3 soh(y) ~ dyg In tanh(z)‘}

wj

Up to now, the only integral in (A24) that we do not compute is f;j‘ﬂ D?(¢;t) dt. Since

20 o 087 A (t) - ex
D(4>,)—[g_u(t) 7 pidt}

u (t)

-1
gu -1 "

= a%g? exp{d T+A}
= a%g? exp{d

(T+A) L
exp {d(T+ )

} (g~ 1)cosh(x) + (g + Dsinh(x)]? A3V

1
} [sinh(a) cosh(x) + cosh(a) sinh(x)]?

a’g 1
=—" A(T+A) - ——,
4 EXP{ ( )} sinh? (y)

then the integral of (A31) in time interval [w;, w; 1) follows

w; 2 w; 1

Dz(gb;t)dt:ag-exp{d(T—l—A)}- ———dt

/wi+1 4 /wi+1 [sinh(]/)]2 (A32)
2

[125 exp {d(T + A)} : { coth(yw,,,) — coth(yuw,) }

Now we can ultimately derive F;(¢; T) by substituting (A28) and (A30) into (A24).
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