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Abstract: The Black-Scholes option pricing model (B-S model) generally requires the assumption that
the volatility of the underlying asset be a piecewise constant. However, empirical analysis shows that
there are discrepancies between the option prices obtained from the B-S model and the market prices.
Most current modifications to the B-S model rely on modelling the implied volatility or interest rate. In
contrast to the existing modifications to the Black-Scholes model, this paper proposes the concept of
including a modification term to the B-S model itself. Using the actual discrepancies of the results of
the Black-Scholes model and the market prices, the modification term related to the implied volatility is
derived. Experimental results show that the modified model produces a better option pricing results
when compare to market data.
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1. Introduction

Financial derivatives refer to contracts whose values depend on the value of the underlying asset,
and are an important part of financial innovation tools (Wu et al., 2016). These contracts can be
standardized or non-standardized. With the vigorous development of the financial derivatives trading
market, finance and related economic fields are also facing more and more complicated theoretical and
practical questions (Smith Jr, 1976). The main question remains to be answered is how to determine
the prices of derivatives. Among many financial derivatives, options seems to be the most extensively
studied topic by scholars (Chesney and Scott, 1989).
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As the core of options trading, reasonable and scientific option pricing can well simulate the optimal
pricing of corporate debt and help the market avoid arbitrage. On the other hand, the suitable option
pricing model can perform risk assessment on secured loans and pension insurance (Wu et al., 2016).

In 1973, American mathematicians Fischer Black and Myron Scholes derived the famous Black-Scholes
option pricing model under a series of strict assumptions (Black and Scholes, 1973). It is currently the most
widely used option pricing model in theoretical and actual market transactions, and can effectively calculate
option prices. However, it is practically impossible to execute the strict assumption of B-S model in real
markets which are usually not perfectly liquid (Lai, 2019) and doesn’t conform to the actual situation of
option transactions (Wiese et al., 2019). Many scholars have found that there are discrepancies or errors
between the option prices obtained from the B-S model and the market prices. The modification and
expansion of the Black-Scholes model have important practical significance for the construction of a practical
and scientific sound option pricing method, and at the same time can provide an important theoretical basis
for the management, avoidance and control of financial risks (Wu et al., 2016).

The current forms of modifications are mainly based on revise and expand the B-S model from the
basic model and price parameters. From the perspective of the basic model, Merton.RC and Bollerslev
(Bollerslev, 1986) respectively proposed the jump diffusion model and the GARCH model. Scholars
such as Menn & Rachev have proposed a double exponential jump diffusion (Menn and Rachev, 2005)
and other pricing models (Kou, 2002) that conform to changes in the underlying asset based on further
improvements to the jump diffusion model and the GARCH model. As for modifications based on price
parameters, most of them are related to the risk-free interest rate and volatility. Excellent methods such
as stochastic volatility model, partial volatility model and stochastic interest rate model (Dupire, 1994;
Grabbe, 1983; Derman and Kani, 1998; Derman et al., 1996) are still playing an important role in the
current field of option pricing.

In contrast to the existing modifications to the Black-Scholes model, the objective of this paper is to
calibrate the Black-Scholes model by proposing the concept of a modification term and using a second
derivative structure of the option price with respect to the underlying asset to approximate it. In this
process, the relationship between the modification term and the implied volatility can be simultaneously
characterized. The experimental results show that modification term can not only flexibly fit and predict the
actual discrepancies of the B-S equation, but also have a better simulation effect to the actual option prices.

The paper is organised as follow. Section 2 provides a brief overview of the Black-Scholes option
pricing model and implied volatility, proposes the concept of a modification term for B-S equation. Section
3 discusses a modified method based on the construction of the modification term. Section 4 gives the
corresponding numerical experiments and analysis of the propsed method. Finally, conclusions are drawn.

2. Black-Scholes option pricing model

2.1. Background

In the 1970s, Fischer Black and Myron Scholes proposed the first complete option pricing model
(Black and Scholes, 1973). Under a series of strict assumptions, the relationship between the option price,
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underlying asset price and time to maturity can be described by the following famous Black-Scholes
partial differential equation (Black and Scholes, 1973):
2

(?9—‘:+%O'QSZ%+1"SZ—;/—1’V:O, (1)
subject to suitable terminal and boundary conditions, provides deterministic price of many options and
derivatives. Here S denotes the underlying asset price, V is the option price, r is the risk-free interest, ¢
means time and o is the volatility of the underlying asset. The Black-Scholes model assumes that the
volatility of the underlying asset o is constant.

Note that in the Black-Scholes option pricing model, the volatilities of the underlying asset cannot
be directly obtained from the market, whereas all the other parameters and variables can be given
by actual market conditions or option contracts (Wu et al., 2016). According to the It integral, the
analytical solution of European call options can be derived from Equation (1)

V=SXN)-e"""KxN(d),
ln(%)+(r+%2)(T—t)
oNT -t

dr)=dy —oVNT -1,

among them, 7 represents the maturity date of the option contract, K is the strike price, and N(e) is the
probability distribution function of the standard normal distribution.

dl = 5 (2)

2.2. The discrepancies of the Black-Scholes equation for the market

It should be noted from Equation (1) that the right hand side of it after substituting the actual market
option prices must be zero. However, a large number of numerical experimental studies have found that
the rhs is non-zero (Lai, 2019). This shows that the B-S model under strict assumptions does not reflect
the actual market conditions well. The non-zero rhs value in essence is the discrepancies/errors of the
Black-Scholes equation relative to the actual option prices. Let Lgg denotes the calculation of the B-S
equation using the actual market price, and V,,;, means the market option price

amGt 0mGt 1 202 62 mGt
—— +7rS + =0 S ————
a0 Tas 277 Tose

Taking the 2019 SSE SOETF purchase of December 2950 option as an example, the errors obtained
by Lgs (V) are depicted in Figure 1. It is obvious that the rhs values of B-S equation are non-zero

— Ve = Les (Vige). 3)

Lgs (Vyuie) # 0. 4)

2.3. Implied volatility and its surface

Many researchers agreed that a large part of the errors of the Black-Scholes model come from the
assumption that the underlying asset prices are constant (Fengler et al., 2002; Heynen et al., 1994)and
proposed different volatility models to calibrate the implied volatility surface. This paper considers
constructing the error function from the perspective of implied volatilities, and then adding it back to
the B-S equation as a modification.
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Figure 1. Logarithm of the results of Lggs(V,)(In order to show the existence of the errors
more prominently, the actual errors are shown in logarithm here).

In the Black-Scholes option pricing model, the volatility o of the underlying asset is a very
important parameter (Wu et al., 2016), and its diversification has a significant impact on the outcome of
the option prices.

The volatility of the underlying asset calculated reversely from a single option price is called the
implied volatility (6). In essence the actual implied volatility of the transaction market is a non-constant
parameter that makes the rhs of the B-S equation zero. The B-S equation using the actual option price
Ve and implied volatility 6 can be written as

6mGt avmkt 1 A2 262 mGl
+7S +ooRg
or 0 Tas 277 Tase

— Vs = 0. 5

A large number of empirical studies have found that the implied volatility has a smile, a smirk, or a
skew delivery structure with regard to the strike price, and also has a certain term structure with regard
to maturity date of an option.

In order to facilitate the visual display and exploration of the relationship between the implied
volatilities, the strike prices and the remaining times (or maturity date), they will usually be represented
in a three-dimensional coordinate system as a surface. For example, the relationship among the actual
implied volatilities, the strike prices and the remaining times of the SSE S0ETF 2950 option (European
call) can be shown in Figure 2a. As shown in Figure 2a, the surface is not a flat but a curved surface
which means the implied volatilities of B-S model are not constants. And the surface is also called the
implied volatility surface(Smith Jr, 1976).

Data Science in Finance and Economics Volume 1, Issue 4, 313-326.



317

o

©
o
=

=4
o
o
o

Implied volatility
o
=

1<)
N
Implied volatility
=)
=

I
&

o °

oo n

Time to maturity t Time to maturity t 0 -02 Moneyness M

(@) (b)

Figure 2. Implied volatility surface.

To avoid the implied volatilities of the option being overly dependent on the specific strike prices
and the underlying asset prices trend, Cassese and Guidolin proposed the concept of "Moneyness’
(Cassese and Guidolin, 2006)

b

M = ln(%), (6)

and used moneyness M to replace the strike prices. The relationship among the actual implied volatilities,
the moneyness and the remaining times of the SSE 50ETF 2950 option (European call) can be shown in
Figure 2b.

The implied volatility surface contains a lot of financial derivatives transaction market information and
is an important reference information for option pricing. As shown in Figure 2b, the subsequent implied
volatility surfaces in this paper all refer to the surfaces related to moneyness M and the remaining time .

3. Modelling the discrepancy of Black-Scholes model

3.1. The effect of discrepancy and its modelling

There are inevitable errors/discrepancies of Black-Scholes equation compare to the market values
as discussed in Section 2.2. Define the actual errors of Black-Scholes model as

Lgs (Vi) = e(t,S) # 0, (N

here e(t,S5) is a set of discrepancy data related to the underlying asset prices S where t € (0,7),S €
(0, +00). If the errors/discrepancies of B-S equation e(z, S ) can be modelled, then the B-S equation can be
modified by using the knowledge of this errors/discrepancies. This paper defines the errors/discrepancies
as the modification term of B-S model and try to construct a suitable model for the modification term
for the original B-S model.

It should be noted that many researchers considered the errors of the Black-Scholes equation come
from the assumption that the volatitlity of the underlying asset is a constant (Windcliff et al., 2004).
From Equation (1), it is not difficult to find that the change of volatilities are related to the second
derivative of the option prices to the underlying asset prices.
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Therefore, this paper proposes to model the modification term as the second derivative of the option
price to the underlying asset prices, i.e.

o’V
Lgs (Vi) = e(,8) = 652552 (®)
Here € denotes a model parameter which is used to control the effect of the second derivative. As
introduced above, since the errors of the Black-Scholes equation are related to the underlying asset
prices and the time, € should be also related to both

Lis (Vi) = e(t,5) = €, S)Szazv )
BS mkt) = € € asz
Add the modification term model e(z, S') into the Black-Scholes equation, a modified B-S equation
can be represented as

oV v 1 PV PV
— +rS—+ 252—— V=e€58)S*—. 10
o T gs T30S g TV =€) S Tae (19

Therefore, Black-Scholes equation can be rewritten as

0V ov o*v
rS— + —€(t,$)S*— —rV =0. (11)
a0 s ((’ AR TE
It is natural to consider that €(z, S') can be regarded as a disturbance/perturbation term added to the
constant volatility of the classical B-S model. If the volatility disturbance term €(t, S ) can be modelled
reasonably well, the B-S model for option pricing should provide better results when compared to
market data.
Based on the definition of the implied volatility and equation (5), the following Black-Scholes
equation can be obtained
8V ov 1 >’V
rS—+ =6*S*— —rV =0. 12
o " Pas 127 e (12
Comparing Equations (11) and (12), the relationship between the volatility disturbance term and
the implied volatility can be expressed in the following form

1
6% = 50'2 —€(1,9), (13)

| =

it is easy to see that the implied volatility of the B-S model and can be expressed as

0 = \o? - 2¢t,S). (14)

Although the modified B-S model (10) deduced in this paper is similar to the Frey and Patie
volatility model (Frey and Patie, 2002), the derivation process of the model (10) is based on the small
disturbance term function for volatility and modification term model for B-S equation to establish the
actual error function.
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3.2. A model for the volatility disturbance term

From the second-order derivative relationship as shown in Equation (10), the following relationship
can be obtained
Lgs (Vinkr) e(t S)
s S
Since the volatility disturbance term is related to the underlying asset price S and the remaining term ¢,
it does not contain any discontinuity and is intuitively sensible to model it by means of a polynomial
function

€t,5) = (15)

et,S) =agp+at+aS +at,S), (16)

a(t, §) is the error between the equation (16) and the actual volatility disturbance term values obtained
from (15). The parameters ay, a; and a, can be determined by the least squares method or weighted
least squares method based on the actual transaction data(Wu et al., 2016). From equations (9) and (16),
the proposed modification term in this paper may be written as

2

0V 0’V
e(t,8) = €(t,5)S o5 ~ (a0 + art + S +a(t, ) o3 (17)

Combining Equation (14), the implied volatility can be rewritten as

&(t,8) = Vo2 =26, 8) = Vo2 = 2ay + ait + @S + a1, S)). (18)

This is equivalent to finding implied volatility by modelling the discrepancy modification term and
adding it back to the Black-Scholes equation, in order to achieve the purpose of modifying the model.

4. Numerical experiments

4.1. The errors calculated by fourth-order Padé approximation

Finite difference method is used to obtain a numerical solution for Equation (1). In modelling
and simulation problems described by Equation (1), it is often desirable to use compact higher-order
algorithms to calculate numerical solutions accurately and efficiently (Liao and Zhu, 2009; Roul and
Prasad Goura, 2021). The Padé approximation is an effective way to construct fourth-order algorithms
using a standard 3-point finite difference stencil normally used by the second-order algorithms (Liao
and Zhu, 2009).

For the ease of exposition of the finite difference method, the domain has a uniformly distributed
rectangular mesh with mesh point (S ;,7,), where §; = iAS,i =1,2,..., M, such that AS =S ,,,,/M, and
t, =nAt,n =1,2,...,N, such that Ar = T/N. Here M and N respectively refer to the number of grid
points in the space and time direction.

Let S = €% here S is the original variable representing the underlying asset price while z is the new
variable. The equation (1) can be rewritten as

ov a? oV 1 ,0°V
N =Ty L L0V Ly 20, 1) € (—oo, +00) x [0, T, 19
ot )t 5 e =V = 0.0 € (oo, +00) X [0, 7] (19)
Here, introduce a new function U = a_v to transform Equation (19) to the following,
ov 1 ,0°V
o +(r——)U 50' FEy -rV =0. (20)
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This results to the fourth-order compact scheme using the Padé approximation to Equation (20) at a
typical nodal point (S, #,) as below (Liao and Zhu, 2009),

rAt 1 o2 At rAt 1
o= 1 2] 2 no_  — 1 o2
e ) - v - (-2 i)+

arlr—C\(14 Le (U + U™ = e(t,5)
2 12 Z 1 1 e > >

oAt
an

Lgs(V?) = ((1 + 55) vt

1)

=V

where 62 is a central finite difference operator defined as 6> V" 1

) -2V + V!, (Liao and Zhu,
2009) and V! = V(S;,1,).

Taking the 2015-2020 SSE 50 ETF 2950 European options as examples, using the actual option
prices to calculate Lgg(V,,), the calculated errors are shown in Figure 3.
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Figure 3. The modification term values calculated by 4-order Padé approximation (There
are no transaction records of this option from 2016 to 2017).

It can be seen from Figure 3 that the errors obtained by the fourth-order finite difference method
using Padé approximation are more stable than that of the second order finite difference method and
there are no large-scale oscillation.
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4.2. Accuracy of the volatility disturbance term and the modification term

In order to demonstrate the use of the polynomial function in modelling the disturbance term, numerical
experiments were desgined to calculate errors between the results of Equation (16) and the actual disturbance
terms. Taking the 2015-2020 SSE 50 ETF 2950 European call options as examples, Table 1 shows the
errors of polynomial disturbance function. Here all errors are calculated using L, norm.

Table 1. The estimated errors of the volatility disturbance term.

L, norm of error

SSE ETF 2950 call option of 2015 1.7473 x 107*
SSE ETF 2950 call option of 2018 1.8514 x 107
SSE ETF 2950 call option of 2019 3.5307 x 10~*
SSE ETF 2950 call option of 2020 5.3361 x 10~*

Observing the errors in Table 1, the use of polynomial function to model the volatility disturbance
term e(?, S') seems to achieve some good accuracy.

For the same examples, the errors between the values calculated by model (17) and the actual
errors e(t, S) are listed below Table 2.

Table 2. The estimated errors by using the modification term.

L, norm of error

SSE ETF 2950 call option of 2015 0.0137
SSE ETF 2950 call option of 2018 0.0084
SSE ETF 2950 call option of 2019 0.0018
SSE ETF 2950 call option of 2020 0.0011

It can be found from Table 2 that the model (17) of the modification term can fit the actual values
e(t,S) well. Therefore, whatever the model of volatility disturbance term (¢, S ) or modification term
e(t,S) can do well in simulating the actual values and transaction markets.

4.3. The implied volatilities and option prices calculated by modification term

After modelling the volatility disturbance term €(z, S ), the implied volatilities can be obtained by
the model (18). Taking the 2015-2020 SSE 50 ETF 2950 European call options as examples. In the
empirical analysis, the implied volatilities calculated by the model (18) are compared with the actual
implied volatilities. In more details, a—d in Figure 4 respectively show the implied volatility surfaces of
the SSE 50 ETF for the four years of 2015 and 2018-2020.

It can be seen from Figure 4 a—d that the implied volatilities calculated by the model (18) have a
consistent trend with the actual implied volatilities. In order to more conveniently and intuitively show the
accuracy of the implied volatilities calculated by Equation (18), Table 3 summarizes the errors between the
calculated values of the model (18) and the actual values. The data in Table 3 show that the average errors
of implied volatilities calculated by the model (18) are basically maintained at about 1072 , which means
model (18) can fit the actual implied volatilities well.
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Figure 4. The implied volatility surfaces (The red points in the figure represent the actual
implied volatilities of the underlying asset, and the blue points represent the implied volatilities
calculated by the ours model).
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Table 3. The estimated errors of the implied volatilities.

Euclidean distance(Errors)

SSE ETF 2950 call option of 2015 0.0754
SSE ETF 2950 call option of 2018 0.0347
SSE ETF 2950 call option of 2019 0.0415
SSE ETF 2950 call option of 2020 0.0500

Both Figure 4 and Table 3 indicate that the construction method of the implied volatility model
based on modification term proposed in this paper is reasonable.

More importantly, the estimated option prices can be derived through the modification term model
(17) and modified Equation (10). For the 2015-2020 SSE 50 ETF 2950 European call options, option
pricing results show as Figure 5. At the same time, in order to facilitate the comparison with the
traditional Black-Scholes model, the option prices calculated by the traditional B-S model and the actual
prices are also respectively output in Figure 5.
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Figure 5. The option pricing results.

From the feedback of the four option pricing results in Figure 5, most of the time the modified
Black-Scholes model calculation results are closer to the actual prices than the traditional model. In
order to demonstrate and compare the results more intuitively, the errors of the modified model in
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Equation (10) and the traditional Black-Scholes model are listed in Table 4. The analytical solution of
the B-S model was used to calculate the option prices in the comparison with the modified model.

Table 4. The error of option pricing obtained by means the methods below.

Black-Scholes model The modified B-S model
SSE ETF 2950 call option of 2015 0.0316 0.0294
SSE ETF 2950 call option of 2018 0.0141 0.0069
SSE ETF 2950 call option of 2019 0.0257 0.0251
SSE ETF 2950 call option of 2020 0.0314 0.0299

Comparing the option pricing results of two models in Table 4, results of the modified B-S model
are show better accuracy. This means that the modified method proposed in this paper is effective in
simulating the actual transaction accurately.

5. Conclusion and future research

This paper examines the concept of a modification term of the B-S model based on the discrepancy
observed through the use of market data. The idea is based on quantifying the actual discrepancies of
the numerical results of the Black-Scholes equation and the actual market data. In the present study a
model related to the second derivative of the option price is derived. The implied volatility is computed
according to the modified model. Numerical experiments show that the proposed model produces
encouraging corrective effect on the traditional B-S model.

Note that the modified method proposed in this paper for the Black-Scholes model is novel, and
can be combined with data analytic methods to achieve the expected modification purpose. The method
is an early attempt to include correction effect into B-S model. It is certainly not enough to only consider
the relationship between the discrepancies/errors and the second derivative of the option price. As part
of the current and future work, the authors are planning to add the influence of possible randomness or
other high-order terms into the modification term leading to an effective correction for the B-S model.
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