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Introduction

Financial markets are basic structures of financial theory, play the central role
among the other structures and are of the primary concern for mathematical
theory of finance.

In this thesis we consider the markets of financial instruments or securities
where one usually distinguishes underlying (primary) instruments and derivative
(secondary) instruments. Derivative securities are constructed on the basis of the
underlying instruments.

Under underlying financial instruments one usually considers the bank ac-
counts, bonds, stocks. As derivative financial instruments one considers options,
futures, contracts, warrants, swaps, combinations, etc. In more detail about fi-
nancial markets and their instruments one is referred to [60], [48], [28], [52].

The main purpose of derivative securities construction is to manipulate with
them to satisfy the natural wish of investors to raise capital and reduce risks
caused by the uncertain character of the market behavior in the future.

It is worthwhile to notice that options are very important derivative securities
in financial markets and not only. Virtually, almost all corporate securities can
be interpreted as portfolios of put and call options written on the stocks of the
firm and therefore the option pricing theory finds a use for practically all areas
in finance. So, the problem of option pricing is one of the central problems in
financial mathematics.

As call option we understand the right, without the obligation, to buy in the future
a share of stock for a guaranteed price.

As put option we understand the right, without the obligation, to sell in the future
a share of stock for a guaranteed price correspondingly.

Numerous researchers have continued to contribute to the theory of option



Introduction

pricing already after 1900 when French mathematician Louis Bachelier derived
an option pricing formula with the assumption that underlying stock price follows
a Brownian motion. So that the theory of option pricing has been and remains
important nowadays.

Options themselves have been traded for a long time and at the same time
they have been remained as relatively vague financial instruments. It was so until
1973 when the option exchange has been introduced. And at the same 1973 the
option pricing theory underwent a revolutionary changing.

In that year Fischer Black and Myron Scholes [7] offered first satisfactory
model of option pricing. Then Robert Merton [44] extended this model in some
important ways. After these results many subsequent studies have been done. It
was shown that option pricing theory is relevant to almost every area of finance.
One should notice that the mathematical tools Black, Scholes |7] and Merton [44]
employed are quite advanced and this fact doesn’t make the underlying economics
more clear.

In 1978 Sharpe [63| has partially developed the simplified approach to op-
tion pricing and suggested the advantages of using the discrete-time approach to
option pricing.

Within this setting the fundamental economic principles of option valuation
by arbitrage methods become particularly clear.

In 1979 Cox, Ross and Rubinstein [20] presented a discrete-time option pricing
formula. Among their numerous and wholesome developed results are the model
for a call option on a stock which doesn’t pay any dividends and the explanation
that their approach includes the Black-Scholes [7] model as a special limit case.
Many other problems of option pricing don’t come out with the closed formula. To
value these more complex options numerical procedures are suggested. And again
complicated techniques are used which are not directly related to the economic
structure of the problem.

Quoting Cox, Ross and Rubinstein [20], "Our formulation, by its very con-
struction, leads to an alternative numerical procedure which is both simpler, and
for many purposes, computationally more efficient.", it is necessary to notice
that this formulation suggests itself to be extended in some ways. Madan, Milne
and Shefrin [36] considered the extension of the binomial Cox-Ross-Rubinstein

[20] model to the multinomial case. Where "economic uncertainty is modeled as
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evolving on an (n + 1)-ary tree with branching occurring during a short interval
of time in which there is no trading." Initially, Madan et al. [36] consider the
multinomial option pricing model for an arbitrary (n+ 1)-ary branching tree and
then obtain the limit option value as Black-Scholes formula.

R. Merton in 1976 [45] considered the problem of option pricing when under-
lying stock returns are discontinuous.

In 1991 [57] some exotic options pricing is considered, one example of exotic
options is a compound option. The compound option is like a standard option
except that its underlying asset is itself a standard option.

Another kind of exotic options is "Russian Option", its pricing valuation is
studied in [64], [65], [21], [32].

Good review of basic aspects, statements of problems and results of financial
mathematics in connection with the option pricing theory in modern presentation
is given in [66], [67]

Mainly, the "martingale" methods of option pricing are used. The idea of mar-
tingale methods is that the underlying security process is assumed to be a mar-
tingale with respect to some measure which reflects the conception of fair game
in the market. The work of Rachev and Riischendorf [53] should be mentioned
where all possible stock price models have been characterized, these models can
be approximated by the binomial models and the corresponding approximations
for the pricing formulas have been obtained. Also, two additional randomizations
in the binomial price models were introduced in order to find more general and
more realistic limiting models. This randomization consists of the considering
the random number of stock price changes and the assumption, that the values
of stock price jumps are random values but they do not change with time.

In 1996 Rejman and Weron [54] have employed the idea of Rachev and
Riischendorf to generalize Cox-Ross-Rubinstein (1979) binomial model. They
have found the limiting model assuming that the stock returns follow hyperbolic
distribution.

Another generalization of Cox-Ross-Rubinstein (1979) has been done by Mo-
toczyniski and Stettner in 1998. They considered the option pricing in multidi-
mensional case with a number of risky assets, which are in discrete time subject to
binomial disturbances. Also, multidimensional case was considered by Tessitore

and Zabczyk in 1991 [71]. They have derived formulaes for option prices when
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the financial market is incomplete.

Along with these generalizations of Cox-Ross-Rubinstein model there is a big
discussion about how financial asset returns should be modeled.

The problem of stock returns data modeling is closely related to the problem
of data approximation. There are several approaches to this problem and one of

them is the distribution based approach.

The distribution based concept of stock price data approximation has been
considered by many researches and it has been continued until nowadays.

It is well known that in continuous-time modeling the normality of assets
played a central role in financial theory. Samuelson [58] introduced in 1964 the
Geometric Brownian motion, then the normality of asset returns is used in the
seminal papers by Black-Scholes [7] and Merton [44].

For some time past and as documented in considerable number of papers [1],
[2], [24], [34], [35], [40], [46], [50], [70], [29], [18] written by academics and
practitioners, both normality and continuity assumptions are contradicted by the
most of real data.

It is known that the volatility parameter serves as a variance measure of the
financial market and plays an important role in option pricing valuation. The
Black-Scholes formula was obtained under the assumptions that the volatility is
constant which in many cases does not correspond to reality and by empirical
studies it was shown that there is a phenomena of so called volatility smile when
the implied volatility in dependence on the strike price (specified guaranteed price
of a share of stock on the expiration date) of the option has a smile shape.

Since the assumptions about the normality of underlying stock price and con-
stant volatility parameter are not satisfactory, many researchers try to mend the
Black-Scholes theory adding various frictions and distortions to deduce the aris-
ing volatility smile. Or, they assume that stock returns follow some kinds of Lévy
processes.

In 1963 Mandelbrot [41] suggested to use Lévy stable distributions to model
the returns in the financial markets. In 1965 Fama [24] noted that asset returns
distributions are more leptokurtic than normal; this feature is more accentuated
when the holding period becomes shorter and becomes clear on high frequency
data.
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There is some historical review about what kind of research has been done
concerning stock returns modeling and option pricing with respect to distribution
based conception of data approximation. From the beginning of 90th, several
families of Lévy processes with probability densities having semi-heavy, that is,
exponentially decaying tails have been used to model stock returns and price
options: Variance Gamma Processes (VGP), used by D. Madan with co-authors
[37], [38], Normal Inverse Gaussian Processes (NIG), used by O.E. Barndorff-
Nielsen’s group |[3|, Hyperbolic Processes and Generalized Hyperbolic Processes
(HP and GNP) used by Eberlein’s group [22], Truncated Lévy Processes (TLP),
constructed by Koponen [31], used by J.-P. Bouchaud and his group [9], [10],
[11] and extended by Boyarchenko and Levendovski [12], [13], [14] and Normal
Tempered Stable Lévy Processes (NTS Lévy Processes) [4], [5].

As it is shown, this is very important properly to approximate the data of
underlying risky security to obtain pertinent corresponding option prices. One
can expect that if the good stochastic model of approximation for stock price
process is found, then it is more likely to obtain more reasonable option prices.

It is not evident that real data should follow some certain known distribution
specified by the expert. So, we use the different approach to data approximation,
namely, we construct a model which allows to exhibit the most features of data
and minimize the distance between real and modeled data. Evidently, the stock
price follows the up and down process which has been well described by classical
random walk process. But, the option prices calculated using the classical results
of Cox et al. ( [20]) (CRR option pricing formula) and famous Black-Scholes
formula ( [7]) started to fail quite often. So, in this context, it seems to be
plausible to construct the extension of Cox-Ross-Rubinstein binomial model and
consider the possible limits of new extended model.

Mostly in practice the discrete model of option pricing is preferred. It
is explained by the fact that Black-Scholes formula is a particular limit case
of discrete binomial Cox-Ross-Rubinstein model( [20]). In other words, the
binomial model provides discrete approximations to the continuous price process

underlying in the Black-Scholes model.

The classical discrete Cox-Ross-Rubinstein model of financial market is de-
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fined by a saving account or a bond process
Bi=(1+nr)=+¢ VvV t<T, (%)

where r > 0 is a constant rate of return and By = 1.
The stock price process in classical discrete Cox-Ross-Rubinstein model is given
by

Sy =& 151, V t<T" ()

where &, t < T™ are independent identically distributed random variables taking
two possible values u and d with probabilities p and 1 — p respectively. And

d < 14 r < d are given real numbers, S is strictly positive constant.

Since Black-Scholes model is often not satisfactory in practice anymore
and classical Cox-Ross-Rubinstein is the approximation for Black-Scholes, it is

not enough to be pleased only with classical Cox-Ross-Rubinstein model too.

So, in this thesis, we consider the following problems to solve

e (1) to construct an alternative (to binomial one) model of the underlying
security of call option which fits (approximates) data better then the bino-
mial model with respect to the values of stock price jumps having changed

with time

e (2) to obtain the generalization of Cox-Ross-Rubinstein option price with

respect to the alternative model of the stock price process

e (3) to obtain the possible limit of generalized Cox-Ross-Rubinstein option

price

The dissertation consists of four chapters, one of which contains numerical
results and corresponding graphs.
In the first chapter of dissertation we construct the generalized discrete-time
model of the underlying stock price process which can be better approximation

to the stock price process than classical random walk.

Definition 1.1.1 The model of stock price process is called generalized

11
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Cox-Ross-Rubinstein stock price model if S is defined as follows
Sy =S1-1&-1, V t<T7, (1.1.2)
where S = Sp&p, Sy is given positive constant and
& =Xy, V t<T7,

where {v;};<p+ are Bernoulli random variables taking values u and d with
corresponding probabilities p and 1 — p. Also assume that random variables
{Xi}i<r+ and {v;}i<p+ are mutually independent.
We also derive the corresponding generalized model for option price. The
technique used to derive the option price is the backward induction technique
which first was suggested by Sharpe in 1978 [63].

Proposition 1.5.1. The arbitrage price of a Furopean call option at time

t =T —m is given by the following formula

Crem = STmi > PUYT) - K > PUYT)
j=0

Je[j,m(STf'm) JGIj,m(STfm)

form =20,....T, where

P(JY T) = Hprk H qr—k;

keJ kJ
P(ID.T) =[] pr—s [ ] ar—s
keJ ki
and
. P =& N B _ _
DTk - Prek = ——PT-ky 1k = I1—pr—k, Gr-x=1-—0p.

§hor = &Fr
At time t = T — m — 1 the unique replicating strategy ¢ is correspondingly
determined.

In the second chapter we impose specific assumptions (constrains) on the new

model of stock price process and as a result the multinomial Cox-Ross-Rubinstein

12
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model for option price is obtained. This model is called multinomial because the

multinomial coefficients emerge from these specific assumptions.

Proposition 2.3.1 [f the condition
P{X,eCy} =1 Vi=T-m,....,T

is satisfied, then

m

Cr_m(c) = k™ > (STmM%(m,ﬁ) — %Mzk(map))a
§=a I(m,j,Ney ., Ney) (2.3.1)

where .
(c1) 1 7—cd (ca) 1 7—cpd
c — ) c —
pbilc kCl(U—d>, y P\ Ck ]{ZCk(U—d)’
(e1) 1 cqqu—r (ce) 1 cqu—7r
C J—
Pr+1lc ker(u—d)’ P2r\Ck kcx(u—d)’
B cu B CLU B cd B crd
Pr= —DPiy---Pk = —Pky Pkt1 = —DPk+15---, P2k = — D2k
7 T T T
and )
p1+pk+1=---=pk+p2k=E,
_ B B B 1
D1 +pk+1:---:pk+p2k:E-

The quantities a = a(St—m), Maor(m, D), Mox(m,p) and sets I(m, j, Ne,, ..., Ne,,
Cy are defined in the section 2.2

Also, we deal with so called "multinomiality parameters" in the model which
have to be estimated and they are of the main interest of discussion in chapter
four where some estimation procedure is proposed.
In the third chapter we construct asymptotic procedure and consider a limit
of multinomial Cox-Ross-Rubinstein model. As a result we obtain generalized
Black-Scholes option pricing formula dependent on the multinomiality parame-

ters.

Theorem 3.5.1. The following convergence is valid for any dyadic t € [0, T

lim Cr_p = Cy = S, ®(f1(S,, T —t)) — Ke "TD®(fo(S,, T —t)),  (3.5.1)

n—oo

13
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where
In % + (T _ t) IHCI.};Ck+k illlzcl...ckqtk: + 0_21n01~~1:k+k
II (Inc;+1)
5,1) = = , 3.5.2
fl( ) O-IHCl”];Ck—HC\/m ( )
| o k
Fols t) = fi(s,1) — a% T—1 (3.5.3)

and ® stands for the standard Gaussian cumulative distribution function

x u2
O(r) == [ erdu, Yo eR.

In the fourth chapter we describe multinomility parameters estimation
procedure and introduce numerical results with corresponding graphs showing
the advantages of new model.

We will index definitions, theorems and lemmas in the following way: the
first number will refer to the chapter and the second number will refer to the
section of the chapter and the third number will refer to their number in the

section. The same holds for numbering of equations and formulas.
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Chapter 1

Generalized Cox-Ross-Rubinstein
Model

In 1978 Sharpe [63] and in 1979 Rendleman and Bartter [55] independently
developed the two-state option pricing model. The main idea is to construct a
portfolio at time 0 which replicates the option’s terminal payoff at time T'. Clas-
sical Cox-Ross-Rubinsten [20] model is based on two-state stock price process
whose dynamics is modeled by multiplicative binomial lattice.

We propose a new generalized form of Cox-Ross-Rubinstein model for the valu-
ation of Kuropean call option price at any instant ¢ = 0,...,T*, when the risky
asset (a stock price) binomial model is naturally randomized when at each time

moment the jumps of upward and downward movements have different sizes.

1.1 Generalized Cox-Ross-Rubinstein Model of a
Stock Price

We assume that the securities market operates under conditions of "uncertainty"
which can be described in terms of probability space (22, F,P). A discrete-time
model of a financial (B, S)-market during the time interval [0,7*] = {0,...T"}
is considered, where T is some positive natural number. It is denoted as (B, S)-
market because there are two primary traded securities at this market: a risky
asset, S, referred to as a stock and a risk-free investment, B, called a savings

account (or bond).

15



1.1 Generalized Cox-Ross-Rubinstein Model of a Stock Price

The first security is a stock whose price process is modelled as a strictly positive
discrete-time process S = (S;):<7, it is assumed that S; is F;-adapted, i.e. random
variables S; are Fi-measurable for ¢ € [0, 7], the structure of sigma algebras F;
will be described later.

The price process of a bond (risk-free investment) is defined as
Bi=(1+r), V t<T% (1.1.1)

where 7 = 1 + r, r is any positive real number.

Definition 1.1.1 The model of stock price process is called generalized

Cox-Ross-Rubinstein stock price model if S is defined as follows
Sy =S1-1&-1, V t<T7, (1.1.2)
where S = Sp&, Sy is given positive constant and
=Xy, YV t<T7,

where {v;};<r+ are Bernoulli random variables taking values u and d with
corresponding probabilities p and 1 — p. Also assume that random variables

{Xi}i<r+ and {14 }1<7+ are mutually independent.

Remark 1.1.2 The following relation has to be satisfied

O<d<1l+r<u.

Within this model we don’t impose any additional assumptions on the sequence
of random variables {X;};<r+ except the independence on {v;};<r- and that
P{X;>0}=1forany t=1,..., 7"

We can write down (1.1.2) as
St = St—lXt—l(unt + d(l — nt)), t S T*, (113)

where random variables 7, ¢t < T™ are independent identically distributed
Bernoulli random variables which take values 0 and 1 with probabilities 1 — p
and p respectively. From (1.1.2) we have that

t—1

Si=5]]s t<T (1.1.4)
=1

16



1.1 Generalized Cox-Ross-Rubinstein Model of a Stock Price

By assumptions have been done above random variables &, ¢t < T* are mutu-
ally independent random variables on common probability space (2, F,P) with

probability law

P{& = zu} = P{ Xy = 2ul| Xy = 2} =p =1 —-P{Xuy = 2d| X, = 2}

—1-P{&=ad}, ¥V t<T*

Notice that the stock price model (1.1.4) is equivalent to

t—1 t—1
i=1 i=1

where (;, t < T* are independent identically distributed random variables such
that
P{G=lu}=p=1-P{¢ =Ind}, V t<T"

Remark 1.1.3 The model (1.1.3) explains that at any time moment the stock
price is changed not only by multiplication by the factors of two possible values
u and d but due to the embedding of the process {X;}:<r+, the changes of stock
price are modeled by variety of possible values uX; and dX;, t < T™ according

to the assumptions on the random sequence {X;}i<rp«.

The stock price process S given by (1.1.2) generates the family of natural
o-fields
FS=0(Sy,S1,...,8), V t<T,

where (S, ..., S;) denotes the least o-field with respect to which random vari-
ables Sp,...,S; are measurable. We write (F7);<r to denote the "information
flow" accessible to all participants of the market.

Throughout the chapter we use the following notations for
= X and €= X,d. (1.1.6)

We will abbreviate Cox-Ross-Rubinstein as CRR hereinafter.

17



1.2 Finite Spot Markets. Definitions.

1.2 Finite Spot Markets. Definitions.

We consider a European call option written on one share of stock S, which doesn’t
pay any dividends during the option’s lifetime. This option is equivalent to the
claim Y with payoff at time T, T < T™, where T" denotes an exercise time of a

call, contingent on the stock price Sr.
Y = (Sp — K)" % max{Sy — K, 01, (1.2.1)

where K is the exercise price of the option. The call option value at the expiry
time 7" simply equals Cp = (S7 — K)™. We want to evaluate the option price C;
at any time moment ¢t =0,...,7.

First, we describe the investor’s portfolio and how the corresponding replication

strategy is constructed.

Definition 1.2.1. [60] (pp.384) A predictable stochastic sequence ¢ = (a, 3),
where a = (az(w))i>o and = (Bi(w))>0 with F;_;-measurable a;(w) and £ (w)
for all ¢ > 0 (F_; = Fp) is called an investment portfolio on the (B, S)-market.

For any ¢t < T, we interpret «; as the number of stock shares held during
the period [t,t+ 1) and (; stands for the dollar investment in the savings account
during this period. Sometimes the investment portfolio is called an investment

or trading strategy instead.

Here the investment strateqy ¢; has to be determined on the basis of in-
formation available before time ¢, which means that investor selects his portfolio

¢, after observing the prices S;_;.

Definition 1.2.2. [60] (pp.385) The walue of an investment portfolio V at

time ¢ is the stochastic sequence

V(9) = (Vi(9))e=0,

where

V(@) = auSy + B, (1.2.2)

and Vo(¢) = a150 + B1. The process Vi(¢) is called the wealth of the trading
strategy ¢.

18



1.2 Finite Spot Markets. Definitions.

Denote as ® a linear space of all stock-bonds portfolios ¢, then consider a
security market model M = (B, S, ®).

Definition 1.2.3. [25] (pp.210) A trading strategy ¢ is called self-financing if

at,lSt + ﬁtfﬂ: = OétSt -+ ﬁt, vV t S T* (123)

Intuitively, (1.2.3) means that the portfolio is recombined in such a way that
its value remains the same. When new prices are quoted at time ¢, the investor
adjusts his portfolio from ¢;_; to ¢; without any withdrawals or inputs of funds

concerning the wealth of portfolio.

Definition 1.2.4. [48| (pp.15) A security pricing model M is called arbitrage-free
if there is no portfolio ¢ € ® for which

Vo(¢) =0, Vi(¢) >0 and P{Vi(¢) >0} > 0. (1.2.4)

A portfolio ¢ for which conditions (1.2.4) are satisfied is called an arbitrage
opportunity.

Definition 1.2.5. Portfolio ¢ for which the conditions
Vo(o) <0, P{Vp(p)>0}=1 (1.2.5)

are satisfied is called a strong arbitrage opportunity.

In other words, the arbitrage opportunity is a self-financing strategy with
zero initial portfolio value and which produces a non-negative terminal portfolio
value with probability one and has a positive terminal value with positive
probability.

We introduce a conception of an arbitrage price meaning that the price is
derived when no arbitrage opportunities are possible. We shall consider the
pricing of contingent claim Y of a European call option in a security market M.
By a European contingent claim Y which is paid off at time 7" we mean an

arbitrary Fpr-measurable random variable.

19



1.3 Generalized CRR Arbitrage Option Pricing

Definition 1.2.6 A replicating strategy for the contingent claim Y which
is paid off at time 7', is a self-financing trading strategy ¢ such that Vy(¢) =Y

The replicating strategy can be not unique. There is usually a class of

trading strategies which replicate Y.

Definition 1.2.7 We say that a contingent claim Y is attainable in M if

it admits at least one replicating strategy.

Definition 1.2.8 A market M is called complete if any contingent claim
Y is attainable in M, or, equivalently, if for every JFp-measurable random
variable Y, where T is expiration time for a claim Y, there exists at least one
trading strategy ¢ € ® such that Vr(¢) =Y.

The completeness of the market model is very desirable property. Only
under market completeness, any European claim can be priced by arbitrage and

its price process can be replicated by means of a replicating self-financing strategy.

Definition 1.2.6. [48] (pp.15) Suppose that the security market M is
arbitrage-free. Then the rational price of Y is called the arbitrage price of Y.

1.3 Generalized CRR Arbitrage Option Pricing

To find the arbitrage price of a call option based on the model (1.1.2) defined in
Definition 1.1.1 we will use a method of backward induction [48| which shows
that if the investor properly adjusts the portfolio ¢, = (ay,3;), t < T at the
beginning of each time period, then at every time moment it is possible to mimic
the payoff of an option at time 7. This means that the contingent claim Y
defined in (1.2.1) admits a unique, dynamic, replicating, self-financing strategy.
The constant K > 0 and the fixed maturity date T, 1 < T < T™ are given.

We start the analysis by considering the last period before the expiration

date, i.e. the time interval [T"— 1,7T]. Assume that a portfolio which replicates

the terminal call option payoff is determined at time 7" — 1 and remains

20



1.3 Generalized CRR Arbitrage Option Pricing

unchangeable until the expiry date T. It means that we need to find the
composition of a portfolio ¢r_; = (ap_1, fr_1) in such a way that it’s terminal

wealth Vr(¢), which is defined as
Vr(¢) = ar_1St + Br-ar
replicates the option payoff Cr, i.e. Vp(¢) = Cr. So,
ar_1St + Pr-1? = (Sr — K)+ .

According to (1.1.2) and (1.1.6) we have S; = S;_1&}*, with probability p or
S; = S;_1&L | with probability 1 — p; therefore, we can write the following system

of equations

{ or_1&4_Sr—1 + Broat = (41 Sr—1 — K)+ (1.3.1)

or—1&4_1Sr—1 + Bt = (6%71ST—1 - K>+-

This system of equations is easily solved with respect to ar_; and Br_;

(5%—187“—1 - K)+ - (551“—1ST—1 - K)+
STfl(&LLl - 5(71’71) 7

& (68181 — K) " =& (§1Sr — K)”
P(ehy — &) |

Now we calculate the wealth of portfolio at time T — 1

ar_1 =

fr-1 =

Vr_1(¢) = ar—1S7—1 + Br-1

§r_q (5%715T*1_K)+_5%71 (E%flsTfl_K)Jr
f(g%—l_g%—l)

(5%,1ST71—K>+—(§%,1ST71—K)+
(5%—1_5(11‘—1)

_|_

_ (aSra—K) g ) (6 ySroa—K) g5

ey —€¢_,) PEL_1—€4_,)
We denote X J A
=< L §pq—T
Pr-1i= g s A1 oo g
T—1 — ST—1 1 — 71

where qr_1 = 1 — pr_1. Herefrom it follows that

+

Vr_1(¢) = % [(f%_lsT—l - K)+pT—1 + (6(71“_1ST—1 - K) QT—I] ~
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1.3 Generalized CRR Arbitrage Option Pricing

The necessary and sufficient conditions for the absence of arbitrage in the market

are presented as
P{¢d<14+r<&t=1, V t<T.

Under these assumptions the value of portfolio at time T'— 1 equals to the option

payoff Cp_y

1
Croy = 7 [(5%_15%71 — K)+pT—1 + (5%_15},1 - K)Jqu,l} . (1.3.2)

Consider now the time period [T'—2, 7 —1]. On this step we search for a portfolio
¢7—9 = (ap_9, Br_2) which is created at time T'— 2 in such a way that its wealth

at time T" — 1 replicates option value C'p_y, that is

Vr_1(¢) = Cr—1 = ar—2S7—1 + PBr-of (1.3.3)

Since the dynamic strategy ¢ constructed in this way has the self-financing prop-

erty at time 7" — 1, then

arp_9ST—1 + Br_of = ap_1S7_1 + Br_1.

Using this property and (1.3.3) we write the system of equations

{ o€l oS s+ Br_of = C31 72 (1.3.4)

d
d N 'ET—Q
ar—2&5_9ST—2 + Br_of = Cp_,

where by virtue of (1.3.2)

Crt =

< | =

(€ a&haSr1 = K) proa 4 (€8t oSr1 — K) ara]
ST
C5t = 2 | (raSro1 = K) proa + (6168811 — K) "ara)
The solutions of (1.3.4) are given by
U d
e ey
St-2(§f o — €7-2)’

ar_2

u Cgtii“—Q _¢d Oé%—z
:éT—Q T—-1 §T—2 T—1

P(Ep o — €7 5)

Br—s
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1.3 Generalized CRR Arbitrage Option Pricing

Therefore, the wealth of portfolio Vr_s(¢) can be calculated as

Sy s o 4 3, )
CT* _CTfl 5%720717 _£T72CT7
Vir—ao(¢) = ap_oSr—o+ Br_s = : + f(gul ¢ ) :
T—2 T—2

d
5%72 _£T72

§F 2, .a G2, . u d
N G ) Cr " Er o) 1 §—2 §r 2 ]
= e, ) + e € ) 7 CT_l Pr—2 + CT—l qr—-2| ,
where we denote as
=&, &g
Pr—2: qr—2 :

T cu  _ed T eu  _ed
§f gy — &y §r—o — &2

u d
Having substituted the expressions for C’éT_‘f and C’;T_‘f we obtain

Vr_a(¢) = [(§%71£%72ST72 - K)+prlpr2
+ (5%_15%_25T—2 - K)+ qr-1pr-2 + (5%—15%—25T—2 - K)+pT—1QT—2 (1-3-5)

+ (6F_16%_5Sr—2 — K)+ QT—1QT—2i| :

The wealth of portfolio Vy_o(¢) at time T — 2 replicates the arbitrage price of
the call option at time 7" — 2, i.e. Cr_o = Vp_5(¢) and

Cr_o= %2 [(5%715:7725%—2 - K)+pT—1pT—2
+ (618 aSr0 — K) aroapra + (641655512 — K) " proagr o (1.3.6)

+ (84 _1&F 5510 — K)+ QT71QT72} :

Implementing the same procedure for time period [T' — 3,7 — 2| we derive the
formula for payoff of the option at time T — 3, Cr_3. It is clear that if this
procedure is repeated desired number of times, then it is possible to completely
determine the arbitrage option price at any timet =T —m, 0 < m < T, as well
as the unique trading strategy ¢ that replicates the option.

By construction of the replicating strategy, for any fixed time ¢ random vari-
ables ay and f3; which define the portfolio at time ¢, as well as the wealth V;(¢)

of this portfolio, are measurable with respect to the o-field F7.
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1.4 Random sets. Auxiliary results

1.4 Random sets. Auxiliary results

First, introduce some notations. We denote the set I';,, :== {1,...,m}. Moreover,

for any fixed m € N and j € I'},, we define a set

Mﬂ@z{JCFW|ﬂ=j:1{I$%II$%>K}-

keJ keJ

Here |J| stands for the cardinality of the set .J, .J stands for the complement of
the set J.

The set I;.,(z) is a set of all subsets of I',, with cardinality equal to j
such that the corresponding inequality holds true. Further we describe some

properties of the set I;,,(x).

The set [;,,(x) is a random set, where randomness is provided by random
variables &% , and &% ,, k < T. And for any w € Q and fixed j € N the set
I; () is either empty set () or a set I := {all J: |J| = j} of all subsets J C Ty,
of cardinality j.

Define A,,(x) as

?MZ Z Hmkﬂkaﬂﬁﬁﬂﬁﬁdﬂ,

=0 JeI?  (x) keJ k¢J keJ k¢J

where I7,.(v) C I;,n(z) is a subset (some part) of I;,,(z).

Define a,,(x) as
am(x) = 1inf{j : I;n(x) # 0}.
It follows that for any j > a,,(x) and for any set J of cardinality j the inequality
x H §r-k H &op> K
keJ keJ

holds true with probability one.

From now and later in this section the sign ” = 7 will stand for isomorphism of

sets.
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1.4 Random sets. Auxiliary results

Lemma 1.4.1. For j € I',,, the following sets
L (&4 1S7—m) U Lim (&8 1S7—m—1) = Lt (Sr—m—1)  (141)

are isomorphic almost everywhere.

Proof. The inclusion

Im (5%—m—1ST—m—1) U Lim (5%—m—IST—m—1) C Lims1 (Sr—m-1)

is evident. To prove the inverse inclusion we find out that for any j € I',,

]jvm (6%—m—IST—m—1)

= {J C Fm; |J| = j, j € I"m : ST—m—lg%—m—l H g’%fk Hﬁg%fk > K}

keJ keJ

~ {J* C s, J* = JUfm 413, | = j, j € Toss -

St-m—1 II &y T1 &¢_) > K} =: L ms1)+ (ST—m-1)

keJ* keJ*

Also, for j € T',,, we show that

Ij:m (é’]d—'—m—l ST—m—l)

= {J C Fmv |J| = ju .] € Fm : ST—m—lg%—m—l H f%fk Hﬁg’%fk > K}

keJ keJ

& {J*CFerl, |J*| :j,jEFerl, m+1¢J*

St-m—1 11 & TI &4 > K} = I (mt1)- (ST-m-1) -

keJ* keJ*

This means that for any j € I',,, 4

Ij»m (5%—m—1ST—m—1) U ]j,m (f%—m—lsT—m—l)

= I mr1)+ (Sr—m—1) U L (m+1)- (ST—m-1) -

Consider a set J; € I;m41(S7—m—1). For j € I, we have two possibilities:
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1.5 Generalized CRR Option Pricing Formula

(1) m+1¢Jy, then Ji € L1y (Sr—m-1)
(2) m+1€Jy, then Jy € Lminy+(Sr—m-1).
For j = m 4 1 we have the only possibility when
m+1¢€ J; and therefore J; € I (i)t (Sr—m—1).

It implies that Ji € I iyt (Sr—m—1) U Zjms1)- (S7—m—1). The lemma is
proved. [l

To shorten the lengthy expressions we introduce the following notations

= Hprk H qr—k, (1.4.2)

keJ kgJ

P9I, T HpT kHQT ks (1.4.3)
keJ k]

=V, T HfT ngT ke (1.4.4)
keJ kgJ

We have to mnotice that P(JY,T) and P(JYW T) are random variables
where randomness is provided by &* and &2 for all t < T

1.5 Generalized CRR Option Pricing Formula

In this section we derive CRR type option price formula provided that the
underlying stock price process follows generalized CRR stock price model defined
in definition (1.1.1). Financial security market M is assumed to be complete and
arbitrage free. Then the arbitrage generalized CRR option price is established
by the following result.

Proposition 1.5.1. The arbitrage price of a FEuropean call option at time

t =T —m is given by the following formula

Crem = STmi > PUYT) - K > PUYT)
j=0

(1.5.1)
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1.5 Generalized CRR Option Pricing Formula

form=0,...,T, where

P&y _ §r—k _
=~ Dr-x=—""pPr-r, qr-k=1—prk, qr-r=1-p
§r—k — &7k r

At time t =T — m — 1 the unique replicating strategqy ¢ is defined as

Pr—k -

m — . SAm (&% 1 ST—m—
Armo1 =Y > P(JU,T) + (&t nms 1) (1.5.2)
=0

_gd )
TEDsm (&1 STm) Y e Y

m ) s¢d  Am(E% ST
6T—m—1 = —f,n{il Z Z P(J(J),T) _ 5T f(gl% (IT_g% 1 Tl) 1)7
Jj=0 JEIj,m(f%_m_lsT—m—l) o -

(1.5.3)
where 17, (& —m—1Sr-m—1) = Ljm (& —m-15r-m—1) \Ljm (§F——1S7-m—1)

and 6 =0 if 1Y (&, 1S7—m—1) =0 (otherwise 6 = 1).

Proof. The right hand side of (1.5.1) due to notations (1.4.2),(1.4.3),(1.4.4) is

equivalent to

m

S S Y PUOTEMUOT) - EY S PO

.]:0 JGIj,m(STfm) ]:0 Je[j,m(STfm)

<

S LSS PO (S B9, T) — K)

]:O Je[j,nL(sT—m)

ﬁ
3

3

=L > P9, T) (Sp_pE (I, T) - K) T

rm
JEI]',m ST—m)

J

Il
o

To prove (1.5.1) we use the method of mathematical induction with respect to
number of steps back m. For the base of induction, m = 0, the option price

equals
Cr = (Sp— K)",

which has been a payoff of the option at expiry date T'. Assume that Cp_,, is
the arbitrage price of European call option at time 7' — m for which the formula
(1.5.1) holds true. We have to select a portfolio ¢r_p,—1 = (p_pm—1, Br—m—1) for
the time period [T'—m — 1,7 — m) (i.e. established at time T'— m — 1) in such
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1.5 Generalized CRR Option Pricing Formula

a way that the portfolio’s wealth at time ¢t = T — m replicates the value C'r_,, of
the option. Formally, the wealth of the portfolio (ar_,—1, Or—m—1) has to satisfy

the following relation.
C1T—m = VT—m(gb); VT—m = aT—m—lsT—m + ﬁT—m—lfa

so that we can derive the system of equations

N ET
O‘Tfmflf%fmflsTfmfl + ﬁTfmflr = CTT,m !
A gd —m—
OéT—m—lf%_m_lsT—m—l + Or—ma? = C7m 0,
where
EF —m— - j u =u j
CTT—m b= fLm Z Z P(‘](J)’T) (gT—m—lsT—m—lz 7d(J(])>T) - K) )
J=0JEL; m(§%_ ., _1ST—m)
et m ) —u .
C'TT—m L= fLm Z Z P(‘](J)v T) (5%_m_1ST—m—1: ’d(J(])7T) - K) .

j:() Je[j,m (6%,m,15T7m)
Since ¢ < & for any t < T and d < u with probability one, it is clear, that
Ij,m (f’_;l’—m—lSTfmfl) g Ij,m (éﬁlli’—m—lsTfmfl) .
The number of shares held during the period [T'—m — 1,7 — m) is given by

S
C m=1_ m 1

T—m T—m _

AT—m—1 = Srom1(& 1= 1) ST m1 (Eb 1 —EE )

x [( > 5 € Sy P(J), T)ER4(J0), T) K)

I=0gert (&4, 1Sr-m-1)

Z P(‘](])a T) (5%’7771715’11—"7'_15“@(‘](3‘)’ T) o K)

Je[j,m (5%,m,13T7m71)

s

I
o

+
J

-y > PUT) (6 i1 =00, 7) - )
I=0 J€l;m (€t 1 ST—m—1)
_ _An(opaSromn) 1 S 3 P(J9 T)Zwd(Ji T)

 Sremea (ﬁ%fmfl—ﬁ%fmq) =0 Jelj’m(g%imﬂspmfl)
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1.5 Generalized CRR Option Pricing Formula

Am(&%fmflsT*mfl) + z_: Z P<J(j)> T)'

- ST?mil(g%imil_&%imil) 0 JEI]' m(g%— —1ST7m—1)
The dollar investment at time t =T — m — 1 is equal to

C'STml Cngl

/GT 1= §T m—1"T—m _5T m—1-"T—m — 1
- (ETfmfl ET*TTL*I) f‘(é%fmfl_g%fmfl)
x | =nm 3 D P(JD,T) (&4, 1\ Spm 1E%4(JD T) - K)
‘] =0 JEIj,m(E%,mflsTfmfl>
5 m—1 ] —=u,
fomes 35 > P(JD.T) (&1 Sr-m 1 B(JD, T) - K)
=0 ger?, (¢4, 1 ST-m-1)
S 5 )> P(JD,T) (& s Sr-m 124D, T) — K)
‘7 0 Je[j,m (5%,m,1ST7mfl)
d u m .
_ _§T7m71Am(§T7m715T7m71) . fﬂﬁl Z Z P(J(J), T)

5 _¢d

By substituting ay_,,,_1 and Br_,,_1 for the obtained expressions, the wealth of

portfolio at time t =T — m — 1 equals to

T

§F £
CTml—aTmlsTm1+ﬁTm1—1<CT "prome1 + CF lqT—m—1>

= > P(JY,T) (Sr-m 124 (JD,T) — K)
,]:0 JEij(m+1)+ (STfmfl)
+ 3 P(JD,T) (Sr—n1Z%4(JD, T) — K)
]:0 JGIJ’(m+1)—(ST77n71)
1 m+1 . —ud . +
=7 > 3 P(JU.T) (Srem1E@4(JUV,T) — K)".

J=0 JeI; mi+1(ST—m—-1)

The proposition is proved. [l.

Remark 1.5.2. One should notice that the option price Cr_,, given by
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1.5 Generalized CRR Option Pricing Formula

formula (1.5.1) now has two sources of randomness, first it’s dependent on the
random sequence Xr_,,,..., X7 and the another type of randomness is provided
by St_m, stock price at the moment t = T — m. By other words Cr_,, is a

function of random variables Xr_,,, ..., X7, S7_..

CTfm == CTfm(STfma XT,m, “e ,XT). (154)

In the setting of classical Cox-Ross-Rubinstein model the condition
P{Xr ,=..=Xr=1}=1

is satisfied and under this condition one has the classical Cox-Ross-Ruinstein [20]
binomial option price. The corresponding definitions of the set I ,,,(x), which will
not be random set anymore under the condition P{Xr_,, = ... = Xy =1} =1,

of the values A,,(x) and a,,(x) look much simpler.
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Chapter 2

Conditional Generalized
Cox-Ross-Rubinstein Model

In this chapter we consider the generalized CRR option price (1.5.1) provided
that some assumptions about the distribution of the family of random variables
(Xk)ity, m=0,...,T have been made. We concentrate on some specific case of
the domain of possible values of (X;)i*,, m =0,...,7. Under these particular
assumptions the generalized CRR option price has been derived. It turned out
that the terminal formula is expressed via multinomial coefficients, therefore this
discrete-time option valuation formula will be referred to as multinomial CRR

model.

2.1 Conditional CRR Option Price

We work with a finite probability space (£, F,P) with a finite number of points
w, each with positive probability P{w} > 0. Let (X}):<r is a family of random
functions of discrete argument ¢ € {0,...,7} . We assume that the corresponding
family of measures on the real line (P;)o<;<7 is known. More precisely, the family

of these measures is described as follow.

Ptl (A) = ]P){th € A}v A€ Rly
Pt17t2 (A) = ]P){<Xt17Xt2) € A}a Ae R27

Ptl .... tk(A) :P{<th,...7th) E A}, A GRk
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2.1 Conditional CRR Option Price

The family of finite-dimensional distributions satisfy the conditions of coordina-
tion, i.e.

Ph ,,,,, ty (A) - Ptl 77777 Lotk 1sesthkin (A X Rn)> VA € Rk'

Then, due to Kolmogorov theorem (see [59]) the probability space (2, F,P) and

the stochastic process X = (X¢)o<t<r exist and
P{w: Xy, <zp,..., Xy, <} =Fy 4 (T1,...,2), (2.1.1)

Now we consider the mean of conditional expectation of (1.5.1), Cr_,, given

random sequence X7, ..., X7.

éT—m = E{E{Cr—n|Xr-m,.... X7}} = E(Cr_p) .

To simplify lengthy expressions we introduce the following notations, which are
similar to (1.4.2),(1.4.3). ForV z = (27—, ..., 27) € R™

P( J) T, z) = HpT k(Zr—k HqT k(Zr—k) (2.1.2)
keJ k¢J
P J(J T Z HpT k ZT k HqT k ZT k (213)
keJ k¢J
where
(T PR e S S P P S
_rplzp_t) = _rplzp_t) = _plzp_
Pr—k\ZT—k werr — dopy Pr—k\ZT—k Pr—k 27—k
and

qr—k(zr—k) =1 —pr_i(2r—k), Gr—i(zr—k) =1 — p(zr_g).

We also define the following quantities. For V z = (zp_,, ..., 21r) € R™

/ / Z p(J(j)’T7 2)dFXT-me X (), (2.1.4)

S—— JEI; (ST —m,2)
™ integrals

a2 () :// ST PO, T 2)dPX e Xe (s (2.15)

N—— JGI]',m(ST,m,Z)
™ integrals
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2.1 Conditional CRR Option Price

where V z = (21, ..., 21r) € R™.

Lim(x,2) = {J CTlom, |J =g «]]wer—x [] dzr—x > K}

keJ keJ
and FXT-meX1(2) = Fp .. p(z) is the joint distribution function of
X7y, X
One should notice that Sr_,, is independent on Xp_,,,...,X7. So, in

general the following formula for option price holds true.

Proposition 2.1.1 The conditional generalized CRR option price is given

by the following formula

- LI _ K I - _
Crom=Sr-m y_Cy).(j) - DY (). (2.1.6)
j=0

Jj=0

Remark 2.1.2. The corresponding conditional replicating strategies can
be derived from (1.5.2) and (1.5.3) in an analogous way as integrals with respect

to the distributions family (F}, 4, )k>o-

If all finite-dimensional distributions of the random family Xp_,,,..., Xrp
are known, then from (2.1.6) one can obtain specified corresponding option price.
The option price in the form (2.1.6) gives a freedom to model underlying stock
price so as it is liked.

However, in discrete-time approach the original stock price process was mod-
eled by random walk and this is the easiest and most natural way to do it. The
idea of random walk as a stock price process in financial markets stated by Burton
Malkiel ( [39]) in 1973 means that stocks take a random and unpredictable path.

While the classical random walk is defined by the sequence of two-value
independent random variables, we consider so called weighted random walk
embedding the random family (X );<7 in the stock price process. Thus, we enrich
the set of possible values of stock price at each time moment and thereby, the

practical usage of the new model becomes more evident.
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2.2 Multinomial model. Definitions

Unlike the generalization of binomial CRR model of Rachev and Riischendorf
[53] we set conditions for stochastic process (X;);<r which has different at any
time moment values of jump sizes. So, at any time moment the change of the
stock price is determined by the value of stochastic process (X;)i<r at that time

moment.

As one can see, starting from (2.1.6) it is possible to impose different as-
sumptions on the family of finite-dimensional distributions for (X;);<r and
calculate the corresponding option price but, due to these assumptions, the

calculations very often can be quite complicated.

Also, in many cases it might be that the stock price does not follow any
specific distributional assumptions. The problem is how to model stock price
process in order to better evaluate corresponding option prices. It should be
intuitively clear that the better the modelling of underlying stock price the

better the quality of option price valuation.

"The better" means that the modelled data look like original data and
expose most of their features. This problem of stock price modelling is related
to the issues of data approximation, specifically, financial data approximation.
In the next section we propose natural and simple assumptions about possible
values of random sequence (X;);<r which certainly can be interpreted as

distributional assumptions as well.

2.2  Multinomial model. Definitions

Let (X;):<7 is a sequence of independent identically distributed random variables.
We define a set

Cr={c1,...,c}, keN, >0, Vi=1,... k. (2.2.1)

Random variables X;, t = 1,...,T take values in the set C, and the events
{Xy = ¢}, t =1,...,T, j = 1,...,k are equally likely with correspondent
probabilities p; = ... = p,. = %
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2.2 Multinomial model. Definitions

In the setting of generalized CRR model the following condition holds
true.
P{X,eCst=1, i=T-m,...,T. (2.2.2)

Since we consider the discrete time interval [T" — m,T], m < T then it is
obvious that k < m.

Further, we will refer to the set of possible values of X1_,,,..., X7y, Cj defined
above as the set of multinomiality parameters.

The following random structures take place in the context of the constructed

model.

Definition 2.2.1 The sequence N.,...,N,

o 1s a sequence of random vari-

ables, which take values in the set I',,[J{0} = {0,...,m} and satisfy the
condition N, + ...+ N, = m. For some fixed w € (2, NCZ( ), i=1,...,k
denotes a number of ¢;-s occurred in the sequence Xr_,,(w),. .., Xr(w).

Definition 2.2.2 The set

(my,...,mog):m; € Dppyi=1,...,2k;
I(m,j,Neyy oo o v Ng) = my+...+mop=m: my+...+my =7,
]\/vc1 :m1+mk+1,...,ch:mk+m2k
(2.2.3)
The set I(m,j, Ne,..., N, ) is random due to dependence on N.,...,N,,.

Further, we will consider the summation over this set provided some conditions
on the values of N.,..., N,

Ck

are imposed. After that, accordingly to the
Ng ), where NZ, ... Nz will

conditions we will have the set I(m,j, N g

U
denote fixed constants. Virtually, one can consider a set I(m,j, N¢,,..., N, ) as
a function of the additional to m and j arguments N, ..., N,.
The set I(m,j, Ng,...,N.) is also associated with the set of all partitions
(J1,...,Jog) of the set ', = {1,...,m} provided that |J;| = my, ..., |Jox| = max.

We consider that |)] = 0. The corresponding set of partitions is given as follow.
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2.2 Multinomial model. Definitions

Definition 2.2.3

(J,...,Jgk)i JiC{l,...,m}, 1=1,...,2k

1
k 2% 2k
Dj,m(l’,Cl,...,Cgk) = Z'lezjy U Jz:Fma Z|Jz|:m
i=1 i=1 i=1
z(cu) . () (e d)El L (epd)or > K
(2.2.4)
For any w € 2 there is a surjective map from the set I(m, j, N, (w), ..., N, (w))
to Djm(x,c1,. .., Co), so that these two sets are epimorphic.

Definition 2.2.4

[j,m<x,Ncl,...,ch) ::{ Jcl,,: |J|:j, $Civcl...civckujdm_j>K }

(2.2.5)
and
a(z) :=1nf{j : I m(x, Noy, ..., Ng, ) # 0} (2.2.6)
We notice that a(x) also can be defined as
a(z) :=inf{j: Djmn(z,c1,...,cx) # 0}. which is equivalent to (2.2.6).
From now and further we will use the following notations. For any
c = (c1,...,c) € RE, p = (p1,....pw) € R* p = (p1,...,p) € R*
and for (my, ..., mgg) such that my + ...+ mor =m
Gar(m, c) == (crw)™ ... (cpu)™ (crd)™+1 ... (cpd)™2*, (2.2.7)
Mau(m, p) = ——" g s 2.2.8
2k (M, P) 1= mpl < Pog s (2.2.8)
m! mi Mok
Mgk(m,p) = mpl .. .ka y (229)
PF(m) = p™ .k, (2.2.10)
P2F(m) = p™ . pk, (2.2.11)
so that
M. M () P2
Qk(m7p) ml'm%' 1(m) k+1(m)
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2.3 Multinomial option pricing

Sometimes we also will use this notation instead of (2.2.8), (2.2.9).

Definition 2.2.5

Az, g,¢) = Tim > My (m, p) (I¢(2k)(ma c) — K) : (2.2.12)

](m:j7N01 77777 ch)

2.3 Multinomial option pricing

Consider the conditional expectation

C’T—m(c) = C~YT—m(Cb e ,Ck) =F {CT—m|XT—m = Cjyy ey X7 = Cjk} )

where multinomiality parameters c;, € Cy, i =1,... k.
One should notice that the conditioning on the event {X7_,,, = ¢j,, ..., Xr =¢;, }
implies that numbers N.,,..., N, are known. The following result for option

price is obtained.

Proposition 2.3.1 If the condition
P{X,eCy} =1 Vi=T-m,....,T

is satisfied, then

Cr_m(c) = k™ z_: > (STmMzk(m,P) — %Mzk(m,p));
(2.3.1)

V oc=(c,...,c5) ERE,

where a = a(St—_m),

(c1) 1 7—cd (ca) 1 7—c.d
) =—————,...,prlcg) = ——m—,
e =5 c1(u—d) PRV = % cp(u — d)
(e1) 1 cqu—r (ce) 1 cu—7
cl)=———,... )= ——,
Pr+1(C1 ke (u—d) Dar(Ck ken(u — d)
_ cu B CLU B cd B crd
Pr=—/P1, - Pk = —Pky Pk+1 = 7 Pk+1,---,DP2k = — D2k
r 7 7 7
and .
p1+pk+1=---=pk+p2k=E,
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2.3 Multinomial option pricing

B B 3 3 1
D1+ DPry1= ... =P+ Do = T

At time t =T — m — 1 the unique replicating strategy ¢ is given by

km(;Am (5%_m_1ST7m717auvc)

ap_m_1(c) = k™ Moy (m, p) + m ;
' e j:Zad I(m,j,N§...,ch) a{1m. ) Sr—m—1(&% -1~ -m-1)
(2.3.2)
m KM Am (€4, ST_m_1,a%c
Br () = — 57 S My(m,p) - Tl Eeataote),
j=ad I(m,j,Ney,...,Ney, ) T—m=1 >T—m=1
(2.3.3)

where a* = a(&%_, 1Sr—m-1), a® = a(&t_,, 1 Sr_m_1) and § = 0 if a® = a*

(otherwise § = 1).

Proof. Show that py, = %ip%.

1 1 gu 1 lguf—ad) 1 u(f - gd)
D T T S R T Tk eu—d) K ki(u—d)
_ckud—fd_ch cpu — T —Ck—d(l— )_ckd
T kiu—d) 7 keu—d) o PTG

Similarly pp = %*pi. Therefore, according to (2.2.7) and (2.2.10)

]51% _ %k(Am’ c) P12k
Tm

So, formula (2.3.1) is equivalent to

m

- Z Z Moy (m, p)(Sr—m®2r(m, c) — K)

Em &
SN Y M) (S mlm.e) — K
5=0 I(m,j,Ne, -, Ney)

In order to prove (2.3.1) we use the method of mathematical induction with

respect to m. The base of induction is when m = 0, then we have that
Cr=(Sr— K)*

which has been a payoff of the option at expiry time 7. Assume now that for any
c=(c1,...,cr) € RE, éT_m(c) is the arbitrage price of the option at time T'—m
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2.3 Multinomial option pricing

which satisfy the formula (2.3.1). Portfolio ¢r_p—1(c) = (ar—m-1(¢), Br—m-1(c))
for the period [T — m — 1,T — m) has to be constructed in such a way that the
portfolio’s wealth at the end of the last period t = T' — m replicates option value
C’T,m(c); that is

VTfm(C> = OéTfmfl(C>STfm + ﬁTfmfl(C>72 and VTfm(C) = CNYTfm(C),
which is in turn allows us to obtain the following system of equations

., =
{ OéT_m_l(C)fT_m_lsT—m—l + 5T—m—1(c)r = TT—m '

aT—m—l(C)g%_m_lsT—m—l + Br—m—1(c)r = ~fp%_7m -
where
(ciu, P{Xr 1 =c1},
§romo =4
l au, P{Xr_ 1 =c},
and
((cid, P{Xp_ 1 =c1},
£ 1 =29 ¢
[ ad, P{Xr_pm1=ci}

One should notice that

- m

Cotmei(c) = e > > Mog(m, p) (§4_pn157-m-1021(m, ¢) — K) ,

Jj=a" I(m7j7N01 aaaaa ch)

d km m
Cormei () = p > > Mor(m, p) (67— 1S7—m—-102%(m, ¢) — K) .

j=ad I(m.j,Ney ... Ney)

Now we can calculate the number of shares in the portfolio at time ¢t =T —m —1.

For ¢ = (¢1,...,cx)

&Y 1 13— m
CT—m (C) - C’T—m (C) o k

- ST-m-1 (SQJ{—m—l - 5%—m—1) N ST -1 (5%—m—1 - gfcll“—m—l)

ar—m-1(c)

[ Z Moy, (m, p) (5%—m—IST—m—1¢2k<m, c) — K)
1
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2.3 Multinomial option pricing

+ Z Z Moy, (m, p) (& — -1 ST-m-1921(m, ) — K)

j:ad I(m7j7N61 7~~~1ch)

-3 Malm,p) (6 Sr—m16an(m,0) — K)

j=ad I(m7j7N51 7---7ch)

K™ A (4 1ST—m-1,0",¢) k™ &
= u +— Moy (m, p)dar(m, c)
ST-m-1 (€T—m—1 o 6%—m—1> " ng I(m,j,g..,ch) " "

k™ Ay (€4 15T —m—1, a", - _
_ (fT m—1~°T 1,0 C) +kmz Z M2k(m’p)

d
ST?mil (5%717171 N £T?m71) j:ad I(m’j1N011"'7NCk)

Since for any w € Q & (w) < &, ;(w) then it is evident that a* < a?
almost everywhere. If to recall the definitions (2.2.5) and (2.2.6) then

a" = inf {j 2| =4, XT_m_lST_m_lcivcl ...c]kvckujﬂdm_j > K} ,
where P{X7_,, 1 =1} =...=P{Xy_ 1=} = %, then a? = a® + 1 almost

everywhere. It follows from the fact that
a® = inf {j | =17, XT_m_lST_m_chIVcl .. .c],jc’mjclm_jJrl > K} ,

and a" is a minimal number from the set I',,, for which the inequality

N, N, u L
Xrom—1Sr—m—1¢; " ... Fu Hgm—a® 5 K

is fulfilled almost sure, so that when we try to find the minimal a“, keeping in

mind that a? > a*, then the following inequality

N, N, d —ad
XT,m,l,S'T,m,lcl a & Ryt gmTat > K

has to be fulfilled almost sure. The next minimal number after a" is a“ + 1,

substituting a? in the latter inequality by a* + 1 we obtain

Nep qu o
Xrom 1S mo1c) ™ e, P T > K
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2.3 Multinomial option pricing

which is already known as a true one. So, a? = a* + 1. Now we can calculate the

number of bonds in portfolio at time t =T —m — 1. For ¢ = (¢q, ..., cx)
ﬁT I(C) _ gT m— IC;T mm 1(0) gT m— IC;T mm 1(6) — k™
" (gT—m—l gT—m—l) f(ﬁ%—m—l_g%—m—l)

ST m—1 Z Z Mgk(m,p) (g%_m_lsT—m—lqka(m? C) - K)

j=a? I(m,j,Ney ,-...Ney )

S S Mymep) (St bm(me ) — K)

I(m,a*,Ne¢y,...,Ney,)

ET mo1 3o > Mo (m, p) (5%_m_1ST—mfl¢2k(m7C) - K)

.7 =ad I(m,j,Ncl 1~~-7ch)

Ko EmoEd A (€4 Srom_1,a%c
— ,r,m+1 Z MZK(map) - = ’F(lgu ( T_gd ! ) )
Jj= =ad I(m,j7Ncl ""’ch) T—m—1 5T—-m—1
Without loss of generality we assume that ¢, , , = c¢;, then for any

c=(c,...,c;) ERF

Crm-1(¢) = E{Cr—m_1|(Xi)Ep_ 1 = (c;) g1 cj € {er, . en}}

Here, the condition {(X;)Z, .. 1 = (¢,)E;_,._1} implies that numbers
Ney, ..., N, are the same which were involved in éT_m, but N, has been

increased by one.

Let the set Dj,,+(x,c1,...,c;) denotes the set with the same properties as
Djm(x, e, ..., x1) defined by (2.2.4) but with additional condition that the ele-
ment m € J; and the set D, ,,,—(z,c1,...,¢;) is also the set with all properties of
set Djm(x,c1,. .., c;), but with additional condition that the element m € Jy4.

Thus, the sets D, + (2, c1, ..., ¢;) and Dj - (x,¢q, . . ., ¢x) are mutually exclusive.
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2.3 Multinomial option pricing

Now we can calculate

~ §u7m7 gd o
CTfm71<C) = CTT_m 1prmfl + CTT_m 1(]Tfmfl

= > B pr PP (m) (Srom 1 ciudar(m, ¢) — K)

) . 2k !
J=a" I(m,§,Ney +1,Ney .., Ney )

m
—i—f:i > ml!T:an!Pfk(m)karl (ST—m—1c1dpor(m, c) — K)
j=ad I(m.j,Ne, +1,Ney ,....Nc, )

= ,]f:—:: > p1P12k(m) (Sr—m—1c1U2i(m, €) — K)+

J=0Dj i (ST—m—1C1U,C1,...,CL)

+E > P*(m)pis1 (Sr—m-1c1ddar(m, c) — K) .

J=0Dj m(ST—m—1c1d,c1,...,Ck)

It follows that

CYTfmfl(C)
g1 "R 2% +
k==Y > P (m + 1) (Sr—m-192k(m + 1,¢) — K)
j=0 Dj,(m,+1)+ (ST—m—17017~~~7ck)
g1 "R % +
+5eT D > P (m + 1) (Sr-m—10w(m + 1,¢) — K)
]:0 Djy(m+1)7(STfmflvclrnzck)
k.m+1 m+1 2k +
= FmT > Pi*(m +1) (Sr—m-1¢2x(m + 1,¢) — K)
]ZO Dj,(m+1)(ST—m—17017-~~7Ck)
g1 m—+1 n
= ST > May(m +1,p) (Sr-m-1¢w(m +1,p) — K)™.

Jj=0 I(m+17jaNcl +17N02 7---7ch)

The proposition is proved. [1.
We give some examples in order to make clear the meaning of Proposition

2.3.1 and show that (2.3.1) is the generalization of classical Cox-Ross-Rubinstein
[20] option pricing formula.
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2.3 Multinomial option pricing

Example 2.3.2. If the condition
P{X,eC}=1 i=T-m,...,T

is satisfied, then

Crem(cr) = Sr_ mz > —— e e Z Z 'p’f‘ P, (2.3.4)
Jj=a I(m,j) j=a I(m,j

where a = a(St—m—1),

a(z) :=nf{j: Lm(z, Ney) # 0},

where

Lim(@, Ney) = {J € Dt I = ji 2" ld"™ > K}

(c)) = r—cd (c) = au—rT
Pl _—cl(u—d)7 Da2lC2 _—cl(u—d)’
c1u cd

pi(er) = (c1), Dalca) = (c2)

and p1 +p2 =1, p1 +p2 = 1;

mi €Ty, i=1,2
I<m,j>=1<m,j,Nm)::{ (my,ma) ;- ms € L, m}-

my+me=m: my =73 Ny =mg+mg =

At time t =T — m — 1 the unique replicating strategqy ¢ is given by

Am(f%_ _1ST—m—l7au7cl)
A Cl —ml 7m2 + mu , (235)
]gi I(H’LZJ m1 ST—m—l(gT—m—l - g%—m—l)
5Am(§%_ _1ST—m—17auacl>
Br—m-1(c1) pa oo} U FEY - 7
Fmtl ]% I;]) ml'm 1 2 P& o1 — &)
(2.3.6)
where
Am(xmjacl = Fm . ml'm |p71711p2 ( (Clu>m1(cld>m2 _K)7

a*=a(&% . 1 S7-m-1), a®=a(&% . 1 S7_m-1) and 6 =0 if a* = a? (otherwise

§=1).
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2.3 Multinomial option pricing

Remark 2.3.3. When ¢; = 1 with probability 1 then we have the classical

Cox-Ross-Rubinstein formula for option price which is given by (2.3.4). Because

m!
m1!msa!

of conditions on m; and msy the coefficient is a binomial coefficient. It
is important to notice that multinomial CRR (2.3.11) does not depend on the
subjective probability p. Intuitively it means that the pricing formula does not
depend on the investor’s attitudes toward risk. The only assumption about
investors is that they all prefer more wealth to less. The assumptions about
absence of arbitrage provide so called partial equilibrium approach, which is

frequently used in economical literature in relation to arbitrage pricing.

It was noticed (see e.g. [48]) that formula (2.3.4) in Example 2.3.2 can be

written as follows
Crem = Sp—mP{S,, > K} — K~ T-™P*{5 > K}, (2.3.7)

where P and P* are martingale measures corresponding to the choice of stock
price and bond price, respectively. The representation (2.3.7) can also be used
to derive Black-Scholes formula when stock price follows Geometric Brownian
Motion. In this case one has to use the general theory of limit distributions of

independent identically distributed random variables.

Remark 2.3.4 For the case when & = 1 we have the representation (2.3.7).
So, there are at least two possibilities to obtain the continuous-time Black-
Scholes option price formula: from discrete-time CRR model when the number
of trading periods increases, i.e. m — oo, and from (2.3.7). One can see
that the log of stock price is represented as a sum of independent identi-
cally binomially distributed random variables, so that it is possible to derive all
possible asymptotical distributions for P{S,, > K} and P*{S,, > K}, as m — oo.

In the case when k£ > 2 there is no such representation which is analo-
gous to (2.3.7). So, one can not use the general theory of limit theorems and will
need corresponding asymptotic procedure to obtain continuous approximation

of multinomial CRR option price.
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2.3 Multinomial option pricing

We also consider here as an example the case when the condition
P{X,e{a,xu}t}=1 i=T—-m,...,T

is satisfied, i.e. the number of possible values of (X;)i<r is k = 2.

Example 2.3.4. If the sequence Xp_,, ..., X1 satisfies the condition
P{X,eC}=1 i=T-m,...,T,

then

C~1Tfm<cly 62) =27 <STm i Z M4(m7p) - 7% i Z M4(m7p))

J=a I(m,j,Ne ,Ney) J=a I(m,j,Ne ,Ney)
(2.3.8)
where a = a(St_pm),
a(z) :=inf{j : Ijm(x, Ngy, Ne,) # 0},
where
. N Ney i ymei
Lim (@, Neys Neg) i= {J € T |J] = j, v} e wld™ 7 > K}
1 7r—cad 1 7 —cad 1l au-—r 1 u-—r
pr= 2¢1(u—d)’ b2 = 2c(u—d)’ bs 2¢c1(u—d)’ b= 2c(u—d)’
_ au B Coll B c1d B cod
P1r=—/—P1, P2= P2 P3= D1, DPa= P4
7 7 7 7
and
1 B B N N 1
p1+P3=p2+p4=§7 p1+P3=p2+p4=§;
(my,mg,mz,my) : m; €Ly 1 =1,...,4;
I(m, j, Ney, Ney) = my+mg +mg+my =m: my+my = j,

Ney =my +mg, Ne, = ma + my
At time t =T — m — 1 the unique replicating strategy ¢ is given by

2m(§Am(£g‘,_m_1ST7m,1,CLU‘7C1,C2)

ST—m—1(%_ 1—EF 1)

(2.3.9)

Ot malen) =2 X Mimp)+
j=a® I(m,j,Ne¢; ,Ney)

Y
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2.3 Multinomial option pricing

2" 6 Am (&Y, 1 ST—m—1,a",c1,C2)
f(g%fmfl_g%fmfl) ’

(2.3.10)

Br-m-1(c1,c2) = —% > My(m,p) —
j=a® I(m,j,Ne¢; ,Ney)

where
Am(xaja 01702) = g_z Z M4(mvﬁ> (m¢4(mvc) _K)7
[(m.j,Ney ,Ney)
a*=a(&% . St m-1), a®=a(&t . 1 Sr_m-1) and 6 =0 if a* = a? (otherwise

5=1).

Remark 2.3.5 Already in case when k& = 2, the option price formula is
quite complicated and it is not clear how one could obtain this form of option
price using pure probabilistic approach.

Numerical examples and multinomiality parameters estimation procedure will

be described in Chapter 4, examples will have been obtained in the case k = 2.
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Chapter 3

Convergence of Generalized
Multinomial Option Price Model

Construction of a corresponding asymptotic procedure allowed Cox et al. [20]
to obtain the classical Black-Scholes formula [7] from their discrete-time option
pricing model. In this chapter we apply the similar approach to generalized
discrete-time multinomial option pricing model (2.3.1) and consider the limit
case of multinomial CRR option price. Discrete-time stock price process used
in classical CRR model is the approximation of Geometrical Brownian Motion
which is under certain assumptions the case in our model too. We assume that

random sequence (X;);<r embedded in the generalized stock price model (1.1.2)
S =S Xi v, VLT,

take values in the multinomilality parameters set, Cj defined by (2.2.1) and find
conditions, under which, there is a convergence of the multinomial option price
to its continuous analog. The construction of asymptotic procedure and speci-
fication of the features of multinomiality parameters set will allow us to obtain
the generalized multinomial Black-Scholes option price formula with respect to
the generalization of the stock price model (1.1.2) when one can observe different
changes factors of jump sizes at each time moment.

It is necessary to point out that in classical binomial stock price model used
in classical CRR option price model the stock price process was modelled by
the sequence of random variables taking only two values u and d. In our model

the stock price process is modelled by the sequence of random variables which
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3.1 Averaging over all possible multinomiality parameters sets

can take more values than those two. So that the generalized Black-Scholes
formula depends on the multinomiality parameters which gives more flexibility
in the applications. The classical Black-Scholes option price can be obtained as
a consequence from the generalized multinomial option price formula accurate to

the constant when there is only one multinomiality parameter.

3.1 Averaging over all possible multinomiality pa-

rameters sets

The multinomial option price Cy, ;¢ < T given by (2.3.1) was obtained due to
the conditioning on the values of random sequence Xpr_,,,..., X, where each
element of this sequence X;, t =T —m, ..., T takes values in the multinomiality
parameters set Cg, k& < m defined by (2.2.1). Thus, the option price is depen-
dent on the certain combination of values of random sequence N, ..., N, (the
Definition 2.2.1).

In practice it is not known exactly, which combination of N,,..., N, oc-
curs and hence, one should consider the averaging over all possible combinations
of N,,..., N, or, which is equivalent, the averaging over all possible sequences
cj, € Cy.

of multinomiality parameters (c;,)7,_,.,

For any ¢ = (¢q, ..., ;) we consider the expectation

Cr-m(c) == En,, .5y ACT-m(c, Ny, ..., Ne )} = E{E{Cr_(X))Ls_,, € Ci}}.

(3.1.1)

Define the set of indexes sets which does not depend on N, ..., N, anymore.

cm, ey, i=1,...,2k;
I(m, j) o= 4 (M omman) 2 mi € D Ry (3.1.2)
mp+...+tMog=m: m+...+mg =)
so that (3.1.1) can be written as
Crom(c) = Sr_m >, > Moy(m,p) — 25 > My(m,p), (3.1.3)
j=al(m.j) j=aI(m.j)

where Moy (m, p) is defined by (2.2.8) and @ = a(Sr—,,) is defined by (2.2.6).
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3.2 Asymptotic procedure

Choosing the proper sequence of (3.1.3) it is possible to obtain the corre-
sponding limit which one refers as to generalized Black-Scholes option valuation

formula.

3.2 Asymptotic procedure

Consider T' > 0 is some arbitrary real number. Take any n of the form n = 2% | s
is a natural number. Then divide the interval [0, 7] into n equal subintervals I;
of length A, = L namely I; = [jA,, (j + 1)A,] for j =0,...,n— 1.
Our purpose is to calculate the asymptotic value of the European call option price
when the number of time periods, or number of time intervals /;, j =0,...,n—1
increases, as n — oo. Assume that

jr —jT
T2
for some natural s and 7, this means that ¢ is an arbitrary dyadic number from
the interval [0, T7.

Introduce the sequence m,(t) by setting

T—-1
my(t) = 7 VneN, (3.2.1)

where N denotes the set of natural numbers. Apparently, the sequence m,,(t) has

t= A,

natural values for n sufficiently large. Further, for the convenience of notations
we will denote the sequence m,(t) as m,, or just m.
Moreover, T'— t = m,,A,,, so that m,, represents the number of trading periods

in the interval [¢t,T] and m — oo, as n — 0.

We examine the asymptotic properties of éT_m(c) defined by (3.1.3) when
the number of steps goes to infinity and, simultaneously, the size of time steps
tends to zero. We should notice that the time index in C’T_m, T — m is natural
number. In order to construct the sequence of Cy_,, for any T > 0 and m € 0,7

we consider T'—m = nA,, —mA, =t, t €[0,7] and t = jA, for any natural j.

Let 7, be the riskless rate of return over each interval I;, then the risk-

free asset price process is given by

Bjn, = (1+mr,), j=0,....,n (3.2.2)
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3.2 Asymptotic procedure

The stock price (risky asset) process is given by

St+van = EinSin.,  J=0,...,n—1 (3.2.3)
where
§im = Xjmexp{upn; +dn(1 —n;)}, j=0,...,n—1,
where random variables 7;, 7 = 0,...,n —1 are independent identically Bernoulli

distributed random variables, i.e. 7; take values in the set {0,1} with corre-

sponding probabilities p and 1 — p. We assume that random variables X, and

nj, 7 =0,...,n— 1 are mutually independent.

P{gj,n = ui,n} = P{gj,n = Tin eXp{unHXj,n = xi,n}
=1- P{gj,n = Tin exp{dn}|Xj,n - mi,n} =1~ P{gj,n = dz,n} =D,

j=0,....n—1, i=1,... k.
Also, impose specific restrictions on the asymptotic behavior of quantities r,,
rpetn and z,e%". Assume that we have a sequence of multinomiality parameters
sets Cn = {c1ns--.,Crn}. So that, z,, € Cy,,.
Hence, we have that

Uip = Cine'™ and d; ,, = cimed", 1=1,...,k.

Also, the corresponding sequences are represented as

Fo=147, =™, (3.2.4)
Ui = (cie)7V0n = elncitDovin (3.2.5)
din = (cie)™ V20 = e~metovBa j— 9k (3.2.6)

where » > 0 and ¢ > 0 are real numbers.

The values p;,, j = 1,...,2k are expressed via 7, d;, and u;,, ¢ = 1,... K,
which we will denote as p; for the convenience of notations, and form 2k
sequences (pj,) = (pj), j=1,...,2k.
1 7y —djn
in=—-—"—  j=1...k,
Pi, k uj,n — dj,n J

B 1 wujgpn—7n

R L j=k+1,. 2k
Pi k Uj—kn — dj—k,n J *
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3.3 Multinomial CRR volatility modelling

3.3 Multinomial CRR volatility modelling

The constant r» > 0 is the risk-free interest rate of return yielded by a risk-free
investment which is bond and ¢ > 0 is the standard deviation of the log return of
the risky investment which is stock price. In other words, o is called a volatility
parameter of the return of stock prices. The classical Black and Scholes formula
[7] for European option price is given by

n St (r+102)(T— n3ty(r—152)(T—
C, = 5. ( (o) t>) _ Ke 0 ( Al G t>)7 L€ [0.T]
(3.3.1)

x 2
where ®(z) = \/LQTT J e zdu,V x € R, T is expiry date and K is strike price.

In order to calculate the option price using discrete-time CRR option price [20]
one should know the quantities T', m, St_,,, , 0, when the classical Black-Scholes
option price formula (3.3.1) [7] is used then one should know T ¢, Sy, r, 0. All
quantities are observable directly except for the volatility parameter o.

The constant volatility assumed in Black-Scholes model was not satisfactory
anymore. In 1977 Galai [26] confirmed the fact about the deviations in the
Black-Scholes model. Also, it was noticed (see [8]) that due to the model, the
options written on stocks with high (low, respectively) historical volatilities are
overpriced (underpriced, respectively). It was suggested that the effectiveness of
the model depends how good the volatility can be predicted. So, the relevant

problem is to estimate volatility parameter of the return of stock price.

Historical volatility is estimated quite straightforward and there are some
important points necessary to mention. Usually, to reduce the estimation bias
arising from the sampling error, it is natural to increase the sample size, either
using longer series of historical observations or increasing the frequency of
observations. But there is some evidence that the variance in financial data is
non-stationary and it might be that increase in sample size can make estimate
even worse. Some studies devoted to historical volatility one can find in works
[15], [51], [42], [69], [17].

The implied volatility is obtained from the observed at the market option
price. It is possible, because the Black-Scholes price of European call option is

an increasing function of the volatility ( [25] (pp.255)) and all other parameters
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3.3 Multinomial CRR volatility modelling

defining the option price are usually known. This implied volatility oy, t € [0, T
is derived from (3.3.1) and depends on strike price K, time to maturity 7" — ¢.
An average of these implied volatilities is used as a measure of market forecasts
of return volatility. Beckers in 1981 [6] found that the implied volatility was a
better least-squared predictor of the actual volatility than the historical volatility.
Some aspects of implied volatility are discussed in [33].

In continuous-time models it was suggested that the volatility should be mod-
eled as a stochastic process. Such models are called the stochastic volatility
models and the volatility process is described by stochastic differential equation,
see e.g. [61], [62], [16].

The discrete-time approach to model stochastic volatility is based on autore-
gressive random variance models (ARV models) (see e.g. [72], [43]) and on
so-called ARCH (or GARCH) models (see e.g. [23], [49], [68]). Much more of

literature review about volatility studies one can find in [48] or [60].

The above survey about volatility parameter studies shows the importance
of that for financial markets. One should notice that originally there were no
assumptions about volatility parameter in multinomial CRR model of stock
price. After the asymptotic procedure was introduced it appeared that the

volatility parameter of stock return is modelled as stochastic process.

Theorem 3.3.1 If it is possible to construct the asymptotic procedure in that way
that there is a sequence of multinomial CRR option prices C’t,n(c), t=20,...,T
from (3.1.1) andVi=1,... )k, w, = ﬁ , then the wvolatility process is given
by ,

op=o0(lnX;+1), Vt=0,....,T (3.3.2)

where Xy, t = 0,...,T take values in the multinomiality parameters set Cy,

defined in (2.2.1).

Proof. Due to definitions of w;,, d;n, ¢ = 1,...,k in (3.2.5) and (3.2.6)
via the volatility parameter o and multinomiality parameters cy,...,c; the

statement of the theorem is the true one. .
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3.4 Limit theorems for multinomial distribution. Auxiliary results

3.4 Limit theorems for multinomial distribution.

Auxiliary results

In this section we will use the following notations

m)!

p(ma,...,my) = mpTl- et VE>2,
so that
(mq + mg,m my) = m! (p1 + po)™Fm2pl
pima 2,13, ..., My _(m1+m2)!m3!...mk! P17+ P2 Ps pk )
k k
where > p; =1, > m; = m.
i=1 i=1

Further, we will use the sign 7 =< 7 to denote the equivalence relation as

m — oo in the meaning that

a(m) < b(m) if and only if a(m) — 1, as m — o0. (3.4.1)

b(m)

When m — oo, then it is assumed that a(m) = b(m).

Lemma 3.4.1. If p; <py =< ... <X p, k> 2, then

Z p(ma,...,my) =< Z p(my +mg,ms,...,my). (3.4.2)

mi1,M,...,Mp_1 mi1+mg,m3,...,Mp_1

Proof. We apply the method of mathematical induction with respect to

k. The base of induction is the case when k = 2, then

n

m/! m)!

> =1 and ———— mitma
~ my'ms lpl Zh an (mq + may)! (p1 + p2)

mi=

The transition of induction is when we assume that the statement is true for

mi,...,mi_1 and the question is if the statement is true for mq, ..., my_1, my.
m! m1 me __ m! -1
> miloma P17 P = > ! 1lp1 . pk 1 Z mklpk
m1,ma,...,mg mM1,m2,...,Mk—1
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3.4 Limit theorems for multinomial distribution. Auxiliary results

_ m! mi+msg M3 Me—1 1 mg
— z (mi+meo)lmsl...mp_q! (pl +p2) DP3™ - Pr mk!pk
mi+m2,ms3,...,Mk_1 my
_ m! mi+ma,, M3 mg
o Z (m1+ma2)!ms!...my! <p1 +p2) ' 2p3 <Py
mi+ma,ms3,...,m
The lemma is proved. [.
.., p2x) and

Returning to our model, for m = m; + ... + mo, p = (p1,
any non-negative integer number x € Z* we define the set

(my+ .o+ My, Mgy, -, Mog) © My + ...+ Mo =M

r<my+...+mp <m(pr+...+pr) + Am7,
mp; + Am? <m; <mp; + Am?, Vi=k+1,...,2k

mZk(m>p7 .Z') :

k . k _
(ml,mkH,...,m%) Y + ..M =m

r<ml <m(p+...+p) +AM,
mp; + Am? <m; <mp;, + Am", Vi=k+1,...,2k
(3.4.3)

where A > 0 is a constant, % <7< %, k<%

Introduce the following notations

m; — mp;
wm e T 2k
vm
and -
- m; —mp; .
Fpo= AT W g ok
vm
2k 2k 2k 2k 2k
Since Y m;=m and Y . p;=>.pi=1,then > x;=> z;=0.
i=1 i=1 i=1 i=1

i=1

Define the set

Xi={(z1,...,200) 1 |zi| <Am2 PV i=1,... 2k}, (3.4.4)

where A, [ are positive constants and % <p< %
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Proposition 3.4.2. For z; € X, i = 1,...,k, as n — oo, the following

asymptotic relation holds true

o 2 3\
. (55) = .
CTfm = C1T7m = STfm Z ! E 1 eXp % + Z Z;_Z 0
Moy, (m,p,x) (2m)2 \j <§lﬁi>ﬁk+lmﬁ2k ;@ i=ht1 )
i= \

o 2 3\
(Z rz) 2k,

=1
@m3 [ (& -
ale - ™ . i=k+1
Zk(mvprx) \j <Z pi>pk+l~"p2k iglpz 1 +
=1

Proof.  The expression for Cr_n(c) from (3.1.1) contains multinomial
probabilities with parameters (m,p), where p = (p1,...,pa). Due to the limit
theorem about multinomial distribution (look [56], p.342, (2.21)) and to Lemma
3.4.1. the statement of the theorem is the true one. We just have to show that
the conditions of Lemma 3.4.1 are satisfied.

emAn _e—(ncy+1)ov/Ap

7}1_)11;10p17n - nll—yIIolo k(e(lnCl+1)0'\/An_e_(ln01+1)0\/An)

2 2
~ lim 1+rAn+0(An)—140(In ey +1)VA, - T8 507,
nooo k(A+o(Inc1+1)vVAp+o6(vVAn)—1+o(Inc1+1)vVAp—06(vV/An))

2 2
o(ln cl+1)2\/An+ (T—%) An
2ko(lnci1+1)vVAy

L
2k

Calculation of limits of the others p;, is similar and shows that
P X P X i, as n — 00. The proposition is proved. [I.

When k£ = 1, then Proposition 3.2.4 is well-known Moivre-Laplace local

limit theorem adapted for the option price valuation formula. Our purpose is to
calculate the limit of Cr_,, as n — oo.

55
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Denote
D2k—2(l")
k 2 2%—2 k 2%—2 2%—2 2
::(2+k)<2i¢> +2k Y @2 +2k< jl> ozl k[ @),
i=1 i—ht1 i=1 i=k+1 i=k+1
Doy _o(x)

k 2 2%—2 k 2%—2 2%—2 2
=(2+k) <Z :EZ> +2k > 2?7 | +2k ( :L‘z> oo | kL DD x| .
i=1 imkt1 i=1 i—kt1 i—kt1

Rop_1(x) := 4k <x2k_1 + 3 (%2_2 xz>>2 Rop_1(z) := 4k (mk_l +3 <2]€Z_2 xl>>2 :

i=1 i=1

Further, we will omit x as argument of Doj—9, Doj_o, Ror_1 and Rop_1.

Lemma 3.4.3 Let py < ...py < ﬁ, as n — oo, then the following rela-

<Zjl x_> - (3.4.6)

+ Z —Z = Doj_9 + Rop_1.
Z pz i=k+1 pz

tion holds true

Proof. The proof of this statement is straightforward calculations. Since

- - 1
p1 =< ...pax X 5, then

s g2 2 k 2 2k—1 2%—1 \ 2
(Crbedtte) 4 Tty 4 2k (Zx) +2k( 3 x?) +2k(z xz>

Ph+1 P2k i=1 ikt 1 i=1

k 2 2%k—1 2%—2 2 2%—2
=2 (Z ZL‘Z) + 2k ( > mf) + 2k ( > xz) + 4k ( > xz) Top_1 + 2kx3, |

i=k+1 1=1 =1

=2 (i xi)z + 2kx3, | + 2k (%2_2 x?) + 2k (i xi)z + 4k (i :13) (2kz_2 :p)

i=k+1 i=1 i=1 i=k+1

2%—2 2 2%—2
+2k ( > xl) + 4k ( > x,) Top—1 + 2ka3, |
i=1

1=k+1
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3.5 Generalized Multinomial Black-Scholes option pricing formula

e (Sn) v (8 ) e (50 (5 )

2k—2 2 2k—2 2
i=k+1 =1

The statement of the lemma is proved. [J.

Remark 3.4.4 As n — oo, it follows that m — oo as well and the asymptotic

of option price is given by

Crom = St > e 1)% - L exp {DZk—Q + RQk—l}
Pon(mpt) $ (.lei>pk+1...p2k
—% > L L exp {Dog—2 + Rop—1} .
Mk (m

k
- 2m)2
)pvl') ( )2 \j (ilpi>pk+l,..p2k

(3.4.7)

3.5 Generalized Multinomial Black-Scholes op-
tion pricing formula

In the setting of asymptotic procedure, constructed in the section 3.2 we obtain
the generalized multinomial Black-Scholes option price formula. We will show
that the sequence of generalized multinomial CRR option prices CA’T_m,n from
(3.1.1) converges to some limit, as n — oo. This limit is a generalization of
classical Black-Scholes option pricing formula |7] and depends on multinomiality

parameters cq, ..., Cg.
Theorem 3.5.1. The following convergence is valid for any dyadic t € [0, T

lim Cr_p = Cy = S, ®(f1(S,, T —t)) — Ke "TD®(f5(S,, T —t)),  (3.5.1)

n—oo
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3.5 Generalized Multinomial Black-Scholes option pricing formula

where
In % + (T . t) lnc1..l%ck+k ilrlicl...ck—l—k + 0_21ncl..’%ck+k
M1 (mei+)
s,1) = = , 3.5.2
fl( ) O_lncl..k.:ckJrk\/Tv—_t ( )
1 . k
Fols t) = fi(s, 1) — oGl BN (3.5.3)

k

and ® stands for the standard Gaussian cumulative distribution function

(I)(x):\/%? Ik eédu, Vel

Proof. Let S; = s be a value of the stock price at time ¢t. First, we

need to calculate limits of some quantities. Notice, that

lim (1 +7,)™™ = lim e ™0 = 77T,
n—oo n—oo
Furthermore, for every n > r?0~2T we have
1 1 . :
di,n: <A—§7“n<ul-7n, ’l:l,...,k
Ui n Tn
and as it was shown in the proof of lemma 3.4.3
. : . 1
lim p1, =...= lim pg,, = ... = lim poy, = —.

The following asymptotic holds true as n — oc.

RS VAn _ o?(nei+1)? L
Pin = 3 T Zho(metD) < 2 ;o= 1 0k

VA (r_M>, i=k+1,... 2k

=L VAR
Pin = 35 2ko(Inc;—+1) 2

The limits of p;, i =1, ..., 2k are calculated in a similar way.
lim p;, = lim U1,qu1,n = i
n—oo~ n—00 Tn 2k

and due to lemma 3.4.3

. . L 1
nh_{gopl,n:---:Jirlgopk:-~~:7}erolop2k:%-
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3.5 Generalized Multinomial Black-Scholes option pricing formula

The asymptotic for p;,, ¢ =1,...,2k as n — oo is given by

5o L VAR o?(Inc;+1)? -
pi:nAﬁ_'_Zka(lnci—i—l)(r_'_ 2 )7 i=1,....k

—~  _ 1 VAL o?(Inc;_p+1)2 -
Pin = 35 — 2ko(ne;_pt1) <7’—|—— —2k > , Z—k—Fl,,Qk

Now we calculate the value of a = a(S) = inf{j : D; (S, c1,...,cx) # 0}.

Sexp{mio(Inc; + V)VA, + ...+ mpo(Incy + 1)VA,

—mgo(lne + DvVA, — ... —mogo(Ineg + 1)vVA,} = K
From the conditions on the set D;,(S,c1,...,¢;) it is known that
my + ...+ mg = j. Since mq,...,m; are numbers of upward jumps with val-
ues ciu, . . ., cpu correspondingly and by assumptions ¢y, ..., ¢, can occur equally

likely, so that the number of jumps of different values should be approximately
more or less the same, then we are entitled to suppose that m; = ... =my = %
and respectively my 1 = ... = mg = % Without loss of generality we consider

j and m — j are divisible by j. So,

. k . k
J 3 A M= 3 N K
E<i:1 11’107;—{—]{)0' An_T<i:1 lnc,-+k>a An:1n§,

therefore

k
k (ln% + 7 (;lnc,- + k) a\/An)
j= —
2 (Z Inc; + kz) oV A,

=1

or we write down it as
k
gln% + %5 (;11101‘ + k) oV A,
- )
(Z In¢; + k> ov A,
i=1

7=

Since under such j all conditions imposed in the definition of
the set  D;.(S,c1,...,c6)  (Definition  2.2.3) are fulfilled  then

k
% In %Jr% (Zl Inc;+k |ovVA,
i=

- Now, due to the proposition 3.4.2 we have
<Z lnci—i—k) oV A,
=1
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3.5 Generalized Multinomial Black-Scholes option pricing formula

to calculate the limit of the asymptotic expression of the option price value,
Cr_m given by (3.4.5), as n — oo. Further, in order to shorten notations we
will denote p1, ..., pox, T1,..., T without subindex n but it needs to be kept in

mind that these quantities depend on n. Calculate

" Mok — MpPaj m—my — ... — Mok-1 — MPa
2k p— pu—

Vv m \/m
m—Ti/M—Mmp1 — ... = T2k—1VT — MPok—1 — MP2

= I—(I1+...+$2k_1).

Jm

From (3.4.7) we have that

CUYT*m = 51—m Z (\/ﬁ)kfl - L le_g exXp {_%D2k72} ﬁ%fl
M(m(2k—2) p.a) \j (Z ﬁi)ﬁzk \/ I;I-s-lﬁi
i=1 i=

_% Z \/ﬁ k—1 - 21@172 exp {_%D%_Q} IS2k-1,
M(m (2k—2) ( ) s
(m \D,a) <Zl pi) D2k 2.:1;&1’”

where m®*=2 = my 4+ ...+ mgp_, since z; € X (defined by (3.4.4)), 1 =1,...,2k,
then

mpag—1+0(m7)

1 1 1D
— Vamm Ve P {—1Ry1},

Mag_1=mPap_1—O0(m?

ISor 1 =

mpak—1+0(m?)

1S9 = 2. \/ﬁﬂ%e’{p{_%&k—l}-

Mok—1=mpaj—1—O0(m7)

The sums 1S9,_; and ISy,_1 are approximated by integrals.

mpar+0(m7) L L L
LSop1 = > \/M\/meXp{_iR%—l}
Mmag_1=mpar_1—0(m7)
2k—2 2
mpai_1+0(m?) ,% 4k<7’12k1\_ﬁ;@kl+;< ) xz>>
~ L L_e =t dm
V2mm /P2k—1 2k-1

mpak—1—0(m7)
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3.5 Generalized Multinomial Black-Scholes option pricing formula

Lo Al

1
V21 \/P2k—1 € dy%_l

bn

1,2
:af T T Pt dugey = 75 (D(bn) — D(an)),
where in last two equalities we applied the substitutions of variables

2%—2

Yok—1 = % and w1 = V4k (kal +1 ( > xl)> The integra-
i=1

tion limits a,, and b, are given by

S (—o (m2) + 1 (%22:5)) ,

i=1
_ ) 2k—2
bn:\/@(O (m“*_E) +% <Z xz))
i=1
Since x; € X (the set X defined by (3.4.4)), i = 1,...,2k, then

2%—2
> Ti
i=1

then it is clear that both 0 < % -0 < % and 0 < v — 35 < %. So that both
summands in the expressions for a, and b,, are of the same order. There are now

~ O(m2~"), where 5 < 3 < 3 and from (3.4.3) we know that 3 <~ < 2,

1

two possibilities which provide the conditions when a,, — —o0 and b,, — +oc:

2k—2 2%k—2 _ .
(1) if > x; > 0, then it must be >  z; <20 (m“/ﬁ),

i=1 i=1

2k—2 2k—2 _ )
(2) if > @; <0, then it must be > z; > —20 <m7_5>.

i=1 i=1

2k—2

Therefore, it follows that the sum Y x; satisfies these conditions (1) and (2)
i=1

if and only if

2%k—2
Z z;| <O <m7_%> ,
i=1
which is equivalent to the conditions on my, ..., mg, M1, ..., Mog_o defined in

(3.4.3) and there are no contradictions between that what we need and what
is assumed. Under these conditions, b, — +o0 and a, — —o0, as n — 00.

Therefore,

1
1S5, 1~ —, as n — .

V2
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3.5 Generalized Multinomial Black-Scholes option pricing formula

If & > 2 then, Doy_o, Dop_o can be transformed into Dsj_5 and Doj_3 corre-

spondingly, by extracting the xox_»

and establishing the corresponding Roi o

and Roj_o. This process can be continued until Dy, Dy, R4 and Ry, are ob-

tained. Consequently, the number of sums in the option price formula (3.4.7) will

be reduced. There are k — 2 steps when it is possible to calculate the limit of

approximating integral. During next

by

mpag—2+0(m7)
1 1

V2rm /b2

Mok _2=mpag_2—0(m7)

mpai—3+0(m?)
1 1

V2mm /P2k—3

Mok —3=mpak_3—0(m?)

MPi42 +0(m™) . .

V2 P

Mpp2=mpj42—0(m?)

exp {~1Rusa) ~

following steps the approximation is given
exp {—%R%,g} R %, as n — o0

exp {—%ng_g} R %, as n — oo

i

k
k

2
1

, as mn— 00

i

and the (k — 2)th approximation is given by

MPl41 +0(m7)
1 1

V2 JPRiL

Mpy1=mpp+1—0(m7)
So that it is left to estimate

. m(p1+...+pr) +O(m?)

1

exp {—3Ry41} ~

Vk—1
\/E 9

as n — OQ.

1
V2rm \/(p1+.

mi+...+mr=a

. m(p1+...4+pr)+0(m?)

Dk )D2k

exp {—%Dk}

1

mi+..+mp=a

m(p1+...4+pg)+O0(m)

2

1
2mm

~
~

€
a

1
V2mm \/(p1+_

[
-+Dr)P2k

my+..4+mp—m(py+...+pg)
vm

,%{4(

)Q}d(ml + ..+ my)
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3.5 Generalized Multinomial Black-Scholes option pricing formula

o(m4) 20(m~3)
=2 L ema(91) gy, = L —3uig
- f Norae Y1 = f Ner AR
a—m(p1+...+pg) 2(a—m(p1+-.-4+pg))
Vm Vm

— <2@ (mv%)) — 0 (2<a—m<%...+pk>>> ’

where the wvariables substitution has been applied twice, first one is

Yy = m1+"'+m’“\7%(p1+“'+p’“) and the second one is u; = 2y;. Now remember the

expression for a and calculate the limit

» (o1t tp) klng—&-a( 3 lnci—&—k)m\/An
: a—m . i=1
PAST =0 == i S = e Y s
U(Zlncﬂrk) mv A,
i=1

k — k PRy — k nes
20’(2 ll’lCi‘f‘k)m\/An(;'i‘erin (Z 1ncl.+1>_02k§n (Z ! 5+1>>
i=1 B ]

i=1 i=1

— lim

oo 0’< i lnci—l-k) VmvA,
i=1
_ kn K () Inerenth) (’” W glln:f)'.‘A'4cilfn+c?+1) —2(n 01~~-0k+k)>
- o(lney...cp+k)VT—t
I £ +T—ylrorath) <% W Elnfb‘.i‘.i’fnii)ﬂ) —o Cl'}écﬁk))
o_(lncl..k.ck+k)m
Analogously the limit of 2(a_m(%'“+ﬁ’“)) as n — oo has been calculated. It is
equal to
S (Incy...cp+k) (Incy...cp+k) 2 (Incy...cp+k)
f (S T t) In K + (T - t) : k - (%(lncl—f—ll)...(lfnck—l—l) + % : k - )
1 ) - =

O_(ln cl.}%ck—l—k) \/ﬁ )

and has a relation to fy as fo(S, T —1t) = f1(S, T —t) — me
The theorem is proved. [J.

Remark 3.5.2 We obtain classical Black-Scholes option pricing formula
from (3.5.1) if it is assumed that £ =1 and ¢; = 1.
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Chapter 4

Numerical Results

In this chapter we describe some numerical results. First, it is shown that gen-
eralized model (1.1.2) of the stock price process can give better approximation
to real data then binomial model. It occurs when the multinomiality parameters
1, ..., are embedded into the generalized stock price model.

We propose simple multinomiality parameters estimation procedure and
give examples of data approximation using the new stock price model with two
multinomiality parameters c¢; and c;. When the generalized stock price model
with multinomiality parameters is used then we say that there is a multinomial
approzimation, when the classical binomial stock price model is used, then we say
there is a binomial approximation. The embedding of only two multinomiality
parameters gives much better results with respect to corresponding measures of

approximation which are mean squared error and mean absolute error.

The mean squared errors obtained under multinomial approximation are
much smaller than those obtained under binomial one. The comparison is carried
out using the real data of stocks. The results of these empirical studies also
suggest when the multinomiality parameters should be included into stock price
modelling and when it is worthless, so that one should use the binomial model
which is easier. Correspondingly, we calculate the multinomial option prices
using the formula (2.3.8) and see how the multinomiality parameters influence

on the option price.
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4.1 Stock Price Modelling. Hull-White Algorithm

In order to simulate the stock price process using the generalized model estab-
lished in Chapter 1 by (1.1.2)

Sy =51 X, V t<T,

provided that the values of (X;);<r are contained in the multinomiality set Cy
defined by (2.2.1), one has to be able to calculate the parameters u and d as
well as c1, ..., ¢, from real data. Intuitively, it is clear that these parameters are
dependent on the variance ¢ and mean p of the data. So that first, one should
estimate the parameters o and p and then all others. The estimation of o and pu
is standard estimation of variance and mean.

There are several methods for estimation of u and d. We describe the simple

one which is frequently used to model stock returns.

Hull-White (HW) Algorithm ( [27])

We set p = % and determine u and d from the following equations
(1) =1+ pAt,

(2) u—d=20VAt,
(4.1.1)

where 1 is the drift parameter or the mean, measures the average percent change
in the stock price over the time; o is the wvolatility parameter or the variance,
measures the randomness of the stock price; At is a time period after which we

regard the stock price. We assume
Si=vi—15-1, 1=1,...,n,
where (vy)r<, are independent Bernoulli random variables, such that
S; S; 1
P v = = ]P> ! == d — —.
{Si—l u} {S,-_l } 2

The estimates for pAt and 0?At are

U:%‘ (ui—1):%;(5‘i"1—1) (4.1.2)
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and

1 (S ?
2 _ i 72
=7 <Z§:1 (Si—l 1> nU ) . (4.1.3)

The numbers U and s? are the sample mean and variance that are determined
from the real stock price data Si,Ss,...,95,. The estimates for y and o are

obtained as _
U S
~ — ~ —. 4.1.4
PR R TR (4.1.4)

Solving (1) and (2) form (4.1.1) we obtain that

u =14 pAt + oV At,

4.1.5
d=1+4 pAt — oV AL ( )

4.2 Stock Price Modelling. Estimation of multi-

nomiality parameters

It is assumined that multinomiality parameters cq,...,c; occur equally likely

1
k

use the following algorithm to estimate parameters cq, ..., ¢, from real data.

with probabilities ¢ (see section 2.2). Under these assumptions we propose to

Hull-White-Kan algorithm. The Estimation of Parameters cy,..., ¢
First, we assume that only parameter c; is include in the model of stock price,

then
(u+d)(1+ )

4

=1+ pAt,

then 4(1 + pAt)
1
=——=—1 4.2.4
‘@ utd ( )
The stock price model with one parameter ¢; implicates the classical binomial
stock price model when ¢; = 0.
If, due to real data, the embedding of one parameter ¢; is not satisfactory, then

we include in the model parameter co, which is defined as
Cy = 2— C1, (425)

we continue to determine c3 as a solution of the equation

(u+d) (14 ¢+ co+ c3)
8

=1+ pAt,
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then 8(1 + uAt)
1
= —= —3. 4.2.6
C3 utd ( )
Next value of ¢4 we define as
Cq = 2 — C3. (427)

The procedure can be continued like that until it is necessary.

One can see that the combination of the model (1.1.2) given (X;)i<r € Cy
and of the equation (1) in HW algorithm have been used to construct the

multinomiality parameters cq, ..., ¢, estimation procedure.

4.3 The Stock Price Modelling. Simulations

We consider several raw financial data sets that have been observed during some
time period, mostly these are the stock prices of different German companies.
The data were downloaded from the web site www.comdirect.de and identified
with so called WKN number. We consider the data samples of size n = 500. Also,
the data sets are classified by the value of historical volatility. More precisely,
we consider the data sets which have volatility ¢ < 35%, 35% < o < 65%),
65% < o < 100% and when o > 100%.

Using the binomial model and the new multinomial one we want to fit the
model simulated data to the raw data and calculate the corresponding mean
squred error, which is defined as the averaged squared difference between modelled

and real observations.
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Volatility ¢ = 11%
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prices (22.06.1999—-06.06.2001) {'O’—bin}, {{1’—c_ 1}, {'2’'— c_1, c_ 2}, etc.

Figure 4.3.1: (a) The stock prices of SDAX Performance Index with volatility
for the period of 500 trading days ¢ = 11%. (b) The mean squared errors

boxplots obtained using different models.

On the Figure 4.3.1 (a) one can see the low volatile data (¢ = 11%) of
SDAX Performance Index daily stock prices, on the Figure 4.3.1 (b) the boxplots
of mean squared errors obtained when different multinomial models have been
used to approximate stock price data are represented. The first boxplot marked
'0’ is the boxplot of mean squared errors of binomial approximation, further, the
marks ‘2’ '3’ ... mean that the multinomial models with ¢y, ¢a, ¢1, o, c3, and so
on multinomiality parameters have been used for approximation. It is clear from
the picture that the application of multinomial model with different number
of multinomiality parameters does not show better approximation. When the
market volatility is low, there are no much fluctuations and frictions, then it is
better to use the binomial model of stock price to fit real data.

Further, we will consider the data set with higher volatility and it will be
shown that in those cases the multinomial approximation works better than the
binomial one.

We will see that the introduction of multinomiality parameters improves the
data approximation the market is not stable and can express some spikes than

the multinomiality parameters allow us to model that better.
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(a) The stock prices of AVA ALLC. HANDELSGES. D.

VERBR. AGInhaber-Aktien o. N. with volatility for the period of 500 trading
days ¢ = 49%. (b) The mean squared errors boxplots obtained using different
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Figure 4.3.3: (a) The stock prices of DAB BANK AGInhaber-Aktien o. N.
with volatility for the period of 500 trading days ¢ = 91%. (b) The mean

squared errors boxplots obtained using different models.
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Volatility o = 131%
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daily stock prices (13.03.2000——08.02.2002) {O—bin}, {{1’'—c_1}, {{2'— c_1, c_ 2}, etc.

Figure 4.3.4: (a) The stock prices of DCI DATAB COMMERCE INDUS-
TRY AGInhaber-Aktien o. N. with volatility for the period of 500 trading days

o = 131%. (b) The mean squared errors boxplots obtained using different models.

From figures 4.3.2, 4.3.3 and 4.3.4 we can see that the data AVA ALLC.
HANDELSGES. D. VERBR. AGInhaber-Aktien o. N., DAB BANK AGInhaber-
Aktien o. N. and DCI DATAB. COMMERCE INDUSTRY AGInhaber-Aktien
o. N. show up that the multinomial model of stock price process is better than
the binomial model of stock price process. It gives smaller mean squared errors

and therefore, the data approximation is better.

All these data sets have volatility higher than 35%, which indicates that
in these cases the market is more unsettled. And this must serve as a signal
to apply the multinomial model to simulate stock prices. However, there is a
problem to determine how many multinomiality parameters have to be consid-
ered in order to obtain sufficiently good results and not to have overcomplicated

calculations.

From Figure 4.3.3, one can see that it is sufficient to use the multinomial
model with just one parameter ¢; to obtain significantly better results of data

simulation. But sometimes this is not so and the problem of defining the
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4.4 Numerical option price calculation. Multinomial CRR Model

number of parameters in the multinomial model is also related to the problem of
parameters estimation.

However, it is clear, that the multinomial modelling gives significantly better
results for the approximation of highly volatile data.

4.4 Numerical option price calculation. Multino-
mial CRR Model

We use the multinomial CRR model (2.3.8) in order to calculate the option price
and to compare it with the Option Payoff (Sr — K)* (T is expiry date and K is
a strike price) and option price obtained using the classical binomial CRR model
[20].

We will consider examples with data sets of high volatility, i.e. AVA ALLC.
HANDELSGES. D. VERBR. AGInhaber-Aktien o. N. (Figure 4.3.2), DAB
BANK AGInhaber-Aktien o. N. (Figure 4.3.3) and DCI DATAB. COMMERCE
INDUSTRY AGInhaber-Aktien o. N. (Figure 4.3.4), since they are approximated
better with multinomial model. We expect that the option price calculated using
multinomial CRR option price formula (2.3.8) with parameters ¢; and ¢, will give
the price value which is closer to the Option Payoff than the value of option price
obtained using binomial CRR formula.

To use the multinomial CRR (2.3.8) we have to know the parameters ¢; and
¢y, for that we use the estimation procedure (HWK algorithm) proposed in the
section 4.2. One can take arbitrarily any two parameters from the sequence
of ¢1,..., ¢, obtained by the estimation procedure. We should notice that the
multinomiality parameters values by itself sometimes don’t give good results
but if to consider some range of these parameters, i.e. ¢; +9,...,cp + 0, where
|0] can be small as hundredth or of smaller order, then it is possible to obtain

sufficiently good results.

In the following numerical examples we will always consider that expira-
tion time is T = 500, the time before the expiration is equal to m = 100, which
means that we estimate the option price at time ¢ = 400, 100 days before the

expiration. Since we use the option price formula (2.3.8) we need to know the

71



4.4 Numerical option price calculation. Multinomial CRR Model

number n; of parameters ¢; occurred from time ¢t =7 — m (¢ = 400 in our case)
until the expiry date ¢ = T'. The corresponding number ny of parameters c, is
equal to no = m — ny. We consider that n; = 50 in order to define suitable ¢;
and co, then we observe the option price when n; and ny change and see how
the multinomial option price changes so that we can define the optimal for the

option price values of n; and ns.

For the calculation of binomial CRR option price [20] and multinomial
CRR option price (2.3.8) written on the same stock, we use the same values of
T, Sy, K, s, r and m. So that we can compare them with the option payoff and

see which model of option price gives values closer to this payoff.
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4.4 Numerical option price calculation. Multinomial CRR Model

Example 4.4.1 (AVA ALLG. HANDELGES. D. VERBR.
AGInhaber-Aktien Figure 4.3.2 (a))
We consider the interest rate as » = 0.01, the stock price at time ¢ = 400 is equal
to 11.6883 (i.e. s = Sy00 = 11.6883). Since the stock price at time 7" = 500 is
equal to 14.8954 (i.e. Ssoo = 14.8954), then we put the strike price of the call
option as K = 8, so that the option is in-the-money option, which means that it
is beneficial for a buyer to exercise the option. Consequently, the option payoff
is equal to Sy — K = 6.8954. Since the volatility of the data is high enough,
o = 49% then it is suggested to use the CRR multinomial model for option
pricing.

Option price
Qption Price

----- mult.cl.c2 op.pr ---++  mult.cl.c2 op.pr
e= = bin.crr.op.pr e= = bin.crr.op.pr
— Op.payoff at exp.t — Op.payoff at exp.t

= — coocococooooo = — o e ——————____")

T T T T T

0.965 0.975 0.985 35 40 as 50 55 s0 65 70
(a) 20 different values of c.1: (b) N1 is a number of c1

from 0.963 to 0.992, delta=0.001  occurre d during the period [T—m,T]

Figure 4.4.1: (a) The option price in dependence on the values of the parameter
cl (dotted line), binomial CRR option price (dashed line), option payoff at
expiry time (solid line). (b) The option price in dependence on the n;, number

of parameters ¢y, occurred from time t = T"— m until expiry date t =T

One can see on the Figure 4.4.1 (a) that there is one value of ¢; where
the multinomial CRR option price dependent on ¢; is closer to the option payoff
than the binomial CRR option price. We determine this value of ¢; as ¢j and
use it to consider further the dependence of multinomial CRR option price on
the number of the parameters ¢ occurred from ¢ = 400 until the expiration time
T = 500. Under zero-values we understand the non-informative results and we
do not consider these values of nl. It is shown (Figure 4.4.1 (b)) that when
nl = 47 and nl = 48 the multinomial CRR option price (dotted line) is closer
to the option payoff than the binomial CRR option price which is constant.
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4.4 Numerical option price calculation. Multinomial CRR Model

Example 4.4.2 (DAB BANK AG Inhaber-Aktien,Figure 4.3.3 (a))
We consider the interest rate as r = 0.01, the stock price at time ¢t = 400 is
equal to 18.75 (i.e. s = Sy = 18.75). Since the stock price at time 7' = 500 is
equal to 11.3 (i.e. Ss00 = 11.3), then we put the strike price of the call option
as K = 8, so that the option is in-the-money option, which means that it is
beneficial for a buyer to exercise the option. Consequently, the option payoff is
equal to S — K = 3.3. The historical volatility of the data is equal to 91%.
It is shown on the Figure 4.3.2 (b) that these stock prices are better modelled
by multinomial model. We will see how the option price is changed when the

multinomial CRR model is used.

0
|
0
|

5
|
0 001
1
|
0

Qption price
1
Option price
1

----- mult.op.price c1,c2

= = crr. op.price

— Op.payoff at exp.time
=]

0
0

= — commmmmmb = —

T T T T T T T T T T
0.90 0.92 0.94 0.96 0.98 o.895 o.90s5 o.915
(@) there are 100 values of c1, (b) there are 15 values of c1, cil is
c1 belongs to [0.895, 0.994] and varies in 0.001 from [0.895, 0.920] and varies in 0.001

Figure 4.4.2: (a) The multinomial CRR option price in dependence on the
values of parameter cl. (b) The multinomial CRR option price in dependence
on the values of parameter cl (dotted line), binomial CRR option price (dashed

line) and the option payoff (solid line).

On the Figure 4.4.2 (a) the changes of the multinomial option price in de-
pendence on the parameter c1 are shown. One can see that there are some values
of ¢l which influence on the option price significantly.

From the Figure 4.4.2 (b) one can see that there is a value of ¢l which provides
the value of multinomial CRR option price which is very close to the option
payoff. So that there is no necessity to consider the dependence of option price
from the number of ¢l occurred. These values of multinomiality parameter c1 are
0.913, 0.912, 0.911 under which the option price is equal to 3.138, 4.558, 3.609
correspondingly and these values are very close to the option payoff which is

equal to 3.3.
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Example 4.4.3 (DCI DATAB.COMMERCE INDUSTRY AG
Inhaber-Aktien o.N.,Figure 4.3.2 (a))
We consider the interest rate as » = 0.05, the stock price at time ¢t = 400 is equal
to 3 (i.e. s = Sy0 = 3). Since the stock price at time 7' = 500 is equal to 1.13
(i.e. Ss00 = 1.13), then we put the strike price of the call option as K = 1, so that
the option is in-the-money option, which means that it is beneficial for a buyer to
exercise the option. Consequently, the option payoff is equal to S — K = 0.13.
The data in this example have high volatility, o = 131%.

3.0
|

Option Price
15 2.0 25

1.0

+ + mult.CRR.cl.c2.op.pr.
= = bin.CRR.op.pr.
= opt.payoff.at.exp.t

0.5
|

-1 © o (-] o (-] (-] o
T T T T
35 40 45 50

0.0

nlis a number of c1 occurred during the time [T-m,T]

Figure 4.4.3: Multinomial CRR option price in dependence on the n;, number
of parameters cl, occurred during [T — m,T] is given by dotted line, binomial

CRR option price is dashed one. The option payoff is solid line.

As one can see there are some values of n; when the multinomial CRR
option price in dependence on n; yields the option prices which are closer to the
option payoff than the binomial CRR option price. So that the multinomial CRR
option price model for this data set allows produce better results to estimate the

option price at time t =T — m.
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4.5 Generalized multinomial Black-Scholes formula. Simulations

4.5 Generalized multinomial Black-Scholes for-

mula. Simulations

In this section we consider the option prices calculated by means of the classical
Black-Scholes (BS) formula [7] and the option prices calculated by means of the
generalized multinomial Black-Scholes (MBS) option pricing formula (3.5.1). It
is noticed, that multinomiality parameters ¢y, ..., ¢, influence rather on option
prices for stocks with high volatility than for stocks with low volatility. So
that it is suggested to apply the multinomial Black-Scholes for option pricing
when the market is of high volatility. We will stick to the data sets used in
previous sections to show how the multinomial Black-Scholes formula depends

on multinomiality parameters cy, ..., ck.

Example 4.5.1 ( AVA Allg. Handelges.D.Verbr. AGInhaber-Aktien
Figure 4.3.2 (a))
We calculate the multinomial BS option price in dependence on parameters c;

and ¢y and consider the strike price K = 8, interest rate r = 0.01, the current

. o . _ m
stock price s = Syq, time 7 = 53
g D P e U U P
S

— MBS.cl.c2 op.price
- - BS op.price
+ Option payoff

T T T T T T
1 2 3 4 5 6

cl parameter

Figure 4.5.1: Multinomial Black-Scholes option price in dependence on the
parameter ¢l (solid line) while the parameter ¢, is fixed and ¢; = 0.978, option

payoff (dotted line) and classical Black-Scholes option price (dashed line).
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4.5 Generalized multinomial Black-Scholes formula. Simulations

It is shown on the Figure 4.5.1 that the option price obtained using multinomial
Black-Scholes (MBS) increases and approaches to the option payoff when the
parameter cl increases. It is clear, that adjusting properly the value of parameter
cl it is possible to obtain the option prices closer to the option payoff.

We should notice that there is no preferences which parameter to assign to be
fixed and which to use as adjusting the option price parameter. With the same

success one can use parameter cs as an adjusting one and ¢; as a fixed one.

Example 4.5.2 (DAB Bank AG AG Inhaber-Aktien o.N.,Figure

4.3.3 (a))

In this example we calculate the MBS option price when the strike price is
K = 8, the current stock price sO = Syqg, the time until expiration is 7 = % and
the interest rate is » = 0.01. Under these assumptions we calculate and compare

the multinomial Black-Scholes price, classical Black-Scholes price and the option

=
— —
= ~
=
=
=
=<
=
= —
oo —
oy
2
= 8
s o=
s = g < 7
= =
2 = S
=
-
...................
= ~ —
= —_— MBS.cl.c2.0p.pr
- — BS op.price
Option.payoff
= -
r T T T 1 T T T
0.191 0.591 O0.791 0.983 o = 10 s 20 25

(a) MBS option price (b) MBS option price in dependence

iNn dependence on c2 parameter on cl parameter given fixed c2
Figure 4.5.2: (a) Multinomial Black-Scholes option price in dependence on
the parameter c¢y. (b) Multinomial Black-Scholes option price in dependence on
parameter ¢; given ¢y (solid line), classical Black-Scholes option price (dashed

line), option payoff (dotted line).

The dependence on the parameter c; shown on the Figure 4.5.2 (a) indi-
cates that, in general, the option price increases when c; increases, but there is a
specific value of co when the option price drops down. We hold fixed this value

of co = ¢ and next, consider how the option price depends on the parameter c¢;
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4.5 Generalized multinomial Black-Scholes formula. Simulations

given this ¢§. On the Figure 4.5.2(b) one can see the multinomial Black-Scholes
option price in dependence on the parameter ¢; (solid line) given the parameter
value ¢ is closer to the option payoff (dotted line) than the Black-Scholes option
price (dashed line).

As one can see from the Figure 4.5.2 (b) the classical Black-Scholes for-
mula and multinomial Black-Scholes model overestimate (which is usual for the
markets with high volatility) the option payoff but it is clear, that adjusting the
parameters ¢; and ¢o the multinomial BS model gives prices which are closer to

the payoff than BS prices.

Example 4.5.3 (DCI Datab. Commerce Industry AG Inhaber-
Aktien o.N., Figure 4.3.2 (a))

We consider that the strike price is K = 1, the current stock price is s0 = Sy,

the time until expiration is 7 = % and the interest rate is r = 0.05. Under such

assumptions we calculate the multinomial Black-Scholes, classical Black-Scholes

and the option payoff.

30

18 20
| |

MBS Option Price
16
|
Option Price

—_ MBS.cl.cZ2.0p.p
- - BS.op.price
. Option.payoff

14

|
5 10
|

12

r T T T 1 T T T T T
0.153 0.366 0.563 O.768 0.965 o 5 10 is 20 25 30 35

(a) MBS option price in dependence (b)) MBS option price in dependence
on cl1 parameter on c2 parameter given fixed c1

Figure 4.5.3: (a) Multinomial Black-Scholes option price in dependence on
the parameter ¢;. (b) Multinomial Black-Scholes option price in dependence
on parameter ¢y given fixed ¢; (solid line), classical Black-Scholes option price

(dashed line) and option payoff (dotted line).

It is shown on the Figure 4.5.3 (a) that there is the value of parameter
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4.5 Generalized multinomial Black-Scholes formula. Simulations

c¢1 = 0.366 under which the multinomial Black-Scholes option price drops while
in other cases it increases as ¢; increases. Again, we hold fixed this value of ¢;
and see (Figure 4.5.3 (b)) how the option price changes when the parameter ¢,
changes. There are values of parameter ¢ when the multinomial Black-Scholes
option price is closer to the option payoff then the classical Black-Scholes option
price. So that properly adjusting parameters c¢; and ¢y one can obtain more

accurate option prices.
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