EC3070 FINANCIAL DERIVATIVES

BINOMIAL OPTION PRICING MODEL

A One-Step Binomial Model Suppose that a portfolio consists of N
units of stock as assets, with a spot price of Sy per unit, together with a
liability of one call option. The initial value of the portfolio at time t = 0

will be
VO — NSO — C7-|O'

When the value of the stock rises, so will that of the option.

We envisage two possibilities. Either the price increases to S¥ = SoU at
time t = 7, where U > 1, or it decreases to S¢ = SyD, where D < 1.

The value of the call option will be 5 — Ko, it S; > Ko, in which case
it will be exercised, or it will be worthless, if §; < K,|o. Thus

Cr|lr = maX(ST — K7‘|O7 O) — (ST — Kr\0)+-
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Let ¢* and c? be the values of the option corresponding to S* and S¢,
respectively. Then, the value of the portfolio at time ¢t = 7 will be

T =

{NSOU—CZ, if .S, :S;.JJ = SoU,;
NSOD—Cd if ST - S7C_l = S()D

T

The number of units of the asset can be chosen so that the values of
the portfolio are the same in these two cases. Therefore, the portfolio is
riskless; and there are two equations for V. :

V,=SoUN —c* <= c*=S,UN -1V,
V, =SoDN — ¢ <= %= S5,DN —V,.

T

Their solutions for N and V.. are

¥ — @ D — ctU
N — T T d VT — T T
So(U—-D) " U—_D
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The initial value the riskless portfolio is Vi = V,e ™", and that of the
option 1is
crio = NSo — Vo

= NSO — VTG_TT,

Putting the solutions for N and V, into this equation gives

L C;L'L T cgl- G — C:’D o CﬁU —rT
“rl0 =1 So(U — Dy [ 7° U—-D €

- {<) — ) = (ctD — AU |

_ —rT e’" — D U 4+ U—e d
— v-D )7 " \U-D )"
Therefore, the value of the call option at time ¢ = 0 is

Crio = e’ {C:p + Ci(l — p)} )

where
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Interpretations

We may regard p and 1 — p as the probabilities of c* and c?, respectively.
This adds another dimension to the model. In that case, we can write

cro=e T {cip+ci(1-p)}
— e_TTE(CTh')?

which is the expectation of the realised value of the option discounted to
time ¢t = 0.

Observe that, if p =1 — p = 0.5, then
e’m—D=U—¢€"" or,equivalently R— D =U — R.

Thus, equal departures from the riskless return R have equal probability.
This is also a characteristic of geometric (log-normal) Brownian motion.
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Interpretations (continued)

Let x be a point binomial random variable with
Plx=1)=p and Px=0)=1-—np.

Then
Crir = (ST — KT\O)+

= (SoU*D' ™" — K 0)*,

and c. ;g = e~ "7 E(c;;) can be written as

Crio = e "7 {C;{p + Ci(l _p)}
— e T {(SOU — KT|0)+p + (SOD — K’T|0>+(1 o p)}
R {(SoU D — Kop)t)

This can serve as a prototype for developing a multi-step binomial model.
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A Two-Step Binomial Model In a practical model, there may be many
revaluations of the stock between the time ¢ = 0, when the option is
written, and the time ¢ = 7, when it expires. Then, there will be a wide
range of possible eventual prices.

Consider a two-step model. In the first step, the spot price of the stock
moves up to S* = SyU or down to S¢ = SyD. In the next step, there are
three possible prices S%* = SyU?, S¥¢ = SoUD and S% = S,D?:

Sut = S,U?
St = SoU

So Sud = SoUD
S = SyD

S = Sy D?

To price the call option, we start at the time of expiry and to work back-
wards to derive prices for the option at the intermediate nodes. From
these, we can derive the price c;|g of the option at the base of the tree.
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The Two-Step Binomial Model (continued)

Let the values of the option corresponding to the outcomes S“*, S*?¢ and
S9% be denoted by c**, c*? and c??, respectively, and let those correspond-
ing to the intermediate outcomes S%*, S¢ be ¢*, c?. Then,

ol — 6—7“7'/2 {Cuup 4+ Cud(l _p>} 7 Cd _ 6—7“7'/2 {CU’dp—l— Cdd(l _p)} .
From these, we derive

Crjo = ¢ {c"p + (1 - p)}
=e "7 { [cuup + (1 — p)}p + {C“dp + (1 - p)] (1- p)}
_ 6—7"7' {CuupQ + 2Cudp(1 _p> + Cdd(l _p>2} .
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The Multi-Step Binomial Model The generalisation to n sub periods
is as follows:

n

—rT n! ' n—7 uj,d(n—7j
Crlo = € Z e ')!j!pj(l_p) J pudrd(n—j)

J=0
— G_TTE(CTh.).

Here, ¢, = ¢t 4n=73) ig the value of the option after the price has reached
S, = SoU?D"~7 by moving up j times and down n — j times:

Cuj,d(n—j) — max(ST — KT|O7 O)

= (SoU'D" 7 — K, o)".
Taking expectations and discounting back to t = 0 gives

crio=¢€"TE{(SoU' D" — K, 0)*}.
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Convergence of the Binomial to the Black—Scholes Model As the
number n of the subintervals of the period [0, 7| increases indefinitely, the
binomial formula for c; g converges to

Crlo = e 'K {SOew - T|0>+} )

where
w=(r—o%/2)7+ 072, 2z~ N(0,1)

is normal random variable with mean (r — 02/2)7 and variance o*7.

By evaluating the expectation, we get the Black—Scholes formula for the
price of a European call option. This is

CT|0 = S()(I)(dl) — KT|0€_TT(I)(CZ2)7

where ®(d) = P(z < d) denotes a value from the cumulative Normal
distribution function, and where

g — In(So/Ky0) + (r+02/2)7
1 Uﬁ

and dgzdl—(f\/;.
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Properties of the Call-Option Premium

The call-option premium c;|o is a function of five variables So, Ko 7, 7
and o.

Crjo Increases as Sp increases.
Crio decreases as K | increases.

crio decreases as T decreases. The call option is a wager that the price
of the stock will increase beyond the exercise price. If 7, which the
time available for this to occur, is small, then the option will be less
valuable.

Crio Increases as o increases. The option holder will benefit from the
increases in the stock price at the time of expiry that might occur
with increased volatility. They will not suffer additional losses from
the larger decreases below the exercise price that might occur.

Crjo increases as r increases. This follows directly from the formula, since
the term — K jpe™""®(d) is diminished as r increases.
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The Substantive Assumptions underlying the Black—Scholes Model
1. There are no transaction costs and the assets are infinitely divisible.

2. Trading is continuous, which, together with the absence of transaction
costs, permits a continuous rebalancing of portfolios—as is required
in order to create the riskless portfolio.

3. Stock prices are generated by a Geometric Brownian motion stochas-
tic process, characterised by a constant volatility parameter o and a
constant drift parameter pu.

4. There is a risk-free rate of interest r, which is constant over the period
in question, at which the investor can borrow without constraint.

5. The stock pays no dividends. This assumption can be relieved easily,
if the dates and the sizes of the dividends are known in advance.
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