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Abstract

Numerical methods are used to price American maximum options on
the maximum of a risk asset and a fixed income. Based on Black-Scholes
model, the payoff function, and the smooth matching condition, the par-
tial differential equation which the option price satisfied can be obtained.
Choosing specific interval and equivalent substitution, finite difference
method for solving this equation can be derived. Least-squares Monte
Carlo simulation method is also given to solve the equation. Two dif-
ferent numerical methods are used to compute the option price with
given parameters. Graphs of the option price and the optimal exercise
boundaries can be plotted using the computed result. The graphs show
that the American maximum option has two optimal exercise bound-
aries. By comparing the results getting from two methods, the validity
of finite difference method is verified. Finite difference method is more
efficient in practical use because it does not need a simulation of asset
price.
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1 Introduction

The valuation of options is a classical problem of mathematical finance. In
1973, Black and Scholes[1] derived a closed-form solution for European call
options in their seminal paper. They solved the problem of pricing European
options. Roll[8], Geske[3], and Whaley[10] have derived the analytic solutions
for American options on assets with discrete dividends but no analytic solution
exists for American options if the underlying assets pay continuous dividends.

Merton[7] recognized that the valuation of American options is a free
boundary problem. The mathematical difficulty stems from the early exer-
cise right and the optimal stopping time of the option. The unknown exercise
boundary should be part of the solution.

Kim|6], Jacka[4], and Carr et al.[2] divided American option value into the
corresponding European option value and an early exercise right premium.
The premium can be written as an integral over the optimal exercise boundary.
Because of the unknown exercise boundary, numerical methods including finite
difference method, least-squares Monte Carlo simulation methods and binomial
tree method are used to price American options.

Based on the review of existing research results, we notice that much of the
research has focused only on standard American options on single asset such as
simple call or put options. Few studies have explored more complex American-
style options deeply. However, options traded in modern financial markets are
highly diversified. So there is an urgent need for pricing these options. Lishang
Jiang[5] analyzed American options on the maximum(minimum) of two risk
assets. We have special interest in American options on the maximum of
two assets. One of them is risk asset like stock, the other is risk free asset
like treasury bond. We call them American maximum options. This type of
options is extremely common in the market. Some investment funds have their
returns linked to share price but also promise a minimum payoff. Convertible
bonds give holders the right to exchange fixed income for floating income.
They are essentially a special form of American maximum options.

This paper is structured as follows. Section 2 gives the model for pricing
American maximum options. Section 3 derives a finite difference method for
pricing American maximum options. Section 4 shows a least-squares Monte
Carlo simulation method for pricing American maximum options. Section 5 is
a numerical example. Two different numerical methods are used to compute
the option price with given parameters. Graphs of the option price and the
optimal exercise boundaries are plotted with computed results. We conclude
the paper in Section 6.
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2 Pricing Model

We investigate American maximum option which has the right to get the
maximum of an underlying asset and a fixed income. The minimum payoff
equals to a positive constant L. The payoff function is max(S,L). S is the
underlying asset price following geometric Brownian motion

dS, = S,[(r — D)dt + od Wy, (1)

where r, D, and o are the risk-free rate, dividend yield, and volatility of the
price, respectively. r; D, and o are assumed constant. W, is the standard Brow-
nian motion. According to Black-Scholes theory[l], the option value V'(S,t)
satisfies the following equation

oV o? 0V ov

— S —D)S——rV =0, 0 <t <Tp, Su(t) < S < Syt), (2

e+ TSP (= D)S S 1V =0, v Salt) (1), (2)
where TF is the time of expiry. It changes to a double boundaries problem.
When the underlying asset price drops below the lower boundary S, (t) or raises
beyond the upper boundary Sy(t), the option needs to be exercised. We get
the smooth matching conditions across double optimal exercise boundaries

ov
%_07 V_La S_Sa(t)’ (3)
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At time T, the final value of the option is the payoff

V(S,Tr) = max(S, L). (5)
Other assumptions for this model include market completeness and efficiency,
continuous trading, no transaction costs and taxes, no short-sale restrictions,

assets paying continuous dividends, and trading of assets and options in any
divisible amounts.

3 Finite difference method

In order to simplify the calculations, we define new variables and parameters
S=Le" V=LY 71=1Tp—t, (6)

Su(t) = Le®™ | Sy(t) = L™, (7)
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Then (2) and (5) can be rewritten in the new form

oY  o?0%Y 0? Y
g g =D =)ty = 0,0 <7 <Tp, a(r) < <b(r). (8)
Y (x,0) = max(e”, 1). (9)

Given Az,A7 > 0, we divide intervals z € [~o00,+oc] and 7 € [0,TF]. Y* =
Y (jAx,nAT) represents the option value at (jAz,nArt). Using difference

schemes .
i i

or = Ar (10)
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equations (8) and (9) change to difference equation
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(13)

To get the recurrence relation of Y/, we write the deformation of (13)
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Letting X555 = 1, we get
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Then we set u = e?VAT d=u"t, p=e"27 p= (DA _ ). (u—d)L.
According to Taylor formula, when A7 — 07 we get
1 (r=D-%)

1 1
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5 T 7 T=p+o(VAT), T Ar p—i—O( 7). (16)
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Keeping the leading order to v AT we obtain

1 .

Y =max{=[pY"5' + (1 — p)Y"7!], 1, 6722},
7 {p[p j+1 ( p) 7j—1 ] } (17)
0 __ Az

Y, =max{e’7" 1}.

At the time of expire, Y} = max{e/®*, 1}. We can get Y’(j = 0,4+1,4+2,43,--)
for different underlying asset price. Then using the recurrence relation Y;" =
max{%[ij’f[ll + (1 — p)Y;";'], 1,647}, we obtain the option price for n =
1,2,--- ,N(NA7T = Tp) in turn. Finally using variable substitution in (6) we
get V(S,t) from Y (x, 7).

4 Least-squares Monte Carlo method

Least-squares Monte Carlo simulation is another way to price American max-
imum option. This method is based on Francis A. Longstaff and Eduardo S.
Schwartz’s work|[9].

First we simulate M paths of underlying asset price using Monte Carlo
simulation. Then we divide the interval [0, 7] into N segments. In each seg-
ment we have At = T/N. S is the option price on the m path at time nAt.
The underlying asset price follows geometric Brownian motion. We get

S::L_A'_l — S,::l . e(T—D—O'z/Q)‘At“l‘o"\/Kt'N(O?l)’ (18)

where N(0,1) is the standard normal distribution. Given S°, we can simulate
the option price.

The expected return of holding the option is calculated by least-squares
regression to determine when the American maximum option should be exer-
cised on each asset price path. At time N, the payment of the option equals to
max{SY, L}. Whether to exercise the option at time N —1 depends on whether
the return of exercising is greater than the expected return of holding the op-
tion. Let X denote the asset price SY~! and Y denote the corresponding dis-
counted cash flows reveived at time N. We regress Y on a constant, X, and X?.
The resulting conditional expectation function is E[Y | X] = ag+a; X +a, X2
Then bring S¥~1 into the function to calculate the expected return of holding
the option.

Finally, we determine the exercise strategy. If the return of exercising
is greater than the expected return of holding the option, the option should
be exercised at N — 1. Analogously, repeat the above steps at time n =
N -2 N —3,---,1. We get the exercise strategy and the corresponding
option price of each path. The option value equals to the average value of all
paths.
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5 Numerical example

We compute the price of an one year period American maximum option. The
initial price of the underlying asset is S yuan. The minimum payment L = 49
yuan. The annual risk free interest rate r = 8%. The annual dividend rate
D = 2%. The annual volatility of the underlying asset price o = 20%. We
use two numerical methods to calculate the option price P(S,t) in intervals
S € [40,60] and ¢ € [0, 1].

Dividing the time interval into 100 segments and the price interval into
1000 segments we have A7 = 0.01 and Az = 0.02 in each segment. Some
results obtained by using finite difference method are as follows:

Time t/year
000 010 020 030 040 050 060 070 080 090 1.00
4012 49.00 4900 4900 4900 49.00 4900 4900 49.00 49.00 4900 49.00
4176 49.00 49.00 49.00 4900 49.00 4900 49.00 49.00 49.00 49.00 49.00
4346 49.10 49.08 49.07 4905 49.04 4902 4900 4900 49.00 49.00 49.00
4523 4950 4947 4944 4940 4935 4930 4923 4916 49.08 4900 49.00
4708 5019 5015 5011 5005 4998 4990 4980 4967 4950 4926 49.00
4900 51.17 5113 5107 5101 5093 5083 5072 5056 5035 5002 49.00
5100 5243 5238 5232 5226 5218 5209 5197 5183 5163 5135 51.00
5308 5394 5389 5385 5379 5372 5365 5355 5344 5330 5314 53.08
5525 5569 5566 5562 5558 5553 5548 5542 5535 5528 5525 5525
5750 5768 5766 5763 5761 5758 5755 5753 5751 5750 5750 5750
5985 50.88 5987 59.87 5986 59.85 5985 59.85 5985 59.85 5985 59.85

Price S/yuan

Table 1: Results of finite difference method

Dividing the time interval into 100 segments we have A7 = 0.01 in each
segment. Some results obtained by using least-squares Monte Carlo method
with 5000 paths are as follows:

Time t/year
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
4012 49.00 4900 49.00 4900 49.00 4900 49.00 49.00 49.00 4900 49.00
4176 49.00 4900 49.00 4900 49.00 4900 4900 49.00 49.00 4900 49.00
4346 49.09 4907 49.06 4904 49.04 4901 4900 49.00 49.00 4900 49.00
4523 4949 4945 4942 4938 4935 4932 4925 4917 49.08 49.00 4900
4708 5014 5010 5005 5002 4998 4988 49.78 4966 4950 4927 49.00
4900 5110 5104 5098 5093 5086 5077 5067 5052 5033 5002 4900
5100 5238 5234 5230 5225 5215 5206 5193 5180 5161 5134 5100
5308 5391 5385 5377 5373 5367 5360 5351 5340 5328 5314 53.08
5525 55.70 5568 05564 5558 5552 5546 5540 5533 5532 5527 5525
b/b0 bied BHTed 5Hlb62 bHIL60 BH7le6l 5HibHF 5I59 5Hib2 5ib2 5l53 5450
5985 59.89 5991 5988 5988 5991 5985 5985 5986 5985 5987 59.85

Price S/yuan

Table.2: Results of least-squares Monte Carlo simulation method

According to the definition of the optimal exercise boundary we draw plane
P(S,t) = S and plane P(S,t) = L to get their intersection lines with option
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price plane P(S,t). The two intersection lines are the optimal exercise bound-
aries of American maximum option. The graphs are as follows:

60

Option value P/yuan

Asset price S/yuan

Figure 1: Exercise boundaries from finite difference method

60

55

Option value P/yuan

50

Asset price Sfyuan

Figure 2: Exercise boundaries from least-squares Monte Carlo method

6 Conclusion

In this paper we build pricing model of American maximum option. Finite
difference method and least-squares Monte Carlo method are derived and used
in a numerical example. By comparing the results getting from two methods,
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the validity of finite difference method is verified. The graphs show that the
American maximum option has two optimal exercise boundaries.

References

1]

F. Black, M. Scholes, The pricing of options and corporate liabilities,
Journal of Political Economy, 81 (1973), 637 - 654.
https://doi.org/10.1086/260062

P. Carr, R. Jarrow, R. Myneni, Alternative characterization of American
puts, Mathematical Finance, 2 (1992), 87 - 106.
https://doi.org/10.1111/j.1467-9965.1992.th00040.x

R. Geske, A note on an analytical valuation formula for unprotected
American options on stocks with known dividends, Journal of Financial
Economics, 7 (1979), 375 - 380.
https://doi.org/10.1016,/0304-405X(79)90004-7

S.D. Jacka, Optimal stopping and the American put, Mathe-
matical Finance, 1 (1991), 1 - 14. https://doi.org/10.1111/j.1467-
9965.1991.tb00007.x

L. Jiang, Analysis of pricing American options on the maxi-
mum (minimum) of two risk assets, Interfaces and Free Boundaries, 4

(2002), 27 - 46. https://doi.org/10.4171/IFB/51

[.J. Kim, The analytical valuation of American options, Review of Finan-

cial Studies, 3 (1990), 547 - 572. https://doi.org/10.1093/rfs/3.4.547

R.C. Merton, Theory of rational option pricing, Bell Journal of Economics
and Management Science, 4 (1973), 141 - 183.
https://doi.org/10.2307/3003143

R. Roll, An analytic valuation formula for unprotected American call
options on stocks with known dividends, Journal of Financial Economics,
5 (1977), 251 - 258. https://doi.org/10.1016,/0304-405X(77)90021-6

E.S. Schwartz, F.A. Longstaff, Valuing American options by simulation:
a simple least-squares approach, The Review of Financial Studies, 14

(2001), 113 - 147. http://dx.doi.org/10.2307/2696758

R.E. Whaley, On the valuation of American call options on stocks with
known dividends, Journal of Financial Economics, 9 (1981), 207 - 211.
http://dx.doi.org/10.1016,/0304-405X(81)90013-1

Received: February 21, 2022; Published: March 3, 2022



