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0. Introduction

The option pricing model by Black and Scholes (1973) and the term structure model
by Ho and Lee (1986) are among the most influential models of capital market theory.
While Black/Scholes consider stock option prices under the assumption of a constant
deterministic interest rate, Ho and Lee were the first to model the term structure of
interest rates as a stochastic object where the initial term structure concides with the
empirically observed one. Whereas the original Ho/Lee—paper used a binomial setting,
Heath/Jarrow/Morton (1990) could describe the limit behaviour of that model which
implies normally distributed interest rates. The present paper will show that a properly
enriched Black/Scholes—model and the in—the-limit Ho/Lee-model are natural compa-
nions such that an option pricing model results which is compatible with Ho/Lee term
structures. The method we use is stochastic discounting. We assume the economy’s as-
set prices to be governed by a lognormally distributed stochastic discount factor which
implies a term structure compatible to the limit case of the Ho/Lee model. If we assume
that the stock price at maturity is lognormally distributed we can show that the stock
price follows a geometric brownian motion as it is assumed in the classical Black/Scholes—
world. The combined model — consisting of the term structure and the stock price process
—will be called the Black/Scholes — Ho/Lee—model. Given this model it is an easy task to
compute prices for European style derivatives as, e.g., call options on such a stock. The
resulting option pricing formula is a natural extension of the Black—Scholes—formula.

The paper is organized as follows: In the following section 1 we set out the basic mo-
del of the discount factor and show that it in fact implies the Ho/Lee-kind of term
structures, including the forward rate process which is constantly the starting point in
Heath/Jarrow /Morton type of models. Subsequently, in section 2 we construct a stock
price process which is compatible both, to the Black/Scholes model and the term struc-
ture model developped in section 1. Section 3 relates the model parameters to empirically
observables. Section 4 contains the theory of derivative pricing which allows to value Eu-
ropean style derivatives on the stock in the presence of stochastic (term structures of)
interest rates. In section 5 the general theory will be applied to European call opti-
ons; we will present a closed form option pricing formula which is closely related to the
Black/Scholes model. Section 6 is devoted to the pricing of futures contracts and pres-
ents a closed form representation for the futures price of a stock. In section 7 we will
make some concluding remarks on possible generalizations and on related literature.

1. The basic model and its implications for the term
structure

We consider an economy wherein the security prices are governed by a stochastic discoun-
ting factor. The basic randomness in the model consists of a probability space (£2,.4, i)
and an increasing family {A;|t € Ry} of o—subalgebras of A. The stochastic discoun-



ting factor is a positive stochastic process adapted to {A; |t € R,}. For any security
which pays the A;—measurable random amount p; at time ¢, the price at time 7 < t is
determined by the formula

p,=E (Qt -y ]AT> (1.1)

T

provided that the security in question doesn’t pay any cash in the period |7, t[ (expec-
tation is to be taken with respect to the empirical probability measure ).

We now specify the stochastic discounting factor as a particular function of n in-
dependent standard Wiener processes w = (w?,... , w™)T which generate the family

{A; |t € R} of sub-o-algebras. We assume

T

Qt — 6—t~mt—st-a ‘Wt (12)

where m; and s; are functions of time only and a € R" is a constant vector with

o] = Val - a=1.

In order to reflect the initial term structure of interest rates py; we have to impose the
condition

By, = et = B(Q,) (1.3)

)

from which we immediately get

T

Q) = By, - e 2 tsimsral v (1.4)

. _ 1.2
(for m, this means m; = po; + ;5 7).

For any point in time 7 prior to ¢ we can calculate

Qt _ BO,t . e—%(tvsf—T~sz)—st~aT~wt+s7—~aT~wT
Q’T BO,T
ie.
Qt _ BOJ . e—%(t-sf—T~sg)+(sT—st)-ozT~wT—st-o¢T (w¢—w7) (1 5)
QT BO,T

From (1.1) and (1.5) we can conclude the implied term structure model; for a zero-bond
maturing at ¢ we get its price B, at 7 (using (1.1))

Q:
By=E <QT | AT> (1.6)



i.e., using (1.5)

B., = Bo,t . e—% (t-s2—7-52)+(sr—st)-aTlw, E {e—St'aT‘(wt_wT)} (17)

since wy; — w, and w, are independent by the definition of Wiener processes.

The expectation term in (1.7) amounts to

6% s2.aT-a-(t—7)

which yields by the norming condition [ja||* = a® -a =1
B
By = 7Bs»t e T(s3=s7) | plsr—st)-aTwy (1.8)
Inserting (1.8) into (1.5) one gets
gt — B, - e"3 5107 sval (wimwn) (1.9)
. BO t —(t—7)
In terms of interest rates we get (recall that — =e 0Pt defines the forward rate
0,7
OpT,t )
L SF=2  s—s
Prt = 0Prt+ 5T T + T ol w, (1.10)

which is the term structure process implied by the discounting factor process (1.2).

Taking the limit ¢ | 7 we obtain the process of the instantaneous interest rate

Pror = Pr = OpT,T+T'ST'éT+ST'aT'wT (111)

A simple further calculation leads to the forward rate process

— I; i ‘1o BT,t—‘rAt
Pt - Atlg 0 At g 737,7&
ie.
o= 0Pt TS s+ 8ol ws (1.12)



The forward rate process is the starting point in models which are based on the Heath/
Jarrow /Morton—approach.

The specification

Sy = §5-T

yields the limit form of the Ho/Lee-model:

pT,t:0p7‘,t+%§2.7—.(t+7)+§.OCT.wT (113)

and
pr=oprr+7 - +5-a7 w, (1.14)

Inserting (1.14) into (1.13) leads to

(Pr,t - OPT,t) = %gz ) T(t - T) + (pr — OpT,‘r) (1'15)

which is the limit form of the Ho/Lee-model (Wilhelm (1999)).

The special case of a constant function s; = § obviously implies a situation with deter-
ministic interest rates. In this deterministic case (s; = §) one has

Prt = 0Pt and Pr = oPrr (]‘16)

for all 7 < ¢, i.e. all future spot rates equal their corresponding forward rates as seen
from point in time 0.

2. The stock price model

We now introduce a stock whose terminal wealth at time ¢ is given by

Sy = Sy - ehtoswe (2.1)

where Sy denotes the stock’s price at point in time 0, x4 and ¢ are some constant real
numbers and [ denotes a constant n—vector with ||3|| = 1. Using equation (1.1) and the
discounting factor (1.9) we are now able to calculate the stock price S, at any point in
time prior to .

It must hold

@
S, =F <QT S| AT> (2.2)



and, particularly

So=5-F (Qt . 6t'u+a~ﬁT~wt)

i.e.
B(Qy- et 1

We rewrite (2.1) a little bit and arrive at

S, = Sy - ettt wimwn) ot

for any 7 < t. Combining (2.5) and (1.9) we get

Qg g B, er O wettae} s i-r) (0T s (i)

Qr

Taking the conditional expectation with respect to A, yields

5 = E<Qt-st|AT):

— Sy B,, - etn3sit-ntszlloBsial*(t-1)+o-fTwr
From ||o - 3 —s;a|* = 0? — 205, - 31 - a + s? we finally get
ST == SO * B’rt . et'u+%(0272ast'BT'a)-(tiT)+o"BT’wT
Setting 7 = 0 we arrive at (2.4) and find from (2.8)
Pot = |+ %(02 — 20537 a)
so, ultimately, the stock price process is given by

ST _ SD i epo,yt—pq—,t(t—‘r)—%7(02—2ost~ﬁT~a)+aﬁT-w7—

or

B ¢ 1 2 T T
S‘r — SO Tt e 57(0°=205¢:8" -a)+0 B wr
By,

Combining (2.8) and (2.5) we can write S; in terms of S; which yields

St _ 1 S’T . 6_% (t—7)(02—20 58T -a)+o- BT (wi—wr)

BT,t

(2.3)

(2.4)

(2.6)

(2.7)

(2.9)

(2.10)

(2.11)

(2.12)



This representation of the stock’s terminal wealth will be used in subsequent sections.

(2.10) constitutes a consistent stock price model which is compatible with the term
structure (1.10) and the stochastic discounting factor (1.2).

As a test, we specify the model for a constant function s; = 5; we know from (1.10) that
a non-stochastic interest rate structure with

Prt = 0Pt
prevails; since we have

B, 1

BO t BO T

from (1.8), then, the stock price model reduces to

S )
S, ::Zi?,.ef%rw272a&ﬂTu)+mﬁTm» (2.13)

which is the basic assumption in the original Black—-Scholes world when py ; is assumed
to be constant and 3 is adjusted to meet the condition

por = llof—sal

In this Black/Scholes case there is only source of risk in the stock price.

In the general case, there are two sources of risk in the stock price: the interest rate p,;

which follows (1.10), and the term 7 - w,. The interest rate itself is a linear function of

al - w,. The two basic sources of risk 37 - w, and o’ - w, are correlated by

E((ﬁT cwy) - (al - wT)>
\/var(ﬁT SWy) - \/var(ozT wy)

_ E(ﬁT.wT.wTT.a) _ 4 q

7 [1BI - llell

We summarize our construction as follows: The stock price follows a lognormal process
of the form

S, = Gy - eportpralt=r) =3 (e =20 5 BT-c)+o-5 (2.14)

where the term structure of interest rates follows the following gaussian process



2 _ 2
— s ST St Sr

= 0Prt+ Tt + a’ - w;, 2.15

Pri = 0Pt T T = t—71 (2:15)

The combined model ((2.14) and (2.15)) will be called the Black/Scholes-Ho/Lee model
although (2.15) is more general than the limit form of the Ho/Lee-model.

3. The process parameters

With the price process (2.14) and the term structure model (2.15) in mind it seems
natural to ask how the parameters in (2.14) and (2.15) are related to empirical facts.

Lets’s have a look on the (instantaneous) interest rate process (1.11), first. It is easily
seen that

Var(pT-l—AT — Pr | AT) = ($T+AT)2 AT

holds. Hence, the function s, is determined by the instantaneous conditional variance of
the spot rate process:

var{pr T MT AT .
lim v v [A) _ 2 (3.1)
AT — 0 T

In an analogous manner we analyse the stock’s rate of return log S.. Recalling (2.14) a
simple calculation shows that

Var(log Sriar —log S; ‘ AT) = ”05 - (St - ST+AT)QH2 CAT

= [02 — QU(St - ST+AT) ﬁT a+ (St - ST+AT)2] AT

holds. Therefore we get (it is not hard to show that (3.2) must be valid for 7 > ¢, too):

var(log S;iar —log S; | A;)

lim =0 —20(s; —5.)3 a+ (s, —s.)* (3.2

AT — 0 AT

as the instantaneous conditional variance of the stock return which is time—dependent
in contrast to the Black—Scholes-assumptions, unless s, is a constant (i.e. the case of
deterministic interest rates). Therefore, it doesn’t make too much sense to talk about
“historical volatility”. In the Ho/Lee-case volatility looks like this



o? + 5% (t —1)?

if 37 a = 0 is assumed for sake of simplicity; this is quite an unsatisfactory behaviour.
If the model is to be fitted to a given time structure of volatility of the stock return o,
the volatility function s, has to meet

se=s—0-flat /o, —o2(1— (5T a)?) (3.3)

where s; may be chosen arbitrarily and, clearly, o; = ¢ holds.
Finally, the instantaneous correlation coefficient between the stock return and the inte-

rest rate p,; is given by

o B a—|s; — s

o B = (se—s7)al

r.y = sign(s; —s;) (3.4)

From (3.1), (3.2) and (3.4) it is possible — at least in principle — to estimate or specify,
respectively, the interest rate related volatility function s, the stock specific volatility
parameter ¢ and the parameter 37 o which reflects the correlation between the two
sources of risk which drive interest rates and stock prices. Again, the Black/Scholes—
world emerges if the interest rate is deterministic (i.e. s; is a constant).

4. The pricing of derivatives

A European style derivative is defined by a characteristic function f which relates the
outcome of the derivative to the price of the underlying asset at maturity. Given such a
characteristic function we can calculate the current price of the derivative by the formula:

cT:E{gi~f(St)\AT} (4.1)
If we denote by
u = ol - (w —w,) (4.2)
and
v o= B (w, — wy) (4.3)

the random variables which determine the stochastic discount factor and the stock price
as seen from point in time 7, we may rewrite (1.9) to get

10



R (4.4)

Qr
and rewrite (2.12) to get
s,
St — = t X 6—%(0'2—2O"St'ﬂT~Ol)~(t—7')+O'~1} (45)

Let ¢(u,v) denote the common density function of u and v then we have (u and v are
jointly normally distributed, i.e. bivariate normal)

o(u1,0) 1 ep{ . 1 (uz—QﬁTauv—i-vz)}
y pr— . X _ = .
2m(t — 7)y/1 — (BT - )2 21— (6T @)? t—r
(4.6)
The pricing equation (4.1) can now be stated as
e,
cr = // Q—t-f(St)-go(u,v)-du~dU (4.7)

where Q is given by (4.4) and S; is given by (4.5); obviously ¢, is a function of S, and

.
B and, insofar, stochastic.

Since Sy, as seen from point in time 7, depends on v only, we may rewrite equation (4.7)
and come up with

v=+00 u:+ooQ
¢ = / £(5) ( QJ : <p(u,v)du) dv (4.8)

U=—00
In order to evaluate (4.8) we focus on the expression

o0

1 Q:
Av) = BT,t_ZO @go(u,v)du (4.9)

first.

By a boring but rather simple calculation one obtains:

11



Al) = 1 e (4.10)

V2rt—r1

Using the standardized normal density

1
n(r) = —-e 27

Nors

we get
v+ BT a- st —7)

A= (e =)

which we call the valuation density. So, we get a general pricing formula for European
style derivatives which reads as:

(4.11)

(%) ST
¢y =By / f ( 5 e%<U220-8tﬂ“a><tf>+°-v> - A(v)dv (4.12)
Tt
Substituting y = tv and z =y + 87 - a - s/t — 7 yields
—T

o) ST
¢ = By / f [ : e_%("2_2"’5f'5T'“)(t_T)+"Vt_T’y] N (y + 87 o sVt — T) dy

— B [/ [ 5 -eégg(”wz'ml n(2) - dz

= B, | f [ 5 2 oV g ZZ] n(z)-dz (4.13)

—00

which is ready to be applied to special cases.

5. European call options

As the standard example we consider an European call option on the stock S which
matures at time t at a striking price X. So the characteristic function reads as follows:

f(S) = max{S — X,0} (5.1)

12



It is convenient to define

og (522

d* =
N

+ ;am (5.2)

so that (4.13) can be rewritten in the following way:

e = S, / e’%UQ(t’T)JFU'Z‘/ﬁ~n(z)dz—BT,t~X-/n(z)dz
d* d*
= S, / n(z)dz — By - X - /n(z)dz (5.3)
d*—o+\/t—T d*

So we finally find the following option pricing formula:

- =8, (1=N(d"=vt=70)) = By X - (1= N(d")) (5.4)

This formula coincides with the famous Black—Scholes—equation in spite of stochastic
(term structures of) interest rates.

6. Futures prices

The stochastic discounting factor (1.9) allows to derive what we have called the “futures
evaluator” elsewhere (see Wilhelm (1999)). Given a spot price process p; the futures
price will be denoted by F.; which means the futures price of a contract written at time
7 to be delivered a time ¢. From Cox/Ingersoll/Ross (1981) we know that the following
relation holds:

fﬂa'de
F,,=F gt et e Ar (6.1)
or as a limit -
> priinh
FT,t = hllmo E gt - ei=0 : pt‘ AT (62)
— T

13



where k- h =t — 7 holds. Since we have

k—1
o k—1
Z Pr+i-h h
- _ -1
e=0 = H BT+i-h,T+(i+1)h
=0

and

@ —  lm At Qri(i+1)h
QT h—0 i=0 Q‘r+i-h

we may rewrite the coefficient of p; in (6.2) in the following way

kl:[l [Qr+(z‘+1)~h _ 1 ]
QT+i-h

i=0 B fihriit1)n

By using (1.9) with 7 +— 7 +i-h and t — 7+ (i + 1)h we get

k=1
11 {e‘é 53+(¢+1)h'h—57+(z‘+1)h'aT(wT+<i+1>h—wT+i~h)}

=0
k—1 k—1
1 2 T
3 sT+(i+1)h'h72 St+(i+1)h" & (w‘r+(i+1)h7w7'+i»h)
= e 1=0 i=0

For 7 = 0 we get in the limit

83~d9— sg-al-dwg

ol
o .
o o

Vi = e
which we call the futures evaluator since

For = E(Vt 'pt>

)

holds.

In the more general case (6.1) we get by a simple consideration

Vi
FT,t:E{V;t_'pt‘AT}

(6.4)

(6.6)

It is now a rather easy task to calculate the futures price of the stock whose terminal
wealth at the delivery date t is given by (2.12) which we write in an appropriately

approximate form:

14



k-1
ST *% (t—7)(0%2—20 5¢-BT-a)+0 Y BT (Wry(i41)h—Wrti-h)

St = - e =0 (67)

Applying (6.1) by using (6.3) we get

t
ST 7% (t—7)(0%—20 st-ﬂT-a)Jrf 52 d9:|
F t = € T
" BT,t
= T T
(0’5 —Sr4(i o )(wT i —Wr4i- )
= ez‘; +(i+1)h +H(i+ )R T Wrih ) (6.8)
The expectation term becomes
k—1
% Z ||05*ST+(¢+1)h'0¢||2'h
e i=0
which tends to
t t t
% f llo B—sga|? dO %02(t—7)—UﬁTo¢f59 dG—&—% f s2.d6
e T pr— 6 T T
as h tends to zero.
So we have t
S 8T a(st(th)ff sg db)
F.,=—""¢ T (6.9)

as the futures price of our stock. The exponential term in (6.9) makes the difference to

T

the forward price . Both prices coincide, on the one hand, in the case of s; being a

constant which implTiés deterministic interest rates; this is a well-known condition. On
the other hand, the two prices also coincide in the case of a zero—correlation between the
two sources of risk. (6.9) may serve as a starting point for the valuation of derivatives
on the futures price of a stock.

15



7. Concluding remarks

The present paper has developed a model that incorporates the basic features of the
option pricing results of Black/Scholes and the theory of stochastic term structures
advanced by Ho/Lee. The method employed is stochastic discounting. We start from a
certain discounting factor that governs all asset prices in the economy and can specify all
ingredients one needs to characterize stock price and interest rate processes. In addition,
the advantage of the stochastic discounting approach is that the empirical probabilities
are directly used without shifting to an equivalent martingale measure. The discount
factor we use seems to be the most simple one which is able to produce such a rather
rich theory. On the other hand one might ask for generalization. A discounting factor of
the form

t t
—3 [ Ist0)I do—[ s(t,)" dwg
0

Qt = BO,t - e 0 (71)

with a n—vector function s(t,6) would be even more flexible while being more difficult
to use and to specify parameters: The reulting term structure process is given by

1 T
pro= opee + S [ ls(t.0) = s(r,0)]* -t
0

1

t—T

N [ (562.0) = s(7,0))" oy (7.2)

which is an obvious generalization of (2.15). The instantaneous spot rate looks like this

pr=0prt 5 | Is(r )| d0 + [ 3 s(r.0)T - duy (7.3)

and the stock price process becomes:

BTt 7%7 “0’“272% O'T-f s(t,0)do | +o T wr
Sr =50 = 0 7.4
" Boa Y
if
T
S, = S, . erttoTu (7.5)

is assumed. The process (7.2) adds some additional structure since it allows differentiated
correlations among interest rates of different maturities:

Cort(pry , pra=) =

16



T

[(s(t,@) — s(7.6)) " (s(t",6) — 5(7,60))| b

l
%{ Is(t,6) — s(r,0)[|2d6 - \/Of s(t*,6) — s(r, 0)||2 d6

(7.6)

Furthermore, it is not hard to calculate a valuation density in the spirit of (4.10) in this
case, too. However, to keep things as simple as possible we do not follow this line further.

The present paper is related to the work of Milterson/Schwartz (1998) who derive, in
their gaussian case, results very similar to ours using the equivalent martingale approach
and the Heath/Jarrow/Morton methodology for modeling interest rates. The stochastic
discounting approach used in this paper has the advantage of keeping mathematics very
simple in the gaussian case and making direct use of empirical probabilities throughout
the computations.
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