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THE DERIVATIVES OF ASIAN CALL OPTION PRICES *

JUNGMIN CHOI' AND KYOUNGHEE KIM#

Abstract. The distribution of time integrals of geometric Brownian motion is not well under-
stood. To price an Asian option and to obtain measures of its dependence on the parameters of time,
strike price, and underlying market price, it is essential to have the distribution of time integral of
geometric Brownian motion and it is also required to have a way to manipulate its distribution. We
present integral forms for key quantities in the price of Asian option and its derivatives (delta, gamma,

theta, and vega). For example for any a>0, E[(A; —a)T] =t—a+a’E [(aJrAt)_l exp <a2ﬁ/£“t - %)] )
where A; = fot exp(Bs —s/2)ds and My =exp(Bt —t/2).
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1. Introduction

The payoff of an Asian option depends on the (geometric or arithmetic) average
of prices of a given risky asset over the pre-specified time interval. Under the Black-
Scholes framework, one assumes that the price process {S;, t >0} of the risky asset
follows

dSy = pSidt+0S:d By, Sp>0

where £ and o are given constants and {B;, t>0} is a standard one dimensional
Brownian motion. In this setting, it is easy to understand the geometric average. If
0<ty <ty then

2

\/Stl 'Stg = Soexp (0\/t2+3t1) './\/'—F(M—%)(tl +t2)

in distribution, where A is a standard normal random variable. On the other hand,
the distribution of an arithmetic average process is not well understood. A continuous
version of the arithmetic average is a time integral of a price process. Using the
Inverse Lapalce Transformation, Yor [15] proved many interesting identities related to
the distribution of geometric Brownian motion, which gives us deeper understanding
of functions of geometric Brownian motion and useful information about their time
integrals. More detailed research for the relation between the time integral and an
Asian option was considered in [6]. Using the joint density of fg exp(Bs)dWy,exp(By),
where By, W; are independent Brownian motions given in [2], the moment generating
function of the time integral process was computed in [11]. The method of changing
measures was considered to analyze the properties of the time integral process, (see
[7, 12, 13, 14].) In [5] the very useful time reversing property is used to analyze the
time integral process. Dufresne also provided a certain form for the density function
of the time integral of geometric Brownian motion. However the author pointed out
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558 CALL DERIVATIVES

the difficulties in using his formula in practice, especially when the time integral is
over a short time period, due to the slow convergence rate.

The payoff of a European style fixed strike Asian option is given by a function of
the time integral of the price of the risky asset S;

1 +
(M/I\Stdt_l%) 5

where k is a fixed strike price and [ is the pre-specified time interval with the length
|[I]. Under the risk neutral measure QQ, we may set the price process S; given by a
SDE, dS;=0S5;dB, where o is a constant depending on the risky asset and B; is a
Q-brownian motion. Without loss of generality, we may also assume that the time
interval I =[0,7] for some 7>0. It follows that the price of a European style Asian
option is given by

1 T +
e ""Eg [(/ e”Soexp{oBt—azt/Q}dt—/i) 1 .
0

T

Since 0 B; = B,2; in law, we can rewrite the above quantity as follows

o?r 2 +
iefr‘rEQ (/ eBtJr(T/”zl/z)tdt(jsvm—) . (11)
0

T0? 0

Note that the initial price of the risky asset is not appeared in the time integral. To
obtain the price of Asian option and the derivatives with respect to the asset price
we need to understand the following quantities

Bl -a]. Lefar -], ma SE[AP gt 02

where A" :fotexp(Bs—i—(,u—l/2)s)ds, pu>0 and a>0. In this paper we show that
the quantities in (1.2) can be expressed in terms of the expected values of functions of
exponential Brownian motion. We believe that these expressions would provide the
alternative approach to simulate the Asian option price and its greeks. The simulation
results for Asian option price and its greeks were considered by several authors (for
example see [1, 3, 4, 10].)

Other types of Asian options are also considered. When the strike price depends
on the average price, it is called the floating-strike Asian option (see, for example,
[8].) In [8], Henderson and Wojakowski show the very useful symmetries between
fixed-strike and floating strike Asian options. They showed that at the starting point
of the averaging period there exists an equivalent relation between the floating-strike
Asian option and the fixed strike Asian option. However, once the averaging period
has begun, the floating strike Asian option can not be re-expressed as a fixed strike
option.

In Section 2 we discuss the relation between the time integral and the exponential
Brownian motion. We summarize the result in [7] and present the key proposition. In
Section 3 we discuss the price of an Asian option and its derivatives (delta, gamma,
theta, and vega). In Section 4 we consider the (non-constant) stochastic short rate.
Combining our results, we derive an integral form of the call price. This formula is
given by the expected value of a differentiable function.
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2. The time integral of exponential Brownian motion

For p€R>q let us denote by Aﬁ“ ) a time integral of an exponential Brownian
motion with drift p

t
Ag“)::/ exp[Bs+ (p—1/2)s]ds.
0

When p=0 we simply use A; without a superscript. For ¢>0 and y>0 we set
M :=exp(B;—1t/2) and

M,
Ry:=— i :2£10g(1—%At).

yil — ]./2 At dt
It is not hard to see that the process R; satisfies the following SDE
1
dR;=R;dB; — §Rt2dt, Ro=—y (2.1)
up to an explosion time 7., :=inf{t>0: A;=2/y}. By considering a stopping time

T, =inf{t: Ry <—n} and a Girsanov density process R;1i<.,}, we define a new mea-
sure Q under which

t
B.=B,- / Ril{scr,yds =B~ 2log(1~ L A,p.,)
0

is a standard Brownian motion. Let us define M =exp(B; —t/2) and A, :fg M,ds.
It follows that

~ M, Y i 1
M — , 1+ 7A R T e 2.2
T o e R (22)
and
M-
Rins, — L (2.3)
+5 A7,
The following proposition is a simple modification of Proposition 3.3 in [7].
PROPOSITION 2.1. If f(x,z) is a Borel measurable function and y>0 then
2
FE f(Mt,At);At < ;
(2.4)

_ Mt At Mt
= yE - .
€ |:f((1+gAt)2’1+gAt)exp<y1+§At>:|

Proof. The proof of the proposition is essentially same as the proof of the Propo-
sition 3.3 in [7], so we give a brief sketch (for the detailed proof we refer to [7].) For
fixed n and y >0 it is not hard to see that

tATH 1 tATR
exp(Re +y)1(r, > =exp (/ R.dB; — 5/ R? d8>
0 0
satisfies a Novikov condition. Thus we have

E[f(My,Ap);mn >t] = Eg[f(My, Ar)exp(— Ry —y) 15, > -
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Since the event {7, >t} is the same as {max,<;M,/(y~'+1/2A4,) <n}, by letting
n— oo the right hand side becomes Eg|f(My,As)exp(—R;—y)]. Use (2.2) and (2.3)
we can rewrite the limit of the right hand side in terms of Mt,flt and R;. Since we
are only interested in the quantity, we remove the tilde and get (2.4). |

Let us discuss certain interesting choices of f in Proposition 2.1. Simple choices
like a constant function or power functions allows us to have various relations between
a simple martingale M; and its time integral. We consider the ones which directly
relate to the problem of pricing the European style Asian option and estimating
the sensitivities. First we consider a constant function f(z,z)=1. Using a constant
function, it is easy to see that the left hand side of (2.4) is a probability distribution
of the time integral of a geometric brownian motion. By setting a=2/y it follows
that

LEMMA 2.2. For a positive a >0, we have

Pr[A; <a]=e"Y°E {exp (Cl/ziwmﬂ .

For v € R we have M} exp(vt/2—1?t/2)=exp(vB; —v?*t/2) and thus

E[M} exp(vt/2-17t/2); A, <2/y) = Pr(A{") <2/y]. (2.5)

By setting f(z,2) =z we get

LEMMA 2.3. For a real number v and a positive real a >0, we have
Pr[Agy) <d]

_ a21/672/aE

(a+ A2 oxp <26XP<Bt +(v— 1/2)t)>] | (2.6)

a+ AEV)

F1G. 2.1. The density function of At.

Let g; denote the probability density function for A;. It is known that the density
function for A; is continuous and positive. Figure 2.1 is the result of the simulation
(10000 simulations for each a=0.1,0.2,...,2.0) using the identity given in the following
Lemma 2.4. The n-th moments of the time integral process A; can be computed with
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simple computation. However, it is known that A; has a heavy tail probability and
thus knowing all integer moments does not give a probability density function. In
Figure 2.1 we can see the heavy tail probability.

LEMMA 2.4. For a real number a>0, the probability density function g, for A
satisfies
2 2
gi(a)= ?Pr[At <al-— ?PT[AED <al.

Furthermore for a real positive number v >0, the probability density function g§”) for
Agu) satisfies

y 2 y P ,
9" (a) =5 PrlA)) <a] = S PriAV <d

(a4 AP 21 e <2exp<Bt+<v—1/2>t>>1 .

+ 2Va21/71672/a]E

a-+ AEV)

Proof. From Lemma 2.2 we have

d
gi(a)= %Pr[At <al

2 1 —2/a
:ﬁPr[AtSa]—?a /E{

MWQXP (a/2+Mlt/2At>]

Since My =exp(B,—1t/2) we use M, as a Girsanov density function for the second
term. Under the new measure By —t/2 is a standard Brownian motion and thus the
second term is equal to the following quantity:

B 1 exp 2exp(B;+1/2)
(a/2+1/2AM)2 a+AM

Comparing with Lemma 2.3, we can see that the above quantity is the same as

1 —2/a
26

2/a2Pr[A§1) < a]. For non-zero v, we do the same computation using Lemma 2.3. 0O

Furthermore we have

PRrROPOSITION 2.5. For any a>0, b>0 and t >0 we have

2M,
Pr(M; <b,A; <a]=e %°E {exp <a+£t

1
) s M, < b(1+At)2] :
a
Proof. Consider f(x,z)=1{x <b} in equation (2.4). By setting a=2/y we get an
integration form for the joint probability density function for M; and A;. |

The simulation result of Proposition 2.5 for t=a is shown on the left of the
following figure and the joint distribution for ¢ =1 is shown in the right.

The first quantity of interest on the derivatives of Asian options is the expected
value of the maximum function of the time integral subtracted by a constant. Using
Proposition 2.1 we have the following result:

THEOREM 2.6. For any a>0 and v €R, we have

v et —1 Dt o 5 MY 2M; 2
IE[(AE )—a)"'} - v Cate e (a+Att)2V+1 exp(a+At _a>}




562 CALL DERIVATIVES

\‘}‘ N
OSSN
e
%‘\\\\‘s’

S
oSS
Sa—

F1a. 2.2. Joint distribution of Mt and At.

In particular, if v=0 we have

E[(A;—a)t]=t—a+a’E [(a—l—At)_lexp (fﬁt - z)] . (2.7)

Proof. Let us set f(z,z)=2"(2/y—z). The left hand side of (2.4) becomes
E2/y—A; Ay <2/y|=E[2/y— A — E[(A;—2/y)T]. Since 2/y—A;/(1+y/24;)=
1/(2/y+ As), the second result comes directly from (2.4). Using identity (2.5) we
can change the drift term of the exponential Brownian motion to get the first result.
]

Average of the Asian option price

0.05 4

0 . . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500
Number of simulations

Fic. 2.3. Ezpected value of maz function : a=0.4,t=0.5.

The above figure is the simulation result of the second identity (2.7) in Theorem 2.6.
We set a=0.4 and t=0.5. The dotted line is obtained using the left hand side of
the equation (2.7), that is, we simulate A; using Monte Carlo methods and take the
maximum function. The solid line is from the right hand side of equation (2.7). With
only 500 simulations, we can observe that the convergence is faster for the solid line,
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which was expected because of the discarded simulations of the left hand side (when
Ay is smaller than a).

Now let us consider the derivatives of F [(A§”) —a)™*] with respect to a. Since
E[AY) —a;AY) <a)= —/ PriAY) <uldu
0

we have that
E[(A;—a)T] = E[A;—a]—E[A; —a;;A; <d]

:t—a+/ Pr{A; <u]du
0
and

E[(AY) —a)t] :l(e”t—l)faJr/ Pr{AY) <u)du.

v 0
It follows that

d y v d? v v
£E[(A§ )—a)+]:—1+Pr[A§ )Sa], and @E[(AE )—a)+]:gt( )(a). (2.8)
The following theorems are the direct applications of Lemma 2.2, Lemma 2.3 and

Lemma 2.4.

THEOREM 2.7. The first and second derivatives of E[(A;—a)™| with respect to a are
given by following equations:

d%E[(At_a)Jr] = —1+e YK [eXp (Wﬂ,
C;ZTLZE[(At—a)*] = %6_2/“1[*3 {eXp (Wﬂ

-5 [z (amien))

THEOREM 2.8. The first and second derivatives of E[(Aﬁ”) —a)*] with respect to a
are given by following equations:

, e 2exp(B; + (v —1/2)t
L BAY —0)) = ~14 a6 | (0t AP) P exp | 22PN |
a a+A;
d2 v 2 v 2 v v+1
@E[(AE )—a)+] = a—QPr[AE )ga]—a—ge tPr[A,E + )ga]
2 B —-1/2
+2ya2y—1e—2/aE (a_’_AgV))—Qu—leXp eXp( t+(i) / )t) )
a+ A"

3. Sensitivities

Since A; satisfies Ayys = A, + M, A, for t,s >0 where A is an independent copy
of A, pricing the fixed strike Asian option at time ¢ >0 is essentially identical as the
pricing the option at the beginning of the averaging period.
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One important activity in Financial Markets is managing risk. One way to mea-
sure the risk in the option is estimating the ‘Greek letters’ such as delta, gamma,
theta, etc. In this section we use identities obtained in Section 2 to get the ‘Greek
letters’ of a European Style Asian option under the Black-Scholes framework. The
price process of the risky asset follows under the risk-neutral measure

dSt = O'StdBt +7’Stdt,

where B; is a standard Brownian motion under the risk-neutral measure, r is a con-
stant interest rate and o is a constant volatility of given asset. The expression (1.1) is
equal to the price of an European style Asian option with the expiration date 7 and
the strike price & :

0'27' 2 +
C’all:S—OQe’”E (/ er+<T/021/2>tdtm> . (3.1)
TO 0 So

THEOREM 3.1. The price of an Asian call at time t =0 is given by

T __

1
€ —ajo?+

Cally = &e_” {
T

e(r7r2/02)‘r/2a2r/02+2
_|_

o2

M oM,z 2
exp| —Z =
(a+A02T)2T/U2+1 p a+Ag27- a )
U2KT

where a = 5, s T is the expiration date, r is the strike price.

Proof. The result comes directly from the combination of Theorem 2.6 and Equ.
(3.1). d

The delta A is the rate of change of the price of the option with respect to the
price of the underline asset. Thus we have

_Caly s _,.d

So So° da

A E[(AY) —a)] ] (3.2)

a= SO

Using Theorem 2.6 and Theorem 2.7 we have

THEOREM 3.2. The delta Ay of an Asian call option at time t=0 is given by

Cally k _. (r) o2KT
Ag= —e T (1-Pr|A, < )
°7 75, * Soe ( T[ T S

The gamma I' is the rate of change of the delta with respect to the price of
underlying asset. Thus the direct computation using Equ. (3.2) and the results in
Theorem 2.6, Theorem 2.7 and Theorem 3.2 we have

THEOREM 3.3. The gamma 'y of an Asian call option at time t=0 is given by

2,.2 2
O"R™T _ O"RT
=gt (%)
0 0

where g,gr) is a continuous probability density function of A,ET) giwen in Lemma 2.4.
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A (delta)

o s 0 12w 2 0 s R R T R T TR TR
Time to expiration Time to expiration

022

03 2 4 6 8 10 12 14 16 18 20 o 5 10 15 20 25 30 35 a0
Time to expiration Time to Expiration

F1a. 3.1. Derivatives vs. the time to expiration: S0=rk=0c=1.

In Figure 3.1. we use Monte Carlo methods to get Greek letters A,T", © and v.
We take the risk free rate r=0 and both the initial stock price and the strike price
are equal to 1. We also set for simplicity o =1. Notice that we plot greek letters
vs. time to expiration. Since we computed greeks at the beginning of the averaging
period, time to expiration is the same as the length of the averaging period. In the
upper left. figure we can observe that as time to expiration increases, the value of
A increases. The plot of I'g with respect to time to expiration is given in the upper
right. figure. Since I' is the first derivative of A with respect to the stock prices, it
reflects our observation in the plot of Ay. The lower left figure is the plot of ©y and
the lower right figure is the plot of vy.

Since all parameters are constants, the call price satisfies the differential equation

2
§0Call 1, 0°Call

ot S 2 g5z~ rcal

0Call 0Call 1
+r

It follows that
1
O +1rSolg+ §U2SOF0 =rCally

where O is the rate of change of the price of the option at time ¢ =0 with respect to
time and Cally is the price of the call option at time 0.

THEOREM 3.4. The theta ©g of an Asian call option at time t=0 is given by
L,
@0 ZTCCL”() — TSQA() — 50 S()FO

where Cally, Ao and Ty are given in the previous Theorems 3.1-3.
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Now let us discuss the vega v. The vega v is the rate of change of the price of
the option with respect to the volatility of the underlying asset. The call price of
European style Asian option is given in (3.1). Thus we have

oCall 2 25 il
__= 1+ rr+ro T/2E M A(T)
0 . Ca p { S So
2 2 2
=2 Cai 250 ot {MU% - }
o So
25, tro?r/2 K (r) oZkT
_ 290 mrmhretT/2 g | Ay —— A .
. e o?r 507 o2r < So
It follows that
oCall _ _g Call+ @e—TT+ro'27/2 1—E|M 2 A(T’) KT
do o SO
2% U RT
4R —77—+70 T/2 1—P A(T) . 3.3
" ( [ = (3:3)

By setting ¥=1 in Equ. (2.5) in Lemma 2.2, we see that

1-F A(r) O’ KT A(H_l) CT KT )
(7 T SO SO

Therefore we have

THEOREM 3.5. The vega vy of an asian call option at time t=0 is given by

2 25, . g
vo=—=Cally+ =27+ 7/2p [Ag_;U >Z ’”]
o o So
2 2
_je—r'r-&-ra T/QP |:A( ) >0 HT:l.
o 02T SO

Last two quantities in the above theorem can be obtained using Lemma 2.3.

4. Non-constant interest rates

In this section we extend our method to the stochastic instantaneous risk-free
interest rate r(¢). In future work we will consider stochastic interest rates and (or)
stochastic volatility. At present we show that the call price of the European style
Asian option can be written as the integral of a differentiable function of parameters.
The money market account gr at time 7'>0 is given by

gr= efo r(t)dt

Thus the price of the European style Asian Call option at time ¢ =0 is following:

+
e t>dt< /Stdtf ) ]
T Jo

T +
0

Callo =
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Let us consider a discrete model for the short rate

Trt1 —Tn =0(rn) At+p(rp) AW,

4.1
r(t)=rn for t € [tn,tnt1) 1

where W; is a standard Brownian motion (not necessarily independent to B;), to =0,
rn=r(tn), th =nlt, At=t, 1 —t,, AW, =W, ., —W;, for n=0,1,2,... and 6 and
p are real valued functions. From the fact that Brownian motion has independent
increments, for some 0 <7 <7 we have

T T
/ ea‘Bt—a'Qt/Q—&-fOtr(s)dsdt: / eo‘Bt—a'zt/Q—Q—fotr(s)dsdt
0 0 (4.2)

_’_eO'BTfo'QT/?JrfOT r(s)ds/ eaétfo2t/2+fot T(erT)dsdt
0

where Bt is an independent Brownian motion to B;. Let us set
m:=max{n:t, <7}

It follows that using the above Equ. (4.2) we have

T +
TJo

T—tm - R
CO (t) (Cl (t) / eaBtfo' t/2+7’mtdt - CQ (t)) th‘| ]
0

Callo EQ EQ

+

= Eq |Eq

where

Co (t) —e fotm r(t)dterm(r—tm,)SO/T
O () = e7Btm =0t /24 (5)ds
t"n
Colt) =K/ S0 — / (o Bt /24 [ r(s)ds gy
0

and r,,, C;(t), j=0,1,2 are measurable in Fy,,. Thus we have

T b IGAN
Cally= Eg |Co(t)C1(t)Eq ( / e Bttt gy 22 )
0 Ci(t)

A s
Using Theorem 2.6 the inner integral can be rewritten as:

"~ T7n/0'2 "~
= MJQ(T_tm) exp 72M32(T_t"") - g
(a+ Ag2(r—t,,))2m/o?+1 at+As2(ry,) @

¢1 (Tm) +¢(Tm)E

where a=0%Ca(t)/C1(t), and

t
M, =exp(B,—t/2), AY) = / exp(By+ (v —1/2)t)
0

G1(Tmyt) = (e Ttm) 1)/, —a/o? (4.5)

¢2 (Tm,t) — eTm(T*tm)/Q*T’?n(T*tm)/(QUQ)QQTm/02+2/0.2.
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It follows that the call price is given by the following expectation of a differentiable
function of parameters such as Sg,0,t:

THEOREM 4.1. The price of an Asian call at time t =0 is given by

Cally= E[Co(t)C1 (t) ((bl (rm) +¢(Tm>M)] )

where T is the expiration date, x is the strike price, C;(t), 7=0,1,2 are given in (4.3),
®j, j=1,2 are given in (4.5) and

‘2\41“,,1/(72 ~
o2(T—tm) 2Ma'2(7'7tm) _ 2

M=E = S——exp =
(a+Ao-2(7__tm))2Tm/U +1 a+AO'2(T—tm) a
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