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1 Introduction

Swaption pricing is a hot topic in Financial Mathematics. In this thesis, we will analyze
swaptions whose short term interest rates are assumed to follow some affine models with di-
mension of factors more than two, so called multiple-factor interest rate models. Considering
there is no analytical swaption price, we attempt to approximate it, and our discussion will
focus on one of these approximation method proposed by Collin-Dufresne and Goldstein.
I implement and develop this method by providing an accurate measure of approximation
errors. Besides, there are several of my innovation and research recommendations on my
last chapter with respect to other methods to price swaptions.

The outline of this thesis is as follows.

In chapter 2, we briefly review some important concepts in Finance, such as LIBOR,
bonds, swaptions. As a swaption can be regarded as an option on a coupon bond, our general
formula for swaption pricing can be derived. Then, we introduce a density approximation
method by Collin-Dufresne and Goldstein, in short CDG approximation, and propose some
comments.

In chapter 3, we analyze two types of errors of CDG approximation and the intrinsic
estimate of errors of densities. My innovation is to develop a measure of errors of densities
based on this estimate. In experiments with respect to Gamma and Lognormal densities,
we find that CDG approximation tends to have good approximation performance when
underlying distributions are nearly Gaussian. Moreover, experiments show that this measure
of errors is accurate.

In chapter 4, we introduce two affine interest rate models, Three-factor Gaussian model
and CIR2++ model, and discuss how to price swaptions under these two models respec-
tively using CDG approximation. Experiments will be carried out to see their approximation
performance. Besides, considering pricing swaption requires computation of several prob-
abilities, I develop a measure of errors of swaption price based on our previous measure
of errors of densities. Experiments display that this measure is also accurate on swaption
price, in terms of both absolute errors and relative errors.

In this chapter 5, other swaption pricing methods in literatures that provide different
insights into swaption other than CDG approximation are discussed. My innovation is to
derive these analytical solutions in a different way from existing solutions under one-factor
interest rate models, but equivalent. However, in multi-factor models, there is no analytical
solution, and thus swaption price has to be approximated. In this section, we will discuss
the method by Singleton and Umantsev, and my research recommendations on two potential
accurate measures of errors proposed by myself. Besides, a trick to use this method to price
swaptions under multiple-factor Gaussian models is discussed, also my innovation.



2 Swaption and CDG Approximation

In this chapter, we will introduce the general swaption pricing formula and one of its approxi-
mation methods proposed by Pierre Collin-Dufresne and Robert Goldstein. For convenience,
we call this approximation method CDG approximation in short.

2.1 Introduction on Swaptions

Before we explain the approximation method for the price of a swaption described in the
paper Collin-Dufresne and Goldstein (2002), I will first discuss several concepts in Finance.

Discount factor

The discount factor, denoted by D(t), is the amount at time O that is “equivalent” to one
unit of currency payable at time ¢. It is defined by

D(t) _ e—f(;’ r(s)ds

where r(s) is the process of short term interest rate.

In fact, the present currency per unit is always more valuable than that in the future,
and a simple example is that if you store money in the bank at present, you will get more
in the future because this bank will not only pay you principal but also its interest. That is
the reason why the discount factor is necessary.

Risk-neutral measure

The risk-neutral measure is a probability measure that is equivalent to real probability in
market and makes the discounted stock price martingales.

Let Si(t), ..., Sn(t) be process of n asset price, and p be a probability measure in real
market, a probability measure p is said to be risk neutral if

e p and p are equivalent.
e under p, the discounted asset prices D(t)S;(t) are martingales for every i =1,...,n.

Let V(t) be the price process of any derivative with maturity 7" and payoff V(T"). According
to Fundamental Theorem of Asset Pricing, under risk-neutral measure, V(t) can be com-
pletely hedged by assets Si(t), ..., Sn(t) if and only if there exists a unique risk-neutral
measure. In this situation, an investment in a portfolio can become riskless if we choose the
right hedge, and this is the reason why risk-neutral measure is essential in financial world.
In this thesis, without specific statement, any measure we take is the risk-neutral measure.

Fundamental Theorem of Asset Pricing also implies that the discounted price process
D(t)V(t) is a martingale under the risk neutral measure, so

D(H)V () = E(D(T)V(T)) (1)

where E(D(T)V(T)) is the conditional expectation of D(T)V(T) given the information up
to and including time ¢ under the risk-neutral measure.
Formula (1) is also called the risk-neutral pricing formula, and can be rewritten as



Bond

In finance, a bond is a debt security, in which the issuer owes the holder a debt and,
depending on the terms of the bond, is obliged to repay the principal to the holder at
maturity and/or pay interest periodically.

Thus, a bond is a formal contract to repay borrowed money, and can be divided into
two categories, coupon bonds and zero coupon bonds according to whether they will repay
interest before maturity. Coupon bonds pay interest before maturity, while zero coupon
bonds do not. Most bonds are coupon bonds.

A bond has several terms. The nominal, or the principal, of a bond is amount repaid
at the end of the term excluding the interest. The maturity is the time when the issuer of
bonds has to pay nominal. The coupon is the interest rate that the issuer pays to the bond
holders. For instance, a two-year coupon bond with nominal 100 euro, with interest paid
annually with coupon at annual rate 6%. The maturity is this example is two years. At
the end of the first year, a bond holder will receive 6 euro as the first year interest, and 106
euro, nominal plus the second year interest, at the end of the year. After the maturity, the
issuer has no more obligation to the bond holders.

In academic research, we denote the price at time ¢ of a zero coupon bond with maturity
T and nominal one by B(t,T) where 0 < ¢t < T. The convention of payment at maturity
equals one is made for computational convenience. Clearly, B(0,T), the current price of a
bond, is visible in the market, and B(T,T) = 1. But, for 0 < ¢t < T, B(t,T) with T fixed is
a stochastic process and of course not observable at time zero. Since a bond is an asset, we
have D(t)B(t,T) is a martingale, so

D(T)

D) = Brlem e (3)

B(t,T) = Ei(

Forall 0 <t <T.

On the other hand, in literatures, a coupon bond can be interpreted as the sum of zero-
coupon bonds with maturities when coupons are paid. Let C'B(Tp) be the Ty price of a
coupon bond, we have

CB(Ty) = ZCiB(TmTi) (4)

where T4, 75...T;, are coupon-paying time.

The coupon of this underlying coupon bond can be either a fixed rate or a floating
rate. If the coupon k is fixed , then C; = ké;, ¢ = 1,2,3,..n — 1, C,, = (kd,, + 1), where
0; =T; —T;—1, 0, = T, — Th,—1. If the coupon is floating, then C; are random variables.



LIBOR

LIBOR, London Interbank Offered Rate, is the interest rate at which the bank is prepared
to make a large wholesale deposit with other banks. Alternatively, it is an interest rate at
which banks borrow money from other banks.

However, in academic research, the meaning of LIBOR is more general. Denote LIBOR
at time ¢ for period [T, T + 6] by L(¢,T), where ¢ is called the tenor of the LIBOR, and
it is usually either 0.25 or 0.5 years. L(t,T) means the arbitrary free interest rate that is
determined at time ¢ for the time period [T, T + 4].

Since bonds indicate interest rate, we can formulate LIBOR as follows by bonds under
some model.

B(t,T) — B(t,T + 9) (5)
0B(t, T+ ¢)
For all 0 <t <T.When t =T, we call it spot LIBOR, and otherwise, forward LIBOR.

L(t,T) =

Remark: To explain formula (5): If you take a short position of, i.e. sell, size one in a

T-maturity zero-coupon bond and a long position of, i.e. buy, size % in (T + §)-
maturity zero-coupon bonds at time ¢. The initial cost is %B(t, T+6)—B(t,T)=0.

At time T, you can invest one to cover the short position, and at time T + § , repay

% due to long position. The interest rate L(¢,T) is determined by the equation:

investment x (14duration of investment X interest rate )= repayment, or in symbols:

B(t,T)

Then, we have LIBOR formula (5).

Interest Rate Swap

An interest rate swap is a derivative in which one party exchanges a stream of interest
payments for another party’s stream of cash flows.

They can be used by hedgers to manage their fixed or floating assets and liabilities,
and thus are very popular and highly liquid instruments. There are many types of interest
rate swaps, and the most common one is the Fixed-for-Floating rate swap. In this swap,
a company agrees to pay cash flows equal to interest at a predetermined fixed rate over a
nominal principle for a number of years. In return, it receives a floating rate on the same
principle for the same period of time.

The floating interest rate in most interest swap agreements is LIBOR. Thus, in this
thesis, we only discuss interest rate swap of fixed interest rate for LIBOR under the same
currency.

In terms of the direction of payments, there are two types of swaps: receiver swaps and
payer swaps. The holder of a receiver swap receives a fixed rate and pays a floating rate.
For the holder of a payer swap, the payments go in the other direction.

We will introduce a type of swaps called Ty % (T,, — To) swaps, and the payments in such
a receiver swap with nominal K and fixed interest rate k are as follows:



e Payments will be made and received at T; = §i, i = 1, ..., n.

e For every elementary period [T;,T;+1], ¢ = 0,...,n — 1, the LIOBR rate is set at time
T; and the floating leg K§L(T;,T;), spot LIBOR in duration [T}, T; + 4], is paid at
Tip1.

e For the same period the fixed leg Kk is received at T;4 .

where ¢ is constant tensor of the LIBOR.

Swaption

A swaption is an option granting its owner the right but not the obligation to enter into
an underlying swap of interest rate. In short, it is an option on a swap. Corresponding to
payer swaps and receiver swaps, there are payer swaptions and receiver swaptions.

A Ty « (T, — Tp) receiver swaption is a contract which at the exercise date Ty gives the
holder the right to enter into a Ty * (T, — Tp) swap. Since swaption is a type of derivatives
of interest rate, by formula (2), we have the price of a Ty * (T}, — Tp) swaption at time t ,
0<t< T()

— D(Tp)
Exl D(t(;

where T} is the maturity date of the swaption, and F'S(Tp) is the value of the swap on the
swaption at time Ty. For a receiver swaption, we have

(FS(Ty))") (6)

n—1
FS(T0) = B (Y T (LT, T) ~ BKO) )
=0

2.2 Swaption Interpreted as Option on Coupon Bond

Consider a T * (T;, — Tp) swaption, this kind of swaption can be interpreted as an option
on a coupon bond, where the strike is equal to the nominal of the contract, and the coupon
rate is equal to the swap rate strike of the swaption. This means problems on swaptions
can be converted into those on coupon bonds.

We will provide its proof in the following part, but before that, I will first introduce the
forward measure, which is quite a useful tool for this problem.

Forward measure

Let T be a fixed maturity date. We define the T-forward measure p’ by

" 1 -
pr(A) = W/AD(T)OZP

for all A € F, where A is any subset of {2 in probability space (Q, F,p), and F is its o-
algebra, p is risk-neutral probability.

10



By this definition, p” is a probability measure equivalent to p for any 7" since E( Blz(()TT)) ) =

ﬁﬁ(%) = 1 and % > 0, refer to Shreve(2004). Forward measures are quite
popular in Finance, and there are two properties related.

Let w(t) be a Brownian motion on the probability space (2, F,p). Since B(t,T) is
the price process of an asset, it follows that D(¢)B(t,T) is a martingale under p. Then,
according to the Martingale Representation Theorem, there is a volatility process o*(¢,T)

for the bond , a process in ¢, T is fixed, such that
d(D)B(t,T)) = —o*(t,T)D(t)B(t,T)dw(t) (8)

Property 1.1. Define the process w’ (t) to be

¢
W () = / o* (u, T)du + () )
0
Then, w? (t) is a Brownian motion under T-forward measure p’.

Definition (Forward Price). T-forward price at time ¢ is the strike price of the forward
contract that causes this contract at time ¢ to have value zero. Suppose V() is the price of

B‘?t(f%) is the T-forward price of V (¢) at time ¢.

an asset, then
Property 1.2. T-forward price is a martingale under T-forward measure p.

It implies that

ET( V(Th) ) V()
"“B(Ty, T)"  B(t,T)

where t < Ty <T.
This gives us a simple formula

_ o, V(To)
V(t) = B(t,T)EtT(B(T,OT)) (10)
Combining (2) and (10), we get
BV (To) = B TIEF (5 o) (1)

(11) states the relationship between expectation under risk-neutral measure and that under
forward measure. For the proof of both properties, see Shreve(2004).

Theorem 1.1. LIBOR L(¢,T;), t < T;, is a martingale under 7;;—forward measure

11



Proof. Let 0 <t < Ty < Ty, by equation (5), definition of L(Ty,T;), we have

7,1, B(To, T;) — B(Ty, Ti11)

i1 _ i1
Et (L(TOaTi)) - Et ( 5B(TU,TZ-+1)
— B (g - 2 (12)
By (11), where V(T) = B(Ty, T;) , we obtain
1., BT, T . 1~ D(Ty) |
B ) = Bata) e BT
B 1 = D(Ty) - D(T))
567 D b)) (13)

B EnlBy) = EEn(Gi)
_ =/D@)
= Et(m)
= B(t,T;) (14)
Combining equation (13) and (14), equation (12) yields
(o = Upe S
| BULT) 1

0B(t,Tiy1) 0
B(t,T;) — B(t, Tiy1)
SB(t,Tit1)

= LT

In addition, we assume L(t,T;) is bounded and thus ETi+1 (L(t,T})) < co. This assump-
tion is reasonable, because in real market LIBOR is always a bounded value. Therefore,
LIBOR L(t,T;) is martingale under T;;, —forward measure.

[ |
Theorem 1.2. A swaption is equivalent to an option on coupon bond, where the strike is

equal to the nominal of the contract, and the coupon rate is equal to the swap rate strike
of the swaption.

12



Proof: Consider a Ty x (T, — Tp) payer swap exchanging fixed rate k for floating rate
LIBOR and its nominal is K, from (7), we have

FS() = (L et (LT - D)
=0
= Y Bt @, m) - o)
=0
3 BT B (L(TLT) ~ D)
i=0

The last step above uses Property 1.1. By Theorem 1.1, we have E;:O“ (L(T3,T3)) = L(To, T;)
.Thus

n—1

FS(Ty) = B(To, Ti+1)((L(To, T3) — k) K9)
i=0
n—1
B(Ty, Ti) — B(To, Ti+1)
— B(Ty, T, —k)KS
DIy ey K6)
n—1
= K ) (B(To,Ti) = (k6 +1)B(To, Tiv1))
i=0
The last equation can be rewritten as
FS(Ty) = KB(To,To) - ZCiB(TmTi)
i=1
= K-) CiB(Ty,T;)
i=1
where C; = k6K,i=1,2,3,..n—1; C,, = (kd + 1)K
Recall the formula for the coupon bond CB(Ty) is
n
CB(Ty) = ZOiB(T07Ti) (15)
i=1

Therefore, by formula (6), the price of payer swaption at time ¢ with maturity Ty is

D(Tp)

F50)

(K - CB(Ty))")

13



Thus, this payer swaption can be regarded as a put option on coupon bond CB(Tp) with
strike K and maturity Tp.

Similarly, consider a Ty * (T;, — Tp) receiver swap exchanging fixed rate k for floating rate
LIBOR and its nominal is K, we have

FS(T) = Bn(Y Tt (- LT T))KD)
=0
n—1
= K> (~B(Ty,T;) + (kd + 1)B(To, Trs1))
=0

For a receiver swaption, its price at time ¢ with maturity 7 is

B (CB(T) - K)) (16)

Thus, this receiver swaption can be regarded as a call option on coupon bond CB(T}) with
strike price K and maturity Tj.

Therefore, the problems on a swaption can always be converted into those on an option
of a coupon bond, as long as this swaption is on exchange of fixed interest rate for LIBOR
under the same currency. For other cases, such as ones on swaption based on interest rate
under different currencies, this theorem may not apply because it contains foreign exchange
rate which turns out to be more complicated.

2.3 Swaption Pricing Formula and CDG Approximation

In this part, we will formulate a formula for swaption pricing, and then, introduce Collin-
Dufresne and Goldstein approximation method.

Consider a receiver swaption discussed above whose price at time ¢ is denoted as Swn(t),
from (16), we have

14



Swn(t) — E(lﬁ( ))<CB<T0> K)*)
= Et(%((T(;)(CB(T0)1<CB(TO>>K> Kl(cB(m)>K)))
= ZCEt 1(CB(Tg)>K)B(TOv i) — Kl(cB(my)>K)))

—~ D(T, ~ D
= Z OiEt(D((;))I(CB(TO)>K)ET0(D(TO)) — Kl(cp(my)>K)))

D(T,
= ZCEt 1(CB(T0)>K)) KE( D(( ))1(CB(TU)>K)) (17)

where ﬁtTi on the last line of the equation is the probability conditioned on information at
time t under T; forward measure. Use Property 1.2 , where V(To) = B(To, T3)1 (¢ B(1p)> K)>
we can rewrite (17) as

" —T —T
Swn(t) = Y CiB(tT)E, (Lcpms>x) — KBET)E,  (lcpm)>K)

— Z CiB(t,T;) P (CB(Ty) > K) — KB(t,T,) PP (CB(Ty) > K)  (18)

i=1

Equation (18) is our general receiver swaption pricing formula. It can be interpreted as
stating that the price of a swaption is related to a series of probabilities P (CB(Tp) > K)
of the underlying coupon bond C'B(T}), and thus, we have to approximate these probabil-
ities under each forward measures Ty, T1,...T;, if there is no closed form solutions. In the
year of 2002, Collin-Dufresne and Goldstein worked out an approximation method to solve
this problem, we call it CDG approximation in short. The basic idea of their method is to
use cumulants of the underlying coupon bond C'B(Ty) to approximate these probabilities,
where the cumulants are obtained by their corresponding moments. In the following part,
we will be present CDG approximation specifically.

CDG approximation is based on an assumption that the price of the bond can be written
in the following exponential,

B(t,T}) = e*BO(Tz‘*t)*Zfﬂ B; (T —t)X;(t)

where X (t), ...,Xs(t) are factors of the interest rate, which are all stochastic process sat-
isfying certain stochastic differential equations. By(7), B1(7), ..., By(7) are deterministic
functions with variable 7.

Under this assumption, for any positive integer m, we can conclude from (15), the formula
of CB(Tp), that(C'B(Tp))™ can be written as sum of exponentials

15



CBT)" = Y. (Cy..Cy,)e P Bl XTI (19)

81462, nsim=1

where any coefficient F; = >7" | B;(T;, — Ty), j = 0,1,...J. Note that F; relies on the
choice of i1, i, ...,im, where iy € {1,2,..n}.

According to Duffie, Pan, and Singleton (2000), the expectation of (CB(Tp))™ condi-
tioned on information up to time ¢ also has an exponentially affine solution

n

EMCEB@)™ = > (Cy.C

Tm

Yo Ho(To—t) =57, X;(To) H; (To—t) (20)
i1,82,..yim=1

where the deterministic functions H;(7), 7 = 0,1,2....J, satisfy a set of Riccati equations.
Hence, the equation above demonstrates that all moments of coupon bond prices have
analytic solutions within an affine framework.

Having known the moments of CB(Ty)|F(t) by formula (20), it is easy to calculate
the corresponding cumulants by moments, since there is an one-to-one correspondence be-
tween moments and cumulants. More specifically, cumulants can be uniquely determined
by moments with formulas showed in Appendix A, and vice versa. The following is the
introduction of Riccati equations as well as Fourier Inversion Theorem.

Riccati Equations

A Riccati equation is any ordinary differential equation of the form: () = qo(z) +
q1(2)y(x) + g2(x)y?(x). It can always be reduced to a second order linear ODE, and thus
the problems of solving Riccati equations can be reduced to solving a second order linear
ODEs. Besides, if a particular solution is known, there is a method for its other solutions.
However, theoretically, a Riccati equation might have no solution or more than one solutions
depending on parameters qo(z), ¢1(z), g2(x). It is well known that even for a linear ODE,
if the parameters are not all constants, solving this equation is in general rather difficult.
In CDG approximation, it is required to obtain a unique solution for system of Riccati
equations, and if its solution is not analytical, we have to seek numerical approach, which
might be time consuming.

Fourier Inversion Theorem: Let ¢ be the characteristic function of the distribution F’
and suppose that ¢ € L' ! Then, F has bounded continuous density f given by

“+o0
f(x) 1/ e o (C)dC

:% .

where the characteristic function of a random variable Y is defined as ¢(¢) = E(e'Y).

1

@ € L' if and only if ¢ is integrable over (—oco, +00).

16



After a short review of Riccati equations and Fourier Inversion Theorem, we will go back
to CDG approximation. Let G(k) to be the characteristic function of the random variable
CB(Ty)|F(t) with ¢ and Ty fixed. Using Taylor expansion at the original, or Maclaurin
expansion, we can get

log(G(k)) = Z ¢ a;:)]

where ¢; is defined as the j-th order cumulant of CB(Tp)|F(t).
It follows from Fourier Inversion Theorem that the density function of CB(Ty)|F(¢) is

1ot
fily) = — e MG (k)dk

2 J_ o
1 +oo . oo ik)J

= o o=k o520 e Y gk
T J-—
1 Foo : ; k2

_ 27 e—zkyezkcl—Tcz eAdk (21)
™ — o0

where A = 37774 cj(if.—!)].

If the characteristic function G(k) of CB(Tp)|F(t) is known, some Fast Fourier Trans-
form techniques can be applied for densities, such as Carr and Madan (1999). However, in
many cases of interest, G(k) is unknown, and thus we have to turn to (21) for a general
discussion.

Collin-Dufresne and Goldstein approximates

-

2
(]
K

E

=3

where m is an integer and m > 3, they also approximates

A2
6A%1+A+7

In addition, 1+ A + A; is further approximated by ignoring terms with order higher than
2

m.

Denoted g¢:(y) as the approximation of density function f;(y). After integration, g:(y)
can be written as

1 _(11*01)2

gt (y) = \/me 2e2 (Z Vi (y -G )j) (22)

=0

2The order of terms is defined based on the order of cumulants in this term. If a term is ¢;, we define
the order to be i. For a term is c;c;, the order is defined as i + j.

17



In addition

/ T gy =3 (23)
K j=0

where coefficient +y; is some function of cumulants and A; is the combination of some normal
distribution functions of variable K, nominal of the swaption contract.

Formulas (22) and (23) are the final result of CDG approximation that allow us to
access the approximated swaption price. We omits the detailed calculation, because CDG
approximation is a special case of Edgeworth expansion, which will be discussed in section
3.1 specifically.

Collin-Dufresne and Goldstein indicate their approximation offers an excellent balance
between speed and accuracy if m = 7, alternatively, approximation by the first seven cumu-
lants. So, we will only deal with CDG approximation with m = 7 in the rest of my thesis.
Obviously, with different m, even the same coefficient with the same index would have the
different term. For coefficients v; and A\; when m = 7, refer to Appendix B.

In addition, we can see in CDG approximation, one has to approximate ]BtT"(C’B (Tp) >
K) under each T; forward measures ¢ = 0,1,...,n. For every such a forward probability,
there is a correspondent expectation E;* (C'B(Tp))™, which contains ("7*~") different terms

(Ci,...Cy, Y~ HoTo—t)— j=1 X5 (To)H;(To—) 44 every such term may have to be calculated
separately. For instance, when n = 10 and m = 7, () = 11440. Figure 1.1 illustrates
how large number of terms will become as n increases, where we fix m = 7. We can
see that the computation complexity is quite sensible to n, the number of time of swap.
Alternatively, with n goes up, the computation cost will increase sharply. Therefore, a
potential disadvantage of CDG approximation is that the computation may be expensive
in cases when n is quite large, and functions H;(7), j = 0, 1...m satisfying certain Raccati
equations, have no analytical solutions, thus have to be calculated numerically by Runge
Kutta method.

However, if H;(7) have analytically solutions, the computation is very fast, for instance,
under Three-factor Gaussian interest rate model. Collin-Dufresne and Goldstein claim it
takes less than 0.05 seconds to calculate the swaption price under Three-factor Gaussian
model when n = 20, but in all of their experiments, they set cumulants ¢4 = ¢; = 0 to
save computational cost. The paper by Collin-Dufresne and Goldstein is published in the
year 2002, and we assume that the speed of computes doubles every two years, so in 2012,
the speed is 32 times faster. Considering on that, we are more interested in the accuracy
of CDG approximation, and thus we will never set cumulants ¢g = ¢7 = 0 instead to avoid
losing accuracy while applying CDG approximation in the rest of my thesis.
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Figure 1.1. Relationship between Number of Items and n with Fixed m=7
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3 Implement to CDG Approximation

3.1 Edgeworth Expansion

CDG approximation is somewhat similar to Edgeworth expansion, but there is a large
difference between their ideas. We will first introduce Edgeworth expansion, and then make
a comparison with CDG approximation.

Edgeworth expansion is a density approximation method for the distribution of the sum
of large number of standardized® independent and identical random variables in statistics. It
can be regarded as an improvement to the Central Limit Theorem. The idea was proposed
by Edgeworth at the early of 20th century. However, it was not until the year 1978, that
the fundamental work was done to make the classical formalism rigorous, see Bhayyacharya
and Ghosh (1978).

To further understand this, let X; 7 = 1,2,...,n be iid random variables with mean p
and variance 0. Let Y; = % for each j, and S,, = ﬁ >j=1Yj. We have by Central
Limit Theorem

Z?:l Xj —np
Vno

as n — oo . Where N(0, 1) is the standard Normal distribution function and S,, — N(0,1)
means convergence in distribution.

Actually, in statistics, the distribution of S, is frequently approximated by the standard
Normal distribution for confidence intervals of some parameter estimator of X, if n is suf-
ficiently large. However, Edgeworth expansion provides a more accurate approximation in
general for the distribution of S, using cumulants of Y.

We will discuss Edgeworth Expansion as follows, see Hall (1992).

Let x(t) to be the characteristic function of Y and x,(¢) to be that of S,,. It follows that

Sy = — N(0,1)

xn(t) = B(evm
Y,

On the other hand, since Y is standardized, we have ¢; = E(Y) = 0, ¢; = Var(Y) = 1,
then

_ 1o o (i)
x(ﬁ)—ew(—%t +]Z=:30jm)

Thus, by Taylor expansion of exponential function eX =14 X + %XQ + ...+ %X” + ..., we
have

3A standardized random variable is the one with mean zero and variance one.
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where 7; is a polynomial with real coefficients, of degree 37, depending on c3, ¢y, ..., ¢j12,
but not on n.

As
1 +oo » 2 ) -1 k dk +oo > 2
o e W U 2(it)kdt = (273 d:Tk/_oo e et /2t
= (-1)*Her(y)o(y) (24)

where ¢(y) is the density function of standard Normal distribution, and Hey(y) is the k —th
probabilists’ Hermite polynomial. *
Thus, by inverse Fourier transform, the density function of S, is

Lot~
fuly) = o 3 e~ MWy, (t)dt

400 o] (s

-/ e‘itye‘t2/2<1+21ré§3§)>dt

<

= ¢(y)+2]2j(%)¢(y)
<

= 00+ 32 200 + ot (25)
<

where p; is some combination of Hermit polynomial. Besides, it is also a polynomial of
degree 37, depending on c3, ¢4, ..., ¢j42 similar to r;.

4Probabilists’ Hermite polynomials are a classical orthogonal polynomial sequence that arises in proba-
- . 2 ) 2 .
bility, named after Charles Hermite. Hey,(y) = (—1)"e¥ /26{%16*9 /2 by definition. There are two valu-

able properties related. One is orthogonal property: fj;f Hem(y) Hen(y)e_yz/2dy = V2mn!6nm, where

Onm = 01f m # n and dpm = 1 if m = n. The other is recursion: Hen+1(y) = yHen(y) — He;(y). We list
some of probabilists’ Hermite polynomials: Heg(y) = 1, He1(y) =y, Hea(y) =y — 1, Hes(y) = y> — 3y.
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Due to the following property of Hermite polynomial

diy( Her(y)®(y)) = —Hep 11 (y)(y)

where ®(y) is the standard Normal distribution function.
The distribution function of S, is

BWag)

j=1

= o)+ Y W ay) 4 o2 (26)

where P; is a polynomial of degree 35 — 1. Besides, Blinnikov and Moessner (1998) have
given a simple algorithm to calculate P; in higher-order.

We illustrate Edgeworth expansion only for standardized random variables Y, not only
because it is an easier approach, but also because it is more practical in statistics. But, for
random variables without standardizing, Edgeworth expansion still works for density and
distribution function approximation with results similar to (25) and (26).

Although suffered from some theoretical problems in convergence, Edgeworth expansion
is still a powerful tool in statistics for constructing confidence bounds in parameters estima-
tion, for instance, the expectation, of some distributions. Edgeworth expansion is a classical
but still hot topic now and there are many research related, such as, Bickel, Gétze and Zwet
(1986), Bloznelis and Gotze (2000) due to the fact that it is an asymptotic expansion in
many cases of interest. In addition, from (25) and (26), we know its error is o(n~""/2). Tt
implies n should be sufficiently large in order to keep this expansion accurate.

However, although CDG approximation also deals with cumulants for distribution ap-
proximation in a similar way, the largest difference in between is that it approximates the
density or distribution function of a single random variable, instead of sum of iid random
variables. That’s to say, CDG approximation is the Edgeworth expansion with n = 1 using
only the first seven cumulants and second order Taylor expansion. We know that the power
of Edgeworth expansion depends on the large number of samples n due to its error o(n*m/Q),
so it seems that CDG approximation is not asymptotic in general.

Actually, there is another expansion similar to CDG approximation called Gram-Charlier
expansion, which also approximates density functions by cumulants, but they differ in ar-
rangement of terms and thus the accuracy of truncation. Tanaka (2005) provides a method
to price swaption using Gram-Charlier expansion, in which the third order cumulant ap-
proximation is the best for computational accuracy and efficiency instead.

Except swaptions, similar approximations based on cumulants are used to price options,
see Jarrow and Rudd (1982), Asian options, see Turnbull and Wakeman (1991), in which
the approximation price is a close-form solution. However, the accuracy of approximation
is rather limited for these cases, see Ju (2001).
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3.2 Assumption Analysis

As a special case of Edgeworth expansion, CDG approximation also suffers from some conver-
gent problems. In literatures, relevant researches mainly focus on studying when Edgeworth
series of a certain random variable will converge to its distribution and its rate of conver-
gence, see Hall (1992). However, there is something in common among these problems, if
we view them from a different perspective.

In CDG approximation, we calculate the density function using Fourier Inversion Theo-
rem

+oo
/() 1/ e (1) dt

:§_oo

but replace the characteristic function ¢(t) through (27)

(it)’

4!

log(p(t)) = > ¢

j=1
if there is a Taylor expansion of log(y(t)) on the origin.

Theoretically, CDG approximation requires that the right side of (27) always converges
to log(p(t)) for any t € (—o0,+00), because the calculation of its correspondent density
function f(x) requires an integration of p(t) over t € (—oo, +00).

We take it as an assumption of CDG approximation. However, Taylor expansion is a
local expansion at a certain point, and thus condition (27) can only be satisfied in some
domain |t| < r, where 0 < r < co. Note that r is not larger than the radius of convergence
of Taylor series, denoted as R.’right side of (27).

In the following part, we will seek a way to determine its radius r in a more general
Taylor expansion.

Definition (Holomorphic function). A holomorphic function is a complex function that
is differentiable in a neighborhood of every point in its domain.

Taylor Theorem. Suppose a complex function f(z) is holomorphic in the domain D. For

any point z € B(xo, R') C D, we have f(z) = Z;’il f(j)j(!wo) (z — z0).

where B(xo, R') = {x||z — 20| < R’} and R’ is an arbitrary real number.

00 f(j)(wo)

P T C 79)? is holomorphic

Followed by Taylor Theorem and a property that
if convergent, we have Lemma 3.1 below.

5Radius of Convergence of Taylor Series
. @7)

Let Z?i1 ajz? be a Taylor expansion of f(z), real or complex, where a; = % It is true that
Z;‘;l ajmj converges within |z| < R, 0 < R < oo., where R is called the radius of convergence of Taylor
series. By Cauchy-Hadamard formula, R~ = lim {/[a;[. In addition, R=! = lim |“EL| if this limit

j—o0 j—oo %

exists, and thus, in (27), R = lim |Y71% |,
j—oo  Cit+1
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Lemma 3.1 Suppose f(x) is holomorphic at @ = xy, and z; is the nearest singular from
xo, then the radius r is |xg — 21].

This lemma provides a simple approach to obtain r in (27). Firstly extend the domain
of the random variable ¢ of log(¢(t)) into a complex field, then find out the nearest singular
from origin, and the radius r is the distance in between.

Table 3.1 below displays characteristic functions of different distributions, and their cor-
responding radius r

Characteristic Function ¢(¢) | r
Gamma ['(«, ) (1- %)_O‘ B
Normal N (u,0?) eitn—30"t" 00

Table 3.1. Characteristic Functions and Radius of Gamma and Normal Distributions

Clearly there is only one singular ¢t = —3i in log(¢(t)) of Gamma distribution. Thus its
r = B . But, for Normal distribution, there is no singular, and hence r = co. Although
in Gamma distribution, » = § , other than oo, not satisfied with our assumption, later
experiments in this chapter show it is still possible to get an accurate approximation for its
density function by CDG approximation.

When Cumulants Determine Unique Distribution

Readers may be interested in such a question: Is it possible that two different distributions
will have the same cumulants, and thus the same CDG approximation? The answer is yes.
In this case, cumulants cannot determine a unique distribution.

The problem when cumulants determine unique distribution is equivalent to the prob-
lem when moments do, since there is also a one-to-one correspondence between cumulants
and moments. Unfortunately, in most cases, moments cannot determine the distribution
uniquely, and there is a classic example.

Suppose X is Lognormal distributed and its probability density f is

2
x—le—0.5(log3c) >0

We can construct another probability density f, based on f

fa(y) = f(y)(1 + a x sin(2nlogy))

where —1 < a <1, and y > 0. Then, f and f, have the same moments, and thus have the
same cumulants. See Feller (1971).

We provide two theorems about when moments can determine unique distributions. All
of them are sufficient but not necessary, so even moments satisfy neither of theorems above,
it is still possible that its corresponding distribution is unique.

Theorem 3.1 let F be a distribution function on (—o0, +00), F' is uniquely determined by
its moments if
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n

where p; is the ¢-th moment of F'.

Theorem 3.2: F is uniquely determined by its moments whenever

Z N2ntn/(2n)!

converges in some interval: [t| < to where ¢ > 0.

Remark: The general idea of proof of both theorems is to see when moments can determine
a unique characteristic function, since there is a one-to-one correspondence in distribution
and characteristic function. See Feller (1971).

Theorem 3.1 and Theorem 3.2 coincide in the way that both theorems state that its 2n-th
moments cannot increase too fast as n increases if the distribution is uniquely determined.
But it seems that Theorem 3.1 is too strong thus we prefer Theorem 3.2 in most situations.

Actually, there is no close relationship between this moment property and our assumption
(27). We will show in next part that cumulants, or moments, from Gamma distribution can
determine a unique distribution, while those from Lognormal distribution cannot, which sat-
isfies neither conditions in Theorem 3.1 nor Theorem 3.2. Unfortunately, most distributions
cannot be determined uniquely by cumulants, and it is true that two different distributions
with the same cumulants would lead to the same distribution by CDG approximation if
their cumulants exist and are finite. This is a flaw of CDG approximation, and obviously,
of Edgeworth expansion as well.

3.3 Error Analysis

In this part, we will discuss sources of errors of CDG approximation and an indication of
their magnitude.
There are two types of errors originated from two sources. The first type is from the

assumption of log(G(k)) = Zj’;l ¢; (if!)J, for any ¢t € (—o0,400) as we talked previously.
The second type of errors is truncation errors.

To understand the origin of the second type of errors, in (21)

Lo [T i ke k2
fl) = () [ etk e

L2

) .
where A = Zjig cj%, we approximate
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o n 2

A
A_§ ~
e = n!N1+A+2

n=0
and cut off terms with order higher than seven.
Collin-Dufresne and Goldstein propose an indication of magnitude for this truncation
errors. Let g:(y) to be the approximation of the density function f;(y), we have

aly) = (o) [ e
o G e e = ) e S
Define Z = y\;ci;, then g;(y) can be written as:
a(2) = (%) /:O e~ treemihaVE 1 4 (J‘gifk3 + gkt + %”H L %M)
T - T
B (217r)/_;00 o [1+(_3!Z:§3/2 3 4!2‘:;/2 4 5!25/2 - 6!Z§/2 - 7!2.(;27/2 )
1 3 6  2iczcs d (28)

+ — —
20 @3N 3uel/?

where | = ,/cak. Compute the integration in (28) by formula from (24), we can get

1 _2z
9u(Z) = =e <1+;w<z>>
where
”“(3;%/2) 3(2)
m(4) = <@>He4<2>
<5>—<5!C§/2> es(2)
c 1, c3
(6)2(@ 5(@) VHeg(Z)
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7 C3 4

+ )
7!03/2 3!63/2 4!03/2

7(7) = ( ))Her(Z)

in which He;(Z) is the i-th probabilists’ Hermite polynomials.

Definition (Scaled Cumulant). Define —% as the i-th scaled cumulant, where i is a
’L.C2

positive integer and ¢ > 2.

Dufresne and Goldstein imply that from 7(3) to 7(7), it can be concluded that scaled
cumulants can be taken as an indication of accuracy of CDG approximation, since they
indicate truncation errors: The faster they decay, the better the approximation is. However,
they do not provide more explanation. We will discuss it more specifically as follows.

Consider the Edgeworth expansion for f;(Z), which is similar to (28), we can find that
f+(Z) and ¢+(Z) share the same term (i), i < 7. So, fi(Z) can be written as

where the order of each term in each 7 (i) is .°
Define ery(Z) = fi(Z) — g:(Z) to be the truncation error of CDG approximation, we
have

1 _z .
eri(2) = 7=e% () (20)

c;
o i/2
it/

Generally, it seems that if scaled cumulants decay fast with 4 increases, where

decay means convergence to zero, then m(7) will also2decrease fast in absolute value. In this
situation, the truncation error er;(Z) will be small compared with the true density f;(Z).
This implies scaled cumulants can be an indication of accuracy of the truncation error.
Therefore, Collin-Dufresne and Goldstein propose to take scaled cumulants as an indication
of the error of CDG approximation.

Compared with Jarrow and Rudd (1982), Turnbull and Wakeman (1991) and Tanaka
(2005), all of which seem not provide any error estimation, CDG approximation is superior
in this way. However, Dufresne and Goldstein’s error estimation is neither precise nor
mathematically solid.

To be more specific, firstly, “scaled cumulants decay fast” is not mathematically precise.
Second, there is neither theoretically rigorous proof nor convincing experiments to show
that the faster scaled cumulants decay, the more accurate the CDG approximation is. In
fact, it seems not possible to get a theoretical bound of error because CDG approximation
is generally not asymptotic. Even it is asymptotic on some special cases, we only have seven
cumulants and thus still need experiments to see how large the truncation error is.

Therefore, we have to analyze errors by experiments and my work is to try to develop
an accurate measure of errors of swaption price based on Collin-Dufresne and Goldstein’s

61f a term is %, we define the order to be ¢. For a term %%, the order is defined as i + j.
iley iley = jley
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indication of errors, and see whether it is accurate in experiments. In addition, we will see
the performance of CDG approximation on several probability distributions.

Measure of Error

Dufresne and Goldstein do not provide a measure to measure how fast the scaled cumulants
decay. Instead, I define a measure [ as follows

SCr

ogl (30)

where sc; is the i-th scaled cumulant, and || is the absolute value of 7.

We choose |£:Z| because |#Z| is a combination of all five scaled cumulants.

It is clear | Sc; | can indicate the speed that scaled cumulants decay the faster they decay, the
smaller | 77| is. So, it corresponds with Dufresne and Goldstein’s error estimation, but more
mathematlcally precise. In addition, we prefer log| 22| over 22| for visual convenience, since
| 22| might be very too small, for instance 0. 0001. Obv1ously, smaller log|2Z| also means
faster decay of scaled cumulants.
Of course, there are many other measures that can also describe the speed that scaled
cumulants decay, such as |£%4]. Later experiments show that [ is an accurate measure of
errors of densities and distribution functions, and thus on the rest of my thesis, we will use
this measure [ to measure the speed of scaled cumulants decay.

scr sCy SC5, SCe,  SCT

3.4 Approximation Performance

In this part, we will carry out experiments to see the overall performance of CDG approxi-
mation on different probability densities, such as Normal, Gamma and Log-normal densities.
Besides, our measure [ will be evaluated to see whether it is accurate in estimating errors.

Normal Distribution

Let a random variable X to be normally distributed, that is, X ~ N(u,0), we can write
X =U + op, where U has a standard Normal distribution.

It is easy to get its cumulants directly from its characteristic function instead of calcu-
lating them by moments. Since its characteristic function is

E(eitm) — E(eit(u+;¢)) — eit#—62t2/2
then, we have
log(E(e™)) = itp — o®t*/2 (31)

It shows that the first cumulant of a Normal distribution is u, and the second is o2, while
other cumulants of order higher than two are all zeros. Hence, there is no truncation error in
CDG approximation. Besides, we already know the radius » = co in Normal distributions,
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in other words, (31) holds for any ¢ € (—oo,+00). Therefore, there should be absolutely no
errors between the CDG approximated density function of a Normal distribution and the

true density function.
In our next few experiments, we will choose several Normal density functions with dif-

ferent parameters, and compare the CDG approximated densities with the true ones. Ex-
periment results are displayed as follows.
Example 1: p=1,0=0.1

Normal density function f(x) with mu=1 eta=0.1

a
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Example 2: p=1,0=1

Normal density function f(x) with mu=1 eta=1
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Example 3: p=10,0=1

Normal density function f(x) with mu=10 eta=1

a
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Conclusion:

As what we expected, in Normal distributions, the approximation errors of density func-
tions are always zero no matter what values of parameters are. In addition, obviously, if we
compare CDG approximated Normal distribution functions with the true ones, there is also
no error.
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By intuition, it seems that a random variable with distribution close to Normal may tend
to have good CDG approximation performance. In fact, this is one of the nice property of
Edgeworth expansion. In the following part, we will test this rule of CDG approximation
on Gamma and Lognormal distributions.

Gamma Distribution

Suppose X is Gamma distributed, or, X ~ I'(«, 8) where a > 0, § > 0, then its density
function is

a—le—,ﬁx

where z > 0, and (a) = [7y* e Vdy
It is not difficult to compute the n-th moment of X

E(@z™) = /OO 2" f(x)dx

s
=t [ e
- Tnrd) (32)

AsT(a+1) = al'(«) and I'(1) = 1, so if « is a positive integer, then we have I'(a) = (a—1)!
It follows that 1
E(z") = @(n +a-1)n+a-2)..«
The cumulants are calculated by moments, with formulas of their relationship showed in
Appendix A. Besides, by Theorem 3.2, > p2,t™/(2n)! converges in some interval (—to, to),

where

o=l (2n)pan2
Therefore, moments of a Gamma distribution uniquely determine its distribution.

Next, we will see CDG approximation performance on Gamma distributions by Matlab
experiments. In those experiments, in order to make a comparison between true densities
of Gamma distributions and their approximated density functions, we calculate their errors
in two ways, difference and relative difference.” Note that the performance of CDG ap-
proximation is mainly showed by relative differences other than differences, and the reason
behind is that the swaption price for approximation is a combination of several probabilities,

"Let f(x) be the true density function, and g(z) is its approximation by CDG approximation. The
difference is defined as f(z) — g(z), and relative difference is |f(z) — g(x)|/f(x).

30



with approximation accuracy determined more by relative differences of densities. Usually,
in Statistics, small relative errors of densities would result in small errors of probabilities,
both absolute errors and relative errors. Therefore, we will focus more on their relative
differences.

In addition, we will only plot in the domain of variable X where the true density is not
almost zero. In fact, we can find that in this almost-zero-density domain, the absolute error
is also very close to zero, although there might be large relative errors due to too small true
density of X. We make this setting is to avoid large relative errors on the tail. The results
are illustrated as follows.

Example 1: a« =50, =1

x 10" Gamma density function f(x) with parameters alpha 50 beta 1

Diference

Gamma density function f(x) with alpha=50 beta="1

Relatve Difrence

sc = [ 0.0471 0.0050 0.0006 0.0001 0.0000 |, I = —8.6713
where sc; is the i-th scaled cumulant.

Example 2: o =30, 5 =1

= 10" Gamma density function f(x) with parameters alpha 30 beta 1

Difrence
50 0000
AN o NDMOD B
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o
(0]
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Gamma density function f(x) with alpha=30 beta="1

Relatve Diference

Vvariable X<

sc = [ 0.0609 0.0083 0.0012 0.0002 0.0000 |, I = —7.6497

Example 3: a =10, =1

Gamma density function f(x) with parameters alpha 10 beta 1

0.005

Diference

-0.00s5

-0.01

-0.015
10 15 20 25

Gamma density function f(x) with alpha=10 beta="1

Relatve Difgrence
o]
1y
:

[S) s 10 15 20 =5

Variable X

sc = [ 0.1054 0.0250 0.0063 0.0017 0.0005 | , I = —5.4525

Example 4: a=5,5=1

Gamma density function f(x) with parameters alpha 5 beta 1

Diference

-0.06
5 10 s
varible X
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Reletve Diference

Gamma density function f(x) with alpha=5 beta="1

Vvariable X

sc = [ 0.1491 0.0500 0.0179 0.0067 0.0026 |, | = —4.0662

Example 5: a =2, =1

Diference

Gamma density function f(x) with parameters alpha 2 beta 1

o.s

Gamma density function f(x) with parameters alpha=2 beta=-1

Relaive Diffrence

[S) a = 3 a 5 & 7 8 =) 10
Varible X

sc = [ 0.2357 0.1250 0.0707 0.0417 0.0253 |, | = —2.2336

Example 6:

Diference

a=10,8=5

Gamma density function f(x) with parameters alpha 10 beta 5

-0.06
o o5 A 1.5 = 25 3 35 a as 5
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Gamma density function f(x) with alpha=10 beta=5

Reletve Diference

sc = [ 0.1054 0.0250 0.0063 0.0017 0.0005 |, | = —5.4525

Example 7: a =5, =25

Gamma density function f(x) with parameters alpha 5 beta 5

Diference

Varible X

Gamma density function f(x) with alpha=5 beta—=5

\Variable X

sc = [ 0.1491 0.0500 0.0179 0.0067 0.0026 |, | = —4.0662

Conclusion:

1. The faster the scaled cumulants decay, and the more accurate the approximation is, see
from the first five examples. Example 1 shows the most accurate result with relative
difference about 0.01 and the fastest decay of scaled cumulants with [ = —8.6713,
followed by Example 2 with relative difference around 0.02 and [ = —7.6497, then
Example 3, with relative difference around 0.2 and [ = —5.4525 . The approximation
performance in Example 5 is worst with relative difference around 1, due to rather
slow decay of scaled cumulants with [ = —2.2336. In other words, the smaller [ is,
the more accurate CDG approximation is. It shows that our measure [ is accurate
in cases of Gamma distributions. Besides, the accuracy becomes less sensitive to [
as it decreases. For instance, while [ decreases from -5.4525 to -7.6497, relative error
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decreases rapidly from 0.2 to 0.02. However, when [ decreases from -7.6497 to -8.6713,
relative error only decreases from 0.02 to 0.01.

2. With respect to parameter influence on density approximation performance, the larger
the « is, the more accurate the approximation is, while  has little affection on it.
By comparing Example 3 and Example 6, or Example 4 and Example 7, in any pair
of which, a keeps the same, only 8 differs, we can find that the scaled cumulants are
exactly the same in any pair, and the relative errors are also at the same level. The
property that S has no affection on scaled cumulants can be proved theoretically, see
Appendix D.

Previously, we indicate that a random variable with distribution close to Normal tends to
have good approximation performance. Then, we will study when a Gamma distribution
looks like a Normal distribution.

We know that while « = 1, a Gamma distribution is an Exponential distribution, that
is, I'(1, ) = Exp(B). Besides, a random variable with Gamma distribution I'(«, ) is the
sum of « iid random variables distributed with Fxzp(f) if « is an integer. According to
Central Limit Theorem, if « is sufficiently large, I'(«, 5) can be approximated by a Normal
distribution. This also implies that larger « is, the closer a Gamma distribution is to a
Normal distribution.

In addition, experiments show that the larger the « is, the more accurate the approxi-
mation is, thus it is true that a Gamma distribution close to Normal will have good CDG
approximation result.

Lognormal Distribution

Suppose random variable X is lognormal distributed with parameters p and o, then its
density function is:
1 _ Una—w?
2

fz) = e 202 x>0
ToV 2T

Commonly, it is more convenient to write X = e#*°U  where random variable U is standard
Normal distributed.
It is well known that the expectation of X is

E(z) = E(e"7%) = et /2

Thus, the n-th moment of a lognormal distribution is:

E(Jjn) — E(en,u+na'u) — en#+a2n2/2
In the following part, Matlab experiments will be carried out to see performance of CDG

approximation on density functions of Lognormal distributions. The experimental results
are displayed below.

Example 1: =1, 0 =0.05
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Example 2: © =2, 0 =0.05
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Example 3: p=1,0=0.1



Lognormal density function f(x) with parameters mu=1 eta=0.1
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Example 4: p=2,0=0.1

x 10 Lognormal density function f(x) with parameters mu=2 eta=0.1
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Example 5: p=1,0=0.3
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Lognormal density function f(x) with parameters mu=1 eta=0.3
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Example 6: =2, 0 =0.3

Lognormal density function f(x) with parameters mu==2 eta=0.3
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Example 7: ¢ =0, 0 =0.01
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Lognormal density function f(x) with parameters mu=0 eta=0.01
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Conclusion:

1. Generally, the faster the scaled cumulants decay, or the smaller the measure [ is,
the more accurate the approximation is. We can see from Example 1 to Example 7,
the speed of decay of scaled cumulants becomes slower with measure [/ increases, and
the corresponding density approximation becomes less accurate. In Example 1, the
relative difference is about 0.001 with | = —9.9934, and in Example 3, the relative
error is around 0.01 with | = —7.2652. While in Example 5, the relative difference
turns into around 1 with | = —2.4667. It implies that our measure [ is also accurate
in cases of Lognormal distributions, as in Gamma distributions.

2. The accuracy of CDG approximation is determined majorly by parameter o. In gen-
eral, the smaller o is, the more accurate the approximation is. On the other hand, p
affects little on scaled cumulants, and thus influences little on CDG approximation.
For instance, by comparing Example 1 and Example 2, in which ¢ = 0.05, only u
differs, we can only observe a slight difference in measure [, while their relative errors
are almost the same. The reason behind is that it is ¢ instead of p that makes a
Lognormal distribution look like Normal. However, we can learn from Example 7 that
too small o might lead to bad approximation.

Remark: Too small o tends to make the second cumulant c; = E(X?) — E(X)? quite small,
where E(z") = E(enttnou) = enito™n®/2 Tt is clear that if ¢, is tiny, it is quite possible
that the scaled cumulants of higher order will be large, since the n-th scaled cumulant is

o by definition. For instance, in Example 7, sc; = 0.0068, which is even larger than
n.cZ

scg = 0.0050. Thus, o cannot be too small if we expect an accurate approximation. In
figure 3.1, we plot the curve that describes the relationship between o, standard derivation
of log(X) and measure [, when p = 0.
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Relationship between Measure L and Standard Derivation

Scaled Cumulents Measure L

Figure 3.1. Relationship Between Measure [ and o

We will explore when a Lognormal distribution looks like Normal. Let X be a random
variable of Lognormal distribution, we can write X = e#*°Y where U is standard Normal
distributed. By Taylor expansion, we have X = e#(1+oU + %2U2 +...). If 0 is small, then
X = e'(140U), which implies X looks like a Normal distribution. Generally, the smaller o
is, the better the CDG approximation is, and the closer X is to a Normal distribution. Thus,
a lognormal distribution tends to have good approximation performance when it resembles
a Normal distribution.

However, it does not necessary mean o = 0.01 is closer to Normal than o = 0.05 since
the above explanation is based on the general situation. Anyway, we are more interested
in researching when a Lognormal distribution has good CDG approximation than when it
looks like Normal.

Conclusion

In the experiments of Normal, Gamma and Lognormal distributions, there is one thing
in common: Our measure [ is accurate in estimating the accuracy of CDG approximation
within the same type of distributions. However, when the types of distributions are different,
it is not always the case, although in general it is. For instance, in the second example of
Gamma distributions, | = —7.6497, with relative difference around 0.02, while in the third
example of Lognormal distributions, | = —7.2652, but with relative difference about 0.01, a
little more accurate than the former one. This is reasonable, because measure [ is a general
accurate measure.

Another interesting finding is that if a distribution is close to Normal, it tends to have
good approximation performance by CDG approximation.

In next chapter, we will use CDG approximation to price a swaption, which is a combi-
nation of several probabilities with more complicated distributions.

Remark: Although we discussed CDG approximation on densities instead of on distribution
functions, however, in Statistics, a good approximation on densities with small relative er-
rors would usually lead to good approximation on their corresponding distribution functions
also small in relative errors. Besides, since a distribution function is an increasing function
from 0 to 1, it is natural that small relative errors usually bring about small absolute errors
of distribution functions. This is true to CDG approximation, based on our experiment
results on Gamma and Lognormal distribution functions (partly reported on Appendix C).
On Appendix C, we plot errors of CDG approximation on several Lognormal distribution
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functions. In addition, we illustrate in Appendix E that CDG approximation dominates
over Normal approximation of density functions of random variables.
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4 Swaption Pricing by CDG Approximation

In this chapter, we will use Collin-Dufrersne and Goldstein approximation to price swaptions,
with the pricing formula (17), to see its approximation performance. Collin-Dufresne and
Goldstein (2002) only show two accurate cases, one under Three-factor Gaussian model, and
the other under CIR2++ model, but not analyze them in detail. Instead, we will provide
more specific analysis and intensive insight. We assume the interest rate in formula (17)
follows some affine model with number of factors more than one.

4.1 Affine Term Structure Interest Rate Models

An affine interest rate model is the model where its short-term interest rate is a stochastic
process and an affine function of factors. Term structure means the parameters of this
interest rate model are calibrated from the yield curve available from the real market, where
the yield curve is the relation between long term interest rate and the time to maturity.

Let z1(¢), x2(t),...z»(t) be factors of an affine model, satisfying certain stochastic differ-
ential equations and boundary conditions.

dzi(t) = Bi(t, @1, o, ...xy )dt + v (t, 21, T2, ...y )dW(t)

for any 1 < i < n. Let r(¢) be the interest rate at time ¢, an affine interest rate model
assumes

where §;(t) is a deterministic function for any i.

The above is the general n-factor model. The simplest type is a one-factor model, which
only contains one factor, and it is more convenient to write it in this form

dr(t) = B(t,r(t))dt + (t,r(t))dw(t)
There are many kinds of affine interest rate models, and the most common ones are Hull-
White model and CIR model.
Hull-White model
In the Hull-White model, described by John Hull and Allen White in 1990, the evolution of
the interest rate is given by
dr(u) = (a(u) — b(u)r(u))du + o(u)dw(u) (33)

where a(u), b(u), and o(u) are nonrandom positive functions of time. o(u) is called the
volatility.
Equation (33) with the initial condition r(¢) = ro has an analytical solution.

T T
r(T)=e" Ji blv)dvy. —I—/ e u b(”)d“a(u)du—i—/ e Ju b(“)dva(u)d@(u) (34)

t t
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It is obvious that 7(7") is Normal distributed, and its variance can be calculated by Ito

isometry
/ A(u)dW (u / A?(u)du)

where A(u) = e~ Ju ®)%5(y) in our calculation. Then, we have

T T
r(T) ~ N(e_ftT b(v)dv,. +/ e i b(”)d”a(u)du,/ e2/ b)Y 52 (1) du)

t t
When parameters a, b and o are all constants, we can get

2
—_ _ ag _ _
H(T) ~ N 00y 4 $(1 = e70=0), 2o (1 - 2T-0)) (3)

In this situation, Hull-White model is called Vasicek model. In long term, when 7" goes to
2
infinity, we have lz’m r(T) ~ N(%, %), which does not rely on the initial interest rate rg.

In literatures, ¢ is called the long term mean level, and 3 > called long term variance.

Hull-White model is frequently used in financial world, due to its advantage that the
interest rate has Normal distribution with expectation and variance known. However, there
is a positive probability that the interest rate is negative in the model, and this is one of
the principal objections to the Hull-White model. Anyway, if we model a net interest rate,
Hull-White model may still apply, because a net interest rate allows negative value, which
is defined to the interest rate after eliminating the effect of inflation.

CIR model

CIR model, short for Cox-Ingersoll-Ross interest rate model, was introduced in 1985 by
John Cox, Jonathan Ingersoll and Stephen Ross as an extension of the Vasicek model. In
this model, the interest rate is given by the stochastic differential equation

dr(u) = (a — br(u))du + o+/r(u)dw(u (36)

where a, b, and o are all positive constants.
Given an initial condition 7(t) = 7o, the interest rate r(7") follows a non-central chi-
squared distribution with distribution function

Fy(x) = x*(cre, v, A7)

where

4b
o2(1 —exp(=b(T —1)))

CTr =
v = 4a/c?
Ar = crroexp(—b(T —t)))
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and x?(x,v,) is the non-central chi-squared distribution with degree of freedom v and
non-centrality parameter \.

Besides, many of its properties can be determined. For instance, the mean and variance
of 7(T) conditioned on initial value r(t) = rq.

Ei(r(T) = T ro+ 21— eTHT)
o o’ —b(T—t) —2b(T—t) ao® —b(T—t) —2b(T—t)
Vary(r(T)) = ?ro(e —e )+ W(l —2¢ +e )
It follows the long term expectation and variance
lim By(r(1)) = 3
Hn BT =
2
. ao
g Verr@) = 55

Unlike the interest rate in Hull-White model, the interest rate in the CIR model can never
be negative. This is because when the interest rate approaches zero, the term o+/7(u)dw(u)
also approaches zero. With the volatility disappearing, the behavior of the interest rate near
zero depends on the drift term a — br(u), and this is @ > 0 when r(u) = 0. The positive
drift prevents the interest rate from crossing zero into negative territory. Besides, we have
Feller Condition that tells whether r(u) will hits zero or not.

Feller Condition

Feller condition says CIR process r(u) will never hits zero, if and only if @ > 102, On

the other hand, if 0 < a < %UQ, r(u) hits zero repeatedly but after each hit it becomes
positive again. Under some circumstances, it is convenient to approximation r(u) as Nor-

mal if it never hits zero. However, if it hits zero, in general, it can not be regarded as Normal.

[\~

Opposite to Hull-White model, the advantage of CIR model is that the interest rate is
always non-negative, but there is no explicit formula for its solution ¥, and thus there might
be some inconvenience in computation.

4.2 CDG Approximation under Three-factor Gaussian Model

In this part, we will make a specific description of CDG approximation under three-factor
Gaussian model with factor dynamics as follows

dzi(u) = —a;z;(u)du + o;dw; (u) (37)

and

8Strickly speaking, non-central chi-squared distribution function is not in closed form by defination
because it is sum of infinite number of functions. Thus, Shreve (2004) says ’there is no explicit formula’.
However, in some literatures, for instance, Brigo and Mercurio (2006), the solution of CIR is considered to
be analytical.
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d@l (u)d@] (u) = Pij du

3
r(u) = 8o + Z zi(u) (38)

where oy, o; for any i = 1,2,3 and &g are all positive constants.

Three-factor Gaussian model can actually be proved to be equivalent to three-factor Hull-
White model with parameters all constants. However, the formulation with Gaussian model
leads to less complicated formulas and it is easier to implement in practice although we may
lose some insight and intuition on the nature and the interpretation of the three factors.
The outline of this section is as follows: first formulate the bond price under three-factor
Gaussian model, then calculate the moments of coupon bond under forward measure.

Recall the zero coupon bond price CB(Ty) = Y., C;B(Ty,T;) in chapter two, we have
to generate the formula for each bond price B(Tp,T;) under three-factor Gaussian model
and the following lemmas and theorems are necessary.

Lemma 4.2.1. If X is a lognormal distributed variable, then its expectation is

E(X) = ehtzo’
where 1 and o are the mean and standard variance of variable log X respectively.
Then, we have the following lemma and theorems, see Brigo and Mercurio (2006).

Lemma 4.2.2. For each ¢, T, the random variable defined as

T
1(t,7) = / 1 () + 22(u) + 23 (20)]du
t
conditioned on information at ¢ is normally distributed with mean M (¢,7) and V (¢,T)
given by
M(t,T) = Bo, (T — t)x1(t) + Bay (T — t)x2(t) + Boy (T — t)z3(t)

and

0i0;Pij
V(ET) =D Z 2B (T — 1) = Bo (T —1) = Bo, (T = ) + Baya, (T = 1)
i

where
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1— e oir

Qy

B, (T) =
Proof. Similar to Hull-White model, in there-factor Gaussian model, processes z1(u), x2(u),
x3(u) are all normally distributed. Thus, their sum 2 (u) + z2(u) + 23(u) is also Normal.
The proof of this lemma is straightforward.

Note that V(¢,T) and be written as V(T — t) since it can be regarded as function of
T—t.

Theorem 4.4.1. The price of at time ¢ of a zero-coupon bond maturing at time 7" is

B(t,T) _ e_A(T_t)_E?:l Ci(T—t)x;(t)

where
Ci(1) = By, (1) (39)

A(7) = b7 — %V(T) (40)

Proof. Combine Lemma 4.2.1 and Lemma 4.2.2, and bond formula B(¢,T) = E(eftT r(u)duy
the proof is almost immediate.

We have discussed the T forward measure in the section 2.2, under which, dynamics
of factors changes. We will state the following theorem without proof under three-factor
Gaussian model .

Theorem 4.4.2. The processes x1(u), x2(u), z3(u) under the T forward measure evolve
according to

_0‘7(T u)
dz;(u) = (—aszi(u Z alajp” : Ydu + oidw; T ()

for any 1= 1 ,2,3. Where the correlation of Brownian motions will not change. Equivalently,
di; " (u)dud; " (u) = di;(u)dw;(u) = pij.
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If the Brownian motion terms are mutually independent, the above equations have less
complicated forms.

1— e~ (T—u) -
dx;(u) = (—ax;(u) — Taf)du + oidw;” (u)
Obviously, interest rate x;(u) still follows the general Hull-White model under T-forward
measure, and thus it is also normally distributed at time u = Ty given initial value z;(t) = g

J?‘(TO) ~ N(efozi(Toft)xO_(l_efoci(Toft))iiQ_FLizefai(TfTo)_iefai(TJrTont) i(l_ef%ﬁ(Toft)))
0[22 20[12 2@? 2C¥Z

(41)

This can be used for Monte Carlo simulation in our next experiments. Besides, with this
assumption of independence of Brownian motions, V' (7) can be simplified as

-5

Then, we will turn to the formula for the moments. suppose F;, ¢ = 1,2,3 all to be
constants, the expectation of products of zero-coupon bond prices at time ¢ can be computed
using Lemma 4.1.1, Theorem 4.1.1 and Theorem 4.1.1, under the T" forward measure.

[T — 2By, (1) + Baa, (7))

‘Q
STl

ETtT(e— >3 Fix'i(TO)) _ eM(To—t)—Z?=1 Ni(To—t)x; (t) (42)

where

0;0P45 i (T—
M(r) = Y IEPURB, (1) - T B,, 0, (7)] +
i,j J
Zo—iajpijFiFjBai_,.aj(T)
i>j

If the Brownian motions are mutually independent, we have

3. o2
M(r) = Zj

Fy[Bo, (1) — e T By ()] +

7

.
Il

DN =
. -
M= 7

UiQFiQBQOti (T)

i=1

This formula (42) above allows us to compute all the moments of a coupon bond under three-
factor model. Together with the general swaption pricing formula (17), we are capable of
obtaining the swaption price by CDG approximation.
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Besides, in order to evaluate the accuracy of CDG approximation by experiments, we
need the Monte Carlo swaption price, which is usually taken as the true value of swaption. In
the following part, we will discuss variance reduction techniques for Monte Carlo simulation.

Standard Variance Reduction Techniques

From the swaption formula (18) in chapter two

&mwzﬁiQBmﬂﬁ%meg>m—KBm%ﬁ%mwuw>K)

i=1

we can conclude that the price of swaption is quite sensitive to the probability lgtT" (CB(Tp) >
K) and PT*(CB(T}y) > K). Thus, it might be necessary to increase the efficiency of Monte
Carlo simulation by reducing the variance of simulation estimator CB(Tp). These methods
are called Variance Reduction Techniques, and we will discuss two kinds of them: Control
Variates and Antithetic Variates. See Glasserman (2003).

Control Variates

Suppose random variable Y is the simulation estimator, we take a variable X such that
its expectation E(X) is known. Define a variable

Z=Y —b(X — BE(X))

where b is

_ Cov(X,Y)

 Var(X)
Then, Z is unbiased control estimator of Y, or E(Y) = E(Z), but “;Z:g; =1-—p%y, where
pxv is the correlation between X and Y. The idea of this variance reduction technique is to
replace Y by Z for simulation. It is obvious the higher the correlation is in absolute value,
the better the Variance Reduction Technique works.

In our case of swaption simulation, we have to calculate PT(CB(Tp) > K) = EtT(ch(To)>K)-
Let Y = 1i¢p(r,)>k) and X = g(BTEJT%)), so from Property 1.2 in chapter two, we have

EF(X)= ng(:/tﬂ)) In addition, the parameter b above is estimated by

S (X = X)(¥i - V)
Z;L:l(Xi - X)2

where X is the expectation of simulations of X, and Y is that of Y.

8:

In practice, we find that this technique is not quite useful for our swaption price. This
is because by the nature of our target variable Y = 1cp(1,)>k), it is difficult to find a
variable X, which has known expectation and high correlation with Y.
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Antithetic Variates

Suppose we have to calculate the expectation E ( ) of the random variable Y by Monte

Carlo simulation, we can create another variable Y such that Y and Y have the same
distribution. Deﬁne

Then, Z is the unbiased estimator of Y, because

B(Z) = 3(B(Y) + B(Y)) = B(Y)

Besides,

Var(Z) = %Var(Y)—{—%Var(Y)Cor(Y,}N/)
< Var(Y)

where Cor(Y,Y) is the correlation between Y and Y.

Obviously, the key idea of this method is to find a variable Y with the same distribution
as Y, but their correlation should be as negatively small as possible. In our swaption pricing,
we sample z; from state variables X;(7p), ¢ = 1,2, 3, whose distribution is Normal. Then,
use z1,r2, 3 to calculate Monte Carlo price of the underlying coupon bond CB(Tp), set
Y = 1¢B(1v)>K)- Let &; to be symmetric to x;, or

where pi, is the expectatlon of X;(Tv). By #1,Z2, T3, we have another price of coupon bond,
CB(TO) and set ¥ = LeBry)>K)- Clearly, Y and Y have the same distribution, because
the densities of the state variable X;(Tp) at x; and at Z; are exactly the same. In addition,
we can see that the correlation between Y and Y is negative.

In our experiments, this variance reduction technique is quite powerful compared with
Monte Carlo simulation without any variance reduction. With this method, if we simulate
5 million samples for each state variable by Monte Carlo, then the standard deviation of
the swaption prices by Monte Carlo is less than 1 x 107, with order o(10~7). Without this
technique, the standard error of swaption price will be more than 1 x 10~%. In Schrager and
Pelsser (2006), they simulate 500,000 samples, less number than our samples, for each state
variable to price swaptions the same as ours.
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4.3 Numerical Results Under Three-factor Gaussian Model

In this section, our attention will be paid to the performance of CDG approximation for
swaption pricing under Three-factor Gaussian model, and the accuracy of a measure for its
error. Collin-Dufresne and Goldstein (2002) only show an accurate case, but not analyze it
in detail. Instead, we will provide more specific analysis and intensive insight.

We will start by experiment 4.1, which prices a Ty % (To — Tp) receiver swaption at time
t = 0, with maturity of swaption Ty = 1 year, and tensor 6 = 0.5 year. Experiment results
are displayed in four tables, from Table 4.1.1 to Table 4.1.4.

The parameters of swaption from (37) and (38) are given in Table 4.1.1, where x; rep-
resents x;(t), the initial value of this factor. k is the swap rate. We set ¢ = 0 so the price
of swaption is current. For convenience, let all three factors to be mutually independent, so
pij = 0if i # j.

Table 4.1.2 compares the swaption price by CDG approximation, with that by Monte
Carlo simulation. The Monte Carlo price is obtained using the exact Normal distribution of
each factor x;(Tp) from (41). The number of simulation for each factor under each forward
measure is all 5 million with Antithetic Variates, and we take values by Monte Carlo method
to be the true values.

Table 4.1.3 illustrates the probabilities P/*(CB(Tp) > K) under different forward mea-
sures T1,..,T;, respectively, where the first row of this table indicates their forward measures.

At last, the scaled cumulants are showed in Table 4.1.4, with sc; on the first row indi-
cating the i-th scaled cumulant, and forward measures are displayed on the first column.
The last column shows values of our measure of error | defined in (30), corresponded with
probabilities under different forward measures.

Experiment 4.1

Consider a Ty * (T — Tp) receiver swaption, with maturity of swaption T, = 1 year and
tensor § = 0.5 year. The parameters are given below

(&3] (65 Q3 o1 g2 g3 X1 To I3 6() k
1 [{07]05]0.06|005]|0.05]|0.02]0.02]|0.01]|0.03]0.05

Table 4.1.1 Parameters of One-Year Swaption under Hull-White model

Experiment Result:

Swaption Price by 0.0208
Monte Carlo
Swaption Price by CDG 0.0207

Approximation
Absolute Error 0.0001
Relative Error 0.59%

Table 4.1.2 Swaption Price Approximation
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To T T,
Monte Carlo 0.5427 0.5539 0.5616
CDG 0.5415 0.5525 0.5603
Absolute 0.0012 0.0014 0.0013
Error

Table 4.1.3 Probability Approximation under Different Forward Measures

scs scy scs Scg scr Meaure
To | 0.02384931 | 0.00151864 | 0.00011341 | 0.00000937 | 0.00000048 -10.82
T1 | 0.02384938 | 0.00151865 | 0.00011341 | 0.00000937 | 0.00000059 -10.61
T> | 0.02384944 | 0.00151866 | 0.00011341 | 0.00000938 | 0.00000086 -10.23
Table 4.1.4 Scaled Cumulants under Different Forward Measures
Conclusion:

In experiment 4.1, CDG approximation has excellent results.
illustrated on Table 4.1.4, decay very fast, with measure of error less than -10. This leads
to accurate probabilities approximation, displayed on Table 4.1.3, with absolute errors no
more than 0.0014 under each forward measure. It is displayed on Table 4.1.2 that the ab-
solute error of CDG approximation for swaption is 0.0001, and the relative error is 0.59%

compared with swaption price by Monte Carlo.

Next, we will try to price a three-year swaption, extending the number of swap times
from previous two to six, to see whether it is still possible to generate accurate result by

CDG approximation.

Experiment 4.2

Consider an Ty * (Ts — Tpy) receiver swaption, with maturity of swaption Ty = 1 year and

tensor § = 0.5 year.

The scaled cumulants,

&3] Qo a3

g1

g2

g3

X1 €2

do

Z3

k

1 (07105

0.05

0.03

0.03

0.02 | 0.02

0.01 | 0.03

0.05

Experiment Result:

Swaption Price by 0.0405
Monte Carlo
Swaption Price by CDG 0.0402
Approximation
Absolute Error 0.0003
Relative Error 0.67%

Table 4.2.2 Swaption Price Approximation

o1

Table 4.2.1 Parameters of Five-Year Swaption under Hull-White model




T() T1 T2 T3 T4 T5 TG
Monte 0.7263 0.7327 0.7369 0.7398 0.7422 0.7436 0.7445
Carlo
CDhG 0.7227 0.7289 0.7332 0.7361 0.7382 0.7397 0.7408

Absolute 0.0035 0.0038 0.0037 0.0037 0.0040 0.0038 0.0037

Error

Table 4.2.3 Probability Approximation under Different Forward Measures

sc3 scy scs scg scy Meaure
To | 0.02737426 | 0.00200378 | 0.00017212 | 0.00001637 | 0.00000170 -9.68
T 0.02737447 | 0.00200381 0.00017212 0.00001636 | 0.00000173 -9.67
T | 0.02737462 | 0.00200383 | 0.00017212 | 0.00001636 | 0.00000179 -9.63
Ts 0.02737473 0.00200384 | 0.00017212 0.00001637 | 0.00000161 -9.74
Ty | 0.02737481 | 0.00200386 | 0.00017212 | 0.00001636 | 0.00000162 -9.73
Ts 0.02737486 0.00200386 0.00017213 0.00001637 | 0.00000175 -9.66
T | 0.02737491 | 0.00200387 | 0.00017213 | 0.00001636 | 0.00000174 -9.67

Table 4.2.4 Scaled Cumulants under Different Forward Measures

Conclusion:

In experiment 4.2, the performance of CDG approximation is also excellent. The scaled
cumulants, illustrated on Table 4.2.4, decay very fast, with measure of error on average
about -9.7. This results in accurate probabilities approximation, displayed on Table 4.2.3,
with absolute errors a little more than 0.0035 under each forward measure. It is displayed
on Table 4.2.2 that the absolute error of CDG approximation for swaption is 0.0003, and
the relative error is 0.67% compared with swaption price by Monte Carlo.

Actually, CDG approximation can be highly accurate no matter the number of swap
times is small or large. Then, readers may be interested in how to choose right parameters

to display excellent CDG approximation and we will discuss it next.
In the forward probability PT(CB(Tp) > K) that CDG method deal with, we have

CB(Ty) = > C:B(Ty, T;)
i=1

where C; = kdK,i = 2,3,..n — 1;C,, = (kd + 1)K. In real world, k6K is usually much
smaller than K, and thus C,, is much larger than other C;, i = 1,2,...n — 1. If n, number
of swap times, is also small, we have

CB(T()) =~ CnB(To, Tn)

Besides, for the same reason, we have by swaption pricing formula (17)
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Swn(t) = Zn:ciB(t,n)ﬁtTi (CB(Ty) > K) — KB(t,Ty) P (CB(Tp) > K)

~ CoB(t,T;)P"(CB(Ty) > K) — KB(t,Ty) P (CB(Tp) > K)
CoB(t,T;) P (C,B(Ty, T,) > K) — KB(t, To) PI(C, B(Ty, Tyy) > K)(43)

Q

Obviously, we only use (43) to analyze our experiments, but do not use it to price swaption,
because (43) only exists when the times of swap and the swap rate is small.

We notice that B(To,T),) is lognormal distributed in a three-factor Gaussian model, and
thus can get idea from experiments on Lognormal distributions on the third chapter that
the volatility o of B(Tp,T},), defined as the standard deviation of logB(Ty,T,) can be used
to adjust the accuracy of CDG approximation according to Figure 3.1 also on the third
chapter, and this adjustment turns to be quite effective in practice.

To be more specific, according to (40) and (41), the volatility o keeps the same even
its forward measure changes. For Experiment 4.1, 0 = 0.0479, and for Experiment 4.2,
o = 0.0558. From Figure 3.1, the optimal o is about 0.045, which is affected little by the
other parameter u, so volatilities ¢ in both experiments are very close to the optimal ¢. In
the next experiment, Experiment 4.3, we will try to rise volatility o2 , 03, so that o will rise
to 0.0856. Intuitively, it will lead to less accurate CDG approximation.

Experiment 4.3

Consider a T * (To — Tp) receiver swaption, with maturity of swaption Ty = 1 year and
tensor 6 = 0.5 year. The parameters are given below

(&3] (65 Q3 01 g2 g3 I To I3 6() k
1 (07|05 0.06 010 | 0.10 | 0.02 | 0.02 | 0.01 | 0.03 | 0.05

Table 4.3.1 Parameters of One-Year Swaption under Hull-White model

Experiment Result:

Swaption Price by 0.0378
Monte Carlo
Swaption Price by CDG 0.0385

Approximation
Absolute Error 0.0006
Relative Error 1.69%

Table 4.3.2 Swaption Price Approximation

To T T
Monte Carlo 0.5465 0.5659 0.5799
CDG 0.5397 0.5587 0.5725
Absolute 0.0068 0.0072 0.0074
Error
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Table 4.3.3 Probability Approximation under Different Forward Measures

scs sCy scs scg scy Meaure
To | 0.04270354 | 0.00487562 | 0.00065360 | 0.00009706 | 0.00001548 -7.92
T1 | 0.01599799 | 0.00487571 | 0.00065362 | 0.00009706 | 0.00001547 -7.92
T5 | 0.01599732 | 0.00487579 | 0.00065364 | 0.00009706 | 0.00001548 -7.92

Table 4.3.4 Scaled Cumulants under Different Forward Measures

Conclusion

As we expected, Experiment 4.3 shows relatively less accurate CDG approximation.
The scaled cumulants decay relatively slow with measure -7.92. The errors of forward
probabilities are about 0.0070 on average, and the approximation of the swaption price
demonstrates absolute error about 0.0006, and relative error around 1.69% displayed on
Table 4.3.2.

Measure of Errors of Swaption Price

Our next task is to develop an accurate measure of errors of swaption price based on our
previous measure [ of errors of densities.

There is something in common observed in previous three experiments: the smaller value
l is, the more accurate the CDG approximation is on forward probabilities. In Experiment
4.1, [ is less than -10, and the absolute errors of probabilities are about 0.0013 illustrated in
Table 4.1.3. In Experiment 4.2, [ is about -9.5, with error around 0.0035. In Experiment 4.3,
l is about -7.9, with errors more or less than 0.0070. This implies that our measure [ is also
accurate in cases where the underlying variable CB(Tp) is the sum of several lognormals.

In addition, by analyzing swaption price formula (17) and its coefficient Ci,...,C,,, among
which C,, is much larger than other C;, i = 1,2, ..n— 1, we find that P/" (CB(T,) > K) and
PP (CB(Ty) > K) have much more weight than other forward probabilities P (CB(Ty) >
K),i=1,2,..n—1in determining the swaption price. So, in order to make CDG approxima-
tion accurate, we should make probabilities under both forward measures well approximated,
and thus consider to choose L as the measure of swaption errors defined as follows

Ty T,
sc sc
L =1y + 1, = log|—%&| + log| = (44)
5cq scy”
where [y is our previous measure [ under Ty forward measure and sc;° is the i — th scaled
cumulant also under T, forward measure. For instance, in Experiment 4.1, L = —10.82 —
10.23 = —21.05.

Note that the difference between [y, [,, and other measures [;, i = 1,2...n — 1 are in-
significant, from previous three experiments. Empirically, if [, and I,, are both small, other
l; should also be small. We expect the smaller value L is, the more accurate the CDG
approximation on swaption price is, just like our previous measure [ on densities. Clearly,
measure L of errors of swaption price is accurate based on Experiment 4.1, 4.2 and 4.3,
where Experiment 4.1 and Experiment 4.2 show much smaller errors in swaption price than
Experiment 4.3, both absolute errors and relative errors. In Experiment 4.1, L = —21.05
with the absolute error of swaption price about 0.0001 and relative error 0.59%, while in
Experiment 4.3, L = —15.84 with the absolute error around 0.0006 and relative error 1.69%.
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In order to evaluate measure L more generally, we need to collect more data, including
values of measure L and swaption price errors, both absolute errors and relative errors.
We will price several swaptions with the same parameters as in Experiment 4.1 except the
parameter o3 since different o3 will lead to different value of L . The data is illustrated
in Table 4.4, where the second row demonstrates the Monte Carlo swaption price with the
same number of simulations as in our pervious experiments. The absolute errors and rela-
tive errors are showed on the third row, with relative errors in the brackets. The values of
measure L are on the last row.

g3 g3 =0.07 0320.10 0320.12 0320.15
Swaption Price 0.0248 0.0321 0.0376 0.0464
Errors 0.0001 (0.57%) 0.0005 (1.60%) | 0.0009 (2.43%) | 0.0016 (3.44%)
Measure L -19.20 -17.21 -16.06 -14.52
Table 4.4

Luckily, from Table 4.4, we also see that the smaller value measure L is, the smaller
errors are. So far, we have obtained seven swaption price, including three from Experiment
4.1, 4,2, and 4.3. The relationship between values of measure L and errors of these swaption
price is plotted in Figure 4.1 and Figure 4.2, with Figure 4.1 dealing with absolute errors,
and Figure 4.2 with relative errors.

w1077 Relstionship Betwesn Skhsolute Ervors of Swaptions snd Messure L

Absolute Emor

L s L L s L s
-22 -21 -20 -19 -1G -7 -16 -15 -14
heasure L

Figure 4.1 Relationship Between Absolute Errors of Swaptions and Measure L
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Relation=hip Between Relative Errors of Swaptions and Measure L

0.035

0.03

0.025 -

002+

Relative Ermor

0015

oot

0.00s 1 L L 1
22 =21 -20 -18 -15 -17 -16 -15 -14

Measure L

Figure 4.2 Relationship Between Relative Errors of Swaptions and Measure L

Conclusion:

From Figure 4.1 and Figure 4.2, we find that as what we expected, in general, the smaller
value measure L is, the smaller the absolute errors and relative errors are although there
is no guarantee smaller L will definitely result in smaller errors of both types. It implies
our measure L is accurate in general. Besides, the trend can potentially be fitted by some
smoothed functions with increasing slopes.

Furthermore, there is an interesting phenomenon that the trend of absolute errors coin-
cides with that of relative errors almost perfectly. That’s, if the absolute error of a swaption
is smaller than that of another swaption, then its relative error is also smaller, see Figure 4.3.
The direct application of this rule is that in the analysis of swaption price errors, absolute
errors can be an estimator of relative errors, and vice versa.

Relationship Between Absolute Errors and Relative Errors

0.035

0035

0.025

002+

Relative Emors

0015

0.01

1 L 1 L
u] 0.2 0.4 0B o.g 1 1.2 1.4 1.6
Absolute Errors w107

0.00s5 1 L :

Figure 4.3 Relationship Between Absolute Errors and Relative Errors

In addition. we will analyze the reason behind this interesting phenomenon that absolute
errors and relative errors coincide. Let Swn be the true swaption price, and swn be the
CDG approximated price. So the absolute error is |Swn — swn| and the relative error is
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W. In general, a small fluctuation of Swn in percentage would lead to large violation

of |Swn — swn| in percentage, because the absolute error is much smaller. Thus, the trend
of W is primarily effected by that of |Swn — swn|. This explains why absolute errors
coincide with relative errors in trend. For instance, in Experiment 4.1, Swn = 0.0208,
|Swn — swn| = 0.0001, S2n=swnl 0 50%  while in Experiment 4.3, Swn = 0.0378,

|Swn — swn| = 0.0006, % = 1.69%.

Two Reasons Why Measure L Accurate Only In General

We will explore reasons why measure L is accurate only generally such that there is no
guarantee smaller L would lead to smaller errors.

We can learn from any plot of errors of Lognormal distribution functions in Appendix
C, that the place of the variable X on the axis can influence the errors within the same
distribution function. In other words, at different places, errors can be quite different.
Similarly, for a general distribution function, the place of the variable is also an influence.
However, it is usually difficult to predict at which place the errors are small, especially for
absolute errors.

The other reason is that swaption price is the combination of several forward probabil-
ities, and accurate CDG approximation on probabilities does not necessary mean accurate
swaption price although they usually do. However, in practice, the difference among for-
ward probabilities in the same swaption is usually very small under Three-factor Gaussian
model, and thus CDG method has similar approximation performance on them uniformly,
see Experiment 4.1 where the relative errors of forward probabilities are all around 0.0012.
This is the reason why accurate CDG approximation on probabilities can lead to accurate
swaption price in general under Three-factor Gaussian model.

More research is suggested to analyze these two reasons intensively. If successful, then
we may be able to work out a more accurate measure of errors of swaption price. In fact,
the swaption price is a complicated system, affected by several factors. As far as I know,
most relevant researches are concentrating on how to approximate accurate probabilities,
and then rely on experiments to see whether the swaption price is accurate approximated.
In addition, we propose to collect much more swaption price so we have more points that
describe the relationship between errors and measure L. The trend may be fitted by some
statistical regression models. Then, we can better assess the power of our measure L.

In practice, we suggest to set value of L less than -19, so absolute errors would be less
than 0.0004, and relative errors less than 1%. Furthermore, our result on swaptions within
Three-factor Gaussian model can be extended to cases within any Multi-factor Gaussian
model, because a zero-coupon bond B(t,T) within any of these models is still Lognormal
distributed, for instance, Four-factor Gaussian model, refer to Langetieg (1980). Thus, our
result is valuable and can be potentially widely applied.

4.4 CDG Approximation under CIR2+-+ Model

In this part, we will discuss CDG approximation under two-factor CIR model, in academics,
called CIR2++ model, which is an extension of one-factor CIR model. Recall the stochastic
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differential equation of one-factor CIR model for interest rate is dr(u) = (a — br(u))du +
oy/r(u)dw(u). In CIR2++, its dynamics is similar.

dz;(u) = (a; — biz;(w))du + o4/ z;(w)dw; (u)
i=1,2, and

2

r(u) =0+ le(u)

i=1
where the Brownian motions w;(u) and wy(u) are independent. a;, b;, o; for any i = 1,2
and ¢ are all positive constants such that 2a; > o2.

The bond price B(t,T) is obtained in different way with Three-factor Gaussian model,

since it is difficult to acquire its price by the distribution of its CIR factors, which are
non-central chi-square distributed. We have the following theorem.

Theorem 4.4.3. The price of at time ¢ of a zero-coupon bond maturing at time 7 is
B(t,T) = oAM=t =7, Ci(T—t)i(t)

where

2(erT — 1)
b+ 7)(@ = 1)+ 23,

Oi(T) =

2
20,7; 204 bl + Yi et — 1)+ 2’71
A(’T):—(ST"‘ E (ﬁ’r_ 0_2 log[( )( 27 )
i—1 I % i %

)

and we define v; = \/b? + 202.
Proof. Assume the bond price can be written as
B(t,T) — f(t,xl,xg) — e—A(T—t)—Cl(T—t)zl(t)—Cg(T—t)zQ(t)

where A(7) and C(7) are deterministic functions and A(0) = C(0) = 0. It follows that
filt,@a(8)22(t)) = [A(T ) + OLT = D)1 (8) + Col(T — ) (D)) f (¢, 21 (2), w2(1))

Joi (b, 21 (t), 22(t)) = —Co(T —t) f(t, 21 (1), 22(1))

fwﬂb = CZQ(T - t)f(ta T(t))
For i € {1,2}, where ' denotes differentiation with respect to 7 =T — .
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Then, the discounted bond price has differential

d(B(t,T)D(t)) = —r(t)D(t)f(t,z1,22)dt + D(t)df (t, 21, 22)
= D[_det‘f'ftdt—i_ffmdml+f:v2d$2
1 1
+§f$1$ldl‘1dl‘1 + fmlmzdxldl‘g + §fz2m2dl‘2da?2]
= D[-(0+x1+x2)f + fr + (a1 — biz1) fo,

1 1
+(a2 - b2x2)fw2 + §a%x1fwlwl + §0§$2fw2w2]dt

+D[O’1 \/ xl(t)fxldw1 + 092/ Qfg(t)fwzdﬁg]

Because under the risk-neutral probability, the price of a discounted bond is a martingale,
and thus the dt term of d(B(t,T)D(t)) should always be zero, then, we have

—(0F+ x4 x2)f + fr + (a1 — b111) fo,

1 1
+(a2 - beQ)facz + io-%xlfﬂilﬂil + 50-%372]09:29:2

= f[_(5 +x1 + .1‘2) + Al + C;!El + C;LZ'Q — (a1 — blxl)Cl

1 1
—(ag — 621‘2)02 + §U%I1012 + 50’%1‘2022]

’ ' 1
= fl(=0+A4 —a1C1 —a2C2) + (=14 C, +b:C1 + 50%C’12)x1

/ 1
(=14 Cy + baCy + 505022)%2
— 0 (45)
As (42) must hold for all z; and y;, the term C] + b,Cy + $01C? multiplying z1 must be

zero. Similarly, the term Cé +b,C5+ %U%C% multiplying 2 must be zero, and the remaining

term —§ + A — a1C1 — a3Cs must also be zero. This leads to a system of three ordinary
differential equations.

!’ ].
C; = —b;C; — 50?05 +1 (46)
Al =04+ a1C1 + axCy (47)

where ¢ € {1,2}.The solutions to the above equations (46)-(47) with initial condition A(0) =
01(0> = CQ(O) =0 are

2(e™i™ —1)
(bi +7i) (€77 — 1) + 27

Ci(’T) =

2
2@1‘ Qai bl + i et — 1)+ 2"}’1
i_1 It i I3 i

)
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where we define v; = \/b? + 2072.
|

So far, we have obtained the exact formula of the bond price B(t, T) = e~ AT =)=, Ci(T—t)zi(t)

under CIR2++ model. Note that the products of bond price with different maturities will
take the form

B(Ty, Th)B(Ty, T3)...B(Ty, Tp,) = eFo=Frma(To)=Faz(To)

Our next step is to calculate the conditional expectation EiT(eFO_lel(TO)_Fz’”?(TO)), where

Fy, F1, F5 are all constants. We will only give formula and general procedure for it, For
detailed explanation, refer to Duffie, Pan, and Singleton(2000), and Collin-Dufresne and
Goldstein(2002).

The conditional expectation of efo~F121(To)=F222(To) ypder T- forward measure can be
written as

Eg’(eFo—Flzl(To)—FQIQ (TU)) _ B(tl T) eM(To—t)—Nl (To—t)rl(t)—Nz(To—t)mz(t) (48)

where the functions M(7), N1(7) and Na(7) satisfy the following Riccati equations

M (r)=—6— Z a;N;(7)

, o2
N,(t)=1-b;N(r) — ?le(T)

with initial conditions M(t) = Fj and N;(t) = F, i € {1,2}, where Fy = Fy — A(T — Tp),
Fr=F+C((T —1Tp),
Solving the Riccati equations above, we have

2(11' i

2
« 204
M(r)=F; — 61+ g (77'_1).7' P log| 2
i=1 't v i

(ka —_ )\i7,)e”fi7 — (Fl* - )‘i,+)02

Ni(r) = — i
O = e T = n e —h )

Ff (N7 = Xi)+ Z (77 — 1)

where Ay = —‘1;-25-7 and A_ = =%,

o2
Formula (48) is used to calculate moments of a coupon bond under CIR2++ interest
rate model. Under T forward measure, we have the differential equations of factors

Theorem 4.4.4. The processes x1(u), x2(u) under the T' forward measure evolve according
to

dzi(u) = (a; — (b + 2Ciy(T — u)) s (u))du + o4/ (t)di; " (u) (49)
where i € {1,2}, and duw” (u)diwp” (u) = diy (u)dWa(u) = 0. See Brigo and Mercurio
(2006). This formula can be applied for Monte Carlo simulation.
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Simulation

It is well known that the CIR process is non-central chi-square distributed, and there is an
exact method to simulate its samples. The idea of this simulation method is to reduce the
sampling of a non-central chi-square to sampling of an ordinary chi-square, including gener-
ating random variables from standard Normal distribution or Poisson distribution depending
on the value of parameter 2%. For more detail, see Glasserman (2003).

However, this exact simulation method is quite slow in computation, according to Alfonsi
(2005), in which several time discretization schemes of simulation for CIR model are analyzed
together with this exact simulation method, and one of the conclusions is that it is more
than ten times slower than any other time discretization schemes included. In financial
world, usually, the number of samples by Monte Carlo required is very large, and thus we
prefer time discretization schemes. In the following section, we will introduce Euler scheme,
the simplest but popular time discretization scheme.

Euler Scheme

In mathematics and computational science, Euler scheme, named after Leonhard Euler, is
a numerical procedure for solving SDE with a given initial value.
Consider a Ito stochastic differential equation

dXt = f(Xtvt)dt + g(Xtat)dW(t)

For a small time step At, we have

t+At t+At
Xt-i—At = Xt+/ dS"‘/ dW( )
t

t+At t+At
Xt +/ Xt, d8+/ Xt7 dW( )
t t

= Xi+ [(Xe, )At + g(Xp, ) (Wipae(t) — Wi(2))

Q

Or with ¢t = nAt, it is more common to write Euler Scheme as

Xn+1 =X, + f(Xna n)At + g(Xnv n)AWn

This is called Euler scheme. The scheme is consistent with the Ito definition of an integral
and can only be used for an Ito differential equations. It is well known in Finance, without
specific explanation, all SDE are assumed to be Ito. Thus, Euler Scheme is quite useful for
Monte Carlo simulation in Finance.

However, in the Euler scheme of CIR model, see (36)

Tntl = Tn + (a — brp) At + o/r, AW, (50)
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r5, can take negative values since the Brownian motion increment is not bounded from below,
and thus /7, in (50) is not well-defined. To solve this problem, one can take Deelstra and
Delbaen scheme, which replaces /7, by /7n1l(r, >0, see Deelstra and Delbaen (1998), or
replace the whole (50) by 7,41 = [(a — bry,) At + 0/, AW,,|, see Diop (2003). But a much
better scheme is called E(0) scheme in Alfonsi (2005), which is exactly the Milstein scheme

)At (51)

b AW, 2
P = (1= SAOVL + 5 7 )2+(a—0Z

b
(1-3At)
where 4a > o2, then r can never be negative.

With respect of how to access the accuracy of these numerical schemes, we will introduce
the definition of two types of order convergence.

Definition (strong order of convergence)

The strong order of convergence is j if there exists a positive constant K and a positive
constant A such that for fixed T = NAt

E(|Xr — Xn|) < K(At)!

for all 0 < At < A. Where X is the true value of stochastic process at time T, and X is
its approximated value.

Definition (weak order of convergence)

The strong order of convergence is j if there exists a positive constant K and a positive
constant A such that for fixed T'= NAt

|E[h(X7,t)] = B[h(Xy, )] < K(At)

for all 0 < At < A and for all functions h with polynomial growth.

Both types of order convergence are used to measure the accuracy of numerical scheme,
and it is obvious, the higher order of convergence, the better the numerical scheme is. In
fact, the strong order of Euler scheme is 0.5, and its weak order is 1.0. On the other hand,
Milstein scheme leads to more accurate solution with the same time step, with both strong
order and weak order 1.0, but this scheme usually takes more time than Euler scheme. There
is also a set of schemes called Taylor schemes which originates from Taylor expansion, with
more accurate solution than that by Milstein scheme. In general, the higher order the
scheme is, the more computation time will take with the same time step. So, there is a
balance for it.

In Alfonsi (2005), by comparing several time discretization schemes for CIR process,
including D-D (Deelstra-Delbaen scheme) and Diop (Diop scheme), it is concluded that E(0)
scheme is the best with respect to the order of convergence of both types and computational
cost. To be more specific, F(0) scheme dominates over D-D and Diop in speed of convergence
of both type, but there is almost no difference in computation cost. So, we will use E(0)
scheme for CIR simulation. For schemes of higher order for CIR process, second and third
order, see advanced research by Alfonsi (2010).
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4.5 Numerical Results Under CIR2+-+ Model

In this section, our attention will be paid to the performance of CDG approximation for
swaption pricing under CIR2++ model. Collin-Dufresne and Goldstein only show an ac-
curate case, but not analyze it in detail, as what they do under Three-factor Gaussian
model.

Experiments will be carried out to compare swaption price by CDG approximation and
by Monte Carlo. The results are all illustrated in tables, with the same meaning as these
under Three-factor Gaussian model.

The Monte Carlo price is obtained using F(0) scheme with time discretization formula
(51) for each factor x;(Tp) with differential equation (49). To reduce the time discretization
bias, we choose a small time step: dt = 1 * 10™% and short maturity 7y = 1. The number
of simulations is all one million for each factor under each forward measure, so the order of
error is 0(107%). We price swaption in Experiment 4.4 by Monte Carlo two times and both
of them showed the same accuracy up to the digit 107°. In Schrager and Pelsser (2006),
they simulate 500,000 samples for CIR2++ model. In Singleton and Umantsev (2002), they
use Euler scheme for CIR2++ model with time step dt = 41072 from 0 to maturity Ty = 5,
and Monte Carlo path is 100,000 without any variance reduction techniques. Clearly, our
Monte Carlo price of swaption is more accurate. We consider the Monte Carlo value to be
the true value.

Experiment 4.4.

Consider a T * (To — Tp) receiver swaption, with maturity of swaption Ty = 1 year and
tensor 6 = 0.5 year. The parameters are given below

o a9 bl bg g1 g9 X1 X9 50 k?
00100203 ]05]01|01|0.04]0.05]|0.01]|0.1

Table 4.4.1 Parameters of One-Year Swaption under Hull-White model

Experiment Result:

Swaption Price by 0.0123
Monte Carlo
Swaption Price by CDG 0.0127

Approximation
Absolute Error 0.0004
Relative Error 3.25%

Table 4.4.2 Swaption Price Approximation

Ty T Ty
Monte Carlo 0.6366 0.6431 0.6465
CDG 0.6385 0.6446 0.6490
Absolute 0.0019 0.0015 0.0025
Error
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Table 4.4.3 Probability Approximation under Different Forward Measures

scs sy scs scg scy Meaure
To | -0.07074529 | 0.00894448 | -0.00087905 | 0.00003272 | 0.00002030 -8.16
Ty | -0.07082351 | 0.00897032 | -0.00088476 | 0.00003496 | 0.00002040 -8.15
T5 | -0.07088556 | 0.00899081 | -0.00088926 | 0.00003396 | -0.00004137 -7.45

Table 4.4.4 Scaled Cumulants under Different Forward Measures

In this experiment, the parameters of two CIR factors z1(u) and z2(u) satisfy 2a > o2
respectively. According to Feller condition, both factors will never hit zero. Then, obviously,
4a > 02, so we can use (51) to simulate Monte Carlo samples.

The performance of CDG approximation is good: from Table 4.4.2, the absolute error of
swaption is 0.0004 and the relative error is 3.25%, although less accurate than Experiment
4.1 and Experiment 4.2 under Three-factor Gaussian model. This is because the scaled
cumulants decay less faster with measure L = —15.61 showed in Table 4.4.4. Unlike Three-
factor Gaussian model, in practice, it is much difficult to find a case under CIR2++ with
fast decay of scaled cumulants, and thus Collin-Dufresne and Goldstein implies it is more
difficult to acquire accurate swaption price under CIR2++ model than under Three-factor
Gaussian model.

We illustrate this experiment in order to show it is possible to obtain accurate swaption
price by CDG approximation. Due to time restriction, and the fact that the simulation
of CIR2++ model is rather time consuming, we cannot provide more experimental data.
Since the scaled cumulants generally decay less faster under CIR2-++ model than that under
Three-factor Gaussian model, we can guess that it is less likely to acquire accurate swaption
price under CIR2-++ interest rate model. In order to assess the power of our measure L,
we need to collect more swaption price, and plot the relationship between L and errors of
swaption price like what we have done previously, to see whether the trend is similar to that
under Three-factor Gaussian model. It is highly recommended to study that.
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5 Other Methods for Swaption Pricing

In this chapter, we will introduce other swaption pricing methods under affine interest rate
models that provide different insights into swaption other than CDG approximation. In
some one-factor interest rate models, there are analytical swaption price, such as Vasicek
model and CIR model. Actually, Jamshidian (1989) shows that under one certain condition,
the swaption price can be converted into the sum of several options on zero-coupon bonds,
and if there is an analytical solution for such an option, there is an analytical swaption price.
My innovation is to derive these analytical solutions in a different form, but equivalent to
these on literatures. However, in multi-factor models, there is no analytical solution, and
thus swaption price has to be approximated. In this section, we will discuss the method by
Singleton and Umantsev (2002) and two measures of errors proposed by myself that might
be potentially accurate. However, both measures have not been realized yet, and they are
my research recommendation. Besides, a trick is proposed by myself to price swaptions
under multiple-factor Gaussian models by Singleton and Umantsev method.

5.1 Formulas for One-Factor Models

In this part, I will first introduce my derivation of the analytical solution for the swaption,
then discuss the solution in existing literatures, which is in a different form, at last show
they are equivalent.

Recall the receiver swaption pricing formula (17) in the second chapter

Swn(t) = zn: C;B(t, ;)P (CB(Ty) > K) — KB(t, To) P/°(CB(Tp) > K))

It is already known under one-factor interest rate model, we can write CB(Tp) as

CB(To) = Y CiB(T,T)
i=1
_ ZCie—A(Ti—To)—C(Ti—TO)T(TO)
=1

where C; for any 4 are all positive. A(7), C(7) are deterministic functions.

Since there is only one random variable r(Tp) in CB(Tp), we can written CB(Tp) =
f(r(Tp)). Assume for any 7 >0

C(r)>0
then C'B(Ty) is a decreasing function with respect to r(7p). Thus, there must exist a value

r*, such that CB(Tp) > K only when r(Tp) < r*. So, PF'(CB(Ty) > K) = PL(r(To) < r*).
Moreover, it is clear that r* does not rely on T'—forward measure and it satisfies
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n
Zcie_A(Ti_TO)_C(T"'_TO)T* - K (52)

=1

Therefore, the swaption formula (17) can be rewrite as

Swn(t) =Y C;B(t,T,) P (r(Ty) < r*) — KB(t, To) P/ (r(Ty) < r*)) (53)
i=1
Then, the only problem left behind is: how to calculate the value of r*. The answer is to
solve equation (52) numerically, and there are mainly two methods for it: Bisection method
and Newton-Raphson method.

Bisection method

The bisection method is a root-finding method which repeatedly bisects an interval and then
selects a subinterval in which a root must lie for further processing. It is a very simple and
robust method, but it is also relatively slow. The following is the procedure for our problem.

Step 1. Set zl = 0, zu = 0.2, then f(zl) — K > 0, f(zu) — K < 0. Set er as the
maximum error.

Step 2. Let # = (2l + zu). if f(z) — K >0, zl = 2. if f(z) - K <0, vu = z.

Step 3. Repeat step 2 until zu — zl < er.

Step 4. Return r* = %‘m as the solution of equation f(z) — K = 0.

where CB(Ty) = f(r(Tp)) as we discussed before.

Newton—Raphson method

Newton method is a fast and powerful iteration method for finding approximation to the
root. However, it might fail in some situations. For our problem, Newton method always
works since f(r(Tp)) satisfies all of its assumption includes f'(z) # 0. The following is the
procedure.
Step 1. Set starting po(int) zo = 0.1. Set er as the maximum error.
flzy)—K

Step 2. Tpy1 = Ty — TN until |f(2,11) — K| < er

Step 3. Return 7* = z,,41 as the solution of equation f(z) — K = 0.
where CB(Ty) = f(r(Ty)) -

Having obtained the boundary value 7*, our next procedure is to calculate P! (r(Tp) <
r*), for each T = Ty, Ty, ...T,, respectively. If the distribution of random variable r(Tp) is
known under forward measures, then PT (r(Ty) < r*) has an analytical solution, and so does
the swaption price (53).

In the general Hull-White model, where the interest rate is normal distributed under any
forward measure, P! (r(Tp) < r*) is known under this model. However, under this model,
the assumption C(7) > 0 is not always satisfied. Thus there might be no analytical solution
for the swaption price, and a general and efficient method for it is to construct a trinomial
tree to approximate the evolution of the interest rate process, see Brigo and Mercurio (2006).
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But if the interest rate follows a Vasicek model, one-factor Hull-White model with constant

parameters, then C(7) > 0 for any 7. In this case, its swaption has a close-form solution.
In one-factor CIR model, the assumption C(7) > 0 is always satisfied and the interest

rate is non-central chi-squared distributed under any forward measure. Thus, there is an

analytical swaption price. In the following section, we will derive its swaption price under

both Vasicek model and one-factor CIR model.

Analytical solution for swaption under Vasicek model

In this model, we have
dr(t) = (a — br(t))dt + odw(t) (54)
where parameters, a, b and volatility ¢ all constants.

Then, let B(t,T) = f(t,r(t)), it is easy to compute

d(Dt)B(t,T)) = Df(—r + A + C'r — aC + bCr + %0202)(# — DC fodw(t)

where D, f, r, A, C are short for discount factor D(t), f(t,r(t)), r(t), A(T —t), C(T —1)
respectively.

By Property 1.1 in the second chapter, we have

dw” (t) = oC(T — t)dt + dw(t)

Thus, (54) can be rewritten as

dr(t) = (a —br(t) — %2(1 — e T dt + odw™ (t) (55)

Obviously, interest rate r(t) in equation (55) still follows the general Hull-White model
under T-forward measure, and thus its distribution is also normally distributed

o2

r(To) ~ N(e T~ 4 (1— e T0=0) (2

2 2 2
Y 2 eb(T=T0) _ T_=b(T+To=2t) %(1 )

2b2 2b2
(56)
where o = r(t) is the initial condition mentioned above for differential equation of interest
rate.

Therefore, under T forward measure

PT(r(To) < %) = N(r*,e=bT0=py 4 (1— *b(TO*t))(E_i)_Fi —b(T=Tp)_ 0% —b(T+To—20) 12(1_ —2b(To—t)))
> (r(To r*) = N(r*,e 0 e s 52 ot Tk '8 e

where N(z,u,0?) is a Normal distribution at  with expectation y and variance 0. This
implies the exact solution for swaption is
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2

n
_ ) : x —b(To—t) = b(To—t)\/ @
Swn(t) = Y CiB(t,Ti)N(r*, e ?T0=py 4 (1 — =00 )G =33+ 5 e

=1
2 2 2
g e~ 26(To—1) %(1 — e~ 26(To—b)y)

KB To)N (e~ T0—0rg 4 (1 — =000y (& T 1 2
- rT,e ™ —e e — =
0 ’ 0 b2 2

Analytical solution for swaption under one-factor CIR model

Like Vasicek model, there is also an analytical solution of the swaption price, and its deriva-
tion is similar to that under Vasicek model.
Recall in CIR model

dr(t) = (a — br(t))dt + o/r(t)dw(t) (57)
where parameters, a, b and volatility ¢ all constants.

Then, we have

d(D(t)B(t,T)) = Df(—r+ A + C'r — aC + bCr + %C’Qazr)dt — DC fov/rdw(t)

Again by Property 1.1, under T" forward measure

dw” (t) = oC(T — t)\/r(t)dt + di(t)

It implies that

dr(t) = (a — (b+ o?C(T — t))r(t))dt + o\/r(t)dw™ (t) (58)

The interest rate r(t) in (58) is also non-central chi-squared distributed, and
PtT(T(TO) < T*) = XQ(Q(t7 TOa T)T*7 v, 6(ta T07 T))

where x?(z,v, \) is the non-central chi-squared distribution with degree of freedom v and
non-centrality parameter A.

2h b+h

a(t, To, T) = 2(026xp(h(To —t)—1) T2

+C(T —Tv))

16rge(To=t)p?
q(t, Ty, T)o*exp(2h(Ty — t) — 2)

5(ta T07 T) =

and

h =02+ 202
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See Brigo and Mercurio (2006). This implies the exact solution for swaption

n
Swn(t) =Y CiB(t, Ty)x*(q(t, To, T)r*, v, (¢, To, Tr)) — K B(t, To)x* (q(t, To, To)r*, v, 8(t, To, To))

=1
|

We have derived analytical formula for swaption under both Vasicek model and one-
factor CIR model. As a conclusion, under assumption C(7) > 0 for any 7 , we can derive
swaption formula (53). If the distribution of the interest rate r(7Tp) is known under forward
measure, then the swaption price has an analytical solution.

Actually, there is another formula for swaption price under one-factor interest rate models
presented in literatures. This formula converts the swaption price into sum of several zero-
coupon bonds. Suppose r* is the best solution of the following equation

Z C’iefA(TifTO)*C(TifTO)T* — K
=1

The payoff of a receiver swaption at time Ty can be written as

n n
[Z Cie—A(Ti—To)—C(Ti—To)’I’(To) _ Z Cie—A(Ti—To)—c(Ti—TO)T*]+
=1

=1

If for any 7

C(r)>0

Then, according to Jamshidian decomposition, see Jamshidian(1989), the payoff can be
rewritten as

n

ZCi[efA(TifTo)fc(Ti7T0)T(Tg) _ e*A(T,;*TQ)*C(TifTo)T*}Jr
i=1
So the price of the swaption becomes equivalent to the value of a portfolio of call options

on zero-coupon bonds. That’s

Swn(t) = CiZBC(t, Ty, T;, e~ AT —T0)=CTi=To)r) (59)

i=1

where ZBC(t, Ty, T;, K) is the price at time ¢ of a call option on a zero-coupon bond
B(Tp, T;) with strike K and option maturity Tp.
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Comparing the procedures of deriving swaption formula (53) and (59), we observed that
both swaption formulas are under the same assumption, C'(7) > 0 for any 7, and r* in both
have the same meaning. In fact, (53) and (59) can be proved to be exactly the same formula,
and the only difference lies in their forms.

Recall in section 2.3, (17) demonstrated the relationship between a coupon bond price
and forward probabilities. We will rewrite it in short as

I
ISl

Swn(t)
= Zc B(t,T;)PI"(CB(Ty) > K) — KB(t,To) P (CB(Ty) > K)  (60)

where CB(Ty) = Y1, C;B(Ty, T;)

Obviously, from the derivation of the formula above, it still holds even we change the
value of its parameters C; for i = 1,2,..m. Let C; = 0,4 # j, C; = 1, and K* =
e~ AT =To)=C(T;=To)™" ' then the swaption price in (60) becomes the price of a zero coupon
bond displayed as follows

ZBC(T T3, K) = Bl (B(Ty =)~ K))
= B(t,Tj)P," (B(Ty,T;) > K*) — K*B(t, To) P/ (B(Ty, Tj) > K*)

)
= B(t.T)P" (r(To) <r*) = K*B(t,To) " (r(To) < 1)

where the transformation on the last step uses C'(7) > 0 by assumption. Then, it is straight-
forward to show that two formulas (53) and (59) are equivalent.

To be honest, I found formula (53) when I was trying to formulate one-factor swaption
price. Later, I read (59) in literatures with the same assumption. Luckily, they differ some
way in forms, but can be proved to be equivalent.

5.2 Methods for Multiple-Factor Models

Under one-factor interest rate models, there might be analytical solutions for swaptions,
however, in multi-factor models, it is a completely different story. We quote from Collin-
Dufresne and Goldstein (2002) that “Unfortunately, closed-form solutions for swaptions ap-
parently do not exist for multiple-factor affine models. Even in the simplest of models,
where it is assumed that future bond price are lognormally distributed, the future value of
such a portfolio of bonds would be described by a probability density composed of a sum of
lognomral, which has no known analytical solution. It seems unlikely that exact closed-form
solutions would ever be found for swaption prices.”. Thus, it is essential to find efficient
algorithm to price such a swaption.
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Literature Review

There are several methods to approximation method and we will take a quick review of
literatures related.

Brace and Musiela (1995) obtain a formula in terms of multi-dimensional Gaussian in-
tegral for multi-factor Gaussian models. In this formula, the integral has to be computed
numerically because the function to be integrated can only be obtained by solving solu-
tions of equations numerically. This approach for swaption pricing is fast and efficient when
the factor dimension is two. However, for dimension higher than two, it often becomes
numerically very burdensome.

Munk (1999) extends result from Wei (1997) and shows that the price of a European
swaption is approximately proportional to the price of a European option on a zero coupon
bond with maturity equal to the stochastic duration of the coupon bond, where the stochastic
duration is defined to be the time to maturity of a zero-coupon bond having the same relative
volatility as the coupon bond.

There is another swaption approximation method proposed by Singleton and Umantsev
(2002) which approximate the exercise boundary with a linear function of factors, including
least squares. This reduces the exercise of probability to the form that of a caplet. However,
it seems not to provide an efficient estimation of the magnitude the pricing error.

Besides, Tanaka (2005) provides a swaption pricing method very similar to CDG approx-
imation. It also calculates cumulants of the underlying coupon bond, but use Gram-Charlier
expansion instead for the density. He demonstrates that the third order cumulant approx-
imation is optimal, while in CDG approximation, the order is seven. Unfortunately, there
is still no estimation of the pricing error. Assefa (2007) extends the application of CDG
approximation into swaption under multi-factor quadratic Gaussian model, and works out
similar results.

Other research includes Schrager and Pelsser (2006) in which the approximation method
is based on approximating affine dynamics for the forward swap rate under the swap measure.
This approximation also reduces price of a swaption to that of a caplet and may lead to the
analytical conditional characteristic function of the forward swap rate directly. In this case,
it is convenient to compute its density using some Fast Fourier Transform technique, such
as Carr and Madan (1999).

Singleton and Umantsev Model

In this section, we will discuss the model by Singleton and Umantsev (2002). Singleton’s
innovation comes from the observation that the boundary of factors looks linear. In fact, I
also find similar linear property independently while analyzing the mathematical property
of the coupon bond. Singleton’s work is highly valuable, but he seems not to provide an
effective measure to indicate how large the swaption error is, although his error analysis is
intensive. I try to analyze the error in different way, and provide two potentially accurate
measures of errors, which is my research recommendation.

Let us first review Singleton and Umantsev’s model. In m-factor models, a bond price
can be written as

B(Ty, T;) = e~ ATi=To) =305 G5 (Ti=T0) X, (To)
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Thus

CB(Ty) = Y CiB(Ty,T))
=1
_ Zcie—A(Ti—To)e— >7e1 Ci(Ti—To) X ;(To) (61)

i=1

Singleton approximates the boundary of inequality CB(T,) > K, or

CB(Ty) = K (62)

a1X1 (To) —|— ang(To) + —|— ame<T0) = b (63)

Then, the calculation of probability P (CB(Ty) > K) is converted to the computation of
Pli(a1 X1(Ty) + ... + @ X (Ty) < b), which has closed form conditional characteristic func-
tion, see Duffie, Pan, and Singleton (2000), and thus this probability can be easily computed
by some Fast Fourier Transformation methods.

The parameters ay,...,a,, and b in (63) are determined by fitting linear equation (63)
through 2™~! points on the boundary by the method of least squares. Suppose m = 2
and the density of X5(7}) is negligible outside of the interval [zl, zp], then the two points
required on the boundary are calculated by endpoints of this interval zl, xu and equation
(62). For m > 2, one must find 2™~ vertices of a cube of dimension m — 1, together with
equation (62) to obtain these 2™~! boundary points.

To be more specific, suppose we have endpoints x1,...,z,,—1 for their correspondent fac-
tors X1(70),..,Xm—1(T0), estimated based on their univariate probability distributions. Let
Zm to be a unknown value of factor X,,(Tp) such that (z1,...,2m—1,2%) is a boundary
point. Then, x,, is the solution of equation (62), or

n
Z CiefA(TifTo)ef 22”:*11 C; (Ti*To)CEjefcm(Ti*T(])ﬂim - K (64)
i=1
This equation can be solved numerically by Newton method.
Remark: one assumption that I think is necessary for Singleton and Umantsev Model is

Cj(T) >0

for any 7 > 0 and any j =1,2,...m.
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Under this assumption, C'B(Tp) is a monotony decreasing function with respect to the
factor X;(7p) for any j, if other factors are all fixed. Thus, it guarantees there is a unique
solution z,, in (64). On the other hand, if this assumption is not satisfied, it is possible
that there is more than one solutions of the equation above, and thus the boundary might
not be approximated linearly. Luckily, it is known that in both Gaussian model and CIR
model of multiple factors, C;(7) is always positive. Although Singleton and Umantsev do
not mention this assumption in their paper, but the interest rate model they use for exper-
iments, CIR2++, satisfy this assumption.

So far, we have discussed the general idea of model by Singleton and Umantsev, in which
the boundary points are from the endpoints of each interval or cube. Since these boundary
points are on the domain where their joint density is low, and thus a potential better way
to improve the accuracy of the linear boundary approximation is to collect boundary points
on domain with high joint density. So, it is strongly recommended that more study should
concentrate on this, as well as the optimal number of boundary points required.

Error Analysis

Singleton and Umantsev find the error of the linear boundary approximation can be ex-
pressed as a difference of two strictly positive terms each on the order of 7 x T;, x var(r),
where 7 and var(r) are the average value of variance of the underlying rate. As indicated
in their paper, the error is greater for volatile rates and long swap or bond maturities.
However, they do not provide a measure of errors to show how magnificent errors are.

I try to analyze error in different way and provide an indication of errors presented as
follows.

It is clear that if the boundary, whose equation is CB(Ty) = K, is absolutely linear,
then its intersection with any linear subspace should also be linear. In this case, for any
fixed positive integers «, 3, the solutions of the system of equations (65) and (66) compose
a straight line. We call it the boundary intersection.

CB(Ty) = K (65)

X;(To) =vj,j # o, j # B (66)

where X},(Tp) = v is on the domain on which the density of variable X (Tp) is not negligible.
Let © = X (o), y = X3(Tp). Equations (65)-(66) can be combined to be

F(z,y) = Z Ce=ATI=T0) = Ca(Ti=To)a=Cp(Ti=To)y _ | — () (67)

=1

where C; is defined to be

;= Cull g ==

Since
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dx
we have
dy _ Fi(z,y)
dx Fy(z,y)

Z;L:l Cl/ CB (Tl _ To)e—A(Ti—To)e—Ca (Ti—To)w—CB(T,'—To)y
- Z?:l C;Ca(Tz — Tp)e=AlTi=To) g=Ca(Ti—To)z—Cp(Ti—To)y =0(,y) (68)

If the boundary is linear, 6(z,y) should be a constant 6 for any = and y, and the sufficient
condition for this is

.y (69)

for any 7 > 0, where 6 is a constant.

In financial world,  and y are generally very small, and thus e~
in (68) variates little, which makes % almost a constant. Naturally, the boundary intersec-
tion, on which the joint density of factors is not negligible, can indicate whether boundary
can be approximated linearly more or less, just like if we observe waves on the shore, we
can estimate how strong the waves are in the sea. This idea also looks similar to the idea
in Singleton and Umantsev’s method, in which only endpoints are used to fit the whole real
boundary by linear regression. To be specific, the more the boundary intersections resemble
lines, the better the boundary is linearly approximated in a general sense, and then the
more likely Singleton’s method will be accurate.

When the number of factors is two, the boundary is just a curve, so we can plot the
boundary directly use (68) to see whether it is approximately linear. It implies that our
analysis may be highly effective on these two-factor cases. In the following part, I will
provide two potential accurate measures of errors based on our analysis.

A(TifTo)efca (TifTo)wag(TifTo)y

Measure ¢ of Errors

In Singleton and Umantsev (2002), it is suggested that the user of their method can assess
the quality of the resulting approximation by replacing one of the endpoints of each interval
with the middle point to fit the boundary by linear model (63) to determine new parameters
a1,---,am, and b, and then compute the swaption price. If the swaption price is substantially
different from the original price, then this method is not accurate in this case. However,
there is still no measure of errors.

Followed by the Singleton’s idea that the linear boundary is fitted by the least square
method, I proposed to collect more points on boundary and use the averaged “distances” of
these points to the fitted linear boundary as a measure of error. Obviously, these points are
on the boundary where the joint density of interest rate factors is not negligible.
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To understand more formally, suppose z° = (2%, x%,...2% ) is such a point, where m is
the number of interest rate factors, ¢ = 1,2,...INV, and N is the number of points collected.
Let Iz" to be the distance of this point to linear boundary. We define the measure ¥ to be

1N _
P = ~ ;(lx s w(z?)) (70)

where w(z?) is a certain weight function of the point .

We expect that the more accurate the Singleton and Umantsev’s method is, the smaller
1 is. Intuitively, this measure must combine with such a weight function that the higher
density a point is, the more weight this point take, because each point on the boundary has
different joint density, which will affect the accuracy of Singleton and Umantsev’s method
extensively. Then, our difficulty becomes how to find such a weight function to make our
measure accurate. In order to realize it, we may try several weight function based on the
density function until we find an accurate measure. and it is strongly recommended to study
them. For the parameter N, intuitively, it is required that IV should be sufficient large as to
keep this measure accurate, however, large N will cost additional computation time, because
for each point, we have to solve equation (64), and thus it is interesting to find an optimal
value of it to make a balance between speed and accuracy.

Measure ¢ of Errors

Although measure 1 has the potential to be an accuracy measure, but from the knowledge
of Statistics, we know that number of points IV required may grow significantly with number
of factors m, and it may become relatively slow in calculation. Thus, we are interested in
searching for an another measure that is much faster in computation.

In pervious part of error analysis, I propose a idea that boundary intersections can be
used to indicate whether boundary can be approximately linear or not. That’s, the geometric
structure of boundary, whether it is nearly linear, can be reflected by several curves called
boundary intersections. We can take the curvature as a measure. To be more specific, for
any «, 3 € {1,2,..m}, we have a boundary intersection which satisfies equation (65)-(66).

Let z = X, (Tv), y = X3(Tp) and suppose x is negligible outside the interval [vz;, va,].
The length of this boundary intersection within this interval can be determined by the
following steps.

e Step 1. Let = vy, and solve equation (67), we have y = vy, such that (va,vy;) is
an endpoint of this boundary intersection.

e Step 2. Choose vzy, which is near to the vz;, and we can get another point, denoted
by (vz1,vy1) , also on the boundary intersection by equation (68). That’s

dy
vy —oyr = (01— v8) 5 |emvz; y=vy,

dx
(vey — vay)0(vay, vy;)

SO
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vyr = (vzy — o) (v, vyr) + vy

e Step 3. Repeat procedures similar to Step 2, we can access points (v, vy )...(VZy, VYy)
and the computation is very fast.

e Step 4. The length of the boundary intersection, denoted by [, g is calculated by these
points

lasg = Z V(vz; — vz 1) + (vy; — vyio1)?

On the other hand, we have the intersection of linear function that is used to approxi-
mates boundary, which satisfies equations (63) and (66), with length denoted by l,a’ 5. Where
we only consider its length within interval = € [va;, va,].

Obviously, for a m factor interest model, we have (7;) number of I, g of that kind defined
above. I propose to define the measure of errors ¢ to be

1 lns
RGP
2 o, a,B
The advantage of this measure ¢ is that it is much faster than the previous measure ¢ in

computation, because it is not required to solve equation CB(Tp) = K numerically, however,
the accuracy of this measure still need to be verified by experimental data.

Intuitively, in a general sense, for measure ¢ , the smaller it is, the more “linear” the
boundary is, and thus the more accurate the Singleton’s method is. It is recommended
to verify this idea by mathematical experiments, and conclude whether ¢ is an accurate
measure. In order to realize it, we should compare this measure with errors of swaptions
under the a certain affine model of interest rate but with different parameters to see whether
¢ grows with error increases. If it is true, then we can try to extend this measure for the
general affine models to see what will happen.

Another natural advantage is that it may be quite effective when the interest rate follows
two-factor models. One may think about improving this measure by putting the joint density
of these curves into consideration similar to what we do with measure 1, because it is of
influence intuitively.

Our research for measures is worthwhile because if any of the above measures is proved
to be accurate, then the theoretical gap in Singleton and Umantsev (2002) can be filled, and
Singleton and Umantsev’s method can become more applicable in practice.

5.3 Trick In Dealing with Multi-factor Gaussian Models

In this section, we will explore when the factor boundary is absolutely linear in multi-factor
Gaussian models, since in this situation, this model will cause no error in swaption pricing.
This leads to a prospective nice idea that re-calibrating parameters of Gaussian models to
fit this condition if parameters from this re-calibration also fit market data well.

Before our discussion, we will introduce two theorems.
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Theorem 5.1: The boundary of factors is linear if gz E:g is constant for any «, § and

7> 0.

Proof: Let C;(7) = a; f(7) for any ¢ = 1,2, ...n where a; are all constants. So

n
CB(Ty) = ZciefA(Ti*To)e—Z;’;Cj(Ti—To)Xj(To)
i=1

= ZCiG_A(Ti—To%* iy a; f(Ti—T0)X; (To)

i=1

— Z Cie~ATi=To) o=/ (Ti=To) 35, a; X;(To)

i=1

_ E:(%e—AH}Jme—ﬂﬂ—ﬂﬁYam

i=1
where Y(To) = Z;n:l anj(TO)-
Let b be the solution of the equation

Z C’ie*A(Ti*TO)eff(Ti*To)b - K

=1

Thus, the boundary equation CB(T,) = K is equivalent to

Y (Ty) = b

or

Z CLij (To) =b
J=1

This proves that the boundary of factors is linear.

Theorem 5.2: Under multi-Gaussian models, the swaption price has absolute linear
boundary if a; = o for any 4, j.

Proof: In multi-Gaussian models

1—e o

6%

Ci(7)

If o; = a; for any ¢, j, it is obvious that C;(7) = C;(7). Thus, the boundary is linear
by the previous theorem.
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This theorem implies, under a m factor Gaussian model, if

a1 = 0 = ... = Qyp,

then the swaption price in this model would have no error. The only source of error is from
calibration of parameters of this Gaussian model by market data.

Calibration means fitting the parameters of the model to the current market data. Usu-
ally, parameters are calibrated to fit the current yield curve, implied volatility of bonds or
some derivatives, or other data that are available in the market. The general idea of model
calibration is to find the optimal values of parameters such that this model is “closest” to
the market data under a certain measure, for instance, [? measure. However, in this random
world, the data from the real market can be interpreted as these randomly simulated from
a certain “model”; and thus the optimal parameters that fit the market best might not be
the best to fit the trend illustrated by these market data.

My idea is that if parameters calibrated from the markets show that aq, ..., a,, are very
close to each other, we can make oy = ag = ... = auy, then re-calibrate market data with
a; all fixed. If the interest rate model with parameters re-calibrated also fits these market
data well, then adopt the new parameters, otherwise, use the original ones. This approach
can be frequently seen in references in the field of Time Series.

When m is small, for instance m = 3, my approach might be quite useful. However, it
is obvious that this approach becomes infeasible if m is large.

On the other hand, in terms of CIR models, the condition of linear boundary lead to a
complicated equation, and a sufficient condition for linear boundary is that a; = as = ... =
am and 01 = 09 = ... = g,,. Of course, this condition is too strong to make any sense in
practice.
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Recommendations

There are several of my recommendations in this thesis, and I will summarize part of them.

Although our measure of errors of density functions is displayed to be accurate in
experiments of Gamma and Lognormal distributions, it is still recommended to study
whether this measure is accurate on other types of distributions, such as Beta distri-
butions, to make a more general conclusion.

One theoretical gap is that there may be no theoretical error bounds of CDG ap-
proximation on density functions. We recommend researches for that because they
may provide another way to estimate errors other than by experiments, especially in
a situation where the underlying distribution is complicated.

We have plotted the relationship of measure L and swaption price errors under Three-
factor Gaussian model. However, more swaption prices are suggested to be collected,
so the trend can be better displayed. Some smoothed functions can be used to fit this
trend.

We have analyzed the influence of parameters on CDG approximation accuracy under
Three-factor Gaussian model when swap rate k and number of time of swaps n are
small. It is highly recommended to research on parameter influence when k and n are
large.

It is recommended to plot the relationship between measure L and swaption price
errors under CIR2+4+ model, to see whether it coincides with that under Three-factor
Gaussian model.
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Appendix

Appendix A

Relationship Between Cumulants and Moments

it =
C2 = H2— M%
cs = pg— 3uapi + 247
ca = pa—dpaps —3p3 + 12uips — 6pf
¢s = ps — Bpapa — 10pops + 20T ps + 30p p3 — 6045 g + 2443
c6 = pe— Opaps — 152 + 30T pa — 1043 + 1204 proprg — 12045 s
+30u3 — 27003 12 + 360t g — 12018
¢t = pr— Tpaps — 21 pops — 35pzpa + 1400 p3 — 6304 15 + 21041 piopra — 126043 o pis

4202 s + 252018 12 — 21003 g + 210425 + 8400t s — 252018 i + 72047
where p; is the ¢-th moment, and c¢; is the i-th cumulant. This above relationship applies

to any distributions. See Gardiner(1983)

Appendix B

The relevant coefficients \; and ~; are provided by Pierre Collin-Dufresne and Robert
Goldstein as follows

C1 — K
Ao = N
0 ( NG )
N 1 _(K;clﬂ

= —e €2 C:
! \2mes ?
c1— K 1 _K—e?
A2 = N 2e K —
2 caN( NG )+ \/%e 2 cof c1)
2 1 7(K2—C1)2 [ (K )2 o 2]
= e 2 e —c c
3 e 2 1 2
- K 1 _ (K=—cp)?
Mo 3C§N(CI\/5 ) NoToon 2 [ea(K — 1)’ +363(K — 1)
2

1 _(K—e)? 4 2 2 3

A5 = \/We 2e2 [eo(K —¢1)” +4c5 (K — ¢1)” + 8¢3]
2
K — 1 (K—ep? 5
Xo = I156N( \/Cfl)+ vl [c2(K — ¢1)® + 52 (K — ¢1)® + 15&(K — ¢1)]
2 2

1 e 6 2 4 3 2 4
Ar = ﬁe 2e2 [ea(K —c1)” 4+ 6¢3(K —c1)” + 243 (K — ¢1)” + 48¢3]

TC2
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3 ¢y 15, ¢c6 1 ¢
= 1 — () — —
o talw -2 T
) 15¢ @(Cj €3C4 )
317 a5 g (3h)(4)

6 ¢y 45 ¢ 1 c%

363

o= —;%(

Y2 = _3(5)4_%(6!4—5(3!)2)
A %(3)_£;+1:é5(;+(36!§€11))
O R (RS Te 2

IR GARE (AT
= g+ 3

v = G G

where \; for any ¢ is written in terms of normal distribution, for which there are excellent
approximations without the need of numerical integration.

Appendix C

Errors of CDG approximation on Lognormal distribution functions with parameters given
in section 3.4.
TNlustration 1. p =1, 0 =0.05

x 10 Lognormal Distribution Function with mu=1 and sigma=0.05

Diference

2.5 2.6 2.7 3 3.1 3.2 3.3

=8 2.9
Variable X

x 10° Lognormal Distribution Function with mu=1 and sigma=0.05

Relatve Difererce
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sc = [0.0250 0.0017 0.0001 0.0000 0.0000], [ = —9.9934

Tlustration 2. p=1,0 =0.1

Lognormal Distribution Function with mu=1 and sigma=0.1

x 107
s

Diference

A
NO

3
\ariable X<

x 107 Lognormal Distribution Function with mu=1 and sigma=0.1

Relafve Diference
_NO SN W MO0 N OO

3
variable X<

sc = [0.0503 0.0068 0.0011 0.0002 0.0000], [ = —7.2652
We illustrate these errors in order to show that the CDG approximation have the same
approximation performance on distribution functions as on density functions.

Appendix D

Theorem: Scaled cumulants in a Gamma distribution will not be affected by its parameter

8.

Proof: As have been discussed. In Gamma distribution I'(«, ), the ¢ —th moment m; is
1)... i — 1
b alatDo(ati-y

ﬁz
fla, i)
ﬁi

where function f(«,1) is only determined by parameters « and .

Interestingly, from Appendix A, we observe that the i — th cumulant ¢; can be written as

g(a, i)
Bi

where function g(a,4) is composed of functions f(a,1),...,f(«, ), but incorrelated with
paramter 3.

C; =

Thus, by definition of scaled cumulants, we have
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¢

Pl
g(a,j)

7'97/%(a,2)

SCj =

where sc; is the j — th scaled cumulant of a Gamma distribution, j > 3.

It proves that the scaled cumulants in a Gamma distribution will not be affected by
parameter 3.

Appendix E

Comparison of CDG Approximation and Normal Approximation

As a special case of Edgeworth expansion, which is much more accurate than just ap-
proximating a random variable with a Normal distribution, CDG approximation also shares
this nice property. In fact, approximating a random variable with a Normal distribution is
equivalent to CDG approximation using only the first two cumulants, because for a Normal
distribution, all its cumulants are zero except the first two cumulants as we have discussed.

We will illustrate two examples, one from Gamma distribution, the other from Lognormal
distribution, to compare their density approximation by Normal and by CDG approxima-
tion.

Gamma distribution with parameters « =50, 8 =1

Comparison of Normal and CDG approximation in Gamma Distribution
0.06 T T T T T T T

0.05

0.03 -

Density Function

0.02+

0.01-

Il
30 35 40 45 50 55 60 65 70

0 ~ L L L

Variable X
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Note that: the blue curve is the true density function of this Gamma distribution, the red
one is the CDG approximated density function, and the green is the Normal approximated
density function. The same applies to the Lognormal distribution.

Lognormal distribution with parameters 4 =1, 0 = 0.1

Comparison of Normal and CDG approximation in Lognormal Distribution
1.5 . T

-
T
I

Density Function

2 25 3 3.5
Variable X

Conclusion: It is obvious in both cases, CDG approximation is better than Normal approx-
imation, even when the true density is very close to Normal.

Appendix F (Other Valuable Swaption Pricing Methods)

Three swaption pricing models other than CDG approximation are briefly introduced in
this section, which are currently widely used in practice. They are Black-76, LIBOR market
model and swap market model. These models are based on different assumptions from CDG
approximation, at least not assume the interest rate to be affine. However, they can lead to
analytical swaption price.

Definition (Forward swap rate).Forward swap rate is the value of swap rate that
makes the initial value of the swap equal to zero. Let RY (¢) be the t time forward swap
rate of T, * (Ty — T,,) swap. We have its formula as follows

N _B(taTn)_B(taTN)
Rn (t) - Zi]\;nﬂ 5B(thi)

Black-76 Formula

The Black-76 formula resembles the famous Black-Scholes formula and quote prices in terms
of the implied Black volatilities. It has been used by the market for a long time due to simple
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formula and easy calibration, however, it does not have any explicit coherent underlying
model.

The Black-76 formula for a T, * (Ty — T},) payer swaption Swn(t) with swap rate k is
as follows

Swn(t) = SN (t)(RY (t)N(dy) — kN (dy))

where M)
1 RN, 1,

d2:d1—0'\/Tn—t

N
s¥(W)= Y BT

1=n—+1
and the constant ¢ is known as the Black volatility.

Swap Market Model

Swap market model was introduced by Brace, Gatarek, and Musiela in 1997. It bases on
the assumption that forward swap rate is log-normal distributed.
Assume for each positive integer pairs (I,m) such that n <l <m < N

AR} (1) = R} (t)o1,m (1)dW]" (t)

where W)™ is Brownian motion under Q}* measure, that is, using S;"(¢) as the numeraire.
Then, the T, * (v — T,) payer swaption price is

Swn(t) = SN () (RN (t)N(dy) — kN (d2))

where ) RN (1) .
= g () £ 5012 )
dy =dy — M, N
Ty
My = [l s
Remark: ||.|| is the L? norm. It is clear that formula by swap market model is similar to

one by Black-76 formula, while the major difference is the volatility o, n(s).
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LIBOR Market Model
LIBOR market model assumes LIBOR forward rate has a log-normal distribution. That’s

dL(t,L;i_1) = L(t, Li_1)o;(t)dW'(t)

for any n < i < N, where W* is Brownian motion under T; forward measure.

Then, it is possible to price LIBOR derivatives in closed form solutions. LIBOR market
model is powerful in pricing caps, floors and Bermudan swaptions. However, for swaptions
in our case, the solution may have no easy form, and we will skip it.

The assumption of the LIBOR market model originates from the fact that L(¢, L;_1)
is a martingale under T; forward measure. The swap market model is not consistent with
LIBOR Market model in general, because under the assumption of swap market model,
the LIBOR rate will not be lognormal distributed under forward measure. But empirical
evidence seems to reject the swap market model in favor of the LIBOR market model. See
De Jong, J.Driessen and A.Pelsser (2000). For detailed description of these three models,
refer to Bjork (2003).
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