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Abstract

Market models of interest rates are based on the decomposition of the yield curve into a set
of discrete forward rates. In this article, | analyse the implications for non-canonical caplets in
the framework of a Libor market model in the presence of deterministic funding spreads against the
stochastically evolved market rates which are subject to a user-controlled skew of implied volatilities
generated by a displaced diffusion process.

1 Introduction

Few of the readers will have missed the recent proliferation of articles on various aspects of the in-
creasingly popular market models of interest rates. The reasons for this trend are easy to see: market
models allow traders to design the risk-neutral volatility functions and correlations for their exotic pric-
ing models as close as they wish to the real-world structure of uncertainty they can see in the market-
observables. Despite the fact that risk-neutral model parameters are, from a purely theoretical point of
view, not really required to be similar to the real world behaviour, it is intuitively clear that the capturing

of fundamental features of real-world dynamics in any given model process will lead to more realistic
and thus stable hedge ratios. A poignant example for this is the characteristically unimodal evoution of
both realiseiand implied volatility of any given caplet: having undergone a long and slow ris, just be-
fore the caplet’s expiry those volatility figures tend to decrease noticeably. Not surprisingly, any trader
hedging some exposure to caplet volatilities using the underlying futures contract would like his quants
to design the modelling framework to take this into account. Another reason for the plethora of work
lately published on market models is the progress made both by computer hardware manufacturers and
by practitioners’ Monte Carlo techniques. The framework for distributed calculations of simulations
using additional variance reduction techniques is more and more readily implemented in all the major
derivatives houses, and specifically for the Libor market model, fast drift approximations that obviate
the need for short-stepped Euler schemes are availdBlf, PPvR02. What's more, with the recent
developments of algorithms that allow for the approximate pricing of products that depend on the ex-
ercise strategy of the investor such as Bermudan swapti&#3] And00, Jac04, market models have

now become the method of choice for the pricing of complex interest rate derivatives.

All of these developments created an ever more urgent need for fast calibration procedures for the
Libor market model that are viable in a production environment. At the heart of any fast calibration
procedure is an analytical or semi-analytical pricing formula for the given calibration instruments. Since
the Libor market model reprices the canonical caplets by construction, it is only natural that so far most
of the attention for analytical approximations of other market instruments has been on swaptions, and
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some very impressive formulae have been fourRdl99 JROQ Jac02 HWOO, Sch0Q. However, in
practice it is also important to be able to calculate (semi-)analytical prices for all the possible caplets,
not just those that coincide in expiry and payment date as well as accrual period with the abstract
discretisation of the yield curve used within the model's own discetised framework. For instance, a
given Libor market model implementation may be based on 1-monthly discrete forward rates, but we
may wish to calibrate to caplet prices for contracts on 3-month Libor rates. All of the existing swaption
approximations work well whenever there is a significant averaging effect due to the swap rate being
effectively a weighted sum of all of the discrete forward rates. In contrast, when a non-canonical rate
depends only on a small number of the discrete forward rates, or when the payment frequency of the
fixed side of a swap does not match the floating side exactly, the known low-order approximations start
to break down, and higher order corrections are required. A 3-month caplet that is to be composed from
1-monthly forward rates is such an example. Another, and probably more important case is the value
of a caplet on a 6-month forward Libor rate in a model framework of 3-monthly discrete forward rates,
or even an option on a 12-month rate. These situations require some kind of basket approximation,
and, ideally, the method should allow for some sort of implied volatility skew to be embedded in the
model, and it should take into account the possible funding spread difference between 3-monthly and
6-monthly (or 12-monthly, respectively) Libor rates a firm may be subject to. The obvious application
of the latter two features is the Japanese interest rate market where not only the caplet skew is far too
pronounced to be ignored, but where in addition to all other complications the fact that most US and
European investment houses fund at a rate thiwer than Yen-Libor leads to significant pricing
implications.

2 A simple Libor market model with a skew

There are many methods to incorporate a skew in a Libor market model. Examples include the constant
elasticity of variance modelAO0O], quadratic volatility specificationsZfith02l, and jump-diffusion
processesdMO02]. For reasons of simplicity, | choose thesplaced diffusiorsetup Rub83 which is

also known agffine volatility[ZUh024. In this framework, the discrete forward rates evolve according

to the stochastic differential equation

with some constant shift; associated with the forward rafe. Equation () describes the stochastic
evolution of geometric Brownian motion for the quantitf; + s;) with instantaneous deterministic
volatility o;(¢) and instantaneous indirectly stochastic duiftf (¢), s, t). This feature will be important
later when we approximate the drift as a constant and thus render the expfgssiey) as a lognormal
variate.

2.1 The skew parametrisation

Any given forward rate is drift-free in its own natural measure, i.e.

d(f +s)=df =o(t)(f + s)dW . (2)



Since it has become more and more common practice to express the volatility-rate dependence as some
equivalent constant elasticity-of-variance paramefer(2 HKLO02], it is desirable to find a scaling for
the skew that allows us to specify the proximity to the lognormal or normal volatility setting directly
in a similar fashion, albeit in a somewhat approximate way. One such possible parametrisation is to
replace the ternif + s) on the right hand side of equatio®) Py (f - ¢+ f(0)(1 —¢)) for some constant
q,1.e.

df =0, [q-f+(1—q) F(O)]-dW . )

This approach allows the continuous transition from the lognormal framework#ot to the normal

model first introduced by BachelieBfc0(Q at ¢ = 0. However, this kind of parametrisation has two
practical drawbacks. Firstly, the end-users of any model tend to explore the available parameter scales
in a rather indiscriminate fashion in order to achieve the skew they desire to modej. <dY, the

above parametrisation unfortunately results in a shifted lognormal distributtbrinverted asymmetry
stretching from-oo to f,.. = f(0)- (%) . In other words, it predicts that the forward rate will at expiry

not exceed a certain positive threshglgd, > f(0), but may take on any negative value with potentially
quite considerable probability. One of the shortcomings of the extended Vasicek model, in comparison,
that the Libor market model is frequently used to remedy for, is that it allows for negative forward rates
with an approximately normal distribution. It therefore seems natural to impose a skew limitation at
the point where the parametrisation meets the Bachelier model, or possibly even before. This leads to
an alternative parametrisation in a new skew paran@tdrat gently approaches the normal model as

Q) — 0 but requires) € (0, 2) by virtue of the following definition:

s

Q=2 7@ (4)

or, equivalently
s:=—f(0)log, @ (5)

which leads to
df =oq-[f—log, @ f(0)]-dW . (6)

The transformation from they, o,,) to the((Q), o) parametrisation is given by
q—1

o =2 (7)

oQ = q- Oq
It is easy to see that this parametrisation is equivalent to the former at the three most important points:
the lognormal model is in both cases givengoy Q = 1, the approximation for the square root model
is given atg = Q = !/, and the normal (Bachelier) model is given fy= 0 and approximated in
the limit of Q — 0 but never quite reached. The feature of {hgparametrisation only being able to
approach the Bachelier model in the limit@f— in a very explicit fashion is, rather subtly, shared by
but somewhat disguised in tlygparametrisation. In fact, for theparamatrisation and th@ encoding
of the skew alike, analytical formulzeas well as Monte Carlo schemes based on approximations to the
transfer densities need a distinctive switch to the Bachelier framewatloag), for that matter, vanish,
since the transition from displaced lognormal to normal distributions undergoes a singular change at
¢ = Q = 0in a similar fashion ag z?~! dz switches structurally frorﬁqz tolnx atq = 0.

It should be pointed out that the discussion in the following sections equally holds regardless of

whether one prefers theor the) parametrisations outlined above since both of them result in volatility
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specifications ofaffine nature and are thus equivalent to the displaced diffusion equatjonThe

choice of parametrisation does, in practice, though make a difference to the user-friendliness of a given
model, and, in my experience, the limitation of a control parameter such as the skew coefficient

or ¢, respectively, to dinite interval tends to be more intuitive. The constraints of the skew control
coefficient are directly related to the range of the skew that we want to allow for, and this is elaborated
in the next section.

2.2 The skew range

In order to establish whether the restrictiQn> 0 poses in practice any noticeable limitation, let us
define the skew as the change in implied volatility incurred at the money as the strike is varied by one

1/10-th of the forward, i.e.
do(K) f

X7 TR oy 107 ()

Since the implied volatilitys relates to the price given in the limit @ — 0 via the Black and the
Bachelier pricing formulae, respectively, we have

‘/Black(f7 K7 5-; T) - ‘/éachelier(f7 K7 OA-Bacheliery T) (9)
and thus
a‘/Black(fa Kv 6—7 T) + a‘/Black(fa Kv 6—7 T) . dé_(K) — a‘/Bachelier(fa K7 &Bachelien T)
0K p 06 wey OGK |, 0K

K=f

(10)
Since the right hand side of equatioh0) is exactly given by-1/ times the discount factor to the
payment date, this leads to

()
s T ()

with p(z) = dN(x)/dx = e—%l’g/ V2. A first-order expansion of the numerator and denominator in

do(K)
dK

(11)

&+/T gives us the approximate rule

~

o
XBachelier = _% . (12)
In other words, for implied volatilities around 20%, the maximum (negative) attainable skew of the
displaced diffusion model is approximately 1% which is usually more than sufficient for caplets. What's
more, the markets that require a stronger skew calibration such as Japan tend to have significantly higher
volatilities and this means that the displaced diffusion approach can be calibrated to the skew prevailing
there, too.

Of course, it is arguable whether one should allow for negative interest rates at all in any Libor
market model. In this context it is helpful to note that the at-the-money-forward skew required in most
major interest rate markets for most maturities is considerably less strong than predicted by the normal,
or equivalently, extended Vasicek modehf77 HW90]. The probabilities of negative interest rates are
thus even smaller than in the Hull-White or extended Vasicek model, and should therefore in practice be
of no concern. The negativity of rates would be completely suppressed in a CEV modelling framework
as suggested inPAJA0O]. However, the CEV framework suffers from one major drawback: for most
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market-calibrated parameters especially long-dated forward rates incur a rather too large probability of
absorption at zero. This may seem innocuous in comparison to the possibility of stochastic paths to
spend some time in the negative domain. However, the absorption feature makes the whole concept of
pricing in a risk-neutral measure rather questionable since it jeopardises the existence of an equivalent
martingale measureé”[a03. On the other hand, some people might argue that effective Libor rates
should actually be allowed to become temporarily slightly negative, although this line of reasoning
almost inevitably leads to a debate based on economic grounds that is of no particular relevance here.

Nevertheless, should one desire to adjust the displaced diffusion framework not to allow for negative
rates at the expense of an absorbing boundary at zero, it is indeed possible to include such a boundary
condition for the affine volatility specification of the displaced diffusion model, and still obtain a very
simple closed form solution for options on canonical caplgétéhp2. Also, the incorporation of an
absorbing boundary at zero poses no problem to any Monte Carlo simulation whatsoever. However,
as shown in Zuh02h, unless we are concerned with calibration to extremely far out-of-the-money
floorlets, the distinction between the displaced diffusion setup with and without absorbing barrier at
zero makes no practical difference for implied volatilities whence | neglect this issue in the following.

One of the attractive features of the stochastic differential equatjas that it not only allows for
a negative skew, but also for a positive dependence of implied volatilities on the strike. In particular for
calibration at high strikes, the positive skew observed in the market poses frequently a severe problem
for HIM models based on a quasi-Gaussian evolution of the forward rates such as the extended Vasicek
or Hull-White model. Whilst it is usually still possible to calibrate those models at any given strike,
the implied risk-neutral distribution as given by a quasi-Gaussian forward rate evolution differs signifi-
cantly from the distribution as implied by the market's smi_J 8] which can give rise to substantial
pricing differences if, for instance, an exotic contract is valued that contains any form of forward rate
related digital features.

In analogy to the analysis and expansion that led to the expression for the skew in the Bachelier
model given by equatiorl@), we arrive at the following approximation for tlig skew:

o log, @ 0

%.l—loggQ o 20-((1—1). (13)

XQ

This formula requires that the paramef@must be in the intervalo, 2). In fact, for@ — 2, the skew
expression diverges. This effect can be understood better if we have a look at the risk-neutral densities
shown in figurel. As we can see, fap = 3/2, the density becomes more and more peaked. In fact, in

the limit of  — 2, the density approaches a Dirac distribution. This feature of the displaced diffusion
equations fo) > 1 bears consequences for any Monte Carlo simulation: when the density is strongly
peaked and has a very long but thin tail, the simulation converges rather poorly since most variates are
drawn in the area of the peak, and only very few fall in the tail. In this case, it may be advisable to
employ importance sampling sampler densityJac03 techniques that lay much more emphasis on

the long tail and thus improve convergence considerably. In practice, | would recommend not to use
values ofQ) greater thar3 /2.

2.3 The drift conditions in the displaced diffusion framework

Following the convention that the canonical discrete forward fateith associated accrual factey
fixes at timet;, and that the chosen n@maire is given by a zero coupon maturingtat the drift
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Figure 1: The forward rate density for different levels of the skew coeffic@nwith 7' =1,
og =30%/(1 —log, Q), andf, = 1.

conditions for the forward rates subject to the stochastic differential equadiang

N-1

7

(fx(t) + sk) T (fx(t) + sk) s
i t),t) = —o; ——————0kPik + O; ——— 0P . 14
pi (f(t),1) k:§i+1 1+ fu(D)7e kPik kE:N L+ fo(t)me kPik (14)
non-zero\fE)n'<N—1 non—ze?cﬁorig]\/

2.4 Interpolating Libors from canonical discrete forward rates

Itis common to highlight the fundamental features of Libor market models using the example of interest
rate products that depend only on cashflows occurring precisely on dates coinciding with the model’s
yield curve discretisation. In practice, however, a Libor market model implementation has to cope with
many intermediate cashflows, with settlement delays, fixing conventions, and many other idiosyncracies
of the fixed income market. This means that it may be necessary to compute discount factors that span
several canonical periods, potentially with a stub discount factor covering only part of the associated
discrete forward rate’s accrual period. An example for this is given in figuitas difficult to construct
non-canonical discount factors from a given set of discrete forward rates in a completely arbitrage-free
manner. However, in practice, it is usually sufficient to choose an approximate interpolation rule such
that the residual error is well below the levels where arbitrage could be enforced. It is also important to
remember that the numerical evaluation of any complex deal with a Libor market model is ultimately
still subject to inevitable errors resulting from the calculation scheme: Monte Carlo simulations, non-
recombining trees, or recombining trees with their own drift approximation problems. In this context
it may not be surprising that the following discount factor interpolation approach is highly accurate for
practical purposes.
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Figure 2: A non-canonical discount factor and its decomposition into canonical forward rates.

Given any forward discount factd? (t; teay, ten) at timet < tg .. < toq that represents the forward
funding cost of borrowing one currency unit at timyg, and paying back / P(t; tyan, te) at timet,,, we
computeP(t; tqas, tens) from the discrete forward rates according to

P(titaa te) = [ 1+ AT (15)
The product on the right hand side of equati@b)(is hereby over all the forward rates that are partly
or completely spanned by the discount factor pefiQg, t...). The modified accrual factors reflect
the potentially partial coverage at either end of the period as depicted in figunere bothr; andr;
are smaller tham; andr,, respectively. When a firm’s funding cost happens to be given directly by
(forward) Libor rates for a given periodas they are observed in the market, the relationship between
the Libor rateL(¢; ..., t«ar + 7) @and the discount factor over the associated accrual period is

1
L(t; toars tstar = —1 : 16
( TS t+T) <P(O;tstamtstart+ T) )/T ( )
In other words, using the decompositidib) into canonical forward rates, we have
1+ L - = [[+fit)7) (17)

where | have dropped the explicit mentioning of the dependenc¢eandt.,,.. In the following, I shall
assume that the yield curve is sufficiently smooth in between canonical forward rate dates to justify the
simple accrual factor adjustment of the stub periods at either end of the Libor rate accrual interval akin to
discrete rate interpolations customary in the short dated money markets. However, it is straightforward
to add an additional Libor rate correction factgrby setting

L7 = - [H(1+fi(t)n') - 1] (18)

%

with
L.(0)-7

T ILAE RO - 1
which would correct the Libor rate exactly in the limit of vanishing volatilities. Equatibr) (vill
form the basis of the analytical valuation of non-canonical caplets. First, however, let us have a look at
yet another interesting feature of the fixed income market: the spread between funding and interbank
offered rates.

(19)



2.5 Spread differentials

Most of the major investment houses fund their cash requirements in the Euro, Dollar, and Sterling
markets at rates that are very close to the official interbank offered rates. After all, it is precisely this
interbank borrowing and lending for funding purposes that originally gave rise to the introduction of
the Interbank Offered Rates (IBOR) quotation averages. Some financial institutions, however, have
the privilege of higher-than-average credit ratings, and fund themselves accordingly somewhat more
cheaply, and others can only borrow at less advantageous rates. In the Yen market, for instance, this
phenomenon is particularly pronounced where most of the Western investment banks fund significantly
more cheaply than TIBOR. There are several ways to incorporate such a spread between funding and
IBOR rates into a market model. In the following, | present a simple procedure based on adjustment
factors that are structurally similar to discount factors.

Let us assume that we are building a Libor market model that is based on a 3-monthly canonical
forward rate discretisation of the yield curve. In this framework, it may be desirable to be able to
price options on forward rate agreements that happen to fall precisely on the canonical dates by a
straightforward application of Black’s formula and a multiplication by a funding discount factor. In
other words, for all forward rates’ displacement coefficieQiseing exactly unity, we may wish to
see no skew for such canonical caplet prices struck at different levels. In order to accomplish a setup
that allows for spreads, and indeed for spread differentials since the spread between funding rates and
3 month Libor rates may be different than the spread between funding and 6 month rates, | define the
(forward) Libor equivalent discount factor

. 1

P(t; tstam tstart+ 7—) = 1+ L (t't ) - . (20)

Funding discount factor® and Libor equivalent discount factosare related by virtue of a determin-
istic spread factori.e.

P(t§ tstart Cstar + 7_) = P<t§ tstarty bstan T T) : C‘r (tstam tsan + 7_) . (21)

The spread factaf, (fq.m, taan+ 7) IS €SS than unity whenever funding can be done at a more favourable
rate than Libor. Since the spread factor is effectively a credit spread discount factor that represents a
simplified amalgamation of default hazard rates into a single number, it is decreasing in the accrual
periodr. The decomposition of (forward) funding discount factors now becomes

CT* (tstarb tend) : P(t, tstart; tend) = H (1 + fz (t)Ti,)il (22)

(2

wherer* stands for the model’s canonical discretisation period. All Libor rates that are not for a period
that is equal ta* can then be computed indirectly via the funding discount factors. This yields

L.-1 = %-H(Nrfi(t)r{) — 1 (23)
wherein both(,- and(, are of course to be taken over the accrual period of the LiborrateFor
T # 7*, i.e. when we are interested in a Libor rate that is based on an accrual period different from the
model’s intrinsic discretisation period, in the presence of a spread differential of the spread between
funding andr-Libor versus the spread between funding arelibor, the multiplicative spread ratio
term % on the right hand side of equatio23) gives rise to aspread differential induced skeag we

will see in the following.



3 Analytical caplet valuation

The analytical valuation of a captds based on the evaluation of the expectation

E(L-7T—K-7),] . (24)

3.1 First order approximation ignoring the drift

For7* not too large, and for moderate interest rates, a Taylor expansion of the product on the right hand
side of equationZ3) is an obvious approach:

Lo = (6-1)+ 6 firl + o((fﬂg)z) with 5= (25)

T

The right hand side of expansioR5) is (6 — 1) plus a sum of displaced lognormals. In other words,
we have a constant term plus a sum of correlated lognormal variates. Now, taking into account the
displacements;, let us define:-

LO)-T+1-10

E B ¥ AR 29)
v o= -0 (fits) T (27)
K o= K-T—|—1—5—|—7-5-Zsi-7'i’ (28)

This enables us to write the first order approximation & @s

| ()

Note that the scaling factarwas introduced to ensure that the (undiscounted) forward colf@et, z; — )]
is priced exactly.

Ignoring the fact that most of the involved forward rates are not drift-free in the terminal payment
measure of the caplet, we can evalu&8) @s a basket option on a linear combination of lognormal
variatesz; with individual expectations;(0) struck atx. This means we have now reduced the first
order caplet approximation to the calculation of the expectafi®ywhere ther; are lognormal variates
with expectations

Elv;] = 2(0) = v-0-(fi(0) +si) -7/ (30)
and log-covariances
Texgiry
Eflna: -z, — E[lna - E[lna,] = ¢y — / o1 (£)0rs () (£) lt (31)

0

2| restrict the discussion to caplets. The translation to floorlets is, naturally, straightforward, and should not pose a
problem to the reader if | succeed in my attempt to make the exposition of the case of a caplet sufficiently clear.



There are many methods for the approximation of basket options such as Mike Curran’s excel-
lent geometric conditioning approacyr94, the matching of two moments to a lognormal distri-
bution [Lev9d, the matching of three moments to a Johnson distribution (which, incidentally, is the
distribution resulting from a displaced diffusion), the method by Turnbull and Wakemai®]], or
Taylor expansion approachekiPl RDKO1]. For the specific case here, however, the particularly fast
rank reductiomrmethod lends itself readily since we can take advantage of the fact that all of the involved
forward rates are typically very strongly positively correlated. This method is based on an analysis of
the pricing of options on baskets of perfectly correlated lognormally distributed coupons that arises in
a single factor extended Vasicek modelling environméatr{89 and is detailed in appendik. The
rank reduction method works extremely well when correlations are moderate to high, volatilities are at
similar levels, and the expectations of the constituents of the basket are also of comparative magnitude.
All of these criteria are satisfied by the basket option problem at hand in equa®onn addition, the
rank reduction method is very fast indeed and particularly easy to implement, and all of this is why it is
the designated method of choice for the caplet approximation.

3.2 Second order approximation with drift estimate

Let us denote the number of forward rates that contribute to the value of the caplet based on the non-
canonical Libor ratd. asm. Extending the expansion of the Libor decompositi®8) o second order,
we obtain

m 1—1

Lt = (6-1) +5an + 63N fl g +O<(fl )). (32)

=1 j=1

This time, itis not immediately obvious how we can substitute the expan3&imfo the caplet pricing
formula 24) and treat the resulting expectation as a basket option on a sum of correlated lognormal
variates. However, rewriting the second order expans3@pds

m 1—1

L7 ~(6-1)+6- Zn fi+s)Ti—§- Znsr +4- ZZU fi+s)min(fi + s5)7; (33)
=1 =1 j=1

m i—1 m i—1 m 1—1

—9- ZanZT ns;T; =0 - ZZHSZT nfi 5-ZZnsiT{nsz]’-

i=1 j=1 i=1 j=1 i=1 j=1

m i—1

=(0-1)—4¢- Z?]SZT +6- ZZnszTnsj (34)

=1 j=1

m i—1
+5Z(1+nsz Zns] ) (fis)m + 8- n(fi+ s)min(fj + s5)7]

=1 =1 j=1

with some constant scaling coefficient(that is to be determined later) provides some insight. The
terms on the right hand side of equati@¥) form three groups. The first group consists of all the
constant terms on the right hand side of the first line. If we approximate the drift condifidhs (

for the forward rates by a constant expression, we can treat the second group as a sum of lognormal
variates as it comprises only terms of the foconstant (f; + s;). The last group is then a sum of
bilinear combinations of lognormal variates, and this is where we can take advantage of a feature of the
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lognormal distribution: products of lognormals are again lognormally distributed, and we can compute
their expectations and covariances with the original set of lognormals analytically!

Before we proceed to the calculation of the covariances of all the linear and bilinear terms, though,
we ought to remember that particularly for caplets on accrual periods that are significantly longer than
the model’s intrinsic discretisation period, the risk-neutral drift of the involved discrete forward rates
is no longer entirely negligible. Chosing the n@raire given by a zero coupon bond that pays one
currency unit at the end of the (potentially truncated) accrual period of the last involved discrete forward
rate, i.e. at,,, + 7,, in our previous notation, we arrive at the following constant drift approximation

mo (fj<0)+sj)rj’-cu
Etuun[(fi +5)] ~ (fi(0)+s)-[[ e ™57 7 (35)
j=i+1

There are, of course, a whole series of rather ad-hoc assumptions in eq88Yigks(we know, the drift
of the discrete forward rates is neither constant nor determihiditie to its instantaneous dependence
on the forward rates that bridge the gap between the payment time of any one forward rate and the
numéraire asset. This means wherever we have used the initial values for the forward rates in equation
(35) we are both using the wrong value to represent the path-average for the evolution of the forward
rates (since we are using the initial value), and we are ignoring the indirect stochasticity of the drift
since we are using a constant value for each and every forward rate. In my experience, the suppresion
of the variance of the drift term due to the stochasticity of the forward rates is typically the dominant
error in the constant drift expression. As the drift term is in the exponent, it is Jensen’s inequality that
IS raising its head here. Ignoring the variability of the forward rates in the expreg,%@%m# leads
to a much bigger discrepancy than the fact that we are ignoring the drift or path- averefgewimn
we replace it by a constant value. This phenomenon is reasonably well understood and has led to the
development of highly accurate stepwise drift approximations that enable us to construct Monte Carlo
schemes that do not need short time steps as we would with the Euler meithistl [PPvR02. For
our caplet calculations, however, this effect is fortunately quite small. Still, we can try to correct for it
to some extent by the approximation that each of the térins s;) is almost lognormally distributed,
le.

(fi+5) ~ (£0)+s)e 2 HVas with 2 ~N(0,1). (36)

In this way, we can expand each of the terms in the product of the right hand side of eq@&jion (
individually in ¢;; and integrate over an independent normal standard normal distributiey fa.

1... — 2
_(f]._,_sj)e*?CJJ*\/CJJ Zj
_1.. —
14(f;+s5)e 2%3 V%55 %5 —sj

ng

e ~ (37)

—(fj+s;)
e (fj +53)° (1= 55) (1= 55) cij + 2 (1 + f;)) ¢ g 2
e (1 + 21+ f_]) ¢j | + 0O (Cj])

where | have suppressed the modified accrual factors and dropped all initial- (@luetation for

clarity. Let us now define the approximate expectation for the displaced forward rate using the above
expansions as

ETexpiry[(f’i + S’L)] ~ € (38)

3The only exception is, of course, the one forward rate that pays at the same time as énaireum
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with

- 7%013 (f'TI-JrS'7'/-)2(1*5,‘7'/-)((1*5,‘7”-)(;"+2(1+f'7'/-))(:‘,‘
e = (fi0) +s)-[[ e On Y (1 lmrn)l (oui) Oy glase(emi)es, ) (39)
=it 2(1+fj7'j)

I now turn the attention to the earlier introduced scaling coefficienin analogy to the scaling co-
efficient~ that we used in the lower order approximatigns supposed to ensure that our analytical
approximation will return the correct expectation of forward rate agreements exactly. To cojywete
need the expectation of all the terms on the right hand side of equ&dpnRearranging the resulting
terms as coefficients of a quadratic expressiom, we obtain

E[L-7] = (5—1)+a1-n+a2~n2 (40)
with

a; = 4 Z (e;m! — 8;7)) (41)

Ay = (Si

Naturally, the solution for) that will ensure the correct value for forward rate agrements within our
analytical approximations is

. %<\/1+%2[L(0)-T+1—6]—1> for a; #0
LIL0) 741~ for a;=0.

m m
/ / / ! ACii / !/ /
(siTiszj + e;7;€;7;€ ) 46 - g eiT; (sm = E sjrj> : (42)
i=1

j=1

(43)

[e3}

We now have almost all the components that we need to put together an approximate caplet val-

uation formula based on the rank reduction method applied to an option on the basket of lognormal
variates. Since we have a second order expansion of equaprtiie vector of lognormal variates

with expectatior¢ will in total have

N m(m2+ 1)

elements of which the firsti account for the first order terms, and the remainiﬁg;” result from
the bilinear combinations. The individual expectations are given by:-

(44)

577€k7'/;<1 S nw‘) for k<m
& = j=tg#k 7
nPetlejr) € with k=m+ 0D 4G =2, j=1.3—-1) for k>m
(45)
The extended log-covariance matti has N? entries. Its elements,, can be expressed as sums of
elements of the original matrix' € R™*™, They are:-

Ckl for k<m and I<m
cit + ¢ji with k=m+ C=DO=2) 49 m, j=1..(i-1) for k>m and I<m
c;d = Ckp + Ckq with l:erwQ(p_Q)Jrq, p=2..m, ¢=1..(p—1) for k<m andi>m (46)

k=m+CO=2) 4 =9 m, j=1..(i-1)
Cip + Cig + Cjp + Cjq  with and for k>m and i>m

l=m @R 4y g m, g=1..(p—1)
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Finally, we need to know the effective strike that is to be used in the basket formula. It is given by

m  i—1

A= K-T+1—(5+i5ﬂ{—223ﬁ{5ﬂj’- (47)
i=1

i=1 j=1

Using all of the above definitions, the non-canonical caplet approximation is finally given by the expec-

tation N
E [(Z Ty — /\> ] (48)
k=1 +

for lognormal variates;, with expectations
Elz:] = & (49)

and log-covariances
E[lnzy -Inz] — E[lnz] - E[lnz] = (50)

which can be computed with any basket approximation such as the rank reduction method given in
appendixA.

4  Analysis of the skew resulting from the approximation formulae

There are various effects that contribute to the skew that we can observe in the implied volatilies of
caplets as given by the prices we obtain from Monte Carlo simulations with a Libor market model.
First of all there is, of course, the skew that was deliberately put into the model by virtue of, for
instance, a displaced diffusion evolution of the canonical forward rates. In addition to that, though,
non-canonical caplets incur other effects leading to a skew just by themselves, even if the underlying
canonical forward rates were designed to be as lognormally distributed as possible (for instance, by

settingg = Q = 1).

4.1 The basket effect

The first effect, albeit that it is the smaller out of the two addressed in this article, is due to the fact that
a non-canonical caplet bears some similarity to an option on a basket. To analyse this feature, | shall
assume that a caplet can indeed be priced very accurately using an expansion of the Libor calculation
formula (L7) in conjunction with the rank reduction method. To simplify matters, | will also assume
that an expansion as presented in secti®risand 3.2 is sufficiently precise not to taint the results
significantly. Let the basket pricing formula given by the rank reduction method be denoted by

v(x, K, R,C) (51)

wherex stands for a vector of expectations of displaced forward rates (or products theked),

the strike, R is a strike displacement, ard is the effective log-covariance matrix of lognormally
distributed variates whose sum comprises the basket. All mentioning of the modified accrualfactors
has been suppressed since they can be absorbed into the the entries of the vbeatrike K, the
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strike displacemenk, and the Libor ratd,, respectively. The skew as defined in equati®nig then
implicitly given by the equation
a‘/Black(La Ka 6—7 T) - T a‘/Black(L7 K7 a-a T) - T
+ -
0K ol 06

do(K)
w, dK

_ Ov(z,K,R,C)
B 0K

K=L

=L
(52)

The rank reduction approximation involves a modification of the covariance matrix such that its rank is

reduced to one, and the calculation of the expectation

v(x,K,R,C):EKZxZe% T+o:/Ty _ (K+R)>
=1

+

(53)

where ther; stand for the square root of the diagonal elements of the modified and rank reduced time-
to-expiry-averaged covariance matrix, iie.= a;/ /T with a; defined in equations3@) and 84) in
appendixA. By virtue of the conditiont) > 0, all of the elements of the vectar are positive, and

since we assume positive correlation between all forward rates, the expectation in ech@team(be
expressed as

v(z, K, R, C) sz N(G:VT — y*) — (K + R) - N(—y) (54)
with y* = y*(K') being the solution of
> e s VTV — (K 4 R), (55)
=1

as shown in appendi&. Equations%4) and 65) can be used to compute the unknown quantity on the
right hand side of equatio®®). This yields

o - . 0y* (K) .
Thanks to the fact that equatloﬁEo can be rewritten as
(K R) = Y a (T k) 57)
+ = Z; 5
— e (y*(K))
equation §6) can be simplified to
ov .
K —N (—y*(K)) . (58)
As a consequence, féf = L, the skew is governed by
do(K)|  _ N(=36VT) —N(-y"(1)) 59
A k-t p(36VT)LVT

wheres stands for the implied Black volatility consistent with the caplet price.

At this point, in order to make some more progress on our understanding of the skew resulting from
the basket effect on the skew, | resort to Taylor expansions. First, let us remember that far, sveall
have

+O(F) | (60)



Also, let us recall thaat-the-moneyneans that the unconditional expectation of the basket is equal to
the displaced Libor rate:

(L+R) Z:cl- (61)

Combining equations(l) and 65), and expanding the exponentials in equati®f) to first order, we

can approximate* as
N 2T

: 62
/ 2 Y, 20/T (62)
Equally, expanding the at-the-money Black formula
Vausl Ly L6, T) = L+ |N(16VT) = N(=1ovT)] (63)
and the rank reduction basket pricing formubd)(at the money for small’ using 60), we arrive at
LovT | Zimio/T ie. Lo ~ Y . (64)
V2T V2
Now, substituting §4) and ©62) into (59), expanding according t&Q), and using§1), we obtain
do(K) 1 ;UQT >0 s
dK |, 2° ZZ x;0;

2
1 1gop 1 L )

where | have used the defition

ZT; ZT;

A closer look at the terms in the square brackets on the right hand side of eq@giorveals that,
within the scope of the used approximations, the equation can be rewritten as

d@'(li) 1 lA2T 1 : : ~ AN2 R/\2
— — 20. _— . . — _ . 7
dK |, 2e Lo - vi(6i = 0) L’ (67)

Obviously, equationq7) implies that the skew is positive fét < 0, i.e. forQ) > 1. What is interesting

about this equation is that it predicts that even foe= 0, i.e. for instance for) = 1 (which means

that all the canonical forward rates are lognormally distributed in their own natural measure) and in
the absence of any spread differential, a non-canonical caplet would display a very smadisibue

skew, unless all the involved foward rates have identical modified average volafilifyhis means,

even when we keep the effective at-the-money volatility of a non-canonical caplet fixed, and even
when we keep the effective implied volatility of all canonical caplets fixed or virtually unchanged, it

is possible to increase the skew of the given non-canonical caplet ever so slightly by a simple change
to the term structure of the instantaneous volatility of the canonical forward rates. This is because, out
of all the discrete forward rates that contribute to the value of the non-canonical caplet, at most one of
them expires naturally on the same date as the caplet. The values of all the remaining canonical discrete
forward rates that eventually contribute to the fixing value of the non-canonical rate that determines
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the payoff of the caplet are taken as a snapbleddretheir natural expiry. This means that the root-
mean-square volatility they realise until the fixing date of the non-canonical caplet is not given by their
canonical implied volatility, but misses out on the last part of instantaneous volatility between expiry
of the non-canonical caplet and the natural fixing date of the individual contributing discrete forward
rates. Since we are free to tailor term structures of instantaneous volatilities of canonical forward rates
at will in the Libor market model framework, we can change the shape of the volatility curve, and thus
the value of the partially averaged root-mean-square volatility to expiry of the non-canonical caplet,
whilst keeping the implied volatility of each canonical caplet unchanged.

Fortunately, the basket effect for non-canonical caplets is very small as long as the non-canonical
accrual period doesn’t span too many canonical periods and thus proves to be of no practical importance.
It is, however, from a theoretical point of view astounding to observe a noticeable effect of the shape
of term structure of the canonical forward rates on the skew of non-canonical caplets. It remains to
be seen if this kind of effect is also observable in other financial modelling environments, and to what
extent it can be detected in the skew of the implied volatilities associated with European swaptions.

As a side note, it may be worth mentioning that the positive sign of the skew effect resulting from
the summation of lognormally distributed assets is fairly well known for Asian and basket options when
they are approximated by a Johnson distribution. The Johnson distribution is identical to a displaced
lognormal distribution. For Asian and basket options, it is fairly straightforward to write down the
equations for the matching of the first three moments, and to show that the displacement is negative,
thus giving rise to a positive skew when all the underlying constituents are strongly positively correlated.

4.2 The spread differential induced skew

The spread induced displacement is negative if the spread incurred by any one Libor rate is larger than
the spread of the Libor that determines the dynamics of the model. For example, if we build the model
from a 3m Libor rate with a spread of 10bp (i.e. our funding is 10bp cheaper than 3m Libor), and we
have a 20bp Libor spread, then we will end up with a negative spread induced displacement resulting
in a positive skew for options on the 6m-Libor rate.

Since | am at this point at serious risk of stretching the readers’ patience beyond redemption, |
shall only outline the analysis of the spread differential induced skew. As a starting point, we can
approximate the non-canonical Libor rate as a single lognormal variate with relative votaslityject
to a spread differential induced skew as given in equatis). (We assume& = 1 since we place
ourselves in the position of a financial institution that funds approximately at the 3m Libor cost but
writes a caplet on a longer accrual period for which the equivalent Libor rates are higher than the
simple compounding effect for the longer period could justify. The equivalent Black volatility at the
money is implicitly (approximately) specified by the leading terms in equaflé)) (.e.

V;alack(La K70A—7T)‘K:L = ‘/Black((l + hT) : L*a K - h,O', T)‘K:L I (68)

where | have used the abbreviation= (6 — 1)/ 7 and assumed that we can model the basket of canon-
ical forward rates as a single lognormally distribuiedwith volatility 6*. Straightforward expansions
of equation 68) lead to

&:&«(u%%m%@(#). (69)
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The next step is then to differentiat@gj with respect tak’, and carry out some further Taylor expan-
sions and simplifications. We finally arrive at a dependence of the spread differential induced skew
as defined in equatior8) on the at-the-money implied volatility of the non-canonical Libor rate, the
spread differentiak, and the non-canonical forward ratdtself given by

o h

~ .0 2
X~20 L+(’)(h). (70)

The interesting fact here is that the spread differential induced skew diverges as Libor rates approach
zero, and that it grows linearly with (as long as implied volatilities or times to maturity are small
since | used first order expansionssig/'T andé*+/T.). For small values of the actual spread and the
assumption that spread discount factors are given by

C’r (tstam Cstare T T) =e 7 (71)
with . representing the cumulatively compounded spread rate-fariod Libor rates, we obtain
h-t = (57——57—*)‘7- + O(((gT_gT*)'T)z) ; (72)

which means that the skew is approximately linear in the spread differéntial(c, — =,-). If we

recall that spread differentials are currently noticeably pronounced in Japan, where rates are low and
volatilities high, we may expect the spread differential induced skew to be of non-negligible size in that
market.

5 Numerical examples

The first example | give to demonstrate the accuracy of the presented approximations is an option on a
12m Libor rate, expiring in 12 months from inception. All the discrete forward rates that contribute to
this caplet are initially set to values near 4%, and are assumed to be perfectly lognormal in their natural
measure, i.e) = 1. | used the same instantaneous term structure of volatility for all of the canonical
forward rates given by

oi(t) = [a+b(T; —t)]-e @B 4 q (73)

witha =0.1,b =1, c =2, d = 0.1, and a time-constant correlation structure given by
Py = e A(Ti=Ty) (74)

with 3 = 0.1. In figure 3, | show the results from numerical simulations usitt¥§ Sobol’ vector
draws and analytical expansions for the given term structure (labelled as “peaked volatility”) in com-
parison with the numbers we would obtain if we had set the volatility of all canonical forward rates to
26.05% (denoted as “flat volatility”). The description “first order” refers to the expansion outlined in
section3.1, whereas “second order” is the implied volatility curve resulting from the method explained
in section3.2 The skew as defined in equatid) @ssociated with the curves is given in tabléAs we
can see, the agreement of the first order expansion with the numerical results is for practical purposes
just about at the edge of being useful, whereas the agreement of the second order expansion with the
numerical data is rather excellent indeed.

The figure and table highlight several features that we had already identified in the analytical dis-
cussion in sectiod. Firstly, there is clear evidence of the small but positive skew as a consequence of
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Figure 3: The implied volatilities of a 12m caplet on a 12m Libor rate.

volatility type | first order expansioly | second order expansign| numericallyy
peaked 0.017% 0.035% 0.037%
flat 0 0.018% 0.020%

Table 1. The skew numbers associated with the curves in figjure

the basket effect explained in sectibrd. In accordance with the analysis given in that section, the skew
increases as we switch from equal and flat volatility of the forward rates to a peaked term structure of
volatility. The term structure of instantaneous volatility gives rise to the effective variances of all the
contributing discrete forward rates to differ, and as we can tell from equaignthis in turn causes

the skew to increase. The fact that there is still some residual skew even for flat volatilities can also be
explained if we compare the first and second order expansion results. Since the second order expansion
takes into account the effect of the (nearly) lognormally distributed products of forward rates which
have a larger variance than the first order terms, it effectively values a basket of differing constituents,
and that in turn causes a slight skew, as discussed at great length by now.

The next example | give is to show the effect of the spread differential for a caplet on a 6m Libor rate
with 12 months to expiry as analysed in sectb8 using lower levels of interest rates and somewhat
higher volatilities than before, albeit not quite as extreme as those prevailing in the Japanese market.
Again, | set) = 1 for all the canonical forward rates, and | choose the parametrisation.2, b = 1,
c=1,d = 0.2, andg = 0.1 for the correlation coefficient. A total of 12 curves are displayed in
figure4, representing the implied volatilities computed numerically and analytically (using the second
order expansion) from different rate and spread differential settings. In the legend of the figure, the
level of the canonical forward rates is indicated by either L=60bp or L=30bp, which is to mean that
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Figure 4: The implied volatility &) of a caplet on a 6m Libor rate expiring in 12 months for different
levels of the non-canonical forward rateand different spread differentiats

the Libor rates are just slightly lower than the given numbers. The spread differential between the
3m canonical rates and the 6m Libor rate is given by h=0bp, h=10bp or h=20bp. In all four cases,
the analytical approximation matches the numerically computed results extremely well. This good
agreement between numerical and analytical figures for ax&mcaplet is not that surprising if we
consider that the 6m rate in question is composed of two canonical 3m Libor rates which in turn means
that there are no third order terms in equatidrg) that would be neglected by the approximation given

in section3.2 What's more, just as one would expect from the relationsi@p ¢the implied volatilities

for L ~ 60bp and the spread differential at 20bp coincide with the valued fer 30bp and around
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10bp spread differential. | should also explain why the poirft/at’ = 0.7 is missing forL. ~ 30bp and

around 20bp spread differential. The reason is that this is where the effective negative displacement of
the Libor rate results in a floorlet struck@r - L being perfectly worthless, which is why no equivalent
Black volatility can be implied.

To summarise the results on the skew, | give in tébthe skew figures that were computed from

L h | x (humerically) | x (from analytical prices) y from approximation70)
60bp | Obp 0.0044% 0.0047% 0

30bp | Obp 0.0029% 0.0034% 0

60bp | 10bp 0.5357% 0.5361% 0.51%

60bp | 20bp 1.0709% 1.0714% 1.01%

30bp | 10bp 1.0690% 1.0693% 1.01%

30bp | 20bp 2.2158% 2.2160% 2.03%

Table 2: The skew numbers associated with the curves in fijure

the results shown in figuré Clearly, the significant magnitude of the skew that is induced by spread
differentials emphasises how important it is that the forward rates that are evolved in a Libor market
model are directly linked to interbank offered rates, and not immediately to funding rates, since this
would cause an unintended skew to be built into the model. This is to say that even when we correct the
volatility levels such that the effective implied volatilities at the money are calibrated to the market, we
still have to bear in mind that there may be a significant skew for non-canonical caplets when spread
differentials are present.

Finally, | present an example of the accuracy of the approximations for a user-controlled skew. In
order to show how strong the given higher order approximations are, | have chosen the scenario of a
non-canonical 3m caplet with 49 months and 2 weeks to expiry in a 3m Libor market model. This
means, the non-canonical rate is almost exactly split between two canonical discrete forward rates
which makes it a particularly hard test. The volatility parametersiare0.1,b = 1,¢c = 2,d = 0.1,
and this time | use a term structure of instantaneous volatility given by

pzy(t) = = e—,B |T; —t| —| T —t* ’ (75)

with 5 = 0.8 and» = 0.2. This term structure of instantaneous volatility and correlation allows for
quite a considerable decorrelation of the forward rates. In addition to that, | used forward rates near
9%. As you can see, the numerical and analytical results agree very well for different levels of the skew,
even for options on the Libor rate that are considerably far away from the money.

In summary, | would like to say that | was surprised how complicated it turned out to find a suf-
ficiently accurate caplet approximation in the framework of a Libor market model with a simple user-
controlled skew such as given by the stochastic differential equatjorter all, we are talking here
about an interest rate modeslat is designed to meet the market features of options on Libor rates by
design and the pricing of caplets is rarely what the model is originally implemented for. However, since
the trading of exotic derivatives valued with a Libor market model requires the model to be reasonably
calibrated to market instruments (which sometimes includes options on 6m Libor rates where they are
sufficiently liquid, and always includes many non-canonical caplets), and since the handling of many
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different instruments in a consistent framework requires not only the ability to value all exotics using
Monte Carlo simulations, but also the much larger numbers of simpler derivatives such as caps and
floors (that are typically in any interest rate option book) in a timely fashion, analytical approximations
for caplets and floorlets for the given model may be a very desirable thing to have.
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Figure 5: The implied volatility§) of a non-canonical caplet on a 3m Libor rate expiring in 49 months
and two weeks for different values of the skew paraméter

A The rank reduction method for options on baskets of positively
correlated lognormals

The problem at hand is the pricing of a call or put option on a weighted average of correlated lognor-
mal variates with expectatiofi. In general, there is no requirement for the fixing of the associated
correlated assets to occur simultaneously, which means we could also allow for the pricing of Asian
and Asian basket options. All we need for the pricing of the basket option is the covariance @hatrix
of the logarithmic returns and the weights. When the fixing of all of the involved assets is to be
simultaneous at tim&, we would have

cii = 02T (76)

and
cij = 0y0;p T for i 7 j (77)

using the usual notation for implied volatility and correlation. The basket, or weighted average, of the
involvedn lognormal variates is given by

B =Y we zts (78)
=1
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with the modified weights

and the normal variates satisfying the covariance conditions
E[Zl] =0 and E[ZZZJ] = Cjj - (80)

The pricing of an option on the geometric average of lognormal variates can be done without any
difficulty since the geometric average is itself lognormally distributed. However, for an arithmetic
average, this can only be done if the covariance matrix is of rank 1, subject to an additional criterion
that is elaborated in the following.

The key idea of the rank reduction method is to substitute the original covariance fiatiith a
matrix C’ of rank one such that the log-variance of a geometric basket with the same modified weighting
coefficients a$3 is preserved. In other words, we need to find a covariance n@tisxich that

n n
§ : § : /

WiW;Cij = wichij (81)
i,j=1 i,j=1

Any symmetric positive semi-definite matriX’ of rank one can be written as the dyadic product of a
vectora with itself:
C'=a-a' (82)

In order to retain the ratios of the standard deviations of all of the constituents, we set
Q; = S+ \/Ci; (83)

with some common scaling facter This factor can be determined from the geometric basket log-
variance preserving conditioBY) :

n

D wiw;cij
ig—=1

s = ’ (84)

Once we have computed the coefficieatsthe approximate (undiscounted) price of a call option on
the arithmetically weighted basket struckratis given by

()
=1

+

] (85)
wherey is a standard normal variate. As long as the function
g(y) = Z wg 2ot (86)
=1
IS monotonic iny, we can compute expectatio@5) comparatively easily. A sufficient condition for
the monotonicity of the functiog(y) is given if all of the weighting coefficients; are positive. For

general basket options such as a the option on a bond that not only pays coupons but also demands
repayments (which would involve negative weights), this requirement may be too strict. Even when
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there are some slightly negative weighting coefficients, the fungtigh may still remain monotonic
in y. However, for simplicity, we demand at this point that

wia; 2 0. (87)

In practice, this restriction rarely poses a problem. Giv&n),(we can price the call option on the
basket by first identifying the critical valug where

g(y") K =0. (88)

The valuey* can be found by the use of the standard Newton method, and converges very rapidly due
to the smoothness of the functignA good initial guess is usually given by the second order expansion
of g(y) in y around zero. Given the definitions

n

o 2 _ 1,2
b = E lajw;e 2%

=1

n

142

c = E a;w;e 27
=1

n
12
d = Zwieffai —K,
=1

calculate the discriminaidt:= ¢?> — 4bd. Then, if the discrimand is positive, use

Vo —c¢
Yinitial guess from second order expansion — 7 (89)
20
as your initial guess, else use
d
yinitialguessfromfirstorderexpansio;ﬂ: - . (90)

C
The second order expansion is usually already within a relative accurady dfand may thus be a
sufficiently precise approximation fgr for certain applications. Nonetheless, due to the availability
of an extremely good initial guess, any subsequent Newton iterations typically converge to sufficient
precision within a single step. Having established the critical vatuehe approximate value of the
call option is given by

E [(i wie_%cii"l‘zi _ K)
=1

+

] ~ (Z wiN(=y" + a;) — KN(—@f)) (91)

wherein N-) is the cumulative normal distribution function. Equally, the approximation for the value
of a put option can be computed as

E [(K - Zwe+> ] ~ (KN(y*) - ZwiN(y* - ai)> . (92)
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