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Abstract

Pricing interest rate derivatives is a challenging taskliaa attracted the attention of many
researchers in recent decades. Portfolio and risk mangg®icsymakers, traders and more
generally all market participants are looking for valuabfermation from derivative instru-
ments. We use a standard procedure to implement the HIM randeb price IDI options.
We intend to assess the importance of the principal comgsmépricing and interest rate
hedging derivatives in Brazil, one of the major emerginghkats. Our results indicate that
the HIM model consistently underprices IDI options tradethe over-the-counter market
while it overprices those traded in the exchange studiedaMfind a direct relationship
between time to maturity and pricing error and a negativati@h with moneyness.
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Resumo

O aprecamento de instrumentos derivativos de taxa defemoatraido a atencao de muitos
pesquisadores. Gerentes de risco, operadores e maiscgenenie, todos 0s participantes
do mercado, procuram informagdes nos derivativos. Nesthalho, implementamos o mod-
elo HIM para aprecar opgdes de IDI. O objetivo & demanstimportancia dos compo-
nentes principais da estrutura de taxa de juros no apretam@&o hedge dos derivativos no
mercado brasileiro. Os resultados indicam que o modelo HilMdistentemente subapreca
as opg¢odes de IDI no mercado de balcao e superapreca@ssope prazo maior negociadas
na BM&F. Alem disso, observa-se que o erro de aprecamgmasenta uma relacao dire-
tamente positiva com o tempo para vencimento e negativa gmoxanidade do dinheiro.
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1. Introduction

Pricing interest rate derivatives is a challenging task ltes attracted the at-
tention of many researchers in recent decades. From a gabptint of view
many reasons can justify this interest. Portfolio and risknagers, policymak-
ers, traders and more generally all market participants/heable information in
forward, swap and option contracts. This information plaggmportant role in
their strategies and decision making process. On the otrat, lthe yield curve is
undoubtedly the most important economic variable. In tliggy we implement a
version of the famous Heath-Jarrow-Morton (HIJM) model (iHe= al., 1992) in
order to analyze its ability to capture features of a veryydapinterest rate option
offered in the Brazilian market.

The general methodology to evaluate an asset is througheaagesguilibrium
model. However, from an empirical perspective, implenrensuch a tool may
be cumbersome. A smart solution to this problem consistsiofguarbitrage-free
conditions, a replication technique of asset payoffs thiins the core fundamen-
tals of equilibrium model$.Interest rate arbitrage-free models can be divided into
two classes. The first approach started with the seminalrpap&asicek (1977),
Cox et al. (1985) and Black et al. (1990). In this approactstieat-rate dynamics
are directly modeled. The main advantage of this methockisrdedom to specify
the evolution of interest rates. However, short-rate n®tale a hard time fitting
the current term structure. Alternatively, the HIM modeahsiders the forward-
rate as the basic ingredient in modeling the interest raikigon. The assumption
of arbitrage-free conditions restrains the ability to &et drift of the forward-rate
process, since it is completely determined by the diffusioafficient’ Never-
theless, the initial term structure is, by construction,rgyut of the model and
consequently any yield curve can be matched within of HIJvhéaork.

In order to implement the HIM model, one has to specify thatily struc-
ture of forward rates. There are many alternatives to makectioice (see Brigo
and Mercurio, 2006). In this paper we use a standard proeeiduwhich the
volatility of forward rates is determined by principal coam@nts analysis (see for
instance Buhler et al. (1999)). Factor models have beeragy@g since the em-
pirical works of Litterman and Scheinkman (1991) and Kneale{1994) pointed
to the existence of three main movements (level, slope, andture) driving the
volatility of interest rates.

Our aim here is to assess the importance of the principal oaes to pricing
and hedging interest rate derivatives in one of the majorgimg markets. To this
end, we use the HIM model with the volatilities of the inséametous forward rates

1See Harrison and Kreps (1979) and Harrison and Pliska (®8%gminal works on this topic.

2A major problem with the HIM model lies in the fact that the shrate process may not be
a Markov process. See Ritchken and SankarasubramaniaB) (fi@% deeper discussion about this
point.

3In the Brazilian market, Barcinski (2000) tests the hypsihief three factors with data from nine
different maturities and obtain similar results to thoséhefU.S. market.
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computed by the factor loadings and the volatilities of tigependent factors. We
analyze models with one, two and three factors.

Based on a dataset of interest rate Asian options tradee iBriwilian market
(IDI options), we find that the most naive specification, tisathe one with in-
formation of only the first principal component of the int&reate, performs best.
This could mean that the models used by market agents tothgse options sim-
plify the interest rate volatility structure to only one cpament or that the market
price of IDI optiong may not be an appropriate measure to quantify the quality of
the HIM model.

The IDI option has unusual characteristics that make itmidifferent from
plain vanilla interest rates options. IDI options are Asgptions reflecting the
behavior of interest rates between the trade date and theritgatf the option.
Plain vanilla interest rates options depend on the shaomt-tate evaluated only
at the maturity date. Thus traditional pricing models depet for other markets
should be adjusted to evaluate them. Some recent studieabdvessed this issue
using different term structure models. Junior et al. (2G@&d the spot rate term
structure with the Hull-White model. Gluckstern (2001) ptéal the Hull-White
model (Hull and White, 1993) and found good performance. éitta et al. (2003)
also used the Hull-White model and identified that some patara are unstable
in times with high volatility or after crises. Vieira Neto @WValls Pereira (2000),
assuming that short-term rates follow a Vasicek (1977) madeained a closed-
form formula to price IDI options. Barbachan and OrnelasO@0Oadopted the
Cox-Ingersol-Ross model (Cox et al., 1985) and Almeida aicditte (2006) used
affine models (see Duffie and Kan, 1996) to evaluate IDI ogtion

Notwithstanding the fact that the aim of all the above papexs to price IDI
options, they differ from ours in that they worked only withtd from the Brazilian
exchange and only with short-rate models. Thus, this wogkéaecond goal,
which is to use the non-Markovian implementation of the HJbUel for the first
time to price this kind of Brazilian option. Chiarelli and Kw (2007) pointed out
that although the models of Vasicek, Cox-Ingersoll-Ross iall-White are the
most popular to price interest rate derivatives, the HIM eh@&more consistent.
Furthermore, they showed that the HIM model is a general haodkthe others
are just special cases of it. We contribute to the financiatdiure in at least
more two aspects: by comparing over-the-counter and exehaarket prices and
applying the model of Buhler et al. for an emerging markeéabase.

Our results indicate that the HIM model consistently undegp IDI options
traded in the over-the-counter market, while it appareowlyrprices these options
when traded in the exchange market. In the first case, it mppecause our
data are composed through a call process that quote asks phicthe exchange
market, we verify this overpricing only with long-term optis. We also test, by

4IDI options are traded in the Brazilian exchange and overetbunter market. The liquidity in the
Brazilian exchange is very poor and the prices collectetiérotver-the-counter market are obtained by
means of a call process. Therefore the prices can preseetsample errors.
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running linear regression, whether the time to maturityneymess or seasonal
effects can affect the pricing error. We show there is a tiiedationship between
time to maturity and pricing error and a negative relatiotwlsen moneyness and
pricing error (the more at-the-money the option is, the thegricing error is) for
both the over-the-counter and exchange market database calendar dummy
variable is not significant.

This paper is organized as follows. Section 2 presents theacteristics of the
sample and treatment of the database. The Section 3 coearstinodology. The
results are presented and commented in Section 4 and SBéat@mrcludes.

2. Sample

Our data consist of time series of the yields of the One-dsgrirank Deposit
Future Contract (ID-Futuré¥or all different liquid maturities, and the values of
IDI options for different strikes and maturities traded lire tover-the-counter and
exchange market. The data cover the period from Januaryo02,t® July 5, 2008.

The ID-Future database yields allow extracting forwareésdiy cubic spline
interpolation to fixed maturities for all trading days. Faich fixed time to matu-
rity, a reference bond is a zero coupon bond with the samettneaturity. We
fixed the times to maturity from 21 to 546 days, with increnseoit 21 business
day. Cubic spline interpolation can cause a bias due to tteporation of similar
information at all vertices. However, as we obtain the sameet factors verified
in Brazilian finance literature as meaningful, accordinggtima (2006) the bias is
not so strong.

IDI options have as underlying assets the theoretical vaiu€0,000 points
on am initial date defined by the BM&Faccumulated by the one-day interest rate
computed every business day by the clearinghouse CETIRthmtinaturity date.
The option is European.

Our initial database of exchange market options consisted928 call and
1,525 put options. We excluded away put options from our $anfipst because
their liquidity was low — only 10% of financial volume — and ead, because on
about 50% of the days, the number of trades was at most two.

The over-the-counter database is composed of tradegdsetthot, registered
through underlying asset volatility. The initial samplenststed of 63,654 individ-
ual call option volatility trades. We put this volatilityseémated by Black’s model
from market participants, into the original model to pribe bptions and to allow
comparison with HIM prices.

We performed two filtering procedures in both databases fifstdilter aimed
to reduce the problem that the data are not obtained by dhgesimultaneous

5The ID rate is the average one-day interbank borrowingitenthte, calculated by CETIP (Center
for Custody and Financial Settlement of Securities) eversiriess day. The ID rate is expressed in
effective rate per annum, based on 252 business days.

6The Brazilian Mercantile and Futures Exchange, which hasmerged with the Sao Paulo Stock
Exchange (Bovespa).
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option and underlying asset prices during trading hours elivkinated all trades
whose implied volatility was not determined by Black (19a6)d we also elim-
inated trades whose implied volatilities were 35% highetowrer than the last
trading day’s implied volatility. This maximum variationas estimated to avoid
a substantial reduction of the sample and at the same timkote a reasonable
variation in volatility behavior. As our aim is just to chettke relative perfor-
mance of the presented models, we believe that this filtetoes not cause bias
in our sample. Besides this, we eliminated options with ttmenaturity lower
than five days. The final database of traded exchange opttwrsisted of 2,977
observations with all moneyness and maturity until 546 days

The second filtering, applied to the over-the-counter detapeliminated op-
tions whose prices, estimated by Black’s model, were equakto and whose
volatilities were higher than 200%. We also eliminated apsiwith time to matu-
rity lower than five days. The final database of over-the-taupptions consisted
of 46,243 observations with all moneyness and maturityl 646 days.

3. Methodology

An IDI option is an interest rate derivative instrument geldh the BM&F used
to hedge and to speculate on interest rates. Consequentipgpthis instrument
means pricing the Brazilian yield curve. This study aimsdenitify the weight
of principal components in the process of option pricing. &jgely the model of
Heath et al. (1992) considering one factor, two factors anekt factors driving the
IDI pricing.

As noted by Almeida and Vicente (2006), an IDI option is justiesian option
whose payoff is a function of the short-term rate throughghth between the
trading date t and the option maturity d&te

T—1
IDIy = IDI [ (1 + CDIL) 1)

i=t

whereCDI; = (14 CDI%year) 72) — 1.
Denote byc(t, T') the timet price of a call option on the IDI, with time to
maturity 7" and strike price<". Then the payoff is:

c(t=T,T) =max(0,IDIr — K) 2

If the accumulated IDI rate between the trading date andplieromaturity is
higher than the implicit option interest rate, given by taga of the exercise price
and the IDI spot price, the option will be exercised.

The class of term structure models chosen is a multi-factwteh A one-factor
model assumes that all bonds are influenced by the same sdunceertainty. By
incorporating multiple factors, we allow different typdssaifts in the interest rate
behavior, despite the great computation effort. Besidiss tifie term structure put
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into the HIM model follows the market behavior, which avaadsitrage transac-
tions. The main feature of the HIM model is that it allows iagt rate volatility

to change across time, which gives flexibility to pricingidatives. However, the
demand for the volatility term structure complicates thisd®l's use even in the
international literature.

Amin and Morton (1994) analyzed different specifications ttee volatility
term structure of the forward rates in a HIM framework fordglailar futures and
options during the period from 1987 to 1992. They found that gingle-factor
HJIM model fared well in valuing short-term options becausesults in implied
parameter estimates that are more stable.

Buhler et al. (1999) performed a comprehensive empiricedysof one — and
two-factor HIM type models. Principal components analysis performed in or-
der to determine the parameters for the one — and for thedaatoif models. They
found the surprising result that the one-factor HIM withgandional linear volatil-
ity outperformed the two-factor model for German interas¢ wvarrants over 1989
to 1993. According to the authors, this could be due to therirect estimation of
the factor loadings of the second factor. The volatilitygraeters were estimated
directly from the volatilities of the two factors and the msponding factor load-
ings. Here we adapt the Buhler et al. work for an Asian opéad include the
three-factor HJM model.

3.1 Principal components

Principal components analysis can be used to reduce thendiomality of the
data through an orthogonal linear transformation so thegtieatest variance by
any projection of the data comes to lie on the first coordindgenew coordinate
system, and so on. This technique helps to investigate @h&atime window used
by PCA comprehends all the period from January 02, 2003 te 3ua008.

100% 12871
90% 1
80%
70% A

60% 1
50% 1
40% 1
30% 1

Proportion of Variance

20% -
10% A
0%

0,022 9004 0,002 0,001 0,000 0,000 0,000 0,000
\:I\ T T T T T

Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 Comp.9

Figure 1
Principal component analysis of the Brazilian yield cumani 01/02/2003 to 06/05/2008
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Figure 1 shows that the three-factor model is a good reptaisen of the yield
curve, for the entire period studied. This is the same magjwlsented in interna-
tional curves by Litterman and Scheinkman (1991).

The process of estimating variance for the next day requaksilating princi-
pal components on each day. So, we built a daily databasetof feeries for each
vertex and subsequently estimated the volatility accaytiina definite methodol-

ogy.
3.2 \Volatility

We estimated the forward rate volatility structure throdnggtorical series of
the yield curve for two reasons. First, the implied volgtiilemands simultane-
ousness between option price and underlying asset priceaon8epricing based
on implied volatility means a local test, according Blutgerl. (1999), because
in this case volatility is only used to price the option in thext period. As this
work proposes a global, or an overall, test, comparing theehgerformance with
one, two and three factors, we chose not to use informatmm the derivatives
market. The process of estimating total variance follow&IBi et al. (1999) and
the generalized formula is given by:

2 2 2 2
Op = OFactorl X L+ O%actor2 X Ly + O%actor3 X Ls (3)

whereo?, ., is the factor variance andlis the factor loading. When testing only
the one-factor model, we used only the first part of the equatright side. When
testing the two-factor model, we used the first and secortdgad all parts for the
three-factor model.

We used two methods to compute the factor variance. Firstestienated
volatilities based on standard deviation of a 378 businagsuvindow. Second, we
selected a GARCH (1,1) methodology. So, for each vertex we & volatilities:
volatilities according to the number of factors (one, twdloee) and according to
the volatility method (standard deviation or GARCH). Theportional forward
rate volatility structure for the six volatilities is bulby:

2 2
2 o 04,1 X DtmTz — O,y X Dt07T1 4
or, 17, = D (4)
T1,T>

whereDy, 1, is the number of business day betw@eéhand7'2 and the forward
volatility, ando7, 1, means the expected volatility between two dates.
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3.3 The tree of the HIM model

The HIM model starts with a fixed number of unspecified fadtaasdrive the
dynamics of the forward rates:

3
df(t,T) = a(t, T, fdt + > oi(t, T, f)dz(t) (5)
i=1

wheredf (t,T") denotes the instantaneous forward interest rate ontdatebor-
rowing or lending on dat#, z;(¢) is independent one-dimensional Wiener process,
a(t, T, f)dtis the driftands; (¢, T, f) the volatility coefficients of the forward rate
of maturityT'. As the original HIM paper shows, the drift of the forwardesatin-
der the risk-neutral measure is determined by the volafilihctions as:

T

3
Oé(t,T, f)dt: Zai(tha f)/gi(tvsvf>ds (6)
=1 t

The equation above denotes the main result in that papéowsthat when a
number of regularity conditions and a standard no-arbétamdition are satisfied,
a(t, T, f)dt is uniquely determined by the forward volatility function#n this
work, we adopt six volatility specifications: two volatiés for each factor model.

From the forward rate volatility structure and the intenede term structure,
we created the HIM forward rate tree. This tree represeats\ublution of the
IDI, based on a HIM statistical process. The payoff in thedtep is given by
Equation 2.

When the HIM process is hon-Markovian, the tree becomeg/pilshnumber
of branches increases exponentially and they never recemibiowever, Heath
et al. (1992) showed that, assuming the twelve-step tredoaachmark, the error
beyond five steps is always within 0.5%. The trees in this viake a minimum
of three and a maximum of twelve steps until maturity and thege driven by the
time to maturity of each option.

3.4 Pricing errors

We compared the performance of the HIM model with one, two tarek
factors by the difference between the model price and th&eharice, using the
root mean square error as the metric.

Our final step was to check for any systematic pricing errgrsdgressing
the root mean square error on time to expiration, moneynasshe semester of
valuation, along with dummy variables that specify the maged. We used the
regression equation below to evaluate the errors assdordgth the call option
pricing:

3
Errory = a+ Bi(T — t) + BaMy + B35Sy + > 6:D; (7)

i=1
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whereT' — t is the time to maturityM; is the moneyness, calculated by dividing
the underlying asset price by the present value of the girike; S; is the semester
that the option was traded aidlis the dummy variable used to classify if the error
was caused by the HIM model with one, two or three factors.n@lihypothesis
was that the dummy coefficients are statistically differieatn zero, so that we
could check for a relationship between pricing errors ardctiosen method. We
also checked if the results of the three models are significdifferent from each
other through the nonparametric Kruskal-Wallis test.

4. Results

Table 1 shows the root mean square error statistics coingitdtie model with
one, two and three factors for the trades in the exchangeanark

Table 1
Error measure statistics from HIJM model with one, two andétactors and standard deviation or GARCH
volatility. The database is composed of options tradedérettchange market

\olatility Factors | Average error | Standard deviation erro lstQ (errors) 3rdQ (errors)
Historical | 39.82% 31.65% 16.41% 73.77%
standard I} 41.62% 32.22% 15.67% 74.24%
deviation 1] 45.86% 33.57% 23.11% 85.75%
Kruskal Wallis: p-value 0.0000

| 38.16% 33.12% 17.72% 78.17%
GARCH Il 38.58% 33.31% 13.82% 75.95%

n 42.56% 34.59% 20.98% 85.54%

Kruskal Wallis: p-value 0.0000

The Kruskal-Wallis test’s null hypothesis of similar dibtrtion functions for
the three models is rejected at 10% significance level. Tleianma that we really
are changing the results when we include new factors in tié tdddel. The one-
factor models present the lowest RMSE and standard dewiatid the one with
GARCH volatility performs best.

These results can mean that the principal component faatensot enough to
explain the movements of derivative prices. In fact, Cadlitd Goldstein (2002)
and Heidari and Wu (2003) also suggested that term strufztarers are not suffi-
cient to explain the dynamics of fixed-income derivatives.

Since the GARCH volatility performed relatively better gach factor model,
we chose this methodology to price the options traded inkee-the-counter mar-
ket.

Table 2
Error measure statistics from HIM model with one, two andetactors and standard deviation or GARCH
volatility. The database is composed of options tradedémotrer-the-counter market

\olatility | Factors | Average error| Standard deviation erro 1StQ (errors) 3rdQ (errors)
I 86.29% 24.09% 50.79% 97.96%
GARCH 1] 88.47% 25.57% 57.25% 97.78%
] 94.85% 106.87% 61.06% 98.36%
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Table 2 shows that the RMSEs of the over-the-counter dataarsiderably
higher. This can be explained by the high volatilities resgisd in over-the-counter
trading. For instance, as the average annual volatilityhisf database is around
60%, the average annual short-rate volatility estimatethbyfirst principal com-
ponent is around 15%. Another explanation would be in the rii2rket mi-
crostructure, with market makers usually taking short fomss on call options
and clients buying call options. Thus, market makers havimeantive to over-
price quotes. A last possible explanation is a bias in thelsete, i.e., the database
is composed only by quoted ask prices, instead of mid prices.

Besides the comparison with market prices, we evaluatechtiaels’ perfor-
mances through mispricing patterns. We expected the etdibrmodels to be
balanced and the results to be neither underpriced nor beedamost of the time.
Considering all the sample, we verify a bias of overpriciagthe one and two-
factor model. To investigate this pattern, we divide our glEnaccording to mon-
eyness and time to maturity. Table 3 presents the resulthéoexchange market
data by volatility. The metric in this case is given by the ralogrice minus the
market price. In this case, the three-factor model preskthte steadiest results,
i.e., a lower bias. We verify that HIM model consistently mpvizes options with
time to maturity higher than one year. It can be explainedbse of the lack of
liquidity. These options represent only 20% of the tradinfymne of the market.

Table 3
Overpricing and underpricing from HIM model with one, twaldhree factors and standard deviation or GARCH
volatility. The database is composed of options tradedérettchange market. We divide by time to maturity

Time to Maturity | Volatility Factors | Overpricing | Underpricing
Historical | 56.50% 44.50%
Until Standard Il 61.40% 38.60%
one Deviation 1l 53.13% 46.87%
year | 56.28% 43.72%
GARCH 1] 62.14% 37.86%
1l 52.83% 47.17%
From Historical | 83.07% 16.93%
one year Standard 1] 78.39% 21.61%
to 546 Deviation 1] 44.98% 55.02%
business | 81.42% 18.58%
day GARCH 1] 82.34% 17.66%
1l 40.76% 59.24%

For the over-the-counter data, all the factor models shawekgrpricing. This
reinforces the finding of higher volatilities of these openas when compared to
the historical interest rate volatilities. For the modelshwone, two and three
factors, the underpricing measured was 99%, 98.2% and 97e8ectively. This
can be explained by the IDI market microstructure, with nearkakers usually
taking short positions on call options and clients buyinty egtions, so the call
process to create this database is composed by quoted esk.pri
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We also analyzed pricing errors for the different modelststFifor the ex-
change market data, we regressed the price RSME as the depefadiable of
each model and respective volatility. This gave six regoesson the variables
in Section 3.4. The moneyness and the time to maturity wefiiant in all
regressions. We consistently found a significantly positationship between
time to maturity and pricing errors and a negative relatigmbetween moneyness
and pricing errors. This means that long maturity and otthefmoney options
are the hardest options for pricing following the HIM modeithe-money and at-
the-money options performed well according to this modéke Talendar dummy
variables were not significant.

To support these results and to find a more robust result, wa anel data
analysis with pricing errors from all models. Table 4 presehe results for the
exchange market data.

Table 4
Error measure regression considering the HIM model with tweeand three factors and standard deviation (SD) or
GARCH volatility. The database is composed of options tradehe exchange market

Variable Coefficient (p-value)
SD GARCH
Time to maturity 0.0009 0.0003

(0.0000) | (0.0236)
Moneyness -23.632 -25.071
(0.0000) | (0.0000)
2-factor dummy 0.0784 0.0406

(0.0000) | (0.0003)
3-factor dummy -0.0675 -0.0310
(0.0000) | (0.0085)

Intercept 30.226 32.517
(0.0000) | (0.0000)
Adjusted RZ 0.0276 | 0.0354

F statistic P-value| 0.0000 0.0000

The same relationship in the prior regression between nma@ssyand the time
to maturity was verified. The dummy variables included tdedéntiate the num-
ber of factors were statistically significant at 5%, indiegtpricing differences
among the models. Besides this, the coefficients’ sign atdithat the third fac-
tor reduces the pricing error while the second increasse®thor. For the GARCH
volatility, the third factor reduces the pricing error le§he second factor sign is
similar to the finding of Buhler et al. (1999), who claimedtithe outperformance
could be due to the incorrect estimation of the loadings f ffictor. The sec-
ond factor is closely related to the spread between the ladglze short rate and
appears to be important, as the highest is the period studiies regression con-
sidering only over-the-counter data has the same sign éovdhiables moneyness
and time to maturity. However, the sign of the third factonuy shows that this
term increases the pricing errors. Table 5 reports thesewsions.
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Table 5
Error measure regression considering the HIM model with weeand three factors and standard deviation or
GARCH volatility. The database is composed of options tradeover-the-counter market

Variable Coefficient (p-value)
Time to maturity 0.0003
(0.0049)
Moneyness -1.2402
(0.0000)
2-factor dummy 0.0217
(0.0154)
3-factor dummy 0.0855
(0.0000)
Intercept 1.9314
(0.0000)
Adjusted R? 0.0124
F statistic P-value 0.0000

Table 6 presents the correlation between pricing erromssaamodels for the
exchange database. Our results are quite different frosetlod Biihler et al.
(1999). In that work, the authors found correlations clasg.tTable 6 shows that
correlations of the first factor with the other models areyMew. This result is
closer to those of Amin and Morton (1994) and can mean thatithplicity of the
first factor model is closer to the Brazilian market empirivadels.

Table 6
Correlation between pricing errors across HIM models wihdard deviation (SD) and GARCH volatility. The
database is composed of options traded in the exchangetmarke

Model 1-factor 2-factor 3-factor 1-factor | 2-factor | 3-factor
GARCH | GARCH | GARCH SD SD SD
1-factor GARCH 1
2-factor GARCH 0.55 1
3-factor GARCH 0.47 0.74 1
1-factor SD 0.52 0.86 0.55 1
2-factor SD 0.29 0.87 0.53 0.88 1
3-factor SD 0.32 0.79 0.91 0.70 0.73 1

5. Conclusion

The aim of this study was to assess the importance of theipal@omponents
to pricing and hedging IDI options in the Brazilian markete halyzed the HIM
model with one, two and three factors with data covering #wéoo from January
12, 2004 to July 5, 2008.

We found that the one-factor model, with information fromyotie first prin-
cipal component of the interest rate, performs better has the lowest error mea-
sure and the lowest standard deviation. This could mearttibahodels used by
agents of the market to price these options simplify the@sterate volatility struc-
ture to only one component or even that the market price obfiliions may not be
an appropriate measure to quantify the quality of the HIMehddVe also showed
that the second factor raises the error measure and thef#itital increases or
decreases it in accordance with the database. For the IDdnsptraded in the
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over-the-counter market, the third factor increases ther eneasure and for the
IDI options traded in the exchange market, it decreasesrtbe e

Regarding the huge percentage of underpricing of the OT&, dae explana-
tion would be in the IDI market microstructure, with markedkers usually taking
short positions on call options and clients buying call ops. Another possible
explanation is that the call process to create this databasemposed by quoted
ask prices, instead of mid prices.

We also tested whether the time to maturity, moneyness @ogsah effects
can affect the pricing error. We showed that there is a diedationship between
time to maturity and pricing error and a negative relatiotween moneyness and
pricing error for both over-the-counter and exchange ntathgabases.

To our knowledge, this is the first paper to work with exchaage over-the-
counter market data and to price Asian options with a thaetef model. We
suggest complementing this work with the implementatiodeifa hedging strate-
gies to verify arbitrage opportunities. We recognize thatlimit our study by
the fact that data are not obtained by observing simultameption and under-
lying asset prices during trading hours. However we belibe¢ our results are
representativeness.
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