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Abstract

In this paper, followed by the market efficiency definition of the absence
of arbitrage opportunity in the market, we test the market efficiency of the
OMXS30 index option market. We first check the arbitrage opportunity by
examining the boundary conditions and the Put Call Parity that must be
satisfied in the market. Then a variance based efficiency test is performed by
establishing a risk neutral portfolio and re-balancing the initial portfolio in
different trading strategies. In order to choose the most appropriate model
for option price and hedging strategies, we calibrate several most applied
models, i.e. the Black Scholes, Merton, Heston, Bates, and Affine Jump
Diffusion models. Our results indicate that the Affine Jump Diffusion model
significantly outperforms other models in the option price forecast and the
trading strategies. Both the boundary and the Put Call Parity tests and
the dynamic hedging strategy give evidence that no significant abnormal
returns can be obtained in the OMXS30 option market, thereby supporting
the market efficiency.
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1 Introduction

The index option market has been one of the most successful of many innovative
financial instrument introduced over the last few decades. With the fast growing
of the index options in the world, the Swedish OMXS30 index was introduced on
September 30, 1986, consisting of 30 most traded Swedish stocks on the Stockholm
Stock Exchange. The strong success of this contract convinced the Swedish author-
ities to introduce the futures and the options contract on the OMX indexone year
later. Nowadays, the OMXS30 index options and futures are the essential tools
for risk hedging in the Nordic market. The purpose of this paper is to empirically
investigate whether the OMXS30 options market is efficient.

Efficiency is of the utmost importance for the functioning and the develop-
ment of financial markets. In earlier studies, most of the efficiency tests focus on
stock options in the U.S. market (see e.g., Gould & Galai 1974, Klemkosky &
Resnick 1980). Later on, the index option markets efficiency tests become a pop-
ular topic (see e.g., Klemkosky & Resnick 1980, Evnine & Rudd 1985, Kamara
& Miller 1995, Ackert & Tian n.d.a, Bharadwa & Wiggins 2001). Meanwhile, the
introduction and fast growing index options in Europe have also called for the at-
tention of empirical research to these markets. For example, Cavallo & Mammola
(2000), Brunetti & Torricelli (2005), Cassese and Guidolin (2006) on the Italian
index (Mib30), Capelle-Blancard & Chaudhury (2001), Deville (2004), Deville &
Riva (2007) on the French index (CAC40), Mittnik & Rieken (2000) on the Ger-
man Index (DAX ), Martikainen & Puttonen (1996) on the Finnish stock market,
Corredor & Santamaria (2002) on the Spanish stock market, Chesney et al. (1995)
on the Swiss index option market. The market efficiency of the option index has
been concluded in most European countries.

Further, all the above mentioned papers have done the efficiency tests followed
by the efficiency definition of the absence of arbitrage opportunity in the mar-
ket, and the efficiency tests of the financial markets have been carried out by
two methods. The first is the model-free boundary test and the Put-Call-Parity
(PCP) test introduced by Stoll (1969) and extended by others, e.g., Merton (1973),
Klemkosky & Resnick (1979)), which investigate the lower and upper boundary
and no-arbitrage relationships that must be held between the prices of a call and
a put written on the same underlying asset and having the same strike and time
to maturity. The second efficiency test approach is a specific form of test, i.e., a
dynamic hedging strategy usually based on a specific option pricing model (see
e.g., Black & Scholes 1973, Galai 1977, Macbeth & Merville 1979, Xu & Taylor
1995, Cavallo & Mammola 2000). In this test, the Black Scholes (BS hereafter)
model (Black & Scholes 1973) is the commonly applied model. For example, using
an implied volatility of the Black Scholes model, Harvey & Whaley (1992) conduct
an S&P 100 index option market efficiency analysis of call and put near-the-money



options each day and delta-hedged using the S&P 500 futures contract. Cavallo &
Mammola (2000) test the efficiency of the Italian MIO30 index option market us-
ing implied volatility and the dynamic delta hedging strategy. They show that the
hedging strategy based on the implied volatility method fails to make significantly
positive profits after considering transaction costs.

However, according to Hull (2002), a number of problems relate to carrying out
empirical efficiency tests based on the BS model. The first problem is that any
statistical hypothesis about how options are priced has to be a joint hypothesis to
the effect that i) the model is valid and ii) markets are efficient. To distinguish
between the two hypotheses of market efficiency and model validity, one of the two
has to be taken as an assumption. Therefore, it is crucial to choose the most valid
model in the dynamic hedging strategy test. A second problem concerns the choice
of the best estimate of stock price volatility. Because the volatility is considered to
be a proxy for risk in the financial and economic fields, it has important influences
on monetary policy making, asset allocation decisions and risk management.

In this paper, we attempt to overcome the above difficulties in several sub-
stantive ways. First, the first part of the current work performs the boundary
conditions and the put- call parity (PCP) tests, which do not rely for its validity
on the option pricing model. We examine the the boundary conditions and the
PCP by taking into account the bid and ask spread and the transaction costs. We
divide the investors into three groups according to different levels of transaction
costs. Following Cavallo & Mammola (2000), we consider the bid and ask spread
by assuming that investors buy at ask prices and sell at bid prices. Second, in
order to choose the most valid model and the best estimate of the stock price
volatility, we examine several most applied option pricing models in the contem-
porary finance literature, i.e., the Affine Jump Diffusion (AJD) model introduced
by Duffie et al. (2000), the Merton (Merton 1976), the Heston (Heston 1993), the
Bates (Bates 1996) and the Black Scholes (Black & Scholes 1973) models. We
therefore have the opportunity to check if the most advanced model can improve
the option price forecasts and the hedging results.

The calibrations of the stochastic volatility with jump models are difficult and
time consuming. The most common calibration technique is the version of daily
least square estimation, which gives good in-sample predictions but is also known
to be notoriously non-robust to outliers giving bad parameter estimates (see e.g.,
Cont & Tankov 2004). We calibrate all models with the unscented Kalman filter
which has been proven to be much faster and more accurate than the least square
method (see e.g., Lindstrom et al. 2008). Further, as the characteristic functions
of the closed form of these models are available, the inverse fourier transform
method has been employed to calculate the closed form solution of the option
price of various selected models. The Fourier transform based method is both fast



and accurate if we know the characteristic function for the log stock price in the
closed form.

In the dynamic trading strategy test, we search for the arbitrage opportunity
with different hedging strategies and with different hedging weights in the OMX
indexoption market. We consider two different trading strategies. For the first
trading strategy, we assume that an investor sells one contract of a call/put option
when it is first issued in the market. A risk neutral self-financing portfolio will be
built up by buying/selling a certain amount of OMXS30 index futures according
to the calculated hedging weights to hedge the call/put options. The rest of the
money is put into a bank account. This portfolio is maintained until the maturity
of the option. Finally, we get the return by exercising the option and clearing the
portfolio. We use OMX futures to hedge OMX index options, because it is not
possible for us to replicate the whole index and to collect the data regarding the
index duplication. Indeed, for European options and futures that share the same
underlying asset and common expiration day, the option can be priced as if it is an
option on the futures contract (Black 1976). In reality, futures and futures options
are traded side by side in the same exchange, and they close at the same maturity
day, this minimizes data synchronization problems.

In the second trading strategy, we try to detect the mispricing opportunity
(the difference between the model calibrated prices and the market prices), and
the initial portfolio will be built up by buying the option if it is underpriced (model
prices > market prices) and selling the option if it is over-priced (model prices <
market prices). Then a certain amount of the OMXS30 index futures according to
the calculated hedging weights will be bought or sold to hedge the options. The
portfolio will be properly re-balanced according to the calculated hedging ratios.

For all of the dynamic trading strategies, we use two different hedging ratios,
i.e., the Delta and the mean variance hedge weights. With the stochastic volatility,
and especially with a jump, the option is not a redundant asset and the market
is not completed. Most derivatives cannot be completely hedged by Delta and
the volatility and the jumps have to be hedged too. Therefore, we have derived
and calculated the mean variance hedge weight, which minimizes the quadratic
difference between the changes in contingent claims and in the underlying asset.
The closed form solution for the mean variance hedge for various models will be
derived and calculated by the inverse fourier transform method based on the known
characteristic functions. Because the Delta weight is commonly used for the BS
model, we also calculate the Delta weight in order to compare the hedging results
between the BS model and other models.

Our results suggest that the average results from the boundary and the PCP
tests, and from the dynamic hedging strategies fail to indicate any significant
arbitrage returns. The violations from the boundary tests are much lower and the



returns from the long and short hedge of the PCP test are smaller than other index
option markets which have been tested and claimed to be efficient. The returns
from the dynamic hedging strategies are very insignificant indicating a positive
sign of the market efficiency. Turning to the performance of option price models,
we find that the AJD model significantly outperforms the BS, Merton and Bates
models in both of the option price forecast and the dynamic hedging strategy tests.

The main contributions of this study are at least threefold. First, this is the first
study to investigate the efficiency of the OMX indexoptions market. Compared
with the empirical studies in the U.S. and other European markets, studies on the
Swedish market are very limited.! In particular, no study has been carried out to
examine the Swedish index (OMX) option market efficiency, although the OMX
indexoption market has been growing tremendously since it was first introduced.
The OMX indexoption market is smaller than some major stock markets in the U.S.
and other European countries, however, it is an essential instrument in reducing
risk exposure or increasing yield over the Swedish stock market. Especially after
the NASDAQ bought the Swedish OMX on February 27, 2008, the OMX index
option has played a more important role in the Swedish, Nordic, and even the world
financial markets, therefore, the efficiency test of the Swedish OMX indexmarket
is equally important as in other large markets. Second, this study provides a
comprehensive analysis of the OMX index option market. We test the market
by examining the boundary and PCP conditions and carefully detecting all the
possible arbitrage opportunities in different trading strategies. Third, the results
have practical relevance in terms of model selections in the option pricing and the
dynamic hedging strategies in the OMX option market. We have applied the most
used option pricing models in the contemporary finance literature. The results
from this paper provide a proxy for the application of these models in the Swedish
OMX indexoption market.

The remaining part of the paper is organized as follows. First, we present
the model in section 2, and the methodologies we have used will be discussed
in section 3. The data are introduced in section 4. In section 5 we present the
empirical results and do analysis. Section 6 concludes.

2 The models

The predictive power of the option valuation models was recognized immediately
after the Black & Scholes (1973) model was introduced. More recent models have

!Nordén (2008) and Nordén (2009) examine the OMX indexfuture market.



included jumps,? stochastic volatility,® and state dependent diffusion terms.* To-
day, financial researchers use models combined jumps, stochastic volatility and
local volatility.> In order to investigate the OMX index option market, we choose
to calibrate a large group of the most applied option pricing models in the contem-
porary finance literature, i.e. the Merton (Merton 1976), Heston (Heston 1993),
Bates (Bates 1996) and AJD models (Duffie et al. 2000). The BS, Merton, Heston
and Bates models are all nested in the AJD model.

2.1 The AJD model

The AJD model from Duffie et al. (2000) combines stochastic volatility and jumps.
It has the following specification,

dS; = rSdt+ \/Vtstth(S) + StdZt(S)7 (1)
AV, = (€= V)dt+ o /VidW ") +az", (2)

where S, is the stock prices, V; is the volatility, r is the interest rate, W* and WV
are standard Brownian motions with correlation p,,. x and & are the mean rever-
sion rate and mean reversion level, respectively. o, is the volatility of volatility.
Z®) and Z) are pure jump processes in return and variance processes, respec-
tively. The jumps Z) and Z(") can occur simultaneously or randomly. The jump
processes have a constant mean jump-arrival rate A, whose bivariate jump size
distribution has the transform of ©. The Q-dynamics for the log price process
In S; is given by,

InSy \ [ r—An—V,/2 1 0
d( v, )‘( R(E— Vi) >dt+<pwav mav)ﬁdwt+dz“ )

where fi is chosen as O(1,0) — 1 such that the dynamic is risk-neutral. Following
Duffie et al. (2000), we define © as follows,

O(dy, dy) = A~ (N0Y(dy) + A"0°(do) + A\0°(dy, dy)), (4)

%(see e.g., Merton 1976)
(see e.g., Hull & White 1987, Heston 1993)
4(see e.g., Dupire 1994, Derman & Kani 1994)
5(see e.g., Bates 1996, Duffie et al. 2000, Eraker et al. 2003, Carr & Wu 2004, Eraker 2004,
Broadie et al. 2007).
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where

A= NN N (5)
1
0Y(dy) = exp (/iyd1+§<7§d%)7 (6)
1
0(d) = ——— 7
(@) = = (7
el + 202 d
iy = SUoh T 2000) (8)
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MY, AV and ¢ are the jump intensities of Z(%), Z(V) and simultaneous jumps in S
and V. The jump size in S is normal distributed with N(u,,07). The jump size
in Z) is exponentially distributed with mean p,. For the simultaneous jumps,
the marginal distribution of the jump size in V is exponential with mean p.,. The
jump size in S has the distribution N (pe, + pszo, ny) conditional on a realization
of the jumps size of z, in V.

The AJD model nests several models. We obtain the stochastic volatility
model, originally proposed by Heston (1993) by letting A = 0. If we take Z¥ =0
(i.e. AV = X°=0) such that jumps only present in prices we get the Bates (1996)
model. If we set & = Vi = 02, AV = X\ = 0, and o, = 0, the model reduces
to the pure jump diffusion model introduced by Merton (1976). Finally setting
A=0, £ =Vy=0?and o, = 0 reduce the AJD model to the Black & Scholes
(1973) model.

3 Methodology

In this section, we present and motivate some methodological issues used in the
analysis.

3.1 Model calibration: the Unscented Kalman Filter

The dominating calibration method is the weighted least square method, i.e. tak-
ing the parameter vector of the model that minimizes the weighted sum of the
squared difference between the observed mid-price and the model price. This cali-
bration is known to be numerically difficult to find the parameters minimizing the
loss function. Another problem of this method is that it uses a small set of obser-
vations, easily overfitting data (see e.g., Bates 1996, Hull 2002, Cont & Tankov
2004).

As a alternative, the Kalman filter of Kalman (1960) is an optimal, minimum
mean squared error estimator for linear systems. When system dynamics are



intrinsically nonlinear, the extended Kalman filter (EKF) has customarily been
used. In general, the EKF performs a truncated first order Taylor liberalization of
the current state, to which the linear filter equations are applied, so the traditional
Kalman filter can be applied (see e.g., Lee 1986, Maybeck 1982). Unfortunately,
the EKF has two important potential drawbacks. First, it does suffer from a
divergence problem, and due to the deviation of the Jacobian matrices, the linear
approximations to the nonlinear functions can be complex causing implementation
difficulties. Second, these linearizations can lead to filter instability if the time step
intervals are not sufficiently small (see e.g., Julier et al. 1995). To address these
problems, Julier & Uhlmann (1997) develop the Unscented Kalman Filter (UKF)
to estimate the state of a non-linear system using the unscented transform. The
UKF has been shown to be a powerful superior alternative to the EKF in the time
series modeling (see e.g., Wan & Merwe 2000, Lindstréom et al. 2008).

We therefore calibrate all models using the unscented Kalman filter because of
its nonlinear estimation high calculation speed. We implement the UKF calibra-
tion followed the method from Gove & Hollinger (2006) (see Appendix A for more
details about the Unscented Kalman Filter procedure).

The calibration states in the unscented Kalman filter is given according to
Lindstrom et al. (2008)

O, = Op_1+wi_r, 9)
O]i\hd — CMOdEl(gk)_’_/Uk, (10)

where 6, denotes the model parameters, C# is the observable option price process
which is the mid price of the ask-bid spread, w; and v, are pairwise independent
zero mean random vectors with covariance matrices () and R respectively, and
CModel i5 the closed form of the option price with respect to the model param-
eter. For this specific calibration model, we apply the following equation in the
measurement update equations,

B = T + K ((CF — Zek—1)1gz,, >opey + (cP - 2k|k—1)1{2k‘k71<01§id})a(ll)

because any estimated price in the real ask-bid spread should be considered as a
correct estimation.

3.2 Theoretical option price calculation: the Inverse Fourier
Transform
Since the probability density of a Lévy process is typically not known in closed

form, there is no explicit formula for call option prices in stochastic volatility with
jump models based on the Lévy process. However, some characteristic functions



of the model can be derived, which leads to the development of the Fourier-based
option pricing method. The Fourier transform based method has been frequently
used in financial applications. For those who are interested in this method, Carr &
Madan (1999) is a good reference to start with. A long list of references to articles
using Fourier transform based methods can be found in Carr & Wu (2003).

In this paper, suppose t and 1" are current time and time of maturity, .5; is the
stock price at time ¢ and K is the strike level. Set Y = In Sy and k = In K, then
the payoff of the European vanilla call option can be written as

(St — K)* = (7 — )" = f(k).

Applying the Fourier transform and its inverse transform, the payoff can be derived
as follows,

Ff(z) = / Tk f(k)dk = / h e (YT — eF)Tdk

Y,
— leszrYT . 1 e(erl)k) 3
z z+1 .
€(Z+1)YT
o2z 1)
Applying the inverse Fourier transform,
1 ico+z 1 ico+z ezH)Yr
F'Ff(k) = —/ e HFf(2)dr = — et dz = f(k).

270 ) ooz 270 J ootz z(z+1)

In this case, Z is a positive real number, and if Z < —1 we obtain the pay-off of a
FEuropean put-option.
The European vanilla call option price can then be expressed as

Ci = T TIE(Sy — )|
= "B ()|F)

| pico+z o+ D)Yr
= TR _— / e dz|F
270 ) _joors z2(z+1)

1 100+2 e—zk
= e—T‘(T—t)_‘ / EQ[6(3+1)YT|ft]dZ
270 ) _joouz 2(2 + 1)

1 100+Z2 efzk
= T@H_— / = _eRerltgy, (12)
270 ) joorz 2(2 + 1)

where

el — pQGHUYr 7 — pQe(+1) 1)) 7).
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is the moment generating function of log stock-price Y7 = In(S7) under the risk
neutral measure Q given S;. For the AJD model and all related models (i.e. Black-
Scholes, Merton, Heston, Bates) we have that K;r(z) can be written on the form
(Duffie et al. 2000)

Kir(z)=z2Yi+a(T —t,2)+ B(T —t,2)V}. (13)

For this to work the real part of z has to be positive and satisfy the condition
EQSITRR)) < oo ie. Re(z) € AL ={x>0: EYS;™] < oo}. According to the
rule to choose Re(z) in Lindstrom et al. (2008), we can use the ”golden-section
search” method to find an optimal value of Re(z) in order to approximate the
integral by a Gauss-Laguerre quadrature formula,

Re(z)min = arg minRe(z)eAng(Re(z))u

where

ek (+1)
_ rr(z41)
9(2) 2(z+1) ‘

In general, we have that the Gauss-Laguerre quadrature formula approximates an
exponentially weighted integral from zero to infinity as,

| et 3wl ),
0 =
The details of the methods can be found in Lindstrom et al. (2008).

3.3 The mean-variance hedging weights

As we need to hedge the stochastic volatility and the jumps besides the option
itself, we use the mean-variance hedging weight in the dynamic hedging strategy
test. The mean variance hedge is a type of quadratic hedging strategy which
minimizes the quadratic error of replication between the contingent claim of the
options and the terminal wealth of the hedging at maturity. Suppose {S;} is the
stock price process, C} is the option price at time ¢ and the maturity date is denoted
by T'. The mean variance hedging strategy in this paper is defined by

min EQ[(hSKE - A—\C/t)2|ft]v
where

Es/t = e "S5 — S,
A—\O/t = G_T(SCtJ,_g —Ct.

10



By setting Q(h,) = E[(h,AS,—AC})2|F,] and @}, (hs) = 0, the mean variance
hedging weight can be calculated as

. _ ECIACAS|F)
© E9[AS]|A)

Y

Furthermore, we argue that using Eq. (12) and (13) and the calculations in
Appendix B we have the following representation,

e~ TT /ioo+z Iy K 6727‘6+&(T*6,21)+d(5,22723)+ﬁ~(5,22,zg)% _ ea(T,z1)+/3’(7',zl)Vt
—2In X
S.

hs = 2(z + 1) (e~ 20+a(G2)+B02V: — 1)

27

dz(14)

—100+2

where 7 =T —t, 21 = 2+1,20 = 242,23 = f(71—9,2+1), &(u, x,y) and ﬁ(u,x,y)
are defined through

EQ [eth+u+yV%+u‘_7:t] — ethJra(u,r,y)Jrﬁ(u,r,y)Vt,

for all 2,7y € C such that EQ[|e®Vt+uF¥Vi+u|] < 00, i.e. eV 1Ha(wey)+8wey)Vi s the si-
multaneous moment generating function of the log stock-price {Y'} and the stochas-
tic volatility {V}. The relations a(u,z,0) = a(u,z) and ((u,z,0) = B(u,z) are
thus immediate. The proof of the representation given by Eq. (14) can be found
in Appendix B together with the exact expressions for & and f3.

4 The OMX index market and the data

In this section, we give a brief introduction to the OMXS30 option index market
and present the data used in this paper.

4.1 The OMXS30 index and index options and futures

The Swedish OMXS30 index was introduced on September 30, 1986 with the
purpose of serving as an underlying security for trading in standardized European
options and futures contracts. It is a market value-weighted index consisting of
the 30 largest capitalized shares at NASDAQ OMX Stockholm AB.® The limited
number of constituents guarantees that all the underlying shares of the index have
excellent liquidity in order that this index is suitable as underlying for derivatives

products. The composition of the index is updated every six months. The base
date for the OMXS30 Index is September 30, 1986, with a base value of 500. On

6See the official website of the NASDAQ OMX Group, Inc. www.nasdagomxnordic.com
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April 27, 1998, the index was divided by 4. Figure 8 plots the OMXS30 index
showing the big drop in 1998.

- Figure 8 about here -

The OMXS30 index option is a type of European call and put options contract
with the OMXS30 index as the underlying asset, cash settlement and terms of 3, 12
and 36 months. Premium settlement day and payment of settlement occur on the
first Swedish bank day following registration and the expiration day, respectively.
The expiration day is the same as the last trading day which occurs on the third
Friday of the expiration month of the expiration year, or, where such day is not a
Swedish bank day, the preceding bank day. A new expiration month is listed four
Swedish bank days prior to the expiration of the previous options series.

Besides the index options, the futures contracts on OMXS30 have also been
traded with the same terms of options of 3, 12, and 36 months. The expiration day
is settled on the third or fourth Friday in the expiration month of the expiration
year, or the previous bank day if this Friday is not a Swedish bank day or is
declared to be a half trading day. Before 2005, the OMXS30 index future was
much like a forward contract because it was settled at maturity only, instead of on
a marked-to-market daily basis (see e.g., Nordén 2008).” On February 14, 2005,
the OMX introduced a daily settlement structure in a similar manner as on major
index futures exchanges in the world.

4.2 The data

The sample used in this paper includes daily closing data that start on April 27
and end on August 31, 2010. The data include OMX index prices (closing bid,
ask quotes), index options prices (closing bid, ask quotes), strike prices, and index
futures (closing bid, ask quotes). We chose April 27 1998 as starting date due to
the index base change that the index was divided by 4 on that day (see Figure
1). This change affects the model calibration process and leads to inconsistent
parameter, and therefore we excluded the data before that day.

All data are provided by the NASDAQ OMX group. This includes 3094 trading
days. The total number of options is 379937, of which 179460 are call options and
200477 are put options. We use the STIBOR rate as the risk free interest rate,
which is collected from the national bank of Sweden. For the price calibration, if
the time period is less than 30 days, the weekly rate is used; if it is between 30
and 60 days, we use the monthly rate; a 2-month rate is used for 60-90 days; a

"The author investigates the effects of the settlement procedure on futures market liquidity,
trading activity, and futures hedging performance.
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3-month rate is used for 90-182 days, etc. For the trading strategy, the constant
interest rate is used during the life of the portfolio.

- Table 1 and Figure 2 about here -

Table 1 and Figure 2 offer a summary of the put and call options data divided into
subgroups with respect to moneyness and time to expiration. The observations are
divided into five subgroups according to moneyness and four subgroups according
to the number of days left to expiration. DITM, ITM, ATM and OTM denote
deep in the money, in the money, at the money, out of the money, and deep out of
the money. The moneyness is defined according to the intrinsic value of the option,
i.e. a call (put) option is said to be deep out of the money if 0.85 > S/K(K/S);
out of the money (OTM) if 0.85 < S/K(K/S) < 0.98; at the money (ATM) if
0.98 < S/K(K/S) < 1.02; in the money (ITM) if 1.02 < S/K(K/S) < 1.15; and
deep in the money (DITM) if S/K(K/S) > 1.15.8 TM denotes time to maturity.
We divide the time to maturity of the options into four categories: within one
week, from one week to one month, from one month to three months and longer
than three months. The Spread is the average of the closing bid and ask spread.
The Volume is the average of the number of contracts traded for options within
the corresponding category. The Mean and Std of call and put options are the
mean and standard deviation of the option prices.

We can see from Table 1, for both call and put options, that the total observa-
tions of OTM options are much larger than the ATM and I'TM options. Looking
at the Volume column in Table 1, we find that the most liquid options are the
ATM and the OTM options with short time to maturity (less than one month)
and the most illiquid options are the options with longer than 90 days time to
maturity. Turning to the bid and ask spread, we find that both the option price
and the bid-ask spread increase in the time to maturity and decrease in the mon-
eyness from DITM to DOTM for both call and put options. Further, it can be seen
from Figure 2, that the portion of DOTM and OTM put options over the total
observations in each TM subgroup is larger than the portion of the DOTM and
OTM call options over the total observations in the corresponding TM category.
Turning to the time to maturity, we find that most of the put and call options are
the options with a maturity time from one month to three months.

8This is a common way to define the moneyness (see e.g., Nordén 2001, Draper & Fung 2002,
Dumas et al. 1998).
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4.3 Data Synchronization, bid ask spread, and data filter-
ing

Several problems are present in the efficiency test, i.e., the problem of the data
synchronization, the problem of considering the bid and ask spread. The data
synchronization is one of the most crucial requirements for the boundary and PCP
tests and the dynamic hedging strategy. Ideally, we should overcome this problem
with the intra-day data. However, as the intra-day data for the 30 most traded
stocks are not available, we tackle the problem by hedging the OMX options with
the index futures. Using future contracts to hedge options is a common choice
when intra-day data is not available. In reality, futures and options are traded
side by side in the same exchange, and the OMX index options and the futures
expire on the same day, which minimizes data synchronization problems. Further,
in order to further reduce the problems with infrequent trading and other noises
in the market, we have excluded options and futures with a volume of zero, the
option and future prices that are less than and equal to 0 or 0.01, and the options
with a maturity of fewer than seven days. The options with a maturity of fewer
than seven days usually have relatively small time premiums, and contain little
information about the volatility.

Turning to the bid ask spread problem,” a common method is to use the mid-
point of the bid and ask prices. However, according to Nordén (2009), the OMX
index future is asymmetrically distributed in the bid and ask spread. This im-
plies that representing a futures price with the bid-ask midpoint results in a bias.
Another approach is to assume the bid and ask spread is constant, and then it
can be estimated based on a sample of bid-ask quotations (see e.g., Phillips &
Smith 1980). However, no method can fully extract all information for bid and
ask spread besides a sensitivity analysis (Cavallo & Mammola 2000). Hence we
consider the bid-ask spread based on two cases. First, we use the midpoint of the
bid and ask price. In the second case, we fully assign the bid and ask spread by
assuming that investors buy at ask prices and sell at bid prices. However, a closing
call auction procedure in the OMXS30 index futures contract was introduced on
June 8, 2009.1° With this procedure, the bid-ask spread ”disappears” towards the
end of the trading day (see e.g., Hagstrom & Nordén 2012). A simple mid-point
between bid and ask spread will not be the one based on the valid quote which can
be collected with the intra daily data. However, as we do not have access to the

9For example, if we buy options, we always want to buy at the lowest price (bid price) or sell
at the highest price (ask price). However, this is impossible in the market, where we usually sell
at a lower price and buy at a higher price, beyond our expectation.

10This call auction procedure collects limit orders over a specified time interval and executes
all matching orders in one trade, typically letting this last trade of the day represent the reference
closing price.
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intra daily data, and actually only one small part of our future data (less than one
year) is affected, we ignore the effect of this closing call auction procedure when
considering the case of the mid-point bid and ask spread.

5 Empirical results

In this section, we present the empirical results from the lower boundary and PCP
conditions, and the results from the dynamic trading strategies.

5.1 Lower boundary conditions and the PCP test

The lower and upper boundary and the PCP must be held for an efficient market.
Violations of these tests signal an inefficient market. As the upper boundary can
be easily detected, we check the lower boundary condition only. As the discussion
in the data section, we exclude options with a maturity of fewer than seven days
and options and futures whose prices are 0 or 0.01, and the volume for both options
and futures is zero. Hence, we have 95719 call options and 112891 put options. In
order to perform the PCP test, we have to pair put and call options and futures
having the same buying date, maturity date, and strike prices. We have 66479
paired samples for the PCP test.

We have also considered the transaction cost and the bid and ask spread. The
transaction cost includes commissions fees, trading and clearing fees, costs derived
from the bid and ask spread, short selling, etc. However, we only know that
the trading and clearing fee for futures is 4.5 SEK/contract (before September
2006) and 3.5 SEK (after September 2006),'' and the trading and clearing fee
for options= 3.5 SEK/contract. The above mentioned other transaction costs are
unknown and an accurate estimation of these transaction costs is very difficult.
Not only do the transaction costs tend to vary over time, but they also depend
on a particular strategy and the size of transactions. We decide to carry out the
empirical study of boundary and PCP tests by a sensitivity analysis, i.e. assuming
three transaction levels representing different types of investors.

As our discussions in the previous section, we consider the bid-ask spread
problem by using the mid-point of the bid and ask price and by assuming that the
bid and ask spread is fully assigned, i.e., by assuming that investors buy at ask
prices and sell at bid prices. Therefore, the boundary and the PCP tests will be
performed under two scenarios, i.e. the case with fully assigning the bid and ask
spread and the case with using the mid-point of the bid ask price, which will be
divided into three sub-scenarios with respect to different transaction levels.

"Nordén (2009) examines the effects of a change in fixed transaction costs on futures market
liquidity, trading activity, volatility, futures pricing efficiency, and the futures exchange revenues.
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1. TC=0. The transaction cost is equal to zero.

2. TC'is at a lower level. The trading and clearing fee for options will be taken
into account, but without the broker fee. Investors in this category can be
members and brokers of the OMX group.!?

3. TC is at the highest level, which represents the individual investor. The
individual investor has to pay the trading and clearing cost and brokerage
commissions. Following Cavallo & Mammola (2000) and Capelle-Blancard &
Chaudhury (2001), we assume a brokerage commission of 0.05% of the con-
tract value for traded options and futures. This transaction level represents
individual investors.

Accounting for all transaction levels and the bid ask spread described above,

the no-arbitrage lower boundary conditions for call'® and put options!* are, re-
spectively,

— Cosi + (Fpia — K) exp ") < TCy. + TCs + TK,
— Py + (K — Fog) exp "7 < TCy, + TCys + TK,

where .4 indicates buying at ask price, ;4 indicates selling at bid price, C';, P and
F' denote call options, put options and future prices, respectively. T'Cy. and T'Cy,
are, respectively, the transaction cost for buying call and put options. T'Cys, T'Cys
are transaction costs for buying and short future contracts. T K is the brokerage
fee.

The no-arbitrage conditions for the PCP test for long!'® and short hedge!® are,
respectively!”,

C’bid - Pask - Fask: eXp_r(T_t) +K eXp_T(T_t) S TCsc + TCbp + Tbe + TK7
Pyid — Caste + Fyia — Kexp "7 < TC,, + TCye + TCy; + TK,

12The broker and the member of the OMX still need to pay the annual membership fee, but
here we ignore this amount.

I3If this is not satisfied, the arbitrage profit can be made by selling the underlaying at bid
price and buying the call option at ask price.

141f this is not satisfied, the arbitrage profit can be made by buying the underlying at ask price
and buying the underlying at ask price.

I5Tf this is not satisfied, the arbitrage profit can be made by buying the underlying and put
option at ask price and selling call at bid price.

I6Tf this is not satisfied, the arbitrage profit can be made by selling the put option and the
underlying at bid price and buying the call option at ask price.

17See Cavallo & Mammola (2000) for the PCP derivation.
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where T'C,., TCyp, andT'Cyy are the transaction costs for writing call, put options
and future contracts, respectively. T'Cy., T'Cy,, and T'Cyy are the transaction costs
for buying call, put options and future contracts, respectively. T K is the brokerage
fee.

- Table 2 about here -

In Table 2, we present the empirical results from the Boundary conditions and
the PCP test. The results in Panel 1 correspond to using the midpoint of the bid
and ask prices. The results in Panel 2 are under the assumption that the investor
buys at the ask price and sells at the bid price, and the bid and ask spreads are
fully assigned. For both Panel 1 and Panel 2, the table reports three columns with
the results obtained under three assumptions on the level of transaction costs.
In the first column, to make the results comparable, we ignore transaction costs,
TC=0. In the second and third columns, we consider the level of transaction costs
incurred, respectively, by an arbitrageur or a member of OMX (7'C'= trading and
clearing cost), and a normal investor (T'C' = brokerage fee + trading and clearing
cost).

In Panel 1, of the total sample of 95,719 observations, the lower boundary
conditions for call options appear to have been violated in only 729(0.762%) sam-
ples, without taking any transaction costs into account (Panel 1,7C = 0). After
considering the trading and clearing costs and brokerage fees, the violations are,
respectively, reduced to 0.404% and 0.203%. Comparatively, the violation of the
lower boundary for put options is 1143 (1.012%) without transaction costs, and
after taking into account transaction cost it reduces to 652(0.578%) with trading
and clearing costs and 225(0.199%) with brokerage fees.

In Panel 2, with the bid and ask spread cost, both the number of violations of
boundary conditions for call and put options are reduced to nearly zero. These
incidences compare quite favorably with those in the U.S. and elsewhere. For
example, Ackert & Tian (n.d.b) report the frequency of violations for the S&P
500 index options at more than 5% for call options and at more than 2% for
put options from February 1992 to January 1994. In the much smaller Finnish
index option market, from May 2, 1988 to December 21, 1990, Puttonen (1993)
finds 7% violations for at the money call options exhibiting a significantly greater
incidence. The lower boundary conditions from Capelle-Blancard & Chaudhury
(2001) for the French CAC40 index option market appears to have been violated
in 0.88% for call options and 0.51% for put options.

We look further on the results at the PCP test. The results from both long
and short hedge of PCP for the Swedish OMX market indicate some inefficiency
due to the large number of violations. However, after taking into account the bid
and ask spread and other transaction costs, the arbitrage profits are nearly wiped
away. This consistently matches our expectations, the number of hedges, which
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would have provided a profit opportunity, decreases substantially when transaction
costs and bid and ask spreads are included. As can be seen in Panel 1, the results
from the PCP for long hedge violations are 45.88%, 22.76%, and 6.52% and short
hedge violations are 54.11%, 29.17%, and 9.82%, respectively. While the size
of violations from PCP exhibits a clear tendency to decline substantially as the
transaction cost increases. It can be observed that after fully imposing the bid and
ask spreads in Panel 2, the PCP violations drop dramatically to 0.991% (1.515%),
0.51% (0.881%), and 0.228% (0.493%) for long (short) hedge under scenarios in
which transaction costs are zero, transaction costs include only the trading cost
and transaction costs include both costs and brokerage fees.

Compared with the efficiency conclusion from other studies in other index
option markets, the violations for long and short hedges in OMX index option
markets are very small. For the S&P 500 index (American) options, Evnine &
Rudd (1985) report 52% (short hedge) and 22% (long hedge) violations.'® For
the S&P 500 index (European) options, Kamara & Miller (1995) report the PCP
violation frequency at 23% (short hedge) and 10% (long hedge). When considering
the cost and constraints, the violations for the short as well as the long hedge drop
to 3% and 5%. For the smaller and newer Italian index option market, Cavallo
& Mammola (2000) report 49% violations for the short as well as the long hedge.
Considering the bid and ask spread and other transaction costs, they find the
violation drops to 2% for both long and short hedges.’

In general, although the violations for PCP of OMX index options are not
zero. According to Waggoner (2000), a quick look at the daily closing prices as
reported in any newspaper reveals few violations of arbitrage conditions. The
question is whether or not the violations are large enough for us to reject the
market efficiency. We believe the violations from our result can be a result of the
data non-synchronous. We cannot reject that the OMX index option market is
efficient.

5.2 Results from the dynamic hedging strategies

In this section, we present the dynamic hedging results from the BS, Merton,
Heston, Bates, and AJD models. Before we proceed to the hedging results, we

18Tn this paper, the authors use intra day data to examine the pricing of the options on the
S&P 500 index options. Although the result of significant violations of the PCP suggests that
the market is inefficient in some degree, authors believe that the result is highly influenced by
the data non-synchronization. However, without taking into account the transaction cost can be
another reason for the higher violations

YBerg et al. (1996) study the Oslo stock exchange equity options (American) on four four
stocks from May to July 1991. Taking into account transaction costs but using daily closing
data, they report 5.4% violations.
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examine the performance of these models in the price forecast.

5.2.1 Results from the model calibration

The accuracy of the model parameters directly affects the theoretical price forecast
and the hedging strategy. In order to examine the forecast performances of the
models, we have calculated the Mean Squared Error (MSE) and the Mean Absolute
Error (MAE) for both in-sample and out-of-sample forecasts as follows.

1 — 1 —
MSE :NZI}—Z}_NZ

N
MAE(x Zm—xt\ - Z|et],
t:l

where z; is the mid-point of the bid and ask prices at time ¢ and Z is the model cali-
brated price (in-sample) and the overnight model forecasted price (out-of-sample).
The performance of models has also been examined by the proportion of forecasted
options price which are inside the bid-ask spread (IS):

1 N

IS(SL’) = N Z 1[bz'd, ask} (:ACt)

i=1

Finally, we use the DM test suggested by Diebold & Mariano (1995) to check
the significance of the improved predictability of the AJD model on other models,
E(dt)

DM =
var(dt)

~ N(0,1),

where d; = (ea; —ep4)? and e, and ep; are prediction errors of two rival models,
A and B, respectively. E(d;) and var(d;) are the mean and variance of the time
series of d;, respectively.

- Table 3, Table 4, Table 5, Table 6 about here -

All the model performances are evaluated by the Mean Squared Errors, the Mean
Absolute Errors, the IS and the DM test statistics which are presented in Table
3, 4, 5, and 6. Table 3 and Table 4 report the performance of various models
for in-sample call and put options, respectively. Tables 5, 6 report all the model
performance for the out-of-sample price prediction. The burn-in time when cal-
culating the MSE, MAE is set to 20 days. In all of these tables, the column of

19



"Total” reports the overall performance of the models, which is sub-categorized
into moneyness and time to maturity defined according to the discussions in the
data section. DITM, ITM, ATM, OTM and DOTM denote deep in the money,
in the money, at the money, out of the money, and deep out of the money. TM
denotes time to maturity. BS, H, M, Ba, and AJD denote the Black Scholes, He-
ston, Merton, Bates and Affine Jump Diffusion model, respectively. The DM test
is performed under the null hypothesis that the AJD model performs significantly
worse than the other models.?

As can be easily seen from the column ”Total” of these tables, the AJD model
outperforms all the other models by delivering the lowest MSE, MAE and the
highest IS in both in-sample and out-of-sample forecast in general. The results
from the DM test indicate that for both call and put options, the improvement
of the AJD model upon other models is highly statistically significant in the in-
sample and out-of-sample forecasts across moneyness and different subgroups of
time to maturity besides several options with longer than 90 days time to maturity.
However, the options with longer than 90 days time to maturity have very much
less liquidity due to the small traded volume in the market. The superiority of the
advanced model in the option price forecast cannot be reflected in the calibration.
Therefore, the model performance cannot be evaluated by the options with longer
than 90 days time to maturity. Due to the illiquidity, the options with longer than
90 days to maturity will not be able to affect the hedging strategy results.

Further, both MSE and MAE for the put and call options from the in-sample
and out-of-sample forecasts increase in the time to maturity. Interestingly, it
is evident from these four tables that the MSE and MAE of the Heston model
are much lower than those of the Bates models implying that the Heston model
outperforms the Bates model in the OMX index option market. For example, it
can be seen from Tables 3 and 5, that the MSE (MAE) are 13.43 (1.71) and 15.54
(1.95) for the call option of the Heston model, respectively, while those of the
Bates model are 15.99 (1.9) and 20.4 (2.19), respectively. This may also indicate
that jumps in the Swedish OMX index option market in most cases happen in the
volatility process. Therefore, adding jumps to the price process of the Bates model
does not improve the goodness of fit of this model compared to the Heston model.
On the other hand, the Bates model is still a better model in describing the price
dynamics in the OMX index option market compared to the Black Scholes and
the Merton models by delivering lower forecast errors.

- Figure 3 about here -

In Figure 3, we plot the estimated volatility from various models. The line

20The reported DM test statistics are for the MSE. We have also performed the DM test for
the MAE and the IS; however, the test statistics from them are similar to the one we reported
for the MSE. The DM test results for the MAE and the IS are available upon request.
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in the red color is the estimated volatility from the AJD model. The blue line
in each plot in the background is the estimated volatility from the BS, Merton,
Heston and Bates model, respectively. We can see from the first two plots in
Figure 3, the BS and the Merton model underestimate the volatility during the
financial crisis period from 2008 to 2010. These two models cannot catch up the
up and down movements in the volatility compared with the performance of the
AJD model. The third and the fourth plot in this figure indicate that the Bates
and the Heston models perform better than the BS and the Merton models in the
financial crisis period. However, these two models over-estimate the volatility in
the normal period from 2001 to 2003 compared with the estimated volatility from
the AJD model.

5.2.2 Results from trading strategy 1

In the first trading strategy, we assume that an investor sells one call/put option
when it is first issued to the market. Then a portfolio is built up to neutralize
the risk by buying/selling a certain amount of future contracts according to the
calculated hedging weights. The rest of the money is put into a bank account.
The portfolio will be re-balanced according to the Delta and MV hedging weights.
Table 7 presents the hedging results from this strategy with the MV and the
Delta weights considering the clearing fees and the brokerage fees assumed as in
the boundary and put-call-parity section. We categorize the results into different
option types (call and put options) and different moneyness, which is defined in
the same way as in the previous section. We report the mean, standard deviation
and the MSE of all portfolio returns. As the portfolios we have created are risk
neutral, if the market is efficient, the return of the portfolio should be close or
equal to zero. Therefore, we calculate and report the MSE between the obtained
return of the portfolio and zero, and if the return obtained from the model is very
close to zero, this implies that the model performs well in the hedging strategy.
Therefore, the lower MSE, the better the model performance.

- Table 7 here -

We first consider the hedging strategy results with the MV weights in Table 7. We
find that the MSE of the AJD model is much lower than in any other model. This
phenomenon can be observed consistently across the moneyness (the only exception
is the ATM put option). This is an indication that the AJD model performs much
better in the MV hedging than the BS, Merton, Heston, Bates models. Again, as
we have observed in the price forecast section, the Bates model does not outperform
the Heston model. Adding jumps to the price process does not improve the hedging
results due to the large errors in the price forecast. Surprisingly, the BS model
provides a not too bad hedging result compared with the Merton, Heston and
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Bates models. It provides even better results than the Heston model for e.g. the
ATM and ITM call and OTM put options.

The superior performance of the AJD model over other models can be double
confirmed when looking at the standard deviations of the portfolio returns. The
standard deviation of the returns from the portfolio with the MV weight shows
that the AJD model is less volatile (more stable) than other models by delivering
the lowest standard deviation for both call and put options and across the mon-
eyness from DITM to DOTM. Again, the BS model offers a more stable hedging
performance than the Merton, Bates and Heston models for the ITM and ATM
call and ATM and OTM put options.

However, turning to the Delta hedge results, we have a different situation. The
AJD model loses its superiority. Instead, the BS model offers the lowest MSE
and the lowest standard deviation in most of the cases (besides the DOTM and
DITM call and put options). For DOTM and DITM call and put options, the
AJD still performs better than the BS model. The reason why the AJD model
lost its superiority can be that due to the presentation of the jumps and the
stochastic feature in the volatility, the market is not completed. With a market
incompleteness, the Delta hedge cannot eliminate the volatility risk and the jump
risk. If we still use the Delta weight, the improvement of the performance of the
more advanced models will be limited. This emphasizes the importance of the MV
hedge when the market presents jumps and stochastic volatility.

By looking at the mean of the portfolio returns from all models in Table 7,
we find that the mean of the return of hedged portfolios with both Delta and
MV weights is either negative for call options and close to zero for put options
(without considering the bid and ask spread). Although the returns from put
options are higher than the returns obtained from the call options, we believe that
the returns will be zero or negative if we consider the bid and ask spread and other
administrative costs in reality. Most importantly, by comparing the return with
the standard deviation of the returns from all models, we find that the returns are
not significant. This indicates that there is no arbitrage opportunity of realizing
significant profits in the market.

5.2.3 Results from trading strategy 2

In the second strategy, we detect the mispricing opportunity (the difference be-
tween the model calibrated prices and the market prices), and the initial portfolio
will be built up by buying the option if it is underpriced (model prices > market
prices) and selling the option if it is over-priced (model prices < market prices).
Then a certain amount of the OMXS30 index futures according to the calculated
hedging weights will be bought or sold to hedge the options. The portfolio will
be properly re-balanced according to the calculated hedging ratios. Because the
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prices of OTM and ITM options are quite different, we define the mispricing by
percentage (the model price is 15% less (more) than the market price as over (un-
der) price) and in absolute value (the model price is two index points less (more)
than the market price as over (under) price).

- Figure 6 about here -

We first look at the detected mispricing options. We plot all the mispriced options
in Figure 4. In Figure 4 (a), we plot the mispriced options when the mispricing is
defined by percentage. We observe that the OTM and the DOTM options are more
likely to be mispriced. This is consistent with the finding from other studies. For
example, Cavallo & Mammola (2000) report that for both call and put options
of the Italian index (MIBO30) market, the highest arbitrage opportunities are
discovered for options out of the money and the lowest are found for options in the
money. However, when we try to analyze the reason behind this phenomenon, we
find that the OTM and DOTM prices are very low, and if we define the mispricing
by percentage, a small difference between the model price and the market price
will be identified as mispricing of the OTM and DOTM options and it will not be
considered as miss pricing of the ITM and DITM options. Therefore, we change
the way of defining mispricing by using the absolute value. The detected number
of the mispriced options are plotted in Figure 4 (b). We observe that a large
amount of mispriced options are the I'TM and DITM options. It is difficult to find
a measure for evaluating the performance of different models in this strategy on the
same scale as in the first trading strategy, because the identified mispriced options
are different and the portfolios created based on the mispricing identifications are
also different. However, we do observe that the number of detected mispriced
options from all models decreases from the AJD to the BS models.

Can the detected mispriced options result in arbitrage profits in the trading
strategies? Table 8 and Table 9 report the average returns and the standard
deviations from trading strategy 2 with the MV weight when the mispricing is
defined in absolute values (considering the clearing fees and assumed brokerage
fees as in trading strategy 1, but without considering the bid and ask spread) for
call and put options, respectively. In these tables, OP and UP denote overpricing
and underpricing. The number after OP and UP is the classification of different
identified mispricing groups. We have six mispricing groups in terms of OP 2-5,
OP 5-10, OP >10, UP 2-5, UP 5-10, and UP >10. E.g., OP 2-5 indicates that the
option is overpriced between 2 to 5 index points. We can see from Table 8 and Table
9 that most mispriced options are within the 10 index points. The returns from
the OP >10 (UP >10) group are larger than other over(under)priced groups such
as OP 2-5 and OP 5-10 (UP 2-5 and UP 5-10). However, the standard deviations
are also increasing dramatically when the mispricing limits increase. The returns
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from the put options obtained from the trading strategy are larger than from the
call options, in particular when the options are overpriced. However, none of the
returns are significant when looking at the standard errors. We also believe that
the obtained returns will be reduced largely when we take into account the bid and
ask spread. The market efficiency then cannot be rejected based on the results we
have obtained.

6 Conclusion

In this paper, we have empirically tested the market efficiency of the Swedish
OMZXS30 index option market. The market efficiency definition is the absence of
arbitrage opportunity in the market. We first checked the boundary conditions
and the Put-Call Parity, and then performed a variance based efficiency test, which
was carried out by establishing a risk neutral portfolio and re-balancing the initial
portfolio with the Delta and the MV hedge weights and with different hedging
strategies. The portfolio returns have been obtained according to different levels
of the transaction costs and under different assumptions of bid and ask spread.

In order to perform the various hedging strategies, we have calibrated several
most applied variance based models, i.e. the BS, Merton, Heston, Bates and Affine
Jump Diffusion models with the unscented Kalman filter. The Fourier transform
method has been employed to calculate the closed form solution of option price
based on the calibrated parameters from these models. We find that the AJD
model significantly outperforms the BS, Merton, Bates models in both option
price forecast and trading strategies.

The boundary and the PCP tests and the dynamic hedging strategy results pro-
vide evidence that no significant abnormal returns can be obtained in the OMXS30
option market, thereby supporting the hypothesis of no arbitrage opportunity and
market efficiency.

24



References

Ackert, L. & Tian, Y. S. (n.d.a), ‘Efficiency in index option markets and trading
in stock markets’.

Ackert, L. & Tian, Y. S. (n.d.b), ‘The introduction of Toronto Index Participation
Unites and Arbitrage Oportunities in the Toronto 35 Index Option Market’.

Bates, D. (1996), ‘Jump and Stochastic Volatility: Exchange Rate Processes Im-
plicit in Deutsche Mark Options’, Review of Financial Studies 9, 69-107.

Berg, E., Brevik, T. & Sattem, F. (1996), ‘An examination of the Oslo stock
exchange market’, Applied Financial Economics 6, 103—-113.

Bharadwa, A. & Wiggins, J, B. (2001), ‘Box Spread and Put-Call Parity Tests for
the S&P 500 Index LEAPS Market’, Journal of Derivatives 8, 62-71.

Black, F. (1976), ‘Studies of Stock Price Volatility Changes’, In Proceeding of the
1976 meetings of the American Statistical Association, Business and Economic
Statistic Section Alexandra, VA: American Statistic Association, 177-81.

Black, F. & Scholes, M. (1973), ‘Option pricing when enderlying stock returns are
discontinuous’, Journal of Banking and Finance 81, 637—654.

Broadie, M., Johannes, M. S. & Chernov, M. (2007), ‘Model specification and risk
premia: evidence from futures options.’, Journal of Finance 62, 1453-1490.

Brunetti, M. & Torricelli, C. (2005), ‘Put-Call Parity and cross-markets efficiency
in the index option markets: Evidence from the Italian markets’, International
Review of Financial Analysis 14, 508-532.

Capelle-Blancard, G. & Chaudhury, M. (2001), Efficiency Test of the French Index
(CAC 40) Options Market, Working Paper, University of Paris.

Carr, P. & Madan, D. (1999), ‘Option valuation using the fast Fourier transform’,
Journal of Computational Finance 2, 61-73.

Carr, P. & Wu, L. (2003), ‘The finite moment log stable process and option pro-
cessing’, Journal of Finance 58, 753-778.

Carr, P. & Wu, L. (2004), ‘Time-chancged Levy processes and option pricing’,
Journal of Financial Economics 71, 113-141.

Cavallo, K. & Mammola, P. (2000), ‘Empirical Test of Efficiency of the Italian
Index Option Market’, Journal of Empirical Finance 7, 173-193.

25



Chesney, M., Gibson, R. & Louberg, H. (1995), ‘Arbitrage Trading and Index
Option Pricing at SOFFEX: An Empirical Study Using Daily and Intradaily
Data’, Financial Market and Portfolio Management 9, 35-60.

Cont, R. & Tankov, P. (2004), Financial Modelling with Jump Processes, Chapman
and Hall, London.

Corredor, P. & Santamaria, R. (2002), ‘Does Derivatives Trading Destabilize the
Underlying Assets?’, Applied Economic Letters 9, 107-110.

Derman, E. & Kani, I. (1994), ‘Riding on a smile’, Risk 7, 32-39.

Deville, L. (2004), Time to Efficiency of the French CAC 40 Index Option Market,
Working Paper, Paris Dauphine University.

Deville, L. & Riva, F. (2007), ‘The Determinants of the Time to Efficiency in
Options Markets: A Survival Analysis Approach’, Review of Finance 11, 497—
525.

Diebold, F. & Mariano, S. (1995), ‘Comparing Predictive Accuracy’, Journal of
Business and Economic Statistic 13, 253-263.

Draper, P. & Fung, J. K. W. (2002), ‘A study of arbitrage efficiency between
futures and option contracts ’, The journal of future markets 22, 31-58.

Dulffie, D., Pan, J. & Singleton, K. (2000), ‘Transform Analysis and Asset Pricing
for Affine Jump-Diffusions’, Econometrica 68, 1343—-1376.

Dumas, B., Fleming, J. & Whaley, R. E. (1998), ‘Implied volatility function: Em-
pirical tests’, The journal of finance LIII, 6.

Dupire, B. (1994), ‘Pricing with a smile’, Risk Magazine 7, 18-20.

Eraker, B. (2004), ‘Do Stock Prices and Volatility Jump? Reconciling Evidence
from Spot and Option Prices’, Journal of Finance 3, 1367-1404.

Eraker, B., Johannes, M. S. & Polson, N. G. (2003), ‘The impact of jumps in
returns and volatility’, Journal of Finance 3, 1269-1300.

Evnine, J. & Rudd, A. (1985), ‘Index Options: The Early Evidence’, Journal of
Finance 40, 743-756.

Galai, D. (1977), ‘Tests of Market Efficiency of the Chicago Board Options Ex-
change’, Journal of Business 50, 167-197.

26



Gould, J. P. & Galai, D. (1974), ‘Transactions Costs and the Relationship between
Put and Call Price’, Journal of Financial Economics 1, 105-129.

Gove, J. H. & Hollinger, D. Y. (2006), ‘Application of a dual unscented Kalman
filter for simultaneous state and parameter estimation in problems of surface-
atmosphere exchange’, Journal of Geophysical Research 111, 1-21.

Hagstrom, B. & Nordén, L. (2012), Closing Call Auctions at the Index Futures
Market, Working Paper, Stockholm University.

Harvey, C. R. & Whaley, R. E. (1992), ‘Market volatility prediction and the effi-
ciency of the S &P 100 index option market’, Journal of Financial Economics
31, 43-73.

Heston, S. (1993), ‘The Pricing of Options and Corporate Liabilities’, Review of
Financial Studies 6, 327-343.

Hull, J. C. (2002), Options, futures, and other derivatives, Prentice Hall, NJ.

Hull, J. C. & White, A. (1987), ‘The Pricing of Options on Asset with Stochastic
Volatility’, Journal of Finance 42, 281-300.

Julier, S. J. & Uhlmann, J. (1997), ‘A new extention of the Kalman filter to
nonliner systems’, In the Proceeding of AeroSense: The 11th International Sym-
posium on Aerospace/Defense Sensing, Simulation and Controls, Multi Sensor
Fusion, Tracking, and Resource Mnagement 11, SPLE.

Julier, S. J., Uhlmann, J. & Durrant—Whyte, H. F. (1995), ‘A new approch for
filtering nonlinear systems’, Proceeding of the 1995 American control conference
pp. 1628-1632.

Kalman, R. E. (1960), ‘A new approach to liner filtering and prediction problems’,
Journal of Basic Engineering March, 35-45.

Kamara, A. & Miller, T. W. (1995), ‘Daily and intradaily test of Put-Call Parity’,
Journal of Financial Economics 6, 95-101.

Klemkosky, R. C. & Resnick, R. (1979), ‘Put Call Parity and market efficiency’,
Journal of Finance 34, 1141-1155.

Klemkosky, R. C. & Resnick, R. (1980), ‘An Ex-ante analysis of Put Call Parity’,
Journal of Financial Economics 8, 363-378.

Lee, R. W. (1986), Option pricing by transform methods: extentions, unification,
and error control, John Wiley, NJ.

27



Lindstrom, E., Strjby, J., Broden, M., Wiktorsson, M. & Holst, J. (2008), ‘Sequen-
tial calibration of options’, Computational Statistics and Data Analysis 52, 28—
e

Macbeth, J. D. & Merville, L. J. (1979), ‘An Empirical Examination of the Black-
Scheoles Call Option Pricing Model’, Journal of Finance 34, 1173-1186.

Martikainen, T. & Puttonen, V. (1996), ‘Call-Put Signal Predicts Finnish Stock
Returns’, Applied Economic Letters 3, 645—648.

Maybeck, P. (1982), Stochastic models, Estimation and Control, Academic Press,
NY.

Merton, S. (1973), ‘The relationship between put and call option prices: Com-
ment’, Journal of Finance 28, 183-184.

Merton, S. (1976), ‘Option pricing when enderlying stock returns are discontinu-
ous’, Journal of Financial Economics 3, 125—144.

Mittnik, V. & Rieken, S. (2000), ‘Put Call Parity and the Informational Efficiency
of the German DAX-Index Option Market’, International review of financial
analysis 9, 259-279.

Nordén, L. (2001), ‘Hedging of American Equity Options: Do Call and Put Op-
tion Prices Always Move in the Direction as Predicted by the Movement in
the Underlying Stock Price’, Journal of Multinational Financial Management
11, 321-340.

Nordén, L. (2008), ‘Moving forward into future’, Review of future markets 16, 331—
356.

Nordén, L. (2009), ‘A Brighter Future with Lower Transaction Costs?’, Journal of
Futures Markets 29, 775-796.

Phillips, S. M. & Smith, C. W. (1980), ‘Trading cost for listed options: The
implications of market efficiency ’, Journal fo financial economics 8, 179-201.

Puttonen, V. (1993), ‘Boundary conditions for Index Options: Evidence from the
Finnish market ’, Journal fo future markets 13, 545-562.

Stoll, H. R. (1969), ‘The relationship between put and call option prices’, Journal
of finance 24, 801-824.

Waggoner, D. (2000), ‘Issue in hedging options positions’, Economic Review
Q1, 24-39.

28



Wan, E. A. & Merwe, R. (2000), ‘In the proceeding of symposium 2000 on adaptive
systems for signal processing, communication and control’, IEEE press .

Xu, X. & Taylor, S. J. (1995), ‘Conditional volatility and informational efficiency of
the PHXL currency option market’, Journal of banking and finance 19, 803/821.

29



7 Tables

30



‘soo1ad uo1)do oY} JO UOIJRIASD PIRpUR]S pu® Urdw oY) daIe suorpdo jnd pue [[ed Jo p1§ pue urow oY ], ‘A10807e0 Jurpuodserrod oYy uryyim suorydo
I0] popel} $30BIJUOD JO IoqUINU oY} JO 98eIoA® oY) SI LWN[OA , oY, 'Pealds yse pue piq Suso[d ayj} Jo o3eloar o) sI peaidg, oy, ‘ooLId Xopul juelInd o1y sI
S pue 9ouid o3Iy oYY ST 3[ o1YmM GT'T < (§/37)37/S J1 (INLIQ) Louour oty ur deop ‘¢T'T > (§/37)31/S > ¢0'T Jt (INLI) Lowowr oty ut ‘g0’ > (S/31)3/S > 860
71 Y(NLLY) Keuowr ayy ye ‘86°0 > (S/M)M/S > ¢80 J1 (INLO) Louowr ayy jo 4no {(g/3)3M/S > 680 JU ‘Aeuouwr ay) jo ino desp oq oy pres st uorpdo (ind) [red
e 9’1 ‘uorpdo oy} JO oNfeA OJISULIUI 9Y} 0} SUIPIOIDR PoUYep SI ssoukououl oy ], 'AJLINJew 0} dWI} S9jouUsp A, ‘Aeuour o) jo no deop pue ‘Aeuowr 9y} JO INO
‘Aouowr o1y Je ‘Aouour oy} ul ‘Aouowt o) ur deep sejousp NLO PU® INLV ‘NLI ‘INLIA °SAep 06 I0r0, pue  sAep (06 0} T¢ usomiaq,, ‘ SAep (¢ pue § Ueamjadq
¢ SAep ) 01 [enbas 10 uey) sso[, ojul padnoid are ejep ‘Ajumje]yN o} swil], uo sseqg ‘suorydo nd axe 27007 pue suorydo [[ed a1 O9FELT UOTUM JO ‘LEEELE o1e
suorydo 8107 oY, ‘010 1SN3ny T¢ 01 66T [1dy Lg woly are evyep uorpdo oy, 1oded sIyj Ul pasn ejep oY) I0J so1Isije)s Arewrwuns oyj) opraoid a[qe) ST J, 930N

86°C 96 ¢¢’€l  TC€T 6088 Ve €4 €9¢r  vLel  L198 06<

Ge'1 V1 vee VL'¢C 198 8 e8'1 6L e 66°C 1¢L 9 06-1€

¢80 80¢ G0'T 9.0 LTV 9 ¥6°0 TTT g8'0 ¢L0 0¢¢ ¢ 0€-2

18°0 89 070 44\ €€6 ¢80 L€ 020 44\ GET 1 L> INLOd
GL€ LL €T'T¢c  9€8E CL8 6T | G6°€ 16 I8°6T LL°LE 067 9T | 06<

0€°¢ 08¢ P80T  S9¥I 1¥V6 8E | 6VC 19€ 6€°TT  L9FT 9€E 1€ | 06-T€

L0'T ges 60°G ¥9v ¢80 61 | 260 LTTT [N L8V LLLYVT | 0€-L

§g'0 ¢86 69T 96°0 229 € €70 08¢T 06T €80 11. ¢ L> INLO
96°€ Ly L8°CC ¢€E9  TVI L 9TV q¢ 86¢¢ ¢S'19 VIS L 06<

1T°€ ¢l¢ vyl ¢cve  T19¢ GT | 61T°€ 1¢e 99°GT  99F€ 089 4T | 06-T€

10°¢ LETT 096 68'8T 6819 96°T SOVT €T°0T  <¢06T V6L 9 0¢-L

¢S'1 8¥8¢ €99 8¢6 999 1 or'1 (4149 969 €16 729 1 L> LV
167 91 ¢8'1€ TO€0T 00¢ ¢r | 00°¢ VI 0T'6€ #9801 ¥S¥ ¥I | 06<

VeV 8¢ G6'6¢ 86'IL €SL1Tc |O0V¥ 6¢ 9¥'1€  9L'¢cL  €9G¢c | 06°1¢€

V'V yet 06'€€ T1€P9 BISOT |¥¥¥ 8¢l €CEE  IPP9 606 1T | 0€-L

€0'g €8T E8TE LEBE GV ¢ L8V %4 60°CcE  Tr'9S 16V ¢ L> INLI

609 L G9°0ST 18'8L¢ 090 L €16 4 CI'EVT €8'16C ¢8R € 06<

8T°9 v GO'9TT T1€70C V09 ¥ €L°9 4 G691 €9°¢9¢ 990 € 06-T¢€

0€9 9 GE9L COV8T CL6 € 979 4 16°L0T G€'Cec €VE ¢ 0€-L

6¢°9 el ¥€'09  ¢9¥9T 00S 709 € 96,6 CV'E8T 9¥¢C L> IN.LIA

peaidg ewm[op PIS ues]y JIequuiny | peerdg ewmjop PIS ues]y JIequinN | NJ, ~ AQUON
md red

ere(] suorpd( J10j so13sIje)S Arewrwung :1 9[qe],

31



*99] 98eIay0Iq 9} puR S3S0D SULIRS[O pue Juipell y3oq sAed oym I0ISSAUI [RNPIAIPUI UR AQ POILINDUI JSOD UOIJORSURI) oY)
ST gD, ‘pred st 3s00 Suipei} A[uo ‘XN JO SI9Y0Iq 93} I0J [9AS] 1S00 uoIjoesuRI) oy} sjyuesardal 1,7, 0 = ), ‘UWN[0D 1SIY 8} U] "JSOD UOIJORSURI) [RJO} Y} SI
DI ‘seouad piq 9e [[os pue seotid yse je josse AN 01 powInsse ale SI0ISOAUL ) ‘g [oued U] 'seolrd yse pue piq usemiaq jutodpru jo seotrd uorjoesuel) ayj Susn
eued siy) wogy [[eo pue jnd I0J SUOIIPUOD AIRpUNO( IoMOT ‘T [oued U] 8y} '$150) JDJ PUR AIRpunoq Iemo[ o) I0J sjusad oy} syprodel o[qe) SIYJ, :©j0N

9€9°C S¥ve'e 8CL'T 066°'T 08C'1T Il on[eA 9GeIDAY
%E67°0 %TI88°0 %ISG'T %1c8'6 %SLT'6C %OTIT'¥S SUOT}R[OIA JO O
8¢C¢ 98¢ T€0T 6299 G6¢6T CcL6SE SUOTJRIOIA JO IoqUITLN
6,799 ordures [ej07, 28poY 110YS
189°¢C ¢I6'T L66°T €0T'¢C 78T'1T 0¢0'1 on[eA 9GRIDAY
%8¢¢0 %0715°0 %1660 %8cS9 %BI9L'TC  %I8S SV SUOT}R[OTA JO 07
8GT 6€¢ 6599 ovev TETGT T0S0¢ SUOT}B[OIA JO IoqUITLN
6,799 :ordures [e107, 98poy 8uor]
qey'¢- 068°'¢c- LEVC-  GQLGT- 760°¢C- L09°T- on[eA 9GeIDAY
%1300 %¥€0°0 %9700 %661°0 %8LSG°0 %CT10'T SUOT}R[OTA JO O
144 8¢ (@4 GCC 99 1SAn! SUOT}B[OIA JO JoqUITLN
168¢1T :ordures [ejof, MJ Arepunog Iomor|
9¢T1°¢- I86°'T- 90T'c- 09L°¢- €06'¢c- €e9'1- on[eA 9geIdAY
%910°0 %820°0 %cE0'0 %€e02°0 %V0¥°0 %c9L0 SUOT}R[OTA JO O
GT 144 1¢ 761 L8E 6¢L SUOT}E[OIA JO JoqUITIN
61266 :ordures 1e307, reD Arepunog Jemory
¢OL=DL IDL=DL 0=DIL ¢OL=DL IDL=DL 0=DL

pealds XSy pig — g Pued

SOOI UOTIJORSURI~ T [oUR]

So8poY 9[qeIyoI g

s15971 dDd Pue Arepunog Jomo[ 9yj} I0J S}NsS9Y :g 9[qel,

32



"AToA1poadsar ‘Kouowr o) Jo no deop pue ‘Aouour o) Jo Ino ‘Aouour o) Je ‘Aouour oy} ul ‘Aeuow o) ur deap oj0uep N IO PU® IN.LO
‘INLY ‘LI ‘INLIA Ajumgew of awary sojouap JALT, “(HSIN 9U3 I0f ore sjnsal pajrodal 9yj)) S[OPOW IoYj0 o1} uey) asiom A[juedyrudis [ppowr (JLV oyl yeys sisoyjodAy [nu oY) Iopun soI)sIe)s
1597 oY) oxe 1s9) JN( 23 Jo sonfea pojroder oy T, A[oArjoedsal ‘sfopowr uorsnyr[ dwnf suljy pPUR sojey ‘UOLIS[N ‘UOISOH ‘SO[OYDS oR[g Ol 9j0Uep (J['V Pue ‘e ‘N ‘H ‘Sg 'peoids yse-piq oyl
opisur 9o11d suorjdo jo uoryprodoid oy} jo aanseawr oYy st G oy, ‘A[eAIjoedsal ‘sjppour snolrea wodj seolid pajelqied oY) puer 9o1Id Jo¥IRU O] USOM)D(] SIOLIH 9IN[OSqy UESJN oY) PuR SIOLIF
porenbg weo\ oyl oI YN PUR HSIN oY, '[OPOW [ord JO SISl [RIdUSS o) S91RDIPUI [B)O], JO UWN(od oY ], ‘suorydo [[es 10J sjnsor ojdures-ur uorjeiqire)) aourd oY) sopraoid o[qe) SIyJ, 930N

¢T e LTIE 698|290 190 290 SE0 980 | 88T TT 9LT E€FV €LV | 8€6  9TET L9'S  FG0G LTTS | 06<
Te FT §L €TI|690 G90 L90 090 90 |¢CL0 980 9.0 060 T0T|TFT ST SFT 88T 0€¢C | 06—T€
€e¢ 60 €L 99 | 090 090 SF0 080 080 | FF0 090 ¥FO 290 090 | 260 090 8€0 T90 6V0 | 06—8
LT 0¢ 608 698|990 9G0 260 L€0 8€0|IT'T 92T 90T 61'C F¥E€T | LTV L6G  L6E€ 0807 LS'IT INLOd
0L 9T ¥l TL2|€50 S0 €SS0 T€0 920 |cFe €6C The €87 TILT | 6L9T 087 O0%'8T 9€Th €€V | 06<
€8 L9 89T €GF | 190 190 190 €90 9€0 | PT'T  SE€T 61T L&T S0C | FIF  L9C 09T 62C  €F8 | 06—1I€
97 L0 €8T 03| €0 090 190 680 €€0 | €50 €90 SG0 180 S60|T60 05T  ¥60 TI'c 8T | 06—8
68  9¢  T0& 998|990 TS0 990 €F0 TEO0 | 08T 99T €T 96T IFC |99 9¢6  GI'L  GLET  9G°CI INLO
6G 90 LTI GTI|290 90 990 SF0 €70 | 6VC S6C 6FC 62€ ¢9€ | T€LT 9LFC L9LT SI'ST 6062 | 06<
G L €FT 991|990 €90 F90 190 €90 | €T 19T 19T 99T 68T | 68¢ 8L 609 ITL S8 | 06—1I€
87 T'T 96T T'ST| €90 290 190 €70 0F0 |80 60T 00T ¥F1 LV |2eT 0£€ L£C T&€S  G0G | 08—8
LL €T T8T LST|650 950 80 g0 L0 |8ST IST T9T T0T STT | 8L  690T 6L 06T 19Tl INLV
Ll GT €91 €€8|€50 L¥0 190 980 920 | cg€e L€ TVE 1LV TV9 | ¢6FE ILTF 669 ¥V0S CLVL | 06<
V6 ¥6 2S¢ 06V |FL0 0L0 €0 €90 L¥0|Ll9T 68T WLT 61C €U'E|FSTL €80T €08 0€TT  VLSI | 06—1€
¥e 8T LT 9TE| 980 FR0 FR0 9L0 6S0| 62T OFT 98T 99T €T | 0ZF 099 TEF  GE€9 906 | 0£—8
00T G¢ 9¢ T8y | 1.0 290 690 650 G¥0|G02 08¢ TI'c LLT O0%€ | ST P98I 08ST GOIZ  68'1IE NI
€¢ 89 T'F 9 |90 990 990 090 60 | GL'G 88C 119 ¥F9 VOL|G6IST 'S8T 6961 €761 €661 | 06<
L 8% 90T TLI| 160 880 680 880 8L0|L0C ¥gT S8I'C LTT 98¢ | 180T €¢ST Il 9STT COFT | 06—1€
0L L ¥V 602|980 €30 9.0 TR0 F90 | ILT €6C S8C 6LC GO'E | GGl VE'ET OVFI  TSET  PHGT | 08-S
Le TL ¥y €9 | 9.0 FL0 gL0 TIL0 290 | PLE  FEE 96°€ OL'F 69T | OP0S F9'SS €898 TI6FS  96'SS LI
€6I 9L L6V ¥29]290 890 190 090 TI¥0|L9T 06T TILT V€T 18T | L9CI 666G E€VEl TI'0C 83T [®107,
] H N Sd |dryv ®d H N Sd |arv ®d H W Ssd |dry ®d H N sd
(Arv-sa)IsoLING ST 7 AVIN SN NI Aeuopy

suorpdQ [[e) - @oueuriojioJ o[dures-uj uorjeaqife)) adliJ :¢ 9[qe],

33



"AToA1poadsar ‘Kouowr o) Jo no deop pue ‘Aouour o) Jo Ino ‘Aouour o) Je ‘Aouour oy} ul ‘Aeuow o) ur deap oj0uep N IO PU® IN.LO
‘INLY ‘LI ‘INLIA Ajumgew of awary sojouap JALT, “(HSIN 9U3 I0f ore sjnsal pajrodal 9yj)) S[OPOW IoYj0 o1} uey) asiom A[juedyrudis [ppowr (JLV oyl yeys sisoyjodAy [nu oY) Iopun soI)sIe)s
1597 oY) oxe 1s9) JN( 23 Jo sonfea pojroder oy T, A[oArjoedsal ‘sfopowr uorsnyr[ dwnf suljy pPUR sojey ‘UOLIS[N ‘UOISOH ‘SO[OYDS oR[g Ol 9j0Uep (J['V Pue ‘e ‘N ‘H ‘Sg 'peoids yse-piq oyl
opisur 9o11d suorjdo jo uoryprodoid oy} jo aanseawr oYy st G oy, ‘A[eAIjoedsal ‘sjppour snolrea wodj seolid pajelqied oY) puer 9o1Id Jo¥IRU O] USOM)D(] SIOLIH 9IN[OSqy UESJN oY) PuR SIOLIF
parenbg weo\ oyl oI YN PUR HSIN oYU, '[OPOW [ord JO SISOl [RIoUSS oY) S91edIPUI [B)O], JO umwnjod oy, ‘suorydo ind 10J sjnsor ojdures-ur uorjeiqire)) aotrd oY) sopraoid o[qe) SIyJ, 930N

L0 6% ¢S STP | L60 950 950 0O LU0 |SLT I6T €61 FPE GEG | Ge9T 9€'8C TPST 0T'8E €079 | 06<
0 €01 T6T €TF |¥90 80 GS0 9%0 ¥20 | 190 890 0L0 S$80 89T |CT'T TIFT S€T ITZ 909 | 06—T¢
79 &Sl €01 S9T | 890 950 €F0 8¥0 800 | ¢€0 S€0 0¥V0 6V0 690|620 €60 6€0 1.0 STT | 0£—8
70 96 9L% 98y | 290 990 0S0 6£0 910 | €60 T0T €0T FOT €9T | €66 €0l SEO0T FOFI  LLET INLOd
66 S99 9T¢ LF9 | 090 TGO 6S0 TE0 ST0|L6T 98T €0C SGE€ 69°G | PSET 98'ST GO9I €82C G9FG | 06<
TIT 91T 0€r 998 |[¥90 090 190 9%¥0 120 | 10T FI'T 60T 99T 18T |6VC 68€ 06C 68¢ SFFI | 06—1€
9 L6 8. 99F | 690 T0 6V0 280 FIO|6F0 990 990 ¥6'0 ST | €60 Ul SOT  06C SIS | 08—8
I'€l 16 TLF 8¥6 | 190 SS90 990 O0F'0 ST'0|O0TT LT LU'T 981 GI'E|€8F 299 69G  GE0T €917 INLO
7L 0¢ CIT 6€l | 850 0G0 SG0 SF0 PO |Tec 8LT 62C T0¢ FEE|ISTT €208 0SET 1L2C F6'F7C | 06<
V. ¥L VST 602 | 290 S90 ¥90 190 <%0 |FET S¥T SPT FOT F6T | €LV 189 ¥9C  8TL  LE6 | 06—1€
e¢  T0 L0C €8T |890 650 80 9¥0 TFO0| 680 ¥60 060 9VT SF'T |L3C 09T L8C ¢6G 99°G | 08—8
L6 S¢S  ¥0Z S¥Z | 190 6G0 6G0 2GS0 9V0 | PFT 99T 09T €6T €1C | LLG  TYS 999 PGOT 061l INLV
10T ¢L €08 9T | 090 FF0 190 FE0 080 | 10€ L9€ L0E€ ¥8F G0G|8C9c ¢€8¢ I1€1E 61LG 80LSG | 06<
00T 6€ ST TFZ |890 990 990 €90 €50 |S6T 11'C 60T LI'C SGT | e 200T €56 €I0T 083l | 06—1€
€ 80 ¥TC 09T |8L0 9.0 8L0 €90 G90 | S9T ILT FOT L0T 00T | ¥SG  I8G  TES  ¢E8  LEL | 08-8
LTl L6 TVE L'SE | 990 €90 G900 950 190 | ST'T  IVC €2C €8C V0'€ | 92Tl TZ9T SOFI 9LIT  6VTE NI
ve 1T 6.1 102 |6V0 8¥0 60 ¥F0 SFO0 | T6€ L0F G6E€ FCG CEG | 88'8F 6L09 €867 9%°8L 086L | 06<
€T 0L 99 9T €90 990 €90 0S0 690 | IU'E €I'E L€ 61'C FOE | Z8ET €OFL 9VFT 6EFT  0SFI | 06—1€
¢T ¢0 TI¢ STT | 090 990 ¥90 9¥0 6V0 | S0E 90°€ G0'E€ ST'E TI'E | G8GT G6'GT G¥ST  €G9T  GTIT | 0€—8
9% 0¢ TSI L6L | 990 8G0 LG0 L0 gS0 | PVE  TYE LVE L0V SO | 6F6C TF0S OT0E  €6CF 08T LI
L'6T  9ST 679 G901 | €90 8G0 80 90 €0 | 29T GLT ¥9T G2C L6C | 686 IGTI 0S0T 9191 LZTC [®107,
e H W Sd |dry e®d H W Sd |dryv ®d H N Sd |drv ed H N sd
(arv-sa)isaLINd ST 7 AVIN SN NI Aeuopy

suorpd( IMJ - 9douewIo}I9 o[dures-uy uorjeiqie)) 9dL1J :§ 9[qel,

34



‘AToa1poadsoar ‘Kouowr o) Jo o deop pue ‘Aouour o) Jo no ‘Aouowt o) Je ‘Aouour oY) ul ‘Aeuowr o) ur deep oj0uep N IOJ PU® IN.LO ‘IN.LV
‘INLI ‘INLIA Ayungeur oy aualy sajousp AL (HSIN @Y} I0j aIe sjnsal pajrodal ay)) S[@POUW IS0 9} UeY) 9sIom A[juedyruSis [popowt (I oY) yey) sisoyjodAy [[NU oY) Iopun SOIISTIR)S 1593 oY)
axe 1591 JN[(] @3 Jo sonjea poajiodal oy, A[oAryoadser ‘spppowr uorsnyr dwn ouljy pue sojeq ‘UOLIDJN ‘UOJSOH ‘SO[OYDG Mov[¢ oY) 9j0Uep (I PuUe ‘eg ‘N ‘H ‘Sg ‘peoids yse-piq oY) apIsul
aouxd suorydo jo uorprodoid oty jo ainseaw o9 ST QT o], 'A[oAI}0adsol ‘S[opowl snoLrea wolj seotid pajelqied oY) pue 9o11d joyIeul o) Usam)aq SIOLIF] 9IN[OSqY URSJ\ O pue sIolly] parenbg
weoN o) oIe YN PU® HSIN OU., ‘[OPOW [O®d JO S NSdI [eIouas o) S91edIPUI [R)0], JO Uwn[od 9y, ‘suorido [[eod 10J symso1 ojdures ojdures-Jo-1no uoryeiqiye,) #oud o) sopraoxd s[qe) sIyJ, :930N

L8€  TL0 8G6C 9TTE | €60 WSO 8GO0 GE0 9€0 | ¥I'T  FET FET TGV LLT | TLOT FIOT GLOT 006G G8FG | 06<
¢L9 G000  TES  gFOT | 290 690 T90 LPO TS0 | 680 CET 680 00T 60T |62C CGOET 62T ¢LT ST'E | 06—T¢
80F 920 S6'G  €0€ | L0 FFO FFO 620 S0 |8F0 L0 SF0 ¥S0 290 | 9¥0 8¢F  9F0  6S0 S0 | 0g—L
€6'S  GZ0-  L6'ST 9¥'€E | 190 090 TG0 GE0 L€0 | €T €91 9U'T 08T 1€ | 16%  SEIT F6F  €0TC  60°CT INLOd
¢, 0T0- T8ST F9ST | 9F0 €F0 SF0 080 920 | 96T S&€ F8T OLF 96F | LIFT 08T €0FE GEES 6809 | 06<
9,6 8F'T ¢¢Tl ST¥HE | 290 090 €50 S¥0 S€0 | 8FT 12T SFT ¥9T €0¢|0V9 €11 099 8¥.  SHOT | 06—1€
166 ¢80 I19FT 6691 | €0 TF0 TF0 L80 TE0|GL0 €60 920 260 ¥POT|TLT 0¥y €T 1LC 8LTC | 0g—L
ILE€T 600  ¥80E 9€9¢ | LPO GF0 S8F0 OF0 I£0 | F9T 06T T19T 03¢ LGZ | 996 O8FT LG6  LOLT S¥'ST INLO
0TF 992~ 6807 1.8 | 670 LP0 0S0 ¢r0 OF0 | 10¢ 08'€ 88T 9L'€ O8%°€ | L8E€C LV6C €9T¢ 16GE €0FE | 06<
LLG 09T €001 LETI | SS90 ¥S0 GS0 €S0 8F0 | IST L6T €T 96T 91C | 908 LLIT 8€8  LG6  G80T | 06—1€
0S¢  820- 6891 S6FT | €0 TF0 TF0 SE0 980 | 2€T GF'T €8T €9T 99T | ¥8€ 919 8¢ €S9 919 | 0g—L
I8  S6T- 6T TEFI | 050 8F'0 090 9F0 €70 | 6T STC V6T €T P | 6L0T TI9FT 90T TEST  0Z°GI INLV
129  €90- ¥6'GT LV6C | LFO GF0 LP0 SE0 920 | 6L°€ 90F €L€ ¢0G 99| TLTv 9TLF OU'TF 8LLG 868L | 06<
6. L6 0S'€C FOEY | L90 990 290 190 S¥O0|€6T €I 96T 78T SU'E | €56 9FEl 896  ¥6TI 6661 | 06—1€
€CF  €L8  SL6T L8GE | 180 6L0 6L0 FLO 6S0 | €FT  €9T 09T LT 98T | GLT 9FL  00G 089 26 | 0E—L
S8O'TT 800 1% 16TV | S9°0 €90 F90 8G0 CF0 | 2T 29T €87 16T PSE | QLT GGTIT  LTLT  IS'ET  TGEE NI
G6'¢  06F 08¢  69€ | G90 SG0 €50 0S0 S¥0 | LT9 619 L&9 9.9 FTL | GFET 900¢ 9°G0C 8T0Z 16°90C | 06<
LT €0'€ 806 GFST | 060 880 680 880 6L0 | €T 8TT TCT €€T ST | 19TT G8GT L8TT 622T 09FT | 06—1€
0L'¢  ¥S9T FO'E 0S6T | ¢80 T80 F¥LO 080 ¥90|GLC T6C 06C 8T LOE | OTFT T10°€C L6FT 6CFT 68GT | 0£—S
6L9 997G  L9€  8LF | €10 TLO 0L0 0L0 290 |98€ 007 007 9T'F LSF | 0V08 LTSS L8PS FLER  TP98 LI
LT €90  PRLV 2Te9 | 960 €50 G0 L¥O OO0 | 96T 61T S6T €9C 86T | LPST 0F0T FGST €€ TH'9T [®10T,
el H N sd |arv ®d H W Ssd |dry e*d H W Sd |dry ed H N sd
(Arv-sa)IsoLING 7 ST AVIN ASIN NI Aeuopy

suorpdQ [[e) - @oueuriojidJ ojdwes-jo-nQ uoljeiqife)) adlIJ :G d[qe],

35



‘AToa1poadsoar ‘Kouowr o) Jo o deop pue ‘Aouour o) Jo no ‘Aouowt o) Je ‘Aouour oY) ul ‘Aeuowr o) ur deep oj0uep N IOJ PU® IN.LO ‘IN.LV
‘INLI ‘INLIA Ayungeur oy aualy sajousp AL (HSIN @Y} I0j aIe sjnsal pajrodal ay)) S[@POUW IS0 9} UeY) 9sIom A[juedyruSis [popowt (I oY) yey) sisoyjodAy [[NU oY) Iopun SOIISTIR)S 1593 oY)
axe 1591 JN[(] @3 Jo sonjea poajiodal oy, A[oAryoadser ‘spppowr uorsnyr dwn ouljy pue sojeq ‘UOLIDJN ‘UOJSOH ‘SO[OYDG Mov[¢ oY) 9j0Uep (I PuUe ‘eg ‘N ‘H ‘Sg ‘peoids yse-piq oY) apIsul
aouxd suorydo jo uorprodoid oty jo ainseaw o9 ST QT o], 'A[oAI}0adsol ‘S[opowl snoLrea wolj seotid pajelqied oY) pue 9o11d joyIeul o) Usam)aq SIOLIF] 9IN[OSqY URSJ\ O pue sIolly] parenbg
weoN oY) oI YN PU® HSIN OU., ‘[OPOW [O®d JO S NSdI [RIdUuaS o) S91edIpUI [R)0], JO uwn(od oy, ‘suorido ind 10j symsox ojdures sjdures-Jo-1no uoryeiqiye,) aoud oy sopraoxd s[qe) sty J, 930N

1LC  0V0 €SI 6128 | P50 90 ¢S0 ¥20 910 €0c @r'c 10 19€ &rS | 9908 6VIe 6908 LLTF 29°€9 | 06>
16  89°¢  LLOT 081€ | 660 S0 €S0 2P0 €60 | 690 220 L0 260 L9T | ST  ¥6T OLT 88T 809 | 06—1¢€
¢y LTl PIOT @8GT [ 990 990 €0 6V0 8000 | €0 LEO TF0 6F0 690 | ¥€0 980 K0 €0 ¢gl | 08—L
L0F €U0 9991 209 | 860 €50 LF0 680 910 | POT  OU'T ITT 69T 9% | L60L OFIT 6601 TI'ST £6°€C WLOd
PGL 6ST  €0LC SPGG | PG00S0 SG0 2€0 610 | IFT 89T 96T F8E ISC | 0861 GGE€C EV6T  86FE  6L8S | 06<
Trel WL 99GE TE9L | €S0 €90 S0 SP0 Tg0 | I€T OV Pl ILT 16T | 8FF 186 ST @bl 9SSl | 06—1€
008 288  ©¢'ST OVER | 00 9%°0 ¥F0 980 FLO | ¥90 690 0.0 660 €ST | €T 6ST 99T FEE  6€G | 06—L
€601 ¥60  T198¢ FIZ8 | €90 090 0S°0 6£0 810 | 86T IST O0FI T10¢ 0C€ |2l 698 ¢&L 06Tl II'€T INLO
G667 69T- STel PSIL | SF0  FF0 8V0 b0 8€0 | 68T €0€ LLT 09€ €8°€ | FI0C 1LGC LG8T SO€E  E€IEE | 06<
€¢’L  IVe Pl T9VI | €90 ©€¢0 GS0 €50 L0 | 8LT 98T 8T 96T 12T | €18 IF6 698 LU0 €2Tl | 06—1€
G0'S 0T PEST CCST | 6V0 6F°0 6V0 b0 6€0 | ST'T 2T 60T 69T 09T | €6°€  98'€  8%E 069 €79 | 08—L
€0l FS0- 28T 8U6L | IS0 090 10 L0 gr0 | 98T 00C S81 ¥8¢ O0Fe | 296  19TI 096 SOFI  pECl LV
66, LS0- 9€9% C0LT | ¥FO OF0 9%0 €60 080 | 09€ VLT €9€ @€C €FG | €948 LPOF LOLE 68°CL 6LL9 | 06<
60T €L TI'8  6L°LT [ 290 090 650 650 IS0 | 08¢ e 6€¢ I8¢ G, | 1611 TPel ¢Lel S6CT  02°ST | 06—1€
LLOT €000 €89 88T | FL°0 €40 L0 190 F90 | €T 08T FLT 11 V0T | L6C  €F9  L6C  0L8  LLL | 08—L
€9°0T 680 998 FLIE | 190 890 090 €S0 090 | Lz 89T 0T 90°€ €€ | G891 €661 LOLL 90°L%  ¥S'OT LI
e ve0  9¢LT BL6L | 60 LVO 60 €70 FHO0 | ¥OF  60F SOV CES I¥G | SIS 6IFC LSIC 61F8 40 e8 | 06<
eeT LS TT9  Tee- | 290 F90 290 IS0 €90 | LI'E  8T'€ 0T€ S¢'€ OUE | P6FT 90°GT STl €9CT  ISFI | 06—1€
¥6C 800  ¥60C STOT | €90 990 €90 80 IS0 | ¥OE  FOE FOE €I'€ TU€ | LFCl  €9CT  LPCl 0191 SR'GT | 08—L
99z 900 9FLT P8I | L50 890 LGS0 8F0 290 | 6¥E  SEE 09€ L0F  SOF | PO0E 1608 G008 SSE€V TV INLIA
ITLT GE0  9G6G €868 | GG0 €90 €90 FPO0 €0 | 98T 861 LST €F¢ S0€ | L&8l 10V ¥hol 8E61 ST 1210,
egd  H N sa |arv a4 H W Sd |arv ®rd H W Sd |ary ®d H N sq
(@rvsa)1sOLING 7 ST 7 AVIN ASIN NI Aeuopy

suorpd mMJ - @ouewIo}idJ ajdures-jo-inQ uoryeiqife)) 9dliJ :9 o[qel

36



‘Kouowt a1} Jo 9no desp pue ‘Aouour a9y} Jo Jno ‘Aouowt
a1} 9 ‘Asuowr oy ul ‘Aeuour oy} ur desp sejousp N LOA Pu® IN.LO ‘INLV ‘INLI ‘IN.LIA ‘018z pue orjojpiod ay) JO WInjal o) Usemiaq I0LIs palenbs ueswr o) ST SN 9], ‘S[EPOW UOISNYI(]
dwnp ounjy pue sojeq ‘UOLIDJN ‘U0JSOH ‘SO[OYDS or[g oY) 2j0uap (I[V ‘g ‘N ‘H ‘S "S1Som eio pue AN JYim A3ojer)s SuiSpoy olwreudp oY) WOoJ s)nsar oy} sprodor o[qe) SIYJ, 910N

16°Gy 08°LV LV LY ceay 0¢'09 ¥L'9 889 889 ¢Ll9 80°L 9¢'0- S8€0- €¢0- ¢€0- 0¢0- | NLOd
L0°6L L0°T8 76°18 ¢q'98 1864 788 €6'8 006 £C'6 98'] .60 9T'1 960 <I'T ST'T INLO
1¢°00T TI¥'T0T TI8'TOT G8'86 G6°L8 886 ¢6'6 96°6 086 €C'6 19T 94T 09T L9T 791 WLV
68°G0OT  ¥0°90T 90°90T 97 70T €0°COT | L8S'6 066 686 8’6 296 16'c ¢8¢C 98¢ €8¢ €6'c | INLI
L6768 19°06 0168 £E'76 LG°C6 18'8 18'8 LL°8 606 €06 €¢'¢ 09¢ 09¢ 7Tvre 1I€¢ | NLId
VLTS 8098 £6°98 89°L8 1€°E8 206 €1'6 91°6 CG'6 86'S 8G'T 99T 96T @971 91T md
8T°Cy 0L ey LV 0V 7809 86°LY €79 Gg9 0€9 80°L 689 680 880 060 980 ¢GL0 | NLOA
€6°6. ¢C'E8 09°6L cr'18 VIVl 76°8 ¢r'6 6’8 c0'6 19°8 60°0- 9¢°0- ST0- ¥¢'0- ¢¢0- | NLO
L6°0¢T  ST'6IT 8¢'0CT  S6°LIT LL°COT | ¢6°0T SR0T 68°0T 8LOT GO0T | ¢&'T- €¢'1- ¢€€1- 1I€T- T1Ie1- | NLV
GR°6GT 6¢'8SGT  €9'19T €I'8ST  68°IVIL | 9¢°¢cl  €€¢l  ¢v'¢l  €¢¢l 6911 | L9C 8¥V'¢- 1LC Lve 8¢ | INAI
¢r'e0c  69°80¢ F¥I'€0C 86'0T¢c vS'lce | 196l 99'€T <S¢l 9L'¢l VIVIL | 84V~ 0LV~ T19¥- Q9% 497 | NLIA
I6°C¢TT  G8FIT ¥6'€TT  E€T'GTT  98°G0T | 09°'0T G9'0T 09°0T 9901 ¢c¢O0r | ¥¢'I- ¥¢'1- LC'I- ¥C'1- 0CI- 18]
arv ed H N sd arv. _=d H N sd arvy _ed H N sd
ASIN UOT)RIAJ(] PIepur)g URITN ssoukouojy odAT,
98poH ®©IP(
087y QL 6¥ 8¢ LY 6C°'69 0¢'0S 899 T0°. .89 0LL 80°L 97°'0- TL0- 8E0- ¢00- 6¢0- | NLOA
68°LL GC'v6 L1868 66°6¢T 0664 9L'8 996 816 06'TT 98] 80'T 660 ST ¢C&T GI'T NLO
¢¢'06 80°CIT 6¢'S6 9€'8CT  L0'8S Ge'6 0S9°0T ¢96 L9'TT  ¥C'6 99T ¥€T €91 09T 791 NLV
cL'L6 G6'GTT 8¢'¢Ol  9¢9¢T  €T1'¢0T | 8E'6 ¥¢'0T €96 GL0T L96 ¢re  10¢ 8e¢  0¢€¢ ¢6¢ | INLI
0868 LG°L8 L6778 9¢°68 ¥9'¢6 LG°8 LG8 G7'8 cL'8 70°6 ¢s'e  9L¢  L9¢  ¥9'¢  1¢€¢ | NLIAd
¢S'08 60°G6 1.°G8 I8'9TT  6£°€E8 ¢8's €96 806 G9°0T 86'S 99'T 79T IST ¥8T 791 md
c0'Le 0v'6¢ IT°LE STV 90°8¥ ¢09 129 ¢0'9 9¢'9 689 680 680 G960 60T GL0 | NLOd
L0°L9 £4°C6 QLY.L ¢0'68 9cvL 618 19°6 G9'8 &v'6 19°S 0000 T19¢°0- O0OT'0- 610 €¢0-| NLO
€G'T0T  70°€2T  60°¢0T OT'8CT S6°¢OT | 000T 00 IT 600T LZTIT 900T | T¢'T- S¥'I- 9T'1- <O'T- ¢&'1- | NLV
08°GET  89PST  LEOPT ¢V69T €0°¢rl | S¥'IT ¢e'¢l  GL'TT O00°€T  OLTIT | 8T'¢- ¥L'I- 6V 1- G9°0- 8¢'¢ | INLI
0T'00¢  €9°9I¢c 96'€I¢c  0CLST S8V'Icc | LE'E€T  LLET 686l QKT'€T FIPIL | T9F- ST'G- 84~ L9'6- 997~ | INLIA
LV°86 V9'LTT  89'€0T  €96IT 86°G0T | L8'6 8L0T ST'0T <60 ¢c¢'Ol | SO'T- QT'T- A80- ¢90- 0c¢'I- 1)
arv ed H N sd arv =g H N Sd ary _ed H N sd
ASIN UOT)RIAQ(] PIepuR)g URITN ssoukouojy odAT,

08POY 9OURLIBA URIIN

1500 uoIjoesueI) UM [ A30jei)S SUISPO OIWRUAP WO} S)NSOY :L O[qe],

37



'suorydo peorrd sstur o) JO IoquINU oY) S9IRIIPUI Joquuny ‘Asuowt a3 Jo no deep pue ‘Aouowt o1} Jo INO ‘Aouowr 9y} je ‘Aouowt o} Ul ‘Aouowr a3 utl desp sejousp N.IO0J

pue IN.ILO ‘INLV ‘INLI ‘INLIA "eoud tepun sejousp J[) pue 9olid 1940 s9jousp JO ‘S[epowt uoisnygi dwnp suljy pue sejeq ‘UOLILDJA ‘U0ISSOH ‘So[oydg or[g oY) 9j0usp (I['V ‘ed ‘N ‘H ‘S
‘anfeA 9Injosqe oY) ul pauyep st Sumlid sst oY) pue suordo [[ed I0J sIYSem AN YHm g £39jel)s Suidpey Olreuip o) WOIJ UOIJRIASD pIlepue)s o) pue ueaw o) syiodal s[qe) SIYJ, 990N

G0T 86 04 84 ¥9¢ 8C'GC €¢'6¢ 69FCc 89'8T ¢¢'0c | €9°¢l- 6€VI- P9'LT- 68°GT- €9°91- | NLOd
Tee 08¢  8¥VI  GLL  L08 60°'Lc ¥6'7¢ 6E€VE 0€¢e T€VC|699 €6'¢c 669 vLE 8T | INLO
VIT 8¢l 78 ¢9c  T1¢ 1¢°9¢ 6L'8¢ 9¢°€€ 69'9c 8€'Ge | 97'G  6€€  9L°6 8¢C  LE6 | INLV
vy Teg  Gvy 009 L8¥ GG'GC ¢9'6¢ VV0E ¢L'LE V6°GC | 8CST  ¢c’€T  1L°0¢  T1€¢l  99°0¢ | INLI
8¢V TI¥ 69V <¢Sv  09€ 8€'T¢ 00°€6 66€C 66'€C ¢0€C | 066c 8IFEc LILc T6°61 68°9¢ | NLIA 0T 0AQ dN)
8Gc ¢I¢ T19T 8.8 186 LT8T TP'LT TOLT Lg'Cl 6€¥I|G6°9- €L0- L8C €06~ ¢€4 | INLOd
8VL 966 8Ly 8CST VIVC |0SAT T9°LT 8CI9T 09FI <¢¢'€l|€0¢- 850~ ¥00 &8%- 660~ | NLO
G0y <¢Iv  86C 9€S 999 6C°LT 8S'8T GO6T 69°LT €¢'GI|G9¢ €80 GL¥  L6'T- 8I'€ | NLV
GcoT Tv0T 0€6  GSOT 9¥L T9%T €08T 6%VLT TIv6l O0L¥I|0€9 S¢S 9L 8€¢ P89 | NLI
€vy 06V €% 10§ 00F 8y'6  ¥L'IT 066 6T'¢l L80T|096 €6 0v6 ¥09 996 | WLIA 071-6 dN
089 910T 0¥S Gcel ¢I9T | 16¢l ¥6'IT 61°¢l 1.6 ¥E€01|99% 19¢ 966 G¢e 08¢ | NLOd
TT0E T¥8E G89C TGLV €6.8 | GL°0T 9¥'¢l LLTT ¥¢'¢l €6'8 |LEE€ ¥6'1- &8¢ ¢9¢ €I'e- | INLO
89LT €T6T G6ST VS9T 8YGC | 8C'IT LT'€T 9611 €C¥I 0LOT | ST¢- 16T~ TOT- I8¢ S9T- | INLV
T€L¢ T91€ T0VC 9€TC LEET | L9°TT 9€€T Tv'el 6T°GT 8€ET | €L0 8T'0 S¥0 L20 A8T | INLI
ar9 689 689 86S GEY L9°6  86°0T 6T°0T GE'0T 8S'6 |0LS¢ 06F ¥I'F <¢€€ 699 |NLIA G¢dn
€66 996 IVIT 197 <C¥e€ 1¢’9  €r'L GLL 99¢ ¢CrT'9 |89F% ¢€¥ 667 I.¢ TII'c | NLOA
Lyle 106¢ v61€ PLve ¥P9LT |¢96 L9°0T T1S0T ¥P'OT 9¥OT |¥6'T €T G€T 80T 900 |INLO
0E€¥T 0991 PEe6T PS8T LI6T |9¢¢l ¢o'€l €v¢l 9L¢l GT'TI|9T'T- ¢6'0- €T'T- 910~ oI'l- | INLV
68¢y 08¥F ¢veS G6L9 LVPIT | €CTL 8c¢'¢l ¥6°01 S8¢l €L6 |680- TII'0 9T0- ¥8T &80~ | NLI
99¥¢  61€E 908€ 8G6E LGcG | T0L €L°L €79 6¢L €59 [98°0- 96'T- 7.0~ 8€0- 8L0- | NLIA G-¢ dO
961 v0c €91 ¢¢ % 0L0T 1.6 6VGI ST'ET CE€El|¥L6 0C0T 8E€6 OFE ¢v9 | INLOd
8y 0¢9 0LG 9¢¥v  ¢6E TE€TT 6¢°€¢T ¥E9T G8€ET 98¢l |¢v'e 106 €00 €¢¢ 19¢ | INLO
6Lc T.LE ¥ve 6LV L9G L9VT Tyl €€¥L VIEL 0L¢l |¢¢0- 9¢0 60T €€¢ €00 | NLV
Gc8  8L6 €98 TCI9T 0¢9¢ |86'VI S9°GT ¢Vl TIPSl GLCI | .LVE 19¢ 681~ ¢c€ VI¢ | INLI
¥9¢ ¢I€ 89¢ Cve  8LS ¢ECT 99°¢l PV IT STl L8FT [8TF- 69€ €6F- T€0 <¢6'¢ | WLIA 01-6 dO
43 v 9¥ 1T a1 8CVL 9T'9T L9°0¢ ¢L'0¢ GG'GI|9¢¥P¢ OT'€c 90°L 6T°L 00€T | NLOd
90¢ ¢0c ¥ve LLT  90¢ LE'6T 0L'¢c G8¢c ¥8'1¢ 9I8T | 0P8 GI'6 ¥8¢ €0¢ L9FI | NLO
OTT 6¢T  ¥PI  0OCI  TGT OT°LZT T¢9T Ov'9T G€LT 8OFI |69 09¢ 6€¢ 8€G €6L | INLV
68¢ ¢8E 69¢ 687 €E€ET | 8LLT TT'LZT ¥P8T GO8T €G'ST|0S0T <¢¢L <¢09 IT0T <SvT | INLI
64T LT¢ 86T G¥¢  €0F 9¢'Py ¢9'0F 66Ty S9'8€ 99%€ | LEOT €L°L  T¢0T T€¢l ¥4'1- | WLId 0T 20 dO
arv ©d H N sd arv ®=d H N sd arv =g H N sd
JToquun N AdN Jo ALS AdN Jo uea|y SsoUAQUOTN  A10397R))

[reD - 1s09 uorjoesuea) Yim g A3o0jea)§ SUISpPaH :8 9[qel,

38



'suorydo peorrd sstur o) JO IoquINU oY) S9IRIIPUI Joquuny ‘Asuowt a3 Jo no deep pue ‘Aouowt o1} Jo INO ‘Aouowr 9y} je ‘Aouowt o} Ul ‘Aouowr a3 utl desp sejousp N.IO0J

pue ‘INLO INLV ‘INLI ‘INLIA "eoud tepun sejousp J[) pue 9olid 19A0 s9jousp JO ‘S[epowt uoisnygi dwnp suljy pue sejeq ‘UOLILDJA ‘U0ISSH ‘So[oydg or[g oY) 9j0usp (I['V ‘“ed ‘N ‘H ‘S
‘anfeA 9njosqe oY) ul pauyep st Sumtid sstu oY) pue suorydo jnd I10J sYSem AN YHm g £39jel)s Suidpey Olreudp o) WOIJ UOIJRIASD pIlepue)s o) pue ueaw o) sj1odal s[qe) SIyJ, 990N

0€ 1€ 8¥ 16 ¥6 0c's ¢L6 08 €6'IT T¢IT|€Fcl 666 €V.AT LT'c 6411 | NLOA
PIT 8€T T0T ¥co €L 0C'LT G8'%C LE9T 8E€€C 6V'1c|9T°L 690- 00GT 0T'¢- ¢€S¢ | INLO
LS 2 (43 8¥T  TIT PI'TT SGT°GT 88FI GG°LT TO9T|G€9- ¢6°0T- VLT~ GG€I- 8L9- | INLV
€61 ¢8¢ ¥rlL €99 089 GGl GE€'GT 0€Gl 8S¥I TOVI | G6°¢- ¢L'S- 9LC 0¢'¢l- 078 | INLI
99 (9 94 8¢y ¥iv 99¥¢ ¥8'9¢ 9¢¥¢ L0°0C 68°0¢ | 6€9 0LF <¢€8 ST'TI- 096- | WLIA 01 A0 AN
0ST  ¥¥I ¢le 9¢¢ 1GT 0¢'TT 09°¢l ¢¢6 LT¥L ¥Icl|c9L 089 Lyl LT'C ¢cl |INLOA
c0y  8EY 966 68¢  IV¥ IL9T €6'F¢ T9€l T98T 9€¢l | Ly'e- 0§01~ L9°0 S8T'0I- 16¢- | NLO
8€¢  9¥¢ G961 €6 <6V 99°¢T 1891 GL¢l T¥¥vl 84TT|E€VL- ¥8CI- 969~ OIVI- L9'G- | NLV
¢€9  6LL T¢& V8T V06T |0€¥L 69T 9¢¥T 99FT 60F%I|099- 9€L- 199 ¢€01- 989~ | INLI
€6¢  60€ 219¢  ¥I19 199 8E€'GT €0'ST OP¥PI I8¥I ¥IGT | €V V- €1'9- G99~ ©6'6- ¢¢'01-| WLIA 071-6 dN
88L 98L L96 609 GL¢ ¢v'6  8CIT ¥¢'8 906 €TI0l |¥¢c €9T G8T ¥60 &8¢ | INLOd
669¢ 9LEC 0¢¥vc ¢S0¢ 66TT | 9L°¢T Co'LT LoPT 98FI 9811 | ¢6°€~ 089~ LIV~ L8P~ L6C | INLO
¢LET 9TTT L6CT VI9PT 8¥ec | 1€°0T 0S¥VT 9¥'¢l 88FI ¢L'6 |L9°G- 949°¢- €LV~ 1.9~ 894G | INLV
€61c 9VIC 6L6T TGIE€ 8GeS | SGTCl ¢ovl 8CEL 96'FT PETI | GC9- €L°9- €89~ 0¢'L- G6'G- | INLI
69y GE€¥ ¢ov 918 948 9€°€T 60°€T O0S€T ¢8FI 8LGT | L8'G- 0€9- 8I'9- 8E6- 696- | WLIA ¢¢cdn
1€6  90TT S06 TS6T TTL¢ |0LL 8€6 <¢9°L OI'TT LS99 |P¢¢ 110 98T 19€ €0'T | INLOA
¢c0y 0908 961G 8cLL L8IST | 88'TI S6'¢l L8CI c¢I'vl L08 |8EF 8Y'E 9¢v L9F% 66T | INLO
69T TG8T 8¢6T ¥c61 L961T |c0¢l 08¢l 9¥'IT ¢v'el 86°'TL|80F% O0ce ¢8¢ ¢I't GI'c |INLV
1918 6978 <¢098 6.GL 06¢9 | TIL°L ¥¥P'8 98°L GL8 989 [0VT V0¥ ¥P¥ 0L€ 88¢C | INLI
GGE6  LEE6 6c0S6 8LE8 O0LI8 |¥€9 O0FV9 Ly9 G0¢ 96F% |GG€ T9€¢ 8GE ¢0€ 69¢ | NLIA ¢-¢ dO
vIc 9¢¢c vec €cS  TPPI | ¢SO0l €T'TT 898 IL¥I 648 |€9¢ <OT ¥9T LLL L€C | INLOA
8L  8EOT P48  ¢C68T <L6V | €6°C€T P99T €LGT €€0¢ GOCI|.LLG 99¢ 999 O0r¢l LTV | INLO
69¢ €¥F  Gov €8¢ L8G €eel I8SGT ¥09T O0L'GT ¥8€L|¥6°¢ 9¢'¢ 06¢ 6LL €LSG |INLV
GY0T S6TT S9TT OETT 998 VO'TT 96'¢T 80€T G6°0T €6°0T |0€L &8¢ @& 709 102 |INLI
968 9¢8 T¥8 <19 8¥S 806 668 G688 <¢I'L ¢oL |1¥VS €S 9.% 8€ 8EE | WLIA 01-6 4O
98 06 80T LOT LL¥ GG'TC €0'ce 188 G916 98°LT | 88°C¢c ¢¥'I¢ 8L'0c G94'8¢ 8E8 | NLOA
€0¢ ¢lc  L0E  T€E  I8YT | G¢¢e ¥S0c V68T 9T°Lc <G€LT | 8T6 LL9 099 6081 1967 | NLO
10T 8¢T 8ST ¥¢l V81 LL°0¢ V&'€c T6°€c LV8T TE'GT | 8GTT 968  ¥8L <001 SOST | NLV
L9€ 98¢ €LV I8¢ L9¢ LLET 8CVT LEST VIET LGl | ¢6Cl 6V 0T €LL 696 V¢Sl | INLI
6.6 €0F 61y 00¢ TO€ 10T P6°TT O8'TT S8TT QL' IT |08 TT 0LCT 6171 00¢l €711 | NLId 0T ©A0Q dO
arv e d H N sd arv =d H N sd arv e=d H N sd
Iaquun AdN Jo IS AdN Jo uea|y SsouAdUOy  AI1039R))

mJ - 1S00 uorjoesued) Yym g A39jer)s SuISpay :6 °2[qel

39



8 Figures

Figure 1: The OMXS30 Index prices

daily OMXS30 Index
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Note: This figure plots the OMX index prices from 1992 to 2010. The index was divided by 4 on April 27, 1998.
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Figure 2: Number of Options
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Note: This figure plots the number of call and put options in different time to maturity and different moneyness. DITM, ITM,
ATM OTM, and DOTM denotes deep in the money, in the money, at the money, out of the money, and deep out of the money.
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Figure 3: Estimated Volatility
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Note: This figure plots the estimated volatility from various models.

42

Merton Mode

| vs AJD Model
T T

ol . . . . . .
1998 2000 2002 2004 2006 2008 2010
Bates Model vs AJD Model
1 T T T
08
0.6
04
02 ‘
ol . . . . . .
1998 2000 2002 2004 2006 2008 2010




Figure 4: Number of Detected Misprice
(a) Misprice by Percentage (15%)
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(b) Misprice by Value (2)
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Note: This figure plots the number of detected mispriced options when the mispricing is defined in the percentage and in the
absolute value.



9 Appendix

Appendix A. The implementations of the unscented Kalman Filter
(UKF)

Suppose that we have the non-linear system as follows,

v, = f(Tp-1,up—1) + wi_1, (15)
2z = h(zg) + vg. (16)

The basic idea of the UKF is as follows: the state z; is approximated by a set of weighted
points called sigma points with the same mean ¥ and covariance P,,. Applying the non-linear
function f to each sigma point to yield the set of transformed sigma points, we can then obtain
the mean and covariance of the transformed state f(z;) following the method from Gove &
Hollinger (2006).

The sigma points and the weight for the ith points of their respective mean (m) and covari-
ance (c) have the form,

X0 = 1 W = A/(n+ A)
Xo= 7+ ( P.)i W = MNu+N+(1-a®+p)
xitn — 3 — (V/(n+ NPyuy); Wi(m) _ VVi(C) =1/2(n+ \)

E)
_I_
=

where the parameters 0 < o < 1 and § > 0 control the spread of the sigma points and
weighting for higher-order moments, parameter x > 0 is often set to zero, A = a*(n + k) — n,
(v/(n+ A)Pyy); is the ith row of the matrix square root of (n 4+ k)P,,. Then the transformed
state Z; = f(AX;), with the mean and covariance as follows,

2n
7 = Z VVZ(m)Z“
1=0
2n
P.. = > Wz -2z -z}
1=0

2n
P, = Y WX -—zHz - 2"
1=0

Second, using the unscented transform above, we can derive the UKF procedure. The sigma
points of the state x;_;

Xy = |1 T + \/(n +RK)Popio1 T — \/(n + K)Pxx,k—l],
and the transformed state

X1 = (X1, up—1),
Zy—1 = h(Zk-1).
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The prediction equations are just the mean and covariance of the transformed state.
Prediction equations:

2n
§7k|k71 = ZVVi(m)X/z%—lv

=0

2n
G = > WIMZ

=0

2n
Poopp—1 = Z W [t — Zape1][Xip_1 — Zrpp—1]” + Q-
=0

Then we update the prediction equation in the UKF about the measurement state Zj_1,
Update equations:

K, = PP}

zz )

A

Ty = Tpp—1 + Ki(ze — Zrpp-1),
T
Pmc,k = P:E:v,k|k71 - Kszsz 3

where

2n
P. = ) W2k 1 = 2uk-1)[Zhs — Zupoa]” + R,
=0

2n
Po. = > WXy — el [Zims — 2]
=0
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Appendix B. The derivation of the mean variance hedge for the Affine
Jump Diffusion model

Suppose {S;} is the stock price process; C; is the option price at time ¢ and the maturity date
is denoted by T'. The mean variance hedging weight can be calculated as

E[AS, |7
Furthermore, we argue that using Eq. (12) that

hy, = dz.

e T 100+2 K 6727'6EQ [eln Strs5+Kiqsr(z+1) |ft] _ 6ln Si+ K r(2+1)
2mi

2(z + 1)(e~2r0 EQ[e2 I Sirs | Fy] — e21n5t)

—100+2

We now want to show that this expression can be written as

dz (17)

=TT i00+2 I K e—2r5+o¢(7’—6,zl)+&(6,227Z3)+B(5,22723)W _ 60(7721)+5(7721)‘/15
5
271 /

Z(Z + 1)(6—2r6+a(6,2)+5(§,2)w _ 1)

—100+2
where 7 =T —t, 21 =2+ 1,20 = 242,23 = (7 —d,2+ 1), &(u, x,y) and B(u,x,y) are defined
through

EQ [ewYtJrquthﬂ‘]:t] _ echYtJrOé(u,af7y)+5(uvffvy)vt7

for all z,y € C such that EQ[|e®Yt+et¥Viru|] < o0, ie. e?Vetalwzy)+Huzy)Vi is the simultaneous
moment generating function of the log-stockprice {Y'} and the stochastic volatility {V'}. We
prove this in two steps. Equation (17) will be derived in Part I and the closed form of the AJD
model will be calculated in Part II.

Part I Calculation of hy = %@V&w.
EQ[AS:”|F]

The denominator of hy is derived by

— 9

EQAS|F] = E(e ™ Sis — Si) (e Siys — Si)|Fi]
= E%e 5% 5 — 2¢70S,155; + SP|F)
= Ee 87 | F] — S}

— e—?rﬁEQ [621n St+s ’Ft] . St2
6—27"5—1—2 In Si+a(8,2)+8(6,2)Ve 62 In(St)

e21n($’z)(€f2r6+a(6,2)+5(6,2)\/t _ 1)

The numerator of h is separated into two parts I; and I,
ECACAS|F) = E°(eCiis — C)(e ™ Sis — 51| F]
= EQ [672T60t+5st+5 — €7T60t+§st — €7T60t5t+5 + CtSt\]:t]
= E“ [6_2T50t+55t+5|~7:t] — OS5,
~ o~

Is I
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where using Eq. (12) and (13) we obtain

e~TT [0tz e(z+2)Yita(r,z4+1)+B(7,2+ 1)V

[1 — : / elenK dz
270 J joors z2(z+1)
2710 ) ooz 2(z+1)

Now using the definition of & and 3 as the representation of the simultaneous moment generating
function of Y and V we can rewrite Iy as

e T 100+Z2 6—2r(5+o¢(r—6,z+1)+(z+2)Yt+6¢((5,z+2,ﬁ(7’—5,z+1))+B(6,z+2,6(7’—6,z+1))Vt
_ —zIn K
L, = , e dz
211 —ico+Z Z(’Z + 1)
e~ 10042 e—2r6+a(7’—5,zl)+(z+2)Yt+&(6,z2,23)+ﬁ~(5,z2,z3)\/t
_ / —zInK dz
2710 J ooz z(z+1)

where 7 =T —t, 21 =2+ 1,20 = 24+ 2,23 = B(7 — §, 2+ 1). Now putting everything together
and canceling common factors we obtain

EQ[AC,AS,|F)

hy, = —
EQIAS, |F]
. L-1
EQ(AS, |7
B e~ 100+Z lensﬁ e—2fr§+d(5,zz,z3)+[3(6,z2,zg)Vt+a(T—§,zl) o ea(T,Zl)-‘rﬁ(T,Zl)V;fd
= o / Z,OO+26 2(z + 1) (e—2o+a(G2B6V: _ 1) %

which is exactly the equation(17).

Part IT Calculation of of the conditional simultaneous moment generating function for the
log stock-price Y and the volatility V' for the AJD model and its corresponding sub models.

EQ[€Z1Yu+ZzVu|ft] — 621Yt+0~é(u_t721722)+B(U_t72172'2)vt
here we assume that z;, 2z, € C are such that EQ[|e®1Y«+#2V4|] < 0o. In the calculations below
we assume that logarithms and square roots of complex numbers are taken as the principal
branch.

We view t as a fixed number and also suppress the dependence on z; and z, for notational

convenience and write g(u) = &(u—t, 21, 23) and h(u) = B(u—t, 21, z5) as functions with respect
tou (t <u<T). Since
EQ[ehYt-i-Zth’JT_'t] = AVttt
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we get g(t) = 0 and h(t) = zo. Let A denote the generator of the bivariate Markov process
(Y;, V;). We have that, assuming f being C*(R x R*) and sufficiently integrable,

AD0) = (=5 = WD) + 8(E — 0) 5 F(0.0)
+%< (%f(y, )+avv% (Y, v) + 2puoyv aaa I, ))
A (o 0) = Fo,0) T o)

with
= / (et — 1) J(dyy,dvy),
R2
where J is the simultaneous density for the jumps of the processes Y and V. The process
M, = ezlyz+&(u—t,z1,zg)—l—B(u—t,zl,zg)Vt

is a Q-martingale by the tower property of conditional expectation. The martingale property
is now equivalent to,

_6Z1Yt+0~é(u—t721,22)+B(u—t721,22)% _.l_ A(ezly}—i_d(u_tvzl7z2)+6(u_tvzlvz2)‘/t) = O
ot
together with the integrability condition stated above. Using the specific form of A and that

M is a martingale as well as that

Y

0
% (U) = —aa( —t,Zl,Zg)
0
%h(U) = —&ﬁ(u—t,zl,ZQ)

we obtain a system of ODEs with boundary conditions

t) = 0,

hw) = 2 S (k= puovz)h(u) + %h(u)z,
glu) = (r—Aa)z1 + c&h(u) + AM(O(z1, h(u)) — 1),
h t) = Z9,

)

(
9(
where O is simultaneous moment generating function for the jumps in Y and V| i.e.

Oldindy) = [ (e, duo),
R2

N 1 X eterditzoddi

= —e“yd1+%05d% -_ + N ,
A Al-— Mvd2 Al - Mcvd2 - pJ,ucvdl
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where A = \Y 4+ \Y + \°. For h(u), we rewrite the ODE above as

h(u) = ag 4 arh(u) + ash(u)?, (18)
where
ap = o Zl,al = —(k — pwoyp21), a2 = 0—3.
2 2
Set v = v/—4agay + a3, I(u) = *2“2 (h(u) + 32-) and substitute it into (18) gives

i(w) = 2(1 = I(u)?).

This is a separable ODE which we solve as follows:

d -~ 1/ 1 1 Y
2—2du:>< + )d5—2du,

1—y 1-1 141
1+ 1(u)
REETH
Ty T
bet? —1
= l(u) = Yo 11
Since h(u) = 52 — 5-1(u) and using the boundary condition h(t) = 22, we obtain
— (u=t)y _
205  2a9 ew=7 +p
_]_ 2 ef(uft)wb
T (7 e 7W)
b o— v+ ay + 2az29

Y — a; — 2a22

and because g(u) = (r — Ap)h(u) + c€h(u) + N(O(21, h(u)) — 1) and g(t) = 0 we have the
expression of g(u) as follows

g(u) = (r — M)z (u —t) —}—/f&/ ds—{—)\(/tu@(zl,h(s))ds—(u—t)),

—/@5 140
/{5/ = 2y ((7+a1)(u—t)—2ln (W))’

A / o h()ds = filu) + folu) + filu),

where
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and where finally

fi(u)
fa(u)

f3(u)

Qo

ai
a2
b

1
Co
C3

Cq

ry

12,2
N(u — t)etv 1tz

C3 Cyq

v+ ay + 2a229
v —a; — 2azzy’
2az + po(ar + ),

2&2/\U 1 cy + Cgb
—t)+ —1
Cl ((u ) + 02 n (Cl + e_(u_t),YCQb)> 7

2a2)\c ((U _ t) + i In ( ¢ + C4b )> eﬂcyzl‘f‘%ffgy‘z%’

cs + e~ (w=re4b

2&2(1 — PJMHcvR1 + ,ucv(al + 7)7
2a5(1 = pyptenzr) + peo(ar — ),

)
2@2 + ,Uv(al - 7)7

)

)

\/ —4agay + a3.

In conclusion, the conditional simultaneous moment generating for the AJD model is

EQ[ezlyu+22Vu|ft] — 621Y15+54(U—t721,ZZ)+B(U—t7217Z2)Vt

Y

where &(u — t, 21, 22) = g(u), B(u—t,21,2) = h(u) with g and h defined as above.
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