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 This study examines the comparative magnitude of disturbances in intraday data for 

exchange traded foreign exchange (FX) options.  An in-depth time series analysis on the 

frequency and extent of discrepancies in the disturbances is conducted. 

 The purpose of this study is twofold.  First, using intraday data and trading volume, this 

study attempts to determine whether both put-call parity and lower boundary conditions 

consistently hold for exchange traded options written on U.S. dollar denominated options on the 

Euro trading on the Philadelphia Stock Exchange (PHLX).  Second, this study attempts to 

investigate the magnitude of any discrepancies that may exist due to a temporary cessation of 

either put-call parity or lower boundary conditions. 

 Intraday (tick-by-tick) bid prices, ask prices, and trading volume on U.S. dollar 

denominated European style call options and put options on the Euro are obtained.  Option data 

is collected through a Structured Query Language (SQL) request from the Bloomberg database.  

Corresponding tick-by-tick spot rates for the underlying exchange rate are obtained for the same 

time period.  Tick-by-tick 3-month Treasury bill rates are obtained to for use as the relevant risk-

free interest rate. 

 The primary data set spans an approximate one month period from 11/1/2011 to 

12/6/2011.  Call and option pricing data for near-the-money exercise prices are obtained for 

options expiring in December 2011, January 2012, February 2012, March 2012, June 2012, and 

September 2012.  A total of 7,212 ticks (minutes) are analyzed for the conversion strategy and 

7,209 ticks are analyzed for the reversal strategy.  The data is structured into an unbalanced panel 



data set (cross-sectional time series data) using put-call pairs as the cross sectional units and ticks 

as the time-series unit. 

To test the efficiency of the foreign exchange options market, lower boundary and put-

call parity conditions were tested on tick-by-tick currency option data.  Analysis shows that 

lower boundary conditions hold for the overwhelming majority of options, with less than 

0.0001% of violations for the observed options. 

A more detailed econometric analysis was prepared to test the put-call parity condition 

for currency options.  A fixed effects model specification is used to describe the put-call parity 

relationship.  Based on the analysis, it is possible to obtain arbitrage profits in the short run 

through the use of either a conversion or reversal strategy even after accounting for transaction 

costs.  Taking the first differences of the variables resulted in a model with stationary variables 

and statistically significant estimators.  The inclusion of dummy variables for moneyness did not 

add significant explanatory power to the deterministic put-call parity relationship. 

For both first differences of conversion and reversal strategies, the large t-statistics for the 

slope coefficients and intercept terms indicate a rejection of the null hypothesis, H0: λ0 = 0 and λ1 

= 1 after adjusting for standard error.  This implies that once transaction costs are adjusted for, 

put-call parity does not hold.  However, the intercept term is only very slightly negative, and the 

intercept term is only slightly less than one in both cases.  This implies that when put-call parity 

is violated, arbitrage profit should be relatively small. 
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CHAPTER 1 

Introduction 

 
 Prior literature identifies two conditions that must hold for no arbitrage to exist on a 

domestic scale: the lower boundary condition (Merton 1973) and put-call parity (Stoll 1969, 

Merton 1973).  On an international scope, interest rate parity must also hold for no arbitrage 

opportunities to exist.   

Empirical studies have shown that at any given moment in time, interest rate parity 

and/or put-call parity may not hold.  When interest rate parity or put-call parity does not hold, 

short-term opportunities for arbitrage are created.  Once these opportunities are identified, 

market participants move the market back to equilibrium through the process of arbitrage.  This 

is often done through the use of financial derivatives such as forward contracts, futures contracts, 

and options. 

Using intraday data, this study tests for discrepancies in the expected behavior for 

currency put and call options, as described by Robert Merton (1973).  To date, few studies have 

utilized intraday data on exchange-traded currency options to test for such relationships.  The 

study is divided as follows.  A review of the existing literature is first presented, followed by 

hypotheses of the expected behavior of options over time.  Data and methodology are described 

in the next section.  Finally, results are presented and discussed. 
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Statement of Purpose 

 
 The purpose of this study is twofold.  First, using intraday data and trading volume, this 

study attempts to determine whether both put-call parity and lower boundary conditions 

consistently hold for exchange traded options written on U.S. dollar denominated options on the 

Euro trading on the Philadelphia Stock Exchange (PHLX).  Second, this study attempts to 

investigate the magnitude of any discrepancies that may exist due to a temporary cessation of 

either put-call parity or lower boundary conditions. 

Opportunities for arbitrage arise when disruptions in the market cause short-term 

discrepancies between expected values and observed values.  Discrepancies in derivatives are 

often preceded by shifts in interest rates or changes in the volatility of the underlying asset. 

While interest rates can be freely observed, the volatility of an underlying asset cannot.  

However, by comparing changes in the value of a given derivative with changes in the value of 

similar derivatives with the same underlying asset, it is possible to identify potential arbitrage 

opportunities. 
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CHAPTER 2 

Review of Literature 

 
Option Valuation 

Option pricing models have been the basis of a multitude of studies over the past several 

decades.  All options contracts are composed of four fundamental securities: an underlying asset, 

default-free bonds, call options, and put options.  American call options are derivatives that give 

the owner the privilege but not the obligation to purchase a set amount of underlying asset at a 

fixed price (known as the exercise or strike price) at any point on or before a set date (known as 

the maturity of the option).  Similarly, American put options give the owner the privilege but not 

the obligation to sell a set amount of underlying asset at a given exercise price on or before the 

option’s maturity date.  European options are similar to their American counterparts, except they 

can only be exercised on the maturity date (that is, they cannot be exercised before maturity). 

In their seminal 1973 article, Black and Scholes develop a model for pricing the value of 

European options.  The Black-Scholes option pricing model was developed under the following 

assumptions: 

a) The short-term default-free (interest) rate is nonstochastic (constant over time). 

b) The underlying asset’s price follows a continuous stationary stochastic process (random 

walk). 

c) The underlying asset pays no dividends. 

d) The option is European style (only exercisable at maturity). 

e) Capital markets are frictionless (there are no transactions costs or taxes associated with 

buying or selling the underlying asset or the option). 
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f) Market participants can borrow and lend at the default-free interest rate. 

g) There are no penalties or restrictions on short selling. 

Let: 

T = time to maturity of option 

S = spot price of underlying asset 

X = strike (exercise) price of option 

rf = risk free rate 

σ = volatility of the underlying asset 

The value of a European style call option as derived by Black-Scholes (1973) is: 

)()(),,( 21 dNXedSNXTSc rfT       (1) 

Where: 
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N(d) = cumulative standard normal distribution 

 Garman and Kohlhagen (1983) extend the standard Black-Scholes option pricing model 

to apply to European style currency options by incorporating both interest rates (one for each 

currency).  In addition to the notation used in the Black-Scholes option pricing model above, let: 

rfF = the foreign (riskless) interest rate 

rfD = the domestic (riskless) interest rate 

The value of a European style currency call option as derived by Garman and Kohlhagen is: 

)()(),,( 21 dNXedNSeXTSc TrfTrf DF        (2) 
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Where: 
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An alternate derivation of the Garman-Kohlhagen model relies on the principle of interest 

rate parity.  Interest rate parity states that the differential between the spot and forward exchange 

rates is equivalent to the differential between the domestic and foreign nominal interest rates 

(Copeland, Weston, and Shastri 2005).  That is, 
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0           (3) 

Where: 

t = time period, from 1 to τ 

0Fτ = forward exchange rate at t = τ 

S0 = spot exchange rate at t = 0 

iD = domestic nominal interest rate from t = 0 to t = τ 

iF = foreign nominal interest rate from t = 0 to t = τ 

Substituting this relationship into the Garman-Kohlhagen model yields the alternative formula: 

)()(),,( 21 dNXedNFeXTFc TrfTrf DD        (4) 
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N(d) = cumulative standard normal distribution 

Note that this version relies solely on the forward rate and the domestic riskless interest rate.  In 

other words, the forward rate inherently incorporates the foreign riskless interest rate and the 
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current spot rate given the current domestic riskless interest rate.  Currency options traded OTC 

have “prices” expressed in terms of implied volatility.  The Garman-Kohlhagen model is the 

most commonly used method for calculating the value of such options.  Exchange traded 

currency option prices are given explicitly and do not need to be computed separately. 

   

Put-Call Parity 

 Put-call parity refers to the relationship of the price of a call option and the price of a put 

option if both have identical strike prices and times to expiry.  Originally developed by Stoll 

(1969) and later extended by Merton (1973), put-call parity is defined as: 

rfTXeSpc          (5) 

Where 

c = value of European call 

p = value of European put 

S = value of stock (underlying asset) 

X = strike (exercise) price of option 

rf = annual risk-free rate 

T = time to maturity (in years) 

Stoll identifies two hedging strategies that should provide the risk-free rate of return in 

equilibrium.  As summarized by El-Mekkaoui and Flood: 

A ‘long hedge’ or ‘conversion’ would involve buying the underlying asset, writing a call, 

buying an equivalent put, and borrowing the present value of the exercise price.  

Conversely, a ‘short hedge’ or ‘reversal’ strategy could be used by writing a put, buying a 
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call, shorting the underlying asset, and lending an amount equivalent to the present value 

of the exercise price.  (El-Mekkaoui & Flood 1998) 

Assuming put-call parity holds, neither strategy should return a profit greater than the risk-free 

interest rate. 

Various studies have empirically tested the validity of put-call parity using index option 

markets and stock option markets.  The results of these studies are generally mixed; however, the 

majority of them tend to find that put-call parity is violated to some extent. 

Significantly, an early study by Gould and Galai (1974) finds that put-call parity is 

frequently violated in models not accounting for transaction costs.  Using weekly data from the 

Put and Call Dealers Association and the diary of the option broker used by Black and Scholes, 

Gould and Galai find that contrary to economists’ conventional beliefs, transaction costs, most 

notably bid-ask spreads, play a significant role in explaining observed option premiums and 

inconsistencies with market efficiency. 

 Studies on foreign exchange options have yielded similar results.  Shastri and Tandon 

(1986) use daily closing prices for U.S. dollar denominated options on the British Pound, the 

German Mark, the Japanese Yen, and the Swiss Franc to test the efficiency of foreign currency 

options markets.  They find that opportunities for arbitrage exist if the investor can execute the 

order at the deviating market prices (ex post), but that the market is efficient if the investor can 

only use the deviations as a signal to execute the next day (ex ante). 

 In addition to using both daily transactions and closing prices of U.S. dollar denominated 

options on the German Mark, Bodurtha and Courtadon (1986) also include transaction costs in 

their tests of put-call parity.  They conclude that violations of put-call parity (under conversion 

and reversal strategies) essentially disappear after accounting for simultaneous prices and 
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transaction costs. In their 1987 paper, Bodurtha and Courtadon find that the standard American 

option-pricing model exhibits a “time-to-maturity” bias for foreign exchange options; that is, the 

model misprices the value of options in-the-money and out-of-the-money as time to maturity 

increases.   

 El-Mekkaoui and Flood (1998) test both American and European conversion and reversal 

strategies using intraday data on U.S. dollar denominated options on the German mark.  The 

authors use Eurocurrency deposit rates instead of T-bill yields as the risk-free interest rate, citing 

regulation and market structure, among other reasons.  El-Mekkaoui and Flood conclude that 

even using intraday data, the results generally support market efficiency and put-call parity, 

though the authors note intra-daily and intra-weekly seasonality in deviations from put-call parity 

for American options. 

 Harikumar, De Boyrie, and Pak (2004) use daily call option data to compare the accuracy 

of the traditional Black-Scholes option pricing model to a GARCH-M model.  The authors note 

that while the daily exchange rates do exhibit definite volatility clustering, the traditional Black-

Scholes model still outperforms the GARCH model. 

 Hoque, Chan, and Manzur (2008) use daily closing prices for U.S. dollar denominated 

options on the British Pound, Swiss Franc, Japanese Yen, and Euro to test the lower boundary 

conditions and put-call parity.  The authors find that the lower boundary condition and put-call 

parity are generally violated under both the conversion strategy and the reversal strategy.  

However, incorporating the bid-ask spread as a proxy for transaction costs, the authors find that 

violations of put-call parity significantly decrease. 

 A follow-up study in 2010 by Hoque, Manzur, and Poitras uses intraday data from 2005 

to 2006 for options written on the British Pound, Swiss Franc, and Euro.  The authors further 
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investigate deviations from arbitrage conditions using different definitions of transaction costs.  

The authors find that deviations from put-call parity are further reduced when total transaction 

costs are accounted for. 

 

Transaction Costs 

 Transaction costs must be considered when testing for deviations from put-call parity.  Of 

the various types of transaction costs, Demsetz (1968), Phillips and Smith (1980) and Stoll 

(1989) considered the bid-ask spread the most significant.  Where applicable, bid prices and ask 

prices are incorporated into the analysis as a proxy for transaction costs. 

Hypotheses 

 
Hypothesis 1: Put-call parity holds for intraday currency options after transaction costs 

are accounted for. 

As stated before, put-call parity tends to hold in the long run; however, short-term 

discrepancies may occur.  This study uses the bid-ask spread of a given option and empirically 

tests for the existence and magnitude of such disturbances. 

Hypothesis 2: The magnitude of disturbances exhibited in options written on the same 

currency are significantly correlated. 

Recall that the Garman-Kohlhagen model (based on the Black-Scholes option pricing 

model) states that the value of a European style currency call option is a function of, among other 

variables, the spot price of the deliverable currency, the exercise price of the option, and the time 

to maturity of the option.  Assuming put-call parity holds for intraday currency options 

(Hypothesis 1), the value of a European style currency put option can be readily computed given 

the value of a call option. 
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CHAPTER 3 

Data 

 
 Intraday (tick-by-tick) bid prices, ask prices, and trading volume on U.S. dollar 

denominated European style call options and put options on the Euro are obtained.  These 

options are traded on the Philadelphia Stock Exchange (PHLX), now officially known as the 

NASDAQ OMX PHLX.  Trading hours for the PHLX are 9:30 a.m. to 4:00 p.m. Eastern Time. 

The contract size is 10,000 currency units.  The price of the underlying asset and option 

strike/exercise price is displayed similar to index options, by moving the decimal two places to 

the right.  Expiration is on the Saturday following the third Friday of the expiration month; the 

last trading day is the third Friday of the expiration month.  The expiration cycle is quarterly on 

the March cycle, plus two additional near-term months for a total of six months at any given 

time.  Settlement is in U.S. dollars.  (NASDAQ OMX) 

Option data is collected through a Structured Query Language (SQL) request from the 

Bloomberg database.  Corresponding tick-by-tick spot rates for the underlying exchange rate are 

obtained for the same time period.  During the observed time period, global interest rates were 

close to zero.  Thus, tick-by-tick 3-month Treasury bill rates are obtained for use as the relevant 

risk-free interest rate for both domestic and foreign markets. 

 The primary data set spans an approximate one month period from 11/1/2011 to 

12/6/2011.  Call and option pricing data for near-the-money exercise prices are obtained for 

options expiring in December 2011, January 2012, February 2012, March 2012, June 2012, and 

September 2012.  This data set yields an approximate 650,000 points of data over the time 

period, available upon request.  
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 Because the data contains variables measured for the same items over an identical period 

of time, the data can be further structured into an unbalanced panel data set (cross-sectional time 

series data) using put-call pairs as the cross sectional units.  Panel data refers to the pooling or 

grouping of observations on a cross-section of entities over a given period of time.  A balanced 

panel contains an observation for every interval of time in the time series; an unbalanced panel 

contains missing observations.  Using panel data confers several distinct advantages over 

traditional time series analysis or cross-sectional analysis (Hsiao 2003): 

(1) Panel data analysis controls for individual heterogeneity.  Panel data suggest that 

cross-sectional units such as individuals, countries, or companies are heterogeneous rather than 

homogeneous.  Not controlling for this heterogeneity in time-series or cross-sectional analysis 

may result in biased results (Moulton 1986, 1987).  As described in greater detail under the 

Methodology section, certain variables may be cross-section-invariant or time-invariant.  These 

variables may be difficult to measure or obtain; omitting these variables from the model 

specification may lead to biased estimates.  In contrast to traditional cross-sectional or time 

series analysis, panel data analysis can control for these cross-section-invariant and time-

invariant variables. 

(2) When compared with time-series data, panel data provides more information, more 

variability, more degrees of freedom, more efficiency, and less collinearity among variables.  A 

common issue with time-series analysis is multicollinearity among variables.  The addition of a 

cross-sectional dimension to the existing time-series dimension allows for greater variability and 

added information, potentially resulting in more reliable parameter estimates. 

(3) When compared with cross-sectional data, panel data is better suited for investigating 

the dynamics of adjustment.  Seemingly stable cross-sectional distributions may contain changes 
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over time that may not be detected except through repeated cross-sections.  Panel data analysis 

yields data on changes for entities over time, in contrast with traditional cross-sectional analysis 

(Deaton 1995). 

(4) Panel data is better suited for identifying and measuring certain effects undetectable 

by pure cross-sectional or pure time-series analysis.  Holding an individual entity’s 

characteristics constant over time (by using a difference or fixed effects) allows for a more 

descriptive and accurate estimator. 

(5) When compared to similar variables measured at the macro level, micro panel data 

gathered on individual entities may be more accurately measured.  Inherent biases due to 

aggregation of individual data points may be reduced or eliminated altogether. 

Despite the various advantages of using panel data instead of pure cross-sectional or 

time-series data, design and data collection problems, such as frequency of polled observations 

and reference period must be considered.  The data used for this study was structured as an 

unbalanced panel data set due to the sometimes infrequent reporting of observations for certain 

cross-sections. 

There are a total of 30 put-call pairs analyzed; a list of these options can be found in 

Tables 2 and 3.  Due to the tick-by-tick nature of the data, integer dates are used for the time 

series units.  A total of 7,212 ticks (minutes) are analyzed for the conversion strategy and 7,209 

ticks are analyzed for the reversal strategy.  The panel data is structured using the put-call pairs 

as the cross-sectional unit and ticks as the time-series unit.  However, due to the unbalanced 

nature of the panel data several cross-sections will have significantly fewer observations for the 

observed time interval. 
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Methodology 

 
 Table 1: Variable notations and descriptions, below, presents a list of the notations and 

definitions of the primary variables used in this study. 

Table 1: Variable notations and descriptions 

Variable   Notation   Description 

Currency option  j  
cross-sectional unit, observed currency option pair “j” 
from j = 1 to J 

Time period  t  time period, from t = 1 to τ 

Call price Cjt 
price of “jth” European call in domestic currency at 
time t 

Put price Pjt 
price of “jth” European put in domestic currency at 
time t 

Spot price St 
spot price for one unit of foreign currency in 
domestic currency at time t 

Strike (Exercise) 
price Xjt  

strike (exercise) price of “jth” European option for one 
unit of foreign currency in domestic currency at time 
t 

Interest rate rfD,t 

annual risk-free interest rate of domestic currency at 
time t 

rfF,t 

annual risk-free interest rate of foreign currency at 
time t 

Option life T time to maturity (in years) 

Transaction cost TTCjt total transaction costs of “jth” option at time t 
 

Since variables are observed for the same items over a certain time frame, it is 

inappropriate to treat the data series as independent observations.  Generally speaking, standard 

errors generated from time series analysis will be too small and degrees of freedom too low when 

compared to panel data analysis (Hsiao 2007).  It is more suitable to model the data using panel 

data (cross-sectional time series data).  
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Fixed Effects Models 

Two techniques are often used to analyze panel data: fixed effects models and random 

effects models. 

Fixed effects models are commonly used for analyzing the effect of variables that vary 

across time (i.e. the relationship between predictor and dependent variables for a given entity).  

Under fixed effects, each entity is assumed to have a distinct characteristic or group of 

characteristics that may affect the predictor variable.  Regardless of whether the characteristic 

has an effect on the predictor variable or not, the effect is assumed to be the same, or “fixed,” 

across all time periods.  These effects are considered “time-invariant.”  Time-invariant 

characteristics are assumed to be unique to an entity and uncorrelated with other entities’ 

characteristics.  The general equation for a fixed effects model can be written as: 

jtjtjjt uZY            (6) 

Where, 

Yjt = dependent variable of the jth entity at time t 

αj = unknown intercept for the jth entity 

Zjt = independent variable of the jth entity at time t 

β = coefficient for the independent variable 

ujt = error term 

β is K x 1, and Zjt is the jtth observation on K explanatory variables.  For most panel data 

applications, a one-way error component model for the disturbances is utilized, such that: 

jtjjt vu             (7) 
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Where, 

 µj = unobservable individual specific effect 

vjt = remainder disturbance 

µj is time-invariant and accounts for any individual specific effects not explicitly included 

in the regression.  µj is assumed to be a fixed parameter that needs to be estimated, with the 

remainder disturbances stochastic with vjt independent and identically distributed IID (0, σv
2).  

The independent variable Zjt is assumed independent of vjt for all j and t.  Thus, the fixed effects 

model removes the effect of the time-invariant characteristics and controls for time-invariant 

variables that may not be observed but affect the dependent variable.  In this way, the overall 

impact of the predictor variables on the dependent variable can be assessed; the estimated 

coefficients cannot be biased due to omitted time-invariant characteristics.  Though the effects of 

time-invariant variables can be controlled for, the effects themselves cannot be estimated. 

A fixed effect model is, in its general form, a least squares dummy variable (LSDV) 

model and can be estimated by ordinary least squares (OLS).  This is more easily represented 

using matrix notation.  Rewriting equation (6) in matrix notation yields: 

uWuZY J            (8) 

Where Y is Jτ x 1, Z is Jτ x K, W = [ιJτ, Z], δ’ = (α’, β’) and ιJτ is a vector of ones of dimension 

Jτ.  Equation (7) can be written as: 

vWu             (9) 

Where u’ = (u11, … , u1τ, u21, … , u2τ, uJ1, … , uJτ) with observations stacked such that the slower 

index is over entities and the faster index is over time.  Wµ = IJ ⊗ ιτ where IJ is an identity matrix 

of dimension J, ιτ is a vector of ones of dimension τ and ⊗ represents the Kronecker product.   

Wµ is a selector matrix of ones and zeroes; that is, the matrix of individual dummies included in 
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the regression to estimate µj if they are assumed to be fixed parameters.  µ’ = (µ1, …, µJ) and v’ 

= (v11, … , v1τ, …, vJ1, … , vJτ).  Substituting (9) into (8) yields: 

 vWWvWZY J          (10) 

Ordinary least squares can then be used to obtain estimates for α, β, and µ.  W is Jτ x (K + 1) and 

Wµ, the matrix of individual dummies, is Jτ x J.  The least squares dummy variables (LSDV) 

estimators can be obtained from equation (10) by premultiplying the model by Q and performing 

ordinary least squares (OLS) on the transformed model: 

QvQZQY            (11) 

Where QWµ = Q ιJτ = 0.  That is, Q is the matrix that negates the individual effects.  The 

resulting OLS estimator is: 

QYZQZZb ')'( 1          (12) 

And 

 var(b) = σv
2(Z’QZ)-1 

 

Random Effects Models 

Random effects models are used when “the variation across entities is assumed to be 

random and uncorrelated with the predictor or independent variables included in the model,” 

(Torres-Reyna, 2007).  Random effects models are appropriate if differences across entities 

influence the dependent variable or if the observations are drawn randomly from a large 

population; the panel must be designed in such a way as to be representative of the inferred 

population.  The general equation for a random effects model can be written as: 
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jtjtjtjt uZY           (13) 

Where, 

ujt = between-entity error term 

εjt = within-entity error term 

In contrast to the fixed effects model, the loss of degrees of freedom can be negated if µj 

is assumed to be random instead of a fixed parameter that needs to be estimated.  In this case, 

both µj and vjt are independent and identically distributed such that µj ~ IID (0, σµ
2), vjt ~ IID (0, 

σv
2), and µj is independent of vjt.  The independent variable Zjt is assumed independent of both µj  

and vjt for all j and t.  Random effects models allow for the inclusion of time-invariant variables; 

the effects of these variables can be estimated instead of absorbed into the intercept in the fixed 

effects model.  However, if relevant time-invariant variables are omitted, the coefficients may be 

biased.  If there are no omitted variables, random effects models are generally preferred to fixed 

effect models; coefficients can be estimated and standard errors are comparatively lower. 

The estimator of the slope parameter for random effects models is derived through 

generalized least squares (GLS).  Recall equation (13): 

jtjtjtjt uZY           (13) 

From equation (9), the variance-covariance matrix can be calculated as: 

)()(

)'(')'()'(
22









IIHI

vvEWEWuuE

JvJ 


       (14) 

Where Hτ is a matrix of ones of dimension τ.  The GLS estimator of the slope parameters for a 

random effects model can be written as: 

YZZZ 111 ')'(ˆ           (15) 
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Fixed Effects vs. Random Effects 

Several considerations must be taken into account when choosing between a fixed effects 

model and random effects model (Allison 2009). 

The first of these considerations involves the nature of the variables omitted from the 

model.  As discussed previously, if omitted variables exist and are correlated with variables in 

the model, a fixed effects model provides a means for controlling for the resulting omitted 

variable bias.  Under a fixed effects model, entities serve as their own controls.  That is, the 

potential effects of the omitted variable on an entity at one point in time should be the same at 

another point in time.  The omitted variables must have time-invariant values (the value of the 

variables does not change across time) with time-invariant effects (the variables have the same 

effects across time). 

If there are no omitted variables, or if the omitted variables are not correlated with the 

explanatory variables included in the model, a random effects model will produce unbiased 

coefficient estimates, use all available data, and produce the smallest standard errors.  However, 

it is likely that the estimates will be biased in some way due to omitted variables. 

A second consideration regards the variability within entities.  If entities change little 

across time, a fixed effects model will produce large standard errors.  Some amount of within-

subject variability in the variables is required for entities to act as their own controls.  When 

compared with fixed effects models, random effects models will often have smaller standard 

errors, but the coefficient estimates are more likely to be biased. 

The final consideration relates to time-invariant variables.  Under a fixed effects model, 

time-invariant variables are controlled for, but not estimated.  A random effects model will 
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estimate the effects of these time-invariant variables, but the estimates are likely to be biased due 

to omitted variables. 

A specification test developed by Hausman (1978) based on the difference between fixed 

and random effects estimators can potentially be used to determine an ideal model specification.  

As summarized by Greene (2003): 

The specification test devised by Hausman (1978) is used to test for orthogonality of the 

random effects and the regressors.  The test is based on the idea that under the hypothesis 

of no correlation, both OLS [ordinary least squares] in the LSDV [least squares dummy 

variable] and GLS [generalized least squares] are consistent, but OLS is inefficient, 

whereas under the alternative, OLS is consistent, but GLS is not.  Therefore, under the 

null hypothesis, the two estimates should not differ systematically, and a test can be 

based on the difference. 

 The Hausman specification test interprets a rejection of the null as an adoption of the 

fixed effects model and a nonrejection of the null as an adoption of the random effects model.  

However, the fixed effects model allows for endogeneity of all regressors with random 

individual effects, while the random effects model assumes exogeneity of all regressors with 

these individual effects (Mundlak 1978).  That is, the exogeneity of the regressors and individual 

effects must also be considered when deciding between a fixed effects model and random effects 

model. 

 To compute the Hausman test statistic, the covariance matrix of the difference vector, 

]ˆ[ b  must be found: 
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]ˆ,[]ˆ,[]ˆ[][]ˆ[  bCovbCovVarbVarbVar      (16) 

According to Hausman (1978), the covariance of an efficient estimator with its difference 

from an inefficient estimator is zero.  That is, 

]ˆ[]ˆ,[

0]ˆ[]ˆ,[]ˆ),ˆ[(





VarbCov

VarbCovbCov




 

Substituting this result into equation (16) produces the required covariance matrix for the test: 

 ]ˆ[][]ˆ[  VarbVarbVar        (17) 

The chi-squared test is based on the Wald criterion: 

 ]ˆ[ˆ]'ˆ[]1[ 12    bbK  

According to Greene (2003): 

For ̂ , we use the estimated covariance matrices of the slope estimator in the LSDV 

model and the estimated covariance matrix in the random effects model, excluding the 

constant term.  Under the null hypothesis, ][  has a limiting chi-squared distribution 

with K – 1 degrees of freedom. 

 Due to the combination of considerations listed above, this study utilizes a fixed effects 

model specification to describe the put-call parity relationship.  Rather than estimating the effect 

of time-invariant variables, this study focuses on analyzing the impact of variables that vary over 

time.  The use of a fixed effects model is verified through the Hausman test in the Results 

section.  The development of the model itself is described below. 
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Model Specification 

Take the case of a single put-call pair.  In an efficient market, arbitrage opportunities 

should not exist.  Two conditions must hold: the lower boundary condition and the put-call parity 

condition. 

The lower boundary condition as laid out by Merton (1973) and expanded upon by 

Bodurtha & Courtadon (1986) states that an investor should not be able to profit by purchasing 

and subsequently exercising an option.  In other words, the lower bounds are “the minimum 

option prices to ensure the absence of arbitrage opportunities,” (Hoque, Chan, and Manzur 

2008).  That is, 

)( t
Trf

t
Trf

tt TTCeXeSC FD        (18) 

)( t
Trf

t
Trf

tt TTCeSeXP FD        (19) 

The value of an option should not be less than its intrinsic value.  Violating these 

conditions implies that the option could have been purchased at a cost lower than the listed 

option price.  Rearranging these inequalities and accounting for multiple cross-sections yield the 

following testable lower boundary conditions for call options and put options, respectively: 

)( jtjt
Trf

jt
Trf

jtCj TTCCeXeS FD       (20) 

)( jtjt
Trf

jt
Trf

jtPj TTCPeSeX FD       (21) 

Where, 

ΠCj = arbitrage profit when call price is less than its intrinsic value 

ΠPj = arbitrage profit when put price is less than its intrinsic value 

The put-call parity (PCP) condition necessitates a more complex testing procedure.  Put-

call parity states that there is a deterministic relationship between call prices and put prices 

purchased on the same underlying asset with equivalent exercise prices and expiration dates.  A 
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violation of put-call parity implies that one or more of the options are mispriced, leading to a 

potential for arbitrage profit.  Stoll (1969) identifies two hedging strategies that yield the default-

free rate of return in equilibrium based on put-call parity: the conversion (or long hedge) strategy 

and the reversal (or short hedge) strategy.  Recall equation (5), put-call parity: 

rfTXeSpc          (5) 

  A conversion (or long-hedge) strategy involves purchasing the foreign currency, 

offsetting the position with an equivalent synthetic short position (write a call, purchase a put), 

and borrowing the present value of the exercise price.  Assuming markets are in equilibrium, the 

present value of a conversion strategy for a single put-call pair is: 

0)(  
t

Trf
tt

Trf
tt TTCeSPeXC FD      (22) 

A reversal (reverse conversion or short-hedge) strategy involves shorting the foreign 

currency, offsetting the position with an equivalent synthetic long position (write a put, buy a 

call), and lending an amount equivalent to the present value of the exercise price.  The present 

value of a reversal strategy for a single put-call pair is: 

0)(  
t

Trf
tt

Trf
tt TTCeXCeSP DF      (23) 

Incorporating for multiple cross-sections, the testable put-call parity conditions for 

arbitrage profits with European currency options under a conversion strategy and for European 

currency options under a reversal strategy are, respectively: 
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)( jt
Trf

jtjt
Trf

jtjtLj TTCeSPeXC FD       (24) 

)( jt
Trf

jtjt
Trf

jtjtSj TTCeXCeSP DF       (25) 

Where, 

γLj = arbitrage profit under a long-hedge (conversion strategy) 

γSj = arbitrage profit under a short-hedge (reversal strategy) 

Rearranging Equations (24) and (25) and dropping the transaction costs terms yield the following 

regression equations for the conversion and reversal strategies, respectively: 

jt
Trf

jt
Trf

jtjtjt eeXeSPC DF   )(10       (26) 

jt
Trf

jt
Trf

jtjtjt
FD eSeXCP    )(10      (27) 

Total transaction costs are difficult to obtain.  The most significant source of transaction 

costs is derived from the bid-ask spread, the difference in the price a security is paid for and the 

price a security is sold for.  One benefit of using a fixed effects model rather than a traditional 

time-series model is that these transaction costs, while not directly observable, can be considered 

time-invariant and therefore fixed for a given entity.  That is, the effect of transaction costs on 

the predictor variable can be assumed to be fixed over time and therefore absorbed into the 

model’s intercept. 

A fixed effects model is chosen over a random effects model for a similar reason.  Total 

transaction costs, while not directly observable, are likely to be correlated with other variables in 

the model.  This will result in biased estimators if a random effects model is applied.  The 

Hausman model specification test is applied to determine the validity of these assumptions. 

 Hoque et. al (2008) notes that the prices for European currency puts and calls are likely to 

contain unit roots and may therefore be nonstationary.  While testing for unit roots in time series 

is commonplace, testing for unit roots in panel series is relatively recent (Choi 2001; Harris and 
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Tzavalis 1999; Hadri 2000; Im, Pesaran, and Shin 2003; Levin, Lin, and Chu 2002; Maddala and 

Wu 1999).  A test for unit roots in a panel data model without fixed effects where both the 

number of cross-sectional units and the length of the time series approach infinity at the same 

rate (J/τ is constant) was suggested in a study by Quah (1994).  Levin, Lin, and Chu (2002) 

generalized this model to allow for fixed effects, heterogeneous serially correlated errors, and 

individual deterministic trends.  While they assumed that both cross sectional and time series 

variables approached infinity, τ increases at a faster rate than J such that J/τ approaches zero.  

The way in which the number of cross-sectional units and the length of the time series tend to 

infinity is essential for determining tests for nonstationary panels and asymptotic properties of 

estimators.  There are three main approaches to addressing this issue (Baltagi 2008). 

 The first of these involves sequential limits where one index (either the cross-sectional 

index or time series index) is fixed and the other is allowed to increase to infinity.  Once this 

intermediate limit is established, the initial index is allowed to tend to infinity, creating a 

sequential limit theory.  However, while these sequential limits are relatively simple to derive 

and are helpful in establishing quick asymptotics, they can sometimes give misleading 

asymptotic results (Phillips and Moon 2000). 

 The second approach involves allowing both cross-sectional and time series indexes to 

approach infinity along a specific diagonal path in a two-dimensional array, determined by a 

monotonically increasing functional relation.  This approach is utilized by Quah (1994) and 

Levin et al. (2002).  However, the limit theory obtained through this method is dependent on the 

specific functional relation; the proposed expansion path may provide an inappropriate 

approximation for a given combination of cross-sectional units and length of time series (Phillips 

and Moon 2000). 
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 The final approach involves a joint limit theory allowing both cross-sectional units and 

length of time to approach infinity simultaneously without enforcing specific diagonal path 

restrictions on the divergence.  Joint limit theory can be more robust than either diagonal path 

limit or sequential limit theory, though it is generally more difficult to derive and requires 

stronger conditions (Phillips and Moon 1999, 2000). 

The panel root test utilized in this study is the test developed by Levin et al. (2002).  

When dealing with panel data, “individual root tests have limited power against alternative 

hypotheses with highly persistent deviations from equilibrium,” (Baltagi 2008).  The null 

hypothesis of the of the Levin, Lin, and Chu unit root test is that each individual time series 

contains a unit root.  The alternative hypothesis states that each time series is stationary.   

There are three assumptions made by Levin et al. (2002): 

a) Assume that {yjt} is generated by one of the following three models: 

Model 1: jtjtjt yy   1  

Model 2: jtjtjjt yy   10  

Model 3: jtjtjjjt yty   110 , where -2 < δ ≤ 0 for j = 1, …, J 

b) The error process ζjt is distributed independently across individual snad follows a 

stationary invertible ARMA process for each individual, 





 

1d
jtdjtjdjt   

c) For all j = 1, …, N and t = 1, …, τ, 

)( 4
jtE  ; 0)( 2   BE jt ; and  




  BEE djtjt
d

jt )(2)(
1

2  

The maintained hypothesis is: 
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jp

L
jtmtmjLjtjljtjt dyyy

1
1     m = 1, 2, 3  (28) 

Where 

 αmj = corresponding vector of coefficients for model m = 1, 2, 3 

 dmt = vector of deterministic variables; d1t = {empty set}, d2t = {1}, d3t = {1, t} 

Since the lag order pi is unknown, Levin et al. (2002) recommend a three step testing 

procedure: 

Step 1: Perform augmented Dickey-Fuller (ADF) regressions and generate 

orthogonolized residuals for each cross-section: 




 
jp

L
jtmtmjLjtjljtjt dyyy

1
1     m = 1, 2, 3  (28) 

The lag order pi is permitted to vary across individuals.  For a given T, choose a 

maximum lag order pmax and then use the t-statistic of jL̂ to determine if a smaller lag order is 

preferred.  (These t-statistics have a standard normal distribution under the null hypothesis (θjL = 

0), both when δj = 0 and when δj < 0.) 

Once pi is determined, two auxiliary regressions are run to obtain orthogonalized 

residuals: 

Regress Δyjt on Δyjt-L (L = 1,…, pj) and dmt to obtain residuals jtê  

Regress Δyjt-1 on Δyjt-L (L = 1,…, pj) and dmt to obtain residuals 1ˆ jtv  

Standardize these residuals to control for different variances across j: 

jjtjt ee ̂/ˆ~   and jjtjt vv ̂/ˆ~
1   

Where ĵ is the standard error from each ADF regression, for j = 1, … , J. 
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Step 2:  Estimate the ratio of long-run to short-run standard deviations.  Under the null 

hypothesis of a unit root, the long-run variance of equation (28) can be estimated: 
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ˆ      (29) 

Where K is a truncation lag that can be data dependent.  K must be obtained in a manner 

that ensures the consistency of 2ˆ yj .  For a Bartlett kernel, ))1/((1  KLw
LK

.  For each cross-

section j, the ratio of the long-run standard deviation to the innovation standard deviation is 

estimated by jyjis  ˆ/ˆˆ  .  The average standard deviation is estimated by 
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Step 3:  Compute the panel test statistics.  Run the pooled regression: 

jtjtjt ve  ~~~
1    

Based on ~J observations where 1~  p .  ~ is the average number of observations 

per individual in the panel with 
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/ .  p is the average lag order of individual ADF 

regressions.  The conventional t-statistic for H0: δ = 0 is 
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And the estimated variance of jt~  is: 
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The adjusted t-statistic is computed as: 
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         (30) 

Where *
~m  and *

~ m  are the mean and standard deviation adjustments provided by Table 2 of 

Levin et al. (2002).  This table also provides recommendations for the truncation lag parameter 

K  for each time series ~ .  Levin et al. show that *
t  is asymptotically distributed as N(0,1). 

 As summarized by Batalgi (2005): 

 The asymptotics require 0


TJ
where Jτ emphasizes that the cross-sectional 

dimension J is an arbitrary monotonically increasing function of τ.  LLC [Levin, Lin, and 

Chu] argue that this is relevant for micro panel data where τ is allowed to grow slower 

than Jτ.  Other divergence speeds such as 0

J

 and 

J

constant, are sufficient, but 

not necessary. 

Computationally, the LLC method requires a specification of the number of lags 

used in each cross-section ADF regression (pj), as well as kernel choices used in the 

computation of SJ.  In addition, you must specify the exogenous variables used in the test 

equations.  You may elect to include no exogenous regressors, or to include individual 

constant terms (fixed effects), or to employ constants and trends. 

 According to Levin et al., the Levin, Lin, and Chu panel unit root test is appropriate for 

panels of moderate size with J between 10 and 250 and τ between 25 and 250.  Individual unit 
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root time-series tests will be sufficiently powerful to apply for each individual cross-section if τ 

is very large.  Finally, for panel data sets with very large J and very small τ, the usual panel data 

procedures should be taken. 

To adjust for unit roots and eliminate unobserved heterogeneity, the first difference of 

equation (26) is used: 

jt
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jtjtjt ueXeSPC DF   )(10      (31) 
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And: 

ujt =  µj + vjt 

For the reversal strategy, the first difference of equation (27) is used: 
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And:ujt =  µj + vjt 

For put-call parity to hold (and for there to be no opportunities for arbitrage) under either 

strategy, λ0 should equal zero and λ1 should equal one.  That is, 

H0: λ0 = 0 

Ha: λ0 ≠ 0 

H0: λ1 = 1 

Ha: λ1 ≠ 1 
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CHAPTER 4 

Results 

 
First, lower boundary conditions are examined for put and call options, both including 

and excluding transaction costs.  Table 2: Lower boundary condition violations for call 

options summarizes the lower boundary condition violations for the observed call options.  Note 

that for the approximately 182,000 observations excluding transaction costs, no violations of the 

lower boundary conditions were found.  Interestingly, a single violation was identified out of 

approximately 168,000 observations including transaction costs.  It is worth noting that this 

violation occurred within the first two minutes of trading for an option with more than nine 

months to maturity and can be considered an anomaly. 

 Table 3: Lower boundary condition violations for put options summarizes the lower 

boundary condition violations for observed put options.  Of the approximately 156,000 put prices 

observed, 20 violations were found.  These violations occurred within a ten minute window on 

in-the-money put options with less than one month until maturity.  These violations still exist 

after adjusting for transaction costs, signifying that there may have been a brief period of market 

inefficiency.  Nevertheless, these violations make up less than 0.0001% of all observed put 

option prices and average arbitrage profit amounted to $0.004012 after adjusting for transaction 

costs. 

 Less than 0.0001% of call and put prices appear to violate the lower boundary condition.  

To conclude, violations of the lower boundary condition appear to be negligible, both before and 

after adjusting for transaction costs (as proxied by the bid-ask spread).  This implies that the 

value of the observed put and call currency options is for the most part greater than or equal to its 

intrinsic value. 
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Table 2: Lower boundary condition violations for call options 
      

   Panel A: No Transaction Costs  
Option Strike Expiration No. of Observations No. of Violations % of Violations 
XEZ1C C 132.50 12/17/2011 6554 0 0.00% 
XEZ1C C 133.00 12/17/2011 6976 0 0.00% 
XEZ1C C 133.50 12/17/2011 6769 0 0.00% 
XEZ1C C 134.00 12/17/2011 7113 0 0.00% 
XEZ1C C 134.50 12/17/2011 7171 0 0.00% 
XEF2C C 131.00 1/21/2012 6449 0 0.00% 
XEF2C C 132.00 1/21/2012 6316 0 0.00% 
XEF2C C 133.00 1/21/2012 6181 0 0.00% 
XEF2C C 134.00 1/21/2012 6201 0 0.00% 
XEF2C C 135.00 1/21/2012 6447 0 0.00% 
XEG2C C 131.00 2/18/2012 2905 0 0.00% 
XEG2C C 132.00 2/18/2012 2882 0 0.00% 
XEG2C C 133.00 2/18/2012 2746 0 0.00% 
XEG2C C 134.00 2/18/2012 2534 0 0.00% 
XEG2C C 135.00 2/18/2012 2438 0 0.00% 
XEH2C C 131.50 3/17/2012 6221 0 0.00% 
XEH2C C 132.50 3/17/2012 6048 0 0.00% 
XEH2C C 133.50 3/17/2012 6330 0 0.00% 
XEH2C C 134.50 3/17/2012 6113 0 0.00% 
XEH2C C 135.00 3/17/2012 5956 0 0.00% 
XEM2C C 132.50 6/16/2012 7968 0 0.00% 
XEM2C C 133.00 6/16/2012 7950 0 0.00% 
XEM2C C 133.50 6/16/2012 7747 0 0.00% 
XEM2C C 134.00 6/16/2012 7668 0 0.00% 
XEM2C C 134.50 6/16/2012 7175 0 0.00% 
XEU2C C 131.00 9/22/2012 8005 0 0.00% 
XEU2C C 132.00 9/22/2012 8005 0 0.00% 
XEU2C C 133.00 9/22/2012 8004 0 0.00% 
XEU2C C 134.00 9/22/2012 7982 0 0.00% 
XEU2C C 135.00 9/22/2012 7709 0 0.00% 
  Total 188563 0 0.0000% 
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Table 2: Lower boundary condition violations for call options 
 

 

   Panel B: With Transaction Costs  
Option Strike Expiration No. of Observations No. of Violations % of Violations 
XEZ1C C 132.50 12/17/2011 5986 0 0.00% 
XEZ1C C 133.00 12/17/2011 6255 0 0.00% 
XEZ1C C 133.50 12/17/2011 6237 0 0.00% 
XEZ1C C 134.00 12/17/2011 6758 0 0.00% 
XEZ1C C 134.50 12/17/2011 6850 0 0.00% 
XEF2C C 131.00 1/21/2012 5780 0 0.00% 
XEF2C C 132.00 1/21/2012 5478 0 0.00% 
XEF2C C 133.00 1/21/2012 5256 0 0.00% 
XEF2C C 134.00 1/21/2012 5366 0 0.00% 
XEF2C C 135.00 1/21/2012 5711 0 0.00% 
XEG2C C 131.00 2/18/2012 2631 0 0.00% 
XEG2C C 132.00 2/18/2012 2564 0 0.00% 
XEG2C C 133.00 2/18/2012 2373 0 0.00% 
XEG2C C 134.00 2/18/2012 2084 0 0.00% 
XEG2C C 135.00 2/18/2012 2013 0 0.00% 
XEH2C C 131.50 3/17/2012 5537 0 0.00% 
XEH2C C 132.50 3/17/2012 5139 0 0.00% 
XEH2C C 133.50 3/17/2012 5312 0 0.00% 
XEH2C C 134.50 3/17/2012 5129 0 0.00% 
XEH2C C 135.00 3/17/2012 5075 0 0.00% 
XEM2C C 132.50 6/16/2012 7885 0 0.00% 
XEM2C C 133.00 6/16/2012 7845 0 0.00% 
XEM2C C 133.50 6/16/2012 7474 0 0.00% 
XEM2C C 134.00 6/16/2012 7304 0 0.00% 
XEM2C C 134.50 6/16/2012 6917 0 0.00% 
XEU2C C 131.00 9/22/2012 7987 1 0.01% 
XEU2C C 132.00 9/22/2012 7990 0 0.00% 
XEU2C C 133.00 9/22/2012 7978 0 0.00% 
XEU2C C 134.00 9/22/2012 7953 0 0.00% 
XEU2C C 135.00 9/22/2012 7674 0 0.00% 

  Total 174541 1 0.0000% 
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Table 3: Lower boundary condition violations for put options 
      

   Panel A: No Transaction Costs  
Option Strike Expiration No. of Observations No. of Violations % of Violations
XEZ1P C 132.50 12/17/2011 6776 0 0.00% 
XEZ1P C 133.00 12/17/2011 6935 0 0.00% 
XEZ1P C 133.50 12/17/2011 7196 0 0.00% 
XEZ1P C 134.00 12/17/2011 7327 10 0.14% 
XEZ1P C 134.50 12/17/2011 7404 10 0.14% 
XEF2P C 131.00 1/21/2012 7112 0 0.00% 
XEF2P C 132.00 1/21/2012 7108 0 0.00% 
XEF2P C 133.00 1/21/2012 6912 0 0.00% 
XEF2P C 134.00 1/21/2012 6069 0 0.00% 
XEF2P C 135.00 1/21/2012 5596 0 0.00% 
XEG2P C 131.00 2/18/2012 2655 0 0.00% 
XEG2P C 132.00 2/18/2012 2155 0 0.00% 
XEG2P C 133.00 2/18/2012 2118 0 0.00% 
XEG2P C 134.00 2/18/2012 2340 0 0.00% 
XEG2P C 135.00 2/18/2012 2569 0 0.00% 
XEH2P C 131.50 3/17/2012 3941 0 0.00% 
XEH2P C 132.50 3/17/2012 3935 0 0.00% 
XEH2P C 133.50 3/17/2012 4254 0 0.00% 
XEH2P C 134.50 3/17/2012 4382 0 0.00% 
XEH2P C 135.00 3/17/2012 4511 0 0.00% 
XEM2P C 132.50 6/16/2012 4214 0 0.00% 
XEM2P C 133.00 6/16/2012 3768 0 0.00% 
XEM2P C 133.50 6/16/2012 4002 0 0.00% 
XEM2P C 134.00 6/16/2012 4084 0 0.00% 
XEM2P C 134.50 6/16/2012 4370 0 0.00% 
XEU2P C 131.00 9/22/2012 7340 0 0.00% 
XEU2P C 132.00 9/22/2012 6352 0 0.00% 
XEU2P C 133.00 9/22/2012 7404 0 0.00% 
XEU2P C 134.00 9/22/2012 7205 0 0.00% 
XEU2P C 135.00 9/22/2012 6227 0 0.00% 
  Total 156261 20 0.0000% 
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Table 3: Lower boundary condition violations for put options 
 

 

   Panel B: With Transaction Costs  
Option Strike Expiration No. of Observations No. of Violations % of Violations 
XEZ1P C 132.50 12/17/2011 6438 0 0.00% 
XEZ1P C 133.00 12/17/2011 6510 0 0.00% 
XEZ1P C 133.50 12/17/2011 6958 0 0.00% 
XEZ1P C 134.00 12/17/2011 7075 10 0.14% 
XEZ1P C 134.50 12/17/2011 7170 10 0.14% 
XEF2P C 131.00 1/21/2012 6383 0 0.00% 
XEF2P C 132.00 1/21/2012 6548 0 0.00% 
XEF2P C 133.00 1/21/2012 6467 0 0.00% 
XEF2P C 134.00 1/21/2012 5466 0 0.00% 
XEF2P C 135.00 1/21/2012 4734 0 0.00% 
XEG2P C 131.00 2/18/2012 2427 0 0.00% 
XEG2P C 132.00 2/18/2012 1839 0 0.00% 
XEG2P C 133.00 2/18/2012 1636 0 0.00% 
XEG2P C 134.00 2/18/2012 1778 0 0.00% 
XEG2P C 135.00 2/18/2012 1974 0 0.00% 
XEH2P C 131.50 3/17/2012 2447 0 0.00% 
XEH2P C 132.50 3/17/2012 2426 0 0.00% 
XEH2P C 133.50 3/17/2012 2778 0 0.00% 
XEH2P C 134.50 3/17/2012 2989 0 0.00% 
XEH2P C 135.00 3/17/2012 3307 0 0.00% 
XEM2P C 132.50 6/16/2012 2465 0 0.00% 
XEM2P C 133.00 6/16/2012 2517 0 0.00% 
XEM2P C 133.50 6/16/2012 2779 0 0.00% 
XEM2P C 134.00 6/16/2012 2978 0 0.00% 
XEM2P C 134.50 6/16/2012 2713 0 0.00% 
XEU2P C 131.00 9/22/2012 7202 0 0.00% 
XEU2P C 132.00 9/22/2012 6086 0 0.00% 
XEU2P C 133.00 9/22/2012 7233 0 0.00% 
XEU2P C 134.00 9/22/2012 6219 0 0.00% 
XEU2P C 135.00 9/22/2012 4571 0 0.00% 
  Total 132113 20 0.0000% 
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Next, the validity of the put-call parity conditions is tested.  Arbitrage profits under the 

conversion strategy and reversal strategy are summarized in Table 4 and presented in detail in 

Tables 5 and 6, respectively. 

Violations to put-call parity under the conversion strategy are caused by the overpricing 

of call options.  Generally speaking, both the frequency and magnitude of potential arbitrage 

profits increased as time to maturity lengthened.  The percent of violations to options pricing 

data for the approximately 142,000 pairings observed is 0.64% with an average profit of $0.0224 

per currency unit, or $224 per contract of 10,000. 

Violations to put-call parity under the reversal strategy are minimal.  Of the 

approximately 139,000 observed pairings, only one case of potential arbitrage profit was 

observed, with an arbitrage profit of $0.01 per currency unit, or $100 per contract of 10,000. 

 

 

 

 

 

Table 4: Summary of put-call parity violations under conversion and reversal strategies 
 
Conversion Strategy      Reversal Strategy       
Frequency of violations by option maturity in days  Frequency of violations by option maturity in days 
≤ 30 1  ≤ 30 1   
31-60 53  31-60 0   
> 60 856  > 60 0   
     
Frequency of violations by ratio of S to X  Frequency of violations by ratio of X to S   
> 1 (ITM) 404  > 1 (ITM) 0   
= 1 (ATM) 1  = 1 (ATM) 0   
> 1 (OTM) 505        > 1 (OTM) 0       
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Table 5: Put-call parity violations under conversion strategy 
       

Option Strike Expiration No. of Violations No. of Obs. % of Violations Avg. Profit
XEZ1C-P 132.50 12/17/2011 0 6143 0.00% $0.0000 
XEZ1C-P 133.00 12/17/2011 0 6554 0.00% $0.0000 
XEZ1C-P 133.50 12/17/2011 0 6303 0.00% $0.0000 
XEZ1C-P 134.00 12/17/2011 0 6854 0.00% $0.0000 
XEZ1C-P 134.50 12/17/2011 1 7005 0.01% $0.0100 
XEF2C-P 131.00 1/21/2012 39 6098 0.64% $0.0057 
XEF2C-P 132.00 1/21/2012 53 5814 0.91% $0.0038 
XEF2C-P 133.00 1/21/2012 20 5560 0.36% $0.0030 
XEF2C-P 134.00 1/21/2012 9 4954 0.18% $0.0111 
XEF2C-P 135.00 1/21/2012 3 4773 0.06% $0.0100 
XEG2C-P 131.00 2/18/2012 13 2394 0.54% $0.0031 
XEG2C-P 132.00 2/18/2012 21 1927 1.09% $0.0081 
XEG2C-P 133.00 2/18/2012 16 1843 0.87% $0.0063 
XEG2C-P 134.00 2/18/2012 6 1891 0.32% $0.0183 
XEG2C-P 135.00 2/18/2012 3 2020 0.15% $0.0099 
XEH2C-P 131.50 3/17/2012 56 3407 1.64% $0.0167 
XEH2C-P 132.50 3/17/2012 49 3276 1.50% $0.0206 
XEH2C-P 133.50 3/17/2012 66 3597 1.83% $0.0254 
XEH2C-P 134.50 3/17/2012 43 3540 1.21% $0.0251 
XEH2C-P 135.00 3/17/2012 42 3696 1.14% $0.0252 
XEM2C-P 132.50 6/16/2012 60 4175 1.44% $0.0083 
XEM2C-P 133.00 6/16/2012 0 3726 0.00% $0.0000 
XEM2C-P 133.50 6/16/2012 60 3876 1.55% $0.0358 
XEM2C-P 134.00 6/16/2012 132 3929 3.36% $0.0336 
XEM2C-P 134.50 6/16/2012 214 4082 5.24% $0.0297 
XEU2C-P 131.00 9/22/2012 0 7313 0.00% $0.0000 
XEU2C-P 132.00 9/22/2012 0 6330 0.00% $0.0000 
XEU2C-P 133.00 9/22/2012 0 7375 0.00% $0.0000 
XEU2C-P 134.00 9/22/2012 0 7169 0.00% $0.0000 
XEU2C-P 135.00 9/22/2012 4 6192 0.06% $0.0324 
  Total 910 141816 0.64% $0.0224 
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Table 6: Put-call parity violations under reversal strategy 
       

Option Strike Expiration No. of Violations No. of Obs. % of Violations Avg. Profit 
XEZ1C-P 132.50 12/17/2011 0 6083 0.00% $0.0000 
XEZ1C-P 133.00 12/17/2011 0 6485 0.00% $0.0000 
XEZ1C-P 133.50 12/17/2011 0 6285 0.00% $0.0000 
XEZ1C-P 134.00 12/17/2011 1 6815 0.01% $0.0100 
XEZ1C-P 134.50 12/17/2011 0 6922 0.00% $0.0000 
XEF2C-P 131.00 1/21/2012 0 5762 0.00% $0.0000 
XEF2C-P 132.00 1/21/2012 0 5815 0.00% $0.0000 
XEF2C-P 133.00 1/21/2012 0 5726 0.00% $0.0000 
XEF2C-P 134.00 1/21/2012 0 5400 0.00% $0.0000 
XEF2C-P 135.00 1/21/2012 0 5120 0.00% $0.0000 
XEG2C-P 131.00 2/18/2012 0 2367 0.00% $0.0000 
XEG2C-P 132.00 2/18/2012 0 2043 0.00% $0.0000 
XEG2C-P 133.00 2/18/2012 0 1842 0.00% $0.0000 
XEG2C-P 134.00 2/18/2012 0 1820 0.00% $0.0000 
XEG2C-P 135.00 2/18/2012 0 1841 0.00% $0.0000 
XEH2C-P 131.50 3/17/2012 0 3037 0.00% $0.0000 
XEH2C-P 132.50 3/17/2012 0 3216 0.00% $0.0000 
XEH2C-P 133.50 3/17/2012 0 3818 0.00% $0.0000 
XEH2C-P 134.50 3/17/2012 0 3855 0.00% $0.0000 
XEH2C-P 135.00 3/17/2012 0 3985 0.00% $0.0000 
XEM2C-P 132.50 6/16/2012 0 3321 0.00% $0.0000 
XEM2C-P 133.00 6/16/2012 0 3386 0.00% $0.0000 
XEM2C-P 133.50 6/16/2012 0 3688 0.00% $0.0000 
XEM2C-P 134.00 6/16/2012 0 3844 0.00% $0.0000 
XEM2C-P 134.50 6/16/2012 0 3253 0.00% $0.0000 
XEU2C-P 131.00 9/22/2012 0 7456 0.00% $0.0000 
XEU2C-P 132.00 9/22/2012 0 6603 0.00% $0.0000 
XEU2C-P 133.00 9/22/2012 0 7484 0.00% $0.0000 
XEU2C-P 134.00 9/22/2012 0 6678 0.00% $0.0000 
XEU2C-P 135.00 9/22/2012 0 5224 0.00% $0.0000 
  Total 1 139174 0.0000% $0.0100 
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The final discussion pertains to the time series analysis of the data.  Table 7 lists the 

descriptive statistics of the variables used in this study.  For all variables, the mean is close to the 

median and skewness is close to zero.  The Jarque-Bera test is a two sided goodness of fit test for 

normality based on skewness and kurtosis.  The null hypothesis states that the data is from a 

normal distribution with unknown mean and variance.  The alternative hypothesis states that the 

data does not come from a normal distribution.  Note that for all series, the Jarque-Beta rejects 

the null at the 10% level of significance. 

 Next, Augmented Dickey-Fuller (ADF) tests are applied to the series to determine the 

existence of unit roots in the series, both on levels and on first differences for conversion and 

reversal strategies. 

 

Table 7: Descriptive statistics of variables 
 

  CALL_BID CALL_ASK PUT_BID PUT_ASK S X RF 
 Mean 6.160467 6.518943 3.873356 4.154808 135.4015 133.164 0.002498
 Median 6.1 6.38 3.45 3.7 135.15 133 0 
 Maximum 12.2 14.15 8.87 9.6 138.51 135 0.0203 
 Minimum 0.97 1.05 0.58 0.7 132.27 131 -0.0203 
 Std. Dev. 2.66408 2.853796 1.999186 2.163544 1.493753 1.223032 0.007218

 Skewness 0.035302 0.048342 0.276015 0.297165 0.348642 
-

0.289505 0.251487
 Kurtosis 2.038641 2.002355 1.690916 1.711792 2.215949 2.103003 3.458612

 Jarque-Bera 4395.254 4752.126 9547.542 9520.439 5207.632 5391.713 2191.522
 Probability 0 0 0 0 0 0 0 

 Sum 699360.8 740056.5 439718.8 471670.4 15371321 15117312 283.5719
 Sum Sq. 
Dev. 805709.2 924548.5 453722.5 531392.3 253303.6 169808.5 5.913823

 
Observations 113524 113524 113524 113524 113524 113524 113524 
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Table 8 presents the descriptive statistics of the variables used in the conversion strategy.  

Recall that a conversion strategy involves purchasing the foreign currency, offsetting the position 

with an equivalent synthetic short position (write a call, purchase a put), and borrowing the 

present value of the exercise price.  Following Stoll (1989), to account for transaction costs the 

ask price of the put option is subtracted from the bid price of the call option (C – P).  The long 

position is represented by the difference between the spot price and the exercise price, adjusted 

for the time value of money (S – X).  The “MONEYNESS_CALL” variable is a dummy variable 

which will be discussed in greater detail later in this study. 

A visual inspection of the variables reveals that both (C – P) and (S – X) do not appear to 

follow trends but have non-zero means (Figures 1 and 2).  Augmented Dickey-Fuller tests are 

run with intercept to account for the non-zero mean on the variables in levels.  The results are 

presented in Tables 9 – 12. 

 

Table 8: Descriptive statistics of variables used for the conversion strategy 
 

 (C-P) (S-X) MONEYNESS_CALL
 Mean  1.951421  2.138578  0.858142 
 Median  1.920000  2.089968  1.000000 
 Maximum  7.220000  7.510000  1.000000 
 Minimum -3.150000 -2.769934  0.000000 
 Std. Dev.  1.873382  1.996494  0.348905 
 Skewness  0.191248  0.201690 -2.052955 
 Kurtosis  2.531114  2.533144  5.214626 

    
 Jarque-Bera  2450.752  4155.009  274133.1 
 Probability  0.000000  0.000000  0.000000 

    
 Sum  313468.4  560221.9  259425.0 
 Sum Sq. Dev.  563758.1  1044165.  36801.43 

    
 Observations  160636  261960  302310 
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Table 9: Unit root test for series (C-P) (levels) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  (C-P)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0 to 8 
Total number of observations: 112727  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  18.8614  1.0000 
ADF - Choi Z-stat  6.86635  1.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results (C-P)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.9977  0  11  5735 
XEF2C-P_132.0_Strike  0.9993  0  12  5307 
XEF2C-P_133.0_Strike  0.9998  1  12  4274 
XEF2C-P_134.0_Strike  0.9986  0  13  4319 
XEF2C-P_135.0_Strike  0.9988  0  12  3995 
XEG2C-P_131.0_Strike  0.7998  1  11  1917 
XEG2C-P_132.0_Strike  0.8790  0  8  1577 
XEG2C-P_133.0_Strike  0.5625  0  12  1498 
XEG2C-P_134.0_Strike  0.5092  0  12  1561 
XEG2C-P_135.0_Strike  0.7567  0  12  1639 
XEH2C-P_131.5_Strike  0.9511  8  11  351 
XEH2C-P_132.5_Strike  0.8562  7  9  362 
XEH2C-P_133.5_Strike  0.9312  0  10  2616 
XEH2C-P_134.5_Strike  0.9076  0  10  2704 
XEH2C-P_135.0_Strike  0.8280  1  10  2091 
XEM2C-P132.5_Strike  0.8280  1  10  2091 
XEM2C-P133.0_Strike  0.5792  4  14  1986 
XEM2C-P133.5_Strike  0.2118  0  12  3175 
XEM2C-P134.0_Strike  0.2720  0  12  3250 
XEM2C-P134.5_Strike  0.5562  0  12  3354 
XEU2C-P131.0_Strike  0.8303  4  14  6018 
XEU2C-P132.0_Strike  0.5875  4  16  5318 
XEU2C-P133.0_Strike  0.8598  3  15  6645 
XEU2C-P134.0_Strike  0.3664  4  16  6104 
XEU2C-P135.0_Strike  0.4417  3  14  5259 
XEZ1C-P_132.5_Strike  0.9747  1  13  5178 
XEZ1C-P_133.0_Strike  0.9491  1  13  5341 
XEZ1C-P_133.5_Strike  0.9833  1  15  5839 
XEZ1C-P_134.0_Strike  0.9993  1  14  6427 
XEZ1C-P_134.5_Strike  0.9803  1  14  6796 
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Table 10: Correlogram of series (C-P) (levels) 
 
Sample: 1 10629  
Included observations: 160636  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |******|         |******| 1 0.805 0.805 104107 0.000
        |******|         |***   | 2 0.774 0.357 200311 0.000
        |******|         |**    | 3 0.763 0.243 293723 0.000
        |***** |         |*     | 4 0.757 0.187 385805 0.000
        |***** |         |*     | 5 0.751 0.143 476480 0.000
        |***** |         |*     | 6 0.748 0.121 566346 0.000
        |***** |         |*     | 7 0.744 0.099 655218 0.000
        |***** |         |*     | 8 0.740 0.085 743297 0.000
        |***** |         |      | 9 0.737 0.072 830574 0.000
        |***** |         |      | 10 0.735 0.066 917313 0.000
        |***** |         |      | 11 0.731 0.054 1.E+06 0.000
        |***** |         |      | 12 0.726 0.039 1.E+06 0.000
        |***** |         |      | 13 0.725 0.045 1.E+06 0.000
        |***** |         |      | 14 0.723 0.040 1.E+06 0.000
        |***** |         |      | 15 0.718 0.027 1.E+06 0.000
        |***** |         |      | 16 0.714 0.024 1.E+06 0.000
        |***** |         |      | 17 0.710 0.019 2.E+06 0.000
        |***** |         |      | 18 0.709 0.025 2.E+06 0.000
        |***** |         |      | 19 0.706 0.019 2.E+06 0.000
        |***** |         |      | 20 0.703 0.018 2.E+06 0.000
        |***** |         |      | 21 0.700 0.014 2.E+06 0.000
        |***** |         |      | 22 0.698 0.015 2.E+06 0.000
        |***** |         |      | 23 0.698 0.023 2.E+06 0.000
        |***** |         |      | 24 0.694 0.011 2.E+06 0.000
        |***** |         |      | 25 0.690 0.006 2.E+06 0.000
        |***** |         |      | 26 0.688 0.014 2.E+06 0.000
        |***** |         |      | 27 0.686 0.009 2.E+06 0.000
        |***** |         |      | 28 0.685 0.015 2.E+06 0.000
        |***** |         |      | 29 0.683 0.013 2.E+06 0.000
        |***** |         |      | 30 0.680 0.007 3.E+06 0.000
        |***** |         |      | 31 0.682 0.025 3.E+06 0.000
        |***** |         |      | 32 0.679 0.014 3.E+06 0.000
        |***** |         |      | 33 0.675 0.002 3.E+06 0.000
        |***** |         |      | 34 0.676 0.018 3.E+06 0.000
        |***** |         |      | 35 0.673 0.008 3.E+06 0.000
        |***** |         |      | 36 0.672 0.011 3.E+06 0.000





44 
 

Table 11: Unit root test for series (S - X) (levels) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  (S – X)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0  
Total (balanced) observations: 234840  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  5.00181  1.0000 
ADF - Choi Z-stat  7.69651  1.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results (S – X)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.9200  0  17  7828 
XEF2C-P_132.0_Strike  0.9200  0  17  7828 
XEF2C-P_133.0_Strike  0.9200  0  17  7828 
XEF2C-P_134.0_Strike  0.9200  0  17  7828 
XEF2C-P_135.0_Strike  0.9200  0  17  7828 
XEG2C-P_131.0_Strike  0.9200  0  17  7828 
XEG2C-P_132.0_Strike  0.9200  0  17  7828 
XEG2C-P_133.0_Strike  0.9200  0  17  7828 
XEG2C-P_134.0_Strike  0.9200  0  17  7828 
XEG2C-P_135.0_Strike  0.9200  0  17  7828 
XEH2C-P_131.5_Strike  0.9200  0  17  7828 
XEH2C-P_132.5_Strike  0.9200  0  17  7828 
XEH2C-P_133.5_Strike  0.9200  0  17  7828 
XEH2C-P_134.5_Strike  0.9200  0  17  7828 
XEH2C-P_135.0_Strike  0.9200  0  17  7828 
XEM2C-P132.5_Strike  0.9200  0  17  7828 
XEM2C-P133.0_Strike  0.9200  0  17  7828 
XEM2C-P133.5_Strike  0.9200  0  17  7828 
XEM2C-P134.0_Strike  0.9200  0  17  7828 
XEM2C-P134.5_Strike  0.9200  0  17  7828 
XEU2C-P131.0_Strike  0.9200  0  17  7828 
XEU2C-P132.0_Strike  0.9200  0  17  7828 
XEU2C-P133.0_Strike  0.9200  0  17  7828 
XEU2C-P134.0_Strike  0.9200  0  17  7828 
XEU2C-P135.0_Strike  0.9200  0  17  7828 
XEZ1C-P_132.5_Strike  0.9200  0  17  7828 
XEZ1C-P_133.0_Strike  0.9200  0  17  7828 
XEZ1C-P_133.5_Strike  0.9200  0  17  7828 
XEZ1C-P_134.0_Strike  0.9200  0  17  7828 
XEZ1C-P_134.5_Strike  0.9200  0  17  7828 
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Table 12: Correlogram of series (S - X) (levels) 
 
Sample: 1 10629  
Included observations: 261960  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |******|         |******| 1 0.884 0.884 204653 0.000
        |******|         |****  | 2 0.895 0.521 414572 0.000
        |*******         |***   | 3 0.903 0.398 628162 0.000
        |******|         |**    | 4 0.898 0.267 839494 0.000
        |******|         |*     | 5 0.896 0.189 1.E+06 0.000
        |******|         |*     | 6 0.900 0.184 1.E+06 0.000
        |******|         |*     | 7 0.896 0.129 1.E+06 0.000
        |******|         |*     | 8 0.899 0.137 2.E+06 0.000
        |******|         |*     | 9 0.896 0.095 2.E+06 0.000
        |******|         |*     | 10 0.896 0.085 2.E+06 0.000
        |******|         |      | 11 0.894 0.053 2.E+06 0.000
        |******|         |      | 12 0.895 0.056 3.E+06 0.000
        |******|         |      | 13 0.891 0.019 3.E+06 0.000
        |******|         |      | 14 0.894 0.048 3.E+06 0.000
        |******|         |      | 15 0.890 0.014 3.E+06 0.000
        |******|         |      | 16 0.890 0.014 3.E+06 0.000
        |******|         |      | 17 0.893 0.045 4.E+06 0.000
        |******|         |      | 18 0.888 0.005 4.E+06 0.000
        |******|         |      | 19 0.890 0.028 4.E+06 0.000
        |******|         |      | 20 0.891 0.038 4.E+06 0.000
        |******|         |      | 21 0.890 0.040 4.E+06 0.000
        |******|         |      | 22 0.887 0.007 5.E+06 0.000
        |******|         |      | 23 0.888 0.019 5.E+06 0.000
        |******|         |      | 24 0.888 0.025 5.E+06 0.000
        |******|         |      | 25 0.887 0.020 5.E+06 0.000
        |******|         |      | 26 0.887 0.013 5.E+06 0.000
        |******|         |      | 27 0.885 -0.003 6.E+06 0.000
        |******|         |      | 28 0.882 -0.026 6.E+06 0.000
        |******|         |      | 29 0.884 -0.010 6.E+06 0.000
        |******|         |      | 30 0.884 0.008 6.E+06 0.000
        |******|         |      | 31 0.883 0.010 6.E+06 0.000
        |******|         |      | 32 0.882 0.004 7.E+06 0.000
        |******|         |      | 33 0.882 0.009 7.E+06 0.000
        |******|         |      | 34 0.881 0.006 7.E+06 0.000
        |******|         |      | 35 0.881 0.007 7.E+06 0.000
        |******|         |      | 36 0.879 -0.007 7.E+06 0.000
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Table 13: Unit root test for series Δ(C-P) (first differences) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  Δ(C-P)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0 to 7 
Total number of observations: 103426  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  1660.37  0.0000 
ADF - Choi Z-stat -33.9493  0.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results Δ (C-P)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.0001  0  11  4872 
XEF2C-P_132.0_Strike  0.0001  0  12  4427 
XEF2C-P_133.0_Strike  0.0001  0  12  4274 
XEF2C-P_134.0_Strike  0.0001  0  13  3444 
XEF2C-P_135.0_Strike  0.0001  0  12  3041 
XEG2C-P_131.0_Strike  0.0001  0  11  1917 
XEG2C-P_132.0_Strike  0.0000  0  8  1215 
XEG2C-P_133.0_Strike  0.0000  0  12  1178 
XEG2C-P_134.0_Strike  0.0000  0  12  1231 
XEG2C-P_135.0_Strike  0.0001  0  12  1265 
XEH2C-P_131.5_Strike  0.0000  7  11  351 
XEH2C-P_132.5_Strike  0.0000  6  9  362 
XEH2C-P_133.5_Strike  0.0001  0  10  1843 
XEH2C-P_134.5_Strike  0.0001  0  10  1981 
XEH2C-P_135.0_Strike  0.0000  1  10  1608 
XEM2C-P132.5_Strike  0.0000  1  10  1608 
XEM2C-P133.0_Strike  0.0000  3  14  1986 
XEM2C-P133.5_Strike  0.0001  0  12  2571 
XEM2C-P134.0_Strike  0.0001  0  12  2640 
XEM2C-P134.5_Strike  0.0000  0  12  2687 
XEU2C-P131.0_Strike  0.0000  3  14  6018 
XEU2C-P132.0_Strike  0.0000  3  16  5318 
XEU2C-P133.0_Strike  0.0001  2  15  6645 
XEU2C-P134.0_Strike  0.0000  3  16  6104 
XEU2C-P135.0_Strike  0.0000  2  14  5259 
XEZ1C-P_132.5_Strike  0.0001  0  13  5178 
XEZ1C-P_133.0_Strike  0.0001  0  13  5341 
XEZ1C-P_133.5_Strike  0.0001  0  15  5839 
XEZ1C-P_134.0_Strike  0.0001  0  14  6427 
XEZ1C-P_134.5_Strike  0.0001  0  14  6796 
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Table 14: Correlogram of series Δ (C-P) (first differences) 
 
Sample: 1 10629  
Included observations: 131113  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

       *|      |        *|      | 1 -0.192 -0.192 4837.1 0.000
        |      |         |      | 2 -0.009 -0.047 4847.1 0.000
        |      |         |      | 3 -0.011 -0.023 4864.3 0.000
        |      |         |      | 4 0.012 0.005 4884.2 0.000
        |      |         |      | 5 0.007 0.010 4890.3 0.000
        |      |         |      | 6 -0.004 -0.000 4892.1 0.000
        |      |         |      | 7 -0.020 -0.021 4943.5 0.000
        |      |         |      | 8 -0.010 -0.018 4955.4 0.000
        |      |         |      | 9 0.010 0.003 4968.9 0.000
        |      |         |      | 10 -0.010 -0.009 4981.9 0.000
        |      |         |      | 11 -0.001 -0.004 4982.1 0.000
        |      |         |      | 12 -0.005 -0.006 4985.8 0.000
        |      |         |      | 13 0.007 0.005 4992.9 0.000
        |      |         |      | 14 -0.004 -0.002 4994.7 0.000
        |      |         |      | 15 0.005 0.004 4998.6 0.000
        |      |         |      | 16 0.005 0.008 5002.5 0.000
        |      |         |      | 17 -0.002 0.001 5002.8 0.000
        |      |         |      | 18 0.011 0.011 5017.5 0.000
        |      |         |      | 19 -0.005 -0.001 5021.3 0.000
        |      |         |      | 20 -0.001 -0.002 5021.4 0.000
        |      |         |      | 21 -0.010 -0.011 5035.0 0.000
        |      |         |      | 22 -0.005 -0.010 5038.2 0.000
        |      |         |      | 23 0.007 0.004 5045.5 0.000
        |      |         |      | 24 -0.001 0.001 5045.7 0.000
        |      |         |      | 25 0.003 0.004 5046.5 0.000
        |      |         |      | 26 0.003 0.005 5047.4 0.000
        |      |         |      | 27 -0.004 -0.003 5049.9 0.000
        |      |         |      | 28 0.000 -0.001 5049.9 0.000
        |      |         |      | 29 -0.004 -0.005 5051.5 0.000
        |      |         |      | 30 0.010 0.008 5064.0 0.000
        |      |         |      | 31 -0.015 -0.012 5094.2 0.000
        |      |         |      | 32 0.006 0.001 5098.7 0.000
        |      |         |      | 33 -0.010 -0.009 5110.6 0.000
        |      |         |      | 34 -0.000 -0.004 5110.6 0.000
        |      |         |      | 35 0.021 0.021 5169.0 0.000
        |      |         |      | 36 0.004 0.013 5170.9 0.000
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Table 15: Unit root test for series Δ (S - X) (first differences) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  Δ (S-X)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0  
Total (balanced) observations: 210630  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  552.620  0.0000 
ADF - Choi Z-stat -20.3699  0.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results Δ (S-X)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.0001  0  17  7021 
XEF2C-P_132.0_Strike  0.0001  0  17  7021 
XEF2C-P_133.0_Strike  0.0001  0  17  7021 
XEF2C-P_134.0_Strike  0.0001  0  17  7021 
XEF2C-P_135.0_Strike  0.0001  0  17  7021 
XEG2C-P_131.0_Strike  0.0001  0  17  7021 
XEG2C-P_132.0_Strike  0.0001  0  17  7021 
XEG2C-P_133.0_Strike  0.0001  0  17  7021 
XEG2C-P_134.0_Strike  0.0001  0  17  7021 
XEG2C-P_135.0_Strike  0.0001  0  17  7021 
XEH2C-P_131.5_Strike  0.0001  0  17  7021 
XEH2C-P_132.5_Strike  0.0001  0  17  7021 
XEH2C-P_133.5_Strike  0.0001  0  17  7021 
XEH2C-P_134.5_Strike  0.0001  0  17  7021 
XEH2C-P_135.0_Strike  0.0001  0  17  7021 
XEM2C-P132.5_Strike  0.0001  0  17  7021 
XEM2C-P133.0_Strike  0.0001  0  17  7021 
XEM2C-P133.5_Strike  0.0001  0  17  7021 
XEM2C-P134.0_Strike  0.0001  0  17  7021 
XEM2C-P134.5_Strike  0.0001  0  17  7021 
XEU2C-P131.0_Strike  0.0001  0  17  7021 
XEU2C-P132.0_Strike  0.0001  0  17  7021 
XEU2C-P133.0_Strike  0.0001  0  17  7021 
XEU2C-P134.0_Strike  0.0001  0  17  7021 
XEU2C-P135.0_Strike  0.0001  0  17  7021 
XEZ1C-P_132.5_Strike  0.0001  0  17  7021 
XEZ1C-P_133.0_Strike  0.0001  0  17  7021 
XEZ1C-P_133.5_Strike  0.0001  0  17  7021 
XEZ1C-P_134.0_Strike  0.0001  0  17  7021 
XEZ1C-P_134.5_Strike  0.0001  0  17  7021 
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Table 16: Correlogram of series Δ (S - X) (first differences) 
 
Sample: 1 10629  
Included observations: 234840  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |      |         |      | 1 -0.018 -0.018 79.952 0.000
        |      |         |      | 2 0.000 -0.000 79.968 0.000
        |      |         |      | 3 -0.012 -0.012 113.24 0.000
        |      |         |      | 4 -0.009 -0.009 131.82 0.000
        |      |         |      | 5 -0.003 -0.003 133.72 0.000
        |      |         |      | 6 -0.011 -0.011 161.58 0.000
        |      |         |      | 7 -0.006 -0.007 171.27 0.000
        |      |         |      | 8 0.000 -0.000 171.27 0.000
        |      |         |      | 9 0.001 0.001 171.72 0.000
        |      |         |      | 10 0.022 0.021 282.69 0.000
        |      |         |      | 11 -0.023 -0.023 410.20 0.000
        |      |         |      | 12 0.005 0.004 417.08 0.000
        |      |         |      | 13 -0.006 -0.006 425.91 0.000
        |      |         |      | 14 0.004 0.004 430.62 0.000
        |      |         |      | 15 -0.011 -0.011 459.43 0.000
        |      |         |      | 16 -0.003 -0.003 460.94 0.000
        |      |         |      | 17 -0.006 -0.006 468.27 0.000
        |      |         |      | 18 0.005 0.004 473.31 0.000
        |      |         |      | 19 -0.009 -0.009 490.64 0.000
        |      |         |      | 20 -0.011 -0.012 520.66 0.000
        |      |         |      | 21 -0.010 -0.010 545.58 0.000
        |      |         |      | 22 0.004 0.003 550.30 0.000
        |      |         |      | 23 0.011 0.011 580.83 0.000
        |      |         |      | 24 -0.005 -0.006 586.64 0.000
        |      |         |      | 25 -0.000 -0.000 586.70 0.000
        |      |         |      | 26 -0.007 -0.008 598.15 0.000
        |      |         |      | 27 0.006 0.005 605.63 0.000
        |      |         |      | 28 0.006 0.006 614.18 0.000
        |      |         |      | 29 0.011 0.012 642.82 0.000
        |      |         |      | 30 0.014 0.014 687.35 0.000
        |      |         |      | 31 0.002 0.003 688.54 0.000
        |      |         |      | 32 -0.010 -0.011 712.54 0.000
        |      |         |      | 33 0.013 0.013 752.03 0.000
        |      |         |      | 34 -0.016 -0.014 808.71 0.000
        |      |         |      | 35 0.005 0.004 814.76 0.000
        |      |         |      | 36 -0.011 -0.011 845.14 0.000



50 
 

For the Augmented Dickey-Fuller test for unit roots, the null hypothesis states that the 

series has a unit root.  For both series (C – P) and (S – X) in levels, the tests fail to reject the null 

at the 10% significance level.  Further, the correlograms for each series show evidence of heavy 

serial (auto) correlation.  Tables 13 – 16 present the unit root test results after taking the first 

differences of the variables. 

Once the variables have been differenced, the null hypothesis that the series has a unit 

root is rejected for both series, implying that the resulting series are stationary.  That is, both (S – 

X) and (C – P) are I(1).  Further, the correlogram of differenced variables indicates little or no 

presence of serial correlation.   

To determine whether a random effects model or a fixed effects model is appropriate, the 

Hausman specification test statistic is calculated.  Recall that central assumption in random 

effects estimation is the assumption that the random effects are uncorrelated with the explanatory 

variables.  To test this assumption, a random effects model must first be specified.  The 

corresponding fixed effects specifications can then be calculated and the test statistic calculated. 

The result of the Hausman specification test on a conversion strategy is presented in 

Table 17.  Recall that the null hypothesis states that there is no misspecification.  Based on the 

chi-squared statistic of 16.9027 with one degree of freedom, there is strong evidence against the 

null hypothesis that the model is misspecified as a random effects model.  This provides 

additional support to the supposition that omitted variables such as total transaction costs will 

have a biased effect on the estimators. 

Therefore, the appropriate starting regression for the conversion strategy should be: 

jt
Trf

jt
Trf

jtjtjt ueXeSPC DF   )(10     (31) 
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Table 17: Hausman Test for Conversion Strategy 
 
Correlated Random Effects - Hausman Test  
Test cross-section random effects  

Test Summary Chi-Sq. Statistic Chi-Sq. d.f. Prob. 

Cross-section random 16.902718 1 0.0000

     
Cross-section random effects test comparisons: 

     
Variable Fixed  Random Var(Diff.)  Prob. 

S-X 0.933262 0.933276 0.000000 0.0000

     
Cross-section random effects test equation:  
Dependent Variable: C-P   
Method: Panel Least Squares   
Sample: 1 10629   
Periods included: 8083   
Cross-sections included: 30   
Total panel (unbalanced) observations: 141786  

Variable Coefficient Std. Error t-Statistic Prob.  

INTERCEPT -0.085283 0.000539 -158.1171 0.0000
S-X 0.933262 0.000211 4426.789 0.0000

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.996235    Mean dependent var 1.893939
Adjusted R-squared 0.996234    S.D. dependent var 1.851238
S.E. of regression 0.113601    Akaike info criterion -1.512026
Sum squared resid 1829.382    Schwarz criterion -1.509870
Log likelihood 107223.1    Hannan-Quinn criter. -1.511382
F-statistic 1250343.    Durbin-Watson stat 0.379711
Prob(F-statistic) 0.000000    
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Tests for stationarity are repeated for the variables used in the reversal strategy.  Table 18 

presents the descriptive statistics of these variables.  Recall that a reversal strategy involves 

shorting the foreign currency, offsetting the position with an equivalent synthetic long position 

(write a put, buy a call), and lending an amount equivalent to the present value of the exercise 

price.  To account for transaction costs the ask price of the call option is subtracted from the bid 

price of the put option (P – C).  The short position is represented by the difference between the 

exercise price and the spot price, adjusted for the time value of money (X – S).  The 

“MONEYNESS_PUT” variable is a dummy variable which will be discussed in greater detail 

later in this study. 
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A visual inspection of the variables reveals that both (P – C) and (X – S) do not appear to 

follow trends but have non-zero means (Figures 3 and 4).  Augmented Dickey-Fuller tests are 

run with intercept to account for the non-zero mean on the variables in levels.  The results are 

presented in Tables 19 – 22. 

 

 

 

 

 

 

 

 

Table 18: Descriptive statistics of variables used for the conversion strategy 
 

 (P – C) (X – S) MONEYNESS_PUT
 Mean -2.616965 -2.138578  0.140905 
 Median -2.570000 -2.089968  0.000000 
 Maximum  2.490000  2.769934  1.000000 
 Minimum -10.70000 -7.510000  0.000000 
 Std. Dev.  1.990747  1.996494  0.347924 
 Skewness -0.179224 -0.201690  2.064218 
 Kurtosis  2.489317  2.533144  5.260994 

    
 Jarque-Bera  2582.815  4155.009  279083.4 
 Probability  0.000000  0.000000  0.000000 

    
 Sum -416715.1 -560221.9  42597.00 
 Sum Sq. Dev.  631059.7  1044165.  36594.87 

    
 Observations  159236  261960  302310 
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Table 19: Unit root test of series (P-C) (levels) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  (P-C)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0 to 8 
Total number of observations: 106595  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  15.1014  1.0000 
ADF - Choi Z-stat  6.19977  1.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results (P-C)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.9011  0  12  5343 
XEF2C-P_132.0_Strike  0.9680  1  13  4489 
XEF2C-P_133.0_Strike  0.8876  0  13  5266 
XEF2C-P_134.0_Strike  0.8968  0  12  4859 
XEF2C-P_135.0_Strike  0.8721  1  13  3453 
XEG2C-P_131.0_Strike  0.3404  0  11  2209 
XEG2C-P_132.0_Strike  0.3441  0  10  1689 
XEG2C-P_133.0_Strike  0.8061  0  12  1485 
XEG2C-P_134.0_Strike  0.3823  0  11  1427 
XEG2C-P_135.0_Strike  0.7426  0  11  1439 
XEH2C-P_131.5_Strike  0.9193  8  8  271 
XEH2C-P_132.5_Strike  0.5656  0  9  2246 
XEH2C-P_133.5_Strike  0.8759  0  10  2881 
XEH2C-P_134.5_Strike  0.9512  0  12  2925 
XEH2C-P_135.0_Strike  0.6943  6  11  1021 
XEM2C-P132.5_Strike  0.6943  6  11  1021 
XEM2C-P133.0_Strike  0.8050  4  10  843 
XEM2C-P133.5_Strike  0.7760  0  11  2632 
XEM2C-P134.0_Strike  0.8149  0  12  2779 
XEM2C-P134.5_Strike  0.9297  0  10  2257 
XEU2C-P131.0_Strike  0.9899  5  14  6017 
XEU2C-P132.0_Strike  0.9942  2  16  6189 
XEU2C-P133.0_Strike  0.9956  4  16  6596 
XEU2C-P134.0_Strike  0.9914  3  16  5844 
XEU2C-P135.0_Strike  0.9989  5  16  4002 
XEZ1C-P_132.5_Strike  0.8362  1  14  4787 
XEZ1C-P_133.0_Strike  0.7421  2  13  4582 
XEZ1C-P_133.5_Strike  0.9026  1  13  5500 
XEZ1C-P_134.0_Strike  0.8461  1  13  6124 
XEZ1C-P_134.5_Strike  0.7126  1  15  6419 
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Table 20: Correlogram of series (S-X) (levels) 
 
Sample: 1 10629  
Included observations: 159236  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |******|         |******| 1 0.812 0.812 104928 0.000
        |******|         |***   | 2 0.786 0.372 203278 0.000
        |******|         |**    | 3 0.772 0.238 298290 0.000
        |******|         |*     | 4 0.768 0.190 392238 0.000
        |******|         |*     | 5 0.764 0.151 485291 0.000
        |***** |         |*     | 6 0.759 0.114 576921 0.000
        |***** |         |*     | 7 0.754 0.095 667455 0.000
        |***** |         |*     | 8 0.751 0.083 757223 0.000
        |***** |         |      | 9 0.746 0.064 845761 0.000
        |***** |         |      | 10 0.745 0.067 934062 0.000
        |***** |         |      | 11 0.742 0.056 1.E+06 0.000
        |***** |         |      | 12 0.737 0.042 1.E+06 0.000
        |***** |         |      | 13 0.735 0.041 1.E+06 0.000
        |***** |         |      | 14 0.732 0.037 1.E+06 0.000
        |***** |         |      | 15 0.728 0.027 1.E+06 0.000
        |***** |         |      | 16 0.725 0.025 1.E+06 0.000
        |***** |         |      | 17 0.722 0.025 2.E+06 0.000
        |***** |         |      | 18 0.720 0.026 2.E+06 0.000
        |***** |         |      | 19 0.716 0.015 2.E+06 0.000
        |***** |         |      | 20 0.713 0.014 2.E+06 0.000
        |***** |         |      | 21 0.710 0.013 2.E+06 0.000
        |***** |         |      | 22 0.708 0.014 2.E+06 0.000
        |***** |         |      | 23 0.707 0.021 2.E+06 0.000
        |***** |         |      | 24 0.704 0.013 2.E+06 0.000
        |***** |         |      | 25 0.701 0.012 2.E+06 0.000
        |***** |         |      | 26 0.700 0.015 2.E+06 0.000
        |***** |         |      | 27 0.696 0.006 2.E+06 0.000
        |***** |         |      | 28 0.694 0.013 2.E+06 0.000
        |***** |         |      | 29 0.693 0.015 2.E+06 0.000
        |***** |         |      | 30 0.690 0.009 3.E+06 0.000
        |***** |         |      | 31 0.690 0.014 3.E+06 0.000
        |***** |         |      | 32 0.688 0.013 3.E+06 0.000
        |***** |         |      | 33 0.686 0.012 3.E+06 0.000
        |***** |         |      | 34 0.686 0.017 3.E+06 0.000
        |***** |         |      | 35 0.686 0.018 3.E+06 0.000
        |***** |         |      | 36 0.684 0.014 3.E+06 0.000
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Table 21: Unit root test for series (X-S) (levels) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  (X-S)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0  
Total (balanced) observations: 234840  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  5.00181  1.0000 
ADF - Choi Z-stat  7.69651  1.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results (X-S)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.9200  0  17  7828 
XEF2C-P_132.0_Strike  0.9200  0  17  7828 
XEF2C-P_133.0_Strike  0.9200  0  17  7828 
XEF2C-P_134.0_Strike  0.9200  0  17  7828 
XEF2C-P_135.0_Strike  0.9200  0  17  7828 
XEG2C-P_131.0_Strike  0.9200  0  17  7828 
XEG2C-P_132.0_Strike  0.9200  0  17  7828 
XEG2C-P_133.0_Strike  0.9200  0  17  7828 
XEG2C-P_134.0_Strike  0.9200  0  17  7828 
XEG2C-P_135.0_Strike  0.9200  0  17  7828 
XEH2C-P_131.5_Strike  0.9200  0  17  7828 
XEH2C-P_132.5_Strike  0.9200  0  17  7828 
XEH2C-P_133.5_Strike  0.9200  0  17  7828 
XEH2C-P_134.5_Strike  0.9200  0  17  7828 
XEH2C-P_135.0_Strike  0.9200  0  17  7828 
XEM2C-P132.5_Strike  0.9200  0  17  7828 
XEM2C-P133.0_Strike  0.9200  0  17  7828 
XEM2C-P133.5_Strike  0.9200  0  17  7828 
XEM2C-P134.0_Strike  0.9200  0  17  7828 
XEM2C-P134.5_Strike  0.9200  0  17  7828 
XEU2C-P131.0_Strike  0.9200  0  17  7828 
XEU2C-P132.0_Strike  0.9200  0  17  7828 
XEU2C-P133.0_Strike  0.9200  0  17  7828 
XEU2C-P134.0_Strike  0.9200  0  17  7828 
XEU2C-P135.0_Strike  0.9200  0  17  7828 
XEZ1C-P_132.5_Strike  0.9200  0  17  7828 
XEZ1C-P_133.0_Strike  0.9200  0  17  7828 
XEZ1C-P_133.5_Strike  0.9200  0  17  7828 
XEZ1C-P_134.0_Strike  0.9200  0  17  7828 
XEZ1C-P_134.5_Strike  0.9200  0  17  7828 
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Table 22: Correlogram of series (X-S) (levels) 
 
Sample: 1 10629  
Included observations: 261960  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |******|         |******| 1 0.884 0.884 204653 0.000
        |******|         |****  | 2 0.895 0.521 414572 0.000
        |*******         |***   | 3 0.903 0.398 628162 0.000
        |******|         |**    | 4 0.898 0.267 839494 0.000
        |******|         |*     | 5 0.896 0.189 1.E+06 0.000
        |******|         |*     | 6 0.900 0.184 1.E+06 0.000
        |******|         |*     | 7 0.896 0.129 1.E+06 0.000
        |******|         |*     | 8 0.899 0.137 2.E+06 0.000
        |******|         |*     | 9 0.896 0.095 2.E+06 0.000
        |******|         |*     | 10 0.896 0.085 2.E+06 0.000
        |******|         |      | 11 0.894 0.053 2.E+06 0.000
        |******|         |      | 12 0.895 0.056 3.E+06 0.000
        |******|         |      | 13 0.891 0.019 3.E+06 0.000
        |******|         |      | 14 0.894 0.048 3.E+06 0.000
        |******|         |      | 15 0.890 0.014 3.E+06 0.000
        |******|         |      | 16 0.890 0.014 3.E+06 0.000
        |******|         |      | 17 0.893 0.045 4.E+06 0.000
        |******|         |      | 18 0.888 0.005 4.E+06 0.000
        |******|         |      | 19 0.890 0.028 4.E+06 0.000
        |******|         |      | 20 0.891 0.038 4.E+06 0.000
        |******|         |      | 21 0.890 0.040 4.E+06 0.000
        |******|         |      | 22 0.887 0.007 5.E+06 0.000
        |******|         |      | 23 0.888 0.019 5.E+06 0.000
        |******|         |      | 24 0.888 0.025 5.E+06 0.000
        |******|         |      | 25 0.887 0.020 5.E+06 0.000
        |******|         |      | 26 0.887 0.013 5.E+06 0.000
        |******|         |      | 27 0.885 -0.003 6.E+06 0.000
        |******|         |      | 28 0.882 -0.026 6.E+06 0.000
        |******|         |      | 29 0.884 -0.010 6.E+06 0.000
        |******|         |      | 30 0.884 0.008 6.E+06 0.000
        |******|         |      | 31 0.883 0.010 6.E+06 0.000
        |******|         |      | 32 0.882 0.004 7.E+06 0.000
        |******|         |      | 33 0.882 0.009 7.E+06 0.000
        |******|         |      | 34 0.881 0.006 7.E+06 0.000
        |******|         |      | 35 0.881 0.007 7.E+06 0.000
        |******|         |      | 36 0.879 -0.007 7.E+06 0.000
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The null hypothesis for the augmented Dickey-Fuller test for unit roots states that the 

series has a unit root.  For both series (P – C) and (X – S) in levels, the tests fail to reject the null 

at the 10% significance level.  Further, the correlograms for each series show evidence of heavy 

serial (auto) correlation.  Tables 24 – 27 present the unit root test results after taking the first 

differences of the variables. 

Once the variables have been differenced, the null hypothesis that the series has a unit 

root is rejected for both series, implying that the resulting series are stationary.  That is, both (X 

– S) and (P – C) are I(1).  Further, the correlogram of differenced variables indicates little or no 

presence of serial correlation. 

To determine whether a random effects model or a fixed effects model is appropriate, the 

Hausman specification test statistic is calculated.  Recall that central assumption in random 

effects estimation is the assumption that the random effects are uncorrelated with the explanatory 

variables.  To test this assumption, a random effects model must first be specified.  The 

corresponding fixed effects specifications can then be calculated and the test statistic calculated. 

The result of the Hausman specification test on a reversal strategy is presented in Table 

23.  Recall that the null hypothesis states that there is no misspecification.  Based on the chi-

squared statistic of 1.9040 with one degree of freedom, there is weak evidence against the null 

hypothesis that the model is misspecified as a random effects model.  However, as discussed in 

the Hausman test for the conversion strategy, omitted variables such as total transaction costs 

will likely have a biased effect on the estimators. 

Therefore, the appropriate starting regression for the reversal strategy should be: 

jt
Trf

jt
Trf

jtjtjt ueSeXCP FD   )(10      (32) 
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Table 23: Hausman Test for Reversal Strategy 
 
Correlated Random Effects - Hausman Test  
Test cross-section random effects  

Test Summary Chi-Sq. Statistic Chi-Sq. d.f. Prob. 

Cross-section random 1.903955 1 0.1676

     
Cross-section random effects test comparisons: 

     
Variable Fixed  Random Var(Diff.)  Prob. 

X-S 0.964380 0.964382 0.000000 0.1676

     
Cross-section random effects test equation:  
Dependent Variable: P-C   
Method: Panel Least Squares   
Sample: 1 10629   
Periods included: 8083   
Cross-sections included: 30   
Total panel (unbalanced) observations: 139773  

Variable Coefficient Std. Error t-Statistic Prob.  

INTERCEPT -0.480448 0.000705 -681.6336 0.0000
X-S 0.964380 0.000270 3574.661 0.0000

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.994175    Mean dependent var -2.550721
Adjusted R-squared 0.994174    S.D. dependent var 1.967763
S.E. of regression 0.150195    Akaike info criterion -0.953540
Sum squared resid 3152.384    Schwarz criterion -0.951356
Log likelihood 66670.58    Hannan-Quinn criter. -0.952887
F-statistic 795051.4    Durbin-Watson stat 0.300157
Prob(F-statistic) 0.000000    
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Table 24: Unit root test for series Δ (P-C) (first differences) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  Δ (P_C)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0 to 7 
Total number of observations: 97037  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  1917.51  0.0000 
ADF - Choi Z-stat -36.3528  0.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results Δ (P_C)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.0001  0  12  4423 
XEF2C-P_132.0_Strike  0.0001  0  13  4489 
XEF2C-P_133.0_Strike  0.0001  0  13  4349 
XEF2C-P_134.0_Strike  0.0001  0  12  3937 
XEF2C-P_135.0_Strike  0.0001  0  13  3453 
XEG2C-P_131.0_Strike  0.0001  0  11  1895 
XEG2C-P_132.0_Strike  0.0000  0  10  1310 
XEG2C-P_133.0_Strike  0.0000  0  12  1129 
XEG2C-P_134.0_Strike  0.0000  0  11  1083 
XEG2C-P_135.0_Strike  0.0000  0  11  1076 
XEH2C-P_131.5_Strike  0.0000  7  8  271 
XEH2C-P_132.5_Strike  0.0000  1  9  1123 
XEH2C-P_133.5_Strike  0.0001  0  10  2058 
XEH2C-P_134.5_Strike  0.0001  0  12  2130 
XEH2C-P_135.0_Strike  0.0000  5  11  1021 
XEM2C-P132.5_Strike  0.0000  5  11  1021 
XEM2C-P133.0_Strike  0.0000  3  10  843 
XEM2C-P133.5_Strike  0.0000  0  11  1915 
XEM2C-P134.0_Strike  0.0001  0  12  2021 
XEM2C-P134.5_Strike  0.0000  0  10  1583 
XEU2C-P131.0_Strike  0.0000  4  14  6017 
XEU2C-P132.0_Strike  0.0001  1  16  6189 
XEU2C-P133.0_Strike  0.0000  3  16  6596 
XEU2C-P134.0_Strike  0.0000  2  16  5844 
XEU2C-P135.0_Strike  0.0000  5  16  3856 
XEZ1C-P_132.5_Strike  0.0001  0  14  4787 
XEZ1C-P_133.0_Strike  0.0001  0  13  5182 
XEZ1C-P_133.5_Strike  0.0001  1  13  4893 
XEZ1C-P_134.0_Strike  0.0001  0  13  6124 
XEZ1C-P_134.5_Strike  0.0001  0  15  6419 
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Table 25: Correlogram of series Δ (P-C) (first differences) 
 
Sample: 1 10629  
Included observations: 127145  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

       *|      |        *|      | 1 -0.159 -0.159 3219.5 0.000
        |      |         |      | 2 -0.010 -0.037 3233.4 0.000
        |      |         |      | 3 -0.009 -0.017 3243.9 0.000
        |      |         |      | 4 -0.006 -0.011 3248.0 0.000
        |      |         |      | 5 -0.010 -0.013 3259.9 0.000
        |      |         |      | 6 -0.003 -0.007 3260.7 0.000
        |      |         |      | 7 -0.019 -0.022 3306.9 0.000
        |      |         |      | 8 0.014 0.007 3332.9 0.000
        |      |         |      | 9 -0.008 -0.006 3341.9 0.000
        |      |         |      | 10 0.011 0.009 3357.4 0.000
        |      |         |      | 11 -0.007 -0.004 3363.4 0.000
        |      |         |      | 12 -0.002 -0.004 3363.9 0.000
        |      |         |      | 13 -0.013 -0.015 3386.8 0.000
        |      |         |      | 14 0.004 -0.001 3388.8 0.000
        |      |         |      | 15 -0.003 -0.003 3389.7 0.000
        |      |         |      | 16 -0.002 -0.003 3390.1 0.000
        |      |         |      | 17 0.003 0.003 3391.6 0.000
        |      |         |      | 18 0.002 0.002 3392.0 0.000
        |      |         |      | 19 0.001 0.001 3392.1 0.000
        |      |         |      | 20 0.007 0.007 3398.8 0.000
        |      |         |      | 21 -0.004 -0.002 3401.4 0.000
        |      |         |      | 22 0.005 0.004 3404.1 0.000
        |      |         |      | 23 0.001 0.003 3404.4 0.000
        |      |         |      | 24 -0.008 -0.007 3412.0 0.000
        |      |         |      | 25 -0.002 -0.004 3412.4 0.000
        |      |         |      | 26 -0.006 -0.008 3417.6 0.000
        |      |         |      | 27 0.000 -0.002 3417.6 0.000
        |      |         |      | 28 0.002 0.001 3417.9 0.000
        |      |         |      | 29 -0.009 -0.009 3428.4 0.000
        |      |         |      | 30 0.006 0.003 3433.5 0.000
        |      |         |      | 31 0.007 0.008 3439.6 0.000
        |      |         |      | 32 -0.012 -0.010 3459.1 0.000
        |      |         |      | 33 0.006 0.003 3464.1 0.000
        |      |         |      | 34 -0.010 -0.009 3477.0 0.000
        |      |         |      | 35 0.026 0.024 3562.2 0.000
        |      |         |      | 36 0.003 0.011 3563.3 0.000
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Table 26: Unit root test of series Δ (X-S) (first differences) 
 
Null Hypothesis: Unit root (individual unit root process)  
Series:  Δ(X-S)    
Sample: 1 10629    
Exogenous variables: Individual effects  
Automatic selection of maximum lags  
Automatic lag length selection based on SIC: 0  
Total (balanced) observations: 210630  
Cross-sections included: 30   

Method  Statistic Prob.** 
ADF - Fisher Chi-square  552.620  0.0000 
ADF - Choi Z-stat -20.3699  0.0000 

** Probabilities for Fisher tests are computed using an asymptotic Chi 
        -square distribution. All other tests assume asymptotic normality. 

     
Intermediate ADF test results Δ (X-S)  

Cross     
section Prob. Lag   Max Lag Obs 

XEF2C-P_131.0_Strike  0.0001  0  17  7021 
XEF2C-P_132.0_Strike  0.0001  0  17  7021 
XEF2C-P_133.0_Strike  0.0001  0  17  7021 
XEF2C-P_134.0_Strike  0.0001  0  17  7021 
XEF2C-P_135.0_Strike  0.0001  0  17  7021 
XEG2C-P_131.0_Strike  0.0001  0  17  7021 
XEG2C-P_132.0_Strike  0.0001  0  17  7021 
XEG2C-P_133.0_Strike  0.0001  0  17  7021 
XEG2C-P_134.0_Strike  0.0001  0  17  7021 
XEG2C-P_135.0_Strike  0.0001  0  17  7021 
XEH2C-P_131.5_Strike  0.0001  0  17  7021 
XEH2C-P_132.5_Strike  0.0001  0  17  7021 
XEH2C-P_133.5_Strike  0.0001  0  17  7021 
XEH2C-P_134.5_Strike  0.0001  0  17  7021 
XEH2C-P_135.0_Strike  0.0001  0  17  7021 
XEM2C-P132.5_Strike  0.0001  0  17  7021 
XEM2C-P133.0_Strike  0.0001  0  17  7021 
XEM2C-P133.5_Strike  0.0001  0  17  7021 
XEM2C-P134.0_Strike  0.0001  0  17  7021 
XEM2C-P134.5_Strike  0.0001  0  17  7021 
XEU2C-P131.0_Strike  0.0001  0  17  7021 
XEU2C-P132.0_Strike  0.0001  0  17  7021 
XEU2C-P133.0_Strike  0.0001  0  17  7021 
XEU2C-P134.0_Strike  0.0001  0  17  7021 
XEU2C-P135.0_Strike  0.0001  0  17  7021 
XEZ1C-P_132.5_Strike  0.0001  0  17  7021 
XEZ1C-P_133.0_Strike  0.0001  0  17  7021 
XEZ1C-P_133.5_Strike  0.0001  0  17  7021 
XEZ1C-P_134.0_Strike  0.0001  0  17  7021 
XEZ1C-P_134.5_Strike  0.0001  0  17  7021 
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Table 27: Correlogram of series Δ (X-S) (first differences) 
 
Sample: 1 10629  
Included observations: 234840  

Autocorrelation Partial Correlation  AC   PAC  Q-Stat  Prob 

        |      |         |      | 1 -0.018 -0.018 79.952 0.000
        |      |         |      | 2 0.000 -0.000 79.968 0.000
        |      |         |      | 3 -0.012 -0.012 113.24 0.000
        |      |         |      | 4 -0.009 -0.009 131.82 0.000
        |      |         |      | 5 -0.003 -0.003 133.72 0.000
        |      |         |      | 6 -0.011 -0.011 161.58 0.000
        |      |         |      | 7 -0.006 -0.007 171.27 0.000
        |      |         |      | 8 0.000 -0.000 171.27 0.000
        |      |         |      | 9 0.001 0.001 171.72 0.000
        |      |         |      | 10 0.022 0.021 282.69 0.000
        |      |         |      | 11 -0.023 -0.023 410.20 0.000
        |      |         |      | 12 0.005 0.004 417.08 0.000
        |      |         |      | 13 -0.006 -0.006 425.91 0.000
        |      |         |      | 14 0.004 0.004 430.62 0.000
        |      |         |      | 15 -0.011 -0.011 459.43 0.000
        |      |         |      | 16 -0.003 -0.003 460.94 0.000
        |      |         |      | 17 -0.006 -0.006 468.27 0.000
        |      |         |      | 18 0.005 0.004 473.31 0.000
        |      |         |      | 19 -0.009 -0.009 490.64 0.000
        |      |         |      | 20 -0.011 -0.012 520.66 0.000
        |      |         |      | 21 -0.010 -0.010 545.58 0.000
        |      |         |      | 22 0.004 0.003 550.30 0.000
        |      |         |      | 23 0.011 0.011 580.83 0.000
        |      |         |      | 24 -0.005 -0.006 586.64 0.000
        |      |         |      | 25 -0.000 -0.000 586.70 0.000
        |      |         |      | 26 -0.007 -0.008 598.15 0.000
        |      |         |      | 27 0.006 0.005 605.63 0.000
        |      |         |      | 28 0.006 0.006 614.18 0.000
        |      |         |      | 29 0.011 0.012 642.82 0.000
        |      |         |      | 30 0.014 0.014 687.35 0.000
        |      |         |      | 31 0.002 0.003 688.54 0.000
        |      |         |      | 32 -0.010 -0.011 712.54 0.000
        |      |         |      | 33 0.013 0.013 752.03 0.000
        |      |         |      | 34 -0.016 -0.014 808.71 0.000
        |      |         |      | 35 0.005 0.004 814.76 0.000
        |      |         |      | 36 -0.011 -0.011 845.14 0.000
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Having established that the first differences of dependent and independent variables for 

both conversion and reversal strategies are stationary, the next step is to estimate the equations.  

Recall equation (31): 

jt
Trf

jt
Trf

jtjtjt ueXeSPC DF   )(10       (31) 

Table 28 presents the results of regressing the first difference of (C – P) against the first 

difference of (S – X) (conversion strategy).  Based on the standard error, there is approximately a 

95% probability that the estimator is 0.897451 +/- 1.96(0.005148), or between 0.8874 and 

0.9075.  Both the slope of the independent variable and the intercept term are statistically 

significant at a 95% level.  In addition, the visual plot of residuals of first differences appears to 

be stationary (Figure 5).   

Table 28: First differences regression test for put-call parity (conversion strategy) 
 
Dependent Variable: Δ (C-P)   
Method: Panel Least Squares   
Sample (adjusted): 2 10629   
Periods included: 7212   
Cross-sections included: 30   
Total panel (unbalanced) observations: 104710  

Variable Coefficient Std. Error t-Statistic Prob.  

Δ (S-X) 0.897451 0.005148 174.3394 0.0000
INTERCEPT -0.000695 0.000195 -3.558888 0.0004

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.225204    Mean dependent var -0.001033
Adjusted R-squared 0.224982    S.D. dependent var 0.071780
S.E. of regression 0.063192    Akaike info criterion -2.684997
Sum squared resid 418.0011    Schwarz criterion -2.682167
Log likelihood 140604.0    Hannan-Quinn criter. -2.684140
F-statistic 1014.205    Durbin-Watson stat 1.956517
Prob(F-statistic) 0.000000    
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A similar result is obtained when regressing the first differences of variables for the 

reversal strategy.  Recall equation (32): 

jt
Trf

jt
Trf

jtjtjt ueSeXCP FD   )(10       (32) 

The results are presented in Table 29.  Based on the standard error, there is approximately 

a 95% probability that the estimator is 0.928361 +/- 1.96(0.005520), or between 0.9175 and 

0.9392.  Both the slope of the independent variable and the intercept term are statistically 

significant at a 95% level.  The visual plot of residuals of first differences appears to be 

stationary (Figure 5).   

 
Table 29: First differences regression test for put-call parity (reversal strategy) 
 
Dependent Variable: Δ(P-C)   
Method: Panel Least Squares   
Sample (adjusted): 2 10629   
Periods included: 7209   
Cross-sections included: 30   
Total panel (unbalanced) observations: 99967  

Variable Coefficient Std. Error t-Statistic Prob.  

Δ(X-S) 0.928361 0.005520 168.1681 0.0000
INTERCEPT -0.000408 0.000213 -1.916461 0.0553

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.220795    Mean dependent var 0.000718
Adjusted R-squared 0.220561    S.D. dependent var 0.076203
S.E. of regression 0.067276    Akaike info criterion -2.559704
Sum squared resid 452.3217    Schwarz criterion -2.556755
Log likelihood 127974.0    Hannan-Quinn criter. -2.558809
F-statistic 943.9251    Durbin-Watson stat 1.886538
Prob(F-statistic) 0.000000    
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 Table 4 showed that most violations of put-call parity occurred in out-of-the-money call 

options with more than two months left to maturity.  Since maturity is already implicitly 

measured through the time value adjustment of the underlying index, the final portion of this 

study is dedicated to analyzing the effect (if any) moneyness has on the deterministic put-call 

parity relationship. 

To this end, two dummy variables are included, one for each trading strategy.  

“MONEYNESS_CALL” is a dummy variable for whether or not the call option is in-the-money 

(dummy variable = 1) or out-of-the-money (dummy variable = 0) when undertaking a conversion 

strategy.  “MONEYNESS_PUT” is a dummy variable for whether or not the put option is in-the-

money (dummy variable = 1) or out-of-the-money (dummy variable = 0) when undertaking a 

reversal strategy.  The results from the inclusion of these variables into the existing regression 

models are shown in Tables 30 – 31 and Figures 7 – 8. 

Interestingly, the inclusion of the dummy variables appears to add very little explanatory 

power to the existing models.  Neither dummy is statistically significant at the 95% level; in fact, 

the adjusted R-squared for both the conversion and reversal strategy decreases with the inclusion 

of these variables.  It can thus be inferred that the relative moneyness of the option in question is 

already adequately captured through the deterministic put-call parity relationship, without further 

need for additional control variables. 
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Table 30: First differences regression test for put-call parity (conversion strategy, dummy 
included) 
 
Dependent Variable: Δ(C-P)   
Method: Panel Least Squares   
Sample (adjusted): 2 10629   
Periods included: 7212   
Cross-sections included: 30   
Total panel (unbalanced) observations: 104710  

Variable Coefficient Std. Error t-Statistic Prob.  

Δ(S-X) 0.897607 0.005148 174.3467 0.0000
MONEYNESS_CALL -0.001172 0.000653 -1.794575 0.0727

INTERCEPT 0.000323 0.000600 0.538090 0.5905

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.225227    Mean dependent var -0.001033
Adjusted R-squared 0.224998    S.D. dependent var 0.071780
S.E. of regression 0.063191    Akaike info criterion -2.685008
Sum squared resid 417.9883    Schwarz criterion -2.682087
Log likelihood 140605.6    Hannan-Quinn criter. -2.684124
F-statistic 981.6139    Durbin-Watson stat 1.956598
Prob(F-statistic) 0.000000    
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Table 31: First differences regression test for put-call parity (reversal strategy, dummy included) 
 
Dependent Variable: Δ(P-C)   
Method: Panel Least Squares   
Sample (adjusted): 2 10629   
Periods included: 7209   
Cross-sections included: 30   
Total panel (unbalanced) observations: 99967  

Variable Coefficient Std. Error t-Statistic Prob.  

Δ(X-S) 0.928320 0.005521 168.1487 0.0000
MONEYNESS_PUT 0.000448 0.000702 0.638650 0.5231

INTERCEPT -0.000469 0.000233 -2.010319 0.0444

 Effects Specification   

Cross-section fixed (dummy variables)  

R-squared 0.220798    Mean dependent var 0.000718
Adjusted R-squared 0.220556    S.D. dependent var 0.076203
S.E. of regression 0.067277    Akaike info criterion -2.559688
Sum squared resid 452.3199    Schwarz criterion -2.556643
Log likelihood 127974.2    Hannan-Quinn criter. -2.558764
F-statistic 913.4837    Durbin-Watson stat 1.886544
Prob(F-statistic) 0.000000    





75 
 

Conclusion 

To test the efficiency of the foreign exchange options market, lower boundary and put-

call parity conditions were tested on tick-by-tick currency option data.  A total of approximately 

105,000 put-call pairs were analyzed for the period from 11/1/2011 to 12/6/2011.  Analysis 

shows that lower boundary conditions hold for the overwhelming majority of options, with less 

than 0.0001% of violations for the observed options. 

A more detailed econometric analysis was prepared to test the put-call parity condition 

for currency options.  Based on the analysis, it is possible to obtain arbitrage profits in the short 

run through the use of either a conversion or reversal strategy even after accounting for 

transaction costs.  Taking the first differences of the variables resulted in a model with stationary 

variables and statistically significant estimators.  The inclusion of dummy variables for 

moneyness did not add significant explanatory power to the deterministic put-call parity 

relationship. 

For both first differences of conversion and reversal strategies, the large t-statistics for the 

slope coefficients and intercept terms indicate a rejection of the null hypothesis, H0: λ0 = 0 and λ1 

= 1 after adjusting for standard error.  This implies that once transaction costs are adjusted for, 

put-call parity does not hold.  Note however that the intercept term is only very slightly negative, 

and the intercept term is only slightly less than one in both cases.  This implies that when put-call 

parity is violated, arbitrage profit should be relatively small. 
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Extensions of Research 

 
 This study focused on the bid-ask spread as the most significant source of transaction 

costs.  However, other fees such as clearing fees, exchange fees, or exercise fees were fixed or 

partialed into the fixed effects model instead of explicitly estimated.  In addition, options written 

on the Euro/dollar exchange rate are offered through other exchanges. It would be worthwhile to 

test whether lower boundary conditions and put-call parity conditions hold for other exchanges 

or across exchanges, after adjusting for time zones.  Though interest rates were close to zero 

globally during the sample period, it may also be worthwhile to investigate whether a variant of 

covered interest arbitrage is possible across countries.  Due to the nature of panel data, ARMA 

effects and GARCH effects could not be practically modeled.  Finally, volume data may further 

explain any discrepancies found in put-call parity conditions. 
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