SECTION A: Introduction

A spread option, in contrast to an ordinary option, is an option to exchange one asset for another at an agreed upon spread value within a specific expiration period. A spread value is the price difference between two assets being exchanged as specified in an option contract.  In other words, a spread option is an option with a payoff function depending on the difference between two prices and an exercise value.  Therefore, the underlying security of the option is the price spread of two assets instead of the price of a single asset.  In terms of a futures contract, a futures spread is the numerical difference of the price between two distinct futures contracts.  A futures spread can be defined as a strategy that calls for a simultaneous long positions and short positions in two distinct futures contracts.
  Hence, an option on a futures spread is an option to long (buy) one futures contract and short (sell) another futures contract at the same time. 

The main objective of this paper is to examine the pricing accuracy of a spread option pricing formula known as the Bachelier Future Spread Option Pricing formula.   This paper will focus mainly on investigating the pricing accuracy of an option on futures spread (OFS) and specifically, the crack spread options.

Pricing a spread option is actually quite different from pricing an ordinary option with a single underlying asset. The logic behind this is very simple.  First, a spread option usually involves at least two assets (or securities) rather than a single asset underlying the option.  Therefore, the value of the spread option will no longer depend on the value of a single asset. Instead, it will depend on the value of the spread.  Because the spread value is calculated from the price difference of the two assets underlying the spread option, it implies that the behavior of the spread value is affected by the value of the two underlying primitive assets on which the option is written.  As a result, modeling the spread as if it were a single asset is not an appropriate method of valuation of the spread option.   

Secondly, the distribution of the value of a single asset is in fact different from the distribution of the spread value between two assets.  For instance, consider the value of an ordinary option with the underlying asset being a stock or an index.  The price of a stock or an index cannot be a negative value.  However, in terms of a spread option, it is possible that the spread value between commodities (or assets) results in a negative value.  Hence, applying an ordinary option pricing framework to value a spread option is invalid because a negative spread value violates the basic assumption of an option pricing framework.

Lastly, because the value of a spread option is in fact dependant on the price movement of two assets underlying the option, an important element we must incorporate in the spread option-pricing model is covariance.  In fact, covariance between the price changes of two assets plays an important role in the valuation process of a spread option.  In contrast, it does not come into play in the valuation process of a single asset derivative.  The value of a single asset derivative such as an option on stock or an index and an individual future contract is insensitive to the changes in correlation, while the value of an option on a spread is highly sensitive to changes in correlation between the price of primitive assets being long and short.

Although there are several reasons to separate the theory of pricing an ordinary option from the theory of pricing a spread option, the basic idea and pricing framework is still the same in both cases.   Both stem from the Bachelier pricing model (1900) and Black and Scholes Option Pricing Model (1972). Therefore, the second section of this paper will give an overview of some of the basic background of the ordinary option pricing theory.  Then it will give a brief review of some empirical models for pricing different types of spread options. After that, a review of some major empirical studies related to the spread option pricing model will be discussed in more detail.   

Since this study is based on the actual traded data of the crack spread options, in section C, it will briefly discuss some basic concepts related to crack spread options traded on the New York Mercantile Exchange (NYMEX).  Then, in section D, a brief description in terms of how to manipulate and organize the collected data will be described.  In section E, methodologies of the major estimates will be provided.  Finally, in section F and section G, result analysis and the conclusion of this study will be presented. 

SECTION B. Literature Review on Pricing Spread Option

Geometric Brownian Motion vs. Arithmetic Brownian Motion

Pricing of options has been subjected to extensive discussion in financial literature since the early contributions of Black and Scholes (1973) and Merton (1973).  However, the most traditional option-pricing framework in fact originated from Bachelier who developed the fundamentals for pricing an option in 1900.  The major difference between the Bachelier option pricing model and the Black Scholes option pricing model is the way they assume the distribution of underlying variables, e.g. stock price.  The former pricing model assumes that stock price is normally distributed and follows an arithmetic Brownian motion process, while the latter assumes that stock price is lognormally distributed and follows geometric Brownian motion process. 

Since the introduction of the Bachelier option pricing formula, it has long been subjected to a great number of objections because of the assumption that stock price follow the arithmetic Brownian motion process.   In one of the recent studies about the method of pricing options by Goldenberg (1991), Goldenberg demonstrates some famous arguments against the Bachelier option pricing formula.  He summarizes 3 major objections against the assumption of arithmetic Brownian motion.  First, he states that it is inappropriate to assume a security price follows an arithmetic Brownian motion process when it is in a relevant state variable because the normal distributed process incorporates a positive probability of having negative values for the security.  Second, he mentions that if the expiration period (T-t) of the option is long enough, the arithmetic Brownian motion process assumption will make the value of an option exceed their respective security prices.  Lastly, he points out that assuming arithmetic Brownian motion without drift suggests zero interest rate under risk neutrality. 

Because of these objections to Bachelier’s model came to light as early as in some studies of Cootner (1964) and Samuelson (1965), the normality assumption became unacceptable.  As a result, most of the models developed thereafter switched their assumptions to an alternative hypotheses – stock price changes are normally distributed and stock prices are therefore lognormally distributed.  In other words, the later models assume the log of stock price follows a Wiener Process and stock price follows a Geometric Brownian Motion.  Thus, following the Bachelier model (1900) and prior to the Black-Scholes model, there have been several subsequent researchers such as Sprenkle (1964), Boness (1964), and Samuelson (1965) all trying to adapt to Bachelier’s model by assuming that the stock prices are distributed lognormally and follow geometric Brownian Motion.  Finally, in the 1970’s, Black and Scholes assumed stock price followed a Wiener process and developed the basic framework for the currently well-accepted Black-Scholes (BS) option-pricing model.  One of the advantages of assuming stock price to be lognormally distributed is to avoid the relevant state variables in the model falling below zero.  

Although this famous Black-Scholes option-pricing model has received substantial support in terms of pricing ordinary options, it is actually still not perfect and not universally applicable to all kinds of options.  Limitations are still imposed on some complex option-pricing problems such as exotic options and spread options. The major limitation originated from the geometric Brownian motion assumption used in the Black-Scholes option pricing framework.  The geometric Brownian motion assumption inherits potential to cause problems if an option under consideration consists of more than one asset (i.e. more than one relevant state variable).  This is because, under the assumption of geometric Brownian motion, pricing an option consists of more than one underlying asset that would require an evaluation of a double integral term.  This double integral term complicates the option-pricing problem and is an obstacle to deriving a generalized closed form pricing formula for pricing most kinds of spread options.  There is only one exception.  Closed form formula of pricing spread options is available to a special case of spread options under the assumption of geometric Brownian motion - exchange options.   There are some empirical studies related to the pricing formula of these special cases of spread options; for instance, Margrabe (1978) and Fu (1996) both applied the Black-Scholes model to derive and study the closed form pricing formula for an exchange option.  A more detailed discussion will be provided later in section B.II.

Despite the fact that the closed form formula is only available to an exchange option, deriving closed form formula for a general type of spread option is also important in financial literature.  A solution to avoid this complex double integral evaluation is to recall the arithmetic Brownian motion assumption used in the Bachelier option pricing model mentioned earlier. The arithmetic Brownian motion assumption becomes a suitable candidate to resolve the problem for two main reasons.  First, considering the fact that the distributional assumption of the spread value used in modeling spread option price is dependent on the type of options under consideration, it is possible that different types of spread options may end up with different results.  Applying the arithmetic Brownian assumption has the advantage of allowing us to ignore the possibility of a differential solution in terms of different types of spread options.  Second, although the arguments against the arithmetic Brownian motion assumption mentioned above out as early as in some studies by Cootner (1964) and Samuelson (1965), these objections are indeed only valid for the case of arithmetic Brownian motion without drift a so-called “unrestricted arithmetic Brownian motion”.   This implies that the objections against the arithmetic Brownian motion assumption could certainly be avoided if the process is specified appropriately.   

Extension to Arithmetic Brownian motion

Goldenberg (1991) demonstrates one alternative that could resolve all the objections related to an unrestricted arithmetic Brownian motion.   By revisiting the option pricing formula derived by Smith (1976), which was attributed to the Bachelier formula in 1900, Goldenberg derived an altered pricing method using arithmetic Brownian motion with an absorbing barrier at zero.  This absorbed Brownian motion pricing method successfully eliminats the problem underlying the first two objections inherent to the unrestricted arithmetic Brownian motion.  In addition, Goldenberg then addressed the third objection by setting the drift of the arithmetic Brownian motion process equal to the multiplication of the riskless interest rate and security prices.  After making all these adjustments and transformations, Goldenberg claimed that this “absorbed-at-zero” arithmetic Brownian motion approach is applicable to a wide range of complex option pricing problems.

In contrast to Goldenberg (1991), Poitras (1998) argued that using the arithmetic Brownian motion without an absorbing barrier at zero is more appropriate than the one developed by Goldenbreg because using an absorbed Brownian motion for pricing spread options is too complicated.  Therefore, he developed a set of pricing formulae for European spread options under the assumption that the prices follow arithmetic Brownian motion. The pricing formulae he developed are special cases of Bachelier model and they can be used to compare the Black-Scholes exchange option in order to benchmark the relative pricing performance.  Poitras (1998) derived several option pricing formulae by assuming individual security prices follow arithmetic Brownian motion.  He derived the Bachelier spread option price formula for assets with equal dividends, unequal proportional dividends, as well as a spread option on futures contracts.  After that, he also simulated different pricing scenarios and applied them to the formulae.  His purpose was to identify relevant features of the Bachelier spread option pricing as well as compare and contrast the properties of the Bachelier model with the Black-Scholes exchange option pricing.   Finally, he concluded that, in the case of a futures spread option, the results determined from the Black-Scholes and the Bachelier spread option formulae were quite similar.  However, in terms of spread options on securities making dividend payments, there is a sizable pricing difference between the two formulae. 

In addition to the Black-Scholes exchange option model and the Bachelier spread option model, there is another spread option-pricing formula the so-called “Wilcox formula” derived by Wilcox (1990).  The Wilcox model is another closed form spread option-pricing formula based on the assumption of arithmetic Brownian motion.  It is not as famous as the Black-Scholes and Bachelier models because the Wilcox formula is not a valid option pricing formula since it violates the absence-of-arbitrage theory.  Although the Wilcox formula cannot be considered a valid option pricing formula, it does provide a huge contribution and great opportunity for a financial practitioner to advance the studies on spread option pricing theory.  There are a number of studies such as Shimko (1994) and Pearson (1995) that apply the Wilcox model as a benchmark pricing formula and use it to compare the results of option prices determined from the double lognormal integration approach.

Although there are several spread option pricing formulas exploited in the financial literature, the assessment of superiority and comparison of relative pricing performance among these spread option pricing models has not yet been done very well.  The main reason is due to the insufficiency of data on actually traded spread options.  As a result, it is difficult to perform these kinds of analysis.    

Before this paper discusses the actual analyses of the Bachelier spread option pricing formula using actually traded crack spread option data, it must first provide a brief review of the three main spread option pricing models: the Bachelier spread option pricing model, the Black-Scholes exchange option pricing model, and the Wilcox formula.  Some empirical studies on these formulae will also be discussed accordingly. 

B.1.  Bachelier Spread Option Pricing 

To derive a closed form formula for spread option pricing, Poitras (1998) assumes the individual price of two underlying futures contracts both follow arithmetic Brownian motion instead of assuming the distribution of the spread value itself follow arithmetic Brownian motion.  He starts out with the consideration of spread options on securities paying an equal proportion of dividend 
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As the difference of the two normal distributed variables is also normally distributed and assuming the individual price of two underlying assets follow arithmetic Brownian motion, we can treat the spread value as a single random variable without violating the first objection related to the unrestricted arithmetic Brownian motion assumption mentioned earlier.  Hence, it leads us to the result that the spread value follows the diffusion process as shown below:
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where: 
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 denotes the drift rate of the two underlying security prices and the drift rate of the spread value
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and 
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represents the spread value following the Wiener process


Based on this stochastic differential equation (SDE) for the spread price, Poitras then derived a closed form solution for the spread option prices by using the partial differential equation (PDE) for dynamic hedging.  With this background, Poitras (1998) derived the closed form Bachelier spread option-pricing formulae for assets with equal and unequal proportion dividends as well as spread options on futures contracts.  The formulae for the first two types of option pricing will not be explicitly stated, but will be for the Bachelier Futures Spread Option pricing formula.
The Bachelier Futures Spread Option


To price futures spread options, Poitras (1998) imposed a restriction of (r-() = 0 when considering the PDE for dynamic hedging.  The purpose of this restriction is to avoid any net investment fund opportunities when a simultaneous futures position is created.  Besides this restriction and the arithmetic Brownian motion assumption, he derived the formula for pricing futures spread options by making further assumptions as follows:  

1. The market is perfect and there is continuous trading.

2. Absence of Arbitrage condition holds.

The Bachelier spread option-pricing solution for call options on futures spread is:
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 denotes  the price of the Bachelier future spread call options
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denotes the covariance of the two underlying futures contracts
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This futures spread option pricing formula is the result of the linearity properties of the arithmetic Brownian motion assumption.   This closed form spread option pricing formula incorporates the desirable characteristic of simplicity and it also can avoid the complexity of a double integrated term involved in many spread option-pricing problems.   For the pricing accuracy of this formula, I provide a detailed analysis in latter sections. 

B.2. Black-Scholes Exchange Options 

As mentioned earlier, under the classical Black-Scholes model with a geometric Brownian motion assumption, the closed form spread option pricing formula is only available on exchange options.  An exchange option is a special case of a spread option with exercise price equal to zero (X=0).  In other words, at the expiration date of the option, the holder and the writer of the option exchange the underlying assets without paying any money to each other.

Black Scholes Future Exchange Option Formula


In order to examine the pricing performance of different spread option pricing models, it is necessary to make a comparison of the Bachelier exchange option formula vis-à-vis the Black Scholes exchange option formula.  For the Bachelier future exchange option formula, we can just simply set X = 0 for the formula stated in the previous section.  For Black-Schole future exchange options, the call exchange option pricing formula is shown below:
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as the price of the Black-Scholes futures exchange option,
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denotes the correlation coefficient of the two assets underlying the option,

Similar to the Bachelier option cases, we need to make an assumption on perfect capital markets and continuous trading.  In contrast to Bachelier cases, under the Black Scholes framework, two future prices follow geometric Brownian motion are assumed rather than arithmetic Brownian motion. 

Some Empirical Studies on the Black Schole Exchange option


There are two main empirical studies on pricing exchange options using the Black Scholes framework and lognormality assumptions.  They are Margrabe (1978) and Fu (1996). 

Margrabe’s Model (1978)


Margrabe’s result is actually a different type of the Black-Scholes future exchange option formula because Margrabe focuses on valuating options that exchange one risky asset for another while the Black-Scholes case stated above is the option to exchange one future contract for another.  In future contracts exchange cases, it is not allowed to generate cash from the position of future contracts when constructing the riskless hedging portfolio in the process of derivation; while in Margrabe’s case, it is allowed to do so.  This is the main cause of the difference between the two results.  In Margrabe’s article, he focuses on developing a closed formed equation for the value of the option when exchanging one risky asset for another.  The equation he derived is based on the brilliance of the Black Scholes (1973) model.   He also claimed that the closed form formula for European exchange options was also valid for its American counterpart.  He illustrated this concept by considering two portfolios: 

(A) Purchase a European option to exchange asset one for asset two; 

(B) Purchase asset one and sell asset two.

He found that the return on portfolio A will always beat the return on portfolio B and the value of the European option will exceed that of a similar American option being exercised.  Based on this observation, he concludes that the owner of an American exchange option will not exercise the option until the last moment.  Hence, the value of the European exchange option will be the same as its American counterpart.  

Fu (1996)


Fu’s (1996) article aims to evaluate the pricing formula for interest rate spread options using the fundamentals of the Black-Scholes model.  An interest spread option is an option to exchange one interest rate for another, which is analogous to the case studies by Margrabe (1978).  However, in the case of an interest rate exchange option, the underlying state variables are the two relevant forward rates, which is not the price of some tradable assets. Since the forward rates are non-tradable assets, Margrabe’s exchange option formula is no longer applicable in this case.  Margrabe’s model only applies to interest rate exchange options if there are appropriate interest rate futures associated with it. The result that Fuderives is based on Margrabe’s model using the appropriate interest rate future and it is exactly the same as in the Black-Scholes futures exchange option pricing formula. 


In addition to applying Margrabe’s model, Fu also demonstrates the importance of interest rate correlation.  Fu applies a multi-factor valuation model that permits imperfect interest rate correlation.  He derives a pricing formula based on a two-factor Heath–Jarrow–Morton (HJM) model.  Based on the result he derives, he finds that the introduction of imperfect interest rate movement is essential for pricing the interest rate spread option and one-factor models such as Ho and Lee model (1986) are inappropriate for valuing such an option. Since the reasoning behind the multi-factor valuation model and the HJM model for interest spread option is beyond the scope of this article, it will not be discussed any further.  

B.3. The Wilcox Spread Option 


The Wilcox spread option pricing formula has taken an important role in financial literature related to the spread option-pricing problem.   The Wilcox (1990) model was developed according to the assumption used in the Bachelier option (1900).  Wilcox (1990) assumes that under the risk neutral probability, the spread (S2  - S1) follows an arithmetic Brownian motion;
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where 
(S 
is the drift rate which is equal to an arbitrary constant;

(S
is the volatility of the future spread.

Based on the above assumption, the value of a call spread option can be calculated by taking the expectation of the option payoff under a risk neutral probability setting in a perfect and continuous trading capital market.  The result of this problem leads to the following closed form spread option pricing formula:
The Wilcox Spread Option Formula
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The main drawback of this model is the inconsistency with the absence-of-arbitrage condition.  This inconsistency derives from the parameter (S.  As stated before, (S is an arbitrary constant representing the drift rate of the arithmetic Brownian motion spread process and the presence of (S causing the Wilcox pricing solution to not satisfy the relevant PDE for the dynamic hedging problem.  Hence, it violates the absence-of-arbitrage condition
 and therefore the Wilcox spread option formula cannot be recognized as a valid spread option pricing formula.  It can only be used as an alternative for comparison when assessing the pricing performance of other pricing models.  Specifically, there are two main empirical studies, Shimko (1994) and Pearson (1995).  They both apply the Wilcox model as a benchmark and compare it with the pricing results from the double-integration approach.  

Shimko (1994)


Shimko studies the option on futures spread by applying the Jarrow and Rudd (1992) approximation technique to the Wilcox option formula.  He develops a simplified option pricing formula that can both eliminate the economic limitation of the Wilcox model and avoid the computational burden resulting from the double integral solution.  In addition, Shimko also takes into account the convenience yield when developing his pricing formula.   Shimko assumes both commodity prices follow geometric Brownian motion with mean reverting stochastic convenience yields.  



His analysis begins by presenting four special properties that are unique to option on future spreads
.  The first three properties are used to tighten the arbitrage bounds on spread option prices.  The last property highlights the distinction between the volatility of a spread and the volatility of the individual future contracts.  He then proceeds through the valuation process of commodity futures contracts and options on futures contracts.   Shimko models the spot price and convenience yield with the stochastic process used by Brennan and he also uses the results of commodity price process specification obtained by Gibson and Schwartz (1990).


Shimko continues his analysis with the evaluation process of European options on futures spread.  With the consideration on convenience yields, he finds that the correlation coefficient is constant in the constant convenience yield model while the integrated correlation coefficient can be a nonmonotonic function of time under the stochastic model.  Hence, a correlation structure is required when pricing an option on future spread and this correlation structure would be the determinants of change in OFS contract prices.  Given this background, it helps to simplify the spread option pricing problem into a single integrated solution and an analytic approximation for the OFS price.

Pearson (1995)


Pearson (1995) studies the efficiency of pricing spread options with different approaches.   He focuses on comparing the pricing performance of the Wilcox formula against the double integration approach in the Black-Scholes environment.  He starts out by recognizing that the double integration approach can actually be modified by factorizing the joint density of terminal prices of the underlying asset into a product of univariate, marginal and conditional densities.  
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denotes the conditional density of the terminal prices of the second underlying asset.
                       


It results in an analytical expression for the integral of the option payoffs over the conditional density.  
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The result of this first integration simplifies the computational burden of the spread option pricing problem and reduces the problem into a single dimensional integration which can be evaluated by a numerical algorithm such that the exact price of an option can be derived.
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Given this background, Pearson compares and contrasts the prices of spread options obtained from the above model against the results obtained from the Wilcox formula.  In terms of the Wilcox approach, Pearson calculates the prices of spread options with the following choices of (S and (S:
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These assumptions in specifying the volatility may lead to some computation errors because spread options are not actively traded; hence, it is quite difficult to calculate the implied volatility such that model prices are approximate to actual prices.  


By comparing the estimated prices resulting from both the Wilcox and double integration approach, Pearson claims that the results are quite close to one another for short expiration options, but there were substantial deviations between two pricing approaches for longer-term options. 

SECTION C: Some Basic Concepts of the Crack Spread Option 


The NYMEX (New York Mercantile Exchange) crack spread is defined as a single order transaction formed by holding simultaneous long and short positions of crude oil and petroleum production futures contracts.  Basically, it is used to enable oil refiners to hedge the refinery profit margin by locking into the differential between refinery input and output prices.  By taking crack spread positions, refiners have the opportunity to augment their operating profits with income derived from the hedge positions in the NYMEX energy futures market.

Different from the crack spread futures, the crack-spread option is an option on energy futures contracts also traded on the NYMEX. The first crack-spread option was introduced by the NYMEX in late 1994. It is a very flexible trading instrument, which enhances the opportunities for management in the oil industry to manage their risk more effectively.   Crack spread options allow different firms to develop different trading strategies tailored to their individual needs and risk-reward profiles.  Since the introduction of an option on energy futures, the NYMEX options daily trade volume has experienced significant growth and the NYMEX options on crude oil futures has became the worlds’ most actively traded option contract of physical commodities.  

The NYMEX crack spread options are one of the most popular examples among spread options.  Crack spread options are constructed from a combination of two distinct futures contracts, specifically, crude oil and heating oil futures contracts or crude oil and gasoline future contracts.  Similar to the crack spread futures contracts, crack spread options can be used to minimize the exposure to the increase in crude oil input prices and/or decrease in refined product output prices. By purchasing a call option, the refiner can establish a ceiling price for the input purchase over a specified period of time.  Likewise, purchasing put options give the refiner opportunities to establish a floor price for the product sales.  

More specifically, holding a long position in a crack spread call option is analogous to buying a call option on crude oil and a put option on refined products such as heating oil or gasoline.  These help to protect the refiner against a narrowing of the spread (when crude oil prices increase and refined product prices decrease).  On the other hand, holding a short position in a crack spread call option is equivalent to buying a put option on crude oil and a call option on refined products.  Similarly, this will happen when the spread value is expected to widen (when crude oil prices decrease and refined product prices increase). 

In fact, there are many different strategies for hedging crack spreads using options.  By keeping track of the market direction and the spread movement, refiners should be able to identify the strategy that is most advantageous to them and tailored to their preferences.  However, this paper will not focus on the trading strategies of crack spread options, rather it will utilize the actual traded crack spread option data to study the pricing accuracy of a spread option pricing model named the Bachelier Futures Spread Option Pricing Formula.

SECTION D. Data 

To facilitate the empirical testing of the pricing accuracy of the Bachelier Future Spread option formula, the crack spread option from the NYMEX was specifically chosen as an example.  The data period chosen for testing is from January 02, 1998 to August 31,1998 and they are the actual exchange-traded data from the NYMEX as follows:

1. Two different types of Crack Spread Option data from the NYMEX: They are Heating Oil/Crude Oil spread options (symbol: CH) and New York Harbor Unleaded Gasoline/Crude oil spread options (symbol: CG)
.

2. Three different types of energy future contracts data: They include the daily closing price of New York Harbor Unleaded Gasoline (HU) futures contracts, Heating Oil futures contracts (HO) and the Crude oil futures contracts (CL).

Since the quoted price per unit for these energy future contracts is different, it is necessary to make a simple conversion, before calculation, in terms of the closing price of the data obtained from the NYMEX.  The crude oil (CL) futures contract is quoted in dollars per barrel while the gasoline (HU) and the heating oil (HO) futures contracts are both quoted in dollars per gallon.  Because the crack spread value from the options contract is also quoted in terms of dollars per barrel, the simplest way is to convert the quoted price of heating oil and gasoline from a per gallon basis to a per barrel basis such that there is consistency between the quoted prices of the two underlying contracts of the spread option.  More specifically, since one barrel is equivalent to 42 gallons, we can therefore convert the unit price of HO and HU from per gallon to per barrel by multiply the closing price of HO or HU futures contract with a conversion factor equal to 42.   This simple conversion in terms of the quoted future price and the spread are maintained throughout the whole testing process to facilitate the necessary calculations. 

Example: Before Conversion

1/06/1998 (June contract 1998)


Closing Price


HU (dollar/gallon)




$0.5220 per gallon

HO (dollar/gallon)




$0.4775 per gallon

CL (dollar/barrel)




$16.91 per barrel

  After Conversion

1/06/1998 (June contract 1998)


Closing Price


HU (dollar/gallon)




$21.924 per barrel

HO (dollar/gallon)




$20.055 per barrel

CL (dollar/barrel)




$16.91 per barrel

Value of spread under the option contract

Spread Value SV (t,T) (Long Position) 
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For the Heating Oil/Crude Oil spread option (symbol: CH)


SV(t,T) = 
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For the New York Harbor Unleaded Gasoline/Crude oil spread option (symbol: CG)


SV(t,T) = 
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SECTION E. Methodologies 

When considering the Bachelier Spread option pricing formula, there are six parameters (F2t, F1t, X, t*, r and (F) involved in the calculation of the option price.  These  parameters can be observed from the market data with only one exception; the volatility of the future spread ((F).  As a result, the determination of this implied volatility of the future spread is a critical step in testing and becomes one of the dimensions measured in the pricing accuracy of this Bachelier Spread Option pricing formula.  If this Bachelier Spread Option pricing model were perfectly correct and accurate, we would expect the implied volatilities calculated from the market observed data would remain constant across the time period.  

Another dimension to measure the accuracy of this formula is the consideration of the correlation between the prices of two energy futures contracts underlying the option.  As mentioned by Shimko (1994), the shifts in correlation structure are the crucial determinants of the changes in price of a futures spread option.  Hence, what is needed is to calculate the historical volatilities because the historical volatilities are directly affected by the covariance of the prices between two energy futures contracts underlying the crack spread option; while the covariance between the prices in spread reflects the correlation structure of the spread.  

Based on these two test dimensions, we can achieve the two main goals in the testing process: (1) To demonstrate numerically the impact and the significance of implied volatility and correlation changes in option on future spread pricing. (2) Once the pricing model is confirmed to be accurate, it gives potential users the opportunity to check their price and implied value calculations from this complex model. 

E.1.  Implied Volatility Calculation

To perform the calculation on implied volatilities, the Bachelier Future Spread Option Pricing formula as described in section B.I is applied.  The formula is restated below for convenience. 
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where
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and 
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It can be seen from the formula that there are six inputs to the Bachelier Future Spread Option pricing model of which the model relates to a seventh variable, call price.  With a total of seven variables, any six imply a unique value for the seventh.  From the NYMEX data series, only five inputs out of these six required by the formula plus the market price of the option are included.   The missing input from the data is the volatility of the future spread ((F).  Missing this parameter is mainly due to the difficulty of the observed volatility for a particular security from the trade market.  As a result, the purpose of testing the Bachelier Future Option Pricing formula is not to directly calculate the price of the future spread option; instead, the purpose is to look for the volatility implied from the market price and the Bachelier model.  This estimate is called the “implied volatility” and it is found by working backwards throughout the Bachelier formula.   In particular, the implied volatility becomes a function of the rest of the input parameters that can be observed from the market.  Specifically, it is a function of settlement price of the future spread option, closing price of two distinct futures contracts at time t (F1t and F2t), time to maturity, exercise price of the option and interest rate. 
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Actual settlement prices of the future spread option (CFt) and the exercise price (X) can be easily observed directly from the crack spread option data obtained from the NYMEX and no further manipulation is required.   In terms of the settlement price of the two distinct futures contracts, it is necessary to line up the settlement price of the particular futures contract corresponding to the particular trading date of the option.  For instance, if there was a CH call option traded on February 1st, 1998 and if the underlying futures contracts were JUNE 1998 Crude Oil (CL) and Heating Oil (HO) future contracts, then the settlement price of the JUNE 98 CL and HO futures contract on the date of February 1st, 1998 must be used as the parameters F1t and F2t respectively for the calculation of implied volatility.
  The time to maturity (t*) must be determined according to the following facts: Options on the crack spread expire on the day immediately preceding the expiration of the underlying crude oil futures contracts while the energy futures contracts expire at the close of business on the third business day prior to the 25th calendar day of the month preceding the delivery month. By following the rules, the number of days in between the trading date and the expiration date must be calculated first and then divided by 365 (total number of days in a year).   Therefore, the parameter t* is expressed in terms of years.  Lastly, in terms of interest rate (r), 10% was chosen as the desired discount rate for the pricing model. And this assumption will remain the same throughout the whole testing process of the formula.  

For the Crack Spread Call option, the implied volatility can be directly calculated by substituting all the required parameters into the Bachelier Futures Spread Option Pricing formula stated in the previous section.  However, in terms of the Crack Spread Put option, there is a need to derive the corresponding Bachelier futures spread put option formula. By applying the theory of put-call parity, the Bachelier Futures Spread Option formula for the put option case can be easily reproduced. 

Put-Call Parity:
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By substituting the parameter C in the put-call parity equation with the Bachelier future spread call option formula (CFt) and replacing the parameter F in the put-call parity with spread value of the futures contracts (F2t – F1t) and rearranging the equation, deriving the Bachelier future spread option pricing formula for the put case can be shown as follows:


[image: image56.wmf])

(

]}

[

]

[

)

{(

]

,

,

;

,

[

1

2

*

1

2

*

*

1

2

*

X

F

F

e

P

u

n

t

u

N

X

F

F

e

X

r

t

F

F

C

t

t

rt

F

t

t

rt

Ft

-

-

+

=

+

-

-

=

-

-

-

s

s



[image: image57.wmf])

(

]}

[

]

[

)

{(

]

,

,

;

,

[

1

2

*

1

2

*

*

1

2

*

X

F

F

e

u

n

t

u

N

X

F

F

e

X

r

t

F

F

P

t

t

rt

F

t

t

rt

Ft

-

-

-

+

-

-

=

-

-

-

s

s



[image: image58.wmf]]}

[

)

1

]

[

)(

{(

]

,

,

;

,

[

*

1

2

*

*

1

2

u

n

t

u

N

X

F

F

e

X

r

t

F

F

P

F

t

t

rt

Ft

s

s

+

-

-

-

=

-

-


with 

where
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and 
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After obtaining all required formula and input parameters in a correct format, the calculation of implied volatility is implemented using software called “Mathematica”.  The commands used for calculation are written according to the Bachelier futures spread option pricing model. (See appendix IV for details) The results will be discussed in the next section.  

E.2.  Historical Volatility of the Futures Spread

Details about the Bachelier futures spread option pricing formula were discussed in section B.I.  It was stated that the volatility of the future spread could be expressed as the following equation:
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where  
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is the variance of the spread value underlying the two futures contracts
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[image: image65.wmf]2

,

1

F

F

s


is the covariance of the price of two futures contracts underlying the option


This volatility equation implies that the volatility of the price of the individual future contract being long and short as well as the covariance of the prices between these two contracts are the determinants of the volatility of the futures spread value underlying the option contract.   In other words, any of the terms included in the volatility equation above will be critical to the pricing accuracy of the Bachelier Futures Spread Option formula.  This is because the price of the future spread option is in fact highly sensitive to the shift of the correlation structure of the spread value while the correlation structure of the spread value is closely reflected to the covariance.  In turn, it will affect the volatility of the future spread of the option.   In essence, examining the behavior of the individual volatility (
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) of the futures contracts and the covariance of these two futures contracts prices should be preformed as a part of the testing process.   


The behavior of the volatility and the covariance can be observed from the historical data on the closing price of the three types of futures contracts (CL, HO, HU).   The historical volatilities and covariance are estimated based on the price difference of the futures contracts between each trading day using data for 30 days, 60 days, and 90 days respectively.  That is, the first step of the calculation is to find the daily price change of each energy futures contract.  Then, variance and covariance will be calculated based on the price change by looking backwards for 30, 60 or 90 trading days prior to the actual trading day of the option.  In other words, days when the exchange is closed should be ignored for the purpose of the volatility calculation.  Once the volatility and the covariance for the price of the energy futures contracts are determined, historical volatilities of the futures spread can be found using the equation stated above.   Since the data used for calculation is recorded in terms of trading days, the historical volatilities determined will result on a daily basis.  For the purpose of comparing the historical volatility of the spread value with the implied volatility determined from the previous section, it is necessary to convert the daily basis historical volatility into a per annum basis.  As there are 252 trading days per year, a simple manipulation of the result is required:
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After the above adjustment, a direct comparison between the historical volatility of the future spread and the implied volatility determined from the actual traded data can be made to achieve the purpose of the pricing accuracy test on the Bachelier futures spread option pricing formula.

SECTION F. Results and Analysis

F.1 Results from Implied Volatility


The implied volatility calculation mentioned in section E.1 is actually determined by the price level of the futures contracts rather than the price return of the futures contracts underlying the option.  This is because the underlying variable of the future spread option is the spread value between two futures contracts, so it does not make sense to interpret the volatility with respect to the return of the spread value.  


Two different kinds of crack spread option data is used for testing. Each kind of crack spread contains both put options and call options.  In total, there are four different sets of data involved; they are CH call options, CH put options, CG call options, and CG put options respectively. The implied volatility is calculated based on the methodologies described above and the results are grouped in terms of the status of the option, at the money, in the money and out of the money respectively in each type of the options.  The results are shown as follows:
Table 1a: CG Calls (at the money options)

Trading Date
Contract Year
contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

2/2/98
1998
4
0.210959
6
0.45
17.24
23.26 
2.454 
6.020 
-0.020 
at

2/10/98
1998
3
0.10137
5
0.23
16.43
21.47 
1.648 
5.045 
-0.045 
at

3/16/98
1998
5
0.175342
5.75
0.4
13.65
19.40 
2.425 
5.754 
-0.004 
at

3/4/98
1998
6
0.30137
5.75
0.4
16.03
21.74 
1.983 
5.705 
0.045 
at

3/5/98
1998
9
0.547945
5
0.4
16.91
21.87 
1.505 
4.955 
0.045 
at

4/15/98
1998
5
0.093151
6.25
0.19
15.46
21.67 
1.734 
6.212 
0.038 
at

5/15/98
1998
7
0.183562
6.5
0.38
15.32
21.83 
2.243 
6.507 
-0.007 
at

5/27/98
1998
7
0.150685
6.25
0.35
14.99
21.23 
2.323 
6.241 
0.009 
at

5/28/98
1998
8
0.230137
6
0.4
15.33
21.31 
2.189 
5.981 
0.019 
at

6/15/98
1998
7
0.09863
7.5
0.2
11.56
19.05 
1.663 
7.487 
0.013 
at

6/18/98
1998
7
0.090411
7.5
0.15
11.77
19.25 
1.332 
7.483 
0.017 
at

6/26/98
1998
12
0.484932
4.25
0.55
15.79
20.04 
2.074 
4.252 
-0.002 
at

7/14/98
1998
12
0.435616
4.25
0.57
15.48
19.75 
2.218 
4.273 
-0.023 
at

8/6/98
1998
9
0.126027
4.5
0.27
13.73
18.20 
2.025 
4.473 
0.027 
at

Table 1b: CG Calls (in the money options)

Trading Date
Contract Year
contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value minus

Strike Price
In / at / Out of the money

1/2/98
1998
6
0.468493
6
0.42
18.21
23.67 
2.4743 
5.461 
0.539 
in

1/2/98
1998
6
0.468493
7
0.15
18.21
23.67 
2.4172 
5.461 
1.539 
in

1/6/98
1998
2
0.128767
5.25
0.18
16.91
21.92 
1.9902 
5.014 
0.236 
in

1/6/98
1998
2
0.128767
5.5
0.13
16.91
21.92 
2.2158 
5.014 
0.486 
in

1/7/98
1998
5
0.361644
6.75
0.2
17.41
23.21 
2.3235 
5.803 
0.947 
in

1/14/98
1998
3
0.175342
5.25
0.27
16.64
21.63 
2.3412 
4.990 
0.260 
in

1/16/98
1998
6
0.430137
6
0.4
17.33
22.90 
2.3284 
5.568 
0.432 
in

1/22/98
1998
4
0.241096
6
0.35
16.25
22.09 
2.2103 
5.842 
0.158 
in

1/27/98
1998
3
0.139726
5.5
0.15
16.95
22.07 
2.0444 
5.121 
0.379 
in

2/18/98
1998
4
0.167123
6.5
0.3
16.45
22.79 
2.3416 
6.335 
0.165 
in

2/23/98
1998
4
0.153425
7
0.12
15.36
21.59 
2.5149 
6.228 
0.772 
in

2/25/98
1998
4
0.147945
6.25
0.21
15.45
21.55 
1.8475 
6.096 
0.154 
in

2/25/98
1998
4
0.147945
6.5
0.12
15.45
21.55 
1.8143 
6.096 
0.404 
in

2/25/98
1998
4
0.147945
7
0.09
15.45
21.55 
2.5168 
6.096 
0.904 
in

2/27/98
1998
6
0.315068
6
0.4
16.15
22.04 
2.0852 
5.887 
0.113 
in

3/3/98
1998
4
0.131507
6
0.26
15.27
21.13 
2.2842 
5.856 
0.144 
in

3/4/98
1998
5
0.380822
5.75
0.4
16.37
21.92 
2.0615 
5.554 
0.196 
in

3/5/98
1998
6
0.378082
5.75
0.4
16.37
21.87 
2.1734 
5.495 
0.255 
in

3/5/98
1998
7
0.29863
5.75
0.37
16.04
21.63 
2.0865 
5.594 
0.156 
in

3/5/98
1998
8
0.460274
5.5
0.41
16.67
21.93 
2.0012 
5.258 
0.242 
in

3/5/98
1998
5
0.205479
6.75
0.1
15.67
21.29 
2.5644 
5.620 
1.130 
in

3/6/98
1998
6
0.29589
6
0.24
15.71
21.24 
2.0358 
5.534 
0.466 
in

3/9/98
1998
4
0.115068
7
0.01
14.33
19.47 
2.8574 
5.137 
1.863 
in

3/13/98
1998
4
0.10411
6.25
0.07
14.06
19.85 
1.8106 
5.785 
0.465 
in

4/8/98
1998
5
0.112329
6
0.12
15.52
21.32 
1.5555 
5.795 
0.205 
in

4/14/98
1998
6
0.189041
6.25
0.26
15.5
21.55 
2.0625 
6.046 
0.204 
in

4/21/98
1998
6
0.169863
7.25
0.14
15.98
22.53 
2.4170 
6.553 
0.697 
in

4/29/98
1998
6
0.147945
7
0.2
15.32
21.94 
2.3550 
6.621 
0.379 
in

4/29/98
1998
8
0.309589
8
0.14
16.25
22.22 
3.4572 
5.972 
2.028 
in

4/30/98
1998
6
0.145205
7
0.22
15.39
21.97 
2.6311 
6.576 
0.424 
in

4/30/98
1998
6
0.145205
7.5
0.08
15.39
21.97 
2.4698 
6.576 
0.924 
in

5/1/98
1998
6
0.142466
7
0.19
16.13
22.80 
2.2001 
6.672 
0.328 
in

5/13/98
1998
7
0.189041
7
0.26
15.68
22.26 
2.5580 
6.580 
0.420 
in

5/13/98
1998
7
0.189041
7.5
0.15
15.68
22.26 
2.7595 
6.580 
0.920 
in

5/20/98
1998
7
0.169863
8
0.11
14.18
20.86 
3.2263 
6.677 
1.323 
in

5/21/98
1998
7
0.167123
6.75
0.25
14.63
21.04 
2.4572 
6.412 
0.338 
in

5/21/98
1998
11
0.583562
5.5
0.22
16.59
20.79 
2.2944 
4.200 
1.300 
in

5/21/98
1998
12
0.49863
5.5
0.24
16.39
20.79 
2.3496 
4.400 
1.100 
in

5/28/98
1998
7
0.147945
6.25
0.3
14.85
21.03 
2.2066 
6.179 
0.071 
in

6/9/98
1998
7
0.115068
6.5
0.08
13.85
19.74 
2.1368 
5.890 
0.610 
in

6/10/98
1998
7
0.112329
6.25
0.11
13.48
19.39 
1.8362 
5.907 
0.343 
in

6/15/98
1998
7
0.09863
8
0.05
11.56
19.05 
1.7326 
7.487 
0.513 
in

6/16/98
1998
7
0.09589
8
0.03
11.98
19.61 
1.1792 
7.634 
0.366 
in

6/18/98
1998
7
0.090411
8
0.03
11.77
19.25 
1.5329 
7.483 
0.517 
in

6/26/98
1998
9
0.238356
5.25
0.49
14.68
19.87 
2.7168 
5.194 
0.056 
in

7/1/98
1998
8
0.136986
6
0.26
14.37
20.22 
2.2479 
5.853 
0.147 
in

7/6/98
1998
8
0.123288
7
0.08
13.88
20.14 
2.3266 
6.259 
0.741 
in

7/15/98
1998
9
0.186301
5
0.43
15.02
19.88 
2.9253 
4.863 
0.137 
in

7/16/98
1998
8
0.09589
4.75
0.18
14.48
19.11 
1.9032 
4.634 
0.116 
in

7/16/98
1998
8
0.09589
5.75
0.03
14.48
19.11 
2.5966 
4.634 
1.116 
in

7/23/98
1998
9
0.164384
5
0.09
13.88
18.03 
2.2971 
4.151 
0.849 
in

7/29/98
1998
9
0.147945
3.75
0.26
14.09
17.65 
2.2900 
3.558 
0.192 
in

7/31/98
1998
9
0.142466
3.75
0.3
14.21
17.80 
2.5300 
3.585 
0.165 
in

7/31/98
1998
10
0.221918
4
0.24
14.5
17.93 
2.5317 
3.434 
0.566 
in

8/3/98
1998
9
0.134247
4.25
0.22
13.7
17.59 
2.5724 
3.890 
0.360 
in

8/4/98
1998
9
0.131507
4.25
0.28
13.75
17.77 
2.6928 
4.016 
0.234 
in

8/4/98
1998
9
0.131507
5
0.07
13.75
17.77 
2.5843 
4.016 
0.984 
in

8/5/98
1998
10
0.208219
4
0.32
14.06
17.62 
2.8434 
3.559 
0.441 
in

8/7/98
1998
9
0.369863
5
0.15
14.75
18.57 
2.3024 
3.818 
1.182 
in

8/7/98
1998
12
0.123288
5
0.17
13.8
18.23 
2.8111 
4.428 
0.572 
In

8/10/98
1998
10
0.194521
4
0.32
13.41
17.26 
2.2500 
3.852 
0.148 
in

8/10/98
1998
9
0.115068
5
0.12
13.05
17.14 
3.2031 
4.086 
0.914 
in

8/13/98
1998
9
0.106849
5.25
0.05
13.18
17.85 
1.8021 
4.670 
0.580 
in

8/17/98
1998
9
0.09589
5
0.05
13.2
17.81 
1.4866 
4.608 
0.392 
in

8/18/98
1998
9
0.093151
5.5
0.01
12.9
17.62 
1.5612 
4.719 
0.781 
in

Table 1c: CG Calls (out of the money options)

Trading Date
Contract Year
contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value minus

Strike Price
In / at / Out of the money

1/7/98
1998
5
0.361644
5.75
0.6
17.41
23.21 
2.4801 
5.803 
-0.0534
out

1/8/98
1998
2
0.123288
5
0.29
16.97
22.16 
1.3328 
5.185 
-0.185
out

1/9/98
1998
2
0.120548
5.25
0.37
16.63
22.18 
1.3527 
5.550 
-0.3002
out

1/9/98
1998
2
0.120548
5.5
0.25
16.63
22.18 
1.6392 
5.550 
-0.0502
out

2/11/98
1998
3
0.09863
5
0.2
16.15
21.21 
1.3593 
5.060 
-0.06
out

2/17/98
1998
3
0.082192
4.75
0.45
15.66
20.77 
2.0217 
5.109 
-0.359
out

2/27/98
1998
4
0.142466
6
0.34
15.44
21.53 
1.9646 
6.093 
-0.0934
out

3/4/98
1998
7
0.208219
5.75
0.39
15.65
21.48 
1.9510 
5.833 
-0.083
out

3/17/98
1998
5
0.172603
5.75
0.66
13.5
19.66 
2.6974 
6.156 
-0.406
out

3/18/98
1998
5
0.169863
5.75
0.6
14.61
20.73 
2.4346 
6.117 
-0.367
out

4/14/98
1998
5
0.09589
5.75
0.27
15.12
20.96 
1.8284 
5.838 
-0.088
out

4/16/98
1998
9
0.432877
4.5
1.2
16.94
22.53 
2.0547 
5.593 
-1.093
out

4/16/98
1998
9
0.432877
5.5
0.6
16.94
22.53 
2.2053 
5.593 
-0.093
out

4/17/98
1998
5
0.087671
6.5
0.18
15.46
22.04 
1.1592 
6.582 
-0.0816
out

4/17/98
1998
6
0.180822
6
0.68
15.91
22.47 
2.0381 
6.556 
-0.5558
out

4/30/98
1998
6
0.145205
6.5
0.45
15.39
21.97 
2.7462 
6.576 
-0.076
out

5/1/98
1998
6
0.142466
6.5
0.47
16.13
22.80 
2.5552 
6.672 
-0.1718
out

5/18/98
1998
6
0.09589
6.25
0.71
14.07
21.02 
1.5607 
6.951 
-0.701
out

6/3/98
1998
10
0.380822
4.5
0.57
16.26
21.00 
1.8776 
4.740 
-0.24
out

6/18/98
1998
7
0.090411
7.25
0.3
11.77
19.25 
1.3348 
7.483 
-0.2328
out

7/6/98
1998
8
0.123288
6
0.47
13.88
20.14 
2.3580 
6.259 
-0.259
out

7/13/98
1998
8
0.10411
5.5
0.32
13.91
19.62 
1.5492 
5.712 
-0.2124
out

7/2/98
1998
9
0.221918
5.25
0.68
14.91
20.53 
2.5986 
5.620 
-0.3696
out

8/13/98
1998
9
0.106849
4.25
0.41
13.18
17.85 
-0.2718 
4.670 
-0.42
out

8/3/98
1998
9
0.134247
3.75
0.55
13.7
17.59 
3.3142 
3.890 
-0.1396
out

8/18/98
1998
9
0.093151
4.5
0.12
12.9
17.62 
-1.1721 
4.719 
-0.219
out

8/7/98
1998
9
0.123288
4.25
0.58
13.8
18.23 
3.5201 
4.428 
-0.178
out

8/13/98
1998
9
0.106849
4.5
0.24
13.18
17.85 
1.0862 
4.670 
-0.17
out

8/17/98
1998
9
0.09589
4.5
0.27
13.2
17.81 
1.7346 
4.608 
-0.108
out

Table 2a: CG Puts (at the money options)

Trading Date
Contract year
Contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value

minus

Strike Price
In / at / Out of the money

1/20/98
1998
3
0.15890411
5
0.4
16.56
21.55 
2.5246 
4.990 
0.010 
at

2/4/98
1998
3
0.11780822
4.75
0.37
16.37
21.11 
2.6790 
4.735 
0.015 
at

4/3/98
1998
5
0.1260274
5.75
0.3
15.99
21.78 
2.2734 
5.787 
-0.037 
at

4/8/98
1998
5
0.11232877
5.75
0.33
15.52
21.32 
2.6608 
5.795 
-0.045 
at

5/15/98
1998
7
0.18356164
6.5
0.4
15.32
21.83 
2.4052 
6.507 
-0.007 
at

5/27/98
1998
7
0.15068493
6.25
0.39
14.99
21.23 
2.5274 
6.241 
0.009 
at

5/28/98
1998
8
0.14794521
6
0.46
15.33
21.31 
2.9795 
5.981 
0.019 
at

6/26/98
1998
12
0.48493151
4.25
0.55
15.79
20.04 
2.0825 
4.252 
-0.002 
at

6/26/98
1998
8
0.15068493
5.5
0.35
14.13
19.62 
2.2698 
5.492 
0.008 
at

Table 2b: CG Puts (in the money options)

Trading Date
Contract year
Contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value

minus

Strike Price
In / at / Out of the money

1/6/98
1998
2
0.12876712
5.5
0.56
16.91
21.92 
1.7416 
5.014 
0.486 
in

1/15/98
1998
3
0.17260274
5
0.43
16.51
21.36 
2.1465 
4.847 
0.153 
in

1/21/98
1998
3
0.15616438
5
0.48
16.36
20.94 
1.3467 
4.577 
0.423 
in

2/20/98
1998
4
0.16164384
6.5
0.52
16.24
22.47 
2.3748 
6.234 
0.266 
in

3/9/98
1998
4
0.11506849
5.5
0.47
14.33
19.47 
1.8747 
5.137 
0.363 
in

4/22/98
1998
6
0.16712329
6.5
0.6
15.54
21.77 
2.8471 
6.233 
0.267 
in

5/28/98
1998
7
0.14794521
6.25
0.4
14.85
21.03 
2.4086 
6.179 
0.071 
in

6/10/98
1998
9
0.28219178
5.25
0.7
15.12
20.31 
3.2468 
5.187 
0.063 
in

6/11/98
1998
7
0.10958904
6.5
0.22
12.75
19.17 
1.3730 
6.423 
0.077 
in

6/22/98
1998
8
0.16164384
6.5
0.36
13.65
20.06 
1.9707 
6.405 
0.095 
in

6/23/98
1998
8
0.16164384
6.25
0.49
14.52
20.46 
1.9830 
5.938 
0.312 
in

6/26/98
1998
9
0.23835616
5.25
0.66
14.68
19.87 
3.3257 
5.194 
0.056 
in

7/13/98
1998
8
0.10410959
6
0.45
13.91
19.62 
2.2403 
5.712 
0.288 
in

7/14/98
1998
8
0.10136986
5.75
0.41
14.55
20.16 
2.6736 
5.610 
0.140 
in

7/15/98
1998
8
0.09863014
5
0.3
14.87
19.74 
1.8534 
4.870 
0.130 
in

7/16/98
1998
8
0.09589041
5
0.4
14.48
19.11 
1.2786 
4.634 
0.366 
in

7/20/98
1998
8
0.08493151
5
0.31
13.3
18.03 
1.1880 
4.731 
0.269 
in

8/25/98
1998
10
0.15342466
3.5
0.4
13.77
17.20 
2.3795 
3.433 
0.067 
in

8/25/98
1998
10
0.15342466
3.75
0.57
13.77
17.20 
2.5639 
3.433 
0.317 
in

Table 2c: CG Puts (out of the money options)

Trading Date
Contract year
Contract month
Time to Maturity
Strike Price
Settlement Price
CL
HU
Implied Volatility
Spread Value
Spread Value minus

Strike Price
In / at / Out of the money

1/7/98
1998
5
0.36164384
5.25
0.3
17.41
23.21 
2.2655 
5.803 
-0.553 
out

1/9/98
1998
9
0.69863014
4
0.31
17.83
22.22 
1.5078 
4.388 
-0.388 
out

1/9/98
1998
2
0.12054795
5
0.05
16.63
22.18 
1.6405 
5.550 
-0.550 
out

1/13/98
1998
2
0.10958904
5
0.1
16.43
21.58 
1.2633 
5.154 
-0.154 
out

1/14/98
1998
2
0.10684932
5
0.11
16.45
21.53 
1.1167 
5.075 
-0.075 
out

1/16/98
1998
6
0.43013699
4.5
0.2
17.33
22.90 
2.2816 
5.568 
-1.068 
out

1/16/98
1998
6
0.43013699
5.5
0.6
17.33
22.90 
2.5225 
5.568 
-0.068 
out

1/21/98
1998
5
0.32328767
5
0.26
16.81
22.48 
2.3782 
5.673 
-0.673 
out

1/22/98
1998
4
0.24109589
5.5
0.36
16.25
22.09 
2.6651 
5.842 
-0.342 
out

2/4/98
1998
3
0.11780822
3.5
0.02
16.37
21.11 
2.3072 
4.735 
-1.235 
out

2/4/98
1998
3
0.11780822
4.25
0.16
16.37
21.11 
2.5751 
4.735 
-0.485 
out

2/5/98
1998
3
0.11506849
4.25
0.15
16.58
21.21 
2.2523 
4.630 
-0.380 
out

2/9/98
1998
3
0.10410959
4.25
0.12
16.63
21.36 
2.3434 
4.727 
-0.477 
out

2/13/98
1998
5
0.26027397
5
0.16
16.51
22.56 
2.6135 
6.048 
-1.048 
out

2/18/98
1998
4
0.16712329
6
0.28
16.45
22.79 
2.6470 
6.335 
-0.335 
out

2/20/98
1998
4
0.16164384
5.5
0.14
16.24
22.47 
2.5481 
6.234 
-0.734 
out

2/27/98
1998
4
0.14246575
5.5
0.15
15.44
21.53 
2.5027 
6.093 
-0.593 
out

2/27/98
1998
4
0.14246575
6
0.24
15.44
21.53 
1.9109 
6.093 
-0.093 
out

3/5/98
1998
8
0.46027397
5
0.41
16.67
21.93 
2.0276 
5.258 
-0.258 
out

3/18/98
1998
5
0.16986301
5.25
0.2
14.61
20.73 
3.2076 
6.117 
-0.867 
out

3/19/98
1998
5
0.16712329
6
0.36
14.6
20.66 
2.4357 
6.064 
-0.064 
out

3/31/98
1998
5
0.13424658
6
0.3
15.61
21.67 
2.2859 
6.062 
-0.062 
out

4/8/98
1998
5
0.11232877
5.5
0.23
15.52
21.32 
2.7006 
5.795 
-0.295 
out

4/14/98
1998
6
0.1890411
5.5
0.14
15.5
21.55 
2.0178 
6.046 
-0.546 
out

4/22/98
1998
6
0.16712329
6
0.33
15.54
21.77 
2.7117 
6.233 
-0.233 
out

4/23/98
1998
6
0.16438356
6.25
0.37
15.19
21.65 
2.9203 
6.457 
-0.207 
out

4/28/98
1998
6
0.15068493
6.25
0.26
15.74
22.53 
3.1522 
6.793 
-0.543 
out

4/29/98
1998
6
0.14794521
6.25
0.21
15.32
21.94 
2.4066 
6.621 
-0.371 
out

4/30/98
1998
6
0.14520548
6
0.11
15.39
21.97 
2.1090 
6.576 
-0.576 
out

5/5/98
1998
6
0.13150685
6.25
0.14
15.47
22.39 
2.6756 
6.916 
-0.666 
out

5/6/98
1998
6
0.12876712
6
0.08
15.37
22.06 
2.1835 
6.693 
-0.693 
out

5/6/98
1998
6
0.12876712
6.25
0.16
15.37
22.06 
2.3632 
6.693 
-0.443 
out

5/6/98
1998
6
0.12876712
6.5
0.18
15.37
22.06 
1.8698 
6.693 
-0.193 
out

5/11/98
1998
6
0.11506849
6.5
0.2
15.17
21.97 
2.4339 
6.796 
-0.296 
out

5/12/98
1998
6
0.11232877
6.75
0.2
15.24
22.11 
1.9380 
6.873 
-0.123 
out

5/13/98
1998
6
0.10958904
6.25
0.06
14.95
21.84 
2.0229 
6.890 
-0.640 
out

5/13/98
1998
6
0.10958904
6.5
0.12
14.95
21.84 
2.0685 
6.890 
-0.390 
out

5/14/98
1998
9
0.35616438
5.25
0.37
16.52
22.21 
2.4225 
5.690 
-0.440 
out

5/15/98
1998
7
0.18356164
6
0.2
15.32
21.83 
2.3883 
6.507 
-0.507 
out

5/19/98
1998
8
0.25479452
6
0.46
15.66
21.89 
2.8792 
6.230 
-0.230 
out

5/19/98
1998
7
0.17260274
6.25
0.26
15.01
21.60 
2.4997 
6.595 
-0.345 
out

5/20/98
1998
7
0.16986301
6
0.19
14.18
20.86 
2.7595 
6.677 
-0.677 
out

5/20/98
1998
7
0.16986301
6.5
0.37
14.18
20.86 
2.7947 
6.677 
-0.177 
out

5/28/98
1998
7
0.14794521
5.5
0.1
14.85
21.03 
2.2026 
6.179 
-0.679 
out

6/9/98
1998
7
0.11506849
5.5
0.1
13.85
19.74 
1.8406 
5.890 
-0.390 
out

6/15/98
1998
7
0.09863014
6.5
0.07
11.56
19.05 
2.9869 
7.487 
-0.987 
out

6/19/98
1998
9
0.25753425
4
0.1
14.04
19.93 
3.2425 
5.889 
-1.889 
out

6/26/98
1998
8
0.15068493
5
0.15
14.13
19.62 
2.2203 
5.492 
-0.492 
out

7/2/98
1998
9
0.22191781
5.25
0.31
14.91
20.53 
2.5501 
5.620 
-0.370 
out

8/3/98
1998
9
0.13424658
3.25
0.15
13.7
17.59 
2.6783 
3.890 
-0.640 
out

8/5/98
1998
9
0.12876712
3.5
0.15
13.68
17.62 
2.2732 
3.939 
-0.439 
out

8/13/98
1998
9
0.10684932
4.5
0.2
13.18
17.85 
2.1391 
4.670 
-0.170 
out

8/18/98
1998
10
0.17260274
3
0.1
13.17
17.39 
2.9343 
4.218 
-1.218 
out

8/20/98
1998
10
0.16712329
3
0.12
13.75
17.60 
2.5471 
3.848 
-0.848 
out

8/25/98
1998
10
0.15342466
3
0.15
13.77
17.20 
2.0726 
3.433 
-0.433 
out

Table 3a: CH Calls (at the money options)

Trading Date
Contract Year
Contract Month
Time to maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

1/23/1998
1998
5
0.3178
3
0.4
16.26
19.24 
1.8889 
2.976 
0.024 
at

2/04/1998
1998
6
0.3781
2.75
0.43
17.06
19.79 
1.8601 
2.730 
0.020 
at

2/04/1998
1998
7
0.4575
2.75
0.4
17.27
20.04 
1.5099 
2.772 
-0.022 
at

3/06/1998
1998
4
0.1233
2.75
0.24
14.91
17.70 
1.5763 
2.793 
-0.043 
at

3/09/1998
1998
4
0.1151
3
0.12
14.33
17.28 
1.0615 
2.953 
0.047 
at

3/13/1998
1998
9
0.526
3
0.38
15.87
18.86 
1.4049 
2.988 
0.012 
at

4/15/1998
1998
6
0.1863
2.75
0.2
15.82
18.60 
1.1013 
2.778 
-0.028 
at

5/06/1998
1998
7
0.2082
2.75
0.25
16.09
18.83 
1.4220 
2.743 
0.007 
at

1/14/199
1998
2
0.1068
3
0.05
16.45
19.53 
-1.1594 
3.080 
-0.080 
out

5/07/1998
1998
7
0.2055
2.75
0.28
15.94
18.67 
1.6378 
2.729 
0.021 
at

5/15/1998
1998
8
0.2658
2.5
0.23
15.82
18.34 
1.1061 
2.517 
-0.017 
at

6/04/1998
1998
8
0.211
1.5
0.32
15.69
17.20 
1.7588 
1.509 
-0.009 
at

6/11/1998
1998
8
0.1918
2.5
0.38
13.92
16.46 
2.0887 
2.544 
-0.044 
at

7/23/1998
1998
11
0.3178
2.5
0.32
14.48
16.97 
1.4861 
2.492 
0.008 
at

8/20/1998
1998
12
0.3342
2.25
0.45
14.4
16.65 
2.0110 
2.253 
-0.003 
at

Table 3b: CH Calls (in the money options)

Trading Date
Contract Year
Contract Month
Time to Maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

1/06/1998
1998
2
0.1288
3.5
0.1
16.91
20.06 
1.6611 
3.145 
0.355 
in

1/08/1998
1998
2
0.1233
3.25
0.13
16.97
20.06 
1.4531 
3.085 
0.165 
in

1/09/1998
1998
2
0.1205
3.25
0.11
16.63
19.61 
1.5925 
2.984 
0.266 
in

1/09/1998
1998
3
0.189
4
0.09
16.85
19.82 
2.4186 
2.974 
1.026 
in

1/09/1998
1998
5
0.3562
3
0.36
17.26
20.08 
1.9286 
2.816 
0.184 
in

1/09/1998
1998
9
0.6986
3.5
0.35
17.83
21.00 
1.5711 
3.170 
0.330 
in

1/13/1998
1998
2
0.1096
3.25
0.09
16.43
19.40 
1.5195 
2.974 
0.276 
in

1/15/1998
1998
2
0.1041
3.25
0.08
16.34
19.40 
1.2275 
3.064 
0.186 
in

1/15/1998
1998
3
0.1726
4
0.08
16.51
19.61 
2.2295 
3.100 
0.900 
in

1/20/1998
1998
3
0.1589
3.5
0.17
16.56
19.61 
2.2112 
3.054 
0.446 
in

1/20/1998
1998
5
0.326
3
0.35
16.99
19.89 
1.8046 
2.897 
0.103 
in

1/21/1998
1998
3
0.1562
4
0.07
16.36
19.43 
2.2936 
3.065 
0.935 
in

1/23/1998
1998
7
0.4904
3
0.4
16.75
19.66 
1.6666 
2.906 
0.094 
in

1/27/1998
1998
3
0.1397
3.5
0.14
16.95
20.06 
2.0043 
3.105 
0.395 
in

1/27/1998
1998
3
0.1397
4
0.08
16.95
20.06 
2.4660 
3.105 
0.895 
in

1/29/1998
1998
3
0.1342
3.5
0.1
17.82
20.96 
1.6436 
3.138 
0.362 
in

2/04/1998
1998
5
0.2849
3
0.26
16.82
19.60 
1.7211 
2.781 
0.219 
in

2/05/1998
1998
6
0.3753
3.5
0.18
17.21
20.03 
1.8293 
2.820 
0.680 
in

2/10/1998
1998
3
0.1014
3
0.05
16.43
19.08 
1.3403 
2.655 
0.345 
in

2/10/1998
1998
7
0.4411
3
0.3
17.29
20.03 
1.6274 
2.740 
0.260 
in

2/11/1998
1998
3
0.0986
3
0.12
16.15
18.96 
1.6045 
2.813 
0.187 
in

2/19/1998
1998
7
0.4164
3.25
0.25
17.15
20.10 
1.5294 
2.947 
0.303 
in

2/27/1998
1998
12
0.811
3.75
0.54
17.47
21.07 
1.8348 
3.597 
0.153 
in

3/04/1998
1998
4
0.1288
3
0.09
15.32
18.17 
1.0939 
2.845 
0.155 
in

3/05/1998
1998
9
0.5479
3
0.4
16.91
19.85 
1.5384 
2.935 
0.065 
in

3/10/1998
1998
4
0.1123
3.5
0.04
14.26
17.12 
1.7527 
2.855 
0.645 
in

3/11/1998
1998
6
0.2822
2.75
0.3
14.98
17.64 
1.6598 
2.660 
0.090 
in

3/11/1998
1998
8
0.4438
3.5
0.18
15.72
18.73 
1.4442 
3.012 
0.488 
in

3/11/1998
1998
9
0.5315
3.5
0.22
16.02
19.03 
1.4961 
3.006 
0.494 
in

3/12/1998
1998
7
0.3589
2.75
0.11
17.26
18.04 
2.9204 
0.779 
1.971 
in

3/12/1998
1998
9
0.5288
3
0.4
17.36
18.96 
3.3207 
1.603 
1.397 
in

3/27/1998
1998
7
0.3178
2.75
0.25
17.23
19.87 
1.3695 
2.644 
0.106 
in

4/20/1998
1998
6
0.1726
2.75
0.23
15.91
18.61 
1.5694 
2.696 
0.054 
in

4/22/1998
1998
10
0.4959
4
0.24
16.56
19.88 
1.8597 
3.323 
0.677 
in

5/05/1998
1998
9
0.3808
3
0.26
16.99
19.84 
1.3790 
2.851 
0.149 
in

5/06/1998
1998
6
0.1288
3.5
0.04
15.37
18.40 
1.3171 
3.034 
0.466 
in

5/07/1998
1998
10
0.4548
4
0.17
16.98
20.05 
1.9121 
3.071 
0.929 
in

5/07/1998
1998
12
0.6219
4
0.27
17.3
20.91 
1.4473 
3.612 
0.388 
in

5/08/1998
1998
7
0.2027
2.75
0.18
15.87
18.49 
1.3477 
2.623 
0.127 
in

5/11/1998
1998
7
0.1945
2.75
0.16
15.87
18.44 
1.3738 
2.572 
0.178 
in

5/14/1998
1998
7
0.1918
3
0.09
15.81
18.32 
1.5439 
2.506 
0.494 
in

5/18/1998
1998
7
0.1753
3
0.1
15.11
17.65 
1.6243 
2.543 
0.457 
in

5/18/1998
1998
7
0.1753
3.25
0.06
15.11
17.65 
1.7104 
2.543 
0.707 
in

5/19/1998
1998
7
0.1726
3
0.13
15.01
17.66 
1.6491 
2.647 
0.353 
in

5/27/1998
1998
8
0.2329
2.5
0.17
15.43
17.58 
1.6542 
2.151 
0.349 
in

6/03/1998
1998
12
0.5479
3.5
0.22
16.81
19.30 
2.0579 
2.493 
1.007 
in

6/09/1998
1998
7
0.1151
2.5
0.06
13.85
16.11 
1.1256 
2.257 
0.243 
in

6/10/1998
1998
7
0.1123
3
0.11
13.48
16.32 
1.3554 
2.837 
0.163 
in

6/12/1998
1998
12
0.5233
3.25
0.3
16.14
18.98 
1.7187 
2.836 
0.414 
in

6/15/1998
1998
9
0.2685
3.5
0.12
13.9
16.61 
1.9346 
2.711 
0.789 
in

6/16/1998
1998
7
0.0959
3.75
0.11
11.98
15.53 
1.5858 
3.547 
0.203 
in

6/17/1998
1998
10
0.3425
3
0.31
15.15
17.66 
2.2691 
2.511 
0.489 
in

6/18/1998
1998
8
0.1726
4
0.05
13.1
16.00 
2.1967 
2.902 
1.098 
in

6/22/1998
1998
8
0.1616
4
0.08
13.65
16.59 
2.5570 
2.944 
1.056 
in

6/25/1998
1998
10
0.3205
3.5
0.23
15.09
17.85 
2.3329 
2.760 
0.740 
in

6/26/1998
1998
8
0.1507
3
0.12
14.13
16.61 
2.0390 
2.481 
0.519 
in

6/30/1998
1998
8
0.1397
2.5
0.22
14.18
16.53 
1.9668 
2.347 
0.153 
in

7/06/1998
1998
9
0.211
3.5
0.06
14.35
16.44 
2.5013 
2.093 
1.407 
in

7/08/1998
1998
8
0.1178
2.25
0.15
13.85
15.96 
1.5669 
2.110 
0.140 
in

7/08/1998
1998
8
0.1178
2.5
0.1
13.85
15.96 
1.8194 
2.110 
0.390 
in

7/08/1998
1998
12
0.4521
3.25
0.32
15.34
18.33 
1.6840 
2.993 
0.257 
in

7/09/1998
1998
8
0.1151
2.5
0.1
13.88
15.93 
1.9901 
2.046 
0.454 
in

7/10/1998
1998
8
0.1123
2
0.16
13.87
15.76 
1.5930 
1.888 
0.112 
in

7/10/1998
1998
8
0.1123
2.5
0.04
13.87
15.76 
1.6903 
1.888 
0.612 
in

7/10/1998
1998
12
0.4466
3.25
0.34
15.13
18.23 
1.6025 
3.098 
0.152 
in

7/13/1998
1998
8
0.1041
2
0.15
13.91
15.82 
1.5107 
1.907 
0.093 
in

7/13/1998
1998
12
0.4384
3.25
0.35
15.13
18.14 
1.8027 
3.010 
0.240 
in

7/14/1998
1998
8
0.1014
2.5
0.03
14.55
16.32 
1.8448 
1.771 
0.729 
in

7/15/1998
1998
8
0.0986
2
0.06
14.87
16.51 
1.4930 
1.644 
0.356 
in

7/15/1998
1998
8
0.0986
2.25
0.03
14.87
16.51 
1.6393 
1.644 
0.606 
in

7/15/1998
1998
12
0.4329
3.25
0.26
15.65
18.66 
1.4382 
3.015 
0.235 
in

7/16/1998
1998
8
0.0959
2
0.05
14.48
16.17 
1.2842 
1.694 
0.306 
in

7/21/1998
1998
9
0.1699
3.5
0.04
14.04
15.98 
2.6992 
1.941 
1.559 
in

7/22/1998
1998
9
0.1671
3.5
0.04
14.16
15.95 
2.9171 
1.792 
1.708 
in

7/22/1998
1998
12
0.4137
3.25
0.29
15.01
17.91 
1.7791 
2.899 
0.351 
in

7/23/1998
1998
9
0.1644
3.5
0.03
13.88
15.59 
2.8597 
1.706 
1.794 
in

7/29/1998
1998
9
0.1479
1.75
0.1
14.09
15.33 
1.8643 
1.244 
0.506 
in

8/03/1998
1998
11
0.2959
2.5
0.23
14.38
16.46 
1.9054 
2.080 
0.420 
in

8/04/1998
1999
1
0.4658
3.5
0.25
14.98
17.76 
2.0117 
2.782 
0.718 
in

8/18/1998
1999
2
0.5123
3.75
0.22
14.5
17.21 
2.1594 
2.712 
1.038 
in

8/18/1998
1998
9
0.0932
1.5
0.10
12.9
14.32 
1.0928 
1.422 
0.078 
in

8/19/1998
1999
2
0.4932
3.75
0.21
14.5
17.22 
2.1423 
2.720 
1.030 
in

8/20/1998
1999
2
0.4959
3.75
0.21
14.75
17.39 
2.2271 
2.638 
1.112 
in

8/20/1998
1998
12
0.3342
3.25
0.13
14.4
16.65 
2.0625 
2.253 
0.997 
in

8/21/1998
1998
12
0.3315
3.25
0.15
13.95
16.21 
2.1897 
2.258 
0.992 
in

8/24/1998
1998
11
0.2384
2.5
0.16
13.92
15.65 
2.2911 
1.733 
0.767 
in

8/24/1998
1998
12
0.3233
3.25
0.15
14.21
16.33 
2.3987 
2.115 
1.135 
in

Table 3c: CH Calls (out of the money options)

Trading Date
Contract Year
Contract Month
Time to maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

1/08/1998
1998
2
0.1233
3
0.2
16.97
20.06 
1.1159 
3.085 
-0.085 
out

1/28/1998
1998
3
0.137
3
0.22
17.29
20.35 
1.2851 
3.063 
-0.063 
out

1/29/1998
1998
4
0.2219
3
0.3
17.96
21.08 
1.2752 
3.124 
-0.124 
out

2/13/1998
1998
5
0.2603
2.75
0.32
16.51
19.36 
1.3599 
2.848 
-0.098 
out

3/17/1998
1998
5
0.1726
3
0.27
13.5
16.63 
1.2255 
3.132 
-0.132 
out

3/18/1998
1998
9
0.5123
3
0.4
15.98
19.08 
1.2987 
3.096 
-0.096 
out

3/30/1998
1998
7
0.3096
2.5
0.35
16.71
19.38 
1.2082 
2.669 
-0.169 
out

3/31/1998
1998
7
0.3068
2.5
0.36
16.22
18.86 
1.3446 
2.638 
-0.138 
out

4/03/1998
1998
9
0.4685
3
0.3
16.97
20.04 
1.0216 
3.068 
-0.068 
out

4/24/1998
1998
6
0.1616
2.75
0.46
15.09
18.22 
1.4548 
3.125 
-0.375 
out

5/08/1998
1998
6
0.1233
2.75
0.26
15.13
18.06 
1.0987 
2.934 
-0.184 
out

5/18/1998
1998
6
0.0959
2.75
0.41
14.07
17.22 
1.0592 
3.146 
-0.396 
out

5/27/1998
1998
7
0.1507
2
0.27
14.99
17.05 
1.5615 
2.062 
-0.062 
out

6/04/1998
1998
8
0.211
1.25
0.51
15.69
17.20 
2.0590 
1.509 
-0.259 
out

6/09/1998
1998
8
0.1973
2
0.34
14.65
16.77 
1.6072 
2.116 
-0.116 
out

6/10/1998
1999
3
0.7753
2.75
0.09
17.03
20.22 
4.6572 
3.193 
-0.443 
out

6/10/1998
1998
7
0.1123
2.5
0.42
13.48
16.32 
1.6130 
2.837 
-0.337 
out

6/11/1998
1998
7
0.1096
3
0.33
12.75
15.96 
1.6076 
3.210 
-0.210 
out

6/11/1998
1998
8
0.1918
2.25
0.6
13.92
16.46 
2.5722 
2.544 
-0.294 
out

6/12/1998
1999
3
0.7699
2.75
0.68
16.76
19.98 
1.3121 
3.224 
-0.474 
out

6/12/1998
1998
7
0.1068
2.75
0.71
12.59
16.01 
1.9390 
3.420 
-0.670 
out

6/17/1998
1998
7
0.0932
3
0.19
12.55
15.67 
1.0291 
3.116 
-0.116 
out

6/18/1998
1998
7
0.0904
3.5
0.35
11.77
15.50 
1.8399 
3.728 
-0.228 
out

6/18/1998
1998
8
0.1726
1.5
1.38
13.1
16.00 
1.4491 
2.902 
-1.402 
out

6/18/1998
1998
8
0.1726
2.5
0.67
13.1
16.00 
2.7304 
2.902 
-0.402 
out

6/18/1998
1998
8
0.1726
2.75
0.45
13.1
16.00 
2.2744 
2.902 
-0.152 
out

6/22/1998
1998
8
0.1616
2.75
0.43
13.65
16.59 
2.0632 
2.944 
-0.194 
out

6/24/1998
1998
8
0.1562
2.5
0.57
14.6
17.38 
2.6763 
2.784 
-0.284 
out

7/09/1998
1998
8
0.1151
1.5
0.63
13.88
15.93 
2.1014 
2.046 
-0.546 
out

7/23/1998
1998
9
0.1644
1.5
0.37
13.88
15.59 
1.6082 
1.706 
-0.206 
out

Table 4a: CH Puts (at the money options)

Trading Date
Contract year
Contract month
Time to maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus

Strike Price
In / at / Out of the money

1/05/1998
1998
2
0.1315
3.25
0.24
16.89
20.13 
1.6335 
3.236 
0.014 
at

1/09/1998
1998
2
0.1205
3
0.16
16.63
19.61 
1.1106 
2.984 
0.016 
at

1/23/1998
1998
5
0.3178
3
0.37
16.26
19.24 
1.6444 
2.976 
0.024 
at

1/30/1998
1998
3
0.1315
3
0.3
17.21
20.21 
2.0880 
2.996 
0.004 
at

2/04/1998
1998
6
0.3781
2.75
0.37
17.06
19.79 
1.5261 
2.730 
0.020 
at

2/04/1998
1998
7
0.4575
2.75
0.45
17.27
20.04 
1.7869 
2.772 
-0.022 
at

3/13/1998
1998
9
0.10411
3
0.38
15.87
18.86 
2.9361 
2.988 
0.012 
at

4/15/1998
1998
6
0.1863
2.75
0.17
15.82
18.60 
1.0841 
2.778 
-0.028 
at

4/21/1998
1998
6
0.1699
2.75
0.22
15.98
18.77 
1.4665 
2.786 
-0.036 
at

5/07/1998
1998
6
0.126
3
0.18
15.24
18.27 
1.3906 
3.030 
-0.030 
at

5/14/1998
1998
10
0.4356
3
0.35
16.72
19.68 
1.3135 
2.961 
0.039 
at

5/15/1998
1998
8
0.2658
2.5
0.2
15.82
18.34 
1.0399 
2.517 
-0.017 
at

6/04/1998
1998
8
0.211
1.5
0.31
15.69
17.20 
1.7522 
1.509 
-0.009 
at

6/11/1998
1998
8
0.1918
2.5
0.3
13.92
16.46 
1.8735 
2.544 
-0.044 
at

7/02/1998
1998
8
0.1342
2
0.18
14.5
16.54 
1.3795 
2.040 
-0.040 
at

7/29/1998
1998
9
0.1479
1.25
0.25
14.09
15.33 
1.6348 
1.244 
0.006 
at

Table 4b: CH Puts (in the money options)

Trading Date
Contract year
Contract month
Time to maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

1/23/1998
1998
7
0.4904
3
0.49
16.75
19.66 
1.6685 
2.906 
0.094 
in

2/19/1998
1998
5
0.2438
3
0.42
16.61
19.53 
1.9751 
2.920 
0.080 
in

3/05/1998
1998
9
0.5479
3
0.43
16.91
19.85 
1.4254 
2.935 
0.065 
in

3/11/1998
1998
6
0.2822
2.75
0.37
14.98
17.64 
1.5744 
2.660 
0.090 
in

3/12/1998
1998
4
0.1068
2.5
0.08
17.04
17.01 
2.4141 
-0.030 
2.530 
in

3/12/1998
1998
7
0.3589
2.75
0.54
17.26
18.04 
1.2470 
0.779 
1.971 
in

3/27/1998
1998
7
0.3178
2.75
0.36
17.23
19.87 
1.4052 
2.644 
0.106 
in

3/31/1998
1998
5
0.1342
2.75
0.32
15.61
18.19 
1.5517 
2.576 
0.174 
in

4/20/1998
1998
5
0.0795
3
0.19
15.41
18.34 
1.3690 
2.931 
0.069 
in

5/05/1998
1998
9
0.3808
3
0.37
16.99
19.84 
1.2347 
2.851 
0.149 
in

5/08/1998
1998
7
0.2027
2.75
0.31
15.87
18.49 
1.3777 
2.623 
0.127 
in

5/11/1998
1998
6
0.1151
3
0.22
15.17
18.04 
1.0928 
2.869 
0.131 
in

5/11/1998
1998
7
0.1945
2.75
0.34
15.87
18.44 
1.4078 
2.572 
0.178 
in

5/18/1998
1998
7
0.1753
3
0.56
15.11
17.65 
1.7041 
2.543 
0.457 
in

5/27/1998
1998
8
0.2329
2.5
0.52
15.43
17.58 
1.7080 
2.151 
0.349 
in

6/08/1998
1998
7
0.1178
2.5
0.64
14.55
16.42 
1.3654 
1.872 
0.628 
in

6/09/1998
1998
7
0.1151
2.5
0.35
13.85
16.11 
1.5562 
2.257 
0.243 
in

6/10/1998
1998
10
0.3616
3
0.9
15.69
17.96 
1.9946 
2.265 
0.735 
in

6/30/1998
1998
8
0.1397
2.5
0.44
14.18
16.53 
2.4451 
2.347 
0.153 
in

7/09/1998
1998
8
0.1151
2.25
0.35
13.88
15.93 
1.7626 
2.046 
0.204 
in

7/09/1998
1998
8
0.1151
2.5
0.55
13.88
15.93 
2.0050 
2.046 
0.454 
in

7/10/1998
1998
8
0.1123
2
0.27
13.87
15.76 
1.5903 
1.888 
0.112 
in

7/14/1998
1998
8
0.1014
2
0.34
14.55
16.32 
1.6490 
1.771 
0.229 
in

7/29/1998
1998
9
0.1479
1.5
0.4
14.09
15.33 
1.6826 
1.244 
0.256 
in

8/18/1998
1998
9
0.0932
1.5
0.17
12.9
14.32 
1.0580 
1.422 
0.078 
in

8/20/1998
1998
10
0.1671
2.25
0.18
13.75
14.56 
2.5114 
0.810 
1.440 
in

Table 4c: CH Puts (out of the money options)

Trading Date
Contract year
Contract month
Time to Maturity
Strike Price
Settlement Price
CL
HO
Implied Volatility
Spread Value
Spread Value minus Strike Price
In / at / Out of the money

1/14/1998
1998
2
0.1068
3
0.13
16.45
19.53 
1.2915 
3.080 
-0.080 
out

1/21/1998
1998
5
0.3233
2.75
0.32
16.81
19.80 
1.9459 
2.993 
-0.243 
out

1/27/1998
1998
3
0.1397
3
0.22
16.95
20.06 
1.8267 
3.105 
-0.105 
out

1/28/1998
1998
3
0.137
3
0.22
17.29
20.35 
1.7159 
3.063 
-0.063 
out

1/28/1998
1998
5
0.3041
2.5
0.27
17.62
20.60 
2.1795 
2.977 
-0.477 
out

1/29/1998
1998
3
0.1342
3
0.27
17.82
20.96 
2.3140 
3.138 
-0.138 
out

2/04/1998
1998
3
0.1315
2.5
0.1
16.37
19.11 
1.3734 
2.740 
-0.240 
out

2/04/1998
1998
4
0.2055
2
0.09
16.58
19.39 
1.9997 
2.811 
-0.811 
out

2/09/1998
1998
3
0.1041
2.5
0.14
16.63
19.30 
1.6742 
2.669 
-0.169 
out

2/13/1998
1998
5
0.2603
2.75
0.32
16.51
19.36 
1.8439 
2.848 
-0.098 
out

3/09/1998
1998
4
0.1151
2.5
0.07
14.33
17.28 
1.6968 
2.953 
-0.453 
out

3/18/1998
1998
9
0.5123
3
0.3
15.98
19.08 
1.2675 
3.096 
-0.096 
out

3/30/1998
1998
7
0.3096
2.5
0.22
16.71
19.38 
1.3690 
2.669 
-0.169 
out

3/31/1998
1998
7
0.3068
2.5
0.22
16.22
18.86 
1.3153 
2.638 
-0.138 
out

4/01/1998
1998
5
0.1315
2.5
0.14
15.54
18.25 
1.6002 
2.709 
-0.209 
out

4/02/1998
1998
7
0.3014
2
0.1
16.35
18.87 
1.3390 
2.523 
-0.523 
out

4/02/1998
1998
8
0.3836
2
0.12
16.59
19.27 
1.4993 
2.684 
-0.684 
out

4/03/1998
1998
9
0.4685
3
0.4
16.97
20.04 
1.6570 
3.068 
-0.068 
out

4/08/1998
1998
5
0.1123
2.5
0.19
15.52
18.23 
2.1252 
2.708 
-0.208 
out

4/22/1998
1998
10
0.4959
2
0.14
16.56
19.88 
2.0845 
3.323 
-1.323 
out

4/24/1998
1998
6
0.1616
2.75
0.08
15.09
18.22 
1.3711 
3.125 
-0.375 
out

4/27/1998
1998
6
0.1534
3
0.2
15.32
18.44 
1.6499 
3.118 
-0.118 
out

5/06/1998
1998
6
0.1288
2.75
0.07
15.37
18.40 
1.2443 
3.034 
-0.284 
out

5/07/1998
1998
10
0.4548
2
0.08
16.98
20.05 
1.5538 
3.071 
-1.071 
out

5/12/1998
1998
6
0.1123
2.75
0.08
15.24
18.23 
1.3069 
2.988 
-0.238 
out

5/12/1998
1998
7
0.1918
2.5
0.18
15.93
18.53 
1.3071 
2.596 
-0.096 
out

5/26/1998
1998
8
0.2356
2
0.2
15.32
17.47 
1.4154 
2.152 
-0.152 
out

5/27/1998
1998
7
0.1507
2
0.16
14.99
17.05 
1.2387 
2.062 
-0.062 
out

6/03/1998
1998
7
0.1315
1.25
0.14
14.81
16.46 
2.0862 
1.654 
-0.404 
out

6/04/1998
1998
7
0.1288
1.25
0.12
15.12
16.59 
1.4932 
1.470 
-0.220 
out

6/04/1998
1998
8
0.211
1.25
0.25
15.69
17.20 
2.0219 
1.509 
-0.259 
out

6/04/1998
1998
9
0.2986
1
0.15
16.11
17.83 
1.9251 
1.719 
-0.719 
out

6/09/1998
1998
7
0.1151
1.25
0.02
13.85
16.11 
1.9914 
2.257 
-1.007 
out

6/09/1998
1998
7
0.1151
2
0.09
13.85
16.11 
1.4254 
2.257 
-0.257 
out

6/11/1998
1998
7
0.1096
3
0.1
12.75
15.96 
1.4213 
3.210 
-0.210 
out

6/11/1998
1998
8
0.1918
2.25
0.27
13.92
16.46 
2.3202 
2.544 
-0.294 
out

6/15/1998
1998
7
0.0986
2.5
0.01
11.56
15.58 
2.6091 
4.022 
-1.522 
out

6/15/1998
1998
7
0.0986
3
0.04
11.56
15.58 
2.5869 
4.022 
-1.022 
out

6/16/1998
1998
7
0.0959
3
0.06
11.98
15.53 
1.9579 
3.547 
-0.547 
out

6/17/1998
1998
7
0.0932
2.5
0.02
12.55
15.67 
1.5252 
3.116 
-0.616 
out

6/17/1998
1998
7
0.0932
3
0.12
12.55
15.67 
1.4202 
3.116 
-0.116 
out

6/17/1998
1998
8
0.1753
2
0.22
13.65
16.15 
2.5618 
2.499 
-0.499 
out

6/17/1998
1998
10
0.3425
2.25
0.45
15.15
17.66 
2.5141 
2.511 
-0.261 
out

6/18/1998
1998
7
0.0904
2
0.01
11.77
15.50 
3.0267 
3.728 
-1.728 
out

6/18/1998
1998
8
0.1726
2.5
0.32
13.1
16.00 
3.0235 
2.902 
-0.402 
out

6/22/1998
1998
9
0.2493
2.5
0.37
14.38
17.18 
2.5926 
2.802 
-0.302 
out

6/24/1998
1998
8
0.1562
2.25
0.17
14.6
17.38 
2.4206 
2.784 
-0.534 
out

6/24/1998
1998
8
0.1562
2.5
0.29
14.6
17.38 
2.6723 
2.784 
-0.284 
out

6/25/1998
1998
10
0.3205
2.5
0.34
15.09
17.85 
2.0795 
2.760 
-0.260 
out

6/26/1998
1998
8
0.1507
2
0.13
14.13
16.61 
2.0399 
2.481 
-0.481 
out

6/30/1998
1998
8
0.1397
2
0.14
14.18
16.53 
1.8924 
2.347 
-0.347 
out

7/07/1998
1998
8
0.1205
2
0.2
13.62
15.83 
2.1464 
2.214 
-0.214 
out

7/08/1998
1998
8
0.1178
1.5
0.16
13.85
15.96 
2.8779 
2.110 
-0.610 
out

7/08/1998
1998
8
0.1178
2
0.28
13.85
15.96 
2.4499 
2.110 
-0.110 
out

7/10/1998
1998
8
0.1123
1.25
0.06
13.87
15.76 
1.9953 
1.888 
-0.638 
out

7/10/1998
1998
8
0.1123
1.5
0.15
13.87
15.76 
2.3015 
1.888 
-0.388 
out

7/14/1998
1998
8
0.1014
1.25
0.05
14.55
16.32 
1.7264 
1.771 
-0.521 
out

7/14/1998
1998
8
0.1014
1.5
0.14
14.55
16.32 
2.0022 
1.771 
-0.271 
out

7/15/1998
1998
8
0.0986
1.5
0.18
14.87
16.51 
1.9742 
1.644 
-0.144 
out

7/16/1998
1998
8
0.0959
1.5
0.15
14.48
16.17 
1.9098 
1.694 
-0.194 
out

7/23/1998
1998
9
0.1644
1.5
0.22
13.88
15.59 
1.9542 
1.706 
-0.206 
out

7/28/1998
1998
9
0.1507
1.25
0.17
14.27
15.67 
1.5400 
1.396 
-0.146 
out

8/18/1998
1998
10
0.1726
1.5
0.22
13.17
14.97 
2.1416 
1.803 
-0.303 
out


In total, there are approximately 100 observations in each category of option. Based on the results reported above, some useful statistical information can be calculated and the behavior of the implied volatility estimates can be interpreted.  

Table 5 Statistical Results of the implied Volatility estimates

Type of option
Highest
Lowest
Average
Variance

CG calls
3.5201
1.0862
2.1868
0.2412

CG puts
3.3257
1.1167
2.3316
0.2299

CH calls
4.6572
1.0216
1.7765
0.2684

CH puts
3.0267
1.0399
1.7930
0.2168

As indicated in Table 5, the implied volatility calculated from the actual traded crack spread option data using the Bachelier future spread option pricing formula ranges from 1.0862 to 3.5201 for CG options and 1.0216 to 4.6572 for CH options.  The variation of the result is mainly due to the variation of different futures contract months underlying the future spread option and the variation of the strike price of the option.   Because the volatility is estimated such that its value is implied by the other five variables in the model plus the option price, it is not surprising that there is a difference in implied volatility for each individual set of option data.    Also, the infrequent trades of the crack spread option is also one of the factors that causes the option price to be less reliable for computing implied volatilities
.

In terms of the reported average, the means of the implied volatility from the model are 2.1868, 2.3316, 1.7765, and 1.7930 for the CG calls, CG puts, CH calls and CH puts respectively.  These averages are very similar with differences of 0.5 between the highest and the lowest.  This supports the pricing accuracy of the Bachelier Future Spread option Formula.  

Furthermore, the variance of the implied volatility estimates ranges approximately from 21% to 27%.  This suggests that the variation of the implied volatility in the Bachelier future spread option pricing formula is not overly high because 21% to 27% variance is within reasonable range and limits to achieve accurate pricing.  


In theory, options that are out of the money will be inclined to give some spurious volatility estimates while options that are at the money tend to give the least biased volatility estimates.  Hence, to get a better insight about the pricing accuracy of the formula, it is wise to focus on implied volatilities derived from a more reliable data set (i.e. at-the-money options).  Same statistical information is computed and summarized in the following table:

Table 6: Statistical Results of Implied Volatility estimates (at the money opitons)

Type of option
Highest
Lowest
Average
Variance

CG calls
2.4544
1.3323
1.9870
0.1258

CG puts
2.9795
2.0825
2.4891
0.0720

CH calls
2.0887
1.0615
1.5625
0.1110

CH puts
2.9361
1.0399
1.60
0.2118


Comparing table 5 and 6 shows that by concentrating on the volatility estimate obtained from at the money options, the range of the implied volatility becomes narrower and the variance of the implied volatility becomes lower in all categories.  Hence, results obtained from at-the-money options gives greater support of the pricing accuracy of the Bachelier Future Spread Option Pricing formula.

F.1 Results from Historical Volatility

The purpose of calculating the historical volatility is to perform a direct comparison of the historical volatility of the future spread against the implied volatility.  If the implied volatility estimated from the Bachelier Future Spread options Pricing formula is closely related and consistent with the historical volatility, then, it becomes another strong piece of evidence to confirm the pricing accuracy of the Bachelier model.  For the purpose of comparison, implied volatilities estimated in the previous section are reproduced in the following tables.  They are used to compare the historical volatility determined from 30 days, 60 days, and 90 days data respectively. 

Table 7a: CG Call Options (Implied Volatility vs. Historical Volatility)

Trading Date
Contract Year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility
Trading Date
Contract Year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility

1/2/98
6/1998
2.4743 
1.7010 
2.0153 
2.2419 
5/1/98
6/1998
2.5552 
3.1500 
2.3828 
2.2300 

1/2/98
6/1998
2.4172 
1.7010 
2.0153 
2.2419 
5/1/98
6/1998
2.2001 
3.1500 
2.3828 
2.2300 

1/6/98
2/1998
1.9902 
2.1301 
1.8360 
1.9590 
5/13/98
7/1998
2.5580 
1.9785 
1.9636 
1.8480 

1/6/98
2/1998
2.2158 
2.1301 
1.8360 
1.9590 
5/13/98
7/1998
2.7595 
1.9785 
1.9636 
1.8480 

1/7/98
2/1998
2.4801 
1.6466 
1.5655 
1.9877 
5/15/98
7/1998
2.2427 
1.9691 
1.9544 
1.8322 

1/7/98
2/1998
2.3235 
1.6466 
1.5655 
1.9877 
5/18/98
6/1998
1.5607 
2.8634 
2.4686 
2.2530 

1/8/98
2/1998
1.3328 
2.1180 
1.8282 
1.9215 
5/20/98
7/1998
3.2263 
1.8888 
1.9393 
1.8529 

1/9/98
2/1998
1.3527 
2.1752 
1.8539 
1.9459 
5/21/98
7/1998
2.4572 
1.9567 
1.9551 
1.8422 

1/9/98
2/1998
1.6392 
2.1752 
1.8539 
1.9459 
5/21/98
11/1998
2.2944 
3.0191 
4.9462 
4.6942 

1/14/98
3/1998
2.3412 
2.1215 
1.7515 
1.8261 
5/21/98
12/1998
2.3496 
2.6786 
2.9165 
2.8705 

1/16/98
6/1998
2.3284 
1.7737 
1.9806 
2.2319 
5/27/98
7/1998
2.3233 
2.2090 
2.0752 
1.8926 

1/22/98
4/1998
2.2103 
2.1682 
1.7999 
1.8069 
5/28/98
7/1998
2.2066 
2.0781 
2.0729 
1.8841 

1/27/98
3/1998
2.0444 
2.9210 
2.2105 
2.1214 
5/28/98
8/1998
2.1885 
2.3489 
2.1899 
1.9481 

2/2/98
4/1998
2.4544 
2.9439 
2.2078 
2.0674 
6/3/98
10/1998
1.8776 
2.2663 
2.1221 
1.9212 

2/10/98
3/1998
1.6477 
3.2545 
2.4632 
2.1536 
6/9/98
7/1998
2.1368 
2.1820 
2.1554 
1.9091 

2/11/98
3/1998
1.3593 
3.3774 
2.5374 
2.2196 
6/10/98
7/1998
1.8362 
2.2262 
2.1640 
1.9316 

2/17/98
3/1998
2.0217 
3.3506 
2.5735 
2.2447 
6/15/98
7/1998
1.6635 
2.8846 
2.5166 
2.2328 

2/18/98
4/1998
2.3416 
2.8697 
2.2920 
2.0286 
6/15/98
7/1998
1.7326 
2.8846 
2.5166 
2.2328 

2/23/98
4/1998
2.5149 
2.9200 
2.2777 
2.0362 
6/16/98
7/1998
1.1792 
3.4155 
2.7344 
2.4740 

2/25/98
4/1998
1.8475 
2.9577 
2.3001 
2.0401 
6/18/98
7/1998
1.3348 
3.9541 
3.0084 
2.7218 

2/25/98
4/1998
1.8143 
2.9577 
2.3001 
2.0401 
6/18/98
7/1998
1.3323 
3.9541 
3.0084 
2.7218 

2/25/98
4/1998
2.5168 
2.9577 
2.3001 
2.0401 
6/18/98
7/1998
1.5329 
3.9541 
3.0084 
2.7218 

2/27/98
4/1998
1.9646 
2.9123 
2.3002 
2.0374 
6/26/98
9/1998
2.7168 
2.2143 
1.9620 
1.9611 

2/27/98
6/1998
2.0852 
2.2432 
1.8721 
1.9242 
6/26/98
12/1998
2.0738 
2.2703 
2.6936 
2.7691 

3/3/98
4/1998
2.2842 
2.8930 
2.3048 
2.0356 
7/1/98
8/1998
2.2479 
3.6749 
2.9755 
2.6908 

3/4/98
5/1998
2.0615 
2.3491 
1.8702 
1.6869 
7/2/98
9/1998
2.5986 
2.3862 
2.0470 
2.0273 

3/4/98
6/1998
1.9833 
2.1628 
1.8727 
1.7454 
7/6/98
8/1998
2.3580 
3.6219 
2.9567 
2.6909 

3/4/98
7/1998
1.9510 
1.9966 
1.7701 
1.6715 
7/6/98
8/1998
2.3266 
3.6219 
2.9567 
2.6909 

3/5/98
5/1998
2.5644 
2.3467 
1.8827 
1.6959 
7/13/98
8/1998
1.5492 
3.9689 
3.1267 
2.8433 

3/5/98
6/1998
2.1734 
2.1673 
1.8845 
1.7540 
7/14/98
12/1998
2.2180 
2.1838 
2.2440 
2.5262 

3/5/98
7/1998
2.0865 
2.0041 
1.7789 
1.6771 
7/15/98
9/1998
2.9253 
2.4345 
2.0736 
2.0765 

3/5/98
8/1998
2.0012 
2.2779 
2.1354 
2.0261 
7/16/98
8/1998
1.9032 
4.4236 
3.4683 
3.1154 

3/5/98
9/1998
1.5054 
2.3539 
2.1883 
2.0787 
7/16/98
8/1998
2.5966 
4.4236 
3.4683 
3.1154 

3/6/98
6/1998
2.0358 
2.1478 
1.8794 
1.7543 
7/23/98
9/1998
2.2971 
3.0661 
2.4535 
2.2880 

3/9/98
4/1998
2.8574 
2.7645 
2.4220 
2.1410 
7/29/98
9/1998
2.2900 
3.1742 
2.5084 
2.2592 

3/13/98
4/1998
1.8106 
2.5574 
2.5256 
2.1936 
7/31/98
9/1998
2.5300 
3.3344 
2.5225 
2.3767 

3/16/98
5/1998
2.4248 
2.1325 
2.0214 
1.8039 
7/31/98
10/1998
2.5317 
2.5483 
2.0726 
2.1975 

3/17/98
5/1998
2.6974 
2.1892 
1.9983 
1.8128 
8/3/98
9/1998
3.3142 
3.1540 
2.5303 
2.3707 

3/18/98
5/1998
2.4346 
2.3742 
2.1620 
1.9265 
8/3/98
9/1998
2.5724 
3.1540 
2.5303 
2.3707 

4/8/98
5/1998
1.5555 
3.5055 
2.7015 
2.3228 
8/4/98
9/1998
2.6928 
3.1540 
2.5303 
2.3707 

4/14/98
5/1998
1.8284 
3.5582 
2.7218 
2.3464 
8/4/98
9/1998
2.5843 
3.1540 
2.5303 
2.3707 

4/14/98
6/1998
2.0625 
2.8540 
2.2386 
2.0366 
8/5/98
10/1998
2.8434 
2.5906 
2.1787 
2.2527 

4/15/98
5/1998
1.7343 
3.5827 
2.7346 
2.3442 
8/6/98
9/1998
2.0252 
3.3116 
2.6594 
2.4599 

4/16/98
9/1998
2.0547 
2.5343 
2.1949 
2.1452 
8/7/98
9/1998
3.5201 
3.3566 
2.6791 
2.4698 

4/16/98
9/1998
2.2053 
2.5343 
2.1949 
2.1452 
8/7/98
9/1998
2.3024 
3.3566 
2.6791 
2.4698 

4/17/98
5/1998
1.1592 
3.7774 
2.8256 
2.4309 
8/7/98
12/1998
2.8111 
2.0754 
2.0336 
2.2610 

4/17/98
6/1998
2.0381 
3.0148 
2.2937 
2.0875 
8/10/98
9/1998
3.2031 
3.3380 
2.6708 
2.4695 

4/21/98
6/1998
2.4170 
3.0090 
2.2965 
2.0972 
8/10/98
10/1998
2.2500 
2.7876 
2.3012 
2.2850 

4/29/98
6/1998
2.3550 
3.1599 
2.3801 
2.2098 
8/13/98
9/1998
1.0862 
3.8075 
2.9958 
2.7056 

4/29/98
6/1998
3.4572 
2.6859 
1.9782 
2.1773 
8/13/98
9/1998
1.8021 
3.8075 
2.9958 
2.7056 

4/30/98
6/1998
2.7462 
3.1788 
2.4114 
2.2361 
8/17/98
9/1998
1.7346 
3.8952 
3.0881 
2.7661 

4/30/98
6/1998
2.6311 
3.1788 
2.4114 
2.2361 
8/17/98
9/1998
1.4866 
3.8952 
3.0881 
2.7661 

4/30/98
6/1998
2.4698 
3.1788 
2.4114 
2.2361 
8/18/98
9/1998
1.5612 
4.0291 
3.1542 
2.8016 

Table 7b: CG Put Options (Implied volatility vs. Historical volatility)

Trading Date
Contract month/ year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90  Estimated Historical Volatility
Trading Date
Contract month/ year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90  Estimated Historical Volatility

1/6/98
2/1998
1.7416
2.1301
1.8360
1.9590
5/6/98
6/1998
2.3632
3.1281
2.3797
2.2104

1/7/98
5/1998
2.2655
1.6466
1.5655
1.9877
5/6/98
6/1998
1.8698
3.1281
2.3797
2.2104

1/9/98
2/1998
1.6405
2.1752
1.8539
1.9459
5/11/98
6/1998
2.4339
2.8501
2.4162
2.2425

1/9/98
9/1998
1.5078
2.0710
2.1557
2.6415
5/12/98
6/1998
1.9380
2.7978
2.4159
2.2450

1/13/98
2/1998
1.2633
2.4087
1.9761
2.0424
5/13/98
6/1998
2.0229
2.7826
2.4194
2.2433

1/14/98
2/1998
1.1167
2.5560
2.0628
2.1015
5/13/98
6/1998
2.0685
2.7826
2.4194
2.2433

1/15/98
3/1998
2.1465
2.1834
1.7813
1.8547
5/14/98
9/1998
2.4225
2.0412
2.0555
2.1151

1/16/98
6/1998
2.2816
1.7737
1.9806
2.2319
5/15/98
7/1998
2.3883
1.9691
1.9544
1.8322

1/16/98
6/1998
2.5225
1.7737
1.9806
2.2319
5/15/98
7/1998
2.4052
1.9691
1.9544
1.8322

1/20/98
3/1998
2.5246
2.2359
1.7913
1.8513
5/19/98
7/1998
2.4997
1.9158
1.9249
1.8381

1/21/98
3/1998
1.3467
2.2397
1.7921
1.8524
5/19/98
8/1998
2.8792
2.3949
2.1611
2.1228

1/21/98
5/1998
2.3782
1.5961
1.4507
1.9637
5/20/98
7/1998
2.7595
1.8888
1.9393
1.8529

1/22/98
4/1998
2.6651
2.1682
1.7999
1.8069
5/20/98
7/1998
2.7947
1.8888
1.9393
1.8529

2/4/98
3/1998
2.3072
3.2295
2.4455
2.1953
5/27/98
7/1998
2.5274
2.2090
2.0752
1.8926

2/4/98
3/1998
2.5751
3.2295
2.4455
2.1953
5/28/98
7/1998
2.2026
2.0781
2.0729
1.8841

2/4/98
3/1998
2.6790
3.2295
2.4455
2.1953
5/28/98
7/1998
2.4086
2.0781
2.0729
1.8841

2/5/98
3/1998
2.2523
3.2504
2.4544
2.1900
5/28/98
8/1998
2.9795
2.4021
2.1617
2.1722

2/9/98
3/1998
2.3434
3.2733
2.4662
2.1761
6/9/98
7/1998
1.8406
2.1820
2.1554
1.9091

2/13/98
5/1998
2.6135
2.3378
1.8740
1.7484
6/10/98
9/1998
3.2468
2.0772
2.1104
1.8449

2/18/98
4/1998
2.6470
2.8697
2.2920
2.0286
6/11/98
7/1998
1.3730
2.2219
2.1322
1.9308

2/20/98
4/1998
2.5481
2.9060
2.2912
2.0304
6/15/98
7/1998
2.9869
2.8846
2.5166
2.2328

2/20/98
4/1998
2.3748
2.9060
2.2912
2.0304
6/19/98
9/1998
3.2425
1.8813
1.8819
1.9214

2/27/98
4/1998
2.5027
2.9123
2.3002
2.0374
6/22/98
8/1998
1.9707
3.1240
2.6875
2.4740

2/27/98
4/1998
1.9109
2.9123
2.3002
2.0374
6/23/98
8/1998
1.9830
3.1599
2.6906
2.4705

3/5/98
8/1998
2.0276
2.2779
2.1354
2.0261
6/26/98
8/1998
2.2203
3.5138
2.8773
2.6147

3/9/98
4/1998
1.8747
2.7645
2.4220
2.1410
6/26/98
8/1998
2.2698
3.5138
2.8773
2.6147

3/18/98
5/1998
3.2076
2.3742
2.1620
1.9265
6/26/98
9/1998
3.3257
2.2143
1.9620
1.9611

3/19/98
5/1998
2.4357
2.4323
2.1904
1.9508
6/26/98
12/1998
2.0825
2.2703
2.6936
2.7691

3/31/98
5/1998
2.2859
3.2666
2.5091
2.1578
7/2/98
9/1998
2.5501
2.3862
2.0470
2.0273

4/3/98
5/1998
2.2734
3.3187
2.5686
2.2077
7/13/98
8/1998
2.2403
3.9689
3.1267
2.8433

4/8/98
5/1998
2.7006
3.5055
2.7015
2.3228
7/14/98
8/1998
2.6736
3.9712
3.1242
2.8458

4/8/98
5/1998
2.6608
3.5055
2.7015
2.3228
7/15/98
8/1998
1.8534
3.9427
3.1365
2.8476

4/14/98
6/1998
2.0178
2.8540
2.2386
2.0366
7/16/98
8/1998
1.2786
4.4236
3.4683
3.1154

4/22/98
6/1998
2.7117
2.9856
2.2694
2.0972
7/20/98
8/1998
1.1880
4.4255
3.4958
3.0991

4/22/98
6/1998
2.8471
2.9856
2.2694
2.0972
8/3/98
9/1998
2.6783
3.1813
2.5215
2.3767

4/23/98
6/1998
2.9203
3.0799
2.3533
2.1774
8/5/98
9/1998
2.2732
3.2308
2.5675
2.3936

4/28/98
6/1998
3.1522
3.0979
2.3384
2.1794
8/13/98
9/1998
2.1391
3.8075
2.9958
2.7056

4/29/98
6/1998
2.4066
3.1599
2.3801
2.2098
8/18/98
10/1998
2.9343
2.8208
2.4141
2.3429

4/30/98
6/1998
2.1090
3.1788
2.4114
2.2361
8/20/98
10/1998
2.5471
3.1534
2.6486
2.5047

5/5/98
6/1998
2.6756
3.1056
2.3549
2.1962
8/25/98
10/1998
2.0726
3.2332
2.6745
2.4233

5/6/98
6/1998
2.1835
3.1281
2.3797
2.2104
8/25/98
10/1998
2.3795
3.2332
2.6745
2.4233







8/25/98
10/1998
2.5639
3.2332
2.6745
2.4233

Table 8a: CH Call Options (Implied Volatility vs. Historical Volatility)

Trading Date
Contract Year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility
Trading Date
Contract Year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility

1/06/1998
2/1998
1.6611
1.9519
1.7474
1.7896
5/18/1998
6/1998
1.0592
2.2454
2.0919
1.9242

1/08/1998
2/1998
1.1159
2.1365
1.7466
1.7710
5/18/1998
7/1998
1.6243
1.9238
1.8043
1.8146

1/08/1998
2/1998
1.4531
2.1365
1.7466
1.7710
5/18/1998
7/1998
1.7104
1.9238
1.8043
1.8146

1/09/1998
2/1998
1.2925
2.0172
1.7413
1.7700
5/19/1998
7/1998
1.6491
1.9035
1.7782
1.8147

1/09/1998
3/1998
2.4186
1.5877
1.5846
1.6870
5/27/1998
7/1998
1.5615
2.2041
1.8724
1.8970

1/09/1998
5/1998
1.9286
1.4000
1.8157
1.7516
5/27/1998
8/1998
1.6542
2.0516
1.8857
1.8775

1/09/1998
9/1998
1.5711
2.1719
2.2437
2.0804
6/03/1998
12/1998
2.0579
1.6603
1.7958
1.8603

1/13/1998
2/1998
1.5195
2.2785
1.7492
1.7785
6/04/1998
8/1998
2.0590
2.0680
1.9223
1.8828

1/15/1998
2/1998
1.2275
2.2659
1.7347
1.6987
6/04/1998
8/1998
1.7588
2.0680
1.9223
1.8828

1/15/1998
3/1998
2.2295
1.5177
1.5948
1.6494
6/09/1998
7/1998
1.1256
2.4239
2.0447
1.9817

1/20/1998
3/1998
2.2112
1.4691
1.5864
1.6269
6/09/1998
8/1998
1.6072
2.1404
1.8930
1.8851

1/20/1998
5/1998
1.8046
1.4118
1.8033
1.7341
6/10/1998
7/1998
1.6130
2.6999
2.2096
2.0969

1/21/1998
3/1998
2.2936
1.4715
1.5925
1.6331
6/10/1998
7/1998
1.3554
2.6999
2.2096
2.0969

1/23/1998
5/1998
1.8889
1.4075
1.6619
1.7442
6/11/1998
7/1998
1.6076
3.1933
2.4846
2.3228

1/23/1998
7/1998
1.6666
1.5182
1.8147
1.8443
6/11/1998
8/1998
2.5722
2.6742
2.1648
2.0972

1/27/1998
3/1998
2.0043
1.8593
1.5888
1.7204
6/11/1998
8/1998
2.0887
2.6742
2.1648
2.0972

1/27/1998
3/1998
2.4660
1.8593
1.5888
1.7204
6/12/1998
7/1998
1.9390
3.2907
2.5869
2.4096

1/28/1998
3/1998
1.2851
1.8527
1.5806
1.7181
6/12/1998
12/1998
1.7187
1.7495
1.8407
1.8764

1/29/1998
3/1998
1.6436
1.8743
1.5878
1.7006
6/15/1998
9/1998
1.9346
2.4505
2.0942
2.0267

1/29/1998
4/1998
1.2752
1.6575
1.4710
1.7983
6/16/1998
7/1998
1.5858
3.6567
2.8025
2.6419

2/04/1998
5/1998
1.7211
1.8685
1.7000
1.7157
6/17/1998
7/1998
1.0291
3.9432
2.9693
2.7706

2/04/1998
6/1998
1.8601
1.9326
1.9474
1.9255
6/17/1998
10/1998
2.2691
2.0138
1.9240
2.0407

2/04/1998
7/1998
1.5099
1.8734
1.7945
1.8795
6/18/1998
7/1998
1.8399
4.1706
3.1026
2.8096

2/05/1998
6/1998
1.8293
1.9345
1.9424
1.9215
6/18/1998
8/1998
1.4491
2.8156
2.3510
2.3263

2/10/1998
3/1998
1.3403
2.1082
1.7209
1.5916
6/18/1998
8/1998
2.7304
2.8156
2.3510
2.3263

2/10/1998
7/1998
1.6274
1.8104
1.7674
1.8518
6/18/1998
8/1998
2.2744
2.8156
2.3510
2.3263

2/11/1998
3/1998
1.6045
2.0446
1.7160
1.5918
6/18/1998
8/1998
2.1967
2.8156
2.3510
2.3263

2/13/1998
5/1998
1.3599
1.7624
1.6976
1.6949
6/22/1998
8/1998
2.0632
3.0525
2.5026
2.4314

2/19/1998
7/1998
1.5294
2.1562
1.8059
1.9790
6/22/1998
8/1998
2.5570
3.0525
2.5026
2.4314

2/27/1998
12/1998
1.8348
2.0939
2.4509
2.4197
6/24/1998
8/1998
2.6763
3.2273
2.5652
2.4506

3/04/1998
4/1998
1.0939
2.2690
1.6433
1.5550
6/25/1998
10/1998
2.3329
2.4120
2.0102
2.1350

3/05/1998
5/1998
1.5384
2.4071
2.1478
2.0880
6/26/1998
8/1998
2.0390
3.2802
2.5750
2.4023

3/06/1998
4/1998
1.5763
2.2106
1.6408
1.5526
6/30/1998
9/1998
1.9668
3.3044
2.5771
2.3512

3/09/1998
4/1998
1.0615
2.1949
1.6315
1.5538
7/06/1998
8/1998
2.5013
2.7215
2.2374
2.1368

3/10/1998
4/1998
1.7527
2.0960
1.6679
1.5713
7/08/1998
8/1998
1.5669
3.4001
2.6644
2.4057

3/11/1998
6/1998
1.6598
2.0282
1.7469
1.8812
7/08/1998
8/1998
1.8194
3.4001
2.6644
2.4057

3/11/1998
8/1998
1.4442
2.1209
1.9545
2.0233
7/08/1998
12/1998
1.6840
2.2084
1.8650
1.8661

3/11/1998
9/1998
1.4961
2.4325
2.2083
2.1252
7/09/1998
8/1998
2.1014
3.4160
2.6641
2.4072

3/12/1998
7/1998
2.9205
2.1369
1.8296
1.8471
7/09/1998
8/1998
1.9901
3.4160
2.6641
2.4072

3/12/1998
9/1998
3.3207
2.3387
2.2658
2.1659
7/10/1998
8/1998
1.5930
3.3801
2.6613
2.3982

3/13/1998
9/1998
1.4049
2.0635
2.2657
2.1647
7/10/1998
8/1998
1.6903
3.3801
2.6613
2.3982

3/17/1998
5/1998
1.2255
1.7084
1.5723
1.6947
7/10/1998
12/1998
1.6025
2.2234
1.8748
1.8685

3/18/1998
9/1998
1.2987
2.0959
2.2763
2.1629
7/13/1998
8/1998
1.5107
3.3731
2.6654
2.3816

3/27/1998
7/1998
1.3695
2.6544
1.9608
1.8012
7/13/1998
12/1998
1.8027
2.2148
1.8705
1.8642

3/30/1998
7/1998
1.2082
2.6486
1.9527
1.7960
7/14/1998
8/1998
1.8448
3.3423
2.6656
2.3802

3/31/1998
7/1998
1.3446
2.6777
1.9540
1.7853
7/15/1998
8/1998
1.4930
3.3683
2.6833
2.3813

4/03/1998
9/1998
1.0216
2.5727
2.1549
2.0573
7/15/1998
8/1998
1.6393
3.3683
2.6833
2.3813

4/15/1998
6/1998
1.1013
2.4633
1.9996
1.7956
7/15/1998
12/1998
1.4382
2.1418
1.8481
1.8213

4/20/1998
6/1998
1.5694
2.5038
2.0027
1.7904
7/16/1998
8/1998
1.2842
3.3850
2.6895
2.3898

4/22/1998
10/1998
1.8597
2.2566
2.1227
2.2064
7/21/1998
9/1998
2.6992
2.6610
2.2267
2.0741

4/24/1998
6/1998
1.4548
2.6087
2.0447
1.8505
7/22/1998
9/1998
2.9171
2.6529
2.2327
2.0577

5/05/1998
9/1998
1.3790
2.2210
1.9281
1.9479
7/22/1998
12/1998
1.7791
2.1254
1.7864
1.8251

5/06/1998
6/1998
1.3171
2.5337
2.0748
1.8536
7/23/1998
9/1998
1.6082
2.8505
2.3382
2.1338

5/06/1998
7/1998
1.4220
1.8919
2.0096
1.7994
7/23/1998
9/1998
2.8597
2.8505
2.3382
2.1338

5/07/1998
7/1998
1.6378
1.8575
2.0068
1.7903
7/23/1998
11/1998
1.4861
2.5493
2.1720
2.0713

5/07/1998
10/1998
1.9121
2.0729
2.1276
2.0633
7/29/1998
9/1998
1.8643
2.7863
2.4720
2.2079

5/07/1998
12/1998
1.4473
1.8799
2.0291
1.9989
8/03/1998
11/1998
1.9054
2.3417
2.1985
2.0614

5/08/1998
6/1998
1.0987
2.1091
2.0846
1.8455
8/18/1998
9/1998
1.0928
2.7075
2.5676
2.3213

5/08/1998
7/1998
1.3477
1.8419
2.0043
1.7887
8/20/1998
12/1998
2.0110
2.0204
1.9831
1.8526

5/11/1998
7/1998
1.3738
1.8683
2.0120
1.7939
8/20/1998
12/1998
2.0625
2.0204
1.9831
1.8526

5/14/1998
7/1998
1.5439
1.8373
1.7858
1.7883
8/21/1998
12/1998
2.1897
1.9837
1.9908
1.8401

5/15/1998
8/1998
1.1061
2.0327
2.1342
1.8934
8/24/1998
11/1998
2.2911
2.3688
2.3088
2.1053







8/24/1998
12/1998
2.3987
2.0063
1.9967
1.8384

Table 8b: CH Put Options (Implied Volatility vs. Historical Volatility)

Trading Date
Contract year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility
Trading Date
Contract year
Implied Volatility
30 Estimated Historical Volatility
60 Estimated Historical Volatility
90 Estimated Historical Volatility

1/05/1998
2/1998
1.63349
1.9216 
1.7320 
1.7793 
5/27/1998
7/1998
1.23870
2.2041 
1.8724 
1.8970 

1/09/1998
2/1998
1.11064
2.0172 
1.7413 
1.7700 
5/27/1998
8/1998
1.70803
2.0516 
1.8857 
1.8775 

1/14/1998
2/1998
1.29150
2.2747 
1.7428 
1.7305 
6/03/1998
7/1998
2.08625
2.2220 
1.9301 
1.9042 

1/21/1998
5/1998
1.94595
1.4247 
1.7497 
1.7340 
6/04/1998
7/1998
1.49320
2.2476 
1.9494 
1.9154 

1/23/1998
5/1998
1.64440
1.4075 
1.6619 
1.7442 
6/04/1998
8/1998
2.02188
2.0680 
1.9223 
1.8828 

1/23/1998
7/1998
1.66845
1.5182 
1.8147 
1.8443 
6/04/1998
8/1998
1.75217
2.0680 
1.9223 
1.8828 

1/27/1998
3/1998
1.82670
1.8593 
1.5888 
1.7204 
6/04/1998
9/1998
1.92507
1.9857 
2.0000 
1.8479 

1/28/1998
3/1998
1.71595
1.8527 
1.5806 
1.7181 
6/08/1998
7/1998
1.36544
2.3183 
2.0168 
1.9425 

1/28/1998
5/1998
2.17954
1.6240 
1.6347 
1.7719 
6/09/1998
7/1998
1.99138
2.4239 
2.0447 
1.9817 

1/29/1998
3/1998
2.31397
1.8743 
1.5878 
1.7006 
6/09/1998
7/1998
1.42538
2.4239 
2.0447 
1.9817 

1/30/1998
3/1998
2.08800
1.9455 
1.6141 
1.6368 
6/09/1998
7/1998
1.55621
2.4239 
2.0447 
1.9817 

2/04/1998
3/1998
1.37342
2.0705 
1.6827 
1.6343 
6/10/1998
10/1998
1.99464
2.0139 
1.9323 
1.9536 

2/04/1998
4/1998
1.99974
1.9113 
1.5676 
1.5605 
6/11/1998
7/1998
1.42126
3.1933 
2.4846 
2.3228 

2/04/1998
6/1998
1.52614
1.9326 
1.9474 
1.9255 
6/11/1998
8/1998
2.32020
2.6742 
2.1648 
2.0972 

2/04/1998
7/1998
1.78692
1.8734 
1.7945 
1.8795 
6/11/1998
8/1998
1.87354
2.6742 
2.1648 
2.0972 

2/09/1998
3/1998
1.67425
2.1030 
1.7178 
1.6004 
6/15/1998
7/1998
2.60906
3.2243 
2.6158 
2.4338 

2/13/1998
5/1998
1.84394
1.7624 
1.6976 
1.6949 
6/15/1998
7/1998
2.58689
3.2243 
2.6158 
2.4338 

2/19/1998
5/1998
1.97509
1.8941 
1.5078 
1.7442 
6/16/1998
7/1998
1.95790
3.6567 
2.8025 
2.6419 

3/05/1998
9/1998
1.42540
2.4071 
2.1478 
2.0880 
6/17/1998
7/1998
1.52525
3.9432 
2.9693 
2.7706 

3/09/1998
4/1998
1.69682
2.1949 
1.6315 
1.5538 
6/17/1998
7/1998
1.42021
3.9432 
2.9693 
2.7706 

3/11/1998
6/1998
1.57440
2.0282 
1.7469 
1.8812 
6/17/1998
8/1998
2.56178
2.6810 
2.2848 
2.2766 

3/12/1998
4/1998
2.41409
2.0710 
1.6760 
1.5770 
6/17/1998
10/1998
2.51405
2.0138 
1.9240 
2.0407 

3/12/1998
7/1998
1.24695
2.1369 
1.8296 
1.8471 
6/18/1998
7/1998
3.02675
4.1706 
3.1026 
2.8096 

3/13/1998
9/1998
2.93612
2.0635 
2.2657 
2.1647 
6/18/1998
8/1998
3.02354
2.8156 
2.3510 
2.3263 

3/18/1998
9/1998
1.26751
2.0959 
2.2763 
2.1629 
6/22/1998
9/1998
2.59263
2.3540 
2.1101 
2.1105 

3/27/1998
7/1998
1.40517
2.6544 
1.9608 
1.8012 
6/24/1998
8/1998
2.42061
3.2273 
2.5652 
2.4506 

3/30/1998
7/1998
1.36899
2.6486 
1.9527 
1.7960 
6/24/1998
8/1998
2.67231
3.2273 
2.5652 
2.4506 

3/31/1998
5/1998
1.55175
2.9068 
2.0453 
1.7757 
6/25/1998
10/1998
2.07953
2.4120 
2.0102 
2.1350 

3/31/1998
7/1998
1.31535
2.6777 
1.9540 
1.7853 
6/26/1998
8/1998
2.03994
3.2802 
2.5750 
2.4023 

4/01/1998
5/1998
1.60020
2.8719 
2.0495 
1.7818 
6/30/1998
8/1998
1.89241
3.3044 
2.5771 
2.3512 

4/02/1998
7/1998
1.33902
2.3098 
1.9473 
1.7477 
6/30/1998
8/1998
2.44512
3.3044 
2.5771 
2.3512 

4/02/1998
8/1998
1.49929
2.6922 
2.0564 
1.9143 
7/02/1998
8/1998
1.37954
3.3327 
2.6235 
2.3831 

4/03/1998
9/1998
1.65700
2.5727 
2.1549 
2.0573 
7/07/1998
8/1998
2.14642
3.3631 
2.6356 
2.3928 

4/08/1998
5/1998
2.12516
2.9246 
2.1982 
1.8816 
7/08/1998
8/1998
2.87787
3.4001 
2.6644 
2.4057 

4/15/1998
6/1998
1.08408
2.4633 
1.9996 
1.7956 
7/08/1998
8/1998
2.44990
3.4001 
2.6644 
2.4057 

4/20/1998
5/1998
1.36952
3.0261 
2.2478 
1.9315 
7/09/1998
8/1998
1.76255
3.4160 
2.6641 
2.4072 

4/21/1998
6/1998
1.46650
2.5041 
1.9949 
1.7906 
7/09/1998
8/1998
2.00501
3.4160 
2.6641 
2.4072 

4/22/1998
10/1998
2.08452
2.2566 
2.1227 
2.2064 
7/10/1998
8/1998
1.99532
3.3801 
2.6613 
2.3982 

4/24/1998
6/1998
1.37109
2.6087 
2.0447 
1.8505 
7/10/1998
8/1998
2.30145
3.3801 
2.6613 
2.3982 

4/27/1998
6/1998
1.64995
2.6005 
2.0245 
1.8489 
7/10/1998
8/1998
1.59028
3.3801 
2.6613 
2.3982 

5/05/1998
9/1998
1.23466
2.2210 
1.9281 
1.9479 
7/14/1998
8/1998
1.72636
3.3423 
2.6656 
2.3802 

5/06/1998
6/1998
1.24429
2.5337 
2.0748 
1.8536 
7/14/1998
8/1998
2.00223
3.3423 
2.6656 
2.3802 

5/07/1998
6/1998
1.39057
2.1620 
2.0858 
1.8528 
7/14/1998
8/1998
1.64904
3.3423 
2.6656 
2.3802 

5/07/1998
10/1998
1.55378
2.0729 
2.1276 
2.0633 
7/15/1998
8/1998
1.97416
3.3683 
2.6833 
2.3813 

5/08/1998
7/1998
1.37767
2.2011 
1.9467 
1.7464 
7/16/1998
8/1998
1.90976
3.3850 
2.6895 
2.3898 

5/11/1998
6/1998
1.09281
2.0893 
2.0893 
1.8445 
7/23/1998
9/1998
1.95419
2.8505 
2.3382 
2.1338 

5/11/1998
7/1998
1.40780
1.8683 
2.0120 
1.7939 
7/28/1998
9/1998
1.54003
3.0718 
2.4678 
2.2126 

5/12/1998
6/1998
1.30691
2.0820 
2.0912 
1.8455 
7/29/1998
9/1998
1.63478
2.7863 
2.4720 
2.2079 

5/12/1998
7/1998
1.30708
1.8376 
2.0141 
1.7839 
7/29/1998
9/1998
1.68257
2.7863 
2.4720 
2.2079 

5/14/1998
10/1998
1.31346
1.8342 
2.1144 
1.9967 
8/18/1998
9/1998
1.05797
2.7075 
2.5676 
2.3213 

5/15/1998
8/1998
1.03987
2.0327 
2.1342 
1.8934 
8/18/1998
10/1998
2.14155
2.2720 
2.1958 
2.0711 

5/18/1998
7/1998
1.70408
1.9238 
1.8043 
1.8146 
8/20/1998
10/1998
2.51139
2.4307 
2.2938 
2.1282 

5/26/1998
8/1998
1.41544
2.0504 
1.8966 
1.8779 







To see how the implied and historical volatilities are closely related and consistent with one another, the average implied and historical volatilities in each category of options are calculated and reported in following table.  

Table 9: Average of the implied and historical volatilities


Implied
30 days
60 days
90 days

CG calls
2.1868
2.8002
2.3646
2.2234

CG puts
2.3316
2.7638
2.3243
2.1882

CH calls
1.7765
2.3692
2.0688
1.9973

CH puts
1.7930
2.5411
2.1495
2.0415

These reported averages are the mean implied volatility and mean historical volatility of all observations used for testing.  As indicated from the table, the averages are comparable in both CG spread options and CH spread options.  The largest difference between the average implied volatility and any of the average historical volatilities is no more than 0.75 while the smallest difference is only 0.01.  Again, this is another crucial support for the Bachelier future spread option pricing formula. What is implied by the model and market traded data matches what is calculated from the historical behavior of the market.  

Another way to demonstrate how the implied results and the historical results are related to each other is to consider the graphical presentation of the estimates.  More precisely, it can be illustrated by plotting the volatility against time and compare the plots between implied estimates and historical estimates.  The plots of volatility against time are shown below in figures I, II, III, IV for CG call, CG put, CH call, CH put option respectively.  There are four figures in total and each figure indicates the movement of implied volatility over time, and the movement of historical volatility over time calculated from 30 days, 60 days and 90 days data.

The CG call and CG put volatility graphs reveals the fact that four different kinds of volatility results all fluctuate around a volatility equal to 2 with only one estimate in 60 days volatility that reached the highest level of 4.94 and one implied volatility estimates that reached the lower level of 1.0862.  Similarly, in terms of CH call and CH put options, the results all fluctuate around 1.8 with the maximum reached 4.17 and the minimum reached 1.029.  These illustrations indicate that the volatility estimates between crude oil vs. heating oil spread and crude oil vs. gasoline spreads are very consistent.  Although the pattern of fluctuations between the plots does not exactly match one another, the overall performance of implied volatility estimates and historical volatility estimates are similar and consistent.  

SECTION G. Conclusion


To summarize the studies, the main objective of this project is to answer a question stated in Poitras’s article (1998), “Is the simplicity of the Bachelier model achieved at the expense of pricing accuracy?”  More precisely, this study aims to test the pricing performance of the Bachelier future spread option formula.  The Bachelier futures spread option model is one of the closed form solutions to spread option pricing.  Although, it is proved to have the desirable characteristic of simplicity in financial literature, the pricing performance of this model has not yet been examined in financial literature since its introduction.  The main reason is due to the insufficiency and the inaccessibility of actual traded data from the market.  This article tries to investigate the actual performance of this closed form solution to spread option pricing using actual traded crack spread option data from NYMEX.  


To illustrate the pricing performance of the Bachelier future spread option pricing model, two dimensions of estimates using crack-spread data were chosen.  The first is to focus on the estimated volatility implied from the Bachelier model with the use of actual market data.  The second focal point is from the estimates of historical volatility reflected by the future spread.  After that, a direct comparison is performed between two volatility estimates.  The estimated implied volatilities are expected to be constant over time and the two dimensions of volatilities estimates are expected to be approximate to the other and consistent if the Bachelier model can achieve a certain degree of pricing accuracy.  Minimal variation is allowed because of the difference in strike price of the options and difference in the length of time to maturity results from different contract months of futures contracts underlying the option.   


Based on the results of this study, it has been found that the implied volatilities estimated from the Bachelier model and the actual market data are fairly constant over time with only little variation.  The overall average implied volatility of CG spread options is 2.25 while the average implied volatility of CH spread options is 1.78.  The variance of these estimates is also small enough to fall within an acceptable range.  In addition, if we focus on the more reliable set of market data (i.e. at the money options), the pricing performance of the model becomes more obvious because the variation is minimal in terms of at the money option data.  The range of implied volatilities estimated becomes narrower and the variance of estimation also decreases substantially.  Thus, these results reveal the fact that the Bachelier future spread option pricing model performs very well in providing a close form solution in future spread option pricing.  


Moreover, for the purpose of verifying the implied volatilities estimates, historical volatilities of the future spread are calculated based on 30, 60, 90 trading days historical data of three energy futures.  The results are then compared against the implied volatility estimates.  By comparing the volatility plots, it is found that the fluctuation of implied results and historical results are very consistent and well related.  Hence, this evidence can serve as verification of the pricing accuracy of the Bachelier model.


Based on these two pieces of evidence about the pricing performance of the Bachelier model, it can be concluded that the simplicity characteristic of the Bachelier Future Spread Option Pricing model can be achieved without incurring any expense to pricing accuracy.  

Appendix I

Crack Spread Options

In recent years, the use of crack spreads has become more widespread as crude and product prices have fluctuated dramatically in response to extreme weather conditions or political crises. The spreads have displayed related volatility.

The extremely cold weather in December 1989, the Persian Gulf crisis of 1990-91, and the attempted Soviet coup in August 1991 each had an impact on the prices of crude oil or refined products, sometimes generating high margins for refiners and marketers, but at other times severely squeezing their profitability.

Other changes in market conditions and prices can have a subtler, but still significant impact on prices. Recent environmental rules governing the formulation of gasoline and the sulfur content of distillate fuels that are hedged with NYMEX Division heating oil futures and options have already been felt in the marketplace. 

On October 7, 1994, the Exchange launched crack-spread options contracts, the first exchange-traded contracts written on inter-market spreads. The options are listed as two separate contracts, one on the spread between New York Harbor unleaded gasoline and light, sweet crude oil futures, the other on the heating oil/crude oil spread. They are used to help refiners and other gasoline market participants lock in margins.

The crack spread options trade with a one-to-one ratio of crude oil to the product. They differ from conventional options in that a single options position results in two futures positions when the option is exercised. 

Crack spread options are an important tool for refiners and downstream    marketers who need to protect against the changing relationship between crude and product markets caused by these and other factors including changes in crude supply and product demand, seasonal market dynamics in heating oil and gasoline, changing inventory patterns and replacement costs, and changes in market contango and backwardation.

Crack spreads often reflect real world refining ratios. A popular spread is the 3-2-1 spreads, which uses the prices of three barrels of crude, two barrels of gasoline, and a barrel of heating oil to determine the spread.

Another common spread uses the 5-3-2 ratio and many other ratios are used as well. Hedging crack spreads with futures locks a market participant into a differential which may require him to relinquish a favorable market move in return for price stability. 

Crack spread options are also designed to protect the refining margin, while at the same time allowing refiners and other market participants to take advantage of favorable changes in the spread, the only cost being that of the up-front option premium. 

Unlike futures crack spreads whose crude-to-product ratios are tailored by traders to best fit their needs, crack spread options are standardized Exchange instruments. The one-to-one ratio of the options meets the needs of many refiners, because it reflects a refiner's exposure related to the manufacture of gasoline and heating oil throughout the year. 

A futures crack spread executed on the Exchange is treated as a single     transaction for the purpose of determining a market participant's margin    requirement. Specifically, the minimum margin requirement takes into account that the risk on one side of the spread is generally reduced by the other leg of spread. Similarly, crack spread options allow the hedge to be accomplished with the payment of one option premium instead of two. 

Crack spread options also offer the inherent advantages of outright options on futures which allow market participants with commercial exposure to tailor their hedge to their price risk without giving up the ability to participate in favorable market moves.

When the holder of a crack spread call exercises his contract, the writer of the option is obligated to sell him a gasoline or heating oil futures contract and purchase a crude oil futures contract for the agreed upon spread relationship.

Conversely, when a crack spread put is exercised, a writer is obligated to    purchase a gasoline or heating oil futures contract from the holder, and to sell him a crude oil futures contract at the agreed upon spread value.

Crack spread options offer a number of benefits:

1. Refiners, blenders, and marketers have a flexible hedge against variable refining margins in heating oil and gasoline.
2. Puts give refiners an instrument for locking in crude cost and product margins without penalty to further market gains.

3. Calls afford product marketers protection during unstable spread increases.

4. Crack spread options in general furnish traders with an efficient mechanism for hedging the changing relationship between crude and products.

Crack spread options allow refiners to generate income by writing options.

Appendix II

Crack Spread Options Specifications

Heating Oil/Crude Oil

Type: A 1:1 option on the price differential between heating oil and crude oil futures. Crack spread options are American options with the same terms and conditions.

Trading Unit: A long crack call, or a short crack put, are defined as the assignment of futures positions involving at exercise one long underlying heating oil futures contract and one short underlying crude oil contract. A long crack put, or a short crack call, are defined as the assignment of futures positions involving at exercise one short underlying heating oil futures contract and one long underlying crude oil contract.

Trading Hours: 9:50 a.m. to 3:10 p.m. (consistent with refined product options).

Trading Months: Six consecutive months, plus two quarterly months on a March, June, September, December rotation.

Price Quotation: In dollars and cents per barrel.

Minimum price: $0.01 (1 ¢) per barrel ($10 per options contract).

Expiration Day: The day immediately preceding the expiration of the underlying crude oil futures contract.

Exercise: Prices will be determined by an established algorithm, using the settlement price of crude oil on the day of exercise to price the crude oil leg of the spread. The heating oil leg is priced by taking the crude price, adding the strike price, and rounding to the nearest dollar and cents figure evenly divided by 42. (This will always be within 21 points of the crude price plus the strike price.)

Strike Prices: An at-the-money strike price is determined by rounding the differential between the product leg and the crude oil leg to the nearest $0.25 (25 ¢) interval. Five additional strikes will be offered both above and below the established "at-the-money" strike price at $0.25 increments, and three additional out-of-the-money strike prices will be added above those strikes, at $1, and at two additional $2 intervals.

Position Limits: 7,500 futures equivalent contracts for all months combined.

Trading Symbol: CH

Appendix III

Crack Spread Options Specifications

New York Harbor Unleaded Gasoline/Crude Oil

Type: A 1:1 option on the price differential between New York Harbor unleaded gasoline and crude oil futures. Crack spread options are American options with the same terms and conditions.

Trading Unit: A long crack call, or a short crack put, are defined as the assignment of futures positions involving at exercise one long underlying gasoline futures contract and one short underlying crude oil contract. A long crack put, or a short crack call, are defined as the assignment of futures positions involving at exercise one short underlying gasoline futures contract and one long underlying crude oil contract.

Trading Hours:  9:50 a.m. to 3:10 p.m. (consistent with refined product options).

Trading Months: Six consecutive months, plus two quarterly months on a March, June, September, December rotation.

Price Quotation: In dollars and cents per barrel.

Minimum Price: $0.01 (1 ¢) per barrel ($10 per options contract).

Expiration Day: The day immediately preceding the expiration of the underlying crude oil futures contract.

Exercise: Prices will be determined by an established algorithm, using the settlement price of crude oil on the day of exercise to price the crude oil leg of the spread. The gasoline leg is priced by taking the crude price, adding the strike price, and rounding to the nearest dollar and cents figure evenly divided by 42. (This will always be within 21 points of the crude price plus the strike price.)

Strike Prices: In at-the-money strike price is determined by rounding the differential between the product leg and the crude oil leg to the nearest $0.25 (25 ¢) interval. Five additional strikes will be offered both above and below the established "at-the-money" strike price at $0.25 increments, and three additional out-of-the-money strike prices will be added above those strikes, at $1, and at two additional $2 intervals.

Position Limits: 7,500 futures equivalent contracts in all months combined.

Trading Symbol: CG

Appendix IV

Command File for Implied Volatility Calculation 

Call Option

(* This file is fixed to work with version 2 of Mathematica. *)

Needs["Statistics`NormalDistribution`"]

{r,T,X,P,K,S}=Read[data,{Number,Number,Number,Number,Number,Number}]

g[x_]:=PDF[NormalDistribution[0,1],x]

h[x_]:=CDF[NormalDistribution[0,1],x]

a1[V_]:=(((S)- K - X)/(V*Sqrt[T]))

a2[V_]:=((K - (S) - X)/(V*Sqrt[T]))

A[V_]:=(S - (K) - X)*h[a1[V]] 

B[V_]:= ((V*Sqrt[T]))*g[a1[V]]

AA[V_]:= Exp[-r*T]*(A[V] + B[V])
FindRoot[AA[V]==P,{V,1}] >>> chcr
Put Option

(* This file is fixed to work with version 2 of Mathematica. *)

Needs["Statistics`NormalDistribution`"]

Clear[r,T,X,P,K,S]

{r,T,X,P,K,S}=Read[data,{Number,Number,Number,Number,Number,Number}]

g[x_]:=PDF[NormalDistribution[0,1],x]

h[x_]:=CDF[NormalDistribution[0,1],x]

a1[V_]:=(((S)- K - X)/(V*Sqrt[T]))

a2[V_]:=((K - (S) - X)/(V*Sqrt[T]))

A[V_]:=(S - (K) - X)*(h[a1[V]]-1) 

B[V_]:= ((V*Sqrt[T]))*g[a1[V]]

AA[V_]:= Exp[-r*T]*(A[V] + B[V])
FindRoot[AA[V]==P,{V,1}] >>> chpr
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� “Futures’ spread is often used to describe the difference between futures and spot prices, or between two futures prices.  Hence, futures spread can also be rephrased in terms of options on future spread.” Shimko (1994).


� See Fu, 1996, pg 646 – 647 for actual derivation of result


� (S may or may not be a function of S2 , S1, and t.


� Poitras (1998), states that, “to make the solution satisfy the PDE for dynamic hedging problem, a restriction, (S = r (S2 – S1), must be imposed to the drift coefficient (S.  In other words, the arithmetic Brownian motion spread process must be in form of the OU (Ornstein-Uhlenbeck) process to satisfy absence-of-arbitrage.”


� See section “Result Unique to Options on Spreads” in Shimko (1994),”Option on futures spreads: Hedging, Speculation, and Valuation.”


� See Appendix for Contract specification for CH and CL.


� Note:  For the settlement price of both HU and HO future contracts, a unit conversion from gallon to barrel as described in section D must be performed before calculation


� Robert W.Kolb, “Futures, Options, & Swaps”, Ch. 13 Pg 441, Blackwell





1
9

_993240540.unknown

_993808973.unknown

_1002385640.unknown

_1003149527.unknown

_1003150049.unknown

_1003160334.unknown

_1006194826.unknown

_1003150354.unknown

_1003150036.unknown

_1002490677.unknown

_1002490702.unknown

_1002490790.unknown

_1002490832.unknown

_1002490851.unknown

_1002490735.unknown

_1002490690.unknown

_1002490624.unknown

_1002490665.unknown

_1002385673.unknown

_1002490117.unknown

_1001593954.unknown

_1001594107.unknown

_1002372500.unknown

_1002385308.unknown

_1001594101.unknown

_993811706.unknown

_993811773.unknown

_993810184.unknown

_993676376.unknown

_993760988.unknown

_993808906.unknown

_993807990.unknown

_993808622.unknown

_993808794.unknown

_993807892.unknown

_993676528.unknown

_993577137.unknown

_993676316.unknown

_993577012.unknown

_993030320.unknown

_993030768.unknown

_993132316.unknown

_993132687.unknown

_993240364.unknown

_993132605.unknown

_993031171.unknown

_993031285.unknown

_993132304.unknown

_993031252.unknown

_993030976.unknown

_993030680.unknown

_993030721.unknown

_993030337.unknown

_993030194.unknown

_993030252.unknown

_993030307.unknown

_993030219.unknown

_993029800.unknown

_993029912.unknown

_993030023.unknown

_993030157.unknown

_993029948.unknown

_993029457.unknown

