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Abstract 
 
This study evaluates three different time units in option pricing: trading time, calendar 
time and continuous time using discrete approximations (CTDA). The CTDA-time 
model partitions the trading day into 30-minute intervals, where each interval is given a 
weight corresponding to the historical volatility in the respective interval. Furthermore, 
the non-trading volatility, both overnight and weekend volatility, is included in the first 
interval of the trading day in the CTDA model. The three models are tested on market 
prices. The results indicate that the trading-time model gives the best fit to market 
prices in line with the results of previous studies, but contrary to expectations under 
non-arbitrage option pricing. Under non-arbitrage pricing, the option premium should 
reflect the cost of hedging the expected volatility during the option’s remaining life. 
The study concludes that the historical patterns in volatility are not fully accounted for 
by the market, rather the market prices options closer to trading time. 
 
 
Keywords: Testing option pricing models, intraday and weekend volatility, calendar 
time, trading time. 
 

I am grateful to useful comments by Johan Knif, Lars Nordén and seminar participants 
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1 Introduction 
 

Numerous option-pricing models of varying complexity have been presented in finance 

literature. None of these models can claim to be perfect, it is more a question of which 

model is the least misspecified. Under non-arbitrage pricing, the option premium 

should reflect the cost of hedging the expected volatility during the option’s remaining 

life. The cost of hedging is proportional to the variance in the underlying. 

In trading-time and calendar-time models, any patterns in volatility are not 

taken into consideration. Such models even consider the start of every new trading or 

calendar day as the realization of a whole day’s volatility (or more) and nothing in 

between. Sundkvist and Vikström (2000a) found that the volatility is not constant, but 

volatility is realized in patterns both intradaily and during the week. Volatility has been 

observed also for other markets to exhibit a U-shaped function intradaily by e.g. Wood 

et al. (1985), Chan et al. (1991), Shiyun and Guan (1999) and Högnäsbacka et al. 

(2000). The weekend volatility was examined early by Fama (1965) and French (1980). 

More recent studies such as Sundkvist and Vikström (2000a) also report this 

phenomenon. From the time of the day and day of the week patterns in volatility, 

Sundkvist and Vikström (2000a) came up with the CTDA-time model.  

This study aims at testing three different option-pricing models on market 

prices. One of the models is the Black & Scholes formula. The two other models are 

basically the same as Black & Scholes with modified measures of time. One model is 

based on trading time for volatility but calendar time for interest rate. The third model 

is the Continuous Time using Discrete Approximations (CTDA) model. The CTDA 

model was presented by Sundkvist and Vikström (2000a) as a model that accounts for 

the known weekend and intraday volatility in option pricing and the modified model 

should therefore be more consistent under non-arbitrage pricing rules. The time basis in 

CTDA was modified to arrive at 263 days per year, compared to 366 days in calendar 

time or 252 days in trading time for the year 2000. Furthermore, the two other time 

measures exhibit jumps of one or more days at a time, while the CTDA model 

partitions the trading day into 30 minute intervals with different weights. This study 

tests if the market takes the same patterns into consideration when pricing options as 

the CTDA-time model does, or if any of the other two models trading time or calendar 

time can be considered a better fit of market prices. 
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Testing option-pricing models requires that no-arbitrage constraints be satisfied. 

Firstly, option prices cannot be below the intrinsic value, given that the option price and 

the underlying price are synchronized. Secondly, the put-call parity must hold for 

synchronous put and call prices. A third constraint is that the option premium should be 

equal to the expected cost of hedging volatility until expiration. As the third constraint 

is subject to expectations, testing the constraint cannot easily lead to rejection of the 

efficient market hypothesis. 

This paper is organized as follows. Chapter 2 presents the three option pricing 

models that are evaluated in this study. The trading-time and calendar-time models are 

very commonly used, while the CTDA-time model by Sundkvist and Vikström (2000a) 

requires some further presentation. Chapter 3 presents the data. Chapter 4 presents 

characteristics of the implied volatility in the three models. Chapter 5 simulates option 

prices using the three models and tests the accuracy compared to actual prices. Chapter 

6 ends this paper with a summary. 

 

 

2 Option pricing models evaluated 
 

This study tests three different option-pricing models. This chapter discusses the 

models briefly. The three models differ only in the specification of time lapse. The 

calendar time model is simply the Black & Scholes (1973) formula. French (1984) 

suggested using the Black & Scholes formula on a composite-time basis. His model 

allows for different time units for the interest rate and volatility. In this evaluation 

study, the trading-time model employs the Black & Scholes model with one minor 

modification; the interest rate is accumulated in calendar time, while the volatility is 

measured in trading time. This means that there is a different parameter for the time in 

estimating the volatility, a time basis with approximately 252 days a year. Black & 

Scholes on a composite-time basis is demonstrated in equations (1), (2) and (3). 
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where C is the call option price, S is the underlying, X is the strike price, N(·) is the 

normal distribution function, r is the interest rate, t is time in calendar days, τ is time in 

which volatility is “ticking” and σ is the volatility realized in τ. 

The CTDA-time model may require some further presentation. The idea behind 

CTDA is non-arbitrage restrictions. The restriction considered here is that the option 

price should equal the expected cost of hedging volatility until the expiration of the 

option. This implies that when passing a point in time with expected higher volatility, 

the time decay of the option should be greater than allowed by ordinary time measures. 

The most basic consequence of this is that the option price should decrease slowly 

during non-trading and more rapidly during trading. 

Starting from the Black & Scholes formula, use the composite-time basis also in 

the CTDA-time model. This means that calendar days are used to accumulate interest. 

For the volatility, use a time basis based on trading days and add “days” for the 

weekend volatility. The CTDA model accounts for the weekend volatility by including 

it in the first interval during the next trading day. This excess variance for a holiday 

EHVh of h days of non-trading is estimated as 

 

(4) 

 
 

   (5) 

 
 

(6) 

 

and c and o are logarithms of close and open prices respectively and µ is the expected 

mean return. IV is the intraday variance and OV is the overnight variance between 

subsequent trading days. Note that the expected intraday return is zero as argued in 

Sundkvist and Vikström (2000a). OVh is the same as OV but with h days of non-trading 

between ct-1 and ot. This excess variance is added to the variance of the day succeeding 

the holiday. EHV is a measure of how much additional variance is realized after a non-

trading period of h days. This additional variance is measured in proportion to the total 

one-day variance for subsequent trading days and will lengthen the following trading 

day by the same amount. Sundkvist and Vikström (2000a) estimated the average 
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holiday variance to 19.26 %, i.e. the first trading day following a holiday is 1.1926 days 

“long”. Adding up the holiday variances and the trading days results in approximately 

262 CTDA days a year on the German DAX. 

 Moreover, the CTDA model partitions the trading day into 30 minute intervals. 

These intervals are given a weight in proportion to a whole trading day’s variance. The 

variance is estimated on historical intraday data as squared returns, thus the expected 

return in each intraday interval is zero. For a much more detailed discussion on the 

CTDA-time model, see Sundkvist and Vikström (2000a). 

 

 

3 Data 
 

Sundkvist and Vikström (2000a) estimated the CTDA model on two periods; one 

period where the DAX was traded from 9:00 AM to 17:00 PM, and a second and more 

recent period where the market closed at 17:30 PM. The intraday data used in this study 

is from the earlier period, i.e. 10/1-12/30/1998. The U-shaped smile of intraday 

volatility was quite similar during both periods. However, it should be noted that the 

intraday volatility estimated here on such a short period is sensitive to a few outliers in 

each interval. Furthermore, the intraday volatility is most likely different over time. 

Lockwood and McInish (1990) tested the robustness of overnight and intraday 

variance. They found that the proportion of intraday and overnight variance is 

dependent on the market momentum, i.e. the variances are different during bull and 

bear markets. Consequently, the estimated CTDA-time model can be correct only if 

expectations on volatility patterns are the same as the historical patterns. The return on 

DAX during both the intraday data period and the options data period was positive, and 

thus the market momentum may have been similar during the two periods. As efficient 

market hypotheses suggest that the market momentum is not known in advance, it is 

reasonable to use a historical average of intraday variance estimated on an arbitrary 

period. The patterns in intraday variance are presented in Table 1. 
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Table 1 
The intraday volatility partitioned into 30-minute intervals 
The realized intraday variance in 30-minute intervals was estimated as squared returns during 
10/1-12/30/1998. The number in each cell represents the equivalent amount of time lapsing to 
correspond to the variance in the respective interval. 
 

Time Volatility  

9:00 AM 30.0 %  

9:30 AM 9.9 %  

10:00 AM 6.2 %  

10:30 AM 5.3 %  

11:00 AM 4.2 %  

11:30 AM 2.1 %  

12:00 PM 4.8 %  

12:30 PM 3.5 %  

1:00 PM 2.0 %  

1:30 PM 4.5 %  

2:00 PM 5.1 %  

2:30 PM 3.8 %  

3:00 PM 1.6 %  

3:30 PM 4.2 %  

4:00 PM 5.4 %  

4:30 PM 7.4 %  
 

 

The data used in modeling the intraday option-pricing model was the DAX. The sample 

data used in this evaluating study is transactions data for five months. To test the 

dynamics of the CTDA model is most interesting during the last weeks or days before 

expiration as time and volatility have an increasing relative impact on option prices 

approaching maturity. The discontinuity of trading time and calendar time is also most 

prominent during the last weeks before expiration. Therefore, a sample spanning five 

expirations is used and observations mainly for the nearest maturity are considered. 

The period for the transactions data is the period immediately following the 

period for estimating the CTDA model. Evaluating the model on a different period 

allows us to see if the model estimated on one period can be used on another period 

with perhaps a different market momentum. The data obtained is for the period 1/1 – 

5/31/1999, comprising of 369,942 option trades. Choosing the two shortest maturities 
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and options that are approximately at-the-money, e.g. ±1 % from the theoretical level of 

the underlying, leaves us with approximately 52,602 observations. There is no special 

treatment of the data for any further exclusion of observations apart from the ones 

mentioned. Studies evaluating option pricing models sometimes put great emphasizes 

on excluding observations of low volume or suspiciously low or high prices. 

Concerning the quality of the data, this study relies on the liquidity of the market as it is 

one of the largest derivatives markets in the world. Furthermore, any option prices 

deviating very much are often deleted as mistrades by the exchange. In fact, among the 

option prices used in the evaluation, a visual examination reveals no outliers among the 

implied volatilities iterated. 

The reason for choosing different periods for estimation of the CTDA model 

and for the evaluation of ditto is that one cannot know in advance, what the intraday 

volatility will be like. Therefore, in practice, the estimated model will be used on a later 

period than the one used to estimate the intraday volatility in the CTDA-model. The 

partitioned intraday volatility used in this study is shown in Table 1 and is the model 

estimated by Sundkvist and Vikström (2000a). 

The theoretical level of the underlying is in this study considered being the 

future on the DAX. The DAX future need to be adjusted by a number of basis points to 

account for the time value and for the dividends in the underlying index. The basis is 

calculated daily and can be either positive or negative, depending on the expiration of 

the future and the option contracts. The basis accounts for the time value, i.e. interest 

rate and dividends, between the expiration of the future and the option. The DAX index 

is not used as the underlying in this study, as equity indices have been reported to 

exhibit positive autocorrelation and to lag the future (Stoll and Whaley [1990], 

Grünbichler et al. [1994]). The autocorrelation in the index and lag behind the future, 

are most likely known and accounted for by market participants and thus the future 

should be a closer -proxy for the underlying. The option and the future trades are 

synchronized as precisely as possible, but in some instances the future has a non-

trading period of approximately one minute. However, such synchronization errors are 

believed to be of minimal significance for the evaluation. 

The problem of lagging observations and thus positive autocorrelation arises 

when using indexes as the underlying. When using the future as the underlying, 

negative autocorrelation may be present in the data due to the bid-ask bounce. 

However, the bid-ask spread in the DAX future is minimal, normally a fraction of a 
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percentage. Thus, the impact of the bid-ask bounce is also minimal, but might vary 

during the day under different levels of liquidity. The effect can however be canceled 

out if the lower liquidity leads to less volatility and thus smaller bid-ask spreads, which 

is in fact observed during the middle of the trading day. 

 French (1984) tested three major option-pricing models, namely pricing in 

trading time, calendar time and composite time. The composite-time model is in 

French’s study trading time with interest rates accumulated in calendar time. In 

addition to these three models, the same study tested two modifications to the 

composite-time model accounting for a weekend volatility of 10 % and 22 % 

respectively. Composite time with no weekend volatility was considered the model 

which best fits market prices. The CTDA model is using a weekend and holiday 

variance of 19.26 % in this study. 

 The interest rate used in this study was a constant 3.5 %. Simulations by 

Hammer (1989) indicate a small impact on implied volatilities for at-the-money options 

from using the wrong interest rate.  

 

 

4 Implied volatility in different option pricing models 
 

Some preliminary tests and statistics on the iterated implied volatilities are presented as 

follows. Implied volatilities are iterated using the Newton-Rapson method for each 

model and for each day, also intradaily. Given that we want the model to catch the 

predictable patterns of volatility by changing the time basis, we try to get a model that 

gives a reasonably smooth implied volatility with no weekday or intraday patterns. The 

model with the smoothest implied volatility could be considered the best fit to market 

prices. This does not mean that volatility would be constant, but that the model 

accounts for the predictability in the changes of implied volatility. The “smoothness” is 

measured by the standard deviation of the level and of the first moment of the implied 

volatility for each model, i.e. “volatility of implied volatility”. 

The first empirical task is to iterate implied volatilities for each model and each 

transaction.  Parameters given include the option price, the interest rate, the strike and 

the underlying. Given these parameters known by market participants, the implied 

volatility is dependent only on time to maturity. Iterating implied volatility with a time 

unit that produces a shorter time to maturity will result in a higher implied volatility 
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and vice versa. If there is a jump in the time measure (or in implied volatility) not 

justified by the market prices, then the model is not specified in a way that accounts for 

predictabilities in option pricing. The same applies if the model does not account for an 

expected jump in volatility or time, i.e. weekends. Such phenomena occur if the 

volatility is non-constant over weekdays and exhibits intraday and weekday patterns. 

Volatility can still be stochastic, although there are predictable patterns. 

Preliminary tests show that the market prices options on a trading-time or 

CTDA-time basis. The standard deviation of the implied volatility was consistently 

higher for the model with a calendar-time basis. Tables 2 and 3 present the standard 

deviation of the implied volatility using the three different time units. 

 

Table 2 
Standard deviation of implied volatility 
Standard deviations are on the level of the implied volatility of the shortest maturity. The last 
two days before expiration are not used. The cells marked with asterisks are for the model with 
the lowest standard deviation during that period. 
 

 Trading time CTDA-time Calendar time 

January 1999 3.61 % 3.57 % * 3.71 % 

February 1999 2.65 % 2.55 % * 2.77 % 

March 1999 3.00 % 2.85 % 2.69 % * 

April 1999 2.01 % * 2.09 % 2.54 % 

May 1999 1.39 % 1.35 % * 1.85 % 

January – May 5.35 % * 5.86 % 6.24 % 
 

 

Table 3 
Standard deviation of changes in implied volatility 
Standard deviations are on the changes in the implied volatility of the shortest maturity. The 
last two days before expiration are not used. The cells marked with asterisks are for the model 
with the lowest standard deviation during that period. 
 

 Trading time CTDA-time Calendar time 

January 1999 4.42 % 4.42 % 4.41 % * 

February 1999 7.04 % 7.03 % * 7.03 % 

March 1999 9.27 % 9.10 % * 9.27 % 

April 1999 9.85 % * 10.09 % 9.93 % 

May 1999 6.56 % * 6.66 % 6.77 % 

January – May 8.19 % * 8.29 % 8.27 % 
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During the five months tested, pricing employing trading time as time measure gives 

the smoothest function of implied volatility during half of the time and also during the 

whole period overall. The CTDA-time model also produces the smoothest function half 

of the time. The standard deviations in Table 2 will naturally be higher during a period 

with an implied volatility moving between completely different levels, although it may 

not have varied so much. Table 3 can report low standard deviations although the 

implied volatility has moved between different levels as long as the trend has been 

consistent. However, this affects all three models in a similar way and the model with 

the lowest volatility of the volatility can be considered as the model with a better fit to 

market prices, or at least as the model that best predicts changes in implied volatility. 

These results indicate that the trading time and CTDA-time models are better than the 

calendar time model. From these tests, no definitive conclusions are made about the 

superiority of the trading time to the CTDA-time model or vice versa. 

Further tests are on the autocorrelation on the first moments of these time series, 

both on intradaily and on daily implied volatilities. This means that on daily volatilities, 

the first and fifth order autocorrelations are the “day” and “week” autocorrelations. If 

the tested model is able to model the predictable changes in implied volatility, then 

there should be no autocorrelation. Table 4 shows the autocorrelation coefficients for 

differences in logarithmic implied volatilities in the three models. On the 10 % level, 

the first three autocorrelation coefficients are significant for the trading-time and 

CTDA-time models and all five coefficients are significant for the calendar-time model. 

 

Table 4 
Autocorrelation coefficients on changes in daily implied volatilities 
Autocorrelation in the changes in the implied volatility of the shortest maturity. The last two 
days before expiration are not used. Cells marked with * are significant at the 10 %-level, ** at 
the 5 %-level and *** at the 1 %-level employing the Ljung-Box Q-statistic. 
 

 Trading time CTDA-time Calendar time 

Lag 1 -0.252*** -0.250*** -0.277*** 

Lag 2  0.036**  0.012**  0.051** 

Lag 3 -0.070* -0.061* -0.078** 

Lag 4 -0.013 -0.023 -0.082** 

Lag 5 -0.008  0.012  0.021* 
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The autocorrelation coefficients show that the trading-time model was not able to catch 

all the patterns in implied volatility over time. Furthermore, the CTDA-time model has 

also a negative autocorrelation of similar magnitude and significance as the trading-

time model. The trading-time and CTDA-time models are surprisingly similar in their 

autocorrelation coefficients, although they differ slightly in their treatment of the 

weekend. Finally, the calendar-time model has the most significant autocorrelation 

coefficients and has not incorporated the patterns in implied volatility very well. 

There is also this discussion about economic and trading days, where volatility 

is higher for economic days and decreases after an economic day. Economic days can 

be defined as those days on which there is an expected news release of economic 

significance. Burghardt and Hanweck (1993) found that the Eurodollar future had a 

volatility ratio of 2.2 on the economic days with a payroll announcement compared to 

normal trading days. As Thursdays are often economic days with U.S. statistics on the 

economy being released, there is likely to be autocorrelation in the implied volatilities. 

The changes in implied volatility may be predictable if economic and non-economic 

days can be identified in advance. Identification of economic days in advance is 

possible, as statistics are scheduled for release on specific dates and these dates are 

publicly known. Immediately after an economic day, the price of the option should 

decrease for an option that has the same moneyness before and after. In other words, 

the implied volatility should decrease. This is because the average volatility during the 

option’s remaining life is now lower. This means that after an anticipated news release, 

implied volatility should decrease resulting in autocorrelation unless the model 

accounts for such scheduled news. 

The weekday effect in implied volatility was examined by Sundkvist and 

Vikström (2000b). Their study showed that Thursdays have higher implied volatility 

relative to the other weekdays. Hypotheses supporting the Thursday effect are the 

release of important economic statistics and a negative return on Thursdays. None of 

the models tested in this study separate economic and non-economic days. However, 

the CTDA-model accounts for the average volatility patterns intradaily and during the 

weekend in contrast to the trading- or calendar-time model with discrete “jumps” for 

every new trading/calendar day.  

 Another probable source for autocorrelation in implied volatility is the fact that 

neither trading time or calendar time properly account for the weekend volatility in the 

underlying asset. Pricing in calendar time is likely to result in a pattern of implied 
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volatility over weekdays with a high implied volatility on Mondays and significantly 

lower on Fridays. Pricing in trading time may result in the opposite pattern; a lower 

implied volatility on Monday increasing up to close at Friday. 

 

 

5 Estimated option prices 
 

The tests presented so far have examined the implied volatility. For further tests, a 

methodology similar to the one used by French (1984) is implemented. The implied 

volatilities estimated using the three models are put into the respective model on a later 

date for options actually traded. Thus, prices for at-the-money options that actually 

have been traded are calculated using the three different models. These estimated prices 

are compared to the actual price of the same option. The squared differences in the 

price of the estimated and the actual option price are used as one measure of the error. 

The absolute difference is used as another measure of the error that can be tested using 

non-parametric tests. 

The next empirical task is to use the previously calculated implied volatilities 

for pricing options with the three models. Once the implied volatility is estimated for 

the three models, the period t-1 implied volatility σM,t-1 is used in the model M for 

period t. Two different lengths of the period are used. Firstly, the implied volatility of 

the previous day is used for estimating an option price of an option actually traded. 

Secondly, the implied volatility from one week earlier is used for estimating the same 

option. If the market was closed on the day seven days earlier, then the next available 

volatility is used. Using the previous volatility is likely to cause a bias as e.g. Friday’s 

implied volatility might be much too biased when used on a Monday in the trading-time 

and calendar-time models. 

Option prices are first estimated using the previous day’s implied volatility. The 

difference between the estimated price and the matching actual price from today is 

squared to obtain squared errors. The sum of squared errors is a measure of the model’s 

fit to market prices. The sum of these squares divided by the number of prices is 

presented in Table 5. This methodology can indeed be defended also from a practical 

standpoint. Using yesterday’s implied volatilities may not be far from the implied 

volatility used in practice, as the implied volatility is not necessarily updated very 

frequently by a market participant. 
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Table 5 
Mean of squared percentage errors between actual and estimated prices using 
yesterday’s implied volatility 
Squared errors are on the percentage difference between estimated and actual prices of the 
shortest maturity. The last two days before expiration are not used. The model with the lowest 
mean square error during each period is marked with an asterisk. 
 

 Trading time CTDA-time Calendar time 

January 1999 0.071 0.077 0.048* 

February 1999 0.046 0.045* 0.073 

March 1999 0.094* 0.094* 0.149 

April 1999 0.081 0.073 0.058* 

May 1999 0.029* 0.035 0.040 

January – May 0.075 0.074* 0.106 
 

 

Next, option prices are estimated, now taking the volatility from one week earlier and 

calculating a price for at-the-money options that actually have been traded. Table 6 

presents the squared errors for the three models with implied volatility from one week 

earlier. 

 

Table 6 
Mean of squared percentage errors between actual and estimated prices using last 
week’s implied volatility 
Squared errors are on the percentage difference between estimated and actual prices of the 
shortest maturity. The last two days before expiration are not used. The model with the lowest 
mean square error during each period is marked with an asterisk. 
 

 Trading time CTDA-time Calendar time 

January 1999 0.070* 0.084 0.131 

February 1999 0.063 0.051 0.049* 

March 1999 0.117 0.114 0.106* 

April 1999 0.067 0.061* 0.068 

May 1999 0.076 0.072* 0.081 

January – May 0.093 0.089* 0.093 
 

 

A period is thus one week in Table 6. This may produce results that are better than 

justified for the trading-time and calendar-time models where the implied volatilities 

are known to exhibit weekday patterns (Sundkvist and Vikström [2000b]). In practice, 
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this methodology means that the respective implied volatilities from last Monday are 

used as input to the model on this Monday. If there is no implied volatility available for 

last Monday, the next implied volatility available is chosen, i.e. the Tuesday volatility 

in this example. Last Friday’s implied volatility would be too biased due to the 

weekend. 

 The estimated prices may exhibit noise. The noise can be due to bid-ask bounce 

in observed transactions, often seen in the trading of financial assets. The bid-ask 

bounce theory is possibly supported by the negative first order autocorrelation in 

implied volatility. However, the noise should affect the three models in a similar way 

giving them an equal chance and no further methods are implemented to deal with the 

possible noise. 

Mean square errors are useful for measuring the fit of a model, but they are 

skewed to the higher values. Thus, standard parametric procedures cannot be used to 

test for statistical significance using mean square errors. Sterk (1982) used a non-

parametric procedure to compare models for significant differences. In this procedure, 

the percentage deviations of market prices from model prices are calculated for each 

time-basis model using equation (2). 

 

(2) 

 

where PD is the percentage deviation between the market price and the model price for 

the call C. 

These percentage deviations are probably skewed as found by Sterk (1982) and 

therefore the Wilcoxon matched-pairs signed-rank test is a preferable method to 

compare the different models to each other. 

 The mean squared errors are a useful measure of the percentage deviations. 

However, they are noted to be skewed to the higher values and the significance cannot 

be tested using standard parametric procedures. Therefore, Wilcoxon’s matched-pairs 

signed-rank test is used as a non-parametric test to determine which model gives the 

best fit to observed prices. In this test, differences between the absolute values of the 

paired percentage deviations was computed for each option as 

 

i = 1, 2, …, 52,602.   (3) 

 

,
model

modelmarket
model C

CC
PD

−
=
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D is the measure of which model performed better. In this example, a negative value of 

D means that the trading-time model performed better for that particular option than the 

CTDA-time model. In the Wilcoxon test, the differences are ranked and two sums are 

computed; for the negative and for the positive differences. By ranking the differences, 

it also accounts for the magnitude of the differences. If the number of negative values 

on D is greater than the number of positive values, then the trading-time model 

performs better in equation (3). The two other pairs are also tested. 

 Table 7 gives the results from these non-parametric tests. All but one of the Z-

scores are significant at conventional levels. The results indicate that the CTDA-time 

model is better than the calendar-time model, but the trading-time model is better than 

the two other models. These results were obtained when yesterday’s implied volatility 

was used as input for estimating today’s option price. Using this method resembles the 

behavior of a market participant without knowledge of the weekday effect in implied 

volatility. Another market participant, aware of the patterns in implied volatility, would 

be using something more resembling the weekly lagged volatilities. Quite surprisingly, 

no conclusions can be made on the superiority of the trading-time model over the 

CTDA-time model in this case. 

 

Table 7 
Z-scores for Wilcoxon signed-rank tests comparing option-pricing models 
The model specified by the label to the left provided estimates closer to the observed market 
prices than the model specified by the label at the top of the column. The option prices are for 
the period 1/1 – 5/31/1999. *** denotes significance at the 1 %-level. 
 

Daily lagged σ Calendar CTDA

CTDA 65.474***

Trading 59.931*** 22.468***

Weekly lagged σ Calendar CTDA

CTDA 4.876***

Trading 11.285*** 0.944
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6 Summary 
 

Three alternative measures of time were introduced and tested in this study. The 

concept of calendar time and trading time are easy to grasp. The CTDA-time model 

partitioning the trading day into 30-minute intervals was briefly discussed as presented 

in Sundkvist and Vikström (2000a). 

 Several methodologies were employed to test the fit of the different models. 

The tests give us an idea of which model of the three best fits the market prices. What 

the model really should look like is not tested, but this can be done ex-post when we 

know the realized volatility of the underlying. The CTDA-time model is doing this, but 

the estimated CTDA-model can be of course only be evaluated on a period following 

the estimation period. Therefore, in this study, the model obtained is used on another 

period, as the patterns of realized volatility is not known exactly in advance. This 

model is compared to the trading-time and calendar-time models. 

 The results show that the trading time model best fits the market prices. The 

CTDA-model performed definitively better than the calendar time model, but not as 

well as the trading time model. This means that the intraday patterns and weekend 

volatility may well be captured by the CTDA-model, but not in a fashion to how the 

market was trading options during the period tested. French (1984) tested the calendar 

time model and trading time model with interest rate accrued during calendar time. His 

models also allowed for weekend volatility, but the tests showed that the trading-time 

model alone was the best fit of market prices. 
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