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Abstract: Technological innovation has changed the financial market significantly with the increas-
ing application of high-frequency data in research and practice. This study examines the perfor-
mance of intraday implied volatility (IV) in estimating currency options prices. Options quotations
at a different trading time, such as the opening period, midday period and closing period of a trad-
ing day with one-month, two months’” and three months’ maturity, are employed to compute intra-
day IV for pricing currency options. We use the Mincer—Zarnowitz regression test to analyse the
volatility forecast power of IV for three different forecast horizons (within a week, one week and
one month). Intraday IV’s capability in estimating currency options price is measured by the mean
squared error, mean absolute error and mean absolute percentage error measure. The empirical
findings show that intraday IV is the key to accurately forecasting volatility and estimating currency
options prices precisely. Moreover, IV at the closing period of the beginning of the week contains
crucial information for options price estimation. Furthermore, the shorter maturity intraday IV is
suitable for pricing options for a shorter horizon. In comparison, the intraday IV based on the longer
maturity options subsumes appropriate information to price options with higher accuracy for the
longer horizon. Our paper proposes a new approach to accurately pricing currency options using
high-frequency data.

Keywords: high-frequency data; intraday IV; European currency options pricing; realised volatility

1. Introduction

Financial markets have overseen several significant changes in recent years due to
technological innovation, policy reforms, and increased competition. These changes in-
volve the growth of a modern type of high-frequency trading (HFT), which has become a
prevalent feature of today’s markets (Linton and Mahmoodzadeh 2018). HFT refers to a
trading method where security positions are switched over rapidly using advanced tech-
nology and innovative trading infrastructures (Agarwal 2012). In a comparatively short
time, HFT has obtained a substantial share of the total US and European stock trading
volume and quickly gained traction in other regions such as Asia-Pacific. The massive
increase in HFT trade volumes and trade value are estimated to be continued by better
access to the new technologies that enable it. The market size of HFT in the US is antici-
pated to be $6.1 billion, with an annual market size growth rate of 1.5% for the period
between 2016 and 2021 (IBISWorld 2020). The emergence of HFT results in the vast infor-
mation available for market participants to explore financial market phenomena. It is a
reliable source of intraday information to guide investment decisions that cover a diverse
range of assets and instruments such as commodities, derivatives, equities, fixed income
and foreign exchange (FX) (Le et al. 2021).

Foreign currency options are the key innovation that contributes significantly to the
sustainable development of the financial market. Its trading volume experienced signifi-
cant growth during the last three decades. The BIS (2019) survey report shows that in 24
years since 1995, the over-the-counter (OTC) daily turnover in currency options increased
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from 41 billion US dollars to 294 billion US dollars, corresponding to more than 617%.
Both academics and market practitioners primarily employ the Black and Scholes (1973)
(BS) model to calculate European options prices (Yang and Lee 2011). For the Merton
(1973) version of the Black and Scholes (1973) (BSM) model, all input elements to calculate
prices for European currency options are obtainable from the financial market, except the
volatility of the underlying currency. The volatility estimated error leads to options mis-
pricing (Tu et al. 2016; Cruz 2008; Singh and Vipul 2015). Mispricing affects the choice of
hedge ratios, hedge efficiencies, expected hedging costs (Lai et al. 2017) and market effi-
ciency. The use of volatility that is not equivalent to the actual volatility over the lifespan
of options will significantly impact the expected return and trader’s portfolio risk (Figlew-
ski 1989). Volatility measurement accuracy is, therefore, necessary to accurately estimate
and predict currency options prices.

The availability of high-frequency data has motivated a pricing model that considers
intraday data to estimate and forecast daily volatility. A tremendous amount of infor-
mation can be found in five minutes of foreign exchange returns when measuring hourly
variances (Taylor and Xu 1997; Barndorff-Nielsen and Shephard 2002). In addition, Wang
and Wang (2016) reported the value of IV information at different trading times during a
trading day to forecast the realized volatility of the S&P 500. However, research on fore-
casting FX volatility and currency options prices using high-frequency data is still limited.
This study examines the intraday IV capability to forecast currency options price by (i)
evaluating the intraday IV ability to forecast the underlying FX volatility and (ii) assessing
the IV’s performance in pricing currency options. We employ the high-frequency dataset
of three major European currency options, including CHF, EUR, and GBP, from 2010 to
2020.

This study has four significant contributions. Firstly, it proposes an intraday IV ap-
proach to estimate the currency options price based on high-frequency data extracted
from a trading day’s different trading times. This method conquers the most critical FX
information in pricing currency options. Most previous research used high-frequency
data of stock markets (Wang and Wang 2016) or one particular currency such as AUD (Le
et al. 2021), or EUR (Plihal and Lydcsa 2021) to forecast realized volatility. This research
focuses on the foreign exchange market using three major European currency options.
Secondly, outcomes of the research reveal that the intraday IV based on one and two
months of maturity options subsumes the required information to forecast the underlying
FX volatility for the forecast horizon of one week and one month, respectively. However,
the three-month maturity IV was found to contain no required information to price op-
tions accurately. Thirdly, the intraday IV based on the shorter maturity options is suitable
for pricing options for a shorter horizon. In comparison, the intraday IV based on the
longer maturity options subsumes the required information for the longer horizon options
price. Fourthly, the IV’s information is irrelevant for the price of less than a week horizon
options.

The remaining paper is organised as follows. The next section begins with a review
of IV literature, followed by methodology and data description. Section 4 conducts the
empirical analysis and discusses the findings. Finally, Section 5 provides the research con-
clusion, limitations, and future directions.

2. Literature Review

The volatility of the underlying assets obtained in the BS option pricing models (Raquel
and Eliseo 2012) is called Implied volatility (IV). It is calculated based on the option price ob-
served in the market and is accepted as a fair measure of the underlying asset’s volatility by
the perception of market participants. The IV is, therefore, regarded as forward-looking. Re-
search on the predictability of IV is ambiguous, with various inconsistencies. However, it ap-
pears that IV contains essential information about forecasted volatility and outperforms esti-
mators using historical data to predict realised volatility (RV). Moreover, such exclusive can
be replicated across various asset types (Andersen et al. 2000).
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Previous research on currency options is mainly based on daily data to calculate IV.
The IV was found to forecast volatility effectively for the horizon of up to six to nine
months and capture almost 50 per cent of actual volatility in Scott and Tucker’s research
(Scott and Tucker 1989). They used the data sample of five major currency options, includ-
ing the Canadian dollar (CAD), British pound (GBP), Swiss franc (CHF), Deutsche mark
(DEM) and Japanese yen (JPY). However, no evidence of improved predictive accuracy
was found when the investor’s information set included historical volatility. Xu and Tay-
lor (1994) examined the informational efficiency of the four currency options (GBP/USD,
DEM/USD, JPY/USD and CHF/USD) traded on the Philadelphia Stock Exchange for seven
years since 1985. Their findings showed that valuable information about future volatilities
could be extracted from option prices. Jorion (1995) compared the predictive power of IV
with the historical volatility using the dataset of three currency options (DEM, JPY and
CHF) obtained from the Chicago Mercantile Exchange (CME). They concluded that IV
forecast capability exceeded historical time-series volatility models. Kazantzis and
Tessaromatis (2001) reported similar findings for forecast horizons covering from one day
to three months maturity currency options JPY, DEM, GBP, CHF, CAD and AUD against
the USD for more than seven years period from 1989.

The IV of the CAD, CHF, DEM, GBP and JPY options was low in the early part of the
week but remained high in the rest of the week that started on Wednesdays (Kim and Kim
2003). Further, the IV subsumed the required information to forecast actual volatility for
either one month or three months horizon using the data sample consisting of DEM, GBP
and JPY options (Pong et al. 2004). According to Christoffersen and Mazzotta (2005), ATM
(at the money) IV options based on EUR, GBP, and JPY were relatively reliable and unbi-
ased predictions of the actual volatility for the forecast horizon of one and three months.
The IV based on the Brazilian options contained vital information missing in the economic
models that could produce superior FX forecasts (Chang and Tabak 2007).

IV subsumed the required information to forecast volatility, and an unbiased forecast
estimator for the FX market has introduced IV (Busch et al. 2011). Further, the predictive
power of IV was far superior to GARCH volatility for low and high fluctuation of the FX
market (Pilbeam and Langeland 2015). The IV also incorporated all the information about
future volatility of historical volatility (Sahoo and Trivedi 2018). The IV based on the at-
the-money CHF, EUR, GBP and JPY options decreased on the announcement day (Mar-
shall et al. 2012). Currency options IV provided an early warning of a crisis (John and
Themba 2012). The information from the volatility smile of one-month maturity IV can
improve the FX volatility forecast accuracy (Wong and Heaney 2017).

Most of the previous studies on currency options employed the daily IV to forecast
FX’s volatility. However, the use of IV for pricing options has not been explored in deep.
Technology development has led to the emergence of high-frequency data that contain a
massive amount of information for trading improvement; however, very little research
analysing the potential of big data in estimating currency options prices for decision mak-
ing. Thus, our study will fill this gap by applying the high-frequency data in calculating
IV to forecasting volatility and estimating currency options prices.

3. Discussion

In the following section, we offer an outline of the approaches used to interpret the
use of high-frequency data in estimating and forecasting underlying asset volatility and
options prices. The study divides the research methodology into five sub-sections, (i) cal-
culate IV, (ii) compute RV, (iii) IV forecasting RV, (iv) IV calculating options model price
and (v) measuring the options pricing error.

3.1. Implied Volatility Calculation

The literature usually employs the BSM model for pricing European currency options
(Corredor and Santamaria 2004). Ease of calculation and theoretical approximations be-
tween conditional volatility of BSM for ATM closest-to-expiration options and stochastic



Risks 2022, 10, 208

4 of 16

volatility are among the main explanations for their general use (Fleming 1998; Nelson
1991). The following notations with descriptions are for the BS model.
C; = call options price in domestic currency at time ¢;

P, = put options price in domestic currency at time t;

S, =FXspot rate at time ¢;

X, = options strike price in domestic currency at time ¢;

R = interest rate of domestic currency at time #;

R{ = interest rate of foreign currency at time ¢;

T =time to options expiry;

o, =underlying currency volatility;

N = function for the cumulative normal distribution.

For the BSM model, the price of the European-style call and put options are obtained as:

f
Ct = Ste_RtTN(dl't) - Xte_RgN(dzyt), (1)
f
P, = X.eRTN(=d,,) - Sce Rt N(~d,,), )
S o} S o}
; ln(yi)+<Rf—R[+7t)T o ln(ytt)+<Rf—R[—7t>T ; ~
= an = = — oVT.
1,t O't.’\/T 2,t . O't.’\/T 1,t t
For notations convenience, let §, = e ®tT and 7, = e~RIT 1o rewrite Equations (1)
and (2) as follows:

creiet = StftN[dl,t(UcIf'tl'g ] - XtUtN[dz,t(UCk,il'g ] 3)
Ptmkt'k'l = XtUtN[_dz,t(U;,:,'tl'h)] - Ster[—dl,r(U;f,}l'h)] 4)

where V,,;,;= call options and put options price, ¥, = options maturity for one, two and
three months, V| = opening, midday and closing options period for a trading day, v, =
IV_CHEC (IV based on the Swiss franc call options price), IV_EURC (IV based on the Euro
call options price), IV_GBPC (IV based on the British pound call options price), V;, =
IV_CHEFP (IV based on the Swiss franc put options price), IV_EURP (IV based on the Euro
put options price) and IV_GBPP (IV based on the British pound put options price). The IV
for the ATM-call options market price (aclf o ) and IV for the ATM-put options market
price (az’,‘"tl'h) are computed by Newton-Raphson’s iterative search procedure (Press et al.
1992).

This study follows the method introduced by Jorion (1995), which calculated IV by aver-
aging the IV obtained using the price of call options and put options price as in Equation (5):

ghtm _ Zot 7t (5)

where V,,= IV_CHEF (Swiss franc options implied volatility), IV_EUR (implied volatility
for Euro options) and IV_GBP (British pound options implied volatility).

3.2. Realised Volatility Computation

RV is calculated by adding the squared intraday returns sampled at a given recur-
rence rate (Andersen and Bollerslev 1998; Barndorff-Nielsen and Shephard 2002). No op-
timal frequency to construct RV has been evidenced. However, the five minutes interval
RV used as the benchmark outperformed other measures, as evidenced in practice and
previous literature (Liu et al. 2015). Therefore, unobservable actual volatility is repre-
sented by daily RV calculated from five minutes intervals intraday spot prices. If the spot
priceis S; for a five-minute sampling frequency, the foreign exchange rate return in a five
minutes intervals is calculated as:
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ne=mn(20), ©)
' Si-1
where 71;, is the return of spot price, and i is the interval on day t. Equation (7) computes
the realised variance of day ¢,
n
v, = Z 2, (7)

i=1
where n represents the total number of intervals during the trading hour of currency op-

tions from 9:30 to 16:00 of the trading day (Monday to Friday). Further, RV is estimated as
the standard deviation of the realised variance. Therefore, the RV per trading day is:

G = (®)

Finally, the exchange is closed days are ignored, and the RV per annum is calculated
by considering only intraday data of trading days as in Equation (9).

67" = [Dv, )

where D represents 252 trading days per year, consistent with the usual assumption of
the options market. In Equation (9), ¥, = RV_CHF (realised volatility for Swiss franc spot
rate), RV_EUR (realised volatility for Euro spot rate) and RV_GBP (realised volatility for
British pound spot rate).

3.3. Implied Volatility Forecasts Realised Volatility

The forecasting assessment is undertaken using the regression analysis proposed by
Mincer and Zarnowitz (1969). It is also known as the Mincer-Zarnowitz (MZ) regression.
Under the MZ regression analysis, as in Equation (10), the estimated RV is regressed on a
constant and IV.

~RV, ~k,l,
6, =Po+ Br62" + & (10)

where, V; = within-a-week forecast horizon; one-week forecast horizon; one-month fore-
cast horizon. For the within-a-week horizon, the IV is computed 1 to 4 days earlier than
the RV is estimated. Similarly, the one-week horizon implies that the IV is estimated one
week before the date of RV is calculated. Further, the one-month horizon considers that
the IV is calculated one month earlier than the date of RV is estimated.

The MZ regression analysis conducts two different aspects of the volatility forecast.
First, examining the intercept (o) and slope (1) by a joint hypothesis (Ho: fo =0 and p1 =
1) to assess the predictability, unbiasedness and efficiency (Guler et al. 2017). Second, R-
squared (R?) examine the forecast accuracy as it represents the high goodness of fit value.
Therefore, R? is the statistical measure that represents the RV variance percentage ex-
plained by IV. It also compares the forecasting capability of intraday IV based on the dif-
ferent time to maturity to predict RV within a week, one-week and one-month horizons.
For the closing price, one month to maturity for the one-week horizon, the R? of IV is
higher than that of IV at the opening price. It suggests that the IV at the closing price for
the one-week horizon can explain well RV; IV based on the closing price outperforms the
opening IV in RV forecast for the one week. The MZ regression analysis with Newey-West
corrected errors for heteroscedasticity, and serial correlation employs the OLS (ordinary
least squared) method.

3.4. Implied Volatility Estimating Options Model Price

The estimated IV is then employed as the BSM options pricing model’s input to com-

pute the call model price and put model price. The ¢;"*** and P"**! in Equations (3)

and (4) is substituted with call options model price ([]¢; 4kly and put options model

price ([Tp¢**"), as in Equations (11) and (12), respectively.
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3.5. Options Pricing Error Estimation

The options pricing error (OPE) is defined as the difference between the ATM options
and the estimated options model price. The minimum OPE is estimated using standard
statistical accuracy criteria. They consist of mean absolute error (MAE), mean squared er-
ror (MSE), and the root mean squared error (RMSE), as in Equations (13)—(15), respec-
tively.

mkl Z|I—IATMkl modkl (13)

MSEIT'k'l Z(HATMkl ﬁ;rf;)d,k,l 2 (14)

ATM,k,l _ symod,k,l
Hu,t - Hu,t (1 5)

m,k,l §
MAPE” = -
n t=1

ATM k.l
IH |

where V,, = call price, put price.

3.6. Data Description

We used quotations of European currency options CHF, EUR, and GBP from the Op-
tions Price Reporting Authority (OPRA). Thomson Reuters’ database provided data
through the Securities Industry Research Centre of Asia-Pacific (SIRCA). For all curren-
cies, the data collection spans from 1 January 2010 to 31 December 2020. The options trad-
ing period is from 9:30 a.m. to 4:00 p.m. (US Eastern standard time), Monday through
Friday, except on public holidays. These options are expired on the third Friday of each
month. The contract sizes for the CHF, EUR and GBP options were CHEF10,000,
EUR10,000, and GBP10,000, respectively, and settled in USD. The number of calendar
days from the trading date to the expiry date of options was considered to be the time to
maturity. The 2-30 days, 31-60 days and 61-90 days are considered as one month, two
months and three months options maturity, respectively. Further, 9:30 to 10:00, 12:30 to
13:00 and 15:30 to 16:00 were opening, midday and closing periods for calculating the
intraday IV. The two and a half hours’ time difference between the ‘opening period” and
‘midday period” and between the ‘midday period’” and ‘closing period” was distributed
equally during trading day hours. The constant variance assumption of the BSM model
estimates the IV with a biasedness. However, we measured IV using ATM options since
model bias was the smallest for near-the-money options (Hull and White 1987).

In Xing et al. (2010) study, the ATM measure in the strike price to the stock price ratio
is between 0.95 and 1.05. To reduce the bid/ask bounce issues, we computed options price
as the average of each five-minute interval’s close bid/ask quote (Blair et al. 2001). The
CHEF, EUR, GBP and USD one-month, two-month and three-month deposit interest rates
were used as the proxy of risk-free interest rates.

4. Empirical Analysis and Results

For the within-a-week forecast horizon, Table 1 describes the performance of
IV_CHEF, IV_EUR and IV_GBP in predicting RV_CHF, RV_EUR and RV_GBP, respec-
tively. The closing price of the one-month, two months, and three months maturity
IV_CHEF outperformed others in predicting the RV_CHF (with the values of R?are 0.354,
0.346, 0.321, respectively) with the best performance of IV was reported on Thursday.
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Next, the Tuesday closing price of one-month, two-month and three-month maturity
IV_EUR were superior to forecast RV_EUR (R? = 0.154, 0.237, 0.223, respectively). Finally,
the Thursday closing price of one-month, and two-month maturity IV_GBP outperformed
in predicting RV_GBP (R? = 0.376 and 0.279, respectively). Therefore, overall results for
the within-a-week horizon forecast suggested that the closing price of one-month ma-
turity IV_CHF (R? = 0.354) and IV_GBP (R? = 0.376) on Thursday (end-week day) were
superior to forecast RV_CHF and RV_GBP, respectively. However, the two-month ma-
turity IV_EUR (with a value of R? = 0.237) on Tuesday (begin-week day), in the closing
period, showed the best performance in forecasting the RV_EUR.

Table 1. IV forecast RV for within-week forecast horizon.

Within- IV_CHF Forecast RV_CHF IV_EUR Forecast RV_EUR IV_GBP Forecast RV_GBP
Week Fore- 1-Month Ma-  2-Month Ma- 3-Month Ma-  1-Month Ma-  2-Month Ma-  3-Month Ma-  1-Month Ma-  2-Month Ma-  3-Month Ma-
cast Horizon turity turity turity turity turity turity turity turity turity
Slope R? Slope R?* Slope R? Slope R? Slope R? Slope R? Slope R? Slope R? Slope R?
Panel A: Opening period (9:30-10:00)
Mon to Fri  0.264 0.212 0416 0.158 0.612 0.115 0202 0.1382 0.387 0.220> 0.421 0.215%2 0.196 0322 0.330 0.229 0.600  0.128
TuetoFri 0378 0.203 0.625 0.202 0.612 0201 0.156 0.072 0391 0.176 0441 0.187 0221 0346 0320 0.190 0.740 0.146
Wed to Fri  0.351 0.229 0.575 0213 0.617 0.202 0221 0129 0440 0.179 0484 0201 0.197 0333 0415 0.246 0.720 0.139
ThutoFri 0362 0.334! 0.601 0.314%2 0.656 0.225!' 0239 0124 0371 0172 0412 0.154 0321 03602 0530 02652 0.730 0.2523
Panel B: Midday period (12:30-13:00)
Mon to Fri  0.304 0.167 0425 0.153 0.557 0143 0.184 0116 0345 0.179 0305 0.162 0212 0266 0329 0.200 0474 0.163
TuetoFri 0268 0.185 0.368 0.173 0.545 0.152 0201 0.134' 0.316 0.192!' 0.306 0.179' 0.186 0.256 0.318  0.205  0.460  0.151
WedtoFri 0236 0.184 0419 0.182 0534 0.176 0.162 0.084 0.335 0.145 0.386 0.168 0217 0.279! 0.400 0.245' 0.485 0.1892
ThutoFri 0361 0.3432 0.553 0.265' 0.614 02722 0209 0129 0328 0.162 0354 0.142 0212 0215 0360 0201 0440 0.151
Panel C: Closing period (15:30-16:00)
Mon to Fri  0.278 0.176 0.389 0.167 0.541 0.158 0200 0120 0329 0.164 0342 0.143 0221 0289 0360 0.266 0.515 0.161
TuetoFri 0292  0.202 0.502 0.245 0.602 0212 0.195 0.154% 0.375 02373 0.352 0.234° 0201 0275 0370 0.236  0.500  0.160
Wed to Fri  0.281 0221 0.501 0218 059 0213 0211 0115 0356 0.153 0372 0.154 0.18 0277 0415 0.207 0496 0.169
ThutoFri 0295 0.354%* 0.592 0.346° 0.694 0.321° 0.259 0.112 0.359 0.178 0.414 0.178 0.237 0.376%* 0.430 0.2793 0.495 0.178!

Note: The implied volatility based on Swiss franc (CHF), Euro (EUR) and British pound (GBP) op-
tions is denoted by IV_CHF, IV_EUR, and IV_GBP. IV_CHF, IV_EUR, and IV_GBP are computed
using Equation (5) based on one-month (options expire in 2 to 30 days), two-month (options expire
in 31 to 60 days), and three-month (options expire in 61 to 90 days) maturity options of CHF, EUR,
and GBP, respectively, for the opening (options trading period between 9:30 and 10:00), midday
(options trading period between 12:30 and 13:00), and closing (options trading period between 15:30
and 16:00) a trading day. The realised volatility of the Swiss franc, Euro, and the British pound is
represented by RV_CHEF, RV_EUR, and RV_GBP, respectively. RV_CHF, RV_EUR, and RV_GBP
are calculated using Equation (9) based on the CHF, EUR and GBP spot rate, respectively, obtaining
a 5 min frequency. The slope coefficient and R? of the within-week forecast horizon (using the IV of
Monday, Tuesday, Wednesday, and Thursday to forecast the RV on Friday of the same week) are
estimated by Equation (10) under the MZ. The p-value does not report in the table to avoid repeti-
tions since p-values are zero for all cases. The lower, mid and higher values of highest R? for the
opening, midday, and closing trading periods are denoted by the superscript !, 2, and 3, respectively.
The highest value of R? for IV based on different maturities is represented by *. The begin-week day
is Monday or Tuesday, the mid-week is Wednesday, and the end-week is Thursday.

For the one-week forecast horizon, Table 2 shows the IV_CHF, IV_EUR and IV_GBP
forecasting capability to predict RV_CHF, RV_EUR and RV_GBP, respectively. The Tues-
day closing price of one-month maturity IV_CHF (with the value of R? = 0.469) performed
better in forecasting RV_CHEF. However, the Tuesday opening price of two-month and
three-month maturity IV_CHF (with a value of R? = 0.360 and 0.363, respectively) per-
formed better when forecasting RV_CHF. For EUR, the Monday closing price of one-
month maturity IV_EUR (with a value of R? = 0.430) showed a better performance when
predicting RV_EUR. However, Monday opening price of two-month and three-month
maturity IV_EUR were superior in forecasting RV_EUR (R? = 0.348 and 0.218, respec-
tively). The similar pattern was reported for GBP. The Monday closing price of one-month
maturity IV_GBP and opening price of two-month and three-month maturity IV_GBP
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dominated in pricing RV_GBP. Therefore, overall results for the one-week horizon re-
vealed that one-month maturity IV_CHF (with a value of R?=0.469), IV_EUR (with a value
of R?=0.430) and IV_GBP (with a value of R? = 0.450) in the closing period of Monday or
Tuesday (trading day at the beginning of the week) held superior forecasting ability when
predicting RV_CHF, RV_EUR and RV_GBP, respectively.

Table 2. IV forecast RV for the one-week horizon.

One-Week IV_CHF Forecast RV_CHF IV_EUR forecast RV_EUR IV_GBP forecast RV_GBP
ne-ivee 1-Month Ma- .. 3-Month Ma- 1-Month Ma- 2-Month Ma- 3-Month Ma- 1-Month Ma-  2-Month Ma-  3-Month Ma-
Forecast . 2-Month Maturity . . . . . . .
Horizon turity turity turity turity turity turity turity turity

Slope R*  Slope R? Slope R? Slope R* Slope R? Slope R? Slope R? Slope R* Slope R?
Panel A: Opening period (9:30-10:00)
Mon to Mon 0.270  0.377  0.380 0.239 0.601 0.183 0.210 0.4102 0.375 0.348° 0.505 0.218° 0.195 04402 0.352 0.390° 0.470 0.3523
Tue to Tue 0.391 0.4402 0.540 0.360° 0.740 0.363° 0.185 0.385 0.400 0.339 0470 0.215 0.200 0.375 0.370 0.320 0.520  0.220
Wed to Wed 0.315  0.325 0.435 0.274 0.630 0.242 0.190 0.275 0.415 0.285 0.475  0.140 0.150  0.350 0.360 0.275 0.500  0.170
ThutoThu 0370 0212 0.600 0266  0.590 0.231 0.265 0.150 0.367 0.140 0400 0.156  0.390  0.370 0.510 0.255 0.670  0.300
FritoFri 0425 0.352  0.550 0.238 0.675 0.220 0.175 0.190 0.451 0.175 0.460  0.090 0.435 0.300 0.360 0.250 0.520  0.270
Panel B: Midday period (12:30-13:00)
Mon to Mon 0.278 0285 0.367  0.239  0.525 0.224 0.190 0.370!' 0.320 0.312' 0.390 0.205' 0.200 0.385 0.300 0.320 0.400  0.240
Tue toTue 0279 0.380' 0424 0340' 0580 0.274' 0.195 0.325 0.330 0292 0.395 0.201 0.160 0.430' 0.310 0.338' 0.420 0.250!
Wed to Wed 0.190 0268 0396 0217 0480 0.074 0.175 0315 0375 0293 0.380 0.165  0.180 0.380 0.305 0.285 0.425 0.235
ThutoThu 0.280 0.016  0.550 0.008 0.615 0.007 0220 0.110 0.300 0.110 0.350  0.102 0.315 0.255 0.370 0.200 0.475  0.200
FritoFri  0.353 0.186 0430 0.164 0525 0.162 0.192 0.135 0.318 0.140 0370 0.089  0.300 0.310 0.280 0.195 0.500  0.200
Panel C: Closing period (15:30-16:00)
Mon to Mon 0.253 0.211  0.390  0.252  0.528 0.212 0.210 0.430%* 0.321 0.3152 0.440 0.210> 0.215 0.450%* 0.380 0.3852 0.450 0.2852
Tue to Tue 0.266 0.469°%* 0.440 0.3592 0.585 0.2892 0.185 0.350 0.354 0312 0430 0.170 0190 0425 0.340 0370 0.440 0.240
Wed to Wed 0.225 0.251  0.390 0.225 0.515 0.166 0.182 0.282 0.332 0.268 0.430  0.150 0.150 0.370 0.315 0.300 0.420  0.170
ThutoThu 0.198 0.012 0470  0.005  0.660 0.004 0.280 0.160 0375 0.135 0425 0.160  0.280 0.300 0.415 0.240 0.510  0.225
FritoFri  0.334 0.250 0.490 0.175 0.590 0.137 0.250 0.170 0.369 0.150 0.420  0.130 0.330  0.335 0.320 0.230 0.550  0.280

Note: The implied volatility based on Swiss franc (CHF), Euro (EUR) and British pound (GBP) op-
tions is denoted by IV_CHF, IV_EUR, and IV_GBP. IV_CHF, IV_EUR, and IV_GBP are computed
using Equation (5) based on one-month (options expire in 2 to 30 days), two-month (options expire
in 31 to 60 days), and three-month (options expire in 61 to 90 days) maturity options of CHF, EUR,
and GBP, respectively, for the opening (options trading period between 9:30 and 10:00), midday
(options trading period between 12:30 and 13:00), and closing (options trading period between 15:30
and 16:00) a trading day. The realised volatility of the Swiss franc, Euro, and the British pound is
represented by RV_CHF, RV_EUR, and RV_GBP, respectively. RV_CHF, RV_EUR, and RV_GBP
are calculated using Equation (9) based on the CHF, EUR and GBP spot rate, respectively, obtaining
a 5 min frequency. The slope coefficient and R? of the one-week forecast horizon (using the IV of
Monday, Tuesday, Wednesday, and Thursday to forecast the RV of Monday, Tuesday, Wednesday,
Thursday, and Friday of next week) are estimated by Equation (10) under the MZ. The p-value does
not report in the table to avoid repetitions since p-values are zero for all cases. The lower, mid and
higher values of highest R? for the opening, midday, and closing trading periods are denoted by the
superscript 2, and 3, respectively. The highest value of R? for IV based on different maturities is
represented by *. The begin-week day is Monday or Tuesday, the mid-week is Wednesday, and the
end-week.

For the one-month forecast horizon, Table 3 shows the performance of IV_CHF,
IV_EUR and IV_GBP in forecasting RV_CHF, RV_EUR and RV_GBP, respectively. The
opening pricie of one-month (R? = 0.300) and three-month (R? = 0.220) maturity IV_CHF
on Tuesday performed better in forecasting RV_CHF. However, the Tuesday closing price
of two-month maturity IV_CHF held higher predictive power. Next, the Monday opening
price of one-month (R2 = 0.255) and three-month (R2 = 0.305) maturity IV_EUR was supe-
rior when predicting RV_EUR. The Monday closing price of two-month maturity IV_EUR
(R2 = 0.390) performed better when forecasting RV_EUR. Finally, the Monday opening
price of one-month and three-month maturity IV_GBP (R? = 0.270 and R? = 0.360, repec-
tively) outperformed when predicting RV_GBP. The Monday closing price of two-month
maturity IV_GBP performed better when forecasting RV_GBP (R2=0.400). Overall results
for the one-month horizon forecast suggested that the two-month maturity IV_CHF (R?=
0.330), IV_EUR (R2 = 0.390) and IV_GBP (R? = 0.400) in the closing periods of Monday or
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Tuesday (begin-week day) held higher forecasting capabilities in predicting RV_CHEF,
RV_EUR, and RV_GBP, respectively.

Table 3. IV forecast RV for one-month forecast horizon.

One-Month IV_CHF Forecast RV_CHF IV_EUR Forecast RV_EUR IV_GBP Forecast RV_GBP
. 1-Month Ma- 2-Month Ma-  3-Month Ma- ., 2-Month Ma- 3-Month Ma- 1-Month Ma- 2-Month Ma-  3-Month Ma-
Forecast Hori- . . . 1-Month Maturity . . . . .
zon turity turity turity turity turity turity turity turity
Slope R2 Slope R?* Slope R? Slope R? Slope R? Slope R? Slope R* Slope R*  Slope R?
Panel A: Opening period (9:30-10:00)
MontoMon 0270 0230 0274 0.215 0460 0200 0225 0.255° 0.350 0.3802 0.401 0.305° 0.255 0.270° 0.400 0.3902 0.500 0.360°
TuetoTue 0.340 0.300° 0.400 0.3102 0.550 0.220°  0.145 0.200 0345 0374 0.460 0280 0.165 0.170 0.305 0.280 0.545  0.250
Wed to Wed 0.288 0.220 0.410 0.250  0.530  0.205 0.250 0.245 0410 0310 0.465 0290 0.140 0.130 0.340 0.225 0.450  0.225
ThutoThu 0275 0.160 0330 0.105 0.400 0.060  0.170 0.055 0330 0.101 0330 0.090 0.370 0.180 0.490 0.280 0.455 0.215
FritoFri 0290 0.140 0.410 0.150 0.525 0.150  0.180 0.060 0300 0.180 0.450 0.015 0.380 0.101 0.400 0.270 0.465  0.200
Panel B: Midday period (12:30-13:00)
Mon toMon 0213  0.120 0.285 0.160 0.400 0.150  0.170 0.175 0300 0.280' 0.360 0.250 0.150 0.190' 0.290 0.320' 0.370 0.300!
TuetoTue 0.222 0.2002 0360 0.240' 0.460 02052 0.185 0.2002 0320 0310 0390 0.280' 0.120 0.120 0.285 0.355 0.380  0.270
Wedto Wed 0220 0.170 0330 0.172 0.421 0.170  0.185 0.170 0330 0.240 0.385 0.250 0.160 0.180 0.290 0.300 0.370  0.260
ThutoThu 0.010 0.003 0270 0.100 0.475 0.080  0.160 0.065 0.290 0.102 0.330 0.085 0.300 0.135 0.350 0.230 0.480  0.220
FritoFri 0230 0.075 0.290 0.090 0.330 0.083 0.170 0.050 0300 0.090 0.300 0.090 0.202 0.085 0.310 0.200 0.390  0.170
Panel C: Closing period (15:30-16:00)
Mon toMon 0216 0.150 0.290 0.180 0.410  0.155 0.180 0.190' 0.320 0.3903* 0.380 0.2902 0.250 0.2002 0.320 0.4003* 0.400 0.3402
TuetoTue 0.220 0.190!' 0.330 0.3303* 0.450 0.185'  0.190 0.120 0330  0.300 0.400 0.260 0.150 0.150 0.310 0.365 0.520  0.310
Wedto Wed 0.175 0120 0310 0.160 0.400 0.150  0.200 0.160 0300 0.190 0350 0.180 0.162 0.180 0.305 0.290 0.502  0.280
ThutoThu 0.085 0.002 0.260 0.100 0.505 0.090  0.225 0.070 0310 0.115 0.365 0.110 0.300 0.175 0.380 0.265 0.401  0.240
FritoFri 0200 0.062 0.300 0.090 0.400 0.080  0.230 0.069 0300 0.120 0.340 0.100 0.285 0.095 0.380 0.230 0.475 0.210

Note: The implied volatility based on Swiss franc (CHF), Euro (EUR) and British pound (GBP) op-
tions is denoted by IV_CHF, IV_EUR, and IV_GBP. IV_CHF, IV_EUR, and IV_GBP are computed
using Equation (5) based on one-month (options expire in 2 to 30 days), two-month (options expire
in 31 to 60 days), and three-month (options expire in 61 to 90 days) maturity options of CHF, EUR,
and GBP, respectively, for the opening (options trading period between 9:30 and 10:00), midday
(options trading period between 12:30 and 13:00), and closing (options trading period between 15:30
and 16:00) a trading day. The realised volatility of the Swiss franc, Euro, and the British pound is
represented by RV_CHF, RV_EUR, and RV_GBP, respectively. RV_CHF, RV_EUR, and RV_GBP
are calculated using Equation (9) based on the CHF, EUR and GBP spot rate, respectively, obtaining
a 5 min frequency. The slope coefficient and R? of the one-week forecast horizon (using the IV of
Monday, Tuesday, Wednesday, and Thursday to forecast the RV of Monday, Tuesday, Wednesday,
Thursday, and Friday of next month) are estimated by Equation (10) under the MZ. The p-value
does not report in the table to avoid repetitions since p-values are zero for all cases. The lower, mid
and higher values of highest R? for the opening, midday, and closing trading periods are denoted
by the superscript 2, and 3, respectively. The highest value of R? for IV based on different maturities
is represented by *. The begin-week day is Monday or Tuesday, the mid-week is Wednesday, and
the end-week.

In the majority of cases, the closing IV outperformed in predicting RV for all tested
forecast horizons. Therefore, the currency options price is estimated in this study by em-
ploying input IV based on closing period options with one-month, two-month and three-
month maturity. Next, IV_CHF, IV_EUR and IV_GBP, based on the closing period traded
options, were used as inputs for Equations (11) and (12) to calculate the call options model
price and put options model price, respectively. Finally, Equations (13)-(15) employ MAE,
MSE and MAPE methods, respectively, to measure the options pricing error (OPE).

Table 4 describes the performance of IV_CHF, IV_EUR and IV_GBP to price the CHF,
EUR and GBP options, respectively, for the within-week horizon. The MSE measure
showed that the Monday one-month (with call pricing error = 0.094 and put pricing error
= 0.021), two-month (with call pricing error = 0.080 and put pricing error = 0.020), and
three-month (with call pricing error = 0.082 and put pricing error = 0.025) maturity
IV_CHEF outperformed for pricing CHF call options and put options. Similarly, the one-
month (with call pricing error = 0.065 and put pricing error = 0.025), two-month (with call
pricing error = 0.060 and put pricing error = 0.030) and three-month (with call pricing error
=0.090 and put pricing error = 0.030) maturity IV_EUR on Monday was superior to price
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EUR call options, and EUR put options. Finally, the one-month (with call pricing error =
0.030 and put pricing error = 0.025), two-month (with call pricing error = 0.071 and put
pricing error = 0.025), and three-month (with call pricing error = 0.070 and put pricing
error = 0.020) maturity IV_GBP of Thursday held appropriate information to compute
GBP call options price and GBP put options price. In summary, the two-month maturity
options of Monday (begin weekday) IV_CHF (with call pricing error = 0.080 and put pric-
ing error = 0.020) and IV_EUR (with call pricing error = 0.060 and put pricing error = 0.030)
contained appropriate information for pricing CHF and GBP options, respectively. How-
ever, Thursday’s one-month maturity options (end-week day) IV_GBP (with call pricing
error = 0.030 and put pricing error = 0.025) held vital information in estimating the GBP
options price.

Table 4. Estimate options pricing error for the within-week horizon.

Within-Week Es-
timate Horizon

IV_CHF IV_EUR IV_GBP

Options 1-Month Ma- 2-Month 3-Month Ma- 1-Month  2-Month  3-Month  1-Month  2-Month  3-Month

turity Maturity turity Maturity  Maturity  Maturity Maturity Maturity = Maturity
Panel A: Pricing error under MAE measure

Mon to Fri CALL 0.1802 0.1802 0.2152 0.1702 0.1702 0.2302 0.120 0.250 0.210
PUT 0.0102 0.1002 0.1102 0.1002 0.090 2 0.1252 0.100 0.100 0.115

Tue to Fri CALL 0.300 0.260 0.290 0.290 0.275 0.260 0.200 0.210 0.210
PUT 0.135 0.110 0.130 0.145 0.120 0.140 0.110 0.110 0.120

Wed to Fri CALL 0.250 0.185 0.300 0.200 0.270 0.244 0.210 0.222 0.210
PUT 0.210 0.100 0.135 0.130 0.115 0.135 0.110 0.118 0.115
Thu to Fri CALL 0.255 0.250 0.290 0.270 0.180 0.250 0.0802 0.2002 0.2002
PUT 0.135 0.125 0.130 0.130 0.100 0.140 0.0922 0.0932 0.1022

Panel B: Pricing error under MSE measure

Mon to Fri CALL 0.0943 0.0803* 0.0823 0.0653 0.060 3* 0.0903 0.075 0.092 0.080
PUT 0.0213 0.0203* 0.0253 0.0253 0.030 3* 0.0303 0.030 0.030 0.030

T Fri CALL 0.150 0.020 0.100 0.170 0.150 0.140 0.065 0.080 0.075
uetotm PUT 0.060 0.050 0.050 0.045 0.035 0.033 0.029 0.032 0.030
Wed to Fri CALL 0.145 0.090 0.160 0.080 0.115 0.122 0.073 0.080 0.090
PUT 0.030 0.030 0.050 0.027 0.036 0.040 0.034 0.035 0.045
Th to Fri CALL 0.155 0.140 0.180 0.150 0.070 0.126 0.030 3* 0.0713 0.0703
PUT 0.090 0.050 0.060 0.050 0.038 0.040 0.0253* 0.0253 0.0203

Panel C: Pricing error under MAPE measure

Mon to Fri CALL 0.2011 0.2251 02201 0.1751 0.1851 0.250 1 0.140 0.260 0.220
PUT 0.1251 0.1251 0.1351 0.1501 0.1201 0.1351 0.120 0.130 0.125

Tue to Fri CALL 0.320 0.275 0.298 0.310 0.280 0.292 0.210 0.221 0.231
PUT 0.154 0.145 0.156 0.172 0.135 0.140 0.155 0.135 0.140

Wed to Fri CALL 0.275 0.260 0.310 0.225 0.275 0.264 0.250 0.250 0.235
PUT 0.225 0.130 0.175 0.154 0.155 0.158 0.135 0.140 0.145

Thu to Fri CALL 0.310 0.271 0.367 0.281 0.200 0.260 0.120! 02151 0.2051
PUT 0.195 0.185 0.183 0.153 0.135 0.152 0.110! 0.1251 0.090 !

Note: The implied volatility of Swiss franc (CHF), Euro (EUR) and British pound (GBP) options are
represented by IV_CHF, IV_EUR, and IV_GBP, respectively. The closing period IV_CHF, IV_EUR,
and IV_GBP is computed using one-month (options trading days between 2 and 30), two-month
(options trading days between 31 and 60), and three-month (options trading days between 61 and
90) maturity CHF, EUR, and GBP options are used to estimate call and put price by Equations (11)
and (12), respectively. The MAE, MSE, and MAPE methods are employed by Equations (13)-(15),
respectively, to measure the closing OPE. The OPE under MAE, MSE and MAPE measures are given
in panels A, B, and C, respectively, for a within-a-week estimate horizon (that is, IV of Monday,
Tuesday, Wednesday, and Thursday to forecast option price on Friday of the same week). The
higher, mid, and lower pricing errors are denoted by superscripts 2, and 3, respectively, among
MAE, MSE, and MAPE measures for each option for one month, two-month and three-month ma-
turity. The smallest pricing error is represented by * for one-month, two-month, and three-month
maturity IV. Monday and Tuesday are considered as begin-week, Wednesday is mid-week, and
Thursday is the end-week.
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Table 5 discusses the performance of IV_CHF, IV_EUR and IV_GBP to estimate the
value of CHF, EUR and GBP options, respectively, for the one-week horizon. The MSE
measure indicated that one-month (with call pricing error = 0.040 and put pricing error =
0.018), two-month (with call pricing error = 0.070 and put pricing error = 0.030) and three-
month (with call pricing error = 0.065 and put pricing error = 0.025) maturity IV_CHF on
Monday held appropriate information to estimate the CHF call and put options. Identi-
cally, the one-month (with call pricing error = 0.060 and put pricing error = 0.010), two-
month (with call pricing error = 0.070 and put pricing error = 0.015) and three-month (with
call pricing error = 0.070 and put pricing error = 0.020) maturity IV_EUR on Monday was
superior for pricing the EUR call options and put options. Finally, the Monday one-month
(with call pricing error = 0.065 and put pricing error = 0.018), two-month (with call pricing
error = 0.070 and put pricing error = 0.025) and three-month (with call pricing error = 0.080
and put pricing error = 0.030) maturity IV_GBP contained useful information in estimating
the GBP call options price and GBP put options price. In summary, on Monday (beginning
weekday), the one-month maturity IV_CHF (with call pricing error = 0.040 and put pricing
error = 0.018), IV_EUR (with call pricing error = 0.060 and put pricing error = 0.010) and
IV_GBP (with call pricing error = 0.065 and put pricing error = 0.018) held appropriate
information in estimating the CHF, EUR and GBP options price.

Table 5. Estimate options pricing error for the one-week horizon.

One-Week IV_CHF IV_EUR IV_GBP
Estimate  Options 1-Month Ma- 2-Month Ma- 3-Month Ma- 1-Month Ma- 2-Month Ma- 3-Month Ma- 1-Month Ma- 2-Month 3-Month
Horizon turity turity turity turity turity turity turity Maturity Maturity
Panel A: Pricing error under MAE measure
Mon to Mon CALL 0.1302 0.1702 0.1702 0.1802 0.1852 0.1832 0.200 2 0.2022 0.2252
PUT 0.080 2 0.098 2 0.1102 0.0752 0.085 2 0.100 2 0.009 2 0.1052 0.1152
Tue to Tue CALL 0.175 0.220 0.215 0.200 0.198 0.200 0.260 0.275 0.275
PUT 0.010 0.110 0.130 0.110 0.115 0.115 0.125 0.135 0.130
CALL 0.210 0.230 0.235 0.200 0.228 0.200 0.228 0.270 0.275
Wed to Wed
PUT 0.010 0.105 0.135 0.104 0.120 0.130 0.115 0.130 0.131
Thu to Thu CALL 0.195 0.225 0.210 0.182 0.220 0.215 0.210 0.255 0.229
PUT 0.098 0.118 0.130 0.080 0.100 0.125 0.110 0.115 0.120
Fri to Fri CALL 0.160 0.170 0.180 0.230 0.340 0.240 0.225 0.280 0.240
PUT 0.090 0.010 0.130 0.145 0.145 0.150 0.115 0.125 0.160
Panel B: Pricing error under MSE measure
Mon to Mon CALL 0.040 3* 0.0703 0.0653 0.060 3* 0.0703 0.0703 0.065 3* 0.0703 0.0803
PUT 0.0183* 0.0303 0.0253 0.0103* 0.0153 0.0203 0.0183* 0.0253 0.0303
Tue to Tue CALL 0.095 0.170 0.150 0.080 0.125 0.085 0.085 0.100 0.115
PUT 0.035 0.050 0.055 0.020 0.025 0.030 0.040 0.040 0.040
CALL 0.115 0.120 0.125 0.085 0.100 0.135 0.120 0.170 0.140
Wed to Wed
PUT 0.030 0.050 0.060 0.030 0.045 0.035 0.050 0.055 0.050
Thu to Thu CALL 0.080 0.200 0.100 0.075 0.095 0.095 0.090 0.115 0.105
PUT 0.050 0.070 0.050 0.015 0.020 0.030 0.020 0.040 0.040
Fri to Fri CALL 0.055 0.100 0.070 0.075 0.205 0.195 0.165 0.179 0.180
PUT 0.020 0.045 0.070 0.040 0.065 0.060 0.025 0.026 0.038
Panel C: Pricing error under MAPE measure
CALL 0.140! 0.1821 0.1901 0.2011! 0.206! 0.2101 0.2101 02121 0.2301
Mon to Mon
PUT 0.0921 0.1151 0.116! 0.080 ! 0.090! 0.1051 0.1051 01151 0.120!
Tue to Tue CALL 0.190 0.230 0.235 0.210 0.211 0.215 0.261 0.280 0.285
PUT 0.101 0.120 0.135 0.120 0.125 0.132 0.130 0.135 0.138
CALL 0.215 0.241 0.242 0.210 0.230 0.241 0.242 0.280 0.282
Wed to Wed
PUT 0.115 0.122 0.126 0.114 0.126 0.132 0.125 0.130 0.136
Thu to Thu CALL 0.225 0.235 0.235 0.205 0.225 0.227 0.220 0.260 0.261
PUT 0.120 0.125 0.127 0.101 0.120 0.124 0.125 0.125 0.127
Fri to Fri CALL 0.170 0.200 0.205 0.240 0.250 0.275 0.235 0.283 0.284
PUT 0.105 0.120 0.125 0.160 0.149 0.165 0.124 0.130 0.36

Note: The implied volatility of Swiss franc (CHF), Euro (EUR) and British pound (GBP) options are
represented by IV_CHF, IV_EUR, and IV_GBP, respectively. The closing period IV_CHF, IV_EUR,
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and IV_GBP is computed using one-month (options trading days between 2 and 30), two-month
(options trading days between 31 and 60), and three-month (options trading days between 61 and
90) maturity CHF, EUR, and GBP options are used to estimate call and put price by Equations (11)
and (12), respectively. The MAE, MSE, and MAPE methods are employed by Equation (13), Equa-
tion (14), and Equation (15), respectively, to measure the closing OPE. The OPE under MAE, MSE
and MAPE measures are given in panels A, B, and C, respectively, for one-week estimate horizon
(that is, IV of Monday, Tuesday, Wednesday, Thursday, and Friday to forecast option price of Mon-
day, Tuesday, Wednesday, Thursday, and Friday of the next week). The higher, mid, and lower
pricing errors are denoted by superscripts 2, and 3, respectively, among MAE, MSE, and MAPE
measures for each option for one month, two-month and three-month maturity. The smallest pricing
error is represented by * for one-month, two-month, and three-month maturity IV. Monday and
Tuesday are considered as begin-week, Wednesday is mid-week, and Thursday is the end-week.

Table 6 analyses the performance of IV_CHF, IV_EUR and IV_GBP for the one-month
horizon, to estimate the price of the CHF, EUR and GBP options, respectively. The MSE
measure showed that the one-month (with call pricing error = 0.055 and put pricing error
= 0.045), two-month (with call pricing error = 0.050 and put pricing error = 0.030), and
three-month (with call pricing error = 0.085 and put pricing error = 0.040) maturity
IV_CHEF on Tuesday provides vital information in computing the CHF call options price,
and CHF put options. The similar result was reported for EUR when the one-month (with
call pricing error = 0.095 and put pricing error = 0.030), two-month (with call pricing error
=0.070 and put pricing error = 0.020), and three-month (with call pricing error = 0.080 and
put pricing error = 0.040) maturity IV_EUR of Tuesday also outperformed for pricing EUR
call options price, and EUR put options price. Finally, the Tuesday one month (with call
pricing error = 0.080 and put pricing error = 0.046), two-month (with call pricing error =
0.075 and put pricing error = 0.045), and three-month (with call pricing error = 0.105 and
put pricing error = 0.050) maturity IV_GBP contained appropriate information is estimat-
ing the GBP call options price and GBP put options price. In summary, on Tuesday, two-
month maturity (beginning weekday) IV_CHF (with call pricing error = 0.050 and put
pricing error = 0.030), IV_EUR (with call pricing error = 0.070 and put pricing error = 0.020)
and IV_GBP (with call pricing error = 0.075 and put pricing error = 0.045) held useful in-
formation in calculating the CHF options price, EUR options price and GBP options price.

Table 6. Estimate options pricing error for the one-month horizon.

One-Month IV_CHF IV_EUR IV_GBP
Estimate  Options 1-Month 2-Month Ma- 3-Month 1-Month Ma- 2-Month Ma- 3-Month Ma- 1-Month 2-Month Ma- 3-Month
Horizon Maturity turity Maturity turity turity turity Maturity turity Maturity
Panel A: Pricing error under MAE measure
CALL 0.225 0.215 0.220 0.245 0.220 0.225 0.240 0.230 0.240
Mon to Mon
PUT 0.160 0.150 0.155 0.220 0.115 0.135 0.130 0.120 0.150
Tue to T CALL 0.165 2 0.160 2 0.190 2 0.2102 0.1952 0.2102 0.1952 0.1202 0.2352
YOOI TTRUT 04452 0.1402 0.1452 0.1102 0.0952 0.1252 0.1292 0.1152 __ 0.1402
CALL 0.215 0.220 0.220 0.235 0.225 0.225 0.260 0.250 0.270
Wed to Wed
PUT 0.150 0.145 0.235 0.145 0.135 0.150 0.165 0.150 0.150
Thu to Th CALL 0.215 0.225 0.220 0.225 0.210 0.230 0.270 0.250 0.255
t ot PUT 0.150 0.145 0.170 0.120 0.110 0.140 0.130 0.120 0.145
Fri to Fri CALL 0.220 0.210 0.210 0.215 0.200 0.220 0.255 0.245 0.250
ot PUT 0.150 0.150 0.160 0.115 0.105 0.130 0.135 0.120 0.150
Panel B: Pricing error under MSE measure
CALL 0.105 0.100 0.140 0.100 0.090 0.090 0.140 0.120 0.120
Mon to Mon
PUT 0.090 0.050 0.115 0.045 0.030 0.045 0.050 0.055 0.060
Tue to Tue CALL 0.0553 0.050 3* 0.0853 0.0953 0.0703* 0.0803 0.0803 0.0753* 0.1053
PUT 0.0453 0.030 3* 0.0403 0.0303 0.0203* 0.0403 0.046 3 0.0453* 0.0503
CALL 0.105 0.098 0.125 0.120 0.110 0.130 0.160 0.150 0.155
Wed to Wed
PUT 0.060 0.040 0.050 0.050 0.040 0. 050 0.105 0.095 0.100
Thu to Thu CALL 0.100 0.090 0.100 0.115 0.090 0.100 0.160 0.125 0.150
PUT 0.096 0.065 0.070 0.055 0.035 0.045 0.055 0.050 0.070
Fri to Fri CALL 0.125 0.100 0.105 0.105 0.100 0.090 0.135 0.130 0.130
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PUT 0.090 0.070 0.080 0.040 0.030 0.050 0.050 0.050 0.070
Panel C: Pricing error under MAPE measure

CALL 0.230 0.230 0235 0.250 0.230 0235 0.245 0.240 0245

Mon to Mon
PUT 0.165 0.155 0.158 0225 0.120 0.140 0.135 0.126 0.140
Tue to T CALL 0.170 1 0.1751 0200 02151 0200 02151 02001 01301  0240°
ueto tue ot 0.1541 0.150 1 0.1521 0.1161 01101 0130 01301 01201 0.146!
CALL 0.220 0.224 0.225 0.240 0.230 0.230 0.255 0.250 0.260

Wed to Wed
PUT 0.155 0.150 0.175 0.150 0.140 0.155 0.170 0.155 0.160
Tha to Thy —CALL 0.221 0.225 0222 0.230 0.225 0.228 0275 0.245 0252
wio M T ey 0.162 0.158 0.175 0.130 0.125 0.142 0.135 0.131 0.134
Fritopr — CALL 0.230 0.220 0.221 0.220 0210 0.235 0.260 0.250 0.256
PUT 0.120 0.125 0.130 0.120 0.112 0.135 0.140 0.125 0.153

Note: The implied volatility of Swiss franc (CHF), Euro (EUR) and British pound (GBP) options are
represented by IV_CHF, IV_EUR, and IV_GBP, respectively. The closing period IV_CHF, IV_EUR,
and IV_GBP is computed using one-month (options trading days between 2 and 30), two-month
(options trading days between 31 and 60), and three-month (options trading days between 61 and
90) maturity CHF, EUR, and GBP options are used to estimate call and put price by Equations (11)
and (12), respectively. The MAE, MSE, and MAPE methods are employed by Equation (13), Equa-
tion (14), and Equation (15), respectively, to measure the closing OPE. The OPE under MAE, MSE
and MAPE measures are given in panels A, B, and C, respectively, for one-week estimate horizon
(that is, IV of Monday, Tuesday, Wednesday, Thursday, and Friday to forecast option price of Mon-
day, Tuesday, Wednesday, Thursday, and Friday of the next month). The higher, mid, and lower
pricing errors are denoted by superscripts 2, and 3, respectively, among MAE, MSE, and MAPE
measures for each option for one month, two-month and three-month maturity. The smallest pricing
error is represented by * for one-month, two-month, and three-month maturity IV. Monday and
Tuesday are considered as begin-week, Wednesday is mid-week, and Thursday is the end-week.

5. Conclusions

Regarding the IV forecast of FX volatility, the within-week horizon provides a mixed
scenario. It appears that the IV does not hold the relevant information to forecast the vol-
atility of the underlying currency of options over a one- to four-day predictive period.
Therefore, the IV is considered ineffective for estimating the price of currency options for
the within-a-week horizon. The one-month and two-month options maturity, begin-week
day, and closing period IV content appropriate and useful information to forecast RV for
the one-week and one-month forecast horizon, respectively. It suggests the significance of
information content embedded in one-month and two-month maturity IV in predicting
the volatility of the underlying currency of options for the one-week and one-month fore-
cast horizon, respectively. Therefore, a one-month and two-month maturity IV is appro-
priate for computing the currency options price for the one-week and one-month esti-
mated horizon, respectively.

In summary, three-month options maturity IV does not contain critical information
about the future volatility of underlying currency and pricing currency options for less
than a one-month forecast horizon. Further, intraday IV incorporating all information is
not relevant or appropriate in computing currency options price for less than a week op-
tions price estimated horizon. It may conclude that the cluster characteristics of FX vola-
tility when both information obtaining day (e.g., Monday) and predicting day (i.e., Friday)
lie in the same cluster (Le et al. 2021). The IV based on the closing price and the beginning
of a week subsumes most of the appropriate information compared to opening and mid-
day periods of a trading day and other days of the week in forecasting the volatility of
foreign exchange and computing currency options price. It can be described by the ine-
quality of relevant information obtained between weekdays or the steady reduction in
vital information from the middle of the week. Our finding differs from the research result
of Wang and Wang (2016) that found that volatility index of S&P 500 around noon con-
tained the most relevant information to predict RV. Moreover, The IV based on the options
with shorter maturity is suitable for pricing currency options for a shorter horizon. Simi-
larly, the IV for longer maturity options contains vital information for pricing currency
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options for a longer horizon. The similar findings were found in the research of Le et al.
(2021) for the AUD option. The study sample was gathered from 2010 to 2020 and cap-
tured the post-crisis economic circumstance. Further, to diminish the sample-specific lim-
itation, future research could analyse the performance of intraday IV for the different sam-
ples or situations, including both pre-crisis and during crisis periods.

The survey results provide several insights for market practitioners to consider when
constructing the organisational trading and risk management framework. Foreign cur-
rency options have been using broadly to protect the businesses, especially multinational
corporations from the exchange rate risks. However, the inaccuracy of currency options
prices may lead to the massive hedging costs. The development of new technology allows
trading organisations to extract a rich and more reliable information from market to fore-
cast the currency options price, thus improving the accuracy and efficiency of hedging
activities in businesses. This paper provides valuable information for the market practi-
tioners to develop the hedging strategies.

Author Contributions: Conceptualisation, T.L. and A.H.; methodology, T.L. and A.H.; software,
T.L. and A.H.; validation, T.L. and A.H.; formal analysis, T.L. and A.H.; investigation, T.L. and A.H,;
resources, T.L. and A.H.; data curation, T.L. and A.H.; writing—original draft preparation, T.L. and
A.H.; writing—review and editing, T.L. and A.H.; visualisation, T.L. and A.H.; supervision, A.H.;
project T.L. and A.H.; funding acquisition, T.L. and A.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

Agarwal, Anuj. 2012. High Frequency Trading: Evolution and the Future. Available online: https://www.capgemini.com/wp-con-
tent/uploads/2017/07/High_Frequency_Trading__Evolution_and_the_Future.pdf (accessed on 31 October 2017).

Andersen, Torben G., and Tim Bollerslev. 1998. Answering the Skeptics: Yes, Standard Volatility Models do Provide Accurate Fore-
casts. International Economic Review 39: 885-905. https://doi.org/10.2307/2527343.

Andersen, Torben G., Tim Bollerslev, Francis X. Diebold, and Paul Labys. 2000. Exchange Rate Returns Standardised by Realised
Volatility Are (Nearly) Gaussian. Multinational Finance Journal 4: 159-79. Available online: http://libproxy.mur-
doch.edu.au/login?url=https://search-proquestcom.libproxy.murdoch.edu.au/docview/202827729?accountid=12629 (accessed
on 31 October 2017).

Barndorff-Nielsen, Ole E., and Neil Shephard. 2002. Econometric Analysis of Realised Volatility and Its Use in Estimating Stochastic
Volatility Models. Journal of the Royal Statistical Society. Series B (Statistical Methodology) 64: 253-80. Available online:
https://www-jstor-org.libproxy.murdoch.edu.au/stable/3088799 (accessed on 31 October 2017).

BIS. 2019. The Digital Economy and Financial Innovation. Basel: Bank for International Settlements. Available online:
https://www .bis.org/publ/bppdf/bispapl09.pdf (accessed on 31 October 2019).

Black, Fischer, and Myron Scholes. 1973. The pricing of options and corporate liabilities. Journal of Political Economy 83: 637-705.
Available online: https://www jstor.org/stable/1831029 (accessed on 31 October 2017).

Blair, Bevan J., Ser-Huang Poon, and Stephen J. Taylor. 2001. Forecasting S&P 100 volatility: The incremental information content of
implied volatilities and high-frequency index returns. Journal of Econometrics 105: 5-26. https://doi.org/10.1016/50304-
4076(01)00068-9.

Busch, Thomas, Bent Jesper Christensen, and Morten Orregaard Nielsen. 2011. The role of implied volatility in forecasting future
realised volatility and jumps in foreign exchange, stock, and bond markets. Journal of Econometrics 160: 48-57.
https://doi.org/10.1016/j.jeconom.2010.03.014.

Chang, Eui Jung, and Benjamin Miranda Tabak. 2007. Are implied volatilities more informative? The Brazilian real exchange rate
case. Applied Financial Economics 17: 569-76. https://doi.org/10.1080/09603100600706758.

Christoffersen, Peter, and Stefano Mazzotta. 2005. The accuracy of density forecasts from foreign exchange options. Journal of Financial
Econometrics 3: 578-605. https://doi.org/10.1093/jjfinec/nbi021.

Corredor, Pilar, and Rafael Santamaria. 2004. Forecasting volatility in the Spanish option market. Applied Financial Economics 14: 1-
11. https://org.doi/10.1080/0960310042000164176.

Cruz, Marcelo G. 2008. Modeling, Measuring and Hedging Operational Risk, 1st ed. New York: John Wiley & Sons Ltd.

Figlewski, Stephen. 1989. Options Arbitrage in Imperfect Markets. The Journal of Finance 44: 1289-311. https://doi.org/10.2307/2328643.



Risks 2022, 10, 208 15 of 16

Fleming, Jeff. 1998. The quality of market volatility forecasts implied by S&P 100 index option prices. Journal of Empirical Finance 5:
317-45. https://doi.org/10.1016/S0927-5398(98)00002-4.

Guler, Kemal, Pin T. Ng, and Zhijie Xiao. 2017. Mincer-Zarnowitz quantile and expectile regressions for forecast evaluations under
asymmetric loss functions. Journal of Forecasting 36: 651-79. Available online: https://doi-org.libproxy.mur-
doch.edu.au/10.1002/for.2462 (accessed on 31 October 2018).

Hull, John, and Alan White. 1987. The Pricing of Options on Assets with Stochastic Volatilities. The Journal of Finance 42: 281-300.
https://doi.org/10.1111/j.1540-6261.1987.tb02568 x.

IBISWorld. 2020. High Frequency Trading in the US-Market Size 2003-2026. Available online: https://www.ibisworld.com/industry-
statistics/market-size/high-frequency-trading-united-states/ (accessed on 31 October 2021).

John, Muteba Mwamba, and Majadibodu Themba. 2012. Implied volatility of foreign exchange options: A leading indicator for cur-
rency crisis identification. African Journal of Business Management 6: 10766-74. https://doi.org/10.5897/AJBM11.2798.

Jorion, Philippe. 1995. Predicting Volatility in the Foreign Exchange Market. The Journal of Finance 50: 507-28.
https://doi.org/10.1111/j.1540-6261.1995.tb04793 x.

Kazantzis, C. I, and N. P. Tessaromatis. 2001. Volatility in currency markets. Managerial Finance 27: 1-22.
https://doi.org/10.1108/03074350110767204.

Kim, Minho, and Minchoul Kim. 2003. Implied volatility dynamics in the foreign exchange markets. Journal of International Money
and Finance 22: 511-28. https://doi.org/10.1016/50261-5606(03)00018-4.

Lai, Ya-Wen, Chiou-Fa Lin, and Mei-Ling Tang. 2017. Mispricing and trader positions in the S&P 500 index futures market. The North
American Journal of Economics and Finance 42: 250-65. https://doi.org/10.1016/j.najef.2017.07.012.

Le, Thi, Ariful Hoque, and Kamrul Hassan. 2021. An Open Innovation Intraday Implied Volatility for Pricing Australian Dollar
Options. Journal of Open Innovation: Technology, Market, and Complexity 7: 23. https://doi.org/10.3390/joitmc7010023.

Linton, Oliver, and Soheil Mahmoodzadeh. 2018. Implications of High-Frequency Trading for Security Markets. USC-INET Research Pa-
per No. 18-02. Los Angeles: USC Dornsife Institute for New Economic Thinking. https://doi.org/10.2139/ssrn.3112978.

Liu, Lily Y., Andrew J. Patton, and Kevin Sheppard. 2015. Does anything beat five-minute RV? A comparison of realised measures
across multiple asset classes. Journal of Econometrics 187: 293-311. https://doi.org/10.1016/j.jeconom.2015.02.008.

Marshall, Andrew, Taleh Musayev, Helena Pinto, and Leilei Tang. 2012. Impact of news announcements on the foreign exchange
implied  volatility.  Journal — of  International  Financial =~ Markets,  Institutions and  Money  22:  719-37.
https://doi.org/10.1016/j.intfin.2012.04.006.

Merton, Robert C. 1973. Theory of Rational Option Pricing. The Bell Journal of Economics and Management Science 4: 141-83.
https://doi.org/10.2307/3003143C.

Mincer, Jacob A., and Victor Zarnowitz. 1969. The evaluation of economic forecasts. In Economic Forecasts and Expectations. Edited by
J. Zarnowitz. New York: National Bureau of Economic Research, pp. 3—46. Available online: https://www.nber.org/chap-
ters/c1214 (accessed on 31 October 2017).

Nelson, Daniel B. 1991. Conditional Heteroskedasticity in Asset Returns: A New Approach. Econometrica 59: 347-70.
https://doi.org/10.2307/2938260.

Pilbeam, Keith, and Kjell Noralf Langeland. 2015. Forecasting Exchange Rate Volatility: GARCH Models versus Implied Volatility
Forecasts. International Economics and Economic Policy 12: 127-42. https://doi.org/10.1007/s10368-014-0289-4.

Plihal, Tomas, and Stefan Lydcsa. 2021. Modeling realized volatility of the EUR/USD exchange rate: Does implied volatility really
matter? International Review of Economics & Finance 71: 811-29. https://doi.org/10.1016/j.iref.2020.10.001.

Pong, Shiuyan, Mark B. Shackleton, Stephen J. Taylor, and Xinzhong Xu. 2004. Forecasting currency volatility: A comparison of
implied volatility and AR(FI)MA models. Journal of Banking and Finance 28: 2541-63. https://doi.org/10.1016/j.jbank-
fin.2003.10.015.

Press, William H., Brian P. Flannery, and William T. Vetterling. 1992. Numerical Recipes in C: The Art of Scientific Computing, 2nd ed.
Cambridge: Cambridge University Press.

Raquel, Lopez, and Navarro Eliseo. 2012. Implied volatility indices in the equity market: A review. African Journal of Business Man-
agement 6: 11909-15. https://doi.org/10.5897/AJBM12.272.

Sahoo, Sudarsana, and Pushpa Trivedi. 2018. The Interrelationship between Implied and Realized Exchange Rate Volatility in India.
IUP Journal of Applied Economics 17: 7-26. Available online: http://libproxy.murdoch.edu.au/login?url=https://search-proquest-
com.libproxy.murdoch.edu.au/docview/2159201547?accountid=12629 (accessed on 31 October 2019).

Scott, Elton, and Alan L. Tucker. 1989. Predicting currency return volatility. Journal of Banking & Finance 13: 839-51.

Singh, Shivam, and Vipul. 2015. Performance of Black-Scholes model with TSRV estimates. Managerial Finance 41: 857-70.
https://doi.org/10.1108/MF-06-2014-0177.

Taylor, Stephen J., and Xinzhong Xu. 1997. The incremental volatility information in one million foreign exchange quotations. Journal
of Empirical Finance 4: 317—40. https://doi.org/10.1016/S0927-5398(97)00010-8.

Tu, Anthony H., Wen-Liang G. Hsieh, and Wei-Shao Wu. 2016. Market uncertainty, expected volatility and the mispricing of S&P
500 index futures. Journal of Empirical Finance 35: 78-98. https://doi.org/10.1016/j.jempfin.2015.10.006.

Wang, Yaw-Huei, and Yun-Yi Wang. 2016. The Information Content of Intraday Implied Volatility for Volatility Forecasting. Journal
of Forecasting 35: 167-78. https://doi.org/10.1002/for.2373.

Wong, Alfred Huah-Syn, and Richard A. Heaney. 2017. Volatility Smile and One-Month Foreign Currency Volatility Forecasts. Jour-
nal of Futures Markets 37: 286-312. https://doi.org/10.1002/fut.21799.



Risks 2022, 10, 208 16 of 16

Xing, Yuhang, Xiaoyan Zhang, and Rui Zhao. 2010. What Does the Individual Option Volatility Smirk Tell Us About Future Equity
Returns? Journal of Financial and Quantitative Analysis 45: 641-62. https://doi.org/10.1017/50022109010000220.

Xu, Xinzhong, and Stephen J. Taylor. 1994. The Term Structure of Volatility Implied by Foreign Exchange Options. Journal of Financial
and Quantitative Analysis 29: 57-74. https://doi.org/10.2307/2331190.

Yang, Seung-Ho, and Jaewook Lee. 2011. Predicting a distribution of implied volatilities for option pricing. Expert Systems with Ap-
plications 38: 1702-1708. https://doi.org/10.1016/j.eswa.2010.07.095.



