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INTRODUCTION

The purpose of this article is to test the hypothesis that the implied vari-
ance extracted from option prices is the market expectation of the future
variance of the underlying assets, and thus should dominant time series
variance forecasts. Recently, Day and Lewis (1992), Canina and Figlewski
(1993), and Lamoureux and Lastrapes (1993) found that implied volatil-
ity is a biased forecast of future volatility, and that implied volatility does
not outperform forecasts from either GARCH models or simple histori-
cal-based statistical models." These findings, based on stock index and

'"The empirical evidence on testing the implied volatility hypothesis is mixed. Latane and Rendleman
(1976), Chiras and Manaster (1978), and Beckers (1981) found evidence favorable to the hypothesis:
the weighted implied standard deviation explains more of the cross-sectional variation in the future
standard deviations of individual security returns than do historical volatilities. Day and Lewis (1992)
found that the implied volatilities from S&P 100 index options contain incremental information to
the GARCH models. Canina and Figlewski (1993) found evidence against the hypothesis: the implied
volatilities from S&P 100 index options have little predictive power for subsequently realized volatility
than simple historical volatilities, Lamoureux and Lastrapes (1993) rejected the orthogonality re-
striction that the forecast from time-series models should not have predictive power in addition to
implied vn]ali]ily. Recenl]y. F]eming (1993), Jorion (1995), and Xu and Taylor (1995) found that
implied volatility is a high quality estimator in terms of ex ante forecasting power.
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individual stock options, are inconsistent with the hypothesis that implied
volatility is an efficient predictor of future volatility. This contradiction
motivates the present article, which explores the performance of implied
volatility in the foreign exchange market. The article seeks to extend ex-
isting research by (a) reducing the measurement errors, (b) adopting a
stochastic volatility option pricing model, and (c) improving the tech-
niques of statistical inference.

Previous studies have focused on stock and stock index options. This
study seeks to extend the debate to foreign currency options traded on
the Philadelphia Stock Exchange (PHLX). There are at least three major
reasons for this extension. First, the PHLX is the major organized ex-
change for trading foreign currency options. The PHLX commenced trad-
ing in currency options in 1982. Since then, the size of the market has
grown very rapidly. By 1993, the Australian dollar, British pound, Cana-
dian dollar, German mark, Japanese yen, French franc, Swiss franc, and
the European currency unit were traded. Second, measurement errors
usually encountered in the studies of stock and stock index options can
be corrected or substantially mitigated in the study of PHLX foreign cur-
rency options. Harvey and Whaley (1991) suggested that measurement
errors caused by “infrequent trading,” “bid—ask spread bounce,” and
“nonsynchronous trading” can substantially distort inference in the stud-
ies of S&P 100 index options. The simultaneous recording of exchange
rates and option prices in the PHLX database alleviates dramatically the
“nonsynchronous trading” problem. Third, the stochastic nature of ex-
change rate volatility motivates the exploration of the implications of the
stochastic volatility option pricing model on the estimation of implied
variance.

The importance of the study depends upon whether the conclusion
holds over a wide variety of currencies and sampling periods. In this study,
prices of dollar/mark and dollar/yen options, from January, 1986 to Feb-
ruary, 1993, are analyzed. These two currencies are highly volatile, and
options on them are highly liquid compared with options on other
currencies.

Another potential source of bias is the misspecification of the valu-
ation model for currency options. The stochastic nature of exchange rate
volatility suggests that the estimated implied volatility from the class of
Black—Scholes (1973) constant volatility models is subject to model spec-
ification errors. Recently, various stochastic volatility option pricing mod-
els have been developed. Examples include Scott (1987), Hull and White
(1987, 1988), Wiggins (1987), Melino and Turnbull (1990), Stein and
Stein (1991), and Heston (1993). These models make it theoretically
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attractive to adopt a logically consistent stochastic volatility model, and
to explore the implication of the stochastic volatility model in the study
of implied variance.

The out-of-sample tests focus on examining the quality of the implied
variance as an ex ante variance forecast over a fixed horizon. Statistical
problems arise in testing of unbiasedness and orthogonality restrictions
with highly persistent variables. The estimation and statistical inference
are complicated by the presence of serial correlation and finite sample
bias in regression coefficients. To overcome these problems, the Fully
Modified least square estimator of Phillips and Hansen (1990) along with
the Newey and West (1987) variance—covariance estimator is employed.

The out-of-sample tests suggest that the implied variance from cur-
rency options is an efficient, but biased forecast of the future variance of
the exchange rate, and that the MA(60) and GARCH variance forecasts
do not contain significant incremental information. These results are con-
sistent with the findings of Fleming (1993) and Jorion (1995) that implied
volatility is a dominant, but biased estimator in terms of ex ante fore-
casting power. Furthermore, the forecasting performance of implied vari-
ances extracted from the model of Hull and White (1987) confirms the
usefulness of the stochastic volatility model in the study of implied
variance.

The remainder of this article is organized as follows: it introduces
the data, the option pricing model, and develops the procedures to esti-
mate the implied variance, then discusses time series formulations of the
GARCH model and variance measures. This is followed by tests of un-
biasedness and orthogonality restrictions.

IMPLIED VARIANCE ESTIMATION

This section discusses the data source, option pricing model, and implied
variance estimation procedure. Two conditions are crucial for minimizing
errors in the estimation of implied variance: (a) the correct measurement
of option prices and other exogenous economic inputs, and (b) the validity
of the option pricing model.

Data Description

Trading records for foreign currency options are taken from the “Foreign
Currency Options Pricing History” database of the Philadelphia Stock
Exchange (PHLX). One of the advantages of using PHLX currency op-
tions is that the simultaneous recording of exchange rates and option
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prices alleviates dramatically, if not completely, the “nonsynchronous
trading problem” that arises in studies of stock index options. The data-
base contains prices for options on Deutsche mark, Japanese yen, British
pound, Swiss franc, Australian dollar, Canadian dollar, and European
currency unit. The record for each option trading contains the following:
the date of trade, currency and option identification, maturity symbol,
strike price, time of trade, and the option premium per contract. The
trade-by-trade option prices cover the period from January, 1983 to Feb-
ruary, 1993. Most of the options are American-style with maturity of less
than one year. The maturity date is the third Wednesday of the contract
months: March, June, September, and December. Contracts maturing in
the nearest other two months are also traded in the PHLX.

Transaction prices for American-style options on the dollar/mark and
dollar/yen exchange rates, with time to maturity ranging from 15 to 90
calendar days, are selected. These two currency options are chosen for
two reasons: they are highly volatile; and they are the most frequently
traded. Because trading records before 1986 are poorly documented, the
selected sample starts in January, 1986.

The interest rates used are the daily closing prices of Euro Deposits
in terms of the U.S. dollar, German deutsche mark, and Japanese yen.
The maturities are of 30, 60, and 90 days. The proxies used for inter-
mediate rates are the rates whose maturities are the closest to the option
expiration date.

The Pricing of Foreign Currency Options

The stochastic nature of exchange rate volatility suggests that the esti-
mated implied variance from the constant volatility Black—Scholes (1973)
model is subject to specification error. Recently, various stochastic vola-
tility models have been developed, i.e., Scott (1987), Hull and White
(1987, 1988), Wiggins (1987), Melino and Turnbull (1990), and Heston
(1993). These models make it theoretically attractive to recover the mar-
ket expectation of future variance from a stochastic volatility model. How-
ever, no published article has extracted implied variance from a stochastic
volatility model.? To meet this challenge, this article seeks to extend the

*Jorion (1995) claims that this is because of the computational costs usually involved. The main

difficulties in extracting implied variance from a stochastic volatility model are that the closed form

pricing solution is unknown, and that the parameter estimation is nontrival. For example, Wiggins

(1987) proposed finite difference “"hopscotch” numerical methods with logarithmically transformed ‘

state variable, Melino and Turnbull (1990) used GMM to estimate the volatility process and Monte

Carlo simulation to compute the option price. Although Heston (1993) developed an analytic ap- |

proach based on the Fourier inversion method, the estimation of parameters is still burdensome. ‘
|
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existing empirical literature by adopting the well-known model of Hull
and White (1987), and to explore the implication of the stochastic vola-
tility model on the study of implied variance.

Hull and White (1987) Stochastic
Volatility Model

It is assumed that:

a. The market is frictionless: trading takes place continuously in time
and there are no transaction costs, taxes, or short sale restrictions.

b. The instantaneous risk-free interest rate, rr, and domestic/foreign in-
terest differential, b = r, — rp, are known and nonstochastic.?

c. The state variables are the underlying asset, S(t), and the instantane-
ous variance, V(t). The Hull and White (1987) model is based on the

following stochastic processes:
dS(t) = ¢S(t)dt + aS(t) dw (1)
dV(t) = uV(t)dt + EV(t)dz (2)

The variable, ¢, is a parameter that may depend on S(t), a(t), and t. The
variables, u and ¢, are assumed to be constant. dz and dw are increments
to standard Wiener processes with instantaneous correlation, p. Notice
that the instantaneous variance, V(t) = ¢ (t), follows a geometric Brown-
ian Motion, so ¢ is the volatility of variance parameter. Making the vari-
ance random helps to capture the kurtosis of the underlying assets.

If the instantaneous variance is uncorrelated with aggregate con-
sumption (i.e., the random variance has no systematic risk) and the in-
stantaneous correlation, p, between the underlying asset and its variance
process is zero, the Hull and White option price, C'", [their eq. (8)] is
the integral of the Black—Scholes price, CBS(V), over the distribution of
the mean variance, V,

cHW(s,, o?) = J CBS(Vh(V]e?)dV (3)

where h is the conditional distribution of V, and V is the mean variance
over the time interval, [0, T,

*The valuation of options when the interest rate is stochastic has been considered by Merton (1973)
on stock options, by Grabbe (1983), Hilliard, Madura, and Tucker (1991) on currency options.
However, Hull (1993) and Scott (1993) showed that interest rate volatility usually has little impact
on short-term option prices since it is very much smaller compared with the volatility of the underlying
asset.




920

it ,
V-;JU a=(t)dt

Hull and White (1987) proposed a power series approximation tech-
nique based on expanding C®%(V) in a Taylor series about its expected
value, E(V),

1 *CPSEW))
2 av?

1 3*CPS(E(W))
6 oV’

CHW(S,, a2) ~ CBS(E(V)) + Var(V)

Skew(V) (4)

where Var (V) and Skew (V) are the second and third central moments
of V [Hull and White (1987)]. The second and third terms in eq. (4) are
essential to capture the so-called “smile” effect for foreign currency op-
tions traded on PHLX documented by Bodurtha and Courtadon (1987).
This equation is the basis for extracting the market expectation of future
variance that appears below.

The quality of the approximation given by eq. (4) depends on the
values of the parameters, g and . Hull and White (1987) suggest that
for 4 = 0 and sufficiently small values of &*(T — t) (£ with approximate
range of 1-4), this approximation is very accurate. They argued that the
choice of 4 = 0 is empirically justified on the grounds that, for any non-
zero p, options of different maturities would exhibit markedly different
implied volatilities, but this was never observed empirically. Values of ¢
are estimated from the GARCH(1,1) parameters estimates reported in
Table I. Nelson (1991) showed that as the time interval goes to zero, the
GARCH parameter, a,, approaches £ /dt/2. Using daily exchange rates
data from 1986 to 1993, this suggests an estimate of ¢ of 1.957 for the
dollar/mark and 1.889 for dollar/yen.

American Style Option Pricing

Since the currency options used in this article are American-style options,
it is important to adjust for the early exercise premium. This is done by
using the Barone-Adesi and Whaley (1987) quadratic approximation
method. As an example, American-style call option prices, C(S, T) are
calculated as

C(S, T) = ¢S, T) + A,(S/S*)", § < §*
C(S,T) =S —-X,S=8* (5)
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TABLE |

In-Sample Regression and Tests of Information Content

Panel A: Dollar/Mark Rate From January 1986 to February 1993

Variance Ao ag a B 0 Log-Likelihood ~ x2(1)  xi(2)
(G1) 0.00304 0.0038 1.2297 1394.43
(1.2168) (3.8264) (13.7051)
(G2) 0.0048 0.0111 0.2041 1338.09
(1.8286) (22.9121) (5.8838)
(G2") 0.0038 0.0027 0.1021 1.0507 1401.96 127.74 15.06
(1.5323) (2.6159) (3.3931) (11.1072)
(G3) 0.0043 0.00058 0.0871 0.8719 1386.81
(1.7356) (3.6061) (5.9211) (40.0651)
(G3") 0.0038 0.0018 0.1022 0.2768 0.7232 1404.11 346 19.63

(1.5417) (2.0516) (3.6051) (1.6451) (3.6152)
Panel B: Dollar/Yen Rate From January 1986 to February 1993

Variance Ao ag ; B ) Log-Likelihood ~ y2(1)  x§(2)
(G1) 0.0041 0.0021 0.8553 1554.73
(1.7589)  (2.403) (9.1813)
(G2) 0.0055 0.0099 0.1146 1505.10
(1.2414) (245422) (3.9981)
(G2") 0.0042 0.0021 0.0354 0.8111 1555.62 101.00 1.74
(1.7923) (2.4967) (1.5123) (8.3921)
(G3) 0.0041 0.0008 0.0837 0.8453 1542.91
(1.7493) (3.7068) (5.4359) (28.4491)
(G3") 0.0041 0.0008 0.0672 0.5125 0.3635 1558.13 30.4 6.74

(1.7497) (1.5621) (3.0601) (3.2321) (2.5342)

This table reports the ARCH(1) and GARCH(1, 1) parameter estimates and tests of the information content of implied
variance in the GARCH specification of conditional variance. The implied variance, a7, is extracted from the model of Hull
and White (1987). The return R, is the change in the logarithm of the exchange rate. The foreign currencies used are the
dollar/mark and dollar/yen rates. The sample period is from January, 1986 to February, 1993. The t-statistics in parentheses
are computed using the robust inference procedure of Bollerslev and Wooldridge (1992). 43(1) statistics are for tests of the
restricted model (G2) [or (G3)] against the alternative given by (G2') [or (G3')], i (2) statistics are for tests of the restricted
model (G1) against the alternative given by (G2') [or (G3')]. The various specifications of the conditional variance are
R=k+eg ele_y, &z - . .~ MO, %)

(GN) K = ay + daj,

(G2) ¥ = gy + a2,

(G2') B = a, + ag, + dof,,

{63)"?? = a; + agf , + i,

(G3) e =a, + a8, + fBE_, + dai,_,

where ¢(S, T) is the price for an European-style call option from the
model of Hull and White (1987), S is the spot price, X is the strike price,
and A, = (S*/g2){1 — "1 N[d,(S*)]} [q, and S* are defined in
Barone—Adesi and Whaley (1987)].
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Implied Variance Estimation Procedure

Suppose that the option market is efficient and that option traders in-
corporate their expectation of future volatility into the actual trading,
then the market expectation of future volatility should be contained in
the market prices. The benchmark implied volatilities are usually esti-
mated by matching the model prices to the at-the-money options prices,
and then inverting the Black—Scholes model. As discussed earlier, an ad-
vantage of using the stochastic volatility model is to capture the “smile”
effect. The approximation of the Hull and White (1987) model illustrated
in eq. (4) allows extraction of implied variance from currency options
with a wider range of moneyness. Because it is an unbiased estimate of
the variance that can be estimated from eq. (4), the term implied variance
(instead of implied volatility) is used throughout the article. Conse-
quently, the daily averaged implied variance is estimated by pooling to-
gether options with strike price/spot price ratio (moneyness) between 0.8
to 1.2.

Due to the computational costs and small differences typically gen-
erated by various weighting schemes, the equally weighted nonlinear least
squares approach of Whaley (1982) is used to estimate the implied vari-
ance.” For each day, t, in the sample, the daily average implied variance,
V, = E(V|®,), is estimated by nonlinear least squares. That is, V, is chosen
to minimize the distance between observed option prices on day, ¢, and
the predicted option prices from the Hull and White (1987) model:

min SSE(V,) = 2 [CP,; — CPI*)° (6)

where i is an index over observations (calls or puts) in a given day; CP,
is the observed market price; CP}}" is the theoretical option price given
the interest rate differential, rp, — r, strike price/spot price ratio, (X/S), ;,
and the remaining life of an option, 7, ;.

Since the main objective is to test the predictive power of implied
variance over future variance, it is necessary to estimate the implied vari-
ance from options with maturities that can match the fixed forecasting
horizon. In addition, increasing the number of option prices used to ex-

tract the implied variance is also useful in further reducing the measure-

*In the literature, different weighting schemes are applied to pool average implied volatilities from
different options to obtain an accurate estimate of implied volatility. Latane and Rendleman (1976)
and Chiras and Manaster (1978) weighted each implied volatility according to the sensitivity of the
option to its volatility, which is called Weighted Implied Standard Deviation (WISD). Beckers (1981)
used only the option whose price is most sensitive to volatility. Day and Lewis (1992) introduced
GLS with trading volumes as the weight.
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ment error. Therefore, option contracts with maturities ranging from 30
to 90 calendar days (or 20 to 60 trading days) are pooled in the daily
implied variance estimation.> The number of trades in a day varies sig-
nificantly across the sample. The average number of trades is around 100
for the dollar/mark options and 50 for the dollar/yen options.

THE PREDICTIVE POWER OF
IMPLIED VARIANCE

The purpose of this section is to examine whether the implied variance
represents a sufficient statistic for forecasting the future variance of the
exchange rate. The future variance of the exchange rate can be decom-
posed into two orthogonal parts

Visi = E[VHIl-Qr] + & (7)

where ¢, . ; is random shock that is orthogonal to the conditional variance.
If the implied variance is the optimal estimator of the conditional vari-
ance, it should be an unbiased forecast and its forecast error should be
orthogonal to the information set, £2,. The tests of unbiasedness and or-
thogonality restrictions are based on the joint hypothesis that, (a) the
foreign currency option markets are informationally efficient, and (b) the
Hull and White (1987) option pricing model is valid.

Information Content and In-Sample Tests

The information content of implied variance, defined to be the one day
ahead relationship between the implied variance and future variance, is
tested by examining the significance of implied variance within the
GARCH specification of conditional variance. This approach is in the
same spirit as the work of Day and Lewis (1992) and Lamoureux and
Lastrape (1993). However, the problem of the “forecast horizon mis-
match” between realized (future) variance and implied variance confines
this study to address only whether there is useful information contained
in the implied variance, rather than a formal test of the unbiasedness and
orthogonality restrictions.

5The downside of pooling implied variances over different maturities is that it may affect the results
of implied variance as an unbiased predictor of future variance, if the slope of the term structure
within this maturity range is very steep. However, Campa and Chang (1995) suggested that the term
structure of the dollar/mark volatility quotes is relatively flat between one-month to three-month
maturities (their Table 1). Furthermore, Campa and Chang (1995) were unable to reject the expec-

tation hypothesis in testing the term structure of implied volatilities in the foreign currency option
market.
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The ARCH(1) model of Engle (1982), GARCH(1,1) model of Bol-
lerslev (1986), and the GARCH-Implied Variance specification of con-
ditional variance are formulated as:

R, =12+ & &lei_18-2 ...~ N0,k
(G1) hi = ay + dof,_,
(G2) h? = ay + a,&_,
(G2') h = ag + a\&l, + dot,_,
(G3) b} = ap + ay&’ 1 + Pihi
(G3')h = ag + a,e2_ | + Bk | + (50,{,_, (8)

Jﬁln(S,/S,_,) is the change in the logarithm of the ex-
change rate from time, t — 1 tot; ¢, is assumed to be conditionally normal

Il

where R,

with mean zero and conditional variance, h;. a7, | represents the implied
variance at time, t — 1. It is obvious that specification (G2) is ARCH(1),
and (G3) is GARCH(1,1). Specification (G2') and (G3’) include the im-
plied variance as an exogenous variable in the GARCH specification for
the conditional variance. Specification (G 1) imposes the restriction that
the GARCH parameters in (G3') are zero. The parameter estimates in
the variance equations are constrained to be positive, ag > 0, a; > 0, f3,
>0, and a; + f; < 1. The GARCH models are estimated by Maximum
Likelihood, and the t-statistics are computed using the robust inference
procedure proposed by Bollerslev and Wooldridge (1992).

The parameter estimates of ARCH(1) and GARCH(1,1) models from
dollar/mark and dollar/yen currencies are reported in Table 1. For the
dollar/yen rate, the estimated GARCH parameters of a; and f#, are 0.0837
and 0.8453, with t-statistics of 5.44 and 28.4, respectively; for the dollar/
mark rate, the estimated GARCH parameters of a; and 8} are 0.087 and
0.872, with t-statistics of 5.92 and 40.07, respectively. These results are
consistent with previous findings that the conditional heteroscedasticity
in daily spot rates can be represented by a GARCH(1,1) specification
[Hsieh (1988, 1989); Baillie and Bollerslev (1989)]. Daily exchange rate
changes appear to have zero unconditional means, and almost no serial
correlation.

The significant positive estimates of 0 in (G2') and (G3') of Table 1
suggests that the implied variance contains information in addition to
that captured by the GARCH models. This conclusion is further sup-
ported by the likelihood ratio tests of (G2) vs. (G2') and (G3) vs. (G3').
The yx2(1) statistics strongly reject the null hypothesis of no information
content of implied variance at the 1% level.
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In general, the in-sample tests suggest that implied variance contains
incremental information in the GARCH specification of conditional vari-
ance. Although conditional variance estimates from GARCH models have
statistically significant explanatory power in the dollar/mark regressions,
the improvement is only marginal.

Measures of Variance and Descriptive Statistics

This section introduces methods to construct various variance measures:
the MA(60) variance, the realized variance, and the average GARCH vari-
ance. The exchange rates are measured as dollar/mark and dollar/yen.
Daily observations from January, 1986 to February, 1993 are used. The
observation interval is taken as a trading day.

First, the MA(60) variance, o7y, is estimated from a moving average
window over the past N = 60 trading days, which is taken as a simple
variance forecast of the underlying exchange rate

N

1
S 21 (R,_; — R)? (9)

2 _
OHt =

Second, the realized (future) variance, 7 ,, is estimated as the sam-
ple variance of the next T = 60 trading days from time, t, which is con-
structed to be compatible with the forecasting horizon of implied variance

"
LS R, - R? (10)
i=1

0.2_=
R T ¥

Third, the average GARCH variance forecast is constructed as fol-
lows. The GARCH(1,1) model of Bollerslev (1986) as specified as

R, = Ao + & &le_1, &-2, ...~ N, h?) (11)
hi

ap + ayery + Pihi (12)
hi2+k.t = g + alE[8r2+k-||Wr] + ﬁ]krz+k—l.t

=ay+ (@) + Bk 1y k=2,...,N (13)
where R, = V/2‘52]n(S,/S,_,) is the change in the logarithm of the ex-
change rate from time, t — 1 tot; g is assumed to be conditionally normal
with mean zero and conditional variance, h;.

To ensure that the forecast horizon of the average GARCH variance
forecast is identical to that of the implied variance, the T-day average
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GARCH variance forecast is constructed by recursive substitution of the
one period ahead GARCH(1,1) variance forecast, hf, | ,, to obtain k pe-
riod ahead prediction, ki, 1 ,; and then the average is taken over the fore-
cast period. Parameters estimated from the past 2 years are chosen as
starting values for the GARCH specification to reestimate the sample
variance at each time, ¢.° hf.}, is the k period ahead prediction of con-
ditional variance. By mathematical induction, one obtains

1 = (a; + B!
1 = (a; + f)

heps + ﬂo{ ] + (a; + B! h12+1.¢ (14)

Therefore, the T period ahead average GARCH variance forecast is cal-
culated as

T
1
0’%;‘1 = -F(E hfu’:,l) (15)
k=1

Next, the issue of the timing of observations and the matching of
implied variance with future variance has to be addressed. The forecast
performance is evaluated by comparing the predictions of implied vari-
ance, average GARCH variance, and MA(60) variance with the realized
(future) variance over a fixed period of time. The empirical examination
of weekend effects by Baillie and Bollerslev (1989) suggested that the
exchange rate is generated by a process operating closer to trading time
rather than calendar time. In contrast, the interest rate over the weekend
follows a calendar time process. This difference can be reconciled by
using a trading time variance and a calendar time interest rate [French
(1984)]. However, in practice, French's (1984) adjustment makes little
difference except for very short life options [Hull (1993)]. Thus, the im-
plied variance is estimated with the remaining life of contract measured
in calendar days.

Tables I1 and I1I provide description of means, standard deviations,
and autocorrelations for different measures of variance: the realized (fu-
ture) variance, the MA(60) variance, the average GARCH variance, and
the implied variance.

The last entries in Tables II and I1I report the tests of the unit root
hypothesis for all measures of variance. The reported Augmented Dickey—
Fuller tests [Dickey and Fuller (1979); Said and Dickey (1984)] suggest
the rejection of the unit root hypothesis and in favor of a highly persistent
“This may give the GARCH model an advantage of using ex post parameter estimates. However, even

with the advantage of ex post parameter estimates, statistical time-series models are still outperformed
by option-implied forecasts.
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TABLE Il

Summary Statistics for Variance Measures (Mark)

Variance o’ﬁ—,i al{,,. O¢ . at
Mean 0.013776 0.013663 0.013938 0.01412
Std. 0.00701 0.00708 0.0026 0.00448
o 0.996 0.996 0.955 0.950
s 0.990 0.990 0.906 0.923

75 0.984 0.983 0.858 0.900
Pa 0.976 0.975 0.810 0.883
P 0.967 0.966 0.765 0.866
Pe 0.958 0.957 0.727 0.849
s 0.949 0.947 0.693 0.832
Pa 0.938 0.937 0.663 0.815
Pa 0.927 0.925 0.633 0.800
Po 0.914 0.913 0.606 0.786
P 0.901 0.900 0579 0.770
Piz 0.888 0.886 0.550 0.752
Pie 0.827 0.824 0.442 0.685
Pao 0.758 0.754 0.335 0.616
Pos 0.688 0.682 0.261 0.559
Unit root test stat. -5.093 —4.849 -5.092 —3.983

This table reports the mean, standard deviation, and autocorrelation coefficients for several variance measures: a7, is the
realized (future) variance over the next 60 trading days; a%, is the MA(60) variance; o7, is the average GARCH variance;
and o7 is the implied variances extracted from the model of Hull and White (1987). The sample period is from January,
1986 to February, 1993. Augmented Dickey-Fuller test statistics [Dickey and Fuller (1979); Said and Dickey (1984)] for unit
root hypothesis are reported for each measure of variance.

but stationary process at the 5% level for all the variance measures. Sta-
tistics for the realized (future) and the MA(60) variances display high
autocorrelations for both currencies.” The realized variance averages
about 0.013776 per annum for the dollar/mark rate and 0.011058 per
annum for the dollar/yen rate.

The average GARCH forecasts are stationary but highly persistent
series, with average values of 0.013938 for the dollar/mark and 0.011268
for the dollar/yen. The values of a; + f, are around 0.96 for the dollar/
mark and 0.93 for the dollar/yen. These estimates imply that a shock to
the variance has a half-life of 17 days [In(0.5)/In(0.96)] and 10 days for
the dollar/mark and the dollar/yen rates, respectively.

The implied variances from the dollar/mark and the dollar/yen op-
tions display patterns which are typical with highly persistent series. The
first-order autocorrelation is 0.950 for the dollar/mark, and 0.928 for the

7Large autocorrelation often occurs in calculating variance measures on overlapping observations.
This may or may not be due to a unit root. Hejazi (1994) contains simulation results on the rela-
tionship of autocorrelation and overlapping observations.
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TABLE Il
Summary Statistics for Variance Measures (Yen)

Variance ot, Thre af—,‘l at
Mean 0.01106 0.01101 0.01127 0.01058
Std. 0.00508 0.00511 0.00106 0.00425
2 0.994 0.994 0.918 0.928
P 0.986 0.986 0.845 0.893
A 0.978 0.978 0.780 0.872
Py 0.970 0.969 0.725 0.841
e 0.960 0.959 0.670 0.818
Pe 0.950 0.948 0.615 0.793
P 0.939 0.937 0.566 0.775
P 0.928 0.926 0.528 0.747
Pe 0.916 0.914 0.484 0.729
T 0.903 0.900 0.442 0.708
P 0.890 0.887 0.401 0.678
Pio 0.876 0.873 0.366 0.660
Pre 0.818 0.814 0.247 0.594
Bia 0.760 0.755 0.175 0.530
Pos 0.697 0.691 0.113 0.469
Unit root test stat. —4.725 —4.728 - 4,657 —3:391

This table reports the mean, standard deviation, and autocorrelation coefficients for several variance measures: a%, is the
realized (future) variance over the next 60 trading days; a,, is the MA(60) variance; a2, is the average GARCH variance;
and a7 is the implied variances extracted from the model of Hull and White (1987). The sample period is from January,
1986 to February, 1993, Augmented Dickey-Fuller test statistics [Dickey and Fuller (1979); Said and Dickey (1984)] for unit
root hypothesis are reported far each measure of variance

dollar/yen. The average values of the implied variances are 0.01412 for
dollar/mark options, and 0.010588 for dollar/yen options. However, the
hypothesis that implied variances have the same mean as realized future
variances cannot be rejected.

Figures 1 to 4 display the time series plots of the realized variance,
the MA(60) variance, the average GARCH variance, and the implied var-
iances for the dollar/mark and dollar/yen currencies.

Estimation and Statistical Inference

Three statistical problems must be addressed to test the unbiasedness and
orthogonality restrictions: error-in-variables, serial correlation in the error
terms, and finite sample bias in the regression coefficients.

First, the regression is subject to the error-in-variables problem if the
implied variances are estimated with error. To minimize this possibility,

the section 2 “Implied Variance Estimation” improved the implied vari-
ance extraction procedure by reducing data measurement errors, adopting
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FIGURE 1
Historical variance versus realized variance (mark).

a logically consistent stochastic volatility model, and employing an effi-
cient estimator.

Second, serial correlation arises by using overlapping observations
rather than restricting the analysis to independent observations. Although
the parameter estimates from ordinary least squares (OLS) are still un-
biased, the OLS estimates of variance—covariance matrix are inconsistent.

Third, the estimation and statistical inference is further complicated
by the finite sample bias in the regression coefficients that occurs in the
presence of highly persistent series. For illustrative purposes, suppose the
Data Generating Process (DGP) for an exogenous variable, x,, and an
endogenous variable, y,, to be

Y = By + uy, u, ~ N(0, a2) (16)
Xy = dlxl—l + Vi, vy N(O' 6;2) (]7)

where x, can be made either I(0) and I(1) by choice of ¢; [u,, v,]" is weakly
stationary with zero mean vector, and autocorrelated and intercorrelated.®

SMankiw and Shapiro (1986) suggested that the asymptotic distribution of OLS test statistics can
be extremely misleading when the time series examined is highly autoregressive. In practice, a prac-
titioner relying on the asymptotic distribution will reject the true model too frequently. Stambaugh
(1986) finds that the bias is negatively related with the sample size, and positively related to the
autocorrelation in the exogenous variable and of the contemporaneous correlation between innova-

tions in the two variables.
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FIGURE 3
Historical variance vs. realized variance (yen).

For single-equation co-integrated regression, Banerjee, Dolado, Gal-
braith, and Hendry (1993) suggested that although the OLS parameter
estimates are super consistent, their finite sample properties are not good;
a large number of observations may be necessary before the bias becomes
small. This study expects to encounter the same sort of finite sample bias
as observed in static OLS parameter estimates of co-integrated economic
variables. However, since all the variance measures are highly persistent
but stationary, the sole issue here is finite sample bias of regression
coefficients.

This study resolves the presence of serial correlation and the finite
sample bias of regression coefficients by employing the Fully Modified
least square estimator of Phillips and Hansen (1990), along with the
Newey and West (1987) approach to estimate the variance—covariance
matrix.” The reason for applying an estimator developed for nonstationary

series to a near-integrated stationary model is purely a pragmatic one.'”

“To correct for the finite sample bias in single-equation co-integrated regression, several asymptoti-
cally equivalent estimators are proposed: the FM estimator of Phillips and Hansen (1990), the “leads
and lags” estimator of Saikkonen (1991) and Stock and Watson (1991), and the system procedure
of full maximum likelihood estimation of Johansen (1988).

1%Evans and Savin (1981) suggest that if the autoregressive parameter of an AR(1) model is close to
one, the unit root asymptotic distribution actually provides a better finite sample approximation than
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The Appendix describes the Phillips and Hansen's (1990) estimator, and
demonstrates the statistical properties of the modified Wald statistics
when the time series are highly persistent.

Unbiasedness and Orthogonality Restriction Tests

The unbiasedness of forecasts using a variance estimator is tested in the
regression

OF4s1 = bo + b*a? + &1 (18)

where a7, . | is the realized variance, and 67 is taken in turn to be implied
variance, average GARCH variance, and MA(60) variance. If a forecast
of future variance is unbiased, the estimates of by and b* should be in-
significantly different from zero and one [Pagan and Schwert (1990)].
This joint hypothesis can be examined by using the modified Wald Sta-
tistics, xf, [Phillips and Hansen (1990)] with two degrees of freedom.
Regressions (i), (ii), and (iii) in Tables IV and V summarize the results
for testing the unbiasedness restriction for the three variance estimators.

Regression (i) in Tables IV and V examines the predictive power of
implied variance. The Wald statistics, y3, indicate that the estimates of
intercept and slope parameters are significantly different from zero; for
example, the slope coefficient is 0.404 with t-statistic of 3.28 for dollar/
yen. However, the unbiasedness restriction is rejected for both currencies;
the y# statistics suggest the estimates of by and b, are significantly dif-
ferent from zero and one jointly at the 1% level. Furthermore, the R*
statistics, with value of 0.0429 for the dollar/mark and 0.0923 for the
dollar/yen, indicate that implied variance has significant explanatory
power in predicting future variance. Finally, the positive intercept plus
the slope coefficient less than one suggests that implied variance tends
to underpredict in the low-variance state, but overpredict in the high-
variance state.

Regression (ii) examines the predictive power of the GARCH vari-
ance forecasts. The estimates of by and b, are significantly different from
zero. The unbiasedness restriction is rejected for the dollar/mark but not
for the dollar/yen. However, the GARCH variance forecasts have lower
explanatory power than implied variances.

As for the MA(60) variance, the Wald statistics, yf, in regression (iii)

the asymptotically correct normal distribution for the limiting distribution of the least squares esti-

mator. Campbell and Perron (1991) further suggest that it may be better to use integrated asymptotic
theory for near-integrated stationary models, and stationary asymptotic theory for near-stationary
integrated models.
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TABLE IV
Out-of-Sample Regressions and Predictive Power Tests (Mark)
Regression by b, b, b; R? ¥ 1R
Panel A: Unbiasedness Tests
(i) 0.009 0.209 0.0429 221.83 32.49
(4.18)  (2.32) [0.000)  [0.000]
(ii) 0.0076 0.412 0.032 238.01 12.73
(2.65) (2.29) [0.000] [0.000]
(iii) 0.0096 0.349 0.001 123.78 7.29
(2.7) (1.35) [0.000]  [0.000]
Panel B: Orthogonality Tests
(iv) 0.0071 0.192 0.249 0.0449 225.89 35.19
(2.49) (2.19) (1.136) [0.000] [0.000]
(v) 0.0091 0.486 -0.179 0.0641 213.13 37.81
(4.16) (2.46) (—1.299) [0.000] [0.000]
(vi) 0.0076 0.4518 —0.0348 0.0373 249,75
(2.53) (2.06) (—0.34889) [0.000]
(vii) 0.0061 0.4196 0.3527 -0.229 0.0719 245.46 4412
(2.05) (2.115) (1.61) (—1.625) [0.000] [0.000]

This table reports the out-of-sample tests for unbiasedness and orthogonaiity restrictions for the implied variance, the
average GARCH variance. and the MA(60) variance of dollar/mark. The sample period is from January, 1986 to February,
1993. Implied variance of, is estimated from the Hull and White (1987) model. The Fully Modified Least Square Estimator
of Phillips and Hansen (1990) along with the Newey and West's (1987) variance-covariance estimator is employed. t-
statistics are reported in parentheses. 3. yi-statistics (with [p-value]) are reported for the following null hypotheses, re-
spectively, H: b, = 0,/ = 0,1,2, 3, H: by, = 0, b* = 1 for (i), (ii), (i) and HE: b, = 1, b, = 0,7 = 0, 2, 3tor (iv), (v), (vii)

oty = by + byt + bod, + bied, + my,y

strongly reject the unbiasedness restriction. Indeed, the estimates of b,
are not significantly different from zero for both currencies.

The comparisons of alternative variance forecasts suggest that the
implied variance exhibits higher explanatory power than the MA(60) and
GARCH models. The MA(60) variance forecast has the least explanatory
power. In Tables IV and V the encompassing tests investigate whether the
MA(60) and average GARCH variance forecasts contain additional in-
formation that is not contained in the forecasts of implied variances.

The relative predictive power of implied variance, average GARCH
variance, and MA(60) variance can be examined using encompassing
principle of Hendry and Richard (1982), and Fair and Shiller (1990). The
encompassing principle is concerned with the ability of a model to explain
the behavior embodied in the relevant characteristics of rival models. If
a variance forecast contains no useful information regarding the depen-
dent variable, one would expect the estimate of the coefficient for the
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TABLEV

Out-of-Sample Regressions and Predictive Power Tests (Yen)

Regression by b, b, by R? i 13
Panel A: Unbiasedness Tests

(i) 0.0066 0.4039 0.0923 265.89 24.49
(4.75) (3.28) [0.000]  [0.000]

(ii) 0.000187 0.947 0.0415 24428 137
(0.049) (2.82) [0.000]  [0.000]

(iii) 0.00648 0.472 0.0104 182.25 6.61
(2.44) (1.84) [0.000] [0.000]

Panel B: Orthogonality Tests

(iv) 0.0059 0.393 0.0588 0.0925 247.82  25.33
(1.48) (2.21) (0.1295) [0.000]  [0.000]
(v) 0.0073 0.549 -0.181 01079 26351  28.48
(4.98) (3.75) (—1.621) [0.000]  [0.000]
(vi) 0.00257 1.008 ~-0.0523  0.0398 249.818
(0.0668) (2.85) (—0.502) [0.000]
(vii) 0.00527 0.492 0.242 ~0.195 0.1094 28097  28.33
(1.37) (2.74) (0.558) (-1.71) [0.000]  [0.000]

This table reports the out-of-sample tests for unbiasedness and orthogonality restrictions for the implied variance, the
average GARCH variance, and the MA(60) variance of dollar/yen. The sample period is from January, 1986 to February,
1993. Implied variance o2, is estimated from the Hull and White (1987) model. The Fully Modified Least Square Estimator
of Phillips and Hansen (1990) along with the Newey and West's (1987) variance-covariance estimator is employed. -
statistics are reported in parentheses. %, z%-statistics (with [p-value]) are reported for the following null hypotheses, re-
spectively, H: b,=0,i=0,1,2, 3, H§: b, = 0, b* = 1 for (i), (i), (ii)and H: b, = 1, b, = 0,/ = 0, 2, 3 for (iv), (v), (vii)

Ofier = By + byoly + bof, + byoi, + My

particular forecast to be statistically insignificant. A general model for the
encompassing tests is formulated as

OF41 = by + biof, + byot, + bsoyg, + &y (19)

where a7, ., is the future variance; o7, is the implied variance; a¢; , is the
average GARCH variance; and a7y, is the MA(60) variance. The orthogo-
nality restriction implies that the MA(60) variance and average GARCH
variance should contain no information in addition to the information
contained in the implied variance for predicting future variance.

As in the unbiasedness tests, the slope coefficients of implied variance
in regressions (iv) and (v) are significantly different from zero but not
equal to one. The slope coefficients of the GARCH and MA(60) variance
forecasts are smaller and insignificant with the presence of implied vari-
ance in regressions (iv) and (v). In addition, the R’s of the regressions
for GARCH and MA(60) forecasts improve substantially.
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Regression (vi) compares the predictive power of the two time-series
models, the GARCH and MA(60) variance forecasts. For both currencies,
the slope coefficients of the MA(60) forecasts become insignificant with
the presence of the GARCH forecasts, whereas the R*s improve signifi-
cantly. These results indicate that the GARCH variance dominates the
MA(60) variance forecast in the class of time-series models.

Regression (vii) reports the encompassing tests for the implied vari-
ance, the average GARCH variance, and the MA(60) variance. The R%s
indicate that neither the average GARCH variance nor the MA(60) vari-
ance contributes significantly to the explanatory power with the presence
of the implied variance. Indeed, the parameter estimates of the GARCH
and MA(60) variances are not significantly different from zero when im-
plied variance is present as an explanatory variable.

It appears that implied variances extracted from the foreign currency
options perform better in predicting the future variance of the underlying
asset than those from the stock index and stock options. After adopting
a stochastic volatility model, reducing data measurement errors, and im-
proving the techniques of estimation and statistical inference, this study
finds that the predictive power of implied variance cannot be rejected.
These results are consistent with Fleming's (1993) and Jorion's (1995)
findings that implied volatility represents a dominant, but biased esti-
mator in terms of ex ante forecasting power.

CONCLUSION

This article investigates the predictive power of implied variances ex-
tracted from the dollar/mark and dollar/yen currency options. Foreign
currency option contracts traded on the Philadelphia Stock Exchange
(PHLX) are examined from January, 1986 to February, 1993. The simul-
taneous recording of exchange rates and option prices from the PHLX
database alleviates dramatically the “nonsynchronous trading problem”
that exists in the studies of stock index options. The existing literature is
improved by (a) reducing the measurement errors, (b) adopting a sto-
chastic volatility model, and (c) improving techniques of statistical
inference.

In contrast with recent studies on stock index options, this article
finds that implied variance is an efficient, but biased forecast of future
variance, and that the variance forecasts from the GARCH and the
MA(60) models do not contain significant incremental information in
predicting future variance with the presence of implied variance.
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There are at least two potential explanations for the rejection of un-
biasedness restriction: there could be errors in the extraction of implied
variance, and the option market may not be efficient. It is possible that
the observed bias could be due to model misspecification, in particular
the assumption of zero skewness or zero risk premium of variance risk in
the model of Hull and White (1987). Because the daily dollar/mark and
dollar/yen exchange rates display virtually no skewness [Knoch (1992);
Hsieh (1988,1989)], the documented biases are unlikely to be caused by
the assumption of a zero value of p. However, the assumption of a zero
risk premium for variance risk could be a potential source of bias. Melino
and Turnbull (1990) found that a stochastic volatility model with non-
positive price of volatility risk explains observed option prices better than
the constant volatility models. The existence of a nonzero risk premium
of variance risk is further confirmed by Guo (1995), who found that the
risk premium parameter implicit in currency option prices is nonzero and
time varying. An alternative explanation of the bias could be that the
option market is inefficient, and option traders overstate or understate
future variance during a specific period. In this case, it would be inter-
esting to study whether the biases of implied variance are economically
significant under a set of dynamic trading rules.

Finally, the forecasting performance of implied variance extracted
from the model of Hull and White (1987) demonstrates the usefulness
of stochastic volatility model in the study of implied variance. The evi-
dence suggests that the practice of using of implied variance as a suffi-
cient statistic of market's ex ante forecast of future variance is justifiable.
After adjustment for the linear bias, the implied variance extracted from
a stochastic volatility model is a high quality approximation of the market
expectation of future variance in the foreign exchange market. The im-
plied variance is also useful in pricing and hedging options, and in con-
structing the term structure of volatilities, etc.

APPENDIX

The semiparametric method of Phillips and Hansen (1990) and Hansen
(1992) is a two-step estimator in which the first step estimates the co-
variance parameters, and the second step estimates the regression
parameters.

Yo = ﬁxl' + uy,

X = Xp_q + Uy
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u, = [uy, and uy|" is weakly stationary with mean vector, [0,0]’, and
long-run variance—covariance matrix

Q = lim,,_,. EEE(HH,
M_q =1

A =lim,,_,112 E:E(uut
Wil =

In practice, to ensure that the estimator for long run variance—co-
variance matrix, £2, is positive semidefinite, kernel estimators are applied

m

A
A - A

Q=0+ 2 wij,m) (2 + Q)
o . .

n

/] = .;l” -+ 2 u-’(j. m) (/]J + ./A!;)

i=1

where w(-) is a weight function (kernel) and m is a bandwidth parameter.
The Bartlett kernel in Newey and West (1987) has the form, w(j, m) =
I — j/m+1. A plug-in bandwidth estimator for the Bartlett kernel rec-
ommended by Andrews and Monahan (1992) is

o= 1.1147(a(1)n)'3

where

P

5262 P “)
~ — l)
acl) = E (1 - p,)° ( + Do) / g 1 — p(,)-a

~ 2 . & . . .
and (p,, 63) denote the autoregressive and innovation variance estimates
for the ath element of residual, é,.

The second step is to estimate the parameters. Partition € and A,
ilnd set Q].g =5 Q” — Q].EQ_)_ZIQZ! and /‘1_)1] = /’i)] = AZJQEQIQ_!I 'dl'ld
the transformed dependent variable, y; =y, — Q.95 15,. The FM es-

timator of parameter, f, is

n "n

-1
pr= (2 (i = (0 /"u.'n) (2 x,x:)

t=1 t=1

The Modified Wald Statistics of Phillips and Hansen (1990) is

n =]
Wald = (f+ — f) |:Q| 1.2 ¥ (E -\’r";)] - 7k

t=1
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Percentage Acceptance of Wald Statistics at
Various Levels

The Data Generating Processes for y, and x, are
Yo = P+ u
x = du,_ + v,

u, ~ N(0, 1) and v, ~ N(0, 1) are independent, and x, can be made to be
either I(0) or I(1) by the choice of ¢. y, is then regressed on x,. This
sequence is repeated 10,000 times for each value of ¢. Entries denote
acceptances of the null, Hy: f = 1. The sample sizes are T = 300, 500.
The number of lags in the Bartlett kernel of Newey and West's (1987)
variance—covariance estimator is chosen to be NLAG=2,10.

TABLE A.l

¢ 90 % 95% 97.5% 99% Wald 90 % 95% 97.5% 99% Wald

T = 300 NLAG = 2 NLAG = 10

1.0 89.00  94.40 97.05 98.66 1.056 86.69 92.80 95.67 97.97 1.194
0.99 88.80 94.11 96.96 98.75 1.068 86.29 92.46 95.36 97.79 1.228
0.98 89.06 9431 96.94 98.66 1.055 86.42 92.32 95.66 97.76 1.222
0.97 89.15 94.24 96.82 98.59 1.065 86.60 92.03 95.29 97.71 1.232
0.96 88.88 94.02 96.70 98.66 1.075 85.96 91.82 95.31 97.73 1.257
0.95 88.31 93.83 96.79 98.64 1.098 85.48 91.77 95.41 97.61 1.285
0.94 88.76  94.04 96.60 98.31 1.087 85.88 91.84 95.11 97.45 1.271
0.93 88.32 93.54 96.46 98.44 1.105 85.46 91.70 94.87 97.46 1.291
0.92 88.29 93.80 96.81 98.69 1.108 85.65 91.64 95.34 97.54 1.299
0.91 88.11 93.85 96.71 98.50 1.106 85.43 91.44 95.18 97.72 1.274
0.90 88.22 93.73 96.53 98.38 1.120 85.58 91.85 95.14 97.51 1.297

T = 500 NLAG = 2 NLAG = 10

1.0 88.96 94.31 97.09 98.84 1.053 87.39 93.26 96.33 98.24 1.145
0.99 89.16 94.11 96.89 98.78 1.046 87.54 93.18 96.00 97.99 1.1567
0.98 88.79 93.98 96.86 98.60 1.079 86.47 92.25 95.68 97.90 1.213
0.97 89.02 94.07 97.02 98.83 1.047 87.06 92.79 95.91 98.09 1.472
0.96 88.82 93.97 96.83 98.59 1.063 86.84 92.40 95.73 97.90 1.200
0.95 88.46 93.76 96.51 98.55 1.093 86.15 92.01 95.41 97.63 1.244
0.94 88.77 94.08 96.86 98.75 1.076 86.61 9217 96.53 97.90 1.232
0.93 88.60 93.90 96.58 98.51 1.091 86.23 92.12 95.28 97.81 1.242
0.92 88.25 93.64 96.72 98.48 1.104 86.19 92.08 95.46 97.75 1.247
0.91 88.23 93.90 96.96 98.65 1.118 85.75 92.10 95.83 97.80 1.271
0.90 87.98 93.51 96.55 98.51 1.119 85.95 91.74 95.48 97.74 1.259
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