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Forward Exchange Rates as Optimal
Predictors of Future Spot Rates:
An Econometric Analysis

Lars Peter Hansen and Robert J. Hodrick

Graduate School of Industrial Administration, Carnegie-Mellon University

This paper examines the hypothesis that the expected rate of return
to speculation in the forward foreign exchange market is zero; that
is, the logarithm of the forward exchange rate is the market’s condi-
tional expectation of the logarithm of the future spot rate. A new
computationally tractable econometric methodology for examining
restrictions on a k-step-ahead forecasting equation is employed.
Using data sampled more finely than the forecast interval, we are
able to reject the simple market efficiency hypothesis for exchange
rates from the 1970s and the 1920s. For the modern experience, the
tests are also inconsistent with several alternative hypotheses which
typically characterize the relationship between spot and forward
exchange rates.

I. Introduction

The purpose of this paper is twofold. First, we examine the
“efficient-markets hypothesis” for foreign exchange markets for sev-
eral different currencies. By the efficient-markets hypothesis, we
mean the proposition that the expected rate of return to speculation in
the forward foreign exchange market conditioned on available in-
formation is zero. Several authors have noted theoretical problems
with this proposition since it ignores some intertemporal allocation
and risk considerations. These theoretical arguments indicate that
one should not equate empirical rejection of this notion of efficiency
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with evidence of market failure. However, this does not remove all
interest in tests of the hypothesis. The extent to which these exchange
markets can be characterized approximately as efficient markets re-
mains an interesting question that can best be answered through
formal econometric analysis. The tests we perform rely on an
asymptotically more efficient estimation technique than previous re-
searchers have used in investigating the hypothesis.

The second purpose of the paper is to implement a computationally
tractable estimation procedure for examining restrictions on a k-
step-ahead forecasting equation. This type of estimation problem is of
particular importance since often rational expectations restrictions on
a k-step-ahead forecasting equation can take on a particularly simple
form, even though the implicit restrictions on the one-step-ahead
equation areé cumbersome. This problem arises since the sampling
time interval typically is finer than the forward-contract intervals
characteristic of the foreign exchange market or other organized
futures markets. Direct estimation of the k-step-ahead equation is
therefore desirable. Although the estimation technique we employ
has no claim to full asymptotic efficiency, we indicate why, in many
instances, the maximum likelihood estimators are not very computa-
tionally convenient.

The paper is divided into five sections and an Appendix. Section 11
contains a discussion of the efficient-markets hypothesis as applied to
the foreign exchange market. Alternative estimation strategies, in-
cluding the one employed in our empirical research, are investigated
in Section III. Section IV presents results of the empirical investiga-
tion based on data from the modern experience with flexible ex-
change rates and on data from the 1920s. Section V provides in-
terpretations of our results and outlines possible future investigations.

II. The Simple Efficiency Hypothesis

Any discussion of the efficiency of a market requires a specification of
the preferences and information sets of economic agents, the
technology available for production, and the costs inherent in trans-
actions. We are interested in testing a conventional and perhaps
relatively simplistic version of efficiency in the foreign exchange mar-
ket. If economic agents are risk neutral, costs of transaction are zero,
information is used rationally, and the market is competitive, the
foreign exchange market will be efficient in the sense that the ex-
pected rate of return to speculation in the forward exchange market
will be zero.

Lets, = In (S,) and f;x = In (F.x), where S; and F,, are the levels of
the spot exchange rate and the k-period forward exchange rate de-



PREDICTORS OF FUTURE SPOT RATES 831

termined at time ¢. Since s;+x — fix 1S an approximate measure of the

rate of return to speculation, the simple efficient-markets hypothesis
is that

fz,k :E(51+k/q>z) ‘ (1)

where E(- /®,) signifies the mathematical expectation conditioned on
the information set available to agents at time ¢.!

Because of the joint nature of the efficiency hypothesis, rejection of
(1) is not immediately translatable into rejection of the efficiency or
rationality of the foreign exchange market. One well-known alterna-
tive hypothesis arises if economic agents are risk averse.

Grauer, Litzenberger, and Stehle (1976) and Stockman (1978)
demonstrate that risk aversion implies that, in equilibrium, the for-
ward exchange rate equals the conditional expectation of the future
spot rate plus a risk premium. Similarly, in the context of commodity
markets, Danthine (1978) demonstrates conditions under which the
simple efficiency hypothesis fails to hold in a dynamic competitive
equilibrium in which people use all available information rationally.

Geweke and Feige (1979) state, “To be informative, an econometric
procedure should be powerful enough to reject the efficient markets
hypothesis, and it should provide some indication of why the hypoth-
esis is not true in the market being studied.” The econometric proce-
dures that we advocate and employ are asymptotically more efficient
than most of the traditional techniques that have been used in the
study of forward exchange rates. While our procedures indicate re-
jection of the null hypothesis in some cases, further specification of
alternative hypotheses seems necessary before we fully understand
the reason for rejection. In Section V we discuss possible interpreta-
tions of our results. In Section III we examine alternative estimation
strategies and discuss the power of alternative tests of the efficiency
hypothesis.

III. Alternative Estimation Strategies

Here we consider the general problem of estimating the parameters
of a k-step-ahead linear forecasting equation

E(yt+k/q)t) =x0 (2)

! Since the exchange rate is the relative price of two moneys, it can be expressed as the
home currency price of a unit of foreign currency or vice versa. Note that the
logarithmic expression for the rate of return to speculation and consequently eq. (1) are
independent of the way exchange rates are quoted. If the hypothesis were not expressed
in logarithmic form, Siegel’s (1972) paradox would arise. See McCulloch (1975), Roper
(1975), Boyer (1977), and Stockman (1978) for discussions of the latter issue.
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where x, is an /-dimensional row vector of variables contained in ®,,
the information set available at time ¢, and 8 is an /-dimensional
column vector of parameters. It is of interest to test whether 8 is equal
to some hypothesized value. Variants of the forecasting-efficiency
hypothesis discussed in the previous section impose restrictions on
k-step-ahead forecasting equations like (2) where either the spot ex-
change rate or the rate of return to speculation is the variable being
forecast. The exchange market efficiency tests which we discuss in
Section IV are embedded in this framework. Consider the forecast
error Uy = Ve — E (yr0x/Py). It can be verified that £ (u, jt4p.x) is zero
for allh = k. Only in the case in which the sampling interval equals the
forecast interval, that is, k = 1, will the forecast errors be serially
uncorrelated.

One way to proceed is to estimate the parameter 3 in the regression
equation

Verk = X B + U . (3)

It is easily verified that E (x,u,,) = 0. This is the key requirement for
the ordinary least squares (OLS) estimator of 8 to be consistent.?
However, asymptotic justification of the conventional computation of
standard errors in OLS regressions requires that the errors be serially
uncorrelated. Consequently, in testing hypotheses concerning fore-
casting equations, one alternative is to define the sampling interval to
be equal to the forecast interval. In the context of tests of exchange
market efficiency, this alternative clearly does not make use of all
available data. Cornell (1977), Frenkel (1977, 1978, 1979), Levich
(1978), and Geweke and Feige (1979) have all used nonoverlapping
samples to circumvent problems with serial correlation but have
sacrificed observations 1n the process.

A standard econometric technique for estimation in the presence of
serially correlated errors is generalized least squares (GLS). Time
series versions of GLS techniques require the strict econometric exo-
geneity of the x, process in (2). This means that E (uyx/x,X—1,%¢41, + -« .)
= 0. Obviously, this condition is not implied by the fact that wu, is
the k-step-ahead forecast error of y,.x. The strict exogeneity assump-
tion is a claim that knowledge of future x,’s would be useless in deter-
mining the optimal forecast for y.,. In testing exchange market
efficiency, researchers typically include either the contemporaneous
forward exchange rate, past forecast errors, or past rates of return to
speculation in the x, vector. In each case the assumption of strict
exogeneity is clearly inappropriate since knowledge of future values

* One possible set of requirements to ensure the consistency of the ordinary least
squares estimator is: (i) y, and x, are jointly stationary and ergodic; (ii) E (x;x,) is
nonsingular; and (iii) E (xux) = 0.
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of these variables would provide useful information in forecasting
future spot exchange rates, forecast errors, or rates of return. If the x,
vector contains variables which are not strictly exogenous, GLS esti-
mation of B that implicitly filters the data distorts the orthogonality
conditions and renders the estimator inconsistent.?

Even OLS estimation in which the regressors are endogenous pre-
sents some complications. For instance, since explicit determination of
small sample properties is cumbersome if not intractable, one must
rely on asymptotic distribution theory for standard error and
significance level computations. Derivation of the asymptotic distri-
bution of the parameter estimators typically exploits the assumption
that the x, and y, processes are stationary.* Because time series evi-
dence for the exchange rate processes indicates that these processes
are in fact nonstationary, we have used forecast errors or rates of
return in our tests of the efficiency hypothesis. Our contention is that
these variables are more likely to meet the requirement of stationar-
ity.?

Our strategy is to estimate B consistently with OLS procedures
using data sampled more finely than the forecast interval, but we
follow Hansen (1979) in making the appropriate modifications in the
estimation of the asymptotic covariance matrix. In this manner we are
able to increase dramatically the sample size of the data used in our
tests, with corresponding gains in the asymptotic power of the tests.
We note again that this estimation strategy is not fully efficient. In the
Appendix we discuss more efficient estimation strategies for 8 which
are computationally much more burdensome than the OLS estima-
tion with modified standard errors.

The assumptions needed to justify the procedures we have used are
now examined in some detail. Assume that the y, and x, processes have
been transtormed to jointly stationary and ergodic processes, and that
the best linear predictor is equivalent to the conditional expectation.
Let A, be the information set generated by current and all past values

3 Hansen (1979) discusses the inconsistency of GLS in this situation. Stockman (1978)
has appropriately used a GLS procedure to estimate a forecasting equation with only a
constant term in x,.

4 The standard procedure for determining small sample properties ot OLS es-
timators by conditioning on the entire vector of right-hand-side variables is inappropri-
ate in the absence of the strict exogeneity assumption. Fuller (1976) and Sims (1978)
provide treatments of the asymptotic distribution of OLS for autoregressive speci-
fications with some unstable roots. It also is clear that the identical distribution
assumption embedded in the stationary requirement can be relaxed somewhat. Thus
stationarity is not always needed to provide justification that test statistics’ distributions
are asymptotically normal or x2.

> Geweke and Feige (1979) use the “realized rate of exchange gain,” (S,1x — Fx)/S;, in
their analysis in order to satisty the requirement of stationarity. Frenkel (1977, 1978,
1979) regresses s,.x on [, x, while Frenkel and Clements (1978) and Levich (1978) report
regressions of Sy, on Fy .
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ofy, and x,, and letv, = y, — E (y,/A,) and w, = x; — E(x{/A,—;). Note
that A, is a subset of ®,, and v, and w, are the one-step-ahead forecast
errors for y, and x, using the information set A,_;. We assume that

E[[ Z;, ][v,’w,’]/At_l] = A,

a matrix of constants independent of the elements in A,_;.

Under the above assumptions, Hansen (1979) demonstrates that
\/T([?T — B) converges in distribution to a normally distributed
random vector with mean zero and covariance matrix ® where T is
the sample size, BT is the OLS estimator,

O = R,(0)" 'SR (0)},

k-1
S = D Ru()R(),

=—k+1

Ru(j) = E (U sthssn),

and

Ry(j) = E(xtxe45)-

In order to compute asymptotically justified confidence regions, it is
necessary to obtain consistent estimators of R .(j) and R,(j) forj = — &
+ 1,...,k — 1. Since x, is ergodic forj = 0,

sr 1, 4
RL(G) = v z xx—;—> R ,(j) almost surely.
t=j+1
Hansen demonstrates that, for j = 0,
T
RY(j) = = > alil;x— Ry(j) almost surely

where @], is the OLS residual for observation ¢ with sample size T
Using the facts that R,(j) = R,(—j) and R.(j) = Rz(—j), we can obtain
a consistent estimator of the asymptotic covariance matrix ©.

It is useful for us to represent this proposed covariance matrix
estimator in the following fashion for computational purposes. Stack
the T observations on x, into a matrix
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and form a T x T symmetric matrix (; whose lower triangular rep-
resentation is

—R5<O)
RI(1) R(0)

RT(k — 1)
0

L0 - - ORUKk — 1) - - - RY(1) RY(O0)
Noting that
T(X7X7)™t = RL(0)!

and
1 k=1 )
+(XiQeXr) = > RIGREG),
j=—k+1
we conclude that
T (X1X7) X7 QX1 (X1X7)™' = Op 4)

is a consistent estimator for the asymptotic covariance matrix.
When the right-hand-side variables are strictly exogenous, the finite
sample exact covariance matrix conditioned on X for \/_T—(,BT - B)is

T (XX 1) X1 X p(X7X 7)™ ()
where ; = E(U;U7/X7) and

Uk
Urp=

U,k

Note the similarity between expressions (4) and (5). The assumptions
made above provide asymptotic justification for (4) even in the ab-
sence of the strict exogeneity assumption.®

6 The assumption of a constant conditional covariance matrix A can be relaxed.
Hansen (1979) traces through the impact of relaxing this assumption in the derivation
of the asymptotic covariance matrix for the OLS estimator.
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For purposes of comparison, we now introduce an alternative es-
timator of B8 in (2). Suppose we sample x;, y,, and u,, at every kth
integer; that is, we form new series xj = xy, ¥ = yu, and uf = .
Note that

)7(+1 =x{B + uf, (6)

and that E (wfui;) = 0 forj # 0. By sampling at every kth integer, we
have obtained a regression equation with a serially uncorrelated dis-
turbance term. Under the assumptions made above, x§# and y# are
jointly stationary and ergodic, E (u#/®#) = 0, and E u#*/®#) = R, (0)
where ®F = ®,,. Equation (6) can be estimated using OLS and em-
ploying the sampled data (xj,y¥) fort = 1,2, ..., T* The integer T*
is the number of sampled observations available to the econometrician
and satisfies T/k < T* < T/k + 1. Let us denote the resulting estimator
Br. 1tcan be demonstrated that \NT*(By — B) converges in distribution
to a normally distributed random vector with mean zero and
covariance ma[rle where 3 = R, (0)R,(0)'.” This implies thdt\/——(,&
— B) converges in distribution to a normally distributed random
vector with mean zero and covariance matrix k%. Comparing this
covariance matrix with ©, the asymptotic covariance matrix for VT(B,
— B), demonstrates the sense in which there is a gain to employing our
estimation strategy over OLS with nonoverlapping data. In the Ap-
pendix we demonstrate that kX exceeds © by a positive definite matrix
other than in an exceptional case in which k% = ©. Consequently, the
asymptotic standard errors for By are smaller than those for .

Since we are interested in perf()rmmg tests of the hypothesis that 8
= B, for some specified B,, a question of considerable importance is
the relative power of testing the hypothesis usmg By versus B;. Let O,
and 27 be consistent estimators of the covariance matrices ® and 3.
From the asymptotic distribution theory supplied above, we know that
T@; — B)'O7 By — B,) and (TK)By — B)'S7 (Br — B.) both ap-
proximately have x? distributions with / degrees of freedom under the
null hypothesis 8 = B,. From the standpoint of relative asymptotlc
strength, Geweke (1979) pr0v1des formal justification for examining
the probability limit of the ratio

T(Br — Bn)'O1'(Br — B) 7
(TIRY(Br — Bo)' 7 (Br — B

in circumstances in which 8 # 8,.% This ratio converges almost surely
to

7 The derivation of the asymptotic distribution of Br can be viewed as a special case of
Hansen (1979) and is the standard result of OLS estimation with serially uncorrelated
disturbances.

8 See Geweke 1979, theorem, p. 9.
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B - Bo),Gfl(B — B
(Lk)(B = Bo)'27H(B — Bo)
under the assumptions specified for (2). Under this range of alterna-
tive hypotheses, we demonstrate in the Appendix that (8) is greater
than or equal to one, allowing us to assert that the procedure which
employs the complete data set dominates the sampling procedure.
This raises the issue of whether under other alternative hypotheses

the sampling procedure dominates the one employing all of the data.
Suppose we maintain the assumptions that y, and x, have finite
second moments and are jointly stationary and ergodic, but we elimi-
nate the assumption that E (y,/®,) = x,8. Instead, define 8 to be the
parameter vector such thatx,8 is the linear least squares projection of
Yerr on x,.2 We still are assured that E () = 0 in (3) and that E (xju¥)
= 0 in (6). These guarantee that B, and B; converge almost surely to
B, although it now will not necessarily be true that E (u, ju+n) = 0 for
h = k or that E (uFu¥,) = 0 for all & # 0. With the loss of these
implications the matrix £3 may be less than ©; thus the ratio (8) may
be less than one. In these circumstances k2 and © are not asymptoti-
cally justifiable covariance matrices for 8, and By, respectively. Since
there are alternative hypotheses under which kX may be less than O,

we computed estimates of both matrices in our empirical analysis.®

(8)

IV. Empirical Results

We conducted tests of the efficiency of the foreign exchange market
for the modern experience with flexible exchange rates which began
essentially in March 1973 and for the period of generalized floating
exchange rates following World War 1. In the first part of this section
we present our results for the modern period.

Data were obtained for the spot and 3-month forward exchange
rates for seven currencies: the Canadian dollar, the deutsche mark,
the French franc, the U.K. pound, the Swiss franc, the Japanese yen,
and the Italian lira. All exchange rates are expressed in U.S. cents per

9 There are two major distinctions between the expectation of y,4, conditioned on @,
and the linear least squares projection of y., on x,. First, the information set ®; contains
much more than just x; i.e., past values of x, and current and past values of y, are also
included. Second, the conditional expectation need not equal a linear combination of
the elements of ®,.

19 It is straightforward to construct a test which dominates the OLS procedure with
nonoverlapping data under a broader range of alternatives and is a minor modification
of our test. Let Sy = max [T(Br — B,)'O7'(Br — Bo), (T/k)(Br — Bo)' 27" (Br — Bo)]. Under
the null hypothesis, Sy is asymptotically x* distributed with [ degrees of freedom. It can
be shown that S:/(T/k)Br — B.)' 27'(Br — B,) converges almost surely to a number
greater than or equal to one under alternative hypotheses where 8 # B, as long asy, and
x, have finite second moments and are stationary and ergodic.
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unit of foreign currency. The data were sampled to form a weekly
series, as described in the Data section of the Appendix."

The hypothesis that f,x = E (s./®,) implies that the forecast error
Stk — fux 1s uncorrelated with information available at time . We
tested this hypothesis using ordinary least squares regression with the
modified standard errors as described in Section II1. Although any
element of the information set, ®,, could be used in a test of the
hypothesis that s, — fix is orthogonal to @, in order to have a
powerful test one would want to use elements which are a priori
likely to be important under alternative hypotheses. The elements of
®, which we have chosen are the most recent past forecast errors from
the own exchange rate and other exchange rates. We employ two
forms of alternative specifications against which we test the null
hypothesis. Using terminology from the efficient-markets literature,
we can classify the first as a test of the weak form of the efficient-
markets hypothesis since only the past forecast errors from the own
exchange rate are allowed to have nonzero coefficients. The second
form is labeled a semistrong test since past forecast errors from other
exchange markets are included in the model. This second specifica-
tion closely parallels the hypothesis-testing strategy employed by
Geweke and Feige (1979).1

In table 1 we present the estimated regressions of the forecast error
on a constant and two lagged forecast errors, using weekly data and a
3-month or 13-week forward rate, as in

5§+13 ft a; + bu(St f%vl{i) + biz(Sg—l _f%'-lél) + uf 9

fori = 1, ..., 7 currencies. We test the joint hypotheses that a;, by,
and b;, are all zero. The most damaging evidence against the null
hypothesis occurs in the deutsche mark—U.S. dollar exchange rate.
Although the constant is insignificantly different from zero, the two
lagged forecast errors have marginal significance levels smaller than
.02. For the Swiss franc and the Italian lira we find individual
coefficient estimates that have marginal significance levels less than .1.
The other currencies provide no strong evidence against the null
hypothesis.

Table 2 gives results of the regression of the forecast error for a

1 The data were obtained from the Board of Governors of the Federal Reserve
System. See the Data section of the Appendix for a complete description of the series
used in this study.

12 Geweke and Feige (1979) have used this specification with the realized rate of
exchange gain as defined in n. 3 and employing nonoverlapping data but testing several
markets simultaneously. Our procedures could be modified to allow multiequation
tests.
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currency on lagged values of the own forecast error and four other
currencies’ lagged forecast errors, as in

3
St = 1= ai+ Dbyl = fici) + ul (10)
=
fori =1,...,5 currencies. The null hypothesis that all coefficients in

the regression are zero is rejected for the Canadian dollar, the
deutsche mark, and the Swiss franc at all significance levels greater
than .06. Since the dependent variable in table 2 covers the same
sample period as that in table 1, the multicountry test appears to be a
more powerful test of the etficiency hypothesis because we are able to
reject the hypothesis for two other countries except at very low
significance levels. The results in table 2 indicate that lagged forecast
errors for some currencies have explanatory power in predicting the
current forecast errors for the three currencies mentioned above,
T'he analysis in tables 1 and 2 uses data from the earliest part of the
modern flexible exchange rate experience which includes the espe-
cially volatile interval from October 1973 to February 1974 (the
period of the Arab-Israeli War and the oil boycott). Since learning in
the market about the functioning of the new flexible exchange rate
system and the disruption of the war and the oil crisis might have
biased our previous tests, we reestimated equation (10) for a period
running from June 25, 1974, to January 16, 1979. The results in table
3 for the shorter sample could be more representative of the situa-
tion under the mature float of today. In the joint test of all six
coefficients, only the Canadian dollar has a marginal significance level
below .1, and it is below .01. In the deutsche mark, the U.K. pound,
and the Swiss franc regressions, there are individual coefficients with
marginal significance levels less than .1. If the alternative hypothesis
were true, some increase in the marginal significance level would be
expected as the sample size decreased. The increase in the case of the
deutsche mark appears to be more than can be accounted for by this
explanation, suggesting evidence in favor of the null hypothesis.'
In table 4 we expand the multicountry test to include the Japanese
yen and the Italian lira, for which data are available only since April 1,
1975. This inclusion has a dramatic eftect on the test of the efficiency
hypothesis. We again reject the hypothesis for the Canadian dollar
except at extremely low significance levels. However, the marginal
significance level for the deutsche mark has fallen to .001, and it is .09

'3 Leamer (1978) argues persuasively that, from a Bayesian point of view, the critical
significance level for rejection of the null hypothesis should be a decreasing function of
sample size given that one assigns positive a priori probability that the null hypothesis is
true.
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for the Swiss franc. The coefficient for the lagged forecast error of
the Japanese yen is significantly different from zero in four countries
at the .04 level and in the fifth at the .08 level. Failure of the efficiency
hypothesis is also manifest in relative high values of the R? statistic for
the Canadian dollar and the deutsche mark.™

We turn now to an investigation of the other major historical
experience with flexible exchange rates which occurred after World
War 1. Table 5 presents evidence of our tests of the efficiency hypoth-
esis for three currencies relative to the U.K. pound. The data are
weekly spot and I-month forward rates and were obtained from
Einzig (1937). This period coincides with the well-studied German
hyperinflation. Our results in a regression like (9) where the forecast
interval is now four rather than 13 indicate that the constant term is
significantly different from zero at the .01 level for the entire sample.
Since the mark was experiencing a very rapid depreciation in the final
weeks of the sample, we were concerned that nonstationarity in the
forecast errors could invalidate our tests. We truncated the sample by
the final 15 weeks and reestimated the equation. The constant term
remained significantly different from zero at the .01 level. The de-
crease in residual variance for the shorter sample was almost twofold,
indicating that our concern with nonstationarity was justified.

The experience of the French franc following World War 1 pre-
sents a relatively long period of floating rates. We tested the efficiency
hypothesis with a regression similar to the mark analysis above. For
the entire sample, January 1922 to July 1926, we reject the null
hypothesis except at significance levels less than .02, finding that the
constant term and the coefficients on the two lagged forecast errors
are not all zero. The analysis of the estimated errors indicated that
one observation yielded a 7-standard-deviation residual. This obser-
vation corresponded to the experience, commonly known as “Poin-
caré’s bear squeeze,” which occurred in March 1924.

" Since the number of 13-week nonoverlapping intervals in 198 weekly observations
is approximately 15, we realize that the number of degrees of freedom in the calcula-
tions of the standard errors may be smaller than that which is sufficient to justify the
application of asymptotic distribution theory. Our calculations indicate that using the
weekly rather than quarterly data in table 4 has reduced the variances of the coefficients
by approximately a factor of 2. Consequently, the equivalent nonoverlapping quarterly
sample size necessary for this reduction is approximately 30. Since the standard
degrees-of-freedom correction is T/T -- [. for our purposes this would amount to
inflating the standard errors by V'30/22 = 1.17. Even in the case of nonoverlapping
data, due to the endogeneity of the regressors, the T/T — [ degrees-of-freedom
correction cannot be formally justified from the standpoint of small sample properties.
The low levels of marginal significance for the Canadian dollar and the deutsche
mark will be essentially unchanged by this heuristic degrees-of-freedom correction.
Obviously, the reduction in the standard error in employing weekly rather than quar-
terly data varies across coefficients. See n. 16 for a discussion of this issue.
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After World War I the French economy was in disarray.'® The very
large public debt which had been incurred to finance the war implied
that the government had either to increase taxation or to resort to
inflationary finance to balance its budget. The matter was complicated
by the failure of Germany to make its reparations payments and by
scandals in the French Treasury and the Bank of France. During
1922 and 1923 the franc depreciated relative to the pound from 51.47
in January 1922 to 84.82 on December 29, 1923. By March 8, 1924,
the franc stood at 117.00. This rapid depreciation caused Poincaré to
negotiate secret loans in Britain and the United States. These loans
were used to buy massive quantities of francs, driving the exchange
rate to 81.25 by March 22, with a further appreciation to 67.87 on
May 3. After this period the franc more or less depreciated steadily,
reaching a peak of 201.25 on July 17, 1926. The results of estimating
two regressions for the periods prior to and after the occurrence of
the bear squeeze are also presented in table 5. We can reject the
efficiency hypothesis in the first case at levels of significance greater
than .05 and for the second subsample at levels greater than .01. In
each case the estimated constant term is positive, and its magnitude
casts doubt on the null hypothesis. This indicates, as in the case of the
German mark, that the logarithm of the forward exchange rate was
an underestimate of the logarithm of the subsequently observed spot
rate. Analysis of the U.S. dollar-U K. pound exchange rates during
the early 1920s provides no evidence against the null hypothesis.

In the next section we provide possible interpretations of the results
which we have found regarding the simple efficiency hypothesis.

V. Interpretations and Conclusions

The analysis conducted in the previous section indicates that the
simple efficiency hypothesis is suspect for several currencies for the
modern experience with flexible exchange rates and for the experi-
ence in the 1920s. The tests employed a new and asymptotically more
powerful estimation technique than ordinary least squares with
nonoverlapping data.'® This section examines possible reasons for the

15 Dulles (1929) provides an excellent account of the French economy during this
period.

16 The discussions in Section I1I and in n. 14 indicate that it is interesting to compare
the relative gain in using the variances of coefficients computed in @y and the variances
computed in k3. The maximum and minimum ratos of the diagonal elements of O to
k3, for the constant terms and the other coefficients are presented in the table below.
These computations are obviously subject to estimation error, and their justification
depends on the auxiliary assumptions we made in determining the form of the asymp-
totic covariance matrix. The ratios for table 1 are suspiciously high, but this may merely
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results and suggests alternative empirical modeling strategies which
could resolve remaining questions.

First, we recognize that Grauer et al. (1976) indicate that, from the
standpoint of an international Sharpe-Lintner capital asset -pricing
model, the forward exchange rate equals the expected future spot
rate plus a term arising from a possible covariance between the future
exchange rate and real gross world product adjusted for risk and
scaled by the world commodity price deflator. To the extent that this
covariance is stable during the sample period, one might expect a
significant constant term to emerge in our regressions. This provides
a potential explanation for the constant terms with low marginal levels
of significance which we found for the German mark and the French
franc in the 1920s. Partial equilibrium analyses of the relationship
between the forward exchange rate and the expected future spot rate
often obtain the result that a risk premium will separate these two
rates. This risk premium provides a positive expected return to those
who buy a more risky currency forward. Under such a partial equilib-
rium analysis, the constant terms in our regressions should be nega-
tive if the German mark and the French franc were considered more
risky than the U.K. pound during the 1920s. The forward rate of
marks/pound or francs/pound would be above the future spot rate,
implying that one could buy marks or francs forward expecting a
profit. Since the signs of the constant terms are positive, this partial
equilibrium analysis can account for the significance of the constant
terms only under the extremely unlikely case that the pound was
considered the more risky currency. In our analysis of the modern
experience, we find no constant terms with low marginal levels of
significance. Hence, alternative explanations must be examined.
Fluctuations in risk premiums or the covariance term mentioned
above could account for the vector autocorrelations found in the
modern period.

be evidence against the null hypothesis since some of the auxiliary assumptions are
implied by the null hypothesis.

CONSTANT OTHER COEFFICIENTS
TABLE Max Min Max Min
1 1.82 .96 11.76 5.45
2 1.38 1.09 2.14 1.35
3 1.21 1.05 2.26 1.28
4 2.15 1.22 2.47 1.33
5 1.10 1.00 3.87 2.67
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Roll and Solnik (1977) have estimated a “pure foreign exchange”
asset-pricing model. The index-model approach which they use ex-
plains contemporaneous correlation between forecast errors of dif-
ferent currencies because each forecast error is correlated with a
weighted average of the forecast errors of all currencies. Roll and
Solnik implement their theory by constructing a weighted average of
observed forecast errors and using this as a proxy for the true mea-
sure. An alternative approach would be to estimate a latent variable
model in which the expected return from holding a portfolio of all
currencies is considered as an unobservable variable which influences
the return to speculation in all currencies simultaneously. Finally,
movement of the index through time also could be a possible expla-
nation for the observed multivariate autocorrelation which we find in
the modern period.

There are two other quite different explanations of the rejection of
the simple efficiency hypothesis for forward foreign exchange mar-
kets, during both the 1920s and the modern period. The first one is
that we use large sample approximations in computing probabilities
associated with our test statistics without explicit knowledge of how
large the sample size must be before the approximations become
good. This problem is not unique to our work since it plagues much of
time series analysis. The second explanation involves the implicit need
to specify what economic agents know about the stochastic properties
underlying important policy actions, such as how monetary policy is
conducted, and when or whether capital controls will be applied.'”
Even though economic agents may process information optimally, the
correct stochastic specification of government actions may not be
consistent with the statistical model underlying our test. For instance,
if economic agents correctly perceive that governmental actions will
be roughly constant over relatively long periods and yet may change
dramatically either at uncertain points in time or by an uncertain
magnitude, we conjecture that it is possible that the statistical proce-
dure we employ might yield sample autocorrelations in forecast er-
rors that are large relative to their estimated standard errors even if
the simple efficiency hypothesis is true. The cause of this could be a
combination of incorrect assumptions we have made in determining
the asymptotic covariance matrix for our estimators, a small sample
size relative to the movements in government policy variables, and the
inappropriateness of an ergodicity assumption in an environment

7 Kareken and Wallace (1978) and Nickelsburg (1979) demonstrate the potential
importance of capital controls or the anticipation of future controls in the determina-
tion of exchange rates.
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where agents may assign positive a priori probabilities to events that
may ultimately never occur.'®

We indicated in the Introduction that rejection of the hypothesis
cannot be identified readily with inefficiency in the exchange market.
At a theoretical level, what seems to be needed is a multicountry
dynamic competitive equilibrium model, perhaps built along the lines
of Danthine (1978) or Lucas (1978), richly enough specified to indi-
cate the salient influences which can cause divergence from the simple
efficiency hypothesis for exchange rates.

Since the exchange rate is the relative price of two moneys, the
model should have a nontrivial role for these moneys in the economies
being studied. Such a model would serve as a vehicle for interpreta-
tion of empirical research on exchange markets.

Finally, in future research we plan to examine the restrictions on
the joint process consisting of the spot rate and the 1- and 3-month
forward rates. We also can perform tests similar to those of this paper,
using the l-month forward rate forecast errors. Since the forecast
error variance for the l-month forward rates is smaller than for
3-month forward rates, tests using the 1-month rates should be more
revealing. While we have found evidence indicating that the forward
rate is not the optimal predictor of the future rate for some curren-
cies, we have not necessarily isolated time-invariant forecasting rules
which improve upon the predictions of the forward rate. The 1-
month forward rate data will facilitate the search for time-invariant
forecasting rules, allow examination of the stability of the multicoun-
try autocorrelations, and provide a better sample in which the issues
regarding the stability of government policy and etficiency of the
foreign exchange market can be addressed.

Appendix

In this Appendix we discuss in more detail the alternative estimation strate-
gies proposed in Section III above. First, we indicate the computational
complexity of the efficient maximum likelihood estimation of B.

Consider the regression equation (3) reproduced here as

Ve = xtB + Uy (A1)

¥ Demonstrating the precise sense in which these conjectures are correct is beyond
the scope of the present paper. In this regard, though, Frenkel (1977) has argued that
inexperience of economic agents with an environment of hyperinflation may be an
appropriate explanation of the forward premium’s underprediction of the rate of
inflation in Germany during the 1920s. Flood and Garber (1980) have noted the
importance of anticipations of monetary reform in an explicit Bayesian model of the
German hyperinflation.
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where u, satisfies the condition E (u.x/®,) = 0, ®, contains the information set
(Xt Xt=15 - + - » Y0 Yi1s - - - ), and x, is an [-dimensional row vector. Maximum
likelihood estimation of B requires that we trace through the joint covariance
properties for the (y,, x;) processes which we assume to be multivariate nor-
mal. Consider the Wold decomposition of (y,, x;) under the assumption that
the joint process is covariance stationary.'® Then

o= ZOS‘U"i + ;yiur,,,. +dy, (A2)

Nt

x{ Qv + zll’iwt—i + d (A3)
; =0

i

I
S}

where v, = y; — E(Ye/Yim1, Yicgs « « - s Xtm1s Xmps + - - ), We = X{ — EX{/Y—1 V=2, - - - »
Xie1s Xezs - ), 80 = 1,7, = 0, a, = 0, §, = I, the {-dimensional identity matrix,
and d,, and d, are the deterministic components of y, and x,, respectively.
Using (A2), the conditional prediction of y.x is

7

E()’t+k/)’u yt—lv e s Xty Xp—1s - e ) = .

1

Sivipr—i + E‘Yiu’mk—i + dysk.  (A4)
py

Y

Using (A3), the process x,8 is

xf = Z;B,aivt—i + Eoﬁlll/iwr—i + B'd s (AD)
= =
Sincf{ E(ka/_v,,y,_I, ., X4 Xi—1, - . . ) = x,8, we obtain the cross-equation
restrictions
B'a; = divk,
B'Yi = Yivk i=0,12, ... (A6)
and

dyi = B'd -

In the case in which y, and other lagged y's enter the x, vector, additional
cross-equation restrictions arise.

Assuming knowledge of d ., the joint covariance properties of the series are
totally characterized by the §;'s, the y/'s, the s, the y;’s, and the parameters of
the covariance matrix of v, and w,. Maximum likelihood estimation requires
the representation of these parameters subject to the restrictions (A6) in
terms of a finite vector of parameters { which must be estimated concurrently
with 8. The likelihood function must be maximized via some iterative tech-
nique. The estimation of large vector autoregressive moving average pro-
cesses subject to cross-equation restrictions is computationally much less trac-
table than the OLS procedure with modified standard errors which we use.

It was asserted in the text that k3, the covariance matrix for OLS with
sampled nonoverlapping data, exceeds 0, the covariance matrix for OLS with
overlapping data, by a positive semidefinite matrix. We now demonstrate this
proposition.

Let g, = u,x;, which is assumed to be stationary and to have a finite second

19 See Sargent (1979) for a discussion of Wold's decomposition theorem and its
application to time series econometrics. Rozanov (1967) provides a rigorous mathe-
! P g
matical treatment of the theorem.
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moment. Under the hypothesis that E (u,,/®,) = 0, it follows that E (¢,g+;) = 0
for j = k. Thus we can represent ¢; as a (¢ — 1) order moving average of a
vector white-noise process with covariance matrix equal to the identity matrix.
In particular, write
k=1
qe = Z"h‘é’t—1
=0
where E(¢,) = 0, E(ece;) = I, and E(eei+;) = 0. Define
k=1
n(z) = Z"Iili~
=0

The covariance generating function forg, is n(z)n(z™*)". It can be verified that

k—1 1
n@m(y = S (e + My + gzt — (h 2)(an,) (A7)

Ji= 1 i=0
Thus N
k—1 k-1
K2 ming ) = ey = @k = 2 2 mins)
=0 s =0
- ZZO(TM + 2 (s + M) (A8)
Tt

k—

= S(”’h 727 — Mz’ ).

j=1 i=0

The first term on the left-hand side of (A8),

k=1

k ( Zm’m),
=0

= kE(qq,) = kR, (0)R (0) and m(z)n(z7")’ evaluated atz = 1 is the matrix & in
the covariance matrix ®. Thus

._.

k=1 -1
FRUORA(0) = S = > > (i = m)(mi — ), (A9)
Jj=1i=0
which is positive definite unless n; = n; for all ¢ and j between 0 and &£ — 1.
Premultiplication and postmultiplication of both sides of (A9) by the symmet-
ric matrix R ,(0)"! proves that k% — O is positive definite other than in the
exceptional case when n; = m; for all i and j between 0 and & — 1.
It also was asserted in the text that the ratio of the two quadratic forms, (8
— Bo)'O7 B — Bo) and (1/k)(B — Bo)'T"YB — B,), is greater than or equal to
one. This follows immediately from the fact that @' — (1/k)2~! is positive
semidefinite.

Data

The data for the modern experience with flexible exchange rates were
obtained from the Board of Governors of the Federal Reserve System. Daily
observations for the spot exchange rate and the 3-month forward premium
expressed in percent at an annual rate were available. The premium was
converted into a 3-month forward exchange rate by dividing the premium by
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400, adding one, and multiplying by the spot rate since the premium was
calculated as 400(F, . — S,/S,). A weekly series was constructed by taking the
observation on Tuesday of each week. If no Tuesday observation was avail-
able, we used the Wednesday observation.

The data from the experience with flexible exchange rates following World
War 1 were taken from Einzig (1937). Weekly observations on the spot
exchange rates and the 1-month forward rates are available after November
19, 1921.
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