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The correlation structure ol asset returns is a crucial parameter in
risk nianaf»enient as well as in iheoretical finanec. In practice, how-
ever, the true correlnlion structure hetv\een the returns oi ussets can
easily become obscured by time variation in the observed correlation
structure and in the h(|uidity of the assets. We employed a time-
stamped high-frequency data set ol e,\change rates, namely, the USS-
deutsche mark and the US$-yen exchange rates, to calibrate the ob-
ser\ed time variation in the correlation structure hetween iheir
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returns. We also documented time \ariation in the liquidity structure
of these rates. We then attempted to link the observed correlations
with the liquidity via an application of an illiquid trading model first
developed by Seholes and Williams (1976). We show that the ob-
sened correlation structure is strongly biased by the liquidity and that
it is possible to effect at least a partial rectification of the otherw ise
downward-biased observed correlation. The rectified sample eorre-
lation is. therefore, more appropriate for input into models used for
forecasting, option prieing, and other risk management applications.
© 2001 John Wiley& Sons. Inc.Jrl Fut Mark 21:127-144, 2001

INTRODUCTION

The global foreign exehange market is operational on the 24-hr eloek.
After the opening quotes from major interbank players in New Zealand,
Australia, Japan, and countries in the Far East, the markets of Europe
kick in, followed hy those in North America. The major capitals in this
24-hr cycle are, therefore. Sydney, Ibkyo, Hong Kong, Singapore, Zurich,
Frankfurt, London, and New York, in ehronologieal order. An elegant
description of this was given by Daearogna et al. (1993) and Muller et al.
(1990).

Bankers and corporate treasurers who perform hedging functions for
their clients are constantly keeping track of fluctuations in foreign ex-
change rates. For interhank foreign exchange dealers, the task of main-
taining and monitoring open speculative positions in currency is straight-
forward enough, if dealers are located in the various finaneial capitals
that straddle the 24-hr clock. However, for intraday arhitrage-based dy-
namic hedging strategies, the viahilily of the hedging operations is also
rather dependent on the ability to keep track of certain hedge ratios. For
currency hedges, a necessary statistic to track is often the simple corre-
lation coefficient hetween the rates of return with respect to the hedged
assets. Usually, hedge ratios are estimated by simple regression analysis.

A more recent application arises in the pricing of exotic currency
exchange options. In this case, the correlation coefficient hetween the
returns of two exchange rates is actually an exogenous input pricing pa-
rameter, in much the same way that the standard deviation of a stock's
rate of return is for the Black-Seholes model. Similarly, for the pricing
ot currency quanto options (Rubinstein, 1990), as well as options on the
minimum or maximum of two assets (Stulz, 1982), the correlation be-
tween the rates of return of the two assets comprising the state variables
is an input option pricing parameter. Consequently, any inaccuracies in
measuring the true contemporaneous correlation will cause numerical
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biases to arise in the estimated value ofthe option. For instance, in val-
uing options based on tbe maximum or minimum of two assets, tbe value
of tbe option depends very mucb on tbe e.xtent of tbe correlation of tbe
iissels. If, as a result of liquidity-induced obsenalion problems (e.g., tbe
kind discussed later in tbis urtiele), a treasurer were to estimate incor-
rectly tbe true correlation, inaccurate option values would result with
potential consequences tor hedging applications.

Similarly, when otber exotie options sucb as term structure spread
options are prieed, tbe eorrelation between the rates of return on tbe long
and sbort bonds is an input parameter. One e.xample of sucb an option
prieing model was given by Pearson (I99S), wbo prieed eall options on
ibe dillerence between two asset values.

Finally, in tests of multivariate asset prieing tbeory. the covariance
matrix of asset returns is a cruelally important structure to estimate. Any
time variation in tbe eorrelation strueture must, therefore, be properly
treated econometrically il the lest results are to be reliable.

Tbe plan of tbis article is as follows: In the section entitled Time
Variation in Exchange-Rate Correlations, we present sample evidenee of
time variation in tbe correlation strueture of various pairs of excbange
rates togetber u itb e\ idenee on time variation in trading liquidity. We also
discuss bow trading liquidity can be a possible souree ot variation in
observed correlation coefficients. In tbe section entitled A Model of Illiq-
uid Trading, we describe a transactions-based theoretical infrequent trad-
ing model derived from Seholes and Williams (1976, 1977) and inelude
a discussion on its relevance toward explaining time variation in the ob-
served correlations. In tbe section entitled Data and Further Tests, we
first review the nature of the special quotations-based bigb-fretjuency
data used for tbis study and then fit tbe Scboles-Williams model to this
quote data. Tbe final section is a summary of tbe overall findings togetber
witb coneluding comments.

Time Variation in Exchange-Rate Correlations

The basie notion of observed temporal variations in theeontemporaneous
correlation strueture of exebange rates is illustrated in Table I, which
shows correlation eoellicients between the returns ol the US$—yen and
USS-deutsche mark (DM) exehange rates, according to tbe day of tbe
week.' We can see tbat tbe correlation is not constant over tbe week. In
fad. tbe correlation eoefficient increases monotonically from Monday

A d t ' l i i i l i ' i l d i ' s c r i p l i i i n o l i h f chit^i l i i i s f U M ' I I i u r t h i s s t u d y i s ^ i M ' n i n i h i ' D i i l i i i i n d l i i r l h c r I e s l s

s e c t i o n .



130 Muthuswamy et al.

TABLE I

Contetnporaneous Correlations between the USS-Deulschc and the US$-^en
Exehange Rates by the Day of the Week

Dm oj the Week Correlation Caefficieul i\timbc'r of Ohsenations

Monday ,456 51
Tuesday ,503 50
Wednesday ,542 52
Thursday ,503 52
Friday ,318 50

Note Sample period is October 1, 1992 through September 30, 1993

ihrough Wednesday, followed hy a monotonie decline through Friday. Fri-
day's eorrelation is partieularly weak eompared uith the rest of the week.

In principle, the returns ol exchange rates should he strongly eon-
temporaneously correlated with one another, primarily heeause of the
commoti inlormationa! shocks simultaneously affecting curreneies. How-
ever, ohserved correlations may heeome attenuated hy the high-frequency
returns sampling process. Indeed, Epps (1979) showed that as the sam-
pling interval progressively shrinks, the otherwise significant contempo-
raneous correlations hetween stock price returns are systematically re-
duced to white noise. Cpps did not quite give the precise eause of this
attenuation oF the observed contemporaneous correlation. Muthuswamy
(1990) attributed this systematic destruction of the sample correlation
for high-frequency data to nonsynchronicitics in the recording process.'
This is illustrated in Figure 1. which shows the contemporaneous cor-
relation coefficient between the US$-yen and US$-DM exchange-rate
returns for various holding periods rangitig from 5 to 2,500 min. This is
interesting for several reasons. First, the Epps effect comes through
clearly at very high sampling frequencies; when the returns are observed
at intervals of less than 30 min, the contemporaneous correlations rapidly
decay to zero. Second, once a certain hori/on length is reached (about 2
hr), the correlations tend to remain fairly stable, suggesting that there
exists a true equilibrium correlation that does not vary with time. As the
hori/on becomes very large, instahility sets in again, but only heeause the
effective sample size diminishes enough that the estitnator s standard er-
ror becomes very large.

Figure 2 shows the correlation between the US$—DM and US$-yen
exchange rates on a 5-min return basis ohserved over a 24-hr eloek (i.e.,

•̂ Sec Cohen t-l a\. 1197"̂ )), Lo dncl MacKinlay (1990). iinti ML]thiJs\\;nii\ (1990) for olht-r (.-xpositions
nf tlic cfffcts ol rnins\nthnjnicili('s on mcasurtxl returns.
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FIGURE 1
Observed lontempariuieoLis corrcljlions belweeii returns lor the USS-DM, US$-yt'n. und DM-

yen e\ch:in^L' ratt-s f{)r var\in^ holding periods. Ihe correlations are hased on the standard
moments estimator and have heen computed with high-lrequency data with weekends and public

holidiiys omitted. The holdinjj period of the returns ninge from S min to 2.SOO min.
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FIGURE 2
Observed contemporaneous correlations hetueen S-min returns lor the USS-DM, USS-yen

exchan ĵe rates on a 24-hr clock. 1 he correlations are hased on the standard moments estimator
iind have heen computed with high-frequency data with weekends and piihlie holidays omitted,
(he torreialions [ire cross-sectional averages ot returns over 288 S-min inter\'als covering 24 hr.

with 288 cross-sectional S-min slices). The eorrelations fluctuate rather
significantly, which is not surprising when one considers that the Epps
eiieet mentioned earlier is operational. Dcs]iite this and with an elfective
sample si/e ol 261 cross-sectional slices (corresponding to 261 actual
trading days), a strong enough correlation structure is obser\ed; itideed,
the average 5-min correlation o\er the 288 slices of the day is .2388,
compared to a correlation of .464 based on daily returns. The much
higher correlation for daily returns is intuitive simply because there is
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FIGURE 3
1 he picils show ihe average quote arrival rate lor the US$-DM and US$-yen exehange rates

during a 24-hr clock cycle.

much more absolute liquidity in daily inlcrxals compared with 5-min
intervals.

What is more interesting about Figure 2 is that certain systematic
variations are inherent. For instance, obser\'ed S-min eorrelations exhibit
a pronounced dip (toward zero) at about the same time when the Asia-
Pacific region has its lunch break. Other systematic patterns exist but
have to be studied in conjunction with Figure 3.

F igure ^ shows the average numherof arrivals of bid—ask quotes over
5-min inter\als for the US$—DM and US$—yen exchange rates for eaeh
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dti\ ol the week. Because ol negligible acti\ity. weekends have been omit-
ted. The USS—DM exehange rate has a greater number ol quote arri\als
with a total of 1,472.241 bid—ask quotes for the entire sample period or
an average of 4,034 per day, whereas the USS—yen rate has a daily arrival
quote rate of 1.S64. It is also interesting to qualitatively examine the
intraday quote arrival patterns, as there seems to be a similar pattern For
hoth rates. Trading starts to pick up just prior to ()0()() hr (ireenwich Mean
Time (GMT; 0900 hr Tokyo time).^ There is very little trading activity
during the Asia-Paeific Iunehtime break, around 0,^00 to 04.^0 hr GMT.
Quote arri\als piek up again alter luneh and continue until Europe [/AI-
rich, Frankfurt, London) opens at around 0700 hr GMT. New York starts
at approximately 1200 hr GMT (0800 Eastern Standard Time [EST]),
and trading increases together with the other (European) banking een-
ters. Quote arrivals begin tapering oft just before noon New York time,
which is also v\ben London begins to v\ind down at 1600 hr GM 1.

The upshot of Figures 2 and 3 is to demonstrate the existence of
powerful 24-hr seasonals in both the observed correlation and the liquid-
ity structures of exehange rates. Indeed, Figures 2 and 3 ha\e common-
alities that suggest a plausible link betv\een observed correlation and
liquidity.

Having presented this evidenee. we primarily aim to shim in this
article that the liquidity process direetly afTeets the observed eontempo-
raneous correlation structure. Indeed, tbe observed correlation ean he
best thought of as a conditional correlation with tbe conditioning vari-
ables being the directly observable liquidity \ariabies. We invoke tbe
transaction-based model of Seholes and Williams (1976) as our ehoiee
for the eonditional moments and tben proceed to examine tbe role of tbe
conditioning \ariables in alleetingtbe (unobservable) unconditional mo-
ments sucb as tbe contemporaneous correlations.

A MODEL OF ILLIQUID TRADING

Since the official identification of the infrequent trading problem by Fama
(196S) and Fisher (1966), there have been several tbeoretieal academic
artieles attempting to represent tbe problem. Perbajis the best known ol
these was written by Seboles and Williams (1977), wbo analyzed the ef-

\ ) r iRii i l trading hours in Ja|xin arc OSKX) lo IJOO hr antl 14.^0 tii IS.IO hr Idkyo t imi\ ^ihhou^h
actual Iniding aclivhy is widely acknowledged lo starl helorL' and end alter ihc oriicial period. This
uill soon change lo accommodiilc increased Irading hiiiirs.

•"Iht" choice ol motlel is aclualh si.imowhal iirbilrary, l)iil ihis a n k l e is nol ^ilioirl ihe search lor ihe
delinilive model.
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teet of nons) nchronous trading on sample betas. They presented a formal
model of infrequent trading based on random trading times. Scholes and
Williams also prescribed instrumental variable-type estimators for beta
estimates based on nonsynehronous data."' In contrast, Loand MacKinlay
(1990) employed the eoneept of nontrading probabilities to model infre-
quent trading, whereas Muthuswamy (1990) used an explicit eoneept o(
trading frequency. Also, Dimson (1979) and Miller, Muthuswamy, and
Whaley (1994) employed time series methods to represent the effects of
thin trading. All these approaches basieally arrived at similar conclusions,
aibeit with rather diilerent mathematieai machinery.

The theoretical model of nonsynehronous trading that we adopt here
is based on a relatively little known unpublished eompanion article to
Seholes and Williams (1977), namely, Seholes and Williams (1976). In
this precursor to their 1977 article, Seholes and Williams (1976) devel-
oped detailed algebraic expressions lor observed moments of nonsyn-
ehronoLJs returns as functions of true moments and nonsynehronous
trading parameters.

Ihe next seetion eontains a brief description and relexant results
from the Scholes-Williams (Seholes & Williams, 1976) model. A less
detailed summary was also presented in Atehinson, Rutler, and Simonds
(1987). Formal proofs are omitted on aeeount oi their complexity, and
the reader is asked instead to eonsult the Scholes and Williams (1976,
1977) articles direetlv.*"

The Scholes—Williams Nonsynehronous Trading
Model

In their seminal 1977 article, Scholes and Williams examined how illi-
quidity-induced asynehronieities in the trading proeess ean eause ob-
served (sample) moments of true rettirns to dilfer Irom true moments.
Consider Figure 4, whieh shows a diagrammatical representation of two
assets that trade infrequently. Returns are observed over two trading ses-
sions of arbitrar)^ length. Last observed trades are denoted by the dark
blobs, whereas all trades prior to the last have been suppressed during a
trading session. The basic intuition behind F'igure 4 is that as an asset s
trading intensity increases, its last trade time (relative to some arbitrarily
defined trading session) con\erges to the aetual elose of trading during
that session. As a result oi illiquid trading, obser\'ed returns are no longer

Set- Cohen cl;i l . (1979), Lo and MatKinliiy (1^90), Muthuswamy (19901, and i mv. Miilliuss\iimy,
and VVhalt'y (199^) for different expositions of the t-ft'ccts of nonsynthronicilies on measured returns.
'Dflailed prools are available on re(|i!i.'Sl Irom iho authors.
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8i.^r-L
Security i

<

*'[;.(*-i)I

R\ iL

Trading Session {t ~ l)\ Trading Session (t)

FIGURE 4
Representation ol last trade times observed during eonsecutive trading sessions for two arbitrarj'

securities.

definable over fixed session-letigth horizons but rather over stoehastie
intervals that depend eritically on the nature of the quote (or transaction)
arrival proeess. In some sense, the observed returns proeess can be said
to be subordinated to the trading proeess. Observed moments ean be
sbovvn to be related to trtie moments via some standard lunetions. In
addition, observed covarianees (and, eonseqLiently, observed correlations)
are elfectively measured only over common overlap intervals sueh as
those depicted by the slashed lines (/////) in I igure 4.

Ibe notation adopted is straightforward. Observed returns and mo-
ments are labeled witb tbe transaetion superscript T, whereas unobserved
returns and moments are labeled v\itbout tbe superseript T. For instance,
Rj, denotes asset i's true return dLiring tbe session (f — 1, i), wbereas
Rj, denotes tbe observed return during that session as a result of tbe
iiliquidity. Botb R^, and R^ are labeled in Figure 4. Similarly, a^ denotes
tbe trtie unconditional eontemporaneous covariance betv\cen assets i and

j , wbereas U;J denotes tbe observed conditional covariance (based on a
relevant conditional expeetation witb respect to H/, and RJt instead of A;,
and H,,).

Using X; and Xj to denote quote (alternatively, transaction) arrival
rates akin to that ol Poisson distributions, Scboles and Williams (1976)
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derived a set of relations between the true and transactions-based
moments:

and

Cov(Rj, Rj,) = aJ -

Var(Rj) = (GfV =

(1)

(2)

where a(X,j,?i.j), y{X^^X\}•. O(A.j,Vj). and 6(? ĵ,Vj) are lunctidns of the nontrad-

ing parameters X-^ and X^ and the coelTicients of variation Vj and Vj are

defined b\

+
1 I

(1 - - e ••>

1

1 - e 1 - e

V; =
v'VarlH,,) CT;

From the previous equations, it is straightforward to show thai lor ob-
serx'ed returns Rj, and Rj,, the observed (transactions-based) eorrelation
Pi' is related lo the Irue eorrelation p|j hy

(3)

or, equivalently,

)J = R[X;,Xp\'i,\'j)-pij

where
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is a bias funetion attributed to the observed eorrelation as n result of tbe
nonsynebronous trading parameters X; and ?.j and tbeir respeetive eoei-
fieienls ol variation V|, Vj. IJy definition, ibe bias is restricted to lie between
0 and I. A bias of I indicates perfeet neutrality between tbe obser\ed and
true correlations, wbereas a bias near 0 indicates tbat tbe observed eor-
relation understates the true eorrelation by a multiplicative inverse of the
bias. For added insigbt. Figure S sbows a plot of tbe eorrelation bias
lunetion B(X,, X-^, Vj, Vj) lor various configurations of parameter \alues. It
is elear from tbis figure tbat as tbe trading parameters z., and Aj increase'
indefinitely, tbe bias goes to unity, regardless of tbe values oP V'i and Vj.
Ibis is intuitive beeause in tbe limit of continuous trading, tbere is full
synehronieity, so observed correlations based on transaetions data provide
a good approximation for true correlations. Witb Vj and Vj kept ut plausible
levels. Figure S also sbows tbat tbe worst biases, values of B(>.j, ?.|, V|, Vj)
close to zero, oeeur when one of tbe trading parameters is large and tbe
otber Is small. In tbis ease, obserxed ecnarianees are likely to significantly
understate true eo\arianees.^ Indeed, for small values of'Xj(/.j), large val-
ues of X^(Xi) can all but annibilate tbe true eorrelation. Ibe correlation
bias is also signifieant wbenever botb X; and X^ are smail, as it sbould be.
Ibe efleets of v, and Vj are somewbat second order in nature beeause no
direet notion of synebronicity is involved.''

Having presented tbe Seholes-Williams (Scholes & Williams, 1976)
model, ue nov\ examine tbe empirieal links between observed and true
eorrelations and consider tbe question of bow to estimate tbe true (unoh-
servable) eorrelations v\itb minimal measurement error.

Rectification of the IVIismea<iured Observed
Correlation

t'onsider again the relation between true correlations pjj and observed
eorrelations p'j (based on tbe quotation data) deseribed earlier in |{qua-

lnirf<isinf> (dcLTt'.isinf;) ii iratlinj; [larami^lor siuli .is A, is lanlamniuU lo iiitTt'iisin^ (dfcrt'iisinji) iht-
dilliTfritinf; inifnLil. I his is simply because iht'rt- arc more Ir^insaclions (iLturrin^ il' the sampling
intcrviii incrciiscs. Ihe Sc holes-Will iii ms ISchules & VVillinms. 1976) miKlel. thcrflore. allows lorn
vcr\- fonvcnit-nl mapping bclwefii ihe tntlinji inlerwi! and ihc intcnsii\ of iratles in that inteniil.
clfeili\i'iy a linear sciilitij; ol' /.,.
'^Stholfs and Williams 1197f>, 1977) were the lirst lo dociimciil these el'lecls.

Lamlida is nol ailo\^ed lo hf c(|Li;il Ui 7er() hetaiisc doin^ so might lead Ui nomleliried solirtions
under lhis tnriniiLition. I his is like imposini; ,\ minimum ol i(]i(--tnKle-per-sessi(i]i restriction.
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wliere
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\

FIGURE 5
Bias i'unclion BO.j, /^j, v,, V;) for the theoretical correlation cofnicienl p,'
returns /?/ iind RJ for two stcieks i and ; when lioih stoeks ;ire iiieiisiired uith Poisson trading

Intensities Xj and Xj and true coclficienls ol vLiriLition Vj and v̂ .
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tion ^. For a satiiple oi j \ obscnutions based oti lhe returtis R',, RJ, [t —
1.2,3, . . . .iV) o\ traticci assets i and j , the standard moments estimator
(or the contctnporaneoLis correlation is

N

^ {Rj, - Rj) {Rj, - R

\̂ iLh the Following prohahility limit (assuming that the Seholes—Williams
tnodel represents the illit|uidily pnjeess eorreetly):

plim p/j — B(? ;̂Aj.V;,Vj)p-

1 he usual moments estimator p/j is hiased dow nvvard aecording to E(|ua-
tion 4, the hias stemming From the nonoverlap hand (I igure 4) that in-
duees a certain atnount of nonsynchronieity related leakage oF lhe true
covariational structure. An unhiased estimator may he ohtained through
reetiCication oF the standard estimator hy the hias. A rectified and unhi-
ased estimator p;- is gi\en hy

Note that 6L{X;XJ) and S(A.i,v,) are estimated hy the moment estimator
funetions a(X|, A.,) and 6(Xj, V;), wilh the paratneters replaced hy their
estimates, whore

N

( = 1

and

Rj = '-^
N
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In tho previous equation, h, and Xj are estimates based on the sample
means of the quote arrival rates for the particular differeneing intervals
being examined.

Consider a high-frequency data set that has been partitioned into N
subperiods. where eaeh subperiod is the smallest session that is eonven-
ient tor observation. Denote the totai number oi quote arrivals lor the tih
subperiod (( = 1,2,3, . . . ,N) by V^ Tben. the mean quote arrival rate X,
for tbis smallest interval is well estimated by its sample mean:

li tbe difiereneinj; interval is redueed, for example, to halt the previous
value, tbe new sample size is simply doubled to 2N obser\'ations and the
associated quote arrival intensity is simply adjusted'" to be 1", wbere

A = -
2T

In general, if tbe ditfereneing intenal is a multiple (e.g., ii) ot tbe smallest
interval, tben tbe associated quote arrival rate is given by

K" -

For the rest ot tbis article, v\e omit ibe sLiperseript n tOr tbe differeneing
interval, and it ean be assumed tbat tbe relevant quote arrival intensities
X, bave already been adjusted tor tbe appropriate diFfereneing interval.
Tbe reetitied estimator is tben given by

(7)

Equation 7 is tbe rectified estimator tbat we use from now on. It is per-

' " l his ;isstinifs i l u l ilii- tlislrilniliiin nIlniLlfs is tmirdrni incr sonic inli.T\iil, lo iRcornrmiclLilf more

complex trading piillerns. such its ihul doetunenlctl liy VVuoti. Mclnisli , iiiiiJ Ortl (I 9SS), we need lo

f'tne-ltine the ^.,s lo the lime viiriiilion presenl . We leiive this aspecl lor future research iind ciincen-

Irale lor ihc momcnl . lor the sake oi parsimiin\. iin a simpler hin.kdro|> lor ihe tratlinj; process.
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baps important to state ibat ibe rectitieation ol p̂ ' is only partial. Part ot"
tbe reason for tbis Is tbat Equation 7 suffers from tbe problem of not
being necessarily positive detinite; rectified correlations can exceed one
in absolute value v\ben sample sizes are not large enoiigb. Korkie (1989)
deseribed tbis somevvbat teebnieal issue in yreal detail.

DATA AND FURTHER TESTS

Tbe ciirreney exebange-ratc data lor tbis study were obtained from tbe
bigb-frequeney database supplied by Olsen & Associates (O & A) ot'Zu-
rieb, Switzerland.'' Tbe excbange-rate data consists of real-time (GMT)
stamped (to tbe nearest second) bid-ask quotes tor three major exebange
rates, namely, tbe USS-l) i \ I . Japanese yen-US$, and tbe eross Japanese
yen—DM rate. However, we used only tbe first two exebange rates lor tbe
main part of tbis study. Altbougb observations for tbe 1 -year period from
October 1. 1992 to September 30, 1993 ineluded weekends, we deleted
weekend quotes on account of tbe verv' thin quote arrivals. Returns were
computed based on a basic 5-min sampling interval. Tbe use ot 5-min
returns yielded 73.728 observations for eaeb priee after tbe deletion of
weekends and public bolidays. a very sizable data set indeed.

Altbough tbe use ot quote data alleviates tbe liquiditv problem to
some extent, we also mention in passing tbat quote data are not neces-
sarily tbe perieet solution and may even pose new problems, lor Instance,
a problem ean arise it tbere are many trades taking piaee witbin tbe b id -
ask quotes, but these quotes do not change alter tbe trades bave taken
plaee. In tbis situation, quote returns will suiter a positive serial corre-
lation bias. However, tbis is more of a problem for stoek data. The ad-
vantage in currency data lies in tbe greater intensity of quotes and trade
activity compared with equity markets.

Before proceeding to implement the Seholes-Williams (Scholes &
Williams, 1976) model of intret|Lient trading, v̂ e eonsidered the general
issue of trading liquidity and its temporal variations tor the case of our
exchange-rate data. Reeall that Figure 3 is a 24-hr plot of S-min X 5-
min average quotation arrival rates (estimated values ot the A.iS in the
Seholes-Williams intVequent trading model) for tbe USS-DM and USS—
yen exebange rates over the sample period. We also interpreted the nature
of the quote arrival proeess in lerms of tbe trading aetivity in tbe v arious
financial centers ot tbe vvorld. There was. tberefore, a legitimate reason

() & A is a rt'sciirch instil tile llial pnnities real time lorccasts, hisiorieal analysis, and trLidin^ailviie

ri)r \;irious foreign o\chanj;c rales.
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FIGURE 6
EmpiricLiI corrchition bias hinction bt'lwccn rt'lurns tor tbf USS-DM and US$—yen t'xf

rates, [he plol shows the (.'iiipiriciil bi;is kinction B{X,, X^. Vj, V;) lor the Scholes-Williams (1976)
intreqiienl trading model. Actual sample \alues lor the parameters are used to compute the

correlalion bias, and ihe resulls iire plotted on a 24-hr clock with 5-min returns lor the US$—
DM and USS-yen exehange rates.

to expect the quote arrival (liquidity) process to behave in accordance
with its strong observed 24-hr seasonality-

Next, we estimated quote arrival rates for the US$—DM and USS-
yen exchange rates and their respective coefficients of variation (i.e., }ij,
A.J, Vj, and Vj). We then computed the bias functions for the observed
correlations based on Equation 4 and plotted them on a T-min X 5-min
basis over a 24-hr clock in I igure 6.

Figure 6 is extremely interesting on several counts. Although it rep-
resents a theoretical model ofthe bias function and is based on a smooth
mathematical function as such, the input parameters are anything but
smooth, being based on sample data, wbJeh Figures 2 and 3 show contain
ver\' signiileant time var)ing patterns. Despite this smoothness property.
Figure 6 indicates that this empirical correlation bias function exhibits
considerable time variation, and in particular. Figure 6 is highly similar
to Figure 3; indeed, the correlation between the S-min quote arrival rate
X, for the USS—DM rate and the empirical correlation bias function is
extremely high at .901. This has the implieation that the empirical bias
funetion is able to track and aeeount for some of the liquidity variation,
despite tbe faet that it is a ])urely mathematieai function.

Finally, the empirical funetion plotted in Figure 6 was applied to
rectify the observed correlations of Figure 2, both being for the case of
5-min returns over a 24-hr clock. Over the 288 5-min slices ofthe 24-hr
clock, the average of the empirical correlation bias funetion was found
to be .888 witb a minimum ot .733 and a maximum oi .959. I heretore.
on average, the obser\'ed correlations in Figure 2 can understate the true
eorrelations by as mucb as ^69f, this arising only from liquidity
considerations.
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SUMMARY AND CONCLUSIONS

The glohal foreign exchange markets straddle many time zones and in-
elude several finaneial centers. Trading liquidity varies from minute to
minute aeeording to which linancial center is predominant at that point
in lime.

For corporate treasurers and foreign exchange arbitrageurs, the sue-
ecsstul application of certain intraday dynamic hedging strategics or the
accurate pricing of certain exotie curreney options requires a eonstant
evaluation of the correlation between the rates of return of tbe assoeiated
currency values.

In this study, we used high-frequency quotation-based curreney data
to first examine the time \arying nature of observed eontemporaneous
correlations between US$-I)M and USS-yen exchange rates. We then
proceeded to examine the quote arrival process for these currencies. The
observed correlations were found to vary somewhat with the quote arrival
proeess over a 24-hr elock. Arguing that ohscrved correlations arc highly
dependent on the liquidity structure of the traded assets, we invoked a
liquidity-based model derived from Seholes and Williams (1976). Use of
this model allowed for an explicit specification ofthe observed conditional
eorrclation as a joint multiplicative function of the true unconditional
correlation and a liquidity bias function. The mathematical correlation
bias function was studied along with its estimated empirical counterpart.
It was shown that the correlation bias was directly linked to the liquidity
process.

AJthough the particular liquidity model adopted in this study was
somewhat arbitrar\, the main point brought forth is that some form of
correction factor should be maintained between true and observed cor-
relations. It remains for future researeh to deal with the more technical
and eeonometric issue of how best to gauge more fully equilibrium values
of these correlations and to separate the true time variation from the more
spuriously induced variation engendered by liquidity considerations.
Much work, therefore, remains on the researeh agenda on this seore.
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