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A bstract

T his paperstudies thehighfrequencybehavioroftheinterbankforeignexchangemarket
withanewlycreateddatasetthatprovidesthemostcomprehensivepictureofactivityacross
themarketinexistence.M yanalysis indicatesthattradeactivitywithintheinterbankmarket
isdistinctfromthepostingofindicativequotes.Tradingandquote-makingdecisionsarelinked,
butthelinksarecomplicatedandpoorlyunderstood.I alsodocumenttheexistenceofstrong
relationship between exchangeratemovements and ameasureofexcess D ollardemand. A
tradingmodelis analyzedtoshowhowthestructureofthemarketcouldgiverisetosucha
microstructuree®ect.Emprically,thise®ectappearsimportantinthedeterminationofexchange
ratesathighfrequenciesandoverlongertimespansrelevantininternationalmacroeconomics.

¤P art ofthe research reported oninthispaper w ascond uc ted w hile Iw asvisitingthe FinancialM arketsG roup at
the L.S.E .and T he B ankofE ngland .Iam gratefulfor the hospitalityIreceived at b oth institutionsand acknow led ge
the ¯nancialsupport ofthe Houblon-NormanFund at T he B ankofE ngland .
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1 Introd uc tion

T hispaperstudiesthehighfrequencybehavioroftheinterbankforeignexchange(FX )marketwith
anewlycreateddataset.T hisdatasethasanumberofuniquefeaturesthatallowsustoexaminethe
microstructureoftheFX marketinwaysthatwerenotpreviouslypossible.Inparticular,itcontains
time-stampedtic-by-ticdataonbothquotes andtransactions forninecurrencies throughoutthe
interbankmarketfromM ay1 toA ugust31 1 996.T hesedataprovidebyfarthemostcomprehensive
pictureofactivityacrosstheFX marketinexistence.

M ostmicrostructureresearchontheFX markettodatehasutilizedthequotesmadebybanks
as shownonthescreensofspecialistinformationproviders,suchas R euters,Telerate,M inexand
Q uotron.1 T hesedatacanonlytellus alimitedamountaboutthemicrostructureofthemarket
forseveralreasons.First,thequotes areonly indicative.Inotherwords,theydonotrepresent
the r̄mbidandaskpricesatwhichabankwillenterintoatransaction.Second,researchershave
notedthatasmarketactivityintensī es traders becometoobusytokeep theirindicativequotes
up-to-date[L yons (1 996)].Third,thequoteseries usedbymanystudies is infactanonrandom
sampleoftheactuallyquotes postedbybanks.Consequently, itis unclearwhetherthedatain
thesestudiescanevenbeusedtogiveaccurateinferencesaboutquotebehavior.

Inresponsetotheseshortcomings,afewstudieshavecollecteddataonFX transactions.L yons
(1 995,1 996)andYao(1 996)studythebehavioroftwoindividualdealers over5 and25 days re-
spectively.A lthoughthedatainthesestudiesaremuchmoresuitableforexaminingmicrostructure
issuesthanthequotedata,thedegreetowhichtheyrepresentactivityinthemarketasawholeis
di±culttoassess.A lso,theyareunsuitableforstudyingtheroleofheterogeneityintheworkingsof
themarket-anissuereceivingincreasingattentioninthetheoreticalliterature[seeO 'H ara(1 994)].
A sanalternative,G oodhartandItoandPayne(1 996)examinetradingonamultilateralelectronic
tradingsystemduringasingleday.A gain,thedegreetowhichthesedataarerepresentativeisun-
known.A s G oodhart,ItoandPayneacknowledge,tradingintheirsamplemaydi®ersignī cantly
from tradingonthesamesystem inthesurroundingdays andweeks.M oreover,transactions on
thesystemareatinyfractionoftotaltradingactivitysotheirtradesmaynotberepresentativeof
market-wideactivityevenifthedatacamefromatypicalday.

This paperbegins bydescribingthenewlycreateddatasetindetail.I explainhowthedata
was collectedtomakeclearwhatinformation itcanconveyaboutthemicrostructureoftheFX
market.T hisdiscussionalsoexplainswhythequotedataisnotsubjecttothesamplingproblems
thatbesetthequoteseriesusedinearlierstudies.

1T hisliterature hasgrow nquite rapid ly inrecent years, thanksinpart to the collec tionand d isseminationof
Reuter'squote d ata by the ¯rm ofO lsenand Associates.A partiallist ofpapersinclud es; B aillie and B ollerslev
(1991),B ollerslev and Domow itz (1993) and B ollerslev and M elvin(1994 ),Dacorogna,et al.(1993),E ngle,Ito,and
Lin,(1990 ),G ood hart and G iugale (1993),G uillaume,et al(1994 a),and Ito,E ngle,and Lin,(199 2 ).
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I nextpresentapreliminaryanalysis ofthedata.The r̄stnoteworthyfeatureconcerns the
pronounceddegreeofheterogeneityacrossthecurrencyspotmarkets.Intermsofsizeandliquidity,
thedataindicatethatthemarketfortheD M ark/D ollaris quiteunlikeotherspotmarkets.A sa
consequence,themicrostructureanalysis ofthis particularmarketmaynotbeveryapplicableto
thespotmarkets formanyothercurrencies.N evertheless,myanalysis focuses primarilyonthe
D M ark/D ollarinlinewithmostexistingresearch.

Theseasonalpatterns intransactionsandquotesareexaminednext.Suchpatternshavebeen
observed in previous studies,andarepresenthere.I alsostudybivariaterelationships between
transactions andquotes. Sincemarket-widetransactions datahas notbeenavailabletoearlier
researchers,existingstudieshavetriedtodrawinferencesabouttradingactivityfromthebehavior
ofquotes.2 M yanalysisprovidessomeperspectiveontheaccuracyoftheseinferences.I n̄dthat
typicalmeasures, suchas thequantityofquotes andtheirvolatility,onlyprovideamoderately
accurateindicationoftradeactivityathighfrequencies.

M yanalysis alsoconsiders therelationship betweenvolatility,volumeandspreads.T helinks
betweenthesevariables intheFX markethas been studied bynumerous authors.3 H ere I n̄d
remarkablylittleevidenceoflinks ineitherthetransactionsorthequotedata.H owever,another
relationship does standout.I n̄dthatmovements intransactions prices [i.e.,thespotexchange
rate]arestronglycorrelatedwithamarket-widemeasureofexcessdollardemand.T hisrelationship
ispresentaveryhighfrequenciesandoverlongperiodsofdays,weeksandpossiblyevenmonths.

This n̄dingisnewtothemicrostructureliteratureonforeignexchangeandis potentiallyim-
portantfortworeasons.First,theresultappears inconsistentwiththestandarde±cientmarkets
paradigm inwhichtheinstitutionalstructureofthemarketistreatedasirrelevanttothedetermi-
nationofequilibrium prices.Thus,theanalysisofthisnewdataallowsustomakeapremiafacie
caseforrelevanceofmarketmicrostructureinthedeterminationofexchangerates.Second,the
statisticallinkbetweenexchangeratesandexcessdemanddoesnotdisappearwhenweconsiderthe
dataoverthelongertimespans.W hateverits origins,thismicrostructuree®ectappearsrelevant
toexchangeratedynamicsatmacroeconomicfrequencies.

Toexaminethepossibleoriginsoftherelationshipbetweenexcessdemandandpriceschanges,I
developasimpletradingmodel.T hemodelemphasisthreefeaturesoftheFX market;decentralized
trading,thelackoftransparency,andheterogeneous informationamongsttraders.Itprovides a
relativelysimplerationaleforthecorrelationobservedinthedata.

The n̄alsectionofthepaperstudies thedynamicproperties ofthetransactions andquote

2 For example, B ollerslev and Domow itz (1993) use a algorithm to construc t artī c ialtransac tionpricesfrom
ind icative quotes.

3See,for example,B essembind er (1994 ),B ollerslev and M elvin(1994 ),Demosand G ood hart (19 92 ), G lassman
(1987),Hartman(1997),G uillaume et al(1994 a),and Wei(1994 ).
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datawithaseries ofVectorA utoregressions (V A R s).T heaim hereis two-fold.First,I wantto
documentanycharacteristicfeaturesofthedatathatcanserveasthebasis forfuturetheoretical
research.Second,I wishtoexaminetheextenttowhichhighfrequencydynamics oftransactions
dataarere° ectedinthebehaviorofquotes,andvise-versa.

Theresults from theVA R analysis maybesummarizedas follows:T hereis ampleevidence
tosuggestthatthe postingofquotes is a distinctactivity ratherthan an adjunctoftrading.
N evertheless,thedataalsoindicatethatquoteandtradingdecisionsarenotmakeindependently
from oneanother. Changes in tradingactivitywithin the interbankmarketsignī cantlya®ect
quoteswhileinnovations inquoteactivitya®ecttransactions.T heseresults suggestthepresence
ofacomplexinteractionbetweentransactionsandquotesthatneedstobeexploredtheoretically.
Inshort,quotescannotbeviewedasimplyasnoisymeasuresoftransactions.

Thepaperisorganizedasfollows.Section2 describesthedata.Section3 presentstheprelimi-
naryanalysisofseasonalityandthebivariaterelationshipsbetweentransactionsandquotes.T he
tradingmodelis presentedandanalyzedinSection4.Section5 examines dynamicswiththeaid
ofVA R s.T hepaperendswithabriefsummary.

2 Data Description

T heanalysis inthispaperisbasedonanewlyconstructedmicrodatasetdetailingactivityinthe
spotforeignexchangemarketfrom M ay1 toA ugust31 ,1 996.T hedatasetcontainstime-stamped
tic-by-ticdataonbothindicativequotesandactualtransactionsforninecurrencies.Forthepurpose
ofthis study,I willfocus primarilyontheD ollar/D M arkmarket.T hesedatawerecollectedvia
anelectronicfeedthatwas customizedforthepurposebyR euters.4 T hefeedcontainedallthe
informationavailabletoFX traderssubscribingtotheR euters'systems.T his isthesourcesofthe
quotedata.Thefeedalsocontainedtransactionsdatathatwasunknowntomarketparticipants.
A partfrom asinglepowerfailurethatinterrupteddatacollectionforonetradingday,thedata
werecollectedcontinuouslyfrom M ay1 toA ugust31 ,1 996.

2 .1 TransactionsData

T hetransactionsdatacomefromtheR eutersD ealing20 0 0 -1 system.T hisisthemostwidelyused
electronicdealingsystem amongforeignexchangedealers.A ccordingtoR euters,approximately
60 % oftransactions intheinterbankmarkettakeplacethroughthesystem.U nliketheelectronic
brokerageD 20 0 0 -2 system examinedby G oodhart,Itoand Payne(1 996),D 20 0 0 -1 is abilateral

4 T hiselec tronic feed w asestimablished w hile Iw asvisitingT he B ankofE ngland asthe HoublonNormanFellow .
Iam verygreatfulto b oth T he B ankand Reutersfor authorizingthe feed and the help ofnumeroustechnicalsta®
insettingit up.
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tradingsystem.Tradesonthissystemtaketheformofelectronicconversations.Theconversation
isinitiatedwhenatradercallsanothertraderonthesystemaskingforaquote.U sersofthesystem
areexpectedtoprovideafastquotewithatightspreadwhich inturnareacceptedordeclined
veryquickly[approximatelywithinthreeseconds].A cceptanceofaquoteconstitutesatrade.A ll
electronicconversations,includingtradecon̄ rmations,areprintedoutbythebanks involvedfor
record.Inaddition,R euterskeepsarecordofalltheconversationsonthesystemforalimitedtime
tosettledisputes.T hisisthesourceofthetransactionsdata.Everytimeanelectronicconversation
onD 20 0 0 -1 results inatrade,theR eutersfeedprovidedatime-stampedrecordofthetransactions
price,aboughtorsoldindicator,andameasureofcumulativetradingvolume.R euterswasunable
toprovidetheidentityofthetradingpartners forcon̄ dentiallyreasons.

Severalfeaturesofthedataarenoteworthy.First,theyprovideinformationabouttransactions
acrossthewholeinterbankmarket.Itisclearfromthedailypatternoftradingintensityanalyzed
belowthattransactionsarerecordedbetweentradersaroundtheworld.TransactionsontheD 20 0 0 -
1 systemprovidethemostcomprehensivedatasourceofmarket-widetradingactivity[particularly
inEuropeandtheU S].T his contrastswithexistingstudiesofindividualtraders byL yons(1 995,
1 996)andYao(1 996),andtheelectronicbrokerageD 20 0 0 -2 system examinedbyG oodhart,Ito
andPayne(1 996)whichcapturesaverysmallfractionofdailytradingvolume.

Second,thesetransactions dataarenotknowntoFX traders eventhoughtheytradeonthe
D 20 0 0 -1 system.W hiledealershaveaccesstotheirowntradingrecords,theyareunabletoreceive
arecordofothertransactionsonthesystem.T hetransactionsdatathereforerepresentsahistory
ofmarketactivitythatcanonlybeinferredindirectlybymarketparticipants.

Third, the datacoverareasonably longtime span;79 days afteraccountingforweekends,
holidaysandthefeedinterruption.T his is importantbecauseitallowsus toestimate\ seasonal"
patterns in marketactivitywith muchmore precision thanwould bepossible ifthedataonly
spannedafewdays.M anyexistingstudiesofquotedatahavenotedtheimportanceofcontrolling
forthese\ seasonals"whenanalyzingotherfeaturesofthedata[see,BaillieandBollerslev(1 991 ),
A ndersenandBollerslev(1 994),D acorognaetal(1 993)andPayne(1 997)].T hespanofthedata
alsocovers aperiodduringwhichmacroeconomicconditions aroundtheworldvaried. A s such
thedatahasthepotentialtouncoverthemechanism throughwhichmacroeconomicnews impacts
uponthemarket.Currently,thismechanism isverypoorlyunderstood.A factthatmotivatesthis
lineofFX research.

2 .2 Quote Data

T hetransactions dataarecomplementedbytheD FX series ofindicativequotes reportedonthe
R euters informationterminals.Foreachcurrency,theD FX series includes thetime-stamped in-
dicativebidandaskpricewiththeidentityofthebankpostingthequotetoR euters.526 di®erent
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banks postquotes duringthesample.Forheavilytradedcurrencies liketheD M ark/D ollar,itis
notuncommonforseveralquotestobereportedeachsecond.

TheD FX seriesdi®ersfromthequoteseriesthathasbeenusedinotherstudies,theFX FX series
[see,forexample,BaillieandBollerslev(1 991 ),G oodhartandFigliuoli (1 991 ),andG uillaumeetal
(1 994)].R euterstransmits theFX FX andD FX datatoits terminalsthroughdi®erentnetworks.
W hiletheD FX datausesahighspeeddigitalnetworkthatcankeepupwiththehighfrequencyof
quotesreceivedfrom banks,theFX FX datausesanoldersystemwithamuchlowerthroughput.
Tokeep the FX FX series \ up-to-date", R euters only sends a sample ofthe quotes itreceives
downthis network.A s thefrequencywithwhichbanks postquotes rises,R euters has tosenda
smallerfractionofthequotes intotheFX FX networktokeeptimelyquotesarrivingatterminals.
Consequently,theFX FX dataisanon-randomsampleofthequotesbeingpostedtoR euters.T his
createsproblemsfortheanalysisoftheFX FX dataatveryhighfrequencies.Forthisreason,the
analysisbelowusestheD FX quoteseries inconjunctionwiththetransactionsdata.

3 P reliminaryAnalysis

T hissectionsummarizesthemainstatisticalfeaturesofthetransactionsandquotedata.Sinceall
theseriesattime-stampedtothesecond,thedatasetise®ectivelyacontinuoustimepanelcompris-
ingtheanonymoustransactionsdataandtheindicativequotesmadeby526 banks.A nalyzingthis
datais complicatedbythefactthatsuccessiveobservations oneachseries occurattime-varying
intervals.M oreover,sincethetimingofobservationsdependsonmarketparticipantsactions,itis
unlikelytobeindependentofothervariables.Forexample,thefrequencyoftransactionsmaywell
bycorrelatedwiththevarianceofquotesmeasureoversomepastinterval.A lthoughmodelsexist
thatcanaccountforsuchdependencies,[see,forexample,Engle(1 996)],theyrequireagooddeal
ofstructure.A s such,theyanotwell-suitedtothepreliminaryanalysisundertakenhere.BelowI
conductmyanalysisovera x̄edtimeintervalof v̄eminutes.T heseries studiedwillbestatistics
derivedfromthecontinuousdataduringthisinterval.A lso,sincemyaimistosummarizethemain
statisticalfeaturesofthemarket,I willnotanalyzethequotesmadebyindividualsbanks.

Table1 showsthecurrenciescoveredbythedatasetrankedbythenumberoftransactions.Even
atthishighlyaggregatelevel,severalfeaturesareworthpointingout.First,thereisapronounced
degreeofheterogeneityacross the individualspotmarkets. W hethermeasured bytransactions
orquotes,theD M arkappears byfarthemostactivemarket.Bycomparison,themarkets for
theG ilderandKronaappearveryinactive.O fcoursethesedi®erences maynotbeacompletely
accuratere° ectionofmarketactivitybecausenotallbilateraltransactionspassthroughtheD 20 0 0 -
1 system.N evertheless,thedataincolumn(i)dosuggestthatthemicrostructureanalysisofthe
D M arkmarketisunlikelytobeapplicableacrossalargenumberofcurrencies.
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Table1 :D ataD escription

Currency/$ Trades Q uotes(D FX ) R atio N umberofBanks
5 1 0 25 50 Total

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii)
G ermanD M ark 257,398 639,21 6 40 .26% 28.62% 45.0 4% 70 .32% 87.21 % 382
JapaneseYen 1 52,238 1 63,0 74 93.36% 30 .30 % 47.70 % 74.78% 87.73% 263
SwissFranc 67,985 1 71 ,230 39.70 % 52.38% 68.26% 91.43% 97.0 9% 1 94

PoundSterling 52,31 8 1 37,656 38.0 1 % 48.26% 69.78% 86.0 7% 94.1 7% 32
FrenchFranc 20 ,553 75,21 9 27.32% 63.56% 80 .43% 94.86% 99.43% 1 54
ItalianL ira 8,466 1 65,1 44 5.1 2% 58.0 4% 79.40 % 95.84% 99.25% 30
B egiumFranc 5,256 36,1 43 1 4.54% 87.28% 95.61 % 99.90 % 99.99% 83
D utchG uilder 3,646 1 29,450 2.82% 77.37% 91.68% 99.33% 99.99% 88
D anishKrona 1 ,488 72,0 37 2.0 7% 80 .55% 97.53% 99.99% 99.99% 48

N otes:Columns(i)and(ii)reportthetotalnumberoftradesandquotesforeachcurrencyrecorded
from M ay1 toA ugust31 ,1 996.Column(iii)reportstheratiooftradestoquotes.Columns(iv)to
(vii)showsthepercentageofquotesoriginatingfromthe5 to50 mostactivequotingbanksforeach
currency.T hetotalnumberofbanksquotingthecurrencyarereportedunder(viii).

T he second strikingfeature ofTable 1 concerns the ratiooftransactions toquotes shown
incolumn(iii).T his ratiois remarkablysimilaramongstthemostactiveEuropeancurrencies;
approximately39%.T heratiofortheYen,bycontrast,isover93%.T hemostlikelyexplanation
forthisdi®erencerelatestotheinternationalprominenceofR euters'informationsystems.InA sian
markets,R eutersappearstofacemuchstrongercompetitionfromothernewsservicessuchasM inex
thanfrom alternativebilateraldealingsystems.A s aresult,theR euters system over-reports the
ratioofYentransactionstoquotesduringA siantrading.A mongstthelessactivecurrencies,the
ratioofquotestotransactionsismorevaried,butitalwaysappearstobewellbelowthe40 % level.

Therighthandcolumns ofthetablepresentstatistics onthedistributionofquotes amongst
banks. Columns (iv)-(vii)reports the fraction ofquotes originatingfrom the 5-50 banks that
mostactivelyquotethecurrency.T hesestatistics indicatethedegreetowhichquoteactivityis
concentratedinafewbanks.A sthetableshows,quoteactivityisheavilyconcentratedamongsta
fewbanksparticularlyforthelessactivelytradedcurrencies.InthecaseoftheD M ark,forexample,
87% ofthequotesoriginatefromjust1 3% ofbanksthateverquotethecurrency[reportedincolumn
(viii)].T heseheavyconcentrationscomplicateinferencesdrawnfromthequotedata.T heysuggest
thattheinformationcontentofaquotemaydependonboththequotedpricesandthebankposting
theinformation.A saresult,itmaynotbeappropriatetotreatthequotesasahomogenousseries,
[i.e.,as iftheyoriginatedfromasinglerepresentativebank],ashasbeenthestandardapproachin
theliterature.T heheavyconcentrationofquotes alsocalls attentiontothefactthatwehavea
veryincompleteunderstandingofwhybankspostquotes.A factthatI shallreturntobelow.
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3.1 Seasonals

I beginmyanalysis beexaminingtherecurrentpatterns intradingandquoteactivitythattake
placeoverthetradingday.Such patterns areoftenreferred toas \ seasonals"intheliterature.
H ereafter,I shallfocusmydiscussiononthebehavioroftheD M arkmarket.5

Severalstudies havedocumented systematicpatterns intheintra-dayvolatilityofindicative
quotes [see,forexample,Engle,Itoand L in(1 990 ),B aillieandBollerslev(1 991),Bollerslevand
D omowitz (1 993),G oodhartand G iugale(1 993)andPayne(1 997)].Thesepatterns arethought
tobe indicativeofthe intra-dailypatterns in tradingvolume insofaras theyappearrelated to
theopeningandclosureofFX markets aroundtheworld.Figure1 shows theintra-daypatterns
ofvolatilityinaskquotes andtransactions prices.Volatilityineachseries is calculatedfrom the
standarddeviationofthesecond-by-secondobservationsovera v̄eminuteperiod.Thesolidline
plots theaveragevolatilityfortheparticularperiodoverthe79 tradingdays inthesample.T he
lowerandupperdashedlinesshowthe1 0 % and90 % boundsofthevolatilitydistributioncalculated
overthesample.T heseboundsindicatethedegreetowhichvolatilityatagiventimedi®ersacross
tradingdays.

PanelI plots thevolatility in askquotes againstB ritish SummerT ime(B ST).O n average,
volatilityrisesoverthetradingday,peekingaround1 60 0 hrs.B ST .T hispatternissimilartothat
found inearlierstudies basedontheFX FX quotedataandarecommonlyattributedtomarket
openingsandclosuresaroundtheworld[A ndersenandBollerslev(1 994),D acorognaetal(1 993),
andPayne(1 996)].A s supportforthisview,PanelII plotstheseasonalpatterninquoteintensity
[measuredbythenumberofquotes per v̄eminuteinterval].H ereweseethatquoteactivityis
heavilyconcentratedbetween80 0 hrs.and170 0 hrs.B ST whentheEuropeanmarketsareopen.

H owdothese seasonalpatterns in quotevolatility and intensitycomparewith transactions
prices? Panels III and IV plotthevolatilityofaskingprices andtransactionintensity[measured
bythenumberofdollarpurchases per v̄eminuteinterval].H ereweseesomeevidenceofa\ U -
shaped"patterninvolatilitybetween80 0 hrs.and170 0 hrs.B ST .A lthoughthechangeinaverage
volatilityis smallcomparedtotheerrorbands,this seasonalpatternismorepronouncedthanin
thequotedata.Itis alsoworthnotingthattheaveragevolatilityoftransactions prices is higher
thatthevolatilityofquotes,particularlyaround80 0 hrs.B ST .T he\ U -shaped"volatilitypattern
corresponds totheseasonalintradingintensity.PanelIV shows thatonaverageintensityrises
after80 0 hrs.B ST ,peeks around 1 0 0 0 hrs.,andthendeclines towards mid-daybeforepeeking
again in the afternoon before 1 60 0 hrs. B ST .6 O verall, these plots indicate thatthe seasonal
relationship betweenquoteintensityandvolatilityis reasonablyrepresentativeoftherelationship

5Allthe analysisreported b elow w asalso c ond uc ted w ith the Y enand the P ound .To conserve space,Ishallonly
refer to these resultsw hentheystand incontrast w ith the DM ark.

6Inthe case ofthe Y en,there isalso a peekinac tivityaround 4 0 0 hrs.BST .
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betweentransactionintensityandvolatility.
Figure2 compares theseasonalpatterns in quotedbidandaskprices with thebid andask

prices atwhichtransactions takeplace.PanelI plots themeanspreadbetweenthequotedask
andbidD M arkpriceforD ollarsover v̄eminuteintervalsaveragedoverthesampleof79 trading
days.T hemostprominentfeatureofthesedatais theriseinthemeanspreadlateinthetrading
daybetween20 0 0 and220 0 hrs.B ST .T his featureis surprisingbecauseitoccurswellafterthe
majorityofquoteandtradeactivityhasdiedout[seeFigure1].M oreover,itdoes notappearto
berelatedtoan \ end-of-the-week"e®ect.T hemeanspreadonFridays,plottedwiththedashed
line,followsthesamepattern.

PanelII plotstheaveragevolatilityofthequotedspread[calculatedasthestandarddeviation
over v̄eminutes]togetherwiththe1 0 % and90 % samplebounds.Spreadvolatilityremainsstable
duringperiodswherequoteandtradingactivityishigh;between1 0 0 0 and20 0 0 hrs.B ST .O utside
ofthis period,thereis muchmoretimeseries variation inaveragevolatilityandvariabilityata
given timeacross di®erentdays. Becausethesepatterns areheavily in° uencebythequotes of
individualbanks,theycannotbeviewedasrepresentingmarket-widephenomena.

TheD FX quotes arewidelyrecognizedas being\ indicative"ratherthan r̄m,andsodonot
representanycommitmentbythequotertotradeatthequotedprices.A ssuch,itisunclearthat
theseasonalpatternsinthespreadsshowninPanelsI andII canbeinterpretedasiftheywerethe
\ r̄m"spreads facedbytraders inthemarket.7 U nfortunately,wecannotstudythebehaviorof
the r̄m spreadsdirectlyinthisdatasetbecauseweonlyobserverthe r̄m bidoraskpriceo®ered
toacallerthatresults inatrade.Toavoid such sampleselectionproblems atthis earlystage,
I consideranotherstatisticderivedfrom thetransactions pricesthatprovides furtherevidenceof
seasonality.

Panels III andIV plottherangeoftransactionspricesaveragedoverthesampleof79 trading
daysandthebandsof1 0 % and90 % [therangeiscalculatedasthedi®erencebetweenthelargestand
smallestpurchase(sale)pricedividedbythenumberofpurchases(sales)duringeach v̄eminute
interval].Inbothcases,thereisevidenceofa\ U -shaped"patternintheaveragerangeduringthe
periodofhightradingactivity;80 0 to1 80 0 hrs.B ST .Interestingly,theU -shapedpatternextends
outsidetheperiodofheavytradinginthecaseofbidpricesbutnotaskprices.A tpresent,these
patternsdonothaveanyobvious interpretation.

7Nevertheless,severalstud ieshaveexamined their b ehavior insearch ofliquid itye®ec ts[see,for example,G lassman
(1987), B essemb ind er (1994 ) and Hartmann(1997)]. O ther researchers,notab ly Lyons(1995) G ood hart, Ito and
P ayne (1996),have expressed reservationsregard ingthe use ofind icative spread sasa measure ofthe spread b etw een
¯rm quoteso®ered inthe interb ankmarket.
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3.2 Quotesand Transac tions

M ostresearchtodatehas used indicativequotedatatodrawinferences aboutbehaviorin the
interbankFX market.Toexaminetheaccuracyoftheseinferences,I shallanalyzetherelationships
betweenthequoteandtransactionsdataatanhourlyfrequencywithaseriesofscatterplots.These
plotsprovideasimplenon-parametricmeanstoexaminebivariaterelationships inthedata.

Figure3 examinesthelinks betweenquoteintensity[measuredasquotes perhour],volatility,
trades,andtradevolume.PanelI plotstherelationshipbetweenquoteintensityandthevolatility
ofaskquotescalculatedasthestandarddeviationofthelastaskquoteineach v̄eminuteperiod
duringthe hour. A s the plotshows, there is noevidenceofa signī cantpositiverelationship
betweenquoteintensityandvolatilitymeasuredatanhourlyfrequency.Similarly,PanelII shows
thatquoteintensityis unrelatedtothevolatilityoftransactionprices [measuredas thestandard
deviationofthelastaskprice ineach v̄eminuteperiodduringthehour].T hese n̄dings raise
somequestionsas totheusefulnessofquoteintensityas ameasureofmarketactivity.W hatever
motivatesindividualbankstochangethefrequencywithwhichtheypostquotes,itdoesnotappear
togreatlya®ecttheprices thatarequoted [relativetootherbanks],ortore° ectchanges inthe
dispersionoftransactionspricestheyobserveduringtrading.

ThelowerpanelsofFigure3 examinethelinksbetweenquoteintensityandtwodirectmeasures
oftradingactivity.PanelIII plots therelationship betweenquoteandtradeintensity.A lthough
therevariables arepositivelycorrelated,there is littleevidenceofasimpleone-to-onetherela-
tionship.R atherthedispersionoftradeintensityassociatedwithagivennumberofquotes per
hourappears largerathigherlevels ofquoteactivity. T his cone-shaped scatterpattern is also
evidentinPanelIV whichplotsquoteintensityagainstthedollarvalueoftransactionsduringeach
hour.Clearly,observations onquoteintensitydonotprovideaveryaccurateindicatorofactual
transactionsactivity.

Therelationshipbetweenthevolumeoftransactionsandthevolatilityoftransactionshasbeen
thesubjectofnumerous studies investigatingtheprocess ofpriceformation.Forexample, Ito,
L yons andM elvin(1 997)examinehowtheintroductionoftradingin Tokyooverthelunchhour
a®ectsthevolatilityofFX quoteswiththeaimofdiscerningtheimportanceofprivateinformation.
T hisdatasetallowsustoexaminetheimpactoftradingactivityonothervariablesdirectly-we
neednotfocusontheopeningandclosingoflocalmarkets.

Figure4 presents scatter-plots examiningthelinks betweentradeintensity,volatility,spreads
andvolume.Panels I and II showtherelationship betweentradeintensity,thevolatilityofask
quotes,andthevolatilityasktransactionprices.T heseplotsarequitesimilartothevolatilityplots
inFigure3.O verall,theyshownostrongrelationshipbetweentradeintensityandeithervolatility
measure.W hilevolatilitydoes appeartorisewithtradeintensitywhenthelatteris above60 0
tradesperhour,therearetoofewobservationstodrawanyreliableinferences.PanelIII compares
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trade intensitytothemeanquotespreadduringeachhour.O nceagain, itis veryhardtosee
anyrelationship from thescatter-plot.8 T herelationship betweentradeintensityandvolumeis
shown in panelIV .In contrasttotheotherplots,herethere is quiteatightlinkbetween the
variables.T heR 2 statisticfromaregressionofvolumeontradeintensityis 0 .87.T heaveragesize
ofatrade,measurebytheregressionslop coe±cientis $3.6m.T hereisnoregressionevidenceof
anonlinearrelationship betweentradeintensityandvolume-a n̄dingconsistentwiththevisual
evidenceinthescatter-plot.Consequentlythere is noindication in this datathatthesizeofa
typicaltransactionsvarieswithtradingintensity.

Sofarwehaveseenthatquoteintensitydoes notprovideaveryaccurateindicatoroftrans-
actionsactivity.Panels I andII ofFigure5 examinetheaccuracyofquotedprices.PanelI plots
thevolatilityofasktransactions prices againstthevolatilityoftheaskquotes.H ereweseethat
thevolatilityofquotesandtransactionspricesareonlycloselyassociatedduringperiodsofhigher
thanaveragevolatility.O therwise,there is noclearrelation.T hus,undermostcircumstances,
changes inquotevolatilityarenotindicativeofchangingvolatilityintransactions prices.Panel
II compareshourlychanges inquotedaskingpricesagainstchanges inasktransactionsprices.A s
theplotshows,thismeasureprovidesamuchmoreaccurateindicatoroftransactionspricesthan
doesquotevolatility.N evertheless,changesinthequotedpricesarefarfromacompletelyaccurate
measureofchangingtransactions prices.R egressingthechange in quotedprices onthechange
intransactions prices,weobtainaslopecoe±cientof0 .761 withastandard errorof0 .0 1 2 and
anR 2 statisticof0 .69.T huschanges in indicativequotestendtounderstatethedegreetowhich
transactionspricechangedinthemarket.Panels III andIV comparetradingvolumeagainstthe
quotespreadandvolatility.TheseplotsaresimilartothoseinFigure4 basedontradeintensity.

Insummary,twofeatures emergefrom Figures 3 - 5.First,thebehaviorofbothquotedand
tradedprices seemslargelyunrelatedtoquantitymeasuresofquotesortransactions.Second,the
quotedataonlyprovides amoderatelyaccurateindicationoftheprices andquantitiesthatarise
fromtradeinthemarket.

These n̄dingsshouldnotbeviewedastoosurprising.A fterall,thequotesareindicativeand
arewidelyrecognizedas beingsobothinsideandoutsidetheFX market.A s such,itis unlikely
thatthedecisiontopostaparticularquoteistightlycoordinatedwithabanks immediatetrading
activity.M oreover,evenifsomecoordinationispresent,quotescanonlyre° ectaverypartialview
oftradingactivitybasedonabank's individualmarketexperience.T hereis noreasontoexpect
thatquotes willaccuratelymirrortransactions across themarketatthehigh frequency studied
here.Inshort,therefore,theseresults servetounderlinethefactthattradingandthepostingof

8Ifthe quotesw ere ¯rm rather thanind icative and so represented a commitment to trad e,thisplot w ould provid e
quite a challenge to theoreticalmod elsthat linkspread sto market liquid ity.Here the absence ofany relationmost
prob ablyre°ec tsthe ind icative nature ofthe quotes.
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quotesaredistinctactivities.

3.3 P ricesand Transac tionsFlow s

O neofthemostinterestingfeaturesofthetransactionsdataisthatisprovides informationabout
theaggregatevolumeanddirectionoftransactions across thewholespotmarket.Inparticular,
thedatasetcontains informationonwhethertheinitiatorofatransaction[i.e.thecaller]bought
orsold theD ollar.From thesedatawecanconstructhigh frequencymeasures ofmarket-wide
demandforcurrenciesthatprovidesomeinsightintomarketmechanismsthathasnotbeenpossible
hitherto.A snotedintheintroduction,existingstudiesofFX transactionshaveeitherbeenbased
onindividualtraders as is L yons (1 994,1 995)andYao(1 996),orelectronictradingsystemsas in
G oodhartand Itoand Payne(1 995). In bothcases thedatausedrepresents atinyfractionof
market-wideactivity.

Figure6 provides somepreliminaryanalysis ofthesedata.Panels I andII comparethedaily
behavioroftheD M ark/D ollarwithameasureofexcess D ollardemand9,

Dt´
(N umberofD ollarPurchases)-(N umberofD ollarSales)

N umberofD ollarPurchases + Sales
:

PanelI plotsthedailychangeintheasktransactionspriceagainsttheexcessdemandmeasure.A s
theplotshows,thereisasurprisinglystrongandstatisticallysignī cantpositivecorrelationbetween
thesevariables.O ndayswhencallsbetweentradersresultedinmanymoredollarpurchasesthan
sales,the r̄m askingpricefordollarsrose.PanelII showsthecumulativee®ectsofthesedemand
imbalances onthelogexchangerateoverthesampleperiod.T hesolidlineshows thatthedaily
changes inexchangeratecumulateintoansizableappreciationoftheD ollarofalmost1 0 %.T he
dashedlineshowsthatthecumulativevaluesofDtfollowasimilarpath.

ThelowerpanelsofFigure6 examinetherelationshipbetweenexcessdemandandpricechanges
atthehourlyfrequency.PanelIII plotsthechangeinaskpricesbetweenthebeginningoftheday
andthecurrenthouragainsttheDtcalculatedintermsofthecumulatednumberofbuysandsells
tothecurrenthourthatday.A s theplotshows,therelationship betweenthesevariables ismore
complexthaninthedailydata.PanelIV clarī es thingsbyeliminatingalltheobservations from
PanelIII thatoccurbefore1 20 0 hrs.B ST .H eretheremainingobservations displaythepositive
relationseeninthedailydata.

Table2 reports regressionresults thatcomplementthevisualevidenceinFigure6.T heleft

9Notice that thismeasure d oesnot ac count for the trad ersw ishingto buy or selld ollarsw ho w ere unw illingto
trad e at the quoted price. Nor d oesit ac count for the d i®erent d ollar value ofind ivid ualtrad es. M oreover, the
meaure isonly d erived from transac tionsexecuted over the D2 0 0 0 -1 system and so isonly b ased onapproximately
60 % ofthe spot trad esinthe market.Despite these limitations,Dtisprob ably asgood a measure ofmarket-w id e
excessd emand that w e canconstruc t.
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Table2:Excess D emandR egressions

xt=® + ®Dt+
P

j ®jIj;t+
P

j®jIj;tDt+ ut
x= CummulativeH ourlyChange H ourlyChange

(i) (ii) (iii) (iv)
® 0 .0 1 65 (9.360 ) 0 .0 0 0 8 (0 .50 34) 0 .0 0 1 2 (3.7448) -0 .0 0 0 5 (1 .0 544)
®8 0 .0 1 1 7 (2.4662) 0 .0 0 0 7 (0 .5370 )
® 1 0 0 .0 271 (4.1 287) 0 .0 0 67 (3.2497)
® 1 2 0 .0 547 (6.3757) 0 .0 0 60 (3.3854)
® 1 4 0 .0 949 (9.3322) 0 .0 1 0 4 (5.6895)
® 1 6 0 .1 40 8 (1 1 .1 50 6) 0 .0 1 44 (6.9942)
® 1 8 0 .1 877 (1 4.1 358) 0 .0 0 79 (4.7649)
®20 0 .20 26 (23.2632) 0 .0 0 0 8 (1 .0 875)

R 2 0 .0 483 0 .3846 0 .0 0 81 0 .0 728
See 0.0 0 49 0 .0 0 34 0 .0 0 1 4 0 .0 0 1 4
d.f. 1725 1 71 1 1 725 1 71 1

N otes:Incolumns(i)and(ii)xt isthecumulativehourlychangeoverthedaycalculatedasP t¡P 0
t;

whereP 0
t is the r̄stasktransactions priceoftheday,and Pt is lastasktransactions priceinthe

currenthour.Dt is calculatedintermsofthenumberofD ollarpurchasesandsalestothecurrent
hourduringtheday.Ij;t is anindicatorvariablethattakesthevalueofoneiftheobservationfalls
between(j¡2)£1 0 0 andj£1 0 0 hrs.B ST .Incolumns (iii)and(iv)xt is thehourlychangein
theasktransactionspriceandDt iscalculatedintermsofthenumberofD ollarpurchasesandsales
duringthepasthour.T -statisticsarereportedinparenthesis.

handpanelshows results from regressingthecumulativehourlychangeinaskingpriceoverthe
day,oncumulativehourlyexcessdemandduringtheday.T hepositiveandstatisticallysignī cant
slopecoe±cientreportedunder(i)con̄ rms thevisualevidencein PanelIII ofFigure6.U nder
(ii),thetableshows results from aregressionthatincludes dummies fortwohourlyintervals in
boththeslopeandinterceptcoe±cientsthatrunfrom 80 0 to20 0 0 hrs.B ST .H ereweseethatthe
cumulativechangeinthespotrateismorestronglyassociatedwiththecumulativeexcessdemand
asthetradingdayprogresses.

Therighthandcolumnsofthetablereportresults from regressingthehourlychangeinspot
pricesoncumulativeexcessdemandduringthepasthour.T heseregressionsshowusthedegreeto
whichvariations inexcess demandareassociatedwithspotpricechangesatanhourlyfrequency.
U nder(iii)weseethatthereis apositiveandstatisticallysignī cantrelationship -althoughitis
weakerthanthatreportedunder(i).Column(iv)reports theresultswithseasonaldummies on
boththeinterceptandslopecoe±cients.Itisevidentfromtheseresultsthatexcessdemandismost
stronglyassociatedwithpricebetween1 20 0 and1 60 0 B ST ,theperiodduringwhichthemarketis
mostactive[SeeFigure1].

Theresults in Figure6 and Table2 arequitesurprising.T hey suggestthattypicaltraders
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systematically\ under-adjust"their r̄mquotestochangingmarketconditions:Tounderstandthis
interpretation, considertheperspectiveofatypicaltrader, TraderA ,whoreceives acallfrom
TraderB askingforaquote.U ndernormalcircumstances,[i.e,intheabsenceofalargeundesired
inventory],wewouldexpectedTraderA togivequotesthatequalizetheexanteprobabilityofbeing
hitatthebidortheask.A lthoughA knowstheidentityofB ,hedoesnotknowB'sreservationbid
andaskpriceswhicharebasedonherinventory,customerorder° owandtradinghistory.Instead,
A mustmakeanassessmentofthesereservationpricesbasedonhisownmarketexperience.

N owsupposethatcustomerorders aroundthemarkethavegeneratedanexcess demand for
dollars duringtheday. In otherwords,across themarketmore [ r̄m]quotes havebeen hitat
theaskthanatthebid.N oindividualtraderobservesthisdirectly.Insteadtheirtradinghistory
contains a sample ofthis activity. If A 's tradinghistory contained arepresentative sampleof
market-wideactivityunderthesecircumstances,hewouldraisetheaskprice[relativetothebid
price]toequalizetheex anteprobabilityofbeinghitateitherquote.A ssumingA 's actions are
representative,theirmarket-widee®ectsareclear.A lthoughsomecallerswillhitthehigherasking
priceforidiosyncraticreasons,thenumberofcallsacrossthemarketresultinginbuys shouldfall
relativetothenumberofsales.A saresult,thecumulativeimbalancebetweenpurchasesandsales
willfall.A tthesametime,theaveragesalespriceacrossthemarketwillrisebecausesomecallers
continuetohitthehigheraskprice.A ccordingtothislogic,excessdemandshouldnotbepositively
correlatedwiththechangeintransactionspricesbecausetradersadjusttheirquotes inresponseto
perceivedmarket-widepressures.

Bycontrast,theresultsabovesuggestthattraderssystematicallyunder-adjusttheirquotesso
thatexcess demandcontinues tobuildwhilequoted prices rise. This behaviorappears hardto
rationalize in centralizedmarketwith perfecttransparency. A s such,theresults abovemakea
primafaciecasethatthemicrostructureoftheFX market,particularlyits lackoftransparency,
is empiricallyrelevantforunderstandingexchangeratebehavior. M oreover,as Figure6 clearly
demonstrates,transactionimbalances appeartobeassociatedwithspotratemovements notjust
atveryhighfrequenciesbutalsooverlongerperiodsofdays,weeksandpossiblyevenmonths.

4 A Trad ingM od el

Toplace furtherperspective on the statisticalresults presented above, this section analyzes a
simpletradingmodel.T his modelemphases thedecentralizednatureofFX trading,thelackof
transparency,andtheheterogeneityoftrader's information.W hile I viewthesetobeessential
featuresoftheFX market,themodelbelowmakesseveralsimplifyingassumptionsandsodoesnot
accountforallthesefeatures fully.Inparticular,itabstracts from theroleplayedbyinventory
imbalances on traders'decisions. A s such,themodelcannotspeaktothephenomenaof\ hot-
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potato"tradingasanalyzedbyL yons(1 997).N evertheless,itdoesprovideatractableanalytical
frameworkforstudyingtheresultsabove.

4 .1 Trad ers

T hemarketispopulatedbyN traderswhotradeD ollarsandD M arksbilaterallywithoneanother.
A s intheFX market,bilateralconversationsbetweentradersareprivateinformationwhetherthey
resultinatransactionornot.T husattimet,eachtraderhasaprivatehistoryofquoteandtrade
informationas aresultofthecalls hereceivedandmadeduringthetradingdayuntilt.Traders
alsoreceivecurrencyorders from customers outsidethemarket[orpossibly from othertraders
withinthesamebank].I shalldenotetraderi'sprivateinformationsetattcontainingboththese
informationsourcesbyV i

t.Inaddition,tradershaveaccesstoacommoninformationset,t;that
comprisescurrentandpastmacroeconomicnews,dataandotherpubliclyavailableinformation.

Tradersactionsdependupontheirsubjectiveassessmentofthedollar'svalue.Toformalizethis
idea,dē neP ¤t as thelogD M arkpriceofD ollars thatwouldobtain inaneconomywithperfect
information.Trader'sdecisionsarebasedontheirsubjectiveprobabilitydistributionsoverP ¤t:In
particular,I assumethattradersactionsdependupontheirestimateofP ¤t;E [P ¤tjV i

t;t]:D i®erences
inprivateinformationareassumedtobetheonlysourceofdi®erencesbetweentraders'estimates
ofP ¤t: T hus iftraders i and j have identicalprivate information [i.e., V i

t = V j
t]; E [P ¤tjt;V i

t]
= E [P ¤tjt;V j

t]:T his restrictionrules outthepossibilitythattwotraderswouldvaluetheD ollar
di®erentlyforidiosyncraticreasonsunrelatedtotheinformationtheyposses.

Inageneralequilibrium model,theevolutionofV i
t willbedeterminedbynews ofcustomer

ordersfromoutsidethemarketandthehistoryofcallsandtradesthataredeterminedendogenously.
ToavoidthecomplexityofdeterminingV i

t endogenously,I assumethattraders'expectationstake
theform:

E [P ¤tjV i
t;t]=E [P ¤tjt]+ E [etjV i

t]; (1)

whereet´P ¤t¡E [P ¤tjt]istheerrorinestimatingP ¤t basedsolelyonpublicinformation.E [etjV i
t]

is theprivatecomponentoftraderi0s valuationoftheD ollar.T his componentevolvesaccording
to

E [etjV i
t]=ÁE [et¡1jV i

t¡1]+ vit 1 > Á > 0 (2)

wherevit is aninnovationthatrepresentstherevisionintraderi'svaluationduetoprivatenews.
Suchnewscanbecorrelatedacrosstraders.Forexampleifalargenumberofcustomerssimultane-
ouslyplaceorderstobuydollarsthroughnumeroustraders,thevi0tsmaybepositivelycorrelated.
Toallowforthesemarket-widecorrelations,I assumethatvitcanbedecomposedintotwoindepen-
dentcomponents:
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vit=vt+ ´it; (3)

wherevtand´itarei.i.d.normallydistributed,meanzero,randomvariablesthatrepresentmarket-
wideand idiosyncraticnews respectively: B ecausecustomerorders areprivateinformation,indi-
vidualtraders cannotdiscern thesourceofinnovations.Instead,theyform inferences basedon
therelativevariancesofvtand´it;denotedby¾ 2v and¾ 2´:Inparticular,traderi0sestimateofthe
market-widecomponentis E [vtjV i

t]=¸vitwhere¸ =¾ 2v=(¾ 2´ + ¾ 2v):
T his specī cationoftradersexpectations ishighlystructuredinordertofacilitatetheanalysis

below.N evertheless,itcaptures threeimportantfeatures.First,traders cannottellwhetherthe
newstheyreceivefromcustomerordersorinter-dealercallsaboutthevalueoftheD ollaris being
simultaneouslyreceivedelsewhere.T his is clearlyafeatureoftheFX marketandhas important
consequences as we shallsee. Second, private news has some persistente®ecton the trader's
valuation.W ithoutsomepersistence,disagreementamongsttraders aboutthevaluationofthe
dollarwoulddisappearveryquicklyaftercustomerorders stoppedarrivingatthemarket.T his
appears inconsistentwiththeheterogenousviews concerningthevalueofthedollarexpressedby
tradersattheendofthetradingday.Itisalsohardtosquarewiththeheterogeneityofspotrate
expectations observedbyIto(1 990 )inmicrosurveydata.Finally,thestructureofexpectations
impliesthatmostdisagreementaboutthevalueofthedollaris short-term.A ssumingthattraders
donothaveadvancedwarningofpublicnewsannouncements,10 wecaniterate(1)and(2)forward
hperiods,andtakeconditionalexpectationstoobtain,

E [P ¤t+ hjV i
t;t]=E [P ¤t+ hjt]+ ÁhE [etjV i

t]:

A s thehorizonhincreases,individualtraders'valuationsareless in° uencedbytheirprivateinfor-
mation(becauseÁ < 1 )sothereislessdisagreementaboutthelong-termvaluationofthecurrency.
T hisformulationroughlyaccordswiththedegreeofconsensusamongsteconomistsaboutthefac-
torsa®ectingthebehavioroftheD ollaratdi®erenthorizons.

4 .2 Quotesand Trad e

Conversations betweentraders areinitiatedbyanexogenousmatchingmechanism.Eachtrader
receivesandmakesacalleveryperiodwithdi®erentcounter-parties.Inreality,traderscandecide
whotocallovertheD 20 0 0 -1 system buttheycanreceivequoterequests from anycaller.T he
exogenousmatchingmechanismabstractsfromthetrader'sdecisionofwhotocall.

Consideracallfromtraderitotraderj.TraderjmakesquotesofQ B ;j
t andQ A;j

t corresponding

10 T hisrulesout anycorrelationsb etw eenE[P¤t+ hj t+ 1]¡E[P¤t+ hj t]and vit¡s;for alls; h ¸ 0:

1 6



tothebid and askprices atwhich hewillselland buy D ollars. I assumethatallquotes and
transactionsarefora x̄edquantity.Byconvention,Q B ;j

t and Q A;j
t aretake-it-or-leave-itquotes.

Traderi candecidetoeither\ hit"theaskorbidprice,therebyagreeingtobuyofsellD ollars,or
theycandeclinetotrade.T hisdecisionisdeterminedbytherelationship ofthequotes totrader
i0sreservationprice:

R i
t=E [P ¤tjV i

t;t]+ uit: (4)

T hereservationpricevariesfromtheprivatevaluationoftheD ollarbyacomponentuitthatre° ects
aliquiditye®ect.T his e®ectoriginates from customersoutsidethemarketwhoneedcurrencyas
partoftheirnormalinternationalbusiness activities. Someliquiditye®ects arecommontoall
traders,othersarepurelyidiosyncratic.Thatis,

uit=ut+ !it

whereutand!itarethecommonandidiosyncraticcomponents.Bothcomponentsareassumedto
bei.i.d.normalrandom variableswithzeromeans andvariances ¾2uand ¾ 2!: A s such,theyonly
haveatransitorye®ectonreservationprices.

Thedecisiontotradeisdeterminedasfollows:IfQ A;j
t ·R i

tthentraderihitstheaskpriceand
buys dollars from traderj forpriceQ A;j

t : [N otethatthis transactionis recordedas abuyinthe
dataset.]Similarly,ifQ B ;j

t ¸R i
tthentraderi hitsthebidpriceandsellsdollarstoj inexchange

forQ B ;j
t perdollar.Ifneitherconditionismet,theconversationendswithoutatransaction.N otice

thatthepurchaseofdollars ismorelikely,ceteris paribus,whenuitis positivesouitplaystherole
ofaliquiditydemandshock.

W hentraderj receivesarequestforquotes,hefacesacomplexdecision.Becausethecaller's
reservationpriceisprivateinformation,thechoiceofquotesmustbemaderelativetoanestimate
ofR i

t: G iventhis estimate,traderjwill,ingeneral,choosequotes tomaximizeexpectedtrading
prō tsduringthedaysubjecttosomeinventoryconstraints.T hismeansthatthequotesmadeby
eachtraderwilldependontheirprivateinformationandtheirtradinghistorythroughtheircurrent
inventory.H ereI focussolelyonthee®ectofprivateinformationbyassumingthatcurrentinventory
does nota®ectquotes.T hisassumptionappears reasonableduringthemiddleofthetradingday
wheretheovernightinventoryconstraints placed on typicaltraders arefarfrom binding.11 In
particular,I assumethattraderj sets quotes sothatthereis anequalexanteprobabilitythat
tradeiwillbuyorsell.Followingthis strategy,atradershouldnotaccumulateorlooseinventory
onaverage.

11T hisassumptionisconsistent w ith the analysisofa single trad er by Y ao (1997).He d oesnot ¯nd anyevid ence
that quotesare ad justed inresponse to inventory imb alances.Instead ,these imb alancesare unw ound by initiating
transac tionsw ith other trad ers.
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Todeterminehowquotes aresetunderthesecircumstances,weneed toequatetheexante
probabilitiesofapurchaseandsalefromtheperspectiveoftraderj:T heseprobabilitiesare

Pr
³
traderi buysdollars

´
´ Pr

³
Q A;j
t ·R i

tjV j
t;t

´

and Pr
³
traderi sellsdollars

´
´ Pr

³
Q B ;j
t ¸R i

tjV j
t;t

´
:

Traderjcalculatesthedistributionofthereservationprice,R i
t,basedonhisownprivatenewsand

liquidityshocksfvjt¡h;u
j
t¡hgh ¢̧ 0:U ndertheassumptionsabove,theconditionaldistributionofR i

t

giventraderj0s informationisnormalwithmeanandvariance,

E [R i
tjV j

t;t]=E [P ¤tjt]+ Ãujt+ ¸E [etjV j
t];

¾ 2 =¾ 2u(1 ¡Ã 2)+ 1¡¸2
1¡Á 2 (¾

2
v + ¾ 2´);

whereÃ ´¾ 2u=(¾ 2u+ ¾ 2!):U singthisresult,wecanwritetheexantetradeprobabilitiesas

Pr
³
Q B ;j
t ¸R i

tjV j
t;t

´
=©

µ
Q B ;j
t ¡E[R itjV

j
t; t]

¾

¶

Pr
³
Q A;j
t ·R i

tjV j
t;t

´
=1 ¡©

µ
Q A;j
t ¡E[R itjV

j
t; t]

¾

¶
=©

µ
E[R itjV

j
t; t]¡Q

A;j
t

¾

¶ (5)

where©(.)denotesthecumulativestandardnormal.Clearlytheseprobabilitieswillbeequalwhen
quotesaresetas

Q A;j
t = E [R i

tjV j
t;t]+ s=2

(6)

Q B ;j
t = E [R i

tjV j
t;t]¡s=2

forsomespreads.
Inchoosingthevalueofthespread,traders faceatrade-o®.Sincetheexanteprobabilityof

tradingis 2©(s=2!);largervaluesofsreducethelikelihoodorbeing\ hit"ateitherquote.A tthe
sametime,highervalues ofs raisetheexpected steadystateprō tfrom trading.Forexample,
considertraderj's expectedprō tfrom sellingD ollars toacallerattforQ A;j

t andbuyingthem
backfrom anothercalleratt+ 1 forQ B ;j

t+ 1:Inthesteadystate[whereE [etjV j
t]=0 ];theexpected

prō tfromthetradesisE [Q A;j
t ¡Q B ;j

t+ 1jV i
tt]=s.Sincetheprobabilityofbeinghitattheaskand

bidinsuccessiveperiodsis©(s=2¾)2 ;theexpectedsteadystatetradingprō tis¼(s)=s©(s=2¾)2 :
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I assumethattraderschoosestomaximize¼(s):T hisgivesavalueforsof
p
2¾:12

W ecannowcalculatetheprobabilityofatradetakingplace.R ecallthattraderi willbuy
dollarswhen Q A;j

t ·R i
tandsellthemwhen Q B ;j

t ¸R i
t:U singtheresults above,wecanrewrite

theseconditionsas

traderi buys if zt · ¡s=2
traderi sells if zt ¸ s=2

where
zt´Ãujt¡uit+ ¸E [etjV j

t]¡E [etjV i
t]:

zt is anormallydistributedrandom variablewithmean (̧ ¡1 )¹tandvariance ¾ 2 where ¹t´P 1
h= 0 Áhvt¡h istheaveragevalueofE [etjV i

t]acrosstraders.H encetheprobabilityoftradeis

Pr
³
traderi buys

´
= ©

µ¡s=2 + (1 ¡¸)¹t
¾

¶

(7)

Pr
³
traderi sells

´
= 1 ¡©

µ
s=2 + (1 ¡¸)¹t

¾

¶
=©

µ¡s=2¡(1 ¡¸)¹t
¾

¶

N oticethatexpostprobabilityofapurchaseorsalearenotequalexceptinthespecialcases
where¹t=0 or¸ =1 eventhoughtraderj'sexanteprobabilitiesofbeinghitateitherquoteare
equal.T his di®erencebetweentheexanteandexpostprobabilities is are° ectionofasymmetry
between the traders. Q uotes aremadewithoutanyknowledgeofthe caller's reservation price
and soarebased solelyontraderj's information. In particular, j mustbasehis quotes onan
estimateofthemarket-widecomponentofE [etjV j

t];which is equalto¹t.Solongas thereis a
perceived idiosyncraticelementin E [etjV j

t];¸ willbeless thanoneand j0s estimatewillbeless
thancompletelyprecise.Traderi;bycontrast,hasnoneedtoestimate¹twhenmakingatrading
decisionbecausehecanrequestquotesbeforedecidingwhethertotrade.

D uringaconversation,informationisexchangedbetweenthetradersinseveralways.First,the
quotesmadebytraderjrevealtotraderi somethingaboutthej'sliquidityshockujtandE [etjV j

t]:
G iventheformofthe(6),thereis insu±cientinformationinthesequotestocompletelyunravelujt
andE [etjV j

t]:N evertheless,acallerwould n̄dthequotesusefulinupdatinghispriorsabout¹tand
ut:T husthemodelprovidesaninformationcollectionrationalforinitiatingacall.Second,trader
i0s decisiontotradereveals informationtothequoter.Inparticular,tradingdecisions providej
willsomeinformationonthevalueofzt:Sinceuit+ E [etjV i

t]=Ãujt+ ¸E [etjV j
t]¡zt;this,inturn,

12 O utsid e the stead y state,the value ofs that maximizesexpec ted pro¯tsd epend sonE[etjV j
t]:Inthiscase,the

quotesw ould revealalltrad er j0s private informationto the caller.
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allows j toupdatehispriorsabout¹tandut:

4 .3 Aggregate Ac tivity

W earenowinapositiontoanalyzetradingactivityacrossthemarket.Consider r̄stthebehavior
excessdollardemand:D uringthemiddleofthetradingday,wherethenumberoftraders islarge,
excessdollardemand,Dt;canbeapproximatedby

D(¹t)=
©

³¡s=2 + (1¡¸)¹t
¾

´
¡©

³¡s=2¡(1¡¸)¹t
¾

´

©
³¡s=2 + (1¡¸)¹t

¾

´
+ ©

³¡s=2¡(1¡¸)¹t
¾

´; (8)

whichisincreasingin¹t,themarket-wideaverageofE [etjV j
t]:Equation(8)impliesthatthearrival

ofprivatenews thatleads traders across themarkettoraise [lower]theirvaluationofthedollar
willgenerategreater[less]excessdemandindollartransactions.

N oticethatmovements inD(¹t)onlyarisebecause¸ is lessthanunity,are° ectionofthefact
thattraders donotknowthedegreetowhich theirprivatenews is correlatedwith others. In
thisrespect,themodelpoints toanimportantimplicationofthelackoftransparencyintheFX
market.Tofurtheremphasis this point,notethatthearrivalofpublicnewsduringperiodt,i.e.,
E [P ¤t+ hjt]¡E [P ¤t+ hjt¡1];hasnoe®ectoneitherthenumberortypeoftransactions,because,by
dē nition,itistransparenttoallmarketparticipants.

W hatarethemodel's implications forthe behavioroftransactions prices? Toanswerthis
question,considerthemarket-wideaverageofthepricepaid forD ollars duringperiod t:From
equation(6)theaverageaskingpriceatt is

Q A
t =E [P ¤tjt]+ Ãut+ ¸¹t+ s=2 (9)

whereut is thecommoncomponentoftheliquidityshocka®ectingreservationprices.Individual
quotesdi®erfrom Q A

t byarandomamountthatis specī ctothetradermakingthequote.These
quotes areobserved inthedataonly ifthecallerdecides tobuydollars.Transactionprices are
thereforeacensoredseriesoftheaskquoteswiththedegreeofcensoringdeterminedbytheprob-
abilitythatapurchaseresultsfromaconversation.Fromequation(7)weseethatthisprobability
onlyvarieswith¹tandnottheaskingpricebecausethedecisiontobuydependsonthedi®erence
betweentheaskandreservationprice.T hismeansthatthesamplingofquotes inthetransactions
datais independentofthetransactionsprices.W emaythereforerepresenttheobservedpurchase
priceas

P A
t =Q A

t + »t; (1 0 )

where»trepresentsthecombinede®ectsofsamplingandtheidiosyncraticfeaturesoftheindividual
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askquotethatwas \ hit".Importantly,»tis independentofQ A
t forthereasonscitedabove.

W ecannowexaminetheobservedchangeinaskpricesbycombining(9)and(1 0 ).Taking r̄st
di®erencesandsimplifying,weobtain

¢ P A
t+ 1 =

n
E [P ¤t+ 1jt+ 1]¡E [P ¤tjt]

o
+ ¸(Á¡1 )¹t+ ¸vt+ 1 + nt+ 1 (1 1)

wherent+ 1 ´¢ »t+ 1 + Ã ¢ ut+ 1:
T he r̄stterm in(1 1 )identī estheimpactofpublicnewsontransactionsprices.T histerm is

identicallyequaltotheexpectedchangeinP ¤t andtherevisionintheexpectedvalueofP ¤t+ 1 given
thearrivalofpublicnews,

E [¢ P ¤t+ 1jt]+ E [P ¤t+ 1jt+ 1]¡E [P ¤t+ 1jt]:

Sinceintra-dayinterestratesfacedbytradersarezero,E [¢ P ¤t+ 1jt]identī estheexpectedexcess
returnonD ollars overD M arks duringthenextperiodbasedonpublicinformation.T his return
isequaltothedollarriskpremiumandwillgenerallybeverysmall.A saresult,the r̄stterm in
(1 1 )iswellapproximatedby"t+ 1 ´E [P ¤t+ 1jt+ 1]¡E [P ¤t+ 1jt]:W ecanthereforerewrite(1 1 )as

¢ P A
t+ 1 =¸(Á¡1 )¹t+ ¸vt+ 1 + "t+ 1 + nt+ 1: (1 2)

A ccordingto(1 2),pricechangesmaybepredictablefortworeasons.First,sinceÁ < 1 ;¢ P A
t+ 1

willco-varynegativelywith¹tprovided¸ > 0 :T hismeansthatpricechangescouldinprinciplebe
predictedwith¹t:H owever,ifweareconsideringshorttimeperiods,suchasahour,theappropriate
valueofÁ isprobablyveryclosetoone.A saresult,unless¹thasaverylargevariance,variationsin
¢ P A

t+ 1 arelikelytobealmostcompletelydominatedbythelastthreeterms.T hesecondsourceof
predictabilitycomesfrom nt+ 1 because,undertheassumptionsofthemodel,itfollowsanM A (1)
process. O nceagain,this is unlikelytogeneratesignī cantforecastability in ¢ P A

t+ 1 unless the
varianceof¸vt+ 1 + "t+ 1 is small.In sum therefore,(1 2)does notsuggestthat¢ P A

t+ 1 shouldbe
forecastable.A factthatappearsconsistentwiththedata.

R ecallfrom Table 2 thatthe change in ask prices appearpositively correlatedwith excess
demand,particulartowardstheendofthetradingday.W ecannowinterpretthisresultwith(8)
and(1 2).A s theequations show,thearrivalofprivatenewsacross themarket,vt+ 1;raises both
transactionsprices,P A

t+ 1,andexcessdemand,Dt+ 1:B ycontrast,thearrivalofpublicnews,"t+ 1,
onlya®ects transactions prices. Sincetheannouncementofpublic information is concentrated
duringthe r̄sthalfofthetradingday,anypositivecorrelationbetween P A

t+ 1 andDt+ 1 induced
byvt+ 1 shocksduringthisperiodwilllikelybemasked.L ateron,publicnewsannouncementsare
muchlessfrequent,sothepositivecorrelationbetweenP A

t+ 1 andDt+ 1 isrevealed.
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In summary, this simple tradingmodelprovides arationale forthe results in Table 2. In
particular,we have seen thatthe \ under-adjustment"ofquotes in response toexcess demand
canarisequitenaturally in amarketthatlacks transparencywhentraders haveheterogeneous
information.H erethelackoftransparencystoppedtraders from observingtheextenttowhich
thearrivalofprivateinformationwascorrelatedacrossthemarket.T hiscreatesaninformational
asymmetry between traders duringbilateralconversations thatis the sourceofthe correlation
betweentransactionspricesandexcessdemand.

5 Dynamic Analysis

Inthis n̄alsection,I returntotheanalysisofthedata.I shallfocusonthedynamicrelationships
betweentransactionprices,quantities andquotes.T heaim ofthis analysis is two-fold.First, I
wanttodocumentanycharacteristicfeatures ofthedatathatcan serveas thebasis forfuture
theoreticalresearch.Second,I wishtoexaminetheextenttowhichthehighfrequencydynamics
oftransactionsdataarere° ectedinthebehaviorofquotes.A snoteearlier,therearenowalarge
numberofstudiesdocumentingthehighfrequencybehaviorofthequotes.H owever,wedonotyet
knowtheextenttowhichthisbehaviorre° ectstransactionsactivitywithinthemarketratherthan
thedecisionsbybankstomakequotes.

M yanalysis is conductedusingVA R s.Inparticular,sincemyfocus is onthehighfrequency
dynamics,theanalysis is conductedonthedatasampled every v̄eminutes duringthetrading
day.InviewoftheseasonalpatternsinFigure1 ,thetradingdayisdē nedbytheperiodbetween
70 0 and 170 0 hrs.B ST.T he VA R s includeasetofdummyvariables toallowforthee®ecton
non-continuousobservations,suchasbetweentradingdays.

5.1 Trad e and Quote Quantities

T he r̄stV A R examinestherelationship betweenthenumberoftrades,quotesandthevolatility
oftransactions prices.R ecallfrom Section 3 thatatanhourlyfrequencythecontemporaneous
relationship between tradeand quote intensity appears quite loose. W ealsosawthatthe link
betweentransactionsintensityandthevolatilityoftransactionspriceswasweek.T heVA R permits
ustoinvestigatetheserelationships ingreaterdetail.

Table3 showssummaryestimationresultsfora6'th-ordertri-variateVA R usingthevariables,
fN Tt;N Q t=N Tt;¾(T)tgwhere,N Ttand N Q tarethenumberoftrades andquotes and ¾(T)t is
thestandarddeviationofasktransactionprices duringeach v̄eminuteperiod.PanelI reports
p-values foraseries ofG rangerCausalitytests.T hereis strongevidenceofcausalityrunningin
alldirections exceptinthecaseofthevolatilityequation.H erewecannotrejectthenullofno
G rangerCausalityrunningfromtradeintensity,N Ttorfromrelativequoteintensity,N Q t=N Ttto
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thevolatilityoftransactionspricesatthe5% level.

Table3:V A R resultsforTrade,Q uoteandTradeVolatility

I G rangerTests

V A R Equation N Tt N Q t=N Tt ¾(T)t
N Tt < 0 .0 0 1 < 0 .0 0 1 0 .299

N Q t=N Tt < 0 .0 0 1 < 0 .0 0 1 0 .1 24
¾(T)t < 0 .0 0 1 < 0 .0 0 1 < 0 .0 0 1

II VarianceD ecompostions

horizon source % (Std.Err.) % (Std.Err.) % (Std.Err.)
1 hour N Tt 88.1 0 0 (6.0 36) 1 3.0 0 9 (6.742) 40 .70 7 (22.0 40 )

N Q t=N Tt 1 0 .498 (6.1 85) 80 .397 (7.467) 42.90 0 (22.20 5)
¾(T)t 1.40 2 (1.537) 6.595 (2.992) 1 6.392 (9.0 33)

3 hours N Tt 59.1 97 (22.20 0 ) 0 .0 0 4 (9.585) 1 0 .31 3 (31.0 36)
N Q t=N Tt 40 .770 (22.70 1) 95.679 (1 0 .553) 82.967 (31.381 )
¾(T)t 0 .0 33 (1.40 9) 4.31 7 (2.91 7) 6.71 9 (3.387)

III:D iagnostics

Q 3 0 .989 0 .997 0.997
Q 6 0 .673 0 .864 0 .990

Eigenvalues 0 .887 0.857 0.635
N otes:N Tt andN Q t arerespectivelythenumberoftradesandquotes and ¾(T)t is thestandard
deviationofasktransaction prices,eachcalculatedovera v̄eminuteperiod.T hevariables are
orderedintheV A R asfN Tt;N Q t=N Tt;¾(T)tg:T heV A R contains 6 lags ofeachvariableaswell
asasetofdummyvariablestoallowfordiscontinuities inthedata.T hedummiestakethevalueof
oneifobservationsxt andxt¡1 arenotbasedondatafrom twoconsecutive v̄eminuteintervals,
andzerootherwise.O bservations areonlytakenbetween70 0 and 170 0 hrs.B ST .Q i denotes the
p-valuesforBox-P ierceQ statisticsfori'th.orderresidualserialcorrelationineachV A R equation.
T heentrieslabelledEigenvaluesshowthemodulusofthelargestthreeeigenvaluesinthecompanion
formoftheVA R .Standarderrorsarecalculatedfrom M onteCarlosimulationsbasedontheVA R
estimateswith1 0 0 0 0 replications.

PanelII reportsvariancedecompositionsattheoneandthreehourhorizons.13 Eachrowshows
thepercentagecontributionbythesourcevariabletothevarianceofthevariablelistedatthetop
ofeachcolumn.T hetablealsoreports M onteCarlostandarderrorsbasedon1 0 ,0 0 0 replications.

Severalaspects oftheresults stand out. First, thevarianceofN Ttcan bealmostentirely
accountedforbytheinnovationstotradeandrelativequoteintensityatboththeoneandthreehour

13T hese d ec ompositionsand the impulse response func tionsshow nb elow are b ased onthe variable ord eringof
fN Tt;N Q t=N Tt; ¾(T)tg:T he variance d ecompositionsresultsare completelyrobust to thischoice.
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horizons.H eteroskedasticityintransactionpricesplaysnosignī cantrole.Second,tradeintensity
onlymakesasignī cantcontributiontothevarianceofN Q t=N Ttattheonehourhorizon.Third,
relativequoteintensitycontributesmosttothevariabilityin¾(T)tatbothhorizons,althoughthe
estimatesaresomewhatimprecise.

Theimpulseresponsepatterns showninFigure7providecomplementaryevidenceonthedy-
namicrelationshipbetweenthesevariables.[T hedashedlinesinthegraphsshowthe95% con̄ dence
bandcalculatedbyM onteCarlosimulation.]T helefthandcolumnshowsthee®ectsofaninnova-
tionintradeintensity.H ereweseethataonestandarddeviationshockhasasignī cantpositive
e®ectontrade intensityforapproximatelytwohours. U nexpected changes in tradingintensity
appeartobefairlylonglived.Tradeinnovationsalsohaveapersistente®ectontherelativequote
intensity.T heratioofquotestotradesispushedbelowitsnormallevelformorethanonehour.By
contrast,tradeinnovationshavealmostnosignī cante®ectonthevolatilityoftransactionsprices.

Themiddlecolumnshowshowunexpectedchangesinquotebehaviorimpactupontransactions.
A n increaseinthenumberofquotes [relativetothenumberoftransactions]does leadtorisein
transactions intensitythatlasts forapproximatelyone-and-ahalfhours,althoughthesizeofthe
riseissmall.Q uoteshocksdonothaveanysignī cante®ectonthevolatilityoftransactionsprices.
T hus,thereis nosupportintheseresults fortheideathatunexpectedchanges intradeorquote
intensitysignī cantlya®ectthesubsequentvolatilityoftransactions prices.Volatilityshocks,by
contrast,doa®ectsubsequenttradeandrelativequoteintensity.A stherighthandcolumnshows,a
positivevolatilityshocksignī cantlyincreasesthesubsequentnumberoftransactions,andreduces
thesubsequentratioofquotestotransactions.H owever,bothe®ectsarequitesmall.Finally,itis
worthnotingthatvolatilityshocksarenotverypersistent.A llthesignī cante®ectsofavolatility
shockaredissipatedin40 minutes.14

T hese n̄dings have severalnoteworthy implications. First,variations in quote intensitydo
notappeartobeaveryaccuratemeasureoftradingintensityathigh frequencies. In fact,the
resultssuggestthatquoteintensitywillunderstatetradeintensityduringperiodsofunusualmarket
activity.Second,thereis onlyweekevidencethatchanges inquotebehaviora®ecttransactions.
T hese n̄dingswouldbehardtoexplain ifquoteswere r̄m ratherthanindicative.A s itis,they
onceagainservedtounderlinethatquote-makingdecisions aredistinctform tradingdecisions in
theFX market.Theothernoteworthyimplicationconcerns thevolatilityoftransactions prices.
T hevolatilitymeasureusedhereapproximatesthecross-sectionaldispersionoftransactionsprices
across themarket.Sincethismeasureisnotseendirectlybyanytrader,itis notsurprisingthat
shockstothedispersionoftransactionspricesdonothaveapersistente®ects.A tthesametime,

14 T hese ¯nd ingsare robust to the ord eringofvariab les. T hat isto say, the generalimpulse response patterns
are not a®ec ted b eyond that the ¯rst lag, and the stand ard error b ound sind icate the same d egree ofstatistical
signī cance.
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agreaterdispersionof r̄mquoteswillgenerallyraisetheprobabilityofatransactiontakingplace
providedthatthereservationpriceofthecallerremainsconstant.T hisislikelybecausetheincrease
dispersionofquotesacrossthemarketisunobserved.T hus,ahigherdispersionofquoteswillraise
boththenumberandvolatilityoftransactionspricesconsistentwithresultsabove.

5.2 Trad es,Quote Volatilityand Quote Spread s

T hesecondVA R examinestherelationshipbetweentradeintensity,quotevolatilityandthequote
spread. Q uotevolatility is measured bythe standard deviation in askquotes duringeach v̄e
minuteperiod,andthespreadbythe v̄eminuteaverageofthebid-askspread.A s above,the
VA R wasestimatedwith6 lagsanddummyvariablestoaccountfornon-continuousobservations.

Table4:V A R resultsforTrade,Q uoteVolatiltiyandSpreads

I G rangerTests

V A R Equation N Tt ¾(Q )t S P R t
N Tt < 0 .0 0 1 0 .0 0 1 0 .0 1 1
¾(Q )t < 0 .0 0 1 < 0 .0 0 1 0 .648
SP R t < 0 .1 24 0 .0 27 < 0 .0 0 1

II VarianceD ecompostions

horizon source % (Std.Err.) % (Std.Err.) % (Std.Err.)
1 hour N Tt 99.957 (1.948) 77.1 49 (1 4.50 7) 17.41 1 (9.1 70 )

¾(Q )t 0 .0 43 (1.467) 22.673 (1 4.476) 4.1 30 (6.334)
SP R t < 0 .0 0 1 (1 .279) 0 .178 (2.629) 78.459 (1 0 .530 )

3 hours N Tt 98.70 4 (9.888) 99.798 (1 0 .21 6) 82.543 (1 8.0 0 1 )
¾(Q )t 1.1 52 (5.0 78) 0 .20 1 (4.1 78) 3.1 77 (7.0 69)
SP R t 0 .1 45 (8.51 0 ) 0 .0 0 1 (8.983) 1 4.279 (1 5.730 )

III:D iagnostics

Q 3 0 .989 0 .983 0 .994
Q 6 0 .783 0 .461 0 .866

3 L argestEigenvalues 0 .854 0 .835 0 .790
N otes:N Tt isthenumberoftrades,¾(T)t isthestandarddeviationofaskquoteprices,andSP R t is
themeanbidaskquotespread,eachcalculatedovera v̄eminuteperiod.T hevariablesareordered
intheVA R asfN Tt;¾(T)t;S P R tg:Forotherestimationdetails,seeTable3.

Table4 presentssummaryestimationresults.PanelI showsthatthereisbi-directionalG ranger
Causationbetweentransaction intensityandquotevolatility.This contrastswiththe n̄dings in
Table3 wheretransactions volatilitydidnotappeartoG rangerCausetransactions.T hequote
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spreadappearsexogenouswithrespecttoquotevolatilitybutis G rangerCausedbytransactions.
ThevariancedecompositionsreportedinPanelII helptofurtherclarifytherelationshipbetween

thevariables.Itis immediatelyclearfrom thesestatistics theinnovations intransactions playa
farlargerroleinthebehaviorofquotesthanwas suggestedbythecausalitytests.Innovations in
transaction intensityarethemajorsourceofthevarianceinallthreevariables atthethreehour
horizon.M oreover,shockstoquotevolatilityexplainlittleofthevarianceineithertransactionsor
thespread.A sabove,theseresultsarerobusttotheorderingofthevariables.

Figure 8 plots the impulseresponse functions. T helefthandcolumn shows thatapositive
transaction shockleads toapersistenceincrease inquotevolatilityandaloweringofthequote
spread.Interestingly,thelattere®ectoccurswithadelayofapproximately30 minutes.T hecenter
columnshowsthatwhileshocks toquotevolatilitytemporarilyraisethenumberoftransactions,
theydonotsignī cantlya®ectthespread.T hisdi®erenceinthebehaviorofthespreadisrobust
totheorderingofthevariablesintheVA R .T herighthandcolumnshowsthatshockstothequote
spreadhavenosignī canta®ectontheothervariableseventhoughtheyarequitepersistent.

Theseresultspointtoanimportantdistinction.T hroughoutIhavestressedthequotesexamined
hereareindicativeratherthan r̄m.H owever,thisdoesnotmeanthatquotesareunresponsiveto
developments inthemarket.A lthoughthepostingofquotesappearstobeadistinctactivity,the
resultsaboveindicatethatquote-makingdecisionsarenotmadeindependentlyoftradingactivity.
R ather,theresponseofquotevolatilityandthespreadtotransaction shocks appears consistent
acompetitivemodelforquotes inwhichbanks competetoattractcustomers.Suchcompetition
insures thatquotes respondtomarketdevelopments eventhoughtheyareonly indicative.T he
results inFigures7and8 providethebasisforexaminingthisaspectoftheFX marketmorefully.

5.3 E xcessDemand ,Transac tionsand Quote P rices

T he n̄alV A R examinestherelationbetweenexcessdemand,transactionspricesandquotes.Inthe
analysisabovewesawthathourlychangesintransactionspriceswerecorrelatedwithacumulative
measureoftheexcessdemandfordollars.H ereI examinetheempiricalfoundationofthis n̄ding
moreclosely.T heVA R contains E Dt;thedi®erencebetweenthenumberofdollarpurchasesand
sales duringeach v̄eminuteinterval, ¢ P A

t;thechangeinthelogpurchase(ask)priceoverthe
interval,andrPt;thedi®erencebetweenthelogsofthelastaskquoteandthelastpurchaseprice
duringtheinterval.A sabove,theVA R includes 6 lagsanddummyvariables.

PanelI ofTable5 reportsthemarginalsignī cancelevelsfromtheG rangerCausalitytests.W e
canrejectthenullofnoG rangerCausalityfromanyofthevariables inthecaseofboththeexcess
demandandpricechangeequations attheonepercentlevel.Bycontrast,thereis littleevidence
thatanyvariablepredicts thedi®erencebetweenquoteandtransactions prices,rPt:InPanelII,
thestatistics indicatethattheprimarysourceofvariation in allthreevariables aretransaction
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Table5:V A R resultsforExcessD emand,PricesandQ uotes

I G rangerCausalityTests

V A R Equation E Dt ¢ P A
t rP t

E Dt < 0 .0 0 1 < 0 .0 0 1 0 .21 0
¢ P A

t < 0 .0 0 1 < 0 .0 0 1 0 .474
rPt < 0 .0 0 1 < 0 .0 0 1 0 .242

II VarianceD ecompostions

horizon source % (Std.Err.) % (Std.Err.) % (Std.Err.)
1 hour E Dt 31 .1 1 2 (1 0 .670 ) 1 3.61 5 (27.599) 55.372 (26.21 0 )

¢ P A
t 58.1 54 (1 3.50 8) 75.221 (30 .341 ) 29.0 47 (27.985)

rPt 1 0 .734 (9.635) 1 1 .1 64 (25.1 1 4) 1 5.581 (24.0 55)

3 hours E Dt 24.259 (9.249) 24.324 (1 1 .1 79) 24.275 (9.973)
¢ P A

t 64.1 63 (1 3.653) 64.1 0 4 (1 5.233) 64.1 27 (1 4.324)
rPt 1 1 .0 82 (1 1 .0 82) 1 1 .572 (1 1 .934) 1 1 .597 (1 1 .557)

III:D iagnostics

Q 3 0 .972 0 .999 0 .999
Q 6 0 .41 8 0 .999 0 .999

3 L argestEigenvalues 0 .71 3 0 .579 0 .579
N otes:E Dt isthedi®erencebetweenthenumberofdollarpurchasesandsales,¢ P A

t isthechange
inthelogpurchase(ask)price,andrPt isthedi®erencebetweenthelogsofthelastaskquoteand
thelastpurchaseprice,eachcalculatedovera v̄eminuteinterval.T hevariablesareorderedinthe
V A R asfE Dt;¢ P A

t ;rP tg:Forotherestimationdetails,seeTable3.

priceshocksatthethreehourhorizon.O vertheshorterhorizon,excessdemandshockscontribute
moretothevarianceofE DtandrPt:A s above,theseresultsarerobusttothevariableordering.

TheimpulseresponsepatternsandassociatedstandarderrorsderivedfromtheVA R estimates
areshowninFigure9.T heimpactofexcess demandshocksareplottedinthelefthandcolumn.
H erewe see thatwhilethemajorimpactofthese shocks on excess demand occurs within the
period[i.e., v̄eminutes],smallbutsignī cante®ectspersistforapproximately40 minutes.Positive
excess demandshocks alsosignī cantlyreduce¢ P A

t andraiserPtfortwoperiods.N oticethat
thenegativecorrelationbetweenexcess demandandtransactions prices impliedbythis response
patternistheoppositeofthepositivecorrelationinhourlydatadocumentedinTable2.

FurtherinsightintotheoriginsofthehourlycorrelationcomesfromthecentercolumnofFigure
9 wheretheimpactofshockstotransactionspricesareshown.H ereweseethattheseshockshave
apositiveandthennegative impacton ¢ P A

t consistentwithaoneperioda®ectonthelevelof
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prices, P A
t : O nceagain theresponseofquotes appeartolaggedbehind prices sothatrPtfalls

temporarily.Theimpactofpriceshocksonexcessdemandismuchmorepersistent.A stheupper
plotshows,positivepriceshockssignī cantlyraiseexcessdemandforuptoonehour.T hus,price
shockshaveamorepersistente®ectonexcessdemandthandemandshocks,afactthatisre° ected
inthevariancedecompositions above.T herewesawthatpriceshocks arethemajorcontributor
tothevarianceofexcessdemandatboththeoneandthreehourhorizons.This responsepattern
alsoappearsmoreconsistentwiththepositivecorrelationbetweenpricesandexcessdemandinthe
hourlydata.

Therighthandcolumnofthe ḡureplots theimpactofinnovations torPt: Sincethese in-
novations areuncorrelatedwithpriceshocks [byconstruction],shocks torPtprovideameasure
oftheunexpectedchanges inquotes.A s the ḡureshows,thesequoteshocksarenotverypersis-
tent-thereis nosignī cante®ectonrPtbeyondoneperiod.Theimpactontransactionprices
andexcess demand is moreinteresting.T heresponseof¢ P A

t indicates thattransactionprices
risepermanentlyintheperiodfollowingaquoteshock.Positivequoteshocks alsoleadtoasig-
nī cantriseinexcess demandthatlastforapproximately30 minutes.N eitherofthese n̄dings
squareswiththeviewthatquotes aresimplynoisymeasures oftransactions prices.Ifthatwere
thecase,whywouldthe\ noise"measuredbyrPta®ecttradingactivityinthewayindicatedby
theimpulseresponsepatterns? A moreplausibleexplanationappears tobethatquotes respond
tomarket-relevantnews,suchascustomerorders.

These n̄dings meritcarefulanalysis.T heysuggestacomplexdynamic interaction between
transactionsandpricesthatneedstobe\ explained"bytheoreticalmodelsofthetradingprocess.
Inparticular,suchamodelwillneedtoexplorewhytheresponseofexcessdemandandpricescan
di®ersomuchaccordingtotheoriginoftheshock.T herealsoappearstobeacomplexrelationship
betweentransactionquantities,prices,andindicativequotes.T heresultsaboveinFigure8 indicate
thatquote-makingdecisionsarenotmadeindependentlyoftradingactivity.H ereweseeevidence
oftradingdecisionsbeinga®ectedbyquotes.A syet,wehavenotheoreticalunderstandingofthese
relationships.

6 Conclusion

B yitsverynature,apapersuchasthisraisesmanymorequestionsthanitanswers.Sincemyaim
herewastoprovideasummaryanalysisofanewdataset,I havenotfollowedmanyoftheresearch
avenuesopenedupbytheresults.Consequently,alotmoreworkneedstobedonebeforewewill
havelearnedallwecanaboutthemicrostructureoftheFX marketfromthesedata.N evertheless,
I thinkis safetodrawthefollowingpointsfromtheanalysisabove.

First,tradeactivitywithintheinterbankFX marketisdistinctfrom thepostingofindicative
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quotes.Tradingandquote-makingdecisions arelinked,butthelinks arecomplicatedandpoorly
understood.Second,microstructuree®ectsappearimportantinthedeterminationofexchangerates
athighfrequencies.T hereis alsosomeevidencethatthesee®ects areimportantoverthelonger
timespansrelevantininternationalmacroeconomics.Couldthismeanthatabetterunderstanding
ofthemicrostructureoftheFX marketwould aid in resolvingthebigpuzzles in international
macroeconomics?W hileitisobviouslymuchtoosoontosay,itisanintriguingpossibility.
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