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A bstract

Inthispaperweexaminetheoptimallevelofcentralbankactivism

in a standardmodelofmonetary policywith uncertainty, learning

andstrategicinteractions. W ecalibratethemodelusingG 7 dataand

…nd thatthe presenceofstrategic interactions between the central

bankandprivateagents implies thatoptimalityunambiguouslyrec-

ommends caution inmonetarypolicy. A n activepolicydesignedto

helplearningandreducefutureuncertaintycreatesextravolatilityin

in‡ationexpectationsandisdetrimentaltowelfare.

JEL classi…cation: D 81, D 83, D 84, E52, E58

Keywords: activism, learning, monetarypolicy, strategicinterac-

tions, uncertainty
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1 Introduction

Shouldacentralbankbecautiousoractivistinitsmonetarypolicy?Central

bankersonbothsidesoftheA tlanticsuchasB linder(19 9 8)andIssing(19 9 9 )

haverecentlystressedthepracticalimportanceofthis question. A cademic

economists have responded tothese concerns both by drawingon estab-

lishedworkandby innovative state-of-the-artresearch. O verthirtyyears

ago, B rainard(1967 ) recommendedcautionifthereisuncertaintyaboutthe

e¤ectsofmonetarypolicy, aresultwhichwaslaterchallengedbyB ertocchi

andSpagat(19 9 3) withthesuggestionthatpolicyshouldbemoreactivist

sincewelearnmoreaboutthekeyparametersoftheeconomythatway. R e-

centstudiesbyW ieland(19 9 8 , 2000b)havesynthesisedanddevelopedthese

ideas.

Inthis paperwedevelopargumentssuggestingthatcautionmayindeed

betheoptimalpolicy. W earguethatanactivistpolicytranslates intomore

volatilein‡ationexpectations, whichcauseproblems foracentralbankat-

temptingtokeep in‡ation lowand smoothoutput‡uctuations. Bybeing

morecautious, thecentralbankisabletodampenthevolatilityinin‡ation

expectationsandsocreateamorefavourableenvironmentfortheconductof

monetarypolicy. Toestablishourresultweuseastandardmonetarymodel,

essentiallythatofBarroandG ordon(19 83), inadynamicsetting. R olesfor

uncertaintyandlearningarecreatedbyassumingpersistentbutunobservable

regimes inwhichmonetarypolicyhasdi¤erente¤ects.

O urresults dependonthestrategicinteractions inherentinthemodel,
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whichcreatealinkbetweentheactivismofthecentralbankandthevolatil-

ity ofin‡ation expectations. T he volatility ofexpectations reacts tothe

activism ofacentralbankbecauseanactivistpolicyproducesmore infor-

mation, helpingprivateagentstolearnandadjusttheirexpectationsfaster.

Existingframeworks, bynottakingstrategicinteractions intoaccount, do

notadequatelyspecifythecostsandbene…tsofanactivistpolicy.

T he paperis structured as follows. O urmodelis described in detail

in Section 2 andthencalibrated in Section 3 usingempiricalestimates of

asymmetricregimes in the G 7 economies. Section 4 solves themodelfor

di¤erentassumptionsconcerningcentralbankbehaviour. W efocusonhow

policiesdi¤erdependingonhowthecentralbanktakes learningissues into

account. Section5 concludes.

2 Themodel

2.1 Structureoftheeconomy

T heeconomyis characterisedbyanexpectations-augmentedPhillips-curve

relationship (1) between in‡ation surprises ¼t¡¼ et andoutputyt, de…ned

asdeviationfromtrend. In‡ation¼tisassumedtobecompletelyunderthe

controlofthecentralbankandistheinstrumentofmonetarypolicy.1 ¹tis

ani.i.d. outputshock. Itisassumedtobenormallydistributedwithmean
1 A llowingthecentralbankcompletecontroloverthein‡ationrateabstractsfromun-

certaintiesrelatedtothemonetarytransmissionmechanism. Thesecouldbeincorporated

intothemodelbutwouldnota¤ectourconclusions.
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zeroandvariance¾ ¹. T heshockitselfis unobservabletothecentralbank

andprivateagents butasignalisobservable, givinginformationaboutthe

currentoutputshocksubjecttonoise. W ede…netheactivismofthecentral

bankastheextenttowhichitreactstotheobservedsignal.

yt= ¯ st(¼t¡¼ et)+ ¹t (1)

Itis immediatelyclearfrom equation (1) thatvolatile in‡ation expec-

tations areproblematicforthecentralbank. Ifin‡ation is keptclosetoa

targetthenthevolatilityinin‡ationexpectationsistransmittedintovolatile

in‡ationsurprises, andconsequentlyvolatileoutput. A nalternativepolicy

inwhich in‡ation is adjustedtomeetexpectationswouldreducetheprob-

lem ofoutput‡uctuationsbutcreateanexactlyoppositeproblem interms

ofin‡ationvolatility. Toavoidtheseproblems thecentralbankprefers to

conductmonetarypolicyinanenvironmentwherein‡ationexpectationsare

lessvolatile.

Tointroducelearningissuesweassumethattheeconomycanbeinei-

theroneoftwounobservableregimes, st= H orL, correspondingtohigh

andlowmonetarypolicye¤ectiveness. T heregime-dependentparameter¯ st
takes thevalue¯ H in thee¤ectiveand ¯L in theine¤ectiveregime. Since

this parameterdi¤ersacrossregimes therewillbeasymmetryinthee¤ects

ofmonetary policyon output, dependingonwhich is thecurrentregime.

T heregimesareassumedtofollowahiddentwo-stateM arkovswitchingpro-

cess, inotherwordstheeconomyswitchesbetweenperiodsofhighandlow
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monetarypolicye¤ectiveness. T heconditionalprobabilitiesofnotswitching

regime, i.e. ½H = P(st+ 1 = H jst= H )and½L = P(st+ 1 = L jst= L )areassumed

exogenous althoughnotnecessarilysymmetric. T hehighertheprobability

ofnotswitchingthelongertheregimeisexpectedtolast.

pt

beliefs

πte

agents form
inflation

expectations

zt

output signal
observed

πt

central bank
chooses
inflation

yt

output
realised

pt+1

beliefs
updated

t

Figure1: T imingofthemodel

ThetimingofthemodelisshowninFigure1. T hesignalcanbeobserved

bythecentralbankbefore itmakes its in‡ation choice, butbythis time

privateagents havealreadysettheirin‡ation expectations fortheperiod.

Sinceonlythecentralbankisabletoreacttothesignalitcreatesasymmetries

andabasis forstabilisationactions. Ifthesignalindicates alargepositive

shockthe centralbank is able totighten monetary policy accordingly to

minimiselosses. T heactivism ofthecentralbankisre‡ectedinthedegree

towhichitreacts tothesignalandis thereforemeasuredbythedi¤erence

betweenin‡ation¼tandin‡ationexpectations ¼ et.

T hesignal z t is assumedtobeequaltotherealoutputshock¹tplusa

classicalmeasurementerror"t, asde…nedbyequation(2). "tis assumedto

benormallydistributedwithmeanzeroandvariance¾". A llvariances are

assumedtobeknownandindependentoftheregimesothesignalextraction
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problemofthecentralbankistomakeabestestimateoftheactualoutput

shock, giventhesignalreceived. T heproblem reducesto…ndingthecondi-

tionaldistributionof¹tgiven z t. Equation(3) showsitssolution, wherethe

signalextractionparameter, Á , isde…nedas Á = ¾ ¹=(¾" + ¾¹).2

z t= ¹t+ "t (2)

¹tjz t»N [Á z t;Á¾"] (3)

2.2 Centralbanklossfunction

T hecentralbankis assumedtohaveaper-periodquadraticloss function

(4) intheabsolutelevelofin‡ationanddeviationsofoutputfromaregime-

invarianttargetlevely¤, as intheoriginalBarro-G ordon(19 83)model. T he

parameterÂ re‡ectstheweightplacedbythepolicymakeronin‡ationver-

susoutputdeviations from target. A n in‡ationarybias arises inthemodel

becauseatzeroin‡ation thecentralbankhas an incentivetoexploitthe

Phillips-curverelationship(1)andre‡atetheeconomythroughapositivein-

‡ationsurprise. R ationalprivateagentsfullyunderstandthis incentiveand

soexpectin‡ationtobehigherthan zero. In rationalexpectations equil-

brium, thecentralbanknolongerhas an incentivetore‡atetheeconomy

butthereisabiasduetothenon-zeroin‡ation.

Lt= (y¤¡yt)2 + Â¼ 2t (4)

2Since¹tandzthaveabivariatenormaldistribution, thesolutionisgivenbystandard

conditioningresults, seeM ood, G raybillandBoes (19 7 4), pp. 167 -8.
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A centralbankloss function ofthis type is notpopularwith central

bankers. Itis increasinglyagreed thatthe solution totheproblem ofin-

‡ationarybias lies in institutionalarrangementswhich preventthecentral

bankfrom targetingoutputabove its naturalrate, see interalia Svensson

(19 9 9 ). W echoosetoretainthein‡ationbias because, ifthecentralbank

targetsoutputatitsnaturalrate, theonlyrationalexpectationforin‡ation

inthemodelis thein‡ationtargetitself, inourcasezero. In‡ationexpec-

tationsareconstantandalwaysequaltothein‡ationtarget, irrespectiveof

thee¤ectivenessofmonetarypolicy. Togivearoletoin‡ationexpectations

weconsequentlyrelaxtheassumptionoftargetingoutputatitsnaturalrate

andassumetheexistenceofanin‡ationbias.

2.3 B eliefs

A tanypointintimethecentralbankandprivateagentshavebeliefsabout

whethertheeconomyisinthee¤ectiveorine¤ectivemonetarypolicyregime.

Since the information available tothe centralbankand private agents is

identicalthere is noscopeforasymmetry in beliefs and thecentralbank

andprivateagentsalwaysagreeupontheprobabilityofbeinginaparticular

regime. T hebeliefs ofthecentralbankwhen itmakes its in‡ationchoice

arethesameasthoseofprivateagentswhentheysetin‡ationexpectations

because, eventhoughthesignalis observedinthemeantime, thesignalon

itsownsaysnothingaboutthecurrentregime. Itisonlywhenthesignalis

combinedwithotherinformation, notablythe in‡ationchoiceandrealised

8



output, thatitbecomesusefulininferringthecurrentstateoftheeconomy.

Thethussymmetricbeliefscanconvenientlybesummarisedbyasinglevari-

able, pt = P(st = H ), which is thebeliefattimetthattheeconomy is

currentlyinthee¤ectiveregime. Ifpt= 1 thenthereis completecertainty

thattheeconomyis inthee¤ectiveregime. Similarly, pt = 0 implies that

theine¤ectiveregimeiscurrent.

2.4 L earning

Beliefsarenotstaticinthismodel. T heyevolveovertimeasthecentralbank

andprivateagentslearnaboutwhichisthemostlikelycurrentregime. T he

extenttowhichlearningispossibledependscriticallyontheinformativeness

oftheactionstakenbythecentralbank. Ingeneral, anactivistpolicyinvolves

takingactions whicharemore informative. U ndertheactivistpolicy, the

centralbankreacts tothe newinformation available in its signaland so

its in‡ationchoice is likelytodi¤ersigni…cantlyfrom expectations. W ith

alarge in‡ation surprise in the Phillips curve (1), itis easiertoinferthe

monetarypolicye¤ectivenessparameterandhencelearnwhatisthecurrent

regime. Itis this learningbene…tofanactivistpolicythathas ledtocalls

forgreateractivism incentralbankpolicybyBalversandCosimano(19 9 4)

andBertocchi andSpagat(19 9 3).

Toseehowanactivistpolicytranslatesintofasterlearninginthemodel,

considerthedistributionofoutputytconditionalonpriorinformationIt(¼ et; z t;¼t)
and the state st. Equations (5) and (6) showthedistribution ofoutput
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conditionalonbeinginthehighorlowmonetarypolicye¤ectiveness state

respectively.

ytjIt;st= H » N [¯ H (¼t¡¼ et)+ Á z t;Á¾"] (5)

ytjIt;st= L » N [¯L(¼t¡¼ et)+ Á z t;Á¾ "] (6)

U nderacautiouspolicy, thein‡ationchoiceofthecentralbankisclose

tothatexpectedsothein‡ationsurpriseisverysmall, i.e. ¼t¡¼ et¼0 . T he
twodistributions (5) and(6) arenearlyidentical;therealisationofoutput

yt is almostequally likely tobefrom eitherregimeand very littleuseful

informationis produced. U nderthis policyitisdi¢culttolearnaboutthe

e¤ectiveness ofmonetarypolicy. In contrast, underan activistpolicythe

centralbankdoes surprise private agents and the twodistributions have

signi…cantlydi¤erentmeans. T heexpectedvalueofoutputis di¤erentin

eachregimeso, ifthecentralbankthenmakes an in‡ationsurprise, itcan

comparerealisedoutputytwiththeexpectedvaluestoinferthecurrentstate

oftheeconomy. Forexample, ifoutputisstillclosetotrendevenafteralarge

positivein‡ationsurprisetheinferencewouldbethatmonetarypolicymust

currentlybeine¤ective.

T hefactthatthereareonlyadiscretenumberofstates intheeconomy

andthatswitchingbetweenstates isexogenousmeansthattheformationof

beliefstakesaparticularlysimpleform. A simpleapplicationofBayes rule

describeshowbeliefsareupdatedonthebasisofnewinformation. Equation

(7 )showshowtheinitialbeliefsptareupdatedtop+t attheendoftheperiod,

aftertherealisationofyt. U ndersuchBayesianlearning, p+t dependsonthe
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relativeprobabilityofobservingtheoutcomeytinthetworegimes.

p+t =
ptP(ytjIt;st= H )

ptP(ytjIt;st= H ) + (1¡pt)P(ytjIt;st= L)
(7 )

p+t is theoptimalinferenceofthecurrentmonetarypolicye¤ectiveness

regimegiventhecurrentrealisationofoutputandtheoutputsignal. T he

centralbankis henceabletomakeaprediction pt+ 1 ofwhichregimewill

applyinthenextperiodbytakingaccountoftheprobabilitythattherewill

bearegimeshiftatthebeginningofthenextperiod. Inequation(8) the

predictioniscalculatedasaweightedaverageoftheprobabilityofremaining

inthehighe¤ectiveness regimeandtheprobabilityofswitchingoutofthe

lowe¤ectivenessregime.

pt+ 1 = p+t½H + (1¡p+t)(1¡½L) (8)

Equations(7 )and(8), combinedwiththenormaldistributions(5)and(6)

foryt, giveanon-linearequation(9 )forupdatingbeliefs. U pdatedbeliefsare

afunctionofthecurrentbelief, thein‡ationsurprise, thesignalandrealised

output. B (¢) represents theBayesianoperatormodi…edtotakeaccountof

M arkov-switchinge¤ects.

pt+ 1 =
½H pte

¡ 12
³
yt¡¯H (¼t¡¼et)¡Áz t

Á¾"

2́

+ (1¡½L)(1¡pt)e
¡ 12

³
yt¡¯L(¼t¡¼et)¡Áz t

Á¾"

2́

pte
¡ 12

³yt¡¯H (¼t¡¼et)¡Áz t
Á¾"

2́

+ (1¡pt)e
¡ 12

³yt¡¯L (¼t¡¼et)¡Á z t
Á¾"

2́

= B (pt;¼t¡¼ et; z t;yt) (9 )
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2.5 R ationalexpectationsequilibrium

Privateagentsareassumedtobefullyrationalwhenmakingtheirexpecta-

tionofthe in‡ationrate. A ccordingtothede…nitionofrationalexpecta-

tions equilibrium theseexpectations havetobeconsistentwiththeactual

behaviourofthecentralbank. InFigure1 thein‡ationexpectationsformed

exante beforetheobservationofthesignalmustbeequaltotheaverage

in‡ationchoicemadeexpostbythecentralbank, i.e. in‡ationexpectations

havetosatisfyequation(10), where¼¤(¢) isthein‡ationchoiceofthepolicy

makergiven pt;¼ etand z t.

¼ et=
R
¼¤(pt;¼ et;z t)f(z t)d z t (10)

3 Calibration

T hemodelshouldbecalibratedatafrequencythatre‡ectshowoftenmon-

etarypolicydecisionsaremade. Inrealitythestanceofmonetarypolicyis

reviewedregularlybythecentralbanksoanaturalchoice is tomakethe

modelmonthly.3 Table1 showsourbaselinecalibration.
3Inreality, monthly(andevenquarterly) in‡ationdataarerathernoisyandfarfrom

achoicevariable. H owever, ourconclusions stillremainvalid inamorecomplexmodel

in which the centralbank sets monthly interestrates and the monetary transmission

mechanism ismodelledexplicitly.
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Parameter Value

¯ H 3

¯L 0:5

½H 0:975

½L 0:975

¾ ¹ 0:0 1

¾² 0:0 0 33

Á 0:75

y¤ 0:0 1

Â 9

± 0:9 97

Table1: B aselinecalibratedvalues

The…rst…veparameters in Table3 arechosenonthebasis ofempiri-

calestimationofthemodelfortheG 7 countries for19 80:1 to19 9 8:2.4 T he

sampleperiodwaschosentoavoid identifyingthe19 7 0’s as acommonob-

servableregimeofvolatileshocksacross allcountries. Calibratedvalues of

¯ H = 3and ¯L = 0:5 implythata0.1 percentagepointin‡ation surprise
4Estimationresults arepresented in A ppendix A . W eemployastructuralvectorau-

toregression (SVA R ) approach ina M arkov-switchingcontext. T he ¯’s reportedare in

therangeoftheestimatedimpacte¤ectsofin‡ationsurprisesacrosstheG 7 economiesin

periodsofhighandlowmonetarypolicye¤ectiveness. Formoredetailsofthisapproach

seeEhrmann, EllisonandValla(2000).
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leads tomonthlyoutputbeing0.3% or0.05% abovetrend, dependingon

thecurrentmonetarypolicye¤ectivenessregime.Inotherwords, theoutput

e¤ectofanin‡ationsurpriseis sixtimeshigherwhenmonetarypolicyisef-

fective. R egimesarecalibratedtobesymmetricallypersistent: apersistence

parameterof½ = 0:975means thattheaveragedurationofeachregimeis

1=(1¡0:975) = 4 0 months. T hestandarddeviationofoutputshocks, ¾ ¹ , is

setintherangeofestimatedvalues.

T he…nal…veparametersinTable1 cannotbeestimateddirectlyfromthe

data. Inthebaselinecalibrationwesety¤, thetargetforthelevelofoutput

abovetrend, tobeequaltoonestandarddeviationoftheoutputshockbut

performsensitivityanalysisforasetofvaluesy¤2f0:0 15;0:0 1;0:0 0 5g. Since
y¤ is logarithmicthesevalues correspondtotargetlevels foroutputabove

trend of0.5% , 1% and 1.5% respectively. Â re‡ects theweightthatthe

centralbankplacesonin‡ationasopposedtooutputdeviationsfromtarget.

W ehavecalibrated this parametersothattheaverage in‡ation choiceof

thepassive learningcentralbankcorresponds toamonthly in‡ation rate

of0.2% . T hesignalextractionparameter, Á , is di¢culttocalibratesowe

takearangeofparameters Á 2 f0:5;0:75g. T hestandarddeviationofthe

measurementerror, ¾", issettomatchthesignalextractionparameter. T he

discountfactor, ±, impliesaquarterlydiscountrateof1% .

Sensitivityanalysisontheparametersy¤andÁ didnotyieldqualitatively

di¤erentbehaviourofthemodel. H enceforthweonlyreportresults forthe

baselinecalibration.5

5D etailsofotherresultsareavailablefrom theauthorsonrequest.
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4 R esults

W eanalysethemodelundertwodi¤erentassumptionsabouthowthecentral

banktakes learningissues intoaccount. U nderthepassive learningpolicy

thecentralbanklearns butmakes noconscious e¤orttoadjustits policies

toa¤ectthespeedatwhichitlearns. T hispolicyservesasabenchmarkin

whichthecentralbanklearnsbutdoesnottakeintoaccountthatitscurrent

actionsa¤ectfuturebene…tsandlossesthroughlearning. Incontrast, with

theactivelearningpolicythecentralbankfullyinternalisesthee¤ectsofits

actionsonlearning. W erefertothislatterastheoptimalpolicy.6

W ebeginbyde…ningabenchmark, thefullinformationpolicyinwhich

thecentralbankandprivateagentsalwaysknowthetruestateoftheecon-

omy. Inthiseconomythereisnoroleforbeliefsorlearning.

4.1 Fullinformationbenchmark

T hefullinformationbenchmarkwouldbefollowedbythecentralbankifthe

truestateoftheeconomywas always knownwithcertainty. U nderthese

conditionsthecentralbankminimisestheexpectedlosseachperiodsubject

totheknownPhillipscurve.
6T hepolicyisoptimalintheabsenceofacommitmenttechnologybywhichthecentral

bankcansolvethetime-inconsistencyproblem.
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min
¼t

Et(Ltj¼ et; z t;st)

s.t. yt= ¯ st(¼t¡¼ et)+ ¹t
(11)

B ysubstitutingthePhillipscurveintothelossfunctiontheproblemcan

bewrittenasequation(12).

min
¼t
Et

£
(y¤¡¯ st(¼t¡¼ et)¡¹t)

2 + {¼ 2tjz t;st
¤

(12)

T heonly stochasticvariable in this expression is theoutputshock ¹t.

H encewe can use the conditionaldistribution ¹tjz t » N [Á z t;Á¾ "] from

equation (3) and thentakethe…rstordercondition forloss minimisation

(13) toderivetheoptimalcentralbankpolicy(14) forgiven¼ et; z tandst.

d
d ¼t

E(Ltj¼ et; z t;st) = 0 (13)

¼t=
¯ st

¯ 2st+ Â
(y¤¡Á z t)+

¯ 2st
¯ 2st+ Â

¼ et (14)

Privateagents takeexpectationsof(14) toform theirrationalexpecta-

tionsofin‡ation(15), whichfurtherimplies thattherationalexpectations

equilibrium levelofin‡ationisgivenbyequation(16).

¼ et =
¯ sty

¤

Â
= ¼ dst (15)

¼t = ¼ et¡
¯ 2st

¯ 2st+ Â
Á z t (16)
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A ccordingtoequation(15) thein‡ations expectationsofprivateagents

directlyfollowthestateoftheeconomy. Expectationsareexactlyequalto

thein‡ationarybiasassociatedwiththecurrentregime: ¼ dH inthehighand

¼ dL inthelowe¤ectivenessregime, where¼ dH > ¼ dL.

Equation (16) shows thatin‡ation consists ofasystematiccomponent

capturedbyexpectationsandalinearreactiontotheobservedsignalz t. T he

extenttowhichthecentralbankreacts tothesignaldependsonthestate

st, thesignalextractionparameterÁ , anditsdistasteforin‡ationparameter

Â. T hecentralbankis moreactive in respondingtothesignalifitis in

thee¤ectivemonetarypolicyregime, ifthesignalisagoodpredictorofthe

outputshock, orifthedistasteforin‡ationislow.

4.2 Passivelearningpolicy

T hepassivelearningpolicyoptimallyaccounts forcurrentuncertaintybut

failstorealisethatexpectedfuturelossescanbea¤ectedbyadjustingcur-

rentpolicyactions; learning is ignored. Since learningand the updating

ofbeliefsaretheonlysourceofdynamics inthemodel, theproblem ofthe

passivelearningcentralbankreducestothatofminimisingtheexpectedone-

periodlossfunctioneachperiod, subjecttothePhillipscurve. Itisshownin

equation(17 ).

T heproblem ofthepassivelearningcentralbankis identicaltothefull

information problem exceptthatthe state st is unknown. Equation (18)

showsthattheexpectedone-periodlossisaweightedaverageoftheexpected
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lossesconditionalonthetruestateoftheeconomy.

min
¼t

Et(Ltjz t;pt)

s.t. yt= ¯ st(¼t¡¼ et)+ ¹t
(17 )

min
¼t

8
<
:

ptEt
£
(y¤¡¯ H (¼t¡¼ et)¡¹t)2 + Â¼ 2t

¯̄
¼ et;z t;pt;st= H

¤

+ (1¡pt)Et
£
(y¤¡¯L(¼t¡¼ et)¡¹t)2 + Â¼ 2t

¯̄
¼et;z t;pt;st= L

¤

9
=
; (18)

Solvingtheminimisationproblem ofthecentralbankgives thepassive

learningpolicy, inwhichin‡ationischosenaccordingtoequation(19 ).

¼t=
pt̄ H + (1¡pt)̄ L

pt̄ 2
H + (1¡pt)̄ 2

L + Â
(y¤¡Á z t)+

pt̄ 2
H + (1¡pt)̄ 2

L

pt̄ 2
H + (1¡pt)̄ 2

L + Â
¼ et (19 )

Equations (20) and (21) characterise rationalexpectations equilibrium

underthispolicy.

¼ et = pt¼ dH + (1¡pt)¼ dL (20)

¼t = ¼ et¡
pt̄ 2

H + (1¡pt)̄ 2
L

pt̄ 2
H + (1¡pt)̄ 2

L + Â
Á z t (21)

In‡ationexpectations givenbyequation(20) areaweightedaverageof

the in‡ation biases thatprevailed underthefullinformation policy. T he

greatertheprobabilityassignedtothee¤ectiveregimethehigherisexpected

in‡ation. T he in‡ation choiceofthecentralbank in equation (21) again

comprises a systematiccomponentand a linearreaction tothe observed

signalz t. H owever, itnowistheinferredregimeprobabilities, ptand1¡pt,

thatdeterminehowactivelythecentralbankrespondstoshocks.
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B eliefs ptaboutthecurrentstateoftheeconomyhavetwoe¤ectsonthe

behaviouroftheeconomy: theya¤ectexpectationsdirectlythroughequation

(20) andhaveimplicationsforthesizeofsurprisessincetheyappearinthe

reactiontothesignalinequation(21).

Figure2 showsexpectedin‡ationandthein‡ationchoicesmadebyapas-

sivelearningcentralbankinthecalibratedeconomy, as afunctionofprior

beliefs and the signalobserved. T hecentralline shows in‡ation expecta-

tions, whichareequaltothein‡ationchoicemadebythecentralbankafter

observingazerosignal. T heupperline is theresponsetoaonestandard

deviationnegativesignal, z = ¡¾ z , andthelowerlineisforaonestandard

deviationpositivesignal, z = + ¾ z . T heverticaldistancebetweentheupper

andlowerlinesmeasures thedegreetowhichthecentralbankreacts toits

signalforagivenpriorbelief.

T he…gurerevealsthat, inthecalibratedeconomy, changesinbeliefshave

asigni…cante¤ectonbothin‡ationexpectationsandtheextenttowhichthe

centralbankreacts totheobservedsignal. Increasedbeliefinthee¤ective

monetarypolicyregimeisassociatedwithhigherin‡ationexpectationsand

astrongerreactiontothesignal. T his istrueforawiderangeofalternative

calibrations.
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Figure2: In‡ationexpectationsandin‡ationchoicesunderthepassive

learningpolicy

A lthoughthepassivelearningpolicyignoreslearningissues, thisdoesnot

meanthatthereisnolearningintheeconomy. O vertimeprivateagentsand

thecentralbankdoreceiveinformationwhichhelpsthem toinferthestate

oftheeconomy. Privateagentsandthecentralbanklearnandupdatetheir

beliefswithconsiderablesophistication, asdiscussedinSection2.3. Equation

(9 ) summarisingthesymmetricBayesianupdatingprocess is non-linearso

simulationsareneededtogainaninsightintothedynamicbehaviourofthe

economy. Table2 showssomestylisedfactscalculatedonthebasisof1000

simulationsofthecalibratedeconomy, eachof250 periods. Inthetable, ¾

representsstandarddeviation.
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Passivelearning

policy

In‡ation ¾¼ 0:131

O utput ¾y 0:84 4

B eliefs ¾ p 0:2 58

Expectations ¾¼ e 0:0 72

Surprises ¾ ¼ue 0:10 9

W elfareloss L 2 :2 15

Table2: Stylisedfactsofthepassivelearningpolicy

Thedynamicsimulationsrevealthatin‡ationismorevolatilethaneither

in‡ationexpectationsorin‡ationsurprises. Indeed, sincebyde…nitionin‡a-

tionisequaltothesumofitsexpectedandunexpectedcomponents, in‡ation

volatilityisduetovolatilityinbothexpectationsandsurprisesandtheirco-

variance. A simpleA N O V A analysissuggeststhatapproximately25% ofthe

volatilityinin‡ationcanbeattributedtovolatilityinin‡ationexpectations

and 7 5% tovolatilityinin‡ationsurprises.7

T he…nalrowofTable2 showstheaverageper-periodwelfarelosscalcu-

latedaccordingtoequation(4).
7 A nalysisofvariance(A N O V A ) inthiscaseisequivalenttocalculatingthegoodness-

of-…tmeasure R 2 in the linearregression model¼t = a¼et + "t. Since R 2 = 0 :234 we

concludethatvariations in in‡ation expectations ¼et explain approximately 25% ofthe

variationinin‡ation¼t.
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4.3 A ctivelearningpolicy

T heworkofBertocchi andSpagat(19 9 3)andBalversandCosimano(19 9 4)

suggests thatthepassivelearningpolicyis suboptimal. T heyclaim thata

centralbankshouldbemoreactivistinitsresponsetotheobservedsignalbe-

causethisprovidesvaluableinformationaboutthestateoftheeconomy.8 By

beingmoreactivistthecentralbanklearnsmorequicklyabouttheeconomy

andsoisbetterabletostabiliseoutputshocksinthefuture. T hisargument

wasmaderecentlybyW ieland(19 9 8, 2000b) inthecontextofacentralbank

learningthenaturalunemploymentrateorlearningwhetherthemonetary

policytransmissionmechanism changedafterG ermanreuni…cation.

Toassessthisargumentinourmodelwithstrategicinteractionswederive

theactivelearningpolicyinwhichthecentralbanktakes alllearninginto

account. T heactivelearningpolicyinternalisestheimpactofcentralbank

actionsonlearningbyincorporatingthelearningconstraintsinthedynamic

loss-minimisationproblem (22). T hecentralbankinternalisesbothitsown

learningandthatofprivateagents throughequation(9 ) ofSection2.3. In

addition, itinternalises theconsequences oflearningbyprivateagents for

futurein‡ationexpectations, i.e. ¼ et+ 1 = ¼ et+ 1(pt+ 1), analogous toequation

(20) inthepassivelearningcase. T heproblembecomes intertemporalsince

futurebeliefsandin‡ationexpectationsbothdependoncurrentactions.
8 Inthelearningliteraturethisbehaviourisknownasexperimentationorprobing.
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min
f¼tg

Et

1X

n= 0

±n
£
Lt+ n(yt+ n;¼t+ n)

¯̄
¼ et;z t;pt

¤

s.t.

yt = ¯ st(¼t¡¼ et)+ ¹t (22)

pt+ 1 = B (pt;¼t¡¼ et; z t;yt)

¼ et+ 1 = ¼ et+ 1(pt+ 1)

T his problem has arecursivenaturesotheactivelearningpolicymust

satisfytheB ellmanequation(23).

V (pt; z t;¼ et) = min¼t
Et

£
L(pt;¼ et; z t;¼t)+ ±V (pt+ 1; z t+ 1;¼ et+ 1)

¤
(23)

N oclosed-formanalyticalsolutionexiststothisproblem. H owever, W ieland

(2000a) showshowastandarddynamicprogrammingalgorithmcanbeused

toobtainanumericalsolutiontotheBellmanequationandanapproximation

totheactivelearningpolicy.9

9 SinceB lackwell’ssu¢ciencyconditionsaresatis…edforthisclassofproblem, seeKiefer

and N yarko(19 89 ), itis possibletode…neacontractionmappingwhichconverges toa

unique…xedpoint. H ence, repeatediterationsovertheB ellmanequationwillconvergeto

thestationaryoptimalpolicyandassociatedvaluefunction. Furtherdetailsofthesolution

techniqueappearinA ppendixA .
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Figure3showstheactiveandpassivelearningpolicies. Inthe…gurethe

in‡ationexpectationsassociatedwitheachbeliefaresu¢cientlycloseunder

thetwopolicies thatonlythoseofthepassive learningpolicyare shown.

H owever, thereisamarkeddi¤erenceinthedegreeofactivismofthecentral

bank. Incontrasttothepassivelearningpolicy, theactivelearningin‡ation

choicesareclosertoexpectations. Inotherwords, thecentralbank’sreaction

totheobservedsignalismuted. T heactivelearningcentralbankerismore

cautiousthanitspassivelearningcounterpart.

T helargestdeviationbetweenthetwopoliciesoccursatpt= 0:5, where

uncertaintyisatitsgreatest. Forbeliefsclosertocertainty, thepotentialfor

learningbyboththecentralbankandprivateagents is less, sotheprecise

waythecentralbanktakeslearningintoaccountbecomeslessimportantand

theactivelearningpolicyapproaches thepassivelearningone. Ingeneral,

there is noreasontoexpectsymmetry in thedeviations between thetwo

policies becausetheloss function is quadraticinthelevels ofin‡ationand

output. H owever, inthiscalibrationthedeviationsarealmostsymmetricso

in‡ationexpectationsarealmostidenticalunderthetwopolicies.
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Figure3: In‡ationexpectationsandin‡ationchoicesundertheactive

learningpolicy

Thedynamicproperties oftheactiveandpassive learningpolicies are

comparedin Table3. U ndertheactivelearningpolicythevolatilityofin-

‡ationsurprisesnaturallyfalls as thecentralbankbecomesmorecautious.

T his decreaseinvolatilityis generatedbythecentralbanktodampenthe

undesirablevolatilityinin‡ationexpectationsoftheprivatesector. Indeed,

thevolatilityofin‡ationexpectations alsofalls. T hepolicyofanactively

learningcentralbankthereforereduces thevolatilityofin‡ation both di-

rectlythroughthevolatilityofsurprisesandindirectlythroughthevolatility

ofexpectations.
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Passivelearning

policy

A ctivelearning

policy

In‡ation ¾ ¼ 0:131 0:0 95

O utput ¾y 0:84 4 0:887

Beliefs ¾ p 0:2 58 0:2 0 5

Expectations ¾¼ e 0:072 0:0 56

Surprises ¾¼ue 0:10 9 0:076

W elfareloss L 2 :2 15 2 :2 13

Table3: Stylisedfactsoftheactivelearningpolicy

Thedecreased volatilityofin‡ation has apositive e¤ectonwelfareat

onlythecostofasmallincrease in output‡uctuations. T he …nalrowof

Table3showsthattheaveragewelfarelossfallswithcaution, despiterising

outputvolatility. T herelativelysmallwelfaregainofactivelearningre‡ects

thefactthatthecosts and bene…ts ofactivism in this calibration almost

exactlyo¤setoneanotherandthepassivelearningpolicyis approximately

optimal.

5 Conclusions

W ebeganthis paperbyaskingwhetheracentralbankshouldbecautious

oractive in its monetarypolicy. O urmodelsuggests furtherreasonswhy

cautionmaybethecorrectanswer. T hepresenceofstrategicinteractions
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intheeconomyquestions theclaim thatthecentralbankshouldfollowan

activistpolicy. O nthecontrary, itmaybeoptimalforacentralbanktodo

theoppositeandbecomemorecautious.

T heproblemwiththeactivistpolicyisthatitinducesadditionalvolatility

intothein‡ationexpectationsofprivateagents. T heriseinthevolatilityof

in‡ation itselfis thereforemorepronounced;itrises duetomorevolatility

in both surprises and expectations. From alearningperspective, volatile

surprises are informativebutvolatile expectations give nobene…ts. T his

additionalcostassociatedwiththeextravolatilityin in‡ationexpectations

counteractsthecallforgreateractivismmadebyauthorssuchasB ertocchi

andSpagat(19 9 3), BalversandCosimano(19 9 4)andW ieland(19 9 8, 2000b).

T heresultsofoursensitivityanalysissuggestthattheadditionalcostactually

dominatesforawiderangeofparametervaluessoactivistpolicyisunlikely

tobewelfare-improving.
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A Estimationandcalibrationofthemodel

A .1 Estimation

W eusethestructuralvectorautoregression(SVA R ) approachinaM arkov-

switchingcontext. InastandardSV A R thestructuralformoftheeconomyis

recoveredbyimposingidentifyingrestrictionsonthemovingaveragerepre-

sentationofanunrestrictedvectorautoregression. O urtwo-stageprocedure

istoallowforM arkovswitchingintheestimationoftheunrestrictedvector

autoregressionandthen, foreachregimeseparately, imposerestrictionson

themovingaveragerepresentationcalculated. W earethusabletotraceout

theimpulseresponsefunctions correspondingtothee¤ectsoffundamental

shocksineachregime.

In stage 1 weestimatetheunrestricted vectorautoregression in equa-

tion(A .1). T he M SA H (2)-V A R X (p) speci…cation shownwaschosentoal-

lowsimultaneous M arkovswitches intheautoregressiveparametersandthe

variance-covariancematrix. A symmetry inthe impacte¤ects ofmonetary

policywillbere‡ectedinaswitchinthevariance–covariancematrixwhereas

dynamicasymmetrywillswitchtheautoregressiveparameters. T hechoice

ofa2-regimemodelwasmadeforconsistencywithourtheoreticalanalysis.

¡¢ yt
¼t

¢
=

¡v1
v2

¢
+ A1(st)

¡¢ yt¡1
¼t¡1

¢
+ :::+ Ap(st)

¡¢ yt¡1
¼t¡1

¢
+ ¡(st)t+

¡e1t
e 2t

¢

V ar
¡e1
e 2

¢
= ­ (st)

(A .1)

In stage 2, we use the Q uah and Vahey (19 9 5) procedure to identify

in‡ationsurprises bytherestrictionthat, whilsttheymayhavealong-run
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e¤ectonin‡ation, theyhavenolong-rune¤ectonoutput. Incontrast, output

shocksmayhavelong-rune¤ectsonbothin‡ationandoutput.

Forourestimationweusedquarterlydatafrom 19 80:1 to19 9 8:2 forthe

G 7 countries, excludingG ermany.10 D ataweretakenfromtheO ECD Statis-

ticalCompendium, outputbeingproxiedbyanindexofdomesticindustrial

production and in‡ationmeasured bytherateofchange in theconsumer

priceindex. A nexogenous trendwas includedinthevectorautoregression

toensurestationarityofthedependentvariables, particularlyin‡ation. A f-

tersomeexperimentation, acommon laglengthofoneforoutputgrowth

andtwoforin‡ationwasacceptedasgivingclearly-de…nedregimes ineach

country. A llestimations wereperformedusingthe M svarpackageforO x

2.10. R esultsarereportedinTableA .1.11

Persistence Impacte¤ect O utputshocks

½H ½L
@y
@¼ue

¯̄
H

@y
@¼ue

¯̄
L

¾¹

U S

U K

France

Italy

Japan

Canada

0:82 0:90

0:89 0:94

0:88 0:87

0:97 1:0 0

0:90 0:64

0:9 2 0:89

1:58 0:66

1:07 0:4 7

0:85 0:78

1:0 6 0:2 6

0:94 0:13

1:13 0:14

0:0 0 55

0:0 0 84

0:0 0 91

0:0 184

0:0 118

0:0 12 4

10 G ermany was excluded because ofproblems due toreuni…cation occurring in the

middleofthesampleperiod.
11 A fullanalysisoftheestimationresults isbeyondthescopeofthisappendix.
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TableA .1: Estimatedregimepersistence, impacte¤ectsandstandard

deviationofoutputshocks

The …rsttwocolumns ofTable A .1 showthatthe estimated regimes

arehighlypersistent. A naveragequarterlyprobabilityofremaininginany

regimeof0:9 translates intoanexpectedregimedurationof10 quarters, i.e.

twoandahalfyears. ItalyandtosomeextentJapanappeartobeoutliers

interms ofpersistence. T henexttwocolumns reportnumericalestimates

oftheimpacte¤ectofanin‡ationsurprise. T he…nalcolumnofTableA .1

reportsestimatesofthestandarderrorsoftheidenti…edoutputshocks.

FigureA .1 showsouridenti…edimpulseresponsefunctions.12 Eachcoun-

try’spanelshowstheresponseofthelevelofoutputtoaonepercentagepoint

in‡ationsurprise. T hepanelsrevealevidenceofasymmetryinthee¤ectsof

in‡ation surprises inallsixcountries. Forallcountries excepttheU S the

patternisverysimilar: inthee¤ectiveregimeaonepercentagepointin‡a-

tion surpriseincreases outputimmediatelyto1% abovetrend. T his e¤ect

peaksafteronequarterandthenslowlydiesaway. Intheine¤ectiveregime

thereisonlyasmallpositiveimpacte¤ectonoutput.
12Estimates ofthe standard errorbands areomitted forclarity. Paucity ofdata, a

totalof7 4 observations meaningthatthereareonlyabout37 observations perregime,

inevitablyleadstowidestandarderrorbands inanycase.
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FigureA .1: Estimatedresponseofoutputtoaonepercentagein‡ationrate

surpriseineachregime
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A .2 Calibration

TableA .2 showsthecalibrations impliedbyourestimation. T hetransform

fromourquarterlyestimatestomonthlyparametervalues isnottrivialbe-

causeyt is alevelde…nedas thelogarithm ofoutputdeviationfrom trend,

while¼tistherateofchangeinprices.

Parameter
Q uarterly

calibration

M onthly

calibration

¯ H 1 3

¯L 0:167 0:5

½H 0:9 0:975

½L 0:9 0:975

¾¹ 0:0 1 0:0 1

¾ ² 0:0 0 33 0:0 0 33

Á 0:75 0:75

y¤ 0:0 1 0:0 1

Â 1 9

± 0:99 0:997

TableA .2: D erivationofthecalibratedvalues
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B N umericalapproximationoftheactivelearn-

ingpolicy

A napproximationoftheactivelearningpolicyis calculatedbysolvingthe

Bellman equation (23) numerically. Todothis itis necessary toobtain

expressionsfortheexpectedone-periodloss, EtLt, andtheexpectedcontin-

uationvalue, EtVt+ 1 foragivenin‡ationchoice¼t. T heformerisde…nedby

equation(4)andthelattercanbewrittenasequation(A .2), inwhichfuture

beliefs, pt+ 1, havebeenreplacedbythenon-linearupdatingequation(9 ).

EtVt+ 1 = EtV (B (pt;¼ et; z t;¼t;yt);z t+ 1;¼ et+ 1) (A .2)

T heexpectationin(A .2) hastobeevaluatedbythecentralbankbefore

therealisationofboth currentoutput, yt, and thesignalofnextperiod’s

outputshock, z t+ 1. H ence, beforesettingcurrentin‡ation, thecentralbank

mustcalculatethedoubleintegralinequation(A .3).

EtVt+ 1 =
RR

V (B (pt;¼ et; z t;¼t;yt); z t+ 1;¼ et+ 1)f(yt
¯̄
pt;¼et;z t;¼t)f(z t+ 1)d ytd z t+ 1

(A .3)

f(z t+ 1) is thedistributionofz t+ 1 andf(ytjpt;¼ et; z t;¼t) is thepredictive

distributionofyt. T heirdistributionsareindependent, anormalandamix-
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tureofnormalsrespectively, asdescribedbyequations(A .4) and(A .5).

f(z t+ 1) = N [0 ;¾ z ] (A .4)

f(yt
¯̄
pt;¼ et;z t;¼t) = ptN [¯ H (¼t¡¼ et)+ Á z t;¾¹(1¡Á)]

+ (1¡pt)N [¯L(¼t¡¼ et)+ Á z t;¾ ¹(1¡Á)] (A .5)

O urcomputationalalgorithm begins byde…ningagridofpoints inthe

state space (pt; z t). T he grid points forbeliefs, pt, are placed uniformly

overthe interval[0 ;1], whereas gridpoints fortheoutputshocksignal, z t,

arebunchedaroundthemeanaccordingtoacosineweightingfunctionto

increaseaccuracy. A teachgridpointweassignanin‡ationchoice, ¼t, anda

valueforthevaluefunction, Vt, usingasstartingvaluesequilibrium in‡ation

choicesofapassivelearningcentralbankfromequation(21)andthepresent

discountedvalueoftheassociatedexpectedone-periodloss(4).

O neiterationoftheB ellmanequationisachievedbypassingthroughthe

grid point-by-point. A teach gridpointthe in‡ation choice is recalculated

byminimisingtheright-handsideofequation (23), usingequation (4) for

theexpectedone-periodloss andequations (A .2) to(A .5) fortheexpected

continuationvalue. N umericalevaluationoftheexpectedcontinuationvalue

relieson G aussianQ uadraturemethodstoapproximatethedoubleintegral

inequation(A .3)andlinearinterpolationofadjacentgridpointstoevaluate

thevaluefunctioncontainedwithintheintegral. O nceanewin‡ationchoice

is calculated, anew¼tand Vtareassignedtothegridpoint. A n iteration

ofthe B ellman equation is completedwhen the in‡ation choiceandvalue

functionhavebeenupdatedforeachgridpoint.
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R epeatingtheaboveproceduretoiteratethevaluefunctionconvergesto

theactivelearningpolicy. O veragridof10 £10 points, wede…nethevalue

functionasconvergedwhenthevaluesassociatedwitheachgridpointchange

bylessthan0.0001 oversuccessiveiterations. W henupdatingthein‡ation

choiceweuseaconvergencetoleranceof0.00001. 32 ordinates areused in

theG aussianQ uadratureapproximationofequation(A .3).

Tocalculatearationalexpectationsequilibriumweemployasimpleiter-

ativealgorithm. Firstly, thein‡ationchoicesofthecentralbank¼(pt;¼ et0 ;z t)

arecalculatedforgiveninitialin‡ationexpectations¼ et0 (pt), accordingtothe

proceduredescribedabove. Inthenextstage, anewsetofin‡ationexpecta-

tionsiscalculatedaccordingtoequation(10), i.e., ¼ et1 =
R
¼(pt;¼ et0 ; z t)f(z t)d z t.

T heseexpectations, ¼ et1(pt), areusedasthebasisforcalculatingthenewin-

‡ationchoices ¼(pt;¼ et1; z t). T his procedureis iterateduntilconvergenceto

arationalexpectationsequilibrium isachieved.

W euseauniform gridof10 pointsoverthestatespace ptforin‡ation

expectations andtakestartingvalues ¼ et0 from equation (20), in‡ation ex-

pectations underthepassivelearningpolicy. Calculatingthenewin‡ation

expectations ¼ et1 requires a G aussian Q uadratureapproximationofthe in-

tegralin equation (10). Foreach ordinateoftheapproximation the …rst

expressioninsidetheintegral, thein‡ationchoice¼(:), isgivenbylinearin-

terpolationofadjacentin‡ationchoices. T hesecondterm, z t, hasanormal

distributionf(z t+ 1) = N [0 ;¾ z ]. Convergenceisacceptedwhenthechangein

in‡ationexpectationsbetweeniterations is lessthan0.000001 foreachgrid

point. 32 ordinatesareusedintheG aussianQ uadratureapproximation.
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