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Abstract

If acentral bank isunableto forecast accurately the banking system’ s
demandfor reserves, then thevolatility of the money-market interes rateis
likely toincrease. Although reserve averagingisone possible means of
dealingwith this, positive reserve requirements may have undesirable
properties. In thispaper, we examine the operationa implications of
combining averagingwith a zero reserverequirement. Wethen examinethe
optimum system of penalty chargesfor overnight overdraftsandfor missing
the averaging requirement, aswell asthe consequent behaviour of the
money-market interes rate relativeto the central bank’ starget rate.






1 Introduction

Central banksaround the world employ awide range of operational techniques
to implement monetary policy. They supply or drain liquidity through

different combinations of open market operations(OM Os) and standing
facilities sometarget amoney-market interest rate directly, while others
operate mainly asrate-takers, controllinginterest ratesindirectly viapressure
on banks reserves, andthey operate at widely different maturities from
overnight to three months.

When designing an operational framework, one objectiveislikely to beto limit
interegt rate volatility arisng from any inability to forecast accurately banks
demandfor reserves. A more stable overnight rate helpsto increasethe
trangparency of monetary policy. Asfinancia marketshave become more
international and capital hasbecome more mohile, the senstivity of the
exchangerate and market interest ratesto expectationsof monetary policy has
risen. In other words, expectationsnow play an increasngly important rolein
thetransmisson of monetary policy, andthe costsof sendingthewrong
sgnashavethereforeincreased. Limitingthe volatility of short-term market
interes ratesarounditspolicy rate maximisesacentral bank’ sinfluence over
market expectations, and minimisesthe chancesfor the market to misinterpret

policy.

Operating more frequently, using ¢anding facilitiesto set afloor and a ceiling
for an intereg rate corridor, andtaking sepsto improve the accuracy of the
central bank’ sforecast of banks demandfor liquidity are possible ways of
limitingthe volatility of money-market interest rates Reserve averagingis
another, and onethat hasbeen quite widely employed, very oftenin
conjunction with aminimum reserve requirement. Under such asystem, banks
must holdagiven level of reservesat the central bank, on average, duringthe
maintenance period; if they holdlessthan the requirement one day, they must
offset thisby holding more reservesthan required before the end of the
period.

Table A presentsthe main features of reserve requirementsin the G7
countries. While many central bankshave loweredthe level of reservesthat



banks must maintain during any period, ®” only the United Kingdom and
Canada have a zero reserverequirement. The main motivation for lowering
requirements seemsto have been to remove digortionswithin the market for
financial services, andto discourage therelocation of businessto other
financial centreswith lower, or even zero, minimum reserves. Moreover, other
benefits sometimesassociated with positive reserve requirements can be
provided by other instrumentsthat do not distort the market.?

Table A: Main features of reserve requirementsin the G7

United United Germany  France Italy Japan Canada
Kingdom States
Requirement (as Zero 3-10 15-2 0.5-1 15 0.05-1.3 Zero
% of liabilities)
Averaging No Yes Yes Yes Yes Yes Yes
Length of 1 day 2 weeks 1 month 1month 1 month 1 month 4-5
period weeks
Penalties Repo Discount Lombard Average Discount Discount Bank
rate rate rate OINrate rate rate rate
+1-2% +2% +3% +3% +10% +3.75% n/a
Remuneration - - - - 5.5% - -
Interest rate - - Yes Yes Yes - Yes
corridor
Policy rate can No Yes Yes Yes Yes Yes Yes
change during
maintenance
period

Source: Borio (1997).

AsTable A shows, the United Kingdom isthe only country in the G7 not to
employ averaging; banksmust balancetheir positionsevery day. Without
averaging, the sream of shocksto banks demandfor liquidity each day could
trandate into sharp movementsin short-term interest rates T o prevent this,
the Bank of Englandrelieson updating itsforecast of the demandfor reserves,

(1) For example, the United Sates lowered reserve requirementsin 1992, Germany in
1994 and 1995, France in 1990, 1991 and 1992.

(2) For example, central banks can use reserve requirementsto increase the banking
sector’ sdemand for liquidity from open market operations. However, another means of
creating a structural demand for central bank money, which the Bank of England employs,
isthe sale of central bank or government paper.



and operating several timesaday to meet changesin demand, rather than
employing averaging. However, the flows between the government andthe
private sector, which directly determinetheliquidity of the banking system,
areintringcally volatile, andtherefore difficult to forecast accurately. S
updating the forecast of the demandfor liquidity during the day may not
sgnificantly improveitsaccuracy. Consequently, thevolatility of the
overnight ratein the United Kingdom remains high by international
standards.®

Table A also showsthat several countries, especially in Europe, use standing
facilities (deposit andlending) to create an interest rate corridor. By keeping
market rateswithin thiscorridor, sanding facilities could also reduce their
volatility. But the narrower thiscorridor is, the more banks substitute central
bank refinancing for borrowingin the money market. Andthisreduction in
market liquidity may reduce the central bank’ scontrol over market interest
rates. Mogt central banksthat operate acorridor sysem operate afairly wide
one—about 2%—so that market ratescan ill fluctuate widely. Averaging,
however, can fully sabilisethe market rate of interest, by encouraging banks
to postpone borrowingwhen theinterest rate istemporarily high until later in
the maintenance period, and to bring borrowing forward when the interest rate
islow. So averaging can be amore effective instrument for reducingthe
volatility of market interes rates.

Onereason for not operating averaging hasbeen to avoidtheimplicit tax on
the banking system associated with apostive reserve requirement. Bt it is
now recognised that averaging doesnot need a positive reserve requirement,
aslongasoverdraftsare made readily available. Table A showsthat Canada
operatesasystem of zero reserve requirementswith averaging, asdoes
Mexico. Furthermore, in determining how the European Sysem of Central
Banksmight implement monetary policy in EMU, the European Monetary
Ingtitute congdered awide spectrum of possible frameworks, one of which
was averaging around azero reserve requirement. T he model in this paper
describes how such a system could operate.

However, adrawback to averaging, irrespective of whether the reserve
requirement iszero or postive, isthat it allowsbanksto speculateif they
expect achangein the central bank’ sdealing rate during the maintenance
period. For example, if banksexpect arisein the maintenance period, they will

(3) See Escriva and Fagan, (1996) and Borio (1997).



try to meet al of their expected liquidity needsearly in the maintenance period,
before the central bank raisesitspolicy rate. If the central bank meetsall of
thisdemand, and doesraiserates, it losesthe revenue it would have earned
later in the period on the quantity it would havelent at itshigher rate.
Alternatively, if the central bank doesnot meet thisdemand, the market bids
up the overnight ratetowardsthe level it expectsafter theraterise. S
speculation resultsin either alossof control over the overnight rate, or a
financial lossto the central bank if the market anticipatescorrectly.

Oneway to prevent speculation would be for central banksto change their
policy ratesonly at the sart of each maintenance period and rule out any
further changesuntil the sart of the next period. Theresaltsin Table A revedl
that the maintenance periodin mog of the countriesthat operate averagingis
one month, andthat most of the central banksdo changeratesduringthe
maintenance period. Gven thelow frequency with which central banks
generally changetheir policy rate, doingso only at the gart of a

one-month maintenance period would not proveto betoo much of a
congraint. But speculation about changesin policy ratesislikely to be one
factor that keepscentral banksfrom operating maintenance periodslonger
than one month.

Poole sseminal (1968) paper showed that in aworld where shocksto banks
demandfor liquidity were symmetrical, bankswould aim to meet adaily reserve
requirement exactly only if the penalty for not doing so were twice the market
rate of interest. However, asT able A shows, the penalty for missngthe
reserve requirement in most countriesissgnificantly lessthan twicethe
market rate, and so banks should aim below the reserverequirement. Thefact
that they do not could be aresult of central banksemploying additional non-
price penalties.

Much of the research following Poole’ spaper centred on the calculation of
reserve reguirements, rather than on averaging. Spindt and Hoffmeiger (1988),
however, present amodel wherethe closer to the end of the maintenance
period ashock to liquidity occurs, the greater the proportion that banks seek
to offset on each of the remaining days (ie the higher the

‘work-off’ rate). Morerecently, research hasfocused on the effect of lower
reserverequirements, ascentral bankshave loweredthereservesthat they
require banksto hold. Brunner (1993) extendsPoole’ smodel to the case where
the central bank operates several timesaday, and examinesbanks behaviour
andthe overnight rate at each of these rounds of operations. Brunner
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concludesthat lowering reserve requirementshasan ambiguous effect on the
volatility of the overnight rate. Feinman (1993) and Weiner (1992) argue that
lower reserve reguirementsmake it more difficult for central banksto forecast
accurately the demandfor reserves, andthat they introduce excessve
volatility in short-term interes rates, and thereby reduce the effectiveness of
the central bank’ smonetary operations.

T he use of sweep accountsby USbanksto switch liabilities subject to reserve
requirementsinto accountsnot subject to reserve requirements haslowered
banks effectivereserverequirements. Thishasprovokedrenewedinterest in
thelink between the level of the reserve requirement and the effectiveness of
OMOs. SHlon & Weiner (1996) review monetary policy in an environment of
low reserve requirements, concluding that low reguirements make it more
difficult for central banksto control market ratesof intere<t.

T hispaper extendsBrunner’ sanalysisto athree-day maintenance period,
where banks must meet azero reserve requirement on average—the sum of
their daily postionsmust not be negative. Thevolatility of the overnight rate
andthe‘ work-off’ rate depend critically on the structure of the penalty for
missingthereserve requirement andthe cost of end-of-day overdrafts.
Volatility isminimisedwhen overdraftsarefree. If overdraftsare not free,
bankstry to immediately adjugt to liquidity shocksin the market, rather than
passively absorbingthem on their end-of-day balance. S central banks may
contributeto thevolatility of market interest ratesthrough their choice of
penatiesfor overdrafts Moreover, the model confirmsthat Pool€ s* two
times rule appliesto asysem with averaging.

Accordingly, the model showsthat, under asystem of zero reserve
requirementswith averaging, it ispossble to implement monetary policy to
keep interest ratesaroundthe desired level while meeting the banking
system’ sliquidity needs, aslong as (collateralised) overdraftsare readily
available, and preferably free. It isnot claimedthat thissysem isuniquein
doingthis; awidevariety of operational arrangementscan be, andindeed are,
in practice, employedto implement monetary policy. But the model does
suggest that if averagingisadopted asafeature of the operational framework,
then positivereserve requirements, with all their drawbacks, are not neededto
confer itssupposed benefits.
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Moreover, averagingin asystem of zero reguirementswith free overdrafts
doesnot introduce any drawbacksadditional to averagingwith apostive
reserverequirement. S for example, al overdraftscould be collateralised just
as OMOsare collateralised; from the central bank’ spoint of view, secured
overdraftsare no morerisky than secured OMOs. Furthermore, bankswould
manage their reservesno differently from under averagingwith apostive
regquirement; under both systems, with the appropriate penalty structure,
banks seek to meet thereserve requirement, and smooth their borrowing. And
while thispaper doesnot directly consder theimplicationsfor the central
bank’ soperational income, any reduction in the central bank’ sincome results
from the lowering of the reserve reguirement, not from providing overdrafts
free of charge; any incomethat the central bank losesby extendingafree
overdraft, it recoverswhen banksborrow additional fundsvia OMOslater in
the periodto offset the overdraft.

T he paper isorganised asfollows. The next section describesthe model’ skey
assumptionsandresults. Thefollowing section setsout how the central bank
operates, how shocksaffect the market’ sreserve postion, and howthe
reserve requirement works. We derivethe market’ sdemandfor reservesat the
central bank’ sfirs operation of the maintenance period, and the next section
describesthe central bank’ spolicy rulefor supplyingreservesat itsoperation.
The paper then modelsthe market’ sbehaviour on thefirs day of the
maintenance period, includingthe pattern of market interest rates. The other
daysof the maintenance period are then described, and the whole system is
comparedwith asysem without averaging. Thefinal section relaxesthe
assumption that the central bank cannot changeitsofficial interest rate during
the course of the maintenance period, and examinesbanks speculative
behaviour when they expect just such achange.

2 Themodel’ s assumptions and main results

In the basc model, the central bank operatesathree-day maintenance period,
using daily OMOsin overnight funds, to meet banks demandfor fundsandto
enforceitstarget for the money-market interest rate. Bankshborrowviathese
OMOs each morning and afternoon to adjust their reservesfollowing shocks
to their liquidity. Figure 1 illustratesthe flowsin the maintenance period.

12



Figure 1. The three-day maintenance period

B: B, Bs -Bs Bs
I R [
R RB,; RB, RB; RB, RBs RBs

Day 1 Day 2 Day 3
where g isareserve shock, uniformly distributed over the

range (-2,2), and e>0 isa podtive shock to the
market’ sreserves

B, isthemarket’ sborrowing from the central bank
RB, isthemarket’ sreserve balance at timet
R isthe reserve balance with which the market begins

the maintenance period

Thefirg part of the paper assumesthat the central bank’ starget rate andthe
sengtivity of supply to movementsin the market interest rate remain congtant
throughout the maintenance period. In other words, the central bank changes
itstarget rate only at the beginning of each maintenance period, in contrast
with mog central banks practice, asTable A indicates. By operatingin this
manner, the central bank avoidsany speculation about changesin monetary
policy within the maintenance period, and ruling out speculation allowsusto
focusclearly on howthe market behavesunder averaging, and under different
systemsof penalty chargesfor missngthereserve requirement.

We assumethat the central bank operatesdaily, to showthat, contrary to
what issometimes claimed, averaging does not preclude the central bank from
operating frequently within the averaging period. T he frequency of the central
bank’ sintervention, aswe shall see later, affectsthe money market only after
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the central bank’ slast operation. Operating every other day would allow
banksto speculate about interest rate changes, if the maturity of an operation
were alowed to overlap the beginning of the next maintenance period, or
aternatively would leave the money market to clear by itself on thelast day of
the maintenance period.

Themarket takestheform of arepresentative bank, so that the market is
assumed to function competitively, without market power or asymmetric
information. T herefore, the money-market interest rate will equate
one-for-onewith the central bank’ sdedlingrate,”” and the money market and
the central bank’ soperationsare perfect substitutes. Obviously, by assuming
arepresentative bank, we ignore the interactions of the banksin the money
market, which in practice may bevery important.

Weaso assumethat the central bank cannot forecast accurately the banking
sector’ sdemandfor liquidity; if it could, averaging s<tahilisation function
would be lessimportant. Every day, there aretwo reserve shocks, oneinthe
morning, and onein the afternoon.® While the market learnsthe effect of
these assoon asthey happen, the central bank doesnot observe them until
settlement, at the end of each day. So by noon, when the central bank
conductsitsdaily operations, the market’ sreserve balanceislikely to be
different from thelevel it would want to maintain at theend of theday. To
adjust towardsitsdesredlevel, therefore, the market must borrow at the
centra bank’ sround of OMOs. The model implicitly assumesthat thereisa
large money-market shortage, asisthe casein the United Kingdom, so that
even if bankswish to finish aday with anegative level of reserves, they would
gill needto roll over alarge amount of past assstance. In other words, there
isalwaysaneedto borrow reservesfrom the central bank.

(4) The money-market interest rate and the central bank’ sdealing rate are identical, but
because there isarepresentative bank, there isno money market as such in thismodel.
However, we use the term money-market interest rate throughout the paper, to disinguish
the central bank’ sdealing rate from itstarget rate.

(5) The model’ sresultsrest on the assumption that the central bank can observe any
shocks at the end of the day, and adjust itsforecast of demand for the remainder of the
maintenance period accordingly. |f shocksare serially correlated, then the central bank
can include thisin itsforecast aswell. T herefore, whatever the behaviour of shocks,
banks expect the central bank to balance total liquidity demanded during the maintenance
period with the total amount it supplies, shocksaround the central bank’ sforecast always
have amean of zero. Andasaresult, banksdo not try to compensate for shocks asthey
happen—they wait for the central bank to do so.
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Sncethe central bank can learn the exact outcome of each day’ sshocksonly
at the close of business, when settlement occurs, it can only forecast demand
for itsnoon operation; actual demand, ex post, will differ because of the
morning’ sshock. Becausethe morning sshock iszero only on average, in
practice, the central bank will make mistakes. Asaresut, on any one day
therewill tendto betoo many, or too few, reserveson offer at the central
bank’ starget rate. Unlessthe central bank iswillingto supply an unlimited
quantity of reservesat thetarget rate (the supply curveisperfectly elagtic),
thiswill result in money-market interest ratesmoving away from the central
bank’ starget. Theextent of thismovement will depend on howwillingthe
central bank isto adjust the supply of reservesin response.

T o encourage the market to meet the zero cumulative reserve requirement at
the close of the maintenance period, the central bank leviesa penadlty rate, p,
on any deficiency. Some central banksthat operate asystem of zero reserve
requirements, such as Canada, also make acharge for intra-period overdrafts.
T o accommodate this, the model allowsthe central bank to charge an overdraft
rate, 0, on end-of-day advances, postive balancesare unremunerated. In
practice, central banksmay levy non-pecuniary penaltieson overdraftsasa
further discouragement. Later in the paper, we examine the effect of charging
for end-of-day overdrafts and derive the optimal overdraft charge. Intuitively,
however, if overdraftsare expensive, bankswill be lesswillingto incur them.
S if bankshave just experienced anegative reserve shock, they will continue
to try to borrow morereserveson the ssme day, even if rates spike upwards.
In other words, charging for overdraftstendsto dampen, at least in part, the
smoothing effect of averaging.

Thismeansthat if the central bank wishesto stabilise money-market interest
rates, it shoudallowfreeintra-period overdrafts. In addition, the paper shows
that if the central bank isto induce banksto try to meet the zero reserve
requirement precisdaly, it should combinefreeintra-period overdraftswith a
penalty for failingto meet the reserve requirement of twice the market rate of
interest on thefinal day of the maintenance period. Thisresult isa
generalisation of the concluson of Poole (1968).

Inthismodel, by offeringfreeintra-period overdrafts, the central bank

minimisesthe volatility of the money-market interest rate. At the other
extreme, if the only chargeisfor intra-period overdrafts, and no penalty is

15



imposed on missingthe reserve requirement, the model iseffectively a
one-day maintenance period.® In general, asthe central bank shiftsalarger
share of thetotal penalty for misingthe reserverequirement (iethe sum of the
end-of-day overdraft rate and the end-of-period penalty) to the

end-of-period penalty, the average volatility of money-market interes rates
falls. T hisisbecause under averaging, neither banksnor the central bank
needto adjust to reserve shockson the day that they occur, except on the
final day of the averaging period. However, if the central bank chargesfor
overdrafts, it imposesa“ tax’ on switching demand, so, for example, abank will
not want to absorb anegative shock to itsreservesby going overdrawn.
Reserve shocks, therefore, will have agreater impact on the money market, if
the central bank chargesfor intra-period overdrafts.

By the reasoning above, interest rateswill be at their mogst volatile on the last
day of the averaging period, snce at other timesshockshavelessof an
impact, because the central bank hasan opportunity to rectify the migakein
itsforecad later in the maintenance period. However, because we examine a
three-day maintenance period, we also findthat the average volatility of
market ratesriseson each day of the maintenance period, just asthe work-off
ratein responseto agiven shock to liquidity increases asthe maintenance
periodwearson. It followsthat the average volatility of money-market interest
ratesfallsasthe length of the maintenance periodincreases. But this
conclusion depends upon the assumption that the central bank doesnot
change official interest rateswithin the maintenance period. Thisisan
assumption that becomesincreasngly unrealistic the longer the maintenance
periodis”

If the central bank isallowedto changeitstarget rate within the maintenance
period, speculation againg the central bank couldincrease volatility
substantially. If banksexpect araterise, they will bring demand forward, and
push it back when they expect areduction. In other words, they attempt to do
mog of their borrowing when they expect that interest rateswill be at their
cheapes. Asarealt, the money-market interes rate early in the maintenance
period movestowardsthe consensuslevel expected later in the period. But
whatever the outcomefor intered rates, theincentive to speculate disappears

(6) However, in practice there might be non-pecuniary penaltiesfor overdrafts, which
would make the two systems not exactly equivalent.

(7) Thislast assumption isrelaxed in the last section, and the resultant speculative
behaviour of banks examined.
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oncethelevel of official ratesfor the remainder of the period becomesknown:
the money-market interes rate remainsat the central bank’ sdedlingrate. S
themarket intered rate divergesfrom the prevailing central bank target rate
only at the gart of the maintenance period, for aslongasthefuture level
remainsuncertain.

3 The banking system’s reserve target

T he banking system hasto manage itsreservestakinginto account that it will
experience ashock to thesereservesin the morning, and another in the
afternoon. Both shockseach day are assumedto be uniformly distributed
over therange (-2,2).® The central bank operatesin overnight fundsoncea
day, after the morning shock but before the afternoon one. From Figure 1, and
rememberingthat central bank assstance must be repaidthe next day, it can
be seen that the market’ sreserve balance at each point in time can be written
as.

RB, =R+B, +¢&

RB, =RB, +&,

RB; =RB, +B;- B + 6 &
RB, = RBs;+e,

RB; =RB,+B;- By +&;

RBg = RB; +¢;

where Risthe market’ sreserve balance at the beginning of the maintenance
period.

Sncethereserve requirement isthat the cumulativereserve balanceisat least
zero, the market failsto meet the requirement if by the close of thelast day,

CRB;° RB,+RB, +RB,; <0 )

Alternatively, usng (1), thiscondition can be rewritten in termsof the last
shock of the maintenance period (iethe only shock for which the market is
unableto correct before the end of the maintenance period) and the sum of

(8) The demand for reserves depends on how reserve shocks are distributed. By assuming a
(linear) uniform distribution, we obtain alinear demand for reserves, and more analytically
intuitive results.
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reserve balancesto date (the cumulative reserve balance to date):

(RB, +RB, + RB; + ;)< 0 -
- (RB, +RB, +RB5) > &
Themarket will not satisfy itsrequirement if the final shock issufficiently

negativeto erode apostive cumulative reserve balance, or not sufficiently
postiveto reverse anegative cumulative balance.

We can substitute out the expressionsfor reserve balancesin (3), using (1), to
obtain an aternative expresson for the condition under which the market fails
to meet itsreserve requirement:

- (3(R+e +e,) +2(e; +e,) +e, +B + B+ B) > ¢ ()]

An important feature of thisexpresson are the weights. Any shocksthat arise
on thefirg day havethreetimestheimpact on the cumulative reserve balance
of shockson thefinal day of the maintenance period. In the ssmeway, the
second day’ sshockshavetwicetheimpact. Thisisbecause shocksare
assumed to be independent, so that they do not necessarily cancel each other
out. In other words, ashock hasapermanent effect on thelevel of reserve
balances.

By thetime settlement occursat the end of the day, the central bank will know
thefull szeof that day’ sreserve shocks. On the next day, therefore, the
central bank can incorporatethe net effect of the previousday’ sreserve
shocksinto itsforecast of demand. Thusanet postive shock on thefirst day
would reduce demand over the maintenance period asawhole by an amount
equal to threetimesitsnet value. But supply on thelast two dayscould
smilarly rise by threetimesthe net value of any shocks. T hus, although
demandwill shift, the central bank can ensurethat supply doestoo;

aggregate supply over the whole maintenance period equals aggregate
demand, at the central bank’ sdealingrate. Hence, in the absence of any
further reserve shocks, the central bank should be able to maintain the market
rateof interest at itstarget level. S the multipleimpact of shocksarising early
in the maintenance period should not, in practice, affect future market interest
rates. But if overdraftsare not free, areserve shock will push the current
market rate of interest anay from the central bank’ starget rate, because banks

18



will be unwillingto maintain excessvely postive or negative reserve balances.

The market will have an end-of-day overdraft if the final reserve shock on any
day within the maintenance periodisgreater than itsreserve balance at noon
thesameday. Thus the market will go overdrann if:

-RB, =(RB;+&,) <0 or - RB, >e, onthefirg day
- RB, =(RB; +e,) <0 or - RB; >e, onthesecondday (5)
- RBg = (RB5 +&) <0 or - RBs >e; on thethird day

Thesze of themarket’ send-of-day overdraft each day will be:

-RB; - & on thefirs day
-RB; - & on the second day (6)
-RBg - &5 onthethird day

4 Themarket’ sdemand for reserves

At noon each day, the market hasto decide howto manageitsreserves, viaits
borrowings, to minimisethe cost of meetingthe central bank’ sreserve
requirement. We can use conditions (3)—(6), which describe when the market
goesoverdrawn and when it missesitsreserve requirement, to specify the
expresson for themarket’ sexpected costsat thetime of the central bank’ s
first operation of the maintenance period:®

(9) Following Brunner (1993).
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_R%
E(C,) =rB, +r§B; +rBs + 0 (Y- RB; - €,)f (e,)de,
3B3 +15Bs
-2
-RB;
+0 (J- RB;- &)f(e,)de,
-2
.RBS
+0 (- RBs - &)f (&)deg
-2
-RB,- RB,- RB

+tp d‘ RBs - RB, - RB; - &)f (eg)des
-2

)

Thefirg threetermsof (7) represent the cost of borrowingin the central
bank’ sOMO (or, equivalently, the market) on any day (wherer isthe central

bank’ sdealingrate expected at timet, and By isthe quantity borrowed). The
next three termscapture the expected cost of going overdrawn, where o isthe
overdraft rate andtheintegralsrepresent the expected sze of the overdraft:
the probability that the afternoon shock on thefirst, second or third daysis
aufficient to erode fully the market’ snoon reserve balance, mulitiplied by the
size of theoverdraft. Snce positive end-of-day balancesare assumed not to
earn interest, chargingfor overdraftsintroducesan asymmetric cost, the
effectsof which, we seelater, are to make borrowing (and henceinterest rates)
morevolatile. Thefina termin (7) isthe expected cost of missngthe
cumulative reservereguirement, where p isthe penalty rate andtheintegral is
the amount by which the market expectsto misstherequirement: the
probability that thefinal shock of the maintenance periodissufficient to turn
themarket’ scumulative reserve balance negative, multiplied by the extent to
which the market isshort.

Themarket’ sobjectiveisto minimisethe cost of managingitsreserves, which
it can do by ateringthe pattern of itsborrowing from the central bank.
Alteringitsborrowingin thisway leadsto a smultaneous change of equal size
initsreserve balance; that is, borrowing fewer fundsmeansthat itsreserve
balance will be lower by a corresponding amount. However, borrowing
dightly lesstoday may mean that the market will have to borrow more later on
in the maintenance period, perhapswhen it will be more expensive to do .
Therefore, the market hassmultaneoudy to choose all itsremaining
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borrowingsto minimiseitsexpected cost givenin (7). Thefirg-order
conditionsare:*?

-RB| - RB)- RB4- RB5
rn=o of(ex)de; +p of (eg )deg
-2 -2
-RE3 - RBD- RB4- RB5
rs =0 of(es)des+p of (eg)deg ®)
-2 -2
- RB5 - RB2- RB4- RB5

e

rs =0 of(eg)deg +p of (eg )deg
-2 -2

Usingthe assumption that the shocksare uniformly distributed, it ispossible
to calculate explicit valuesfor the probahilitiesdefined by theintegrals. But to
solvefor the equilibrium of the sysem, we first needto completethe model’ s
description with how the central bank suppliesreserves.

5 The central bank’ s supply of reserves

Thecentral bank isassumedto target afixed money-market rate andto supply
reserveswith the aim of meetingthat target. Thissupply function takesavery
general form, allowing for the case where the central bank pegsitsinterest rate
aswell aswhen it targetsthe supply of the money-base, or indeed where it
operates somewhere between thetwo. We assumethat the central bank aims
to supply the quantity of reservesthat it forecaststhe market will require.
However, if the central bank makesamigakeinitsforecadt, s that the market
rate of interest movesaway from itsinterest ratetarget, r', it will adjust supply
in order to prevent interest ratesmovingtoo much;™ the senstivity of
supply to movementsof the market interest rateismeasured by the parameter
g A vaueof zerofor g meansthat the market rate of interest ispegged at the
central bank’ starget rate, andavalue of infinity indicatesthat the supply of
reservesisfixedat the central bank’ sforecast. For example, if gishigh, even a
very large negative spread between the central bank’ starget rate andthe
market rate of interest will not persuade the central bank to supply many more
reserves. But if by chance demandisequal to the forecast, the market rate of

(10) Using Leibniz’ srule.
(11) S for example, if the central bank, in conducting its operations, findsthat demandis
high, it may not fully scale bids back to the level of the forecast.
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interest will exactly equal the central bank’ starget rate. In addition, we
assume that during the whole maintenance period, the central bank maintains
both the sametarget rate and the same sensitivity of supply to changesin the
interest rate. The supply of reserveson thefirg day of the maintenance
periodisgiven by:

B, = B.'L: +£

g
n=a;+gB =r' +g(B - B)
wherea; =r' - g B[, r'isthecentra bank'starget rate of
interest, and B/ isthecentral bank'sforecast of demand at the
gart of theday.

)

Supply on the second and third daystherefore follows similar rules:

rg =r' +g(Bg- BY)

10

:a_3+gB3 ( )

rs=r1 +g(Bs - BY) a
=ag +gB;

The expected value of each shock iszero. Thus, ason thefirg day, the market
interest rate on each day of the maintenance periodwill, on average, equal the
central bank’ starget rate. In practice, though, there will be migakesin the
central bank’ sforecast of demand, which will feed through to the
money-market interest rate. Asaresult, aspreadwill open up between the
market rate andthe central bank’ starget rate, the size of which will dependon
theforecas error, aswell asthe senstivity of supply to movementsin market
rates, g Thesmdler the parameter g is, the closer the market interest rate will
beto thetarget rate, for any given shock.

At noon of the maintenance period sfirg day, the market’ sexpectation of how
much it will needto borrow on the remaining two dayswill differ from the
central bank’ sforecast of future demand, because of the reserve shock that
morning. However, at the end of the day, the central bank learnsthe extent of
theday’ sshocks, and can updateitsforecast of the market’ sdemandfor
reservesover thewhole of the maintenance period. S the market’ s
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expectation of itsfuture demand and the central bank’ sforecast will again be
identical. Asaconsequence, the market should expect the central bank to be
ableto keep the corresponding market interest rate at itstarget rate.
Algebraicaly, thisiswritten as:

T F

rg=r +g(Bsz- B3)
F

Bs ° Ex(B3)

where E,(B;) istheexpectation, a theendof thefirst day, of themarket’ s

demandfor reservesat noon the next day; and

(12)

B () = By T+ (Ex(By) - Ex(BD))

Bi(rg) =1 +9(Ex(Bs)- Ex(By))

E (r3) = rl

where E, (B,) isthe expectation, at noon of thefirs day, of the market’ s
demandfor reservesat noon the next day.

(13)

By the same reasoning it can be shown that:
_,T
E((r5)=r 14)

Smilarly, on the second day of the maintenance period, the market will expect
theinteres rate on thefina day of the periodto equal the central bank’ starget
rate. S throughout the maintenance period, the market expectsthe central
bank to supply reservesin order to keep futureinterest ratesat itstarget level,
whatever the current level of the money-market interest rate.*?

6 Thefirst day of the maintenance period

Firg, to amplify thelater analyss, we shal define the sum of the
end-of-day overdraft rate andthe end-of-period penalty rate asthe
‘cumulative pendty’ ,C. Thus.

(12) Because the market knowsthat the central bank will behave like this, and that its
actionstoday have no effect on the priceit must pay tomorrow and vice versa, thereisno
need to use backward induction when solving the model—we can, more intuitively, solve
the model forward.
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C°o+p

(15)
o=C-p
Wefirg solvefor the end-of-day balances and the end-of-period balance that
the market wishesto maintain, asat thevery sart of the maintenance period,
before it experiencesany reserve shocksor undertakesany borrowing. S
firg thingin the morning, at thevery start of the maintenance period, the
market intendsto manage itsborrowingto finish each day with the following
balances:

_2C- 4Eq(rs) _2C- 4r"

RB —RB —RB 16
2 4 6 = C+2p C2p (16)
éc-4Tu
CRB = RB. +RB +RB =34
3 =B, + RB + RBs =3
17)

=0iffC=2r" ie o+ p=2E(r,)

Themarket plansto finish each day with the ssmereserve balance. In
addition, the secondline of (17) indicatesthat the market aimsto finish the
maintenance period with azero cumulative reserve balance only if the sum of
the overdraft rate and the end-of-period penalty rate equalstwice the last
day’ smarket rate of intered.

Thisisamodification of therulefirg highlighted by Poole (1968), wherein a
one-day maintenance period, abank would aim to meet thereserve
requirement exactly only if the penalty for not doing so wasfixed at twicethe
money-market interes rate. Snce bankslendout their reservesat the market
rate of interest, the cost of lending out too many reservesistheinterest
income earned minusthe penalty for faillingto meet the reserve requirement.
Smilarly, the cogt of holding more than enough reservesistheinterest income
foregone. In essence, banks must balance these costs, allowingfor the
likelihood of each occurring. Poole showedthat in aworld where shocksare
symmetrical around zero, the costsare equalised only when the penalty is
twicethe market rate of interest. If themarket isto aim to meet the requirement
exactly, it mugt beindifferent between meetingand missngthereserve
requirement. Ignoringoverdrafts, it must balance the cost of missngthe
requirement (the end-of-period penalty weighted by the probability that it will
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miss) againg the cogt of acquiring more reservesto meet it, the market rate of
interest. Because shocksare symmetrically distributed around zero, if the
market aimsto meet the requirement exactly, half the time it will miss, o that
the expected cost of missingthe reservereguirement ishalf the penalty for
doingso0. Thisequalsthe cost of borrowing morereservesonly if the penalty
for not doing s0 istwice the market rate of intered.

Clearly, the higher the cost of missingthe reserve requirement, the less
frequently the bank will want do so. T herefore, ahigher end-of-period penalty
inducesthe market to missthe requirement lessfrequently, which requiresit to
hold alarger buffer of reservesto insulateit from most reserve shocks. S0 a
penalty higher than twice the market rate inducesthe market to aim to finish
the maintenance period with apositive level of reserves.

Under averaging, the only modification isthat banks must weigh the
cumulative cost of missingthe requirement (the end-of-period penalty plusthe
overdraft rate) againg the cost of borrowingmorereserves. After al, to missa
zero requirement and hence incur a penalty, abank must go overdrawn at least
once. Themarket will adjust both itsborrowing anditsplanned

end-of-day balancesin responseto reserve shocks, and hence also the
cumulative reserve balance it wantsto hold at the close of the maintenance
period. Therefore, by noon, the market may be aimingfor adifferent pattern of
end-of-day balancesfrom at the sart of theday. It iseasest to examine how
the market managesitsborrowingsandtarget balancestogether by looking at
two separate cases. first when overdraftsare free, and second when the
central bank chargesfor end-of-day overdrafts.

First-day borrowing and target balances combined
i) Overdraftsare free

Let usfirs examinethe case where overdraftsarefree, but the penalty for
missng the reguirement istwicethe last day’ smarket rate of interes. Snce
thelatter hasgill to be determined, the market hasto plan itsbehaviour
around itsexpectation that future ratesin the maintenance period will equal
thetarget rate. By usng(1),(9) and (12)—(14) to solvethefirst-order
conditions (8), we arrive at the following expressonsdescribing the market’ s
behaviour at noon on thefirst day:
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RB, = 5 e (18)

RB; = RBg = %- e—21 (19)
. ®@p-4r' o

CRB; =3g'°3—|0%!j (20)

B, =Bl (21)

B*=B*=Bl':-elg (22)

rg= rl = Eq (r3) =Eq(r5) (23)

T hisbehaviour, which issummarisedin Table B, isillustratedin Figure 2 for
the casein which, earlier in the morning, the market issubjectedto apostive
shock to itsreserves. T he shock should reduce the quantity of reservesthat
the market will needto borrow at noon in order to reach agiven cumulative
reserve balance by the end of the period. Asaresult, the market can react in
one of two ways:. it can either borrow lesstoday, or it can plan to wait, and
borrow lesson the two remaining days of the period. Borrowing lesstoday
will depressthe money-market interest rate: we saw above that the central
bank suppliesfundsin such away that the interest ratefallsif demand drops
belowtheforecast.

Thefall in the overnight interest rate encouragesthe market to bring forward
itsdemand for reserves, which stopsonly when the price incentive
disappears, ieit isno cheaper to acquire more fundstoday than duringthe
remainder of the maintenance period. Sncefutureinterest ratesare expected
to remain at the central bank’ starget rate, thismust bewhen thefirs day’ s
interest rate hasreturnedto thetarget rate (23). But given the central bank’ s
supply policy, thisalso meansthat the market must borrow exactly the amount
that wasforecast, asgivenin (21). Accordingto (18), because the market
doesnot borrow any lesson thefirst day than wasforecast, and has benefited
from apostive reserve shock, the market’ sreserve balance will rise by the full
value of thereserve shock. Thisisalsoillustratedin Figure 2. Assuming that
there are no more shocksduring the remainder of the maintenance period, this
ishowthe market will finish thefirs day.
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Table B: Borrowing and end-of-day balances

Free overdrafts Overdraftsnot free

First day’ sborrowi F F

irst day’ sborrowing Bf Bf- el(l—d _ b)
Future borrowi F F

uture borrowing B -e 32 B - e1(1+d)
First day’ sinterest rate T rT-e,(t-d-b)
Futureinterest rate /T T

First day’ send-of-day e eq(d +b)

balance

Future end-of-day balances @ -e1d

2
End-of-period cumulative 0 eq(b - d)
reserve balance

whereb 3d ,a +d £1.

Figure 2: Reserve balances when overdrafts are free
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The market opensthe second day carrying more reservesthan it needsto, in
order to arrive exactly at itsdesired cumulative reserve balance at the close of
the period; so it needsto shedreservesbeforethe endof the period. Gven a
aufficiently large structural shortage at the sart of the maintenance period,
thismeansthat the market must borrow lessthan wasoriginally forecast, by
rollingover lessassistance than it didthe day before, asgivenin (22). If the
gructural postion of the money market isbroadly level, the central bank will
haveto drain reserves.

In either case, because of thetripleimpact of ashock on thefirs day of the
maintenance period, the market can affordto reduceitstotal borrowing by
threetimesthe value of the morning sshock, and ill finish the maintenance
period exactly satisfyingthe reserve requirement. Snceit spreadsthis
reduction equally over the remaining two daysof the maintenance period, the
market reduceseach day’ sborrowing by one anda half timesthe value of the
morning sshock. Thenet result of thisisthat, as(20) shows, the market
plansto finish the maintenance periodwith alevel cumulative balance, exactly
satifyingthereserve requirement, only if the penalty for missngthe
reguirement, p, isset at twice the market rate of interest expected on the last
day of the maintenance period (r"). If the central bank setsthe penalty higher
than this the market never fully offsetsthe value of the reserve shock on the
following two days, and plansto finish the periodwith acumulative balancein
credit.

i) Charging for overdrafts
The gory isdifferent when the central bank chargesfor overdrafts. Figure 3

illustratesthe mechanics, while the expressonsdescribing the market’ s
behaviour, correspondingto (18)—(23) are:

T s N
R, =2C 4, ¢ 49(C+p) o (24)
C+2p &49(C+p)+(C- p)(C+2p)g
_ T
RB, =RB; = 22" 4 Ao (25)

C+2p ‘ag(C+p)+(C- p)(C+2p)
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&2C- 4r1 6

CRB; =RB, +RB, +RBg =3— =
% C+2p g (26)
re 49(C- p)
1
49(C+p)+(C- p)(C+2p)
- (C- p(C+2p)
Bi=Br -e 4g(C+p)+(C- p)(C+2p) @)
T (49 +C- p)(C+2p)
B =B =B S ggcop+(C- mC+2p) @9
o=l - g (C- p(C+2p) 29)

g(C+p)+(C- p)(C+2p)

Asbefore, each such shock will push the market’ sdemand away from the
centra bank’ sforecast. So accordingto expresson (27), if the reserve shock
ispostive, the market will borrow lessthan wasforecast, and more than was
forecast if the shock isnegative. Asaresult, awedgeisdriven between the
money-market interest rate andthe central bank’ starget rate, asin (29), the
size of which dependson the magnitude of the shock, the penalty for missing
therequirement andthe interest elagticity of supply.

Figure 3: Reserve balances over the maintenance
period when overdrafts are not free

C RB]_ +

A CRB
2

CRB;

RB, RB;

Day 1 Day 2 Day 3 v

29



If the market experiencesanegative shock to itsreserves, it hastwo choices.
Fird, it can borrow more the next day, when it will be able to borrowthe funds
a the central bank’ starget rate. The cog of thispostponement, though, is
havingto pay the overdraft rate. Alternatively, the market can borrowall the
funds needed on the same day asit sufferedthe reserve shock, and
completely avoid being charged for an overdraft. But the drawback isthat in
S0 doing, the market drivesup theinterest rate, the priceit must pay for
reserves. Typicaly, theleast costly routeisacompromise: borrow some
fundson the day of the shock, and borrow some more on the following days.
Thus, in (27), we can seethat the market never quite offsetsitsdemandby the
full value of the shock, even when overdraftsare very expensive: thefactor
on e, isawayspostive but lessthan unity. Smilarly, if borrowing more today
would quickly drive up theinterest rate (alarge value for ¢, the market would
rather postpone more borrowing until the following day, when the central bank
will offer fundsat itscheaper target rate.

If wefirg define the following:

4 p
d= 30
29(C+p)*(C- p(C+2p) (30)
49.C (31)

b=
49(C+p)+(C- p(C+2p)

whereC =0+ p, soC > p;
thereforeb 3 d,d +b £1,

we can smplify (24)—(29), asisdonein T able B.

T akethe example again of apostivereserve shock on the morning of the firs
day of the maintenance period. Just asbefore, the market must choose
whether to adjust borrowingtoday or tomorrow. From expresson (27) and
Table B, we seethat unlikein the free-overaraft case, the market decidesto do
part of theadjustingtoday. Lookingat thetable, andfrom (30) and (31), the
market reducesitsborrowing on thefirst day, below the amount forecast, but
by lessthan the full value of the shock (sncea +b £ 1). Themarket rate of
interes fallsproportionately. Thusthe market doesadjust itsborrowingon
the same day that the shock occurs, but not by enough to offset itseffect
fully. Consequently, the market must finish the day with apostive balance, as
in Figure 3, andin thefifth rowof TableB.
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Asexpression (26), describing the cumulative reserve balance with which the
market intendsto finish the period, and the table make clear, the market plans
to hold more reservesthan necessary to meet therequirement. Nevertheless,
because thisbalanceislessthan thefirst day’ sclosngbalance, the market
hasto shed reserves, by running a negative balance on the remaining two
daysof the maintenance period, asFigure 3 shows. T o achievethis, the
market hasto borrow far fewer reservesthan it didon thefirst day—seethe
secondrow of TableB. In addition, it spreadsthisborrowing equally over
each remaining day.

Thereason that the market doesnot bring more borrowing forwardto take
advantage of thelowinterest rateisthat doing so would push up today’ s
reserve balance. Although thisdoesnot incur acost immediately, it does
imply acost tomorrow. In order to avoidthe opportunity cogt of holdingtoo
many reserveside during the maintenance period, the market would haveto
offset alarge postive balance on the first day with large negative postionson
the other two days. In other words, it would have to run sizable overdrafts,
which would, of course, be expensive under aregime where overdraftswere
not free. Consequently, the market isnot preparedto finish thefirst day with
aslarge apositivereserve balance asit would if overdraftswerefree.

Asindicatedin thetable, the market sill decidesto missthe regquirement, by
finishing the maintenance period with apostive reserve balance. To put it
another way, the market decidesto bring some demand forward, andto shed
reserves afterwards—but not enough to completely reverse the effect of the
first morning’ sreserve shock on the cumulative reserve balance. Sin

Figure 3, the cumulative reserve balance fallsover the maintenance period,
after itsinitial pike, but never quite reacheszero. As(26) dates the extent to
which the market missesthe reguirement dependson the size of the overdraft
rate (C - p). Too expensvearate, andit issmply not worth running large
negative reserve balances, to meet the requirement exactly. After all, in such a
world, mog of the cogt of missingthe requirement would be the overdraft rate.
The same sory appliesto the case of anegative shock, except that all the
signsarereversed; 0, for example, the market would aim not to hold enough
reservesto meet the reserve requirement.*®

(13) If the cumulative penalty isnot sufficient to induce banksto aim to at least meet the
requirement, Figure 3 would smply have to berescaled; instead of the horizontal axis
crossingthe vertical at zero, it would do so at the cumulative reserve balances banks would
be aiming for.
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Thisreasoningindicatesthat it isno longer sufficient for the central bank to
st the sum of the overdraft rate andthe penalty rate for missngthereserve
requirement at twicethefina day’ smarket rate of interest. To givebanksan
incentiveto meet the reserve requirement exactly, the central bank should
make no charge for intra-period overdrafts, and ingead fix the penalty for
missingtherequirement at twicethelast day’ sinterest rate. Hence, Poole’ s
‘ two-times rule generalisesto asystem of reserve requirementswith
averaging, andwith azero reserve requirement.

7 The second day of the maintenance period

On the second day of the maintenance period, the market hasonly two days
remainingto satisfy itsreserverequirement. S if the market experiencesa
reserve shock, it hasonly two more opportunitiesleft to usethe central bank’ s
operationsto help it to arrive at itsdesired position by the end of the period.
Intuitively, therefore, we would expect the reserve shock on the morning of the
second day to have more of an impact than thefirs morning s In effect, the
market beginsanew maintenance period, but with only two days, rather than
three. S ashefore, the market must manageitsreservesto minimiseits
expected costs, which are given by an expresson similar to (7):

- R
E(C3) =rgB; +15Bs+0 (- RB3- €4)f(ey)dey
-2
-RB5
+0 (- RBs - €g)f(e5)des (32)
-2
- RBD- RRA- RB5
+p o(- RBs - RBy4- RB; - eg)f(e5)des
-2

Once again, the market’ sexpected costsover the remainder of the
maintenance period depend on: the expected cos of borrowing at the central
bank’ smarket operations, the expected cost of going overdrawn each day;
andthe expected cost of misingthereserverequirement. Andof course, the
market wantsto minimise these costs. S in the same way ashbefore, we can
obtain aset of expressonssmilar to (18)—(23), describing how the market
plansto alocateitsborrowing, and plansitsreserve balancesfor the
remainder of the maintenance period:
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B, = B:l; ) (C- p(C+p) (33)

%Cz-p2+4gC
« é 4 u
Bs = B - e3al+ %u (34)
e C°-p " +4Cqg
2(0+p)- 4a - RBy(0+2
whereB§=[(° p) 2(0+2p)] (35)
C+p+4g
C- p)(C+
ges( p)( P) (36)
- p?+49C
r5:rT (37)
. éxc-aTu € C U pRB
RB; = RB; = ¢ Gese—— 02— B2 (g
éC+pa §4C+C2- p’g C+p
. _éc-a’ é 4 u RB
RB; = & - ese— e 39)
8 C+p a §49C+C2- p?g C+p
Tu
CRB3—RBZ+RB4+RBG—2e2%;4ru
+p q

(40)

49e3(C- p) , (C- PRBy
4gC+C?-p>  C+p

The market behavesin the ssmeway ason thefirst day of the maintenance
period; each expresson takesthe same general form asin TableB. Sofor
example, if overdraftsarefree (C - p iszero), the market demandsexactly the
amount forecast at the sart of the day, planningto reduce demand
corregpondingly on the next day. Consequently, the money-market interest
rate remains pegged at the central bank’ starget rate for thewhole of the
maintenance period. But ashock on the second day of the maintenance
period hasadoubleimpact on the cumulative reserve balance, aswe sawin
(4); it feedsone-for-oneinto the daily balance on the day that it occurs, and
thefollowing day aswell. S for example, in order to meet thereserve
requirement exactly, after having experienced a postive shock, the market can
lower itsborrowing on the following day by twice the value of the shock.
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Themarket’ sdesred closing reserve position followsdirectly from howit
managesitsborrowing, the aim beingto minimise the costsof holdingtoo few
or too many reservesover the period asawhole. But because of thereserve
shock the previousafternoon (thefirs day of the period), it islikely that the
market’ sclosngbaanceturned out either higher, or lower, than the market
would havewished. Moreover, the market probably ill hasnot fully made up
for the previousmorning sshock either; when focusngon thefirst day of the
period, we sawthat the market plannedto use the whole of the maintenance
periodto compensate for any shock. So in deciding how large abalanceit
wouldwish to hold, not only at the end of thisday, but the next aswell, the
market will take account of the effect of yesterday’ sshockson the end-of-day
balance, andthe latest shock, which transpired earlier that same morning. And
ashefore, banksaim to finish the period with azero cumulative reserve
balance ((40) equals zero) only if overdraftsare free andthe penalty for
missing the requirement istwice the market rate of interest on thelast day of
the maintenance period.

The market managesitsend-of-day balancesto reach itsdesred cumulative
postion by the end of the period, followingthe same pattern asthe day
before. S for example, the second termsof (33) and (34) indicatethat the
market would respond to apostive shock the same morning by initially
running a higher balance, but compensating the next day by running alower
postion. In addition, the market followsthe same pattern in continuingits
adjustment to the previousday’ sshocks. S if the previousday’ sshocks
together push the market’ sbalance higher than it had wished, the market will
offset thistoday andtomorrow by holding alower balance, the last termsin
(38) and (39). But when we studied how the market manageditsdaily
borrowing, we sawthat it would not adjust itsborrowing by the full impact of
theshock. Thus, athough the market will repondto apostive shock, for
example, by planningto run firg apostive balance, andthen anegative
reserve balance on the following day, the negative balanceisnever sufficient
to fully offset the postive balance; the market finishesthe maintenance
periodwith apostive cumulative reserve balance, exceedingthereserve
requirement.

Onthelagt day of the maintenance period, therewill not be any further
opportunitiesfor the bank to adjust itsborrowing in order to work off a shock
toitsliquidity position. But on thetwo earlier daysin the period, thereisill
a least onefurther open market operation through which the bank can work
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off any shock. With athree-day maintenance period, therefore, it ispossble
to examine how thiswork-off rate variesover the maintenance period. The
work-off rateisdefinedto be the proportion of any reserve shortfal or surplus
that abank plansto make up on each of the remaining daysof the
maintenance period. Therefore, the planned work-off rate after thefirst
morning sshock isthefactor on e, in equation (25), andthe work-off rate after
the second morning’ sshock isthe factor on e; in equation (39):

- 4g9p
49(C+p)+(C- p)(C+2p) 41)
49C+(C- p)(C+p)

T he difference between thetwo ratesis:

| p-1,=—28P 50 42)

p(4g +(C- p)

Equation (42) satesthat the work-off rate ishigher on the second day of the
periodthan on thefirgt. In other words, the work-off rate risesduringthe
course of the maintenance period, asthe bank runsout of timeto adjust
towardsitsdesired cumulative reserve balance, asin Spindt and Hoffmeister
(1988). However, asexpressons(41) and (42) make clear, thiswork-off rate
doesnot depend only on the time remaining in the maintenance period, but
aso on the gructure of penaltiesfor end-of-day overdraftsandfor missngthe
reservereguirement; thework-off ratefallsthe higher the overdraft rateis
relativeto the penalty for missngthereserve requirement at the end of the
maintenance period.

8 The last day of the maintenance period

To al intentsand purposes, the last day of the maintenance periodis
equivalent to aone-day maintenance periodwithout averaging. It istruethat
in amaintenance period longer than one day, the accumulated shocksand
past borrowing may mean that demand on the last day isvery different from
that in atypical one-day maintenance period. But in both cases, the central
bank suppliesfundsbased on itsforecast of demand, so that if thereisno
shock that morning, the money-market interest rateremainsat itstarget level.
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S the behaviour of the money market will depend on the shock, the
sengtivity of the central bank’ ssupply of reservesto changesin theinterest
rate, andthe cog to the market of finishingthe day with anegative
balance—all of which are the samewhatever thelength of the maintenance
period.

Theexpresson for the market’ sexpected cos at noon of the last day, isagain
agmplifiedverson of (7):

- RB5
E(Cs) =rsBs+0 (- RBs - eg)f(eg)deg
-2 (43)
- RBp- RB4 - RB5
+p o(- RBs - RB4 - RB; - eg)f(eg)deg
-2

The market minimisesitscosts, asbefore, choosingto borrowthe quantity of
reservesgiven by:

é C u
By =Bf - ey (44)
é4g9 +Cy
T e C u
re=r' -eca " 45
571 g+l “o
* 4r5
RB; = 2- — - 2(RB, +RB
6 c ( » + RBy) (46)

where a bar above indicatesa predetermined variade

L& P

CRB3 = RBZ + RB4 + RB6 = 2- %RBZ + RB4) (47)

Themain feature distinguishing (44) and (46) from their counterpartsfrom
earlier in the maintenance period, (24)—(28) and (33)—(39), isthat the wedge
between the market’ sdemand andthe central bank’ sforecast doesnot depend
upon the cost of goingoverdrawn. Increasingthe cost of an overdraft hasan
effect only if it raisesthe cumulative penalty, C; if thisisthe case, the forecast
error will tendto belarger. Ontheother hand, if arisein the overdraft rateis
matched by areduction in the end-of -period penalty rate for missngthe
reservereguirement, o that C iskept congant, thetypical forecast error will
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remain unchanged. Intuitively, on thelast day of the maintenance period, the
end-of-day overdraft rate and the end-of-period penalty amount to the same
thing: apenalty for finishingthe day with anegative balance. Thusit should
comeasno surprisethat the split between acharge for overdraftsand for
missingtherequirement isirrelevant. Andtherefore, aswas argued above,
(44)—(46) would also describe the market’ sbehaviour in aone-day
maintenance period.

Thelevel of reservesthe market wouldwish to hold on the last day will
depend on how many reservesit held at the end of each of the two preceding
days, and how many it wantsto hold over the maintenance period asawhole.
Thelagt two termsin (47), the previoustwo days closing balances, disappear
only if overdraftsarefree (C- p =0). S evenif the sum of the overdraft rate
andthe penalty for missngthe reserve reguirement isequal to twicethe
market rate of interest, unlessoverdraftsare free, the market will not aim to
finish the maintenance periodwith azero cumulativelevel of reserves. Ina
one-day maintenance period, earlier end-of-day balancesdo not directly
affect thelikelihood of hittingthe reserve requirement on any given day.
Therefore, thelast two termsin (47) would automatically drop out; the split
between the overdraft rate and penalty rate doesnot matter, because they
amount to thesamething. Finally, assumingthat overdraftsarefree, we see
that (47) equalszero only if the penalty for missingthereserverequirement is
twice the money-market interes rate on the last day of the maintenance period.
If the penalty isinstead st at twicetherate on any of the earlier days, then
(47) may not be zero, depending on theratio of that day’ sinterest rateto the

find day’ s

In amaintenance period longer than one day, the cost of missngthe
requirement isthe penalty plusthe cost of overdrafts. Onthelast day of the
maintenance period, anegative cumulative reserve balanceto date
(RB>+RB4<0) meansthat the market, in incurring an overdraft, hasalready paid
some of the cost of missngtherequirement. S if the sum of the overdraft
rate andthe penalty rateistwice the market interes rate, the remaining cost
must belessthan twicethe market interest rate. But ina

one-day maintenance period, we knowthat a penalty rate of twice the market
rate of interest isnecessary to persuade banksto manage their remaining
borrowingsto hit the reserverequirement exactly, whatever the current level of
their reserves. The samewill betruein alonger maintenance period. To put it
another way, the market choosesthe level of reserveswith which it finishes
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the day based on the future cost that it will haveto pay for not meetingthe
requirement, not any coststhat it hasalready paid.

In our example, the sum of the overdraft rate and the penalty rateistwicethe
market interest rate. But oncethe market hasbeen subject to anegative
shock, the price of doing nothingislessthan twice the market rate of intere<.
Asaresalt, the market would target acumulative reserve balance below that
necessary to meet the zero reserve requirement,™ just asit wouldin a
one-day maintenance period. Only if overdraftsarefreeisthe cost of missing
the zero cumulative reguirement twice the market rate of interest both before
and after any shocks. S only if overdraftsare freewill the market target the
same cumulative reserve balance throughout the period. Andwe know from
the one-day maintenance periodthat thiscost—the penalty for missingthe
requirement—must be twice the market rate of interest for banksto aim to meet
thereserve requirement exactly.

9 A comparison of money-market behaviour during the
maintenance period

Theactual demandfor central bank reserveson each day of the maintenance
period, restated, is.

_nF (C- p(C+2p)
B =B 'el4g(C+p)+(c- p)(C+2p) @)
B :BF- (C' p)(C+p) 33
3 3 - & 2 p2+4gc (33)
Bs=BF - e o1 (44)
&g +Cy
(B5-B5F)>(B3- B§)>(Bl-Bf) )

"g=¢€10"C-p>p

(14) Smilarly, if the penalty for missing the requirement was set sufficiently high, the
market would target a cumulative reserve balance above that necessary to meet the reserve
reguirement.
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Var(r, - rT):gZ(Bt— BIF)ZSZ "t (49)
wheres 2 =Var(g )
From (46) and (47) we can write:

Var(rs - rT) >Var(rz - rT) >Var(rq - rT)
(50)

"6 =¢'0,"C-p>p

Thissatessmply that ashock of agiven szetendsto push that day’ s

demand further away from the central bank forecast asthe maintenance period

getsshorter, with thereault that the variance of the money-market interest rate

risesaswell.

Thevariance of theinterest rate on the second day of the periodisequal to
that on thefird only if overdraftsarefree; if thisisnot o, the variance will be
higher on the secondday. Andon thefinal day of the period, the variance of
interest rateswill definitely be higher than on any earlier day in the
maintenance period, because the market hasno timeleft to work off any
reserve shock. Therefore, we can seethat the average volatility of market
interest ratesincreases each day of the maintenance period, o that volatility
isnot higher only on the last day of the maintenance period. S average
volatility increasesover each day of the maintenance period and, therefore, a
longer period resultsin alower average volatility of money-market interest
rates. Therefore, in the absence of any changesin official interest rates, we
can say with certainty that the average volatility of money-market ratesover
any maintenance periodwill be lessthan under any shorter maintenance
period. S, for example, aone-day maintenance period can beimproved upon
by atwo-day averaging period, which in turn can beimproved upon by a
three-day period, and so on. Thus, to minimisethe average volatility of
money-market interes rates the central bank should operate aslonga
maintenance period asposshble. However, thelonger the maintenance period
is, the more unrealistic our assumption becomesthat the central bank doesnot
change official interest rates. Hence, speculation may increase about changes
in interest ratesduring the maintenance period, which would be reflected by
more volatile policy-adjusted market interest rates. We examinethisin the next
section.
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10 Allowing the central bank to change interest rates within
the maintenance period

Up to now, it hasbeen assumedthat the central bank can changeinterest rates
only at the gart of the maintenance period. In thissection of the paper, we
relax thisassumption, and allowthe central bank to changeitstarget interest
rate on the second day of the maintenance period™ T he analysisfocuseson
thefirgt day of the maintenance period, because by the second day of the
maintenance period, the market haslearnt whether or not interest rateswill be
changed. Andonceit knowsfor certain thelevel of interest ratesfor the
remainder of the maintenance period, there will be no further speculation, and
theanalysiswill be asin the earlier part of thispaper. Moreover, asbefore, the
central bank can adjust the supply of reservesto meet the market’ sremaining
demandfor liquidity exactly, in order to meet the reserve requirement.
Therefore, without any reserve shocks, demand on thelast two daysof the
maintenance period should equal the central bank’ sforecast, and hence
market interes ratesshouldremain in line with the central bank’ starget rate.

Theincentiveto speculate acts separately from the market’ sresponseto any
reserve shocks. Therefore, we can assumethat all shocksto date have been
zero, without affectingthe model’ sresultsin any way. Andwe arethen able
to focusmore clearly on the effect of speculation. Of course, at any onetime,
the market will be uncertain asto the precise timing and magnitude of achange
inthe centra bank’ starget rate. Nevertheless therewill be amarket
consensusasto thetarget rate expectedto be set the next day. S, on thefirst
day of the maintenance period, we assumethat the market consensusisthat
the central bank will changerateson the next day by an amount s (which can
be positive or negative), which correspondsto the mean expectation of the

ratechange. Soif r1' isthecentral bank’ starget rate on thefirst day of the
period, the market expectsr,' to be:

E(rzT) = E(r3T) = rlT +s (51)

(15) Allowing the central bank to change interest rateson the final day of the
maintenance period isa straightforward extension.
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T he central bank suppliesreservesthroughout the maintenance period
accordingto the same schedule as before:

n=r +g(B;- B)
r3=ry +g(Bs- BS) (52)

rs =rg +g(Bs - B )

S if demand doesnot differ from the level forecast by the central bank, the
market rate of interest that day ispegged a the official target rate. If thereisa
migakein the forecas, then, asbefore, the money-market rate deviatesfrom
the central bank’ starget rate by an amount dependent on the mistake, andthe
parameter g if giszero, the central bank operatesan interest rate peg, andthe
central bank alwaysadjusts supply fully, to keep money-market ratesat its
target rate.

We can again derive expressonsfor the market’ splanned demandfor
reserves, by substituting (52) into (10) andtaking expectations, using (49).
Doing so, we obtain the following equations:

B = Bf +s ° _ (53)
(4g(C+p)+C +pC- 2p ))
49+C
By=B;=B] -s 4(92+ ) 2 &4
(4g(C+p)+C +pC- 2p ))
S, 8pg 3, T 55
T Tgcrprciepc-2p?)) ©
E(ry) = E(r3) =1y (56)

From (53), we see that demand doesdiffer from the central bank’ sforecad if
banksexpect achangein interest rates(sisnot zero). For example, if interest
ratesare expectedto riselater in the period (sispostive), the market brings
forward more of itsexpected borrowing, to benefit from cheap rates. From
expresson (54), we seethat the market compensates by reducing demand on
the other two daysof the maintenance period. T he effect of thisisto put
upward pressure on thefirg day’ smoney-market interest rates, so that they
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rise towardsthe mean level expectedthe next day, as(55) shows. Inthe
expresson decribingthefirst day’ sinterest rate, (55), thefactor on s, the
mean changein officia interest ratesexpected by the market, islessthan or
equal to one. S although the market interest rate movestowardsthe official
ratethat the market consensus expectswill be st the next day, it may not fully
adjust. Full adjustment occursonly if the central bank makesno charge for
intra-period overdrafts(C = p), in which case, (53) and (55) become:

B =8 + (53a)
rg = rlT +s= rzT (55a)

In our example, the market expectsarisein rateslater in the maintenance
period. S if overdraftsare free, the market bringsitsdemandfor reserves
forward until money-market interest ratesreach the level expectedlater in the
maintenance period. At that point, the market cannot bring any more demand
forwardwithout pushinginterest ratesabove the expected future cost. If
overdraftsare not free, however, the market continuesto bring forward some
demand, but never enough to driveinterest ratesfully up to the level expected
to be et by the central bank the next day.

To take advantage of cheap interest ratesearly in the maintenance period, the
market must bring demand forward, finishing the day with alarge postive
balance. But the market will then only meet the reserve requirement exactly if it
offsetsthisbalance with correspondingly negative balancesover the
followingdays. A prohihitively high overdraft rate makesthisstrategy very
expensive, so that bankscannot speculate profitably. Asaresult, thefirst
day’ sinterest rateremainsnear the central bank’ starget ratefor that day. In
other words, high overdraft rates, aswould be expected, discourage
speculation in the same way that they shift banksaway from averagingtheir
reserve requirement, and encourage them to try to meet the requirement every
day.

If the central bank operatesan interest rate peg, (9= 0), andoverdraftsare
free, we seefrom (53) and (54) that speculation becomesinfinite. Again,
assumingthe market expectedarisein interest rateslater in the maintenance
period, from (53), it borrowsan infinite amount (or the maximum amount it can
borrow) at the current lowrate, and putsit back to the central bank on the next
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two days, earning an expected spread of son the amount with which it was
ableto speculate, at the central bank’ sexpense. Thefirg day of the period s
money-market interest rate, however, remainsat the central bank’ starget
intereg rate.

11 Summary

In the model developedin thispaper, an operational framework containinga
zero reserve requirement and averaging wasfound to stabilise money-market
interest ratesand, because reserve demandismore predictable, to makethe
central bank’ sforecast of demand more accurate. It isnot clamedthat this
system isunique in doing this, but the model does suggest that positive
reserve requirementsare not neededto confer the supposed benefits of
averaging. Themodel also suggeststhat asreserve requirementsin various
countrieshave steadily been lowered, the availability and cost of overdrafts
may have cometo regtrict the efficient operation of averagingsystems. Thisis
an argument for making overdraftsfreely availadle, rather than an argument for
postivereserverequirements. The model showsthat the central bank can
maximisethe accuracy of itsforecast of demand, and minimisethe volatility of
money-market interest rates, by allowing banksto obtain intra-period
overdraftswithout charge.

T he benefitsof averagingssem from thefact that on al but the last day of the
maintenance period, the central bank can alwaysaccommaodate shiftsin
demandfor reservesat some point in thefuture: if the market bidsup the
interest rate, it endsup obtaining fundsthat it would expect to obtain more
cheaply inthefuture; if it allowsratesto soften, it missesan opportunity to
funditself cheaply. By postponingany changein itsfunding requirements,
the market can alwaysavoiddisturbingthe current interest rate, and hence
minimise the expense of itsreserve management. T hus, averaging not only
smoothesthe overnight money-market interest rate, but also reduces banks
costs.

Another feature of the model set out hereisthat Poole’ s(1968) well-known
‘two times ruefor inducing banksto attempt to meet their reserve
requirement exactly wasalso foundto generalisesto asystem with averaging:
the central bank shouldfix the penalty for missngthe requirement at twicethe
(expectation of the) lagt day’ smarket rate of interest.
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The model also suggeststhat, contrary to what issometimesclaimed, thereis
no reason why averaging precludesthe central bank from operating on a daily
bass, although, of course, it doesnot haveto do so. Evenif overdraftsare
free, money-market interes rateswill become volatile as soon asthe central
bank has conductedthe last operation of the maintenance periodin which it
can take account of any reserve shocks. Thus, in asystem in which the
central bank operatesdaily, volatility spikesonly on thelast day of the period.
If ingtead, the central bank operated only periodically, with the last operation
several daysheforethe end of the period, interest rateswouldtendto spike on
al of these days.

We a5 extended the model to the case where the central bank can alter its
official target rate over the course of the maintenance period, and where the
market attaches some probahility to just such amove. Inthat case, the market
will tendto bring demand forward if it expectsarisein interest rates, and
postpone demandif it expectsareduction in rates, in an attempt to borrow
mog when interest ratesarerelatively cheap. Conseguently, the market rate of
interes early in the maintenance period will move away from the current level
of the central bank’ sdealingrate, andtowardsthe level expectedlater in the
maintenance period. But just ascharging for overdraftspreventsbanksfrom
averagingtheir reserve requirement, it also discourages banksfrom
speculating about interest rate changes.
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M athematical appendix

Derivation of the model asat the first day of the maintenance period

T hefirg-order conditionsare,

- RBL - RBp- RB4- RB5
rn=o of(ex)de; +p of (eg)deg
-2 -2
- RB3 - RB2- RB4- RB5
r3=o0 of(eg)des+p of (eg)deg (i)
-2 -2
- RB5 - RB2- RB4- RB5

rs =0 Of(eg)des +p of (eg)deg
-2 -2

We can solvethesefor the market’ sdesired borrowing, by substituting (1)
from the main text into expresson (i), which relatesborrowingto desired
reserve balancesand calculatingtheintegral, given that we know f(e)=1/4:

B, (0+p)=2(0+p)- 4r - (0+3p)(R+ey)- pB;- pBs
By(0+p)=2(0o+p)- 4r3- (0+3p)(R+ep)- pB, - pBy (ii)
B;(0+p)=2(0+p)- 4r5 - (0+3p)(R+e;)- pB; - pB;

Supply takesthe form:

rler+g(Bl— BlF)
rg=r1 +g(By- BY) (iii)

g =r T +g(85— Bg)
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The central bank’ sforecast of demand on each day is

Bl =Eo(By)
B3 = E2(Bs) ()
BS =E4(Bs)

Insertingthisinto supply, we obtain:

ry =11 +g(B; - Eq(B))

rg=1" +g(By- Ey(B3)) )

g =r T +9(Bg - E4(Bg))

T aking expectationsas of the morning of thefirs day of the maintenance
period:

rn=r' +g(B, - Bf)
r3=r' +g(Bz- B})
Eq(r3) =r" +g(E;(Bs)- E1(B§))

: i
Eq(r3) =r " +9(Ey(B;)- E1(Ex(Bg)))

Eq(r3) =r T +g(E1(B3) - E1(B3))
Eq(rs) =r"
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Therefore:

rs=r' +g(Bs- BL)

Eq(rs) =r' +g(E;(Bs)- Ey(BE))
Ex(rs) =1 +9(E;(Bs)- E1(E4(By)))

Ex(rs) =r ' +g(E;(Bg)- Ey(Bs))

Ea(rs)=r"

(vi)

Substituting these expressonsinto the FOCs (ii), we obtain the set of
smultaneous equations:

Bl (0+ p) :2(0+p)' 4a - 4981' (0+3p)(R+el)' pBg' sz
By(0+ p) =2(0+p)- 4r' - (0+3p)(R+e;)- pB,- pBs (viii)
B (0+p) =2(0+p)- 4r" - (0+3p)(R+e)- pB, - pB,

By symmetry:
B; =B; (ix)
Therefore, substituting out Bs we obtain:
B, (49 +C) =2C- (C+2p)(R+ey)- 2pB; - 4a

X
B3(C+p) =2C- (C+2p)(R+e)- 4r' - pB, )

whereC=o0+p
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Solving these smultaneoudy for B;:

B,[49(C + p)+C? + pC- 2p°))
=(C- p)(2C- (C+2p)(R+ey))- 4a(C+p)+8pr"
_ 1
? " Ig(Cr )+ (G pCr2n) )
[(c- p(ec- (C+2pR+e)- a(CHp)+8prT

All lementsof thisexcept e, areforecastable, so that we can write (xi) as:

(C- p)(C+2p)
4g(C+p)+(C- p)(C+2p) (xii)

:B]'_:'elx

B - B[ =-¢X

B=Bf - e

From supply, we know that:

rn=a+g =r' +g(B, - Bf)
a+gB=r' - gXe (i)
r’ =a+gKe +gB;
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Sibgitutingthisexpresson for the central bank’ starget rateinto (xi) we
obtain:

By[49(C+p) +(C- p)(C+2p)| =

(C- p)(2C- (C+2p)(R+e)))- 4a(C+p) (xiv)
+8pa +8pgXe; +8pgB;
Rearranging for By:
_[2C-(C+2p)R-4a] _ é8pgX- (C+2p)(C- p)U
© 4g+C+2p € (C- p)(4g+C+2p) §
[2C- (C+2p)R- 4a]
= (xv)
g+C+2p
(C+2p ¢é 8pg 13
49 +C+2p gAg(C+p)+(C- pP)(C+2p) g

_[2C-(C+2p)R-4a] &  (C+2p)(C- p) uo
= - 88 g (xvi)
4g+C+2p g49(C+p)+(C- p)(C+2p)(

confirming (xii). Defining BY" = Eq(By):

2C- (C+2p)R- 4
EO(Bl)OBlF:[ 4(g:cf)2p 2] (xvii)

49



Qbstituting in (xii) and (xiii):

2C- (C+2p)R- 4r " +4gB, +4gKe
) ag+C+2p
é  (C+2p)(C- p) u
1&4g(C+p)+(C- p)(C+2p)

(xviii)

T aking expectations

[20- (C+2p)R- 4r T + 4]
49 +C+2p
[zc- (C+2p)R- 4rT]
C+2p

Eo(B;)° Bf

(xix)

BlF
If welet C = p, we can seethat:
(xx)

We can now subgtitute the expression for By, (Xii), into the expresson for B; in

*:

B3(C+p) =2C- (C+2p)(R+e;)- 4r ' - pB, (xxi)
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B3(C+p) =2C- (C+2p)R- 4r' - pB; - (C+2p)e

=(C+p)Bf - pB; - (C+2p)e (xii)
= (C+p)Bf - pBf +ey(pX- (C+2p))
B. = BF (C+2p) ¢ p(C- p) Y
378 T CT ) GoCrp +C- pCzp) -
-Bf-e (4g+C- p)(C+2p)
' 4g(C+ p)+(C- p)(C+2p)
IfC=p:
Bs=Bf - elg
(xxiv)
= B.I._ 91§
2
Wehave seen that:

_oF (C- p)(C+2p) y
R (YO ECRIS R o
From supply (iii), andfrom (xii) it can be seen that:

_.T (C- p)(C+2p)
1= R Cr P+ (C pC D) (o)

2
CTy_e2,228  (C- p)(C+2p) 0 :
Var(ry-r')=s“g 849 C (xxvi)

+p)+(C- p)(C+2p)@
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dVar(r - rT)

=25 %g2.
dp J

c=C

& (80C +(C- p)(2pC+4p(C+ p))?

& (49(C+p)+(C- p(C+2p)® B

@  (C- p)(C+2p) 0
84g(C+ p)+(C- p)(C+2p)fZJ

(xxvii)

<0

IfC=p:

dvar(ry - rT)

i =0 (xxviii)

c=C

Instead of solving (i) for borrowing, we can solve for the market’ sdesired
reserve balance at the end of each day:

RBy(0+p)=2(0+p)- 4r; - pRB, - pRBg

RB4(0+p) =2(0+ p) - 4r3 - pRB; - pRBg (xxix)
RBg (0 +p)=2(0+p)- 4r5- pRBy - pRBy

T aking expectations, and substituting (vi), (vii) and (xiii) :
RB, (0+ p) = 2(0+ p)- 4r ' +4ge, X- pRB, - pRB;

RB,(0+p) =2(0+p)- 4r " - pRB, - pRBg (XXX)
RBg (0+p)=2(0+p)- 4r" - pRB, - pRB,
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By symmetry, RB,= RBs, which givesus:

RB,C=2C- 4r" +4gXe, - 2pRB, 000)
XXXI
RB,(C+p)=2C- 4r" - pRB,

T hus, solving smultaneoudly:

RB, (C- p)(C+2p) =(C- p)(2C- 4r ") +4gXe,(C + p)
_2c-4T @ 49(C+p) v (i)
2 = teé u

C+2p &9(C+p)+(C- p)(C+2p)g

IfC=p:

T
2p- 4r +

RB, =
2 3p

il (xxxiii)

RB,(C+p)=2C- 4r" - pRB,

Tl (xxxiv)
NPT AN 1)
p 4g(C+p)+(C- p)(C+2p)

_2C- 4T 49p
‘“TCr2p  *ag(C+p)+(C- p(C+2p)

(o)

Thusif C = 2r", themarket will aim for azero end-of-day balance, andsincethe
cumulativereserve balance issmply the sum of the end-of-day balances, the
market will aim to finish the maintenance periodwith azero reserve balance, or
in other words, to meet the reserve requirement exactly.
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