Faderal Reserve Bank of Minneapolis
Research Department Worxing Paper

OPTIMAL CONTRCL OF THE MONEY SUPPLY
Robert B, Litterman

Working Paper 200
PACS File 2990

Mey 1682

NOT FOR DISTRIBUTICH
WITHOUT AUTHOR'S APPROVAL

ABSTRACT

Using ecptimal control theory and a vector antoregressive representation of the
relationship between money and interest rates one can derive a feedback
control preocedure which defines the best possidble tradeoff between interest
rate volatility and money supply fluctuations and which could be used to
reduce both from their current levels.
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1. INTRODUCTION

The dedbate cover the proper conduct of monetary policy has intensi-
fied in recent years =zs the Federal Reserve has focused its sttention on
reducing inflation by ceontrolling the rate of growth of the meoney supply.
Although most observers give the Federal Reserve credit for reducing the trend
growth of money, many have criticized it for having increased the shor
variability of money growth rates and the volatility of interest rates. The
FPederal Reserve 1s currently searching for procedures which will guarantes
control over the trend growth of money, while at the same time reducing the
short run fluctuations in both money and interest rates. This paper uses
optimal contreol theory and a time series representation for money and interest
rates to derive a feedback control p?ocedure which defines the best possible
tradeoff bvetween interest rate volatility and meoney supply fluctuations and
which could be used to reduce both from their current levels. The organi-

zation of the paper 1s as follows: section 2 reviews the control theosry
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framework, section 3 describes the use of a time series model to represen
dynamic behavior of the system, section 4 presents the application to short-
run control of the money supply, and a final section addresses the key 1ssue

of structural stability.



2. OPITIMAL CONTROL THEQRY

Optimal Control Theory is a well developed set of mathmetical tools
used primarily by enginesrs to solve problems involving a dynemical system
which responds to exosenous inputs. These same tools are used here to gene-
rate a rule for targeting interest rates in order to balance optimally the
competing goals of controlling the supply of money and reducing the volatility
of interest rates.

In i%s usual form, optimal linear control theory specifies an algo-
rithm for setting one or more inputs in order to minimize a gquadratic loss
function. This result, and other cited below, can be found in any standard
contrel theory text, such as Kwakernak and Sivan (1972} or Chow (1974)., The
key elements in the optimel control problem arsz as {ollows:

The State: A vector of wvariables which contains a&ll relevant information
concerning the current state of the system. In particular, the State
vector includes all wvariables which enter the loss function directly, and
all other variables which help to predict their values.

The Laws of Mcticn: A difference equation which determines the stale at
time t as a funchion of the previous state, a wvector cf inputs called the
control, and a disturbance vector. The dynamical system with its assoc-

jated laws of motion is often referred to as "the plant.”

Te Control: A vector of inputs which can be set by the controller in
ordser to affect the future course of the state.

The Loss Function: A function specifying the criterion to be optimized in
the setting of the control. Often the loss function includes a target or
path of desired values for one or more components of the state.

Two types of control are differentiated by whether or not the con-
trol responds to the current state of the system. If the control is preset,
the control is referred to as '"open loop.” If the control is adjusted each
period in order to respond to the current state, then the system is said to be
operating under 'feedback control.” Feedback control loops have several
desirable properties relative te open loop centrol. A feedback controller
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compensates for disturbances allcwin +he control %o te mch rore
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effective, Ffuthermore, an unstable system can be stabilized by {eedback
control, a characteristic which cannot be cbtained bty open looz control.
Finally, the effect of system parameter variation can be greatly reduced by
continually updating the ccntol. This is of particular importance in the case
of economic systems for which there is likely to be paramenter variation and a
high degree of paramester uncertainty.

The control design is generally based on the fellowing sequence of
events, At time t-1 the state vector determines everyihing that is needed to

+
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predict the futurs course of the system., The controller observes
and determines the optimal setting for the control which will iImpinge on the
system at time %t. The state of the system at time © Is a function of the
state at time t-1, the control at time t, and a2 disturbance vecter which

nscecurs at time t. A diagrametic reprasentation makes this clear.

OPTIMAL CONTROL TESIZ

target disturbances
control staTe vector -
Controller ° Plant cutp
input
feedback measursment

Finding the optimal setting of the control, given the laws of motion
of the system and a particular loss functicn is generally a very difficult
problem. However, for the particﬁlar case of a system whose laws of moticn
are linear and for which the loss function iIs quadratiec, the problem has been
solved., Under mild regularity conditions, a corpputational procedurs xnown as

"iterating on a matrix Ricecati equation,” leads to the optimal linear control

-
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rile, While the optimal control rule which solves the linear, gquadretic
problem may not bve cptimal relative to a more general formalation of the
problem, in practice 1t is likely to be the best soclution available.

The textboock application of control theory to monetary policy
assumes that the Fed can control eithar money or Interest rates
perfectly.lf The guesticn at issue is which variable the Fed should con-
trol, and how it should set that wvariable so as to achieve a full emplcyment,
stable price path for the econory. This standard epplication is not the
problem which we are addressing. We bring it up here to illustrate a typical

application of control theory and to contrast the frameworx adopted here with

the usual approach.

USUAL APPLICATTON TO MONETARY POLICY

wice stabllity,

full employment supply, demand
target disturbances
ail relevant
Menetary money supply econanic variznles
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: (or interest
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The focus of this paper 1is mors narrow than the usual <extbook
application in that no attempt is made to derive zn optimal monetary policy.
It is assumed hers that the money target path is known. However, rather than

taking as given the ablility of ithe Fed to hit its mon supply target, this
g £ S LI

}jSee, for example, Sergent (1979), Sargent and Wallace (197%), and
Xalchbrenner and Tinsley (1976
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paper investigates the Fed's short run problem of attempting to centrol the
money supply. For the purrose of this paper, the monetary target in a ziven
week is that week's wvalue for the level of M-1 which is on a long run trend
growth path adopted by the Fed, The Fed is assumed to use open marxel opera-—
tions tec try to keep M-l as close to the trend as feasible, on average. The

open market operaticons, by Increasing or decreasing the supply of reserves,

cause the federal funds rate to go down or up, resveciively. These movenments

ct

in the federal funds rate will cause banks and cther economic agents to adjus
their portfolics, leading to predictatle movements in the stock of nmoney. We
do not atftermpt to model the open rarkset operations directly, instead, we focus
on the levels of the federal funds rate which emerge each week and thelr
effects on subsequent moverents in MONey » In the control procedurs modeled

here the Fed receilvy

[l

s, at the end of the week, the latest Tigures for M-1

{data for the wesk nding {wo weeks earlier), and decides on a new desired

(D

level for the funds rate for the following week. Other procedures and timing
relationships could easily be modeled in a similar manner. In particular, we
will later discuss, In fturn, the applicability of this procedure tc a funds
rate target, in which the Fed can basically set its targeted funds rate, and
to a reserves ftarget, in which the Fed suprlies reserves consistent with ifs
chosen funds rate, btut deoes not offset shocks which may cause significant
deviations within a given week, A diagram of the short-run ceonirol appli-

cation is shown below.

APPLICATICN TO SHORT-EUN CONTROL OF MONETARY AGGREGATES

aggregate path money supbly, demand
target disturbances

open market
cperations Money meney, intersest rates
Market
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Tt is assumed that the TFed knows the dynamizc responce patiern of
money and interest rztes and uses this knowledge to set the funds rate so that
the money supply will stay near its target path. In the next section we will
address the question of estimating the necessary response patterns., Because
the money supply is subject to random disturbances, the best the Fed can do is
to cause the expected wvalue of money to be on target each week. However, in
order to achieve this level of accuracy with respect to money, the Fed nmight
have to mexe large changes Iin the funds rate each week. The reguired changes
might easily increase over time, leading to explosive oscillations in Interest
rates, This s the instrument instability problem suggested by Holbrook
{1972). In fact, the Fed does nct try to bring the expectsed value of the
money supply onte its target path eachk week. Hather, it is assumed to reccg-
nize a short-run tradecff{ betwszen reducing expected deviations of money from
its target path and reducing fluctuations in interest rates. In order to
investigate the nature of that tradeoff we specify a loss fuaction which has
terms ypenalizing hoth money supnly deviations from target and volatility of
interest rates. These twe objectives are assumed to capture the mest Irmpor-
tant +tradeoff 1in the current Fed operating procedurss. However, <the loss
function could easily be generalized to include additiconal goals. It migh
desirable, for example, to avoid large interventicns in the market, in which
case one could include a term representing a cost associated with the size of
the control itself.

Optimal control is most often expressed in the context of a first
order difference equa‘tion in the state vector. Let x{t) be an nxl state
vector, u(t) be the contrel, and w{t) be an nxl vector of disturbances., The
laws of motion of the system are given by

x(t) = & x{t-1) + B ult) + wi(<) (1)
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where is an nxn matrix and B is an axl vector. In order to fit the monetary
control problem into this framework, x(t) includes current and lagged values
of M-1, m{t), the federal funds rate, r{t), possibly other informational

*
{t). wu(t) is the Fed controlled shock to

variables, and a monetary target, M
the furnds rate. The matrix A includes *wo or more rows of estimated coeffic-

ients which define how M-1, the funds rate, and possidbly other wvariables

evolve through time. All but one of the other rows of A identif)

o
O
o
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o
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values in the previous state lags of m, r, and possibly other variables. The

final row defines the target meney supply path.

The quadratic loss function is written as

GI, *
B[ (Mlt+s) - ¥ (t+g))? +%

N>

2 2
Lo (r{g+s)-rlt+s-x)) 71} (

where M*(t} is the desired path for M¥-1, The cost zassociated with money
deviations from target is bhalanced with Iinterest rate volatilify, measured as
a weighted sum of expected sguared changes in the federal funds raie over
time. Different relative costs asscciated with deviations from the nmoney
target path and interest rate wvolatility can be represented by different

¥ =

values of A, More terms in the sum measuring interest rate volatiliiy, tha

<k

is larger wvalues of g, will lead to & smoother funds rate patn. For example,
a high A, with g equal to one will avoid whipsawing the markset--large move-
ments in the funds rate in a given week--while still allowing significant
movements over a pericd of %ime as short as say two or three months., 4 g of
ten or twelve, on the other hand, would damp considerably these lenger swings
as well, leaving only very smooth changes in the funds rate over time. This
form for the loss function is only one of many possibilities. It was chosen
primarily because of its simplicity; the higher Is g, the more It will respond

to, that 1s penalize, low frequency variations in interest rates. A more
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sophisticated loss function in the linear-quadratic class could be constructed
by making loss propvorticnal to the sguare of particular linear combinations of
expected future interest rates, the linear combinations being chosen specific-
ally to respond to certain tands of frequencies of interest rate movements.

The ioss function in (2) also includes a discount factor B8, which
allows the loss function to give relatively less weight tc future losses than
to current losses. ror the rpurposes of this paper there 1z no reascn to
discount future losses, and the discount factor is taken te be 1.  Althcugh
the expected loss 1s not finite when the discount factor is 1, there is a well
defined feedback rale which is the limit as B8 goes to 1 of rules assoclated
with B's less than 1 which do generate finite expected losses. In fact, 1
may be not particularly desirable to have a finite expected loss; this
requires a discount factor less than 1, which Is myopic In the sense that In a
steady state the average stream of losses will he larger than nesd he. This
occurs because the feedback rule doss not lcok far enough ahead.
if movements in Interest rates affect money with a lag, and if we heavily
discount futurse losses, then we will be very reluctant to move interest rates
in any given period and our average loss =ach pericd will become very large
since money will deviate far from its target.

Given the environment described in {1) and the loss function (2},
optimal control theory answers the fecllowing question, "what is the linear
feedback mle for choosing u{t) which, on the basis of current information,
minimizes the expected future loss?" The solution is a feedbacxt matrix, F,

and a rule
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which determines u(t) as 3 linear function of the past state and is ortimal in
the sense that this choice of ¥ generates a smaller expected loss than any

other choice.
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3. TIME SERIES ANALYSIS

& eritical element in optiml control theory 1is knowledge of the
dynamic hehavior of the system. Time series analysis, in particular the
application of vector autoregression techniques, provides a reliable estimate
of the laws of motion of the money market.

4 special problem is encountered when optimal control theory is
applied to econonic systems. A key clement in the optimal control framework,
knowledge of the laws of motion of the system is either missing complstely, or
kncwn only with a large degree of uncertainty. Engineering texts on optimal

control spend little time considsring this problem because it is usually

a1

assumed that the response functicmns can be measured directly to whatsve
degree of accuracy is nseded. In economic systems it is impossiblie to perforn
censrolled experiments in order to measurs response functlions, Instead,
economists have come to rely on the laws of motion imbedded in ecorometric
models.

Unfortunately, econcmeiric models have generated a rather poor
record with respect to forecasting the response of the sconemy to changes In
nclicy. TFor example, when s key ecconometric relaticnship, *the Phillips curve,
was identified in the 1960's many economistsg'/ claimed it could be used as the
basis for attempting to trade off higher inflaticrn for lower unemployment.
After a decade of high inflation along with high unemployment, few would
suggest such an approach today. The raticnal expectations critigue of stand-
ard econometric models provides a reascnable explanation of why those models
failed, and many economists have developed a cautious, 1f not skeptical,

attitude toward the use of contrcl thecry based on this spproach.

2/5ee, for example, Tobin's (1072) AEA presidential address.



At the same time that this dissetisfaction with traditicnal econc-
metric medels has bteen emerging, a number of economists including Christopher
Sims, Thomas Sargent, and staff at the Federal Reserve Bank of Minnearolis
have been developing alternative time series methods of forecasting economic
Variablesyif Not all eccnomists would feel comfortable applying these models
to the control framework, btut a recent strong defense of a time saries
approach to policy analysis is given by Sims (1982). He argues that the
normal business of policy formation is properiy thought of as choice of shocks
to the policy behavior equation, and he goes on to suggest the use of a vector
autoregressive representation as the context in which this choice ought to be
made.

We follow Sims advice here and construct a vector autoregression
with M-1, the federal funds rate and other variables in order to represent the

-

laws of motion of the money market. In constructing this representation, we

hl Fad

have xept as a primary goal the desire to optimally forecast fthe movements of

ot

M-1l, ¥or this reason we have paid particular attention to a2 statistic measur-
ing the ocui-cf-sarple forecasting verformance of different models. We have
also followed the RBayesian procedures suggested by Littermen (1981} for fore-
casting with vecter autoregressions.

In searching through a variety of different wvariables, looking for
those which help to predict weekly movements in seasonally adjusted M-l, the
federal funds rate clearly stocd cut as the most important. This was followsd
at a considerable distance by the level of Commercial and Industrizl Loans,

the Standard and Pocors Index of 500 stocks, Nonberrowed Reserves, Borrowed

Reserves, and Total Reserves. The Business Week Index, a composite measure of

argent and Sims (1977), Anderson (1978), Sargent (1072,
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real activity published by McGraw Hill, showed no explanatery power. Measures

o

of stock market volume and the Discount rate did not help either. These

results are based on experiments using systems with different sets of vari-
ables to forecast M-1. All systems were estimated using the same Bayesian
prior, which is described in detail below., The results of some of these tests
ars given In Table 1 and displayed in Figures 1 and 2.

Table 1
Porecast Performance for M-1 and Fedearal Funds Rate

Included M-1 prediction fands Rate
Variables error prediction
(Billions) error

(Basis points)
{1 variable systems)
M=1 1.18Lsg
Funds Rate 55.309

{2 variable system)
4-1 and Funds Rate 1.1302 51.97L

3 variable systems

M-1, funds rate, and: )

C & I Loans 1.,112% 52,079
S&P Index 1.11L49 51.723
Borrowed Res. 1.1230 52,567
Nonborrowed Res. 1.12k7 S2.1hy
Total Reserves 1.1262 51.618
Business Wk Index 1.135L 52.208
Discount Rate 1.1388 50.023
NYSE Volume 1.1b1k 51.312

The predicztion error in Table 1 is an out-of-sample staztistic. Tt is based on
residuals calculated Yy dropping, one at a time, each observation from the
sample and using the estimator so obtained to generate the residual for that
observation. The cut-of-sample statistic is designed to distinguish variables
which improve the fit only in-sample, and those which actually explain ocut-of-
sample movements. The data sare weekly observations from 1878:1 *hrough
1g982:12,

'

or the purpcse of short run nenetary control, the important aspecs
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of the estimated time series model is the responss function of M-1 to shocks
in the federal funds rate. Tt iIs this response upon which policy is based,
Fortunately for our purposes, this response 1s relatively strong, stable
acrcss time periods, and insensitive to different specifications of the vector
autoregressive representation. The response function we will use in corputing
an optimal control policy is shown below in Figures 3, 4, 5, as estimated
under a variety of alterrative specifications. Notice how little wvariation
there is in the shape of this response in the different systems. 4lso notice
how leng lived is the response of money to the funds rate shock. 3ignificant
decreases In the money stock continmue to occur two months after the initial
shock.

Not only d4did the federal funds rate sizgnificantly improve <+he
predlction of M-1, tut it also explainsg a dramatically larger share of the
variation of M-l than any of the other variables considered. In the sets of
three variasble systems in Table 1, the percentage of the one-year-ahead fore-
cast variance explained by iancvetions in the funds rate varied between 49 and
73 percent. The largest share received by any of the other variables con-
sidered was 1 percent, and in several cases it was less than 1 percent. In
Figure 6 we show the response functions of meney in a five wvariebhle systenm
which adds commercial and industrial leoans, borrowed reserves and nonborrowed
reserves Lo M-1 and the funds rate. HNotice how much larger is the responss of
money to the funds rate than to any of the other wvariables. 3Based on these
results we have proceeded with a bivariate autoregression using only M-1 znd
the federal funds rate. All of the subsegquent analysis could be generalized
to include other variables in the state vector, but the results would probably
not be materially affected,.

The wuse of a time serles representaticon as the basis for *he
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dynamcial structure of a control exercise is a departure of this investigation

»

rom the sizndard econometric appreach. Estimation of a strctural medel was

by

rejected here because it would have greatly increaszed the cost and complexity
of the exercisze, and it probably would not lead to improved estimates. In
fact, as stressed by Sims (1980), the usual identifying restrictions are
likely to be false, and their application would probably lead to misspecifi-
cation and therefore bilas in the estimation of the crucial respcnse
function. Given the strength of the evidence in the data, as sesan in the lack

of sensitivity to alternative specifications, the results from using a reason-

able structural medel would presumebly be similar to those obtained here.

i)
3
ja it

However, the risks of %biasing results Zrom immosing False restrictions
inappropriate specification of dynamic structures appear to far outweigh the
expected bhenefit from a possible reduction in the variance of the estimates,

Zven 1f it would not improve the estimates, one might prefer a strucitural

ES

model if it would be more likely to remain walid in the face of

Tl £

interventions. Unfortunately, construction of such an invariant structural
model is likely to be a difficult ftask. Morsover, the degree of inadequacy of
the time series representation 1s not cbvicus. This issue iz addresssd at

length in the final section of this paper.
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L, IMPRCVING SHORT-RUN CCNTROL CF 'THZ MONEY SUPPLY

Current Fed cperating procedures do not apply optimal control tech-
nigues, even though the Fed appears to be trying to solve a problem of the
type which optimal contrecl theory i1s designed to handle. Therefore, the
sclution obtained % current preocedures is likely to be suboptimal. It is
possible, in fact, +to estimate the tradeoff frontier which measures the
obtainable combinations of Iinterest rate volatility and expected deviations
from monetary targets, and therefore, to measure the degrse to whizh a change
to an optimal control policy would likely improve cperating characteristics.
The tradeoffs which emerge suggest that the Federal Reserve cculd achieve a
considerable smootning of interest rates with little or no loss In terms of
money supply ceontrcl. There does not, however, appear to be much room for
reducing the average size of wmonsy deviations frem target. Moreover, such
reductions weuld require large fluctuations In interest rates.

In order to discuss these itradeoffs, it is first necessary to moti-
vate the medel of short run meonetary control suggested here. Thers are
obvious differences betwesn the earlier discussion of this model, in which the
funds rate is the control, and the usual discussion of current Fed operating
procedures, which stress reserve targets., Those differences, however, may be
mere apparent than real. Under current Fed policy there is an implicit role
for the funds rate, and that rcle is the same as the one which it plays in the
optimal control procedure. The main differences between current policy and
the one suggested here is not the role of the funds rate, but rather that

under current procedures the Fed does not minimize a less function and does

not optimally take into account the important lags in the response Tunciion of

ne

-1 to shocks in the fuinds rate. Evidence of thils behavior, and the sub-
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This interpretation of current Fed policy 1s based on the descrip-
tions of operating procedures published in recent dissues of the TFederal
Reserve Bank of New York (FRBNY) Quarterly Review, and the February 1981 Board
of Geverncrs Staff Study, "New Monetary Control Procedures.” The following

suceinet summary by Richard G. Davis appeared in the Summer 1279 review in an

1

article, "Broad Credit Measures as Targets for Monetary Policy.”

fundamentally, there are two basic tactical aprproaches the FPederal Reserve
can use to attempt to control the berhavior of the noney suppiy or any
other financial variable. One of these would be to attempt to projlect the
path of bark reserves (or the monetary hase) that seems most likely to be
assoclated with the desired path of the aggregate., The success of this
approach depends, in turn, on the stability =nd predictability of the
'multiplier' relationship  Tbetween reserves and the aggregats 1in
guestion. Even in the case of monetary definitions invelving only cur-
rency and commercial bank deposits, there are significant problems with
regard to the stability and predictability of the relevant rmultipliers.
An alternstive tactical approach open to the Federal Reserve in seeking to
control the behavior of financial aggregates involves attempting to esti-
mated the volume of the aggregate the public will want to hold under given
conditions of aggregate demand and Intersst rates, then seeking o
influence short-term money market rates accordingly. This approach also
poses very real problems even in the case of a monetary =zggregate because
of difficulties in estimating what the public's demand for monsy will te
under given conditlons.

Shortly after this was written the Fed annocunced that 1t would
change coperating procedures from the second alternative, the funds targeting
approech, to the first alternative, the reserves targeting aprroach. There
are certainly important differences in these two approaches, but in one impor-
tant respect they are similar. The similarity 1s that in both cases the
control variable which directly affects the money supply is the federal funds
rate. That this 1s true is not alwzys obvicus from Federal Reserve Systen
descriptions, for instance, the ocne atove. However, carsful reading of the
following passage from & staff report published as, '"Monetary Policy and Open
Market Operatiorns in 1980," in the Summer 1931 FRBNY Quarterly Review makes

this clear.
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As the Desk worked to achieve the average nonborrowsed reserve path,
borrowing at the discount window and money market rates tended to adjiust
whenever noney growth deviated from the Committee's short-tsrm aggregate
cbjectives, When money growth was above these objectives, for example, as
in the autumn of 1980, banks demand for total reserves exceeded the
nonborrowed reserve path by more than the initial borrowing assumption.
Hence, with the Lesx supplying nonborrowed reserves in line with the path,
interest rates tended to move higher asg banks were forced toc seek greater
access to the discount window to meet their reserve requirements. These
resulting changes in money market rates under the reserve approach, in
turn, worked to encourage banxs and the public to make the portfolio
changes needed to return mcney growth in time back in line with the
Committee's objectives.

On occasion, as seemed appropriate, the nenborrowed reserve patl
was nodified relative to the total reserve path in order to accelerate the
adjustment process. These changes were intended %o encourage an even
sharper response in borrowing, and hence in reserve availability and
interest rates, to monetary deviations so that the pressures for restoring
money growth in line with the Committee's objectives were intensified.

flotice that the legilec of the following description of the casual

chain between the Fed's nonborrowed reserve target and the monsy supply gives

a crucial role to the funds rate. The funds rate is never mentioned, but zt =2

given discount rate, the funds rate is clecsely tied to the level of bor-

rowings. The descripticn is from ancther FRBNY Quarterly Review article, "The

N

Monetary Base as an Intermediate Target for Monetary Policy,” by Richard 5.

Davis in the Winter 1979/80 issue.

In the short-run context, a critical point is that member bank =excess
reserves tend to average close to frictional minima over a pericd cof
weeks and to show 1little systematic sensitivity to interest rate
movements. Consequently, movemenis in the total reserve component of
the base tend largely to mirror movements in regquired reserves. And
in the short peried of a few weeks between FOMI meetings, required
reserve movements tend to be only marginally respeonsive to the wvolume
of nonborrowed reserves supplied. The volume of reserves supplied
through open market operations, in the short run, mainly affects the
extent *to which member banks are forced to meet their reserve
requirements through borrowings at the discount window. The elfect
on total reserves, nonborrowed plus borrowings, and on the total
monetary base appears to be guite small over these short periods.

1

Clearly, then, whether the focus is directly on the funds rate, or

on reserve targeits, the fundamental link between the open marixeil cperations
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and their affect on the money supply is through their affect on the funds
rata,

Moreover, the Open Market Committee and the Desk recognize that
there is a fundamental tradeoff betwsen the rapidity of reduction of short-ran
deviations in money and volatility of interest rates. Quoting again from the

report in the Summer 1981 FRENY Quarterly Review:

b’

[The Committee] tried %o take into account lags in the effects of changes
in financial market conditions on monsy growth. A more aggressive
appreach to setting short-term monetary targets--say, one that attempted
close month-to-month control--risked the possibility of whipsawing the
markets and ultimately destabliizing mcney growth and interest rates over a
longer period.

A recent staff study, Tinsley, von zur Muehlen, Trepeta, and Fries
(1981), addressed the questicn of whether there exists

"...a wellobehaved tradeoff betwsen the volatility of deviations of M-1A
from long-run targets and wvolatility of short-term interest rates under
current and salternative operating procedures that mey bte exploited Yy
short-run monetary policy?"

The Tinsley, et 2al., study involved similetions of the 3oari's
monthly meney marxet model. Although their conclusions are similar to those
reached here, thelr approach differs in that they did not adopt an expiicit
control theoretic framework, nor did they try to model the wesk-to-weesk
dynamics of the money marxet.

The optimal contrecl approach to monetary control outlined atove is
an attempt to formalize the Fed's operating procedures and the impliicit loss
function whieh trades off short-run contrcl for interest rate smoothness.
Apprlying time series techniques to the estimetion of the laws of motion of the

Pr g q

M.1, federal funds process formalizes the Committee's attention to the lags

inherent in the system. Because the Committee is, in effect, attempiing to
v -

solve the same problem, but without the benelit of optimal control theory and

“ime series analysis, its solution is likely to be subcptimal.
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Although it mey at first appear to be a funds rate targeting pro-
cedure, the contrcl approach suggested here should not be thought of as either
a funds rate or a reserves targeting procedure. As 1s stiressed above, both of
these operatirg procedures affect the level of the money supply through the
funds rate. The feedback rule defined here iz thus & necesszry ingredient for
either operating procsdure 1o funection optimally. 4s explained below,

ccording to the model presented here the use of a funds targeting procedure

1

is likely %o reduce %the losses incurred using an coptimal control approach.

Nevertheless, there are several reasons why the Ped might want to implement a
control policy under a reserves targeting procedure, at least initially.
First of =211, iIf the Fed were obviously pegging the funds rate, it might
become politically impessible for the Fed to set the rate at the levels deter-
mined to ke optimal =zccording To the control rule. Secondly, switching back
tc funds rate targeting procedures woculd te an obvious change in policy. The
more smoothly a feedback rule such as this is irplemented, the more likely i=s
is that +the monev parket will respond as it has in the past. This stability
in response is a key issue which is discussed below. Another argument against

switching back tc a funds rate targeting apprcach is that it might send just

the wrong signal concerning the TFed's intenticns to control tha money

-]

supply. Any possible signal that it has lost the ability or the desirs to
control the supply of money could raise inflaticn expectations, and conse~

guently the level of interest rates. The cperation of the feedback rule under

[

reserves targebting procedure would not be that much different from current
procedures., Today, the FOMC picks target ranges for the funds rate and money
growth rates, which the Board and the Desk translate into reserve path
targets., nder an optimal control approach, the Board and the Desk could

cormpute reserve targets on a week-by-week basis, consistent with the funds
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rate given by the feedback rule. As long as the Fed 1s willing to cause the
Tederal funds rate to move as needed to control the money supply, the differ-
ence between a funds and a reserves targeting procedure is not sharp. A class
of possiblie rules can be defined in terms of the frequency with which the
reserves target is adjusted. The funds and reserves targei procedures dis-
cussed nere are two possible points in this eclzss. In the limit as a resserves
target is adjusted more and mere often to reach a desired level for ths funds
rate, it becomes a funds targeting procedure.

The time series model that drives the analysis to follow is a bivar-

iate autoregressive representaticn for M-l and the funds rate. Twelve lags of

each varisble and a constant fterm are included in each =quation. The model is

A8

estimated using weexly data from 1976:1 through 1082:12. The estimation
procedure iz Theil's (1971) mixed estimation procedure, applied egua<ion by
equation, that ig, ordinary least sguaress with the data sets augmentsd to
include a set of observations representing a2 Bayesian pricor of the type
descrived by Litterman (1981). A schematic renresentation of this pricr is
gliven below.

The estimation was carried out using the Regression Analysis of Time
Series program of Doan and Litterman (2581). Using their notation, the prior
is a Symmetric Random Walk with parameter 1. (each variable in each equaticn
is itreated symmetrically, the coefficient on the own first lag has a mean of
1., all other coefficients have a mean of 0.), and the lag decay is harmonic
with parameter 2. (the prior for the coefficient on lag § is centersd around
0. with a standard error l/j2 times the standard errcr on the first lag). The
overall tightness 1is .S (the standard devistion of the prior distribution for

.

the first lag of the dependent variable is .5) The prior standard deviations

of other than the dependert wvariabls in each equation are scaled by the
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standard errcr of univariate equations in order to take zaccount of +h
q

]

—

different units of the variables. The prior was chosen based on an informa
search over the parameters of the prior for those which led to the best out-
of-sample forecasts.

The coefficient estimates from this procedure can be viewed as an
approximation of the posterior mean using this prior. These estimates are
given in Table 2. It is not very enlightening to analyze the autorsgressive
representation directly, hoewever, s¢ we alsc present the moving average, or

impulse response function, representation in Figur

Te

o
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TABLE 2
Coefficient Estimates

EQUATICN 1 M-1

CBSERVATIONS 318 DEGREES OF FREEDOM 317

R¥%D 0.99933269 REAR*¥*2 0.59933269

8SR LL8.h0714 SEE 1.1893h17

DURBIN-WATSON 1.97L4B6E38

LABEL LAG COEFFICIZNT STAND. ERROR T-STATISTI SIGNIF LEVEL
EXXEX X% % HREXENEEEXREXESE ERCREEXLERELE HEXRXFERREXRFE KUURLELERXEF
M-1 1 LO0B1TT6 05330237 17.00070 .0CO0000
M-1 2 0213272 06180319 .3h508 .7300314
M-1 3 0096618 .0L24B538 L22739 .3201172
M-1 b .0601L70 L02784L4g98 2.16009 L00T76505
M-1 5 012h172 .01914333 LBLB64 .51A5686
M-1 6 ~.00k1151 .013755k45 -.29937 .76LE552
M-1 7 0024200 01027570 23551 .8138094
M-1 8 0039507 +0079L580 50225 .A15h015
M-1 o] .0020050 .00632130 L31716 LT5L11TH
M1 10 -.0003031 00514480 ~-.05852 .9530122
M-1 11 .0010058 00428550 .23581 8135781
M-i 12 .0010862 00359225 .3023¢ L7623510
Funds Bt 1 -.2781385 1170627 -2.37597 .0175024
Tunds Bt 2 -.0838023 1467635 -.57100 .5875978
Funds 3% 3 0720601 00LEEES LTAL19 LLLhA5383
Funds Rt 4 .0594850 0605398 .98264 .3257835
Tunds Rt S .0199801 04098399 L8743 LH259u58
Funds Rt 6 0062840 0293273 21he7 .8303347
¥unds Rt 7 .0078717 0218227 .35906 7195457
Funds &t 3 .0087101 0169927 .51257 5082458
Funds Rt § L0079570 L0135439 .587hg .5568700
Funds 2t 1% LOOLTOTT L0110k15 L16281 8706652
Tunds Ry 11 .001590¢ 0091459 .17355 LBE22129
Funds Rt 12 .0009123 .D0T77300 L11202 LOC60515

Constant ~3.36h371 1.0404A5 -3.26236 LO011043
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EQUATICH z Funds R%

OBSERVATIONS 318 DE3REES OF FREEDOM 317

R¥¥%2 0.98782615 RBAR¥ %2 0.98782615

SSR 78.194107 SEE 0.49665822

DURBIN~-WAT3ON 1.93821134

LABEL LAG COEFFICIENT STAND. ERROR T-STATISTIC SIGNIF LEVEL
¥ ¥ %K% Ex¥ HEENLEERUXELER ERAEXEXEXERAKF KRRNLXEXXLAR RAEXXEXCERRESR
M-1 1 -.0852225 .022258 -3.828751 0001287
M=1. 2 L1214743 .025808 L.706787 0000025
M-l 2 -.0125290 JOLTTH3 -.TOE130 L4BOL0OER
M-1 i .0019431 011627 L167118 8672795
M-1 5 -.0093251 Noloirgeleln -~1.166508 2434091
M-l & -. 0032406 .005745 -.563908 .5727552
M=1 T -.0022331 L00L2G1 —-.520432 0027523
M=1 8 -.0012125 .003318 -.3654731 LT147893
M-1 9 -.0012527 002435 -.b7hs22 6351284
M-l 10 -.0012028 .0021Lk8 ~.55977k .5756330
M-1 11 -.0007926 L001781 —.hhs5011 .6563117
M-l 12 -.Q005638 .001500 -.375901 . T069903
Funds Bt 1 1.132931 L0LBAEY 23.17576 0000000
Funds Rt 2 -.115L26 L061287 -1.88337 .0596431
Funds Tt 3 ~-.03h7h1 .039531 -.87831 «3735C1C
Funds Rt & -.013:8g 025280 -.53357 .5936380
Funds Rt 5 -.01396L JO1T117 -.8157% L146150
¥unds Rt 6 55227k .0122k6 -18361 LB28655¢
Funds ®t 7 -.006550 .009154 ~.T1554 LTh2718
Tunds Rt 8 ~-.003Ls2 L007096 ~.48650 .BR66065
Funds %t 9 -.001338 .005655 -.32502 .7L51403
Funds Rt 10 ~-.001819 LO0LA10 -.36453 .693184L8
Funds Rt 11 —.001120 003828 -.29275 .T697113
Funds Rt 12 -.000753 .003228 -.23337 LB8154685

Censtant -1.k6g521 4345488 -3.38213 0007191



Impulse Response Functions

Figure 7
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The state vector for this exercise includes 12 lags of M-1, 12 lags

of the federal funds rate, a constant, and a money target.
x(t) = [m(%),mlt-1), .00 ,m(t=12) ,r{t),r(t-1), .0, r(t-12),1. 4]t}

The equation of motion is given by:
x{t) = & x(t-1) + B ult] + w(t)
where u{t) = F x(£-1)
defines the control. The control, u(t), is a secalar variable defined as a

linezr conbinaticn of the previous state vector by the feedback vector F. The

v

mn

vector F is generated by the sclution of the matrix Riccati equaticon. B is a
vector of zeros with 2 one as the 13th element, corresponding to the element
r(t) in the state vector. The vector w{t) has zeros everywhers except in its
first and 13th elements, which are white noise error terms with covariance
matrix equal <o the estimated covariance matrix of the residuals from the

post-October 1979 data. This covariance matrix is as follows:

Table 3
Covariance Matrix of Innovations

M=1 runds Rt
M1 1.410% L1298
Funds Rt .12G8 L2455
Correlation 2205

The matrix A is given below:

a(l1,1) af1,2) coa a(1,12) a(1,13) . 1(1,24) afl1,25) Q.
1. 0. ves 0. 0. cen 2. . 0.
0. 1. ces 0. 0. ces 0. 0. 0.
0. 0. - 0. Q. 0. 0. 0.

a(2,1) a(2,2) ... 2{2,12) 2(2,13) ... a(2,24) af2,25) O,
0. 0, . O 1. . 0. 0. 0.
G 0. ver 0. 0. ves 0. 0. 0.
C. 0. vas 0. C. ces o, 0. .
0. 0. cen 0. 0. e . 1. 0.
Q. 0. . 0. o. ves 0. 0. g
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where g is the targeted growth rate of monsy {on a week to week basis). The

>

a(i,}) are the coefficients from ithe time series model described above which
determines m{%t) and r(t) as a function of ths lagged state.

This control model corresponds to a world in which the Fed at the
beginning of the week picks a shock, u(t), which it does not modify as the
waeek Dprogresses. It is designed tec model a reserves targeting procedurs in
which the level of nonborrowed reserves to supp.y during the week 1s chosen soO

as tc cause an ootimel movement in the funds rate. DBecause there are unforse-

seen shocks during the week, given uy w{%), the funds rate has a stochastic

ing
element which is not under the Fed's control.

Tn order %o model a funds rate targeting procedure, the state vecter
is augmented to include the next disturbance 10 the funds rate equation., The
A matrix is sugumerted by a column which is zercs except Tor a one in the 13th
row, correspending ito the funds rate eguation. This inclusion is a device
which zllows She feedback rule to respond to the disturbance during tae weex
in which i% occurs. Responding to the disturbance is a way to rmodel an cper-
ating procedure in which the funds rate is targeted each wesk and reserves are
supplied or demanded by the Fed as necessary 10 keep the rate within & narrow
band. In this approach the only differsnce between a ressrves targeting
procedure and a funds rate targeting procedurs is that under the funds rate
procedure the Fed can respond to the disturbance, whereas under the reserve
procedure it cannot., Thus, using this approach implies that there will always
be more noise under a reserves targeting procedure.

To this point, no mention has been made of the fact that the money
supply is not observad contemporaneously with the funds rate. Por the purpose

of optimal control, there is an important separation of the problem of setting

statement of

s

a control from the problem of observing the current stete, For
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this result, see Bertsekas (1976). The implication of this result 1is that
when one or more of the most recent observations of money are not available,
the optimal strategy Is to form the best linear prediction of these values of
money, and then to proceed as i1f they had been chbserved. In practice, depend-
ing on the day of the week, the lag between the cbservatiocn of the Tunds rate
and M-l varies hetween 7 and 12 business days. We model this as a two-week
lag in the weekly data. Thus, we proceed in two steps. TFirst we form the
optimal linear forecast of the most recent two weeks of money data, then we
proceed as above. The forecasting exercise is conditicnal on the two advanced
observations on the funds rate. The optimal linear forecasting procedure in
this cass is described in Example 13.5 of Doan and Litterman {1931)., The
astute reader will heve rezlized that the conditional forecast depends on th
reduced form, which is a function of the feedback control rule; but the feed-
back control mile itself 1is a function of the conditioral forecast.
using this formlation with two unobserved wvalues of money in the state vec-
tor, the problem of finding the optimal control rule requires a simultaneocus
solution with the problem of generating a conditional forecast. Actuzlly, the
preblem is not all that seriocus. The method described below has worked quite
well with 2 minirum additicnal conmputing expenssz.

The solution procedure is a simple iteration., The reduced form in

the first step is derived by solving the matrix Riceati equation for a feed-

hack control vector, F, and pluggirng it into the state equation.

x(t) = (A-BF) x(t-1) + w(t) (k)

The conditional forecast of x{t-1) given a subvector of x{t-l} can e written

as

;{t—l) = 5 x(t=1) (s)

~

where G 1is a metrix which has zercs in the columns corresponding *tc the
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unobserved components of x(%-1 Given G, the new reduced form, that is the

reduced form for step two is

x(t) = (a-pFG) «x(t-1) + w(t) (&)
This reduced form implies a new G, and so on. Note that each iteration adds
two lags to the state vector. Thus, in principle, the reduced form has an
infinite autoregressive representaticn. In practice, within the relevant

range of A's iterating between these two eguations quickly leads to conver-
gence of & and the reduced form itransition matrix, [A-BFC}, Notime that this
iterative procedure does not require repeated solution of the matrix Riccatl
equation, wnich determines T. We illustrate the reduced ferm response of
money and the funds rate to an innovation in money In Figures 8§ through 13 for
~inds rate and reserve targeting procedures and several values of A and q.
The response of the funds rate cculd be wviewed as a Fed reaction function
under an optimal contrcl appreach.

Severzl points should be noticed with respect to these graphs.
First, there is a two week lag in the response of interest rates to the money
innovation. This is due *to the delay in the cobservation of the meney inno-
vation. 3Because of the differences in the definitiocns of the loss Zunctions,
the values of X arese not comparable between loss functlions with different
values of q. For q=12 and the funds targeting procedure grapns representing
several values of X are displayed., As A gets larger more weight is given to
sroothing interest rates; this causes a2 smaller interest rate response and =
longer delay in returning meney to the target rpath. The main difference
between responses when g=1 and g=12 is that in the latter case responses are
more of a discrete nature. When longer rin smoothing is desired, the response
to & given shock is to move the funds rate to a new level at which it is
enerated

expected to stay, rather than the more gradual increase which is

when only week-to-weex changes are penalized.
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The shocks have been orthogonalized so that the shock we are calling
a2 meney innovation includes the component of interest rate innovatlons which
are correlated with monsy innovations. A compariscn of the response patterns
for g=12, A=2, between the funds rate and reserves targeting procedurss snows
that the difference between them is that under z funds rate targe® there is a

PLE

contemporanesus offsetting of the funds rate movement associated with the

-+

money innovaticn. That offsetiing response represents the degree *c which al

contexporanecus movements in the funds rate are offset; the controller dos

4]

not yet recognize the movement as a money innovation. In fact, because the

~inds rate movement is egually likely +*o represent a funds rate innovation

which lowers +the expected money path, in the second wesk the funds rate is

brought essentlally back to, or reven helow, 1its evicus path. It is nct

'a
]

until the third week, when the monsy disturbance is seen ty the centroller,
ard recognized for what it is, that the reaction to 1t begins.

Once +he optimal feedback rule has been calculated, taking Into
account the lagged observation of money, the probability laws of the control-
led system are determined and thus we can caleculate measures of exrected

4

interest rate volatility and money supply deviations. We can, that is, calcu-
late +he set of points, assoclated with different values o2f A and q, which
represent the best possible solutions to the problem of minimizing Toth money
supply deviations and interest rale volatility. The tradeoff can be more
easily understcod by visualizing the costs associzted with the 1976 to present
period, These costs are 1llustrated in FPigures 14 and 15. In the first, we
show the money deviations from target. This target does not zttempt to rspre-
sent sctual Fed policy, but rather is estimated as =2 long run trend., This
assumes the Fed was always basically hitting its long run targets, which
presumably understates the true situation, particularly prior tc Ocicber-

197%9. For our purposes, waich focus on short-run control, this is an adeguate
Iy iy 3 b i
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Figure 15
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approximation. In fact, the target is estimated as the quadratic trend in the
logged M-1 data, and the implied slowly declining growth rates, which are also
shown in the figure, are quite consistent with the stated Federal Reserve
intentions. Tinally, in the plot showing the deviations from target we also
show dotted lines at plus and minus the post-October-1975 root mean sguare
deviztion. The size of this mean squars deviation is the measurs of monetary

control which enters the loss function.

In the next figure we show the federal funds rate path along with
two plots illustrating now interest rate volatility is measured in the loss
function. One plot shows week-to-week changes in the funds rate, with dotted
lines at plus and minus the post-October-1979 roct mean square change. Tmis
mean square change enters the loss function when g=1. In the otrer rlot we
show the scuare roct of the average of sguared changes Irom each of the twelve
previocus weeks, This value squared is the measure which enters the loss

functicn when o=12. 4 dotted line shows its ost=Cctober-1079 avarage

e

1

value. Notice that while they both have units of basis points, the lsvels cf

w

+these measures of loss for q=1 and g=12 are not comparabla.

Having now defined the appropriate measures of loss, we ars hle to
present the optimal tradeoff as & curvs in a graph with root mean square money
supply deviations on the wvertical axis ard roct mean square changes in
interest rates for root of averages of twelve squared changes, for q=12) on
the horizontal sxis. Two curves are shown in Figures 15 and 17, one for the
model of a funds targeting procedure and one for the model of a ressrves
targeting procedure. The size of the shocks iIs based on the pest-October-1979
exparience. Notize that lowering the average money deviation from target
below abou® 4.5 billion, which is close to the actual post-October-1375 level,

begins to raquire very large increases in interest rate volatility.
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An interesting question 1s the following: where does the current
policy, represented in this medel by the time series representation with no
control applied, leave us in this space? 'We can answer this guesticn, otut the
curve described above, which reprssents an average expected performance in a
steady state, is not the best point of departure. The problem 1is that the
deviations from target of the uncontrolled money path accumulate over time 50
that there is no finite steady state expected money deviation. This aspect of
the time series representaticn for current peolicy is not a characteristic
about which we should be overly concerned. First of all, the relatively short
segment of weekly data on which it 1s based does not contain ruch information
about the long run properties of the system. In the second place, the random
walX prior pulls the estimates toward a nonstaticnary representation. It is
possible, nowever, to meke 2 useful performance corparison in this space
between the optimelly controlled systems and the uncontrolled system. Tais
can be accomplished by generating a xind of psuedo history as described telow.

The wvechor autoregressive representation generates a set of one-
step-ahead forecast errors, or shocks, for the period over which it is esfti-

2 1

mated. These shocks can be used to answer the question of how much better

N

could the Fed have done in the past, had it been following an cptimal control
policy. First, we need to define a target path for the 1676 +to present
period. Since we are focusing on short-run control, we will take as the long-
run target the downward trending growth path described above. Given the

target, and taking the initial values at the beginning of 1976 as given, for

a articular values of A and we can generate the paths the state variatle
g P

3]

would have taken if:
(2) the state had evolved according to the vector sutoregressive

representation,

{b) an optimal control policy had been in force, and
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(e¢) the same set of shocks had hi% the system.

The results of this type of experiment using different wvalues of A
and g, lead to pseudo histories and tradeoff curves representing what would
have occurred under different loss functions and an optimal control
strategy. These tradeoff curves can be usefully compared with the actual
performance over the same period. This is done in Figurss 18 and 19 for the
post=-October-1979 period.

Four results stand out from this comparison.

1) With a loss function %that focuses on high frequency vola-
tility (i.e. q=1), there is not ruch loss associated with
the current policgy relative to an optimal reserve targeting.
procedure,

2} Second, there is very 1little possible improvement, under
either procedure, 1in reducing shert run money deviations
from %arget without incurring large increases in interest
rate volatility.

3) Third, there is a large gain possible with respect to reduc-
ing high freguency interest rate volatility by moving to 2
funds rate targeting procedure.

L) TFinally, with respect to a losz function that focuses on
smoothing both high and low frequency movements in interest
rates (i.2., 4g=12), there is z large gain pcssitle through
optimal control of interest rates for either a reserve or =
funds rate targeting procedures.

Another interessting corparison can be made ty loocking directly at
the pseudc histories themselwves. These are shown for several values of A and
q in Figures 20 to 25. Notice that comparing the actual movements in the

funds rate with the mevements generateé by eany of the cptimal control
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procedures suggests that the Fed often responds to money deviations with tco

Y

mich of a delay, and then to rsact for too long of a periecd, leading to
signficant overshooting of its M-l targets. Furthermore, a corparison with
the history generated with q equal to 12 and A=2 suggests that a considerable
degree of smcothing of the funds rate could have been achieved with no adverse

effect on monetary contrcl.
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Interest Rate Fluctuations and Money Supply Deviations From Target
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Figure 20

Pseudo History Comparing Actual With Controlled
Federal Funds Targeting Procedure; ag=12; lcembda=.5
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Ficure 21

Pseudo History Comparing Actual With Controlled
Federal Funds Targeling Procedure; q=12; |ambda=2
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Figqure 22
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FPigure 23

Pseudo History Comparing Actual With Contrelled
Federal Funds Targeting Procedure; g=1; lambda=22
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Figure 24

Pseudo History Comparing Actual With Controlled
Reserve Targeting Procedure; g=12; |ambda=2
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FPigure 25

Pseudo History Comparing Actual With Controlled

Reserve Targeting Procedure; g=1; |Jambda=1
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Tn practice, what the optimal contrcl procedure gives the policy-
maker each week is a suggestion for wherz the funds rate should te in the
following week and a set of forecasts for values of the state variables condi-
tional on the value of %the funds rate. Examples of this type of ouftput ars
given below in Figures 26, 27, and 28, Shown are actual values up the current
time period, the projected paths of the variables if no control is applied,

and the projected paths if the cptimal contrcl is applied this period.



Figure 26

Projections Showing the Effects of

Adepting Control
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Adopting Control

Figure 27

Proejections Showing the Effects of

Procedure (g=12; l|ambda=8D
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Adepting Control

Figure 28
Projecticns Showing the Effects of

Procedure (g=1; lambda=1D
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5. EVIDENCE ON STRUCTURAL STABILITY

There iz no guarantee that changes in the operating procedures of
the Fed would leave unaffected the important dynamics of the money marke? on
which this procedure depends. There 1is evidence which suggests that the
impact would not be large. Moreover, there are reasons to think a structural
model of the link between the funds rate and the noney supply cculd be con-
stricted in which that response would not be sernsitive to the kinds of inter-
ventions we have been considering.

A key assumption of the above exercise is that the dynamics of the
money market variables would not changs toc mich as a result of the adoption
of an optimal 'control rule, Whether this is 1likely to be true is a ksay
question, it is, after 211, the focus of the rational expectations criticism
of treditional cconcmetric exercises of this type. According to the ratlional
expectations argument, changes in the policy rule of the government will lead
to changes in the =zctions of agents in the econony and the new Iynamic
behavior of the economy is likely to be far different from before. For a2
forceful exposition of this viewpoint, see Lucas (1976).

The standard answer to the above questicn 1s that the dynamic
vehavior of the economy can be modeled structurally, and equations zuch as a
consumption function, a money demand function, and so on, represent behavior
of agents which will not change when the equation representing the policy mile
is changed. However, if it is recognized that agents' behavior depend cri-
cially on expectations of the future, which in turn depend on govermment
policy, then unless expectations have been explicitly modeled, this defense
breaks down. Since a time series repraseéentation is the reduced form implied

by a struetural model, the dynamics of the time series representation are

subjiect to the Lucas critigue.
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In a draft of his forthcoming Brookings paper, Sims challenges the

relevance of <the Lucas critique, for wolicy choices of +the +type heing

U]

considered here. Because it 1s a key issue, we quote at length.

The normal business of pelicy formaticn i1s properly thought of as
choice of shocks to the policy behavior equation, or egquivalently as
cheice of wvalues for policy wvariables, or again eguivalently =s
implementaticn of an unchanged policy rule. It is an analytically
nontrivial problem, given +that *= stiracture of <he econrcmy is
gubject to continval uncertain drift and that those with actual
influence on policy are engaged in a complicated dynamic same with
many players. It is fully as important as the problem of choice of
policy rule. Taough choice of ruls has permanent conseguences, while
cholce of the current level of policy wvariables has mors short-lived
consequernces, cholce of current levels is repeated very often, while
cholice of making the choice =zre therefore of corparable magnitude.
Pinally, statistical metheds probably have uore to contributs to
policy choices which do not involve rule changes. This may seem %o
conflict with +the recent flowering of econometric literaturs
connected with rational expectations. But while cheoice of policy
rule requires sophisticated opreokabilities wmodeling, and while
econometric estimation of parameters strictural under changes in rule

is an intellectual challenge, i% remains true that rule changes mst
be rars evenis. To meke statistics yield conclusions over a dense,
inevitably controversial scaffold of a priori theorizing. Sirc

choices of shocks to policy =quaticns have occured very often, the
date can be expected to speak more directly about thelr coaseguences.

Interesting and impertant as it may be to develocp methods
for optimally choosing policy riles in the face of +the ILucas
critigue, It 1s a mnmistaxe 1o suppose that this should be the
exclusive, or even the main focus of quantitatively oriented
macroeconometric research. The normal business of maxing projections
of the likely effects of various cheoices for the patns of policy
variables 1is neither internally 1inconsistent, nor analytically
trivial, nor inconsequentizl.

With respect to the money market, we are in the fortunate circum-
stance of having one bit of empirical evidence which mey be of help in resol-
ving this issue. In Cctober 1979 the Federal Reserve rade a change in opers-
ting procedures which arguably was & more striking change than would be ths
adoption of the optimal control technigues proposed here. If the dynamics of
the system were not affected too much by that change, then there is good

reasgcn to hope that they would not bte too sensitive to the change proposed
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here. Unfortunately, testing for structural change can be a tricky propo-
sition. For example, it is obvious from the data that something changed in
October 197G. The standard errors cf innovations in M-1 and the funds rate
are many times larger after that date. For ocur purpose, the question of
interest, however, 1s whether there is evidence that the response functicn of
M-l to a shock in the funds rate changed. On this question, the evidence is
comfortably unclear, Based on visual iInspection of the response functions
presented above, and a statistical test descrived here, there is no reascn to
believe that the response of money changed significantly when the operating
procedares of the Fed were changed. This test is as follows: one-step-zhead
forecasts of money were made separately based on the data before and after the
change. The forecasts were made cut-of-sarple, in & sense %o be rade precise
below. If there was a significant change in structure, then making forecasts
tased or using the full sample should lead to larger errsrs in both sub-

1

samples. In fact, using 12 lags, the forecasts of money in the first half of
the sarple improved only marginally after dropping the second half, and the
forecasts in the second half actually improved using estimates based con the
full sample. Using two lags, the forecasts based on the full sarple were
better in each subsample than the forecasts based on the subsample alone. The
out-of-sample nature of the test 1s that for each period, the forecast of
money f'or that pericd is based on an estimatcor using all ohservations in the
relevant sample except that period’'s observation. The reascn for ithis proce-
dure is that if the test is deone in-sanple, then the subsample estimates mst
fit better. One version of the standard Chow test for structural stability is
based on ithe asympiotic distrivation of the size of this in-sample improve-
ment., See, for example, Sims (1980). Asymptotically, our test will have the
same distritution. The fact that there is little or no irprovement in the “wo

subsamples reans that the change in structure, if it cccurred at =2ll, was not

large.
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TABLE L
3tability Test Resulis

Prediction Error Prediction Error
Based on Subsample Based on Full Sample
Period (Rillions) (Billicns)

(Estimated Using 2 Lags)

756,13 to 79,40 .58L73 .57184
80,1 to 82,12 1.65226 1.64932

TE,13 to 79,40 54865 LBOBED
80,1 to 82,12 1.736593 1.60863

the

An important element in any arsument of why the response of money <o
L ' o Py v

funds rate would not be likely te change under a change iIn operating

procedures shculd be based on an understanding of that response. 3Zanks play a

ray

role in the reacticon of money to changes in the funds rate. That rols is

L

descrived in a recent paper, A Critique of *he Yederal Reserve's New

Jper

ating Procedure” by Robert D. laurent of the TFederal ZReserve Zank of

(Y

Chicagc.

The money supply wrocess is the means bty which the monetary authority
affects the purchase and sale of assets by banks and thereby the creation
and destruction of deposits. It may te thought of &s a two-step
process, The first step Is the action of the Fed. The second step is the
reacticn of the banks to the Fed's actions. The linchpin of the money
supply crocess is the federal funds market. The federal funds market both
resisters the actions of the Fed by setting the price of reserve cradit
and transmits its influence %to every bank. The individual btank's response
in terms of Muying assets from, or selling assets to the public is what
determines the change in deposits and monsy. To the individual bank, it
is the federal funds rate and not reserves which determines how it changes
its asset holdings and its impact on the aggregate level of deposits. The
individual %bTank neither Xnows nor cares about the aggregate level of
reserves in the banxing system. Indeed, it can be argied that even its
own level ¢f reserves does not determine whether a bank tiys or sells
assets, creating or destroying deposits. Of course, a bank mist have
enough reserves to meet reserve requlrements, but it can always obtaln or
dispose of reserves in the federal funds market. For example, even a banX
deficient in reserves might still make loans and thereby Increase deposits
if the rate on loans were high relative to the federal funds rate. Tt
would offset its loss of reserves resuliing from the increase in loans Yy
viying even mere funds than otherwise in the federal funds market. The
park's response depends entirely upcn what sppears profitable, not upon
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the circumstances of the bank's ressrve position. The effect of the
federal funds rate on individual banks and the aggregate level of deposits
is clear. Other things equal, the higher (lower) the federal funds rate,
the lower (higher) will be the level of deposits, To an individual bank,
the federal funds market can be either a scurce of, or an ocutlet for,
funds. 4 bank compares the federal funds rate to the rates on assets
available from the public. The lower the federal funds rate, the more
attractive these other assets lcook. With a low federal funds rate, banks
respend by increasing their holdings of assets obtained from the public,
creating deposits and covering any reserve losses with federzl funds
purchases. Conversely, & high federal funds rate means that banks will
reduce thelr holdings of assets obtained from the publie, destroying
deposits, and take the reserves acguired and sell them in the federal
funds rarket....A bank actually compares (after adjusting for risk differ-
ential and transaction costs) the rate on an asset of 2 given maturity
with the expestad rate on one day federal funds rollad over for thne same
maturity. Thus, equilibrium is not necessarily where the rate on bank
assest egquals the federal funds rate. Policy affects the meoney stock
through the impact of the current federal funds rate on expected future
federal funds rates. The greater 1s the impact of a movement Iin the
current federal funds rate on expected future funds rates, the greater is
the impact on money.

o 1

If this understanding of the response is correct,

+

then money should
continue to react in essentially the same way it has 1n the past in recsponse
to 2 given movement in the funds rate. If any difference can be expected, 1t
igs likely to be that the response will become largsr and quicker becauss given
movements in the funds rate will carry more informetion about future movements
in the funds rate than at present, rarticularly 1ii people understand and
believe the Fed's linear feedback rmile. B3Buch a change In structurs would have
the Teneficzial effect of causing the fradeoff curves defined above tc shift
down and toward the left. To make thils argument precise would reguire a model
of the equilibrium structure which would result from interaction of a Fed
nolicy rule of the sort suggested here and banks' optimizing behavior subject

to some costs of adjustment. Such an investigation would appear to be a good

tople for future ressarch.
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CONCLUSICYN

1

control and inferest rate veolatility.

This application of optimel control theory and time series analysis

has i1dentified an 1important fradeofi between degrees of short-run

Application of ocptimal control theory would likely improve

Interest rate wvolatility can be reduced considerably from
levels without adversely affecting the degree of monetary

acnieved.

monetary

Two principal concluslons emerge:

current

control
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