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Abstract

We propose a method for estimating a subset of the parameters of a structural
rational expectations model by exploiting changes in policy. We define a class
of models, midway between a vector autoregression and a structural model,
that we call the recoverable structure. As an application of our method we
estimate the parameters of a model of the US monetary transmission mech-
anism. We estimate a vector autoregression and find that its parameters are
unstable. However, using our proposed identification method we are able to
attribute instability in the parameters of the VAR solely to changes in the
parameters of the policy rule. We recover parameter estimates of the recov-
erable structure and we demonstrate that these parameters are invariant to
changes in policy. Since the recoverable structure includes future expecta-
tions as explanatory variables our parameter estimates are not subject to the
Lucas [24] critique of econometric policy evaluation.

JEL-Classification: C51, E43, E52, E58.

Key-words: Fed, Monetary Transmission, Identification, Structural Breaks,
Recoverable Structure.
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Non Technical Summary

The estimation of structural rational expectations models of the monetary
transmission process is a topic of ongoing research and is of great interest
to policy makers and academics. Typically, these models are identified by
imposing strong assumptions on the parameters of utility functions and tech-
nology sets.

In 1980, Sims [34] criticized the “incredible identifying assumptions” of
Keynesian models and suggested instead that macroeconomists use vector
autoregressions to identify the role of money on economic activity. In our
view, most of the restrictions embodied in structural RE models are just as
incredible as those of the Keynesian models they replaced and we should
not be surprised if models identified by imposing restrictions derived from
simple representative agent models are rejected by formal hypothesis tests.
Rejection of a particular model does not imply that all rational expectations
models are false; rather, it suggests that the econometrician has imposed
incorrect identifying restrictions.

In this paper we propose a method for estimating a subset of the para-
meters of a structural rational expectations model by exploiting changes in
policy. For many data sets that economists have studied it is difficult or
impossible to find extended periods over which the parameters of a vector
autoregression remain constant. We believe that in a substantial number of
examples of interest, it may be possible to make credible arguments that pa-
rameter change can be attributed to a specific cause. For example, the date
of the break may coincide with an announcement by the policy authorities
or with a change in administration. This is the situation that occurred in
1979 when Paul Volcker took over from G. William Miller as chairman of the
Board of Governors of the Fed. A similar event occurred in 1973 with the
collapse of the Bretton Woods system of fixed exchange rates. In situations
like this, when structural change can credibly be attributed to a change in
one structural equation, it may be possible to use this information to identify
the remaining equations of the system.

We define a class of models, midway between a vector autoregression and
a structural model, that we call the recoverable structure. We provide an
application of our method by estimating the parameters of a three equation
model of the monetary transmission mechanism using data from 1970:Q1 to
1999:Q4. We estimate a vector autoregression and find that the parameters
of this VAR are unstable. However, using our proposed identification method
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we are able to attribute instability in the parameters of the VAR solely to
changes in the parameters of the policy rule. We recover parameter esti-
mates of the recoverable structure and we demonstrate that these parameters
are invariant to changes in policy. Since the recoverable structure includes
future expectations as explanatory variables our parameter estimates are not
subject to the Lucas [24] critique of econometric policy evaluation.
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1 Introduction

In this paper we introduce a method for estimating the structural equations
of a rational expectations model by exploiting the assumption that economic
policy is governed by a rule that may change infrequently and abruptly. Our
idea is to use changes in the parameters of the policy rule as instruments to
identify the parameters of structural equations that remain constant across
different policy regimes. We apply our technique to the problem of identifying
the monetary transmission mechanism.

Currently there are two popular approaches to identification of monetary
policy. One is to use a vector autoregression (VAR) in which shocks are iden-
tified by assumptions about the contemporaneous correlations of the errors.
A second approach is to write down a fully specified rational expectations
model and to identify its parameters using cross-equation restrictions.! We
propose an alternative method of identification that is midway between a
VAR and a fully identified model. Following Farmer and Uhlig [12] we call
this method the estimation of a recoverable structure.

In the structural approach one imposes assumptions on the economic en-
vironment to achieve identification. Typically, the data are assumed to be
generated by the choices of a representative agent with an infinite-horizon
time-separable utility function and a period-t utility function, separable in
current consumption and real balances. These assumptions imply that the
representative agent’s consumption Euler equation contains only current con-
sumption, expected future consumption and the real interest rate. When
supplemented with a model of aggregate supply, assumptions of this kind
generate restrictions on the structure of the unemployment and inflation
equations in the class of three-equation models that we will study in this
paper.

Suppose, for example, the modeler assumes that real balances do not enter
the Euler equation. This modeling choice implies that the opportunity cost

!Sims [34] popularized VAR models in which shocks are identified by ordering the
variables and decomposing the VCV matrix with a Cholesky decomposition. Bernanke
and Mihov [3], Blanchard and Quah [7], Blanchard [6] and Gali [14] are examples of
papers that remain with the VAR framework but identify shocks by placing structural
assumptions on the contemporaneous VCV matrix of shocks. A subset of papers that
adopt some variant of a full structural approach includes Christiano, Eichenbaum and
Evans [9], Gali and Gertler [15], Ireland [17], McCallum and Nelson [26], Rotemburg and
Woodford [31] and Smets and Wouters [37].
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of holding money (represented by the federal funds rate) should not enter the
IS curve.? Assumptions like this are critical in supplying the restrictions nec-
essary to identify a structural form. But they are not a direct implication of
optimizing behavior under rational expectations. In 1980, Sims [34] criticized
the “incredible identifying assumptions” of Keynesian models and suggested
instead that macroeconomists use vector autoregressions to identify the role
of money on economic activity. In our view, most of the restrictions embod-
ied in structural RE models are just as incredible as those of the Keynesian
models they replaced and we should not be surprised if models identified by
imposing restrictions derived from simple representative agent models are
rejected by formal hypothesis tests. Rejection of a particular model does not
imply that all rational expectations models are false; rather, it could mean
that the econometrician has imposed incorrect identifying restrictions.

Our paper is organized as follows. Section 2 summarizes related work. In
Section 3 we introduce a two-equation example and show how to identify the
parameters of a demand equation if the parameters of the supply equation
change at a known date. Section 4 studies a three equation example and
shows that change in one equation is not sufficient to identify all of the
parameters of the other two equations in the system. This leads to Section 5
in which we define the concept of the recoverable structure. Sections 6 and
7 extend our ideas to models with forward looking expectations. In Section
8 - 13 we show how to apply our technique to US monetary policy. Section
14 presents a short conclusion.

2 Related Research

Sargent [32] discusses the equivalence of the reduced form representations of
rational and non-rational expectations models and he points out that “the
empirical evidence from a single estimation period alone...can never settle
things between advocates of rules with feedback and rules without feedback”
([32] page 635). Sims [34] takes the view that the rational expectations hy-
pothesis is “more deeply subversive of identification than has yet been recog-
nized”. Pesaran [28] contains a fairly comprehensive discussion of identifica-
tion in rational expectations models in which he points out the importance

2We use this term in the sense of McCallum and Nelson [26] who refer to the rep-
resentative agent’s Euler equation, supplemented by a market clearing equation, as an
“optimizing IS curve”.
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of a-priori information on lag length as a potential way of discriminating
between different theories. This paper takes off from Sargent’s comments by
using information from different sample periods to achieve identification.

An early application of structural change to achieve identification is pro-
vided by Bean [2]. The closest papers to the present one are by Rigobon
[29], [30] and Klaeffling [20]. Rigobon exploits heteroskedasticity to identify
the parameters of a structural model. Our concept of a recoverable structure
exploits a similar idea although we exploit changes in all of the parameters
of the policy rule, not just a change in variance. Klaeffling [20] estimates
a class of models that includes future expectations, but the parameters of
Klaeffling’s model confound policy with structure and his approach cannot
be applied to study the consequences of a change in the policy rule.

Lubik and Schorfheide [22], 23] have studied structural rational expecta-
tions models in which they allow for the possibility of indeterminacy. They
place more structure on the model than we are prepared to do, although like
Lubik and Schorfheide, our approach allows for both determinate and inde-
terminate equilibria. Leeper and Zha [21] study a class of “modest policy
interventions” that enables them to make predictions of the effects of mone-
tary policy changes within a given regime. We assume instead that the entire
regime changes at a discrete point in time. Sims and Zha [36] study regime
changes using a Markov switching model, and Cogley and Sargent [11] adopt
a similar approach that allows for parameter drift.

3 Identification Through Exclusion Restric-
tions

Consider the following two-equation model of demand and supply which is of-
ten used to introduce the topic of identification in introductory econometrics

texts.’
A Y: B Ut
1 ay qs B U1t
= Z 1
el La e ”
} ., B [UU=Q,  E.[UUL]=0, k>0,

U1t
Uat

o-|

3Uppercase letters denote vectors, lowercase letters represent scalars and boldface let-
ters are matrices. We use superscript “I"” for the transpose operator.
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0:{a17B17a27B279}‘

1x1 1xm 1x1 1xm 2X%2

We also assume

Condition 1 (Row Independence) The rows of
(A B]
are linearly independent.

The first row of Equation (1) represents a demand equation and the sec-
ond row is a supply equation. Condition (1) rules out the trivial case in which
the demand and supply equations are the same. Y} is the 2x 1 vector (g, pt)T ,
q: is quantity, p; is price, Z; is an m X 1 vector of exogenous variables, and 6
is a set of parameters of interest. Since the parameters enter symmetrically,
in the absence of additional identifying information, the parameters of the
demand and supply equations cannot be separately identified.

Suppose however we know that at date 77, the parameters {as, By} of the
supply equation change from {al, B} to {a3, B3} where the superscript 1 or
2 indexes the time period and the subscript 2 indicates supply. Our main idea
is to use the change in the parameters of the supply equation, by constructing
a series of step-variables, to identify the parameters of the demand equation.

For each variable {Y%, Z;}, our method involves the construction of new
step-variables, and new step-errors defined as follows,

Y =0, 77 =0, U’ =0, t=1,..T,
vP=Y, Z°'=2z, U’=U, t=Ty+1,..T.

Using these transformed variables we can write the augmented structural form
as

A~ Yy B* Uy

1 a4 0 O Gt By 0 zr Uiy

1 ad 0 af Dt B} B& Z sy
s | = s |t s | (2)

00 1 a q; 0 B Z; uy

0 0 1 d? Py 0 B? us,

where,
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A 2 1 A _ n2 1

We use a star to indicate the expanded matrices and the vectors of exogenous
and endogenous variables augmented by the step variables. The augmented
reduced form of this system is a set of equations

Yy r* w
4 I T z; w}
yg; [y Ty Zy w?
= + , 3
pts 0 T wfs

where the parameters of the augmented reduced form are related to those of
the augmented structural form by the equation

AT = B,

and the reduced form errors are related to the structural errors by the equa-
tion,

AW =U;.

Identification theory can be organized around the concept of an instru-
mental variable. Our method transforms a system of two equations in two
endogenous variables into an equivalent system of four equations in four en-
dogenous variables. If the parameters are constant in both equations, the
step variables and the second two equations are redundant. However, if
the parameters of the supply equation change, the newly constructed step
variables can be used as instruments to identify parameters of the demand
equation. Provided the 1 x m parameter vectors I's; and I'3o of the reduced
form are non-zero, the endogenous variables ¢; and p; will be correlated with
z8.

For the parameters of an equation to be identified, classical identification
theory (Fisher [13]) requires that two conditions, the order and the rank con-
dition, should both be satisfied. The order condition requires that there are
at least as many instruments as endogenous explanatory variables. The de-
mand equation contains one endogenous variable. Since there are m excluded
exogenous variables, (these are the m step-variables Z;”) and since each of
these variables can be used as an instrument for p;, the order condition is
satisfied.
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The rank condition can be expressed in several equivalent ways. One
representation of this condition is that the [3 x (m + 2)] matrix

BY 0 ab
M = Bl 1 aq
B? 1 a3

has full row rank. Condition 1 implies that the second two rows are inde-
pendent of each other. It follows that a; is identified if at least one element
of {BQA, QQA} is non-zero.

We have shown that a change in the parameters of one of the equations
in a two-equation model, enables us to identify the parameters of the other
equation in the system. A parameter change of this type does not, however,
allow us to say anything about the parameters of the equation that breaks.
In our example, we cannot identify the parameters of the supply equation
since there are no valid instruments to identify them.

4 A Three Equation Model

Our next example is a model with three equations that illustrates how to
extend our identification method to larger systems. Consider the model

AY, =BZ, 1+ U, (4)
where
1 a2 a3 By
A= a921 1 923 s B = BQ s
az; az 1 B4
Yioa
Y1t : U1t
Yi= | vyu |, Zi1= ) U = | ux
Yst Yiek Ust
C

4This is condition (b) from Hamilton [16] page 246 with the following notational dif-
ference. We use B for the matrix premultiplying exogenous variables in the structural
equations, Hamilton uses I'. We use A for the matrix premultiplying the endogenous vari-
ables, Hamilton uses B. We use T' for the reduced form coefficients, Hamilton uses II.
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In this example there are three endogenous variables, Y; = {14, yor, y3:} and
a vector of predetermined variables Z;_;, which includes a constant C'. We
assume that the errors U, have zero mean and covariance matrix 2.

To fix ideas, we will give names to the equations and to the variables. Let
the three variables represent the unemployment rate, the inflation rate and
the interest rate. To name the equations, we normalize Equation 1 by setting
the coefficient on unemployment to 1, Equation 2 by setting the coefficient
on inflation to 1 and Equation 3 by setting the coefficient on the interest rate
to 1. Using this convention we will refer to Equation 1 as the unemployment
equation, Equation 2 as the inflation equation and Equation 3 as the interest
rate equation. Since we assume that the interest rate is controlled by the
Fed we will refer to the interest rate equation as the policy rule.

We can represent the reduced form of the model as follows;

Y, =TZi_1 + Wi, (5)

where
AWt = Ut, (6)

and I is related to the structural coefficients by the expression,
AT =B.

If the structural equations were to remain stable, we would be unable to
identify the parameters of the matrix A. But the reduced form coefficients,
I', could be estimated consistently by least squares. Since Z;_; consists of
lagged values of Y;, Equation (5) describes a vector autoregression. The
stability of the structure implies that its parameters should remain constant
over time.

For many data sets that economists have studied it is difficult or im-
possible to find extended periods over which the parameters of a vector au-
toregression remain constant. We believe that in a substantial number of
examples of interest, it may be possible to make credible arguments that pa-
rameter change can be attributed to a specific cause. For example, the date
of the break may coincide with an announcement by the policy authorities
or with a change in administration. This is the situation that occurred in
1979 when Paul Volcker took over from G. William Miller as chairman of the
Board of Governors of the Fed. A similar event occurred in 1973 with the
collapse of the Bretton Woods system of fixed exchange rates. In situations
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like this, when structural change can credibly be attributed to a change in
one structural equation, it may be possible to use this information to identify
the remaining equations of the system.

Pursuing this idea, let us assume that the parameters of the policy rule
are known to change at date T} and let Y,° and U} be step variables and step
errors defined as in Section 3. As in our previous two equation example, we
introduce additional parameters a5}, a5, and B5* defined as follows,

A 9 1 A 9 1 A p2 1
ag = a3 —agy, a3y = a3 — a3y, By = B3y — Bg,

where the superscript 1 or 2 indexes the first or second subperiod. For the
three equation model the augmented structural form is defined as follows,

~ A* o Y, _ ~ B* _ ~ Uy _
I aip a3 0 0 0 Yt By 0 U1¢
asq 1 as3 0 0 0 yf BQ 0 VAR Ut
ay ap 1 agy az 0 v | _ | Bs Bs { Zi— } n U3¢
0 0 0 1 a12 Qa13 ytlS N 0 B1 Zil uft
0 0 0 a2 1 a923 thS 0 BQ ugt

00 0 a3 a3 1 1L y° i L 0 B3 i L usy

(7)

As with our previous example, the parameters a9, a13, a21, as3, By, and
By do not contain superscripts, reflecting the assumption that they remain
constant for the entire sample. Rows 4 and 5 of the augmented structural
form represent the same equations as rows 1 and 2, but for the second sub-
sample. Rows 3 and 6 describe the third equation which, by assumption,
is the policy rule. The parameters al,, ai,, and Bl represent the coefficients
of 14, yor and Z; 1 of the policy rule during the first sub-period and the
parameters a3,, a3, and B3 premultiply these same variables during the sec-
ond sub-period. The parameters a3}, a5, and BS are the changes in the
parameters at the date of the break.

The assumption of parameter constancy is represented by the absence
of the variables v, v3, y5 and Z2 | from the unemployment and inflation
equations. We are aware that most modern macroeconomic models cannot
be represented in this way as a consequence of the existence of endogenous
expectations. At this point we ask the reader to suspend criticism based
on this observation since the model without expectations will allow us to
make an important point about identification that will also hold in models
with expectational terms. We take up the issue of endogenous expectations
in Section 7.
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For the same reason that we could not identify the supply equation in
our first example, we will not be able to identify the parameters of the policy
rule. One might think, however, that we could use the same arguments that
were applied in Section 3 to show that the unemployment and the inflation
equations are identified. After all, the unemployment and the inflation equa-
tion each contain two right-hand-side endogenous variables and they each
exclude the m exogenous variables, Z°. It follows that the order condition
is satisfied for each equation as long as m > 2. But although the order
condition is satisfied, the rank condition fails. This condition is the same for
both equations and it requires that the matrix

0 0O 0 O
B3A a3A1 a3A2 0
M = Bl 1 a12 Q13
By a1 a3
B?? a%l a%z 1

should have full row-rank®. Since the first row of M is zero the rows of M
are not linearly independent and neither the unemployment equation nor
the inflation equation is identified. The following section pursues this point
further.

5 The Recoverable Structure

Identification fails in our example because changes in the policy rule cannot
give us independent information about the way that inflation and unemploy-
ment interact with each other. We cannot use information that there has
been a break in the policy rule to identify the parameters a1, and as;. These
are important parameters if our goal is to discriminate between competing
theories of macroeconomic behavior. For example, in some popular theories
a9 would represent the impact of unemployment on current inflation in the
Phillips curve. It would be interesting to bring evidence to bear on the mag-
nitude of this parameter, however, it is not something that can be uncovered
from the methods discussed in this paper.

There are other questions, however, for which we do not need to know
the magnitude of a1 or as;. As an example of such a question, consider the

®Hamilton [16] page 246 condition (b).
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problem faced by a central banker whose goal is to maximize the value of an
objective function,

J = Et Z ﬁ‘s*tW (y1s, y25) . (8)

The parameter [ is a discount factor and W is a concave function that
represents the central banker’s aversion to fluctuations in unemployment, ¥,
and inflation, yo;. We assume that the economy is characterized by Equation
(4).

To facilitate our exposition, we will partition the structural equations in
the following way. First we separate the endogenous variables into two blocks

Y

Y, = 2x1 Yy = Y1t .
1@/33 ’ Yot
X

We will refer to Yi; as the structural variables to distinguish them from ys;
that we call the policy variable. Second we partition the coefficients in the
matrices A and B conformably,

1 a2 a3 A A13 B B
2X2 2x1 2Xm

a1 ass | = A 1 ; By | = B
1 31 B 3
a3 as2 1x2 1x1 3 1xm

Using this notation we can represent the unemployment and the inflation
equations as follows:

Ay Y1t Ajs B; U1t
1 an Y1t a13 B Uyg
_|_ e Z _ + s 9
{ azn 1 } { Yot } { a23 ]y3t { By |71 Ut )

and we can write the policy rule as

Y1t
Az

[ as1 as ] { zZ } + Y3t = B3 Zi—1 + ugs. (10)

The problem of the policy maker is to design a rule by picking 2 + m pa-
rameters {as, ase, B3} to maximize the value of (8) given that the structural
variables are related to the policy variable by the structural equations (9).
We do not take a stand on the origin of policy “shocks”. Since the objective
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function is concave, the optimal policy will set {ug; = 0} for all £. In prac-
tice, shocks to the observed policy rule may arise from measurement error
or from the reaction of the policy maker to variables that are unobserved by
the econometrician.

Within this structure we ask the question: What does the policy maker
need to know about the structure of the economy in order to implement an
optimal policy? The answer to this question leads us to define a class of
models that we call the recoverable structure.

Definition 1 (Recoverable Structure) Let ys; be a policy variable and let
Yi: be a 2 x 1 vector of structural variables. Let the structural variables be
governed by the equations

A Yit A1z B; Uit
I an || e a3 By U1t
+ = Zi + , 11
{am 1 } { Yot a23 Yt By |71 Ut (11)
where Z;_1 is an m X 1 vector of predetermined variables. The recoverable
structure is a pair of equations,

v Ay B, Une
Yie a1 By Ut
+| - =5 |Zeai+]| - |, 12
e e B ] w
that governs the time series evolution of Yi¢ as a function of Z; 1, the policy
variable ys; and the structural shocks {uys,us}. The 2 (14 m) coefficients

{dl, as, B, Bg} of the recoverable structure are related to the coefficients of
the structural model by the following relationships

ro_ 71 -
a1 _ 1 a @13
as an 1 a23 | ’
- — _1 -
By | | 1 ap B
L BQ o 921 1 BQ ] ’
The shocks to the recoverable structure are related to the structural shocks by
the equations,

_ 1 a -1
Uy = { 12 } Uy

921 1
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The recoverable structure is midway between the reduced form and struc-
tural form. The following proposition establishes that the recoverable struc-
ture summarizes the information about the structure of the economy that
the policy maker needs to know in order to form an optimal policy.

Proposition 1 Consider the problem of a policy maker with objective func-

tion
[ee]

J = Et Z ﬁsth (y187 yQS) (13)

who controls ys; by choosing a rule from the class

Y1t
Az

[ aszy Az ] { sz; } + Y3t = B3 Zp 1 + uas. (14)

To solve this problem it is necessary and sufficient that the policy maker
knows the parameters of the recoverable structure.

The proof of this proposition is immediate since to maximize (13) it is
necessary and sufficient that the policy maker knows the equation that de-
scribes the evolution of Y3; as a function of the control variable ys;. This, by
definition, is the recoverable structure.

In Section 4 we established that the structural equations (11) are not iden-
tified. Proposition 1 implies that the policy maker does not need to know
these equations in order to design an optimal policy. The minimal informa-
tion that he or she requires is summarized by Equation (12), an Equation
that we refer to as the recoverable structure. But are the parameters of the
recoverable structure identified when there is a break in the policy rule? To
answer this question, consider the following representation of the model in
which the structural equations (11) are replaced by the recoverable structure,
(12),

Ylt A :B_l Ult
Y1t a1 B, U1t
+ | _ = | = | Zi1+ | _ , 15
FIE IS R A
Y1t
Az o
[ as1 as | { Yor ] + yst = BsZi—1 + us:. (16)

Since Equations (15) and (16) have the same reduced form as the original
system, they are an equivalent way of representing the model. Suppose that
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at date T} the policy rule changes from {a},,al,, Bi} to {a3,, a3,, B2} and
define the step variables Y;° and Z7 as in Section 3. Define the augmented
recoverable structure as follows

Ax Yy B* Uy

1 0 a 0 0 0 [y [ B; 0 ] [ Ty ]
0 1 a9 0 0 0 Yot BQ 0 zZf Ut
ay ayp 1 a3y a0 ys:e | _ | Bs B3 { Zi } i U3y
0 0 0 1 12 Q13 yi o 0 Bl Zfil ﬂi
0 0 0 an 1 ass yft 0 Bg ﬂgt

| 0 0 0 a3 a}, 1 || Y3, i | 0 BF | i s i

(17)

We put a bar over the matrices A*, B* of the augmented recoverable structure
to distinguish them from A*, and B* of the augmented structural model. The
first and second rows of Equation (17) represent the recoverable structure.
The order condition for identification of each of these equations is satisfied
since there is a single endogenous variable in each equation and there are m
excluded exogenous variables. The rank conditions for identification require
that the matrices M'* and M?*

0 1 0 0 O 0 1 0 0 0
B az, afy a0 B ag af ag 0
Ml* = B1 0 1 a12 Q13 s MQ* = B1 0 1 a12 Q13
B2 0 a921 1 923 B2 0 a921 1 923
B: 0 a3 di 1 B 0 a3 a3 1

have full row rank. A sufficient condition for M, and M?* to have full rank

is that at least one coefficient in the policy rule changes, that is, if B, a5

or asy is non-zero. It follows that the policy maker can, in principle, learn
the recoverable structure by changing the policy rule. Since the recoverable
structure is the minimal information required to design an optimal policy it

follows that optimal policy design is feasible.

6 A Model with Rational Expectations

In this section we introduce a three-equation model in which agents are for-
ward looking and have rational expectations. We will show how to fit this
model into the same framework developed in the first part of the paper by
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defining an additional set of three endogenous variables; these are the expec-
tations of future values E; [Y;;1] that are determined at date t¢.

We continue to use Y; to represent the current values of unemployment,
y1¢, inflation, y9;, and the interest rate, ys;, and we introduce the notation
X, to represent the vector of six endogenous variables augmented to include
expectations,

Yt
Y,
Y, = = .
5x1 il I { By [Yiqd] }
Yst

We will consider a model in the class

k
AY, +FE,[Yi] =Y BYi;+®C + U,

i=1
which we write more compactly as

Y
A F =BZ,_, + U,
|: ] |:Et [}/t_t'_l] :| t 1-"_ t

where the matrix B and the predetermined variables Z;_; are defined below.
The term C' represents a constant and F is a 3 x 3 matrix of coefficients that
represents the effect of future expectations on each of the three structural
equations.
T
B=[B, - By ], Z=[Y - Yy C]".
We partition the variables Y;,and Z; ; and the coefficient matrices A

and B as in Section 5 and we introduce additional terms to describe how
expectations enter the partitioned system. These terms are defined below.

iy

fir fiz fis F, 1x3
F=|fa fo fa]|= 2};; = {:}% )

far fs2 fa3 1x3 Fy

1x3

e o D PN

Fi = [ Ju fi2 fi3 ] , Fra= [ Jor foo fa3 ] .
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Using this notation we write the structural equations as,

A1 Yt A3
1 ags U1t a13
+ 18
{ azn 1 } { Yot } { a23 ]ygt (18)
Fi B, Uit
Jin fiz fi3 By (on
+ E: Y] = Zy 1+ ,
{fm fa2 fos ¢ el By |71 Usy
and we write the policy rule as,
Y1t
Az Yt
[ as1 as: | { } + Yst (19)
Yot

F3
+[ fa1 fa2 faz | Ei[Yisa]) = BsZi1 + us:.

This model is conceptually no different from the one we have already
studied. Its reduced form is found by writing the model in companion form
and eliminating the influence of unstable roots. In Appendix A, we show
how to write the model in this way.

Sims ([33]) provides Matlab code to find the solution for a model written
in companion form. There are three possible cases to consider when deriving
this solution. Case (1) is that there exists a unique equilibrium. In this case
the Sims code delivers matrices I'y, I's and ® such that®

Y, T,
= Z_ W,
{Etmﬂ]} {FJ e

and
Wt = G‘)Ut

It is also possible that (2) there is no stationary equilibrium or (3) there
are multiple stationary indeterminate equilibria. If there are multiple equi-
libria, the matrices I';, T's and © returned by the Sims Matlab algorithm
are associated with one of these equilibria.” In the case that no equilibrium
exists one should infer that the model has been mispecified.

6More precisely, the Sims code delivers matrices for the system written in companion
form. The matrices I and O referred to in the text can be extracted from the companion
form by selecting the appropriate rows of the solution.

"Lubik and Schorfheide [22] have written a Gauss version of this code that delivers
solutions for the complete set of rational expectations solutions.
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7 The Recoverable Structure with Expecta-
tions

In this section we show how to apply our identification procedure to a dy-
namic structural rational expectations model. The introduction of expecta-
tions raises the issue discussed by Robert Lucas ([24]) that the parameters
of linear models that exclude expectations can be expected to change in
response to a change in policy. We propose to handle this issue by introduc-
ing expectations as explanatory variables in the recoverable structure. The
following definition modifies the recoverable structure to include these terms.

Definition 2 (Recoverable Structure with Expectations) Let ys; be a
policy variable and let Yi; be a 2 x 1 vector of structural variables. Let the
structural variables be governed by the equations

Aqq Y;

1t A3
1 a Y1t @13
+ 20
{ ag 1 } { Yot } { 23 ]ygt (20)
Fi B, Uit
fii fiz fis B Ut
—+ E. Y, == Ly + )
[fm Joo  fa3 ¢ Y] By t U2t

where Zy 1 is an m X 1 vector of predetermined variables. The recoverable
structure is a pair of equations,

Y14 A _ Fy 3
BRI CRA S LSS
B; Uit

B, Uit
= | 2 | Zi 4+ | _
By 7 ]

that describes the dependence of Yy, on the predetermined variables Z;, 1, the
policy variable ys; , the structural shocks {uyy, us} and expectations Ey [Yii1] .
The 2 (4 +m) coefficients {A, F,, Bl} of the recoverable structure are related
to the coefficients of the structural model by the following relationships

_ —1
ap | _ | 1 a a13
) a921 1 23 ’
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Bl . 1 a19 - Bl
B T ]
{Jin Ji2 [13}:{ 1 a12}_1{f11 f12 f13}
Jor fa2 fas ag 1 Jor fo2 foz |7

The shocks to the recoverable structure are related to the structural shocks by
the equation,
-1
} Ui

We have defined the recoverable structure to be a linear combination of
the unemployment and the inflation equations that orthogonalizes the sub-
space spanned by these two variables. Since the recoverable structure retains
the endogenous expectations as explanatory variables one might reasonably
ask: Can we find valid instruments to separately identify the parameters F;?
Since each equation contains 4 right-hand-side endogenous variables and since
there are m excluded predetermined variables the order condition is satisfied
for each equation provided that m > 4. To check the rank condition we write
out the augmented recoverable structure in System (22).

T 1 a12

A* _ —_ _ B* _
1 O a13 {i}% 0 O 0 193 %/ii 15},1 1>(<)m
_ = B 0
0 1 923 {i}g 0 0 0 193 %/fi 1><,2Il 1><Zl
a}, at, 1 Fl af af 0O FP Yat 1B3 1B3
1x3 1x3 E1Y, X’ln XE
0 0 0 I, 0 0 0 O 0 [Yig] r; T3
3x3 3>,<S'1 3xm  3xm
0 0 0 1 0 a3 Iy Y 0 B
1x3 1x3 1x1 Ixm  1xm
0 0 0 0 1 ao Fio s, 0 By
1x3 ) ) 1><§) 1x1 Ixm IX?
0 0 0 a a 1 F s 0 B
1x3 81 732 o %/E’ﬁ 1xm lxzn
s
I 0 0 0 393 0 0 0 I | E, [Yt+J 39m SIX‘Q
3x1 m ]
(22)
Wi
6x1
+ th
6x1
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We use a bar over the matrices A* and B* of the augmented recoverable
structure to distinguish them from A* and B* of the augmented structural
system. [y, and Fy, are the first and second rows of F;; these coefficients
represent the effects of future expectations on unemployment and inflation.

Under the assumption that expectations are rational, the blocks of equa-
tions that determine expectations are found by eliminating the effects of
unstable roots from the system written in companion form as described in
Appendix A. These blocks of equations are represented as rows 4 and 8 of
the augmented recoverable structure. The parameters I'y and I'; are coeffi-
cient matrices that represent how expectations depend on the predetermined
variables in the rational expectations solution under regimes 1 and 2 . T4 is
the change in these coefficients, i.e., 'Y = I'2 — T'L.

The following argument establishes that the parameters of the unemploy-
ment equation in the recoverable structure are identified. The proof that
the parameters of the inflation equation are identified is identical since the
recoverable structure is symmetric. Using condition (b) from Hamilton [16]
page 246, the rank condition for the unemployment equation requires the
matrix

[0 1 0 0 0 0 ]
By al, af a5 0O FP
r~ o 0 0 0 0
M = B 0 1 0 a3 FH
Bs 0 0 1 a3 Flg
B 0 aj a3 10 F
'™ 0 0 0 0 I

to have full row rank. Hence, it is sufficient for identification that at least
one of the parameters B, a5}, a4, or F£ is non-zero.

One might think that the inclusion of three additional endogenous vari-
ables would cause difficulties for identification but this is not the case. The
effects of endogenous expectations on unemployment and inflation are iden-
tified because expectations are determined by the reduced form of the entire
system and they are, therefore, correlated with the step variables. These
variables act as instruments to disentangle the effects of expectations on
unemployment from the contemporaneous effects of the interest rate.

Although it is possible to identify how expectations influence unemploy-
ment and inflation in the recoverable structure, it is not possible to make a
similar argument for the policy equation. Once again, this equation is not
identified because, if all of the parameters of the policy rule can change across
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periods, there are no valid instruments to distinguish changes in expectations
from changes in the coefficients of the predetermined variables.

8 A Description of the Data

In this section we turn to an application of our proposed method of identifica-
tion of a recoverable structure. Our technique requires that one first identifies
a structural break in the reduced form of an econometric model. In Beyer-
Farmer [4] we studied the behavior of the federal funds rate, i;, the inflation
rate 7; (measured by the annualized rate of change of the quarterly GDP
deflator) and the quarterly unemployment rate, u;. Figure 1 graphs these
data for the U.S. economy for the period from 1970:Q1 through 1999:Q3.

.20

Burns-Miller P Volcker-Greenspan
.16

124

.08

.04 #Y5%

00— L L L L L B
1970 1975 1980 1985 1990 1995
—e— Unemployment (percent)

=== Federal funds rate (percent per year)
——- Inflation of Gdp deflator (percent per year)

Figure 1: Unemployment, the Federal Funds Rate, and
Inflation
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In [4] we were unable to fit a stable parameter VAR to data from the entire
period. Instead, we found evidence of a structural break in 1979:Q3, a date
that coincides with the commencement of Paul Volcker’s term as chairman
of the Fed. The vertical line in Figure 1 occurs at the date of this break.

Our previous work uncovered evidence that the data are non-stationary
but cointegrated. Since non-stationary data may take any value in the real
line, we transformed the data by taking a logistic transform of the unem-
ployment rate and the logarithm of the federal funds rate. The transformed
variables are defined as follows,

u .
y1t=ln<1 t )7 Yor = T, Yar = In (ir) . (23)

The domains of the variables u;, and 7; are
Us € [O, 1] s 'I:t S [O, +OO] s

and the transformations used in (23) map these variables into R. To check
the robustness of our results we estimated our model with both transformed
and untransformed data and found that our results with both data sets are
very close in all important respects.

9 Estimation Method

In this section we discuss the methods used to estimate the model. Since our
preliminary tests could not reject the presence of a unit root in all three series,
we estimated the model using differenced data and we included a vector of
lagged levels on the right-hand-side of each equation. A careful analysis of
the low frequency properties of the data for both sub-periods is documented
in our working paper [4]. One of the key results in this paper is that the
unemployment rate, the inflation rate and the federal funds rate are linked
by two cointegrating vectors. One is stable across two policy regimes; the
other has shifting coefficients.

It is well known that statistical inference in models with integrated or
non-stationary variables is not straightforward. Chi square, F- and t-tests
are often only valid when certain conditions apply, e.g. when integrated
variables are cointegrated (see e.g. Banerjee et al [1], Johansen [19], Sims
et al [35] or Watson [39]). To address this issue we estimated the model in
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first differences and we modified our identification procedure by using two
different instrument sets. In method 1 we chose Z;_;. as follows,

Zt—l - {Dn—lyDn—Qan—lyD}{tﬁla D}/;iQa}/;ila Ca CS} )

where D is the first difference operator and C° is a step constant. This
method includes the full set of lagged levels as right-hand-side variables and
estimating the model in this way is equivalent to estimating the model in
levels. Appendix B explains the mapping between these equivalent repre-
sentations.

In method 2 we excluded non-stationary variables from the set of ex-
planatory variables Z;_; by allowing level information to enter the system
only through the effects of a set of estimated cointegrating vectors. In this
method we chose

Zt—l = {D}/tt—laDE—QaD}/;ilaDY;iQaC-[t—l}7

where
Y
T 3x1
CItfl = ﬁ YS )
4x1 t—1
3x1

and 87 is a 4 x 6 vector of cointegrating vectors defined as

no ys Yy Y ys
1 —391 —041 0 0 0
=10 —-1157 1 0 —4.95 0
0 0 0 1 —-391 —041
0 0 0 0 —1652 1

The method we used to identify the cointegrating space is described in Beyer-
Farmer [5].

Since we do not observe the expectations Ey[Y:i1], we replaced these
terms with their realizations Y;,; and we added an additional set of error
terms Np,1to represent the expectational errors. Equation (24) represents
the recoverable structure written in this way.

DYis A . E
Dy a1 3 fir fiz fis
— | W pyp | Sz s rhy 24
{Dygt} {CLQ} Y T o | DYl (2
B Ute Nt

Bl U1t Mi+1
+ 5 |Zii+ | + )
{ By } -t { U2t ] { M2t4+1

ECB » Working Paper No 275 « September 2003 27



Yi; is the vector (yi, ygt)T where y; is the logistic transform of the unem-
ployment rate, yo; is the inflation rate and ys; is the logarithm of the federal
funds rate. The term Nj;,; is defined as

Niy1 = F1 (B [DYi1] — DY)

Under the rational expectations hypothesis, if there exists a unique rational

expectations equilibrium, these errors will be linear functions of the fun-
damental errors, U;yq, hence Equation (24) is predicted to have a moving
average error component. To account for this serial dependence in the resid-
uals we estimated the model with generalized method of moments (GMM).
If there are multiple rational expectations equilibria, the errors Njs,; may
contain terms that are independent of U;, ;. Since GMM can in principle
allow for flexible serial correlation in the residuals, our estimation method
should be robust to the existence of indeterminacy.

10 Non Identification of the Policy Rule

For the reasons discussed in Section 5, the policy rule is not identified in our
framework. Instead, we estimated an equation of the form

Dys =1'sZ;1 + FgAzts_l + wsy. (25)

We view Equation (25) as a reduced form interest-rate-equation that is a
linear combination of the true policy rule and the private sector recoverable
structure. There are many possible policy rules that are consistent with our
estimates. In some of these rules the Central Bank responds contemporane-
ously to inflation and unemployment, in others it responds to expectations
of their future values. All of these rules lead to the same time series behavior
for Y; and an observer using our identification procedure would not be able
to distinguish between them.
Suppose that the true policy rule is in the class

A3 DYy, + Dys, + F3E, [DY;,1] + AS DY;] (26)
+FPE [DY5,] = BsZi 1+ BYZP | + uay,

but we estimate Equation (25). Lack of identification implies that there
is a set of possible values for Az, F3, A5, F2, Bs and B2 all of which are
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consistent with the same recoverable structure and with the same reduced
form coefficients I's and I'$". We cannot tell which policy was followed in
practise, but we can find a set of policies that would have led to the same
observable behavior for Y; as the true policy. The simplest member of this
class is the policy

Ag; =0, Af =
Fy=0, F&=0,
By =T3, B =T%.

11 Two Methods for Identifying the Recov-
erable Structure

In this section we discuss two different methods for estimating the recover-
able structure using alternative instrument sets. To exactly identify these
equations we need four instruments in each structural equation since each
equation of the recoverable structure contains four right-hand-side endoge-
nous variables. These are the 3 x 1 vector of expectation terms, E; [DY;,1]
plus the contemporaneous interest rate Dys;. It follows that exact identifi-
cation can be achieved by excluding four predetermined variables.

Under method 1 the instruments available to identify the endogenous
variable are the 10 excluded predetermined variables

75, = {mfﬁl, DYS, YE, cs} |

3x1 3x1 3x1

Fach of these variables can be used to form a moment condition in GMM with
both of the structural equations. Since there are four endogenous variables
in each equation we have twelve overidentifying restrictions for the system
as a whole.

Under method 2 there are also 10 available instruments. These are the 7
step variables

Zﬁl = {DY;SD DY2€27 CS} .

3x1 3x1
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plus the cointegrated variables
{CIy_1,Cls54_1,Clay—1},

where the cointegrating relationships are defined as follows

Y1t—-1

Clii—1 1 =391 —-041 O 0 0 Yat—1

Cly— | | 0 —11.57 1 0 —4.95 0 Yst—1

Cly 1 | | O 0 0 1 =391 -041 yf;_l

Cly 1 0 0 0 0 —16.52 1 yftfl
| y%?tq ]

Since the cointegrating variables C'Iy;_1, Cly;_5 and Cl3;_; are linear combi-
nations of both Y;_; and Y,°, none of these variables can enter the first two
equations. In contrast, the variable C1y;_ 1 is a linear combination of Y;_ 1
and Y, that puts zero weight on the step variables Y,°; this vector can
therefore enter the structural equations under the null hypothesis of struc-
tural stability. We chose to normalize the cointegrating space in this way
exactly for the reason that it implies that the parameter restrictions for a
stable structure can be represented as simple exclusion restrictions. This
issue is discussed further in Beyer-Farmer [5].

12 The Results of Our Estimation Procedure

This section reports the results of our tests of overidentification using GMM
to estimate the recoverable structure with two different instruments sets. Un-
der GMM there are a number of options for estimation of the VCV matrix.
We experimented with several methods. The results reported in the paper
uses a sequential method to simultaneously update estimates of the covari-
ance matrix and estimates of the coefficients. Using one-step methods led to
less precise estimates with a higher residual sum of squares, but essentially
similar results.
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Estimation method Test statistic Distribution P-value

(1) GMM with J=(.04) x 118=4.72 | Chi-squared with 12 97%
unrestricted levels degrees of freedom
(2 GMM with J=(.06)x 118=6.61 | Chi-squared with 12 88%
cointegrating vectors degrees of freedom

Table 1: J-Statistics for the Recoverable Structure

Point estimates of the parameters are presented in Appendix C. Table 1
reports tests using both identification schemes for the overidentifying restric-
tions based on Hansen’s J-statistic. If the data are stationary, the J-statistic
times the number of observations is asymptotically chi-squared with 12 de-
grees of freedom. For the model with unrestricted levels this statistic is equal
to 4.72 which has a p-value of 97% under the null-hypothesis that the data
was generated by a stable parameter structural rational expectations model.
Since there is reason to doubt that the data are stationary, we also report
the results of our estimates in which level information is restricted to enter
the system through the cointegrating vectors. For the model estimated in
this way, the corresponding statistic is equal to 6.61 which has a p-value of
88%.

F-tests for joint exclusion of the instruments in the interest rate equation
yielded test statistics between 4 and 5. This result might imply that we
rely on a set of weak instruments: Staiger and Stock [38] show that second
stage parameter estimates might be asymptotically biased when the F-test
for significance is less than 10. However, Chao and Swanson [8] point out
that this result depends on the assumption that the number of instruments
is fixed as the sample size grows. Consistency is restored if the number of
instruments grows with the sample size. In our case the set of instruments
will grow if additional structural breaks occur over time.®

Our failure to reject the overidentifying restrictions implies that the co-
efficients of the recoverable structure remain constant across the two sub-

8We are grateful to Mark Watson and Tao Zha who have drawn our attention to this
debate.
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samples. We conclude that the restriction of a stable recoverable structure
is not rejected by the data.

13 Determinacy of Equilibrium

Following a paper by Clarida, Gali and Gertler [10] (CGQG), there has been
considerable discussion in the literature over the uniqueness of equilibrium
under alternative policy regimes. CGG estimated a forward looking policy
rule using GMM and found evidence that the interest rate had responded
much more aggressively to inflation in the Volcker-Greenspan policy regime
than under Burns-Miller. In a two-step approach, they took their estimate
of the policy rule and plugged it into a calibrated structural model. CGG
found that the estimated policy rule under the Burns-Miller policy regime
led to an indeterminate equilibrium in their calibrated model. They in-
ferred that, under Burns-Miller, there was a potential for sunspot shocks
to add additional instability to the economy. In contrast, their estimate of
the Volcker-Greenspan policy rule implied that equilibrium in the calibrated
model was unique.

A number of authors have criticized Clarida-Gali-Gertler for their two-
step approach. For example, Lubik and Schorfheide [23] point out that
identification is a system property and that the validity of the instruments
used to identify the policy rule cannot be guaranteed in a partial equilibrium
model. Lubik and Schorfheide correct for simultaneity by specifying a struc-
tural model and estimating the parameters of the policy rule simultaneously
with those of the structure. Using a system estimator, they confirm the CGG
result. We find, in contrast, that our point estimates of the parameters for
the GMM estimates lead to a unique equilibrium in both regimes.
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# Determinate Existence Unigueness Unigueness
equilibriain conditional on
1000 draws existence
Burns-Miller 598 478 80%
Volcker- 672 599 89%
Greenspan

Table 2: Frequency of Existence and Uniqueness in 1000
Simulations

To check the robustness of this finding we drew a sample of 1000 parame-
ter vectors from a normal distribution with a mean and variance estimated
by GMM. The means of our random parameter vectors are those reported in
Appendix C using estimation method 1. The VCV matrix of the parameters
was estimated by GMM. For each random draw from the parameter distrib-
ution we used an algorithm by Chris Sims,” [33] that calculates the solution
to a linear rational expectations model. Table 2 reports our findings. In 1000
draws from the parameter vector we found existence of an equilibrium in 598
cases in regime 1 and 672 cases in regime 2. Conditional on existence, 80%
of the equilibria in regime 1 and 89% in regime 2 were determinate.

In contrast to our result, Lubik and Schorfheide (LS) report an indeter-
minate solution for a sub-sample of data running from 1960:Q1 to 1979:Q2.
There are a number of differences between the LS study and ours that may
explain this discrepancy. First, we used different data. LS used HP filtered
GDP, we used unemployment. Second, we studied different data periods; our
sample starts in 1970:Q1, theirs in 1960:Q1. Finally, our identification as-
sumptions vary. LS used exclusion restrictions implied by a structural model;
we used a policy break to identify the structure.

9These results were obtained with an implementation of Sims algorithm by Lubik and
Schorfheide, and an implementation of the QZ decomposition in Gauss due to Paul Soder-
lind. Schorfheide’s code is available at http://www.econ.upenn.edu/ “schorf/. Soderlind’s
code is available at http://www.hhs.se/personal/Psoderlind/. We are indebted to Frank
Schorfheide for quickly correcting a bug in an earlier version his program.
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14 Conclusions

The main idea in this paper is that one can use structural change in one part
of the economy to learn something about parts of the economy that do not
change. We provided an example of our approach by studying US monetary
policy from 1970 through 1999. We argued that there was a significant break
in 1979:Q3 when Chairman Volcker took over the helm from G. William
Miller. The regimes of Arthur Burns and that of William Miller can be
modeled as a single stable parameter rule. So can the regimes of Paul A.
Volcker and that of Alan Greenspan. But the Burns-Miller and Volcker-
Greenspan regimes are very different from each other. Given the fact that
there was a change in the way that the Fed conducted policy we showed how
to use this information to identify some of the parameters of a structural
rational expectations model. We refer to the set of parameters that can be
identified as the recoverable structure.

Our empirical results provide strong evidence in support of a forward
looking rational expectations model with a stable structure. They are fully
consistent with the Lucas critique which is a criticism of the parameters of
a structural model that does not include future expectations. By includ-
ing expectations as explanatory variables we were able to recover the “deep
parameters” of the structure without imposing incredible identifying assump-
tions. Our approach can be pursued in a number of directions, some of which
we discuss briefly below.

First, our parameter estimates have implications for simple New-Keynesian
models of the monetary transmission mechanism. It is not possible to iden-
tify the parameters of a New-Keynesian Phillips curve or an “optimization
based IS curve” but it is possible to ask if existing theories are consistent
with our estimates of the recoverable structure. We have begun to explore
parsimonious representations of the data and we hope to report further on
these explorations in a future working paper. Our initial work suggests that
theories of the inflation process that include expectations of future inflation
are likely to be successful, in contrast to a number of existing studies that
place weight on lagged inflation as the prime explanatory variable in the in-
flation process. Our initial results also raise some puzzles. In particular, we
find that expectations of the future nominal interest rate are highly signifi-
cant in the inflation equation. We know of no existing models that include
this channel, although it is not hard to think of reasons why it might be
important.
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Second, our work holds out the hope, long since abandoned in many
circles, of using optimal control techniques to design an optimal monetary
policy. Since the equations of the recoverable structure are truly structural
objects, they can be expected to remain invariant to changes in regime. Un-
like existing models in this area that often begin with arbitrary identifying
assumptions, our approach assumes only that there exists some stable struc-
ture in which behavior is characterized by agents who use forward looking
expectations in forming their optimal decisions. We are pursuing this idea in
our current research and we hope to report further on our results in a future
working paper.

ECB » Working Paper No 275 « September 2003 35



Appendix A

Consider the model

k

AY, =) B, i~ FE V] +®C +Us.

=1

The companion form referred to in the text is defined as follows,

[ F
0

OO e

A
I

A*

Bi k12 Bigt1
0 0
I 0
0 I

A7
"0 0 ...
I 0
.
0 O
0 0

(A1)
I
Ey (Y1)
Y;
Yi ko
1 Ykt
X1
0 Bir | [ Eoy (V) ]
0 0 Y, 4
0 0 Yi ri1
I 0 | Yiok
o+ T R
o) I 0
0 0 1
0 |[C+ |0 |U+|0|&G (A2
0 0 0
0 0 0

Notice that (; is defined in row 2 of this system to be Y; — E;_1 [Y7] .
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Appendix B

The complete structural model in differences is given by Equation (B1),

k—1
ADY; =Y BiDY,; —FE, DY)+ 11V, + @C+ U, (BI)

=1

Consider the following equivalent levels representation,
-~ ]C o~ —~
AY, =) BYii — FE Y]+ ®C + U, (B2)
i=1

The parameters of (B1) are related to those of (B2) by the identities,

A= (A + F) ,
k-1

B, = -B,;,, i=1 k-1, (B3)
=2

This transformation is similar, but not identical, to that which turns
a vector autoregression into a vector equilibrium correction model. If the
data is stationary, estimating the model in levels is equivalent to estimating
(B1). If the data is non-stationary, but cointegrated, the matrix IT will have
reduced rank with a representation

T~ AT
3x6 3g4fx6’
where the 37 represent (invariant) cointegrating vectors. By formulating the
model in differences, we are able to test hypotheses about the way that the
cointegrating vectors enter the structural equations.
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Appendix C

This Appendix reports the unrestricted parameter estimates for the two
alternative estimation strategies reported in Section 9.

Unemployment Equation

(1) GMM (2) GMM (1) GMM (2) GMM

LEVELS Cl LEVELS Cl
Coef. | t-stat | Coef. | t-stat Coef. | t-stat | Coef. | t-stat
Constant | 0.054 | (0.84) | 0.002 | (0.55) Di 0.04 | (0.36) [ 0.084 | (0.01)

Dulead1 | 0.47 | (3.60) | 0.98 | (4.98) Dulag2 | 0.12 | (1.17) | 0.08 | (0.72)

Drilead1 | 0.73 | (1.17) | 254 | (1.39) | |Dmlag2 | -053 | (2.15) | -0.14 | (0.33)

Dilead1 | 0.12 | (1.51) | -0.14 | (0.10) Dilag 2 | 0.002 | (0.06) | 0.03 | (0.77)

Dulagl | 0.39 | (2.68) | 0.15 | (1.01) ulagl |-0.005| (0.01) | NA NA
Drilagl | 0.57 | (1.76) | 1.98 | (0.65) mlagl | -0.17 | (0.81) | NA NA
Dilagl | 0.02 | (0.63) | -0.03 | (0.56) ilagl | 0.02 | 227) | NA NA

ci1 NA NA 0.02 | (0.81)

Table C1: Estimates of the Recoverable Structure - EQL.
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Inflation Equation
(1) GMM (2) GMM (1) GMM (2) GMM
LEVELS Cl LEVELS Cl
Coef. | t-stat | Coef. | t-stat Coef. | t-stat | Coef. | t-stat
Constant | -0.02 [(0.045)(-0.002| (1.67) Di 0.04 | (0.62) | 0.07 | (2.49)
DUlead 1| 0.18 | (1.69) | 0.17 | (2.11) DU lag 2| -0.03 | (0.46) | -0.05 | (1.26)
Drilead 1| 0.53 | (0.94) | -0.24 | (0.58) Dmtlag 2| -0.07 | (0.38) | -0.06 | (0.43)
Dilead1 | -0.16 | (2.36) | -0.13 | (3.94) Dilag 2 [-0.015| (0.70) | 0.03 | (1.46)
DUlag1 | -0.12 | (0.84) | -0.03 | (0.58) Ulag 1l [ 0.009 | (0.64) [ NA NA
Dmlagl | 0.26 | (0.87) | 0.12 | (0.47) mlagl [ 0.033| (0.17) | NA NA
Dilag1l |-0.28 | (0.82) | -0.03 | (1.70) ilagl | -0.02 | (1.76) | NA NA
Cil NA NA 0.02 | 2.27

Table C2: Estimates of the Recoverable Structure - EQ2.

Burns-Miller Reduced-Form Interest Rate Equation

(1) GMM (2) GMM (1) GMM (2) FIML
LEVELS (¢]] LEVELS (¢]]
Coef. | t-stat | Coef. | S.E. Coef. | S.E. | Coef. | S.E.
Constant | -3.00 | (4.47) | -0.00 | (0.01) Di NA NA NA NA
Dulead1 | NA NA NA NA DUlag 2| -0.69 | (2.14) | -1.66 | (2.17)
Drlead 1 | NA NA NA NA Drlag 2 | -2.48 | (1.04) | 15.18 | (4.11)
Dileadl | NA NA NA NA Dilag2 | -0.31 | (2.32) | -2.50 | (3.16)
Dulagl | -0.78 | (2.41) | 0.19 | (0.33) ulagl | -0.61 | (5.68) | NA NA
Drlagl | -5.94 | (3.08) | -0.47 | (1.88) mlagl | 6.73 | (353) | NA NA
Dilagl | 0.22 | (210) | 1.38 | (2.65) ilagl | -0.35 | (3.27) | NA NA
ci NA NA | -0.24 | (2.15)
Ci2 NA NA -0.08 | (0.95)

Table C3: Estimates of the Reduced From - EQ3.
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Changes to the Interest Rate Equation introduced by Volcker-Greenspan
(1) GMM (2) GMM (1) GMM (2) GMM
LEVELS (¢]] LEVELS [¢]]
Coef. | tstat | Coef. | t-stat Coef. | tstat | Coef. | t-stat
AConstant 2.36 (3.73) NA? NA? Ai NA NA NA NA
ADU lead 1 NA NA NA NA ADU lag 2 0.95 (2.30) 1.95 (2.40)
ADmtlead 1 NA NA NA NA ADmtlag 2 4.52 (1.47) | -12.90 | (3.67)
ADi lead 1 NA NA NA NA ADi lag 2 0.24 (0.16) 2.41 (3.14)
ADU lag 1 -0.56 | (1.10) | -1.41 | (2.10) AUlag 1 0.51 (4.41) NA NA
ADttlag 1 3.89 (1.90) | -1.05 | (0.49) Armlag 1 -3.50 | (1.82) NA NA
ADilag 1 -0.17 | (0.21) | -1.26 | (2.18) Ailag 1 2.36 (3.73) NA NA
TFor the system with cointegrating vectors GMM did not Cl1 NA NA 0.14 (1.18)
converge with sequential updating when we included the
step dummy in the interest rate equation. We report the
estimates with this variable excluded. Ci2 NA NA -0.03 | (0.30)

Table C4: Estimates of the Reduced Form - EQ3
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