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1 Introduction

Large-scale macroeconometric models have been used for forecasting and quantitative pol-
icy and macroeconomic analysis at the Federal Reserve Board for the past 30Meale.

design and development efforts at the Fed have been divided into two complementary re-
search programs. One project, undertaken in the Division of Research and Statistics, fo-
cuses on the U.S. economy, and the other, residing in the Division of International Finance,
is oriented toward the global economy. For some applications, the macro models main-
tained by the two divisions are combined to form a single world model.

The first-generation Fed models—MPS and MCM—were developed in the 1960's and
1970's and based on the then-reigning IS/LM/Phillips curve paradigm. During the 1970's
and 1980's, the theoretical underpinnings of models of this type were seriously challenged.
These criticisms, as well as improvements in econometric methodology and computational
capabilities, led to a basic redesign of the Fed macro models in the 1990's. These second-
generation models represent a significant improvement over their predecessors in the treat-
ment of expectations, intertemporal budget constraints, and household and firm decision-
making, while at the same time holding to a high standard of goodness of fit.

This paper describes the evolution of macro models at the Fed, with an emphasis on the
structure and properties of the second-generation models currently in use. The next section
summarizes the history of the initial pair of models used at the Fed—MPS and MCM—and
section 3 presents the new ones, focusing on the combined FRB/WORLD model. Section
4 describes the system properties of this new model, and the last section provides examples
of how it may be used for policy analysis. Conclusions then follow.

2 The First Generation of Macro Models at the Fed

The initial phase of macro modeling at the Federal Reserve Board began in the late 1960's
with the construction of the MPS model of the U.S. economy and continued in the 1970's
with the building of the Multi-Country Model (MCM). The decisions to develop these
models were made at a time when interest in large-scale macroeconomic models was
widespread—in the academic community and elsewhere—and advances in computer tech-

IReifschneider, Stockton, and Wilcox (1997) discuss the uses of these and other economic models at the
Federal Reserve Board.



nology were making the use of such models feasible, as demonstrated by the Brookings
Model, work on which had started in the early 1960's. This favorable climate for model
building fostered projects to develop other large-scale models of the U.S. economy, includ-
ing the MPS model. Soon thereafter, modeling efforts expanded from the development of
isolated national models to ones having a more international perspective. The MCM was
one of the first major efforts in this direction.

2.1 1966-1975: Focus on the U.S. Economy

Work on the MPS model began in 1966 as a joint effort among a group of academic
economists and staff members of the Division of Research and Statistics at the Federal
Reserve Board. Leading the project were Franco Modigliani of MIT, Albert Ando of the
University of Pennsylvania, and Frank de Leeuw of the ¥&te model entered into opera-
tional use by Board staff in 1970 for forecasting and policy analysis. The initial operational
version of MPS contained about 60 behavioral equations, making it considerably smaller
than the Brookings model, versions of which contained 200 or more behavioral equations.

Much of the basic structure of the first version of MPS was retained throughout its pe-
riod of use at the Fed, which ended in 1995. In that structure, short-run dynamics followed
the IS/LM paradigm, augmented with a Phillips curve specification of wage inflation and
a markup equation for the price level. Underlying these dynamics were a long-run neo-
classical growth model of production and factor demands and the life-cycle model of con-
sumption. In this structure, the long-run level of output was determined by supply factors.
Careful attention was paid to imposing homogeneity conditions, such as those needed to
ensure the neutrality of money in the long run, and to including sectoral budget constraints.
The role of expectations was recognized; however, in practice expectations were charac-
terized as adaptive or implicitly subsumed in the lags of explanatory variables included in
various equations.

Because MPS was designed for use in the analysis of stabilization policies, close at-
tention was given to the inclusion of a wide range of monetary and fiscal policy “levers”
and to the delineation of the mechanisms through which movements in policy instruments

2For descriptions of early versions of MPS, see Ando and Modigliani (1969), Rasche and Shapiro (1968),
de Leeuw and Gramlich (1968, 1969), and Ando and Rasche (1971). The 1985 version is presented in
Brayton and Mauskopf (1985). MPS is an abbreviation df MJniversity of Rennsylvania, and &ial
Science Research Council.



affected the macro economy. The attention paid to fiscal policy reflected, in part, the op-
timistic view of the time that discretionary fiscal actions could be an important ingredient

in countercyclical macro policies. With regard to monetary policy, the model contained
three primary transmission channels: effects of the user cost of capital on investment, non-
human wealth on consumption, and credit rationing on housing construction (de Leeuw and
Gramlich, 1969). These channels all operated through interest rates and included equations
linking long-term interest rates to short-term rates and the stock market to bond rates. Aside
from their influence on short-term interest rates, monetary quantities had virtually no ef-
fects outside of the monetary sector itself. A monetary real balance effect operated through
the influence of wealth on consumption, but its quantitative significance was minimal.

Up until the early 1970's, most modelers interpreted the inflation experience of the
postwar period as supporting the presence of a long-run tradeoff between inflation and
unemployment, and in this respect the properties of the first operational version of MPS
were no different than those of other large-scale models (de Menil and Enzler, 1972). The
increases in inflation of the late 1960's and very early 1970's, however, suggested that the
long-run Phillips curve was vertical, and this was incorporated into the model's structure
(Enzler and Pierce, 1974). The wage-price block in MPS remained little-changed for the
next 20 years and came to be regarded as one of the more stable parts of the model (Ando
and Brayton, 1995).

The first oil-price shock motivated additional work on the supply side of MPS. In an
article written in early 1974, soon after the initial jump in world oil prices, Enzler and
Pierce (1974) used the MPS model to provide a reasonably accurate assessment of the
“stagflationary” consequences of a sustained increase in the relative price of energy. At
the time, the model did not formally contain many of the linkages from oil prices to other
macroeconomic variables needed to carry out the experiment, and Enzler and Pierce had
to deal with omitted effects in ad hoc ways. Later, as an outgrowth of their work, the
model's supply structure was revised to include energy as a factor of production and to
permit differential effects of energy and food prices on the prices for components of final
demand.

Another major shift in the economic climate in the early 1970's was the collapse of the
Bretton-Woods system of fixed exchange rates, following on the exchange rate crises of the
1960's. At the time, MPS had only a very rudimentary foreign trade sector in which exports



were exogenous; moreover, the exchange rate did not appear in the model at all. In response
to the floating of exchange rates and the growing importance of trade flows, the trade sector
was significantly enlarged. A set of portfolio-balance equations for international financial
capital stocks were included to endogenize the exchange rate. Still, MPS remained a single-
country model with just a few equations representing foreign economic developments.

2.2 1975-1980: An International Focus

The experience of the first oil shock and the floating of exchange rates, along with other
events, combined to raise interest in global macroeconomic modeling. The increasing
openness of the U.S. economy and growth in other industrial countries increased the impor-
tance of foreign economic developments and trade on the domestic economy. The OPEC
oil shock of 1974 underscored the dramatic effects that external supply shocks could have
on the U.S. economy.

Against this background, the Division of International Finance at the Federal Reserve
Board began in 1975 to develop a multi-country econometric model that could be used to
model the external sector of the U.S. economy more completely than existing models and
to provide an empirical framework for modeling interactions among the major industrial
countries. This project was one of the first efforts to build a multi-country econometric
model, following on the pioneering work by Lawrence Klein on Project LINK.

The first version of the Multi-Country Model (MCM) modeled the economies of Canada,
Germany, Japan, the U.K., the U.S., and a rest-of-world (ROW) sector. In total, the MCM
contained over 200 behavioral equations. Like the MPS model, the basic framework for
the MCM model combined the short-run dynamics of the IS/LM/Phillips curve paradigm
and implicit expectations with a long-run neoclassical growth model.

The MCM built upon extensive empirical research in two areas of international eco-
nomics. One was the modeling of international capital flows, which had received a great
deal of attention in the fixed exchange rate regime of the 1960's, and the other the model-
ing of bilateral trade flows. In its original incarnation, the MCM used bilateral equations
to model goods trade among the individual countries, and multilateral equations to explain
gross inflows and outflows of both direct and portfolio claims and liabilities. Reaction
functions were used to describe official exchange market interventions, and the nominal
exchange rate was determined implicitly, as the price that cleared the balance of payments.



The domestic financial sector of each country was modeled in keeping with this portfolio-
balance approach to the balance of payments. The private banking sector was modeled ex-
plicitly, with the demand for the monetary base derived from banks' desired reserves. The
authorities controlled the monetary base, and the short-term interest rate cleared the money
market. The demand for bonds was also modeled explicitly, and the long-term interest rate
cleared the bond market rather than being determined in an explicit term-structure relation.

Guy Stevens led the effort to develop the original MCM, which was completed and
brought into regular use at the Board in 1979. Stevens et al. (1984) describes the first
version of the MCM in detail. Its primary use was to simulate the effects of alternative
policy scenarios and external shocks. The MCM was not used directly for forecasting,
although simulations of alternative scenarios provided an input into forecasts of foreign
activity and the U.S. external sector.

2.3 1980-1990: Incremental Changes

After their initial development, changes to MPS and MCM came about in response to
economic events, changes in institutional and regulatory structure, and, to a lesser extent,
developments on the academic front. For the most part, revisions were incremental through
the 1980's and very early 1990's. In the current decade, resources were redirected to the
design and construction of new models that incorporated more fully innovations in macroe-
conomic theory and econometrics.

On the domestic side, financial innovation and deregulation resulted in changes in credit
and money markets that necessitated significant revisions to the MPS model. Almost one-
third of the behavioral equations in the first version of MPS were in the housing and mort-
gage sectors. At the time, the rationing of mortgage credit that accompanied a rise in market
interest rates was a key mechanism through which monetary policy actions influenced the
economy. In the late 1970's and early 1980's, the factors responsible for the rationing of
mortgage funds—Ilegislated ceilings on interest rates paid on deposits and the lack of in-
tegration between mortgage markets and other capital markets—disappeared, leading to a
dramatic simplification of the financial block of the model. Because mortgage quantities
were no longer needed in the equations for residential construction, the detailed mortgage
sector was replaced with a single equation in which the mortgage rate was related to other
market interest rates. This change, in turn, eliminated the need to have a detailed model of



deposit flows and interest rates at thrift institutions.

Financial innovation and deregulation, and associated shifts over time in the emphasis
placed by policymakers on various shorter-term monetary instruments and targets, led to
further revisions to the monetary sector of MPS. In the initial version of the model, the
reserves market received considerable attention, and early presentations of the model's
system properties were usually based on the assumption that nonborrowed reserves was
the exogenous instrument of policy. As the 1970's progressed, however, policy simulations
were based most frequently on the assumption that M1 was exogenous, making the reserves
equations largely superfluous. Later, the instability of M1 demand equations led to a greater
emphasis on M2, which was mirrored in an expansion of the monetary sector to include
interest rate and quantity equations for components of M2. More recently, attention to the
model's monetary sector diminished as instability of the demand equations for M2 caused
short-run characterizations of policy to be stated in terms of the federal funds rate.

On the international side, several trends in academic economics contributed to an im-
portant change in the modeling of the international accounts in the MCM. In its original
version, the balance of payments was modeled using a structural, portfolio-balance frame-
work. But, the assumptions required to specify and estimate equations for capital flows
led to dissatisfaction with this approach. The overshooting model of Dornbusch (1976)
provided an attractive alternative that offered an open-economy model of exchange rate
determination in a risk-neutral framework. These and other factors led to the use of a mod-
ified interest parity relationship in the MCM to determine exchange rates, in place of the
capital flow equations. Similar considerations led to the elimination of the banking sector
from the country models. Instead, the authorities were assumed to control either the money
stock or the short-term interest rate.

The second oil shock gave rise to the explicit inclusion of oil in the MCM, a non-trivial
extension because the bilateral trade equations used in the model at the time explained total
goods trade. The model was also reestimated, and many equations respecified, using some
of the error-correction specifications and methods of residual analysis suggested by David
Hendry and other LSE econometricians. Edison, Marquez, and Tryon (1989) describe these
and other changes to the MCM.

The final restructuring and reestimation of MCM came in 1991-1992 when it was ex-
tended to 12 regions (individual models for the G-7 and Mexico, plus aggregate blocks for



other OECD countries, the newly industrialized economies, OPEC, and ROW). The other
significant modification made at this time was replacing the bilateral trade structure with
a multilateral one. This change greatly simplified the model's data requirements and the
analysis of simulation results for a given country.

3 FRB Policy Models Today

Among academics, interest in large-scale macroeconomic models started to diminish in the
1970's, and subsequently a large gulf emerged between applied macroeconomics as prac-
ticed by academics and that contained in large-scale models. The basic underpinnings of the
traditional IS/LM/Phillips curve model were challenged on a number of fronts, including
identification, treatment of expectations, and econometric methodology. This led to a fun-
damental overhaul of both the MPS and MCM models, culminating in a set of replacement
models—FRB/US, FRB/MCM, and the combined FRB/WORLD. From the beginning, the
new models were designed to incorporate explicit specifications of expectation formation
and intertemporal decision making. In this way, the criticisms of the first-generation mod-
els were at least partially addressed.

3.1 Motivations for Fundamental Changes

Some academic reviews of the macroeconomic models of the 1970s were, if nothing else,
blunt: Lucas and Sargent (1978) described the “spectacular failure” of Keynesian macro
models and Sims (1980) characterized the identification restrictions in these models as
“incredible.” Underlying these and other criticisms was the general theme that economic
theory had to be relied on more heavily for guidance in specifying structural equations.
In particular, applied macroeconomic analysis needed to give more attention to the role of
expectations in economic decisions.

Several specific developments in applied macroeconomics that grew out of these con-
cerns were important in the decision to build a new set of macro models at the Fed, rather
than to continue the approach of incremental revisions. One was the burgeoning use of the
rational expectations assumption in applied research subsequent to Lucas's (1976) critique
that policy analysis could not be conducted using models that failed to identify fundamen-
tal structural parameters. Another was the development of models of dynamic optimization



and their use in many macroeconomic applications.

A related issue concerned methods by which a model's system properties could be
evaluated. The vast literature on atheortic VARSs initiated by Sims (1980) provided useful
benchmarks against which structural models could be gauged. On the econometric front,
the work of Engle and Granger (1987) and others provided a framework for the estimation
and testing of long-run relationships.

The decision to construct new macro models was also motivated by a desire to address
issues that could not be analyzed adequately given the treatment of expectations in the
existing models. One set of such issues concerned effects of expected shifts in fiscal policy
on the level of long-term interest rates. Could a long-term fiscal consolidation induce a
reduction of long-term interest rates large enough to offset its direct negative effects on
aggregate demand? The first attempt to address this question with the MPS model was
undertaken in the early 1980's by Jared Enzler and Eileen Mauskopf. Simulations were
conducted with a version of the model in which the standard term structure and stock
market equations, which contained adaptive expectations, were replaced with alternatives
incorporating rational expectations.

A second issue of interest to policymakers was the cost, in terms of foregone output,
of reducing the rate of inflation. In the MPS and MCM models, the (nearly) linear struc-
ture and assumption of adaptive expectations made the standard measure of this cost—the
output sacrifice ratio—independent of such factors as the speed with which a disinflation
took place and the degree to which the public understood or believed in a policy to reduce
inflation. Although these models provided an estimate of the sacrifice ratio, they were not
useful in analyzing the determinants of the costs of disinflation and how policy could be
designed to minimize these costs.

Even with these stimulants for the development of new macro models featuring rational
expectations, their construction did not take place overnight. The technical requirements
for estimating and simulating large-scale models with rational expectations are substantial.
And the standard rational expectations assumption is not necessarily the superior choice,
given costs of acquiring and processing information.



3.2 1990-1996: The Development of New Macro Models

Projects to develop a new pair of macroeconomic models were initiated in the early 1990's.
Work on the successor to MPS started in 1991, while development of a new version of the
MCM began in 1993. FRB/US and FRB/MCM officially replaced the earlier generation of
models in 1996, and a version which links the foreign country models of FRB/MCM with
FRB/US, called FRB/WORLD, is now the main policy model at the Board. FRB/US is
also used for short-run forecasting. FRB/WORLD contains over 250 behavioral equations,
of which 40 describe the U.S. economy and the rest describe the 11 other countries and
regions. The large size and degree of disaggregation in the models is due, in part, to the
requirement that they be able to execute a wide range of types of simulations and provide
estimates of outcomes for a large set of variables of interest. Equations are estimated with
single-equation techniques; model size precludes full-system estimation at this time, but
simultaneous estimation of blocks of equations is planned.

In terms of basic structure, the new models share several features with the old. In the
short run prices are sticky and output is determined by aggregate demand. In the long run
prices adjust fully and the equilibrium is determined by supply factors. The differences lie
primarily in the specification of expectations and the process of dynamic adjustment to the
long-run equilibrium.

The three basic building blocks of FRB/WORLD are equilibrium conditions, expec-
tation formation, and dynamic adjustments. Equilibrium conditions describe the relation-
ships between macroeconomic variables when adjustment dynamics are fully worked out.
Among the fundamentals that shape the long-run equilibrium allocation of resources in
each country/region are three-factor (labor, capital, and energy) Cobb-Douglas production
functions which determine aggregate supply and equilibrium factor demands.

FRB/WORLD ascribes an important role to expectations. Anticipated values of future
variables directly influence interest and exchange rates, various components of aggregate
demand, and wages and prices. Recognizing that no single assumption regarding the for-
mation of expectations is likely to be appropriate in all circumstances and that it may be
useful to see how different specifications in this regard affect system properties, the new
model has been designed to have the flexibility to be simulated under alternative assump-
tions about how expectations are formed. At present, two options (or combinations thereof)
are available: backward-looking, or adaptive, expectations and model-consistent, or ratio-



nal, expectations.

For the U.S. component of FRB/WORLD, adaptive expectations is implemented by
assuming that all agents share a common small vector autoregression (VAR) model of the
economy that includes past observations of inflation, interest rates, output, and long-run
expectations of inflation and interest rates. Firms and households use this small model,
augmented with additional equations for variables specific to a particular sector, to forecast
future values of quantities of interest. In the other countries, adaptive expectations are
represented by univariate processes.

VAR-based or adaptive expectations limit the information set that is assumed to be
available. At the other extreme is the model-consistent, or rational, assumption in which
expectations are generated using the predicted values from the model itself. Solutions under
model-consistent expectations are implemented using a variant of the extended path method
introduced by Fair and Taylor (1983). The future path of exogenous variables is assumed
to be known in advance. Due to the computational costs associated with this method, a log-
linearized version of the U.S. model has been created that can be solved efficiently using
the AIM implementation (Anderson and Moore, 1985) of the Blanchard-Kahn solution
method.

The focus on expectations formation in general, and rational expectations in particular,
necessitated that even more attention be given to equilibrium properties than was the case
in the first-generation models. For example, budget constraints on the present discounted
value of fiscal and external deficits are necessary for rational expectations solutions to ex-
ist. Long-run fiscal solvency is maintained by an endogenous tax rate reaction function,
which adjusts the income or sales tax rate when the ratio of nominal government debt to
GDP deviates from a specified target. Similarly, changes in the ratio of net external debt
to GDP lead to corresponding movements in the sovereign risk premium. Thus, through
uncovered interest parity, a deterioration of the current account induces an increase in the
domestic real interest rate and/or a depreciation of the real exchange rate. A reasonable de-
gree of sovereign risk premium adjustment ensures that improved net exports of goods and
non-factor services will outweigh the higher net factor payments resulting from the initial
increase in external debt, and thereby prevents an explosive path for the current account
and net external debt.

The final building block is dynamic adjustments. A clear distinction is made between
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the behavior of financial variables—bonds, equity, and the exchange rate—where adjust-
ment to fundamentals is assumed to be instantaneous, and nonfinancial variables—such as
demand components, prices, and wages—which adjust gradually. In the U.S. sector, deci-
sion rules based on a generalized model of adjustment costs are used for many key non-
financial equations, and error correction specifications are used elsewhere. The non-U.S.
sectors employ Taylor's (1980) staggered contracts model for wages, and error correction
or partial adjustment specifications otherwise.

3.3 The U.S. Sector

Not surprisingly for a Fed macro model, considerable attention was given to depicting
as realistically as possible the implications of U.S. monetary policy actions on the U.S.
economy. A main concern in this regard was the specification of dynamics associated with
real and nominal rigidities and the role of expectations in intertemporal decision making.
For a more detailed description of FRB/US, see Brayton and Tinsley (1996).

A distinguishing feature of the U.S. sector is the use of a new model of generalized
adjustment costs developed by Tinsley (1993). As is well known, the standard linear-
guadratic (LQ) model of adjustment costs frequently does a poor job in characterizing the
dynamic behavior of macroeconomic variables. The generalized model of adjustment costs
employed here, named PAC for “polynomial adjustment costs,” permits richer dynamics
within a theoretically-based framework that is parsimonious with regard to coefficients and
contains testable restrictions. Because of its central role in the U.S. sector, as well as its
generally successful application as gauged by the goodness of fit of equations and their
performance on misspecification tests, we describe the derivation and implementation of
PAC before presenting the structure of the sector more broadly.

Adjustment DynamicsThe adjustment dynamics of most major nonfinancial variables,

including consumption, investment, hours and the price and wage levels, are based on the
PAC approach. (In the following equations, all future-dated variables should be interpreted

as expected values even when the expectations operator has been suppressed.) Several
observationally-equivalent cost functions can be used to derive the PAC specification. One
such cost functiong;,

Co= S Billyers — vt + 3 bel(1 = L)Fyss)?), 1)
1=0 k=1
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penalizes both deviations of a variabldrom its desired valug*—as determined by an
equilibrium condition—and movements in the level amd— 1 time derivatives of the
variabley. ( (=.98) is a discount factor, antgl, k. = 1,...,m, are cost parameters. A
special case of the cost function, popular in the applied macro literature, is that of quadratic
adjustment costs on changes in taeelof y (m = 1). (Inventory research frequently
uses specifications that are similar to the case= 2.) As will be shown, the form of
generalized adjustment costs in equation (1) leads to a closed-form decision rule that is
well-suited for empirical work. We will use the terms equilibrium, target, and desired
value interchangeably to descripe

Minimization of costs yields the Euler equation,

(5= y) + 3 bel(1 = L)(1 = By = 0, @

k=1
whereL is the lag operator anél' (= L~!) is the lead operator. This expression can be
written more compactly as

A(BF)A(L)y: — cy; =0, (3)

where A is a polynomial in the lag and lead operators of ordere.g.,A(L) = 1 —
a1l —...—a, L™ andA(SF) =1 — a10F — ... — a,,f™F™, andc = A(1)A(p) is a
constant. Then parameters i are transformations of the cost parameters in equation
(1). Because the dynamic structureypfs factored into separate lead and lag polynomials,
multiplication of equation (3) byl(3F) ! yields, after simplification, the decision rule

Ay, = ANy, — yi—1) + A (L)Ayi—1 + D(F)Ay;©. (4)

According to this equationAy responds to the lagged gap between the leve} ahd
its equilibrium value, to lagged values dfy, and to future values aAy*, which here
are explicitly indicated to be expected values. Note that the decision rule takes an error
correction form augmented with terms associated with expected growth in the target.
The termA*(L)Ay,_, represents the, — 1 lags of the dependent variable that enter be-

3In contrast, the generalized model of adjustment costs analyzed by Hansen and Sargent (1980) does not
have a closed-form analytic solution.
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cause of higher-order adjustment frictions that are absent in the standard LQ specification,
while the expressio) (F)Ay;¢ = Y70, d;Ay;s, is an infinite forward sum which has a
mean lead that increases with the magnitude of adjustment frictions. The forward weights,
d;, are nonlinear functions of and the parameters of the polynomiaP The advantage

of this approach is clear: The presence of multiple lags of the dependent variable provides
a much better match to the dynamic behavior of major macroeconomic time series. At
the same time, this framework imposes a testable set of nonlinear restrictions among the
coefficients on the lag and lead terms.

Estimation of equation (4) is a three-step process. Coefficients in the construcgion of
are estimated or imposed on the basis of theoretical priors in the first step. In the second, a
forecasting model foAy* is estimated, and the adjustment coefficient§,) and A*(L),
are estimated in the last step.

To model expectations, a VAR approach is used in which a “core” VAR for five macro
variables—the federal funds rate, consumer price inflation, the output gap (the deviation be-
tween output and an estimate of potential), long-run inflation expectations (survey-based),
and long-run interest rate expectations (forward rates)—is common to expectations across
all sectors, and “auxiliary” VAR equations are added for sector-specific variables. Equa-
tions for sector-specific variables contain lags of both the core variables and of themselves,
whereas the equations for the first three core variables contain only lags of the core vari-
ables themselves. Long-run inflation and interest rate expectations, which are included to
anchor the VAR projections, are assumed to follow random walks (Kozicki, Reifschnei-
der, and Tinsley, 1996; and Kozicki and Tinsley, 1996). The underlying principle of the
VAR approach is that, at a minimum, agents understand the main features of the economy
as represented by a a small-scale model, and use this information to form the necessary
expectations.

The adjustment equation is linear in variables, and its nonlinear coefficient restrictions
can be imposed with an iterative OLS procedure that, at each iteration, restricts the forward

4 A*(L) is implicitly defined by the identityd(L) = A(1)L + [1 — A*(L)L](1 — L).
SAs shown in Tinsley (1993); = ¢/, [I;n — G]7*G'i,, Wherew,, is al x m vector with a one in the
mth element and zeroes elsewhere, éhid them x m matrix

0 Im—l
— A 3™ _am—lﬂmil S —mf |’

G =
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weights to values determined by estimates of the adjustment coefficients from the prior
iteration. Implementation of nonlinear least squares estimation is also straightforward. In
most cases, the order of adjustment costyié determined empirically by testing to see
how many lags of the dependent variable are significant, and then including all lags up
through the last significant one.

For some nonfinancial variables in the U.S. model, the PAC framework is modified to
take account of factors such as the presence of agents that are unable to optimize (e.g.,
liquidity-constrained consumers and firms) and particular institutional aspects of markets
or features of data measurement. To illustrate how the adjustment-cost framework out-
lined above is applied and, in many cases, augmented, equations in three U.S. sectors—
inventories, the wage-price block, and investment in producers’ durable equipment—are
presented in some detail. In the following, symbol definitions, which are given in table 1,
generally use uppercase characters for levels (or rates) and lowercase characters for loga-
rithms.

Inventories The equation for the logarithm of the stock of manufacturing and trade
inventories,h, closely follows the adjustment-cost framework described above. Because
the inventory-output ratio is stationary, the equilibrium condition imposes a constant target
inventory-output ratio,

h: = Tp,t- (5)

Note that in this equation and the ones that follow, constant terms are suppressed.
The dynamic adjustment equation for inventories contains a highly significant error-
correction term and three lags of inventory growth,

Ahy = 0.150 (h* —h); 1 + 0.231 Ahy; + 0.118 Ahy o (6)
(6.4) (2.7) (1.4)

+ 0.122Ah 5 + 0533 E, 1> fuiAhl,,.
(1.6) i=0

span: 6293-94g4 R .42 SEE: .0065

The forward expectations term is written with the dating of expectations (t-1) and the
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weight sum (0.533) indicated explicitly. No t-statistic was calculated for the weight sum;
this parameter is constrained in the adjustment model to be a functipamd the coeffi-
cients on the error-correction term and the lags of the dependent variable, as is the profile of
the forward weightsf; ;. The mean lead of the forward terms in the proddict) A(BF),
the lead/lag polynomial which multiplies the decision variable in equation (3), provides a
compact measure of how far ahead agents look as well as how quickly a variable adjusts
to its target level. Because the lead/lag polynomial is nearly symmetric, the mean response
lag is similar to the mean expectations lead. For inventories, the mean lead is 2.6 quarters,
indicating that the expectations horizon is short and adjustment is rapid.

Prices and WagesThe price-wage block contains two features not present for inven-

tories: The targets include a stationary cyclical component, and variables appear in the
dynamic equations that lie outside the PAC framework. The mixing of stationary and non-
stationary variables in the equilibrium condition requires that the dividing line between
the first and third estimation steps be modified. Rather than separating the estimation of
coefficients on the basis of whether they are part of equilibrium condition or adjustment
dynamics, in this case the split is made on the basis of whether they are associated with
nonstationary or stationary variables. The price-wage system contains a single long-run
condition among nonstationary variables—based on a three-factor Cobb-Douglas produc-
tion technology—in which the equilibrium price level is a constant markup over minimized
cost,

p;,t = .98(w; — py) + .02pe (7)

wherep, is a price index for adjusted nonfarm business output, p unit labor costs, and
p. @ price of crude energy. The estimated cointegrating relationship underlying equation
(7) is renormalized to define the equilibrium wage,

U)Z( = Pt + (1/98)pg,t - (02/98)])6,15 (8)

In these equilibrium equations the price level is indeterminate, and, out of equilibrium, the
price gap is simply the (scaled) negative of the wage gap,

Pyt — Pgt = —(1/.98)(w] — wy), 9)
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Table 1: Definitions of Symbols

Symbol Definition

CFLOW | Corporate after-tax cash flow

ccC Cost of capital

D Dividends

Dype Dummy variable for wage and price controls

0 Depreciation rate

fit+i Forward weight in equatioy for expectation of nonstationary variab

Gj,t+i Forward weight in equatiof for expectation of stationary variable

H Stock of manufacturing and trade inventories

K Capital stock

p Absorption price index (GDP + imports - gov't labor - inventories)

P, Price index for business output

P, Price index for nonfarm business output less housing + oil imports|

P, Price index for crude energy

Py Relative price of imports

p;/P Relative price level

P, Price of X,

¢ Expected inflation

I1 After-tax profits

R, Short-term interest rate

Ry, Corporate bond rate

P Trend productivity

SITAX | Weighted growth rate of employer social insurance taxes

T Time trend

TOT Terms of trade

U Unemployment rate

14 Tangible wealth

w Compensation per hour

Winin Minimum wage (relative to lagged 4-quarter averag@of

We Scaled ratio of?, to P,

X GDP (actual or potential)

Xy Business sector output

AZzy, Average rate of growth ok,

Xy Nonfarm business output less housing plus oil imports

X, Output of non-business sectors plus nonoil imports less
government labor and inventories

X, Domestic sales

Y Household or disposable income

7 Output gap (actual - potential)

Z Optimal capital-output ratio

Notes

1. Lower case letters are used to denote logarithms.
2. An “e” superscript denotes an expectation.
2. A" superscript denotes an equilibrium value.
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with the individual contributions of wage and price adjustments to reestablishing equilib-
rium to be determined by coefficient values in the dynamic equations.

The main price variable in the U.S. model is a type of absorption inftexThe do-
mestic production pricel,, is a value-added measure that can be quite volatile at high
frequencies, making it a poor indicator of the sluggishness of price adjustment. The ap-
plication of an adjustment cost approach to price setting follows Rotemberg (1982), who
specifies a quadratic cost in changing the price level. Unlike that model, which leads only
to sticky adjustment of the price level, the PAC framework also generates gradual adjust-
ment of the inflation rate. This characteristic of price data is also captured by the variant of
staggered price setting developed by Fuhrer and Moore (1995).

The equilibrium and dynamic adjustment equationsifaare given by equations (10)
and (11).

Pt* — (Pg*,th,t + Po,th,t)/Xt (10)

Ap, = 0.101 (p* —p)im1 + 0.376 Ap,_y + 0.191 Ap,_» (11)
(3.7) (5.0) (2.5)

+ 0433 Ei_1 Y fpiApr; — 00003 Ey—1 Y gpiUss
=0 (16) =0

+ 0.271 wep 1 A(Pet/Pot) — 0.047 we o A(Pes—1/Dbr—1)
(5.4) (0.9)

span: 63g1-94g4 R .88 SEE: .0025

The dynamic price equation gives a bit more weight to past price inflation than to expected
cost increases. A vertical long-run Phillips curve is imposed—the coefficients on lagged
and future inflation jointly sum to one—by requiring titat= 0 in the cost equations (1)

for both prices and wages. The target price level is permitted to vary with the cyclical

state of the economy, which results in the inclusion of the expected unemployment rate
in equation (11). The target price is estimated to vary procycli€alljie equation also

5The forward weights on expectations of stationary varialjgs, have a slightly different profile than
the weights on the expectations of differences of nonstationary varighlgsboth sets are normalized to
sum to one.
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contains the growth rate of the real price of energy whose contemporaneous value enters
highly significantly. This variable lies outside the PAC framework, and its significance
likely indicates that the speed of adjustment of prices of energy-intensive products such as
retail gasoline is faster than that of many other goods.

The wage adjustment equation (12) shows wages to be more inertial than prices. The
error-correction coefficient is smaller, and the weights on lagged and expected inflation
are shifted more toward the former. These coefficient differences are reflected in a mean
expectations lead that is more than twice as long for wages (8.7 quarters) than for prices
(3.3 quarters).

Aw;, = 0.030 (w* —w); 1 + 0.231 Awy 1 + 0.210 Awy 5 + 0.210 Aw; 3(12)
(3.1) (3.6) (3.5) (4.8)

+ 0.289 Ey1 Y fuwiAwyy; — 00003 Ei_1 Y guiUpi
1=0 (1.4) 1=0

— 0.009 prc,t + 1.40 SITAXt + 0028Awmm’t
(3.8) (7.8) (3.4)

span: 63g1-94g4 R .82 SEE: .0028

The target wage also varies procyclically, but the coefficient on the expected unemploy-
ment rate is estimated with less precision than is the corresponding coefficient in the price
equation. The equation for hourly compensation contains three non-PAC variables, each of
which is highly significant—a dummy for wage and price controls, the rate of growth of
employer social insurance taxes, and the rate of increase of the real minimum wage.

The presence of higher-order adjustment costs in the price and wage equations—as
indicated by the economically significant coefficients on the lagged dependent variables—
implies that both price and wage inflation are sticky. One consequence of this property
is that policy actions to lower the rate of inflation require that the unemployment rate rise
above its equilibrium for some period of time, even if firms and households form expecta-
tions rationally and are aware of the policy shift.

Investment The final sector presented is investment in producers' durable equipment.
The equilibrium condition (13) is the standard first-order condition for capital given a
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Cobb-Douglas production function, translated into a steady-state condition for inve$tment.

Z: = l‘b,t +Zt +l09(A.ﬁf‘b,t —+ 615) (13)
Aiy = 0.066 (i* — i), + 0.008 Ai, 1 + .254 Ay, (14)
(2.9) (0.9) (3.2)
+ 0.499 Et,Q Z fi,inH»j + 1.275 Et,Q Z gi,jAl‘b,H»j
(8.2) j=-1 (2.2) J=-1
+ 0.152 Acflow; + 0.066 Acflow;_
(2.3) (1.0)

span: 64g1-94q4 R .40 SEE: .0224

Two aspects of the dynamic investment equation (14) are noteworthy. First, firms are het-
erogeneous, with some following the optimizing specification and others constrained by
cash flow. According to the equation, 22 percent of investment is undertaken by firms that
are constrained—as indicated by the sum of coefficients on cash flow growth—and the
remaining 78 percent by firms that optimize. The optimizing share is embodied in the co-
efficients on the adjustment and expectations variables. Second, the optimizing firms have
a one-quarter delivery lag, indicated by the time dating of the error-correction term and the
expectations variables.
Overview of the U.S. EquationsThe U.S. sector contains about 40 behavioral equa-

tions of which about one-third have been estimated with the cost of adjustment specification
or as present values and thus contain explicit expectations. In addition to the four equations
discussed above, the PAC framework is used for consumption, two categories of consumer
durables, aggregate labor hours, and dividends. Equations for three long-term interest rates
and the value of corporate stock use a present value specification. Equations for exports,
imports, labor supply, hours per worker, nonresidential structures, and a number of other
variables are estimated using traditional methods without explicit expectations.
Looking first at the PAC equations, which are summarized in the upper block of table 2,

"Because BEA has yet to publish data for real capital stocks that are consistent with the new chain-
weighted measures of real investment, the equilibrium conditions for business and household investment take
this flow form.
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Table 2: Summary of Key FRB/US Equations

Equation Equilibrium Component Adjustment Cost | Additional
Variables Mean Component Dynamic
Nonstationary ~ Stationary Lead | Order Mean Leatl| Terms
1) ) G | @ ®) (6)
Agg. consumption Y€,V g 16.0 2 3.8 Lig. constr.
Motor vehicles Y, V,P;/P,T g,CC 16.0 2 2.5 Accel.
Other durables Ye,V,P;/P,T g,CC 16.0 2 3.7 Accel.
Housing Ye, v, T ccC 16.0 2 4.7 Accel.
Equip. inv. Xy, CCLO Az 3 8.6 Cash flow
Inventory inv. X, 4 2.6
Agg. hours Xy, T 2 2.9
Price W, p, P, U 3 3.3
Wage P p, P, U 4 8.7
Dividends I1 2 4.4
Fundamental Variables
5-yr. bond rate RS, ¢ 8.9 0
10-yr. bond rate RS, ¢ 17.1 0
Corp. bond rate RS, y° 39.2 0
Stock Market Ry, 7€ Ad° 49.0 0

Notes:

1. Mean lead (quarters) of target variables that are expected valGeg{, =¢, etc.).
2. Mean lead (quarters) of expectations of target variables from adjustment dynamics.
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the estimated order of adjustment costs, which is reported in column 4 and corresponds to
the value ofm, ranges from 2 to 4. Thus, compared with the standard LQ specification
(m = 1), all nonfinancial equations contain added adjustment parameters—or “higher-
order” adjustment costsMean leads of expectations associated with adjustment dynamics
(column 5) range up to 8 quarters. Mean adjustment lags (not shown) are similar to the
mean leads. Not surprisingly, adjustment dynamics are most rapid for aggregate hours
and inventories. Motor vehicle purchases also respond quickly. Equipment investment and
wages display the most sluggish dynamics.

The magnitudes of adjustment costs as measured by the mean adjustment lags are some-
what smaller than comparable results reported in the literature (Rotemberg, 1982; Blinder,
1986; and Schuh, 1996). Two other general characteristics of the PAC equations are impor-
tant to note (Brayton and Tinsley, 1996). Only about one-quarter of the equations fail tests
of rational expectations overidentifying restrictions at conventional significance levels, and
an equally small percentage show significant evidence of serially correlated residuals. The
generally favorable nature of the test outcomes is a consequence of the inclusion of higher-
order adjustment costs.

Several of the nonfinancial equations combine optimizing behavior, subject to adjust-
ment frictions, with other types of behavior. The case of equipment investment, in which
some firms are constrained by available cash flow, has been discussed. Similarly, in the
spirit of Campbell and Mankiw (1989), the equation for aggregate consumption, which
includes the service flow from the stock of durables, allows for the presence of both op-
timizing and rule-of-thumb or liquidity-constrained households. The estimated shares of
consumption by the two groups are .90 and .10, respectively. Abstracting from the ex-
istence of rule-of-thumb consumers, the consumption sector would still violate Ricardian
equivalence, because optimizing households use a high 25 percent annual discount rate in
calculating expected inconfeAnother aspect of the consumer's optimization problem is
that labor supply is taken as exogenous, so there is no explicit substitution between labor
and leisure.

8In the case of other consumer durables, however, the single extra cost parameter is not statistically
significant.

9The discount rate of 25 percent corresponds to a mean lead of 16 quarters in the calculation of expected
income, as indicated in column 3 of table 2. Estimation results deteriorate significantly at low values of the
discount rate. As shown by Muelbrauer and Lattimore (1995), a theoretical rationale for a high discount rate
is the presence of risk aversion in the face of idiosyncratic income uncertainty.
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Equations for three long-term bond rates are specified according to the expectations the-
ory of the term structure. In each equation, the principal explanatory variable is a weighted
average of short-term interest rates expected to prevail over the maturity of the bond, with
weights given by the maturity of the bond and the sample mean of its yield, as in Shiller
(1979). Each bond yield is estimated to have a time-varying term premium that is counter-
cyclical. The equation for the value of the stock market is based on the Campbell-Shiller
(1989) log linearization of the discounted value of expected dividends, assuming a constant
equity premium. The residuals of the bond and stock market equations contain substantial
serial correlation. As in the case of nonfinancial equations, expectations required to esti-
mate the financial equations are generated by VARs.

3.4 The Non-U.S. Countries

The design and specification of the foreign sectors of FRB/WORLD follows from two
research projects at the International Finance Division at the Fed. The first was the devel-
opment of a small multi-country model, along the lines of the models of Taylor (1993b) and
the IMF's Multimod (Masson et al., 1988). This four-region model (U.S., Germany, Japan,
and ROW), named MX-3, was constructed with forward-looking expectations in equations
for prices, interest rates, and exchange rates (Gagnon, 1991). The second was the direct
incorporation of forward-looking behavior into a version of the MCM model. Levin (1996)
discusses the structure and properties of FRB/MCM.

For the G7 countries excluding the United States (Canada, France, Germany, Italy,
Japan, and the United Kingdom), a consistent set of dynamic specifications is employed,
as summarized in Table 3. Except for the consumption and investment equations, equation
coefficients are calibrated, not estimated. The level of aggregation is about the same or, in
some cases, somewhat greater than that for the U.S. economy. For example, consumption
expenditures are not disaggregated. Expectations enter explicitly in the definition of real
interest rates, the pricing of long bonds, and the determination of exchange rates.

Components of aggregate demand are assumed to follow error-correction or partial ad-
justment dynamic models. The equilibrium ratio of consumption to either disposable or
total income depends on the real interest rate. Equations for residential, non residential,
and inventory investment reflect dynamic adjustment towards desired stocks, which depend
on the cost of capital. Equilibrium levels of non-fuel goods and non-factor service imports
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Table 3: Summary of Non-U.S. Sectors

Equation Equilibrium Component Dynamics
Nonstationary Stationary Own Lags Other factors

1) &) 3 4

Consumption YorX ccC 0 Az

Housing investment/GDP K/X cc 1-4 Ax

Private fixed investment/GDP K/X cc 1-8 Ax

Inventory investment/GDP K/X, cc 1-8 Axg

Nonfuel goods imports X Py 1

NFG exports/foreign NFG imports TOT 1

Price (total output) W, P, 7 1

Contract wage w U 0

Real money demand X R, 1

Long bond rate R 0

depend on relative prices and domestic absorption. To ensure balanced global trade, each
country's exports are determined by its share of world imports, with the equilibrium share
depending on the terms of trade.

Wage setting is based on Taylor's (1980) staggered contracts model, with the contract
wage a function of expected future market wages and labor market tightness, as represented
by deviations of the unemployment rate from the NAIRU. The market wage is a weighted
average of current and past contract wages. The markup of the output price deflator over
the wage rate and the domestic oil price varies procyclically. Real interest rates are defined
using expectations of changes in the domestic absorption deflator, constructed from the
output deflator and relative energy and import prices. Equations for long-term interest rates
are based on the expectations model of the term structure with a fixed term premium, and
those for nominal exchange rates are uncovered interest parity conditions augmented with
a time varying sovereign risk premium.

For the three sectors representing Mexico, the newly industrializing economies, and
other OECD countries, a somewhat more simplified and stylized specification is used. In-
vestment is not disaggregated, and calibration is used instead of econometric estimation
for all equation coefficients. Finally, for the sectors representing OPEC members and other
developing and transition economies, the model is simplified further.
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4  Full-System Properties

As mentioned above, the single-equation approach to estimating FRB/WORLD leads to
equations which individually have good statistical properties in terms of fit and absence of
misspecification. The estimation procedure does not ensure that the resulting system prop-
erties will resemble those of the data, however. Tests of system dynamics are important,
not only because the main uses of the model involve dynamic simulations but also because
such tests may lead to a reexamination of the specifications of particular equations. Not
surprisingly, the process of developing FRB/WORLD involved some iterating back and
forth between evaluation of system characteristics and revision of specific equations.

A traditional approach to characterizing a model's properties is to examine responses
to transitory shocks, and several sets of such responses are presented below. In addition to
describing system properties, these simulations are used to evaluate the effects of switching
between limited- and full-information assumptions regarding expectations formation and to
compare impulse responses of an estimated VAR with those obtained from FRB/WORLD.
To provide another view of the model's goodness of fit, moments of historical data are
compared with those generated by stochastic simulation.

4.1 System Responses to Transitory Shocks

For the simulations in this section, the U.S. monetary authority is assumed to set the federal
funds rate according to the equation for that variable in the core part of the expectations
VAR used in the U.S. sector, while other central banks set short-term rates according to a
Taylor-type (1993a) rule in which the real short rate responds to deviations of output from
potential and inflation from its target. The U.S. funds rate equation was estimated over
1963:Q1-1994:Q4. Figure 1 shows the responses of inflation, output, the federal funds rate,
and the 10-year government bond rate to a one-quarter, 100-basis point positive shock to the
U.S. policy rule. In order to simplify the design of this simulation and the other experiments
involving transitory shocks, each simulation of this type is based on the assumption that the
long-run inflation objective of monetary policy is unchanged, as are private perceptions of
the objective. The U.S. economy's response under model-consistent expectations is shown
as the solid line, while the dashed line represents the results under VAR expecfations.

0|0 this and other simulations of FRB/WORLD, “VAR” expectations denotes the case of limited-
information expectations based on VARs in the U.S. sector and autoregressions in the other sectors.
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Figure 1: One-quarter, 100 basis point shock to funds rate

Inflation rate Output Gap

0.05 ¢
0.00
-0.05 |,
-0.10 }
-0.15 t
-0.20

-0.25 }

-0.30

0 10 20 30 40 o 10 20 30 40

Quarters Quarters

Federal funds rate 10 year government bond rate

1.5 1 0.3
0.2
0.1 ¢

0.0 |

o 10 20 30 40 “0 10 20 30 40

Quarters Quarters

| —— Model-Consistent Exp. - - VAR Exp. |

Results in all instances are displayed as deviations from baseline.

The increase in the nominal federal funds rate generates the expectation of higher funds
rates in the future, driving up bond rates. Given the sluggish adjustment of prices, the costs
of capital for consumer durables, housing, and business investment rise and the real ex-
change rate appreciates, causing aggregate demand and output to decline and unemploy-
ment to increase. The rise in actual and expected unemployment drives wage and price
inflation down. The hump-shaped pattern of the output response is a consequence of the
interaction of sluggish adjustment of demand components, the evolution of expectations
of future quantities and prices, and the endogenous response of monetary policy after the
initial shock.
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Figure 2: Four-quarter, 1% of GDP Increase in Government Purchases
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Our prior was that this experiment should result in outcomes under model-consistent
and VAR expectations which are similar. The shock is not unusual in any way, and so the
responses of the expectations VAR should mimic those of the full model. In other words,
expectations based on the full structure should be about the same as expectations based on
the small VAR. Looking at the figure, the simulated outcomes for the output gap and short
and long interest rates are in fact quite similar under the two expectations assumptions.
However, the peak reduction in inflation under VAR expectations is about three times that
under model-consistent expectations. We will return to this issue later.

Figure 2 shows the response to an increase in government purchases, equal to one per-
cent of GDP, lasting one year. The exogenous rise in aggregate demand is initially reflected
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one-for-one in output. Sluggish adjustment of hours implies that much of this initial surge

in activity is generated by a temporary up-tick in productivity. The high level of activity
leads to an increase in interest rates. The cessation of the spending shock then drives output
significantly below baseline as the effects of the rise in interest and exchange rates start to
take hold. This overshooting of output is then corrected over time.

The larger movement in the government bond rate under VAR expectations, relative to
that under model-consistent expectations, can be traced to differences between the “typ-
ical” behavior of output as represented in the expectations VAR and the unusual pattern
induced by this particular shock. The four-quarter nature of the spending shock represents
an atypical pattern for demand shocks; thus, under VAR expectations agents misinterpret
the information contained in the output gap and forecast a rise in output that is more sus-
tained than that which occurs, leading to more dramatic movements in prices and interest
rates.

As in the previous experiment, the behavior of inflation is dissimilar under the two
expectations assumptions. In fact, the inflation response under rational expectat@ms is
ative in response to the boom in spending. This is due to the forward-looking nature of
price and wage setting. Although unemployment falls below baseline during the year of
the shock, and rises above baseline thereafter, the weighted sum is positive. Thus, a small
transitory reduction in inflation results. If the shock were to last longer, the initial response
of inflation would in fact be positive because the weighted sum of future unemployment
would be negative. The procyclical pattern of inflation observed in the case of VAR expec-
tations can be traced to expectations errors.

4.2 Comparison with VAR Models

One test of a properly specified model is its ability to mimic the behavior of data as repre-
sented by VAR models. For this purpose, we compare the system response to a funds rate
shock under VAR expectations to the impulse response from the VAR used in formulating
expectations in the U.S. sector. In order for an experiment of this type to be consistent,
one needs to apply the same shock to the two models. This is straightforward to do for a
funds rate shock, if we use an ordering assumption to make it orthogonal to other shocks.
To extend the comparison to demand and supply disturbances, however, aggregates of the
many demand and supply shocks in FRB/US would have to be constructed.
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In Figure 3, the impulse responses of the core expectational VAR are represented by the
dashed lines and one standard error bands by the dotted and dash-dotted lines. The solid
lines represent the response of FRB/WORLD under VAR expectations; these are taken
from Figure 1. In general, the impulse responses of FRB/WORLD for inflation and output
are fairly close to those of the VAR. Inflation declines more rapidly in the former, but
this difference should be viewed in a positive light. The VAR displays a “price puzzle"—
inflation initially rises in response to the positive interest rate shock. FRB/WORLD does
not contain a structural mechanism for such an effect to occur, though such an effect could
enter as a result of the use of the VAR for expectations. Adjusting for this discrepancy,
the two paths are very similar. Also included in the figure is a time representation of the
movements in the level and slope of the yield curve. This provides a graphical description
of how a policy action affects short- and long-term interest rates over time.

4.3 Comparison of Moments

The previous experiments used traditional methods to characterize the system properties of
the FRB/WORLD model, emphasizing the responses of inflation, output, and interest rates
to transitory policy shocks. We now turn to a more general approach to studying system
dynamics—one frequently used in the equilibrium business cycle literature—that compares
simulated standard deviations and cross correlations for key endogenous variables with
comparable statistics calculated using historical data. For computational reasons, this exer-
cise is carried out with FRB/US only. The foreign sectors are replaced by simple equations
for the levels of foreign price and output aggregates. Each stochastic simulation lasts 30
years and is based on a bootstrap procedure that draws shocks randomly from the set of his-
torical equation error vectors over 1966:Q1-1995®&imulated moments are based on
300 replications. Monetary policy is characterized by the estimated equation for the federal
funds rate that is in the expectational VAR. Historical and simulated moments were calcu-
lated after low-frequency movements in the actual and simulated data had been removed
with the Hodrick-Prescott (HP) filter.

Historical standard deviations of key variables and their correlations with real GDP are

1IA total of 50 equations are shocked, including a number of time series equations specially added in this
exercise for variables, such as the price of oil, that are normally exogenous; remaining exogenous variables
are held constant. Shocks are drawn from the set of historical equation residuals obtained from estimation of
each equation with the VAR-based proxies for expectations.
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Figure 3:

VAR Estimated: 1963-1994
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shown intable 4, as are corresponding simulated statistics under VAR and model-consistent
expectations. The same set of shocks were used for each expectational assumption. For the
simulated moments, two asterisks denote instances where the historical statistic is more
than two standard deviations from the simulated value, while a single asterisk indicates
differences that are between one and two standard deviations. The standard deviations are
based on the distribution of statistics over the set of simulations.

The results in the table provide considerable information about the ability of FRB/US
to match the dynamic properties of historical data, and about the effects of different ex-
pectations assumptions on simulated dynamics. Under both expectations assumptions, the
model matches the historical correlations of output with leads and lags of key variables
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Table 4: Moment Comparison

Cross Correlation of GDP with

Std.
Variables x dev. x(t-4) x(t-2) x(t-1) X(t) X(t+1)  x(t+2)  x(t+4)
Historical Data (1966-95)
GDP 1.70 0.24 0.68 0.87 | 1.00 0.87 0.68 0.24
Nondurables & Services 0.89| 0.43 0.76 0.85 | 0.84 0.72 0.55 0.14
Durable Consumption 5.08| 0.51 0.76 0.83 | 0.82 0.60 0.39 -0.07
Business Fixed Invest. 4.88| -0.14 0.32 0.58 | 0.80 0.88 0.86 0.57
Inventory Stock 1.53 | -0.22 0.08 0.30 | 0.57 0.76 0.85 0.75
Hours 1.91 0.04 0.49 0.72 | 0.89 0.90 0.82 0.49
Inflation Rate 1.40 | -0.37 -0.07 0.09 | 0.27 0.39 0.47 0.64
Real Wage 0.50 | 0.36 0.55 0.58 | 0.60 0.50 0.36 -0.04
Federal Funds Rate 2.10, -0.57 -0.23 0.08 | 0.35 0.50 0.56 0.55
10 Year Bond Rate 0.94| -0.50 -0.36 -0.19 | -0.02 0.06 0.10 0.13
Simulated Data: VAR Expectations
GDP 1.29*| 0.14 0.60* 0.80*| 1.00 0.80* 0.60* 0.14
Nondurables & Services 0.92| 0.21* 0.56* 0.69*| 0.75* 0.63 0.46 0.10
Durable Consumption 453 0.28* 0.59* 0.68*| 0.73* 0.48* 0.24* -0.21*
Business Fixed Invest. 4.18| -0.04 0.25 0.43 | 0.63* 0.70* 0.67* 0.38*
Inventory Stock 1.30*| -0.25 -0.10 0.05*| 0.31* 0.49* 0.58*  0.54*
Hours 1.35% 0.02 0.34 0.53*| 0.74* 0.72* 0.64* 0.30*
Inflation Rate 1.48 | -0.12* 0.03 0.16 | 0.28 0.34 0.35 0.26**
Real Wage 0.65*| 0.06* 0.23* 0.27*| 0.31* 0.25* 0.15* -0.03
Federal Funds Rate 1.68r -0.45* -0.30 -0.11*| 0.18* 0.40 0.45 0.45
10 Year Bond Rate 0.75% -0.39 -0.35 -0.24 | -0.06 0.04 0.12 0.20
Simulated Data: Model-Consistent Expectations
GDP 2.09* | 0.17 0.67 0.86 | 1.00 0.86 0.67 0.17
Nondurables & Services 1.43f* 0.18* 0.66* 0.84 | 0.92**| 0.82* 0.64 0.21
Durable Consumption 6.547 0.21** 0.66* 0.82 0.91**| 0.74** 0.52* 0.04
Business Fixed Invest. 4,05t -0.07 0.26 0.45 | 0.64* 0.71* 0.67* 0.37*
Inventory Stock 1.60 | -0.16 0.17 0.36 | 0.59 0.72 0.76 0.60*
Hours 2.10 0.08 0.55 0.75 | 0.90 0.86 0.74*  0.32*
Inflation Rate 1.20*| -0.30 -0.26* -0.15*| 0.01**| 0.13* 0.17** 0.16**
Real Wage 0.65*| -0.07* -0.08** -0.08**| -0.05**| -0.06** -0.06* -0.04
Federal Funds Rate 2.21 -0.34* -0.37 -0.30* -0.17**| 0.03* 0.20* 0.31*
10 Year Bond Rate 0.75% -0.52  -0.60* -0.51*4 -0.31* | -0.08 0.10 0.31*
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relatively well. However, the simulated standard deviations of most series are somewhat
larger under model-consistent expectations than under VAR expectations.

Among the correlations, a few differences do stand out and may suggest aspects of
eguation specification that are inconsistent with the data. In the historical data, the pattern
of correlations of lags and leads of consumption of nondurables and services with GDP is
skewed toward the lags. That is, preceeding consumption values are more highly correlated
with GDP than those that succeed. This asymmetric pattern is absent in the simulated corre-
lations under model-consistent expectations and present to only a minor degree under VAR
expectations. For business fixed investment, the pattern of historical correlations with GDP
is the reverse of that of consumption, with correlations being stronger for leads of invest-
ment than for lags. Although FRB/US matches the qualitative nature of this asymmetry;, it
understates the magnitude of the skewness for both expectations assumptions.

The most striking contrast between expectations assumptions is found in the wage and
price sector. Recall that disparities between the simulated behavior of inflation under the
two expectations assumptions were also found in the simulations of the two transitory pol-
icy shocks. Under VAR expectations, the match between the simulated moments of price
inflation and those from historical data is close. The simulated real product wage is, how-
ever, slightly less procyclical than it is historically. On the other hand, the outcome under
model-consistent expectations is far less favorable. In this case, the real wage is slightly
countercyclical and the correlations across time of price inflation with output are generally
inconsistent with the historical correlations. These differences suggest two conclusions:
The wage-price block under model-consistent expectations does not fully capture the dy-
namics of wages and prices; and the VAR-based measures of expectations in the wage and
price block differ from the reduced-form behavior of the full structure of FRB/US.

5 Policy Evaluation

To the extent that the specifications of intertemporal decision making and expectations
formation in the new model are accurate depictions of reality, it is not subject to the Lucas
critique and can be legitimately used to analyze the consequences of shifts in policy. In
addition, the flexible approach to expectations formation and the incorporation of learning
into the expectations process makes it possible to analyze more fully policy issues such as
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the costs of disinflation and the effects of fiscal consolidation. Two sets of simulations are
used to illustrate these capabiliti¥s.

5.1 Disinflation and Policy Credibility

We first consider a monetary policy shift that aims to permanently reduce the inflation rate
by one percentage point. Any number of paths for interest rates can achieve this objective;
in the simulations that follow, monetary policy follows a rule for the federal funds rate that
is consistent with the planned reduction in inflation, but responds to transitory movements
in output and inflation using an equation estimated for the period since late 1979. We
consider two cases of policy credibility as reflected in the behavior of long-run inflation
expectations. In the first case of “perfect credibility,” the private sector recognizes and fully
believes that the announced disinflationary policy will occur as planned. In the second case
of “learning,” the private sector only slowly adjusts its views about the probability that the
full disinflationary program will be carried out. In the latter case, the rate of adjustment
is 5% per quarter, so that long-run inflation expectations have fallen by one-half of one
percentage point after 3-1/2 years. This rate of “learning” is consistent with the fall in
long-run expectations as measured by surveys during the disinflation of the 1980's.

Figure 4 shows the consequences of a credible policy of disinflation. Higher-order
costs of adjustment in wages and prices imply that inflation is sticky and that lowering the
inflation rate necessitates opening up an unemployment gap. Still, in the case of perfect
credibility policy, the cost can be reduced to a trivial amount if the action to reduce the rate
of inflation is carried out very gradually or announced far in advance. For the experiments
considered here, however, the policy change is carried out rather aggressively—uwith infla-
tion falling by the intended amount in about two years—and the sacrifice ratio (cumulative
annual increase in the unemployment rate divided by the percentage point decrease in the
inflation rate, computed at the end of the tenth year) under model-consistent expectations
(2.0) is in fact a bit higher than that under VAR expectations (1.6). For this particular ex-
periment, the forecasting errors that agents make under VAR expectations actually help to
reduce the cost of disinflation.

The results of relaxing the assumption of perfect credibility of the disinflationary policy

2In another application, Williams (1997) studies the stabilization characteristics of monetary policy rules
using FRB/US under model-consistent expectations.
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Figure 4:

Disinflation, with and without learning
Estimated Policy (1979-1995)
(deviations from baseline, per cent)

consumption price inflation output gap

o] 2 4 6 8 years o o] 2 4 6 8 years

real federal funds rate 10-year government bond rate

o) 2 4 6 8 years 1.4 [6) 2 4 6 8 years
Model-consistent expectations, instantaneous recognition (thick solid)
Model-consistent expectations, learning, 5% rate (dashed)
VAR expectations, instantaneous recognition (dotted)
VAR expectations, learning, 5% rate (thin solid)

are also shown in Figure 4. Inflation declines more gradually in this case. Also, the rapid
decline in bond rates in the case of perfect credibility is absent under imperfect credibility.
Bond traders, like other agents in the economy, only gradually adjust their views about the
long-run objectives of policy. The higher real interest rates generated by the disinflationary
policy lead to losses of output that are significantly greater than those under perfect credibil-
ity. In terms of the sacrifice ratio, the effect of imperfect credibility is to increase the cost of
disinflation from 1.6 to 2.9 for VAR expectations and from 2.0 to 2.5 for model-consistent
expectations. Under imperfect credibility of monetary policy, the extra leverage from a full
and immediate reduction in long-run inflationary expectations is absent. Thus, the mone-
tary authority must dampen aggregate demand and lower observed inflation through higher
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real interest rates in order to convince the private sector of its determination to disinflate.

5.2 Shifts in Foreign Macroeconomic Policy

We consider a scenario of current policy interest, fiscal consolidation in the foreign G-7
economies, to illustrate the operational use of the FRB/WORLD middebmpared with

a baseline in which spending reductions would be implemented gradually over seven years
starting in 1999, the scenario assumes that the reductions start in 1997 and are completed in
only two years to help ensure that the E.U. members meet the Maastricht criteria for mon-
etary union, and to reflect similar actions under consideration in Canada and Japan. Thus,
this experiment measures the impact on the U.S. economy of a tightening in foreign fiscal
policy that commences in 1997, reaches its peak in 1998, and after gradually diminishing
ends in 2005.

The peak cuts in government spending are 1 percent of GDP in Canada, France, the
U.K., and Germany; 1-1/2 percent in Japan; and 4 percent in Italy. We assume that the
monetary authorities in the U.S., Canada, Germany and Japan set interest rates according
to Taylor's (1993a) rule, and that the French franc, Italian lira, and British pound are pegged
to the Deutschmark.

The simulation results for this experiment are shown in figure 5. As seen in the bottom
left panel, the government spending cuts cause foreign GDP (aggregated by U.S. trade
weights) to drop about 3/4 percent relative to baseline toward the end of the second year
of the simulation, before gradually returning to baseline. The decline in foreign output
is similar under VAR and model-consistent expectations. In contrast, the contraction of
U.S. GDP and reduction in U.S. inflation is sensitive to the expectations assumption, with
the effects being larger in magnitude in the limited information case, though still far short
of the decline abroad. U.S. monetary policy dampens the impact of falling net exports
through a reduction of about 20-25 basis points in the federal funds rate. Foreign interest
rates decline by a larger amount, in response to the larger decline in foreign output, and
hence the foreign exchange value of the dollar appreciates.

3Bowman and Rogers (1997) provide a detailed analysis of FRB/WORLD model simulations related to
foreign fiscal consolidation.
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6 Conclusions

Large scale macro models are by their nature slow to evolve. This is both a blessing and
a curse. Changes in models respond to shifts in the consensus view, as opposed to that of
the latest cutting edge research. This helps avoid the pitfall of constantly changing policy
advice and interpretation. On the other hand, models can easily become out of date and
irrelevant.

At the time of their original development, the Fed models reflected the received wis-
dom on macroeconomic and international linkages. This consensus started to shift in the
1970's towards a focus on rational expectations and intertemporal optimization. As a new
consensus developed in the late 1980's and early 1990's, the Fed models were redesigned
to incorporate, at least partially, the evolving new paradigm.

By many measures this effort has been a success. The model fits the data well, yet
retains a theoretical structure that can be used to investigate pertinent policy and gen-
eral macroeconomic issues. The flexible treatment of expectations formation and learning
opens a wide range of interesting issues for quantitative monetary and fiscal policy analy-
sis. Still, the new FRB model is not the stochastic general equilibrium model some have
called for. For example, optimization and estimation is conducted on a single equation
basis, ignoring some of the linkages between decisions by firms and households. Such an
approach in a large-scale model is currently computationally prohibitive and must remain
a part of the third generation redesign.
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Figure 5: Foreign Fiscal Consolidation
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