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ABSTRACT

Recently, models of monetary policy have been constructed to include structural
breaks to account for changes in policymaker preferences or operating
procedures. These models typically assume that when changes occur, they
happen once and for all. In this paper, we allow the policymaker and the
economy to switch freely between regimes. We find that not only does the
nature and effect of innovations to monetary policy change, but switching the
policy rule and the economy's subsequent response can in and of itself alter the
path of the economy. We find the switch itself can generate disinflationary
dynamics.
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1 Introduction

Attempting to model the effects of exogenous, unanticipated innovations to mon-
etary policy, a vast literature has developed around restricted vector autoregres-
sions (structural VARs). The endogenous component of monetary policy has
been examined more formally in the Taylor rule literature beginning with Taylor
(1993) and more recently Clarida, Gali and Gertler (1999, 2000). These papers
explicitly model the Federal Reserve’s reaction to non-policy variables. They
focus on Fed behavior and require significant assumptions regarding the impact
of monetary policy on prices and output.

We are interested in the effects of both the exogenous (shocks) and en-
dogenous (response) components of monetary policy. Specifically, we ask two
questions: (1) Does monetary policy, both shocks and responses, change over
time and (2) does the effect and effectiveness of monetary policy change over
time? To answer these questions, we consider a model in which the economy is
subject to structural changes. A number of studies have also explored the pos-
sibility that the economy experiences regime switches over the sample period.
Recent studies have identified differences in the effect and behavior of monetary
policy around structural breaks usually corresponding to changes in Federal Re-
serve leadership or changes in operating procedures (e.g., Boivin and Giannoni
(2002), Dennis (2001), and Hanson (2001)). This approach typically assumes
that only a single break exists—equivalent to an underlying Markov process with
an absorbing state. A standard assumption is that Volcker forever changed
Fed objectives to a more stable, inflation averse policy rule. The drawback
of this approach is that incorrectly choosing the break dates or, perhaps more
importantly, the number of breaks can lead to a misspecification that leaves the
conclusions about the effects of policy in question.

An alternative is to estimate the model assuming an underlying Markov-



switching process (Bernanke and Mihov (1998), Sims (1999, 2001), Owyang
(2001), Owyang and Ramey (2001), and Sims and Zha (2002)). The breaks are
determined by estimating the posterior probabilities for a hidden state variable
in each period. In theory, the two methods of identifying the breakpoint are
equivalent if the econometrician has some (correct) prior knowledge of the break
process. We choose the latter approach to ensure that we do not misspecify the
transition probabilities in the Markov process and average the effects of policy
over regimes that go unidentified. In essence, we allow shifts in policy to be
temporary, returning to a baseline state after some stability is restored.

This paper incorporates Markov-switching into the estimation of the covari-
ance and coefficient matrices of the monetary VAR. We employ an agnostic
technique to identify the monetary policy shock. In a typical structural VAR,
restrictions are imposed on the covariance matrices (see Christiano, Eichenbaum
and Evans (1999) and Bernanke and Mihov (1998) for reviews of the literature)
and rely on ex ante assumptions about the relationships between components
of the economic system. An alternative to the restricted VAR approach is em-
ployed by Uhlig (1999, 2001), Faust (1998) and Roush (2002). These papers
estimate reduced-form, unrestricted VARs and impose restrictions on the shapes
(magnitudes, directions, and durations) of the impulse responses. Shocks are
then sampled and characterized based on the set of restrictions.

We argue that it is not clear that standard identification schemes are in-
variant across regimes. That is, the exclusion restrictions sometimes employed
in structural VARs may not be consistent across regimes. To assume that they
are may lead to misidentification of the monetary shock and confound any re-
sulting inference. The model offers two innovations to the literature. First, we
examine the combination of switching in both the endogenous and exogenous

components of monetary policy—that is, we allow both the implied policy rule



and the covariance matrix generating the monetary shocks to switch. Second,
we consider the implication of shifts not only to policy but to the economy’s
response to both endogenous and exogenous policy.

The outline of this paper is as follows: Section 2 discusses the model with
regime-switching. Section 3 reviews the characterization of the monetary shock.
Section 4 discusses the estimation results and compares the impulse responses
of the two states. Section 5 discusses the policy implications of the model
and compares the results to VAR estimates over sample periods with a fixed
break in October, 1979 or in November, 1982. In Section 6, we discuss the
transition dynamics between states of the VAR and show that the state change

can actually mimic a policy tightening. Section 7 concludes.

2 Model

We consider a reduced-form VAR representation that ex ante imposes no struc-
tural relationships between variables and allows both the monetary innovations
and the economy’s response to vary governed by an underlying Markov process.
We incorporate variables commonly associated with a monetary policymaker’s
objective function (i.e., output and inflation) and assume that the policymaker
employs the Federal Funds rate as a policy instrument. In addition, we include
a short-term interest rate that reflects the agents’ short-run inflationary expec-
tations and short-run risk premium. We do not explicitly write out a Taylor
rule for the policymaker but implicitly allow the model to freely estimate the
rule governing the policymaker’s rule governing the Federal Funds target.

A typical regime-switching structural VAR can be written as

k
Aosye =D Ajsyii + v, (1)

i=1



where y; is the period t vector of n variables of interest, k£ is the number of lags
and v, ~ N(0,I) assumes that the system shocks are uncorrelated. The hidden
state variable S; = {1,2} governs the coefficient and covariance matrices in the
model and has transition matrix II. In this paper, we will assume that there
are two states of the world—in principle the number of states can be expanded
to match the number that maximizes the criteria but for ease of estimation, we
1

limit the model to a two-state system.

We rewrite (1) as a reduced-form Markov-switching VAR (MSVAR)

k
Yt = Zﬁj,SLytfj + s, (2)

j=1
where g5, ~ N(0,%g¢) and Yg; = A(IELA(I};L. Exact identification of A g,
requires % restrictions. A few restrictions in a structural VAR can be
drawn from economic theory; often, there is insufficient theory to provide exact
identification and additional (sometimes ad hoc) assumptions must be imposed.
In our alternative approach, we estimate the reduced-form model (2) and impose
no ex ante restrictions on either the coefficient or the covariance matrix. We
—1s

identify the distribution to the column of A07 s, attributable to monetary policy.

To estimate (2), we are interested in characterizing the joint distribution

p(By, %, S7liT), (3)

~ I~ ~
where B, = { 81", 8, ... 6180, B8, .. 80}, S = (S, 5B}, 5y = {81, 8, .

and gr = {y1,¥2, ...7yT}/. To accomplish this, we employ the Gibbs sampler
using a Normal-Wishart distribution with a flat prior to generate the parameters
Bk and 3. The posterior distributions for the states is a product of Hamilton’s

(1989, 1990) filter. Details of the estimation procedure can be found in the

L Adding Markov switching to the model complicates the estimation algorithm, doubling
the number of restrictions on the covariance matrix required for exact identification.

5 ST}Ia



appendix.
Once the joint distribution (3) is characterized, the state-dependent impulse

response to any vector innovation & can be defined as

Ayi;1S: =T @, (4)

where @ = [&/701Xn(k_1)]l and the (nk x nk) matrix I'g,

B/
Ts, = > , (5)

Ink—1) Onk—1)zn
where Bg, is the stacked matrix of 3; 5 , j = 1,2, ...k, I;;, is the m X m identity
matrix and 0;x j is an 7 x 7 matrix of zeros. Since the impulse vector will
be characterized by the impulse response, the change in the coefficient matrix

resulting from a change in state causes the monetary shock to vary over states.

3 Identification of the Monetary Shock

The characterization of a shock to the VAR is merely the decision of how to
interpret the vector components of the time series of residuals. Generally,
shocks are interpreted by imposing economic structure on either the causal
ordering or the covariance matrix. These restrictions imply a basis rotation for
the space spanned by the VAR residuals. The orthogonal components of the
basis represent model shocks and the component of the residual that lies in the
direction of any basis vector represents the magnitude of that shock for that
time period. Since we allow the components of the model to switch, standard
identification restriction may not hold across regimes. We choose to take an

agnostic approach to identifying the distributions for the monetary shocks.?

“Sims and Zha (2002) point out that imposing restrictions on the contemporaneous co-
efficient matrix complicates estimation by making the parameter distributions nonstandard.



Instead of imposing economic structure ex ante, we define the shock based
on its ex post impulse response for certain variables. We define the shock in
terms of the reduced-form model (2) and not the full model (1). Thus, the
identified shocks will have contemporaneous non-policy impacts. Any shock
in the space spanned by the residuals that satisfies these restrictions is a can-
didate shock. The distribution for these candidates converges asymptotically
as the distribution for the joint density of the VAR parameters converge. The
algorithm for identifying the monetary shock is as follows.

Once the joint distribution for the parameters p(Bk, Y, Sr|§r) has converged,
a set of candidate parameters B,w S are drawn conditional on each S;. The
impulse response, conditional on the state of the economy, S; to any shock
a € R" can then be calculated using (4) and (5). The monetary shock a
is associated with a restriction matrix of R that is invariant to the state of
the economy (e.g., a contractionary monetary policy shock always increases the
federal funds rate). R is an nx[ matrix that represents the priors that we impose
on the response of model variables to the incidence of a shock & out to a horizon
[.  Our identification of monetary policy shocks revolves around selection of
the shock a that produces an impulse response satisfying the restriction matrix
R. For example, we can impose the condition that a contractionary monetary
policy shock causes the federal funds rate to rise (weakly) for twelve months.
We would then impose this condition by assigning positive values to the relevant
row of R up through the twelfth column.

Regime-dependent heteroskedasticity implies generating qualifying candi-
date impulse vectors is state-dependent. We must characterize a state-dependent

impulse vector by

Rather than impose these restrictions, we estimate the reduced-form freely. Identification
can then be achieved by the agnostic technique which does not require ex ante restrictions on
the reduced-form VAR’s covariance matrix.



as, = As,

where Est /Algt =Yg, is the Cholesky decomposition of the state-dependent co-
variance matrix. Thus, the definition of the impulse vector changes over states.
A shift in the coefficient matrix results in a change in the impulse response
generating function I'g,. To satisfy the restrictions imposed on the impulse re-
sponses, the impulse vector must change when the state of the economy changes.
The switch in the covariance matrix changes the set of eligible impulse vectors.?
We then apply (4) and (5) to generate state-dependent impulse responses and
test them against the restriction matrix R. Any ag, that satisfies the restric-
tions on y.y; is stored. Multiple iterations over a single set of sampled model
parameters yields Ag, (B,Y, R).* The algorithm generates multiple draws from
the posterior joint density for the model parameters; convergence of the model
parameters is equivalent to convergence of the space containing the impulse
vectors.

We then calculate the historical incidence of the monetary shocks for the
sample period. The amount v; of the shock e, attributable to the identi-
fied monetary shock ag,. Since the distributions for the monetary shocks,
As, (B, 3, R), are state-dependent, we construct the following state-dependent

model of the shocks:

&t = a?wa,h (6)

3We draw o from the relevant portion of the unit sphere but the rotation into the space
that defines the impulse vector changes when the state changes.

10ur characterization of the impulse vector space is slightly different from Uhlig (2001).
He implicitly assumes that the sign restrictions on the impulse response functions hold out
to horizon ! and he characterizes the space as A(B,X,l). Since we will impose long run
restrictions, it is beneficial to denote the impulse vector space as dependent on a restriction
matrix R.



N
where a = |: ag,—1 Q8g,—2 ] , St = =t and Ig,—; = 1if S, =4i. We will

Is,—2
adopt the assumption that the shocks are uncorrelated and effect-orthogonal.
The scalar multipliers v, ; = ’e; can be calculated by realizing that the vector
b’ is the normalized eigenvector associated with the zero eigenvalue of ¥ —
/

a;a;.

;- The vector of states §T is generated previously from the estimation of

the reduced form VAR.

4 Empirical Results

The data used in the VAR are the federal funds rate (FFR), the one year
Treasury rate (10YR), the composite index of coincident indicators (CII) and
the change in the personal consumption expenditure price chain index (PCE)
from 1959:01 to 2001:06. Data are taken from the Federal Reserve Board (FFR
and 1YR), the Conference Board (CII), and the Bureau of Economic Analysis
(PCE). We specify flat priors (see appendix) for the conditional distributions
governing the selection of the model parameters.

We estimate the two-state Markov process governing the model (2) and gen-
erate the distributions for the monetary policy shocks implied by the restriction
matrix R shown in Table 1.° The identification scheme puts no restriction
on output at any horizon but requires the federal funds rate to increase and
the inflation rate to decrease immediately following the contractionary shock.
We assume the expansionary shock is the exact negative of the contractionary
shock. The algorithm generating the joint distribution p(B,~c7 5, Srlgr) is run

5000 times, discarding the first 3000 iterations.

5 A three state version of the model was estimated but the posterior probabilities of a third
stae in any period was negligible. Sims (2001) and Sims and Zha (2002) argue that more
than two states are required to achieve fit in their models. These models, however, restrict
switching to the policy rule only.



4.1 Responses to the Monetary Policy Shock

For each of the 2000 saved iterations, 2000 policy shock candidates are drawn.
Conditional on S; = {1,2} and the combination of B and i, a candidate shock
as, is drawn and saved if it satisfies the restriction matrix R. The distributions
for the monetary policy shock ag, for each S; are given in Table 2.

The primitive VAR monetary shock, the component of v, associated with
the policy instrument, is an innovation to the federal funds rate. Here, the
impulse vector includes the contemporaneous response to non-policy variables
into the reduced-form shock. The impulse vector has a non-zero impact effect
for non-policy variables. For example, we constrain inflation to be non-positive

six periods subsequent to a contractionary monetary innovation.’

Figure 1 about here

Figure 1 shows the response of the identified monetary shock for the State 1
out to 60 months. The impact of the contractionary shock on the federal funds
rate is reversed after about twenty-four months. In this case, the policy reversal
is smooth, a gradual decline in the funds rate from a high of 0.18 percentage
points which occurs after three months. The contemporaneous impact of the
contractionary monetary shock on inflation is temporary drop in the inflation
rate. The decrease in inflation is statistically significant out to 36 months with
the central tendency reaching a minimum value of -0.25 percentage points after
three months.

The response of the one-year interest rate to the monetary shock is transitory.
Here, the one-year rate rises on impact but then gradually decreases back to

nearly the original level after about three years. This might imply that after

6Since we do not include a commodity price, we do not constrain inflation immediately
after a monetary contraction to avoid the price puzzle.



the initial decrease in inflation, inflationary expectations stabilize and the one-
year rate adjusts accordingly. After the initial shock to the funds rate is past,
there is no further impact on inflation and interest rates return to their steady-
state values. The output response in this case is ambiguous. While the mean
response shows a recession out to 60 months, there exist iterations in which the
output response is zero or even poistive at a 60 month horizon. These results
are consistent with other studies of the effects of contractionary monetary policy

on output (Uhlig (1999)).

Figure 2 about here

The response to the identified monetary shock for the State 2 is shown in
Figure 2. The contemporaneous shock to the funds rate is reversed quickly,
beginning almost immediately and is almost fully reversed by twenty months.
One difference between states is that the contemporaneous impact on the funds
rate is much larger here than in the previously discussed state. Omne possible
explanation to this phenomenon is that policy is less credible in this state and
that a larger impulse is required to initiate the same contractionary action on
the inflation rate.

In this state, the contractionary policy lowers inflation in the short run. The
inflation response to the shock in this state is a decline (usually to about -0.4
percentage points) but the effect at 60 months is nearly dissipated. Additionally,
a contractionary monetary shock causes an increase in the one-year interest rate
out to a horizon of 36 months.

Lastly, consider the identified contractionary monetary shock’s effect on out-
put. An examination of the monetary contraction leads one to belive that the
shock produces an ambiguous effect on output. The central tendancy, how-

ever, is strictly positive at all horizons and examination of individual iterations

10



suggests that nearly 70 percent of the iterations produce a long run increase in
output. These results are counter to the textbook treatment of contractionary
monetary policy. We believe that during this state, expectations become un-
coupled with policy objectives; the large contractionary shock can restore ex-
pectations and produce a net gain in output in the long run (see Orphanides
and Williams (2002) for a discussion of how expectations might become uncou-
pled with policy objectives). The extent that these monetary contractions may
be more unanticipated could change their effectiveness. A discussion of the
historical incidence of the states and the phenomena surrounding them appears

in the following subsection.

4.2 State Process

Figure 3 about here

Consider the posterior probabilities for State 2 for each period in Figure 3.
Note the switch in regime occurring in November 1979 and the subsequent switch
back in October 1982. Models that assume a single breakpoint implicitly assume
that the model switches to an absorbing state.” Since we do not assume this
state is absorbing, we are able to distinguish between a transitory policy period
and permanent shift in the underlying response of the economy to innovation
in policy. Our model shows that the Volcker period was, in fact, a temporary
event and the economy is able to resume "normal operation" once the Volcker
period concluded in 1982.%

The regime shift that occurs from September 1973 to March 1975 coincides

"Many of the models that assume an absorbing state are allowing a switch in the Fed’s
reaction function only. Clarida, Gali and Gertler (2000), for example, omit the 1979 to 1982
period and allow a switch in the Fed’s post-1982 reaction to the inflation rate. Hanson (2001)
estimates a structural VAR using pre-1979 and post-1982 samples.

8The model was initially run for three states in order to identify a pre- and post-Volcker
state in addition to the period 1979 to 1982. The filter was unable to detect the existence of
a third state.

11



with the NBER recession around the January, 1974 oil shock and the shift oc-
curring during 1969-70 is associated with the oil price shock of March, 1969.
It is important to note that all NBER identified recessions do not switch the
economic state; in fact, most of the NBER identified recessions do not appear
to affect the model state at all. This implies that the states are not picking
up (model-forecastable) business cycles. In this paper, the state switches are
changes in both the policy rule (the response of the federal funds rate to lagged
variables) and the response of the economy to monetary policy. Not all re-
cessions are a result of a switch in regime (i.e., not all change the economy’s
response to monetary policy); some are just part of the business cycle dynamic
embedded in the State 1 VAR. When the economy experiences a technology or
supply shock of great enough magnitude, there is a change in the response to
policy (and in the response of policy) that forces the switch in the underlying
state. The resulting state is correlated with periods of rising inflation (the
result of accommodative policy as a response to the supply shock) and falling
output.

Two important elements of the identified State 2 are its duration and the
economic conditions that underlie its existence. First, this state is short-lived,
indicating that the economy is relatively resilient and rapidly reverts back to
State 1. Second, the state appears to be associated with recessions that involve
a greater than $100 billion fall in GDP (in 1996 dollars) and with periods in
which there is falling output and rising inflation. These periods seem to be
correlated with oil price shocks identified by Hamilton (1983, 2001) and Hoover
and Perez (1994). During these periods, the economy’s response to monetary
stimulus and the nature of the innovations themselves change. We contend that
the State 1 of the model is usually sufficient to explain both the endogenous

and exogenous components of monetary policy. However, when the economy

12



experiences inflationary recessions, it is necessary to impose a second state of

the world, S; = 2.

Figure 4 about here

Figure 4 shows the estimated incidence, v¢, of the monetary innovation and
the state of the economy over the sample. The interpretation of the incidence
is the magnitude of the primitive shock to the policy variable in the economic
model (1). When the economy switches to State 2, the innovation becomes
more volatile. The responsiveness of the funds rate to non-policy variables,
especially inflation, increases dramatically. Also, the funds rate component of

the identified monetary innovation is larger in State 1.7

5 Implications for Policy

The preceding analysis has the following implication for policy: The effect of
an innovation in monetary policy is dependent on the state of the economy.
The state of the economy can change such that the resulting economic response
was different than might would be anticipated if we assume there were no state
change. Since the state change alters both the impact effect and resulting re-
sponse to a monetary shock, a policymaker operating under the previous regime
would not forecast the same response from the economy to an equivalent con-
tractionary shock. While these switches are infrequent, the magnitude of the
change to the economy can be great. In addition, the switches tend to occur

when the monetary policy may be useful as a stabilization device.

Figure 5 about here (Entire Sample)

9Recall that the initial impulse a is normalized but the resulting @ is defined by a state-
dependent rotation.
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To assess the model’s implication for policy, consider some thought exper-
iments in which the policymaker attempts to forecast the effect of a surprise
monetary intervention. First, consider the case in which the forecaster believes
the world is governed by the reduced-form VAR estimated over the entire sam-
ple, 1959:01 to 2001:06. Table 4 gives the identified monetary shock estimated
for a single state model over the entire sample and Figure 5 shows the impulse
responses. We will call this alternative Model A.

The Model A shock and response is qualitatively similar to the base state in
the MSVAR for the two interest rates. The shock to the funds rate is reversed
after about twenty months and overshoots, showing a persistent decrease even
after 60 months. The contemporaneous impact of the contraction is to lower
inflation and, perhaps through inflation expectations, the one-year interest rate.
This response is qualitatively similar to that of State 1 in the Markov-switching
model but the magnitude of the long-run impact of the contractionary shock
is smaller. The output response to the contractionary shock, however, is also
similar to State 1. In both cases, the monetary contraction causes output to
rise in the very short run. This is caused by the contemporaneous impact of
the shock. Output falls, though, after approximately six months, a lag similar
to the anecdotal monetary policy lag. The long-run output response to the
shock is a permanent (although insignificant) reduction in output. While these
responses are qualitiatively consistent with State 1 of the MSVAR, they are

dramatically different from State 2.

Figure 6 about here (Post-79 Sample)

Next, consider an economy that has permanently switched after Volcker
took office in 1979. Figure 6 shows the impulse responses to the monetary

contraction for the VAR estimated with post-1979 data. Again, we find a rapid

14



policy reversal-the funds rate overshoots and falls below its original level. The
shock is completely removed from the funds rate after about 40 months. Similar
to the impact of the shock in the other cases, a contraction permanently lowers
inflation and temporarily lowers the one year rate via inflation expectations.
However, in this case, the output response is positive. The contemporaneous
impact dominates the effect of the rise in the funds rate, perhaps because there is
a rapid reversal in the policy instrument, and there is no cost to the disinflation.

Finally, suppose that the economy experiences a state switch but that the
forecaster assumes that the switch post-1982 was permanent. She would surmise
the effect of a contraction would be to cause a permanent reduction in output.
Price stabilization might become a secondary objective to stabilizing output by
accommodating the oil shock with a monetary injection. Figure 1 shows that
this may be a mistake—increasing the funds rate in this state can be a stabilizing
force in the long run. An adverse shock that raises prices and lowers output
can be essentially undone by undertaking a price stabilization policy. The
alternative, attempting to accommodate the shock by focusing on stabilizing

output only, may lead to further inflation and a longer path to recovery.

6 Transition Dynamics

The above experiments indicate the differences in the contemporaneous and
subsequent responses to monetary policy shocks. This section explores the
transition between the two states. In particular, we are interested in the effect
of a state change on the paths of both output and inflation in the absence of
monetary innovations. It is important to keep in mind that these experiments
are not conducted in a mentary vaccuum. Indeed, the change in states reflects
a change in the policy rule. Thus, the policymaker continues to react to the

economic environment. We are simply abstracting from the surprise innovations

15



to policy that are a component of ;. In this light, we conduct the following
two experiments:

Set y; equal to the historical values for the four periods preceding beginning
of the Volcker disinflation, November, 1979. We then impose State 2 and allow
yr to transition through 3;,. The system remains in State 2 for 24 periods,
roughly the average duration of a State 2 episode. After 24 periods, the system
switches to State 1. This experiment (henceforth experiment A) is concluded
after 48 periods. We compare this to an economy that begins with the same
initial conditions. Instead of imposing State 2, the system remains in State
1 for all 48 periods (henceforth experiment B). The two tranistion paths are

shown in figure 7.

Figure 7 about here

Surprisingly, the implied path absent monetary innovations for experiment
A results in a lower inflation rate and a shallower recession than experiment B.
This does not imply that State 2 is "better" because it sacrafices less output in
order to lower inflation. Since this state is associated with a generally higher
inflation rate to begin with, results suggest that lowering inflation in a high (at
least by U.S. standards) inflation state may not be as costly as measured by full
sample VARs. Additionally, the cost of disinflating at relatively low levels of

inflation may be more costly than anticipated.

Figure 8 about here

Finally, Figure 8 compares the actual path of the four economic variables to
the path implied by experiment A. Specifically, note the two actual increases in

the federal funds rate. These two contractionary monetary shocks are associated

16



with an increase in output and a decrease in mean inflation. While switching
to the State 2 can alter the implied output and inflation paths, the monetary
shocks lower the inflation rate further, without a tradeoff in output. This adds
further confirmation that disinflationary policy during moderate inflations can
be stabilizing in the short run as well as the long run. The policymaker’s
restoration of credibility, in this case, can be sufficient to outweigh the effect of

contraction on output.

7 Conclusion

Two of the fundamental questions underlying the analysis of a structural VAR
are what is a monetary shock and what effects does it generate? Most structural
VAR models define restrictions on the covariance matrix, essentially specifying
the answer to the first question, to answer the second. We take as given the
effect of a contractionary policy shock on inflation and the policy instrument to
verify both the effects on other variables and to answer the question: what is a
monetary shock? We find that the contemporaneous effect of and subsequent
response to the shock can differ across regimes. The output response to the
contractionary shock is different in different regimes: positive when the economy
is in one state and persistently negative when the economy is in normal times.

We also find that evidence that the shift in the underlying structural process
governing the VAR is not a single breakpoint process as assumed by much of the
literature. 'We show that the so-called Volcker break at the end of 1979 is not
an absorbing state—i.e., that the process reverts back after a number of periods.
The estimated coefficient matrix for the Volcker subperiod can dominate post-
1979 and simulate the presence of a single structural break with an absorbing
state. We conclude that forecasting the effect of policy under the assumption

of an absorbing mistake can lead to drastically different conclusions about the

17



impact of a proposed policy.

While it is clear that addressing models with predetermined structural breaks
can be misleading, further study of the timing and especially the forecasting
of switches in the underlying process are necessary. Long run restrictions,
perhaps in the form of specifying restrictions on the long-run impact matrix of
a Markov-switching VECM, could provide additional insight (Sarno, Thornton
and Valente (2002) and Francis and Owyang (2002)).

8 Appendix: Estimation via Gibbs sampling
The algorithm can be summarized by the following process:

e Given a S7 and Y1, generate Bk and ¥ from the conditional distribution

p(Bka i‘gTa ST)

e Given a Bk and & and Y1, generate Sy from the conditional distribution

p(gTWTaBM i)

e If the number of iterations exceeds that required to meet a predetermined

convergence criteria:

Draw g, = Aa 2000 times.

Calculate the impulse response to ag,.

Compare to the restriction matrix R. Save if the restrictions are satis-
fied.

Return to step 1.

e If the number of iterations does not exceed that required to meet a pre-

determined convergence criteria:

Return to step 1.

18



8.1 Parameter Sampling

The objective is to characterize the joint distribution

p(BlmiaST‘gT)? (7)

~ I ~
whaeﬁk::{ﬁgk Sl Ehuwﬁff}72::{zﬂhzﬂﬂ}ST::{Sh:b,m

and 97 = {y1,v2,...,yr} .} Deriving p(B,wiS'T\g]T) directly is not feasible;
instead we will employ the method of Gibbs sampling to generate the poste-
rior distributions p(3y, |1, S1) and p(St|ir, By, ). Iterative sampling from
these posterior distribution is equivalent to sampling from the ergodic distribu-
tion p(By, S, S7|gr).  With this structure, consider the kth order system of

equations (2), stacked in the following manner:

Y =XB +e, (8)
where
/
moognl gl
B_ 1, P25 ) k 7
(2] 2] (2]
1 » 2 RS k
/
Y = |: Yy Y2, - Yr :| ’
/
X = [ Yio1r Yieos o Yig } J
’
X, Xg .., X
X = 1 2 T
51Xy, 82X, .., SrXrp

10For an overview of techniques used to estimate Markov-switching VARs, see Krolzig (1997,
1998).
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and

/
€=1¢e1, €2, .., ET

Then, assuming normality of the coefficient matrix and no contemporane-

ous correlation, candidate parameters’ conditional joint posterior distribution

p(Bk,§]|Z7T7§T) is a Normal-Wishart distribution with priors vo, Ny, Zg, and

Wo. Thus, B , and ¥ can be drawn from a Normal-Wishart distribution with de-

grees of freedom v, precision matrix N, parameter means Z, and and covariance

matrix W defined by

v = f + vg,
N = No+ X'X,
Z = N-! (NOZO +X'X2) ,
W=+ Lsil (2 - ZO)/NON*X’X (2 _ Zo) :
14 14 14

where T is the number of periods in the state, Z = (X'X) ' X'Y and 3 =
N/ N
(Y-x2) (v -x2).

8.2 State Sampling

The distribution f (S’T\QT, Ek, i) can be generated by first determining the con-
ditional likelihood for S; at each ¢. Recall that, conditional on yr, Bk and i
(2) is linear in Sp.  Given p(So|7o), a prior probability for the initial state,
Hamilton’s (1989, 1990) filter generates the conditional density p(St |71, By, 2)-
Then, following Carter and Kohn (1994) and Kim and Nelson (1998, 1999), the
density p(Sz|jz, By, S) is obtained from

T—1

p(Srlir, B X) = p(Stlir, B, S) [ p(Silir, B, S5 Sevr). (10)
t=1

20



Each density p(St|§T,Bk, i, St+1) is generated from a filtering algorithm and

Bayes’ Law:

p(St+1Yt, St Bky i)P(St@t, Bky i)

p(St‘gT7Bkvivst+l) - = =
P(Set1(9t, B, B)

_ P(Se11S)p(Selie, By, D)
;p(st-i-l |§t, St, B, EP(St@t, B Z)

_ P(Se11]S0)p(Se|Fe, Bror %)
SZP(StH 1S )P(Ze|y, By, X)

(1)

where p(Si41|S:) is the transition probability and the filter determines the den-
sity p(St|yt, B,w f)) The final two inequalities arise from the Markov property
of S;: in determining the density for S;1, the only relevant information in the
available set is the previous state S;. The numerator in (11) is calculated from
the Hamilton filter as

= = F@e1, Se, By D)p(SelTi—1, By 2)
St|yt, By, X) = =
P5:lte, B ) FWelve—1, Bk, %)

_ F@elge1, St, B, D)p(Se|Fe—1, Be. )
SZ f(yt|§t717 St7 ﬁkv E)p(st‘gtflv ﬁkv E)

where

P(SelTe—1, By %) = > p(SilSe1)p(Se- 11, B, 2).-

St—1

The density p(St—1|7:—1, B,w f)) is taken from the previous iteration.
The transition matrix II is assumed to have a prior distribution of the form

IT,; ~ B(wsi,uj;) for j # 4, the distribution for the transition probabilities IT;; is
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determined by
IT; = Pr[Sy = i|Si—1 = 1] ~ B(uii + nii, ujs + ngq),

where n;; is the number of periods that S; remained in state 7, and n;; is the
number of periods that S; switched to state j # i after beginning in state 1.
Then the other elements of II can be determined by Il;; = 1 —1II,;.

Estimation of the model (2) amounts to repeated iterations of sequential
draws from the conditional distributions (7) and (10), constituting a Markov
chain. After a sufficient number of iterations, the set of samples drawn from

each conditional distribution, the ergotic distribution of this chain of conditional

densities, is the joint density p(Bk, i, S’T\QT).“

8.3 Priors

Estimation of the system specified above requires priors on the posterior dis-
tribution parameters (9) and the transition matrix governing the states in the
Markov process. We specify flat priors for the parameter priors by choosing
vg =0, Ng =0 and Zy = I;;n=n, and Wy = I,,—,,. This choice of priors makes

the posterior distribution parameters

~

v="T,
N =X'X,
Z = (X'’X)"'X'Y,

w=Ls,
v

which can be used to generate the draws from the sampling algorithm.
The priors for generating the transition matrix probabilities are weighted

toward persistent states. Any values u;; > u;; achieve this prior. We choose the

! For an analysis of the convergence criteria, see Geweke (1992) and Gamerman (1998).
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persistent states prior to maximize the economic interpretation of the posterior
state distribution. States that are highly transitiory (e.g., states lasting only a

few months) leave little room for historical economic interpretation.
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10 Tables

Table 1: Restriction Matrix, R

Variable Restriction Periods

CII nj/a nja
PCE - 6—12
1YR nj/a nj/a
FFR + 1-38
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Table 2: Monetary Shocks

Variable ai as

CII —0.0016 0.1164
(0.1278)  (0.1362)

PCE  —0.8855 —0.2776
(0.4078)  (0.8673)

1YR 0.0976 0.4264
(0.0557) (0.1582)

FFR 0.1195 0.4277
(0.0701) (0.3120)
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Variable

CII
PCE
1YR

FFR

Table 3: Monetary Shocks

ai

—0.0016

(0.1278)

—0.8855

(0.4078)

0.0976
(0.0557)

0.1195
(0.0701)

a2

0.1164
(0.1362)

—0.2776

(0.8673)

0.4264
(0.1582)

0.4277
(0.3120)

30

as9

0.0543
(0.0503)

—0.0448
(0.0169)

—0.1016
(0.0543)

0.2217
(0.0760)

arg

0.0311
(0.0366)

—0.0539
(0.0255)

—0.1073
(0.0571)

0.2639
(0.0659)
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