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Abstract

In view of the increasing use of Dynamic Stochas@General

Equilibrium (DSGE) models in the macroeconomic gotipns and the
policy process, this paper examines, both conctyptaad empirically,

alternative notions of potential output within DSGHEodels.

Furthermore, it provides historical estimates ofeptial output/output
gaps on the basis of selected DSGE models develmpéte European
System of Central Banks’ staff. These estimatescarepared to the
corresponding estimates obtained applying moreitivadl methods.
Finally, the paper assesses the usefulness of 8®EDmodel-based
output gaps for gauging inflationary pressures.

Keywords:potential output, simulation and forecasting models
monetary policy

JEL classification: E32, E37, E52

Santrauka

Dinaminiai stochastiniai bendrosios pusiausvyroSEBB) modeliai —
vis labiau populigjanti centring banky taikoma priemoé
makroekonominj proces prognozavimui ir pinig politikos analizei.
Siame straipsnyje naggjami potencialios gamybos sampratos DSBP
modeliuose ir jos vertinimo taikant Siuos modelikdausimai.
Pateikiami potencialios gamybos ir gamybos atatr jverciai, gauti
taikant Europos Centrinio Banko ir Europos watientrinii bankg
(Cekijos, Vengrijos) sudarytus empirinius DSBP maakliJie lyginami
su atitinkamaigvertiais, nustatytais remiantigrastiniais potencialios
gamybos vertinimo metodais. Straipsnyje taip pajringjama, kiek
DSBP modeliais nustatyti gamybos abiéto jverciai gali bati naudingi
numatant infliacijos kitim.



Non-technical summary

Over recent years, policymaking institutions, imthg the European Central Bank and the
National Central Banks within the European SysténCentral Banks, have given increasing
emphasis to measures of potential output and tlecided output gaps, both in the
macroeconomic projections and in the assessmettteomonetary policy stance. Typically,
these measures rely on the macro-economic produfttitction approach, or relatively simple
statistical filters. More recently, a new approdchestimating potential output has emerged,
which is based on New-Keynesian Dynamic StochaSgmeral Equilibrium (NK DSGE)
models. It allows estimating alternative model-loasetions of potential output encompassing
the level of output obtained under flexible prieesl wages.

Against this background, this paper examines, looticeptually and empirically, alternative
notions of potential output widely used in DSGE risd More specifically, it first defines
three distinctive notions of potential output: eiffint output, natural output, and trend output.
Next, it discusses the main findings of the literaton DSGE-based estimation of potential =
output. It then presents examples of historicahedes of potential output, and the associated=
output gaps, obtained from DSGE models used facyahalysis in a number of central banks, §
compares them with estimates obtained using maditisnal approaches, and discusses§
unconditional correlations between alternative axdi of the output gap and several measures®
of inflation. Finally, it explores whether DSGE nadéhased output gaps are good indicators of =
inflationary pressures by evaluating their inflatifmrecast performance using a reduced-form 2
Phillips-curve framework and by looking at condi@ correlations between inflation and
various model-based indicators of inflationary press.
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The main findings of the paper are as follows:

e The model-consistent notions of efficient and ratwutput are obtained under the
counterfactual assumption of full nominal flexibiland, in the case of efficient output,
of perfect competition. Deviations from the modehsistent output level, i.e. the
output gap, represent economic inefficiencies duéantperfect competition and/or
price-setting frictions. Trend output correspondsrenclosely to estimates obtained
with traditional approaches to filtering permanehanges in output. In this regard the
trend output gap (deviation of actual output freemtl output) measures business-cycle
fluctuations.

luesid ‘| pue eiasd

e Given the conceptual differences across approadssnates of the flexible-price
notions of potential output are expected to be mwotatile and to imply smaller and
less persistent output gaps than the corresporaditigiates based on more traditional
approaches. In terms of policy implications, expliconsideration of market
inefficiencies and nominal rigidities make the mlectensistent notions of potential
output particularly relevant for the design of aml monetary policy aimed at
enhancing welfare and macroeconomic stabilization.

e The comparison of DSGE model-based estimates obtieut gap with traditional
measures reveals that the two approaches may dsigm@ficantly different estimates
of the output gap. Furthermore, like traditionaireates, DSGE model-based estimates
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of potential output are subject to high uncertaiftlis uncertainty reflects, inter alia,
real-time uncertainty, parameter uncertainty, a agecritical assumptions underlying
the identification of the models’ structural shacks

e Concerning the relationship between the output gap inflation, there is no
conclusive evidence yet proving that empirical reates of model-consistent output
gaps derived from larger (and more realistic) DS@&dels are significantly better
indicators of inflationary pressures than tradiibmeasures.

e The effects of the output gap on inflation and sk of the trade-off between output
and inflation stabilization depends on the typesiodcks and other structural features
(such as, e.g. degree of openness) of the anabgsgbmy.

Arguably, there are numerous open issues facech®yDSGE approach to potential output
estimation. However, this does not mean that DS@Heakbased measures of potential output
are useless. Alternative notions of potential ougaun be consistently analysed within a unified
(DSGE) modelling framework. Importantly, it allowe®nsidering notions of potential output

which are highly relevant for designing policiesmad at enhancing welfare and

macroeconomic stabilization. Moreover, the joirtireation of potential output and structural

shocks within a general equilibrium framework alfowonducting a quantitative and coherent
(internally consistent) assessment of inflatiorangssures.

Admittedly, the empirical research on potentialppitestimation using the DSGE approach is
relatively new and the contributions are relativedgarce. Yet looking forward, further
advancement in DSGE modelling is expected to sthemgthe case for using model-consistent
measures of the output gap in policy discussidbsgjtan a cautious way.



Introduction

Over recent years, policymaking institutions, imlthg the European Central Bank (ECB) and
the National Central Banks (NCBs) within the EurapeSystem of Central Banks (ESCB),
have given increasing emphasis to measures of fidtentput and the associated output gaps,
both in the macroeconomic projections and in treesament of the monetary policy stance.
Traditionally, the measures of potential outpuy re@h statistical filters or the estimation of the
economy-wide production function. In the first casiee filters (for example, the Hodrick-
Prescott, Christiano and Fitzgerald and band-gtsessj allow to identify permanent changes
in observed output. The main advantage of the a&mbrois simplicity. One possible
disadvantage is little guidance from economic thefs such, it is difficult, if not impossible,
to provide any structural interpretation to theuless The production function approach takes a &
partial equilibrium perspective and estimates thationship between factors of production and §
the maximum amount of output. The analysis of thetrgbution of each individual factor to —
potential production provides deeper insights thi structural sources of changes in potential%
output. Empirical literature on estimating traditi measures of potential output and the
output gap emphasizes the high degree of uncertaimtounding point estimates of potential :
output stemming from model uncertainty and reakti@visions.

| / SI9POIN 3OS Ul INdinQ [enuslod

A more recent approach to estimating potential wutp based on New-Keynesian Dynamic
Stochastic General Equilibrium (NK DSGE) models.eTépproach builds on three crucial
elements. First, it rests on the advances in thl®rth of optimal monetary policy, that
emphasize the role of model-consistent measurgsihtial output, and the related output
gaps, for properly making monetary policy decisiansl as a source of inflationary pressures.
Second, it is supported by the advances in thenatn of DSGE models, that allow a
quantitative and, owing to the discipline of thengel equilibrium setup, internally consistent
and fully structural interpretation of the dynamimsmacroeconomic variables (in particular
inflation, actual and potential output). Third, tBSGE framework allows using also more
traditional concepts of potential output (not ottg model-consistent concepts) for designing
optimal monetary policy decisions in an internalbnsistent model.

IueSld ‘| PUB BI8SoNY| "H ‘UoSSuop "I\

Against this background, and given the increasisg of DSGE models in policymaking
institutions for projections exercises and polioalgsis, the main objective of the paper is to
examine, both conceptually and empirically, theralative notions of potential output within
DSGE models. In particular, the paper (a) revieassous concepts of potential output applied
in DSGE models; (b) provides estimates of potemtidgput and the associated output gaps on
the basis of selected DSGE models actually usedebyral banks in comparison with more
traditional measures; and (c) assesses the ussfutieghe DSGE model-based output gaps for
gauging inflationary pressures.

The main findings of the paper are largely drawsmfrempirical research on potential output
estimation using the DSGE approach which is, aédiigt relatively new. The contributions
are relatively scarce, and, therefore, prelimindiige paper points to numerous open issues
faced by the DSGE approach to potential outputedion. However, it does not mean that
DSGE model-based measures of potential output sekess. The joint estimation of potential
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output and structural shocks within a general @muiim framework allows conducting a
quantitative and internally consistent assessméninfiation pressures and a normative
evaluation of alternative monetary policies. Furttedvancement in DSGE modelling,
therefore, is expected to gradually strengthencdse for using model-consistent measures of
the output gap in policy discussions.

The rest of the paper is structured as follows. flisé part overviews conceptual issues related
to the definition of potential output within the B& framework. On the basis of model-based
impulse-response analysis it provides illustratiohBow alternative notions of potential output
and the implied output gaps react to various econmhocks. The second part presents
estimates of selected definitions of potential atignd the output gaps in actual DSGE models
used in central banks and makes comparisons wathdtddrick-Prescott filter-based estimates.
In the third part we focus on special issues wihielp to illustrate the usefulness of DSGE-
based potential output estimates in providing Maanformation on future inflationary
developments. In the conclusions we summarize eéfydikdings of the paper.



1. Conceptual issues in the DSGE framework

[enusiod

The current generation of NK DSGE models largests®n a theoretical synthesis that assignso
both “Keynesian” and “Real business cycle” theoredistinct and complementary role in the
analysis of business cycle fluctuations and, heircelefining actual and potential outgut.

Factors stressed in the (flexible-price) real bessncycle theory explain the evolution of
potential output over time. Factors stressed inrk€sian theory are related to delays in the
adjustment of nominal wages and prices that ra@auttansitory deviations of actual output

from potential output. Both theories fall withinetlgeneral equilibrium approach. Differently

from more traditional approaches, where the Keymetlieory explains the short-run dynamics
of the economy while classical theory explainsldmg run, the NK approach emphasizes that —
wages, prices and potential output do change irstioet run and should be taken into accounti
in the analysis of business cycles. Moreover, & MK synthesis, fluctuations in economic
activity are not necessarily desirable and monepanijcy is not irrelevant for stabilization

(keeping output close to the potential level). Beseaof distortions related to the delay in wage o
and price adjustment and associated time-varyiofjtpnark-up fluctuations, the consequences >
of real disturbances can be inefficient, and theigree of inefficiency can be mitigated by the =
response of monetary policy.

/ SI9PO 39S Ut Indin
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1.1. Potential output notions

sony| 'H ‘uossuor

Empirical contributions that exploit the NK thedcet approach to estimating potential output
are several. In line with the seminal paper by Snagid Wouters (2003) on the estimation of g
DSGE models, the contributions exploit Bayesianhmés and a multiple shock approach. In §
Bayesian DSGE models, historical paths for unoleskrstructural shocks are estimated. 2
Consequently, it is possible to derive historicaldel-based estimates of potential output (and'-U_
thereby the output gap), which, importantly, hatractural interpretation. It is also possible to
compare how model estimates of potential outputthadutput gap differ from those obtained
using more conventional approaches.

luesi

This subsection, first, reports the theoreticaindgbns of potential output commonly used in
NK DSGE models. Second, it discusses the mainteestilexisting empirical contributions on
estimating potential output in this class of models

1.1.1. Trend, efficient and natural output
Within a NK DSGE model, three different notionspaftential output can be analysed: trend
output, efficient output, and natural output. Sfeally:

(1) thetrend level of output is equal to the sequence of permiafnit-root) stochastic
technology shocks that characterize the stochhatanced-growth path of the model,

! The synthesis is called “new neoclassical synthiésee Woodford (1999)).

2 Estimates are obtained by using the Kalman filter.

® Trend output could also be equal to determintséind, e.g. in case only stationary structural Ea@re
modelled.
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the corresponding output gap (equal to actual augss trend output) measures the
business cycle component of output; thus, it isalp related to more traditional
measures of the output gap;

(2) the efficientlevel of output is the level that would prevailgibods and labour markets
were perfectly competitive (as such, prices andesagre fully flexible and both
steady-state mark-ups and mark-up shocks are Z&emce, the related gap (equal to
actual output less efficient output) measures ¢tevance of imperfect competition and
nominal rigidities;

(3) thenatural level of output is the level of output that woyligtvail under flexible prices
and wages and imperfectly competitive markets Bfierently from the efficient
output, steady-state mark-up and mark-up shocksiffe¥ent from zero); the related
gap measures only the relevance of nominal rigigliti

The definition of trend output has a long-run digien, as it is affected only by the unit root

technology shocks and ignores fluctuations arotwed($teady-state) trend. It follows from the

assumption of stochastic balanced-growth patheftbdel, which implies that the steady-state
equilibrium level of the model is a stochastic tteAs reported later, its estimates are typically
close to those obtained by using more conventiapgiroaches (for example the Hodrick-

Prescott filter). The efficient and natural leveilsstead, have a business cycle dimension,
related to the structural shocks that push the @ogrtemporarily away from the steady state.
They fluctuate around the balanced growth paththay incorporate not only permanent

shocks, but also transitory ones. In the NK motledsefficient and natural output can deviate
from the actual output because the latter, diffidyeinom the former two, is determined under

the assumption of sticky prices and/or wages.

Furthermore, the relevance of business cycle fatitins makes the definitions of efficient and
natural outputs conceptually different not onlynfréerend output, but also from the measure of
potential output obtained using the more conveatipnoduction-function approach. The latter
rests on choosing a technical relationship (fomgxXa, a Cobb-Douglas production function)
representing the productive capacity of the econaralibrating or estimating key parameters
on the basis of the relevant data, determininglekiel of potential output by means of this
function and modelling the resulting Solow residusing econometric techniques. As such, the
production function-based measure of potential wutp built up from smoothed values of
multifactor productivity and production inputs. Srapproach implies that shocks affecting the
economy at business cycle frequencies have no tamuoeffects on potential output. By
contrast, in the DSGE approach the efficient artdrahoutput levels can undergo swings and,
hence, fluctuate over the business cycle.

As regards differences in efficient and naturabatg, these notions of potential output have a
common business cycle dimension and both are basethe flexible-price assumption,
however, they are not equivalent concepts. Theralattput level does reflect imperfect

“ In NK models characterized only by imperfect cotitims and nominal rigidities, efficient output tise
output associated with the competitive (flexibléep) equilibrium that yields the highest level oélfare
to households (Ramsey equilibrium).



competition in the goods and labour market. By i@sit the efficient output level reflects T
perfect competition. This implies that efficienttput is affected by the same shocks that affect®
natural output, except for (labour and goods) markshocks (see section A in the Appendix & 5
for a model-based illustration of the relationsbgiween the two concepts of potential output).

indinQ e

The concepts of efficient and natural output inglley DSGE models are relevant for the =
conduct of monetary policy (see Blanchard and G2007)). In particular, under some 8
simplifying assumptions (e.qg., flexible wage steg)i the natural output gap is proportional to
the real marginal cost which is the key driver mfiation in the NK Phillips Curve (NKPC). §
Therefore, natural output is relevant for inflatidetermination in DSGE models (see section B &
in the Appendix). From the welfare point of viewgtrelevant output gap (that policymakers £
should stabilize) is instead the difference betwdenactual and the efficient level of output. ;
The relevance of natural and efficient output cptedor a normative assessment of monetary S
policy is discussed in details in the next section.

9

1.1.2. The design of optimal monetary policy

‘NCAIPRIH L A

As said previously, the concepts of efficient ardural output implied by DSGE model are 8
relevant for the optimal conduct of monetary palibgepending on model structure, two casesé
can be distinguished. In the first case, shocksacé that there is a constant distance betweer
natural and efficient output, e.g. in the basic Midel without mark-up shocks. This implies I
that stabilizing the efficient output gap is eqleéve to stabilizing the natural output gap and =
inflation (the so called “divine coincidence”). the second case, efficient and natural outputs%
are no longer proportional because of the presehegogenous mark-up shocks that introduce %
a trade-off between stabilizing inflation and e#iat output. As such, the “divine coincidence”
does not hold anymore. Let's consider each cas@tin

The “divine coincidence”

lUBSId "\ pue

The quantitative difference between natural anigiefit output has crucial implications for the
optimal conduct of monetary policy. In the basic NiKdel the difference is constant, invariant
to shocks and proportional to the level of thedyestate mark-up. It implies that stabilizing the
natural output gap is equivalent to stabilizing #fficient (welfare-relevant) output gaf-his
equivalence is the source of the divine coincidetite stabilization of inflation is equivalent to
stabilization of output gap and it is optimal. Tet gome intuition, let's consider shocks to the
aggregate demand for goods and services and togiiaity.

Expansionary (contractionary) demand shocks tenguth prices up (down) and the output

above (below) its natural and efficient levelstlasactual sticky-price output reacts to a greater
extent than the natural level to the shock. Becau$mth cases the price level and the output
gap are moving in the same direction, an incredseréase) in the monetary policy rate

stabilizes simultaneously the natural output gagh ices. Moreover, because of the constant
proportionality between natural and efficient outgap, the monetary policy is able to stabilize

the efficient output gap as well.

® In the basic NK model, given non-zero steady-staaek-ups, monetary policy stabilizes (or closés) t
efficient output gap only up to a constant, whitegrder to stabilize inflation, monetary polidgakilizes
the natural output gap at the zero level (see itlmdq2003)).

11
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A similar reasoning holds for shocks to productivif positive shock to productivity puts
downward pressure on prices, as the shock wouktiatflexible-price) natural and efficient
output levels more than (sticky-price) actual otitfhence, the output gap is negative). In this
case, the optimal policy is expansionary, allowdmgincrease in actual output equal to that of
natural and efficient output levels. The expansignmlicy, by closing the output gap, would
also counter-balance the decrease in inflatiorpilstimg not only prices but also output at
potential.

The above examples show that the monetary polinystabilize inflation by stabilizing actual
output at the natural level (in other terms, bystig the natural output gap) and that it is
optimal to do so (as the efficient output gap asel as well).

Trade-offs between inflation and output stabiliaati

Although the simplest sticky-price models imply ttrsabilizing sticky-price inflation and
economic activity are two sides of the same cdie, iresence of inefficient shocks or other
(real) frictions besides sticky prices can genetetde-offs between stabilizing inflation and
stabilizing the efficient output gap, consistenthanore standard perceptions by central banks.
To get such trade-off, it is necessary to allowifistances in which the difference between the
natural output gap and the efficient output gapnd¢ constant. In this case the “divine
coincidence” would not hold and completely stamlizsticky-price inflation would not imply
stabilizing output around its efficient rate, irdting a trade-off for the optimal monetary
policy.

For example, a temporary (inefficient) increasdahie monopoly power that raises mark-ups
would exert upward pressure on prices, by reduttisghatural level of output. Differently from
a negative technology shock, it would not simultarsty reduce the efficient level of output.
As such, the distance between natural and effigatgut would change, generating a trade-off
between stabilizing inflation (by lowering actualtput at the new natural level, below the
efficient one) and stabilizing output at the e#iai level (by allowing for an increase in the
price level)®

In Section 1.2.3 empirical evidence suggests timtrade-off between inflation and output gap
stabilization may depend upon the type of potentialtput concept used in policy
considerations.

1.1.3. Conditional vs. unconditional potential output

Another relevant distinction in the DSGE literature potential output is due to alternative
treatment of the initial state of economy. Thedatis represented by the value of the
predetermined (state) variables (such as, for elgmpysical capital) at the beginning of the
considered time period. In this regard, one carningisish betweenconditional and
unconditionalnotions of potential output.

® Alternatively, some contributions introduce thade-off by inserting additional real imperfectians
the NK model, such as real wage rigidities (reaj@grespond sluggishly to labour market conditiass,

a result of some imperfection or friction in labaunarkets). Similarly to the case of introducing kaap
shocks, real wage rigidities imply that the gapaeetin natural and efficient output is no longer tants
and is affected by shocks (see, for example, Blamthnd Gali (2007)). In this paper we consider the
case of the trade-off introduced through mark-upc&h only.



Woodford (2003) argues that in the case of the igdel with physical capital the natural
output level is the equilibrium output under (catrand expected future) flexible prices which
depends not only upon current and expected futwogenous disturbances, but also on the
current stock of capital in the sticky-price ecoyorAs such, this conditional (on sticky-price
capital) notion of natural output is a functionpafst monetary policy decisions.

Alternatively, Neiss and Nelson (2003) define ttzunal rate of output as the unconditional
equilibrium output that would hold if prices weretronly currently flexible and expected

always to be flexible in the future, but also hadays been flexible in the past, so that what
matters for the computation is not the capital lstivat actually exists, but the one that would
exist if prices had been flexible, given the achiatory of exogenous disturbances.

According to Woodford, the conditional definitioti jpotential output is more connected with
equilibrium determination in the actual sticky-grieconomy, as it is the actual (sticky-price)
capital stock and its effects on the economy’s potidn capacity that are relevant for
appropriately defining the natural and efficienvdk of activity and, hence, design of the
optimal of monetary policy.

N SHIPSIH "L “AOISA ' / SISPOIN FOSA Ul IndinQ [enusiod

According to Neiss and Nelson, conditioning on #wtual capital stock in defining potential
output, as suggested by Woodford, can lead to spewiliar policy prescriptions, if the 8
monetary policy reaction function is characteribgdccasional unavoidable mistakes that cang
be corrected only in later periods. Neiss and Nelsunsider, for example, a monetary policy §
mistake in the last period, that reduces the dapttack today and, hence, potential output I
today. The last period’s mistake does not operctmglitional output gap, as by definition in =
the current period the stock of capital is the sdoreboth the actual and the conditional &
potential output. Therefore there is no need adframensating policy response today (to correct &
last period’s mistake). Instead, the last periadistake does create the unconditional output%
gap, as, by definition, in the current period theck of capital for producing actual output is =
affected by monetary policy while the stock of ¢alpior producing the unconditional potential §
output is not. In this case last period’s mistaleates an unconditional output gap and justifies S
a monetary policy easing today which aims at cdimgehe past mistake.

<]

1.2. Estimates of potential output

The empirical literature on DSGE model-based ed@maf potential output is scarce and the
reported findings are still preliminary reflectitige fact that the literature is relatively new.
Moreover, there are remaining issues regarding rdfristness of the flexible-price gap
estimates with respect to alternative model strestushock identification schemes and data
revisions.

1.2.1. Comparison of historical estimates

A large part of the literature compares historiestimates of potential output and the implied
output gaps, derived using DSGE models, with m@ditional measures.

There is evidence that estimates of efficient oughare some features with conventional
measures of potential output. For example, Jusiiniand Primiceri (2008) estimate a NK
DSGE model using the US data and find that thednditional) efficient output is similar to
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the Hodrick-Prescott (HP) filtered output or thenGressional Budget Office estimate. The
reason is that the estimated efficient output Wa$ved quite smoothly in the post-war period.
Sala et al. (2010), using a specification of thaletsimilar to Smets and Wouters (2007) and
Justiniano and Primiceri (2008), produce time pdthisthe US efficient output that follow
actual output in booms and recessions, but terslap closer to the long-run trend. As such,
these measures are similar to measures obtainegl msire conventional statistical techniques.
In particular, the conditional efficient output lfmlvs actual output more closely than does the
unconditional measure. Moreover, the unconditiomalsure is also more volatile than the
conditional measure and actual output.

Other contributions report that there can be sicguitt differences between the flexible-price

output and more traditional potential output estamaFor example, using an estimated small
open-economy DSGE model for Sweden, Adolfson g2808) find that the estimated model-

based (stochastic) trend output level resemblekiEhélter-based estimates of potential output,
while the conditional and unconditional efficienttput are quite different. It is reported that in

some periods the flexible-price output gaps careldifferent sign than the HP output gap and
the trend output gap.

Justiniano and Primiceri (2008) also provide est®af natural output for the US economy
which is found to be extremely volatile and hendéecent from conventional measures of
potential output. They find that the differenceviiatility between natural and efficient output
is almost exclusively due to the high variabilityweage mark-ups shocks. The intuition they
provide is the following. A positive wage mark-uiposk represents a negative shift of labour
supply. When wages are sticky, the labour supphedale is relatively flat. Hence, the drop in
equilibrium hours and output can be moderate. G@ndther hand, with flexible wages the
labour supply curve is substantially steeper. Heagmsitive mark-up shock produces a severe
contraction in economic activity; as a result, trigtal estimates of natural output are reported
to be very volatile.

In an estimated two-sector DSGE model of the USietty, Edge et al. (2008) find that the
model's estimated path of the unconditional natunaiput gap and other more traditional
production function based estimates, such as thased on the FRB/US model, widen around
NBER recession dates. Nonetheless, Edge et al8) 0@l that there are sharp differences
between the FRB/US and DSGE model generated ougpps which partially reflect
differences in the economic concept captured byt series. The DSGE model’s natural
output gap is a driver of inflation, which impliéisat the path of inflation has an important
bearing on the resulting output gap path. In tlgeintribution, two instances illustrating this
dependence are the early 1990s, when inflationiraeed to decline even though a slow
recovery was underway and the late 1990s, wheatiofl remained contained despite very
strong economic growth. These episodes are reflectethe DSGE model’'s output gap
estimate, as this gap remains negative in the é889s and for much of the late 1990s.

Finally, Coenen et al. (2009), using an estimatesion of the New Area Wide Model, find
that euro area unconditional natural output iseguiblatile. The relatively high variability is
due to both wage and price mark-up shocks. Focusing flexible-price notion of potential
output which is not affected by mark up shocksy tslgow, that, compared to traditional output
gap measures, estimates of the euro area flexilde-putput gap feature larger short-run



volatility and, at times, display divergent tendesc This seems largely caused by the
influence of transitory technology shocks on tleifhle-price output.

1.2.2. Robustness of DSGE model-based estimates

The historical estimates of efficient and naturatpot depend on the interpretation of the
estimated shock. Justiniano and Primiceri (200&)wslhat high variable mark-up shocks
favour smooth estimates of efficient output andexely volatile estimates of natural output.
However, Justiniano and Primiceri also argue thatkrup shocks do not have a clear structural
interpretation’. When re-estimated with measurement errors in @icewage inflation instead
of price and wage mark-up shock, the model produzebetter fit and the estimated
measurement errors are similar to the mark-up shotkey find that under this alternative
interpretation efficient and natural output moves#o-one (the natural output becomes less
volatile).

AOJIBA °| / SIBPON 3OS Ul INdinQO enusjod

Furthermore, Sala et al. (2010) emphasise thatpir@ttion of the shock in the wage equation
as a wage mark-up shock or labour (leisure) pretereshock does have important implications
for the estimation of the model-consistent potémtigput and hence monetary policy. As wage
mark-up shocks do not affect the efficient allomatithey are “inefficient” shocks that drive

output away from the efficient level and therefer®uld be counteracted by monetary policy.
Labour supply shocks, on the other hand, are shimckgseferences which are efficient shocks -
that affect efficient output and therefore shouddazcommodated by monetary policy. These:
shocks shift the wedge between the marginal prodfidabour and the marginal rate of

substitution between consumption and leisure. Hewewn the benchmark model (e.g. Smets
and Wouters (2005, 2007)) the wage mark-up shockservationally equivalent to shocks to
the preference for leisure.
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Sala et al. (2010) provide evidence showing thfitieft output is more volatile when the
shock is interpreted as a labour supply shock.Hemuantitative side, the measure of efficient £
output that is conditional on the current stateialdes is sometimes up to twice as large as
actual output. The output gap is therefore compglaleminated by movements in efficient
output. Hence the uncertainty on the source otdltions in the labour wedge leads to great
uncertainty about the potential level of outpute tbutput gap, and therefore about the
appropriate design of monetary polfty.

1.2.3. Monetary policy design in empirical models

Some contributions consider alternative measuregoténtial output and the output gap for
appropriately designing optimal monetary policyr lexample, using an estimated medium-
scale DSGE model of the Swedish economy Adolfsomle(2008) computes the optimal
monetary policy as the policy that minimizes areitemporal loss functiGn(equal to a

" A similar criticism of wage mark-up shocks canfyend in Chari et al. (2008).

8 More recently, Gali et al. (2010) introduces tléion of unemployment into the model and uses the
unemployment data in model estimation in an atteitmptentify the labour supply and wage mark-up
shocks.

® They choose a quadratic period loss function doatesponds to flexible inflation targeting and the
Riksbank’s monetary-policy objective. The functienthe weighted sum of three terms: the squared
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discounted sum of expected future period lossedguthree alternative concepts of output
gaps in the loss function: (1) the trend output,degsed on the trend (potential) output level
growing stochastically because of the unit-rootsstic technology shock in the model; (2)
the unconditional output gap, based on unconditiefiiient output; (3) the conditional output
gap, based on conditional efficient output. Theharg compare optimal monetary policy
projections for different output gaps in the logsidtion and contrast these with projections
under the estimated instrument rule. They find tha optimal (loss function-based)
projections for inflation, output, and the instrumeate differ substantially, depending on
whether it is the flexible-price or trend output ghpt enters the loss function. Moreover the
monetary policy implied by the optimal policy istradways tighter than the policy implied by
the simple instrument rule. In fact, the relatiegke of tightness depends upon the initial state
of the economy.

In a follow-up paper, Adolfson et al. (2009) use #ame estimated model to study the trade-off
between stabilizing CPI inflation and alternativefiditions of the output gap. They find that
the policy trade-off is more favourable for the anditional and conditional output gap than for
the commonly used trend output dapn the latter case, the variance trade-offs betwe
inflation and the trend output gap is predominadtliyen by the domestic technology shocks,
as the stationary technology shock affects actugdut but not trend output. Even if the shock
is efficient (it lowers inflation pressures, naiusad efficient output gaps), trend productivity is
not affected and the related output gap therefomeases creating a trade-off between
stabilizing inflation and the trend output gap. $habandoning the trend output gap for either
conditional or unconditional flexible-price outpgéap may be associated with lower inflation
variability.

Gali (2010) uses a standard NK DSGE model calidrédethe US economy to analyze the

implications for welfare of the output gap (definad the difference between actual and
efficient output level) and its fluctuations, byngputing a measure of the associated utility
losses and analyzing its changes over time. Hes findt average welfare losses resulting from
output gap fluctuations are small, while variatiamshe size of those losses over the cycle are
shown to be substantial, with the losses expertédoeing recessions are not negligible.

1.2.4. The output gaps as predictors of inflation

In the basic NK DSGE model the natural output gapam indicator of building inflation
pressures. It is proportional to real marginal agbich directly affects inflation through the
NKPC. This implies that empirical estimates of rearginal cost (which is not directly
observable) can be used to assess inflation ewoluim particular, according to the theoretical
restrictions the appropriate observable variabkhéslabour income share. Conditional on this
theoretically-consistent measure of real marginat,cseveral contributions estimate the NKPC
using a Generalized Method of Moment approach.

quarterly change in the Riksbank’s instrument (#te repo rate); the squared inflation gap betwken
quarter CPI inflation and the inflation target; sguared output gap between output and potentiplibu
1% The trade-off remains significant in case of ctindal and unconditional output gap used in the los
function because of the presence of mark-up shocks.



Results suggest that the marginal cost-based veoithe NKPC can provide a reasonable fit D
of post-war inflation in the US (Sbordone (20023liGnd Gertler (1999)) and in the euro area §
(Gali et al. (2001)). When the NKPC is estimatedaimnvay consistent with the underlying 5
theory it appears to fit the data much better thdxad been concluded by the earlier literature ©
that instead estimated the NKPC using conventiomsures of the output gap. The reason, a§
emphasized by Fuhrer and Moore (1995), is the faiM@oking nature of the NKPC, which g
implies that inflation should lead the output gagrothe cycle, in the sense that a rise (decline)(?)
in current inflation should signal a subsequent fdecline) in the output gap. This can be En)

shown by looking at the NKPC (see section B inApeendix for details): =

o
(1) m=fmeat (k) Ve - Yoo 2
Its forward solution shows that current periodatifin is the discounted sum of future expected z
output gaps: 2

2
@ 7= B Ve Yores) - a
Thus, an increase in current inflation should digoture increases in the output gap or, in %
other terms, inflation should lead the output gaprdhe business cycle. Yet, when the output =
gap is estimated by using some conventional measue-trended log GDP, exactly the 8
opposite pattern can be found in the data (theentiroutput gap co-moves positively with 2

[72]
future inflation and negatively with lagged infiai). =
Overall, two points are worth stressing. First, tbmpirical research hasn't delivered T
satisfactory results yet. With quarterly data, st aften difficult to detect a statistically £
significant short-run effect of real activity onflation using the theory-consistent structural §

relationship while at the same time measuring aetivity by the output gap defined in terms of 2
. . . >
conventional de-trended output. Second, in recerarsy the basic NK model has been 2

augmented with a number of real and nominal figtiin order to better match the data (seei
Smets and Wouters (2003, 2007), Christiano, Eichemband Evans (2005), Adolfson et al. @
3.

(2008)). Some key frictions that have been includedmonopolistic competition in the labour
market, wage stickiness, investment adjustmentscastl habit formation. These frictions
imply that the real wage rate no longer equals rtieginal rate of substitution between
consumption and leisure. As such, the equality betwthe real marginal cost and the flexible-
price output gap is broken. The relationship betwieflation and the flexible-price output gap
is therefore generally quite complicated and wélpend on the frictions, the type of shock that
hit the economy and the conduct of policy. To went inflation is related to the flexible-
price output gap in models with more frictions amcks is a quantitative question. This point
will be further illustrated in section 3.

1.3. Impulse-response analysis

To gain further insight about sources of possibiteeiginces in dynamics between alternative
notions of potential output and the implied outgaps in what follows we present responses of
the selected output measures to structural econshticks identified in an estimated DSGE
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model. As a benchmark modeive utilise a closed-economy version of the NewaAVéide
Model® (NAWM) which we estimate over 1985q1-2009q4 fae thuro area data: growth in
real GDP, growth in real private consumption, gioiwt real investment, level of employment,
growth in nominal compensation per employee, growticDP deflator, nominal short-term
interest rate. In terms of specification, the modekely resembles the Smets and Wouters
(2007) model.

Similar to Christoffel et al. (2008), the steadststparameters of the model are calibrated prior
to estimation and a balanced growth path is impoBedthermore, the estimated monetary
policy rule is specified in terms of (changes im¢ trend output gap rather than the flexible—
price measure of the output gap. Altogether eigiatctural shocks are considered: a permanent
technology shock, a transitory technology shockinaestment-specific technology shock, an
external risk premium shock, an autonomous (goventjrexpenditure shock, a price mark-up
shock, a wage mark-up shock, and an interest fabeks Most shocks are modelled as
autoregressive processes of order one, excephdéanterest rate shock which follows a white
noise process and the permanent technology shoick iidilows a unit root process.

Responses of the following alternative notions afdei-based potential output are discussed
below: trend output, unconditional flexible-pricatput and conditional flexible-price outptt
Given the difficulties in the identification of miaup shocks, discussed above, in this section
and in the empirical part of the paper (sectiomm@ 3) we do not consider the natural output.
Instead, similar to Smets and Wouters (2003), wayaghe flexible-price notion of output
which is driven only by efficient shocks, i.e. waged price mark-up shocks do not affect
potential output. This is, however, not the effiti®@utput as in section 1.1.1 either since the
flexible-price outputs are computed assuming pasiiteady-state mark-ups (as in the actual
economy). More specifically:

e Trend outputessentially represents a stochastic trend whicttagts a deterministic
component given by constant growth in the laboutdand labour productivity and a
stochastic component represented by a unit-rootckshm labour productivity
(permanent technology shock). The latter impligeamanent shift in the level of trend
output. Thetrend output gapthus, measures the percentage deviation of actiput
from trend output. A notion of stochastic trendpuitmay also be viewed as a level of
output obtained in the environment of no real omimal rigidities and in the absence
of all shocks except for shocks to labour prodifgtivirend output most closely
resembles the traditional approach to measuringnpial output as a persistent, smooth

1 Actual DSGE models used at central banks may teefiam the benchmark model applied in this
section due to various modelling extensions, howegiven that the core of these models typically
closely corresponds to the Smets and Wouters mdulimpulse-response results obtained using the
benchmark model should be also useful for undedstgndynamics of model-consistent output and
output gaps in larger models. Still, the findingaymeflect model-specific as well as estimation [siam
specific results and, therefore, need to be takémaaution.

2 For a full description of an open-economy versiminthe model see Christoffel et al. (2008).
Estimation and simulation of a closed-economy wersif the NAWM was carried out usigADA (Yet
Another Dsge Application). YADA is a Matlab prograsleveloped and maintained by Anders Warne
(ECB) (see Warne (2010) for details on the softjvare

13 Similar to Smets and Wouters (2007), in estimatimg flexible-price output the model is expanded
with a flexible-price version of the model.



process. In this regard, it is a useful benchmagrest which flexible-price measures T
of output can be compared within one (DSGE) model. T
¢ Unconditional flexible-price outputenotes the level of output under the assumption o%
flexible prices and wages and absence of shockisetanark-ups. It assumes that the =
flexible-price economy has always featured flexibieges and prices but was subject =
to the same shocks as the actual economy. The ditiomal potential output gap, thus, é

will not be affected by variation in wage and prinark-ups and as well as interest rate %
shocks. Theinconditional flexible-price output gapeasures the percentage deviation ™
of actual output from the unconditional flexiblaga output.

¢ Conditional flexible-price outputlso denotes the level of output under the assampt
of flexible prices and wages and absence of shtuckise mark-ups. However, it takes
the pre-determined variables as given and assunasptices and wages suddenly
become flexible in the current period and are etqubto remain flexible in the future.
Thus, while only a subset of shocks has a directetnporaneous impact on the
unconditional flexible-price output, all structurshocks may affect the conditional
flexible-price output through their impact on statiables. Theconditional flexible-
price output gapmeasures the percentage deviation of actual oulfmum the
conditional flexible-price output.
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Figures 1.1-1.3 display impulse-responses of altamm measures of potential output and the S
implied output gaps to eight structural shocksaddition we also report the associated reactionT
of inflation and the nominal interest rate. Sevelaervations are worthwhile highlighting. 2
(9]
[2]

First, alternative notions of potential output, average, feature pro-cyclical responses Whichg
imply smaller estimates of the respective outpyisgdumerous exceptional cases in which 2
potential output measures are unaffected by thekshoeflect considerations used in the &
construction of the potential output notions. Imtigalar, by definition, trend output is affected
only by the permanent technology shock. Also, tessitie interest rate shock and the shocks tog
wage and price mark-ups, the unconditional flexjriee output does not react to a risk
premium shock. The latter enters the Euler equdtiormonsumption and measures the wedge
between the interest rate controlled by the cetttaalk and the return on assets held by the
households. However, under full nominal flexibilitthe real interest rate will react
instantaneously fully neutralizing the wedge indlibg the risk premium shock, thus, leaving
the inter-temporal allocation of consumption unajegh
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Figure 1.1. Impact of technology shocks
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Note: All shocks are equal to one standard deviathdl responses are reported as percentage daviati
from the model’'s non-stochastic steady state. Titput gaps are defined as percentage deviation of
actual output from the respective measure of piateoatput.

Second, the implied output gaps also tend to respoorcyclically to shocks reflecting the fact
that the reaction of the potential output measigeonsiderably smaller than the response in
actual output. Lower responsiveness of the modettha@stimates of potential output to shocks
may be largely attributed to flexibility of pricend wage setting. There are also some
exceptions in this regard. In particular, a tragittechnology shock (essentially a shock to
total factor productivity) has a considerably qecland larger impact on the flexible-price
output measures as compared to actual output fhwhe impact is significantly reduced and
delayed by the presence of nominal rigidities. Nahrigidities appear to limit the spill-over
of the volatility in the marginal costs of produstj induced by the shock, on the rest of the
economy, thus, facilitating smoother overall macoo®mic dynamics. This apparent over-
shooting in the flexible-price output measures isgphegative output gaps following a positive
shock to total factor productivity.



Figure 1.2. Impact of demand and monetary shocks
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Note: All shocks are equal to one standard devia#dl responses are reported as percentage daviati
from the model's non-stochastic steady state. Titput gaps are defined as percentage deviation of
actual output from the respective measure of pistieotitput.

Third, the responses of the output gaps and aitflation appear to be of similar sign in case
of all shocks except for the mark-up shocks. Thtedahocks are associated with an increase in
market inefficiencies which dampen actual outputileviat the same time contributing to
inflationary pressures. In addition, contrary tce tHexible-price measures, following the
transitory technology shock, the response in teadroutput gap is found to be negatively
correlated with the inflation reaction.

Fourth, in comparison to unconditional flexiblegarioutput, with the exception of the response
to a transitory technology shock, conditional fld&iprice output features a stronger response
to shocks, and therefore, a smaller reaction inrtip#ied output gap.
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Figure 1.3. Impact of wage and price mark-up shocks

Wage mark-up shock
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Note: All shocks are equal to one standard deviatdl responses are reported as percentage daviati
from the model’'s non-stochastic steady state. Titput gaps are defined as percentage deviation of
actual output from the respective measure of pistieotitput.

Overall, the impulse-response analysis reveals thatomparison to traditional measures of
potential output and the output gap, flexible-prmgtput measures display higher volatility
while at the same time smaller implied output gabs.discussed above, the response to a
transitory technology shock may imply much highelatility in the flexible-price output and
hence the implied output gap. Co-movement of iidifatind alternative notions of the output
gap depends of the nature of the underlying shbitkag the economy.

Furthermore, the trend output gap and the uncamditi output gap share some common
features. Both output notions react to efficierdcits (technology and government expenditure)
and do not respond to the inefficient shocks (gsimium, interest rate, and mark-up). As a
result, the associated output gaps react identitmltase of inefficient shocks. These results
vividly illustrate the importance of imperfect coetjtion for the propagation of technology and
demand shocks. Hall (1986) argues that imperfectpatition is an important source of
business cycles since it amplifies vulnerabilityootput to various demand and policy shocks:
monopolistic competitive firms have little incergiio restore output to pre-shock levels
facilitating persistent variation in output followg a shock. As discussed in Rotemberg and
Woodford (1999), in the environment of price stidgs (imperfect competition) the mark-up
will move pro-cyclically in response to technologliocks and counter-cyclically in case of
demand or policy shocks. Consequently, the outpapanse to technology shocks will be
larger and the response to demand or policy shailkbe smaller in case of a flexible-price
(perfect competition) economy than in case of dateanomy featuring nominal rigidity and
imperfect competition.



2. Central bank DSGE model-based estimates
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Let us now turn to some examples of potential dugmd the output gap estimates based on
DSGE models used in central banks. In particulardiscuss estimates of potential output and%
the output gap based on the ECB’s New Area-Wide éidNAWM), the g3 model of the
Czech National Bank and the PUSKAS model develogiethe Central Bank of Hungary
(MNB). While all three models feature small-opermmamy framework, degree of economic
openness across the considered models differsasuiadty with the NAWM being relatively
closed economy. There are also other importantctsral differences, including different
monetary policy rule specificatiolfswhich are expected to have some impact on theeder
estimates of potential output and the output g#@pplication of different models in the
comparison exercise allows checking robustneshefriain conclusions that follow from the
analysis.
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For the purposes of this empirical exercise cardedfor the euro area, Czech Republic and —
Hungary the definitions of potential output and theput gap as well as the methodology of g
carrying out the simulations were unified. We eatienboth unconditional and conditional
flexible-price outputs and the corresponding outfags under the assumption of flexible prices :
and wages and absence of shocks to the marR-ipgase of conditional flexible-price output
the pre-determined variables are taken as givemadtition, we show historical estimates of
trend output and Hodrick-Prescott (HP, with a srhimgf parametei. set to 1600) filtered
output and the implied output gaps. These servenadsral benchmarks for comparison.
Furthermore, in order to gauge possible interratatietween alternative measures of the output§
gap and inflation, we also report unconditionalrelations (contemporaneous as well as atg
leads an lags) between the output gaps and théedyagrowth rate in selected price deflators, £
namely the GDP deflator, the consumer price indeRl), the investment price deflator, and 2
the import price deflator. The investigation sanipl&éom 1999 1 quarter till 2010 1 quartér. '-_U_
(2]
Q
>

"H ‘uossuopr "I\ Y

Subsections 2.1-2.3 present the detailed resutsdoan individual models whereas subsection
2.4 summarises the key findings on comparison adtesmodels.

2.1. Potential output estimates in the NAWM

Alternative estimates of the euro area potentidpuatuand the implied output gaps over the
EMU period are displayed in Figures 2.1 and 2.%id=s the HP filter-based estimates, three

4 More specifically, all three models feature ingtnate smoothening and monetary authorities react
deviation of inflation from the target. In additioim the NAWM interest rate systematically reaais t
change in the trend output gap, whereas in PUSKASaicts to exchange rate. It is worth mentioning
that policy rules in the NAWM and PUSKAS are backivbboking, while in g3 interest rate reacts to
four-quarter-ahead forecast of inflation.

!> Note, however, that the flexible-price outputs esenputed assuming positive steady-state mark-ups
(as in the actual economy).

16 While the sample covers recent financial crisi@0@-2010) no attempts is made to assess in details
policy implications of the estimated dynamics dkeedative notions of potential output over the majo
financial turmoil of the post-WWII history. Our pnary interest here is comparison of the model-based
measures of potential output and the output gafis more traditional measures both in terms of time
series properties and possible relationship witioua measures of inflation.
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additional estimates of potential output using M®WM are reported. In particular, trend
output represents a stochastic trend associatédtingt stochastic balanced-growth path of the
model. The evolution of trend output is driven bgtetministic drift in the labor force and
labor-augmenting productivity as well as a (unittho permanent technology shock.
Unconditional and conditional flexible-price outpueasures correspond to the model-based
estimates of potential output which is derived assg constant steady-state mark-ups (no
shocks to price and wage markups) and full flekipof price and wage setting.

Figure 2.1. Alternative estimates of potential autitfor the euro area, on a logarithmic scale
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Visually, both the HP and trend output measuretufeamuch smoother estimates than the
flexible-price measures of potential output. Innterof structural shock decomposition, the
short-run fluctuations in the latter measures aaénty attributed to a relatively strong impact
of stationary shocks to total factor productivitsafisitory technology shocks) via the marginal
cost channel. In addition, a persistent negativatrimution of investment-specific and
transitory technology shocks for most of the samipiplies some divergence between the
flexible-price output and more traditional measuodspotential output. In this regard, the
apparent differences between the conditional ancbnaditional potential output measures
observed over the sample reflect a positive camtibh of negative wage mark-up and interest
rate shocks in 1999-2007 to the conditional flexiptice output via their impact on the pre-
determined variables. Negative shocks to the waagydi-ump reflect to a large extent a persistent
weakness in real wage developments and the assbdadt in the wage share in the euro area
which has been observed since the mid-ninetiesgafie shocks to the interest rate denote
deviations of the actual policy rate from the ipstrrate implied by the estimated monetary
policy rule. Substantial negative interest ratesgape recorded over the period (2002-05)
characterised by a historically low level of thdipprate.

The implied output gaps in Figure 2.2 reveal thatle measures seem to feature similar
fluctuations at business cycle frequencies, althotie flexible-price output gaps tend to
fluctuate at somewhat higher level for most of shenple. The latter is in line with the strong
dependence of the flexible-price measures of piaieautput on the negative shocks to
technology discussed above. While displaying netatifference in levels over most of the
sample, at the end of the sample the flexible-paiitg more traditional measures of output gap



converge. In this regard the most striking exangfleonvergence is due to the unconditional
flexible-price and the HP filter-based output gapath measures converge following a
substantial deceleration of growth in the HP-base@sure of potential output, whereas the o
flexible-price output displays some acceleratiopatential output. The former may be largely ©
attributed to the apparent sensitivity of the HBdzhestimate to the collapse in actual output in?
2008-09, whereas the latter tends to attributefalein output mostly to weaker demand 5
conditions while at the same time pointing to impoce of productivity gains in supporting the &3
economic recovery at its initial stage.
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Figure 2.2. Alternative output gap estimates f@ &uro area, in % of the respective potential
output level

—— HP Output gap
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Unconditional correlations of various price indmat with contemporaneous values as well as:
lags and leads of alternative measures of outpps gee displayed in Figure 2.3. Overall, all
output gap measures reveal substantial positivéengeoraneous correlation. Furthermore,
output gaps seem to lead fluctuations in domestipui prices (GDP deflator) pointing to their
potential usefulness in gauging domestic inflatignpressures in a timely manner. In this
regard, the model-based measures of output gaparimncular the conditional flexible-price
output gap, visually tend to outperform the HP filter-based output gagasure.

d

lues|

As regards the investment deflator and consumeegr{HICP), the observed correlation with
lagged output gaps is on average lower than in ca$eDP. This may reflect the impact of
imported goods in the investment and consumerdia€hanges to price of imported goods
tend to lead the output gap measures which mayttieuted to possible positive spillovers of
gains to the price competitiveness on aggregataddm

" Formal statistical testing is required to evaluagsignificance of the observed differences.
25



Bank of Lithuania Working Paper Series No 9 /2011

26

Figure 2.3. Unconditional correlation of quartertyowth rate in prices with lags and leads of
alternative measures of the output gap in the euea

GDP deflator Consumer price index
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2.2. Potential output estimates in the CNB’s g3 model

The alternative estimates of potential output far €zech Republic using the Czech National
Bank’s DSGE modéf g3 are shown in Figure 2.4. Visually, the flexipiéce notions of output
are more volatile than the trend output (whichiigg by a linear deterministic trend) and HP
filter-based potential output estimates. This jgeeglly true for the pre-crisis period of 2007—
8, when model-consistent flexible-price potentiatput estimates indicate higher potential
growth rates than the HP-based and trend outpntasts.

The implied output gaps are displayed in Figure RIbapproaches produced relatively smooth
estimates and identified a negative output gap dker financial crisis which hit Czech
economy in the last quarter of 2008. The most Baait difference between the HP and the
flexible-price output gaps is in the period fromdrZ006 till end 2008, when the HP and trend
output gaps indicate a more pronounced overheavihghe Czech economy than the
corresponding flexible-price estimates. For the ta® quarters, the HP output gap appears to
be more intuitive than the unconditional flexibleee output gap. Furthermore, in this period,

18 See Andrle et al. (2009) for documentation.



the conditional output gap is closer to the HP gafher than to the unconditional gaps
(something which is not always true in history).

Figure 2.4. Alternative estimates of potential autfor the Czech Republic, on a logarithmic
scale
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Figure 2.5. Alternative output gap estimates foe thzech economy, in % of the respective =
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Figure 2.6 displays the unconditional correlatibesveen the output gaps and four measures of
inflation. The correlation coefficients are verynsiive with respect to the sample period,
especially to the inclusion of the period 1996-1898he sensitivity to this period may be
caused by a set of various factors, such as thhaege-rate crisis in 1997, the change in
monetary policy in that period (the beginning ofldtion targeting in 1998), or a strong and
surprising disinflation in 1999. Therefore, we reghe sample correlations for the period since
the beginning of the year 2000. The results shaw ttie correlation is high for the HP output

1 On the other hand, the correlations are quite sbiith respect to the sample period correspontting
the current financial crisis.
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gap and unconditional flexible-price output gaphatite GDP deflator and CPI. For the GDP
deflator the strongest correlation is contemporasgwhile the two gaps seem to lead the CPI
by one quarter. Weaker correlation of the gap nreaswith the GDP deflator than with the

CPl is likely caused by the fact that the Czechneowy is small and open with an important
component of foreign goods in the Czech intermediabduction.

Figure 2.6. Unconditional correlation of quartertyrowth rate in prices with lags and leads of
alternative measures of the output gap in the CRagtublic

GDP deflator Consumer price index

1.0

—— HP Output gap
0.8 + -1 ===Trend Output gap r
== Uncond. Flexible-price Output gap

0.6 -1 Cond. Flexible-price Output gap |

The output gaps lagged the import deflator by abewd or three quarters. This can be
attributed to the fact that the Czech import deflaeacts relatively quickly to the Euro area
prices, while the cyclical position of the Czechtpau reacts more slowly to its European
counterpart. Finally, the HP and the trend outpapsgyseem to lead the investment deflator
inflation, while the correlation with the flexiblerice measures does not appear to have a clear
pattern.



2.3. Potential output estimates in the MNBs Puskas model

In the following section we present estimates ekiflle-price output based on an augmented
versiorf® of DSGE model PUSKAS in Jakab and Vilagi (2008gufe 2.7 shows levels of
alternative notions of potential output. The fldgiprice notions of potential output appear to
be more volatile than both HP filtered potentiatput and trend output. Conditional flexible-
price output follows more closely actual outputrthenconditional flexible-price output. Large
differences after 2008g4 are due to a more sigifiempact of depreciation of the national
currency on the flexible-price output than on thiekg-price (actual) output: the depreciation
brought a relatively sizeable surplus in the fandigde balance in the flexible-price model.

Figure 2.7 Alternative estimates of potential otwtfon Hungary, logarithmic scale
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Figure 2.8 shows estimates of the alternative dudpp notions. The series are similar, though : )
the trend output gap is significantly higher thae pther estimates during 2004g1-2008q3.
This difference is attributable to the somewhdeiible estimate of trend output as can be seen
in Figure 2.7. There is also large difference betwealues of the model-based output gaps and
the HP output gap at the end of the sample. In chgke flexible-price output gaps this
difference can be explained by a (relative) boonthia export sector as mentioned earlier.
Similarly, the sizeable negative flexible-price mutt gaps around 2001 reflect export sector
responses to negative foreign demand shocks.

lues

Figure 2.9 depicts the correlations between theéwarnotions of the output gap and selected
measures of inflation. Overall the correlations gude modest in size. The largest correlations
are those of various output gaps and the impotatefamounting to about 0.4 (except for the
trend output gap). The output gaps seem to laghdehiport price changes by 1-2 quarters.

20 To carry out the exercise the Jakab and Vilagd&6nodel was modified: a balanced growth path was
imposed on the original model with a deterministianponent of TFP growth and a stochastic trend of
labour augmenting technology change.
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Figure 2.8 Alternative output gap estimates for khengarian economy, in % of the respective
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Figure 2.9 Unconditional correlation of quarterlyayth rate in prices with lags and leads of

alternative measures of the output gap in Hungary
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Concerning the correlation of CPI and the alteseatutput gaps, there is some correlation
between CPI and the flexible-price output gapsagtl, but this correlation reverses at high
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leads. There is also a small positive correlatietween CPI and the HP filter-based output gap D
and the trend output gap at all lags and leaderdstingly, there seems to be very low
correlation between the GDP deflator and the outiaut measures at all lags. This can be o
attributed to the fact that Hungary is a small opeanomy where external shocks seem to plays=
an important role in shaping macroeconomic fluatunest ]

s}

dino

2.4  Comparison across the models

The volatility of the flexible-price output gapslative to the HP output gap, measured as a
ratio of standard deviations, is reported in Tahle. The unconditional flexible-price output
gap is about 50% more volatile than the HP out@t ip the NAWM, whereas it is almost
three times less volatile in the Czech model, aasldimilar volatility in the Hungarian model.
The conditional flexible-price output gap is leabdqut 2/3) volatile than the HP output gap in
all models. Relatively low volatility of the uncaitidnal flexible-price gap in case of the Czech
model is outstanding indeed; however, it is noblust feature, since the relative volatility
significantly depends on the investigated period.

AOJIBA ' / SISPON 3OS ulIn

Table 2.1 Volatility of the model-based output gagasures relative to the HP output gap

NAWM(ECB) g3(CNB) PUSKAS(MNB)

Unconditional flexible-price output gap 1.51 0.35 1.01
Conditional flexible-price output gap 0.66 0.71 0.70

Table 2.2 Autocorrelation function

lUesid "\ pue BJasony ‘H ‘UOSSUOf ‘N MIPSIH "L

0 1 2 3 4 5
ECB HP output gap 1.000 0.913 0.715 0.469 0.202 -0.060
ECB trend output gap 1.000 0.927 0.749 0.505 0.208 -0.125
ECB unconditional output gap 1.000 0.895 0.723 0.490 0.229 -0.058
ECB conditional output gap 1.000 0.785 0.611 0.427 0.258 0.031
CNB HP output gap 1.000 0.924 0.723 0.440 0.110 -0.232
CNB trend output gap 1.000 0.964 0.865 0.719 0.540 0.347
CNB unconditional output gap 1.000 0.748 0.288 -0.083 -0.287 -0.337
CNB conditional output gap 1.000 0.708 0.236 -0.103 -0.229 -0.199
MNB HP output gap 1.000 0.908 0.708 0.431 0.150 -0.055
MNB trend output gap 1.000 0.971 0.890 0.762 0.600 0.427
MNB unconditional output gap 1.000 0.891 0.691 0.492 0.278 0.084
MNB conditional output gap 1.000 0.721 0.550 0.389 0.230 0.075

Table 2.2 reports the autocorrelation propertieghef output gap measures. The pattern of
autocorrelations appears to be more robust. Rhlist,HP and trend output gaps display the
highest autocorrelation for all models. Also, threnditional flexible-price output gap is the

least autocorrelated in all three cases. This @ameXpected as the initial conditions for its

computation are given by the actual predeterminadakles. The autocorrelation of the

unconditional flexible-price output gap is lowest the Czech model, while the respective
estimates are similar in the ECB and Hungarian sode
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As regards analysis of correlation between the wugpp and inflation across the considered
models, it appears that openness of economy mayeplale in the detected differences. In

particular, using the Czech and Hungarian model$inea rather low correlation between the

output gaps and inflation whereas in the NAWM itnisich higher. Relative importance of

external shocks can corroborate this finding.

Overall, in comparison to traditional measureshaf output gap, the flexible-price output gaps
seem to correlate well with expected inflation,uglb the observed co-movement in prices and
the output gaps should not be interpreted as es@®ef a structural economic relationship.

Arguably, the observed correlation over some sgetifample will depend on the nature of

structural shocks underlying economic developmafis.turn next to a more detailed analysis
of usefulness of model-consistent output gaps imigey inflationary pressures.



3. Is the flexible-price output gap a good indicator of

inflation?

nQ [eluslod

This section focuses on a specific issue relatedgasefulness of the model-based output gapsg
in the context of conduct of monetary policy. Irrtaular, we evaluate whether the derived g
output gaps are good indicators of inflationarysptees. First, we evaluate the inflation
forecast performance of alternative notions of théput gap using the Phillips curve

framework. Next, we look at conditional correlagotetween inflation and the model-

consistent output gap measures as well as otheelfbaged indicators, such as real marginal
cost, real interest rate gap, etc.

3.1. Phillips curve-based analysis

As argued in the literature, within the NK frameWwdiexible-price output gaps should be good
indicators of inflationary or deflationary presssir&ince the seminal work of Phillips (1958)
reduced-form relationships between real activitgt prices have frequently been exploited by
modellers for forecasting future inflation. Whilerécast accuracy of early versions of the
Phillips curve largely deteriorated in the seventithe search for a proper specification of
Phillips curves continues as output and/or unempiy gaps remain some of the key
indicators considered by many policymaking insittos >

In this section, we explore the performance of M#NVM-based output gaps for forecasting
inflation in the private consumption deflator iretburo area at various horizons.

Forecast Evaluation Procedure

Our forecast evaluation procedure is based on @moaph similar to the one applied by
Fischer, Lenza, Pill, and Reichlin (2009) in studythe performance of money-based inflation
forecasts in the euro area. In particular, the gsethe exercise is based on unrevised data)S
real-time out-of-sample forecast of inflation ig@ibed on the basis of bivariate models which
are estimated using rolling samples of 40 quarfEng. bivariate models of inflation features
lagged inflation and some measure of inflationagspure (alternative output gap estimates or
real marginal costs). The model-based measura¥lafibnary pressures are derived from the
NAWM recursively estimated in pseudo real-timertitg with the initial sample spanning the
period 198501-1998g4, a set of recursive estimategshe model-based indicators of
inflationary pressure is obtained extending the @anforward by one quarter. The NAWM
parameters are re-estimated over 1998-2009 annmadly data for the fourth quarter of the
year becomes available.
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L Stock and Watson (2008) review the recent litesatin pseudo out-of-sample evaluation of Phillips
curve-based inflation forecast models in the UniBtdtes. An important benchmark in this regard is
Atkeson and Ohanian (2001), who analyze US GDPatteflgrowth over the period 1984-1999 and
show that, in terms of forecast accuracy, naivelherarks, such as a smooth random walk, can easily
outperform Phillips curve-based models that relyootput gaps or other measures of economic slack.
Stock and Watson (2008) show that relative forepasfiormance of the Phillips curve may be episodic.
In periods of a stable macroeconomic environmeatRhillips curve-based forecasts are outperformed
by naive models, whereas in the face of large lessirtycle swings forecast accuracy of the former
improves considerably over the latter.
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Altogether, 42 samples of quarterly data (with ittigal sample spanning 19899q1-1998qg4 and
the final sample covering 1999g2—-2009GHre used. The forecast evaluation is done over the
period from 199991 until 2010g1. The mean squaoedchst errors (MSFE) of the bivariate
models are then compared to the MSFE of benchmadels, which in our case are limited to

a smooth random walk and univariate autoregresamdels of inflation. A formal description

of the forecast evaluation procedure is providetth@éAppendix (see section C).

Forecast Evaluation Results

Overall, seven models are compared: the random {#l¥), the autoregressive model (AR),
five bivariate models of inflation. The first bivate model is specified in terms of the trend
output gap. The second one utilizes the HP-baseatss of the output gap. The third and
fourth bivariate models are based on the uncomditi@and conditional flexible-price output
gaps respectively. Lastly, the fifth bivariate mbidespecified in terms of the real marginal cost
indicator derived from the NAWM. Forecast accuracgvaluated at forecast horizons of 1 to 8
guarters ahead. Detailed results of the forecastuation exercise are reported in Table B.1 in
the Appendix. The first column in the table repdhs MSFE for each model. The second and
third columns show the relative MSFE: the MSFE giveen model relative to the MSFE of the
RW and the AR models. The fourth column reportshitaes of the forecast and the last two
columns decompose the MSFE into contributions leyftwecast error variance and the bias.
Figure 3.2 summarises the forecast accuracy afthbemodel vis-a-vis random walk.

Figure 3.2. The MSFE of alternative models relatwveandom walk
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Overall, judging by the MSFE statistics, the biatei models of inflation do feature
considerably better forecast accuracy than theomndalk model over most of the forecast

22 \We chose rolling sample estimates to put the fivedcasting models on a more equal footing, since
under recursive estimation method the RW may halam@tage over alternative models by using the
most recent inflation data.



horizons. This contrasts sharply with the previfindings based on the evaluation period up to D
2006 which show relatively strong forecasting perfance of the random walk model (Coenen @

>
et al. 2009). This may, in particular, be attrilalite forecast failure of the random walk model g
when applied to the recent economic crisis featutarge swings in euro area inflation (see ©
Figure 3.3). E_’
Up to the four-quarter horizon, the trend outpup-based model of inflation provides a g
relatively accurate inflation forecast, though ovenger horizon its forecast performance g
deteriorates substantially. Beyond the three-qudrteizon, the real marginal cost indicator g
seems to provide the best projection of inflatibhe HP output gap-based projection comparesg
well across all forecast horizons. 2

5
Figure 3.3. The four-quarter inflation forecastaifernative models §
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Although the flexible-price output gaps do improweer autoregressive models of inflation
over the medium-run, they are found to be largeltperformed by other bivariate models.
Relatively weak forecast performance of the flexiptice output gaps are related to positive
forecast bias (Table D.1 in the Appendix): bivaiatodels based on the flexible-price output
gaps tend to over-predict inflation. Another reasonlue to relatively large (as compared to
actual inflation series) high frequency volatilidf/the flexible-price output gap estimates which
results in a large variance of the forecast emwes the short-term horizon.

In conclusion, although the results of our foreiogsexercise above provides some favourable
evidence on the predicting power of the flexible&@routput gap in gauging medium-term
inflationary pressures, there seem to be bettécatmts of inflation. In particular, also in line
with the conceptual discussion above, real margoosts could serve as a better basis for
projecting future inflation developments. Beyondegmear forecast horizon, the real marginal
cost-based models produce the most efficient abthsad forecast of inflation.

Needless to say, given the short out-of-samplecémteevaluation period, it is important to bear
in mind that it is not clear to what extent thefeliénces in forecast performance of alternative
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measures of output gap are robust and signifithatgfore the findings need to be taken with
caution.

3.2 Conditional correlation analysis

In the basic NK model, inflation is fundamentalljuaction of current and future real marginal
costs, which in turn is proportional to the flexahrice output gap. The real marginal cost and
the flexible-price output gap are determined byenirand future real interest rate gaps. Thus,
the real interest rate gap and the flexible-priggoot gap should therefore be good indicators of
current and future inflation pressudfeln this section we describe in terms of conditiona
correlations to what extent inflation is relatedhe flexible-price output gap, the real marginal
cost, the real interest rate gap, expected inflatind the trend output gap in a version of the
basic NK model that is augmented with a large nunabdrictions and shock¥. To this end
we use the Riksbank’s forecast and policy model $&mnwhich is described in Adolfson et al.
(2008).

Ramses is an open-economy version of the NK maagihanted with the following frictions:
monopolistic competition in the labour market, remhge stickiness, habit formation,
investment adjustment costs, a cash-in-advancdraarnson wages and distortionary taxation.
Correlation between inflation and the model vaeahbls therefore expected to differ from the
basic NK modef’ The unconditional correlation between the real gimal cost and the
flexible price output gap is about 0.4 in Ramsdsis Buggests that the relationship between
inflation and the flexible-price output gap will beeak. In fact, the point estimate of the
unconditional correlation coefficient is close &ra Furthermore, more conventional measure
of the output gap, actual output minus trend oytpualso found to be only weakly related to
inflation: point estimate is close to zero. Theiafle that has the strongest correlation with
current inflation is expected inflation. Also theat interest rate gap has a relatively strong
correlation.

The conditional correlation between variables ddpdn general on both the frictions and the
shocks in the model. This subsection illustrates bidferent shocks affect the correlations. To
this end we calculate correlations that are comaiil on one specific shock at the time. We
report results from thirteen different shocks: a stationary technology shockl’ an

investment-specific technology shocky a non-stationary technology shockz an
asymmetric technology shocki® a consumption preference shoc@i,h a labour supply
preference shock; a monetary policy shockz® an inflation target shocks a risk premium

shock, 4, a domestic mark-up shocl, . an imported consumption mark-up shock, an

3 Moreover, Neiss and Nelson (2003) note: “In thisnfework, the key variable for the analysis of
'inflationary or deflationary' pressures is the gmpween the current level of the natural ratentdriest
rate and the interest controlled by the centrakban

24 The results in this section can also be foundirsgon, Laséen and Walentin (2006).

% The Riksbank has recently introduced a new versioRamses that includes search and matching
frictions as well as a financial friction, see Giidno, Trabandt and Walentin (2007) for a desicriptin
addition to other frictions, this may weaken théatienship between inflation and the flexible price
output gap even more.



imported investment mark-up shock, an export mark-up shock. The variables are irffati
(CPI) denotedr ™, expected inflation denoted™, , real marginal cost denotedg , flexible-

price real interest rate gap denotqﬂf, flexible price output gap denotefz{fp and the trend

output gap denoted, . Table 3.1 shows the conditional correlations.eNiat the first column
shows the unconditional correlations, i.e. corretet when all shocks hit the economy.

Table 3.1 Conditional correlations

Moment All & Tr ey 2 &F e
p(nfmen) 020 0.62 0.12 0.69 0.41 0.76 0.79
p(r¥mf ) 092 095 099 098 0.97 099 0.85

p(r¥#2)  -0.42 -0.51 —0.33 -0.52 -0.66 —0.61 -0.60
p(r¥ 9%1) 0.04 0.54 -0.10 037 0.67 0.79 —0.40
p(r#9e1)  —0.11 —0.83 —0.62 -0.61 —0.75 —0.95 —-0.54

-~

Q1 Ty $; ld‘,l‘ lrm,)‘ lmf,t lJ.:,)‘
p(n¥mea) 036 -0.45 0.50 0.07 -0.22 -0.12 -0.50
p(r?xf, 1) 0.84 099 094 022 053 100 0.98

p(r¥#2) 077 -0.55 —0.71 -0.20 —0.43 —0.12 -0.94
p(x# 521) 0.71 =0.22 0.11 0.13 0.31 -0.44 -0.56
p(ri. 1) 0.67 —0.65 0.64 0.11 0.30 —0.51 —0.68
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The results illustrate that the correlation betwaeag two variables depends on which shock
that hits the economy. For example, the correlalietween inflation and the flexible-price

output gap lagged one period is 0.04 when all shdikthe economy. On the other hand, if
only technology shocks hit the economy the coriglas 0.54 and if only labour supply shocks

hit the economy the correlation is -0.40. The feachnology shocks give rise to clear and
positive relationships while the labour supply dhothe inflation target shock, the risk

premium shock and the mark-up shock on importeedtmaent goods all give rise to a clear
negative relationship. This means that when acaayifior all shocks the relationship becomes
close to zero. Hence, the correlation between any Variables can shift between being

positive, negative or zero depending on which sttbek hit the economy. A similar story also

holds for the correlation between inflation and trend output gap. It is close to zero when
accounting for all shocks but, for example, it iosgly positive for monetary policy shocks

and strongly negative for technology shotks.

uesid

The unconditional correlation between the lagged mearginal cost and inflation is higher than
in case of the output gaps, however, the correlatiso appears to be highly sensitive to the
type of shocks hitting the economy. Expected iidhatis in general a good indicator of
inflation. The unconditional correlation is 0.92.rédason for this is that this relationship is not

% As regards the technology shocks, note that tiereinces in sign of coefficients of the inflation-
output gap correlation in case of the flexible-prand the trend output gaps are consistent withrfgs
of impulse-response analysis reported in secti8n 1.
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very sensitive to which shock that hit the econoifiye correlation varies between 0.22 and
1.00 depending on the shock. There is also a negegiationship between inflation and the

real interest rate gap for all shocks, althouglseheorrelations are weaker in quantitative terms
than those between inflation and expected inflation

The performed analysis has shown that, the expéafiation and the real interest rate gap are
in general good indicators of inflation pressurése effects of alternative measures of the
output gap on inflation strongly depend on the tghshock hitting the economy. It is therefore
unlikely that the output gap as a single measuiefiattion pressures will work in all times.



Conclusions

Micro-founded dynamic stochastic general equilirimodels offer an alternative approach to

estimating potential output and the output gapcémpared to more traditional approaches, the =

DSGE approach allows for a deeper structural inggation of measures of potential output
and the output gap derived from such models. Withan DSGE framework two distinctive
notions of model-consistent potential output aggdally utilized: efficient output and natural
output. Efficient output is referred to the hypdibal level of output prevailing under flexible
prices (and wages) and perfect competition. Natugbut is defined as the hypothetical level
of output obtained under full nominal flexibilityhite retaining assumption of monopolistic
competition. Thus, the difference between the twtoms will be driven by both static (non-
zero average price and wage mark-ups) and dynaemiogénous price and wage mark-up
shocks) inefficiencies in the goods and labour miskdue to imperfect competition.
Theoretical literature assigns an important roldlézible-price output gaps in informing the
policymakers about the need for welfare improviotigies. Moreover, under some simplifying
assumption the model-consistent notion of the dug@p is also considered to be a good
indicator of inflationary pressures in the economy.

While the DSGE model-consistent notions of potértiaput are defined in terms of flexible-

price output, more traditional notions of potentiaitput, such as trend output, can also be
analysed within the DSGE framework. Conceptuakdihces in defining potential output have
important implications for the time-series propestiof output gap estimates implied by
different approaches. Compared to the traditioqmdr@aches, which in a DSGE model is
equivalent to assuming that potential output isvedri solely by permanent (unit-root)

technology shocks, the DSGE approach in definindatioonsistent notions of potential output
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assumes that other shocks, for example fiscal ypslhocks, consumer preference shocks anda.

terms-of-trade shocks, can also affect potential, (flexible-price) output dynamics over the
business cycle. As a result, application of the BSfpproach is expected to produce more
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Y
®

. : . . . o
volatile estimates of potential output, and smailad less persistent estimates of the output=.

gap, when compared to the corresponding estimatesed using the traditional approaches.

Overall, theoretical predictions about the behaviolithe model-consistent potential output
and the output gap as well as their usefulnesgh®rmolicy conduct are subject to ongoing
testing. Empirical literature on potential outpot DSGE models is relatively scarce and its
findings in many cases are preliminary ones. Asudg)the comparison with more traditional
measures, the evidence is mixed. In particulaimests of efficient output share some
similarity with conventional measures of potentatput, whereas estimates of natural output
are instead far away from conventional measurgsoténtial output. Moreover, estimates of
model-consistent potential output can be sensttivihe interpretation of structural shocks, in
particular, reflecting poor identification of wagweark-up and labour preference shocks. As
regards implications for the design of optimal mang policy, by focusing on minimizing the
flexible-price output gap, instead of the trendpomtgap, a central bank faces a more
favourable trade-off between inflation and the otitgap stabilization and is able to deliver
lower inflation volatility.

Concerning the relationship between the output gag inflation, there is no conclusive
evidence yet proving that empirical estimates efriodel-consistent output gaps derived from
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larger (and more realistic) DSGE models are sigaifily better indicators of inflation than the
traditional measures. The empirical research, hewéas shown that the real unit labour cost
series (which is a measure of the model-consistaniral output gap within the basic NK
model) is empirically more relevant to inflation telemination contrary to conventional
measures of output gaps. Alternative measureseobthiput gap are found to be sensitive to
types of shocks driving the economy; thereforey dre unlikely to provide the best measure of
inflationary pressures at all time. While, presuipalpolicymakers often ask for simple
measures of economic activity that can predictatidh pressure, in order to understand the
effect of the output gap on inflation it is, ingdeamportant to understand which shocks drive
the economy. The DSGE framework is well-tailored ¢onduct conditional analysis
emphasizing the importance of structural shockgHerobserved correlation between various
policy-relevant macroeconomic aggregates.

Arguably, there are numerous open issues facech®yDSGE approach to potential output
estimation. However, it does not mean that DSGEtdaweasures of potential output are
useless. The joint estimation of potential outpntl astructural shocks within the general
equilibrium framework allows conducting a quantitatand coherent (internally consistent)
assessment of inflation pressures and a normaaieaion of alternative monetary measures.
Looking forward, further advancement in DSGE mddgll especially tackling shock
identification issues, is expected to strengthemhér the case for a more active use of the
model-consistent measures of the output gap icyobnsiderations.
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Appendix

A. Natural vs. efficient output

Some intuition concerning the relationship betwdlem natural and the efficient notion of

output can be gained by analysing the flexiblegorinatural) equilibrium of the basic NK

DSGE model (as in Justiniano and Primiceri (2008)hre specifically, the basic model

represents a closed economy without capital and faalmation in consumption, and featuring

monopolistic competition on both goods and laboarkats where respectively firms set prices
to maximize profits given demand for the producembds and households set wages to &
maximize utility given demand for the labour bynfs. Provided that prices and wages are @
flexible, firms would optimally set prices equalaanark-up over marginal costs (equation A.1)
and, similarly, households would optimally set tieal wage equal to a mark-up over the
marginal rate of substitution between consumptiwh@ours worked (equation A.2).
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(A1) P.=(@+A )L [price mark-up equation]

n, p.t a-1

a- A( ' (Ln,t )
Wi . .

(A.2) 5 L=@+A,,) C,, .(LM) : [wage mark-up equation]

nt
(A3)  Yar = Ar(LnyY [production fungctio
(Ad4) Y= Cy [goods mar&quilibrium]

where subscript denotes natural equilibrium valué, ; denotes the output price, (1) and
(1+4,,) are respectively the (exogenous) price and wagssgmark-upsW,; is the nominal
wage, A is a technology shock,, is employmentC,; is consumptiony,; is output,v is a
parameter measuring disutility from labour, anid a technology parameter.
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The above four equations characterize the nattiedilfle-price) equilibrium of the model.
Once log-linearised, the above equations can bdttewas:

(ALl) 0= ZApet (Wae- o - (Vo) + (Va -1)ynt —loda),
(A-Z,) (Wn,t' pnt) = V’In,t+ Cn,t+ )vw,h

(A3’) Yn,t = (X'In’t‘l' at,

(A4)  Ynt= Cap

where variables in lower-case letters denote tlgarlthm of the corresponding upper case
letters, except fok,; = l0g(1+4,) andi: = 0g(1+4y,).

The combination of equations (A.1)—( A.4’) yields:

(A5)  Yni= (a/(1+v)) log(a) + & — (a/(1+V)) (Apet Awy).

According to equation (A.5), the evolution of thatural level of output is a function of two
components. The first component is composed ofitsietwo terms on the right-hand side and

corresponds to efficient output, which is relatedhe path of productivity shocks. The second
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component is the third term on the right—hand siolg corresponds to the output distortion due
to imperfect competition, captured by the mark-@piables. It implies that natural output is
more volatile than efficient output because thegexmus mark-up shocks make this distortion
time-varying.

B. Natural output, real marginal cost and inflation
In the basic NK DSGE model the inflation rate isedenined according to the NKPC:
(B.1) Ty = [ t rme,

wherer; andm.,; are respectively the current and the expected mexkod inflation ratermg
denotes real marginal cost,is a positive coefficient inversely related to deg of price
rigidities, andg is the households’ discount rate.

It can be shown that in the basic NK model the mratoutput gap (the difference between the
actual and natural level of output) is proportiotal real marginal cost (Rotemberg and
Woodford, 1997):

(B.2)  Yi-Yat= nrmg,
wherey is a parameter depending on households’ preferemmbfirms’ technology.

Substituting equation (B.2) in the Phillips cur@&X) we get:

(B.3) m=pmurt (xln) - (Y- Yno-

Hence the natural output does affect inflation giglothe (natural) output gap- v, From this
point of view, the notion of natural output in tN& model corresponds to the older Keynesian
notion that natural output is the level of outptidaich there is no pressure for inflation to
either increase or decrease. Note also that thatiegu(B.1) or, equivalently, equation (B.3)
can be solved forward. As such, inflation at titnis the expected sum of future discounted
marginal costs or, equivalently, of the future disated natural output gaps.

C. Forecast evaluation procedure

We consider forecasting the annualizederiod change in the private consumption deflator,

h .
”t+h'

P \n
(C.1) ', =100+ (?] =1

t

whereP, is the price level at, his the forecast horizon in quarters.

The general specification of the bivariate modefsefach estimation samplés as follows:



h,x
v,t+h?

(CZ) ﬂ.h :av+bv(|—)ﬂ.v,t +CV(L)Xv,t t+é

v,t+h

P
where 7z, = 400% (—t—1] is the annualized one-period change in the prigatessumption
t-1

deflator, X, is the exogenous variable (output gap or real matgiost),b,(L) andc,(L)

are finite polynomials of ordgrandg.

The forecasting models are estimated by Ordinaast.8quares (OLS). Starting with a general
specification of four lags for both inflation anditput gap/real marginal cost, lags for the
dependent and exogenous variables are then selesitegithe Schwartz information criterion.
For each estimation sample, based on the finalifigaion in equation (C.2) a forecast of
inflation is obtained:

(C.3) ”aiih = a\?LS + OLS(L)”v,t + C\?LS(L)Xv,t :

The autoregressive models of inflation are estichatellowing the same lag-selection
procedure described above. The random walk forexfasiflation h period ahead is given by
the Atkeson and Ohanian (2001) random walk modarevtthe inflation forecast is given by
the average rate of inflation over the previous fjuarters available for a given sanffile

(C.4) ﬁh'szloo*( i —1].

v,t+h
t-4
Forecast errors, for the generic forecast from moddlare defined as:
hM _ __hM h
(C5) et+h - ﬂ-v,t+h ~Tiino

where 7;" . is the realized inflation rate in the last avaitasample.
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Having computed forecast errors we then estimatebths bias) and the variances” of the
forecast errors for each model:

(C.6) bias" =%ie{1,ﬁ” :
t=1
1 14 i
e ("F-23(an -2xien)].
t=1 t=1

whereT is number of forecast points.

The sum of the variance (C.7) and squared biag (B:6s us the MSFE:

(C.8) MSFE" = (o™ +(bias" ).

%" This implies that the random walk forecast of atifin will be common for all forecast horizons
considered.
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D. Tables

Table D.1. Analysis of Forecast Accuracy: RolliregRessions

Model MSFE MSFE/RW  MSFE/AR bias o? bias®
Horizon 1q

Trend output gap 1.49 0.81 0.93 0.03 1.49 0.00
HP output gap 1.47 0.80 0.92 -0.09 1.47 0.01
Uncond. flex-price output gap 1.60 0.87 1.00 0.23 .551 0.05
Cond. flex-price output gap 1.67 0.90 1.04 0.15 51.6 0.02
Real marginal cost 1.73 0.94 1.08 0.00 1.73 0.00
AR 1.60 0.87 1.00 0.00 1.60 0.00
RW 1.85 1.00 1.15 0.06 1.84 0.00
Horizon 2q

Trend output gap 1.12 0.67 0.81 0.11 111 0.01
HP output gap 1.25 0.74 0.90 -0.16 1.23 0.02
Uncond. flex-price output gap 1.32 0.78 0.95 0.28 241 0.08
Cond. flex-price output gap 1.40 0.83 1.01 0.22 51.3 0.05
Real marginal cost 1.49 0.89 1.08 0.08 1.49 0.01
AR 1.38 0.82 1.00 0.01 1.38 0.00
RW 1.68 1.00 1.22 0.05 1.68 0.00
Horizon 3q

Trend output gap 1.09 0.67 0.84 0.12 1.07 0.01
HP output gap 1.24 0.77 0.96 -0.10 1.23 0.01
Uncond. flex-price output gap 1.07 0.66 0.82 0.34 .950 0.11
Cond. flex-price output gap 1.09 0.67 0.84 0.26 21.0 0.07
Real marginal cost 1.17 0.72 0.90 0.10 1.16 0.01
AR 1.30 0.80 1.00 -0.08 1.29 0.01
RW 1.63 1.00 1.25 0.04 1.62 0.00
Horizon 4q

Trend output gap 0.96 0.63 0.79 0.12 0.95 0.01
HP output gap 1.04 0.67 0.85 -0.09 1.03 0.01
Uncond. flex-price output gap 1.04 0.68 0.85 0.38 .890 0.15
Cond. flex-price output gap 1.06 0.69 0.86 0.29 70.9 0.08
Real marginal cost 0.90 0.58 0.73 0.07 0.89 0.00
AR 1.22 0.80 1.00 -0.09 121 0.01
RW 1.54 1.00 1.26 0.04 1.53 0.00




Table D.1. Analysis of Forecast Accuracy: RolliregRessions (cond.)

Model MSFE MSFE/RW  MSFE/AR bias o? bias’
Horizon 5q

Trend output gap 0.96 0.69 0.93 0.18 0.93 0.03
HP output gap 0.85 0.61 0.83 -0.04 0.85 0.00
Uncond. flex-price output gap 0.85 0.61 0.82 0.43 .660 0.18
Cond. flex-price output gap 0.88 0.63 0.85 0.29 90.7 0.09
Real marginal cost 0.67 0.48 0.65 0.06 0.66 0.00
AR 1.03 0.74 1.00 -0.12 1.02 0.02
RW 1.40 1.00 1.36 0.06 1.40 0.00
Horizon 69

Trend output gap 0.91 0.74 1.05 0.15 0.88 0.02
HP output gap 0.70 0.57 0.81 -0.05 0.69 0.00
Uncond. flex-price output gap 0.76 0.62 0.89 0.47 .540 0.22
Cond. flex-price output gap 0.72 0.58 0.83 0.34 00.6 0.11
Real marginal cost 0.55 0.44 0.64 0.03 0.55 0.00
AR 0.86 0.70 1.00 -0.16 0.83 0.03
RW 1.23 1.00 143 0.04 1.23 0.00
Horizon 79

Trend output gap 0.77 0.86 1.11 0.13 0.75 0.02
HP output gap 0.47 0.53 0.68 -0.11 0.46 0.01
Uncond. flex-price output gap 0.65 0.72 0.93 0.49 400 0.24
Cond. flex-price output gap 0.58 0.65 0.84 0.38 40.4 0.14
Real marginal cost 0.38 0.43 0.55 0.01 0.38 0.00
AR 0.69 0.77 1.00 -0.20 0.65 0.04
RW 0.90 1.00 1.29 -0.03 0.90 0.00
Horizon 8q

Trend output gap 0.71 1.09 1.35 0.10 0.70 0.01
HP output gap 0.33 0.51 0.64 -0.11 0.32 0.01
Uncond. flex-price output gap 0.53 0.81 1.01 0.51 .270 0.26
Cond. flex-price output gap 0.46 0.71 0.87 0.40 00.3 0.16
Real marginal cost 0.23 0.36 0.44 0.01 0.23 0.00
AR 0.53 0.81 1.00 -0.18 0.49 0.03
RW 0.65 1.00 1.24 -0.08 0.64 0.01
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