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A Global Trade Model for the Euro Area*

Antonello D’Agostino,® Michele Modugno,? and Chiara Osbat®
2Rokos Capital Management
PFederal Reserve Board
°European Central Bank

We propose a model for analyzing euro-area trade based on
the interaction between macroeconomic and trade variables.
First, we show that macroeconomic variables are necessary to
generate accurate short-term trade forecasts; this result can be
explained by the high correlation between trade and macro-
economic variables, with the latter being released in a more
timely manner. Second, the model tracks well the dynamics of
trade variables conditional on the path of macroeconomic vari-
ables during the Great Recession; this result makes our model
a reliable tool for scenario analysis.

JEL Codes: F17, F47, C38.

1. Introduction

Understanding trade developments is a central issue for policy insti-
tutions as well as for the private sector since trade dynamics are
important determinants of output growth and inflationary pressures
coming from import prices. Having a model to infer current trade
figures and future trade developments, conditional on macroeco-
nomic scenarios, is important both for policy institutions, which
form policy decisions, and for the private sector, which forms invest-
ment decisions.

*The opinions in this paper are those of the authors and do not necessar-
ily reflect the views of the Board of Governors of the Federal Reserve Sys-
tem, the European Central Bank and the Eurosystem, and Rokos Capital Man-
agement. We thank anonymous referees for comments that much improved
the clarity of the paper. Author e-mails: antonello.dagostino@rokoscapital.com,
michele.modugno@frb.gov, chiara.osbat@ecb.int.
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There are two main approaches to forecasting trade: large struc-
tural macro models and time-series models. Large structural mod-
els (e.g., Hervé et al. 2011; Riad et al. 2012) aim at understand-
ing the economic mechanisms that generate trade dynamics, rather
than at achieving the best possible forecasting performance. By
contrast, time-series models (e.g., Jakaitiene and Dées 2012; Keck,
Raubold, and Truppia 2009; Lin and Xia 2009; Yu, Wang, and
Lai 2008) aim at building trade models with good forecasting
properties.

Our work belongs in the time-series model literature, proposing
a dynamic factor model that shows that exploiting the co-movement
between macroeconomic variables and trade variables is essential for
obtaining accurate short-term forecasts of trade variables. We use
this model to infer future developments of trade variables given sce-
narios for macroeconomic variables and to quantify the effect on
euro-area trade variables of changed macroeconomic conditions in
euro-area trading partners.

In recent years, factor models have become a workhorse at cen-
tral banks and international organizations for short-term forecast-
ing of macroeconomic variables. The seminal paper of Giannone,
Reichlin, and Small (2008) shows that factor models can handle eas-
ily a “ragged-edge” data structure, and that they produce very accu-
rate short-term forecasts for U.S. real GDP. Several papers applied
the same methodology for short-term forecasting of GDP, inflation,
employment, and other variables for several countries; for a survey,
see Banbura et al. (2013) and Baribura, Giannone, and Reichlin
(2011). In this paper, we make use of a factor model estimated with
the methodology proposed in Banbura and Modugno (2014): they
propose a maximum-likelihood estimation methodology based on a
modification of the expectation maximization (EM) algorithm that
allows to exploit data sets characterized by arbitrary patterns of
missing data. Moreover, when using a maximum-likelihood estima-
tion approach, it is straightforward to introduce restrictions on the
parameters. This approach also allows to identify the nature of the
unobserved factors.

We evaluate the model in a pseudo-out-of-sample simulation from
January 2006 to April 2013: at each point in time we generate fore-
casts, we replicate the data availability as it was at that point
in time, but we do not consider data revisions, given the scarce
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availability of real-time datall We show that a factor model esti-
mated on a panel of trade and macroeconomic data delivers accu-
rate forecasts because it can fully exploit the co-movement in the
panel and the earlier releases of the macroeconomic variables. The
inclusion of real macroeconomic variables, confidence indicators, and
prices improves the forecast accuracy over a model that exploits only
trade information.

We also find, in contrast to Burgert and Dées (2009), but in
line with Marcellino, Stock, and Watson (2003) for other euro-area
macroeconomic variables, that the “bottom-up” forecast approach
for euro-area exports and imports, which consists of producing fore-
casts for each set of partners separately and then aggregating them,
delivers forecasts as good as those obtained with a “direct” approach
that produces forecasts for the aggregate. This result is important,
because it allows us to disentangle the contribution to the extra-
euro-area forecast from different world regions, without sacrificing
forecast performance.

We also run a natural experiment and generate the dynamics of
trade variables during the Great Recession conditional on the real-
ized path of macroeconomic variables. Results show that trade devel-
opments are well tracked: these results make our model a suitable
tool for conditional scenario analyses.

The paper is organized as follows: section 2 describes the data
and trade aggregation. Section 3 describes the model. Section 4
shows the forecasting results, while section 5 shows the conditional
forecast exercise. Section 6 concludes.

2. Data

In this paper, we aim at forecasting monthly intra- and extra-
euro-area import and export prices and volumes, vis-a-vis euro-area
partners: Brazil, Russia, India, China, Japan, South Korea, Switzer-
land, Denmark, Sweden, the United Kingdom, Turkey, the United
States, Canada, OPEC (Organization of the Petroleum Exporting
Countries), and a residual called Rest of the World. There are

1For a discussion of the importance of the timing of data releases in nowcast-
ing within the framework of a factor model, see Banibura, Giannone, and Reichlin
(2011).
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in total sixty-eight trade data series (import and export volumes
and prices from fourteen countries plus extra-euro-area, intra-euro-
area, and the Rest of the World series). These data are pro-
duced by the statistics department of the European Central Bank
(ECB).

In addition, for trade data, we exploit the predictive power
of thirty macroeconomic variables selected on the basis of their
availability: industrial production (IP) in manufacturing (from the
euro area, Brazil, Canada, Denmark, the United Kingdom, India,
Korea, Russia, Sweden, Turkey, and the United States); purchasing
manager indexes (PMI) of new export orders (euro area, China,
the United Kingdom, India, Japan, Korea, Russia, Turkey, and
the United States); producer price indexes (PPI) in manufactur-
ing (Brazil, Canada, Switzerland, Denmark, India, Japan, Korea,
Russia, Sweden, and the United States), consumer price indexes
(CPI) and PPI in the euro area; the real effective exchange rate
of the euro area, deflated by CPI, vis-a-vis forty trading part-
nersg and the unemployment rate and retail sales in the euro
area. The sample covers monthly observations from January 1995
to April 201319 The data set is highly unbalanced due to the dif-
ferent publication lag of trade data, with various trading part-
ners (some bilateral data are available before the aggregate), and
macroeconomic data. There are also missing observations due to
the initial date at which various macroeconomic variables become
available.

Figure 1 shows the monthly growth rates of the trade vari-
ables used in the paper: export prices, import prices, export vol-
umes, and import volumes. The common feature of these data is
the low persistence; in addition, volumes show higher volatility than
prices.

Table 1 describes some baseline statistics: mean; standard devi-
ation; absolute value of the autocorrelation coefficient, which is a
measure of persistence; and the R?, computed with a simple autore-
gressive model of order 1, which is a measure of predictability.

2Code EXR.M.Z65.EUR.ERCO0.A at the ECB Statistical Data Warehouse,
Exchange Rates.
3The data were downloaded on July 31, 2013.
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Figure 1. Trade Variables
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Note: Trade variables included in the analysis are month-on-month growth rates.

Mean: On average, over the sample, month-on-month (MoM)
extra- and intra-euro-area export price inflations both stand at
0.18, while extra- and intra-euro-area import price inflations
are slightly higher at 0.29 and 0.21, respectively. Imports from
Korea show negative price growth. Export volume growth,
on average across the sample and across the fourteen coun-
tries, is 0.42. High growth is recorded in Russia, China, and
Brazil at 0.96, 0.82, and 0.70, respectively. Extra-euro-area
export growth is higher than intra-euro-area export growth,
0.36 versus 0.19. The average growth in export volumes across
the fourteen countries is higher than that in import volumes
(0.21).
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e Standard Deviation: Volumes display high volatility when
compared with prices. Volatility is, on average, 5.35 and 5.43
for export and import volumes, respectively. Changes in price
movements have instead more contained fluctuations; the aver-
age volatility is 1.46 and 2.17 for export and import prices
inflation, respectively.

e Persistence: Persistence, measured as the absolute value of the
first-order autocorrelation coefficient, is quite low for all of the
series considered; on average, it is lower for prices (around 0.2)
than for volumes (around 0.35).

e Predictability: The R? from an autoregressive model of order
1 can be interpreted as the (in-sample) percentage of the series
variance that can be predicted. Trade series show a very low
predictable component; the R?, on average, is 0.06 and 0.05
for export and import prices, respectively, while it is slightly
higher, 0.14 and 0.15, for export and import volumes. This
makes the trade data hard to forecast, at least by using the
traditional univariate time-series model. One possibility to
improve the forecastability is then to use information embed-
ded in the cross-sectional dimension. The idea put forward
in the paper is to augment the panel of trade variables with
a block of macro variables, which have some degree of fore-
castability and, at the same time, are cross-correlated with
the trade block. This is explained in the methodology section.

2.1 Trade Data Aggregation

This paper proposes a model that can deliver accurate forecasts
of volumes and prices of euro-area imports and exports. For the
sake of simplicity, bilateral trade variables are grouped in the fol-
lowing geographical areas: Brazil, Russia, India, and China (BRIC);
Japan and South Korea (Far East); Switzerland, Denmark, Swe-
den, the United Kingdom, and Turkey (Europe); and the United
States and Canada (North America). The countries that are mem-
bers of OPEC are grouped in the Rest of the World. Our data set
includes aggregated intra- and aggregated extra-euro-area trade vari-
ables (import/export prices and volume). Such aggregated variables
can be forecast directly or, alternatively, predicted by aggregating
forecasts of each geographical area (the bottom-up approach). We
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show that the forecast accuracy of the bottom-up approach is supe-
rior or very close to the accuracy obtained by forecasting the aggre-
gate series directly. This result is crucial, because it allows us to
disentangle and measure the forecast contribution from geographi-
cal areas to the aggregate forecast (extra-euro area) without paying
a price in terms of aggregate forecasting performance.

The aggregations are constructed using time-varying weights:
weights for volumes are computed by rebasing volume indexes to
the correspondent values as in 2000; weights for prices are com-
puted using values in euro. Rebasing the volume indexes to values
as in 2000 also allows us to construct volumes for the Rest of the
World and their respective prices (recall that we measure prices by
the implicit deflators obtained by dividing the values in euro by
volume indexes).

Before moving to the forecasting exercise, we analyze the evolu-
tion of import and export shares over time; in addition, we show that
the weighted average of the geographical growth rates accurately
matches the growth rate of the aggregate series. The top panel in
figure 2 shows the evolution of export shares for the five geograph-
ical areas. Different patterns can be observed over time: the export
share to BRIC (* symbol) increases constantly from 5 percent in
2000 to 15 percent at the end of the period. The export share to
North America declines from values close to 20 percent in 2000 to
around 14 percent in the beginning of 2013 (o symbol). The same
pattern can be observed for the export share to Europe: it declines
from 35 percent in 2000 to just above 25 percent in 2013 (o symbol).
The share of exports to the Rest of the World increases from 35 per-
cent in 2000 to around 42 percent at the end of the sample period
(x symbol). Finally, the export share of the Far East is relatively
constant, just below 5 percent (+ symbol).

The bottom panel in figure 2 shows the three-month-on-three-
month (3Mo3M) extra-euro-area exports growth rate (red straight
line) and its breakdown by geographical areas (colored bars)@. Given
the low persistence and high volatility of the data, we prefer includ-
ing graphs and forecasts in 3Mo3M growth rates. This aggregation
facilitates the interpretation of the results, because it removes the

4Colors in this figure and others in the paper can be seen in the online version
available at www.ijcb.org.
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Figure 2. Contribution to Extra-Euro-Area Export
Volumes Growth by Geographical Breakdown

Export shares
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Notes: Top graph: extra-euro-area export shares by geographical areas. Bot-
tom graph: three-month-on-three-month (3Mo3M) extra-euro-area export vol-
ume growth rate (red straight line) and the relative growth rate contributions by
geographical areas (colored bars).

high-frequency noise component of the data. The forecasting model
is estimated on month-on-month transformations.

First and most importantly, the aggregation by geographical
growth rates reconstructs the aggregate extra-euro-area export series
(blue line) quite well, which is important because we can retrospec-
tively analyze the contribution of the single countries/areas to the
aggregate growth rate. For example, in the Great Recession period,
all the areas substantially contributed to the drop in trade, while in
the last years of our sample the contribution of Europe is negligible.
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Figure 3. Contribution to Extra-Euro-Area Import
Volumes Growth by Geographical Breakdown
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Notes: Top graph: extra-euro-area import shares by geographical areas. Bot-
tom graph: three-month-on-three-month (3Mo3M) extra-euro-area import vol-
ume growth rate (red straight line) and the relative growth rate contributions by
geographical areas (colored bars).

The top panel of figure 3 shows the evolution for the euro-area
import shares from extra-euro-area countries. Euro-area imports
from BRIC (x symbol) grew from around 12 percent in 2000 to
25 percent in 2013. The euro-area import share from North America
declined from 15 percent in 2000 to around 10 percent in 2013 (o
symbol). The euro-area import share from our Europe block dropped
from around 28 percent in 2000 to 21 percent at the end of the sample
period (¢ symbol). The euro-area import share from the Rest of the



Vol. 13 No. 4 A Global Trade Model for the Euro Area 11

World has remained fairly constant over time, around 36 percent
(x symbol). The euro-area import share from our Far East block
(4 symbol) has declined over time.

The bottom panel of figure 3 shows the 3Mo3M extra-euro-
area import growth rate (blue straight line) and a geographical
breakdown. The aggregation by countries/areas closely matches the
aggregate extra-euro-area series, also in this case. During the Great
Recession, imports from different areas declined. Since 2011, the
import pattern has been less synchronized: positive growth con-
tributions from some areas have been counterbalanced by negative
contributions from other areas.

Figures 4 and 5 analyze these trade patterns for total euro-area
exports and imports, dividing them into extra-euro area and intra-
euro area. The share of extra-euro-area exports over total exports
has increased over time from 48 percent in 2000 to around 57 per-
cent in 2013 (figure 4). A less steep but similar trend is observed for
extra-euro-area imports in figure 5. In 2005, for both imports and
exports, the intra- and the extra-euro-area shares were equally split,
at 50 percent each.

3. Econometric Framework

As shown in section 2, trade data are characterized by low persis-
tence. In order to produce accurate forecasts of trade data, we exploit
the cross-correlation among trade variables and in turn their corre-
lation with other macroeconomic data, which are more timely than
trade variables, i.e., they have a shorter publication delay. In order to
exploit the cross-correlation between macroeconomic and trade vari-
ables, we use a dynamic factor model. Factor models can summarize
the co-movement of a potentially large set of observable data with
few common factors. As shown in Giannone, Reichlin, and Small
(2008), factor models work well for forecasting a variable (GDP
in their case) that is characterized by substantial publication lag
but, at the same time, displays a strong correlation with other data
characterized by shorter publication delay (surveys, industrial pro-
duction, etc.). Given that trade variables are correlated with other
macro variables but are published later than other macroeconomic
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Figure 4. Contribution to Euro-Area Export Volumes
Growth: Extra and Intra Decomposition
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Notes: Top graph: extra- and intra-euro-area export shares. Bottom graph:
three-month-on-three-month (3Mo3M) euro-area export quantity growth rate
(red straight line) and the extra- and intra-euro-area relative growth rate contri-
butions (colored bars).

variables, factor models are a natural tool to forecast them. The
model is

yr = ANfi + & (1)
fi=Aife i+ FApfip ug ~ N(0,Q) (2)
§& =B 1+ e e ~ N(0, R), (3)
where y: = [Y1.6,Y2.65--->Yni] ,t = 1,...,T denote a stationary

n-dimensional vector process with zero mean and unit variance. This
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Figure 5. Contribution to Euro-Area Import Volumes
Growth: Extra and Intra Decomposition

Import shares
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Notes: Top graph: extra- and intra-euro-area import shares. Bottom graph:
three-month-on-three-month (3Mo3M) euro-area import volume growth rate (red
straight line) and the extra- and intra-euro-area relative growth rate contributions
(colored bars).

vector includes the observable data, i.e., trade and other macroeco-
nomic variables; y; depends on f;, an r-dimensional vector of few
unobserved common factors (r << n) and n idiosyncratic compo-
nents & = [§1¢,§2’t,...,§n,t]', which are uncorrelated with f; at
all leads and lags. A is an n X r matrix of factor loadings. It is
also assumed that the common factors f; follow a stationary vec-
tor autoregressive process of order p, where A;,..., A, are r x r
matrices of lagged coefficients. We model the dynamics of the idio-
syncratic components & as independent first-order autoregressive
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processes, i.e., the matrix B is diagonal; €; is normally distributed
and cross-sectionally uncorrelated (the variance-covariance matrix
R is diagonal), i.e., y; follows an exact factor model.

3.1 Estimation

As described above, our data set has missing observations, not
only at the end of the sample period (due to the different pub-
lication delays) but also at the beginning (due to the different
time spans covered by the different series). In order to estimate
the parameters of the model described by equations (1)—(3), given
that we want to include restrictions on these parameters, and
given the missing observations, we implement a maximum-likelihood
algorithm. More precisely, we make use of the algorithm pro-
posed by Baribura and Modugno (2014), i.e., a modification of the
expectation-maximization (EM) algorithm that allows to estimate
the parameters of the model described by equations (1)—(3) with
arbitrary patterns of missing observations.

The EM algorithm is a natural choice for dealing with the issues
that arise when estimating parameters of a dynamic factor model.
The first issue is that f;, the vector of common factors, is unobserved,
which implies that the maximum-likelihood estimates of the param-
eters are in general not available in closed form. Dempster, Laird,
and Rubin (1977) introduced the EM algorithm as a general solution
to problems for which latent states yield a likelihood function that is
intractable. They propose to express the likelihood in terms of both
observed and unobserved variables and iterating between two opera-
tions: (i) computing the expectation of the log-likelihood (sufficient
statistics) conditional on the data using the parameter estimates
from the previous iteration, and (ii) reestimating the parameters
through the maximization of the expected log-likelihood. In the case
of our model, this algorithm simplifies to an iteration between the
two steps until convergence is achieved, while correcting at each step
for the uncertainty associated with the estimation of the common
factors (Shumway and Stoffer 1982; Watson and Engle 1983).

The second issue is due to the large number of series included
in the panel. When n is large, the assumption of an exact factor
structure, i.e., the matrix R is diagonal, can be the source of mis-
specification, given that some local cross-correlation can still survive
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after controlling for the common factors. However, Doz, Giannone,
and Reichlin (2011) show that the effect of this misspecification on
the estimation of the common factors is negligible when the sample
size (T') and the cross-section (n) are large. They show that the fac-
tors extracted under the assumption of zero cross-correlation among
the idiosyncratic components span the space of true factors from the
model with weak cross-correlation among the idiosyncratic compo-
nents. Moreover, they show that the estimator is feasible when n is
large and easily implementable using the Kalman smoother and the
EM algorithm as in traditional factor analysis.

3.2 Restrictions on the Parameters

One of the advantages of the maximume-likelihood approach, with
respect to non-parametric methods based on principal components,
is that it allows us to impose restrictions on the parameters in a
relatively straightforward manner.

Bork (2009) and Bork, Dewachter, and Houssa (2009) show how
to modify the maximization step of EM algorithm described by
Watson and Engle (1983) in order to impose restrictions of the
form Hpvec(A) = Ky for the model described in equations (1)—(3).
Banbura and Modugno (2014) show how those restrictions can be
imposed in the presence of an arbitrary pattern of missing data.

We impose restrictions on the factor loadings matrix (A) in order
to identify the factors in our model. The factor loadings are restricted
to be equal to zero if the corresponding data series are not included
in the group that identifies a factor. We assume there are four factors
related to import prices, export prices, import volume, and export
volume dynamics:

(i) f! is the factor capturing the co-movement among export
volumes, euro-area trade partners’ PMIs and industrial pro-
ductions, and the real effective exchange rate.

(i) f? is the factor capturing the co-movement among the real
effective exchange rate, all import volumes, and the real
euro-area macroeconomic variables, i.e., industrial produc-
tion, retail sales, and the unemployment rate.
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(iii) f? is the factor capturing the co-movement among the real
effective exchange rate, all export prices, and the nominal
euro-area macroeconomic variables, i.e., CPI and PPI.

(iv) f* is the factor capturing the co-movement among the real
effective exchange rate, all import prices, and the euro-area
trade partners’ PPIs.

The exchange rate is the only variable that is included in the four
factors. In table 4 of the appendix, we report the block structure.

In order to understand if the information content of macroeco-
nomic variables increases the forecasting accuracy for trade vari-
ables, we compare the model described so far with a similar model
that includes only trade variables. This second model is also char-
acterized by four factors, defined as follows:

(i) fL is the factor capturing the co-movement among all export
volumes.

(ii) f2 is the factor capturing the co-movement among all import
volumes.

(iii) f32, is the factor capturing the co-movement among all export

prices.

(iv) f4 is the factor capturing the co-movement among all import
prices.

The block structure for the trade variables is described in the
appendix (table 5). Note that we do not impose any restriction to the
transition equation (2): the factors interact with each other through
the vector autoregressive process.

3.3 Forecasting

Forecasts are generated from the parameter estimates of the model
described in equations (1)~(3) § = [A, Ay,..., A,, B, R,Q] and the
data set Q,. The forecasts are defined as conditional expectations
of the target variable y; ;, obtained at time v, given the information
set ,. Notice that v refers to the point in time at which we produce
the forecast and v can refer to any time frequency; we will assume
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that v is monthly, i.e., the forecast performance is evaluated every
month. If t < v, we are backcasting; if t = v, we are nowcasting; and
if t > v, we are forecasting. Forecasts are computed as

Eg [yi.t|Q0) = Ay [£]Q0] + Eg [€66]Q)] Yie & L, (4)

where A;. denotes the ith row of A, the maximum-likelihood esti-
mate of A. E; [f|Q,] and E; [£;|€2,] are obtained by using Kalman
filtering techniques, which can be applied to the state-space repre-
sentation, described by equations (1)—(3), in order to derive back-
casts, nowcasts, and forecasts of y; ;. Finally, Ej [ ¢|€2,] # 0, given
that, in our case, the idiosyncratic components follow a first-order
autoregressive process.

4. Forecast Evaluation

We evaluate the forecast performance of our model via a pseudo-
real-time out-of-sample simulation on the sample January 2006 to
April 2013: the forecast horizon varies from —2 to 0, where —2 and
—1 are the previous two months’ and one month’s backcasts, respec-
tively, and 0 is the current month’s nowcast. We produce these esti-
mates every month, with a data set characterized by a “ragged-edge”
structure that mimics the information available at the end of each
month. The vintage of data on which our estimates are based was
downloaded on July 31, 2013. For example, let us assume that we
start the forecast evaluation on January 31, 2006. On this day, trade
data relative to Denmark, Sweden, and Great Britain are available
until October 2005, while all the other trade data are available up
to November 2005. Macroeconomic variables are more timely: PMIs
and IPs of Russia and the United States are available for Decem-
ber 2005, while the IPs for all the other non-euro-area countries are
available up to November 2005. PPIs are all available up to Decem-
ber 2005, except for Brazil, for which PPI data are available up to
November 2005. Euro-area macroeconomic data are all available up
to November 2005, but the exchange rate is available up to December
2005. This structure is exactly replicated at each forecast iteration
to implement a pseudo-real-time exercise.
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Forecasts are evaluated by the mean squared forecast error
(MSFE) statistic defined as

ty

1 . 2
MSFE! = — — (Y _y, ) 5
W et 1 ; t+ht t+h ) s (5)
—Llo

where Yt+h|t is the backcast or nowcast (h = —2,h = —1, and h = 0)
of the target variables and Y;yj are the ex post realized values; ¢g
and t; are the starting and ending forecast evaluation periods.

The forecasting exercise has two aims: first, to understand the
marginal forecasting power of the macro variables and, second, to
compare the relative performance of the aggregate versus disaggre-
gate forecast.

Results are reported as the ratio of the MSFE generated by the
proposed models to the MSFE obtained with a benchmark naive
model, which is the constant growth model. A ratio smaller than 1
indicates that the factor model improved on the benchmark.

Table 2 compares the results for the two factor models with-
out macro variables (panel A) and with macro variables (panel B).
All the forecasts are computed by the bottom-up approach, that
is, by aggregating forecasts from the different geographical areas.
The factor model with only trade variables displays a much bet-
ter two-month backcast performance (h = —2) compared with the
naive model (the relative MSFE is smaller than 1). The performance
is in line with that of the benchmark for the one-month backcast
(h = —1), is slightly worse for export and import prices (1.07 and
1.08, respectively), and is slightly better for import and export vol-
ume (0.94 and 0.98, respectively). The performance deteriorates for
the import and export prices nowcast (h = 0) and is identical to that
of the benchmark model for export volumes; it improves for import
volumes by 10 percent with respect to the naive model.

When we include macro variables in our model, there is a gener-
alized improvement of the forecasting performance with respect to
both the naive benchmark and the model with only trade variables.
Relative MSFEs in panel B are always smaller than those in panel
A, the only exceptions being export and import volumes for h = 0,
which are slightly higher.

Panel C in table 2 compares the relative performance of disaggre-
gated forecasts with the aggregated forecasts. The latter is generated
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Table 2. Relative MSFE: Extra-Euro-Area Trade
(using block structure)

19

Export Import Export Import
Prices Prices Volumes Volumes
. Trade Variables Only
h=-2 0.23 0.36 0.51 0.40
h=-1 1.07 1.08 0.98 0.94
h= 1.02 1.16 1.00 0.90
B. Trade and Macro Variables
h=-— 0.27 0.16 0.43 0.37
h=-1 0.86 0.68 0.94 0.97
h=0 0.81 0.87 1.16 0.99
C. Disaggregate vs. Aggregate Forecasts
h=-2 0.82 1.06 0.87 1.21
h=-1 1.01 1.18 0.94 0.99
h=0 1.02 1.06 0.99 1.01

Notes: Panel A reports the relative mean square forecast error (MSFE) between
the MSFE obtained with a baseline constant growth model (denominator) and that
obtained with the factor model computed on a panel with only trade variables (numer-
ator). In panel B the factor model includes trade and macro variables; the numbers
report the relative MSFE as in panel A. Panel C shows the ratio of the MSFE
obtained aggregating the forecast for each single area to the MSFE obtained fore-
casting directly the aggregated series. A ratio below 1 indicates that the model at
the numerator has a more accurate forecasting performance. h = —2,h = —1, and
h = 0 denote the forecast horizons; in this case they refer to two-months-ago back-
cast, one-month-ago backcast, and nowcast, respectively. The evaluation period is
January 2006 to April 2013.

by computing the predictions of extra-euro-area trade directly using

the aggregate series. The results show that the performance of the
bottom-up approach is similar to that of the direct forecast. On aver-
age, the relative MSFE statistics are around 1. This result is impor-
tant, because it allows us to decompose the forecast contributions
to the aggregate series by geographical areas.

The contribution of the macro variables is stronger in forecasting

trade prices than in forecasting quantities. This can be explained
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by looking at the composition of the set of macro variables: the-
ory would predict that foreign producer prices and exchange rates
have an immediate and direct impact on import prices, and likewise
for the impact of euro-area prices on export prices. The impact of
foreign industrial production and growth on the export quantities
demanded from the euro area would be mediated by relative prices
and characteristics of foreign demand and it would manifest itself
with a longer lagﬁ

What is the impact of imposing the block structure? Table 3
shows the forecast performance of the model when the block struc-
ture is removed. When the block structure is removed, the model
does worse on import volumes both with and without the use of
macro variables, except in one case. The striking improvement due
to the block structure comes in forecasting prices, especially export
prices, in the case of the disaggregate forecast. This can be expected
in light of the intuition above: trade prices are affected by costs and
markups, which in the data set are represented by producer price
indexes and exchange rates. Unless this basic economic intuition is
imposed by the block structure, the signal on prices is made more
noisy and the performance decays substantially.

Figures 6-9 show the forecast results. Panels 1-3 in figure 6 show
the backcast performance (panels 1 and 2 for h = —2 and h = —1,
respectively) and the nowcast performance (panel 3) for 3Mo3M
exports prices. The colored bars refer to the contribution of a geo-
graphical area to the aggregate extra-euro-area export prices series
(blue dashed line). The red line shows the 3Mo3M realized value.
The export price forecasts are quite accurate and track the realized
series relatively well; the performance tends to deteriorate over the
forecast horizon, from h = —2 to h = 0. The relative forecast con-
tributions show that the forecast deflation in imports prices, over
the last part of the sample, is mainly due to the North America
forecast.

Figure 7 is similar to figure 6: it shows the forecast patterns for
extra-euro-area export volumes. In this case, the forecasts are rather
accurate, that is, they capture the great trade collapse in the middle
of the sample, and, as expected, the accuracy deteriorates with the

5See, among others, Cooke (2014) and Lewis (2013).
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Table 3. Relative MSFE: Extra-Euro-Area Trade
(without block structure)

21

Export Import Export Import
Prices Prices Volumes Volumes
A. Trade Variables Only
h=-2 0.35 0.39 0.59 0.48
h=-1 1.05 1.03 1.04 0.98
h=20 0.99 1.08 0.99 0.92
B. Trade and Macro Variables
h=-2 0.33 0.31 0.55 0.44
h=-1 0.90 0.71 0.82 0.87
h=0 0.69 0.82 1.04 1.02
C. Disaggregate vs. Aggregate Forecasts

h=-2 4.96 1.76 0.84 1.25
h=-1 1.80 1.33 1.02 0.07
h=0 1.37 1.03 1.05 1.04
Notes: Panel A reports the relative mean square forecast error (MSFE) between
the MSFE obtained with a baseline constant growth model (denominator) and that
obtained with the factor model computed on a panel with only trade variables (numer-
ator). In panel B the factor model includes trade and macro variables; the numbers
report the relative MSFE as in panel A. Panel C shows the ratio of the MSFE
obtained aggregating the forecast for each single area to the MSFE obtained fore-
casting directly the aggregated series. A ratio below 1 indicates that the model at
the numerator has a more accurate forecasting performance. h = —2,h = —1, and
h = 0 denote the forecast horizons; in this case they refer to two-months-ago back-
cast, one-month-ago backcast, and nowcast, respectively. The evaluation period is
January 2006 to April 2013.

forecast horizon. In terms of forecast contribution, the Rest of the
World and Europe are the main components of the aggregate series;
forecast contributions from different geographical areas tend to co-

move closely. However, this pattern is broken over the last part of

the sample, where contributions from different areas to the aggregate
forecast seem to be more erratic.

Figure 8 shows the results for import prices. Forecasts track the
realized series well. Contributions to the aggregate forecasts tend to
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Figure 6. Export Prices
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Notes: Three-month-on-three-month (3Mo3M) growth rates—extra-euro-area
export prices forecasts. The dashed blue line is the aggregated extra-euro-area
forecast. The colored bars are the forecast contributions from different geographi-
cal areas. The red straight line is the ex post realized value. Top graph: two-month
backcast; middle graph: one-month backcast; bottom graph: nowcast.

co-move. The most important components for the aggregate dynam-
ics are import price developments from BRIC and the Rest of the
World.

Finally, figure 9 displays the results for import volumes. The
overall performance looks quite good. The main contributors to the
overall figure are, as in the case of import prices, BRIC and the Rest
of the World. Imports from Europe played a non-trivial role in the

Great Trade Collapse.
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Figure 7. Export Volumes
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Notes: Three-month-on-three-month (3Mo3M) growth rates—extra-euro-area
volumes forecasts. The dashed blue line is the aggregated extra-euro-area fore-
cast. The colored bars are the forecast contributions from different geographical
areas. The red straight line is the ex post realized value. Top graph: two-month
backcast; middle graph: one-month backcast; bottom graph: nowcast.

5. Conditional Forecast

The econometric model specified in this paper can also be used to
produce conditional forecasts, i.e., to evaluate the dynamics of a
target variable conditional on the future path of some other vari-
ables. Conditional forecasting exercises have become more and more
common in the macroeconometric literature and in policy circles
to assess the stability of standard economic relationships (see, e.g.,
Dotsey, Fujita, and Stark 2011 and Giannone et al. 2014 for use
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Figure 8. Import Prices
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Notes: Three-month-on-three-month (3Mo3M) growth rates—extra-euro-area
import prices forecasts. The dashed blue line is the aggregated extra-euro-area
forecast. The colored bars are the forecast contributions from different geographi-
cal areas. The red straight line is the ex post realized value. Top graph: two-month
backcast; middle graph: one-month backcast; bottom graph: nowcast.

of conditional forecasts to assess the stability of the Phillips curve)
or to assess risks underlying forecasts, as in Baumeister and Kilian
(2014). The state-space formulation of the factor model provides a
natural framework to address this kind of exercise (see Banbura,
Giannone, and Lenza 2015). We consider a conditional forecast to
examine how reliable our model is for producing trade data paths
conditional on macroeconomic variables.
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Figure 9. Import Volumes
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Notes: Three-month-on-three-month (3Mo3M) growth rates—extra-euro-area
import volumes forecasts. The dashed blue line is the aggregated extra-euro-area
forecast. The colored bars are the forecast contributions from different geographi-
cal areas. The red straight line is the ex post realized value. Top graph: two-month
backcast; middle graph: one-month backcast; bottom graph: nowcast.

In order to assess the reliability of our model to generate paths of
trade variables conditional on macro variables, we conduct a natural
experiment. Namely, we estimate the parameters with data avail-
able until December 2007 and then “feed” the Kalman filter with
those parameters and with the observed macro variables from Jan-
uary 2008 to April 2013 to generate the conditional path of trade
variables.
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Figure 10. Conditional Path for Export Volumes
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Notes: Simulated extra-euro-area export volumes path over the sample Novem-
ber 2007 to April 2013; trade dynamics are conditional on the realized macro
values from November 2007 to April 2013 and on the parameters estimated with
the data available at the end of December 2007. The four subplots refer to dif-
ferent geographical areas. Values are in three-month-on-three-month (3Mo3M)
growth rates.

This exercise is informative: by comparing the conditional fore-
casts of the trade variables with their realized values, we provide
an indirect measure of the importance of macro variables in driving
trade dynamics. In addition, the exercise also provides an indication
of the ability of the model to assess the effect of macroeconomic
scenarios on the trade variables.

Figures 10 and 11 show the results for export and import vol-
umes, respectively, and for the four different geographical areas
(BRIC, Far East, Europe, and North America). Results for the Rest
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Figure 11. Conditional Path for Import Volumes
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Notes: Simulated extra-euro-area import volumes path over the sample Novem-
ber 2007 to April 2013; trade dynamics are conditional on the realized macro
values from November 2007 to April 2013 and on the parameters estimated with
the data available at the end of December 2007. The four subplots refer to dif-
ferent geographical areas. Values are in three-month-on-three-month (3Mo3M)
growth rates.

of the World block are reported in figure 12 In all the charts,
the red line refers to the 3Mo3M conditional growth rate dynamics,
the blue line is the 3Mo3M ex post realized values, and the green
line is the 3Mo3M unconditional path. The first panel of figure 10
shows the conditional path of (3Mo3M) exports volumes to BRIC
(red line). In general, the simulated series (red line) track the actual

SWe keep the trade weights constant at December 2007 values to aggregate
the series from January 2008 to April 2013.
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Figure 12. Conditional Path for Export and
Import Volumes—Rest of the World
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Notes: Simulated extra-euro-area export and import volumes paths over the
sample November 2007 to April 2013; trade dynamics are conditional on the
realized macro values from November 2007 to April 2013 and on the parameters
estimated with the data available at the end of December 2007. The four subplots
refer to different geographical areas. Values are in three-month-on-three-month
(3Mo3M) growth rates.

path (blue line) well; they do not fully capture the depth of the drop
in exports during 2009, but nonetheless show a substantial decline.
Export dynamics to the Far East (top-right panel) are also well cap-
tured by the conditional series (red line); both the drop in 2009 and
the general contour are well fitted. The two bottom panels show
the conditional paths of exports to our Europe block and North
America; the two series describe trade dynamics well, even if the
trade collapse in 2009 is not fully captured.
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Figure 11 shows the conditional paths of import volumes. The
simulation exercise shows that the import drop in 2009 is well fit-
ted in the four geographical areas; the general pattern is also well
tracked, although there is a slight upward bias for the BRIC series
(top-left panel) and the Far East series (top-right panel).

Figure 12 shows the results for the Rest of the World. The top
panel displays the results for exports. The conditional series (red
line) exhibits a poor fit; it does not co-move much with the observed
values (blue line). This result can be explained by the lack of macro-
economic series in our data set for this “residual” region: macro-
economic data are a good proxy of the external demand component,
which is correlated to exports.

The bottom panel in figure 12 shows the simulation for imports
(red line). In this case, the conditional forecast displays a quite accu-
rate fit. It captures the drop in 2009 and the general contour well.

6. Conclusions

In this paper, we study and forecast trade dynamics in the euro area.
We use the factor model proposed by Baribura and Modugno (2014).
This model is a flexible tool to extract information from data sets
characterized by arbitrary patterns of missing data. Furthermore, it
allows for restrictions on the parameter space, which is essential for
the identification of the factors in the model.

We focus on backcasting and nowcasting extra-euro-area import
volumes, import prices, export price, export volumes, and their
geographical subcomponents. In a pseudo-out-of-sample evaluation
exercise starting in January 2006, we show that the model with trade
and macro variables improves on the forecastability of a model with
only trade variables. The more timely information of macro variables
delivers an improvement in forecast accuracy.

In addition, we show that aggregating forecasts from euro-area
trading regions (bottom-up approach) delivers predictions as accu-
rate as those obtained by forecasting directly the extra-euro-area
series (“direct” approach). This result is important, because it allows
us to disentangle the contribution to the extra-euro-area trade fore-
cast of different world regions.

Finally, we set up a counterfactual exercise where we show that
macro variables track trade dynamics well; this result implies that
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future trade paths can be inferred by future macro paths, which are

more predictable.

Appendix. Extra Tables

Table 4. Loading Restrictions on Macro Variables

[
il

<~
©

-
w

~
'S

U.K. PMI
India PMI
Japan PMI
Korea PMI
Russia PMI
Turkey PMI
U.S. PMI
Brazil 1P
Canada IP
UK. IP

India IP

Japan IP
Korea IP
Russia IP
Sweden IP
Turkey IP

U.S. IP

Brazil PPI
Canada PPI
Denmark PPI
India PPI
Japan PPI
Sweden PPI
U.S. PPI
Euro-Area IP
Euro-Area RS
Euro-Area UR
Euro-Area REER
Euro-Area CPI
Euro-Area PPI

OO OO0 oo oo R,r PR, R MR EAEPFPERPRPEAEPFRRPRPEPEPRRFER®RF

S OH PR PP OOODOODODOODODOOODODoOOOoOOoOo oo oo oo o oo

—H EH R OOOODODOODODODOODOODODODDODOOODODDODoOOO0OO0CcoOoooo0cocoocoo

O OO0 R FHFRFEFREFEFFEFODODODODIODODIODIDODIODIODDODDODOODODODOO

o

Notes: Factor loadings structure on macro variables. PMI stands for purchasing
manager index, IP for industrial production, PPI for producer price index, RS for
retail sales, UR for unemployment rate, REER for real effective exchange rate, and
CPI for consumer price index. 1 indicates that there are no restrictions, 0 that the
loading is restricted to zero.
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Optimal Monetary Policy with Nominal
Rigidities and Lumpy Investment*
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New Keynesian theory generally abstracts from the lumpy
nature of plant-level investment. Given the prominent role
of investment spending for shaping optimal monetary policy,
this simplification could be problematic. Our analysis suggests,
however, that this is not the case in the context of a New
Keynesian model featuring lumpy investment a la Sveen and
Weinke (2007).

JEL Codes: E22, E31, E32.

1. Introduction

New Keynesian (NK) theory often abstracts from capital accumula-
tion (see, e.g., Gali 2015), and if capital accumulation is taken into
account, then it is common practice to postulate convex adjustment
costs of one type or another (see, e.g., Christiano, Eichenbaum, and
Evans 2005 and Woodford 2005), which makes the model incon-
sistent with the observed lumpiness in plant-level investment (see,
e.g., Thomas 2002, Khan and Thomas 2008). Given the prominent
role of investment spending for shaping optimal monetary policy

*Thanks to seminar participants at the University of Konstanz as well
as to co-editor Stephanie Schmitt-Grohé and two anonymous referees. Cor-
responding author: Lutz Weinke, Humboldt-Universitdt zu Berlin, School of
Business and Economics, Institute of Economic Policy, Spandauer Strafle 1,
D-10099 Berlin, Germany, Tel.: 449 30 2093-5927, Fax: +49 30 2093-5934, E-mail:
lutz.weinke@wiwi.hu-berlin.de.

n the words of Schmitt-Grohé and Uribe (2007): “All the way from the
work of Keynes (1936) and Hicks (1939) to that of Kydland and Prescott (1982)
macroeconomic theories have emphasized investment dynamics as an important
channel for the transmission of aggregate disturbances. It is therefore natural to
expect that investment spending should play a role in shaping optimal monetary
policy.”
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this simplification could be problematic. The reason is that lumpy
investment is a potential source of significant heterogeneity across
firms 2 Hence, it might play an important role in shaping the optimal
monetary policy response to shocks, the same way staggered prices
generate inefficient price dispersion and thus provide a motive for
inflation stabilization.

Our analysis shows, however, that the implications for the opti-
mal design of monetary policy that obtain in the context of a con-
ventional NK model depend very little on whether investment is
lumpy, as in Sveen and Weinke (2007), or smooth, as in Woodford
(2005). In Sveen and Weinke (2007) we assumed that both price-
setting and investment decisions are conducted in a time-dependent
fashion 3 Up to a first-order approximation, the resulting framework
has been shown to be observationally equivalent to the model in
Woodford (2005) where he had postulated a convex capital adjust-
ment cost at the firm level. In other words, the two alternative ways
of modeling endogenous capital give rise to identical implications
for aggregate dynamics. Note that in the field of investment theory,
lumpiness is routinely generated by assuming stochastic non-convex
capital adjustment costs (see, e.g., Thomas 2002, Khan and Thomas
2008). The recent contribution by Reiter, Sveen, and Weinke (2013)
shows, however, that once that modeling choice is embedded into
an otherwise conventional NK model, the latter implies large but
very short-lived impacts on output and inflation, in a way that goes
against the empirical evidence. In other words, it is well established,
by now, that standard investment theory gives rise to counterfactual
implications in the context of NK theorylj We therefore conduct our
welfare analysis in the context of the model proposed in Sveen and
Weinke (2007). The latter is the only lumpy investment model known
so far that gives rise to an empirically relevant monetary transmis-
sion mechanism. Apart from the restrictions on capital accumula-
tion, the models under consideration feature sticky prices and wages
a la Calvo (1983). The co-existence of the two types of nominal

2In the context of the models presented in this paper, there is no distinction
between a firm and a plant. We therefore use those terms interchangeably.

3The assumption of time-dependent investment was originally proposed by
Kiyotaki and Moore (1997).

4The simple reason is the very large interest rate sensitivity of investment
implied by that investment theory.
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rigidities gives rise to a monetary policy tradeoff and consequently
to an interesting monetary policy design problem, as discussed in
Erceg, Henderson, and Levin (2000).

Based on Rotemberg and Woodford (1997) and Sveen and
Weinke (2009), the present paper presents a second-order accurate
expression for the level of welfardd in the context of a baseline model
featuring time-dependent lumpy investment. The welfare criterion
is the unconditional expectation of average household utility. For a
benchmark model where firm-level capital is assumed to be smooth
as in Woodford (2005), that welfare criterion is of the form calcu-
lated in Sveen and Weinke (2009). Our first main result shows that
baseline and benchmark imply optimized interest rate rules which
are similar in the following sense: if the optimized rule from one
model is used in the other one, then the resulting additional welfare
loss is negligible. This is an important extension of our earlier work
in Sveen and Weinke (2009). In that paper we had shown that opti-
mized interest rate rules, as implied by Woodford’s (2005) modeling
of endogenous capital, are very similar (in the same sense as above)
to the ones that obtain under the assumption of a rental market
for capital after an appropriate adjustment of the price stickiness
in the latter model. The reason for the adjustment is that Wood-
ford’s (2005) modeling of investment implies some endogenous price
stickiness, i.e., a price setter internalizes the consequences of a price-
setting decision for the marginal costs over the expected lifetime of
the chosen price. This effect is, however, absent in the rental market
model, where the marginal cost is constant across all firms in the
economy. This difference in price stickiness turns out to be the only
first-order difference between Woodford’s (2005) model and a rental
market specification, as analyzed in Sveen and Weinke (2005). After
making the two models equivalent up to the first order (by adjusting
the price stickiness), the corresponding welfare implications become
very similar. Much of the related literature on the optimal design of
interest rate rules has adopted the assumption of a rental market for
capitalﬁ It is therefore interesting to observe that our first result in

5A meaningful welfare analysis can only be conducted based on a second-
order approximation to the welfare criterion. See, e.g., Schmitt-Grohé and Uribe
(2004).

6See, e.g., Schmitt-Grohé and Uribe (2007).
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the present paper (when combined with the above-mentioned result
in Sveen and Weinke 2009) lends some support to the view that those
findings in the related literature appear to hinge very little on the
rental market assumption. Second, we compare the welfare implica-
tions of each simple interest rate rule to the corresponding outcome
under Ramsey optimal policy. This way we demonstrate that opti-
mal policy is well approximated by optimized simple interest rate
rules. This increases the practical relevance of our first result.

The remainder of the paper is organized as follows. Section 2
outlines the model structure. In section 3 the results are presented
and section 4 concludes.

2. Model

We use a New Keynesian model with complete markets. Shocks
to total factor productivity are assumed to be the only source of
aggregate uncertainty. There is a continuum of households and a
continuum of firms. Each household (firm) is the monopolistically
competitive supplier of a differentiated type of labor (type of good)
and we assume sticky wages (sticky prices) a la Calvo (1983), i.e.,
each household (firm) gets to reoptimize its wage (price) with a con-
stant and exogenous probability. Capital accumulation is assumed
to take place at the firm level, and the additional capital resulting
from an investment decision becomes productive with a one-period
delay. In our baseline model (LI for short) lumpiness in investment
is modeled as in Sveen and Weinke (2007), i.e., there is a Bernoulli
draw conditional on which a firm is allowed to invest, or not. In
the benchmark model (FS for short) firm-level investment is (unre-
alistically) assumed to be smooth, as in Woodford (2005)E| Since
the details of the models have been discussed elsewhere (see Erceg,
Henderson, and Levin 2000, Woodford 2005, and Sveen and Weinke
2007, 2009), we turn directly to the implied linearized equilibrium
conditions. The only two equations that are different in LI and FS
are, respectively, the inflation equation and the law of motion of

"FS stands for “firm specific.” It should be noted, however, that capital in the
baseline model is also firm specific. We refer to the baseline specification as being
the lumpy investment model (L) and call the benchmark a model of firm-specific
capital since this was Woodford’s (2005) original label for this type of model.
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capital, as we are going to see. Relying on the insights in Rotemberg
and Woodford (1997) and Sveen and Weinke (2009), we will com-
pute our welfare criterion (in each model under consideration) up to
the second order.

2.1 Some Linearized Equilibrium Conditions

In what follows we present our baseline model LI and make clear in
which places it differs from the benchmark F'S. We consider a linear
approximation around a zero-inflation steady state. In what follows,
variables are expressed in terms of log-deviations from their steady-
state values except for the nominal interest rate, i;, wage inflation,
wy, and price inflation, 7, which denote the levels of the respective
variables. The consumption Euler equation reads

ct = Ficppq — (it — Eimiq — P) ) (1)

where ¢; denotes aggregate consumption and F; is the expectation
operator conditional on information available through time ¢. More-
over, parameter p is the discount rate and the last equation also
reflects our assumption of log consumption utility. Up to the first
order, aggregate production is pinned down by

Yy =x o ke 4 (1 —a) ny, (2)

where y; denotes aggregate output, parameter « indicates the cap-
ital share, aggregate capital is k;, aggregate hours are n;, and x;
represents an exogenous index of technology. The latter is assumed
to follow an AR(1) process x; = p, x1—1 +&¢, with p, € (0,1) and &,
denoting an iid shock with variance o2. The wage-inflation equation
results from averaging and aggregating optimal wage-setting deci-
sions on the part of households, as discussed in Erceg, Henderson,
and Levin (2000). It takes the following simple form:

wr = B Brwip1 + Ay (mrsy —rwy) , (3)

where parameter 5 = 1/(1+ p) is the subjective discount factor, rw;
denotes the real wage, and mrs; = ¢; + nn; measures the average
marginal rate of substitution of consumption for leisure. In the lat-
ter definition parameter n indicates the inverse of the (aggregate)
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Frisch labor supply elasticity. Finally, we have used the definition
Ao = (1=B6w )(1 Ow) +1€N, where parameter 6,, denotes the proba-
bility that a household is not allowed to reoptimize its nominal wage
in any given period, while parameter €y measures the elasticity of
substitution between different types of labor. The price inflation

equation takes the form

=0 Eimip1 + A mey, (4)
where me; = rw; — (y: —ny) denotes the average real marginal
cost. We have also used the definition A = (= 59)(179) 1 1afa£é,

where parameter 6 gives the probability that a firm does not get to
reoptimize its price in any given period, while parameter ¢ denotes
the elasticity of substitution between the differentiated goods.
Finally, coeflicient £ is a function of the model’s structural param-
eters that is computed numerically as in Sveen and Weinke (2007),
using the method developed in Woodford (2005). The details of the
respective computations of coefficient £ depend on whether firm-level
investment is lumpy, as in LI, or smooth as in FS. For future refer-
ence, it should be pointed out that Woodford’s (2005) method relies
on observing that a firm’s price-setting rule can be approximated up
to the first order by the following expression:

P () =pf — 7 ke (i),
with py* (i) = p (i) — pe, ket (i) = k¢ (i) — ki, and p;” = pf — pe, where
p; (1) is the price chosen by firm ¢ in period ¢ and p; denotes the
aggregate price level associated with the usual Dixit-Stiglitz aggre-
gator. Firm 4’s relative to average capital stock is given by ki (7).
Moreover, p;" is the average relative price in the group of time-t price
setters. Finally, coefficient 77 can be calculated by using Woodford’s
(2005) method. Here again the details of the respective computations
of coefficient 71 depend on whether firm-level investment is lumpy,
as in LI, or smooth as in F'S. The law of motion of capital is obtained

from averaging and aggregating optimal investment decisions on the
part of firms. This implies

1
Akt+1 = ,6 EtAkt+2 + ; [(1 — B(l — (5)) Etm8t+1

— (it — Eyme1 — p)] (5)
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where ms; = rw; — (k¢ — ny) represents the average real marginal
return to capital. The latter is measured in terms of marginal sav-
ings in labor costs since firms are demand constrained in our model.
Moreover, parameter ¢ is the rate of depreciation. Finally, coefficient
€y measures the smoothness in aggregate capital accumulation. It is
a function of the model’s structural parameters that is evaluated as
in Sveen and Weinke (2007), where we observe that a firm’s invest-
ment rule can be approximated up to the first order by the following
expression:

tfH (2) = k’t*+1 — T2 Pt (Z) >

with k‘it*+1 (’L) = k:+1 (Z) — kt+1, ktﬂikl = k’r+1 — kt+1, and ﬁt (’L) =
Pt (i) — py, where k(i) is the capital stock chosen by firm ¢ in
period t. Moreover, ki, ; is the average capital stock in the group of
time-¢ investors and p; () is firm 4’s relative price in period t. Coeffi-
cient 75 can also be calculated by using Woodford’s (2005) method.
The value of parameter €, in (5) depends crucially on the probabil-
ity 05 with which a firm is not allowed to invest in any given period.
Note that €, is simply the parameter measuring the convex capital
adjustment cost in FS. Finally, we observe that the value of A in
(4) coincides with its counterpart in F'S if parameter 0y, is chosen in
such a way that the laws of motion of capital coincide in LI and F'S.
This is the reason why the two models are observationally equiv-
alent, up to the first order§ The goods market clearing condition
reads

h=C et s fhe — (L= 0) k] (6)

where ( =1 — % denotes the steady-state consumption-to-output
g

ratio. Notice that the frictionless desired markup, p = _=;, does
not enter the latter definition. The reason is our assumption of a
wage subsidy that makes the steady state of our model efficient.
This allows us to approximate our welfare criterion up to the sec-
ond order relying on the first-order approximation that we have just
considered. Next we discuss the welfare criterion that will be used

8For details, see Sveen and Weinke (2007).
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to assess the desirability of alternative arrangements for the conduct
of monetary policy.

2.2 Welfare

As in Erceg, Henderson, and Levin (2000), the policymaker’s period
welfare function is assumed to be the unweighted average of house-
holds’ period utility

Wi = U (Cy) + / V (N, (h) dh = U (C) + En {V (N, ()} (7)

The assumption of complete asset markets combined with a util-
ity function that is separable in its two arguments, consumption
and hours worked, implies that heterogeneity in hours worked (a
consequence of wage dispersion) does not translate into consump-
tion heterogeneity. This is reflected in (7), where U (C}) indicates
consumption utility and V' (NN, (h)) denotes the disutility associated
with household h’s decision to supply N (h) hours. The notation
E;, is meant to indicate a cross-sectional expectation integrating
over households. We also follow Erceg, Henderson, and Levin (2000)

in expressing period welfare as a fraction of steady-state Pareto-
W,
U

optimal consumption, i.e., we consider , where a bar indicates
the steady-state value of the original variable and U¢ is the marginal
utility of consumption. The second-order approximation to period
welfare is calculated based on the method by Rotemberg and Wood-
ford (1997)E Our welfare criterion is the unconditional expectation
of period welfare, which we write in the way proposed by Svensson

(2000):

o - Wt+k—W
e g {-n S () )

k=0

9The proof that the method of Rotemberg and Woodford (1997) can be applied
to the problem at hand carries over from Edge’s (2003) work to ours because the
relevant steady-states properties of the two models are identical.
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We derive the following expression for that welfare criterion in LI:

W ~F {Qlyg + QQC% + ng? + Q4nf + Q5w,52
+ Qemy + Q7(Aky)* + Q527 } (8)

where the symbol ~ is meant to indicate that an approximation is
accurate up to the second order. We have also used the definition
zt = Aky + 7, and coefficients 21 to {2g are functions of the struc-
tural parameters, as defined in the appendix. For FS the welfare
criterion is calculated along the lines of Sveen and Weinke (2009).
In order to derive (8), one needs to calculate the cross-sectional vari-
ances of prices and capital holdings at each point in time as well as
their covariance. This is shown in the appendix. In a nutshell, we
note that the above-mentioned linearized rules for price setting and
for investment can be used to compute the relevant second moments
with the accuracy that is needed for our second-order approximation
to the welfare criterion.

3. Results

We consider a conventional family of monetary policy rules and ana-
lyze constrained optimal rules, i.e., we restrict attention to a partic-
ular subset of possible parameter values that parameterize the rule.
It is useful to note that rational expectations equilibrium is locally
unique (i.e., determinate) under the constrained optimal policies.
The simple interest rate rules under consideration below are there-
fore also implementable. We first compare the welfare implications
of constrained optimal simple and implementable interest rate rules
in LI and FS. In a second step, we ask how well those optimal rules
approximate the Ramsey optimal policy.

3.1 Baseline Parameter Values

In our quantitative analysis, the following values are assigned to the
model parameters We consider a quarterly model. The capital
share, o, is set to 0.36. The elasticity of substitution between goods,

0T solve the dynamic stochastic system of equations, we use Dynare
(www.dynare.org). MATLAB code for our implementation of Woodford’s (2005)



44 International Journal of Central Banking December 2017

e, takes the value 11. The rate of capital depreciation, ¢, is assumed
to be equal to 0.025. We set the elasticity of substitution between
different types of labor, ey, equal to 6. Our choice for the Calvo price
stickiness parameter, 6, is 0.75 and the value for the wage stickiness
parameter, 6,,, is 0.75. This implies an average expected duration of
price and wage contracts of one year. The coefficient of autocorre-
lation in the process of technology, p., is assumed to take the value
0.95. Those parameter values are justified in Erceg, Henderson, and
Levin (2000), Sveen and Weinke (2007, 2009), and the references
therein. Finally, we set the lumpiness parameter 8, = 0.955. The lat-
ter choice makes our model consistent with the evidence in Khan and
Thomas (2008), according to which 18 percent of plants undertake
lumpy investments in any given year. Conditional on our baseline
choices for the remaining parameters, this results in €, = 6.359, a
value implyin plausible degree of smoothness in aggregate capital

accumulation

3.2 The Welfare Consequences of Simple
Implementable Rules

We consider a family of simple interest rate rules of the form
re=p+ 1 (rie1—p) FTs [rwe + (L= 1) 1] + 7 G, (9)

where parameter 7, measures the overall responsiveness of the nom-
inal interest rate to changes in inflation, whereas 7, is the rela-
tive weight put on wage inflation. The weight on price inflation is
therefore given by (1 — 7). Parameter 7,. denotes the interest rate
smoothing coefficient and parameter 7, indicates the quantitative
importance attached to a measure of real economic activity that
is taken to be the output gap, §;. To be precise, J; = y; — yi*,
nat

where y** is natural output that is computed a la Neiss and Nelson
(2003), i.e., the equilibrium output that would obtain in the absence

method is available upon request. We also thank Junior Maih for code that has
been used in the computation of the optimized coefficients of the interest rate
rules under consideration.

' As we have mentioned already, €, is simply the parameter measuring the
convex capital adjustment cost in Woodford (2005).
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of nominal frictions. Only positive parameter values are considered,
and parameter 7, is required to be less than or equal to one.

We follow Erceg, Henderson, and Levin (2000) and consider the
business-cycle cost of nominal rigidities. For each model under con-
sideration, we report the optimized coeflicients entering the interest
rate rule as well as the corresponding welfare measure. Specifically,
we compute our welfare measure in _each model under the assumption
of flexible prices and wages (i.e., W"") and subtract the resulting
expression from the value in the corresponding model with the nom-
inal rigidities being present (i.e., W). As they do, we divide this
difference by the productivity innovation variance, o2, and refer to
the resulting number as being a welfare loss. Let us give a concrete
example for the interpretation of the welfare loss numbers in our
tables. Suppose the productivity innovation variance is 0.003152.
Under a standard Taylor (1993) rule for the conduct of monetary
policy (ie., 7 = 0.7, 7, = 1.5, 7, = 0, and 7, = 0.125), this
choice implies an output variance of 0.0162, which is well in line
with the variance of the cyclical component of output in the U.S.
economy, at least for the period starting in the early eighties until
the onset of the 2007 financial crisis. Then, a welfare loss of —10
means that the representative household would be willing to give
up 10 x 0.00315%2 x 100 = 0.01 percentage points of steady-state
(Pareto-optimal) consumption in order to avoid the business-cycle
cost associated with the presence of the nominal rigidities.

8.2.1 Wage—Price Rule

We now compare optimized interest rate rules under LI and FS.
Our first set of results regards interest rate rules according to which
the nominal interest rate is only adjusted in response to changes in
price and wage inflation, i.e., parameter 7, is set to zero. We also
state the welfare loss implied by LI if the optimized rule from FS is
used in that model. The results are shown in table 1.

The welfare losses under the respective optimized rules are very
similar in LI and F'S, and the differences between the corresponding
optimized parameter values, as implied by the two models, are also
small. Moreover, the additional welfare loss is tiny if the optimized
rule from F'S is used in LI (compared with the outcome that obtains
under the optimized rule in LI). In other words, a central banker



46 International Journal of Central Banking December 2017

Table 1. Wage—Price Rule

Parameter FS LI

Tr 1.0352 1.0353
Ts 0.8399 0.5837
Tw 0.3416 0.3295
Welfare Loss (W—UW) —9.1104 (—9.13429) —9.1264
“Welfare loss in the lumpy investment model with F'S rule.

would only make a tiny mistake by abstracting from lumpiness in
investment when optimizing a wage—price interest rate rule. What is
the intuition? There is only a little interaction between price setting
and investment in the two models under consideration. In fact, an
investment decision is almost unaffected by the current price of a
firm. The reason is that an investor takes rationally into account
the future price changes that are expected to take place over the
lifetime of the chosen capital stock. This in turn is so as long as
investment decisions are forward-looking enough (regardless of the
particular type of restriction on capital accumulation). Put differ-
ently, the additional heterogeneity among firms that is implied by the
lumpiness in investment does not matter much for the business-cycle
cost of the nominal rigidities.

To some extent, the results in table 1 are also surprising. To see
this, note a subtle first-order difference between the versions of LI
and FS that obtain under the assumption of flexible prices and wages
(and keep in mind that those versions of the two models enter our
calculations when isolating the business-cycle cost of the nominal
rigidities). The reason is that €, is simply a parameter in the law of
motion of capital, as implied by FS. On the other hand, € is a coef-
ficient in the context of LI whose value also depends (among other
parameter values) on the degree of price stickiness, as analyzed in
Sveen and Weinke (2007). This difference turns out, however, to be
inconsequential for the results shown in table 1 according to which
the two models have very similar implications for the optimal design
of wage—price rules. It is shown next that the similarity between the
welfare results in LI and FS is not specific to the type of interest
rate rule that we had considered so far.
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3.2.2  Taylor-Type Rule

Once again, we compare welfare implications in LI and FS. The
structure of the comparison is the same as in the preceding subsec-
tion, but we now consider interest rate rules according to which the
nominal interest rate is only adjusted in response to changes in price
inflation and the output gap, i.e., parameter 7,, is set to zero. Also
in this case, our analysis brings out a clear message. This is shown
in table 2.

There are only very small differences between the welfare losses
under the optimized rules in LI and FS, and the same is true for
the respective coefficients parameterizing those rules. Moreover, the
additional welfare loss is once again tiny if the optimized rule from
FS is used in LI (compared with the outcome that obtains under the
optimized rule in LT). We have already mentioned that the law of
motion of natural capital is different in the two models because price
stickiness affects the smoothness of aggregate capital accumulation
in LI, but not in FS. This observation is particularly relevant for
the analysis of Taylor-type interest rate rules because natural out-
put is used in the construction of the output gap. However, as our
results clearly show, the quantitative importance of this effect is also
very limited in this context. Next we analyze how well the simple
and implementable interest rate rules considered so far approximate
Ramsey-optimal policy.

3.8 Ramsey-Optimal Policy

We now compute Ramsey-optimal welfare losses in LI and FS[3
This is shown in table 3.

In each model the welfare loss under Ramsey-optimal policy is
well approximated by the corresponding outcomes that are associ-
ated with the optimized interest rate rules considered in the preced-
ing subsection. Taken together, the present paper therefore conveys
a positive message. We develop a New Keynesian model featuring
lumpy investment using the formalism of a time-dependent rule a la
Sveen and Weinke (2007). (As we discussed in the introduction, no
alternative lumpy investment model has been proposed so far in the

12T compute Ramsey optimal policy, we use Dynare (www.dynare.org).
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Table 2. Taylor-Type Rule with Neiss
and Nelson Output Gap

Parameter FS LI

Ty 1.0423 0.9911
Ts 0.0365 0.0093
Ty 0.0283 0.0074
Welfare Loss (W—UVQV) —9.1914 (—9.4744%) ~9.1639
“Welfare loss in the lumpy investment model with F'S rule.

Table 3. Ramsey-Optimal Policy
FS LI

Welfare Loss (2=17"") ~8.9311 ~8.9157

literature that would give rise to an empirically relevant monetary
transmission mechanism.) In the context of the resulting framework,
it turns out that the conclusions for the desirability of alternative
arrangements for the conduct of monetary policy are strikingly sim-
ilar regardless of whether or not lumpiness in investment is taken
into account.

3.4 Sensitivity Analysis

Let us challenge the results obtained so far. Our first sensitivity
analysis regards the notion of the output gap. In the context of a
model featuring endogenous capital accumulation, Woodford (2003,
chapter 5) proposes to refine that notion in the following way. He
uses the equilibrium output that would obtain if the nominal rigidi-
ties were absent and expected to be absent in the future but taking as
given the capital stock resulting from optimizing investment behav-
ior in the past in an environment with the nominal rigidities present.
Woodford argues that this measure of natural output is more closely
related to equilibrium determination than the alternative measure
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Table 4. Taylor-Type Rule with Woodford Output Gap

Parameter FS LI

Tr 1.0305 1.0080
Tr 0.0545 0

7, 0.0227 0.0343
Welfare Loss (W—GVQV"“‘) -9.1935 (—9.3054) —9.0641
“Welfare loss in the lumpy investment model with FS rule.

that has been proposed by Neiss and Nelson (2003) and that we
have used so far in our analysis. We have stated already that under
their definition natural output is the equilibrium output that would
obtain if nominal rigidities were absent. But this means that they
are not only currently absent and expected to be absent in the future
but that they had also been absent in the past. This distinction turns
out, however, to be of negligible importance for the results in the
present paper. This is shown in table 4.

Our second sensitivity analysis is concerned with the following
question: What are the additional welfare losses implied by devia-
tions from the optimized interest rate rules that have been analyzed
so far in the context of LI? Let us therefore reconsider the general
interest rate rule stated in equation (9). The left-hand side of figure 1
shows by how much the welfare loss increases if the policy parame-
ters deviate from their optimal values in the case of the wage—price
rule considered above (i.e., the specification where parameter 7, is
set to zero). The right-hand side of figure 1 shows the corresponding
analysis for the case of the Taylor-type rule (i.e., the specification
where parameter 7, is set to zero). Each panel of the figure illustrates
the welfare loss associated with a change in one policy parameter at
a time while holding the remaining parameters constant at their
optimal values. In each case, the figure also shows the correspond-
ing indeterminacy region in the parameter space. More concretely,
dashed lines indicate the critical parameter values in the sense that
rational expectations equilibrium is locally unique (or determinate)
for all parameter values that are larger than those critical values.
Finally, let us mention that each panel in the figure shows the same
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Figure 1. Robustness Analysis of Welfare Losses
Associated with Simple Implementable Interest
Rate Rules in the Context of LI
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range of welfare losses. That range is chosen arbitrarily, but we
believe that our particular choice allows us to highlight the most
relevant economic effects. In some cases (more concretely, for the
wage—price rule and its parameters 7, and 7,,) parameter values that
give rise to a determinate equilibrium imply welfare losses outside
that range. Those losses are therefore not shown in the corresponding
panels of figure 1.

From an economic point of view, our sensitivity analysis with
respect to the output gap response in the Taylor-type rule deserves
special attention. It is shown that small deviations from the opti-
mal rule result in negligible welfare losses. Only to the extent that
the central bank attaches very little importance to the output gap
in setting the nominal interest rate does the resulting rule imply a
large welfare loss with respect to the optimal policy

3Let us also mention here that the conventional wisdom according to which
responding to the level of output in an interest rate rule is costly from a wel-
fare point of view (see, e.g., Schmitt-Grohé and Uribe 2007) remains valid in the
context of the models analyzed in the present paper.
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4. Conclusion

We augment the model in Erceg, Henderson, and Levin (2000)
with a standard textbook treatment of endogenous capital accu-
mulation in the context of New Keynesian theory, namely the firm-
specific investment decision considered in Woodford (2005). The lat-
ter model abstracts, however, from lumpiness in investment, which
is an uncontroversial empirical regularity. The present paper shows
that the implications of Woodford’s (2005) modeling of capital accu-
mulation turn out to be similar to the ones that emerge in the pres-
ence of a lumpy investment decision of the form considered in Sveen
and Weinke (2007). In fact, under both alternative assumptions on
capital accumulation, we find that simple implementable interest
rate rules generate welfare results that are similar. Moreover, the
additional welfare loss associated with using the optimized rule from
one model in the other one is tiny. Finally, optimized simple inter-
est rate rules are shown to approximate very well the corresponding
outcomes under Ramsey-optimal policy.

We had already mentioned that there is no consensus on the
way in which endogenous capital accumulation should be modeled
in the context of monetary models. Clearly, this issue is high on our
research agenda, and, needless to say, alternative ways of modeling
lumpiness in investment would change not only the implied mone-
tary transmission mechanism but also the model’s welfare implica-
tions. Another caveat regards the assumed stochastic driving force
of the models under consideration. In each case we restrict attention
to stationary exogenous shocks to total factor productivity. This is
in line with the assumption in Erceg, Henderson, and Levin (2000)
on which we build our analysis. Given the uncontroversial empirical
support for the importance of demand factors for aggregate fluctu-
ations, it would however also be interesting to assess the potential
role of alternative economic shocks for the results obtained in the
present paper. Those caveats notwithstanding, our results demon-
strate that time-dependent lumpy investment in itself does not lead
to any important changes in the welfare relevant results with respect
to standard textbook treatments of endogenous capital in the New
Keynesian theory.
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Appendix. Welfare with Lumpy Investment

Throughout the appendix we use the notation and the definitions
that are introduced in the text. We approximate our utility-based
welfare criterion up to the second order. In what follows, we make
frequent use of two rules,

A — A 1
= = a + §af, (10)

where ~ is meant to indicate that an approximation is accurate up

to the second order. We have also used the definition a; = In (%).

1 Y
Moreover, if A; = (f Ay (1) dz’) , then
0

1
a; ~ F;a; (’L) + §’Yva7"iat ('L) ) (11)

with Var; indicating a cross-sectional variance. As we have already
mentioned in the text, the policymaker’s period welfare function
reads

Wi=U ()~ [ V(N () dh = U ()= B {V (N ()} (12
It follows that

. 1 N 1
W, 2 W+UcC (ct + 2cf) —VNNE, {nt (h) + §nt (h)Q}

11— — 1—
+ EUC’CC2C? - §VNNN2Eh {”t (h)z} :

The Pareto optimality of the steady state implies VyN = Ucél_Ta.
We therefore have

Wy =W 1 1 1—a
! ~ <Ct+ 26%) — 56? — C Eh {nt (h)}

S (14 6) B {07} (13)

UcC

“ 3¢
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Next we show how the linear terms in consumption and
employment in the last expression can be approximated up to the
second order. We start by analyzing the consumption portion of
welfare. To this end we invoke the resource constraint.

The Consumption Portion of Welfare

The resource constraint reads
i =Ci+ Kip1 — (1 —6) Ky,

where K; = fo K, (i) di and K (1) is the amount of composite goods
used in firm 7’s productlon. It follows that

1, 1 1 -¢1

+1E<15 (m ﬁ). (14)

The Labor Portion of Welfare

Aggregate labor supply is given by N; = (
Using the second rule, we can write

ley —1
nt:Ehnt(h)+f N

Varpng (h) .
EN

Aggregate labor demand reads

1 1 B _1
o Y; (0) )1—“ . —
LE/L ZdZ:/ <.o¢ di=B;™",
' 0 () o \XeKq (i) !

where B; = (fo By (1 1 a dz) and By (1) = X:}/é?i)a' Clearing of

the labor market 1mphes that Ny = L;. We therefore have

1

l—«o

by.

ny =
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Invoking the second rule, we obtain
. 11 .
bt ~ Ezbt (Z) + 5@‘/&7}'(% (’L) N

and we also note that
be (1) = ye (1) — 2 — a ke (7).
The last result implies
Eiby (i) = Eiye (i) — @ — aBEiky (i),
Varbs (i) = Vargy: (i) + ok — 2aCov; (yq (i) , ke (7))

with Var; denoting the cross-sectional variance and Cov; the covari-
ance operator. We can therefore write
by ~ E;ys (1) — x¢ — aEiky (1)
1 1 ) . .
+ 51— 4 [Variyt () + o’k — 2aCov; (ye (7) , ke (z))} .

Let us also observe that
1
Eikt (7,) ~ k‘t — §Va7'ik:t (Z) s

. le—1
By (i) ~ y; — 5

Combining the last three results, we arrive at

1 « 11(1—a+a5

Vary: (i) .

by ~ vy —xp — 0 ky + 5@‘/@”% (1) + 3z

o . .
- HCOW (ye (4) , ke (7)) -
It follows that
1 1 Qa .
Ehnt (h) ~ m (yt — Tt — Oék’t) + imvaﬁk‘t (Z)
11 1—a+ae
2¢ (1-a)

—LCOUZ- + (1), ke (7)) —
T ACAORAC)

)vWMa)

l—«o

Vargy, (i)

1€N—1

5 ex Varpng (h) .
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Using the demand functions for goods and labor services, we obtain

Vargy; (i) ~ 2y,
Cov; (y¢ (1), ke (i) >~ =€y,

Varyng (h) ~ €%\,

where A; = Varip: (i), ¢ = Couv; Dy (i),ke (i), and Ny =
Varpws (h), with w; (h) = w; (h) —w;. In the latter definition, w; (h)
is household h’s nominal wage and w; denotes the aggregate wage
level associated with the corresponding Dixit-Stiglitz aggregator. We
therefore have

1 11 —a+ ae
Epng (h) ~ 1—a (ye — xr — aky) + §W€ Ay
1 a Qe 1
- ~ C(en—1)en A
+2(1—0¢)2 ﬁt+(1—a)2 (o 2(€N JEN At

(15)

with k; = Vark, (7). Finally, we note that Ej, {nt (h)2} can be

written as

E, {nt (h)2} ~ 2 A\ +ni. (16)

The Welfare Function

Combining (13), (14), (15), and (16), we arrive at the following
approximation to period welfare:

wﬁéxt—zgj_é[ktﬂ*'(lﬂLp)kt]Jr;i yf—écf
e ,it_;“‘?)afv (14 Gew) M= g1t

(17)
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The first linear term in the last expression is proportional to
the level of aggregate (log) technology, x;, which is exogenous.
The remaining linear terms are proportional to current and
next period’s aggregate capital, k; and k;y1. Next we compute
%Et {>reo B% (Wit — W)}, which allows us to invoke a result
by Edge (2003). As in her model, the terms in aggregate capital can-
cel except for the initial one. Following the lead of Svensson (2000),
we consider the limit for 8 — 1. This allows us to abstract from
initial conditions [

WH =~ Oy E{y?} + Q2 E{Z} + Q3 E{k2} + Q4 E {n?}
+ O E{N}+ Q8 E{AJ +Q E{r} +Qy E{tn},

(18)
with
11 1 11-¢
M=-0 Qo= o, Qg= >
1 247 2 2a 3 92 C )
11—« 1(1-a)en
u=---20 Q= YEN
4 2 C ( +¢)? A 2 C ( +¢€N)7
Qn=_tel-atae o 1l o o 1 o
AT 1-a "7 T 2¢1-a YT (1-a

Next we derive recursive formulations for the cross-sectional vari-
ances of wages, prices, and capital holdings as well as the wel-
fare relevant covariance of prices and capital holdings. As in Erceg,
Henderson, and Levin (2000), the cross-sectional variance of wages,
A¢, can be written in the following way:

9w 2
At >0y N1+ -0, (w)®,

and the unconditional expected value is

O
2E{w152}'

P

Y“For a formal proof, see Dennis (2007).
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Next we derive recursive formulations for Ay, k¢, and ;. To this end
we start by invoking the pricing rule and the capital accumulation
rule,

~ s PO ~ .

2 (Z) ~ p; —T11 ks (2)7
In Py (i) X W Pr — 1 (ke (i) — ke)
% . FO .
i1 () ~ ki —m(InP (i) —InFy),

FO
where ~ is used to indicate that the approximation holds up to the
first order. Moreover, we define

Pt = E;In P, (i),

_ ., FO
and, in an analogous manner, p,*. We should note that p;” ~ In P}.
For future reference, we first derive the following two expressions:

Dt —Di—1 = E; [In P, (i) — pr—1] = 0, E; In Py (i) — py—1]
+ (1 =0p) Ei [In P} (i) — pr—1],

" (1=6,) 57 —Bi),
ki1 — ki = Ei [kigr (3) — k] = 04 F; [ky (i) — Ky
(1= 00) By [Kryy (1) — ]

FO "
~ (1 — ek) (kt-i-l — kt) .

We rewrite the price dispersion term, A, in the way proposed by
Woodford (2003, chapter 6),

Ay =E; [(lﬂpt (Z) - ﬁt—l)ﬂ - (575 - ﬁt—l)Q )
=0, (0 Py (i) — i)

+ (1= 6,) B [ Py () = Fu1)’] = (B~ o)’
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After invoking the price-setting rule, we obtain the following recur-
sive formulation for the measure of price dispersion A;:

Ay =0y Ay + (1= 0,) Bi (5 =71 O (3) = k) = B

— (Pt — Pr—1)”
~ Gp Atfl

+(1-6,) E;

(125 @~ 70) = (e ) = ) ]
- (ﬁt - 5t—1)2

. 1 -
~ Gp Atfl + (1 — 9p) TfVarikt (Z) -+ <1 ) — 1> (pt _pt71)2
p

6
~ 0, Ny + (1 —0,) ik + —L 72,
-0,

For the cross-sectional variance of capital holdings, k441, we obtain

K1 = E; [(kt+1 (i) — k‘t)2] — (Bikig1 (1) — ky)®

=0, F; [(k;t (1) — kt)Z} +(1—06) E; [( 11 (1) — kt)ﬂ

— (ki1 — kr)?
~ O ke + (1 — 01) E; [(k;‘H ki — (P () —In pt))ﬂ
— (kg1 — k)
—(1-0y) [(k;;l ki — 7o (EiIn Py (i) — 1nPt))2}
1
+ 10, (kg1 — ki)

O

T (k1 — k)2

~ 0 Rt+(1_0k)722At+
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Finally, the covariance between prices and capital holdings, ¢, takes
the following form:

= E; [(ke (1) — k1) (In P (1) — In Py_1)]
—[(Eiky (1) — k1) (E;In P, (i) — In P,_4)] .

= 0p0k B [(ke—1 (i) — k1) (In Py (1) —In Py _y)]
+ 0p (1 = 0k) Ei [(kf (1) — ke—1) (In Py (i) — In Pp_y)]
+(1=6p)0,E; [(ke—1 (i) — kt—1) (In P} (3) — In Py_1)]
+ (1 =0p) (1 —0k) B [(k (1) = ke—1) (In Py (1) — In Py_y))]
- (k’t - kt—l) Tt
0,001 + 0, (1 —0y) E; [(k] — ke—q
—mo(InPq (i) —InP_q)) (In Py (i) —In Pr_q)]
+ (1= 0p) Ok L [(ke—1 (i) — ke—1)
X (In P — 7y (ki1 (3) — kt—1 + ke—1 — k) —In Pp_q)]
+(1—=0,)(1—0k) Ei[(kf —ki—1 — 2 (In Pr—q (i) —In P;_q))
X (InP —InPq—71(kf — k) +mime(In Py (1) —In Pyq))]
- (k’t - kt—l) Tt
>~ Opbk Y1 — T2 (1 = 0k) [0p + 7172 (1 — 0)] Ay

— 11 (1 —0p) 0k ke—1 — (ke — k1) ™.

12

We therefore have

" bw 2
Eny = Bt

E{Ad} =0, E{A¢} + (1= 0,) 77 T}

p
1-0,

B{n} =0 B (e} + (1- 0 B (8} + 12 B {(ak)*)

E{i} = 0,0, E{ths} — 1o (1 —0y)[0p, +im2 (1 —0,)] E{A:}
— 71 (1= 0,)0LE {k:} — E{(Ak) 7w},
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or, equivalently,

E{A} E{r}}
B| Bim) |~c| B{@ak?} |
E{¢t} E{ztz}
with B
(1—0,) —(1—0p) 7% 0
= —(1—Hk)722 (1_9k) 0
T2 (1_9k)[9p+7_17_2 (l—Qp)] T1 (1—9p) 0y, (1_0p9k)

9?
= 0 0
0

and C = _0 ’ % )
1 F ]
2 2 2
or, equivalently,
E{A} E {7r?}2
Eln) | ~a| EL(Ak) } :
E {4} E {2}

with A = B~!'C and z; = Ak; + 7. We can therefore rewrite our
welfare criterion as

WH ~ Q) E{y2} + Q0 E{2} + Q3 E{k2} +Q E {n?}
+ Q5 E{w?}+ Qs E{n?} + 07 BE{(ak)*} + Qs B{}},
(19)
with

0w
Qs = Q)\m, Qs = [QaA11 + QA2 + Qyp Az

Q'? = [QAAIQ + QKAQQ + Q¢A32] s Qg = Q¢A33.

The last equation is (8) in the text.
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This experimental study investigates the individual behav-
ior of banks in a large-value payment system. More specifically,
we look at (i) the reactions of banks to disruptions in the pay-
ment system, (ii) the way in which the history of disruptions
affects the behavior of banks (path dependency), and (iii) the
effect of more concentration in the payment system (heteroge-
neous market versus a homogeneous market). The game used
in this experiment is a stylized version of a model of Bech and
Garratt (2006) in which each bank can choose between paying
in the morning (efficient) or in the afternoon (inefficient). The
results show that there is significant path dependency in terms
of disruption history. Also, the chance of disruption influences
the behavior of the participants. Once the system is moving
towards the inefficient equilibrium, it does not easily move back
to the efficient one. Furthermore, there is a clear leadership
effect in the heterogeneous market.

JEL Codes: C92, D70, D78, E5S.

1. Introduction

One of the most significant events in the credit crisis of 2008 was that
interbank markets became highly stressed. Liquidity in those mar-
kets dried up almost completely because banks suddenly became
highly uncertain about each other’s creditworthiness. In order to
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prevent a collapse of the financial system, central banks intervened
by injecting massive volumes of liquidity into the financial system.
Our paper relates to stress situations in a particular segment of the
financial system, namely large-value payment systems (LVPSs), in
which banks pay each other large sums of money during the day
Although during the credit crisis such payment systems were in gen-
eral functioning properly, disruptions can potentially jeopardize the
stability of the financial system as a whole.

The terrorist attacks on the World Trade Center (WTC) in 2001
showed that financial systems are vulnerable to wide-scale disrup-
tions of payment systems. The physical damage to property and
communication systems made it difficult or even impossible for some
banks to execute payments. The impact of the disruption was not
limited to the banks that were directly affected. As a result of fewer
incoming payments, other banks became reluctant or in some cases
even unable to execute payments themselves (due to insufficient
available liquidity). As this could have undermined the stability of
the financial system as a whole, the Federal Reserve intervened by
providing liquidity through the discount window and open market
operations.

Because wide-scale disruptions such as in 2001 do not occur very
often, there is not much empirical evidence on how financial institu-
tions behave under extreme stress in payment systems. Research has

'Historically, the settlement of interbank payments was done through a net-
ting system in which the payments are settled on a net basis once or several
times during the settlement day. With the increase of both the number of trans-
actions and the value of these transactions, the settlement risk increased as well.
Banks were increasingly concerned about contagion effects in case of unwinding
if one participant would not be able to fulfill its obligation at the end of a net-
ting period. To eliminate this settlement risk, central banks typically developed
payment systems in which payments are executed at an individual gross basis,
so-called real-time gross settlement (RTGS) systems. Payments are settled irrevo-
cably and with finality. The drawback of RTGS systems is that they require more
liquidity because payments usually are not synchronized. To smooth the intraday
payment flows, central banks provide intraday credit to their banks. This intraday
credit is either collateralized (this holds for most countries including European
countries) or priced (United States). An example of a large-value payment sys-
tem is TARGET?2, the euro interbank payment system of the Eurosystem which
settled daily in 2008 on average EUR 3.126 billion in value with a volume of
348,000 transactions. Over the years both the value and volume have increased
significantly.
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therefore focused on simulation techniques. For instance, Soramaki,
Bech, and Arnold (2007) and Prépper, van Lelyveld, and Heijmans
(2013) investigated interbank payment systems from a network per-
spective. To study the impact on the (intraday) dynamics of payment
flows, in case a bank changes its own behavior or in case of technical
problems, simulations are often used. A comprehensive summary of
large-value payment system simulations can be found in Heijmans
and Heuver (2012). Many of these simulations focus on the question
of what the impact is in terms of liquidity, for the other banks in the
payment system, if a single participant delays (intentionally or due to
technical problems) payments. This changed behavior can be intro-
duced by modifying historical data in order to reflect the stress sce-
nario under investigation, which requires assumptions on the behav-
ior. Another method that gains momentum in payment systems is
agent-based modeling. Our paper is linked to this literature.
Arciero et al. (2009), e.g., present an agent-based model of a
real-time gross settlement payment system. Their focus is to pro-
vide a methodological contribution, showing how the chosen mod-
eling approach can be employed alongside other tools to study the
generation and propagation of systemic risk in payment systems.
The model studied by Galbiati and Soramaéki (2011) looks at how
much liquidity should be posted in a collateralized RTGS system. In
contrast to our paper, they do not look at disruptions in payment
systems. The approach of our paper is to study disruptions in pay-
ment systems in an experimental setting. Basically, we let subjects
play a stylized game in a laboratory—which is taken to represent
a real LVPS in an essential way—and study interventions in this
game. Although subjects in our experiment are students rather than
professional managers of LVPSs, there is evidence that students do
not behave much different from professionals in economic exper-
iments (e.g., Potters and Van Winden 2000 or Fréchette 2015)H

2A related issue is that subjects in experiments are paid a relatively modest
amount of money compared with professionals in the real world. Note, however,
that we paid student subjects on average their opportunity costs of time. In this
sense the incentives for the subjects are comparable to those outside the labo-
ratory. Furthermore, there is experimental evidence that increasing the financial
stakes does not change behavior much in market and coordination experiments,
although in some cases the variance is somewhat reduced (see Jenkins et al. 1998;
Kocher, Martinsson, and Visser 2008).
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We therefore believe that our results are relevant for understand-
ing real LVPSs. Critics of laboratory experimentation in economics
argue that people’s behavior in the lab is specific to the experimen-
tal situation and may be unconnected to their behavior in the field.
They therefore question the external validity of the experimental
results. Harrison and List (2004) discuss many of these criticisms
and provide a survey of their validity. They plead for conducting
experiments both in the lab and in the field. In his response to crit-
ics, Camerer (2011) reviews a number of lab experiments in various
research areas (among which are experiments on pricing and risk-
taking) and concludes that overall they generalize well between lab
and field. We have reason to assume therefore that our experiment
is relevant for understanding real LVPSs.

An advantage of an experiment is that disruptions can be care-
fully controlled by the experimenter while the behavioral reactions
to these disruptions are determined endogenously (in contrast to
simulations where such reactions are assumed). To the best of our
knowledge, large-value payment systems have not been studied in the
laboratory before, which makes this experiment unique in its kind.
McAndrews and Rajan (2000), McAndrews and Potter (2002), and
Bech and Garratt (2003) argue that banks’ decisions in the U.S.
payment system Fedwire can essentially be interpreted as a coor-
dination game. As a vehicle of research we therefore use a stylized
game theoretical model developed by Bech and Garratt (2006). In
most payment systems participants can execute payments through-
out the whole business day. In this model, however, a player has to
choose either to pay in the morning, which is considered efficient,
or to pay in the afternoon, which is inefficient § This game has two
equilibria, one of which is efficient.

These equilibria can be interpreted in a real-life LVPS as fol-
lows. Central banks operating an LVPS monitor the functioning of
this LVPS closely and encourage banks to pay early (as soon as
the obligation is there). One measure central banks have taken to
encourage banks to make payments early is to provide collateralized
overdrafts. Banks can obtain credit from the central bank without
having to pay for this credit. By the end of the day this credit has

3This coordination game is known as the stag-hunt game (see also Bech and
Garratt 2003).
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to be repaid or otherwise the banks do have to pay interest. Fur-
thermore, central banks monitor queues in the LVPS. A payment
instruction gets into the queue when the bank has insufficient liquid-
ity available. The payment will be settled when that bank receives
sufficient incoming payments or it provides more collateral to be able
to receive more (intraday) credit. If a bank systematically delays
payments, central banks (may) use moral suasion to “encourage”
earlier (timely) payment. In the United Kingdom banks have to live
up to so-called throughput guidelines in which banks on average
over the month have to settle 50 percent of the value of payments
by noon and 75 percent by 2:30 p.m. (see Ball et al. 2011)@ The
reason why central banks monitor their LVPS so closely is that they
are afraid that the LVPS will get into a so-called gridlock, i.e., a sit-
uation where several payments each await settlement of the others.
This might have happened during the attacks on the WTC if the
Federal Reserve did not intervene. Given the importance of intraday
liquidity, the Bank for International Settlements describes monitor-
ing tools for intraday liquidity management (Basel Committee on
Banking Supervision 2013).

The relevance of delaying payments—often called free-riding and
in this experiment “paying in the afternoon,” is also addressed by
Diehl (2013). He looks at measures of individual banks’ free-riding
behavior in the German part of the European large-value payment
system. The difficulty with measuring intentional delay from the
payment system data is that only the time the payment was sent to
the LVPS and when it was settled is known. This is not necessar-
ily the time the payment had to be paid. However, sudden changes
(delays) in payment systems are not likely. Diehl (2013) does not
find evidence of free-riding behavior.

Heijmans and Heuver (2014) study the behavior of banks in the
payments system before and during the credit crisis which started
in the summer of 2007. They find that the timing of payments is
an important indicator for identifying potential liquidity problems.
They show that some banks indeed delay payments. Besides, they
find that some banks limit their exposure to a counterparty by

4As described in Becher, Galbiati, and Tudela (2008), enforcement of the
throughput guidelines in CHAPS (Clearing House Automated Payment System)
currently relies on peer pressure rather than financial or regulatory sanctions.
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setting bilateral limits[d These limits were set tighter by some of
these banks in case there were clear signals about the deteriorating
financial soundness of a certain counterparty or even rumors. Setting
such limits is the action of a single bank, based on its own risk per-
ception of the market, and not a coordinated action of all the banks
simultaneously. This is in contrast to the LIBOR scandal, which
could be seen as a more coordinated action of banks. This scandal
arose when it was discovered that banks intentionally manipulated
their rates either to profit from trades or to disguise their deteriorat-
ing creditworthiness. The loans with manipulated rates are usually
settled in LVPSs. However, the number of bank transactions related
to money market deals is very limited [A{7] Besides, the timing of the
payment of these “manipulated” loans does not have to be affected in
any way by this scandal. Therefore, we leave coordinated action out
of the scope of this experiment and focus on the individual decisions
of banksé)

Our study is closely related to the experimental literature on
coordination games. Pure coordination games involve multiple equi-
libria with the same payoff consequences, provided all players choose
the same action. The players’ task is to take cues from the envi-
ronment to identify focal points (Schelling 1960; Mehta, Starmer,
and Sugden 1994). More akin to our problem are studies on games
with Pareto-ranked equilibria. In these games one equilibrium yields
higher payoffs to all players than the other equilibriums yield,
such that rational players should select it (Harsanyi and Selten
1988). However, experimental subjects often coordinate on inferior
equilibria, in particular when the Pareto-dominant equilibrium is

5These limits are the maximum debit position a bank is willing to have to
a certain counterparty. Bilateral discussion with commercial banks shows that
some banks indeed have sophisticated systems available to set and change these
bilateral limits. Banks have the opportunity to set such limits in the European
large-value payment system, TARGET2. However, most banks choose to set these
limits in their internal systems.

5 Armantier and Copeland (2012) and Arciero et al. (2016) shed light on the euro
area and the American unsecured money market during the crisis, respectively.

"Besides money market deals, banks settle many other obligations, such as
those on behalf of their own business (not money market related) and their clients.

8We have excluded communication between players as a first approach. For
our study it is important that banks do not know whether the delay of another
bank is due to a technical disruption or strategic behavior.
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risky (Van Huyck, Battalio, and Beil 1990, 1991), as is the case in
our vehicle of research, or other equilibria are more salient (Abbink
and Brandts 2008). For an overview of coordination game experi-
ments, see Devetag and Ortmann (2007). None of the existing studies
tackles the problem of random disruptions.

Our main research question is how behavior in the payment sys-
tem is affected by different random disruptions. We define a dis-
ruption as a situation where one or more players are unable to
execute a payment in a timely manner—for example, because of
an individual technical failure or (temporary) financial problems. In
addition, we investigate whether concentration in the interbank pay-
ment system—in the sense that players are heterogeneous in terms
of their size and, consequently, in the risk they may impose on other
players—matters. From an economic point this is relevant because
consolidation in the financial sector has led to the emergence of a few
very large financial institutions[d Real payment systems are often
characterized by a few large banks and many smaller ones, which
make them look like a heterogeneous market "] However, the core of
the payment system, comprising large banks that together often have
a market share of more than 75 percent, looks more like a homoge-
neous market[l] There are also LVPSs that are highly tiered. Tiered
systems are characterized by a relatively small number of banks
participating in the LVPS. These banks also settle payments on
behalf of many other banks. Such a tiered system looks similar to a
homogeneous market I3 This means that payment systems can have
characteristics of both types of markets. Finally, this paper inves-
tigates whether there is any path dependency, taking into account
the history of disruption.

9The credit crisis has even enhanced this consolidation process. In the United
States, for example, investment banks have typically merged with commercial
banks. In general, there is a tendency for weaker banks to be taken over by
stronger (larger) banks.

The large-value payment system of the Eurosystem (TARGET2) and the
United States (Fedwire) are good examples of heterogeneous markets.

"For example, in the Dutch part of the European large-value payment sys-
tem TARGET2, which consists of fifty credit institutions, the five largest banks
account for 79 percent of the total value of outgoing daily payments. The thirty-
eight smallest ones only cover 5 percent of this value.

12The large-value payment system of the United Kingdom (CHAPS) is a good
example of a highly tiered system.
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The organization of this paper is as follows. Section 2 describes
the experimental design (including the game theoretical model), the
procedures used, and the predictions. Section 3 discusses the results.
Section 4 goes into some policy issues and provides a conclusion.

2. Experimental Design and Procedures

2.1 Design

Our design is based on a model by Bech and Garratt (2006), which
is an n-player liquidity management game. The game envisions an
economy with n identical banks, which use a real-time gross settle-
ment system operated by the central bank to settle payments and
securities. Banks intend to minimize settlement cost. In this game
the business day consists of two periods in which banks can make
payments: morning or afternoon. At the beginning of the day banks
have a zero balance on their accounts at the central bank. At the
start of each business day each bank has a request from customers
to pay a customer of each of the other (n — 1) banks an amount of Q
as soon as possible. To simplify the model, the bank either processes
all n — 1 payments in the morning or in the afternoon. If a bank
does not have sufficient funds to execute a payment, it can obtain
intraday credit, which is costly and reflected by a fee F. This fee can
be avoided by banks by delaying their payments to the afternoon.
With this delay, however, there are some social and private costs
involved, indicated by D. For example, a delay may displease cus-
tomers or counterparties, costing banks in terms of potential claims
and reputation risk. Also, in the case of operational disruptions,
payments might not be settled by the end of the business day. This
disruption can either be a failure at the payment system to operate
appropriately or a failure at the bank itself. The costs in this case
can, for example, be claims as a result of unsettled obligations or
loss of reputation. The trade-off between the cost F of paying in
the morning and cost D of paying in the afternoon is made by each
bank individually. Bech and Garratt (2006) investigate the strate-
gic adjustment banks make in response to temporary disruptions. In
particular, they focus on equilibrium selection after the disruption
is over.
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In our experiment we use a simple version of the theoretical
model by Bech and Garratt. Because F > D, there are two equilibria
in pure strategies, assuming each bank maximizes its own earnings.
Either all banks pay in the morning or all banks pay in the after-
noon. The morning equilibrium is the efficient equilibrium In each
of the several rounds of the experiment, the banks have to make a
choice between paying in the morning (labeled choice X) and pay-
ing in the afternoon (labeled choice Y). In each round, furthermore,
there is a known probability p that a bank is forced to pay in the
afternoon"] This means that the bank cannot pay in the morning
but is forced to delay payment to the afternoon. The other banks
observe that there was a delay at this bank, but they do not know
whether it was caused by a disruption (a forced Y) or a deliberate
decision. The probability of disruption is the core parameter of the
experiment. After each round, all banks see the choice of the other
banks. However, it is not known by the other banks whether a bank
was forced to pay in the afternoon or chose to do so intentionally.

The experiment consists of three parts, each consisting of thirty
rounds['d The probability p varies between the three parts. Instruc-
tions for each part were only provided when the respective part
began. From a game-theoretic point of view, our design is a finitely
repeated version of the (deterministic) game considered by Bech and
Garratt. In our setup this should not change the equilibria. Repeti-
tion causes additional room for equilibria in games that have Pareto-
improving non-equilibrium outcomes in the stage game (Benoit and
Krishna 1985). Players can then use equilibrium selection towards
the end as a means to enforce more profitable play in the supergame.
However, this is not the case in our experiment, as there is no

13See proposition 1 of Bech and Garratt (2006).

!4The inability of many banks during the attacks at the WTC can be inter-
preted as the forced delayed payment.

15A round in the experiment can be interpreted as a business day. Having
thirty rounds in one block is a period of constant probability that banks cannot
pay early. A (steep) increase of this probability could be seen as a period, e.g.,
during the attacks at the WTC, in which it took some banks several days to solve
the technical difficulties they faced. In a pilot we also investigated a disruption
probability of 0 percent. This leads to X choices only. An increase to a 15 percent
probability of disruption in the second block of thirty rounds also leads to X
choices only—provided that a player has a choice. The pilot showed that there
will be consistent coordination on X when the disruption probability is O percent.
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Figure 1. Two Types of Markets
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Table 1. Overview of Experimental Treatments

Disruption Probability p
Treatment Type of Number
Name Market Part 1 | Part 2 | Part 3 | of Groups
HOM_15-30-15 | Homogeneous 15% 30% 15% 16
HOM_30-15-30 | Homogeneous 30% 15% 30% 16
HOM_15-45-15 | Homogeneous 15% 45% 15% 15
HOM_45-15-45 | Homogeneous 45% 15% 45% 15
HET_15-30-15 | Heterogeneous 15% 30% 15% 17
HET_30-15-30 | Heterogeneous | 30% 15% 30% 14

strategy combination that could improve upon the outcome in the
efficient equilibrium.

The experiment investigates the impact of the disruption proba-
bility in two types of markets: a homogeneous market and a hetero-
geneous market. The homogeneous market represents a market in
which all banks are identical both in size and impact (n = 5). The
heterogeneous market case, on the other hand, constitutes a market
in which one bank is twice as large as the other banks, thus mak-
ing and receiving twice as many payments (n = 4). Conceptually,
one can see the heterogeneous market as the homogeneous market
where two identical (small) banks have merged; see figure 1. Table 1
provides an overview of the different treatments investigated in the
experiment. Instructions and computer screenshots are presented in
the appendix.
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Table 2. Earnings Table of Homogeneous Market
(in experimental currency)

Number of Number of Your Earnings | Your Earnings
Other Players | Other Players | from Choosing | from Choosing
Choosing X Choosing Y X Y
4 0 5 2
3 1 3 2
2 2 1 2
1 3 -1 2
0 4 -3 2

Table 2 shows the earnings in the case of a homogeneous market
with five identical banks, where X stands for paying in the morning
and Y for paying in the afternoon. Earnings are determined by a
fixed payoff of 5, while F = 2 and D = 3/41%

2.2 Procedures

The experiment was run with undergraduate students of the Uni-
versity of Amsterdam using the CREED laboratory. Upon arrival,
participants were randomly seated in the laboratory. Subsequently,
the instructions for the experiment were given. Students could only
participate in the experiment once.

The computerized experiment was set up in an abstract way,
avoiding suggestive terms like banks. Choices were simply labeled X
and Y. Forced choices were indicated by Y¢ on the computer screen of
participants. Participants were randomly divided into groups whose
composition did not change during the experiment. Participants
were labeled Al to A5 in the homogeneous market and A, B1, B2,

'%Tn the case of paying in the afternoon, earnings equal —(n — 1) - D 4 5, with
n being the total number of banks. Earnings if the bank instead chooses paying
in the morning equal —(n — 1 — |Sijm) - F + 5, where |Sijm denotes the number
of other banks paying in the morning. The heterogeneous market case follows
straightforwardly and is therefore left out, to save space (see the instructions in
the appendix for details). We only notice here that, due to the concentration, the
banks run a differential risk in the heterogeneous case. For example, for a small
bank only two Y choosers (instead of three) can make the choice of Y optimal
now.
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and B3 in the heterogeneous market ] Note that in the latter mar-
ket A refers to the large bank (see figure 1). Whether a participant
represented a large or a small bank was determined randomly. All
payoffs were in experimental talers, which at the end of the exper-
iment were converted into euros at a fixed exchange rate known to
the participants. Each experiment took approximately one hour and
the average earnings were EUR 18.82, including a show-up fee of
EUR 5. In total, 434 students participated in the experiment.

2.8 Predictions

The experimental game has two equilibria in pure strategies when
the probability of disruption is “low” (15 percent) or “intermediate”
(30 percent). In the first equilibrium, all banks pay in the morning.
In the second equilibrium, all banks defer their payment to the after-
noon. Note that the first equilibrium is efficient. In this equilibrium
all banks are better off than in the second equilibrium. So, one would
expect that banks would try to coordinate on this equilibrium. The
efficient equilibrium, however, is risky in the sense that paying in
the morning is costly when two or more banks decide to defer their
payment to the afternoon. Whether or not banks will coordinate on
the efficient equilibrium depends, among other things, on their risk
attitude. Experimental research shows that in coordination games
where the efficient equilibrium is risk-dominated by other equilib-
ria, the efficient equilibrium need not be the obvious outcome (e.g.,
van Huyck, Battalio, and Beil 1990). When the chance of disrup-
tion is “high” (45 percent), there is only one equilibrium, where all
banks pay late. In this situation the obvious prediction is that banks
coordinate on this equilibrium

"We apply the “unitary player assumption” here, which is common in theo-
retical and experimental economics. The experimental evidence of a behavioral
equivalence of group behavior and individual behavior is very mixed, also regard-
ing markets (see, e.g., Cox and Hayne 2006; Bornstein et al. 2008; Raab and
Schipper 2009; Ambrus, Greiner, and Pathak 2013). Bosman, Hennig-Schmidt,
and van Winden (2006) discuss eight factors that may account for the mixed
evidence. As a first approach, it seems justified therefore to make this assumption.

18The finitely repeated version of our (Bech and Garratt) game makes multiple
equilibria possible because of the presence of two equilibria—an efficient one (all
pay in the morning) and an inefficient one (all pay in the afternoon); see Benoit
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The homogeneous and heterogeneous markets in fact have the
same two equilibria. From a standard game theoretical point of view,
we would expect the same outcome in both markets. From a behav-
ioral point of view it is possible that the outcomes differ. In the
heterogeneous market, for example, the large bank may have a dis-
proportionate influence on the behavior of others. Whether such an
influence is helpful or harmful in terms of coordinating on the effi-
cient equilibrium is difficult to say a priori, and the experiment will
shed more light on such behavioral issues. Finally, we investigate
whether there is any path dependency and how this relates to the
probability of the disruptions.

3. Results

This section describes the results of the different experimental treat-
ments. We look at plain-choice frequencies and a measure that cap-
tures the degree of coordination, called “full coordination” (the
situation where participants make the same choice, given that a
participant is not forced to “choose” Y). Section 3.1 describes the
results for the homogeneous market and section 3.2 describes those
for the heterogeneous market.

3.1 Homogeneous Market
3.1.1 Choice Frequencies

We take a first shot at the data by simply looking at the choice fre-
quencies of the four homogeneous market treatments, as depicted in
figure 1. In figure 2, the HOM_15-30-15 treatment (top left) shows
that the choice frequency of X in parts 1 and 3, both with 15 per-
cent disruption probability, does not change much throughout each
block of rounds. However, the choice frequency of X in block 3 is
higher than in block 1. In fact, intentionally chosen Y in block 3
almost vanishes. These observations suggest that participants learn

and Krishna (1985). Any string of efficient /morning and inefficient /afternoon out-
comes can be sustained as equilibrium. However, players cannot reach any higher
payoff than that obtained in the efficient (morning) outcome, which makes these
additional equilibria not particularly interesting, in contrast to what will happen
in the experiment.
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Figure 2. Choice Frequencies (homogeneous markets)
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Note: The panels of each graph show the choice frequencies per round for the
respective parts of the experimental treatment.

to coordinate on the efficient equilibrium over time. Block 2, with
a disruption probability of 30 percent, shows that the choice fre-
quency of X decreases from 50 percent to slightly above 25 per-
cent and the choice frequency of intentional Y increases. The results
for the reversed-order treatment, HOM_30-15-30 (top right), show
a similar pattern for the 30 percent blocks, but a stronger decrease
of choice frequency X within the blocks is observed—making the
overall choice frequencies of X when p = 30% lower in the reversed-
order treatment. This observation suggests that behavior is not fully
independent from past disruption experience.

The bottom two graphs, referring to treatments HOM_15-45-15
and HOM _45-15-45, show that a disruption probability of 45 per-
cent quickly leads to choices Y or Y-forced, as predicted. From this
it can be concluded that when the disruption probability becomes
too large, there is no incentive to choose X anymore, because this
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Table 3. Fraction of Groups Fully Coordinating on X or Y
(homogeneous markets)

Coordination on X Coordination on Y

Treatment Part 1 | Part 2 | Part 3 | Part 1 | Part 2 | Part 3

HOM_15-30-15 | 056 | 040 | 097 | 0.19 | 042 | 0.00
(0.14) | (0.05) | (0.06) | (0.08) | (0.15) | (0.00)
HOM_30-15-30 | 0.11 | 0.76 | 024 | 0.66 | 008 | 0.60
(0.08) | (0.12) | (0.05) | (0.23) | (0.08) | (0.14)
HOM_15-45-15 | 053 | 0.01 | 080 | 030 | 091 | 0.1
(0.14) | (0.04) | (0.06) | (0.08) | (0.14) | (0.04)
HOM . 45-15-45 | 0.01 | 0.86 | 001 | 086 | 006 | 091
(0.03) | (0.12) | (0.03) | (0.16) | (0.02) | (0.13)

Note: Standard deviation is shown in parentheses.

will lead to losses for the participants. Comparing the bottom left
graph with the top left graph shows that the increasing trend in X
choices in going from block 1 to 3 is similar. However, in block 3 of
HOM _15-45-15, the increase in X appears less strong than in block
3 of HOM_15-30-15.

3.1.2 Frequency of Full Coordination

Table 3 shows the average fraction of the groups that fully coordi-
nate on X and Y for the four homogeneous market treatments. There
is full coordination on X or Y when all of the participants within one
group who have a choice (i.e., who are not forced to choose Y) choose
X or Y, respectively. There has to be at least one participant who has
a choice in order to get full coordination on X or Y. Figure 3 shows
the level of coordination on X (black bar) and Y (dark grey bar),
and the absence of coordination (light grey bar), for each round of
the four treatments. The data show that there is more coordination
on X when the disruption probability is low (p = 15%) and more
coordination on Y when the disruption probability is intermediate
or high (30 percent or 45 percent, respectively) (p < 0.01, binomial
test for block 1 between treatments). In the context of a payment
system, this suggests that larger disruptions are associated with less
efficiency.
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Figure 3. Percentage of Groups Fully Coordinating
on X or Y (homogeneous markets)
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Note: The panels of each graph show the full coordination per round for the
respective parts of the experimental treatment.

RESULT 1. A higher disruption probability leads to less coordination
on X and more coordination on Y.

Both table 3 and figure 3 show that there is more coordination
either on X or Y in block 3 compared with block 1. There is sig-
nificantly more coordination on X in the third block compared with
block 1 for the HOM_15-30-15, the HOM_30-15-30, and the HOM_15-
45-15 treatments and less coordination on Y (all p < 0.01, binomial
test). Participants thus learn to coordinate on the efficient equilib-
rium, which is even speeded up if there is a prior disruption chance
of 30 percent or 45 percent. The table and figure also show that for a
disruption probability of 45 percent, coordination on X almost van-
ishes and quickly moves to the inefficient equilibrium. Coordination
on X only occurs occasionally in the first few rounds. This is in line
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with the low-choice frequencies of X in that case, presented in the
previous subsection. In the context of a payment system, this means
that if the disruption is very likely, there is no incentive anymore
to pay as soon as possible. This situation seems similar to the one
of the attacks on the WTC in 2001 when many banks, including
some large ones, were not able to execute payments due to technical
problems. Some banks were reluctant to execute any payment, even
though they were able to, because they did not know the impact
of the attacks on the stability of the financial system. Understand-
ably, these events threatened to move the payments system to the
inefficient equilibrium, which was a reason for the authorities to
intervene.

Figure 3 further shows that the developments within blocks are
somewhat monotonic, especially the blocks with 15 percent disrup-
tion probability. With respect to disruption probability of 30 percent
and 45 percent, there is a (bit of a) decreasing trend for X. This sug-
gests that once a trend has been established in the payments system,
it is unlikely to reverse. The 15 percent disruption probability of
HOM _30-15-30 shows a higher level of coordination on X than block
1 of HOM_15-30-15 but a lower level when compared with block 3.
Comparing HOM_15-30-15 with HOM_15-45-15 shows that there is
no significant difference in coordination on X in block 1. Block 3 of
these two treatments, however, shows some differences, with signifi-
cantly more coordination on X in HOM_15-30-15 (p < 0.01, binomial
test). Although the disruption probability is the same, the history
of disruption exposure differs between these two treatments. The
previous block has either a probability of disruption of 30 percent or
45 percent, leading to different behavior. Block 2 of HOM_15-45-15
shows 91 percent coordination on Y and almost 0 percent coordi-
nation on X. For HOM_15-30-15 this is 42 percent coordination on
Y and 40 percent on X. This suggests that the disruption history
is important for the coordination on both X and Y. In terms of
payment systems, this means that the payment behavior of banks
depends on history.

RESULT 2. Querall, there is more coordination in the third part of
the experiment than in the first part, given the same disruption prob-
ability. If the chance of disruption is low (p = 0.15) or intermediate
(p = 0.3) in the first part, there is more coordination on X in the
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third part. If the disruption probability is high (p = 0.45), there is
strong coordination on the inefficient equilibrium.

REsuLT 3. There is evidence of path dependency, as the outcome
depends on the disruption history.

Confidence between banks is not a static fact, as became clear
during the current financial crisis. Banks became reluctant to exe-
cute their payments to financial institutions that were “negative in
the news.” Especially the bankruptcy of Lehman Brothers in Octo-
ber 2008 caused a shock wave of uncertainty through the whole finan-
cial system. Banks became aware of the fact that even large (system-
ically important) banks might not stay in business. The interbank
money market, which gives banks with a surplus of liquidity the
opportunity to lend money to banks with a temporary shortage,
came to a standstill (see, e.g., Armantier and Copeland 2012 and
Arciero et al. 2016 for the unsecured money market in the euro area
and the United States, respectively). This indicates that recent his-
tory is important for the level of confidence banks have in each other,
as our experimental result suggests.

3.2 Heterogeneous Market

Recall that in the heterogeneous markets the number of banks is
four instead of five. One of the banks is now twice as large in size
and impact compared with the other three banks.

3.2.1 Choice Frequencies

Again we take a first shot at the data by looking at plain-choice
frequencies in the two heterogeneous markets (see figure 4 and table
3). The left graph of the figure, concerning treatment HET 15-30-15,
shows similar trends as in HOM_15-30-15 (figure 2). However, across
the different blocks, participants in the heterogeneous markets show
a tendency to choose X more often.

3.2.2  Frequency of Full Coordination

Table 4 shows the average fraction of the groups that fully coordi-
nate on X or Y in the two heterogeneous market treatments, while
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Figure 4. Choice Frequencies (heterogeneous markets)
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Note: The panels of each graph show the choice frequencies per round for the
respective parts of the experimental treatment.

Table 4. Fraction of Groups Fully Coordinating on X or Y
(heterogeneous markets)

Coordination on X Coordination on Y

Treatment Part 1 | Part 2 | Part 3 | Part 1 | Part 2 | Part 3

HET_15-30-15 | 0.73 | 0.64 | 093 | 009 | 024 | 0.04
(0.10) | (0.05) | (0.03) | (0.05) | (0.09) | (0.03)
HET_30-15-30 | 044 | 087 | 060 | 023 | 001 | 022
(0.08) | (0.08) | (0.10) | (0.10) | (0.02) | (0.12)

Note: Standard deviation is shown in parentheses.

figure 5 shows the coordination over the rounds. Comparing the full
coordination on both X and Y of the heterogeneous market with the
corresponding homogeneous one of section 3.1.2 shows that trends
between blocks are similar. However, given the same immediate dis-
ruption history, there is significantly more coordination on X in the
heterogeneous market treatments than in the homogeneous market
in five out of the seven possible cases with the same immediate dis-
ruption history (all five cases p < 0.01, binomial test) In the two

19 All blocks of treatment 1 and 2 can be compared with treatment 5 and 6,
respectively. The first block of treatment 3 can be compared with the first block
of treatment 5. T'wo cases are not significant. These relate to blocks 2 and 3, given
an immediate disruption history of 15 percent (p = 0.2 and p = 0.6, respectively).
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Figure 5. Percentage of Groups Fully Coordinating
on X or Y (heterogeneous markets)

HET 15-30-15 HET 30-15-30

100

percentages

|_ ¥x_coor NNy coor no_coor ]

Note: The panels of each graph show the full coordination per round for the
respective parts of the experimental treatment.

other cases, there is no significant difference. Note that only blocks
that have the same disruption history are compared. These results
suggest that coordination is more prominent in a heterogeneous mar-
ket with asymmetry between participants. A potential explanation
is that there is a leadership effect of the large bank, which may feel
more responsible than the small banks to choose X because of its
relatively large effect on the earnings of all participants. In terms of
payment systems, this suggests that a system that consists of one
(or perhaps a few) large banks and many small(er) banks will lead
to more efficiency than a payment system in which banks are more
similar in size.

RESuLT 4. The heterogeneous market leads to more coordination on
the efficient equilibrium in most situations characterized by the same
immediate disruption history.

To shed more light on this explanation, we look in more detail
at whether the small banks follow the large bank or the other way
around in both the 15 percent and 30 percent disruption probability
cases. Table 5 shows the reaction of the small banks to the choice
of the large bank in previous round(s). The table shows that if the
large bank chose X in one or more consecutive rounds, counting from
the previous round backwards, there is roughly a 90 percent chance
that small banks with a choice (no forced Y) will choose X as well.
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Table 5. Leadership of Large Bank—Percentage
of Small Banks Following the Large Bank
Choice of Small Choice of Small
Banks = X if Banks = X if
Choice of Choice of Large Choice of Large
Large Bank Banks Is X Events Bank Is Y Events
Only Once in a 89% 1,560 83% 1,544
Row so Far
Only Twice in a 92% 1,056 63% 516
Row so Far
Only Three Times 94% 808 39% 216
in a Row so Far
Only Four Times 92% 592 20% 144
in a Row so Far
Note: “So far” means from the previous round counted backwards.

If the large bank has chosen Y, either intentionally or forcedly, the
small banks seem to ignore this when it is only once, as they still
choose X 83 percent of the time in that case. Possibly, the small
banks will reason that the large bank might have been forced and
most likely will choose X in the next round again. The number of
small banks choosing X quickly drops if the large bank chooses Y
more than once in a row. This can be explained by the fact that two
or more forced Ys are not very likely and may be a signal of bad
intention rather than bad luck. Note from the payoff table in the
appendix that in this situation the payoff for the small banks from
choosing X becomes markedly lower, in particular when one other
small bank also chooses Y. Large banks in an LVPS do generally
have more liquidity available at their account than smaller ones, as
a result of the reserve maintenance requirements. This liquidity can
intraday be used to make payments. In the case of the European
LVPS, TARGET2, many banks have sent in payment instructions
before the opening of the system (7:00 a.m.). Banks with sufficient
liquidity available will settle all payments immediately, while the
ones not having sufficient liquidity will have to wait until sufficient
liquidity has been received. However, if these large banks are not
able to pay or if they delay payments, this may hamper the smooth
functioning of the payment system.



84 International Journal of Central Banking December 2017

The fact that small banks follow the larger bank is consistent
with actual behavior in payment systems, where small banks typi-
cally depend on the liquidity of the large bank. For example, it is
observed in the Netherlands that large banks have a tendency to
start paying large amounts right after opening of the payment sys-
tem, which corresponds to paying in the morning in terms of our
experimental game. The smaller banks usually follow immediately
after that. This can still be considered as “paying in the morning”
because these payments follow almost instantaneously after the pay-
ments of the large banks. This means that the large banks provide
liquidity to the small ones, which the latter can use to fulfill their
payment obligations.

3.8  Dynamics

Our results show that when the probability of disruptions is mod-
erate, subjects typically achieve a high level of coordination on
the efficient equilibrium, while with higher probabilities results are
more mixed. We have studied several behavioral rules (heuristics)
to explain the observed dynamic behavioral patterns. Most promi-
nently, we investigated the “myopic best response” rule which is
an application of the adjustment process that Bech and Garratt
propose (section 3 of their paper). However, in addition, we have
looked at simply copying the behavior of whoever was most suc-
cessful (“imitation”) as an even simpler and (in the literature on
behavioral adjustment) often-considered heuristic, as well as a more
general behavioral rule where participants choose X as long as it is
profitable. As none of these heuristics turns out to be very success-
ful in capturing our data, we do not include them in this paper and
refer to section 4 of Abbink et al. (2010) for a detailed analysis and
graphical representation of the outcomes.

4. Conclusions

In this paper we used a stylized coordination game of Bech and
Garratt (2006) to experimentally study bank behavior in a large-
value payment system that is hindered by disruptions. We draw the
following conclusions.
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First, once behavior moves in the direction of coordination on
the inefficient equilibrium, it is not likely that behavior moves back
to the efficient equilibrium. The reason for this is that one player
has to take the lead in going for the efficient equilibrium, but this is
costly if other players do not follow suit. In the context of a payment
system, these findings suggest that once a trend has been estab-
lished, it is unlikely to reverse. In a situation where some banks
begin to defer their payments, an intervention from the central bank
may be highly desired or even necessary. When banks do not have
access to sufficient liquidity—i.e., they are forced to go for the inef-
ficient equilibrium—central banks can use their discount window
to relieve market stress, which happened during the attacks at the
WTC. If some (critical) banks deliberately delay payments without
having liquidity problems, the central bank can use its authority to
encourage banks to start paying earlier (cf. Chaudhuri, Schotter, and
Sopher 2009, who study the role of advice in coordination games).
Such moral suasion only works though if the payment system has not
been disturbed totally (i.e., coordinated fully on the inefficient equi-
librium). So, once coordination failures start emerging, central banks
need to react quickly; otherwise, trust between banks might have
fully vanished and coordination on the “good” equilibrium becomes
highly unlikely. Note that in our experimental study there was no
role for the central bank. We believe that extending the game by
allowing central bank interventions would be an interesting avenue
for future experimental work.

Second, coordination on the efficient equilibrium turns out to be
easier in a heterogeneous market where there is a clear leader in
terms of size. If such a leader goes for the efficient equilibrium, 90
percent of smaller players who have a choice follow the leader. If
the leader is not cooperative for several rounds in a row (forcedly or
deliberately), the smaller players rapidly move to such a strategy as
well. Given the critical role of the large player for the system as a
whole, it is essential from a payment system perspective to minimize
the chance that large banks are not able to execute payments due to
their own technical problems. It may therefore be desirable to oblige
such critical participants to take extra safety measures with regard
to their technical infrastructure.

Finally, our experiment shows that small frictions in coordination
games can be absorbed easily and need not jeopardize the stability of
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the efficient equilibrium (cf. the 15 percent disruption cases). How-
ever, when friction becomes larger, the system can move quickly to
the undesired equilibrium and stay there. In the context of payment
systems, this suggests that it is very important to closely moni-
tor the payment flows of (critical) participants in the system. If
deviant payment behavior is observed by one or more participants,
it is important to find the reason for this behavior. If the cause is a
technical problem of one participant, the other participants in the
payment system should be informed about the incident. In this way
it may be avoided that the other participants falsely conclude that
the deviant behavior is a deliberate action, for example, related to
liquidity considerations. Such communication is especially impor-
tant during times of market stress, when false rumors can easily
arise. Since we did not study communication in our experiment, it
is an open research question whether this could work or not.

Appendix

Instructions for the Homogeneous Market Case

The instructions for the homogeneous market case are shown below.
Between the different experimental treatments, only the percentages
change. The instructions listed here are for the 15%-30%-15% case.

Instructions

Welcome to this experiment. The experiment consists of three parts
in which you will have to make decisions. In each part it is possible
to earn money. How much you earn depends on your own decisions
and on the decisions of other participants in the experiment. At the
end of the experiment a show-up fee of 5 euros plus your total earn-
ings during the experiment will be paid to you in cash. Payments
are confidential; we will not inform any of the other participants. In
the experiment, all earnings will be expressed in talers, which will
be converted to euros according to the exchange rate: 1 taler = 6
Furocents.

During the experiment you will participate in a group of five
players. You will be matched with the same players throughout the
experiment. These other players in your group will be labeled P2,
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P3, P4, and P5.You will not be informed of who the other players
are, nor will they be informed of your identity.

Talking or communicating with others during the experiment is
not permitted. If you have a question, please raise your hand and
we will come to your desk to answer it.

Warning: In this experiment you can avoid making any loss (neg-
ative earnings). However, note that if you end up with a loss, it will
be charged against your show-up fee.

We start now with the instructions for part 1, which have been
distributed also on paper. The instructions for the other two parts
will be given when they start.

Instructions: Part 1

This part consists of thirty rounds. In each round you and the other
four players in your group will have to choose one of two options: X
or Y. Your earnings in a round depend on your choice and on the
choices of the other four players, in the following manner:

e If you choose Y, your earnings are 2 talers regardless of the
choices of the others.

e If you choose X, your earnings depend on how many of the
other players choose Y.

Your exact earnings in talers from choosing X or Y, for a given num-
ber of other players choosing Y, are listed in the following table. This
earnings table is the same for all players.

Number of Other Your Earnings Your Earnings
Players Choosing Y | from Choosing X | from Choosing Y

0 5 2
1 3 2
2 1 2
3 -1 2
4 -3 2

For example, if two other players choose Y, then your earnings from
choosing X will be 1, while your earnings from choosing Y would
be 2.
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Forced Y. Note, however, that you may not be free to choose
your preferred option. In each round, each of you will face a 15 per-
cent chance that you are forced to choose option Y. We will call this
a “forced Y.”

Whether or not a player is forced to choose Y is randomly deter-
mined by the computer for each player separately and independently
from the other players. Further, a forced Y does not depend on what
happened in previous rounds.

On the computer screen where you make your decision, you will
be reminded of this chance of a forced Y, for your convenience. Fur-
thermore, in the table at the bottom of that screen (showing past
decisions and earnings), your forced Ys are indicated in the col-
umn showing your choices with an “F.” Note that you will not be
informed of other players’ forced Y choices.

You are now kindly requested to do a few exercises on the com-
puter to make you fully familiar with the earnings table. In these
exercises you cannot earn any money. Thereafter, we will start with
part 1.

Please raise your hand if you have any question. We will then
come over to your table to answer your question.

Instructions Part 2

Part 2 is exactly the same as part 1, except for one modification: In
each round, each of you will now face a 30 percent chance that you
are forced to choose option Y. Are there any questions?

Instructions Part 3

Part 3 is exactly the same as part 2, except for one modification: In
each round, each of you will now face a 15 percent chance that you
are forced to choose option Y, as in part 1. Are there any questions?

Instructions for the Heterogeneous Case

The instructions for the heterogeneous market case are shown below.
Again, between the different experimental treatments only the per-
centages change. The instructions listed here are for the 15%-30%-
15% case.
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Instructions

Welcome to this experiment. The experiment consists of three parts
in which you will have to make decisions. In each part it is possible
to earn money. How much you earn depends on your own decisions
and on the decisions of other participants in the experiment. At the
end of the experiment a show-up fee of 5 euros plus your total earn-
ings during the experiment will be paid to you in cash. Payments
are confidential; we will not inform any of the other participants. In
the experiment, all earnings will be expressed in talers, which will
be converted to euros according to the exchange rate: 1 taler = 6
Eurocents.

During the experiment you will participate in a group of four
players. You will be matched with the same players throughout the
experiment. There are two types of players: A and B. The difference
is related to the consequences of their decisions, as will be explained
below. In fact, there will be one A player and three B players in your
group. If you happen to be player A, then the others are B players,
who will be labeled B1, B2, and B3. If you are a B player, then the
other players in your group comprise a player A and two other B
players, denoted as B2 and B3. You will learn your type when Part
1 starts; it will stay the same during the whole experiment. Because
we have pre-assigned a type to each table, you have drawn your type
yourself when you selected a table number in the reception room.
You will not be informed of who the other players are, nor will they
be informed of your identity.

Talking or communicating with others during the experiment is
not permitted. If you have a question, please raise your hand and
we will come to your table to answer it.

We start now with the instructions for part 1, which have been
distributed also on paper. The instructions for the other two parts
will be given when they start.

Instructions Part 1

First of all, note that your type (A or B) will be shown at the upper-
left part of your computer screen, below a window showing the round
number.
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This part consists of thirty rounds. In each round you and the
other three players in your group will have to choose one of two
options: X or Y. Your earnings in a round depend on your type (A
or B), your choice, and the choices of the other three players, in the
following manner:

e If you choose Y, your earnings are 2, regardless of your type
and the choices of the others.

e If you choose X, your earnings depend on your type and on
how many of the other players choose Y.

Your exact earnings from choosing X or Y, given your type and
the Y choices of the other players in your group, are listed in the
following tables for, respectively, player A and a B player.

The following are some examples, for illustration.

Suppose you are a player A, and you choose X while one of
the other players chooses Y. Then the upper table shows that your
earnings will be 3.

Alternatively, suppose you are a B player, and you choose X while
one of the other players chooses Y. Then it depends on whether this
other player choosing Y is a player A or another B player. If it is
player A, then the lower table shows that your earnings are 1, while
your earnings are 3 if it is a B player. Thus, player A has a larger
impact on your earnings than a B player.

Player A
Number of B Players
Your Choice Choosing Y Your Earnings
X 0 5
X 1 3
X 2 1
X 3 -1
Y 0 2
Y 1 2
Y 2 2
Y 3 2
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Player B
Number of Your Earnings | Your Earnings
Player A’s | Other B Players | from Choosing | from Choosing
Choice Choosing Y X Y
X 0 5 2
X 1 3 2
X 2 1 2
Y 0 1 2
Y 1 -1 2
Y 2 -3 2

Forced Y. Note, however, that you may not be free to choose
your preferred option. In each round, each of you will face a 15 per-
cent chance that you are forced to choose option Y. We will call this
a “forced Y.”

Whether or not a player is forced to choose Y is randomly deter-
mined by the computer for each player separately and independently
from the other players. Further, a forced Y does not depend on what
happened in previous rounds.

On the computer screen where you make your decision, you will
be reminded of this chance of a forced Y, for your convenience. Fur-
thermore, in the table at the bottom of that screen (showing past
decisions and earnings), your forced Ys are indicated in the col-
umn showing your choices with an “F.” Note that you will not be
informed of other players’ forced Y choices.

You are now kindly requested to do a few exercises on the com-
puter to make you fully familiar with the earnings table. In these
exercises you cannot earn any money. Thereafter, we will start with
part 1.

Please raise your hand if you have any question. We will then
come over to your table to answer your question.

Instructions Part 2

Part 2 is exactly the same as part 1, except for one modification: In
each round, each of you will now face a 30 percent chance that you
are forced to choose option Y. Are there any questions?
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Instructions Part 8

Part 3 is exactly the same as part 2, except for one modification: In
each round, each of you will now face a 15 percent chance that you
are forced to choose option Y, as in part 1. Are there any questions?
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The Basel II/IIT and CRD IV Accords reduce capital
charges on bank loans to smaller firms by assuming that the
default probabilities of smaller firms are less sensitive to macro-
economic cycles. We test this assumption in a default intensity
framework using a large sample of bank loans to private Danish
firms. We find that controlling only for size, the default proba-
bilities of small firms are, in fact, less cyclical than the default
probabilities of large firms. However, accounting for firm char-
acteristics other than size, we find that the default probabilities
of small firms are equally cyclical or even more cyclical than
the default probabilities of large firms. These results hold using
a multiplicative Cox model as well as an additive Aalen model
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heavily on funding from banks than do larger firms. It is therefore
conceivable that SMEs are hit harder during a financial crisis in
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which banks’ capital constraints are binding. As a way to facilitate
bank funding of SMEs, the Basel II Accord prescribes lower capital
charges for loans to the SME segment. Technically, the reduction in
capital charges is implemented by prescribing a lower asset correla-
tion to be used when calculating capital charges. To the extent that
asset correlation arises because of common dependence on macro-
economic shocks, the reduction corresponds to assuming that the
default probabilities of SMEs are less sensitive to macroeconomic
cycles than those of larger firms. These reductions in capital charges
were recently reaffirmed and extended in the Basel III Accord and
in the fourth Capital Requirements Directive (CRD IV)

This paper uses a large sample of loans to private Danish firms to
test whether there is empirical support for the assumption that the
default probabilities of smaller firms are less cyclical. Our results
indicate that solely discriminating with respect to firm size, the
default probabilities of small firms are in fact less sensitive to macro-
economic cycles compared with the default probabilities of large
firms. However, when we account for differences in firm characteris-
tics other than size, our results indicate that the default probabilities
of small firms are as cyclical or even more cyclical than the default
probabilities of large firms. This indicates that the size effect arises
because of omitted variables. These results are robust to different
regression models and different ways of dividing our sample into
small and large firms. The evidence from our data suggests that a
bank that properly accounts for firm characteristics in its default
risk modeling will not experience a weaker effect of economic cycles
in the SME segment, and hence the reduced capital charge will in
fact make a bank with a high exposure to the SME segment more
risky.

According to the European Commission’s (2016) annual report,
SMEs comprised over 99 percent of all enterprises, accounted for
67 percent of total employment, and stood for over 70 percent of

! Article 273 of the Basel Committee on Banking Supervision’s (2006) report
states the following: “Under the IRB approach for corporate credits, banks will
be permitted to separately distinguish exposures to SME borrowers (defined as
corporate exposures where the reported sales for the consolidated group of which
the firm is a part is less than €50 million) from those to large firms. A firm-size
adjustment ... is made to the corporate risk weight formula for exposures to
SME borrowers.”
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job growth in the non-financial business sector in the twenty-eight
European Union countries. Hence their importance for the economy
provides a political justification for the separate treatment. Further-
more, shifting banks’ risk exposure towards smaller firms could be
in the interest of regulators—for instance, because larger firms are
more likely to have larger loans or loans across several banks, which
could create contagion within and across banks in case of defaults.
But such effects are already accounted for using so-called granularity
adjustments. Our focus is on whether an additional adjustment of
capital charges through lower correlation with the macroeconomic
environment can be justified empirically.

Our data cover the period 2003-12 and consist of obligor, loan,
and default information for a large sample of private Danish firms.
We devise two different ways of testing whether defaults of smaller
firms are more or less cyclical. First, we use the standard multi-
plicative Cox regression model to estimate the effects of firm-specific
and macroeconomic variables on default intensities. Our Cox models
confirm previous findings that accounting ratios and macroeconomic
variables play distinct roles in default prediction for private firms: (i)
Accounting ratios are necessary for accurately ranking private firms
according to default likelihood but cannot by themselves capture
the cyclicality of aggregate default rates, while (ii) macroeconomic
variables are indispensable for capturing the cyclicality of aggregate
default rates but do not aid in the ranking of firms with respect to
default likelihood. Using our fitted Cox model, we find that when
we split our sample with respect to firm size and keep all other
firm characteristics fixed, the default probabilities of smaller firms
do in fact exhibit less sensitivity to macroeconomic cycles. This is in
the sense that the effects of macroeconomic variables are generally
of smaller magnitude for smaller firms. However, when we account
for the Cox model’s non-linear form and use averaging techniques
adapted from other non-linear regression models, our results indi-
cate that the default probability of the average small firm may be
as cyclical as or even more cyclical than the default probability of
the average large firm.

Second, we investigate our data using the more flexible additive
Aalen regression model. The additive model allows us to estimate
time-varying effects of firm-specific variables, which is a potentially
important component of the cyclicality of default probabilities that
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is missing from our Cox model. Furthermore, due to the linearity
of its effects, the additive model allows us to directly compare the
effects of macroeconomic variables for small and large firms without
the need for averaging techniques. Our analysis based on the additive
model reveals, in particular, that firm size has a significantly time-
varying and mostly negative effect. Hence, the effect of firm size
varies significantly with the business cycle but is generally such that
larger firms have lower default probabilities. Moreover, the effect of
firm size reaches its largest (negative) magnitude during the finan-
cial crisis of 2008—10, which indicates that larger firms were safer,
not riskier, during the most recent recession. Lastly, using our fitted
additive model and splitting the sample with respect to firm size, we
again find no evidence that there is a difference in the signs, magni-
tudes, or significance of the effects of our macroeconomic variables
for small firms compared with large firms. These results indicate
that our main findings are robust to different regression models that
capture cyclicality in different ways.

Our results indicate that a different treatment of capital charges
solely based on firm size is too simplistic, as it ignores other impor-
tant characteristics that differ between small and large firms. This
suggests that imposing solely size-based preferential treatment of
capital charges may, in fact, increase the risks of banks with a high
exposure to the SME segment.

The outline of the paper is as follows. Section 2 explains the piece
of the Basel regulation that motivates our study. Section 3 reviews
the literature. Section 4 details our data and variable selection.
Section 5 provides our estimation methodology. Section 6 presents
our regression results for identifying the firm-specific and macroeco-
nomic variables that significantly predict defaults. Section 6 presents
our results regarding the sensitivity of small and large firms’ default
probabilities to macroeconomic variables. Section 7 shows results
related to robustness and model check. Section 8 concludes.

2. The Basel Capital Charge for Loans

Basel II and III allow banks to estimate capital requirements for
small and medium-sized corporations (SMEs) using a risk-weight
formula that includes a lower asset correlation with macroeconomic
risk drivers compared with that of larger corporations. The exact
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formulation in Basel IT can be found in articles 273 and 274 of the
Basel Committee on Banking Supervision’s (2006) report. The same
provisions are carried forward and extended in the Basel III Accord
and the recently adopted CRD IV as articles 153.4 and 501.1 of
the European Parliament and the Council of the European Union’s
(2013) report.

The amount of equity capital required for funding a loan essen-
tially depends on the unexpected loss (UL) per unit principal,

UL = LGD(6* — PD),

where PD is the loan’s one-year probability of default, LGD is the
loss rate given default, and

0* = & <\/11_7p (@ '(PD) + ﬁ@l(o.ggg))) : (1)

Here, ® is the standard normal distribution function and 6* is the
99.9 percent worst-case default rate. The correlation parameter, p,
that goes into this calculation is PD dependent and prescribed by the
Basel documentation (after removing the negligible terms exp(—50))
as

p(PD) = 0.12 (1 — exp(—50PD)) + 0.24 exp(—50 PD).

For SMEs with annual sales, .S, up to €50 million, this correlation is
modified to

p(PD) = 0.12 (1 — exp(—50PD)) + 0.24 exp(—50 PD)

max(S — 5;0)
o (1m0

where the last term has the effect of lowering the capital require-
ment. The exact capital requirement depends on the contribution to
risk-weighted assets (RWA), which depends on UL, the exposure at
default (EAD), and a maturity adjustment whose exact form need
not concern us here.

As an illustration of the economic magnitude of the reduction
in capital requirement for SMEs, note that with an annual default
probability of 1 percent, a loan to an SME with S = €25 million
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achieves a deduction in asset correlation of 11.52 percent relative
to an equally risky non-SME. Assuming an LGD of 15 percent and
an effective maturity of 2.5 years (both provided as “representa-
tive averages” by the financial institution that provided us with the
data), we calculate that this corresponds to a deduction of 12.14
percent in capital requirement.

In the derivation of the capital charge formula, p represents the
correlation between asset values of different borrowers that arises
because the asset values depend on a common economy-wide factor.
Therefore, the reduction in correlation for SMEs corresponds to an
assumption that these firms have default probabilities that are less
sensitive to the economy-wide factor. It is this assumption that we
will devise two ways of testing on a large Danish data set.

3. Related Literature

There is conflicting evidence in the literature regarding the validity
of the assumption in the Basel Accords that the default probabil-
ities of smaller firms are less cyclical. Lopez (2004) employs the
KMV approach on a sample of U.S., Japanese, and European firms
and finds that average asset correlation is a decreasing function
of probability of default and an increasing function of firm size,
which is line with the assumption in the Basel Accords. Dietsch
and Petey (2004), however, use a one-factor credit risk model on
a sample of French and German firms and find that SMEs have
higher default risk than larger firms and that the asset correlations
for SMEs are weak and decrease with firm size. Chionsini, Marcucci,
and Quagliariello (2010) use firm-size dependent linear regression of
default probabilities on macroeconomic time series for a sample of
Italian firms, and they find support for the size-dependent treatment
in the Basel Accord, though not during severe financial crises like
that of 2008-09. Jacobson, Lindé, and Roszbach (2005) use a Monte
Carlo resampling method for a sample of Swedish firms and find
little support for the hypothesis that SME loan portfolios are less
risky, or require less economic capital, than corporate loans.

Our approach differs from these studies in that we use an inten-
sity regression framework to directly estimate and study how default
probabilities simultaneously depend on a large set of firm charac-
teristics, including size, as well as macroeconomic variables. This
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allows us to determine the firm characteristics that are important
for accurately ranking firms with respect to default likelihood as
well as the macroeconomic variables important for capturing the
cyclicality of default rates over time. Importantly, our approach has
the advantage of allowing us to directly determine how the effects
of macroeconomic variables on default probabilities differ for small
and large firms while simultaneously controlling for firm character-
istics other than size. We apply averaging techniques to the Cox
regression model resembling those commonly applied to generalized
linear models—see, for instance, Wooldridge (2009, 582-83) for an
overview. The additive regression model due to Aalen (1980, 1989)
was applied in a default prediction setting by Lando et al. (2013).
They show that there is significant time variation in how certain
firm-specific variables influence the default probabilities of public
U.S. firms.

Statistical models using accounting ratios to estimate default
probabilities date back to at least Beaver (1966) and Altman (1968),
followed by Ohlsen (1980) and Zmijewski (1984)—we use many of
the same accounting ratios as in these studies. Shumway (2001) was
among the first to demonstrate the advantages of intensity models
with time-varying covariates compared with traditional discriminant
analysis, and was also among the first to include equity return as
a market-based predictor of default probabilities—we use a similar
estimation setup, although we do not have market-based variables
for our private firms. Chava and Jarrow (2004) improved the setup
of Shumway (2001) using covariates measured at the monthly level
and showed the importance of industry effects—our data frequency
is also at the monthly level and we correct for industry effects in all
our regressions.

Structural models of credit risk, such as the models of Black and
Scholes (1973), Merton (1974), and Leland (1994), usually assume
that a firm defaults when its assets drop to a sufficiently low level
relative to its liabilities. The connection between structural mod-
els and intensity models was formally established by Duffie and
Lando (2001), who showed that when the firm’s asset value process
is not perfectly observable, a firm’s default time has a default inten-
sity that depends on the firm’s observable characteristics as well as
other covariates. Studies demonstrating the importance of covari-
ates implied from structural models, such as distance to default or
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asset volatility, include Duffie, Saita, and Wang (2007), Bharath and
Shumway (2008), Lando and Nielsen (2010), and Chava, Stefanescu,
and Turnbull (2011), among many others.

Default studies using data on public firms and demonstrat-
ing the importance of employing macroeconomic variables include
McDonald and de Gucht (1999), Pesaran et al. (2006), Duffie,
Saita, and Wang (2007), Lando and Nielsen (2010), and Figlewski,
Frydman, and Liang (2012), among many others. Recent default
studies of private firms that also employ macroeconomic variables
include Carling et al. (2007), who use Swedish data, and Bonfim
(2009), who uses Portuguese data. We employ many of the same
macroeconomic variables as in these studies.

4. Data and Variables

This section presents our data and the variables that we employ as
firm-specific and macroeconomic drivers of default probabilities.

Our raw data comprise 28,395 firms and 114,409 firm-year obser-
vations of obligor and loan histories, accounting statements, and
default indicators over the period 2003 to 2012. The data are
obtained from a large Danish A-IRB (advanced internal ratings-
based approach) financial institution. A firm is included in this data
set if it has an engagement over DKK 2 million in at least one
of the years underlying the period of analysis. An engagement is
defined in terms of loans or granted credit lines. After removing sole
proprietorships, government institutions, holding companies without
consolidated financial statements, firms that do not have Denmark
as their residency, and firms with insufficient balance sheet informa-
tion, we are left with 10,671 firms and 48,703 firm-year observations.
In the cleaned data set, a total of 633 firms experienced a default
event, defined by the Basel IT Accord as more than ninety days
delinquency. Moreover, 54 of the 633 defaulting firms experience a
second default, in the sense that they became delinquent a second
time during the sample period. Other default studies have treated a
firm that reemerges from default as a new firm. In accordance with
the Basel II Accord’s definition of a default event as a period of
delinquency, we choose to disregard multiple default events, so that
only the initial default counts.
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Figure 1. Entry and At-Risk Pattern in the Sample
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Notes: The left panel shows the yearly number of firms entering the sample (grey
shaded area) along with the yearly number of entries that do not default (solid
black line) or eventually do default (dashed black line). The right panel shows
the quarterly number of firms at risk of defaulting (i.e., in the “risk set”; grey
shaded area) along with the actual number of defaulting firms in each quarter
(solid black line).

Figure 1 shows the patterns by which firms enter and potentially
leave our final sample. The left panel shows the number of firms that
enter the sample at each year along with an indication of the num-
ber of entries eventually corresponding to defaults and non-defaults.
Despite discussions with the financial institution providing the data,
the low number of firms entering the sample in 2005 remains a conun-
drum. It appears, however, that the firms that eventually default do
not seem to differ systematically from the non-defaulting firms based
on when they enter the sample. The right panel shows the number
of firms at risk of defaulting, i.e., firms in the “risk set,” at each
quarter, along with the quarterly number of defaults. The risk set is
seen to contain at least 2,000 firms at each quarter, and the 2008-09
financial crisis is readily visible from the sharp rise in the number of
defaults.

In order to incorporate quarterly macroeconomic variables, we
recode the accounting variables for each firm from annual to quar-
terly observations. This will naturally induce persistence in the
accounting variables from quarter to quarter, which we correct for
by basing all inference on standard errors clustered at the firm level.
The final data set thus consists of a total of 192,196 firm-quarter
observations.
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Figure 2. Default Rates in the Sample and
the General Danish Economy
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Notes: The left panel shows the quarterly default rate from the sample along
with the corresponding aggregate number of quarterly bankruptcies in the general
Danish economy. The right panel shows the yearly default rate from the sample
along with the aggregate quarterly number of defaults in the general Danish
economy.

Figure 2 compares the observed default rate in our sample with
the number of registered bankruptcies in Denmark. The comparison
is feasible because the total number of firms at risk of default in
Denmark is relatively stable over time. We see that, due to the rela-
tively few incidences, the default rate in the sample co-moves nicely
with the aggregate level in Denmark. This indicates that our results
are likely to be representative for all Danish SMEs.

4.1 Firm-Specific Explanatory Variables

Table 1 provides an overview of the firm-specific explanatory
variables which we employ in our regression analysis. Our firm-
specific explanatory variables measure size, age, leverage, profitabil-
ity, asset liquidity, collateralization, and (book) equity. The table
also gives the accounting ratios that we use to proxy for the firm-
specific explanatory variables, along with the expected sign of each
accounting-based variable’s effect on default probabilities. All our
accounting-based variables have been applied in previous default
studies, and the expected signs of their effects are both intuitive and
well discussed in the literature—see, for instance, Ohlsen (1980),
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Table 1. Firm-Specific Explanatory Variables and
Corresponding, Observable Accounting-Based Variables

Explanatory Expected Effect on
Variable Proxy Probability of Default
Size Log of Book Value of Assets Negative
Age Years Active in the Bank Negative
Leverage Short-Term Debt to Total Positive
Assets
Total Debt to Total Assets Positive
Interest-Bearing Debt to Total Positive
Assets
Interest Payments to Total Positive
Assets
Profitability Net Income to Total Assets Negative
EBIT to Total Assets Negative
EITDA to Total Assets Negative
Liquidity Current Ratio Negative
Quick Ratio Negative
Collateralization | Fixed Assets to Total Assets Negative
PPE to Total Assets Negative
Negative Equity | Dummy for Negative Equity Positive
Industry Effects | Sector Affiliation Control Variable
Notes: The left column shows our list of firm-specific explanatory variables, the
center column shows the observable accounting-based variables that we use as prox-
ies, and the right column showa the expected effect of each acounting-based variable
on default probabilities. Industry effects are included in the list for completeness,
although we only use this variable as a control (see details in the text).

Shumway (2001), Duffie, Saita, and Wang (2007), and Lando and
Nielsen (2010). We also correct for industry effects as in Chava and
Jarrow (2004). The main difference between our list of firm-specific
variables and the ones used in default studies of public firms is the
lack of market-based measures such as stock return and distance to
default.

We control for industry effects since certain industry characteris-
tics may prescribe a certain leverage structure—for example, because
of differences in the volatility of cash flows. We use the sector affili-
ation by Statistics Denmark to identify a firm’s primary industry as
either “construction,” “manufacturing,” or “wholesale and retail,”
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as these have above-average default rates but are at the same
time coarse enough to ensure a sufficient number of firms in each
sector.

Table 2 presents summary statistics for our firm-specific explana-
tory variables. An analysis of the variables revealed a few miscodings
and extreme values. Due to the anonymized nature of the data, we
were not able to check the validity of these data points manually, and
we therefore choose to winsorize all the firm-specific variables at the
Ist and 99th percentile—a practice also used by Shumway (2001),
Chava and Jarrow (2004), and Bonfim (2009), among others. The
average firm has DKK 275 million in assets, a total-debt-to-total-
assets ratio of 68 percent, and interest payments corresponding to 3
percent of total assets. Further, the average firm had a relationship
with the bank for twenty-three years and remains in the sample for
seven out of the nine years.

Due to Danish reporting standards, firms below a certain size
may refrain from reporting revenue and employee count, and hence
these variables are zero (or missing) for a large proportion of firms
in the sample. We therefore choose not to use these two variables
in our further analysis in order to retain a large sample of smaller
firms. In table 2, firm age is taken to be the time since the bank
recorded the first interaction with the client, entry year specifies the
year at which the firm enters the sample, and duration is the num-
ber of years a firm is observed in the sample since its entry year.
The negative (book) equity dummy has an unconditional mean of
0.063, meaning that just over 6 percent of our firm-quarters show a
negative value of (book) equity.

4.2 Macroeconomic Explanatory Variables

Table 3 provides an overview of the macroeconomic explanatory vari-
ables that we employ in our regression analysis. Our macroeconomic
explanatory variables cover the stock market, interest rates, GDP,
credit supply, inflation, industrial production, and demand for con-
sumer goods. The table also gives the observable time series that
we use to proxy for the macroeconomic explanatory variables, along
with the expected sign of each time series’ effect on default proba-
bilities. The macroeconomic time series are primarily obtained from
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Table 3. Macroeconomic Explanatory Variables and
Corresponding Observable Time Series

Expected Effect
Explanatory on Probability
Variable Proxy of Default
Stock Return Return of OMX Index Negative
Stock Volatility Volatility of OMX Index Unknown
Interest Rates Slope of Yield Curve Negative
GDP Real Growth in Danish Negative
GDP
Loan Growth Loan Growth to Positive
Non-financial Firms
Credit Availability Funding Costs Positive
Aggregate Defaults Danish Bankruptcies Positive
Inflation Headline CPI Unknown
Demand-Side Effects Consumer Confidence Negative
House Prices Negative
Supply-Side Effects Business Indicator, Negative
Manufacturing
Capacity Utilization Negative
International Exposure | Exports to Danish GDP Unknown
Return of Stoxx50 Index Negative
EU-27 GDP Growth Negative
Notes: The left column shows our list of macroeconomic explanatory variables, the
center column shows the macroeconomic time series that we use to measure each
macroeconomic explanatory variable, and the right column shows the expected effect
of each macroeconomic time series on default probabilities.

Ecowin, with additional data from Statistics Denmark, the OECD,

and Stoxx.

The inclusion of lagged macroeconomic variables allows us to use
these to compute growth rates, differences, or levels. We select the
appropriate form by (i) computing the correlation between each form
of the macroeconomic variable and the observed default rate, and (ii)
visually inspecting the relationship of each form with the observed
default rate. Note, however, that some pairs of the macroeconomic
variables exhibit collinearity—for example, the Danish GDP growth
and the European GDP growth rate, as well as the return on the



Vol. 13 No. 4 Cyclicality and Firm Size 111

OMX index and the Stoxx index, have pairwise correlations of 0,92
and 0,77, respectively. The high degree of collinearity should be kept
in mind when interpreting the estimated regression coefficients in the
following sections.

5. Estimation Methodology

This section presents the methodology that we apply to estimate
the effects of our explanatory variables on firm-specific default
probabilities.

Suppose we have a sample of n levered firms observed over a
time horizon [0, 7], where firm ¢ may default at a stochastic time ;.
At each time t, the firm’s financial state is determined by a vector
X, of firm-specific variables and by a vector Z; of macroeconomic
variables, with values common to all firms in the sample. Default
at time ¢ occurs with intensity \;; = A(X¢, Z;¢), meaning that \;; is
the conditional mean arrival rate of default for firm ¢, measured in
events per time unit. Intuitively, this means that, given survival and
the observed covariate histories up to time ¢, firm ¢ defaults in the
short time interval [t,¢ + dt) with probability \; dtB We assume 7;
is doubly stochastic driven by the combined history of the internal
and external covariates (see, for instance, Duffie, Saita, and Wang
2007).

We devise two different ways of testing whether defaults of
smaller firms are more or less cyclical. First, we use the standard
multiplicative Cox regression model to estimate the effects of firm-
specific and macroeconomic variables on default intensities. Second,
we use the more flexible additive Aalen regression model, which
allows for time-varying effects of firm-specific variables.

5.1 The Cox Regression Model

In our initial analysis of which accounting ratios and macroeconomic
variables significantly predict defaults, we specify the firm-specific

2Precisely, a martingale is defined by Lr<t) — fot 1(7;>s)Ais ds with respect to
the filtration generated by the event (7; > t) and the combined history of the
firm-specific and macroeconomic variables up to time ¢.
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default intensities using the popular “proportional hazards” regres-
sion model of Cox (1972). The intensity of firm i at time ¢ is thus
modeled as

A(Xit, Zy) = Yig exp (ﬂTXit + ’YTZt) )

where Yj; is an at-risk indicator for firm ¢, taking the value of 1 if
firm ¢ has not defaulted “just before” time ¢ and 0 otherwise, while 8
and <y are vectors of regression coefficients. The effect of a one-unit
increase in the jth internal covariate at time ¢ is to multiply the
intensity by the “relative risk” e . The same interpretation applies
to the external covariates. We let the first component of the vector
Z,; be a constant 1. This means that the first component of v is a
baseline intensity, corresponding to the (artificial) default intensity
of firm ¢ when all observable covariates are identically zero

Following, for instance, Andersen et al. (1992), and under the
standard assumptions that late-entry, temporal withdrawal, right-
censoring, and covariate distributions are uninformative on regres-
sion coefficients, the (partial) log-likehood for estimation of the vec-
tors B and -y based on a sample of n firms becomes

n_ T
1(B,y) = Z/o (IBTXz‘t +’YTZt) dNit

/ ZtheXP(ﬂ X+ Z ) dt,

where N;; = 1(;,<¢) is the one-jump default counting process for
firm 4. We investigate the assumption of independent censoring and
entry pattern in section 8, and find that our parameter estimates are
robust to the exclusion of firm-years that could potentially induce
bias.

Estimation, inference, and model selection for the Cox model
may then be based on maximum-likelihood techniques. Given

3Note that while the usual Cox model includes an (unspecified) time-varying
baseline intensity, thereby making it a semi-parametric survival regression model,
we cannot simultaneously identify the vector 4y of macroeconomic regression coef-
ficients as well as a time-varying baseline intensity—we therefore restrict to a fully
parametric model with a constant baseline intensity.
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maximum-likelihood estimators (MLEs) of 8 and 7y, we can judge the
influence of covariates on default intensities by judging the signifi-
cance of the corresponding regression coefficients, and we can predict
firm-specific and aggregate default intensities by plugging the MLEs
back into intensity specification of the Cox model. A model check
may be based on the so-called martingale residual processes,

t AT
Nit—/ Yisexp<ﬂ Xis—k'/y\TZs) ds, i=1,...,n, te[0,T],
0
(2)

which, when the model is correct, converge to mean-zero martin-
gales as the sample size increases. Hence, when aggregated over
covariate-quantiles or sectors, the grouped residuals processes should
not exhibit any systematic trends when plotted as functions of time.

5.2 The Aalen Regression Model

In addition to the Cox model, we will also employ the additive regres-
sion model of Aalen (1980, 1989), which specifies the default inten-
sity of firm ¢ as a linear function of the covariates. This allows us
to estimate time-varying effects of firm-specific variables, which is a
potentially important component of the cyclicality of default prob-
abilities that is missing from our Cox models. Furthermore, due to
the linearity of its effects, the additive model allows us to directly
compare the effects of macroeconomic variables for small and large
firms without the need for averaging techniques, in contrast to the
Cox model.

Our specification of the additive model for the default intensity
of firm 7 is given by

MNXit, Zy) = Bt) X +4"Z,

where B(t) is a vector of unspecified regression functions a time,
while 4 is a vector of (time-constant) regression coefficients

4Note that we cannot identify time-varying effects for the macroeconomic vari-
ables, as the macroeconomic variables do not vary across firms at a given point
in time.
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The linearity of the additive model allows for estimation of both
time-varying and constant parameters using ordinary least squares
methods. For the time-varying coefficients, the focus is on the cumu-
lative regression coefficients, B;(t) = fg B;(s)ds, which are easy
to estimate non-parametrically. Further, formal tests of the signifi-
cance and time variation of regression functions are possible through
resampling schemes. We refer to Martinussen and Scheike (2006),
Aalen, Borgan, and Gjessing (2008), and Lando et al. (2013) for a
detailed presentation of estimation and inference procedures.

6. Default Prediction for Private Firms

In this section, we investigate which accounting ratios and macro-
economic variables significantly predict defaults in our sample. We
initially focus on the multiplicative Cox model, before using the addi-
tive Aalen model to judge whether allowing for time-varying effects
of firm-specific variables changes our conclusions

First, we show the result from a Cox model using only firm-
specific variables. We will see that this model cannot adequately
predict the cyclical variation in the aggregate default rate. Sec-
ond, we add macroeconomic variables to the Cox model and show
that this allows the model to much more accurately predict the
aggregate default rate over time. However, when judging the dif-
ferent Cox models’ ability to correctly rank firms with respect to
default likelihood, we will see that macroeconomic variables only
marginally improve the ranking based on accounting ratios alone.
Hence, to capture the cyclicality of default rates, it is sufficient to
focus on macroeconomic variables—however, accounting variables

®We focus on both the Cox and the Aalen models because they each have their
advantages in the tests we consider. The Cox model has the advantages that it
automatically produces non-negative intensities and that its constant regression
coefficients allow out-of-sample prediction. The Aalen model has the advantages
of time-varying effects of firm-specific variables and easy comparison of effects
across subsamples. Note that while there exist variants of the Cox model that
in principle allow for time-varying effects of firm-specific variables, such variants
have to apply some degree of smoothing in each estimation iteration, which might
blur or distort the effects. Such smoothing is not necessary for estimating time-
varying effects in the additive Aalen model. See Martinussen and Scheike (2006),
Aalen, Borgan, and Gjessing (2008), and Lando et al. (2013) for more on the
differences between (variants of) the Cox model and the Aalen model.
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are necessary controls for variations in firm-specific default risk not
related to size. Finally, we estimate an additive Aalen using the
same variables as in our preferred Cox model, but allowing for time-
varying effects of the firm-specific variables. We find significant time
variation in the effects of several firm-specific variables. Furthermore,
allowing for this time variation turns the effects of the macroeco-
nomic variables insignificant. Hence, time variation in the effects of
firm-specific variables is an important alternative way of quantifying
the cyclicality of default probabilities.

6.1 Using Accounting Ratios Alone

Initially, we fit a Cox model of firm-by-firm default intensities using
only firm-specific variables. We will use this fitted model to examine
to what extent macroeconomic variables add additional explanatory
power to default prediction.

Table 4 presents estimation results for Cox models using only
firm-specific variables. Due to the high degree of correlation among
the measurements within the same categories, we perform a stepwise
elimination of variables in a given category, removing the least sig-
nificant variables in each step. The outcome is that interest-bearing
debt to total assets, net income to total assets, the quick ratio, and
tangible assets (PPE) to total assets remain in the model, along with
age of banking relationship, log of total assets, and a negative equity
dummy.

Interpreting the preferred model (model 5 in table 4), the effect
of age is negative, implying that the longer a firm has had a rela-
tionship with the bank, the less likely it is that the firm will default.
The effect of size, as measured by book assets, appears insignificant
in the specification. This might potentially be explained by the sam-
ple pertaining to only the largest corporate clients, where size is less
relevant as an explanation of default. The leverage ratio of interest-
bearing debt to total assets is, as expected, positively related to
default probability. Likewise, past profitability is negatively related
to default probability. The quick ratio enters with a significant neg-
ative sign, confirming the hypothesis that the more liquidity a firm
has, the higher its ability to service unexpected cash shortfalls that
would otherwise have resulted in a default. Tangible assets, meas-
ured as plant property and equipment (PPE) to total assets, does
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Figure 3. Default Prediction Based on the Preferred Cox
Model only Including Accounting Ratios
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Notes: The left panel shows the observed number of quarterly defaults in the
sample along with the predicted number of defaults based on the preferred Cox
model only including accounting ratios (model 5 in table 4). The right panel is
similar, except that the aggregation is done on a yearly basis.

not appear to have a significant effect, confirming the findings of
Bonfim (2009) that tangible assets remain insignificant in explain-
ing corporate defaults. The negative (book) equity dummy enters
with a positive sign in all specifications, confirming that negative
(book) equity is in fact a sign of a firm in trouble and at increased
risk of default. The sign of the sectoral dummies are all positive and
significant, confirming that these sectors have above-average default
rates.

Using the results of table 4, we calculate a predicted quarterly
default intensity for each firm in the sample, and then aggregate
these to get a predicted aggregate intensity for each quarter. Figure 3
shows the observed number of quarterly defaults in the sample,
along with the predicted number of defaults based on the preferred
Cox model only including accounting ratios. As is evident in the
left panel, the model based on accounting ratios alone is unable
to explain the cyclical nature of the observed defaults. However,
acknowledging that the firm-specific data can only change yearly
through annual financial statements, it may be more appropriate
to aggregate the predicted and observed number of defaults on a
yearly basis. This is shown in the right panel, and the conclusion is
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the same: The model based solely on firm-specific variables is not
capable of capturing the cyclical variation in defaults.

6.2 Including Macroeconomic Variables

Given that firm-specific variables are unable to explain the cyclical
nature of defaults in our sample, this section incorporates macroeco-
nomic effects in our Cox model. In order to assess if macroeconomic
variables add explanatory power beyond what is implied by the firm-
specific variables, the preferred model of the firm-specific variables
is used as the basis of the covariate specification.

Table 5 presents estimation results for Cox models incorporat-
ing macroeconomic variables. The selection procedure has been to
perform a stepwise elimination of insignificant variables until only
significant macroeconomic variables remain in the model. Model 7
is the preferred model including both firm-specific and microeco-
nomic variables, while model 8 is this preferred model excluding the
firm-specific variables.

The effects of the firm-specific variables remain robust to the
inclusion of the macroeconomic variables. In the preferred model
(model 7 of table 5), the significant macroeconomic variables are as
follows: the return of the OMX stock market index, the volatility of
the OMX index, the difference between CIBOR and the policy rate,
the slope of the yield curve, the change in consumer confidence, the
change in the capacity utilization, the return of the Stoxx 50 index,
and, finally, the European GDP growth rate. On the other hand,
the aggregate number of defaults, the Danish real GDP growth,
exports as a fraction of GDP, inflation, changes in the cyclical indi-
cator for construction, and the loan growth to non-financials are all
insignificant.

When interpreting the coefficients of the macroeconomic vari-
ables in multivariate intensity regression models, one should bear
in mind that it would be unrealistic to obtain a complete ceteris
paribus effect of one macroeconomic variable, as this variable cannot
be viewed in isolation from other macroeconomic variables. While
not done here, an appropriate interpretation would involve testing
the model from the perspective of internally consistent scenarios of
macroeconomic variables. For instance, a further analysis shows that
the volatility of the stock market, the slope of the yield curve, the
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Table 5. Estimation Results for Cox Models with both
Accounting and Macroeconomic Variables

Dependent Variable: (0/1) Model 6 | Model 7 | Model 8
Variables (All Lagged One Year) Coef. Coef. Coef.
Intercept —13.341"** | —=8.051"** | —7.206™"*
Years Active in the Bank —0.011""* | —0.011***
Log of Total Assets 0.007 0.007
Interest-Bearing Debt to Total Assets 1.232*** 1.231***
Net Income to Total Assets —1.877"" | —1.877*"
Quick Ratio —0.200** [—0.200**
PPE to Total Assets 0.282* 0.281*
Dummy for Negative Equity 0.592*** 0.591***
Aggregate Quarterly Number of 0.005
Danish Bankruptcies
Danish Real GDP Growth —0.027
Export/GDP 9.633"
Inflation, Pct. Point —0.124
OMX Stock Market Return —0.052"** | —0.045""* | —0.038"""
OMX Stock Market Volatility —0.119*** | —=0.101*** | —0.099"**
Difference CIBOR — Policy Rate, Pct. 1.837*** 2.006™** 2.117"*
Point
Yield-Curve Slope 10y — 3m, Pct. Point 0.986** 0.588"** 0.634***
Growth in House Prices —0.114*** |=0.104"** |—0.115""*
Change in Consumer Confidence —0.110*** |[=0.099"** |—0.110"""
Indicator
Change in Cyclical Indicator, 0.002
Construction
Change in Capacity Utilization in the —0.338"** | —0.300"** | —0.292"**
Industrial Sector
Loan Growth to Non-financial 0.023**
Institutions
Stoxx50 Stock Market Return 0.031"** 0.034*** 0.029"**
EU-27 Real GDP Growth 0.250"** 0.227"** 0.213***
Number of Observations 192,196 192,196 192,196
Number of Firms 10,671 10,671 10,671
Number of Events 633 633 633
Sector Effects Yes Yes Yes
QIC 7,513 7,513.6 | 8,265.0
QICu 7,518 7,508.6 8,264.7

Notes: The table shows parameter estimates, standard errors, and model summary
statistics for Cox models of the quarterly default intensity of firms in the sample. All
variables are lagged one year to allow for one-year prediction. The full list of firm-
specific and macroeconomic variables is included in model 6, and model 7 (shaded
grey) is the preferred specification after stepwise elimination of variables. Model 8 is
the preferred specification in model 7 excluding the firm-specific variables. *, ** and
*** denote parameter significance at the 10 percent, 5 percent, and 1 percent levels,
respectively. Parameter significance is based on standard errors clustered at the firm
level.
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return of the Stoxx 50 index, and the European GDP growth rate
appear with an opposite sign in the preferred model compared with
a model where they enter separately.

Nonetheless, a positive return of the OMX stock market would,
controlling for other macroeconomic effects, imply a lower number
of default occurrences one year after. An increased spread between
CIBOR and the policy rate would be associated with an increased
number of default occurrences, thereby supporting the notion that
the higher funding costs of the banks would generally be passed
through to clients. Both growth in house prices and changes in the
consumer confidence index tend to be negatively linked to defaults,
illustrating the importance of demand-side effects. Capacity utiliza-
tion is also negatively associated with default occurrences, meriting
the interpretation that a higher level of idle capacity could result in
price competition that would ultimately lead a number of firms to
default.

Figure 4 illustrates the relationship between the observed and
predicted number of defaults, taking into account both the firm-
specific variables and the macroeconomic variables in model 7 of
table 5. Adding macroeconomic variables as explanatory factors
improves the model’s ability to predict the cyclical variation in
quarterly default occurrences. To rule out that the good fit of the
preferred model is merely a result of overfitting, the out-of-sample
prediction obtained from estimating the same model on only part of
the data supports the chosen model. Panels B and C of the figure
estimate the model on the sample excluding observations from 2010
and both 2010 and 2011, respectively. The obtained coefficients from
the models estimated on the reduced samples are then used to esti-
mate the aggregate intensities for all thirty-six quarters, thereby
generating out-of-sample predictions. Hence, panel B of the figure
shows one year and panel C shows two years of out-of-sample pre-
diction. The out-of-sample prediction based on the reduced-sample
estimation adequately captures both the level and cyclical variation
in default rates.

Panel D of figure 4 shows prediction based on excluding the years
2009, 2010, and 2011 from the estimation. For the out-of-sample pre-
diction in panel D, large deviations occur in 2009 (which pertains to
2008 covariates observations because of the one-year lag). However,
it should be emphasized that the latter model has been fitted to a
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period of economic expansion, and therefore it is of little surprise
that the model cannot be used to predict future defaults in a period
of economic contraction. This finding also highlights the importance
of estimating default-predicting occurrences on a full business cycle.

6.3 Ranking Firms with Respect to Default Likelihood

The out-of-sample estimation results presented in figure 4 showed
that the preferred Cox model including both firm-specific and macro-
economic variables adequately captures the level and cyclicality of
defaults. A common way of illustrating the predictive power of differ-
ent models based on the same data is to plot the receiver operating
curve (ROC), as shown in figure 5. The curve illustrates the percent-
age of defaults that are correctly classified as defaults on the verti-
cal axis against the percentage of non-defaults that are mistakenly
classified as defaults on the horizontal axis for all possible cutoff
points. The area under the curve (AUC) is then used as a measure
of the model goodness of fit, where a value of 1.0 implies a model
with perfect discriminatory ability and a value of 0.5 is a completely
random model.

In terms of discriminatory power, the addition of macroeconomic
variables does not improve the model’s ability to effectively deter-
mine which firms eventually default beyond what is implied by the
accounting ratios. From the ROC curves, we see that the model
with both macroeconomic and firm-specific variables is only mar-
ginally better in correctly determining defaults compared with the
model with just firm-specific variables. This confirms that it is the
firm-specific characteristics that provide the ordinal ranking of firms
and therefore also ultimately determine which firms actually default.
Including the macroeconomic factors only improves the model’s abil-
ity to capture the cyclicality in the aggregate default rate, which is
related to when defaults occur.

6.4 Allowing for Time-Varying Effects
of Firm-Specific Variables

We now use the additive Aalen model to judge whether allow-
ing for time-varying effects of firm-specific variables changes our
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Figure 5. Comparison of Firm-Ranking Accuracy
for Different Covariate Specifications
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Notes: The figure shows receiver operating characteristic (ROC) curves for Cox
models with different covariate specifications fitted to the sample. Each curve
illustrates the model’s ability to correctly discriminate between defaults and non-
defaults, and plots the percentage of correctly classified defaults (true positives)
against the percentage of incorrectly classified non-defaults (false positives) at all
possible cutoff points of default intensity. The area under each curve serves as a
goodness-of-fit measure, where a value of 1 means a model with perfect discrim-
inatory ability, while a value of 0.5 means a model that discriminates based on a
random guess.

conclusions regarding which firm-specific and macroeconomic vari-
ables significantly affect default intensities.

We initially fit an additive model for our entire sample of firms,
including the same covariate specification as our final Cox model
(model 7 of table 5), and with time-varying coefficients for the firm-
specific covariate. The null hypothesis of a time-constant marginal
effect is rejected at standard significance levels for the following four
firm-specific variables: firm size (log of total assets), interest-bearing
debt to total assets, the quick ratio, and the construction-sector
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Figure 6. Cumulative Regression Coefficients from
Aalen Analysis of Full Sample
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Notes: The panels show (cumulative) estimation results for the significantly
time-varying firm-specific covariates from an analysis based on the additive Aalen
model including the same covariate specification as our final Cox model (model
7 of table 5). All variables are lagged one year to allow for one-year prediction.
The dotted lines are asymptotic 95 percent pointwise confidence bands.

indicator. The time-varying marginal effects of these variables are
shown as cumulative regression coefficients with 95 percent point-
wise confidence bands in figure 6. When interpreting these effects,
one should focus on the slopes of the cumulative coefficients, which
estimate the regression coefficients themselves. The plots show that
smaller firms, firms with higher interest-bearing debt to total assets,
firms with a lower quick ratio, and firms within the construction
sector have higher default probabilities, and particularly so during
the financial crisis of 2008-10. Importantly, firm size has a mostly
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Table 6. Constant Regression Coefficients from
Aalen Analysis of Full Sample
Variables (All Lagged One Year) Coef. Se.
Intercept 0.0025 0.0407
Years Active in the Bank —2.05 x 1075*** | 5.34 x 107
Net Income to Total Assets —0.0140*** 0.0017
PPE to Total Assets —0.0014** 0.0006
Dummy for Negative Equity 0.0078*** 0.0012
Wholesale and Retail Trade, Dummy 0.0005 0.0004
Manufacturing, Dummy 0.0012** 0.0004
OMX Stock Market Return —0.0036** 0.0016
OMX Stock Market Volatility —0.0064 0.0080
Difference CIBO — Policy Rate, Pct. 0.0059 0.0510
Point
Yield-Curve Slope 10y — 3m, Pct. 0.0110 0.0111
Point
Growth in House Prices —0.0006 0.0024
Change in Consumer Confidence —0.0105** 0.0047
Indicator
Change in Capacity Utilization —0.0077 0.0085
Stoxx50 Stock Market Return 0.0042*** 0.0012
EU-27 Real GDP Growth 0.0050 0.0077

Notes: The table shows the estimation results for the time-constant regression coef-
ficients for the firm-specific and macroeconomic variables from an analysis based on
the additive Aalen model including the same covariate specification as our final Cox
model (model 7 of table 5). All variables are lagged one year to allow for one-year
prediction. *, ** and *** denote parameter significance at the 10 percent, 5 percent,
and 1 percent levels, respectively. Parameter significance is based on robust standard

€errors.

negligible marginal effect for most of our sample period (consis-
tent with the results from our analysis based on the Cox model),
except for around the financial crisis of 2008-10, where the effect
becomes significantly negative. Hence, contrary to the assumption
in the Basel Accords, we find that larger firms were safer, not riskier,

during the most recent recession.

The estimation results for the time-constant regression coeffi-
cients from the additive model fitted to the entire sample are given
in table 6. We see that all coefficients corresponding to firm-specific
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variables have the same sign as in our final Cox model (model 7 of
table 5) and roughly the same significance level. The macroeconomic
variables, however, appear to have lost much of their importance
compared with the analysis based on the Cox models. In the addi-
tive setting, only the OMX stock market return, the change in the
consumer confidence indicator, and the Stoxx50 stock market return
have significant marginal effects. The latter is of the reversed sign
compared with intuition but is nonetheless consistent with results
for public firms found by Duffie, Saita, and Wang (2007), Duffie et
al. (2009), Lando and Nielsen (2010), and Figlewski, Friedman, and
Liang (2012), amongst others[d Importantly, we see that allowing for
time-varying effects for firm-specific variables leaves little room for
additional explanatory power for macroeconomic variables. This is a
consequence of the fact that the time variation in the effects shown
in figure 6 is highly correlated with indicators of macroeconomic
conditions, leaving little room for additional explanatory power of
macroeconomic variables.

In sum, the analysis based on the additive model suggests that
allowing for time variation in the effects of firm-specific variables
is, indeed, an important component of the cyclicality of default
probabilities that is missing from our preferred Cox model.

7. The Macroeconomy’s Impact on Small
and Large Firms’ Default Risk

The results of the previous section show that our final Cox model
specification including both firm-specific and macroeconomic vari-
ables is able to both accurately rank firms and predict the aggregate
default rate over time. In this section, we first use this Cox model
to investigate whether our data supports the assumption underly-
ing the Basel II and III Accords that the default probabilities of
smaller firms are less affected by the macroeconomy. We then redo

SGiesecke, Lando, and Medhat (2013) show that univariately significant but
multivariately insignificant or even reversed effects may be observed for macro-
economic variables if these have indirect effects mediated through other covariates
included in the models. This is, in particular, the case for stock market returns.
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our analysis using the Aalen model, in order to judge whether allow-
ing for time-varying effects of firm-specific variables changes our
conclusions.

Our tests examine the extent to which the default probabilities
of small and large firms are affected differently by macroeconomic
variables. To do so, we choose to split the sample into two subsam-
ples, corresponding to “small” and “large” firms. Based on the year
that a particular firm enters the sample, it is classified as “small”
(“large” ) if its first-year asset level is below (above) the median
asset level that year. We use assets instead of revenue as our meas-
ure of size because, as discussed in section 2.1, Danish reporting
standards allow firms below a certain size to refrain from reporting
revenue. Note, however, that our use of asset level as the measure of
size is in line with article 274 of the Basel Committee on Banking
Supervision’s (2006) report [l

Our choice to divide the sample based on the median asset level
at a firm’s entry year is done to ensure approximately equal sample
sizes with a sufficient amount of default events in each subsample,
as well as to allow for the classification of firms as “small” or “large”
in a predictable manner. However, we later show (in the section on
robustness and model checks) that our results are robust to a divi-
sion into four subsamples based on asset value quartiles for the entry
year.

Figure 7 shows the aggregate quarterly default rate in each of the
subsamples of small and large firms. The two default rates are seen to
exhibit a high degree of co-movement throughout our entire sample
period. In the beginning of our sample period, the two default rates
are seen to be virtually indistinguishable except for the spike in the
default of large firms around 2005. However, near the end of our sam-
ple period, the default rate of small firms tends to be systematically
higher than the default rate of large firms, indicating that small
firms were hit the hardest by the financial crises of 2008-10.

"The article’s wording is as follows: “Subject to national discretion, supervisors
may allow banks, as a failsafe, to substitute total assets of the consolidated group
for total sales in calculating the SME threshold and the firm-size adjustment.
However, total assets should be used only when total sales are not a meaningful
indicator of firm size.”
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Figure 7. Aggregate Quarterly Default Rate in Each of
the Subsamples of Small and Large Firms
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Notes: This figure shows the aggregate quarterly default rate in each of the sub-
samples of small and large firms. Based on the year a firm enters the sample, it
is classified as “large” if its first-year asset level is above the median asset level
that year. Similarly, a firm is classified as “small” if its asset value at the time of
entry is below the median asset level that year.

7.1  Macro-sensitivity Analysis Based on the Cox Model

Table 7 shows estimation results for the final Cox model specification
including both firm-specific and macroeconomic variables fitted to
each of the two subsamples. With the exception of OMX stock mar-
ket volatility, the magnitude of all macroeconomic effects is larger
for large firms than for small firms. The difference between the coeffi-
cients of macroeconomic factors for the two subsamples is significant
for the slope of the yield curve, growth in house prices, and Euro-
pean GDP growth, and all are larger in magnitude in the subsample
of large firms 8 Hence, if we suppose there exists a large and a small
firm whose only difference is their size (which is in principle possible,
since all accounting ratios in our models are relative to total assets),
the apparent interpretation of these results is that the small firm’s
default intensity is less exposed to macroeconomic fluctuations.

81n an unreported analysis, we find that the importance of the European GDP
growth for the large firms is merited by the tendency of large firms in the sample
to engage more actively in exports.
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On the other hand, the estimation results for the two subsam-
ples also show substantial differences with regards to the coefficients
of the firm-specific variables: Firm size appears with a significant
positive coefficient for small firms but an insignificant (yet negative)
coefficient for large firms; neither the quick ratio nor the ratio of
tangible assets to total assets has significant effects for small firms,
whereas they have significant effects for large firms; and, finally, neg-
ative equity has a significant effect for small firms but not for large
firms.

While the results for the macroeconomic variables may corrobo-
rate the lower asset correlation adopted in Basel II and I1I for SMEs,
the direct comparison of coefficients in the two subsamples ignores
the fact that a covariate’s marginal effect in a non-linear model, such
as a Cox regression, depends on the values of all the other covariates.
This implies that comparing the coefficients for the macroeconomic
variables in the two subsamples is potentially problematic, because
such a comparison fails to take into account that the firm-specific
characteristics for the small and large firms are generally different
and have different effects on default intensity.

To elaborate, note that the marginal effect in a Cox regression of
a change in the jth macroeconomic variable on the default intensity
of firm ¢ is given by

O Xty Zy)

=, Yisexp (ﬁTXz’t + 'YTZt) =75 MXit, Zy),
07

which depends on all the characteristics of firm ¢ through X;;, as
well as all other macroeconomic variables through the dependence
on Zt.

A somewhat crude way to facilitate comparison between sub-
samples in non-linear models, such as a Cox regression, is to com-
pute the marginal effect of a covariate at “average levels” in each
of the subsamples. This gives rise to the partial effect at the aver-
age (PEA) and the average partial effect (APE)—see, for instance,
Wooldrige (2009, 582-83). In the setting of an intensity model, the
PEA plugs a subsample’s average covariate values into the subsam-
ple’s estimated intensity, while the APE takes the average across
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the estimated intensity values for each subsample. Due to the non-
linearity of the intensity, Jensen’s inequality implies that the two
ways of averaging will generally produce different results.

In our analysis, the PEA is a measure of a covariate’s marginal
effect for the “average firm” and at “average macroeconomic levels”
in each of the two subsamples of small and large firms. We thus
compute the PEA for the jth macroeconomic variable in subsample
k as

PEA; = Yi; exp (Bkik +ﬂzk),

—PEA
=sp,

where k € {small,large}, X, is the average firm-specific covariate
vector for firms in subsample k, Zj is the average macroeconomic

covariate vector in subsample k, B, and 7, are the estimated regres-

sion coefficients in subsample k, and sFP4 is a subsample-specific

scaling factor for each PEA. On the other hand, the APE is a
measure of a covariate’s marginal effect at the “average intensity
level” across firms and time in each of the two subsamples. The
APE for the jth macroeconomic variable in subsample k is thus
computed as

1 /T AT T
APEL; = Vi — X; Z: | dt,
=7 | \k(tngmexp(ﬂk e )

— APE
=s7,

where k(t) denotes the firms belonging to subsample k €
{small,large} at time ¢, and siFT is again a subsample-specific
scaling factor for each APE.

The two rightmost columns of table 7 show the PEAs and
APEs for each covariate in each of the two subsamples. Focusing
on the effects of the macroeconomic variables, the PEA suggests
that most macro effects are, on average, stronger in the sample of
small firms, while the APEs suggest that it is entirely dependent on
the macrovariable at hand whether its average effect is stronger for

small or large firms.
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In sum, while the direct comparison of regression coefficients indi-
cates that smaller firms are less cyclical than larger firms, the more
refined analysis based on the PEA and APE, which takes the non-
linearity of the Cox model into account, indicates that small firms
may “on average” be as cyclical, or perhaps even more cyclical, than
large firms. To rule out that this conclusion somehow hinges on the
Cox specification, we now investigate macro-sensitivity of default
intensities using an additive intensity regression model.

7.2 Macro-sensitivity Analysis Based
on the Additive Aalen Model

Due to the linearity of its effects, the additive model allows us to
directly compare the effects of macroeconomic variables for small
and large firms without the need for averaging techniques.

Recall that our specification of the additive model for the default
intensity of firm ¢ is given by

MNXit, Zy) = ,B(t)TXit +5 " Z.

It follows that the marginal effect of the jth firm-specific variable is
given by

O\ Xit7 Zt
Q — /Bj (t),

8Xij,t
which is time varying but otherwise independent of other variables
and their effects. Similarly, the marginal effect of the jth macroeco-
nomic variable is

ONXit, Zy)
—a,  — Y
0Z; 4

which is time constant but, again, independent of other variables
and their effects. Hence, in contrast to the multiplicative effects in
the Cox model, the linear effects in the additive model are easy to
interpret and compare across subsamples without the need for aver-
aging techniques. We will therefore use the additive model to check
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the assumption that the default probabilities of smaller firms are
less sensitive to macroeconomic cycles.

We now redo our macro-sensitivity analysis by fitting an addi-
tive model including the preferred firm-specific and macroeconomic
variables to each of the two subsamples of small and large firms.
The definition of small and large firms is the same as for the sub-
sample analysis based on the Cox model in section 4.1. Even though
the macroeconomic variables did not have much explanatory power
in the additive model fitted to the entire sample, one could still
imagine that some macroeconomic variables had significant additive
effects in the subsample of large firms but not in the subsample of
small firms. This would be evidence that macro-dependence differs
for small and large firms, as is the working assumption in the Basel
Accords.

Estimating the additive model in each of the two subsamples
did not change the conclusions regarding which firm-specific vari-
ables have significantly time-varying effects. Furthermore, the time-
varying effects within the two subsamples were virtually indistin-
guishable from their counterparts for the full sample shown in
figure 6, and are therefore omitted here. In particular, in both sub-
samples, firm size has a mostly negligible marginal effect except dur-
ing the financial crisis of 2008-10, where larger firms (within each
subsample) have significantly lower default probabilities.

With regards to the time-constant effects, table 8 shows the esti-
mation results for the time-constant regression coefficients in the
subsamples of small and large firms. As previously mentioned, the
linearity of the additive model allows us to directly compare coeffi-
cients across subsamples without the need for averaging techniques.
Doing so, we see no difference in sign and virtually no difference
in significance or magnitude in the two subsamples, and this is
regardless of whether we consider the firm-specific variables or the
macroeconomic variables.

In conclusion, our subsample analysis based on the additive
model shows no evidence that the default probabilities of smaller
firms are less sensitive to macroeconomic cycles. Our findings based
on the additive model thus generally reiterate the ones based on
the Cox model, but they do so in a framework that allows for cycli-
cality through the effects of firm-specific variables as well as direct
comparison of effects across subsamples.
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8. Robustness and Model Check

In this section, we perform robustness checks and examine model fits.
Because our main analysis is based on the Cox model, we will focus
on this model. However, the results presented here are in general
very similar when done based on the additive model.

8.1 Alternative Criteria for Defining Small and Large Firms

In our analysis of small and large firms in table 7, the criterion defin-
ing the two subsamples of small and large firms was the median asset
level of the year where a particular firm enters the sample. We now
investigate alternative criteria for defining the subsamples of small
and large firms and how they affect the effects of our variables within
the two subsamples.

Table 9 shows estimation results for Cox models within subsam-
ples of small and large firms, where the subsamples are defined using
different, time-varying size criteria. All the models use the covari-
ate list corresponding to our preferred Cox model including both
firm-specific and macroeconomic variables, i.e., model 7 in table 5.

Models Al and A2 show the estimation results when the full
sample is divided into subsamples of small and large firms according
to the following criterion: A particular firm in a particular year is
classified as small (large) if the firm’s book asset value is below
(above) the 25th percentile of the full sample’s book asset values.
This classification is time varying in the sense that the same firm
can be classified as small in some years but large in other years.
Similarly, models A3 and A4 show the estimation results when a
particular firm in a particular year is classified as small (large) if
the firm’s book asset value is below (above) the 50th percentile
of the full sample’s book asset values. Lastly, models A5 and A6
show the estimation results when a particular firm in a particular
year is classified as small (large) if the firm’s book asset value is
below (above) the 75th percentile of the full sample’s book asset
values.

A comparison of the estimation results within the three sub-
samples of small firms—i.e., models Al, A3, and A5—shows that
the signs, magnitudes, and significance levels of the effects of both
the firm-specific and the macroeconomic variables remain largely
unaltered as the size criterion defining the subsample of small firms
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increases. The only notable changes for the firm-specific variables
are for the size variable itself, which becomes smaller and insignifi-
cant as the size criterion defining a small firm increases, and for the
manufacturing-sector dummy, which becomes larger and significant.
The only notable changes for the macroeconomic variables are for
the slope of the yield curve and the change in capacity utilization,
which gain magnitude and significance as the size criterion defining
a small firm increases. Furthermore, a comparison of models A1, A3,
and A5 with the model for small firms in our main analysis in table 7
shows that using a time-varying classification of small firms entails
no material changes to the signs, magnitudes, or significance levels
of the effects of our variables within the subsamples of small firms.

Similarly, a comparison of the estimation results within table 9’s
three subsamples of large firms—i.e., models A2, A4, and A6—shows
that the signs, magnitudes, and significance levels of the effects
of both the firm-specific and the macroeconomic variables remain
largely unaltered as the size criterion defining the subsample of small
firms increases. Finally, a comparison of models A2, A4, and A6 with
the model for large firms in our main analysis in table 7 shows that
using a time-varying classification of large firms entails no material
changes to the signs, magnitudes, or significance levels of the effects
of our variables within the subsamples of large firms.

8.2 Independent Censoring and Entry Pattern

Given that data is only available from 2003 onwards, the existing
stock of firms entering the sample in 2003 may potentially be of bet-
ter average quality than the firms entering at a later point in time.
This bias would violate the assumption of independent censoring.
To address this issue, estimation was done on a reduced sample that
excludes firms entering the sample in 2003 (where a considerable
part of these entries ties to the existing stock of the bank clients).
The results (not presented here but available upon request) are that
all estimated coefficients remain significant and of the same sign as
the final model (model 7 in table 5). To address the concern that
the very low number of entries in 2005 might have an impact on the
results, the final model specification was reestimated using two sam-
ples: one that excludes entries from 2005 and another that excludes
all entries up until 2006. The estimates from these model fits (not
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presented here but available upon request) are still all significant
and of the same sign as the model estimated on the full sample.

8.3 Lag Length

We have throughout chosen to focus on a lag length of one year for
the covariates employed in our intensity models. However, one may
believe that, for macroeconomic variables, this is not the appropri-
ate lag, as aggregate changes may take longer to affect firms. This
may, for instance, be because firms operate with a cash buffer that
allows them to operate though an extended period of time before a
default is observed. To address this concern, we reestimated the pre-
ferred model with all macroeconomic variables lagged eight quarters
instead of four. The results (not presented here but available upon
request) showed that the macroeconomic variables are generally less
able to explain defaults when lagged eight quarters, as indicated by
the loss in significance for most of the coefficients.

Still, this analysis does not consider the possibility that dif-
ferent macroeconomic variables are operating though different lag
periods. Considering all possible combinations of lag periods would
result in an extensive number of permutations of the model for
us to check. Instead, we constructed a correlation matrix for the
observed default rate and each of the macroeconomic time series
lagged from zero to eight quarters. It generally shows that while the
lag length of four quarters does not provide the highest correlation
with the default rate for all macroeconomic variables, it appears that
a unified lag period of four quarters is at least a very appropriate
choice.

8.4  Grouped Martingale Residual Processes

We check the fit of our final model using the martingale residual
processes (2). Specifically, we consider to what extent the model
is systematically over- or under-estimating the default frequency in
different sectors and size groups.

By definition, the martingale residual processes are the difference
between the observed default frequency and the default frequency
predicted by the model. Since a single firm can at most have one
default event in our estimation setup, the firm-specific processes
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Figure 8. Model Check Based on Grouped
Martingale Residual Processes
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Notes: The figure shows cumulative martingale residual processes for the pre-
ferred Cox model including both firm-specific and macroeconomic variables
(model 7 in table 5). In the left panel, grouping corresponds to each firm’s sec-
tor, which is stationary across the sample period, while in the right panel, the
grouping is time varying and done according to asset quartiles.

contain too little information. However, when grouped in sufficiently
large clusters, the increments of the grouped processes should not
be systematically positive or negative if the model fit is adequate.
An increasing grouped residual process would imply that the model
is under-predicting the number of defaults for this particular group,
whereas a decreasing grouped residual process would imply that the
model is predicting too many defaults for this group.

The left panel of figure 8 shows grouped residual processes by sec-
tor as a function of time. We see that the residual processes fluctuate
around zero with both positive and negative increments for all sec-
tors. This is support for the model performing equally well for all sec-
tors. However, noting that the sectors “wholesale and retail trade”
and “transportation” have the largest deviances, we reestimated our
final model excluding firms in these two sectors—the results (not
presented here but available upon request) do not change.

The right panel of the figure shows grouped residual processes
by asset quartiles as a function of time. We again observe no truly
systematic deviations. We note, however, that the largest quarterly
deviances occur in the largest and smallest quartiles, further moti-
vating the point that default-prediction models should take firm size
into account.
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9. Conclusion

The Basel II and III Accords impose smaller capital charges on
bank loans to SMEs by assuming a lower correlation in the formula
for unexpected loss in a loan portfolio. The reduction in correla-
tion for SMEs corresponds to an assumption that these firms have
default probabilities that are less sensitive to the economy-wide fac-
tor. This paper investigates whether there is empirical support for
this assumption. Using a default intensity regression framework, our
results indicate that solely discriminating with respect to firm size,
the default probabilities of small firms do in fact exhibit less sensi-
tivity to macroeconomic cyclicality compared with the default prob-
abilities of large firms, in the sense that the effects of macroeconomic
variables are of smaller magnitude for smaller firms. However, when
we account for differences in firm characteristics other than size, our
results indicate that the default probability of the average small firm
is as cyclical as or even more cyclical than the default probability of
the average large firm. The results are robust to different regression
models and different divisions of our sample into small and large
firms. Our findings suggest that a reduction in capital charges based
solely on firm size may imply a higher risk for banks with a high
exposure to the SME segment.
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1. Introduction

Being faced with the longest and most severe financial crisis in
decades, policymakers around the globe have actively searched for
tools that could help to prevent or at least reduce the intensity of
future financial crises. One such tool is the countercyclical capital
buffer (CCyB), which aims to address cyclical systemic risk and is
an integral part of the Basel III regulations and the EU Capital
Requirements Directive (CRD IV). To measure the level of cycli-
cal systemic risk, the Basel III framework promotes a methodology
based on the ratio of aggregate credit to GDP (Basel Committee on
Banking Supervision 2010), which has consequently featured promi-
nently in policy decisions around the globe. However, while credit
growth and the credit-to-GDP ratio are clearly important determi-
nants of cyclical systemic risk, there are a number of other factors
that can also indicate a buildup of vulnerabilities, which provides
the motivation for this paper.

We assess the usefulness of credit and other macrofinancial vari-
ables for the prediction of banking-sector vulnerabilities in a multi-
variate framework, hence enabling a more informed decision on the
activation of the CCyB. The Basel Committee on Banking Supervi-
sion (BCBS) guidelines are based on an analysis that uses a sample of
twenty-six countries from all over the world, for which the credit-to-
GDP gap (defined as the deviation of the credit-to-GDP ratio from
its long-term trend) performs as the best single indicator in terms of
signaling a coming financial crisis. However, the guidelines (or the
underlying work by Drehmann, Borio, and Tsatsaronis 2011) rely
on individual indicators and do not compare the predictive power of
the credit-to-GDP gap to that of other potentially relevant variables
related to risks to financial stability in a multivariate fmmework
Acknowledging the potentially very large implications that this pol-
icy has for the international banking sector, our paper aims to fill this

!Several other potential shortcomings of the credit-to-GDP gap have been
discussed in the literature. For example, Edge and Meisenzahl (2011) argue that
gap measures are sensitive to the exact specification of the trending variable, in
particular with regards to end-of-sample estimates of the credit-to-GDP ratio.
For other critical views on the reliability or suitability of the credit-to-GDP gap
in the context of the CCyB, see for example Repullo and Saurina (2011) and
Seidler and Gersl (2011).
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gap by estimating a multivariate early-warning model that includes
private credit and other macrofinancial and banking-sector variables.

Our findings suggest that global variables and, in particular,
global credit variables are strong predictors of macrofinancial vul-
nerabilities, providing good signals when used as single indicators
and demonstrating consistent and significant effects in multivariate
logit models. This concurs with the view that excessive global liquid-
ity was one of the factors that contributed to the accumulation of
financial vulnerabilities ahead of the global financial crisis (see, e.g.,
Committee on the Global Financial System 2011, International Mon-
etary Fund 2013). The domestic credit-to-GDP gap also predicts vul-
nerabilities, although the effect is smaller than for the global credit
variables. Despite the importance of credit variables, we also find evi-
dence suggesting that other variables play a salient role in predicting
vulnerable states of the economy. For example, domestic house price
growth and global equity price growth are positively associated with
macrofinancial vulnerabilities. Moreover, banking-sector variables
exert significant effects: Strong banking-sector profitability may
incur excessive risk-taking, leading to increased vulnerability, while a
high banking-sector capitalization decreases the probability of enter-
ing a vulnerable state. This result is important for policymakers
involved in setting the CCyB, as it reinforces the notion that higher
bank capital ratios reduce the likelihood of financial vulnerability.

The results illustrate that even though credit variables are essen-
tial ingredients of early-warning models, other macrofinancial and
banking-sector variables are important covariates to control for and
to improve the predictive power of these models. Moreover, in an
increasingly integrated economy, vulnerabilities that develop at a
global level potentially transmit to countries around the world and
should hence be taken into account when determining CCyB rates.
The Basel III/CRD IV framework accounts for this by ensuring that
the institution-specific CCyB rate is calculated as a weighted aver-
age of CCyB rates in countries to which the bank has exposures.
Overall, policymakers should take a broad approach in the analyti-
cal models that support decisions on the activation of tools instead
of focusing only on the domestic credit-to-GDP gap.

Our paper adds to the literature on early-warning models for
financial and banking crises (see Alessi et al. 2015 and Holopainen
and Sarlin 2016 for recent papers conducting horse races among
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existing methods). It builds on the so-called signaling approach,
originally developed by Kaminsky, Lizondo, and Reinhart (1998),
and extended by Demirgiic-Kunt and Detragiache (2000), Alessi and
Detken (2011), Lo Duca and Peltonen (2013), and Sarlin (2013), and
features a multivariate logit model to identify vulnerabilities in the
banking system (see, e.g., Barrell et al. 2010, Karim et al. 2013,
and Babecky et al. 2014). As a traditional early-warning model, our
approach rests on the translation of predicted crisis probabilities
from the logit model into binary signals that can then be evaluated
given policymakers’ preferences between type I (missing a crisis) and
type II errors (false alarms of crises). Other recent contributions
to the early-warning literature have focused on exploiting different
methodologies to extract early warning models (Alessi and Detken
2014, Ferrari and Pirovano 2015), characterizations of the financial
cycle (Drehmann, Borio, and Tsatsaronis 2013; Schiiler, Hiebert, and
Peltonen 2015; Galati et al. 2016), or machine learning approaches
(Schiiler, Hiebert, and Peltonen 2015, 2017; Holopainen and Sarlin
2016). While previous studies using multivariate early-warning mod-
els often focused on emerging markets (e.g., Frankel and Rose 1996;
Demirgiic-Kunt and Detragiache 1998, 2000; and Manasse, Savona,
and Vezzoli 2016) or a few large economies or individual countries
(e.g., Hanschel and Monnin 2005, Ito et al. 2014, Castro, Estrada,
and Martinez-Pagés 2016), our analysis is conducted for a sample
of twenty-three European Union (EU) member states spanning the
period from 1982 to 2012, hence informing possible decisions on
CCyB rates in EU countries.

The remainder of the paper is organized as follows: We present
our data set in section 2 and introduce the methodology in section 3.
Estimation results and robustness checks are presented in section 4,
while section 5 is reserved for our concluding remarks.

2. Data

This section introduces the data used for our study. We begin with
the identification of vulnerable states, i.e., the dependent variable
in the study, based on banking crises in the European Union. We
then proceed by introducing the independent variables used in the
empirical analysis. Finally, we present some descriptive statistics on
the development of key variables around banking-sector crises in the
sample countries.
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2.1 Definition of Vulnerable States

The paper develops an early-warning model that attempts to pre-
dict vulnerable states of the economy from which—given a suitable
trigger—banking crises could emerge. Thus, we are not trying to
predict banking crises per se, even though we need to identify these
crises in order to determine the vulnerable states. Specifically, we
define a vulnerable state as the period twelve to seven quarters
before the onset of a banking crisis. The time horizon accounts for
the CCyB announcement period of twelve months that is specified in
article 126(6) of the CRD IV, and for a time lag required to impose
such a policy. At the same time, extending the horizon too far into
the past may weaken the link between observed variation in the inde-
pendent variables and the onset of banking crises. To analyze this,
we provide a number of alternative time horizons in the robustness
section.

In order to identify banking crises, we use the data set that has
been compiled by Babecky et al. (2014) as part of a data collec-
tion exercise by the European System of Central Banks (ESCB)
Heads of Research Group (labeled HoR database hereafter). This
quarterly database contains information on banking crises in EU
countries (except Croatia) between 1970:Q1 and 2012:Q4. The crisis
index takes a value of 1 when a banking crisis occurred in a given
quarter (and a value of 0 when no crisis occurred). The HoR data-
base aggregates information on banking crises from “several influen-
tial papers,” including (in alphabetical order): Caprio and Klinge-
biel (2003); Detragiache and Spilimbergo (2001); Kaminsky (2006);
Kaminsky and Reinhart (1999); Laeven and Valencia (2008, 2010,
2012); Reinhart and Rogoff (2011, 2013); and Yeyati and Panizza
(2011). The crisis indexes from these papers have subsequently been
cross-checked with the ESCB Heads of Research before inclusion in
the database. A list of the banking crisis dates for our sample coun-
tries based on this data set is provided in table 1. In the robustness
section, we test the robustness of the results by regressing the bench-
mark model on banking crisis data provided by Reinhart and Rogoff
(2011) and Laeven and Valencia (2012).

We set the dependent variable to 1 between (and including) seven
to twelve quarters prior to a banking crisis as identified by the ESCB
HoR database and to 0 for all other quarters in the data. In order to
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Table 1. Data Availability and Crisis Dates
Credit Other HoR Banking
Variables Variables Crises
Austria 1982:Q1-2012:Q3 | 1986:Q4-2012:Q3 2008:Q4
Belgium 1982:Q2-2012:Q3 | 1982:Q1-2012:Q3 | 2008:Q3-2008:Q4
Czech Republic | 1994:Q2-2012:Q2 — 1998:Q1-2002:Q2
Denmark 1982:Q2-2012:Q3 | 1992:Q2-2012:Q3 | 1987:Q1-1993:Q4,
2008:Q3-end of
sample
Estonia 2005:Q1-2012:Q2 | 2005:Q2-2012:Q2 —
Finland 1982:Q2-2012:Q3 | 1987:Q2-2012:Q3 | 1991:Q1-1995:Q4
France 1982:Q2-2012:Q3 | 1992:Q2-2012:Q3 | 1994:Q1-1995:Q4,
2008:Q1-2009:Q4
Germany 1982:Q2-2012:Q2 | 1991:Q2-2011:Q4 | 2008:Q1-2008:Q4
Greece 2003:Q1-2012:Q2 | 2003:Q1-2012:Q2 | 2008:Q1-end of
sample
Hungary 1997:Q1-2012:Q3 | 2002:Q1-2012:Q2 | 2008:Q3-2009:Q4
Ireland 1999:Q1-2012:Q3 | 1999:Q1-2010:Q4 | 2008:Q1-end of
sample
Ttaly 1982:Q2-2012:Q3 | 1990:Q3-2012:Q2 | 1994:Q1-1995:Q4
Lithuania 2005:Q1-2012:Q2 | 2005:Q1-2012:Q2 | 2009:Q1-2009:Q4
Luxembourg 2004:Q2-2012:Q3 | 2004:QQ2—2010:Q4 | 2008:Q2—end of
sample
Malta 2006:Q2-2012:Q2 — —
Netherlands 1982:Q2-2012:QQ2 | 1982:Q1-2011:Q4 | 2008:Q1-2008:Q4
Poland 1997:Q1-2012:Q3 | 2003:Q1-2012:Q3 —
Portugal 1982:Q2-2011:Q4 | 1998:Q2-2011:Q4 —
Slovakia 2005:Q2-2012:Q2 — —
Slovenia 2005:Q3-2012:Q2 — —
Spain 1982:Q2-2012:Q3 | 1995:Q2-2012:Q3 | 1982:Q2-1985:Q3
Sweden 1982:Q2-2012:Q3 | 1986:Q2-2012:Q3 | 1990:Q3-1993:Q4,

United Kingdom

1982:Q2-2012:Q3

1988:Q2-2012:Q2

2008:Q3-2008:Q4
1991:Q1-1995:Q2,
2007:Q1-2007:Q4

Notes: The table shows the availability of credit and other variables as well as
the crisis dates for the twenty-three countries in our sample. Credit variables are
obtained from the BIS database for total credit to the private non-financial sec-
tor (see Dembiermont, Drehmann, and Muksakunratama 2013) and from Eurostat
for those countries where the BIS data are not available. Other macrofinancial and
banking-sector variables are obtained from various sources, including the BIS, IMF,
and OECD. The crisis definitions are from the ESCB Heads of Research database
described in Babecky et al. (2014).
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overcome crisis and post-crisis bias (see, e.g., Bussiere and Fratzscher
2006), we omit all country quarters that either witnessed a banking
crisis or that fall within six quarters after a banking crisis.

2.2 Macrofinancial and Banking-Sector Variables

The panel data set used in the analysis contains quarterly macro-
financial and banking-sector data spanning 1982:Q2-2012:Q3 for
twenty-three EU member states. The data is sourced through Haver
Analytics and originally comes from the Bank for International Set-
tlements (BIS), Eurostat, the International Monetary Fund (IMF),
the European Central Bank (ECB), and the OECD (see the appen-
dix for a detailed description). Table 1 provides an overview of the
data availability for our main variables, while table 2 gives descrip-
tive statistics for the variables included in our study.

Accelerated credit growth is one of the key variables in the
Basel III/CRD IV framework, as it is seen as a sign of overheat-
ing that may be associated with systemic events in the bank-
ing sector (see also, e.g., Schularick and Taylor 2012, Drehmann
and Juselius 2014, or Lépez-Salido, Stein, and Zakrajsek 2016). To
measure credit growth and levels, we follow Drehmann, Borio, and
Tsatsaronis (2011) and use the long series on total credit and domes-
tic bank credit to the private non-financial sector compiled by the
BIS. This data includes borrowing from non-financial corporations,
households, and non-profit institutions serving households. It aims to
capture all sources of lending, independent of the country of origin or
type of lender, and includes loans and debt securities such as bonds
and securitized loans (see Dembiermont, Drehmann, and Muksakun-
ratana 2013 for a description of the database). To our knowledge,
the BIS credit series offers the broadest definition of credit pro-
vision to the private sector, while having been adjusted for data
gaps and structural breaks. Our models account for credit growth
and leverage, both at the domestic and at the global level. Credit
growth is measured as a percentage (annual growth), while lever-
age is measured by the deviation of the credit-to-GDP ratio (using
nominal GDP data) from its long-term backward-looking trend (see
the appendix for details on the calculation). Global credit variables
have been computed using a GDP-weighted average of the variable
in question for several countries, including the United States, Japan,
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Table 2. Descriptive Statistics

Obs. | Mean | Std. Dev. | Min. | Max.

Dom. Credit Growth (qoq) 1,220 | 0.0228 0.0196 |—0.0318 | 0.0989
Dom. Credit Growth (yoy) 1,220 | 0.0926 0.0662 |—0.0690 | 0.3579
Dom. Credit Gap 1,220 | 0.1149 0.1186  |—0.1570 | 0.4550
Dom Credit Growth (4q MA) | 1,220 | 0.0232 0.0166 |—0.0173 | 0.0897
Dom. Credit Growth (6q MA) | 1,220 | 0.0232 0.0154 —0.0122 | 0.0813
Dom. Credit Growth (8q MA) | 1,220 | 0.0233 0.0150 |—0.0099 | 0.0805
Dom. Credit-to-GDP Ratio 1,220 | 1.2756 0.4259 0.4426 | 2.4829
Dom. Credit-to-GDP Gap 1,220 | 0.0346 0.0796 |—0.1788 | 0.3249
Dom. Credit Growth — GDP 1,220 | 0.0081 0.0171  |—0.0508 | 0.0715

Growth

Glo. Credit Growth (qoq) 1,220 | 0.0152 0.0086 | —0.0048 | 0.0335
Glo. Credit Growth (yoy) 1,220 | 0.0614 0.0289 |—0.0113 | 0.1095
Glo. Credit Gap 1,220 | 0.0597 0.0431 |—0.0101 | 0.1593

Glo. Credit Growth (4qg MA) | 1,220 | 0.0154 0.0071 —0.0028 | 0.0274
Glo. Credit Growth (6 MA) | 1,220 | 0.0156 0.0069 |[—0.0021 | 0.0280
Glo. Credit Growth (8¢ MA) | 1,220 | 0.0158 0.0065 0.0005 | 0.0274

Glo. Credit-to-GDP Ratio 1,220 | 0.7557 0.1193 0.5778 | 0.9933
Glo. Credit-to-GDP Gap 1,220 | 0.0158 0.0285 —0.0420 | 0.0676
Glo. Credit Growth — Glo. 1,220 | 0.0022 0.0235 —0.0492 | 0.0671
GDP Growth
GDP Growth 919 | 0.0123 0.0088 —0.0232 | 0.0437
Inflation 919 | 0.0242 0.0166 —0.0108 | 0.1078
Equity Price Growth 919 | 0.0240 0.1199 —0.3759 | 0.3051
House Price Growth 919 | 0.0172 0.0289 —0.0735 | 0.1204

Banking-Sector Capitalization | 756 | 0.0507 0.0161 0.0238 | 0.1088
Banking-Sector Profitability 756 | 0.0066 0.0040 |[—0.0142 | 0.0292

Gov. Bond Yield 862 | 0.0575 0.0237 0.0220 | 0.1385
Money Market Rate 862 | 0.0460 0.0292 0.0010 | 0.1643
Global GDP Growth 919 | 0.0117 0.0229 | —0.0585 | 0.0616

Global Equity Price Growth 919 | 0.0135 0.0675 —0.3344 | 0.1122
Global House Price Growth 919 | 0.0066 0.0162 —0.0389 | 0.0539

Notes: The table shows descriptive statistics for the credit variables and the other
macrofinancial indicators used in the empirical analysis. Credit variables are available
for a longer period of time in most countries, which is why the number of observations
is larger for them.
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Canada, and all European countries that are in this study (see also
Alessi and Detken 2011).

In order to test the importance of credit variables in a
comparative fashion as well as to analyze the potential importance
of other factors, we include a number of additional variables in our
study. These variables are available for fewer observations than the
credit variables, which is why the number of observations in the full
model differs from the number of observations in models that include
only credit variables (estimating credit models on the reduced sam-
ple yields results that are very similar to the ones for the full sam-
ple). To account for the macroeconomic environment and monetary
stance, we include nominal GDP growth (domestic and global) and
CPI inflation rates. Furthermore, we use data on annual equity and
residential house price growth, both domestically and globally, to
account for the common view that asset price booms can be asso-
ciated with a buildup of vulnerabilities in the banking sector (see,
e.g., Allen and Gale 2009, Brunnermeier and Oehmke 2013, or Jorda,
Schularick, and Taylor 2015). Finally, to control for banking-sector
profitability and solvency, we include aggregate bank capitalization
(calculated by the ratio of equity over total assets) and aggregate
banking-sector profitability (defined as net income before tax as a
percentage of total assets).

As we are estimating binary choice models using panel data,
non-stationarity of independent variables could be an issue (Park
and Phillips 2000). We perform panel unit-root tests suggested by
Im, Pesaran, and Shin (2003) as well as univariate unit-root tests
developed by Dickey and Fuller (1979) in order to analyze the time-
series properties of the variables of interest. In the panel unit-root
test, the null hypothesis that all cross-sections contain unit roots
can be rejected at least at the 10 percent level of confidence for all
series except for the credit-to-GDP gap and global credit growth.
We complement the panel unit-root analysis by using the Dickey
and Fuller (1979) test country by country, and can reject the null
hypothesis of a unit root for the credit-to-GDP gap at least at the
10 percent level for all countries except for Estonia, Lithuania, and
Greece. Furthermore, in the country-by-country unit-root tests, we
can reject the null hypothesis for the global credit-to-GDP gap at
least at the 10 percent level for all countries except for Estonia and
Lithuania, while for global credit growth the null hypothesis can
be rejected for all countries. This implies that sample periods for
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individual countries seem to affect unit-root test results. Overall,
the transformations done to the original variables, the results from
the unit-root tests, and general economic theory make us confident
that we have addressed potential non-stationarity concerns for the
variables of interest.

2.3  Development of the Key Variables

Before entering the discussion of the main results, we shortly present
some descriptive statistics, which provide the context of our main
argument of moving beyond credit variables when predicting macro-
financial vulnerabilities. Figure 1 presents the average development
of the six main variables of interest over time before and after the
onset of a banking crisis. For the purpose of predicting crises, one
would hope to find an indicator variable that (on average) peaks
(or bottoms out, or at least changes direction) a number of quarters
before a crisis, so that it can be used as a signal. In the current
case of predicting a vulnerable state of the economy that precedes
a potential banking crisis, we would be interested in variables that
change direction a bit earlier before the onset of a crisis (i.e., two to
three years before the crisis), so that policymakers can use this time
to increase the resilience of banks.

In this context, we observe that among the six variables depicted
here, the credit-to-GDP gap shows one of the least clear pictures
in terms of signaling a coming crisis. On average, the credit gap
increases slowly prior to a banking crisis and only starts falling about
one year into the crisis. Yet, this does not need to be a very surpris-
ing development, as this variable is a ratio and therefore requires the
numerator to grow more slowly (or decrease faster) than the denom-
inator in order for the variable to decrease in value. The BCBS itself
concedes that the credit-to-GDP trend may not capture turning
points well (Basel Committee on Banking Supervision 2010). Con-
sequently, the ratio will not fall unless credit falls faster than GDP,
something that is not at all certain during banking crises. Still, it
shows that purely from a descriptive perspective, any signal derived
from the credit gap needs to come from the level of this variable
(i.e., a threshold value), not from changes in its development.

Unlike the credit gap, credit growth (as depicted in percentage
year-on-year growth) does appear to hit a peak about two years
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Figure 1. Development of Key Variables around
Banking Crises
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Notes: The figure depicts the development of selected key variables around
banking crises within the sample countries. The start date of a banking crisis
is indicated by the vertical line, while the solid line shows the development in
the median country and the dashed lines represent the countries at the 25th and
75th percentile, respectively.

before the onset of a banking crisis, even though its fall only becomes
clear during the last pre-crisis year. A similar development can be
observed in nominal GDP growth and equity price growth figures.
These variables do peak before a crisis (on average), but the signal



158 International Journal of Central Banking December 2017

that a crisis is coming only becomes evident shortly before the crisis
happens. This makes it difficult, at least from a descriptive point of
view, to extract any strong signal from these variables. By some mar-
gin, residential house price growth outperforms the other domestic
variables in terms of signaling “power” in this descriptive exercise.
In our sample, the growth rate of residential house prices tends to
peak about three years before a crisis happens on average, starting a
clear descent (although prices are still rising) that lasts into the cri-
sis where growth stalls. Based on this evidence, we would conclude
that residential house prices would be a useful tool (at least much
more useful than the other variables shown here) for decisions on the
CCyB, as it clearly fulfills the early-warning requirement (one year
of implementation plus one or two quarters of publication lag). So,
at least from a descriptive standpoint, it is clear that it makes sense
to gauge the developments of different macrofinancial variables to
predict or signal coming crises. Whether this result holds in a more
rigorous comparative (multivariate) framework will be discussed in
the subsequent analysis.

3. Methodology

In this section we introduce the methodology used in the empiri-
cal analysis. We start by introducing the logistic regressions used in
our multivariate framework. Thereafter, we explain how we evaluate
individual indicators’ and model predictions’ usefulness for policy-
makers.

3.1 Multivariate Models

In order to assess the predictive abilities of credit, macrofinancial,
and banking-sector variables in a multivariate framework, we esti-
mate logistic regressions of the following form:

eai —‘rX:tB

Prob(y;; = 1) = (1)

1+ eaﬁ-X;tﬁ’

where Prob(y;; = 1) denotes the probability that country 7 is in a
vulnerable state, where a banking crisis could occur seven to twelve
quarters ahead of quarter ¢. As independent variables, the vector
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X;; includes credit and macrofinancial variables on the domestic
and on the global level as well as domestic banking-sector variables
(see section 2.2). The estimations also include country fixed effects,
«;, in order to account for unobserved heterogeneity at the coun-
try level B Finally, we use robust standard errors clustered at the
quarterly level in order to account for potential correlation in the
error terms that might arise from the fact that global variables are
identical across countries in a given quarterﬁ

The analysis is conducted as much as possible in a real-time fash-
ion, meaning that only information that is available at a particular
point in time is used. Therefore, all detrended variables have been
calculated using backward-looking trends, and all explanatory vari-
ables have been lagged by one quarter, also to account for possible
endogeneity. We are well aware that this simple procedure cannot
crowd out all endogeneity-related bias, but we note that the depen-
dent variable itself is an early-warning variable. The time horizon
for which this variable is equal to 1 has been chosen in the context
of our exercise and has not been exogenously determined. Therefore,
we consider endogeneity to be a somewhat smaller problem in this
study. Nevertheless, we have tested our models for different speci-
fications of the dependent variable, both in terms of the pre-crisis
period chosen (one to twelve/thirteen to twenty quarters before the
onset of a crisis) and the definition and data source of banking crises
in the robustness section.

3.2  Model Evaluation

Banking crises are (thankfully) rare events in the sense that most
EU countries have encountered none or only one over the past two
decades. Still, when they occur, banking crises tend to be very costly,

2We do not include time dummies for two reasons: First, only quarters where
at least one country experiences a banking crisis could be used for identification
in such a specification. As our sample includes many quarters where none of the
countries experienced a crisis, the inclusion of time dummies would significantly
reduce the sample size. Second, the focus in our paper is on the prediction of
future banking crises. While time dummies might improve the ex post fit of a
model, they are of little use for out-of-sample forecasting since they are not known
ex ante.

3Clustering at the country level yields smaller standard errors, in particular
for the global variables.
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both directly through bailouts and fiscal interventions and indirectly
through the loss of economic output that often tends to follow these
crises (in particular, for systemic banking crises). Thus, policymak-
ers have a clear incentive to be able to detect early enough potential
signs of vulnerabilities that might precede banking crises in order
to take measures to prevent further building up of vulnerabilities
or to strengthen the resilience of the banking sector. Yet, at the
same time, policymakers may not want to be signaling crises when
in fact they do not happen afterwards. Doing so may (i) reduce the
credibility of their signals, weakening decisionmaking and damaging
their reputation, and (ii) needlessly impose costs on the banking sec-
tor, endangering credit supply. As a consequence, policymakers also
have an incentive to avoid false alarms, i.e., they do not want to issue
warnings when a crisis is not imminent. As pointed out by Alessi and
Detken (2011), an evaluation framework for an early-warning model
needs to take into account policymakers’ relative aversion with
respect to type I errors (not issuing a signal when a crisis is immi-
nent) and type II errors (issuing a signal when no crisis is imminent).

The evaluation approach in this paper is based on the so-called
signaling approach that was originally developed by Kaminsky,
Lizondo, and Reinhart (1998) and extended by Demirgiic-Kunt and
Detragiache (2000), Alessi and Detken (2011), Lo Duca and Pelto-
nen (2013), and Sarlin (2013). In this framework, an indicator issues
a warning signal whenever its value in a certain period exceeds a
threshold 7, defined by a percentile of the indicator’s country-specific
distribution. Similarly, a multivariate probability model issues a
warning signal whenever the predicted probability from this model
exceeds a threshold 7 € [0,1], again defined as a percentile of the
country-specific distribution of predicted probabilities. In this way,
individual variables and model predictions for each observation j
are transformed into binary predictions P; that are equal to 1 if the
respective thresholds are exceeded for this observation and 0 oth-
erwise. Predictive abilities can then be evaluated by comparing the
signals issued by the respective variable or model with the actual out-
come C; for each observation. Each observation can be allocated to
one of the quadrants in the contingency matrix depicted in figure 2:
A period with a signal by a specific indicator can either be followed
by a banking crisis seven to twelve quarters ahead (TP) or not (FP).
Similarly, a period without a signal can be followed by a banking
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Figure 2. Contingency Matrix

Actual class C;
1 0
5’ i True positive False positive
2 (TP) (®P)
3
—f 0 False negative True negative
£ (FN) (TN)

Notes: The figure shows the relationship between model prediction and actual
outcomes. Observations are classified into those where the indicator issues a warn-
ing that is indeed followed by a banking crisis seven to twelve quarters ahead
(TP), those where the indicator issues a warning that is not followed by a crisis
(FP), those where the indicator issues no warning and there is no crisis seven
to twelve quarters ahead (TN), and those where the indicator issues no warning
although there is a crisis coming (FN).

crisis seven to twelve quarters ahead (FN) or not (TN). Importantly,
the number of observations classified into each category depends on
the threshold 7.

In order to obtain the optimal threshold 7, one needs to take
the policymaker’s preferences vis-a-vis type I errors (missing a cri-
sis, Ti(t) = FN/(TP + FN) € [0,1]) and type II errors (issuing
a false alarm, T(7) = FP/(FP +TN) € [0,1]) into account. This
can be done by defining a loss function that depends on the two
types of errors as well as the policymaker’s relative preference for
either type. The optimal threshold is then the one that minimizes
the loss function. Taking into account the relative frequencies of
crises P, = P(C; = 1) and tranquil periods P, = P(C; = 0), the
loss function is defined as follows:

Lp,7) = pPiTi(7) + (1 — p) P To(7), (2)

where p € [0,1] denotes the policymakers’ relative preference
between type I and type II errors. A p larger than 0.5 indicates
that the policymaker is more averse to missing a crisis than to issu-
ing a false alarm, which—in particular, following the recent financial
crisis—is a realistic assumption in our view.

Using the loss function L(u,7), the usefulness of a model can be
defined in two ways. First, following the idea of Alessi and Detken



162 International Journal of Central Banking December 2017

(2011) and as in Sarlin (2013), the absolute usefulness is defined
as

Ua = min(uPr, (1 — p)P2) — L(p, 7). (3)

Note that U, computes the extent to which having the model is
better than having no model. This is because a policymaker can
always achieve a loss of min(uPy, (1 — p)Ps) by either always issu-
ing a signal (in which case T7(7) = 0) or never issuing a signal
(in which case T»(7) = 0). The fact that P; is significantly smaller
than P, in our sample (the share of observations that is followed
by a banking crisis seven to twelve quarters ahead is approximately
10 percent) implies that, in order to achieve a high usefulness of the
model, a policymaker needs to be more concerned about the detec-
tion of vulnerable states potentially preceding banking crises than
the avoidance of false alarms. Otherwise, with a suboptimal per-
forming model, it would easily pay off for the policymaker to never
issue a signal given the distribution of vulnerable states and tranquil
periods (see Sarlin 2013 for a detailed discussion of this issue).

A second measure, the relative usefulness U,., is computed as
follows (see Sarlin 2013):

Uq
U = (P, (1= 0 Py)’ W

The relative usefulness U, reports U, as a percentage of the use-
fulness that a policymaker would gain from a perfectly performing
modell The relative usefulness is our preferred performance indi-
cator, as it allows the comparison of models for policymakers with
different values for the preference parameter p

4. Empirical Results

In this section we present the empirical results. We first explore
the usefulness of credit variables for the identification of vulnerable

1A perfectly performing indicator would have T} = Ty = 0, implying L = 0
and Uq = min(pPr, (1 — p)P2).

5We also employ receiver operating characteristics (ROC) curves and the area
under the ROC curve (AUROC) for comparing performance of the early-warning
models (see the appendix for details).
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states of the banking sector, and proceed by extending the frame-
work to a multivariate model including other macrofinancial and
banking-sector indicators. Thereafter, we evaluate the out-of-sample
performance of the estimated models and—finally—present some
robustness checks.

4.1  Estimation and Evaluation

As the CRD IV regulations emphasize the role of credit variables for
setting the countercyclical capital buffer rate—in particular, the role
of credit growth and the credit-to-GDP gap—we start by evaluating
the usefulness of these variables for the identification of vulnerable
states within the EU banking sector.

4.1.1  Individual Indicators Based on Credit Growth
and Credit-to-GDP Ratios

First, we evaluate the usefulness of domestic credit variables by using
a simple signaling approach. Using a preference parameter of y equal
to 0.9, panel A of table 3 reports the optimal threshold for sev-
eral credit variable indicators[8 Given the optimal threshold, the
table also shows the number of observations in each quadrant of the
matrix depicted in figure 2; the percentage of type I and type 11
errors; and several performance measures, such as the absolute and
the relative usefulness, the adjusted noise-to-signal (aNtS) ratioEI
the percentage of vulnerable states correctly predicted by the indi-
cator (% Predicted), the probability of a vulnerable state conditional

6 A preference parameter of i equal to 0.9 indicates a strong preference for the
detection of crises by the policymaker. In our view this is a reasonable assump-
tion, as the current crisis illustrated once more that financial crises often translate
into large costs for the economy. As Sarlin (2013) points out, using a u equal to
0.9 and simultaneously taking into account the unconditional probability of a cri-
sis (which is about 10 percent in our sample) is equivalent to using a p equal to
0.5 without adjusting for the unconditional probabilities (as in Alessi and Detken
2011 or Lo Duca and Peltonen 2013). Results for different values of p are available
upon request.

"The aNtS ratio is the ratio of false signals measured as a proportion of
quarters where false signals could have been issued to good signals as a pro-
portion of quarters where good signals could have been issued, or (FP/(FP +
TN))/(TP/(TP+ FN)). A lower aNtS ratio indicates better predictive abilities
of the model.
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on a signal being issued (Cond. Prob.), and the difference between
the conditional and the unconditional probability of a vulnerable
state (Diff. Prob.).

Among the domestic indicators, indeed, the credit-to-GDP gap
performs best in the sense that it generates the highest relative use-
fulness. This is consistent with findings by Drehmann, Borio, and
Tsatsaronis (2011) for a different set of countries and in line with
the approach taken in the Basel III/ CRD IV framework. The credit-
to-GDP gap issues a warning signal whenever it is above the 40th
percentile of its country-specific distribution and achieves 25.6 per-
cent of the usefulness a policymaker would gain from a perfectly
performing model. Other transformations of the credit variables that
perform relatively well are annual credit growth, the credit-to-GDP
ratio, and the credit gap (defined as the deviation of the stock of
credit from its long-term trend).

Interestingly, global credit variables seem to outperform domestic
credit variables in terms of usefulness for predicting vulnerabilities
in the domestic banking sector. Panel B of table 3 shows that these
indicators usually exert a higher relative usefulness, exert a lower
adjusted noise-to-signal ratio, and are able to predict a larger share
of the vulnerable states in our sample. In an increasingly integrated
economy, vulnerabilities that develop at a global level potentially
transmit to countries around the world. Hence, focusing on the devel-
opment of domestic credit variables might not be sufficient, and the
calibration of CCyB rates should also account for global develop-
ments. This reasoning is, to some extent, already reflected in the
Basel III/CRD 1V framework, as the institution-specific CCyB rate
is calculated as a weighted average of CCyB rates in countries to
which the bank has exposures.

The evaluation of the predictive abilities of global variables is
subject to a caveat: As these variables do not vary across countries,
and as most countries had a crisis starting in 2008, the good per-
formance of these variables can in part be explained by a clustering
of crisis episodes within the same year. That is, indicators based
on global credit variables correctly predicted the current crisis in
several of our sample countries, which puts the higher usefulness of
global as compared with domestic variables in a perspective. How-
ever, the current crisis is certainly one of the best examples of a
non-domestic vulnerability that spread to banking systems around



Vol. 13 No. 4 Predicting Vulnerabilities in the EU 167

the world. Thus, if the aim of the CCyB is to increase the resilience of
the banking system, it appears to be beneficial to take into account
both domestic and global developments.

4.1.2  Multivariate Models Including Other Macrofinancial
Indicators

While the signaling approach is a simple and useful way to assess the
predictive abilities of individual indicators, a multivariate framework
has the advantage of being able to assess the joint performance of
several indicators. We therefore estimate simple logit models includ-
ing several of the individual credit variables as well as other macro-
financial indicators and assess their performance and usefulness.

Results for these models are presented in table 4. Again, we
start by considering only the domestic variables and focus on credit
growth and the credit-to-GDP gap, as these variables performed well
in section 4.1.1 and play a prominent role in the Basel III/CRD IV
framework. Credit growth seems to dominate the credit-to-GDP gap,
which is statistically not significant, in this simple model. Next, we
gradually include the global credit variables, interactions between
growth and leverage on the domestic and the global level as well
as interactions between the domestic and the global variables The
predictive power of the model improves with each StepE

8We orthogonalize interaction terms with first-order predictors in order to
avoid problems of multicollinearity (see, e.g., Little, Bovaird, and Widaman 2006).
In particular, when interacting two variables X and Y, we first form the sim-
ple product X x Y and then regress it on the original variables: X x Y =
a+ B1 x X 4+ P2 XY + e. We then take the residual from this regression—e,
which is orthogonal to X and Y—to represent the interaction between the two
original variables. Variance inflation factors (VIFs) smaller than ten for all vari-
ables indicate that we are able to get rid of multicollinearity problems in this
way.

9Note that the interpretation of interaction effects in logit models is cumber-
some. As pointed out by Ai and Norton (2003), the interaction effect is condi-
tional on the independent variables (unlike interaction effects in linear models)
and may have different signs for different values of the covariates. Moreover, the
statistical significance of these effects cannot be evaluated with a simple t-test,
but should be evaluated for each observation separately. Doing so allows us to
conclude that for most observations only the Interaction(GC1 x GC2) is signifi-
cantly positive, while the other interactions are insignificant (although, e.g., the
Interaction(DC2 x GC2) has a significantly negative sign in the regression itself).
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In order to compare the models’ predictive abilities with those of
the individual indicators, we once more apply the signaling approach
by translating the predicted probabilities into country-specific per-
centiles and determining the optimal threshold for the issuance of
warnings as the one that maximizes the relative usefulness of the
model (see section 3.2). Table 5 shows that the relative usefulness
of the domestic model is 0.236, which is lower than that of the best
individual indicators. However, the stepwise inclusion of the remain-
ing variables improves the usefulness, so that model 3 surpasses the
best domestic as well as the best global indicators in terms of relative
usefulness. This indicates the benefits of a multivariate framework
as compared with single indicators. We will elaborate more on these
benefits by taking into account not only credit variables but also
other variables that might affect the stability of the banking sector.

Models 4-7 provide the estimation results for the extended mod-
els. The sample size is somewhat smaller than in models 1-3, as the
data is not available for all variables across the whole period (see
table 1). In order to make results comparable, model 4 reestimates
model 3 on the reduced sample. The most striking difference between
the two regressions is the coefficient for the domestic credit-to-GDP
gap, which turns significant in the reduced sample. This indicates
that any evaluation depends on the respective sample and should
make policymakers cautious when generalizing findings from a par-
ticular sample of countries. However, the predictive abilities of the
models are quite impressive. For example, model 5, which we refer
to as our benchmark model, achieves 60.3 percent of the usefulness of
a perfectly performing model and thus outperforms any individual
indicator. The area under the ROC curve for this model is equal to
0.865, indicating a good predictive ability of the model for a wide
range of policymakers’ preference parameters (see figure 3 for an
illustration of the ROC curve for our benchmark model)

Overall, we find that the credit variables are indeed among the
most important predictors of vulnerable states of the economy. How-
ever, both model fit and model performance increase significantly

1T contrast to the individual indicators and most of the credit models, the
extended models perform well also for lower values of the preference parameter
1, which we see as another advantage of these models. Results for other values
of p are available upon request.
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Figure 3. ROC Curve for Benchmark Model (Model 5)
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Notes: The figure shows the receiver operating characteristic (ROC) curve for
our benchmark model. The area under the ROC curve (AUROC) is equal to
0.8645.

when we include other macrofinancial indicators. For example, the
consistently positive coefficient for house price growth indicates that
asset price booms promote the buildup of vulnerabilities in the finan-
cial sector. This suggests that regulators should keep an eye on these
developments instead of focusing exclusively on the development of
credit variables. Moreover, model 7 shows that banking-sector vari-
ables exert a significant influence on the buildup of financial vul-
nerabilities. We make the following observations: First, a country is
more likely to be in a vulnerable state when aggregate bank capi-
talization within the country is relatively low. This is a particularly
important finding in the context of countercyclical capital buffers, as
it indicates that indeed regulators could improve the resilience of the
banking system by requiring banks to hold more capital when vul-
nerabilities build up. Second, we find that future banking crises are
more likely when profits in the banking sector are relatively high. As
Borio et al. (2010) point out, periods of high bank profitability are
typically associated with rapid credit growth, increased risk-taking,
and building up of vulnerabilities, which could explain the positive
coefficient for the profitability variable preceding banking crises.
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Figure 4 illustrates the relationship between predicted crisis
probabilities from our benchmark model (model 5) and actual
banking-sector capitalization in the countries that had a banking
crisis in 2007/08. Most countries exerted declining or constantly low

Figure 4. Predicted Crisis Probabilities and
Banking-Sector Capitalization
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Figure 4. (Continued)
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Notes: The figure plots the predicted probabilities (grey bars) from our bench-
mark model (model 5 in table 4) around the crises of 2008 in our sample countries
(depicted by the dashed vertical lines). The optimal threshold for each country
is depicted by the dashed horizontal line. The model issues a warning when-
ever the predicted probability is above this threshold. The black line shows the
development of aggregate capitalization in the banking sector defined as total
banking-sector equity over total banking-sector assets.
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levels of bank capitalization prior to the crisis, which is consistent
with the evidence from model 7. A notable exception is Austria (and
to some extent Denmark), where aggregate banking-sector capital-
ization actually increased prior to the crisis. At the same time, the
benchmark model issues a warning already in late-2004/early-2005
in most cases. Hence, if they had relied on this signal, regulators
would have had enough time for the activation of the CCyB prior to
the crisis—even if we account for an announcement period of twelve
months for the CCyB.

4.2 Out-of-Sample Performance of the Models

Given the objective of the early-warning systems, any assessment
should focus on the out-of-sample performance. Moreover, as shown
by, e.g., Berg, Borensztein, and Patillo (2005), successful in-sample
predictions are much easier to achieve than successful out-of-sample
predictions. In order to assess the out-of-sample usefulness of the
models, we proceed as follows: First, we consecutively exclude coun-
tries that had a banking crisis prior to 2007 from the estimation of
the benchmark model. Then, we test whether the model based on
the remaining countries is able to predict the crises in the excluded
ones[L]

The results of this exercise are presented in figure 5. The bench-
mark model signals the banking crises in the Nordic countries well
before their onset in the early 1990s. In both Finland and Swe-
den, the indicator is consistently above the threshold from 1988:Q2
onwards, which is eleven quarters ahead of the crisis for Finland and
nine quarters ahead for Sweden. In both cases, banks would have had
enough time to build up capital before the crisis if the countercyclical
capital buffer had been activated. Similarly, the model issues a warn-
ing signal for Italy from 1991:Q2 onwards, eleven quarters ahead of
the crisis in 1994. In the United Kingdom, the crisis is relatively close

Tn principle we could have tried to fit a model to the observations prior to
2007 in order to see whether this model would be able to predict the current
crisis. However, as most of the crisis episodes in our sample occur after 2007,
and as we particularly want to learn something from these episodes, we prefer
the approach described above, i.e., we use the information from the current crisis
and check whether it would have been useful for the prediction of past crises.
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Figure 5. Out-of-Sample Performance of the Model
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Notes: The figure shows results for an out-of-sample evaluation of our bench-
mark model (model 5 in table 4). We exclude the respective country from the
estimation and depict the predicted probabilities (grey bars) from a model based
on the remaining countries around the crisis in the excluded country (dashed
vertical line). The model issues a warning whenever the predicted probability is
higher than the optimal threshold within the country (dashed horizontal line).

to the beginning of the sample period. Yet, in those quarters pre-
ceding the crisis of 1991, the benchmark model consistently issues a
warning signal. Overall, the benchmark model exhibits strong out-
of-sample properties. Information from the current crisis seems to
be useful for the prediction of other systemic banking crises in the
European Union.

4.8 Robustness Checks

In this section we modify the benchmark model (model 5 of table
4) in several ways in order to further assess the robustness of our
results. The results from the robustness analysis are presented in
tables 6 and 7.
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First, we check whether our results depend on the definition of
the dependent variable. Apart from the ESCB Heads of Research
database used in our analysis, the most common definitions of sys-
temic banking crises are provided by Reinhart and Rogoff (2011)
and Laeven and Valencia (2012). Although the various databases
are broadly consistent with each other, there are some deviations in
the timing of crises, as the definition of a systemic event in the bank-
ing sector requires a considerable amount of judgment. Columns 2
and 3 show that overall results are relatively similar for all three
crisis definitions. Moreover, the area under the ROC curve is also
greater than 0.8 for the other two models with the alternative crisis
definitions, indicating good predictive abilities of the models.

Second, we include a dummy variable that is equal to 1 for each
quarter in which the respective country is a member of the European
Monetary Union (EMU). As expected, the coefficient for this dummy
variable is positive and significant, as most crises in our sample occur
after the establishment of the EMU in 1999 (see column 4). How-
ever, the coefficients of the other variables remain largely unaffected
by the inclusion of this dummy variable. Furthermore, the results
are robust if we restrict the sample to include only countries from
the EU-15 (column 5) or only countries that are part of the EMU
(column 6).

Third, we augment the model with a money market rate (col-
umn 7). The estimated negative coefficient is potentially related to
the “great moderation,” i.e., the general decline of inflation and
money market rates over the sample period. The high R-squared
and AUROC indicate that the fit of the model is superior to that
of the other models. Despite this, we do not select this model as
our benchmark model, as its out-of-sample forecast abilities are
inferior to the benchmark model, potentially due to an overfitting
problem.

Fourth, following Lo Duca and Peltonen (2013), we transform
all variables into country-specific percentiles before using them in
the regression. This method can be seen as an alternative way to
account for heterogeneity across countries, as differences in levels of
indicators between countries vanish for the transformed variables.
Columns 8 and 9 show that most of the estimated coefficients have
the same sign as in the benchmark model if we use this alternative
method.
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Finally, we analyze model performance across different forecast
horizons (see also Schudel 2013). Specifically, we check how the per-
formance of the benchmark model and the indicator properties of
variables change if the time window of the vulnerable state preceding
a systemic banking crisis is altered from the seven to twelve quar-
ters used in the standard specifications. Results in table 7 show that
although the benchmark model is broadly robust to an alteration
of the forecast horizon, the relative importance and the estimated
signs of the coefficients tend to vary a bit. Particularly important
are the reversed signs for domestic and global credit growth in the
model with the thirteen- to twenty-quarters-ahead definition of a
vulnerable state and the strong influence of global asset prices in this
model (model R3). As shown in table 5, the benchmark model with
a forecast horizon of seven to twelve quarters (model 5) provides the
highest absolute and relative usefulness measures, followed by the
model with a forecast horizon of one to twelve quarters (model R2).
The performances of the models with the early (one to six quar-
ters) and late (thirteen to twenty quarters) pre-crisis time horizons
in terms of absolute and relative usefulness are broadly similar to,
but markedly lower than, that of the benchmark model.

5. Conclusion

As a response to recent financial crises, the Basel III/CRD IV reg-
ulatory framework includes a countercyclical capital buffer (CCyB)
to increase the resilience of the banking sector and its ability to
absorb shocks arising from financial and economic stress. In this
context, this paper seeks to provide an early-warning model, which
can be used to guide the buildup and release of capital in the bank-
ing sector. Given the prominence of private credit variables in the
Basel III/CRD IV framework, the paper first examines the evolu-
tion of credit variables preceding banking crises in the EU mem-
ber states and assesses their usefulness in guiding the setting of
the CCyB. Furthermore, the paper examines the potential benefits
of complementing private credit variables with other macrofinancial
and banking-sector indicators in a multivariate logit framework. The
evaluation of the policy usefulness of the credit indicators and mod-
els follows the methodology applied in Alessi and Detken (2011), Lo
Duca and Peltonen (2013), and Sarlin (2013).
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The paper finds that, in addition to credit variables, other domes-
tic and global financial factors such as equity and house prices and
banking-sector variables help to predict macrofinancial vulnerabil-
ities in EU member states. The importance of global variables in
our models concurs with the view that excessive global liquidity is
a key driver of financial vulnerabilities and highlights the impor-
tance of consistent cross-border and reciprocity arrangements, as
in the European macroprudential framework. Furthermore, higher
banking-sector capitalization decreases the probability of entering
a vulnerable state, which provides a rationale for the implementa-
tion of countercyclical measures like the CCyB. Moreover, future
banking crises tend to be more likely when profits in the banking
sector are relatively high, concurrent with the view that high bank
profitability could be associated with rapid credit growth, increased
risk-taking, and building up of vulnerabilities. Overall, our findings
suggest that policymakers should take a broad approach in their
analytical models supporting CCyB policy measures.

Appendix. Data Sources and Technical
Estimation Matters

Data Sources

The individual series used in our paper stem from the following
original sources: Data on total credit to the private non-financial
sector are obtained from the BIS and—for those countries where
BIS data is not available—from Eurostat. Information on nominal
GDP growth and inflation rates comes from the IMF’s International
Financial Statistics (IFS). Data on stock prices are obtained from
the OECD, while data on house prices are provided by the BIS.
Banking-sector variables are obtained from two sources: The OECD
provides relatively long series on banking-sector capitalization and
profitability on an annual basis that we use in the empirical analy-
sis. Additionally, for illustrative purposes, we use a shorter series
of banking-sector capitalization in figure 4 that is available on a
quarterly basis and that is obtained from the ECB’s Balance Sheet
Items (BSI) statistics. Finally, quarterly data on the ten-year govern-
ment bond yield and the three-month interbank lending rate (money
market rate) are obtained from the OECD.
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Calculation of the Credit-to-GDP Gap

Following the Basel Committee on Banking Supervision (2010), we
use a backward-looking Hodrick-Prescott filter with a smoothing
parameter A of 400,000 to calculate the credit-to-GDP gap. Rec-
ommendations in the BCBS Consultative Document are based on a
paper by Borio et al. (2010), who find that trends calculated with a
A of 400,000 perform well in picking up the long-term development
of private credit. In particular, a A of 400,000 is consistent with the
assumption of credit cycles being four times longer than business
cycles if one follows a rule developed by Ravn and Uhlig (2002),
which states that the optimal A of 1,600 for quarterly data should
be adjusted by the fourth power of the observation frequency ratio
(i.e., if credit cycles are four times longer than business cycles, A
should be equal to 44 x 1, 600 ~ 400,000).

Receiver Operating Characteristics (ROC) Curves

In addition to assessing the relative and absolute usefulness of a
model, we also employ receiver operating characteristics (ROC)
curves and the area under the ROC curve (AUROC) for compar-
ing performance of the early-warning models. The ROC curve shows
the tradeoff between the benefits and costs of a certain threshold 7.
When two models are compared, the better model has a higher ben-
efit (TP rate (TPR) on the vertical axis) at the same cost (FP rate
(F'PR) on the horizontal axis) Thus, as each FP rate is associated
with a threshold, the measure shows performance over all thresh-
olds or, equivalently, over all preference parameters of the policy-
maker. The AUROC is computed using trapezoidal approximations
and measures the probability that a randomly chosen vulnerable
state receives a higher predicted probability than a tranquil period.
A perfect ranking has an AUROC equal to 1, whereas a coin toss
has an expected AUROC of 0.5.

12The TPR. (also called sensitivity) gives the ratio of periods where the model
correctly issues a warning to all periods where a warning should have been issued,
formally TPR = TP = (TP + FN). The FPR (also called specificity) gives the
ratio of periods where the model wrongly issues a signal to all periods where no
signal should have been issued, formally FPR = FP = (FP + TN). An ideal
model would achieve a TPR of 1 (no missed crises) and an FPR of 0 (no false
alarms).
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The Great Globalization and Changing
Inflation Dynamics*

Chengsi Zhang
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This paper investigates the changing impact of economic
globalization on U.S. inflation dynamics during the period
from 1980 to 2012. We develop an extended New Keyne-
sian Phillips curve incorporating richer dynamics and foreign
economic slack from microfoundations. Using unknown struc-
tural break tests, we identify a significant structural change in
the early 1990s in the model, after which domestic inflation
responds more strikingly to the foreign than to the domestic
output gap. The finding indicates that it is plausible for the
Federal Reserve to augment its policy analysis framework with
globalization factors in the globalized world.

JEL Codes: E31, E37, E52, E58, C22.

1. Introduction

The United States is quite an open economy today, and its trad-
ing partners’ economic performance plays an important role in the
slowly solidifying recent cyclical recovery. The rising economic glob-
alization also brings an increasingly complex set of policy challenges.
One of the leading challenges is the changing nature of inflation
dynamics in the process of the current great globalization The past

*The research was supported by the Ministry of Education of China (Grant
No. 16JJD790057). The author is grateful to the anonymous referee for helpful
comments on an earlier version of the paper. All errors and omissions are the
author’s sole responsibility. Author e-mail: zhanges@ruc.edu.cn.

The current age of globalization is regarded as the second great wave of
globalization of international trade (and capital flows). The first wave of global-
ization occurred from the mid-1850s to the First World War; see O’Rourke and
Williamson (1999) and Mishkin (2006) for the insight analyses of the first and
the second waves of the great globalization, respectively.

191



192 International Journal of Central Banking December 2017

Figure 1. U.S. Economic Globalization (exports plus
imports of goods and services, % of GDP): 1980-2012
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Source: U.S. Department of Commerce: Bureau of Economic Analysis, and the
author’s calculations.

decades saw a marked fall in U.S. inflation, also associated with a
distinct increase in economic globalization. As figure 1 attests, the
level of economic globalization in the United States, measured by
total trade as percentage of nominal gross domestic product (GDP),
has become increasingly more open over the past three decades, at a
pace that has further intensified since the mid-1990s. The rising glob-
alization potentially brings a new challenge for monetary authority:
the central bank could cost the nation a dangerous lurch into secular
deflation or unexpected high inflation if they fail to grasp profound
global changes at play and their implications for domestic inflation
developments.

This concern has ignited a growing number of studies investi-
gating the effects of globalization on inflation, but the conclusions
remain very different. The subject of the active debate in the litera-
ture is whether globalization has reduced the sensitivity of inflation
to domestic economic slack while increasing the response of inflation
to foreign economic slack. One branch of the literature believes that
globalization has indeed led to a decline in the sensitivity of inflation
to domestic factors. They argue that the integration of China and
other lower-cost producers in world production networks increases
competition and induces downward pressure on wages and import
prices in industrial countries, which in turn remarkably subdues
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domestic inflation despite notable rises in commodity prices and a
broadly accommodating monetary policy stance across the major
currency areas. Gamber and Hung (2001), International Monetary
Fund (2006), Pain, Koske, and Sollie (2006), Borio and Filardo
(2007), Pehnelt (2007), Auer, Degen, and Fischer (2010), and Guerri-
eri, Gust, and Lépez-Salido (2010) appear to support this argument.

In contrast, the empirical results for the euro area in Calza
(2008), for Organization for Economic Cooperation and Develop-
ment (OECD) economies in Thrig et al. (2010), for the United States
in Milani (2012), and for France, the United Kingdom, and the
United States in Lopez-Villavicencio and Saglio (2014) show that
globalization has little impact on the inflation process in major
industrial countries. Still, other studies offer alternative explanations
for the changing inflation performance in the industrial countries,
including improved cyclical conditions (Buiter 2000), systematic
improvements in monetary policy (Ball and Moffitt 2001; Kamin,
Marazzi, and Schindler 2004; Roberts 2006; Mishkin 2007), or simply
good luck (Stock and Watson 2007).

These conflicting findings may reflect the fact that the inte-
gration of emerging countries into the global economy can bring
interconnecting and two-way impacts on the inflation process. On
the one hand, higher demand may drive up prices for energy, raw
materials, and general commodities, which will eventually reflect
in overall price inflation. On the other hand, an influx of lower-
cost labor, products, and services into the world market can also
drive prices downwards. This two-way impact may also explain why
the globalization—inflation relationship remains a “puzzle” (Temple
2002) when different pools of countries are considered as in Romer
(1993) and Gruben and McLeod (2004).

The discrepancy in the literature also reflects the importance of
reasonable model specification used in analyzing the globalization—
inflation connection. For example, Borio and Filardo (2007) specify a
stylized Phillips curve with lagged real domestic and foreign output
gaps and find that the globalization factor (captured by foreign out-
put gap) is a key determinant of domestic inflation. Instead of using
lagged output gaps, Thrig et al. (2010) modify Borio and Filardo’s
model specification by using contemporaneous output gaps (and
making changes in the country weights, among other things), and
the results appear to change dramatically. Ball (2006) and Mishkin
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(2009), citing the empirical results in Thrig et al. (2010), argue that
there is little reason to think that globalization has changed the
structure of inflation dynamics. In addition, the simulation results
of the theoretical experiments based on a three-equation model of
monetary transmission mechanism in Woodford (2009) also show
that globalization does not weaken the ability of national central
banks to control the dynamics of inflation.

The aforementioned studies provide useful contributions to the
understanding of inflation dynamics in a globalized world. Two
important issues, however, are underexamined in the literature. The
first is the structural specification of an inflation dynamics model
with globalization factors. The commonly used framework in the lit-
erature of globalization and inflation is a reduced-form model of a
traditional backward-looking Phillips curve (e.g., Borio and Filardo
2007; Thrig et al. 2010), which maintains the virtue of simplicity but
neglects important microfoundations of the staggered-price-setting
mechanism. According to modern monetary theory, estimated
reduced-form inflation equations provide very little information
regarding the role of global factors as determinants of inflation
(Gali 2010). The backward-looking Phillips-curve framework also
brings arbitrariness in detailed model specifications, which leads to
difficulties in discriminating different results in the relevant studies.

The structural monetary models of an open economy developed
in the seminal works of Clarida, Gali, and Gertler (2002), Wood-
ford (2003), and Gali and Monacelli (2005) provide an important
benchmark for structural modeling of inflation dynamics. Milani
(2010, 2012) estimates the structural New Keynesian models to test
whether globalization has changed the behavior of inflation dynam-
ics in the United States and other G-7 economies. These structural
models, however, emphasize the pure forward-looking behavior of
inflation, which may not be able to capture the observed inflation
inertia in the United States (and many other countries). Even though
there are some studies that estimate hybrid New Keynesian Phillips-
curve models with both forward- and backward-looking components,
the backward-looking behavior is only captured by a stylized one
lag. In this paper, we will extend the recent pricing behavior of the
backward-looking firms to incorporate a weighted process of past
inflation instead of a stylized one lag. We will also show that an
extended model with both forward- and backward-looking inflation
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components and a foreign economic slack can be rationalized with
a slight modification in a similar microeconomic framework to the
literature.

A second, equally important but underexamined issue is poten-
tial structural changes in the impact of globalization on inflation
dynamics. Over the long span of the past three decades in the
United States, for example, the level of economic globalization has
changed (increased) and hence the machinery of its economic inter-
action with the world economy may have experienced considerable
changes. The rising globalization may make domestic inflation more
responsive to foreign than to domestic economic slack via different
channels. In a globalized world, foreign goods and services provide
alternative choices for domestic consumers, so there will be less pres-
sure for domestic prices to rise (Mishkin 2009). Rising globalization
may also make the domestic firms more sensitive now than before
to foreign economic performance in their price-setting process so
that global factors will eventually have an impact on domestic infla-
tion. Through either channel, the impact of globalization on domes-
tic inflation may change over time. Borio and Filardo (2007) have
noticed a possible impact of structural breaks on the effect of glob-
alization inflation, but their analysis is largely based on informal
break tests. Therefore, formal structural break tests are warranted
in the relevant studies.

This paper attempts to fill the above two voids and focuses on
the changing impact of globalization on inflation dynamics in the
United States, linking the results to broader debates in the acade-
mic literature as well as policy implications. To this end, we develop
an extended New Keynesian Phillips curve (NKPC) from an open-
economy version of an extended Calvo’s (1983) sticky price model
with microeconomic foundations relating to the dynamic stochastic
general equilibrium model. The extended NKPC incorporates both
inflation expectations and inflation inertia, and includes foreign eco-
nomic slack to provide a channel through which globalization may
alter the dynamic response of inflation to domestic excess demand.
Based on this model, we carry out unknown structural break tests
over the period of 1980 to 2012 and find a significant structural break
in the U.S. inflation dynamics in the early 1990s, after which an
increase in globalization generates a larger increase in the response
of inflation to the foreign than the domestic output gap.
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The rest of the paper is organized as follows: Section 2 presents
the baseline model and describes its connection with the microfoun-
dation of sticky prices (with detailed model development presented
in the appendix); section 3 describes the data used in empirical work
and some stylized facts of globalization and inflation in the United
States; section 4 discusses the econometric issues related to the
empirical estimations and provides empirical results of the under-
lying model, followed by relevant implications explored in section 5;
section 6 concludes the paper.

2. The Model

In this section, we construct a dynamic, microfounded inflation
dynamics model for an open economy with sticky prices. Our model
is a small but presumably important extension of recent develop-
ments in the open-economy dynamic stochastic general equilibrium
(DSGE) literature pioneered by Obstfeld and Rogoff (1995, 2000),
Clarida, Gali, and Gertler (2002), Smets and Wouters (2002), and
Gali and Monacelli (2005). The households’ consumption and sav-
ings decisions are in the spirit of Gali and Monacelli (2005), in which
a representative household seeks to maximize a utility function with
a composite consumption composed of both domestic goods and
imported goods.

For the domestic monopolistically competitive goods market, we
lay out an extended framework of Calvo (1983) that can be easily
rationalized in terms of sticky price setting of backward-looking firms
in the closed-economy models. In particular, for the pricing behavior
of the domestic firms, we assume an economic environment similar
to Calvo’s (1983) model, in which firms are able to revise their prices
in any given period with a fixed probability (1 — #). In addition, we
assume both “forward-" and “backward-looking” firms coexist in the
economy with a proportion of w and (1 — w), respectively. Further,
we extend the rule of the recent pricing behavior of the backward-
looking firms to incorporate a weighted process of past inflation,
instead of stylized one lag of inflation inertia.

Specifically, based on the regular assumptions in Calvo’s model
and log-linear approximations, it is possible to obtain the (log) aggre-
gate price level by
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pr=06pi_1 + (1 —0)pye”, (1)

where p'" is the new price set in period ¢. Let p{ be the price set by
forward-looking firms and p? be the price set by backward-looking
firms at time ¢. The new price (relative to the aggregate price) can

be expressed as a convex combination of pf and p?, viz.

new

PR —py = w(p] — pe) + (1 —w)(®) — pr).- (2)

Next, following Woodford (2003), the pricing behavior of the
forward-looking firms can be written as

K

p{ — Pt = 9§Z (9§)5Et71't+5+1 + (1 - 9§)

s=0 s

(GC)SEtht_A,_S, (3)

Il
o

where ¢ denotes a subjective discount factor, m; denotes inflation
rate, and mc; is the real marginal cost of a typical domestic firm
producing differentiated goods with a linear technology. Iterating

@) gives
pf —pt = O0sEymipq + (1 — 6g)mes + 9§Et(]9{+1 —DPit1)- (4

Assume a rule of thumb in the pricing setting, viz.

pf—pt =Py — pe + mo1. (5)

As emphasized in the literature, this is an elegant innovation in that
the backward-looking firms can now set their prices to the aver-
age price determined in the most recent price adjustments with a
correction for inflation.

However, inflation inertia in (B) is confined to one single lag,
which may neglect the importance of other historical inflation in pre-
dicting current inflation. In particular, if we interpret one period as
being short, the backward-looking agents are likely to take more than
one period to fully respond to changes in actual inflation. Therefore,
it would appear reasonable to replace m;_1 in (B with a weighted
average of inflation over several periods in the past. Importantly, this
replacement can effectively mitigate a serial correlation problem in
empirical analysis. As such, we extend () in the following process:

pf —pe = Py — pe) + me—1 + p(L) Ay, (6)



198 International Journal of Central Banking December 2017

where p(L) = p1 + poL + -+ + p L™~ 1 is a polynomial in the lag
operator. In practice, m may be specified by utilizing appropriate
diagnostic tests (e.g., standard information criteria).

Combining ([d)-(@]), it can be shown that the dynamics of domes-
tic inflation in terms of real marginal cost are described by an
equation analogous to the one associated with a closed economy, viz.

m—1

T = Yelimie1 + w1 + Z a; ATy + Amcy, (7)
i=1

where coefficients of ([7]) are functions of the deeper parameters in
0-@).

As shown in the appendix of this paper, combining equation ()
with the equations depicting the representative household seeking to
maximize a utility function with a composite consumption composed
of both domestic goods and imported goods, we can obtain an open-
economy generalization of the extended New Keynesian Phillips
curve (NKPC) that incorporates an extended inflation dynamics and
world excess demand, viz.

m—1

T = ¢+ YeEymiq1 + Wm—1 + E QAT + 040 + 057; + Xy,
=1
(8)

where ¢; and ¢; denote domestic and foreign real output gaps, X;
is an error term, and other coefficients are functions of structural
parameters in the DSGE system illustrated in the appendix.

Note that model (8) introduces the globalization factor and more
inflation dynamics (i.e., Y7 " 0;Am_;) into an extended NKPC
model and provides a channel through which globalization may alter
the dynamic response of inflation to domestic demand. If the impact
of the world excess demand on inflation is trivial (insignificant), the
model then reduces to a closed-economy version of NKPC. The inclu-
sion of additional lag terms in the model is particularly important in
order to obtain valid results in empirical estimations, since the styl-
ized specification of the conventional NKPC model generally has a
serial correlation problem (Zhang, Osborn, and Kim 2008). The pos-
sible presence of serial correlation is crucial for the choice of valid
instruments for GMM estimations of the NKPC models, since all
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lags of the dependent variable are invalid instruments in the pres-
ence of autoregressive serial correlation. Since lags of inflation are
typically employed as instruments for estimation of the NKPC, the
consistency of these estimates depends on the lack of such serial
correlation.

3. The Data

The baseline estimation of model (§]) involves series for domestic
inflation m;; inflation expectations Fym;y1; a measure of the domes-
tic output gap; and a measure of the foreign output gap g;. As
will be discussed in section 4, the estimation of model () also
involves effective federal funds rate and growth rate of monetary
aggregate (i.e., M2) as instrumental variables. The raw (seasonally
adjusted) data were obtained from the Federal Reserve Economic
Data (FRED) database of the Federal Reserve Bank of St. Louis. The
final series used in empirical estimations are stationary (confirmed
by conventional unit-root tests). The sample size in our empirical
estimations spans the first quarter of 1980 to the last quarter of
2012 (i.e., 1980:Q1-2012:Q4) dictated by availability of trade data.
Available monthly data on consumer price index, federal funds rate,
and M2 are transformed using end-of-quarter observations as the
corresponding quarter values to avoid inducing serial correlation in
the final data set.

Several issues of the data deserve further explanations. First, U.S.
inflation is measured by the quarterly year-on-year growth rate of the
consumer price index (CPI). Second, inflation expectations are unob-
servable and have to be approximated via an appropriate method. A
commonly used method in the literature (e.g., Gali and Gertler 1999)
is to approximate the unobserved inflation expectations in (8) by the
corresponding realized future inflation, i.e., Fymii 1 = mpa1 — €441,
where e;y1 denotes the rational prediction error. This approach,
however, induces an extra disturbance to the underlying model
which is likely to affect the accuracy of the estimation of the variance
of the error term associated with the NKPC model. It also leads to
econometric difficulties in the serial correlation test for the resid-
uals in empirical estimations. To avoid these problems, we follow
Pagan (1984) and approximate inflation expectations by project-
ing realized future inflation on the instrumental variable (IV) set
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Z used in our empirical estimations (i.e., Eymiy1 = Pzmiqq, where
Py = Z(Z'Z)71Z’ is the projection matrix in terms of the IV set).
It follows that this procedure will yield precisely the same coefficient
estimates as those obtained by the IV estimation with the rational
expectations approximation, while the standard errors will be dif-
ferent since the former ignores uncertainty in the estimation of the
projection matrix (Pagan 1984).

Third, the real domestic output gap in the baseline estimations
is obtained from the Hodrick-Prescott (HP) filter on the correspond-
ing real GDP series (with smoothing parameter 1,600 for quarterly
data). In robustness assessments, we also use deterministic linearly
and quadratically detrended log real GDP to approximate the real
output gap in model (§]).

Fourth, the real foreign output gap is calculated as a weighted
sum of the real GDP gap measure of the top ten U.S. major trad-
ing partnersﬂ The weight for each trade partner in each year is
determined by the percentage of the partner’s total trade (exports
and imports) to the United States over the total trade of the United
States with the ten partners in that year. Table 1 presents the corre-
sponding statistics for the trade weights of each of the ten countries
to the United States over 1980-2012. It shows that the trade weights
of different countries to the United States change over time. For
example, the trade percentage of China to the United States wit-
nessed a dramatic jump in the mid-1990s, rising from less than 5
percent before 1992 to above 7 percent in the late 1990s and around
20 percent over the most recent five years. Interestingly, however,
the trade percentage of Japan to the United States has experienced
a steady decline from the 1990s to the 2000s. After 2002, China took
over Japan and became the second largest U.S. trading partner. A
similar pattern of declining trade percentage to the United States
can also be observed for Canada, which was the largest U.S. trading
partner in most of the times.

These variations in the trade percentages are fully accounted
for in the calculation of the foreign real GDP gap, ie., g5 =

Z;il w;+Y;+, where w;, denotes the defined weight (i.e., trade

2The top ten major U.S. trading partners include Canada, China, France,
Germany, Italy, Japan, Korea, Mexico, Netherlands, and the United Kingdom.
The trade data and real GDP series for the ten countries were obtained from the
International Monetary Fund.
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Table 1. Trade Percentage of U.S. Top
Ten Major Trade Partners (%)
Year | CAN | CHN | FRA | GER | ITA | JAP | KOR | MEX | NETH | UK
1980 [ 306 | 1.9 | 52 | 92 | 40 [21.2 | 3.6 | 11.1 4.2 9.1
1981 | 309 | 20 | 48 | 7.9 | 3.9 |221 | 38 | 114 4.0 9.2
1982 | 30.2 | 20 | 49 | 82 | 3.9 |229 | 43 | 104 4.2 9.1
1983 | 325 | 17 | 44 | 79 | 35 |235 | 49 | 94 3.9 8.4
1984 | 330 | 19 | 42 | 7.8 | 3.8 |244 | 47 | 88 3.5 7.9
1985 | 316 | 22 | 44 | 82 | 41 |257 | 45 | 89 3.2 7.3
1986 | 289 | 21 | 45 | 93 | 41 |285 | 5.0 7.6 3.1 7.0
1987 | 299 | 24 | 44 | 90 | 3.9 |264 | 59 | 80 2.8 7.3
1988 | 29.8 | 28 | 45 | 82 | 3.7 |257 | 64 | 87 2.9 7.3
1989 | 300 | 34 | 45 | 76 | 3.6 |254 | 6.1 9.4 3.0 7.1
1990 | 29.9 | 36 | 46 | 81 | 3.6 |240 | 57 | 10.0 3.1 7.5
1991 | 296 | 44 | 48 | 80 | 35 |237 | 55 | 10.8 3.1 6.8
1992 | 296 | 54 | 46 | 7.9 | 3.3 |228 | 49 | 11.8 3.0 6.7
1993 | 308 | 6.1 | 42 | 7.0 | 2.9 |228 | 47 | 11.9 2.7 7.0
1994 | 31.1 | 64 | 39 | 6.6 | 2.9 |223 | 49 | 12.8 2.5 6.7
1995 | 310 | 6.8 | 36 | 6.8 | 3.0 |21.7 | 57 | 123 2.6 6.4
1996 | 313 | 7.1 | 36 | 6.8 | 3.0 |19.9 | 53 | 14.0 2.5 6.5
1997 | 312 | 7.6 | 37 | 67 | 28 |184 | 47 | 154 2.7 6.8
1998 | 309 | 83 | 40 | 7.3 | 29 |170 | 3.9 | 163 2.5 7.0
1999 [ 309 | 85 | 39 | 7.1 | 28 |164 | 46 | 16.7 2.4 6.7
2000 | 30.0 | 9.1 | 38 | 66 | 2.8 [159 | 51 | 18.1 2.4 6.3
2001 | 29.9 | 10.0 | 40 | 7.1 | 27 |146 | 46 | 183 2.3 6.5
2002 | 293 | 122 | 38 | 7.1 | 2.8 |13.8 | 4.7 | 183 2.2 5.9
2003 | 29.3 | 142 | 35 | 7.3 | 28 |12.8 | 46 | 17.5 2.4 5.7
2004 | 28.9 | 158 | 35 | 7.1 | 26 |121 | 48 | 17.3 2.4 5.4
2005 | 29.2 | 175 | 33 | 7.0 | 26 |11.5 | 43 | 17.0 2.4 5.3
2006 | 28.1 | 188 | 33 | 6.9 | 24 |11.1 | 42 | 17.5 2.6 5.2
2007 | 27.7 | 19.8 | 34 | 72 | 25 |104 | 41 | 171 2.6 5.3
2008 | 27.9 | 199 | 35 | 7.2 | 25 | 98 | 39 | 17.2 2.9 5.3
2009 | 255 | 223 | 3.6 | 68 | 23 | 88 | 41 | 181 2.9 5.5
2010 | 25.6 | 230 | 32 | 64 | 21 | 89 | 43 | 19.1 2.6 4.8
2011 | 25.8 | 224 | 3.0 | 64 | 22 | 85 | 44 | 199 2.9 4.6
2012 | 25.2 | 226 | 3.0 | 65 | 22 | 90 | 42 | 20.2 2.6 4.5

Note: The statistic is calculated as the ratio of the U.S. trade to each country as a per-
centage of total trade of the United States to all countries listed in the table; initial letters
of each country’s name are used as an acronym to represent the country.

percentage) at time t (quarterly observations within one year use
the same weight of the year) and ¢, is the real output gap measure
for country j. Figure 2 plots the resulting foreign output gap series
in conjunction with the U.S. real GDP gap and inflation series. It
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Figure 2. U.S. Inflation, Domestic and Foreign
Output Gaps: 1980:Q1-2012:Q4
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Source: The author’s calculations.

shows that the cyclical behavior of the domestic and foreign out-
put gaps is similar in general but differs in details. In particular,
the domestic GDP gap is more volatile than the foreign GDP gap
before the late 1990s and vice versa during the most recent decade.
This difference is reflected in the comparison of the dynamic evolu-
tion between domestic CPI inflation and the two output gaps: U.S.
inflation appears to move more closely with the domestic output
gap than with the foreign output gap before the late 1990s, and
the scenario reverses afterwards. Whether this difference envisions
structural changes in inflation dynamics model remains an empirical
issue.

It may be noted that some studies (e.g., Martinez-Garcia 2015)
have shown that data quality and measurement issues also play an
important role and may explain the lack of consensus as regards
the effect of globalization on inflation in the literature. However, it
should be noted that the relevant findings are different even if we
examine the comparable results with similar data and measurement
in the literature. Therefore, there is still room for model specifica-
tion and structural break issues in accounting for the dispute on the
nexus between globalization and inflation.
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4. Empirical Results

4.1  Econometric Issues

As already noted in section 1 of this paper, the U.S. economic glob-
alization level has increased substantially since the 1990s, and this
change may shift the mechanism of the impact of globalization on the
inflation dynamics. In particular, the empirical sample in our analy-
sis covers a relatively long period from 1980 to 2012, which witnesses
profound changes in the U.S. integration to the world economy and
its macroeconomic dynamics. While the link between economic glob-
alization and inflation dynamics makes it plausible that such changes
may lead to structural breaks in the parameters of the NKPC model
[®), any such effect and its timing depend on the behavior of eco-
nomic agents. Since the dates of potential change points are therefore
unknown, we perform break tests using the methodology proposed
by Andrews (1993).

Prior to examining the structural break tests, several economet-
ric issues in estimating the baseline model should be noted. First,
inflation expectations in model (§) may be influenced by informa-
tion relating to the current period. In addition, the real variables
are also likely to be correlated with the contemporaneous noise,
since demand shocks may influence both variables. Therefore, we use
IV, or more generally the generalized method of moments (GMM)
estimator to estimate model (§) and pin down the endogeneity
problem.

The baseline IV set used in estimating () consists of two lags of
each of the domestic and foreign output gaps, effective federal funds
rate, and M2 growth rate, plus the lags of inflation included in the
model (and a constant). The optimal lag order in the NKPC model
([®) is specified by Akaike information criteria (AIC) and Godfrey’s
(1994) IV serial correlation test. In addition, the baseline estima-
tions are verified through Hansen’s (1982) J-test for over-identifying
restrictions and the Stock and Yogo (2003) generalized F-test for
weak IV.

Note that the Godfrey IV serial correlation test is implemented
by adding appropriate lagged residuals from the initial estimation
to the regressors from the initial model and checking their joint sig-
nificance by the Lagrange multiplier (LM) principle. This test is
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Table 2. Results of Andrews Unknown Break Point
Tests for Model 8

all ¢ Ye Yo a; da oy

p-value 0.000 | 0.046 | 0.020 | 0.001 | 0.085 | 0.057 | 0.060
Break Date | 2005:Q4 | 1987:Q1 | 1992:Q3 | 1991:Q3 | 1986:Q2 | 1990:Q4 | 1993:Q1

Notes: The estimated equation is given by model 8 with a sample spanning 1980:Q1—
2012:Q4 prior to lag adjustment. Optimal autoregressive lag order in the NKPC
model is specified by AIC and IV serial correlation test (with maximum eight lags).
Inflation expectations are measured by fitted values of regressing the realized future
inflation on the baseline IV set. The baseline IV set includes two lags of each of the
domestic and foreign output gaps, effective federal funds rate, and M2 growth rate,
plus the lags of inflation included in the model (and a constant).The structural break
tests are implemented over central 70 percent of the underlying sample; break date
corresponds to the break point at which the maximum test statistic is achieved.

used to check the possibility of serial correlation in the IV estima-
tions with null hypothesis of no serial correlation. Therefore, a large
p-value indicates no significant serial correlation in the regression
and vice versa. The Stock-Yogo weak instrument test provides diag-
nostic information on to what extent the underlying instruments are
weak in the estimation. The statistics reported are the Cragg-Donald
statistics, with larger values indicating stronger IV sets.

Based on the preceding design, we carry out formal unknown
structural break tests. Specifically, we employ the supreme likeli-
hood ratio (LR) test of Andrews (1993) to test for unknown struc-
tural breaks in model (). The test is designed to test for the null
hypothesis of no structural break in the underlying parameters of
interest. The corresponding p-values of the tests are computed using
the method of Hansen (1997). We set a conventional searching inter-
val of the central 70 percent of the full sample to allow a minimum
of 15 percent of effective observations contained in both pre- and
post-break periods to avoid extreme statistic results.

4.2 Baseline Results

Table 2 summarizes the results of the Andrews (1993) unknown
structural break tests for model (8). The break tests are performed
on all the coefficients overall and then on the individual coefficients.
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Specifically, the first row in table 2 provides notational information
for the coefficients in the break tests, with the first statistic (denoted
all) testing for stability of all the coefficients in (§]), while the other
results refer to individual tests for the indicated coefficients. The
second row reports p-values associated with the corresponding break
test statistics for the null hypothesis of no structural change, while
the third row, labeled break date, represents the estimated break
date corresponding to the Sup-LR statistic.

As can be seen from the results in table 2, p-values for all break
test statistics are quite small (significant at different significance lev-
els), indicating structural instability of the underlying model. The
break date statistics do not provide a uniform break point. Nonethe-
less, the structural break for the key coefficients of our interest,
namely the coefficients on the domestic and foreign output gaps (d4
and &y), as well as the forward- and backward-looking coefficients
concentrates in the early 1990s. The break dates for the overall coef-
ficients (all), the intercept (c), and the autoregressive coefficients
(a;) are close to the polar points in the searching interval and hence
may be unreliable.

Since the structural break tests with unknown points fail to iden-
tify a clear break point for the underlying model, we need to produce
additional empirical evidence based on a more comprehensive set of
formal parameter constancy tests in support of the identified break
points in the early 1990s. Therefore, we define dummy variables
based on change points in 1990:Q4, 1991:Q3, 1992:Q3, and 1993:Q1
to investigate the nature of these structural breaks. Since our focus
is the structural break in output gap measures and also to allevi-
ate the associated collinearity induced by the multiplicative dummy
variables, we use the following model to carry out dummy tests for
each individual break point, viz.,

m—1
Ty =+ Ve Lymip1 + W1 + Z o Am—i + 6afe + 67 0;
i=1
+ Ogiedy + O3 gy dp + uy, 9)

where d; denotes the dummy variable with zero before the break
point and unity otherwise.
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Table 3. Results of Dummy Tests for Model 9

Break Point 1990:Q4 1991:Q3 1992:Q3 1993:Q1
5 —1.04** —1.66™* —1.35 —1.647
(0.433) (0.718) (0.927) (1.205)
5} 0.973** 1.430 1.038 1.366
(0.459) (0.940) (0.816) (1.245)
Joint Test 0.059* 0.021** 0.344 0.310

Notes: The estimated equation is given by model 9 over the sample period from
1980:Q1 to 2012:Q4 prior to lag adjustment. The Bartlett kernel with Newey-West
(fixed bandwidth) HAC-robust standard errors are reported in parentheses. “Joint
Test” denotes the p-value for a joint significance test (F-statistic) for the coeflicients
on all dummy variables; * and ** denote statistical significance at the 10 and 5
percent levels, respectively.

The results for the dummy tests with the four possible break
points are reported in table 3 using the sample 1980:Q1-2012:Q4.
Conditional on the break point of 1990:Q4, both individual coeffi-
cient tests and the joint significance test are statistically significant,
which provides clear evidence that the coefficients on both domestic
and foreign output gap measures experience significant structural
change in 1990:Q4. As a comparison, the joint test and tests for
coefficients on the domestic output gap are significant (but the coef-
ficient on the foreign output gap is not significant) for the break
point of 1991:QQ3. The similar results for the first two break points
are unsurprising since these two points are very close to each other.
For the break points of 1992:Q3 and 1993:Q1, the results do not
provide clear evidence of a significant change in coefficients (all the
dummy tests are insignificant).

Overall, the results of the structural break tests confirm that
the inflation dynamics model (§]) for the United States experiences
a significant structural break in the early 1990s, and the evidence
of change relates to the domestic and foreign output gaps as well
as forward- and backward-looking components in the NKPC model.
We have now obtained a structural break point based on which we
can investigate the nature of changes in the United States’ infla-
tion dynamics and compare the impact of globalization on infla-
tion dynamics over different sample periods when the break in the
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underlying coefficients is recognized at the early 1990s. In what
follows, we will take the break date pertaining to the coefficient
on the output gap (i.e., 1990:Q4) as the benchmark time to split the
sample. The slightly different break points of 1991, 1992, and 1993
reported in table 2 will be examined in the robustness analysis. We
will also evaluate the changing pattern of the coefficient estimates
on the domestic and foreign output gap over recursive and rolling
samples in the robustness analysis.

Table 4 reports GMM estimates of model () over the whole sam-
ple and pre- and post-1990 periods for the forward- and backward-
looking inflation coefficients and the domestic and foreign output
gap measures, in conjunction with relevant diagnostic statistics. The
diagnostic test statistics in table 4 indicate that the specification of
model () is generally free from significant serial correlation and the
IV choice is valid and relatively strong in most cases. The p-values
of the joint significance tests on the extra lagged inflation (from
order two onwards) are smaller than 0.01 in all regressions, indicat-
ing a statistically significant role of the extra lagged inflation in the
empirical NKPC model.

More importantly, the baseline results reported in panels A, B,
and C in table 4 reveal significant changes in the impact of the
domestic and foreign output gaps on U.S. inflation over different
sample periods. Specifically, panel A shows that if the structural
break is neglected, the domestic output gap drives inflation signif-
icantly with the coefficient estimate of 0.105. In contrast, the coef-
ficient estimate on the foreign output gap is very small (—0.004)
and statistically insignificant. Albeit the magnitude of the coeffi-
cient estimate on the domestic output gap declines when the convex
restriction v, + v, = 1 is imposed, it is still much higher than the
coefficient estimate on the foreign output gap and remains statisti-
cally significant.

When the structural break is accounted for, however, the results
changed distinctively. Panel B and panel C provide evidence that
the impact of the domestic and foreign output gaps on inflation has
changed (switched) significantly before and after 1990. The coeffi-
cient estimate of the domestic output gap falls substantially from a
large and significant value (0.166) pre-1990 to a small and insignif-
icant value (0.001) post-1990. Conversely, the coefficient estimate
of the foreign output gap has risen from an insignificant and small
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negative value (—0.05) to a significant and positive value (0.08).
A similar scenario can be observed when the convex restriction is
imposed.

The results in table 4 suggest that there is a significant decline in
the sensitivity of U.S. inflation to the domestic output gap since the
early 1990s. In addition, the impact of globalization, as captured by
the foreign output gap, on domestic inflation has increased dramat-
ically since 1990. The comparison between the coefficient estimates
on the domestic and foreign output gaps clearly shows that the for-
eign output gap plays a more prominent role than the domestic
counterpart in the domestic inflation process after 1990.

To summarize, the coefficient estimates of the domestic and
foreign output gap measures provide our main finding from table
4, namely that the impact of the domestic and foreign output
gaps on U.S. inflation has changed significantly. The foreign out-
put gap plays a more important role than the domestic output
gap in affecting the domestic inflation process over the most recent
two decades. This finding indicates that inflation dynamics in the
United States has shifted significantly since the early 1990s and the
impact of globalization via the foreign excess demand has indeed
risen accordingly. The next section assesses the robustness of this
finding.

4.8 Robustness Assessments

To assess the robustness of the baseline finding that the impact of
globalization on inflation dynamics has changed, we carry out three
sets of sensitivity exercises. First, we investigate whether the finding
is robust to slightly different break points of 1991, 1992, and 1993,
which are shown in table 2. Second, we assess the robustness of the
baseline finding by dropping the domestic and foreign output gap
from the NKPC model. If the foreign economic slack does not exert
any influence on the sensitivity of inflation to the domestic output
gap, the coefficient estimates on the domestic output gap in mod-
els with and without foreign output gap should be similar. Third,
we examine recursive estimates of the coefficients on the domestic
and foreign output gaps to provide further evidence on the chang-
ing pattern of the impact of globalization on inflation in the United
States.
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Table 5 reports the results for the first exercise. Panel A shows
that the domestic output gap is significant for the pre-1991 period
but insignificant (and small) for the post-1991 era, while the converse
applies to the foreign output gap. The results for break points being
1992 and 1993 in panels B and C provide a similar scenario as the
baseline finding. Although the coefficients on the foreign output gap
are statistically insignificant over the post-break periods (which may
be unsurprising because the underlying variables in the model have
been very smooth during these periods), the comparison between
the coefficient estimates on the domestic and foreign output gaps
clearly shows that the foreign output gap plays a more prominent
role than the domestic counterpart in the domestic inflation process
after the early 1990s.

However, obtaining statistical significance for the foreign output
gap over the post-1990 period is difficult. Conditioning on the alter-
native break points after 1990:Q4, the coefficient of the global output
gap is no longer statistically significant. Based on these results, one
might argue that the empirical evidence in support of the global-
ization hypothesis is weak from the perspective of statistical signif-
icance. The statistical insignificance, however, may reflect the fact
that the break point for the foreign output gap is different from those
for other variables in the model. In addition, although the statistical
significance for the foreign output gap is not clear from table 5, the
following additional exercises provide further evidence and confirm
the changing role of the domestic and foreign output gap in driving
domestic inflation.

Table 6 summarizes the results for the second exercise. Panel A
and panel B provide the estimation results when either the domestic
or foreign output gap is dropped from the NKPC model. It appears
to be difficult to distinguish the roles of the domestic and foreign
output gaps in affecting the inflation process before 1990 in terms of
the magnitude of the coefficient estimates, but statistically speak-
ing, the domestic output gap is significant while the foreign output
gap is insignificant. For the post-1990 period, it is clear that the
domestic output gap plays a small and insignificant role but the for-
eign output gap plays a large and significant role in driving domestic
inflation. These results reinforce the conclusion that the foreign eco-
nomic slack plays a more important role than the domestic output
in affecting U.S. inflation after the early 1990s.
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Figure 3. Recursive Estimates of §4 and d¢
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Note: Recursive samples start from 1980:Q1 to 2000:Q1 with the end period
2012:Q4 being fixed.

The design of the third exercise provides another useful check
on the robustness of the baseline finding over recursive samples. By
construction, the recursive estimations produce coefficient estimates
on the domestic and foreign output gaps over the recursive samples
starting from 1980 onwards with the end period (2012:Q4) fixed.
By looking at the recursive estimates, we can (presumably) evaluate
the changing pattern of the coefficient estimates on the domestic and
foreign output gaps. Figure 3 plots the results of the recursive esti-
mations. It shows that the coefficients on the domestic output gap
generally manifest a declining trend while the coefficients on the for-
eign output gap grow over the forward recursive samples. This result
is consistent with our finding of the increasingly important role of the
foreign economic slack in affecting domestic inflation. Although the
recursive estimates might not be very accurate by nature, the results
corroborate the finding of a great deal of the baseline empirical work.

Based on the recursive estimates, we further obtain the scatter
plot of the coefficient estimates for the foreign output gap against
globalization (i.e., trade openness) over time (1980:Q1-2001:Q1) in
figure 4. The upward-sloping regression line fitted in the scatter plot
suggests that the coefficient estimates on the foreign output gap in
general move in the same direction as the level of U.S. economic
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Figure 4. Scatter Plot of Recursive Estimates of d;
against Trade Openness (1980:Q1-2001:Q1)
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globalization. This result indicates that the impact of the foreign
output gap on inflation increases when the level of U.S. economic
globalization rises.

5. Discussion

The empirical results in section 4 provide evidence of a significant
structural break in the NKPC model for the United States. The
results also indicate that the roles that domestic and foreign eco-
nomic slack played in U.S. inflation have switched in the early 1990s:
the foreign output gap exerts larger impact than the domestic out-
put gap on inflation since the early 1990s. Omitting such a structural
break, as the results pertaining to the whole sample estimation indi-
cate, can lead to a fragmented conclusion that the domestic output
gap plays a predominant role in the inflation process during the
entire period of the past three decades.

The important role of the foreign output gap in the NKPC model
since the 1990s raises a realistic concern that the problems facing
the Federal Reserve are likely to be complicated by the rising eco-
nomic globalization of the U.S. economy. More specifically, because
the Phillips curve is an indispensable component in monetary pol-
icy analysis, it is natural that the impact of the globalization factor
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on inflation can also transmit to other macroeconomic variables in
policy analysis frameworks. Suppose we analyze the issue in a stan-
dard three-equation model as in Woodford (2009) with an IS curve,
a Phillips curve, and a policy reaction function. The impact of glob-
alization on inflation will transmit to domestic real output through
the IS curve and to monetary policy via the policy reaction function.

Interestingly, however, Woodford (2009) carries out a formal the-
oretical analysis on the possible impact of globalization on this tra-
ditional monetary policy transmission process, and his simulation
results appear to suggest that increased globalization engenders no
substantial reduction of the effects of domestic monetary policy on
the domestic economy. Through the theoretical designs, Woodford
provides a comprehensive and valuable discussion on a wide range
of ways that globalization might weaken the central bank’s ability
to influence the economy.

Woodford carefully interprets in his conclusion that his results
mainly suggest that increased globalization should not eliminate the
influence of domestic monetary policy over domestic inflation, but
do not mean that the degree of openness of an economy is of no
significance for the conduct of monetary policy. Indeed, increased
international trade in financial assets, consumer goods, and factors
of production should lead to quantitative changes in the magnitudes
of various key response elasticity relevant to the transmission mecha-
nism for monetary policy (Woodford 2009). In particular, changes in
the degree of goods market integration affect the quantitative spec-
ification of both the aggregate demand and aggregate supply blocks
in Woodford’s analysis.

Our work also provides empirical results that are complementary
to the comprehensive studies of Mishkin (2007, 2009) which artic-
ulate that the decline in the sensitivity of inflation to the domestic
output gap in the United States is the result of better monetary
policy that has anchored inflation expectations. Our results do not
exclude the potential contribution of better monetary policy on the
flattening of the Phillips curve. The finding does not mean that
the rising globalization of the U.S. economy will eliminate the Fed-
eral Reserve’s capacity to stabilize domestic inflation, nor do we
regard the rising globalization as a fatal fear to the national econ-
omy. The bottom line, however, is that the central bank can gear
up its capacity to control inflation by appropriate coordination with
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other central banks. Even without material coordinated actions, the
central bank may still be able to increase the precision of its relevant
forecasts and thereby improve the effect of its policies on domes-
tic economy by adding the global development into its forecasting
information set or augmenting its policy analysis framework with
globalization factors.

On a minimum (and positive) side, the baseline finding in the
present paper calls attention to the rising globalization that may
engender material forces for central bankers to confront more prac-
tical issues than the traditional issues in a closed economy. The
changing degree of globalization also makes the issue of change over
time in the correct quantitative specification of the models used in
a central bank a more pressing one to consider (Woodford 2009).

6. Conclusions

The past three decades have been characterized by a steady progress
of global economic integration. The U.S. economy has also become
increasingly more open. This progress of globalization may have
led to important changes in U.S. inflation dynamics. This paper
constructed an extended New Keynesian Phillips-curve model from
microeconomic foundations and showed that globalization factors
(i.e., foreign output gap) can be incorporated into such a model. We
proposed that this model may have experienced structural breaks
given the fact that the level of globalization of the U.S. economy has
changed substantively over the period of 1980 to 2012.

Our empirical investigations showed that there is a significant
structural change in the early 1990s in the extended NKPC model
for the United States, after which inflation responds much more to
the foreign economic slack than to the domestic output gap. This
finding indicates that the Federal Reserve should take into account
the developments in global economic performance in the monetary
policymaking process. It further implies that while the higher level of
globalization may help subdue and stabilize domestic inflation by, for
example, stabilizing global economic slack during globally tranquil
times, a negative global economic environment can also present extra
challenges for the domestic policymakers. Therefore, studies that
neglect the role of foreign economic slack are likely to underestimate
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the impact of globalization factors on domestic inflation dynamics,
at least for the period post-1990.

Appendix

This appendix provides details in developing a dynamic, micro-
founded inflation dynamics model for an open economy with sticky
prices. The model is an extension of recent developments in the
open-economy dynamic stochastic general equilibrium literature. To
facilitate notations, we will use variables with an i-index to refer
to economy ¢ and variables without an ¢-index to refer to the open
economy being modeled. Variables with subscripts D and F' refer to
domestic variables and foreign variables, respectively, while variables
with a star superscript refer to the world economy as a whole.

Households

The objective of a representative household in a typical open econ-
omy is to maximize

By ) BU(Cy, Ny), (10)

t=0

where N; denotes labor services provided by the household, and Cy is
a composite consumption index composed of consumptions of both
domestic goods and imported goods, viz.

n
n—11]9n=-1

T an (Cr) | (11)

n

Cy=|(1—a)7(Cpy)

where Cp ; and Cr; are indexes for consumptions of domestic and
imported goods, respectively, both of which are consumed by domes-
tic households and given by the continuum version of the standard
constant elasticity of substitution (CES) function. Parameter o is
related to the degree of home bias in preferences, and parameter 7
measures the substitutability between domestic and foreign goods,
from the perspective of the domestic consumers.
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The maximization of (10) is subject to a sequence of budget
constraints of the form

1 1 1
/ Pp(7)Cp.(4)dj +/ / P;(j)Ci(j)djdi + E(Qt,1+1Z141)
0 0o Jo
< Zi + WiNy + T4, (12)

where Pp +(j) is the price of variety j produced domestically and
P; +(j) is the price of variety j imported from country i (expressed
in domestic currency). Z;11 is the nominal payoff in period ¢ + 1
of the portfolio held at the end of period ¢, W; denotes the nomi-
nal wage, T; denotes lump-sum taxes, and Q); ;41 is the stochastic
discount factor for one-period-ahead nominal payoffs relevant to the
domestic household.

In the open economy, the households’ demand functions can be
categorized as

Cpalj) = <P§;O)> o Coal) = (W) Ciar  (13)

where Pp +(j) = (fol PD7t(j)1_5dj)1%s is the price index for goods
produced domestically, P; +(j) = ( fol Pi(j) edj )11? is a price index
for goods imported from country i, and € is the elasticity of substi-
tution between vzlmrieties. )

Let Pp+ = ( fo let_ 7di)T7 be the price index for imported goods
(where v measures the substitutability between goods produced in
different foreign countries); the optimal allocation of consumptions
on imported goods by country of origin implies

P\
Ciy = () Cry. (14)

Since domestic households’ consumptions are composed of domes-
tically produced goods and imported goods, the overall domestic
price index (DPI) can be written as P, = [(1 — a)(Pp:)'™"7 +
a(vat)l_"]ﬁ. As such, the optimal allocation of consumptions
between domestic and imported goods is given by

P, 1 Pr\ "
CD,t = (1 — Oé) ( ;’t> Ct, CF,t = < ;’t> Ct. (15)
t t
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Accordingly, total consumption by domestic households is given by
PpCp+ PriCry = P,C;. Thus the period budget constraint can
be rewritten as

P,Ci+ E(Qui41Z141) < Zi + Wi Ny + T, (16)
In addition, we assume the period utility function takes the form

U(C,N)=(1—-0)"1C*"7 — (14 ¢) ! N'*#, The remaining opti-
mality conditions for the households’ problem can be written as

CgNsDZWt/Pt (17)

c Y/ P\
B<Ct+1) (Pt+1> = Quen (18)

Taking conditional expectations on both sides of (I8]), we obtain a
stochastic Euler equation
<Ct+1>o ( Py >
Ci Piy1

where R; = (EiQ¢ 1) denotes the gross return on a risk-free
one-period discount bond.

It is useful to note that (I7) and (I9) can be respectively written
in log-linearized form as

and

5RtEt

=1, (19)

Wy — Pt = 0C¢ + PNy (20)
¢t = E{cin} — 5 (re — E{m1} — p),

where lowercase letters denote the natural logarithm of the respec-
tive variables, p = f7! — 1 is the time discount rate, and m, =
pt — pi—1 (with p = Ln(P;)) is the overall domestic price inflation.

In what follows we define the bilateral terms of trade between
the domestic economy and country i as S;; = P;+/Pp. The effec-
tive terms of trade can be approximated by the log-linear expres-
sion s; = fol si+di. Combining the definition of P; in (I5]) with the
purchasing power parity (PPP) condition, we can obtain the link
between the DPI, Pp ;, and P, which can be further used to obtain
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the relationship between overall domestic price inflation 7; (defined
as the rate of change in the index of overall domestic goods prices)
and domestically produced goods price inflation 7p ;, viz.

Tt =TDit + aAst. (21)

Let e; = fol e;,¢di denote the log nominal effective exchange rate

and p; = fol P} di denote the log world price index. Assuming that
the law of one price holds at all times and combining the definition of
Pr in (I4) with the definition of the terms of trade, we can obtain
the linear expression for the terms of trade, the domestic price, and
the world price as

St =€t +p; — Pt (22)

Let ¢ = fol ¢i+di be the log effective real exchange rate (where g; ¢
is the log bilateral real exchange rate). It follows that

gt =5t +Dpt — Dt = (1 — a)sy. (23)

Next, we consider the relationship between domestic consump-
tion expenditures and the world consumption expenditures. As in
Gali and Monacelli (2005), a first-order condition analogous to (18)
also holds for the household in any other country 4, viz.

i I Pt ot
t+1 t t ) = 24
(%) () (E) e o

where w denotes bilateral nominal exchange rate. Combining (I8,
(23), and (24)), we obtain

L 1 N l1-«a
Ct:Ct+UQt:Ct+< - >8t, (25)
where ¢} = fol cidi is the log world consumption index.

Firms

We assume that a typical domestic firm produces differentiated
goods with a linear technology represented by the production func-
tion of Y;(j) = A¢N¢(j), A¢ denotes technology, and NV, is defined as
in (I0). Hence, the real marginal cost is given by
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mecy = —U + Wy — Pp,¢ — A, (26)

where v = —log(l — 7) (7 denotes an employment subsidy) and
a; = In(A;). Let y; be the log domestic real output, analogously
defined as the one introduced for consumption. It can be shown
that

Yy = ag + ng, (27)

where n; = log(Ny).

For the pricing behavior of the domestic firms, we assume an
economic environment similar to Calvo’s (1983) model, in which
firms are able to revise their prices in any given period with a fixed
probability (1 — 6). In addition, we assume both “forward-" and
“backward-looking” firms coexist in the economy with a proportion
of w and (1 — w), respectively. Further, we extend the rule of the
recent pricing behavior of the backward-looking firms to incorpo-
rate a weighted process of past inflation, instead of stylized one lag
of inflation inertia.

Specifically, based on the regular assumptions in Calvo’s model
and log-linear approximations, it is possible to obtain the (log) aggre-
gate price level by

pe = Ope—1 + (1= O)py ", (28)

where p}*¢? is the new price set in period ¢. Let p[ be the price set by
forward-looking firms and p? be the price set by backward-looking
firms at time ¢. The new price (relative to the aggregate price) can
be expressed as a convex combination of pf and p?, viz.

new

PreY —pr = w(p] —pe) + (1 —w) (B} — pr). (29)

Next, following Woodford (2003), the pricing behavior of the
forward-looking firms can be written as

M8

pl —pi = 9§Z (0)° Eymygsy1 + (1 — 0)

s=0 s

(0<)° Eymeyts, (30)

Il
=)

where ¢ denotes a subjective discount factor. Iterating ([B0]) gives

p{ — Pt = 9§Et’ﬂ't+1 + (1 — 9§)mct + 9§Et(p{+1 — pt—i—l)' (31)
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Assume a rule of thumb in the pricing setting, viz.

pi’ —pe =Y —pr+ 1. (32)

As emphasized in the literature, this is an elegant innovation in that
the backward-looking firms can now set their prices to the average
price determined in the most recent price adjustments with a cor-
rection for inflation. However, inflation inertia in (32]) is confined to
one single lag, which may neglect the importance of other historical
inflation in predicting current inflation. Therefore, it would be more
reasonable to replace m;_1 in ([B2) with a weighted average of infla-
tion over several periods in the past. This modification effectively
mitigates a serial correlation problem in empirical analysis. As such,
we extend ([B2) in the following process:

Pl —pr = (P — pe) + m—1 + p" (L) A1, (33)

where p*(L) = p} + p3L + .-+ + pi, L™ ! is a polynomial in lag
operator.

Combining ([28)-(33]), it can be shown that the dynamics of
domestic inflation in terms of real marginal cost are described by
an equation analogous to the one associated with a closed economy,
viz.

m—1
T = YeEymep1 + Vomi—1 + Z ;AT + Amey, (34)
i=1

where coefficients of ([B4]) are functions of the deeper parameters in
3)-@33).
Equilibrium and Inflation Dynamics Model

Combining goods market clearing conditions in the open economy
with the definition of aggregate domestic output, we can obtain the
following expression:

_ aw
Yy =ci+aysi+an—o 1)% =c + 7815, (35)

where w = oy + (1 — a)(on — 1). Additionally, combining the world
goods market clearing conditions with (I8]), (24)), and (28]), we can
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derive the relationship between real domestic output and real world
output as

1
Yt =Yr T —St, (36)
Oq
where o, = [(1 — @) + aw] Lo,
Next, making use of (20), ([253), (27), and ([BH), we can rewrite
E8) as

mer = v+ zigyy + Yy + ue, (37)

where &g = (04 + ), £ = (0 — 04), and uy = —(1 4 )a;. By defin-
ition of the real output gap (log-deviation from a steady-state level
of output), the equation ([B1) can be rewritten as

mey = ¢+ &qUr + YL + e, (38)

where ¢* = —v + p(&q + &), and 9, and y; are the real domestic
output gap and the real world output gap, respectively.

Substituting ([B8)) for mc; in (34]), we obtain an open-economy
generalization of the extended New Keynesian Phillips curve
(NKPC) that incorporates richer inflation dynamics and world
excess demand, viz.

m—1
T =+ Yy + pme—1 + Z AT 4 6aUr + 05U; + A,
i=1

(39)

where ¢ = Ac*, §g = Ay, 0f = AE¥, and Xy = Auy.
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In this paper we analyze the extent to which people’s chang-
ing beliefs about the timing of the exit from quantitative easing
(“tapering”) affect asset prices. To quantify beliefs of mar-
ket participants, we use data from Twitter, the social media
application. Our data set covers the entire Twitter volume on
Federal Reserve tapering in 2013. Based on the time series of
beliefs about an early or late tapering, we estimate a struc-
tural VAR-X model under appropriate sign restrictions on the
impulse responses to identify a belief shock. The results show
that shocks to tapering beliefs have non-negligible effects on
interest rates and exchange rates. We also derive measures
of monetary policy uncertainty and disagreement of beliefs,
respectively, and estimate their impact. The paper is one of the
first to use social media data for analyzing monetary policy and
also adds to the rapidly growing literature on macroeconomic
uncertainty shocks.
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enhance credit conditions and support economic recovery. Large-
scale asset purchases known as quantitative easing (QE) led to
a tripling of the Federal Reserve’s balance sheet[] When Federal
Reserve Chairman Ben Bernanke, while testifying before the U.S.
Congress, first mentioned the possibility of reducing asset purchases
on May 22, 2013, markets were wrong-footed. Bernanke’s remarks
triggered fears of a premature end of asset purchases and an earlier
than expected increase in the federal funds rate. Markets coined the
term “tapering” to describe the reduction of asset purchases by the
Federal Reserve and the eventual end of QE.

Market jitters following the May 22, 2013 testimony led to a
sharp increase in long-term interest rates in the United States, a
period of high volatility on asset markets, and a dramatic apprecia-
tion of the U.S. dollar, particularly against emerging market curren-
cies. Since a large part of these turbulences appeared exaggerated
and panic-driven, observers referred to the “taper tantrum.”

Federal Reserve Governor Jeremy Stein (2014) reflected on the
revision of investors’ expectations and the strong market movements
in 2013 that gave rise to the “tantrum” notion:

In early May 2013, long-term Treasury yields were in the neigh-
borhood of 1.60 percent. Two months later, shortly after our
June 2013 FOMC meeting, they were around 2.70 percent.
Clearly, a significant chunk of the move came in response to
comments made during this interval by Chairman Bernanke
about the future of our asset purchase program. Perhaps it is not
surprising that news about the future course of the asset pur-
chase program would have a strong effect on markets. But here
is the striking fact: According to the Survey of Primary Dealers
conducted by the New York Fed, there was hardly any change
over this period in the expectation of the median respondent
as to the ultimate size of the program. Chairman Bernanke’s
comments . . . did not have any clear directional implications
for the total amount of accommodation to be provided via asset
purchases

!See D’Amico et al. (2012) and Rogers, Scotti, and Wright (2014) for recent
surveys on the effectiveness of unconventional monetary policies.

2In April 2013, the pessimistic first quartile of institutions asked by the Fed-
eral Reserve Bank of New York’s Survey of Primary Dealers showed that markets
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In this paper, we provide an empirical analysis of the revision of
expectations of market participants and its impact on asset prices
that gave rise to the taper tantrum. First, we quantify the response
of interest rates, exchange rates, and other asset prices to the belief
shocks of market participants specific to tapering beliefs. Second, we
measure monetary policy uncertainty as well as derive a measure of
disagreement of market participants about future monetary policy
and quantify their effects on financial variables. Third, we decom-
pose the dynamics of asset prices in order to isolate the fraction of
movements due to changes in tapering beliefs.

The primary difficulty of any study addressing sudden changes
in beliefs and their consequences is that individual beliefs about the
future course of monetary policy are not observable. Survey evidence
is typically only available on a very low frequency, thus making an
analysis of daily data impossible. An alternative would be to use
beliefs extracted from futures prices or the yield curve. The dis-
advantage is that these market prices do not allow us to extract
measures of disagreement of market participants.

In this paper, we offer a new approach to identify shocks to peo-
ple’s beliefs about monetary policy by using social media. We use
data from Twitter.com, the popular social media application for
short text messages (“tweets” of no more than 140 characters) since
many market participants use their Twitter account to express and
disseminate their views on the future stance of monetary policy. To
the best of our knowledge, Twitter data has not been used to study
monetary policy before.

The advantage of using Twitter data for research purposes is that
(1) users not only receive information but can actively share infor-
mation, (ii) tweets reflect personal views of market participants, (iii)
tweets can be used to extract not only a consensus view on policy
but also the degree of uncertainty and disagreement about policy,
and (iv) Twitter users can respond immediately to news about pol-
icy such as Bernanke’s testimony and also to other Twitter users’

expected the Federal Reserve to reduce its monthly purchases of assets worth
85 billion dollars at its December meeting. The events in May 2013 triggered
a reassessment of expectations. In the July survey, market professionals were
expecting purchases of only 65 billion dollars at the September FOMC meeting
and only 50 billion dollars after the December meeting.
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contributions. Our data set allows us to track the evolution of market
beliefs about monetary policy up to the second.

We use the entire Twitter volume containing the words “Fed” and
“taper,” which amounts to almost 90,000 tweets for the period April
to October 2013. From this, we identify tweets that express an
explicit view about whether the reduction of bond purchases will
occur soon or whether it will occur late. The resulting time series of
beliefs of early or late tapering are then put into a vector autoregres-
sion (VAR-X) with daily data on interest rates and exchange rates
and exogenous variables that control for FOMC meeting days and
real economic activity.

With appropriate sign restrictions we are able to identify belief
shocks and their dynamic effects. In addition, we use Twitter data to
construct two indexes reflecting the uncertainty and disagreement of
future Federal Reserve policy and estimate the impact of uncertainty
shocks in our VAR model.

The results show that “tapering soon” belief shocks lead to a sig-
nificant increase in long-term interest rates and a persistent appreci-
ation of the U.S. dollar. A prototypical belief shock raises the share
of all tweets considering an early tapering by 10 percentage points,
and leads to a 3 basis point increase in long-term yields and a 0.2
percent appreciation of the dollar. These results are in line with
the considerations of Krishnamurthy and Vissing-Jorgensen (2013).
The data also allow us to study the effects of an increase in uncer-
tainty and disagreement among Twitter users on asset prices. Thus,
we can shed light on the points raised by Kashyap (2013), stress-
ing the importance of disagreement about the course of tapering
unconventional monetary policy.

Understanding market responses to exiting from QE and other
unconventional monetary policies is important. Not only is the Fed-
eral Reserve about to gradually exit from unconventional monetary
policy, but the Bank of England and, at some point in the future,
the Bank of Japan and the European Central Bank are all on the
brink of similar exits from unconventional monetary policies. Clearly
communicating exit strategies from unconventional monetary policy
to financial markets participants and the general public is essential
for a smooth and frictionless return to normal. Analyzing data from
social media is a useful way of cross-checking whether official com-
munication was received by the markets as intended. In addition,
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it is important to quantify the impact of market beliefs on interest
rates in light of forward guidance used by many central banks.

The remainder of the paper is organized into 7 sections. Section
2 briefly reviews the related literature. Section 3 introduces our data
set on Twitter messages, which is used for the empirical analy-
sis in section 4. The results are discussed in section 5. Section 6
is devoted to the analysis of extensions and the robustness of our
results. Section 7 includes our concluding remarks and draws some
policy implications.

2. The Literature on Federal Reserve Tapering
and Uncertainty Shocks

This paper is related to various strands of the literature. There are
several papers that focus on the impact tapering announcements
have on asset prices. A very useful collection of facts related to the
responses to tapering news is provided by Sahay et al. (2014).

Eichengreen and Gupta (2015) present the earliest systematic
analysis of Federal Reserve tapering. They attribute the fluctua-
tions in emerging economies in 2013 to Federal Reserve tapering
and explain the magnitude of fluctuations in terms of initial macro-
economic conditions. It is shown that better macroeconomic fun-
damentals did not necessarily shield economies from the tapering
fallout.

Aizenman, Binici, and Hutchison (2016) estimate a panel model
with daily data for emerging economies and relate the response to
tapering news to macroeconomic fundamentals. Similar to Eichen-
green and Gupta (2015), they show that fundamentally stronger
countries were more sensitive to tapering and argue that this is due
to the massive capital inflows these countries received under the
Federal Reserve’s quantitative easing programs. Their paper uses
dummies for FOMC meetings during 2013 as a proxy for tapering
news.

Nechio (2014) provides descriptive evidence for the adjustment of
emerging economies after Chairman Bernanke’s May 22 testimony.
She finds that the relative strength of emerging markets’ responses
reflect internal and external weaknesses specific to each market.
Daily data on twenty-one emerging countries is used by Mishra et al.
(2014). In contrast to Eichengreen and Gupta (2015) and Aizenman,
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Binici, and Hutchison (2016), their evidence supports the notion that
countries with stronger macroeconomic fundamentals experienced a
smaller depreciation of their currencies and smaller increases in bor-
rowing costs. In this study, the market responses are measured in a
two-day event window around an FOMC meeting or a publication
day of FOMC minutes.

All of these papers proxy market expectations about Federal
Reserve tapering by impulse dummies reflecting FOMC meetings
and Chairman Bernanke’s testimony, or by focusing on relatively
narrow event windows. They do not measure market expectations
directly. This is exactly where our paper adds to the literature.
We extract information from Twitter messages to construct a high-
frequency indicator of market beliefs. This indicator also reflects
changes in policy perception between FOMC meetings and, in par-
ticular, mounting uncertainty before FOMC meetings, which cannot
be appropriately proxied by meeting dummies.

Closest to this paper is the work by Dahlhaus and Vasishtha
(2014) and Matheson and Stavrev (2014). The latter authors esti-
mate a bivariate VAR model for U.S. stock prices and long-term
bond yields. Sign restrictions are used to identify a fundamental-
based news shock leading to an increase in both variables and a
monetary shock implying an opposite response of stock prices and
yields. The authors show that in the taper tantrum episode monetary
shocks were important initially, while news shocks became important
towards the end of 2013. Our research, however, measures market
expectations from social media and avoids restricting the asset price
response. Dahlhaus and Vasishtha (2014) identify a “policy normal-
ization shock” using sign restrictions as one that raises federal funds
futures but leaves current rates unchanged. They show that this
shock has a significant impact on the common component of capital
flows to emerging economies.

More generally, our paper adds to the growing body of litera-
ture concerned with the macroeconomic consequences of uncertainty
shocks. In recent years, researchers develop indicators of uncer-
tainty and analyze the data using VAR models. The first researcher
to use this methodology was Bloom (2009). He presents a struc-
tural model of macroeconomic uncertainty affecting second moments
and estimates a VAR model that replicates the theoretical findings.
Baker, Bloom, and Davis (2016) focus on uncertainty about future
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economic policy. They construct an uncertainty index by referring to
newspaper articles about uncertainty and show that this index has
predictive power for several macroeconomic variables. On a business
level, Bachmann, Elstner, and Sims (2013) use German survey data
in a VAR model. They find that a heightened degree of uncertainty
for businesses correlates to higher unemployment, lower investment,
and higher refinancing costs.

The only paper focusing on monetary developments so far is
Istrefi and Piloiu (2013). The authors use the Baker, Bloom, and
Davis (2016) index of policy uncertainty for the United States, the
United Kingdom, Germany, and the euro area and show that within
a structural VAR model uncertainty raises long-term inflation expec-
tations. In contrast to most of these contributions, our measure of
policy uncertainty based on Twitter information directly addresses
specific uncertainty about the future course of monetary policy.

Lately, there has been a growing interest in the use of social
media (Twitter, Google, Facebook) as a data source for economic
analyses. Among others, Choi and Varian (2009, 2012) use Google
Trends data to forecast near-term values of economic indicators such
as initial claims for unemployment. In the context of financial mar-
kets Da, Engelberg, and Gao (2011) derive a measure of investor
attention based on Google search data. Vlastakis and Markellos
(2012) find a link between Google keyword searches and stock
trading volume and stock return volatility. Dergiades, Milas, and
Panagiotidis (2015) have shown that social media provides signifi-
cant short-run information for the Greek and Irish government bond
yield differential. Acemoglu, Hassan, and Tahoun (2014) predict
protests of Egypt’s Arab Spring by a Twitter-based measure of gen-
eral discontent about the government in power. Our study extends
this field of research and is the first to analyze monetary policy based
on Twitter messages.@

3. Tapering Beliefs on Twitter

We extract market participants’ beliefs and their uncertainty about
the future course of monetary policy from Twitter messages. Twitter

3Tillmann (2015) studies the transmission of tapering-related belief shocks to
emerging market economies.



234 International Journal of Central Banking December 2017

is becoming more and more popular among financial professionals.
It allows them to comment on policy and market events and to dis-
tribute their view to either their followers or an even wider audience
in real time.

For the purpose of this study, we obtained the entire Twitter
traffic between April 15 and October 30, 2013 containing the words
“Fed” and “taper” from Gnip.com, a provider of social media data.
Since the debate was focused around the “taper” buzzword, we
are confident that we did not miss important tweets when using
these keywords. The data set includes nearly 90,000 tweets from
about 27,000 users located in 135 countries and the exact time they
were sent. This is a unique data set to study market views during
the tapering tantrum episode. Panel A in figure 1 plots the daily
evolution of Twitter traffic over time

It can be seen that the number of tweets increases around
Bernanke’s testimony and around each FOMC meeting. The use
of Twitter peaks at the September 17/18 FOMC meeting, when the
Federal Reserve finally decided to continue its QE policy and not
begin tapering. The sample period covers the entire taper tantrum
episode and is sufficiently long to perform a VAR analysis. Further,
the data set comprises each tweet’s text message of at most 140 char-
acters as well as the name, the location, and the number of followers
of the Twitter user[]

3.1 Beliefs about the Timing of Tapering

The tweets are separated into those expressing the belief of an early
tapering, probably in the summer of 2013 or at the September 2013

4Retweets, which account for around 26 percent of all tweets, are included in
this figure. For the purpose of this paper we interpret retweeted messages as an
endorsement of the initial message’s relevance and include it in our measure of
beliefs. In the robustness section we present results from a model that excludes
retweets.

5The online appendix (available at https://petertillmann.wordpress.com/
research/) contains a plot of the (log) number of users on the ordinate versus
the ranked (log) number of tweets on the abscissa. The resulting graph resembles
a Zipf-like distribution, indicating that a small number of active users frequently
share their opinions about the Federal Reserve’s future policy stance and that
a large number of users generate tweets about Federal Reserve tapering rather
infrequently.
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Figure 1. Data Series
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FOMC meeting, and those expressing the belief of tapering occur-
ring later. A two-step procedure is used to interpret the content
of tweets and allocate the tweets to Tweets;*°" and Tweetsl®®,
In a first step, tweets are filtered according to a list of predefined
keywords. In a second step, all remaining tweets are, if appropri-
ate, manually allocated to one of the two categories. The appendix
goes into more detail about this procedure. As a result, we are left
with roughly 32,000 tweets that contain explicit views about future
policy. Tweets that could not be assigned to one of those two cate-
gories mostly comment on market movements, point to the upcoming
FOMC meeting, or formulate unspecific policy views (i.e., “to taper
or not to taper”). Finally, the tweets are aggregated into daily series
of beliefs.

As an example, consider the following tweet written on May 20,
2013:

“Job market gains could lead Fed to taper QE3 early,”

which reflects the view of an early tapering and is allocated to

Tweets;?°". Likewise, consider this tweet written on July 31, 2013:

“The case for a September Fed taper just got a whole lot
stronger.”

This tweet is also counted as reflecting the view that the Federal
Reserve will taper early. The following tweets, in contrast, suggest
that Twitter users believe in a later tapering decision. On May 21,
2013, a tweet stated the following:

“Fed’s Bullard says doesn’t see a good case for taper unless
inflation rises ...”

and on September 18, 2013 the following was retweeted:

“RT @DailyFXTeam: Economist Nouriel Roubini tweets that
based on weak macro data, the Fed shouldn’t taper today.”

Panel B in figure 1 depicts the identified belief series. We clearly
see sizable fluctuations in beliefs and the increased volatility before
and after FOMC meetings. Our data contain a total of 15,422 tweets
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that refer to early tapering and 16,997 tweets that are associated
with tapering late. Furthermore, the majority of tweets initially
expressed the belief of an early tapering, which then changes in Sep-
tember 2013 in favor of a late tapering. Interestingly, both series,
Tweets;*™ and Tweetsl*, peak around the September 18 meeting
of the FOMC, with a total of 652 “soon” tweets on September 20
and 3,472 “late” tweets on September 18. Further, they are positively
correlated with a correlation coefficient of 0.5.

In the regressions below, we include our belief proxies, Tweets!,
as a fraction of the total amount of timing-related tweets on a par-
ticular day:

Tweets;
Y
Tweets;*" + Tweetslate

Beliefs: = 100 x
with ¢ = {soon, late}.

3.2 Uncertainty and Disagreement about Tapering

Beliefs of an early or a late tapering could fluctuate within the same
day, indicating that there is substantial heterogeneity in market par-
ticipants’ beliefs about future policy. This possibility encourages us
to construct two additional indicators that reflect the uncertainty
and the disagreement between market commentators about future
policy. The uncertainty measure, Tweets " “"**"™¥ s constructed
by counting specific words reflecting uncertainty as in Loughran and
McDonald (2011). These authors construct a comprehensive word
list to describe uncertainty in text data, which is calibrated to finan-
cial applications. Details about the construction are also given in
the appendix. Panel C in figure 1 plots the uncertainty indicator.
Like the other belief series, uncertainty also seems to be sensitive to
official Federal Reserve communication. In particular, uncertainty
increases following each FOMC meeting in the sample period.

The indicator Beliefs;" """ is expressed as a ratio of the num-
ber of uncertainty-related tweets, Tweets! " *™¥ and the total
amount of all tweets on a particular day, i.e.,

Tweetsgncertamty

Beli uncertainty =100 x
eliefs, TotalTweets;
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A fourth indicator measures market participants’ diverging views
about the short-term path of monetary policy. This measure of dis-
agreement, Beliefs? 97" is hased on soon and late belief series

and is defined as

lat 2
Beliefsfisagreement —1 _\/( Tweetsfocm Tweetsta e > |

TotalTweets; B TotalTweets;

It reaches its maximum value of 1 for cases in which the fraction
of beliefs corresponding to early tapering is equal to the fraction of
beliefs referring to later tapering. If one opinion concerning future
monetary policy dominates the other, both fractions diverge and
the disagreement index declines. In the following we will use fluctu-
ations in tapering beliefs in a vector autoregressive model to identify
unexpected shocks to tapering expectations, policy uncertainty, and
investor disagreement.

4. The Model

We use a set of vector autoregressive models with an exogenous
variable (VAR-X) to analyze the consequences of shocks to peo-
ple’s beliefs. A combination of sign restrictions is used to identify
structural belief shocks.

4.1 The VAR-X Model

Our structural VAR-X model is assumed to have the standard form
B(L)Y; = C + DFOMC L 0X, + ¢, with E[ge}] = 2.,

where B(L) = By — B1L — BoL? — ... — B,L? is a p*"-order matrix
polynomial in the lag operator L. Further, Y; is a k-dimensional
time series of endogenous variables, X; is an exogenous variable,
and e; represents a serially uncorrelated prediction error with X,
as its variance-covariance matrix. The variance-covariance matrix of
the structural innovation is normalized to E(g.6}) = ¥. = Ii.

Since figure 1 shows that our belief series peak on days of FOMC
meetings, one could argue that the information content of Twit-
ter beliefs stems from the fact that they simply reflect the official
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Federal Reserve communication. To control for this information, we
include five dummy variables, DFOMC  for the FOMC meetings in
our sample period. For our application it is also important to control
for macroeconomic data releases that would affect monetary policy
expectations and, as a consequence, asset prices. We include the
Aruoba-Diebold-Scotti (2009) daily business conditions index (here-
after the ADS index) as an exogenous variable in order to accomplish
this.
A reduced-form representation for this system of equations is

ALY, =Q+ VX, +uy, with E[utu;] =Y.,

where Q = B~Y(C + DFOMC) and ¥ = B~1'O, A(L) =1 — A L —
AsL? — ... — A,LP reflects the matrix polynomial, and u; consti-
tutes a white-noise process with variance-covariance matrix ¥J,,. Fur-
ther, the structural shocks are linked to the reduced-form shocks by
U = B_1€t.

The model-specific vector of endogenous variables is

Yt:(Beliefsi, TotalTweets;, Ratey, FXt)/

for i = (soon, late) and
. /
Y, = (Beh'efsg, Rate;, VIX,, FXt>

for j = (uncertainty, disagreement), where Rate; is the ten-year
constant maturity yield, TotalTweets; is the log number of daily
tweets, and F' X} is the log USD-EUR exchange rate. The VIX index
of implied stock market volatility, which is denoted by VIX;, is
needed for identification as discussed below [ In order to account for
the overall Twitter activity on a particular day, which is a measure of
the attention monetary policy receives, we include the total number
of tapering tweets. We fit the VAR model to the data by including
ten lags of the endogenous variables. All weekends and holidays for
which no financial data is available are excluded. The sample period
consists of 138 daily observations and covers April 15, 2013 to Octo-
ber 30, 2013 and hence is sufficiently long for reliably estimating a
VAR.

6 All data are taken from the FRED (Federal Reserve Economic Data) database
of the Federal Reserve Bank of St. Louis.
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4.2 Identification

The identification of belief shocks is crucial for this analysis. As
the contemporaneous interaction among all variables at a daily fre-
quency prevents us from using a triangular identification scheme,
sign restrictions (Uhlig 2005) provide a useful alternative to iden-
tify a structural shock in this VAR analysis. In a sign-restriction
approach, identification is achieved by imposing ex post restrictions
on the signs of the response of the endogenous variables to a struc-
tural shock, e.g., our belief shock. We believe that using sign restric-
tions creates a VAR best suited to analyze the mutual interaction
between market beliefs about policy, asset prices, and volatility indi-
cators even though most of the literature on uncertainty shocks relies
on triangular identification schemes instead (such as Bloom 2009 and
Baker, Bloom, and Davis 2016, reviewed in section 2).

In order to identify economically meaningful structural shocks,
€¢, we need to find a matrix B ! such that the structural inno-
vations are linked to the reduced-form shocks by u; = By 1€t,
and ¥, = By'S.B;' = By'By' with £. = I; holds. We pro-
ceed in the following way: We estimate our model by OLS, which
provides us the reduced-form coefficients A(L) and the covariance
matrix ¥,,. Since it is P;* = chol(%,) so that ¥, = P7'P7! and
2, = P718S'P7 = By'By Y with By' = PoS, we randomly
draw a matrix S from a space of orthonormal matrices.

Further, we calculate impulse response functions for the
restricted periods as D(L) = A(L)"'B; ' and check whether they
satisfy the postulated sign restrictions. We discard those response
functions that fail to meet the restrictions while a new orthonormal
matrix and new impulse responses are drawn. This procedure is con-
tinued until 500 accepted impulse response functions are stored, for
which we then compute impulse response functions for all desired
periods.

The impact restrictions we use to identify a belief shock are sum-
marized in table 1. We estimate several VAR-X models, one for each
alternative series of beliefs and our measures of uncertainty and
disagreement. The belief shocks are identified by imposing positive
responses of Beliefsy, Beliefs], and responses of interest rates and
the VIX index. A shock to “tapering soon” beliefs in model I is
identified as one that raises the respective belief series and leads to
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Table 1. Sign Restrictions to Identify a Belief Shock

Beliefs% Total Tweets; Rate, FX,
Model I: Soon + +
Model II: Late + -
Beliefs? Rate, VIX, | FX,
Model III: + +
Uncertainty
Model IV: + +
Disagreement

higher bond yields. These restrictions are imposed for three periods.
The “tapering late” shock raises “tapering late” beliefs and lowers
bond yields. We do not restrict the responses for the exchange rate
but expect a belief shock to lead to a depreciation of foreign cur-
rencies against the U.S. dollar. Since our measure of Twitter beliefs
does not include obvious comments on market movements but only
firm views on the timing of tapering, we are confident that we can
exclude problems of reverse causality.

Since we do not know how shocks to uncertainty and disagree-
ment affect the long-term interest rate, we abstain from restrict-
ing those responses in our models III and IV. We assume, how-
ever, that both are associated with an increase in market volatility.
Hence, we include and restrict the VIX index in our model which
is often interpreted as a proxy for fluctuations in risk aversion. As
the belief series for uncertainty and disagreement are calculated by
using the total amount of tweets on a particular day, we avoid includ-
ing TotalTweets; in these two specifications. Although we do not
derive the restrictions from a particular asset pricing model, it seems
plausible that any increase in policy uncertainty or disagreement
among investors is associated with a higher implied volatility. The
restrictions for models IIT and IV are also imposed for three days.

5. Results

In this section we present the impulse responses following a shock
to tapering beliefs, uncertainty, and disagreement about tapering,
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as identified by the set of sign restrictions. We show the median
responses of the variables to a belief shock of one standard deviation
for a horizon of twenty days after the shock together with the 16th
and 84th percentiles of all accepted impulse responses. Additionally,
we show the median-target impulse response (Fry and Pagan 2011),
which corresponds to a single structural model that yields an impulse
response closest to the median response. We also discuss the fore-
cast error variance decomposition and the historical decomposition
of the endogenous variables.

5.1 Shocks to Tapering Beliefs

The responses to a “tapering soon” belief shock are depicted in
figure 2. It can be seen that a shift in beliefs towards an early
tapering, demonstrated by a 10 percent increase of Twitter users
foreseeing an early tapering, leads to a substantial tightening of mon-
etary conditions. Long-term interest rates persistently increase by
about 3 basis points. Since some days are characterized by swings in
beliefs that are much stronger than the 10 percent depicted here, our
model shows that belief shocks could lead to large increases in bond
yields. Importantly, our three-day restriction on the direction of the
response of bond yields seems to impose a fairly weak constraint
on adjustment dynamics. We also find the exchange rate to appear
sensitive to tapering beliefs. The dollar appreciates by 0.2 percent
following a shift in beliefs. The immediate and persistent response
of the dollar to tapering beliefs is in line with the arguments dis-
cussed by Krishnamurthy and Vissing-Jorgensen (2013). The total
number of tweets, which is a measure of the overall attention of mar-
ket participants to tapering, adjusts only moderately after a belief
shock.

A key feature of our Twitter data set is that we can use
the heterogeneity of users’ beliefs to distinguish between “taper-
ing soon” and “tapering late” belief shocks. In model II we there-
fore use the fraction of users expressing a late-tapering belief.
Note that by construction, Tweets;?°" and Tweets!**¢ are not per-
fectly negatively correlated. Hence, we can estimate the VAR model
for late-tapering beliefs in order to compare the strength of the

responses to Tweets{*°™ and Tweetsi?®. We obtain inverse results
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Figure 2. Impulse Responses to “Tapering Soon”
Belief Shock

Impulse Response for Beliefs Impulse Response for Total Tweets
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Impulse Response for Rate (10) Impulse Response for USD/EUR
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Notes: The solid line is the median impulse response function. The dotted line
is the Fry-Pagan (2011) median-target impulse response. The confidence band
reflects the 16th and 84th percentiles of all accepted draws.

for responses to a “tapering late” belief shock: the long-term inter-
est rate decreases and the dollar depreciates; see figure 3. Broadly
speaking, the responses to “tapering soon” or “tapering late” belief
shocks appear symmetric. In both models we appear to underesti-
mate the response of long-term interest rates relative to the Fry-
Pagan impulse response.

Figure 4 presents a historical decomposition of interest rates and
exchange rates. The contribution of the “tapering soon” belief shock
to bond yields, which is depicted by the bars, is particularly pro-
nounced after the June and before the September 2013 FOMC meet-
ing. Likewise, for the exchange rate, the identified shock has large
explanatory power before the September meeting. Table 2 decom-
poses the error variance of the one-, ten-, and twenty-step-ahead
forecasts of all variables into the components accounted for by the
identified “tapering soon” and “tapering late” belief shocks. For a
twenty-day horizon, between 15 percent and 20 percent of the vari-
ances of asset prices can be attributed to each shock. Thus, both
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Figure 3. Impulse Responses to “Tapering Late”
Belief Shock

Impulse Response for Beliefs Impulse Response for Total Tweets

Impulse Response for Rate (10) Impulse Response for USD/EUR
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Notes: The solid line is the median impulse response function. The dotted line
is the Fry-Pagan (2011) median-target impulse response. The confidence band
reflects the 16th and 84th percentiles of all accepted draws.

decompositions support the notion of belief shocks as important
drivers of bond yields and exchange rates.

5.2 Shocks to Uncertainty and Disagreement

While the previous subsection studied shifts in the share of Twitter
users believing in an early or late tapering, we now analyze the effect
of uncertainty and disagreement. Figures 5 and 6 show the results
for a shock to the uncertainty and the disagreement indexes, respec-
tively, described in section 3. For these two specifications, no restric-
tions are imposed on the long-term interest rate and the exchange
rate in order to let the data speak freely. However, we restrict the
VIX index to respond positively after a belief shock.

We find a persistent response of the VIX index that goes beyond
the three-day restriction imposed for identification purposes. Inter-
estingly, an uncertainty shock seems to have no effect on the
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Figure 4. Historical Decomposition for “Tapering Soon”
Belief Shock
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Notes: Contribution of “tapering soon” belief shock (left scale) and observable
asset prices (right scale). The shaded areas indicate FOMC meetings.

long-term interest rate[] The dollar depreciates by 0.2 percent after
an increase in monetary policy uncertainty. A shock to market par-
ticipants’ disagreement about the timing of the tapering decision

"Bekaert, Hoerova, and Lo Duca (2013) also use a VAR model and find a
negative and persistent effect of uncertainty shocks on the real interest rate.
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Table 2. Forecast Error Variance Decomposition

Impact of Belief Shock (in % of Total Variation)

Tapering Soon Tapering Late
At Horizon At Horizon
Variable 1 Day | 10 Day | 20 Day | 1 Day | 10 Day | 20 Day
Beliefs; 23.79 16.77 16.87 18.91 16.25 16.25
TotalTweets; | 15.42 14.84 14.81 15.19 14.71 14.65
Ratey 13.02 19.58 19.68 14.36 19.63 19.51
FX, 14.66 16.98 17.50 13.88 20.10 20.03
Impact of Belief Shock (in % of Total Variation)
Uncertainty Disagreement
At Horizon At Horizon
Variable 1 Day | 10 Day | 20 Day | 1 Day | 10 Day | 20 Day
Beliefs, 36.54 32.59 32.69 13.81 13.82 14.03
Rate; 12.82 13.40 13.63 17.62 17.36 17.21
VIX, 12.97 13.52 13.29 17.14 17.13 16.80
FX, 13.57 14.73 14.69 20.92 19.49 19.32

leads to an increase in interest rates and an appreciation of the dol-
lar. In terms of the signs and the persistence of the responses, these
reactions are similar to those after a “tapering soon” shock. Our
findings are in line with Kashyap’s (2013) view that disagreement is
an important explanatory factor for the taper tantrum.

Given that the estimated effects of uncertainty and disagreement
diverge with regard to the exchange rate response, we calculate the
correlation between the uncertainty and disagreement series. We
obtain an unconditional correlation coefficient of 0.03, indicating
the absence of a systematic correlation between those two indexes.
Thus, we can conclude that shifts in investors’ uncertainty or dis-
agreement are separate and quantitatively important factors in the
dynamics of interest rates and exchange rates.

Finally, we report the contribution of uncertainty and disagree-
ment shocks to the forecast error variance of the variables in the
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Figure 5. Impulse Responses to Uncertainty Shock
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Notes: The solid line is the median impulse response function. The dotted line
is the Fry-Pagan (2011) median-target impulse response. The confidence band
reflects the 16th and 84th percentiles of all accepted draws.

Figure 6. Impulse Responses to Disagreement Shock
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Notes: The solid line is the median impulse response function. The dotted line
is the Fry-Pagan (2011) median-target impulse response. The confidence band
reflects the 16th and 84th percentiles of all accepted draws.
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VAR model; see table 2. There is a substantial impact on all included
series based on the median estimate of the responses. We find that
for all horizons considered, a share between 12 percent and 20 per-
cent of the variation in all variables (for the belief series more than
30 percent) is due to a shock in either variable. This again underlines
the quantitative importance of shifts in market beliefs for interest
rates and exchange rates.

6. Robustness

In this section, we analyze the robustness of our findings with regard
to the role of the information contained in Twitter messages. The
first robustness check investigates the role our belief series play in
the identification and estimation of shocks. It could be argued that
the effects of belief shocks on asset prices entirely stem from the
restrictions imposed on bond yields. If the restrictions on the belief
series were not binding, the information contained in Twitter would
be irrelevant for the result. To shed light on this concern, we esti-
mate a model without Twitter data, that is, we estimate a model
that contains the long-term interest rate and the log exchange rate
only. The “soon” shock is identified by imposing a positive response
of yields. Figure 7 presents the resulting impulse response functions.
While both median responses remain unchanged, the exchange rate
response is no longer significant. Hence, the information contained in
Twitter matters and is indispensable for estimating and identifying
powerful shocks.

Next, we assess the results of model I by modifying the belief
indicators. First, we exclude all retweets from the data set, i.e., for-
warded Twitter messages. This is important because it could be
argued that retweets do not contain original information and, as a
consequence, should not matter for asset prices. We exclude retweets
both from Beliefs; and from the total number of tweets. Second, we
weight each tweet by the user’s number of followers. The relevance of
a given tweet should depend on whether the tweet is read by only a
few followers or by thousands of subscribers. Again, this is done for
Beliefs; and the total number of tweets. Figure 8 shows the impulse
responses for both robustness checks. We also report the baseline
results for better comparison.
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Figure 7. Impulse Responses to “Tapering Soon”
Belief Shock: Model Without Twitter Data

Impulse Response for Rate (10) Impulse Response for USD/EUR
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Notes: The solid line is the median impulse response function. The dotted line
is the Fry-Pagan (2011) median-target impulse response. The confidence band
reflects the 16th and 84th percentiles of all accepted draws.

Figure 8. Impulse Responses to “Tapering Soon”
Belief Shock: Alternative Twitter Series

N Impulse Response for Beliefs Impulse Response for Total Tweets
N—_——
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Notes: The solid line is the baseline model discussed before. The model that
excludes retweets is represented by the dotted line. The dashed line is the result
for a model in which tweets are weighted by the number of followers.

It can be seen that our benchmark results for a “sooner” shock
(solid line) found in section 5.1 are still robust even when exclud-
ing retweeted messages (dotted line). Both specifications of user
beliefs deliver almost the same results. This also implies that beliefs
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expressed through Twitter messages move markets but that the
cascade of retweeted messages is of minor importance for financial
markets. The results for Twitter series weighted by the number of
followers (dashed line) also yield results that hardly differ from the
baseline findings. Hence, we can conclude that our results are robust
with respect to the way the Twitter data is included.

In addition to these two modifications, we estimate three other
models, whose results are not reported in detail. All findings are
available in the separate online appendix. In the first model, we
include day-of-the-week dummies to account for the fact that new
information that is relevant for asset prices is not equally distributed
across all weekdays. For example, monetary policy decisions by the
European Central Bank and other central banks are typically made
on Wednesday or Thursday. FOMC decisions are already captured
in the baseline model by appropriate meeting dummies. Likewise, on
Monday markets respond to information received over the weekend.
This modification leaves all results unchanged.

The second model assesses the identification restrictions. We use
a Cholesky ordering of the variables instead of sign restrictions.
Tapering beliefs are ordered first such that asset prices can respond
contemporaneously to Twitter information. While the results are
less significant, their overall magnitude is unchanged.

In a third variation we replace the ten-year bond yields with
federal funds rate futures. These are measured by the historical con-
tinuous contract data for the CME CBOT thirty-day federal funds
futures obtained from Quandl.com. We find that a “tapering soon”
belief shock reduces futures prices. This is consistent with an increase
in the expected federal funds rate. The response of the exchange rate
remains unchanged. A corresponding historical decomposition shows
that “soon” beliefs drive futures prices down before the June meeting
and around the September FOMC meeting.

7. Conclusions

This paper provides an empirical analysis of the taper tantrum
episode of U.S. monetary policy, in which the adjustment of expec-
tations of a normalization of policy caused global market jitters. The
analysis is based on a unique data set consisting of 90,000 Twitter
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messages on Federal Reserve tapering that we use to build series of
investors’ beliefs about an early or late tapering. A series of VAR
estimates showed that shocks to market beliefs derived from Twit-
ter messages have strong and persistent effects on bond yields and
exchange rates. The paper is the first study on monetary policy using
social media data.

The implications of the findings are threefold. First, our results
show that beliefs about exiting QE have contractionary effects on
asset prices. This is additional evidence that announcing QE had
the intended expansionary effects in the first place.

Second, we show that market sentiment reflected in individual
text messages matters for asset prices. Many papers use market
prices such as federal funds futures or the yield curve to model
expectations of future policy. However, market prices do not allow
the researcher to extract information on the uncertainty of the pol-
icy outlook or the disagreement among market participants. Twitter
data, which we used to show that beliefs of an early or a late taper-
ing could change on the same day, allow such an analysis. Given the
ubiquity of social media data and the ability to deal with a large
data volume, the usage of this kind of data is an interesting field for
future studies in monetary policy.

Third, the study sheds light on the importance of explicitly com-
municating an exit from unconventional monetary policy measures
and offers some quantitative evidence to policymakers. Since many
central banks such as the European Central Bank or the Bank of
Japan are still heavily engaged in asset purchases and other uncon-
ventional policy measures, the challenges of preparing markets for
the exit from those policies are yet to come. In this sense the taper
tantrum episode of U.S. policy provides valuable lessons that may
allow other central banks to avoid exceptional market volatility.

Moreover, our study stands out from many others that analyze
the influence of social media on financial markets, because of the
uniqueness of our data set. To our knowledge, most of the existing
literature relies on, at best, the overall volume only. In comparison
with that, our data set comprises each tweet’s content, the exact
timing the tweet was sent, and the name and location of the Twit-
ter user. Hence, we are able to exploit the data in several dimensions.
Given the speed at which news and information spread, it would be
interesting to analyze the high-frequency impact of tapering beliefs
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during and around the FOMC meeting days. This is one task for
further research.

Appendix. Construction of Beliefs

Here we describe our procedure of constructing our series of market
beliefs, Tweets*°™ and Tweets'*, from our set of 87,621 Twitter
messages that had been prefiltered out of the entire Twitter traffic
by the words “taper” and “Fed.”

We prepare our data set by discarding a small number of tweets
written in a language other than English. Then we take into account
the fact that tweet data is given in UTC time while all other series,
especially asset prices, are based on New York time. Hence, for an
adequate estimation of our model, harmonization of the timing is
required. Since UTC time is four hours ahead of New York time, we
subtract four hours from UTC time to standardize it to New York
time. As a consequence, tweets that were posted between 12:00 a.m.
and 3:39 a.m. are now assigned to the previous day.

Further, we use a two-step approach to separate beliefs of early
tapering from those of late tapering. In a first step, we employ dic-
tionary methods that allow to filter tweets according to a list of
predefined keywords. Table 3 and table 4 show the selected keywords
for the categories “late” and “soon,” respectively.

It can be seen that both categories are separated into a list of
keywords before and after September 18, 2013. This differentiation is
necessary because some keywords imply tapering beliefs that depend
on the date the corresponding tweet was sent, i.e., a tweet that
includes the keyword “December” posted in May corresponds to
expectations of a late tapering, while another tweet also referring
to “December” but posted in October indicates an early tapering.
Keywords that have this property are written in italics. We choose
September 18, 2013 as our critical date because of the significant
shift in tapering expectations that occurred after the September
FOMC meeting, shown by figure 1.

For cases in which the tweets contain negations or keywords from
both categories, our dictionary method is not able to allocate tweets
to one of the two specified categories. Nevertheless, those tweets are
identified by the algorithm that allows us, in a second step, to check
and assign them manually.
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Table 3. Predefined Keywords for Category “Late”

Late
(until September 18, 2013)

Late
(from September 19, 2013)

3rd

2014

backed away
bluff
dampen
debt ceiling
deferred
delay
December
dove
Dudley

ease fears
end of this year
February

increase

later in 2013
less
November
October
shutdown
six months
third

too soon
until

weak

will take

incl. bluffing

incl. delayed

incl. dovish

incl. less likely

incl. weakness

1st

2014

backed away
bluff
dampen
debt ceiling
deferred
delay

dove

Dudley

ease fears

end of this year
February

first

increase
January

later in 2013
less

shutdown
six months

too soon
until
weak
will take

incl. bluffing

incl. delayed

incl. dovish

incl. less likely

incl. weakness

Concerning keywords that are used to identify a series reflect-
ing uncertainty, the reader is referred to Loughran and McDonald
(2011). Basically, this procedure is similar to the procedure that is
outlined above, except there is no need to create categories before
and after September 18 for the specified tweets. For the entire sample

it is sufficient to utilize a constant list of keywords.
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Table 4. Predefined Keywords for Category “Soon”

Sooner

(until September 18, 2013)

Sooner

(from September 19, 2013)

August
begin

can taper
confidence
could taper
drop

early

end eas
expects to taper
exit qe

fall

faster

fuel

fell

Fisher

good news

hawk

increasing expectations
in next

July

June

Lacker

likely

low unemployment
lower unemployment
may begin

may soon

may taper

midyear

next few

next meeting

now taper
ought to taper

Plosser
pressure
quicker

incl. end easing

4th
2013

begin

can taper
confidence
could taper
drop

early

end eas

expects to taper
exit qe

fall

faster

fourth

fuel

fell

Fisher

good news
hawk

increasing expectations
in next

Lacker

likely

low unemployment
lower unemployment
may begin

may soon

may taper
midyear

next gew

next meeting
November

Nov

now taper

ought to taper
Octaper

October

Plosser

pressure

quicker

incl. end easing

(continued)
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Sooner

(until September 18, 2013)

Sooner

(from September 19, 2013)

ready

reduce

refine

rumor

septaper
September

set to taper
should taper

slow down

soon

soonish

still

summer

talk ongoing
taper hint

taper sooner
taper talk

this summer
unemployment drops
unemployment falls
unemployment fell
urge

will taper off

will taper QE
within months
would taper

incl. refining

incl. sooner

incl. urged

ready
reduce
refine
rumor

set to taper
should taper
slow down
soon
soonish

still

talk ongoing
taper hint
taper sooner
taper talk

unemployment drops
unemployment falls
unemployment fell
urge

will taper off

will taper QE
within months
would taper
December

incl. refining

incl. sooner

incl. urged

Although the dictionary approach to the content analysis of
tweets is not immune to mistakes, we believe that in the aggregate
the resulting belief series are representative for the true beliefs of
Twitter users. For every wrongly coded “soon taper” belief, there
might be a wrongly coded “late taper” belief. Aggregated over the
day, these errors will potentially offset.
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1. Introduction

Since the global crisis in 2008, and after years of deficits and rising
debt levels, public finances have been at the center of attention in
most euro-zone periphery countries. Although several policy propos-
als are under discussion, a particularly debated one is public debt
consolidation [ Proponents claim this is for good reason: as a result
of high and rising public debt, borrowing costs have increased, caus-
ing crowding-out problems and undermining government solvency.
Opponents, on the other hand, claim that debt consolidation wors-
ens the economic downturn and leads to a vicious cycle at least in
the short term. At the same time, as members of the single currency,
these countries cannot use an independent monetary policy.

What is the best use of fiscal policy under these circumstances?
Is debt consolidation beneficial? Should the debt ratio be stabilized
at its currently historically high level or should it be brought down?
If brought down, how quickly? Do the answers to these questions
depend on which tax—spending policy instruments are used over
time?

This paper welfare ranks various fiscal policies in light of the
above. The setup is a rather conventional New Keynesian model of
a small open economy, where the interest rate at which the coun-
try borrows from the world capital market increases with the public
debt-to-GDP ratiod We focus on a monetary policy regime in which
the small open economy fixes the exchange rate and loses monetary
policy independence; this mimics membership in a currency union.
Hence, the key national macroeconomic tool left is fiscal policy.

Then, following a rule-like approach to policy, we assume that fis-
cal policy is conducted via simple and implementable feedback policy
rules. In particular, we assume that public spending and the tax rates
on consumption, capital, and labor are all allowed to respond to the
inherited public debt-to-GDP ratio, as well as to contemporaneous

'We will use the terms debt consolidation, fiscal adjustment, and fiscal auster-
ity interchangeably. For a discussion of the tradeoffs faced by policymakers in the
case of fiscal adjustment, see, e.g., the EEAG Report on the European Economy
(European Economic Advisory Group 2014).

2For empirical support of this assumption, see, e.g., European Commission
(2012). For the small open-economy model and various deviations from it, see
Schmitt-Grohé and Uribe (2003). Further details and extensions are below.
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output, as deviations from policy targetsﬁ We experiment with var-
ious policy target values depending on whether policymakers aim
just to stabilize the economy around its status quo or whether they
also want to move the economy to a new reformed steady state.
The status quo is naturally defined as the solution consistent with
the euro-period data. The new reformed steady state, on the other
hand, is defined as the case in which the fiscal authorities adjust
their policies as much as needed so as to end up with lower debt
and zero sovereign interest rate premia; we also consider the case
in which the new reformed steady state is the associated Ramsey
steady state. In addition, since we do not want our results to be
driven by ad hoc differences in feedback policy coefficients across
different policy rules, we focus on optimized ones. In other words,
we compute simple and implementable policy rules that also maxi-
mize households’ welfare. In particular, adopting the methodology of
Schmitt-Grohé and Uribe (2004b, 2006, 2007), we compute welfare-
maximizing rules by taking a second-order approximation to both
the equilbrium conditions and the welfare criterion around the new
reformed steady state(s).

The model is solved numerically using common parameter val-
ues and fiscal-public finance data from the Italian economy during
2001-13. We choose Italy simply because it exhibits most of the fea-
tures discussed in the opening paragraph above and, at the same
time, it continues to participate in the world capital market without
receiving foreign aid like other euro-zone periphery countries. It thus
seems a natural choice to quantify our model.

Before presenting our results, it is worth pointing out that there
is no such thing as “the” debt consolidation: the implications of
debt consolidation depend heavily on which policy instrument bears
the cost in the early phase of austerity and on which policy instru-
ment is anticipated to reap the benefit in the late phase, once the

3For empirical support of such simple rules, see, e.g., European Commis-
sion (2011). There is a rich literature on monetary and fiscal feedback policy
rules that includes, e.g., Schmitt-Grohé and Uribe (2006, 2007), Kirsanova et
al. (2007), Pappa and Vassilatos (2007), Batini, Levine, and Pearlman (2008),
Leith and Wren-Lewis (2008), Kirsanova, Leith, and Wren-Lewis (2009), Leeper,
Plante, and Traum (2009), Bi (2010), Bi and Kumhof (2011), Cantore et al.
(2012), Kirsanova and Wren-Lewis (2012), Herz and Hohberger (2013), Kliem
and Kriwoluzky (2014), and Philippopoulos, Varthalitis, and Vassilatos (2015).
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debt burden has been reduced and fiscal space has been created [
The costs in the early phase are due to spending cuts and/or tax
increases, while the opposite holds once fiscal space has been cre-
ated. Our results (see below) confirm all this. Hence, the choice of
fiscal policy instruments matters for lifetime utility and output. This
choice also matters for how quickly public debt should be brought
down: the more distorting are the fiscal policy instruments used dur-
ing the early costly phase, the slower the speed of fiscal adjustment
should be. Naturally, there is more choice when we allow for policy
mixes (for instance, when the policy instrument(s) used in the early
costly phase can be different from those used in the late phase of
fiscal space) than when we are restricted to use a single instrument
all the time.

Our main results are as follows. First, in most cases, debt con-
solidation is beneficial only if we are relatively far-sighted. For
instance, in our baseline computations, debt consolidation is welfare-
improving only after the first ten years. In other words, debt consol-
idation comes at a short-term loss (this loss is bigger if one uses one
fiscal instrument only, instead of a fiscal policy mix). Nevertheless,
once the short-term pain is over, the gains from debt consolidation
get substantial over time. All this means that the argument for, or
against, debt consolidation involves a value judgment. On the other
hand, we find that debt consolidation is welfare-improving all the
time, even in the short term, when we travel to the Ramsey steady
state; but, in that steady state, the (optimal) values of the tax rates
are far away from their values in the actual data.

Second, under debt consolidation, a general result is that the
fiscal authorities should use all available tax—spending instruments
during the early costly phase of fiscal austerity and reduce capital
tax rates—which are particularly distorting—during the late phase
of fiscal space. Actually, the anticipation of a reduction in capital
taxes plays a key role in the recovery from fiscal austerity. During

“In other words, the debate about the benefits and costs of each instrument
used for debt consolidation is essentially a debate about the size of the multiplier
of each instrument (see the discussion in the EEAG Report on the European
Economy (European Economic Advisory Group 2014)). See also, e.g., Coenen,
Mohr, and Straub (2008), Leeper, Plante, and Traum (2009), and Davig and
Leeper (2011) on how the impact of current policy depends on expectations of
possible future policy regimes.
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the early costly phase, the assignment of instruments to intermediate
targets (or economic indicators) should be as follows: cut public con-
sumption spending to address the public debt problem, and, at the
same time, reduce income (capital and labor) tax rates in order to
mitigate the recessionary effects of austerity. Sometimes, consump-
tion tax rates should be also used, if changes in other taxes are
restricted. The bottom line is that the choice of the fiscal policy
mix is important (as also argued by Wren-Lewis 2010) and that the
short-term cost becomes too big if the fiscal authorities pay attention
to debt imbalances only.

Third, when we solve the model in the fictional case in which
Italy would have followed an independent monetary policy (mean-
ing that now there is also a feedback Taylor-type rule for the nominal
interest rate), the main results do not change. Also, to the extent
that the feedback policy coefficients, both in fiscal and monetary
policy rules, are selected optimally, the welfare gain from switching
to flexible exchange rates appears to be negligible, at least in this
class of New Keynesian models.

What is the value added of our paper? Papers on fiscal con-
solidation in an open economy, which are close to ours, include
Coenen, Mohr, and Straub (2008), Forni, Gerali, and Pisani (2010a,
2010b), Almeida et al. (2013), Cogan et al. (2013), Erceg and Lindé
(2013), and Roeger and in 't Veld (2013)E| But these papers a pri-
ori set the fiscal instruments through which debt consolidation is
implemented or the speed/pace of this adjustment. Our work differs
mainly because: (i) Following an optimized feedback rule type of
approach to policy, we search for the best mix of fiscal action in an
open economy facing sovereign interest rate premia and loss of mon-
etary policy independence. In doing this, we put special emphasis on
which instruments should bear the cost of consolidation in the early
phase and which instruments should reap the benefits in the later
phase. (ii) We study transition results depending on whether the
government simply stabilizes the economy from exogenous shocks

SPapers on debt consolidation in a closed economy include Cantore et al.
(2012), Bi, Leeper, and Leith (2013), Pappa, Sajedi, and Vella (2015), and Philip-
popoulos, Varthalitis, and Vassilatos (2015). Econometric studies on the effects
of debt consolidation include, e.g., Perotti (1996), Alesina, Favero, and Giavazzi
(2012), and Batini, Gallegari, and Giovanni (2012).
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or it also leads the economy to a new reformed steady state with
lower debt. (iii) We study what would have happened with monetary
policy independence, other things being equal.

The rest of the paper is organized as follows. Section 2 presents
the model. Section 3 presents the data, parameterization, and the
status quo solution. Section 4 discusses how we work. The main
results are in section 5. A rich sensitivity analysis is in section
6. Section 7 studies the case with independent monetary policy.
Section 8 closes the paper. Algebraic details and additional robust-
ness results are in an online appendix

2. Model

Consider a small open economy where the interest rate premium
is debt elastic (see, e.g., Schmitt-Grohé and Uribe 2003). On other
dimensions, our setup is the standard New Keynesian model of an
open economy with domestic and imported goods featuring imper-
fect competition and Calvo-type price rigidities (see, e.g., Gali and
Monacelli 2005, 2008, and Benigno and Thoenissen 2008).

The economy is composed of N identical households indexed
by ¢« = 1,2,...,N; of N firms indexed by h = 1,2,..., N, each
one of them producing a differentiated domestically produced trad-
able good; and of monetary and fiscal authorities. Similarly, there
are f =1,2,..., N differentiated imported goods produced abroad.
Domestic firms are owned by domestic households and any profits
are equally divided to these households. Population, N, is constant
over time.

2.1 Aggregation and Prices
2.1.1 Consumption Bundles

The quantity of variety h produced by domestic firm h and consumed
by domestic household i is denoted as clHt(h) Using a Dixit-Stiglitz
aggregator, the composite domestic good consumed by household i,

5The appendix is available on the IJCB website (http://www.ijcb.org).
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cZH’t, consists of h varieties and is given by the functionl]

v
ctl = [Z[Cﬁzmw] , (1

h=1

where ¢ > 0 is the elasticity of substitution across goods.

Similarly, the quantity of imported variety f produced abroad
by foreign firm f and consumed by domestic household ¢ is denoted
as cf? .(f). Using a Dixit-Stiglitz aggregator, the composite imported
good consumed by household 7, 05 4, consists of f varieties and is
given by the function

N L
Cft: Z[Cft(fﬂT . (2)

f=1

In turn, household ¢’s consumption bundle, ¢; 4, is defined as

(3)

Cit =

where v is the degree of preference for domestic goods (if v > 1/2,
there is a home bias).

2.1.2  Consumption FExpenditure, Prices, and Terms of Trade
Household #’s total consumption expenditure is
Ptci’t = PtHC{_’It + PtFCiF;t, (4)
where P; is the consumer price index (CPI), PH is the price index

of home tradables, and P[ is the price index of foreign tradables
(expressed in domestic currency).

"As in, e.g., Blanchard and Giavazzi (2003), we work with summations rather
than with integrals. This does not affect the results.
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In turn, i’s expenditures on home and foreign goods are, respec-
tively,

N

P, = P (h)cf(h) (5)
h=1
N

PFel, = "PI(f)eh (), (6)
f=1

where PH (h) is the price of variety h produced at home and Pf(f)
is the price of variety f produced abroad, both denominated in
domestic currency.

We assume that the law of one price holds, meaning that each
tradable good sells at the same price at home and abroad. Thus,
PE(f) = SiPE*(f), where S; is the nominal exchange rate (where
an increase in S implies a depreciation) and PH* (f) is the price of
variety f produced abroad denominated in foreign currency. A star

denotes the counterpart of a variable or a parameter in the rest of
P H x
the world. Note that the terms of trade are defined as % (= Sg} )

while the real exchange rate is defined as S;D]?* .

2.2 Households

Each household i acts competitively to maximize expected dis-
counted lifetime utility:

Eo Y B'U (cigsninsge) (7)

t=0

where ¢;; is i’s consumption bundle as defined above, n;; is i’s

hours of work, g; is per capita public spending, 0 < § < 1 is the

time preference rate, and Ey is the rational expectations operator.
The period utility function is assumed to be of the for

l1—0o 1+n 1-¢
U; (C- n: g ) — Ci’t — X nivt + X gt (8)
1,6 \C1,ty 10,8y Yt 1—0o n1+77 gl_Ca

8See also Gali (2008), Gali and Monacelli (2008), and many others in this
literature.
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where xp, Xg4, 0, 1, and ¢ are standard preference parameters. That
is, 1/0 is the elasticity of intertemporal subsititution and 7 is the
inverse of Frisch labor elasticity.

The period budget constraint of each household ¢ written in real
terms is (notice that, for simplicity, we assume a cashless economy;
we report that our results do not depend on this):

pH PF pPH
(1+75) [];tcfft + ];tcft] + P%txi,t + by
S, P; ho(S,P; sP L \°
+ ki z’ht—i_ﬂ ki z’ht_ th
Pt ’ 2 Pt ’ P
k k PtH ~ n
= (1 -7 ) Ty ?ku,l +wi| + (1 —7") winie
t
Piq Stpt* t*—l h l
+R_ b'_+Q— *fi,—Ti, 9
t—1 P, it—1 t—1 P P t—1 t 9)
where z; ; is ¢’s domestic investment; b; ; is the real value of i’s end-

of-period domestic government bonds; f[ft is the real value of i’s
end-of-period internationally traded assets denominated in foreign
currency (if negative, it denotes foreign private debt); 7¥ denotes
the real return to the beginning-of-period domestic capital, k;—1;
Wi+ is i’s real dividends received by domestic firms; w; is the real
wage rate; R;_1 > 1 denotes the gross nominal return to domes-
tic government bonds between t — 1 and ¢; ;1 > 1 denotes the
gross nominal return to international assets between ¢ — 1 and ¢;

TZl,t denotes real lump-sum taxes to each household (if negative, it

denotes transfers); and 0 < 7¢, 7F, 7" < 1 are tax rates on con-
sumption, capital income, and labor income, respectively. Letters
without time subscripts denote steady-state values. The parameter
" > 0 measures adjustment costs related to private foreign assets
as a deviation from their steady-state value, f!'; these adjustment
costs help us to avoid excess volatility and get plausible (in line with
the data) short-term dynamics for private foreign assets following a
policy reform; further details are in subsection 3.1 below.

The law of motion of physical capital for each household 7 is

kiv=1—0)kit—1+ iy — g <

Ei
kit—1

2
- 1) ki1, (10)
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where 0 < § < 1 is the depreciation rate of capital and £ > 0 is a
parameter capturing adjustment costs related to physical capital.

Details on the household’s problem and the first-order conditions
are in appendix 1.

2.8 Firms

Each firm h produces a differentiated good of variety h, enjoying
market power on its own good and facing Calvo-type price fixities.

The profit of each firm A in real terms is (see also, e.g., Benigno
and Thoenissen 2008)

B gy Pk ) ey, (1)

w(h) P, y; (h) P,

All firms use the same technology as represented by the produc-
tion function

yf(h) = At[ktfl(h)]a[”t(h)]l_aa (12)

where A; is an exogenous stochastic total factor productivity (TFP)
process whose motion is defined below and 0 < « < 1.

Profit maximization by firm A is subject to the demand for its
product (see appendix 2):

b (h)
PH

—¢
K

(13)

y () = CF () + X,(h) + Gi(h) + CF* (i) = [

so demand for firm A’s product, y/?(h), comes from domestic house-
holds’ consumption and investment, C}(h) and X (h) respectively,
where CH(h) = vazl ¢, (h) and Xy(h) = ZZ]\; z;+(h), from the
domestic government, denoted as G(h), and from foreign house-
holds’ consumption, Cf*(h) = Zf\:l cf‘? #(h), and where Y;* denotes
aggregate demand.

In addition, firms are subject to a Calvo-type pricing mechanism.
In particular, in each period, each firm h faces an exogenous proba-
bility 6 of not being able to reset its price. A firm h, which is able
to reset its price at time ¢, chooses its price Pt#(h) to maximize the
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sum of discounted expected nominal profits for the next k£ periods
in which it may have to keep its price fixed. This objective is

By Y 0°Zuuin { P () ylu(h) = Wirn (ufh () }
k=0

where Z; 444 is a discount factor taken as given by the firm (but it
equals the household’s intertemporal marginal rate of substitution

’jgz(’:)] ¢Y£k as said
above, and W;(h) is the minimum nominal cost function for pro-
ducing yf1(h) at t so that W}(h) is the associated nominal marginal
cost.

Details on the firm’s problem and the first-order conditions are
in appendix 2.

in consumption, in equilibrium), yﬁ_k(h) = [

2.4 Government Budget Constraint

The period budget constraint of the government in real and per
capita terms is (details are in appendix 3)

P S,P*P* . P,
dy =Ry, ;tlxt_ldt_l + Qi1 jptt ]gt; Pt*_ISLl (1= X1)ds s
PH . (PH PF PH -
+ T‘it gt — Ty ( Ft’t C{{ + ft)tcf> - Ttk <Tf Tt’t ki1 +Wt)
n l ¢g 2
— T U)tnt—Tt+?[(1—)\t)dt—(1—A)d] N (14)

where d; is the real and per capita value of end-of-period total public
debt. Thus, total nominal public debt, D;, can be held by domestic
private agents, A\; Dy, as well as by foreign private agents, (1 — A;) Dy,
where the fraction 0 < A\; < 1 is exogenously given!] The parameter

9Public debt differs from foreign debt. The end-of-period public debt, writ-
ten in total nominal terms, is Dy = B + Stth, where By = \¢Dy = Zf\;l B
is domestic government bonds held by domestic agents and S;F = (1 — \¢) Dy
denotes domestic government bonds held by foreign investors. On the other hand,
the country’s end-of-period net foreign debt, written in total nominal terms, is
Sy(Ff — Fl') = (1 —X) Dy — S F}', where F' = SN F, is nominal foreign
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¢? > 0 measures adjustment costs related to public foreign debt;
these costs are similar to those of the household in equation (9)
above (further details are in subsection 2.7 below).

In each period, one of (77, 7, 71, g¢, T}, ¢, di) needs to adjust to
satisfy the government budget constraint (see subsection 2.7 below).

2.5 Closing the Model: Debt-FElastic Interest Rate Premium

As is well known, to avoid non-stationarity and convergence to a
well-defined steady state, we have to depart from the benchmark
small open-economy model (see Schmitt-Grohé and Uribe 2003 for
alternative ways). Here, we do so by endogenizing the interest rate
faced by the domestic country when it borrows from the world capi-
tal market, Qt In particular, we start by assuming that the coun-
try premium between ¢ and ¢ + 1, namely @; — @)}, is an increasing
function of the end-of-period total nominal public debt as share of
nominal GDP, JDtHDi}t/tH7 when this share exceeds a certain threshold.
In the robustness section below, we will also study the case where the
country premium is increasing in the country’s net foreign liabilities
or debt

In particular, following, e.g., Schmitt-Grohé and Uribe (2003)
and Garcia-Cicco, Pancrazi, and Uribe (2010), we use

0=+ [T 1), (15)

assets held by domestic agents (if negative, it denotes liabilities). As said, further
details are in appendix 3. Note that, by focusing on a single open economy, we do
not model the behavior of foreign investors, so we treat 0 < \; < 1 as exogenous.

10See also Garcfa-Cicco, Pancrazi, and Uribe (2010), Christiano, Trabandt,
and Walentin (2011), and many others for endogenous country premia. Note
that although endogeneity of the country premium is also used by the literature
on sovereign default, the study of the latter is beyond the scope of our paper. As
Corsetti et al. (2013) point out, there are two approaches to sovereign default.
The first models it as a strategic choice of the government (Eaton and Gersovitz
1981, Arellano 2008, and many others). The second assumes that default occurs
when debt exceeds its endogenous limit (Bi 2012 and many others).

' As said above, this rather common assumption (namely, that the interest
rate at which the country borrows from the rest of the world is increasing in
public and/or foreign debt) is supported by a number of empirical studies (see,
e.g., European Commission 2012).
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where the world interest rate, Q}, is exogenously given, d is an exoge-
nous threshold value above which the interest rate on government
debt starts rising above @)}, and the parameter ¢/ measures the elas-
ticity of the interest rate with respect to deviations of total public
debt from its threshold value (see subsection 3.1 below for these

parameter values)

2.6 FEzchange Rate and Fiscal Policy Regimes

To solve the model, we need to specify the exchange rate and the fis-
cal policy regimes. Concerning exchange rate policy, since the model
is applied to Italy over the last decade, we solve it for a case without
monetary policy independence. In particular, we assume that the
nominal exchange rate, S;, is exogenously set and, at the same time,
the domestic nominal interest rate on domestic government bonds,
R, becomes an endogenous variable [ Concerning fiscal policy, we
assume that, along the transition, the residually determined public
financing policy instrument is the end-of-period total public debt,
Dy (see below for other public financing cases at the steady state).
Before we turn to fiscal policy rules in the next subsection, it is
worth clarifying that, along the transition path, nominal rigidities
imply that money is not neutral so that monetary policy, and the
exchange rate regime in particular, matters to the real economy.

2.7 Fiscal Policy Rules

Without room for monetary policy independence, only fiscal policy
can be used for policy action. In this paper, we follow a rule-like
approach to policy. We focus on simple rules, meaning that the fis-
cal authorities react to a small number of easily observable macro-
economic indicators capturing the current state of the economy.

12The value of d can be thought of as any value of debt above which sustain-
ability concerns start arising. As we discuss below in subsections 3.1 and 6.1, our
qualitative results are robust to the exact value of d used, to the extent that each
time, the value of 1 is recalibrated.

13This is similar to the modeling of, e.g., Erceg and Lindé (2012). Recall that
in the case of flexible or managed floating exchange rates, Sy and R; switch posi-
tions, in the sense that S; becomes an endogenous variable, while R; is used as
a policy instrument usually assumed to follow a Taylor-type rule for the nominal
interest rate (see section 7 below).
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The magnitude of reaction coefficients (namely, how fiscal policy
instruments respond to macroeconomic indicators) will be chosen
optimally.

Specifically, we allow the main spending—tax policy instruments
(namely, government spending as share of output, s7, and the tax
rates on consumption, capital income, and labor income, 7, 7F, and
Tt”) to react to the ratio of public liabilities to GDP as a deviation
from a target value, (l;_1 — 1), as well as to the contemporaneous
output gap, (yf{ —yH ), according to the simple linear ruled!d

sf =59 == (o =) =) (v — ™) 16

(16)
== (o = D)+ (u —y™) (7
b = b (= 1) ok T — ) (18)
=T = (e = D+ (u =), (19)

where, from the government budget constraint in subsection 2.4, [;
is defined as

ReaMi—1di—1 + Qi1 Sffl (1 —X—1)dia
PH

t—1, H
P Yi—1

L1 =

and where, in the above rules, l;, y7, and d; are written in real and
per capita terms, variables without time subscripts denote policy
target values, and ’qu, Y4 >0 for ¢ = (g,¢, k,n) are feedback policy
coefficients on public debt to GDP and output targets, respectively.
The rest of the fiscal policy instruments (namely, lump-sum gov-
ernment tranfers as share of output, denoted as s, and the share
of domestic public debt in total public debt, A\;) are assumed to be
constant over time and equal to their average values in the data (see
subsection 2.8 below).

14¥We focus on “distorting” policy instruments, because using lump-sum instru-
ments (such as 7{ in our model) to bring public debt down would be like a free
lunch.

Y For similar rules, see, e.g., Schmitt-Grohé and Uribe (2007), Bi (2010), and
Cantore et al. (2012). As said above, see European Commission (2011) for simi-
lar fiscal reaction functions used in practice. On the other hand, see Kliem and
Kriwoluzky (2014) for a critical approach.
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Notice that, in the above rules, a policy target value (such as s9,
r¢, 7%, 7 1, yH) will be the steady-state value of the corresponding
variable. This value will depend on whether we are in the status
quo economy or in a reformed economy. For example, as further dis-
cussed in section 4 below, the debt policy target, [, can be either
the average public-debt-to-GDP ratio in the data (this will be the
benchmark case without reforms where fiscal policy adjusts so as to
keep the public debt ratio at its average value) or it can be set to a
value less than in the data (this will be the case of debt consolida-
tion where fiscal policy systematically brings public debt down over
time).

Also, keep in mind that below we will also allow for persistence
in policy instruments, as well as for the case in which the debt policy
target is not fixed but follows an AR(1) rule (see section 6 below).

2.8 FExogenous Variables and Shocks

In this subsection, we define the exogenous variables and, among
them, the exogenous stochastic processes that drive extrinsic fluctu-
ations in our model.

We assume that foreign imports or, equivalently, gomestic

exports, ¢f*, are a function of terms of trade, TT; = %, where
t
both variables are expressed as deviations from their steady-state
values:
o (TT\ )
o =\717) (20)

where 0 < v < 1 is a parameter. The idea is that foreign imports rise

as the domestic economy becomes more competitive (the value of the

exogenous cI'™* is specified in the calibration subsection 3 below).
Regarding the other rest-of-the-world variables, namely, the

exogenous part of the foreign interest rate, )y, and the gross rate

H
of domestic inflation in the foreign country, II7* = II}H* , We assume
t—1
that they are constant over time and equal to Q; = 1.0115 (which
is the data average value—see below) and I1/7* = 1 at all ¢.
Regarding the exogenously set policy instruments, we set the

nominal exchange rate S; at 1 (under fixed exchange rates), while the
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output share of government tranfers, si, and the fraction of domes-
tic public debt in total public debt, A, are set at their data average
values at all ¢ (see subsection 3.1 below).

Finally, in the main part of the paper, stochasticity comes from
shocks to TFP, which follows:

log (A;) = (1 — p%)log (A) + p*log (A¢—1) + &', (21)

where 0 < p® < 11is a parameter, ¢f ~ N (O, ag), and, as said above,
variables without time subscript denote steady-state values. As we
report below in section 6, our main results do not change when we
add extra shocks, such as shocks to the world interest rate.

2.9 Decentralized Equilibrium (for Any Feasible Policy)

We now combine all the above equations to present the decentralized
equilibrium (DE) which is for any feasible policy. The DE is defined
to be a sequence of allocations, prices, and policies such that (i)
households maximize utility; (ii) a fraction (1 —6) of firms maxi-
mize profits by choosing an identical price defined as Pt#, while a
fraction @ just set prices at their previous period level; (iii) all con-
straints, including the government budget constraint and the balance
of payments, are satisfied; (iv) markets clear; and (v) policymak-
ers follow the feedback rules assumed in subsection 2.7. This DE
is given the values of feedback policy coefficients in the policy rules
(16)(19); the exogenous variables, {c/™*, QF, TIH* ¢;, st A, A }22,,
which have been defined in subsection 2.8; and initial conditions for
the state variables.

We thus end up with a first-order non-linear dynamic system
of thirty-two equations. Algebraic details, the final equilibrium sys-
tem, and the associated steady state (also used for calibration) are
in appendix 4.

2.10 Solution Methodology

We will work as follows. In the next section (section 3), we solve the
above model numerically, employing parameter values and data in
accordance with the Italian economy over 2001-13. As we shall see,
the steady-state solution of this model economy will do well at mim-
icking the output shares of key macroeconomic variables observed
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in the Italian data since 2001; hence, we will call it the “status quo
steady state.” In turn, the next sections will study the transition
dynamics, when we depart from this status quo steady state and
travel to a new reformed steady state (the latter is defined in section
4.1 below). To compute the transition dynamics, driven by policy
reforms (such as debt consolidation policies) and/or exogenous sto-
chastic proccesses (such as TFP shocks), we will take a second-order
aproximation of the stochastic problem around the deterministic new
reformed steady state[19 In all policy experiments, the feedback coef-
ficients in the policy rules are computed optimally to maximize the
household’s welfare.

Further details on the reformed economy and the computational
methodology are in section 4 below. The quantitative implementa-
tion is in sections 5 and 6. But we first need to solve for the status
quo steady state. This is in the next section.

3. Data, Parameterization, and the Status
Quo Steady State

This section parameterizes the above model economy using average
data from Italy over 2001-13 (the exact end period for each vari-
able may vary depending on data availability) and then presents the
resulting steady-state solution. As said, the latter will then serve as
a point of departure to study policy reforms.

3.1 Data and Parameter Values

The data are from Eurostat over 2001-13 (in the case of TFP, the
data source is Ameco over 1980-2014). The time unit is meant to be
a year. In calibrating the model, we assume that the economy is in

16 A potential criticism might be that an approximate solution might not be
reliable because we approximate the equilibrium equations around a new steady
state different from the initial one. To address this issue, we have also solved a
deterministic version of the model using non-linear, or non-approximate, numer-
ical methods. This means that we repeat the equilibrium equations in each time
period until the economy converges to a steady-state position where variable
changes are negiligible. We use Dynare for these computations. The key results,
namely, the optimal policy mix during the transition, do not change.
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the deterministic steady state of the decentralized equilibrium pre-
sented above with zero inflation (see appendix 4 for the steady-state
system). Recall that, since policy instruments react to deviations of
macroeconomic indicators from their steady-state values, feedback
policy coefficients do not play any role at the steady state.

The baseline parameter values, as well as the values of the fis-
cal policy variables, are listed in table 1. As reported in detail in
section 6, our results are robust to changes in these parameter values.

The value of the time preference rate, 3, follows from setting the
gross interest rate at R = Q = 1.0225 (the latter is consistent with
an interest rate premium of 1.1 percent over the German ten-year
bond rate, which is the average value in the data, and with a gross
inflation rate equal to one at the steady state).

The value of a implies a labor share, (1 —a), equal to 0.62, which
is the average value in the Italian data over 2001-13. We employ
conventional parameter values, as used by the literature, for the elas-
ticity of intertemporal substitution, 1/0, the inverse of Frisch labor
elasticity, 1, and the price elasticity of demand, ¢, which are as in,
e.g., Andrés and Doménech (2006) and Gali (2008). Regarding the
preference parameters in the utility function, y,, is calibrated from
the household’s labor supply condition, while x, is set at 0.1. The
price rigidity parameter, 4, is set at 0.5. The value of v, in equation
(20) for foreign imports, is set at 0.9.

In our baseline parameterization, the threshold parameter value
of the public-debt-to-GDP ratio above which sovereign interest rate
premia emerge, d, is set at 0.9 (see equation (15)). This value is con-
sistent with evidence provided by, e.g., Reinhart and Rogoff (2010)
and Checherita-Westphal and Rother (2012) that, in most advanced
economies, the adverse effects of public debt arise when it is around
90-100 percent of GDP. It is also within the range of thresholds
for sustainable public debt estimated by the European Commission
(2011). In turn, the associated premium parameter, 1, is calibrated
by using equation (15). In other words, assuming a value for the
parameter d, and using data averages over the sample period for the
interest rate premium and the ratio of public debt to GDP, the value
of 9 follows from equation (15). In our baseline parameterization,
the resulting value of % is 0.0505, which means that a 1 percent-
age point increase in the debt-to-GDP ratio leads to an increase in
the interest rate premium by 5.05 basis points. Such values are in
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Table 1. Baseline Parameter Values and Policy Variables

Parameter Value Description
a 0.38 Share of Capital
I} 0.9708 Rate of Time Preference
v 0.5 Home Goods Bias Parameter at Home
1) 0.04 Rate of Capital Depreciation
10) 6 Price Elasticity of Demand
n 1 Inverse of Frisch Labor Elasticity
o 1 Elasticity of Intertemporal Substitution
v* 0.5 Home Goods Bias Parameter Abroad
0 0.5 Price Rigidity Parameter
P 0.0505 Interest Rate Premium Parameter
Xn 3.66 Preference Parameter Related to Work
Effort
Xg 0.1 Preference Parameter Related to Public
Spending
d 0.9 Threshold Parameter of Public Debt as
Share of Output
o 0.9479 Persistence of TFP (1980-2014)
Oq 0.007636 | Standard Deviation of TFP (1980-2014)
0 0.9 Terms of Trade Elasticity of Foreign
Imports
13 0.3 Adjustment Cost Parameter on Physical
Capital
@9 0.3 Adjustment Cost Parameter on Foreign
Public Debt
o 0.3 Adjustment Cost Parameter on Private
Foreign Assets/Debt
T 0.1756 Consumption Tax Rate
Tk 0.3118 Capital Tax Rate
" 0.421 Labor Tax Rate
s9 0.2222 Government Spending on
Goods/Services as Share of GDP
s! 0.2326 Government Transfers as Share of GDP
A 0.64 Fraction of Total Public Debt Held by
Domestic Agents
CCF—F* 1.01 Exports-to-Imports Ratio
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line with empirical findings for OECD countries (see, e.g., Ardagna,
Caselli, and Lane 2008). As reported in subsection 6.1 below, our
results are robust to changes in d, to the extent that each time we
recalibrate .

The parameters ¢" and ¢9, measuring adjustment costs associ-
ated with changes in private and public foreign assets, respectively
(see equations (9) and (14)), are both set to 0.3. As mentioned
above, this value gives plausible short-run dynamics for private for-
eign assets and, in turn, for the country’s net foreign debt following
a policy reform. Robustness checks for both ¢" and ¢9 are reported
in subsection 6.1 below. We also report that a positive value for ¢"
is needed to give bounded solutions for the welfare when we com-
pute optimized feedback policy rules below. Similarly, the value of £
measuring capital adjustment costs is set equal to 0.3.

Concerning the exogenous variables, the persistence and stan-
dard deviation parameters in the TFP process (21) are set at
p® = 0.9479 and o, = 0.007636. These values have been esti-
mated by running simple regressions using Ameco data for total
factor productivity. As reported below, our results are robust to
changes in these parameter values. Regarding the rest-of-the world
variables, IT71*, Q% and c¢['™*, we set their steady-state values equal
to ITH* = 1, Q* = 1.0115 (which is the data average) and CCFF* =1.01
(which is the ratio of exports to imports in the Italian data).

The steady-state values of fiscal and public finance policy instru-
ments, 7°, 7F, 7%, s7, sk, and \; are set at their data averages. In
particular, 7¢, 7%, and 7" are the effective tax rates on consump-
tion, capital, and labor in the data over 2001-13. Moreover, s9 and
s!, namely, government spending on goods/services and on transfer
payments as shares of output, are set at their average values in the
data, 0.2222 and 0.2326, respectively. Finally, A, the fraction of total
public debt held by domestic private agents is set at 0.64, which is
again its average value in the data during the same period.

3.2 Status Quo Steady State

The steady-state system is in appendix 4. Table 2 presents the
numerical solution of this system when we use the parameter values
and policy instruments in table 1. In this solution, we treat public
debt, d, as the residually determined public financing instrument. In
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Table 2. Status Quo Steady-State Solution

Steady-State
Variables Description Solution Data
u Period Utility 0.8217 —
r Real Return to Physical Capital 0.0908 —
w Real Wage Rate 1.11378 —
n Hours Worked 0.331281 0.2183
yt Output 0.712326 —
TT Terms of Trade 0.994923 —
Q — Q* | Interest Rate Premium 0.011 0.011
TT:,;VC Consumption as Share of GDP 0.6335 0.5961
% Physical Capital as Share of 3.4872 —
GDP
TTyquh Private Foreign Assets as Share 0.1813 0.1039
of GDP
IT“4 | Total Public Debt as Share of 1.0965 1.098
GDP
f Country’s Net Foreign Debt as 0.2134 0.2109
Share of GDP

table 2, we also present some key ratios in the Italian data. Notice
that most of the solved ratios, produced endogenously by the model,
are meaningful and close to their actual values. For instance, the
solution for the country’s net foreign debt as share of GDP (denoted
as f) is 0.2134; its average value in the data is 0.2109. Also, the
solution for total public debt as share of GDPH is 1.0965; its average
value in the data is 1.098.

In what follows, this steady-state solution will serve as a point
of departure to study various policy experiments. Before we move
on to reforms, it is worth pointing out that, in the above model,
a lower public debt implies a lower sovereign premium, and this

17 ¥ _ Sy(F{—FIM) (1—X¢)Dy— Sy Fl a-xTri-vd—1Tv" f*
Thus, f = “Fdva™" = PV L = i , where
pPE . . . .
TT; = S is the terms of trade. Details are in appendix 4.
t
. 1-v pPF . .
B8 This is ﬁ = TTyH 4 where TT, = ﬁ is the terms of trade. Details are

in appendix 4.
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leads to higher capital, higher output, and higher welfare; this can
rationalize the debt consolidation policies studied in what follows.

4. Description of Policy Experiments

In this section, we define the policy reform studied, how we model
debt consolidation, and how we compute optimized feedback policy
rules.

4.1 Definition of the Reformed Economy

The main experiment we want to consider in this paper is the case in
which the economy departs from the status quo and travels over time
to a new reformed state with lower debt. Regarding the status quo,
this is provided by the steady-state solution of the model economy
calibrated and solved numerically in the previous section (see tables
1 and 2). Regarding the new reformed steady state, this is defined
as the case in which the ratio of public debt to GDP is permanently
reduced, so that there are no sovereign interest rate premia in the
new steady state. In other words, in the new reformed steady state,
we set @ = Q* so that % = d. Specifically, the government
reduces the output share of public debt from 1.0965 (which is the
status quo solution) to the threshold value of d = 0.9 corresponding
with zero premia. To put it differently, since, in our model, sovereign
premia arise whenever the ratio of public debt to output happens
to be above the 0.9 threshold, premia are eliminated (Q = Q)
once such debt reduction has been achieved. As said above, we will
conduct robustness exercises for the values of the exogenously set
threshold, d. Also, again as a robustness check, we will consider the
case in which the new reformed steady state is the Ramsey steady
state, meaning that the policy targets are the Ramsey steady-state
values.

In addition, we assume that, in the new reformed steady state,
the country’s net foreign debt position is zero or, equivalently, that
the country ends up with a balanced trade[™ In other words, in the

19For a similar practice (namely, to assume a zero net foreign debt position
in the steady state and then check its robustness), see, e.g., Mendoza and Tesar
(2005).
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new reformed steady state, we set the country’s net foreign debt as

share of output to zero, f = 0. This means that the country’s net
foreign debt as share of output is permanently reduced from 0.2134
(which is the status quo solution) to zero. Note that this assumption
is not important to our qualitative results (its robustness is checked
in subsection 6.1 below) but, if the foreign position of the country is
left free in the long run with relatively low interest rates (Q = Q*),
private agents have an incentive to overborrow and this leads to
unrealistically high values of private foreign debt, f < 0.

Details of the equilibrium conditions of the reformed economy,
the steady state implied by these conditions, as well as numeri-
cal solutions of the reformed steady state under unrestricted or
restricted f, and under alternative public financing scenarios, are
provided in appendix 5.

4.2 Public Debt Consolidation and the Intertemporal Tradeoff

It is widely recognized that debt consolidation implies a tradeoff
between short-term fiscal pain and medium-term fiscal gain. In our
model, during the early phase of the transition, debt consolidation
comes at the cost of higher taxes and/or lower public spending. On
the other hand, in the medium and long run, a reduction in the debt
burden allows, other things being equal, a cut in tax rates and/or
a rise in public spending. Thus, one has to value the early costs of
stabilization vis-a-vis the medium- and long-term benefits from the
fiscal space created.

This intertemporal tradeoff also implies that the implications of
consolidation depend heavily on the public financing policy instru-
ments used, namely, which policy instrument adjusts endogenously
to accommodate the exogenous change in fiscal policy (see also,
e.g., Leeper, Plante, and Traum 2009, and Davig and Leeper 2011).
Specifically, these implications depend both on which policy instru-
ment bears the cost of adjustment in the early period of adjust-
ment and on which policy instrument is anticipated to reap the
benefit once consolidation has been achieved. In the policy exper-
iments we consider below, we experiment with fiscal policy mixes,
which means that the fiscal authority can use various instruments in
the transition and in the steady state. Details are in subsection 5.3
below.



282 International Journal of Central Banking December 2017

4.3 The Reformed Economy vs. a Reference Regime

To evaluate the implications of debt consolidation as defined in sub-
section 4.1 above, we need to compare them with a reference regime.
Here, we find it natural to use as reference regime the case without
debt consolidation, other things being equal. In other words, we
will study two scenaria regarding policy action. The first, used as
a reference, is the scenario without debt consolidation. Here, the
role of policy is only to stabilize the economy against shocks. For
instance, say that the economy is hit by an adverse temporary TFP
shock, which, as the impulse response functions reveal, produces a
contraction in output, a rise in the ratio of public debt to output,
and a rise in the sovereign premium. Then, the policy questions are
which policy instrument to use and how strong the reaction of policy
instruments to deviations from targets should be, in order to maxi-
mize household’s welfare criterion. Note that, in this case, the values
of the policy targets in the feedback rules (16)—(19) are given by the
status quo steady-state solution. In other words, in this policy sce-
nario, we depart from, and end up at, the status quo steady-state
solution of subsection 3.2 above, so that transition dynamics are
driven by exogenous shocks only.

The scenario with debt consolidation is richer. Now the role of
policy is twofold: to stabilize the economy against the same shocks
as above and, at the same time, to improve resource allocation by
gradually reducing the debt-to-GDP ratio over time as defined in
subsection 4.1. The policy questions are as above in the reference
regime, except that now the policy targets in the feedback rules
(16)—(19) are given by the steady-state solution of the new reformed
economy. In other words, in this case, we depart from the status quo
solution with sovereign premia, but we end up at a new reformed
steady state with lower (public and foreign) debt. Thus, now there
are two sources of transition dynamics: temporary shocks and the
deterministic difference between the initial and the new reformed
long run (see also Cantore et al. 2012).

4.4 Computational Methodology

Irrespectively of the policy experiments studied, to make the
comparison of different policy regimes meaningful, we compute
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optimized policy rules, so that our results do not depend on ad
hoc differences in feedback policy coefficients across different policy
rules. The welfare criterion is the household’s expected discounted
lifetime utility (see equations (7)—(8) above).

We work as follows: First, we take a second-order approximation
of the equilibrium conditions, as well as of household’s expected dis-
counted lifetime utility, around the deterministic reformed steady
state (see appendix 5 for the latter) This is a function of feedback
policy coefficients in the policy rules and initial values for the state
variables. Secondly, we select the feedback policy coefficients so as to
maximize the conditional mean of household’s expected discounted
lifetime utility, where conditionality refers to the initial conditions
chosen; the latter are given by the status quo steady-state solution
(see subsection 3.2 above). Thus, the initial values of the endogenous
and exogenous predetermined variables are set equal to their status
quo values. If necessary, the ranges of the feedback policy coefficients
or, equivalently, the values of the policy instruments themselves will
be restricted to give determinate solutions and/or meaningful values
for policy instruments (e.g., tax rates less than one and non-negative
nominal interest rates). All this is similar to Schmitt-Grohé and
Uribe (2004b, 2006, 2007) As said above, we work similarly in the
case without debt consolidation (where we depart from, and return
to, the same status quo steady state), which serves as a reference
regime.

5. Macroeconomic Implications of Fiscal Consolidation

In this section, we present the main results. The emphasis will be
on the case of the reformed economy as defined in subsection 4.1

20Thus, we take a second-order approximation to both the equilibrium condi-
tions and the welfare criterion. As is known, this is consistent with risk-averse
behavior on the part of economic agents and can also help us to avoid possible
spurious welfare results that may arise when one takes a second-order approxi-
mation to the welfare criterion combined with a first-order approximation to the
equilibrium conditions (see, e.g., Gali 2008 and Benigno and Woodford 2012).

21gpecifically, to compute a second-order accurate approximation of both the
conditional welfare and the decentralized equilbrium, as functions of feedback
policy coefficients, we use the perturbation method of Schmitt-Grohé and Uribe
(2004b). In turn, we use a MATLAB function (such as fminsearch.m) to compute
the values of the feedback policy coefficients that maximize this approximation.
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Table 3. Steady-State Utility and Output
in the Reformed Economy

Residual Fiscal Steady-State Steady-State
Instrument Utility Output
s9 0.9125 0.82367
T 0.9227 0.82367
Tk 0.9311 0.834774
T 0.9290 0.83139
st 0.9180 0.817941

above, but, for reasons of comparison, we will also present results
for the reference case without debt consolidation. Recall that in the
case of debt consolidation, transition dynamics are driven both by
a temporary supply shock and by deterministic changes in fiscal
policy instruments aiming at debt reduction and elimination of the
sovereign premium over time.

5.1 Steady-State Utility and Output in the Reformed Economy

The steady state of the reformed economy with debt consolidation
is as defined in the previous section, while details are in appendix 5.
Thanks to the fiscal space created by debt reduction, public spending
can rise or a tax rate can be reduced residually.

Table 3 summarizes steady-state utility and output under alter-
native public financing scenarios in this reformed economy (for the
full numerical solutions, see appendix 5). In the first row of table
3, the assumption is that it is public spending that takes advantage
of debt reduction, in the sense that, once the debt burden has been
reduced, public spending can increase relative to its value in the sta-
tus quo solution. In the next three rows, the fiscal space is used to
finance cuts in one of the three tax rates. The last row reports, for
comparison, the case in which it is lump-sum tranfers, s', that rise.
The best outome (both in terms of utility and output) is achieved
when the fiscal space is used to finance a cut in capital tax rates.
This is as expected and is consistent with the Chamley-Judd nor-
mative result. Therefore, in what follows, we will use the capital tax
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rate, 7F, as the residually determined fiscal policy instrument in the

steady state of the reformed economy with debt consolidation.

5.2 Determinacy and Bounds on Policy Coefficients

As is known, local determinacy, or implementability, depends cru-
cially on the values of feedback policy coefficients in the rules (16)—
(19) above. This is also the case in our model. Our experiments show
that economic policy can ensure determinacy when at least one of
the fiscal policy instruments (s, 7¢, 7F, 7') reacts to public liabil-
ities between critical minimum and maximum values, where these
bounds vary depending on which fiscal policy instrument is used. In
other words, determinacy requires restrictions on the magnitude of
v, where ¢ = (g, ¢, k, n) By contrast, the values of 7], measuring
the reaction of fiscal policy instruments to the output gap, are not
found to be critical to determinacy.

Nevertheless, although not important for determinacy, we set
bounds on the feedback reaction of the capital tax rate to the
output gap, 75, so that the implied capital tax rate is within
0.11 < 7F < 0.51 in the transition. In other words, since the aver-
age value of 7F in the data is 0.31, we limit attention to changes
in 7F that are less than minus/plus 20 percentage points than in
the data. We set these bounds because if the capital tax rate were
left unrestricted, the policymaker would find it optimal to set it
at a very low value, as one would expect given the Chamley-Judd
logic. Our bounds exclude this possibility. Note that such practice
is usual in the related literature; for instance, when they compute
optimized rules, Schmitt-Grohé and Uribe (2007) and Kliem and
Kriwoluzky (2014) impose similar intervals for monetary and fiscal
policy, respectively.

5.3  Optimal Fiscal Policy Mix

We can now study optimal policy mixes when we depart from the
status quo steady state and travel towards the reformed steady state

22For example, when we use one fiscal instrument at a time, the ranges of fiscal
reaction to public liabilities are 0.027 < v/ < 2.72, 0.048 < 7f < 4.34, 0.064
< 4F < 2.96, and 0.063 < ' < 1.56 for s7, 77, 7', and 77, respectively. When
we switch on all fiscal instruments, these ranges become narrower.
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Table 4. Optimal Fiscal Reaction to Debt and
Output with Debt Consolidation

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output

s 7f = 0.5009 79 =0

¢ =0 vy =0

Ttk ’ylk = 0.0031 ’y{j = 2.2569

(e 7 = 0.0753 7;‘ = 2.1360
Notes: (i) 7F is the residual instrument at the reformed steady state. (i) At all ¢,
Ry >1,0< s, 75, Ttk, 7;* < 1. (iii) Restriction on %’j so as 0.11 < Tf < 0.51. (iv)
Lifetime utility Vo = 79.9864.

as defined in subsection 4.1 above. Policymakers are allowed to use
different instruments in the transition and in the steady stated In
particular, in the reformed steady state, given the evidence in table
3, we assume that it is the capital tax rate that takes advantage
of the fiscal space created once the debt burden has been reduced
and sovereign premia have been eliminated; as said, a cut in the
capital tax rate is the most efficient way of using this fiscal space.
On the other hand, in the transition to this reformed steady state,
all available fiscal instruments, and at the same time, are allowed
to be used, as in the policy rules (16)—(19). Since feedback policy
coefficients are chosen optimally, this will also tell us how to assign
different policy instruments to different macroeconomic indicators.
Results for the optimal mix during the transition to the reformed
steady state are reported in table 4.

The values of the optimized feedback policy coefficients in table
4 imply a clear-cut assignment of instruments to targets. Govern-
ment spending should be used to address the public debt problem,
while income (capital and labor) taxes should be used to address the
output problem. On the other hand, it is better to avoid changes in
consumption tax rates (the optimized feedback coefficients in the

23Results in the special case in which the fiscal authority is restricted to use
one fiscal instrument at a time are in appendix 5. These results can help to unde-
stand the working of the model. Here, we only present the optimal mix, where
instruments can be used simultaneously, to save on space.
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rule for the consumption tax rate are practically zero in this case).
These signs and magnitudes of the feedback policy coefficients mean
that government spending should be reduced in order to bring public
debt down, while, at the same time, the capital and labor tax rates
should also be cut so as to stimulate the real economy in an attempt
to increase the denominator in the debt-to-output ratio (impulse
response functions are shown below).

Table 5 also reports some associated statistics (like elasticities
and min/max Values) As can be seen, in the short term, public
spending should fall by a lot vis-a-vis its data value so as to bring
public debt down, and, at the same time, capital and labor tax rates
should also fall by a lot vis-a-vis the data to stimulate the real econ-
omy. Then, over time, they return to their data average values (this
is also shown by impulse response functions below). In subsection
5.6 below, we also report results when the use of policy instruments
is restricted.

5.4 Welfare over Time with, and without, Debt Consolidation

Setting the feedback policy coefficients as in table 4, the associated
expected discounted utility over various time horizons is reported in
the first row of table 6. Studying what happens to welfare over var-
ious time horizons can be useful because, for several (e.g., political-
economy) reasons, economic agents can be short-sighted. It can also
help us to understand the possible conflicts between short-, medium-,
and long-term effects from debt consolidation. The second row in
table 6 reports results without debt consolidation, other things being
equal. Thus, we again compute the best policy mix, meaning that
all fiscal policy instruments at the same time are allowed to react to
debt and output gaps but now the debt and output targets in the
policy rules remain as in the status quo solution (see subsection 4.3
above). Finally, the last row in table 6 gives the welfare gain, or loss,
of debt consolidation expressed in permanent consumption equiva-
lent units. A positive number means that welfare would increase
with debt consolidation, and vice versa: a negative number means
that welfare would decrease with debt consolidation.

24The elasticities report the percentage change in the fiscal instrument with
respect to a 1 percent change in the macroeconomic indicator, other things equal.
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Table 6. Welfare over Different Time Horizons with,
and without, Debt Consolidation

Two Four Ten Twenty | Thirty

Periods | Periods | Periods | Periods | Periods

With Consolidation 1.3576 2.8154 7.4589 15.1321 | 22.1331
Without Consolidation® | (1.6251) | (3.1791) | (7.4481) |(13.4127)|(18.1904)
Welfare Gain/Loss —0.0862 |—0.0717 0.001 0.0959 0.1310

2The values of the optimized feedback policy coefficients without debt consolidation
are ’ylg = 0.2622, o7 = 0.3303, 'yl’“ = 0.5819, 47" = 0.2510, 7§ = 0.3157, vy = 0.5772,
vk =0,y =0.0162.

Notes: See notes in table 4.

The results in table 6 reveal that, other things being equal, debt
consolidation improves welfare only if we are relatively far-sighted.
In particular, expected discounted utility is higher with debt consol-
idation only when we care beyond the first ten years. Reversing the
argument, debt consolidation comes at a short-term cost 24 Once the
short-term pain is over, the welfare gain in consumption equivalents
is substantial P9

5.5 Impulse Response Functions with Debt Consolidation

To get a clearer picture of the above results, we also present the
implied impulse response functions illustrating the time paths of the
fiscal policy instruments used for consolidation, as well as some key
macroeconomic variables. They are shown in figure 1. As can be
seen, public spending should fall, while, at the same time, capital

25Tt should be pointed out that the rise in welfare is partly driven by the
fact that debt consolidation and elimination of sovereign premia in the reformed
long-run equilibrium allow a higher value of the time preference rate than in the
pre-reformed long-run solution in section 3 (in particular, the calibrated value of
B was 0.978 in the status quo steady state in section 3, while it is 0.9886 without
premia). We report that the main results do not change when we allow for per-
sistence in the change of the time preference rate as it rises from 0.978 to 0.9886.
Actually, when we allow the related autoregressive parameter to be optimally
chosen, along the feedback policy coefficients, its optimal value is close to zero,
meaning that it is better to adopt as soon as possible the higher value of the time
preference rate. Results are available upon request.

#Prescott (2002) finds welfare gains of similar magnitude when Japan or
France adopt the tax policy or the production efficiency of the United States.
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Figure 1. IRFs under Debt Consolidation
with the Optimal Fiscal Mix

Government spending Consumption tax Capital tax
0.4 2 0.4
0.2 0 0.2 V
0 -2 0
0 5 10 0 5 10 0 5 10
Labor tax Output Consumption
0.5
0.45 0.9
0.4 0.8 0.45
0.35 0.7
0.4
0 5 10 0 5 10 0 5 10
Work hours Terms of trade Public debt to GDP
0.4 1.05 12
035/ T 1 1
0.95 0.8
0 5 10 0 5 10 0 5 10
Foreign debt to GDP Trade balance Foreign interest rate
0.4 0 1.03
0.2 -0.02 1.02
0 -0.04 1.01
0 5 10 0 5 10 0 5 10

Note: IRFs are in levels and converge to the reformed steady state, while the
solid horizontal line indicates the point of departure (status quo value).

and labor tax rates should be cut, for the reasons discussed above.
This optimal mix allows a gradual reduction in the ratio of public
debt to GDP, in the ratio of foreign debt to GDP, and in the inter-
est rate premium. Private consumption falls in the short term, as a
consequence of debt consolidation, but recovers soon. Hours of work
need to rise (or leisure to fall) for some time. All variables converge
to their new, reformed values over time.

5.6 Further Restrictions on the Use of Fiscal
Policy Instruments

One could argue that the values of tax—spending policy instruments
cannot differ substantially from those in the historical data (for
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various political-economy reasons). Therefore, we now redo the main
computations, restricting the magnitude of feedback coefficients in
the policy rules so that all tax—spending policy instruments cannot
change by more than, say, 10 percentage points from their averages
in the data. The new results are reported in appendix 5. Although,
obviously, feedback policy coefficients are now smaller, the best fis-
cal policy mix again implies that we should earmark public spending
for the reduction of public debt and, at the same time, cut taxes to
mitigate the recessionary effects of debt consolidation. The only dif-
ference is that now, since cuts in income (capital and labor) taxes
are restricted, we should also cut consumption taxes.

In the same appendix (appendix 5), we compare results when the
fiscal authorities use the optimal fiscal mix with results when they
are restricted to using one fiscal instrument at a time only. The mes-
sage from the new impulse response functions is that the reduction
in public debt is more gradual when we use all fiscal instruments,
and this allows a smaller fall in private consumption, than when the
fiscal authorities are restricted to using one instrument at a time
only. This is intuitive: a policy mix gives more choices.

6. Sensitivity Analysis

This section checks the sensitivity of the above results. We start with
changes in parameter values and then study robustness to more sub-
stantial modeling changes. To save on space, we will selectively pro-
vide some results only (a full set of results is available upon request
from the authors).

6.1 Changes in Parameter Values

We start with the value of the public debt threshold parameter, d, in
the interest rate premium equation (15). Recall that so far we have
set d = 0.9. Our qualitative results do not depend on this value. For
instance, in appendix 6, we present the main results with d = 0.8 and
d = 1. In this case, as said above, we need to recalibrate the value
of ¢ so as to hit the data again; the new values are, respectively,
1 = 0.0319 and ¥ = 0.108.

Our results are also robust to changes in the assumed value of
net foreign debt in the steady state of the reformed economy. Recall
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that so far we have solved for the reformed economy assuming a zero
net foreign debt position at steady state, f = 0. Our main results

remain unchanged when we instead set f = (0.1 and f = 0.2109 in
the reformed steady state (where 0.2109 is the average value of the
country’s foreign debt in the data). Results for these two cases are
presented in appendix 7.

Our qualitative results are also robust to changes in other model
parameters. For instance, we have experimented with changes in
the values of the Calvo parameter in the firm’s problem, ¢, and the
adjustment cost parameters on foreign private assets/debt, ¢"; for-
eign public debt, ¢9; and physical capital, £&. We report that our
main results do not change when we set 6 at, say, 0, 0.1, or 0.9 (we
also report that as price stickiness, 6, rises, the optimal fiscal reac-
tion to public debt becomes milder), when 0.2 < ¢" < 0.5, and when
0 < & < 2, while the value of ¢9 has not been found to be important.
Similarly, our results remain unchanged for 0.8 < v < 0.99, which
measures the sensitivity of exports to changes in the terms of trade
in equation (20). Also, our main results do not depend on the value
of x4, namely, how much agents value public consumption spending
in the utility function. The values of the labor supply parameters,
Xn and 7, are not crucial either; nevertheless, we report that when
n = 0.5, the reaction of the labor tax rate to the debt target is zero,
i.e., 7' = 0, while when n = 2, we get ;' = 0.3761. That is, as n
(namely, the inverse of the Frisch elasticity) rises, the reaction of the
labor tax rate to the debt target becomes stronger, which, in turn,
means that the net cut in the labor tax rate should be smaller. As
said, the above results are available upon request.

6.2 Changes in Policy Variables

Our results are also robust to the specific way we model the fiscal
policy instruments. For instance, the main results remain unaffected
when we allow for persistence in the feedback policy rules, (16)—(19),
in the sense that—for example, in the case of the consumption tax
rate—we use

== p )+ v e = D+ (i — ™), (22)

where 0 < p™" < 1 is an autoregressive policy parameter and the
initial value of the policy instrument is its data average value as
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reported in tables 1 and 2. Actually, we have also allowed p™° to be
optimally chosen, jointly with the other feedback policy coefficients,
and the main results again do not change. Interestingly, the opti-
mized values of these autoregressive policy parameters are found to
be relatively small, meaning that it is better to adjust the policy
instrument(s) relatively soon.

Also, following several related papers (see, e.g., Coenen, Mohr,
and Straub 2008, Forni, Gerali, and Pisani 2010b, and Erceg and
Lindé 2013), we have experimented with time-varying debt policy
targets. Thus, instead of using a constant-over-time debt policy tar-
get, [, as in equations (16)—(19) above, we assume that the target,
defined now as [}, follows an AR(1) process of the form

= (1=p") 1+ p'l_y, (23)

where 0 < p! < 1 is an autogressive policy parameter and the initial
value of the target is given by its data average value in tables 1 and
2. We report that our main results remain the same under this new
specification.

Our results are also robust to adding more macroeconomic indi-
cators in the feedback policy rules (like inflation or terms of trade).
We have also experimented with changes in some exogenous policy
instruments, which have been kept constant so far, like the fraction
of public debt held by domestic agents relative to foreign investors,
A. The latter has so far been kept constant and equal to its average
value on the data, 0.64. When we experiment with A = 0.54 and
A = 0.74, the results do not change.

6.3 Allowing for New Shocks

Our results are also robust to allowing for a more volatile econ-
omy. This can be captured by increasing the standard deviation of
the existing TFP shock and/or by adding new shocks. Specifically,
regarding new shocks, we have experimented with adding shocks to
the fiscal policy rules in subsection 2.7, to the time-varying debt pol-
icy target presented in subsection 6.2 above, or to the world interest
rate in equation (15). The main results again do not change. In par-
ticular, regarding shocks to the world interest rate, and following
the specification of Garcia-Cicco, Pancrazi, and Uribe (2010), we
augment equation (15) by
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( HDt H *E> ni-1
Qe =Qp + | e\ -1 +<6€t —1>7 (24)
where

log (i) = p?log (pi_,) + €, (25)

where 0 < p? < 1 is a parameter and 5? is an iid shock. In our exper-
iments, we set 0.9845 for p? and 0.0487 for the standard deviation
of 52 The new results are reported in appendix 8. As can be seen,
the main messages remain the same. This is not suprising: the key
driver of transition dynamics is policy reforms, such as debt con-
solidation, rather than cyclical fluctuations generated by exogenous
shocks.

6.4 Transition to the Ramsey Steady State

So far, we have studied the optimal transition of the economy from
the status quo to an arbitrarily reformed steady state. A potential
criticism (see, e.g., Schmitt-Grohé and Uribe 2009, chapter 3) might
be that the accuracy of approximation (in our paper, first and second
order) is poor because when the policymaker chooses the feedback
policy coefficients in such cases, he/she may want to use his/her
choices in order to influence the mean of variables, rather than to
stabilize the economy around the assumed steady state. A way of
checking whether this affects the main results is to approximate the
economy around the Ramsey steady state, meaning that the steady-
state policy targets in the feedback rules (16)—(19) are the Ramsey
steady-state values of the corresponding variables.

Therefore, this subsection examines the optimal transition of the
economy from the status quo to the Ramsey steady state and com-
pares this with the case studied so far, in which we computed the
optimal transition to an arbitrarily reformed steady state. By opti-
mal transition, we again mean that we select the feedback policy
coefficients so as to maximize the household’s welfare criterion as

2"These estimates follow from OLS regressions of (25) where uf denotes the
deviation of the ten-year German bond rate from its average value on the data.
The data for the ten-year German bond are from Eurostat, 2001-13.
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above. The difference is that now the steady state, around which we
approximate, is the steady state of the Ramsey second-best policy
problem

The first step is to solve the Ramsey second-best policy prob-
lem. In this problem, when we use the so-called dual approach, the
government chooses the time paths of all endogenous variables of
the DE system plus the fiscal policy instruments taken as given at
the DE level (see, e.g., Schmitt-Grohé and Uribe 2006 for a related
problem). For simplicity, and following the same authors, we solve
for the so-called timeless Ramsey equilibrium, which means that the
optimality conditions in the initial periods do not differ from those
in later periods. Besides, to make the comparison with the previous
cases meaningful, we again assume, as we have done so far in the
steady state of the arbitrarily reformed economy, that, in the steady
state of the Ramsey problem, the ratio of public debt to GDP is
set at 0.9 and that the country’s net foreign debt position is zero29
Details of the Ramsey policy problem are in appendix 9.

When we solve this Ramsey problem numerically using Dynare,
the resulting steady-state solution (reported in appendix 9) gives us
an unrealistically high consumption tax rate and an equally large
labor subsidy, i.e., 7" < 0. This is a well-known property of the
Ramsey problem, when the policymaker also has access to consump-
tion taxes (see the early papers by Lansing 1999, Coleman 2000,
and many others since then) In addition, our DE economy does
not seem to converge to this unrestricted Ramsey steady state. To
overcome these problems, and given the difficulty of setting nega-
tive labor tax rates in reality, we solve the Ramsey problem by not
allowing the government to choose the labor tax rate, which is now
constrained to remain fixed at, say, zero (7" = 0). Actually, most of

283chmitt-Grohé and Uribe (2006, 2007) and Kliem and Kriwoluzky (2014),
on the other hand, select the feedback policy coefficients so as to minimize the
distance from the Ramsey solution.

29 Actually, setting some debt values at exogenous values is necessary to get a
well-defined steady-state system in the Ramsey problem. See also, e.g., Schmitt-
Grohé and Uribe (2004a). We provide details in appendix 9.

39 Another related well-known property is that, at least in the baseline neo-
classical growth model without market frictions, the Ramsey government can
implement the first-best allocation if the policymaker has access to consumption,
labor, and capital taxes.
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Table 7. Ramsey Steady-State Solution with 7™ =0

Steady-State
Variables Description Solution
U Period Utility 1.0950
yf Output 1.1162
TT Terms of Trade 1.01
Tk “Optimal” Capital Tax Rate 0.0500
T¢ “Optimal” Consumption Tax Rate 0.810199
Q- Q Interest Rate Premium 0
TTl”’y% Consumption as Share of GDP 0.5443
yiH Physical Capital as Share of GDP 5.8387
TT;:If " Private Foreign Assets as Share of GDP 0.3240
TT;: “d Total Public Debt as Share of GDP 0.9
f Total Foreign Debt as Share of GDP 0

the above-mentioned literature on Ramsey policy with consumption
taxes works similarly. The steady-state solution of this “restricted”
Ramsey problem is reported in table 7.

As can be seen, the implied utility and output are higher in the
Ramsey steady state than in all other cases studied so far. This
is as expected. It is also worth noticing that, in this solution, the
capital tax rate is very low (but not zero since there are several
market imperfections in the model) and the consumption tax rate
is well defined (although high, as one would expect for the reasons
discussed above).

The next step is to compute the optimal transition from the
status quo steady state in table 2 to the Ramsey steady state in
table 7. Results for the optimal fiscal policy mix and the associated
welfare over different time horizons are reported in tables 8 and 9,
respectively. These two tables need to be compared with tables 4
and 6, respectively. As can be seen, the main results are not affected.
Namely, it is again optimal to earmark public spending for the reduc-
tion of public debt and, at the same time, to use the tax rates for the
stimulation of the real economy. The difference is that since changes
in the labor tax are now restricted (the Ramsey labor tax rate has
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Table 8. Optimal Fiscal Reaction to Debt and Output
with Debt Consolidation and a Ramsey Steady State

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
s? ’ylg = 0.6515 'yg = 0.0102
T v =0 ’y; =1.9621
Ttk 'Ylk =0 ’y?]j =0.6183
T vt = 0.0086 ’yg = 0.0002
Notes: See notes (i)—(iii) in table 4. (iv) Vo = 92.4789. (v) Optimal degree of
persistence in fiscal instruments, p = 0.2533.

Table 9. Welfare over Different Time Horizons with, and
without, Debt Consolidation and a Ramsey Steady State

Two Four Ten Twenty | Thirty

Periods | Periods | Periods | Periods | Periods

With Consolidation 1.7351 3.3455 8.2102 16.6584 | 24.6462
Without Consolidation® | (1.6251) | (3.1791) | (7.4481) |(13.4127)|(18.1904)
Welfare Gain/Loss 0.0378 0.0346 0.0761 0.1888 0.2789

2The values of the optimized feedback policy coefficients without debt consolidation
are as in table 6.
Notes: See notes in table 8.

been set to zero), it is also optimal to make use of the consumption
tax rate. Namely, it is optimal, in the short term, to cut not only the
capital tax rate but also the consumption tax rate; in later periods,
the consumption tax rate rises substantially, converging to its high
Ramsey steady-state value in table 7. Observe that now, as shown in
table 9, the case with debt consolidation is superior to the reference
case without debt consolidation over all time horizons, even in the
short term. Thus, an intuitive general message is that a proper use
of fiscal policy can mitigate (in our case, avoid) the short-term pain
from debt consolidation. But, of course, as is typically the case, the
optimal Ramsey values for the fiscal policy instruments are far away
from their values in the data.
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Table 10. Optimal Fiscal Reaction to Debt and Output
with Debt Consolidation and when the Premium
Depends on Foreign Debt

Fiscal Optimal Reaction Optimal Reaction

Instruments to Debt to Output

s] 7 = 0.5322 vy = 0.0005

(rs =0 vy = 0.2912

k E_ k _

Ty v =0 vy = 2.9810

T v/ =0.283 Yy = 2.9578
Notes: See notes (i)—(iii) as in table 4. (iv) Vo = 79.9909.

6.5 The Interest Rate Premium as a Function
of Net Foreign Debt

So far, we have assumed that the sovereign interest rate premium
in equation (15) is a function of the ratio of public debt to GDP.

We now assume that the premium is a function of the country’s net

~ 1—v v* oh
foreign debt ratio, f = A-NTT defTT I The latter is another

obvious candidate for the emergence of country interest rate premia.
In particular, equation (15) changes to (assuming a zero threshold
parameter in this case

(1—xNydrTl—Y 77V §h
- 1> . (26)

Qt—Q*=w<e o

The new results are summarized in tables 10 and 11. As can be
seen by comparing tables 10 and 11 with tables 4 and 6, respectively,
the main messages remain the same.

7. What Would Have Happened under Flexible
Exchange Rates?

This section resolves the baseline model developed in section 2 under
the fiction of flexible exchange rates, other things being equal. Again,

31The value of 1 is recalibrated in the same way as explained in subsections
3.1 and 6.1 above (namely, to hit the net foreign debt position in the data).
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Table 11. Welfare over Different Time Horizons with,
and without, Debt Consolidation and when the
Premium Depends on Foreign Debt

Two Four Ten Twenty | Thirty

Periods | Periods | Periods | Periods | Periods

With Consolidation 1.3667 2.8256 7.4659 15.1503 | 22.1528
Without Consolidation® | (1.6251) | (3.1793) | (7.4468) |(13.4065) | (18.1785)
Welfare Gain/Loss —0.0834 |—0.0698 0.0018 0.0974 0.1635

#In the reference case without debt consolidation, the optimal feedbacks are ;' =
0.3303, 77 = 0.0033, 'ylk = 0.7693, ~* = 0.2089, vy = 0.3042, vy = 0.4519,
vk =0.0041, 47 = 0.0045.

Notes: See notes in table 10.

the initial conditions for the state variables will be those of the
steady-state solution of the status quo model. In terms of model-
ing, the only difference from the model in section 2 is that now the
exchange rate becomes an endogenous variable. Thus, R; and S;
exchange places. The former was endogenous in section 2, while now
it is the latter that becomes endogenous, with the former being free
to follow a national Taylor-type rule for the nominal interest rate.
In particular, we postulate

H
() o () o () o) o

where ¢, ¢, ¢ > 0 are feedback monetary policy coefficients on
price inflation, output, and exchange rate depreciation, respectively,
as deviations from their steady-state values. This is like the fiscal pol-
icy rules above. All feedback (monetary and fiscal) policy coefficients
are again computed optimally, as described in section 4.

Since money is neutral in the long run (and IT7* = 1), a switch to
flexible exchange rates does not affect the solution of real variables
in the steady state. Any differences will thus arise in the transition
only, during which money is not neutral because of Calvo-type nom-
inal fixities. Results are reported in tables 12 and 13, which need
to be compared with tables 4 and 6, respectively (appendix 10 also
presents impulse response functions). The computed values of ¢,
and ¢, are as typically found in the related literature (see, e.g.,
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Table 13. Welfare over Different Time Horizons
with, and without, Debt Consolidation under
Flexible Exchange Rates

Two Four Ten Twenty | Thirty

Periods | Periods | Periods | Periods | Periods

With Consolidation 1.3482 2.7976 7.4448 | 15.1411 | 22.1486
Without Consolidation® | (1.6247) | (3.1786) | (7.4451)|(13.4043) | (18.1768)
Welfare Gain/Loss —0.0890 |—0.0750 | —0.00005| 0.0969 0.1634

2In the case without debt consolidation, the optimal feedbacks are ¢ = 1.3972,
¢y = 0, ¢ = 0.0002, ’ylg = 0.2515, v = 0.0011, ’ylk = 0.6417, ~* = 0.3298,
vy = 0.3572, vy = 0.3132, 'yg = 0.0169, ~,;; = 0.0001.

Notes: See notes in table 12.

Schmitt-Grohé and Uribe 2007), while the high value of ¢, implies
that exchange rate stabilization is desirable. But, in the context
of our paper, the key result is that the optimal fiscal policy mix
remains as above. Notice also that the associated welfare is only
slightly higher than that without monetary policy independence in
table 4. In other words, to the extent that feedback policy coefficients
are selected optimally, the loss of monetary policy independence is
not a big loss, at least in this class of New Keynesian models with
Calvo- or Rotemberg-type nominal fixities. This is in line with the
related literature (see Schmitt-Grohé and Uribe 2016) 2

328chmitt-Grohé and Uribe (2016) give the following explanation for the small
differences in macro performance under fixed and flexible exchange rates in this
class of models: increases in unemployment during recessions are roughly offset by
rises in work hours during expansions, so that the average level of employment,
and hence welfare, is affected relatively little by the exchange rate regime (we
report that, in our model, impulse response functions for hours of work and real
wages are very similar under flexible and fixed exchange rates). It therefore seems
that one has to add extra forms of nominal fixities to make flexible exchange
rates, and hence the use of independent monetary policy, more desirable. For
instance, Schmitt-Grohé and Uribe (2016) add downward nominal wage rigidity
in a small open-economy model and also assume a labor contract according to
which employment is demand determined during recessions but demand-supply
determined during booms. This implies that aggregate fluctuations cause higher
unemployment on average, so that having an extra instrument for stabilization,
such as independent monetary policy, becomes useful.
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8. Concluding Remarks and Possible Extensions

This paper has studied fiscal policy action in a New Keynesian model
of a small open economy facing debt-elastic interest rate premia
and not being able to use monetary policy. Our analysis was based
on optimized, simple, and implementable feedback policy rules for
various categories of tax rates and public spending.

Since the main results have been listed in the introduction
already, we close with some possible extensions. Here, we have
focused on the macroeconomic, or aggregate, implications of alter-
native debt consolidation policies, leaving out the issue of distrib-
utional implications. It would be interesting to add heterogeneity
both in terms of economic agents within the country and in terms
of countries. For instance, within each country, we could distinguish
between those who have access to financial markets and those who
just work and consume (the so-called rule-of-thumb consumers) or
between those working in the private sector and those working in
the public sector (public employees). It would be also interesting to
use a two-country model, where countries can differ in, say, fiscal
imbalances and/or time preferences, and so study the asymmetric
cross-border effects of national stabilization and debt consolidation
policies. We leave these extensions for future work.

References

Alesina, A., C. Favero, and F. Giavazzi. 2012. “The Output Effect
of Fiscal Consolidations.” NBER Working Paper No. 18336.
Almeida, V., G. Castro, R. M. Félix, and J. R. Maria. 2013. “Fis-
cal Consolidation in a Small Euro-Area Economy.” International

Journal of Central Banking 9 (4): 1-38.

Andres, J., and R. Doménech. 2006. “Automatic Stabilizers, Fiscal
Rules and Macroeconomic Stability.” FEuropean Economic Review
50 (6): 1487-1506.

Ardagna, S., F. Caselli, and T. Lane. 2008. “Fiscal Discipline and
the Cost of Public Debt Service: Some Estimates for OECD
Countries.” B.E. Journal of Macroeconomics 7 (1): 1-35.

Arellano, C. 2008. “Default Risk and Income Fluctuations in Emerg-
ing Economies.” American Economic Review 98 (3): 690-712.



Vol. 13 No. 4 Fiscal Consolidation in an Open Economy 303

Batini, N., G. Gallegari, and M. Giovanni. 2012. “Successful Aus-
terity in the United States, Europe and Japan.” IMF Working
Paper No. 12/190.

Batini, N., P. Levine, and J. Pearlman. 2008. “Monetary and Fiscal
Rules in an Emerging Small Open Economy.” Working Paper No.
08/10, Centre for Dynamic Macroeconomic Analysis, University
of Surrey.

Benigno, G., and C. Thoenissen. 2008. “Consumption and Real
Exchange Rates with Incomplete Markets and Non-traded
Goods.” Journal of International Money and Finance 27 (6):
926-48.

Benigno, P., and M. Woodford. 2012. “Linear-Quadratic Approxima-
tion of Optimal Policy Problems.” Journal of Economic Theory
147 (1): 1-42.

Bi, H. 2010. “Optimal Debt Targeting Rules for Small Open
FEconomies.” Mimeo.

. 2012. “Sovereign Default Risk Premia, Fiscal Limits, and
Fiscal Policy.” European Economic Review 56 (3): 389-410.

Bi, H., and M. Kumhof. 2011. “Jointly Optimal Monetary and Fiscal
Policy Rules under Liquidity Constraints.” Journal of Macroeco-
nomics 33 (3): 373-89.

Bi, H., E. Leeper, and C. Leith. 2013. “Uncertain Fiscal Consolida-
tions.” Economic Journal 123 (566): F31-F63.

Blanchard, O., and F. Giavazzi. 2003. “Macroeconomic Effects of
Regulation and Deregulation in Goods and Labor Markets.”
Quarterly Journal of Economics 118 (3): 879-907.

Cantore, C., P. Levine, G. Melina, and J. Pearlman. 2012. “Optimal
Fiscal and Monetary Rules in Normal and Abnormal Times.”
Mimeo, University of Surrey.

Checherita-Westphal, C., and P. Rother. 2012. “The Impact of High
Government Debt on Economic Growth and Its Channels: An
Empirical Investigation for the Furo Area.” Furopean Economic
Review 56 (7): 1392-1405.

Christiano, L., M. Trabandt, and K. Walentin. 2011. “Introducing
Financial Frictions and Unemployment into a Small Open Econ-
omy Model.” Journal of Economics Dynamics and Control 35

(12): 1999-2041.




304 International Journal of Central Banking December 2017

Coenen, G., M. Mohr, and R. Straub. 2008. “Fiscal Consolidation
in the Euro Area: Long-Run Benefits and Short-Run Costs.”
Economic Modelling 25 (5): 912-32.

Cogan, J., J. Taylor, V. Wieland, and M. Wolters. 2013. “Fiscal Con-
solidation Strategy.” Journal of Economic Dynamics and Control
37 (2): 404-21.

Coleman, W. J. 2000. “Welfare and Optimum Dynamic Taxation of
Consumption and Income.” Journal of Public Economics 76 (1):
1-39.

Corsetti, G., K. Kuester, A. Meier, and G. Muller. 2013. “Sovereign
Risk, Fiscal Policy, and Macroeconomic Stability.” FEconomic
Journal 123 (566): F99-F132.

Davig, T., and E. Leeper. 2011. “Monetary-Fiscal Policy Interac-
tions and Fiscal Stimulus.” Furopean Economic Review 55 (2):
211-27.

Eaton, J., and M. Gersovitz. 1981. “Debt with Potential Repudia-
tion: Theoretical and Empirical Analysis.” Review of Economic
Studies 48 (2): 289-309.

Erceg, C., and J. Lindé. 2012. “Fiscal Consolidation in an Open
Economy.” American Economic Review 102 (3): 186-91.

. 2013. “Fiscal Consolidation in a Currency Union: Spending
Cuts vs. Tax Hikes.” Journal of Economic Dynamics and Control
37 (2): 422-45.

Furopean Commission. 2011. “Public Finances in EMU—2011.”
Report No. 3/2011, European Economy Series.

. 2012. “Public Finances in EMU—2012.” Report No. 4/2012,
European Economy Series.

European Economic Advisory Group. 2014. “The EEAG Report on
the European Economy.” CESifo.

Forni, L., A. Gerali, and M. Pisani. 2010a. “Macroeconomic Effects
of Fiscal Consolidation in a Monetary Union: The Case of Italy.”
Discussion Paper No. 747, Banca d’Italia.

. 2010b. “The Macroeconomics of Fiscal Consolidation in
Euro Area Countries.” Journal of Economic Dynamics and Con-
trol 34 (9): 1791-1812.

Gali, J. 2008. Monetary Policy, Inflation, and the Business Cycle:
An Introduction to the New Keynesian Framework. Princeton
University Press.




Vol. 13 No. 4 Fiscal Consolidation in an Open Economy 305

Gali, J., and T. Monacelli. 2005. “Monetary Policy and Exchange
Rate Volatility in a Small Open Economy.” Review of Economic
Studies 72 (3): 707-34.

. 2008. “Optimal Monetary and Exchange Rate Policy in a
Currency Union.” Journal of International Economics 76 (1):
116-32.

Garcia-Cicco, J., R. Pancrazi, and M. Uribe. 2010. “Real Business
Cycles in Emerging Economies?” American FEconomic Review
100 (5): 2510-31.

Herz, B., and S. Hohberger. 2013. “Fiscal Policy, Monetary Regimes
and Current Account Dynamics.” Review of International Eco-
nomics 21 (1): 118-36.

Kirsanova, T., C. Leith, and S. Wren-Lewis. 2009. “Monetary and
Fiscal Policy Interaction: The Current Consensus Assignment in
the Light of Recent Developments.” Economic Journal 119 (541):
F482-F495.

Kirsanova, T., M. Satchi, D. Vines, and S. Wren-Lewis. 2007. “Opti-
mal Fiscal Policy Rules in a Monetary Union.” Journal of Money,
Credit and Banking 39 (7): 1759-84.

Kirsanova, T., and S. Wren-Lewis. 2012. “Optimal Fiscal Feedback
on Debt in an Economy with Nominal Rigidities.” Economic
Journal 122 (559): 238-64.

Kliem, M., and A. Kriwoluzky. 2014. “Toward a Taylor Rule for
Fiscal Policy.” Review of Economic Dynamics 17 (2): 294-302.

Lansing, K. 1999. “Optimal Redistributive Capital Taxation in a
Neoclassical Growth Model.” Journal of Public Economics 73
(3): 423-53.

Leeper, E., M. Plante, and N. Traum. 2009. “Dynamics of Fiscal
Financing in the United States.” Journal of Econometrics 156
(2): 304-21.

Leith, C., and S. Wren-Lewis. 2008. “Interactions between Mone-
tary and Fiscal Policy under Flexible Exchange Rates.” Journal
of Economic Dynamics and Control 32 (9): 2854-82.

Mendoza, E., and L. Tesar. 2005. “Why Hasn’t Tax Competition
Triggered a Race to the Bottom? Some Quantitative Lessons
from the EU.” Journal of Monetary Economics 52 (1): 163-204.

Pappa, E., R. Sajedi, and E. Vella. 2015. “Fiscal Consolidation with
Tax Evasion and Corruption.” Journal of International Econom-

ics 96 (S1): S56-S75.




306 International Journal of Central Banking December 2017

Pappa, E., and V. Vassilatos. 2007. “The Unbearable Tightness of
Being in a Monetary Union: Fiscal Restrictions and Regional
Stability.” European Economic Review 51 (6): 1492-1513.

Perotti, R. 1996. “Fiscal Consolidation in Europe: Composition Mat-
ters.” American Economic Review 86 (2): 105-10.

Philippopoulos, A., P. Varthalitis, and V. Vassilatos. 2015. “Opti-
mal Fiscal and Monetary Policy Action in a Closed Economy.”
Economic Modelling 48 (August): 175-88.

Prescott, E. 2002. “Prosperity and Depression.” American Economic
Review 92 (2): 1-15.

Reinhart, C., and K. Rogoff. 2010. “Growth in a Time of Debt.”
American Economic Review 100 (2): 573-78.

Roeger, W., and J. in 't Veld. 2013. “Expected Sovereign Defaults
and Fiscal Consolidations.” Economic Paper No. 479, European
Commission.

Schmitt-Grohé, S., and M. Uribe. 2003. “Closing Small Open
Economies.” Journal of International Economics 61 (1): 163-85.

. 2004a. “Optimal Fiscal and Monetary Policy under Sticky
Prices.” Journal of Economic Theory 114 (2): 198-230.

—— 2004b. “Solving Dynamic General Equilibrium Models
Using a Second-Order Approximation to the Policy Function.”
Journal of Economic Dynamics and Control 28 (4): 755-75.

. 2006. “Optimal Fiscal and Monetary Policy in a Medium-

Scale Macroeconomic Model.” In NBER Macroeconomics

Annual, ed. M. Gertler and K. Rogoff, 385-425. Cambridge, MA:

MIT Press.

. 2007. “Optimal Simple and Implementable Monetary and

Fiscal Rules.” Journal of Monetary Economics 54 (6): 1702-25.

. 2009. “Perturbation Methods for the Numerical Analysis of

DSGE Models: Lecture Notes.” Mimeo, Columbia University.

. 2016. “Downward Nominal Wage Rigidity, Currency Pegs,
and Involuntary Unemployment.” Journal of Political Economy
124 (5): 1466-1514.

Wren-Lewis, S. 2010. “Macroeconomic Policy in Light of the Credit
Crunch: The Return of Counter-Cyclical Fiscal Policy?” Ozford
Review of Economic Policy 26 (1): 71-86.




Online Appendix to Fiscal Consolidation in an
Open Economy with Sovereign Premia and
without Monetary Policy Independence®

Apostolis Philippopoulos,®P Petros Varthalitis,® and
Vanghelis Vassilatos®

2Athens University of Economics and Business
bCESifo
°Economic and Social Research Institute, Trinity College Dublin

Appendix 1. Households

This appendix presents and solves the problem of the household in
some detail. There are : = 1,2, ..., N identical domestic households
that act competitively.

Household’s Problem

Each household ¢ maximizes expected lifetime utility given by
Ey Y B'U (cipmi ge) (1)
t=0

where ¢; 4 is i’s consumption bundle, n; ; is ¢’s hours of work, g, is per
capita public spending, 0 < § < 1 is the time preference rate, and Fjy
is the rational expectations operator conditional on the information
set.

The consumption bundle, ¢; ¢, is defined as

(ef)" (ch)™

v(l—v)t-v "’

(2)

Cit =
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where cft and cf , denote the composite domestic good and the com-
posite foreign good, respectively, and v is the degree of preference
for the domestic good.

We define the two composites, cft and cf': 4 as
- _¢
N wa ]
cffe = Dl e (3)
Lh=1
- _¢
N ¢t
o1
Cz,t = Z[Cft(f)] @ ’ (4)
=1

where ¢ > 0 is the elasticity of substitution across goods produced
in the domestic country.

The period budget constraint of each i expressed in real terms is
(see, e.g., Benigno and Thoenissen 2008, for similar modeling)

(1+7) [p R } bt T

o (S Py ., SPT )\
+2 p, it Pf

k k:PtH ~

=(1-7) [7} -5 ki1 +wi,t} + (1= 7") wenie
t

'StPt>k Pt*fl

P
R b;
+ [i—1—5—bit—1 Qtht Py

Pt

fi},Ltfl - Tz‘l,t7 (5)

where P; is the consumer price index (CPI), PH is the price index of
home tradables, P/ is the price index of foreign tradables (expressed
in domestic currency), x; + is i’s domestic investment, bi is i’s end-
of-period real domestic government bonds, t is ¢’s end-of-period
real internationally traded assets denomlnated in foreign currency,
rf is the real return to inherited domestic capital, k; ;—1, w;; is
1’s real dividends received by domestic firms, w; is the real wage
rate, R;_1 > 1 is the gross nominal return to domestic government
bonds between t — 1 and ¢, Q;_1 > 1 is the gross nominal return
to international assets between t — 1 and ¢, Til’t are real lump-sum
taxes if positive (or transfers if negative) to each household, and
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7¢, 7F, 7] are tax rates on consumption, capital income, and labor
income, respectively. The parameter ¢" > 0 captures adjustment
costs related to private foreign assets, where variables without time
subscripts denote steady-state values.

Each household i also faces the budget constraints

Pyeiy =Pl + PFcl, (6)
N
Plel, = S P (bl (h) (7)
h=1
N
Pthfjt = ZPtF(f)cfjt(f), (8)
f=1

where PH(h) is the price of each variety h produced at home and
PF(f) is the price of each variety f produced abroad (expressed in
domestic currency).

Finally, the law of motion of physical capital for household 7 is

£

k;
kiv =1 —=0)kip—1+xip— 2 < !

Kit—1

2
s (1) ke O
where 0 < § < 1 is the depreciation rate of capital and £ > 0 is a
parameter capturing adjustment costs related to physical capital.
For our numerical solutions, we use the usual functional form:

iy’ niy" 9 ¢
Wit (Cirty Misty Mty Gt) = 11; o Xn 1 :L n + Xy 11 C’ (10)

where X, X4, 0, 0, ¢ are preference parameters.

Household’s Optimality Conditions

Each household 7 acts competitively, taking prices and policy as
given. Following the literature, to solve the household’s problem, we
follow a two-step procedure. We first suppose that the household
determines its desired consumption of composite goods, cft and cf &
and, in turn, chooses how to distribute its purchases of individual
varieties, ¢ff,(h) and ¢f,(f).
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The first-order conditions of each 7 include the budget constraints
written above and also

8ui,t 8Ci,t Pt

0c; + 80575 PH (14 7f)

Ouj 1 0C; 141 P Py
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cft - 1-vPH
PH(h) —¢
cﬁt(h) = [ ’}DH } cft (16)
t
r PF(H] r
Ci,t(f) = pF Cit (17)
t

Equations (11)-(13) are, respectively, the Euler equations for
domestic bonds, foreign assets, and domestic capital, and (14) is
the optimality condition for work hours. Finally, (15) shows the
optimal allocation between domestic and foreign goods, while (16)
and (17) show the optimal demand for each variety of domestic and



Vol. 13 No. 4 Fiscal Consolidation in an Open Economy 5

foreign goods, respectively; these conditions are used in the firm’s
optimization problem below.

Implications for Price Bundles

Equations (15), (16), and (17), combined with the household’s bud-
get constraints, imply that the three price indexes are

b = (PtH)V(PtF)kV (18)
N 5
Pt = [PtH(h)]1‘¢] (19)
h=1
N 25
PtF = Z[PtF(f)]lﬂﬁ : (20)
f=1

Appendix 2. Firms

This appendix presents and solves the problem of the firm in some
detail. There are h = 1,2,..., N domestic firms. Each firm h pro-
duces a differentiated good of variety h under monopolistic compe-
tition in its own product market facing Calvo-type nominal price
fixities.

Demand for the Firm’s Product

Demand for firm h’s product, y/* (h), comes from domestic house-
holds’ consumption and investment, CF(h) and X;(h), where
CH(h) = ZZ]\; ¢, (h) and X, (h) = vazl z;¢(h), from the domes-
tic government, Gy (h), and from foreign households’ consumption,
cEFx(h) = ZjV:*l c,ﬂ*(h) Thus, the demand for each domestic firm’s
product is

yi' (h) = Cf!(h) + X¢(h) + G (h) + C*(h). (21)

Using demand functions like those derived by solving the house-
hold’s problem above, we have

et = [ o] e (22
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[ pH (h) —¢
x4t (h) = |- ] Tt (23)
L P
B (h)] ™"
c.m= "] e, (24)
L F
Fx -PtF*(h’) 7 Fx
Ci,t (h) = PF* Ci,t ) (25)
L 3
where, using the law of one price, we have in (25)
H
PRy P P
pF< ~ RE T T pH (26)
St
Since, at the economy level, aggregate demand is
V=0 + X+ G+ O, (27)

the above equations imply that the demand for each firm’s product is

Pt (h)
pPH

)= | WYtH. (28)

The Firm’s Problem

The real profit of each firm A is (see, e.g., Benigno and Thoenissen
2008 for similar modeling)

H H
() = L0 S () = w29

The production technology is
vi' (h) = Aylke—1(R)]*[ne ()], (30)

where A; is an exogenous stochastic total factor productivity process
whose motion is defined below.

Profit maximization is also subject to the demand for its product
as derived above:

yi () = [PtH(h)]¢nH. (31)
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In addition, firms choose their prices facing a Calvo-type nomi-
nal fixity. In each period, firm A faces an exogenous probability € of
not being able to reset its price. A firm h, which is able to reset its
price, chooses its price P/ (h) to maximize the sum of discounted
expected nominal profits for the next k periods in which it may have
to keep its price fixed. This is modeled next.

Firm’s Optimality Conditions

To solve the firm’s problem, we follow a two-step procedure. We first
solve a cost-minimization problem, where each firm h minimizes its
cost by choosing factor inputs given technology and prices. The solu-
tion will give a minimum nominal cost function, which is a function
of factor prices and output produced by the firm. In turn, given this
cost function, each firm, which is able to reset its price, solves a
maximization problem by choosing its price.

The solution to the cost-minimization problem gives the input
demand functions:

= mec — o) (h)
we=ma()1 - ) 200 (32)
PtH _ yi (h)
?trf mct(h)akt_1 Ok (33)

where mci(h) = %(th) denotes the real marginal cost.
Then, the firm chooses its price to maximize nominal profits
written as (see also, e.g., Rabanal 2009 for similar modeling)

B 020 { P () ylli () = Wk (. (1) }
k=0

where =; ;i) is a discount factor taken as given by the firm,

# —¢
yit e (h) = [%T(h)} Y/, and W,(h) denotes the minimum nom-
tk

inal cost function for producing yf? (h) at t so that W}(h) is the
associated marginal cost.
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The first-order condition gives

< rFrmn| ¢
Ey Z 9k5t,t+k ]tDH Yt{ik {Pt# (h) — ¢5_1\I’;+k(h)} =0.
k=0 t+k

(34)

Dividing by P, we have

-
= PE (1) PE() Pk
Et Hk Et,t+k —t YHk L — mCt_i_k(h)i
kzzo pPH, R B | PH
— 0. (35)

Summing up, the behavior of each firm h is summarized by
(32), (33), and (35). A recursive expression of the equation above is
presented below.

Notice, finally, that each firm A, which can reset its price in period
t, solves an identical problem, so Pj (h) = P/ is independent of A,
and each firm h, which cannot reset its price, just sets its previous
period price PH (h) = PH, (k). Thus, the evolution of the aggregate
price level is given by

(P =0 "+ (10 (19#)1_‘ZS . (36)

Appendix 3. Government Budget Constraint

This appendix presents in some detail the government budget con-
straint and the menu of fiscal policy instruments. Recall that we
have assumed a cashless economy for simplicity.
Then, the period budget constraint of the government written in
aggregate and nominal quantities is
9

S,F?  SF9
B+ S,Ff = P, -
et ok =Py ( P, P

+ PEG, — r¢(PECE + PFCT)
— (PP K,y + PY) — 7'W N, — T}, (37)

2
) + Ri_1Bi—1 + Qi_1S.F;
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where B is the end-of-period nominal domestic public debt and F}
is the end-of-period nominal foreign public debt expressed in foreign
currency so it is multiplied by the exchange rate, S;. The parameter
@9 > 0 captures adjustment costs related to public foreign debt. The
rest of the notation is as above. Note that B; = Zi\;l B; 4, C’fl =

N H F _ N F _ N _ N ~
dim1 Cit) Ci = > Cit> K1 =2 i1 ki1, U = D2 Wiy

Kft = Zil n; ¢, and T! denotes the nomimal value of lump-sum
taxes.

Let D; = B; + SiF} denote the total nominal public debt at the
end of the period. This can be held both by domestic private agents,
A Dy, where in equilibrium B; = A\; Dy, and by foreign private agents,
SiFY = (1 —X\) Dy, where 0 < \; < 1. Then, dividing by the price
level and the number of households, the budget constraint in real
and per capita terms is

¢9

)
S, PF P*_ P,_
+Qi—1 Lt t*l *t !
P, Py Pr S

PH . PH PF
+ P%tgt -7 (I%Cf[ + écf)

dy [(1=X)di — (1= N d)® + Ry

(1 —Xi—1)di—a

— 7k rkik +o ) - — 7! (38)
t t P, t—1 T Wt Ty WeNy — Ty,

where, as said in the main text, in each period, one of the policy
instruments (77, 7F, 7, g¢, 7}, At, dy) follows residually to satisfy
the government budget constraint.

Appendix 4. Decentralized Equilibrium (DE)

This appendix presents in some detail the DE system. Following the
related literature, we work in steps.

Equilibrium Equations

The DE is summarized by the following equations (quantities are in
per capita terms):
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xg  _—  (A=XM)dy = — kCitk P T
where fi? = SSE Bk B
Py

yit =

, and PH = (Zévﬂ [P (h)]_¢> . Thus,

Sl

()
—1

—1
i )|
pPH ¢ . . .
<?) is a measure of price dispersion.

We thus have twenty-two equations in twenty-two variables, {yf,
C¢, CtI{, Cf, Ng, T, kt, fth, PtF, Pt, PtH, Pt#7 ﬁtH, Wt, MCt, &tu Tf, Qta
di, Pfy Ry, 14372, This is given the independently set monetary and
fiscal policy instruments, {S;, 7%, 7F, T, g¢, ¢, M}o; the rest-
of-the-world variables, {cf™*, Q}, PH*}2°,; technology, {4;}$°,; and
initial conditions for the state variables.

In what follows, we shall transform the above equilibrium con-
ditions. In particular, following the related literature, we rewrite
them—first, by expressing price levels in inflation rates, secondly,
by writing the firm’s optimality conditions in recursive form, and,
thirdly, by introducing a new equation that helps us to compute
expected discounted lifetime utility. Finally, we will present the final
transformed system that is solved numerically.

Variables Fxpressed in Ratios

We first express prices in rate form. We define seven new variables,

which are the gross domestic CPI inflation rate, II; = P ; the gross

foreign CPI inflation rate, II} = PIZ* the gross domestlc goods
1
3 : H PH P#
inflation rate, II;" = PH ; the auxiliary variable, ©; = PH’ the
o - pH1?
price dispersion index, A; = [P%} ; the gross rate of exchange
F
rate depreciation, ¢; = Sfil; and the terms of trade, TT; = P—H =

* H
StPH 1 In what follows, we use II;, IT;, TI, ©4, Ay, e, TT; instead

of P, Py ,PtH,Pt ,Pt,St, F | respectively.
Also, for convenience and comparison with the data, we express
fiscal and public finance variables as shares of nominal output,

sy pPPH
1 T, St—1 prH eI H
Thus, Tr = T ="
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PHyH . In particular, using the deﬁnitions above, real government
spending, g;, can be written as gt = s{yH while real government
transfers, 7/, can be written as 7/ = sly?TTY~ "', where s/ and s!
denote, mspec‘mvely7 the output shares of government spending and
government transfers.

Equation (49) Ezpressed in Recursive Form

We now replace equation (49), from the firm’s optimization prob-
lem, with an equivalent equation in recursive form. In particular,
following Schmitt-Grohé and Uribe (2007), we look for a recursive
representation of the form

—¢

Py ¢
E, oF= =tttk y{ik {Pt# - mCt+th+k} =0.
> i Cay

(61)

We define two auxiliary endogenous variables:

—¢
P y P
Zt = Etze Stttk Ptlik yt+k%t (62)
—¢
py H Piyy
Zt = Etze Stttk PH_ Yt pgMCtyk P (63)
k=0 t+k t

Using these two auxiliary variables, z} and 2?2, as well as equation
(61), we come up with two new equations that enter the dynamic
system and allow a recursive representation of (61).

Thus, in what follows, we replace equation (49) with

%= <¢¢i1>2f2’

where we also have the two new equations (and the two new endoge-
nous variables, 2} and 27)

—c 1—¢ 1—¢
L - 1 i 147 ( O, ) ( 1 ) 1
z; = 0O TT, + BOFE z
t t Yl Ly BOE: 71+ th—i—l Oui1 e t+1
(65)

(64)

t+1
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. il 147 (O N 1 \?
Zt2 = @t ¢ytht +,89Et 41 ¢ ( t ) ( ) Zt2+1'

Ct_a 1 + Tf+1 6t+1 Hg—l
(66)

Lifetime Utility Written as a First-Order Difference Equation

Since we want to compute social welfare, we follow Schmitt-Grohé
and Uribe (2007) by defining a new endogenous variable, V;, whose
motion is given by
-0 147 (s9yH 1-¢
c n St Uy )
vV, = t
t TXgT ¢

¢
1o M +1n
where V; is household’s expected discounted lifetime utility at time ¢.
Thus, in what follows, we add equation (67) and the new vari-
able V; to the equilibrium system. Note that, in the welfare numerical
solutions reported, we add a constant number, 2, to each period’s
utility; this makes the welfare numbers easier to read.

+ BE Vit (67)

Equilibrium Equations Transformed

Using the above, the transformed DE system is summarized by

1-o 1+n (ngfC
c n Syt)

Vie byt L EV; 68
t= 1 _ 4 X1+n+Xg 1—¢ + BE Vit (68)
1 1 1
BE; ¢, R =c¢ " (69)

MU 4re,) e C A+

—0o 1 v 4 —
BEwc mQtTTHfL !

1 x " .
— O TTv +v—1 |:1 D (TTV +v—1,¢h TTY +v—1 h)]
Cy A+ro) 't + ¢ t fe f
(70)

*
Ht+1

_ _ 1 € (ki )2
P A e 3 [N S e s |
/8 t+1 t+1 (1+th+1) { 2 < kt

k k
re( T ) (1 rp) rf
i i

_ -0 v—1 1 kt _
= T [1“(1@_1 1” ()
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—a'(l_Ttn)wt

Xnn? =C (1 4 Tc) (72)
t
H
¢ v
— = TT, 73
cf 1—v 7 (73)
k 2
kt: (1—5)kt71+$t—§ <,l€ tl —1> kt,1 (74)
t_
H\V r 1—v
o= ) () (75)
(v)" (1 —-v)
wy = mey(1 —a)Arky_ng @ (76)
1 a— —a
7TTt1_”rf = mctaAtktfllntl (77)
- 1 1
W TTtlf“y’fI TTtlith ki1 — weng (78)
1 ¢ 2
z z 79
t (d) _ 1) t ( )
1 a —a
yiq = EAtkt—lntl (80)
@9 5 1
dt == ?[(1 — )\t)dt - (1 - )\)d] + Rtflﬁ)\tfldtfl
t

g 1 1
Iy 77—t

1 1 ~
— th <]T1_1)Cf[ + TT‘tthF> — Ttk (Tflﬂt_l =+ Wt)

+ QA TT (1= N1)dey + TTY sy

: TT}
— T/ wng — TTtV_lsiy{{ (81)
yt = el +ay + siylt +cf (82)

(1= N\)dy =TTV TV fh = —rv=tel 1P el

. 1 1
+QuaTTy ™ | e (U= Mma)de = fi
m \ 1
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%;—CTTW ool — 77“”*”‘1fh)2
o

+ 5 (L= Ade = (1= N)d)? (83)
()™ =0+ (1 - 0) (@) (84)

11, T, '
A 85
jnFd (TTt—l) (%)

TT, 1=
L (86)
TT: 4 1L

m (TT\'"™
= 87
= ( T ) 57

¢ —

Ay =07 ()" +(1-0)(0,)7° (88)

et
Qu=Qf +7¢ -1 (89)

3 3 0 147 O, = 1\
1:@1 ¢ TTV 1 GE Ct"rl t 1
2; ; Ty Ty 4+ BOE, T (e Hﬁu 241
(90)
22 = 0, Pyymey + BOE G 1477 < O >¢< ! >¢22

t = Pt Bma ! c; 1+ 78 \ O Hfil o
(91)
I, = Rysidy + Qrertn (1 — At) d (92)

TTV 1

We thus have twenty-five equations in twenty-five variables,
{Vt»y{{aCta Cf»cf,nt,xukt»ff» TTt,Ht,Hf,Gt,Auwt,mct,@tﬂ“fa
Qi, di, 1T, 21, 22 Ry, 1,392, This is given the independently set pol-
icy instruments, {e;, 78, 7F, 7, 87, 8L, A\}20; the rest-of-the-world
variables, {cI™*, QF, TIT*}22 ;s technology, {A4;}:2,; and initial condi-
tions for the state variables.

Equations and Unknowns (Given Feedback Policy Coefficients)

We can now define the final equilibrium system. It consists of the
twenty-five equations of the transformed DE presented in the pre-
vious subsection, the four policy rules in subsection 2.7 in the main
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text, and the equation for domestic exports in subsection 2.8 in the
main text. Thus, we have a system of thirty equations. By using
two auxilliary variables, we transform it to a first order,? so we
end up with thirty-two equations in thirty-two variables, {yf, c;,
C{I, Cf‘, Tty Ny, fth, dt, kt, &ty TMcCy, Ht, HtI{, H:, @t, At, TTt, Wy,
rF Qe Ly, 2t 22 Vi, Ry 75, s, F, T kleady, TTlagy, cF*}22,.
This is given the exogenous variables, {QF, TIZ* Ay e, sb, A\ }52,,
and initial conditions for the state variables. The thirty-two endoge-
nous variables are distinguished in twenty-four control variables,
{yll, ey, e, el xy, my, @, mey, Ty, TTH TTE, Oy, TTy, we, r¥, 21, 22 Vi,
kleady,cf* r¢, s, tF, 71}%°,, and eight state variables,
{fth—17 dt—la kt—l, At—l, Qt—h Rt—h lt—l, TTlagt}l?iO. All this is given
the values of feedback policy coefficients in the policy rules, which
are chosen optimally in the computational part of the paper.

Status Quo Steady State

In the steady state of the above model economy, if €; = 1, our equa-
tions imply ITIH = TIH* = IT* = IL. If we also set IT7* = 1 (this is
the exogenous component of foreign inflation), then I = IT/7* =
IT* = II = 1; this in turn implies A = © = 1. Also, in order to solve
the model numerically, we need a value for the exogenous exports,
cf*: we assume c¢f* = 1.01¢F, as it is the case in the data. Finally,
since from the Euler for bonds, 1 = 28 we residually get R = %
(Note that these conditions will also hold in all steady-state solutions
throughout the paper.)

The steady-state system is (in the labor supply condition, we use
C”—;;TTl_” =1)

1=8[1-0+(1—7%)7r" (93)
1=5Q (94)
Xnn' = C_UZ—;TTl_” ((:; +7::)) (95)

In particular, when we use the Schmitt-Grohé and Uribe (2004) MATLAB
routines, we add two auxiliary endogenous variables, klead and TTlag, to reduce
the dynamic system into a first-order one.
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c v
— = T
' 1—-v (96)
xr =0k (97)
()" (")
- v 1—v (98>
(v)" (1=v)
w =mc(l —a)Ak*n™° (99)
r* =TT """ meaAk*1nt—2 (100)
— — — 101
O =Y T’ k—wn (101)
yH = Akon' (102)
1
d=Qd+TT" sy — ¢ <TT1 UCH + TT”CF>

1
k k ~ n v—1_, H
-7 <r TTI_Uk—i-w) —7"wn —=TT" "s'y (103)

y? =t o+ s9yH +

(104)

(1=N)d—TT" Tt fh = —prv=1tef™ L rrvel

1

v 4+r—1
+ QTT (TTv—H}*—l

1 ¢ 5
2=z
(¢ —1)
2= TT”_lyH + ﬁﬁzl

22 = yHme + 5622

(1—N\)d— fh> (105)
Q=@ +u (T 1)

(106)
(107)

(108)
(109)

We thus have seventeen equations in seventeen variables, ¢, ¢,
cFky o, gy, TT, me,@,d, 24, 2%, Q, f", r*, w. The numerical

solution of this system is in table 2 in the main text.

Appendix 5. The Reformed Economy

This appendix presents the reformed economy as defined in subsec-
tion 4.1 in the main text. The equations describing the reformed
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economy are as in the previous appendix except that now we set
@ = @7, so that the public debt ratio is determined by the no pre-
mium condition, ﬁ =dor d = dTT" 'yH. Note also that

since @ = Q*, we set 0 = Ql* in the parameterization stage.
In what follows, we present steady-state solutions of this econ-

omy. We will start with the case in which the country’s net foreign
d P . T A=\NTT'd-T1T"" f* .
ebt position is unrestricted so that f = 7 is
endogenously determined. In turn, we will study the case in which
we set the country’s net foreign debt position equal to zero (meaning
that the trade is balanced) so that f = 0 in the new reformed steady

state.

Steady State of the Reformed Economy with
Unrestricted Foreign Debt

Now @Q = Q* so that d = dTT" 'y . The steady-state system is

1=08[1—-6+ 1 —7F)rk (110)
XnT c o 4(1 +th)w ( )
cH v

— = TT 112
' 1-v (112)
x =0k (113)

H v ' 1—v
c= (C V) (C )1_V (114)

(v)" (1=v)

yH = Akonl—e (115)
y? =P+ o+ s9yH + (116)
rk = TT """ mecaAk®'n'~2 (117)
w=me(l —a)Ak*n™¢ (118)

I R 1,
W= Y Tri=s" k—wn (119)
Ao 9 (120)
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Table Al. Steady-State Solution of the Reformed
Economy with Unrestricted f

1
d=Q*d+TT" 's9yH — r¢ < —cH 4 TT"

Steady-State
Variables Description Solution
U Period Utility 0.9458
yH Output 0.858759
TT Terms of Trade 0.838459
Q-QF Interest Rate Premium 0
TTlf”yiH Consumption as Share of GDP 0.5522
o Physical Capital as Share of 4.2291
GDP
%Hfh Private Foreign Assets as Share —4.5742
of GDP
% Total Public Debt as Share of 0.9
GDP
fz (lfA)dTleijfTTV " Total Foreign Debt as Share of 4.8982
GDP
1 _ v—1 1
20 =yTT" " + [0z (121)
2% = ymc + 362* (122)
d=drT'y" (123)

k k ~ n v—1_, H
-7 <TT1—”T k+w>—7' wn —TT" "s'y, (124)
(1—=N)d—TT" 7=t fh = —prv=1ef™* L rrvel
. 1
v 4+r—1 . __rh
+QTT <TTv+v*_1 (1—-XNd—f > . (125)

We thus have sixteen equations in ¢, ¢, ¢’ k, x, n, y/1, TT,
me,,d, 24, 2%, %, w, f*. The numerical solution of this system is
presented in table Al. Notice that, for the reasons explained in the
text, private foreign debt, — f" > 0, and hence the country’s net

foreign debt-to-GDP ratio, f, are extremely high in this case.
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Table A2. Steady-State Solution of the Reformed
Economy with f = 0 when the Residual Fiscal

Instrument Is s9

Steady-State
Variables Description Solution
U Period Utility 0.9125
rk Real Return to Physical 0.0749
Capital
w Real Wage Rate 1.2442
n Hours Worked 0.3403
y Output 0.8237
T Terms of Trade 1.01
s9 Capital Tax Rate 0.2306
Q-Q" Interest Rate Premium 0
TT'=" U‘}, Consumption as Share of GDP 0.6002
yLH ' Physical Capital as Share of 4.2291
GDP
TT"" f; Private Foreign Assets as Share 0.3240
of GDP
TT;;V“Z Total Public Debt as Share of 0.9
GDP
fz (1_A)dTT17HV_TTV " Total Foreign Debt as Share of 0
! GDP

Steady State of the Reformed Economy with
Restricted Foreign Debt

Now Q = Q*, so that d = dTT" 'y as above, and, in addition,
Y

~ 1—v v* oh *

f= UM ZA=TTE 2 g6 that (1— A)dTT Y =TTV fh =0

yH
or f = Q=0T 1) yhig case, the equation for the balance of
payments (125) simplifies to

L

TTcF = . (126)
Therefore, using this equation in the place of (125) we have sixteen
equations in ¢, ¢ e k, x, n, y, TT, me, ©,d, 2%, 2%, r*, w, and
one of the tax—spendmg policy instruments, s9, 7¢, 7%, 7" Note that

in turn f" follows residually from f* = %. The numeri-

cal solution of this system under each public financing instrument
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Table A3. Steady-State Solution of the Reformed
Economy with f = 0 when the Residual Fiscal

Instrument Is 7¢

Steady-State
Variables Description Solution
U Period Utility 0.9227
rk Real Return to Physical 0.0749
Capital
w Real Wage Rate 1.2442
n Hours Worked 0.3403
yH Output 0.8237
TT Terms of Trade 1.01
T° Capital Tax Rate 0.1593
Q-Q" Interest Rate Premium 0
TTI_"ULH Consumption as Share of GDP 0.6086
yiH ' Physical Capital as Share of 4.2291
GDP
T zj—; Private Foreign Assets as Share 0.3240
of GDP
% Total Public Debt as Share of 0.9
GDP
fz (I_A)dTTIZ;HV_TTV " Total Foreign Debt as Share of 0
GDP

is presented in tables A2-Ab, while a summary of these solutions
appears in table 3 in the main text.

Restricted Changes in Fiscal Policy Instruments

We now repeat the main computations restricting the magnitude of
feedback coefficients in the policy rules so that all tax-spending pol-
icy instruments cannot change by more than 10 percentage points
from their averages in the data (we report that the results also do
not change when we allow for 5 percentage points only).

Restricted results for optimal feedback policy coefficients, the
implied statistics, and welfare over various time horizons are
reported in tables A6, A7, and A8, which correspond to tables 4,
5, and 6, respectively, in the main text.

Inspection of the new tables, and comparison to their counter-
parts in the main text, implies that the main qualitative results do
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Table A4. Steady-State Solution of the Reformed
Economy with f = 0 when the Residual Fiscal

Instrument Is 7%

Steady-State
Variables Description Solution
U Period Utility 0.9311
rk Real Return to Physical 0.0729
Capital
w Real Wage Rate 1.2649
n Hours Worked 0.3393
y Output 0.8348
T Terms of Trade 1.01
7" Capital Tax Rate 0.2930
Q-QF Interest Rate Premium 0
TTI_”yLH Consumption as Share of GDP 0.6040
yLH Physical Capital as Share of 4.3448
GDP
T 5;; Private Foreign Assets as Share 0.3240
of GDP
% Total Public Debt as Share of 0.9
GDP
fE (17>‘)dTT1y_;7TTU | Total Foreign Debt as Share of 0
GDP

not change. Namely, debt consolidation is again preferable to non-
debt consolidation after the first ten years. Also, although obviously
feedback policy coefficients are now smaller, the best fiscal policy
mix again implies that we should earmark public spending for the
reduction of public debt and, at the same time, cut taxes to mitigate
the recessionary effects of debt consolidation. The only difference is
that now, since cuts in income taxes are restricted, we should also
cut consumption taxes.

Impulse Response Functions (IRFs) with
One Fiscal Instrument at a Time

Figures A1 and A2 compare debt consolidation results when the fis-
cal authorities can use all instruments jointly to the case in which
they are restricted to use one instrument at a time only. Results are
always with optimized rules. To save on space, we focus on results
for the public debt-to-GDP ratio and private consumption.
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Table A5. Steady-State Solution of the Reformed
Economy with f = 0 when the Residual Fiscal
Instrument Is 7"
Steady-State
Variables Description Solution
U Period Utility 0.9290
rk Real Return to Physical 0.0749
Capital
w Real Wage Rate 1.2442
n Hours Worked 0.3435
yH Output 0.8314
T Terms of Trade 1.01
" Capital Tax Rate 0.4018
Q-Q" Interest Rate Premium 0
TTI_"ULH Consumption as Share of GDP 0.6086
yiH ' Physical Capital as Share of 4.2291
GDP
T zj—; Private Foreign Assets as Share 0.3240
of GDP
TT;,;Vd Total Public Debt as Share of 0.9
GDP
fz (I_A)dTTIZ;HV_TTV " Total Foreign Debt as Share of 0
GDP

Table A6. Optimal Reaction to Debt and Output with
Debt Consolidation (restricted optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy v =04 7§ = 0.0011
T ~; = 0.0005 vy = 0.4865
Tk vk = 0.0026 vy = 0.9496
T vt = 0.0023 Yy = 0.95
Note: Vy = 79.9336.
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Table A8. Welfare over Different Time Horizons
with, and without, Debt Consolidation
(restricted optimal fiscal policy mix)

Two Four Ten Twenty | Thirty
Periods | Periods | Periods | Periods | Periods
With Consolid. 1.4862 3.0164 7.7221 15.3294 22.2939
Without Consolid. | (1.6251) | (3.1791) | (7.4481) |(13.4127) |(18.1904)
Welfare Gain/Loss | —0.0458 | —0.0327 0.0267 0.1075 0.1693

Figure A1l. IRFs of Public Debt to GDP
(comparison of alternative fiscal policies)

Public debt-to-GDP
1.15 T T T T

©— Policy mix
Government spending
= = = Consumption tax
=¥ Capital tax
—#— Labour tax
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Note: IRFs are in levels and converge to the reformed steady state, while the
solid horizontal line indicates the point of departure (status quo value).
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Figure A2. IRFs of Consumption

(comparison of alternative fiscal policies)
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Note: IRFs are in levels and converge to the reformed steady state, while the
solid horizontal line indicates the point of departure (status quo value).
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Appendix 6. Robustness to the Public Debt

Threshold Parameter

The Case with a Lower Public Debt Threshold

We now assume d = 0.8. This implies ¢ = 0.0319 to hit the data.
Then, we have the solution shown in tables A9-A11.

Table A9. Status Quo Steady-State Solution

Steady-State

yH

Share of GDP

Variables Description Solution Data
U Period Utility 0.8217 —
rk Real Return to 0.0908 —

Physical Capital
w Real Wage Rate 1.1140 —
n Hours Worked 0.3313 0.2183
yH Output 0.7124 —
TT Terms of Trade 0.9945 —
Q-Q" Interest Rate Premium 0 0.011
TTI_”yLH Consumption as Share 0.6334 0.5961
of GDP
yiH Physical Capital as 3.4872 —
Share of GDP
T 5—,’; Private Foreign Assets 0.1749 0.1039
as Share of GDP
% Total Public Debt as 1.0965 1.0828
Share of GDP
]?E (=—ndTT'_v_TT" f* Total Foreign Debt as 0.2194 0.2109
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Table A10. Reformed Steady-State Solution

Steady-State
Variables Description Solution
u Period Utility 0.9326
rk Real Return to Physical 0.0727
Capital
w Real Wage Rate 1.2673
n Hours Worked 0.3394
yH Output 0.8367
T Terms of Trade 1.01
T+ Capital Tax Rate 0.2908
Q-Q Interest Rate Premium 0
TTl_”yLH Consumption as Share of GDP 0.6035
yiH Physical Capital as Share of 4.3583
GDP
T % Private Foreign Assets as Share 0.2880
of GDP
TTyl;Vd Total Public Debt as Share of 0.8
GDP
f; “"VdTT;:_TTV " Total Foreign Debt as Share of 0
GDP

Table A11. Optimal Reaction to Debt and Output with
Debt Consolidation (optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy 77 = 0.4338 9 =0
T v =0 vy = 0.0279
F V=0 vE = 2.2569
T v/t = 0.0001 Yy = 2.136
Note: Vy = 80.1038.
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The Case with a Higher Public Debt Threshold

Next, we assume d = 1. This implies 1) = 0.108 to hit the data.
Then, we have the solution shown in tables A12-A14.

Table A12. Status Quo Steady-State Solution

Steady-State

Y

Share of GDP

Variables Description Solution Data
U Period Utility 0.8217 —
r* Real Return to 0.0908092 —
Physical Capital
w Real Wage Rate 1.11373 —
n Hours Worked 0.331273 0.2183
yt Output 0.712311 —
T Terms of Trade 0.995009 —
Q-Q" Interest Rate Premium 0.011 0.011
TT =" y% Consumption as Share 0.6335 0.5961
of GDP
yiH Physical Capital as 3.4872 —
Share of GDP
T L Private Foreign Assets 0.1827 0.1039
as Share of GDP
% Total Public Debt as 1.0965 1.0828
‘ Share of GDP
fz (RN i e S i VYN Foreign Debt as 0.2122 0.2109
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Table A13. Reformed Steady-State Solution

Steady-State
Variables Description Solution
u Period Utility 0.9296
rk Real Return to Physical 0.0731
Capital
w Real Wage Rate 1.2625
n Hours Worked 0.3391
yH Output 0.8328
T Terms of Trade 1.01
T+ Capital Tax Rate 0.2951
Q-Q Interest Rate Premium 0
TTl_”yLH Consumption as Share of GDP 0.6045
yiH Physical Capital as Share of 4.3314
GDP
T % Private Foreign Assets as Share 0.3600
of GDP
TTyl;Vd Total Public Debt as Share of 1
GDP
f; “"VdTTl;;_TTV " Total Foreign Debt as Share of 0
y
GDP

Table A14. Optimal Reaction to Debt and Output with
Debt Consolidation (optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy 77 = 0.4588 vy = 0.0017
T vy =20 vy = 0.0018
F v =0.0014 vE =2.2569
T v/t = 0.1306 Yy = 1.5629
Note: Vo = 79.8482.
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Appendix 7. Robustness to the Net Foreign Debt Position
in the Reformed Steady State

The Case with 0.1 Net Foreign Debt Ratio in the Reformed

Steady State

When we set fE (I_A)TTl;;Id_TTU " — 0.1 in the reformed steady
state, the results are as shown in tables A15 and A16.

Table A15. Steady-State Solution of the
Reformed Economy with f = 0.1

Steady-State
Variables Description Solution
U Period Utility 0.9315
yt Output 0.835228
TT Terms of Trade 1.00615
Q—-Q* Interest Rate Premium 0
TTl"’ULH Consumption as Share of 0.6029
GDP
y% Physical Capital as 4.3425
Share of GDP
T 5—:, Private Foreign Assets as 0.2240
Share of GDP
I Total Public Debt as 0.9
Share of GDP
fE (1_’\)dTT;HV_TTV " | Total Foreign Debt as 0.1
Share of GDP

Table A16. Optimal Reaction to Debt and Output with
Debt Consolidation (optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy v = 0.6725 vy = 0.0020
T v =0 'yé = 0.7435
Tk vk =0.0011 vy = 2.2572
T v/t = 0.0015 vy =2.14
Note: Vp = 80.2538.
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The Case with 0.2109 Net Foreign Debt Ratio
in the Reformed Steady State

When we set f = (17)‘)TT1_;d7TTV "~ 0.2109 (as in the data) in
the reformed steady state, the results are as shown in tables A17

and A18.

Table A17. Steady-State Solution of the
Reformed Economy with f = 0.2109

Steady-State
Variables Description Solution
U Period Utility 0.9320
y Output 0.8358
TT Terms of Trade 1.002
Q- Q* Interest Rate Premium 0
TTl_”y% Consumption as Share of 0.6017
GDP
yiH Physical Capital as 4.3397
Share of GDP
T J—:I Private Foreign Assets as 0.1050
Share of GDP
% Total Public Debt as 0.9
Share of GDP
fz (lfA)dTT;_;*TTV I Total Foreign Debt as 0.2109
' Share of GDP

Table A18. Optimal Reaction to Debt and Output with
Debt Consolidation (optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy v = 0.5558 7§ = 0.0114
T ~; =0.0094 fy% = 1.3091
F ¥ =0.0159 vy = 1.3759
Note: Vy = 80.3931.
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Appendix 8. Robustness to World Interest Rate Shocks

Using the new specification presented in the main text, the results
are as shown in tables A19 and A20.

Table A19. Optimal Reaction to Debt and Output with
Debt Consolidation (optimal fiscal policy mix)

Fiscal Optimal Reaction Optimal Reaction
Instruments to Debt to Output
sy v = 0.2068 79 =0
T ~; = 0.0002 7% = 0.2097
* =0 vy = 2.2569
T 7w =0 vy = 2.1360
Note: Vo = 79.5457.
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Appendix 9. Ramsey Policy Problem

The Ramsey government chooses the paths of policy instruments to
maximize the household’s expected discounted lifetime utility, V;,
subject to the equations of the DE. As shown in appendix 4 above,
the DE system contains twenty-four equations (we do not include
the equation for V).

As said in the main text, we solve for a “timeless” Ram-
sey equilibrium, meaning that the resulting equilibrium conditions
are time invariant (see also, e.g., Schmitt-Grohé and Uribe 2005).
If we follow the dual approach to the Ramsey policy problem,
the government chooses the paths of {y? c;, ¢, ct' ng, ws, ke, f1,
TTt, Ht, Hl{{, @t, At, W, MCt, &vjt, Tf, Qt, dt, HI, Ztl, th, Rt, lt}?io, which
are the twenty-four endogenous variables of the DE system, plus
the paths of the three tax rates, {7, 77, 7/}22,. Notice that pub-
lic debt, {d:}2,, is also among the choice variables. Also notice
that, in solving this optimization problem, we take as given the
rate of exchange rate depreciation, {e;}$2,; public spending on
goods/services, {s7}%°,; lump-sum government transfers, {s}}5;
and the share of public debt issued for the domestic market, {\;}72,.
We treat these variables as exogenous for different reasons: in a cur-
rency union model, ¢, = 1 all the time; we take {s{}:2, as given for
simplicity; we take {s.}$, as given because, if the Ramsey govern-
ment can choose a lump-sum policy instrument, then its problem
becomes trivial; finally, we set A\; exogenously and equal to its data
average value (as we have done so far anyway) because, if it is chosen
by the Ramsey government, its optimality condition will be identi-
cal to the household’s optimality condition for financial assets/debt
in a Ramsey steady state without sovereign interest rate premia,
so the Ramsey steady-state system will be indeterminate (in par-
ticular, in the steady state, the government’s optimality condition
for A¢ is reduced to 1 = @, which is also the household’s opti-
mality condition for foreign assets/debt). For the very same reason
(namely, the optimality conditions of the household and the gov-
ernment with respect to fJ! are both reduced to 1 = £BQ in the
Ramsey steady state without sovereign interest rate premia), we
set fI' so as to satisfy J? = 0 in the reformed steady state (as we
have done so far anyway in the reformed steady state). Thus, from

J= QNIT ST ST — g, it follows f* = (1— A)dTT'y".
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Table A21. Ramsey Steady-State Solution (unrestricted)

Steady-State
Variables Description Solution
U Period Utility 1.2215
y Output 1.56176
TT Terms of Trade 1.01
T “Optimal” Consumption 26.5726
Tax Rate
Tk “Optimal” Capital Tax 0.00272056
Rate
" “Optimal” Consumption | —26.4976
Tax Rate
Q—-Qr Interest Rate Premium 0
TTl’”y% Consumption as Share of 0.5327
GDP
yiH Physical Capital as 6.1284
Share of GDP
T 5—; Private Foreign Assets as 0.3240
Share of GDP
% Total Public Debt as 0.9
Share of GDP
fz (17’\)dTT;:7TTV I Total Foreign Debt as 0
( Share of GDP

Working in this way, and including Ramsey multipliers, we end up
with a well-defined system consisting of fifty-one equations in fifty-
one endogenous variables (the system is available upon request from
the authors). The numerical solution of this system in the steady
state is presented in table A21 (we do not report solutions for Ram-
sey multipliers). In this solution, as said before, Q@ = Q* = R = %,

and f* = (1—-X)dTT" 'y". (Note that nominal variables, like
R, do not affect the real allocation, and hence utility, at steady
state.)

Notice, as also said in the text, and as is well established in the
Ramsey literature with optimally chosen consumption taxes, that
the solution in table A21 is characterized by an extremely large
consumption tax rate, 7¢ = 26.5726, and an equally large labor
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Table A22. Ramsey Steady-State Solution
(restricted 7,* = 0)

Steady-State
Variables Description Solution
u Period Utility 1.0950
yH Output 1.11622
T Terms of Trade 1.01
Tk “Optimal” Capital Tax 0.0500465
Rate
T “Optimal” Consumption 0.810199
Tax Rate
Q—Q* Interest Rate Premium 0
TTl_”yLH Consumption as Share of 0.5443
GDP
yiH Physical Capital as 5.8387
Share of GDP
T g Z Private Foreign Assets as 0.3240
Share of GDP
% Total Public Debt as 0.9
Share of GDP
fz (l_k)dTT;Hu_TTV I Total Foreign Debt as 0
Share of GDP

subsidy, 7" = —26.4976 < 0. Hence, following the same literature,
we rule out a subsidy to labor by setting 7* = 0 at all ¢. This gives
the solution in table A22 (this table is also presented in the main
text, but we repeat it here for the reader’s convenience).

Appendix 10. Flexible Exchange Rates

The IRFs under flexible exchange rates are shown in figure A3 (the
zero lower bound for the nominal interest rate is not violated).
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Figure A3. IRFs under Flexible Exchange Rates

Gov ernment spending Consumption tax Capital tax
0.4 2 0.4
2 i s i 0 0.2 \/——————’“___
0 -2 0
0 5 10 0 5 10 0 5 10
Labour tax Output Consumption
0.5 —
0.45 0.9 i
0.4 EREEesn 08— S
0.85[\ —" 0.7F =
0.4
0 5 10 0 5 10 0 5 10
Work hours Terms-of -trade Public debt-to-GDP
0.4 1.05 1.2
0.85)/ o i g
0.95 0.8
0 5 10 0 5 10 0 5 10
Foreign debt-to-GDP Trade balance Foreign interest rate
0.4 0 —— 1.03
0.2k { -0.02 \/ ' 1,02 N
0 —————=/ .0.04 1.01
0 5 10 0 5 10 0 5 10
Nominal interest rate Inflation rate Exchange rate depreciation
1.1 1.05 1.001
1.05 ¥ 1p~————— 1.0005]
1 —1  0.95 } ————
0 5 10 0 5 10 0 5 10

Note: IRFs are in levels and converge to the reformed steady state, while the
solid horizontal line indicates the point of departure (status quo value).
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