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Abstract

Economic modelling generally assumes one-sector to represent the whole economy,
whereas real economies consist of many sectors with varying price durations. We
try to model this variety by setting up a multi-sector New Keynesian model based
on the model outlined in Gali (2002). The Calvo parameter estimates of our model
are calculated using the data set provided by Bils and Klenow (2004). We group
similar price durations as sectors and form ten sectors to represent the whole
economy. Our first aim is to study the responses of the multi-sector economy
to policy shocks. The outcomes show that aggregate price, interest and output
display interesting dynamics under such a setting. Then we try to match the
responses of the multi-sector economy with one-sector models. We find that for
our baseline model, the aggregate responses of the multi-sector economy can be
well mimicked by a one-sector model with a price duration of around 2.9 months.
This model is able to duplicate the aggregate responses, whereas the variety in
the dynamics of responses can only be captured with at least two sector-models.
We test our results under different parametrization. The proposed price duration
for one-sector model is still able to match the aggregate impulse responses well
but we see that it is not very precise in matching the volatility of the multi-sector
model. Under similar settings, the two-sector performs better. Next, we change
the labor assumptions of the baseline model and assume specific factor markets.
The results show that prices and inflation response by little to policy shocks now.
The new impulse responses are well matched with one- and two-sector models with
the proposed price durations. Whereas in terms of matching the volatility, one-
sector estimate performs poorly and the new price duration increases to around 4
months. However, this value lacks the precision of the previously proposed price

duration in matching the aggregate response levels.
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Chapter 1

Introduction

“From Keynes on, there was wide agreement that some imperfections played an
essential role in fluctuations. Nominal rigidities, played one explicit and central
role in most formalizations. They were crucial to explaining why and how changes
i money and other shifts in the demand for goods affected output at least in
the short run.” (Blanchard, 2000) Nominal rigidities always played a key role in
building a bridge between the real world and macroeconomic modelling. If all
prices adjusted promptly to an increase in the money supply, then money should
be neutral in the short- and long-run. However empirical evidence suggests that
at least in the short-run money affects output. The existence of nominal rigidities
makes it possible that prices adjust only slowly and an increase in the money

supply has real effects, in the short-run.

In trying to model price rigidities, the most widely used methods are those
proposed by Taylor (1999) and Calvo (1983). The two models are similar, the main
difference is that the Taylor model assumes fixed price duration, whereas Calvo
assumes a random price duration. There are many papers that incorporate Taylor
staggered price setting or Calvo staggered price setting into dynamic stochastic
general equilibrium models. Some of the examples include works of Yun (1996),

Woodford (1996), Smets and Wouters (2003) and Gali (2002).



One of the main criticism of these models is that they cannot generate realistic
inflation and output persistence. As a result, the research trying to match the real
data with these models gained momentum. For example, Fuhrer and Moore (1995)
suggested a new contracting specification with relative real wages so that the model
exhibited inflation persistence. Gali and Gertler (1999) derived a relationship
between marginal cost and inflation (rather than output and inflation) and showed

that such a model could better match the real behavior of inflation.

Another criticism of these models is that the exogenous price duration assumed
in these models is inconsistent with microevidence on prices. Early empirical
research on price duration suffered from limited availability of data. The early
research found that there was great heterogeneity in price duration across different
products, but the general conclusion was that prices do not change frequently.
Recently, Bils and Klenow (2004) have studied Bureau of Labor Statistics (BLS)
data on the frequency of price changes. The data covers about 70% of consumer
spending for the years 1995 to 1997. Bils and Klenow find that prices change much
more frequently than suggested by the earlier literature. In their data the median
price duration is 4.3 months. Furthermore, Bils and Klenow find that the price
duration differs a lot across categories of goods. They mention that a multi-sector
model calibrated to match the empirical distribution of price durations behaves

like a one-sector model with the median price duration.

This thesis sets up and solves a multi-sector New Keynesian model. We base
our multi-sector model on the one sector model outlined in Gali (2002), since this
is one of the most widely used papers for pedagogical and applied purposes. Our
main question is then whether the responses of the economy to monetary policy
shocks differ between a one-sector and a multi-sector model and if any one-sector
model can match the aggregate responses of the multi-sector model in terms of
volatility and magnitude. Most available models in the literature are one sector
models, however in reality there are many sectors with different Calvo parameters.

As mentioned in Taylor (1999): “There is great deal of heterogeneity in wage and



price setting ... frozen orange juice prices change every two weeks, while magazine

prices change every three years!”.

In trying to answer the above mentioned questions, we calibrate our multi-sector
model using the empirical distribution of the price adjustment parameters listed
in Bils and Klenow (2004). We group the similar frequency of price adjustment
values as sectors, and form 10 sectors with the help of this data set. The method
we have used in forming these sectors are presented in the calibration part. Then
we show the responses of the multi-sector economy to a shock in the policy rule
and interpret the outcomes. Next, we compare the results to one sector economies
with different Calvo parameters. We find that the calibration of the one sector
economy with a monthly Calvo parameter of 0.71 is able to match the aggregate
responses of the multi-sector economy. This result is even more flexible than Bils
and Klenow. We also point out that the richness of the impulse response patterns
of the multi-sector economy, however, can only be captured by modelling the
economy with at least two sectors (one at the sticky and the other at the flexible
end). Then we do sensitivity analysis on the robustness of our results. The results
show that under different parametrization the proposed price durations for one
sector and two sector models continue to mimic the impulse response levels of the
multi-sector model. In the analysis of the standard deviations, with the proposed
price duration, we find slight differences between the volatility of multi-sector and
one-sector models. Two-sector model performs well in this part. Later we modify
the model by introducing specific factor markets. Our guess is that this assumption
could lead to changes in the behavior of aggregate responses that could increase
the price durations. To be able to match the volatility of the new model, price
duration of one-sector model increases and moves closer to the value proposed by
Bils and Klenow. However, the previously proposed price duration is able to mimic
the multi-sector impulse responses slightly better, there is a trade off between two
alternatives. We conclude that for our model and using the data set provided by
Bils and Klenow, the price duration that can match the level of impulse responses

of a multi-sector economy turns out to be around 2.9 months. Furthermore, a two-



sector model with a flexible and a sticky sector is able to summarize the dynamics

in the multi-sector economy better than one-sector models.

There are some papers that study two sector New Keynesian models. The first
example is Ohanian et al.(1995). They form a hybrid model with one flexible and
one sticky sector where the nominal prices in the sticky sector are set one period
in advance. They study the responses of the economy to monetary shocks and find
that the real effects of the disturbances differ across the two sectors. Aoki (2001)
works with a similar model with one sticky and one flexible sector and studies
the implications for optimal monetary policy. Additionally, Barsky, House and
Kimball (2003) model an economy where prices of durables are flexible. Finally,
Bils and Klenow (2002), Smets and Wouters (2004) mention about two sector

models in their papers.

The paper will be organized as follows: Next, we will provide a brief literature
review about research on price stickiness, and then review the recent work, mainly
that of Bils and Klenow since our paper is based on this research results. In chapter
4 and 5, we introduce our model and analyze it. Chapter 6 reports the results
of the implementation of the model in matlab. We also do model comparisons in
this chapter. Chapter 7 proposes an extension to the baseline model. Finally we

provide a discussion section and then conclusion at the end.



Chapter 2

Literature

2.1 Research on Price Stickiness

2.1.1 Micro Evidence on Consumer Prices

Research on price stickiness dates back to 1927 when Frederick Mills (1927) pub-
lished first work in this area. He studied Bureau of Labor Statistics (BLS) data
which covered about 200 goods at the period 1890 to 1926. The main findings
of his research was that the frequency distribution of price changes showed a u-
shaped pattern with the prices of many goods displaying strongly sticky behavior
and the prices of as many goods displaying strongly flexible behavior. Gardiner
Means (1935) followed the work of Mills and his research conclusions became
known as Means’ theory. He mainly differentiated between two markets, the tra-
ditional market with flexible prices and the administered market with inflexible

administered prices.

Stigler and Kindahl (1970) worked with data from similar industries to Means
and tried to improve his results. Later, Carlton (1986) studied the producers prices
between 1957-1966 using the data set by Stigler and Kindahl and found that the

time between adjustments of transactions prices was between 5.9 and 19.2 months.
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Mussa (1981) collected data on the newspaper prices during German hyperinflation
and reported that prices changed more often with the increase in inflation, but
during the days of highest inflation, the prices did not change everyday. Cechetti
(1986) studied the prices of magazines measured annually. The average number

of years between price changes varied from 7 years in 1950s to 3 years in 1970s.

Lach and Tsiddon (1992, 1996) worked with meat products and wine at retail
level in Israel. From their research, they concluded that stores usually change the
prices of their products at the same time (within-store synchronization). Another
important research was conducted by Kashyap (1995). He studied the monthly
mail order catalogues between 1953 to 1987. Since his work covered a long pe-
riod, he worked with standardized products which might have more sticky prices.

Kashyap found an average price duration of 14.7 months.

Blinder et al. (1998) conducted surveys with firms on their price setting behav-
ior. The surveys included a set of questions on the frequency of price changes and
factors affecting the behavior of price changes. The research covered about 200
companies. Blinder et al. reported a median frequency of price change around
one year. Buckle and Carlson (2000) also did survey research on producer price

duration in New Zealand. The average duration was found to be 6.7 months.

These studies, indeed, were based on a limited number of product groups. In
contrast, Bils and Klenow (2004) study the frequency of price changes for 350
categories of 70.000 to 80.000 goods and services in U.S which comprises %70 con-
sumption expenditures. They work with the data used to calculate the consumer
price index and find a median price duration of 4.3 months. The study by Bils and
Klenow has triggered similar studies for Europe. Recent works include those of
Aucremanne and Dhyne (2004) on Belgian data, Dias, Dias and Neves (2004) on
Portugese data and Baudry, Bihan, Sevestre and Tarieu (2004) on French Data.

11



2.1.2 Macro Evidence on Consumer Prices

The literature on macroeconomic evidence include the works of Gali, Gertler and
Lopez-Salido (2001, 2003) and Smets and Wouters (2003). Gali, Gertler and
Lopez-Salido (2001, 2003) estimate a Phillips curve for the Euro area that is de-
rived from a model of staggered price setting. They employ “newly constructed
aggregate historical data set” to estimate the possible value of the Calvo parame-
ter, the baseline estimate turns out be somewhere around four to six quarters for
the Euro area, and two or three quarters for U.S, suggesting that prices are less
rigid in the U.S. Also, Smets and Wouters (2003) use data on 7 key macroeco-
nomic variables for the Euro area (real GDP, real consumption, real investment,
the GDP deflator, real wages, employment and nominal interest rate) to estimate
the coefficients of their DSGE model with rigidities. They estimate a price du-
ration of two and a half years. Until recently, these values were widely used to
calibrate New Keynesian Models. However, they are inconsistent with the micro

evidence on consumer prices.
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Chapter 3

Facts and Theory

3.1 Recent Microeconomic Evidence on Price Changes

The work by Bils and Klenow (2002, 2004) has attracted much attention and
following their work, micro data on consumer prices has been studied in many
countries. Since our thesis is based on research results of this paper, we will first
give a summary of their work and then briefly introduce some of the similar recent

research in this area.

Bils and Klenow work with BLS data (Bureau of Labor Statistics) which covers
350 categories of consumer products and around 70% of all consumer expenditures.
The price quotes are collected from 22.000 outlets in 88 geographical areas. The
consumer expenditures not covered include mainly household insurance, residen-
tial rent and used cars. The data for the period 1995-1997 is used for calculation

of reported frequencies.

The BLS data report the monthly frequency of price change on a mixture of
monthly and bimonthly frequencies. The average frequencies in the paper are

calculated from this data assuming that the probability of price change one month

13



and then changing back to the previous level next month is zero.! They note that
this might understate the true frequencies as it can neglect temporary sales. The
probability of price change is then calculated assuming that prices can change at
any moment as —In(1 — A\) where A is the monthly frequency of price change.
The resulting weighted mean monthly frequency of price change is 26.1% and
the weighted median is 20.9%. Bils and Klenow report their finding as “For
the median category, the time between price changes averages 4.3 months” (2004,
p.951). Additionally, they argue that excluding sales the median time would be
5.5 months and controlling for item substitutions does not affect the conclusions.
Examining the consumer good categories they find that services are stickier than

goods, raw products are more flexible than processed products and services.

Bils and Klenow also examine the responses of a multi-sector model (with differ-
ent Calvo parameters matching the distribution of price change frequencies found
in the data) to nominal and real shocks and compare these responses to the re-
sponse of a one sector model. Their conclusion is as follows: “One sector models
with prices fixed for 4 months, roughly the median duration in the empirical dis-
tribution, most closely matches the aggregate response in the multi-sector models

” (2004, p.952).

Finally, they test whether the time series pattern in the data match the time
series pattern of inflation predicted by a Taylor or a Calvo model. They find
that “...for nearly all consumer goods, these models predict inflation rates that
are much more persistent and much less volatile than we observe. The models
particularly over-predict persistence and under predict volatility for goods with less

frequent price changes”(2002, p.32).

'For the details of the calculation, see Bils and Klenow(2004), p.951
2For a comparison with the work of Fuhrer and Moore(1995), see Bils and Klenow(2004),

p-972.
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Recently studies have been conducted using micro data for European countries.
The most comprehensive studies include those of Aucremanne and Dhyne (2004)
on Belgium data , Dias, Dias and Neves (2004) on Portugese data and Baudry,
Bihan, Sevestre and Tarieu (2004) on French Data. Some of the common results
of these studies are as follows: Price setting is very heterogeneous across product
categories; prices of energy and (unprocessed) food products change more often
than other product categories, and services usually show the most rigid behavior;
the frequency of price change is higher for inflationary periods and periods with
important shocks; and there is time dependency in the pricing behavior. Thus,
they all imply the need of modelling with more than one sector to capture the
variability in the real data. We will now present the frequency of price adjustment
periods that they have found but we would also like to provide some insights to

these studies since they are conducted using different methods.

Luc Aucremanne and Emmanuel Dhyne (2004) work with a Federal Public
Service data set which is also the data set used to calculate Belgian National and
Harmonized Index of Consumer Prices. The observations include the periods from
January 1989 to January 2001. (Thus, the data survey does not include effects of
switching to euro.) The data set covers 68% of Belgian CPI. Product categories not
covered are mainly housing, rents, electricity, gas, telecommunications, newspaper

and insurance services.

The observations used for this research are collected on a monthly basis except
for seasonal product categories. Furthermore all types of rebates and promotions
are included in the analysis but not those that relate to summer and winter sales
periods. Also, products observed in clothing and wear class include very standard-
ized products like white t-shirts and black socks which are likely to show more
price rigidities. Their results show that an important proportion of CPI is charac-
terized by flexible prices with 12% of CPI having less than two months of average
price duration. On the other hand, 13% of CPI exhibits an average price duration

of at least two years. They find a median price duration of 13.25 months.
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Dias, Dias and Neves (2004) carry out their research using national statistics

3. For consumer prices, there

institutes’ data on consumer and producer prices
are two data sets covering two different periods, from January 1992 to December
1997 (CPI1) and from January 1997 to December 2002 (CPI2). The research
is restricted to the period ending in January 2001 due to the possible effects of
currency change and conducted using CPI2 due to consistency problems. Also

they exclude the annually reported items from the data set.

In this research items are sampled, where they note that “an item designates a
product at its most elementary level. That is, it stands for a homogeneous product
although different brands and packages of the same item may be classified under
the same code.” (2004, p.6). Moreover, the study is conducted using the actual
price the consumer faces but information on occurrence of sales or promotions
is also available. Inflation in the period between 1992-1997 fell from 7.4 to 1.2
percent for goods. For the period 1998-2002 the inflation rate was between 2 and
4 percent. They conclude that “on average, almost 1 in every 4 prices is changed
in a month” (this may be a result of large weight of food in the CPI) and they

find a median price duration of 8.5 months.

Finally, Baudry, Bihan, Sevestre and Tarrieu (2004) work with monthly price
quotes collected by INSEE. These quotes are also used for the calculation of the
French CPI. Sample period is from 1994:7 to 2003:2 and covers %65 of the CPI
(so the observations include the period of euro-cash change over). The categories
of goods and services not included in the sample are “centrally collected prices,
and products like fresh foods and rents”. All price changes are assumed regular
thus includes any sales or temporary rebates. As a result they report a median

price duration of 6.2 months with a very asymmetric distribution.

3Dias and Dias, Neves also attempt to describe the producer price behavior, they report that
the results for the producers products are very similar to those of consumer products but their
median price duration is almost one year. One thing to note is that most flexility comes from
the Petroleum refinement industry, by excluding this industry from the data set the frequency of

price changes reduces to %14 with a median average duration of 14 months.

16



These empirical studies imply no common value for the Calvo parameter. This
may reflect the differences in the degree of price stickiness or the differences in
the methodology across countries. However, almost all studies suggest that prices
change more often than the 11 months calibration used in models. Most impor-
tantly, these studies confirm that the price duration differ substantially across

sectors.

17



Chapter 4

Model

4.1 New Keynesian Model with n Sectors

Our framework is based on the simple Gali (2002) New Keynesian DSGE model
with Calvo sticky prices, which we extend to n sectors with different price sticki-
ness parameters. The economy consists of a continuum of households, n perfectly
competitive firms whose output is used in the production of the final good, and a
continuum of intermediate firms producing differentiated goods for these n firms.
The n perfectly competitive firms define the n main sectors in the economy. We
believe that Gali (2002) model is suitable for answering our questions at hand
since it is considered a benchmark in the New Keynesian Literature and its as-
sumptions closely match most of the recent work. Furhermore, Bils and Klenow
use a similar model in their work (except for Taylor contracts and the form of the

utility function), thus our results can be comparable.

4.1.1 Households

We assume a continuum of infinitely lived agents on the interval [0,1]. All house-

holds are identical, consume the final good and supply one unit of labor. A typical

18



household seeks to maximize a discounted sum of the utilities of the form
cl-o l1+¢
t

- t t
B 1

where [ is the intertemporal discount factor with 0 < 8 < 1, subject to the period

, (4.1)

budget constraint:
Bty
Ry

Here, P; denotes the aggregate price index (price of the final good) and Cj is

P:C; +

< Bt + tht + T¢. (42)

households consumption of the final good!. B;y; is the nominal value of the
bond portfolio in period ¢ + 1 that the household owns at the end of period t,
Ry (Rt = Qy, t1+1, stochastic discount factor) denotes the nominal riskless interest
rate on bonds purchased at date ¢, 7 is the lump-sum transfers (taxes) paid by
consumers and W, is the nominal wage rate which is common in all industries and

clearing of the labor market requires:

1 1 1
/ Lo(i)di + / Iy ()i + .. + / (i) = 1. (4.3)
0 0 0

We assume complete financial markets, in that the households portfolio of bonds
contains claims in a wide array of instruments, therefore the bond portfolio held

by the agent contains securities from all sectors.

Money does not appear in the system directly, as in most of the works of Gali,
instead we will introduce later a policy rule that will specify the nominal interest

rate.

4.1.2 Firms

We consider a dynamic economy with final good production composed of n firms

characterizing the n sectors. The composite goods of these sectors are produced

"We build the model from output side but the same model could be constructed from con-
sumption side, in this case P would again denote the aggregate price index and C would be
consumption bundle composed of goods from n sectors and there would be no difference in the
analysis in terms of demand conditions. See Aoki(2001), p.58 and Woodford(2003), p.147 for
details.
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by a continuum of differentiated intermediate good firms in monopolistic compe-

tition2.

Final Goods Firms

The production function of the final goods firms is defined by CES technology :

n
n—1 n—1 n=1|n-1

(Vi) T + (€2)7 (Yar) T + oot (en)1(Yee) T |7 (4.4)

3=

Y= |(e1)

Where Y7...Y,, are end products of sector 1...n respectively, €; defines the share of
good j in the total basket with Z?ZI €; = 1 and 7 is the elasticity of substitution
between the sectors®. The profit maximization problem of a final goods firm takes
the form:

max PYy — P Y1 — PoyYor — ... — PpiYo .

where Y} is defined as above (4.4). As previously mentioned, final goods firms

could be interpreted as firms forming the consumption bundles.

N Sectors

Final goods of each sector are produced with a constant returns to scale production

function:

1 . 9_1 . 9_1 .
Vi, = {/ Yj,t(Z)Gdz] : Vi=1,..n, (4.5)
0

2This assumption is widely used in the literature. See Blanchard(2000), p.1391 or Goodfriend

and King(1997), p.252 for an overview.
3In this model elasticity of substitution between the sectors does not have much impact on

the aggregate variables. This is due to our assumptions on labor and wages. In the extensions
part we will set up a version close to Woodford(2003) assumptions with specific factor markets.
In that case, the elasticities will have a more sizeable effect. Additionally, in most of the previous
work with two sector or two country models this elasticity is assumed to be unitary which leads
to the following aggregate output and price definitions (we will solve for price index in the next

section):
(Yl,t)m (Yé7t)n2 ~--(Yn,t)nn

1 n

mr g

Y; = Pr=(Pr)"(Po,t)™.c.(Poy)™
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where Y} ;(7) is the good produced by intermediate firm ¢ in sector j and elasticity
of substitution within each sector (6) is greater than one. The firms producing
final goods in each sector are faced with a similar profit maximization problem

final goods firms but are subject to the production function (4.5).

Intermediate Goods Firms

The behavior of intermediate firms govern the functioning of our economy. Here,
we introduce their basic assumptions which we will be examining in the model

analysis part in detail.

The output of an intermediate goods firm (7) in industry (j) equals labor services
hired by firm (i) times a technology parameter that is common to all firms and
all industries:

Yj(i) = Al (i), (4.6)

where log-technology follows the AR(1) process
log(Ai) = palog(Ai—1) + €az- (4.7)

where €, is white noise and 0 < p, < 1.

The profit function for the intermediate goods firm ¢ in sector j is
(YU(Poj(0); Prgs P i) Prj(i) = (1= i) TC(Y (P (i); Prji Py Yi)s Wa, Ay)).

where T represents employment subsidies and Y'¢(P, (i); P, ;; P;, Y;) is the demand

curve that firm 7 faces.

Price setting Final goods prices are perfectly flexible whereas intermediate
goods firms set their prices according to the sticky price scenario proposed by
Calvo (1983)*. A fraction 1 — «a; of firms in sector j reset their prices each period,

independently of the time elapsed since the last adjustment. Remaining o; of

4Price rigidities can also be modelled using Taylor contracts or convex costs of price adjust-

ment, see Gali(2002), p.4 or Woodford(2003), p.177 for a reference.
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firms continue charging their old prices. What is special in this case is that the

Calvo stickiness parameter differs across the sectors.

4.1.3 Monetary Policy Rule

We will assume that the central bank sets the nominal interest rate following a
simple Taylor rule, thus responds to the deviations of inflation and output gap
from their steady state values. The original rule was proposed by Taylor (1993)
and since then have been widely used due to its simplicity and ability to match

the behavior of the federal funds rate during the postwar period®.

5See Taylor(1993).
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Chapter 5

Model Analysis

We will now begin solving the model, first we find the demand equations,
calculate first order conditions then log-linearize these results around their non-
stochastic steady-state. Throughout this section the log-linearization will be de-
fined as X; = X.e** where &; = log(z()-(t—). Then we will arrange our equations to
be consistent with the notation of the matrices defined in Uhlig (1995). This will

allow us to implement the toolkit! package in Matlab.

5.1 Households

We begin the analysis with the first order conditions for households. As a result
of our assumption on labor, the conditions expressed in aggregate variables turn

out to be the same as one sector case:

C; % = MP,, (5.1)
19 = Wik, (5.2)
Cit1\ ° RP,
1= 5| () . 5.3
PE: Cy P (5:3)
'For information on Toolkit see web page http://www.wiwi.hu-

berlin.de/wpol/html/toolkit.htm.
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Equations (5.1), (5.2) and (5.3) are the well-known results of maximization
with respect to consumption, labor and bond portfolio at date t+1, where \;
represents the lagrangian multiplier for the budget constraint. Log-linearizing

above equations we have:

Wy — P = 06 + Bl (5.4)

. L . N
Ct — —;(Tt - Et7Tt+1) + EtCt+1- (55)

where the first equation combines first order condition for consumption and labor,
the second equation is the Euler equation for the economy. In the Euler equation
7y and 7,41 are the percentage deviation of nominal riskless interest rate at date

(t) and inflation at date (t + 1) from their steady state 2.

5.2 Firms

5.2.1 Final Goods Firms

The final goods firms maximize their profits according to the previously defined
profit functions subject to their technology constraints (4.4) taking as given the
final goods price P; and the prices of sector final goods P;;, where j = 1...n. The

profit maximization then leads to the following demand schedules for n sectors:

Py _
LO)™Yer o Y= () e, (5.6)

Y, —
=5 P,

)

Also as a result of zero profit condition, we have:

1

1—
Po=la(Pi) "+ e(Po) "+ ...+ en(Pan) " (5.7)

Which defines the overall price index in the economy.

Indeed, in the actual Gali(2002) model, there is an additional term -the log of time discount
rate (- since Gali(2002) paper applies logs instead of log-linearizing around the steady state.
Nevertheless, both cases do not differ since constants will eventually drop out in the matlab

application.
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5.2.2 N Sectors

The profit maximization of the sector final goods firms given prices P;; and P; (1)
gives the demand curves for intermediate goods firms within each sector:

] .
Y, ; =1,2...n. .
Pj,t ) 7.t 3 J ) n (5 8)

Y]t(z) = (

Once more, the zero profit condition requires that the price levels are defined as
following in each sector:

1

Bio=[ [ Pratiy-ai] ™, (5.9)

5.2.3 Some Relations

Before we continue with intermediate firms, it is convenient to define some identi-
ties combining prices and output among sectors and relating them to the overall

output of the economy?.

First, define the relative price of good ¢ at time t in sector j to the overall price
in sector j as X, (i) = Pj.(i)/Pj+ , and relative price levels of each sector with
respect to the general price level as X;; = Pj4/P;, for j = 1...n from now on.
Log-linearizing general price index (5.7) around a symmetric steady state leads to

the following equation for prices:

Dt = €1P1,t + €2P2t . - . + €nDnt, (5.10)

By subtracting p;_1 from both sides this can be converted to a definition com-
bining the inflation rate of the sectors to give the aggregate inflation rate of the
economy*:

T = Elﬁl,t+€2ﬁ'2,t~-+€nﬁ'n,t- (511)

3In deriving these relationships, we refer to the notation in Aoki(2001).
4To follow the literature we call Pj+/P;+—1 as inflation rate in sector j, note that in fact they

are relative price increases. From now on when we mention a sectoral inflation rate, we do it to

be consistent with the literature.
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Also, using the definition for Z;;, equation (5.10) can be further simplified to relate

the relative prices in sectors as follows:
0= 61561,t + 62:&27t oot En-%n,t- (512)

Finally, we need to relate sector outputs to the aggregate output. This is already
embedded in the demand equations for the sectors. Log-linearizing equations (5.6)

and inserting in the definition of Z1,...2, ., we have for each sector:

QLt =y — ﬁff?l,t,

Yot = Yt — NT2y,

Ungt = Yt — Nt (5.13)

5.2.4 Intermediate Goods Firms

The total nominal cost of intermediate goods firms in each industry is defined
by:

TC(Yj(i), Wy, Ap) = (1 — 7)Wilj 1 (7). (5.14)

For each sector, taking derivative of (5.14) with respect to output, dividing by the

overall price level and log linearizing leads to the real marginal cost definition®:
’ITLACt = ’UA}t — pAt — CZt. (515)

which turns out to be the same for all sectors due to our assumptions on labor

markets and technology (nic; = me;j¢ = mc;(4)).

It is convenient to have an aggregate production function for each sector.
Log-linearizing (4.6) we have up to a first order approximation the following rela-

tionship for production of each sector®:

Uit = d¢ + ij,t, (5.16)

5The subsidy term does not drop out in Gali(2002) for the same reason as in the case of Euler

equation .
We have Yj; = (fol Y]t(z)e%dz)%l and if we insert the definition of Yj (i) = Al (i)
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For future reference we need to define l;. Since the steady-state value of tech-
nology parameter is constant and same for all sectors, relative steady state values
of output and labor among the sectors turn out to be proportional and we get a

similar expression for the aggregate variables as’ :

i = Gy + . (5.17)

Now we can insert equation (5.17) and the optimality condition (5.4) of the house-
hold into the definition of real marginal cost (using the market clearing condition
¢t = Ut), to have:

’I?’LACt = (O’ + qﬁ)y} — (1 + ¢)dt (518)

Once again, this equation holds for all sectors.

Flexible Price Equilibrium

If we assume that all the firms in all sectors can adjust prices optimally each
period, then profit maximization problem will imply that producers will set their
prices according to the markup equation:

0

Pia(i) = 5= MCja ().

which is the same as one-sector model. Hence, the real marginal costs will equal
9%. Moreover, since the prices are identical, the output of each sector will be a
fraction of the total output, and this fraction will be the share of each sector in
the total basket. Then we will have the following equations (here super-index f

indicates the flexible-price equilibrium) :

r_1+0.
o = af, (5.19)
o+ ¢
we get Yj: = (fol Atlj’t(i)g%di)%. However, one would like to relate sectoral aggregate [;+

to sectoral aggregate Yj ;. This is achieved using the “alternative price index” definition by
Yun(1996) which is P¢ = (fol Pj,t(i)*gdi)_Tl and the demand conditions (5.8). Hence, in fact we
have that aggregate labor for each sector is equal to l;; = %(fol (M)_edi). See Gali and

Py
Monacelli(2005) p.732 for details.
"See appendix A for derivation.
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el =, (5.20)
~ 1—0
il = af 5.21
t 0‘+d)at, ( )
~f R o(1+¢)(pa—1).
rity =7 — Byfal ] = — ; al, (5.22)

representing the equilibrium processes for aggregate output, consumption, labor
and real rate in the flexible price equilibrium. These levels will be regarded as

natural levels in what follows.

Equilibrium with Staggered Price Setting

As we have previously mentioned, intermediate goods firms set their prices ac-
cording to Calvo (1983) sticky price scenario. When intermediate goods firms in
sector j get a chance to reset their price at time t, they maximize the following

objective function:

oo
mazy B | Qrork(Pia(D)Yfhik (i) = TCjn(Vien(@); Prvk; Yern)) |
k=0

(5.23)
Subject to the demand constraints of the firm in sector j:
P‘ ('l) -0 P‘t+k N
ve = ( 2t ) ( 2 ) VA 5.24
g t+k Pj7t+k Pt+k t+k€j ( )

The maximization problem leads to the following first order conditions for all

sectors®:

0

QY1) Piai) = 5= MCr) | =0, (5.25)

oo
k
Jo)

In the above equation, the term inside the brackets looks very similar to the
result of an optimization in the flexible prices. We can interpret this equation
as sticky price firms setting their price as an average of future expected marginal
costs times the markup (as opposed to the flexible price case where they can

constantly apply optimal pricing, thus care for the current marginal cost only).

8Derivations are available in Appendix B.
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Log-linearizing, rearranging terms and iterating forward gives the log-linear rule:

o
ﬁ;}t = (1 - Baj) Z Baj) Et mct+k) (5.26)

Where p7, is the (log-deviation of the) price chosen by firms charging new prices
at time t in sector j and mc},;, is the (log-deviation of the) nominal marginal cost.
However, unlike Gali (2002), we prefer to continue from now on using relative
prices previously defined for simplification of sectoral and aggregate price-index
interdependencies. Through some calculation we have the following equations for

each sector relating marginal costs to current and future inflation:
ﬁj,t = KMcy — Hi’j,t + ﬁEt(’/ATji_;_l), (5.27)

where,

(1-a;B)d —aj)

aj

KR =

As a result of the difference between the sticky price outcomes and flexible price

outcome, the economy will face an output gap defined as :

=g~

Under some circumstances, the variation in output gap can be matched with the
variation in marginal costs®. Following Gali (2002) paper, using marginal cost
definition (5.18) and the definition of natural rate of output, output gap and

marginal cost will be related as:
g(a + ¢) = nict.
Finally combining this definition with equation (5.27) will yield an expression
for New Keynesian Phillips curve in terms of output gap for each sector :

Tje = Koy — KZjt + BE(Tj441), (5.28)

9¢In the standard sticky price framework without variable capital, there is an approzimate
proportionate relation between marginal cost and output. With variable capital, the relation is no

longer proportionate” Gali and Gertler(1999), p.201.
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where,

forj=1...n.

The New Keynesian Phillips curves for the n sectors economy differs from one
sector model with the inclusion of aggregate price level and aggregate output gap
in its definition. The sectors are no more independent and the behavior of the

overall economy affects the inflation dynamics of the sectors.

In addition, we write the Euler equation (5.5) in terms of output gap and natural

rate of interest to have the New Keynesian IS curve for our Economy:

~ 1 N ~ —~ =
U = —;(n — Bi{#i1} — 7)) + Er{ya }- (5.29)

Thus we see that the IS curve for the economy resembles the one sector case.

To close our system, we add the simple Taylor policy rule to specify the level of
interest rate :
P = Gpirts + byl + &b, (5.30)
with,
ét = Pgéftﬂ + €¢ -

The above equations (5.28) and (5.29) with the policy rule and exogenous pro-

cesses for d; and & describe the dynamics of our economy.

Now we have to define the equations needed to implement the model in matlab.
We will use the definitions of inflation (aggregate and for each sector), the demand
relations (5.13) as well as a link between all relative prices (5.12), the definition of

natural rate of output (5.19) also (5.28), (5.29) plus the policy rule and the two
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exogeneous processes, then apply these equations to matrices of the form described
in Uhlig (1995) to be able to solve for the recursive equilibrium law of motion for

the economy of the form :

xy =Pxi1 + Qx

yr = Rxy1 + Sz

where x; is a vector of endogenous state variables, y; is a vector of other endogenous
variables, z; is a list of exogenous stochastic processes and P, Q, R,S are the

solution matrices.
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Chapter 6

Model Results and Answer

We begin this section with calibrating the multi-sector model, then we present
the impulse responses of the economy to policy and technology shocks and inter-
pret the results. To provide an answer to our questions, we continue on with the
responses to policy shock. We compare the impulse responses and standard devia-
tions of multi-sector model to one-sector models with differing Calvo parameters.

We try to find the best match, finally we check the robustness of our conclusion.

6.1 Calibration

To be able to implement our model using the data set provided by Bils and Klenow

(2004) we calibrate the model at a monthly frequency?.

The monthly calibration value of 3 is standard in the literature. We have
set B = 0.997. Next, the following parameters are selected to match Bils and
Klenow (2002). We assume that the elasticity of substitution between goods within
each sector is @ = 10 which implies a steady state markup of around %10. The

elasticity of substitution between each sector is set to 1, this leads to Cobb-Douglas

Most of the recent work on New Keynesian models are implemented at a quarterly frequency.
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production function specification for the final goods 2. We run the model for 10
sectors and each sector has the same weight in the production function of the final
good. Thus, we assume €; = 10% for each sector. Bils and Klenow (2004) give

50% weight for each sector in the two-sector model.

Furthermore, we need to define the value for ¢, inverse of labor supply elasticity.
It is not fixed in the literature, Gali and Monecelli (2005) give a value of 3, Yun
(1996) proposes a value of 4 whereas micro-evidence shows a value around 0.6
(Greenwood et al.,1988). We calibrate our model with ¢ = 1 in the baseline
model, this is also the value assumed by Christiano and Eichenbaum (1997) and
Barsky et al.(2003). Furthermore, in the sensitivity analysis part we will test our

model with different values for this parameter.

We define the Calvo parameter values for the ten sectors using the empirical
distribution of price adjustment parameters provided by Bils and Klenow (2004).
Using this information, we group the categories with similar frequency of price
changes as a sector, with each sector having 10% share in the total cdf. Next,
within the sectors we find the weight of each category of goods in the cdf and
multiply this value with their assumed frequency parameter to find the category’s
relative share. Then we sum over these values, correct for the small deviations in
the total cdf for the group and find the overall frequency of price change for the
related sector. Subtracting these values from 1 and rounding leads to the values

given in table 6.1,

For the values of simple Taylor rule, we follow the following intuition. The
original Taylor rule assumes the period to be one year. In the original rule the
coeflicient of output gap is 0.5 and the coefficient of inflation rate is 1.5. The
output gap is a level so it should appear in the same units in monthly, quarterly

and annual models. Since we work with monthly values, we convert the coefficient

2Smets and Wouters(2004) mention the same value for their model.
3The calculations are available in the excel table provided with the thesis.
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Variable | Value | Description

0 0.997 | Subjective discount factor

¢ 1 Inverse of labor supply elasticity

0 10 Elasticity of substitution within each sector

o 1 Coefficient of relative risk aversion

n 1 Elasticity of substitution between sectors

¢>fyv 0.0416 | Coefficient of output gap in the Taylor rule

O 1.5 Coefficient of inflation rate in the Taylor rule

Pa 0.95 | Autocorrelation of technology shock

s 0.00 | Autocorrelation of policy shock

Oq 0.712 | Standard deviation of technology shock

o¢ 1 Standard deviation of policy shock

€; 0.10 | Weight of each sector in the economy

aq 0.95 | Percentage of firms which cannot reset their prices in sector 1
a9 0.92 | Percentage of firms which cannot reset their prices in sector 2
Qs 0.90 | Percentage of firms which cannot reset their prices in sector 3
Qay 0.86 | Percentage of firms which cannot reset their prices in sector 4
Qs 0.82 | Percentage of firms which cannot reset their prices in sector 5
Qg 0.76 | Percentage of firms which cannot reset their prices in sector 6
ar 0.69 | Percentage of firms which cannot reset their prices in sector 7
Qs 0.62 | Percentage of firms which cannot reset their prices in sector 8
Qg 0.56 | Percentage of firms which cannot reset their prices in sector 9
a1 0.32 | Percentage of firms which cannot reset their prices in sector 10

Table 6.1: Calibration values for the baseline model

34




of output gap to monthly by dividing by 12 which gives a value of 0.0416%. The
interest rate is already monthly in the model by monthly parameter value for g3,

we do not need to adjust this term and take it as 1.5 like the original Taylor rule.

Finally, we set the values of the shock parameters. The policy shock is assumed
to be a white noise process with p¢ = 0. Autocorrelation of technology shock is
set to 0.95 with a standard deviation of 0.712. Lastly, the standard deviation of

policy shock is set to 1.

6.2 Impulse Responses

We present the impulse responses of a unit shock to policy rule in Figure 6.1.
Keeping in mind that sector 1 is the stickiest sector and sector 10 is the most
flexible, the immediate response of the economy to an unexpected increase in the
interest rate is a drop in output. At time zero all sectoral outputs drop followed
by falls in price levels. In sector 1 the price level falls gradually whereas in sector
10 the price level falls suddenly and sharply. We see more persistence in the
output responses of sticky price sectors, as expected. However, for the flexible
price sectors, after the sudden drop, the output levels rise and become positive.
For sector 10 this pattern is very obvious. The flexible firms enjoy the increase in
the output till the economy returns back to the steady state level. The intuition
behind this is as follows: When the economy faces the shock, sticky price firms
cannot react to the shock by immediately decreasing their prices. Every period
only a small number of firms adjust to the new price level, keeping the prices of
sticky price sectors relatively higher than flexible price sectors. This leads to a
substitution effect, whose size is determined by the value of the coefficient 7, the
elasticity of substitution between the sectors. With our calibration, output of the
flexible price firms increases together with their price level and this continues on

till the economy reaches to the steady state level.

4See Woodford (2003), p.245 and Woodford and Giannoni(2002), p.4 divides the coefficient of
output gap in the Taylor rule by 4 to have a quarterly value.
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General price level first drops down by about —0.2% and then moves back to the
level of sticky prices, reflecting a long term effect. Thus the price level overshoots
and sticky price sectors define the new price level in the economy. Taking into
consideration that we have only three very sticky sectors, this dominance over
the economy is interesting. Inflation responses are inline with prices. There is
persistent and negative inflation in the sticky price sector whereas for the flexible
sectors, after sometime inflation becomes positive matching the responses of prices
in this sector. All return to the steady state value of zero as the economy adjusts.
Finally for the output gap , following gross output, we have deficit. The increases
in the output of flexible price sectors are not as strong to have impact on these

two aggregate variables.

Next, we turn to the effects of a shock to the level of technology in a multi-sector
economy (Figure 6.2). As the shock increases the productivity, output rises and
prices decline correspondingly, leading to a decrease in inflation. This time the
impulse responses are similar between the various sectors. One interesting point
to note is that the resulting increase in the output levels of flexible sectors are
higher than the increase in the sticky sectors. We, in fact, see some stealing effect
between sector 1 and sector 10. This is due to the immediate response of flexible
price firms to the new conditions in the economy which leads to lower price levels
in this sector, however this is not very strong. Finally, the decrease in inflation is

matched with the decrease in interest rate.

6.3 Model Comparison

Now we try to match the impulse responses of multi-sector model with a one-

sector model. For comparisons, we attach more importance to the level of output
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Figure 6.1: Impulse Responses to a Shock to Policy Rule, baseline model.
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Figure 6.2: Impulse Responses to a Shock to Technology, baseline model.



gap, but we also care for the other aggregate variables. Table 6.2 shows time zero
impulse response levels of the aggregate variables to a policy shock in one- and

multi-sector models :

Output gap | Interest rate | Inflation

10 sector —-0.71 0.67 —-0.2
1 sector with o« = 0.71 —-0.71 0.71 —0.17
1 sector with o« = 0.70 —0.70 0.70 —0.18

Table 6.2: The values in the table correspond to the value of the impulse response

function to a policy shock at t=0

The two one-sector impulse response values are very similar, we select o = 0.71.
This value corresponds to a price duration of 2.9 months. This is a low value,
compared to the calibration used in the sticky price models and it is also lower
than the duration found by Bils and Klenow (4 months). Figure 6.3 displays the
impulse responses of the 0.71 calibration and figure 6.4 shows the impulse responses
had we used the prevailing duration of around 11 months in the literature. The
value corresponds to about 0.92% Calvo parameter to be used in the monthly
calibration. There are differences in the magnitudes of responses. The decrease
in the output gap and the increase in the interest rate are 0.2% more, also the

responses of the prices and inflation are very small for o = 0.92%.

The one-sector model with a Calvo parameter o« = 0.71 displays similar aggre-
gate responses to the multi-sector model, however it cannot capture the dynamics
in the response patterns of multi-sector model. Therefore, it is not very descrip-
tive in conveying the actual behavior of the economy. This variability can only be
captured by a model with at least two sectors. We tried to find the two-sector com-
bination that could mimic price, inflation, output gap behavior of the multi-sector
model. We simulated different combinations and found that a two sector model

with a sticky sector with a; = 0.91 and a flexible sector with as = 0.56 matched
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Figure 6.3: Impulse Responses to a Shock to Policy Rule, o = 0.71.
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Figure 6.4: Impulse Responses to a Shock to Policy Rule, o = 0.92.
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Figure 6.5: Impulse Responses to a Shock to Policy Rule, a; = 0.91 and as = 0.56.
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almost all the impulse response patterns of the multi-sector model (Figure 6.5).

Next, to have more precise conclusions, we check the standard deviations of the
models. The standard deviations of multi-sector, one-sector (for a = 0.71 and
a = 0.70) and two-sector models ( oy = 0.91 and as = 0.56) are presented in
table 6.3. One-sector model with ae = 0.71 can match the volatility of multi-sector

model with some slight difference and the two-sector model works quite well.

Output gap | Interest rate | Inflation | Price | Output

10 sector 0.7086 0.69 0.2445 | 1.0356 | 1.5651

1 sector (o = 0.70) 0.6928 0.7201 0.2222 | 1.0946 | 1.6220

1 sector (o = 0.71) 0.7080 0.7345 0.2137 | 1.0837 | 1.6265

2 sectors (a3 = 0.91, ag = 0.56) 0.7078 0.6885 0.2437 | 1.0282 | 1.5549

Table 6.3: Comparison of standard deviations of multi-sector and one- and two-

sector models based on HP-filtered, frequency domain calculations of moments.

6.4 Sensitivity Analysis

As discussed in the calibration part, some of the parameter values are not standard
in the literature. These are mainly the inverse of labor supply elasticity (¢) and
the coefficient of relative risk aversion (¢). In this section we apply a sensitivity
analysis on the robustness of our conclusions to changes in these parameters. We
change the coefficient of relative risk aversion to 2, 3, 4 and 5; the inverse labor

supply elasticity to 0.6 and 3 respectively.

The results are presented in table 6.3. The volatility of one-sector and two-
sector models are matched well with the multi-sector model for small values of
o. For one-sector model, as the parameter values begin to disperse away from
the benchmark calibration, the accuracy of the proposed Calvo parameter slightly

decreases. Yet, the differences with the multi-sector is never too striking. The two-

42



sector model performs quite well. The highest difference (in terms of matching
the volatility of output gap) occurs when we calibrate the models with o = 5 and
¢ = 3. With this calibration, for one-sector model, the volatility of the output gap
of the multi-sector model can be matched with an alpha value of 0.76, but this
value is not able to mimic the volatility of the other aggregate variables precisely.
Moreover, in terms of matching the level of impulse responses, o = 0.71 performs
better than a = 0.76°. This result is generally valid for the other parameter value
changes in table 6.4 as well. In terms of matching the impulse response levels of

the multi-sector economy, the baseline values seems robust.

5See Appendix C for a comparison of the impulse responses for this calibration.
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o=2>5 ¢ =10.6 ¢ =3
multi-sector | one-sector | two-sectors | multi-sector | one-sector | two-sectors
output gap 0.1752 0.1644 0.1777 0.1678 0.1540 0.1713
interest rate 0.8430 0.8653 0.8411 0.8906 0.9109 0.8905
inflation 0.2359 0.2160 0.2355 0.3897 0.3606 0.3915
price 1.4458 1.4654 1.4050 2.5990 2.5802 2.5671
output 0.4085 0.4434 0.4021 0.7019 0.7444 0.6941
o=4 ¢ =0.6 »=3
multi-sector | one-sector | two-sectors | multi-sector | one-sector | two-sectors
output gap 0.2164 0.2042 0.2191 0.1997 0.1879 0.2025
interest rate 0.8347 0.8582 0.8328 0.8479 0.8747 0.8476
inflation 0.2326 0.2129 0.2322 0.3694 0.3400 0.3710
price 1.4038 1.4287 1.3656 2.3826 2.3695 2.3595
output 0.5009 0.5417 0.4934 0.8117 0.8551 0.8039
c=3 ¢ = 0.6 o =3
multi-sector | one-sector | two-sectors | multi-sector | one-sector | two-sectors
output gap 0.2832 0.2694 0.2861 0.2492 0.2413 0.2508
interest rate 0.8214 0.8469 0.8195 0.7884 0.8240 0.7879
inflation 0.2280 0.2084 0.2277 0.3471 0.3158 0.3480
price 1.3394 1.3718 1.3048 2.0956 2.0905 2.0821
output 0.6472 0.6963 0.6384 0.9623 1.0054 0.9550
o=2 ¢ = 0.6 =3
multi-sector | one-sector | two-sectors | multi-sector | one-sector | two-sectors
output gap 0.4108 0.3958 0.4136 0.3371 0.3376 0.3369
interest rate 0.7969 0.8257 0.7950 0.6973 0.7460 0.6971
inflation 0.2216 0.2016 0.2211 0.3294 0.2925 0.3290
price 1.2281 1.2723 1.1996 1.7025 1.7084 1.6998
output 0.9146 0.9754 0.9039 1.1831 1.2234 1.1767

Table 6.4: Comparison of standard deviations of multi-sector, one- and two-sector

models based on HP-filtered, frequency-domain calculations of moments under

different parameterizations.
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Chapter 7

Model Extensions

7.1 Extended Model

The assumption of common factor markets is often criticized in the literature as
it assumes that “all factor prices are instantaneously equalized across suppliers
of different goods”'. In reality, it takes time for factors to adjust. The specific
factor markets assumption makes it possible that the factors adjust slowly with
the high degree of strategic complementarity it assumes. The baseline model
outcomes show very flexible prices even compared to Bils and Klenow (2004).
We guess that introducing specific factor markets assumption can increase the
price duration needed to match the multi-sector model in terms of volatility and
magnitude. Also, we want to know how a multi-sector economy behaves under

this assumption to a shock to policy rule.

Hence, we adjust the labor assumptions of the baseline multi-sector model.
Now different types of labor are needed to produce each good in each sector. All
households are identical, and each household supplies all the types labor used
to produce all goods in all sectors. We will present the model roughly, however

it is almost the same model as Woodford (2003), except that we assume same

'See Woodford (2003) p.166.
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production technology for all firms and all sectors ,and we have a continuum of
goods between 0 and 1 produced within each sector. The first difference compared
to the baseline model is in the definition of the maximization problem of households

which now becomes:

Cl o 1] 1+¢ 1] 1+¢ 1y, 1+¢
EOZ ﬂt{ / 1.4(0) di—/ “()di—...—/ () 7
l—o Jo 1+¢ o 1+¢ o 1+9¢
(7.1)
where [ is the intertemporal discount factor with 0 < 8 < 1, subject to the period

)

budget constraint:

B 1 1 1
Pttt < Byt / Lo (§)Wa (i) di+ / Lo o (1YW (i) dit...+ / bt (8 Wit ()i .
t 0 0 0
(7.2)
Coming to the first order conditions, Euler equation continues to hold but now we

have labor supply equations of the form:
wj’t(i) — Py =06 + QﬁﬁJ’t(Z) (73)

All the relations between the sectors remain valid but we have a difference in the
marginal cost definition of intermediate firms. This time average marginal cost in

sector (j) will be defined as:

mcjire = (0 + O)ge — (L+ @)de + o[ — O(Z4( Zﬁ] t+i) — & (7.4)

The natural rate of output for the economy will be defined in the same way as

before and subtracting it from both sides of above equation, we have:

mcj7t+k = (U + ¢)ﬁt + Qb[ - l‘]t Z Ty, t+1 77-73]‘775]. (75)

The pricing decision of sticky price firms are as previously defined, thus we can

insert the above equation in :

> (Bay) E{@j (i) + &4 — ZWHZ} = Z (Bay)FE{micjsir},  (7.6)
k=0 k=0

to have the New Keynesian Phillips curves of each sector as 2:

Tjt = K1Yt — KoZjt + BE(Tji41)s (7.7)

2The derivation of the NKPC is very similar to Aoki(2001).
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where,
(1 —0;8)(1 — o) (0 +¢)
Oéj (1 + (/50)’

R1 =

(=B —ay) (1+¢n)
' oy (1+¢6)’

forj=1...n.

We can then combine the above equations with the New-Keynesian IS curve,

the identities of the baseline model and the policy rule and apply to matlab.

7.2 Extended Model Results

7.2.1 Impulse Responses

We run the model with our benchmark calibration # = 10 and n = 1 and report
the impulse responses to a policy shock in figure 7.1. The results are as expected
given that the extended multi-sector model has strong strategic complementarity.
The intuition is as follows: The two prices are said to be strategic complements
when the increase in one price level leads to a corresponding increase in the other.
Thus, the existence of strategic complementarity among different sector prices
restrains the flexible price firms from adjusting their price level as they would
under different settings. Hence, aggregate inflation and aggregate price level react
by less to the policy shock now, whereas there is a strong decline in the level of

output 3

7.2.2 Model Comparisons and Sensitivity Analysis

The t = 0 impulse response-levels of the extended model can be well replicated
by the one-sector calibration previously assumed (o = 0.71). Whereas when we

compare the standard deviations, we find that this calibration value is not able

30n strategic complementarity see Woodford(2003) pp.161-163.
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Figure 7.1: Impulse Responses to a Shock to Policy Rule, extended model.
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to capture the volatility of the multi-sector model. The best value for one-sector
models turns out to be a = 0.82 which is very similar to the value reported by
Bils and Klenow (2004). However, this value cannot match the aggregate response
levels as good as the previously reported value with o = 0.71. (We have also noted

a similar result in the sensitivity analysis for the benchmark model.)

output gap | interest rate | inflation
10 sector 0.925 0.92 0.03
a; =0.71 0.93 0.94 0.02
a; = 0.82 0.95 0.95 0.007
a1 = 0.91 and ay = 0.56 0.93 0.92 0.027

Table 7.1: The values in the table correspond to the value of the impulse response

function to a policy shock at t=0, extended model.

For the two sector models, o = 0.91 and o« = 0.56 calibration is able to match
the level of impulse responses of the multi-sector economy. In terms of second

moments, its performance only slightly decreases. We present the results below:

Output gap | Interest rate | Inflation | Price | Output

10 sector 1.0394 0.9174 0.0864 | 0.5631 | 1.3643

1 sector (o = 0.71) 0.9515 0.9347 0.0988 | 0.7525 | 1.5595

1 sector (a = 0.82) 1.0419 0.9473 0.0621 | 0.4791 | 1.4067

2 sector (aw = 0.56 and o = 0.91) 1.0553 0.9230 0.0876 | 0.5674 | 1.3509

Table 7.2: Comparison of standard deviations of multi-sector and one- and two-

sector models based on HP-filtered frequency domain calculations of moments.

We also performed a sensitivity analysis of the extended model for the param-
eter value combinations of n = 1,2; ¢ = 0.6,3 and o = 2,5 4. The results follow

the analysis in the baseline model. We can summarize them as follows: In terms

“In Appendix C, we present the most representative tables for this analysis.
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of matching the volatility of the output gap, the one-sector Calvo parameter value
of the baseline model does not perform very well, the two sector values are consis-
tent and the new proposed Calvo parameter value of one-sector model performs
better than its baseline counterpart. However, generally this new value is not able
to match the impulse response levels of the multi-sector model better than the

baseline value for this parameter.
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Chapter 8

Discussion

The first aim of this thesis was to build a multi-sector economy and study the
impulse responses to a shock to policy rule. The attained impulse responses look
quite descriptive, the interactions between flexible and sticky sectors introduce
different dynamics to the economy. Even with just analyzing the behavior of
prices, output, interest rate and inflation, we can have a good summary of what
is going on in the economy. Introducing the sectoral variety is like introducing an
additional dimension to the system that is usually ignored. We see that especially

price and inflation aggregates show complicated impulse response patterns.

We have then tried to find the one-sector model that can capture the dynamics
of the multi-sector economy most precisely. Our results for the baseline model
show that one-sector model can produce similar impulse response levels to the
multi-sector economy by calibrating the model with @ = 0.71. This conclusion
seems robust to the changes in the parameter values and works well when we
introduce a modification to the structure of the model. The volatility of the
aggregate variables, however, change when we vary the parameter values or the
assumptions of the economy. In terms of matching the output gap, the Calvo
parameter value needed to be imposed on one-sector model usually rises and comes

closer to the parametrization in the literature. Yet the values never imply very
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sticky prices. While the multi-sector economy aggregate variables incorporate a
variety of dynamics that one-sector models cannot capture, we sometimes faced a
trade off between matching the volatility and matching the impulse response levels.
The most difficult was to produce the behavior of inflation and prices, thus there
was always a difference in one-sector and multi-sector outcomes of these variables.
We should keep in mind these problems when we mention that one sector with
a = 0.71 is able to match the impulse responses levels of the multi-sector economy

well.

The two-sector model is proposed to overcome these difficulties embedded in
one-sector models. By introducing one more sector, we are able to explore the
additional dimension. The two sector calvo parameters of the baseline model
represent a good summary of the multi-sector environment and display consistency
among different parameterizations and assumptions. Even if we try to improve
the results, this is attained with altering the proposed percentage values of Calvo

parameter by only one or two percent less/more.

Finally, one shortcomings of this analysis that restrains it from stronger gen-
eralizations is that these conclusions are attained with the data set provided by
Bils and Klenow (2004) and their methodology of studying the data influences the
definition of the sectors’ pricing behavior in the multi-sector model. This affects
in turn the price durations found in one- and two-sector models. Since there is
no consistency in the micro-evidence and the methodologies applied by different

studies, the results can differ when we work with different data sets.
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Chapter 9

Summary and Conclusion

We have modelled a multi-sector economy using the frequency of price adjustment
distribution provided by Bils and Klenow (2004) to analyze the impulse responses
of the economy to a shock to policy rule. We have shown that interactions between
the sticky and flexible price firms produced complicated dynamics compared to
one sector models. Especially the impulse response patterns of price and inflation

were unexpected.

Since most models in the literature assume single sectors, our next question was
whether the aggregate responses of the multi-sector economy could be matched by
one-sector models, and with which Calvo parameter value could we achieve such
results. To answer these question, we compared multi-sector model with one-
sector models in terms of level of impulse responses to policy shock and volatility.
The results showed that, for the baseline model the multi-sector economy could
be well replicated by a one-sector economy with a price duration of 2.9 months.
We then checked the sensitivity of the results to the choice of parameters. The
proposed duration showed slight differences in terms of matching the volatilities,
whereas the impulse responses continued to perform well. Later, we introduced a
modification to the model, with the guess that it could lead to differences in the

behavior of the responses and thus increases in price durations. The results were
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interesting, the proposed price duration could mimic the impulse response levels
but was insufficient in terms of matching the volatility. On the other hand, the
price duration that could match the volatility could not perform better than the
proposed value in matching the response levels. This new duration was close to
the results of Bils and Klenow (2004). By examining other examples we concluded
that as we depart from the benchmark calibration, there is generally a trade of

between matching the volatility and matching the impulse response levels.

The one-sector models could match aggregate response levels well but they
were not descriptive in terms of conveying the complicated dynamics of multi-
sector economy. These patterns could only be captured by models employing at
least two-sectors. We found a two-sector model calibration that could match the
volatility and impulse response levels of the multi-sector economy. The proposed
price durations for the two-sector model led to descriptive impulse response pat-
terns, moreover, they could also perform well with different parameterizations and

settings.

To sum up, we conclude that using Bils and Klenow data set for defining the fre-
quency of price adjustment parameters of multi-sector economy, one-sector models
with price duration of around 3 months can match the aggregate impulse response
levels of multi-sector models but they are not very precise in matching the second
moments (standard deviations) under different settings. The dynamics of the im-
pulse response patterns, however, can only be captured with economies with two
or more sectors. Finally, we note that the impulse responses to monetary policy
show informative patterns that should be modelled to be able to understand the

actual behaviors of aggregate variables.
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Appendix A

Aggregating Labor

We had the following demand equations relating sectoral output to the aggregate

output:

Py _ _
Vi = ( ;’t) Wer .. YYo= ("257Ye,.
t t

And the following production functions for each sector:

Yig = Alg,
Yo, = Algy,
Yot = Alpy. (A.1)

It is clear from the demand relations that in the steady state (since prices
will be the same for all sectors), output of each sector will be proportional to their

share €; in the basket.

Moreover, from (A.1), we have that the technology parameter is the same among
sectors and will be equal to 1 in the steady state. Hence, since the steady state
productions will be proportional to the relative shares; the steady state labor will

also be proportional to the relative shares.
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Labor will be log-linearized as follows:

1 1 1
/ (i) di+ / b1 (i)di ... + / Lo(i)di = 1o,
0 0 0

L+ log... +lnt =1,

in the steady-state :

L4+ byl =1,

Thus, log-linearization gives :
Livg +lalog ...+ lnlns = ;. (A.2)

which can be rewritten in terms of output and technology:

I, . oy )
%(yu —dy) + Tg(yQ,t —ay)+...+

|

(i — Gr) = Iz, (A.3)

~|

Inserting the general level of output :

I, . . . la, . . .
%(yt_nxl,t_at)+%(yt —NTay —ay)+...+

|

(e — NEng —de) = by, (A.4)

=i

using the steady state definition of labor will give :

l I,
T+ 72~7A32,t + o = Eng). (A.5)

l

—_

I, = 4 — dy — n(

~

Where the term inside parenthesis is equation (5.12) in the model analysis, there-

fore is equal to zero.
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Appendix B

Sticky Price Solution

Firm in sector j=1,...n solves:

oo
max Z O‘?Et Qt7t+k(Pj,t(Z')Yj(,it+k(i) - TCj,tJrk(Yj(,jtJrk(i); Pryk; Yevk)) |
k=0

(B.1)
subject to:
Pii(i)\ [ Piyip\ "
v :(” ) (J’ ) Yign€;- B.2
jt+k _[Dj7t+k Pt+k t+k€j ( )
with 0 < a; < 1.
This maximization problem leads to the following FONC :
> Piy(i)\ 7 [ Pjipr\ "
> ol Ey | Quasn(l —9)(PN( )) (;,’H ) Yiirej
k=0 Jytt+k t+k
N O T A O
+OMC kz(j’) ( S > —¢e;| = 0.
(i) Ptk Py Pji(i)
(B.3)
Inserting the definition of demand :
Pii(i)\ % ( Piax\ "
Yd — ( J5 ) ( Js ) Y € i
Pk Pj vk Pk RS
and since MCy = MCjy = MCj4(i), the FONC can be rewritten as :
> 0
3 08B Qs ¥k ) (Pral) — 5o MGy = 0. (B.4)
k=0
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Using the Euler equation definition :

Quirk = ﬁkEt<(Ct+k)_U Pt >,

Cy Py

the first order condition becomes :

> () B (EE) T Y () - o MC)| =0 (B5)

k=0 Pron

Now, define MC 1,/ Pryx = mceyy and Pj4(i)/Pryr = X;.4(1) X4 15, T} and

t+1
we have
ad Civr\ 7 b
>3 B (L) PV Xa0 X TT L
k=0 i=1

9 e C —0o .
=1 (Baj)kEt{( gk) Ptxfjﬁt+k(z)mct+k},
k=0

(B.6)

~1
calculate the steady state values for : X ;(7) X, ( Hi?“:l Ht+i) and %mcHh
Since Pj; = Pj(i) = P; in the steady state first expression will equal 1. From

T ‘%Tl, which will also equate the second steady

flexible price equilibrium, mc; ;. =

state ratio to 1.

So log-linearizing the above equation we have :

00 k [e'e)
> (B E{E4(0) + B0 — > it = 3 (Bey) Ee{micyr}, (B.7)
k=0 =1 k=0

since #;4(i) and #,; do not depend on index k, using 372 ((Ba;)¥ = ﬁ rewrite
J
equation (B.7) as :

[e%s) k

250(0) + &0 = (1 — Boy) > (Boy)"Ey{micypn + Y fusit, (B.8)

k=0 i=1
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Using (1 — Bay) So(Bay)k S8y Fes = 302 (Ba) ik we havel,

(o)
Zj4(8) + 250 = (1 — Bay) Z Baj) Et{mch} + Z BO‘J Ttk (B.9)
k=0 k=1

and we have :

Tj1(1) + 250 = (1 = Boy)mey + Bo E{ o1} + Ba{Ze41(8) + 1},  (B.10)

From this equation we derive the log-linear rule (5.26) by rewriting in terms of

prices and nominal variables and iterating forwards. Using p7,
Ax QoA ~ oA ~ ~
Let iy = 1_7]%_773‘7,5 and Tjp+1 = Tji+1 + Tjg — Tet1-

The second identity is directly provable by multiplication. For the first one,
since (1 — « ) of firms adjust their prices and the remaining (a;) continue to

charge their old prices, the price index (5.9) becomes:

Py ={(1 = a)(P})' =0 + oy (Pyun) TV} 0 (B.11)
Jit Qi )Lt Q{175 e—1 ) .

Log-linearizing around common-steady state we have :
pje=(1- aj)ﬁ;,t + @jpjt—1, (B.12)

Subtracting p;; from both sides and rearranging using the definitions in “some

relations” part gives the above identity for Z7,.

Hence our equation becomes,

a
T Tty = (1=Bag)mestBay Bl Fep b Boy{ = —Fj s 7501 +850—Fei }
B J

O‘J

Finally, cancelling terms and multiplying both sides by leads to the equa-

tion (5.27) in the text.

'See Aoki(2001).
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Appendix C

Model Comparisons

C.1 Sensitivity Analysis-Baseline Model

In this appendix, we present the impulse response levels at ¢ = 0 together with
the impulse response graphs for the parametrization ¢ = 5 and ¢ = 3 since this
calibration leads to the highest difference in the volatility of output gap among

the models. Time zero impulse response levels to a shock to monetary policy are

as follows:
output gap | interest rate | inflation
multi-sector —0.155 0.73 —0.175
op =0.71 —0.155 0.77 —0.145
o1 =0.76 —0.168 0.84 —0.1
o1 = 0.91 and az = 0.56 —0.155 0.73 —0.177

Table C.1: The values in the table correspond to the value of the impulse response

function to a policy shock at t=0, with ¢ =5 and ¢ = 3.

For a = 0.76, the standard deviations of the aggregate variables are 0.1684,
0.9632, 0.3402, 2.5297, 0.7377 for output gap, interest rate, inflation, price and

output respectively. The impulse response functions for the multi-sector economy,
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the two one-sector economies and the two-sector economy are as presented next.

Note that «

0.71 performs better than o = 0.76 in matching the impulse

response levels of interest rate and output gap.
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Figure C.2: Impulse Responses to a Shock to Policy Rule, a = 0.71; 0 = 5, ¢ = 3.
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C.2 Sensitivity Analysis-Extended Model

Here, we present the most representative results (in terms of volatility) of the

sensitivity analysis for the extended model.

c=2 n=1 ¢ =056

multi-sector | « = 0.82 | « = 0.71 | o1 = 0.56 a9 = 0.91

output gap 0.5941 0.5715 0.4938 0.6126

interest rate 0.9430 0.9700 0.9598 0.9484

inflation 0.1189 0.0878 0.1297 0.1206

price 0.7997 0.6790 0.9945 0.7885

output 0.7312 0.7747 0.8989 0.7143
oc=5 n= ¢ =10.6

multi-sector | « =0.82 | « =0.71 | a1 = 0.56 ax = 0.91

output gap 0.2828 0.2588 0.2082 0.2958
interest rate 0.9668 0.9858 0.9814 0.9718
inflation 0.1433 0.1038 0.1511 0.1456
price 0.9791 0.8041 1.1652 0.9590
output 0.2939 0.3214 0.3931 0.2832

c=5 n=2 $=3

multi-sector | « = 0.82 | o = 0.71 a=0.56 a =0.91

output gap 0.5797 0.5077 0.3620 0.5842
interest rate 0.9851 0.9910 1.0120 0.9860
inflation 0.1059 0.0916 0.1780 0.1045
price 0.7042 0.7111 1.3809 0.6615
output 0.2824 0.3403 0.4824 0.2789

Table C.2: Comparison of standard deviations of multi-sector and one and two

sector models based on HP-filtered frequency domain calculations of moments.
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