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Abstract

In this paper, we estimate a VAR model to present an empirical finding that an unexpected
rise in the federal funds rate decreases the ratio of sales to stocks available for sales, while
it increases finished goods inventories. In addition, dynamic responses of these variables
reach their peaks several quarters after a monetary shock. In order to understand the ob-
served relationship between monetary policy and finished goods inventories, we allow for
the accumulation of finished goods inventories in an optimizing sticky price model, where
prices are set in a staggered fashion. In our model, holding finished inventories helps firms
to generate more sales at given their prices. We then show that the model can generate
the observed relationship between monetary shocks and finished goods inventories. Fur-
thermore, we find that allowing for inventory holdings leads to a Phillips curve equation,
which makes the inflation rate dependent on the expected present-value of future marginal
cost as well as the current period’s marginal cost and the expected rate of future inflation.
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1 Introduction

Much of business cycles literature has emphasized that inventory behavior is an important
factor in understanding the character of the aggregate business fluctuations. An impor-
tant research topic on inventory behavior is why the inventory investment is procyclical.
Recent works in the literature on inventory behavior also have stressed that it is important
to explain why inventory investment is not more procyclical over phases of business cycles.
For example, Bils and Kahn (2000) shows that manufacturer’s finished goods inventories
are less cyclical than shipments.

In this paper, we analyze the role of monetary policy shocks in generating the observed
sluggish adjustment of inventory stocks. To this end, we estimate a vector autoregression
for a set of selected aggregate variables, which includes the ratio of sales to the stock
available for sales as well as the real GDP, the inflation rate, and the federal funds rate.
We then show that the real GDP and the ratio of sales to stocks increase in response to
an expansionary monetary shock. Besides, the expansionary monetary shock decreases
the stock of finished goods inventories measured at the end of each period, while its dy-
namic responses reach their minimum several quarters after the monetary shock. In an
attempt to understand such behaviors of inventories in response to monetary shocks, we
present a dynamic stochastic general equilibrium model. In this model, firms set prices as
in the staggered price-setting model of Calvo (1983) and hold finished goods inventories
to facilitate sales. Hence, our model incorporates the partial equilibrium model of Bils
and Kahn (2000) into a complete dynamic general equilibrium model with nominal price
rigidity, which permits quantitative analysis on the effect of monetary shocks.

The reason for the inclusion of the nominal price rigidity is associated with the cyclical
behavior of the real marginal cost over business cycles. It has been known in recent liter-
ature on business cycles that the nominal price rigidity can induce procyclical movements
of the real marginal cost in response to demand shocks, as discussed in Rotemberg and
Woodford (1999). Besides, the observed sluggish behavior of finished goods inventories
requires the procyclical movements of marginal costs to make production more expansive
during booms than during recessions. The price stickiness is therefore included in our
model as a mechanism to generate the procyclical movements of the real marginal costs in
response to the monetary policy shocks.

Our findings can be summarized as follows. First, it has been emphasized in the recent
literature on the Phillips curve that the current period’s inflation depends the aggregate
real marginal cost as well as the expectation about the next period’s inflation in a canoni-
cal closed-economy version of the classic Calvo model. In relation to this, we show that the

current period’s inflation rate depends on the expected present-value of the next period’s
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marginal cost as well as the current period’s marginal cost in the forward-looking Phillips
curve equation when a fraction of firms make decisions on their prices and inventories at
the same time. This is because when firms hold inventories, the opportunity cost of selling
one unit in the current period is the expected present-value of the next period’s marginal
cost.

Second, we find that under both of a high depreciation of the inventory stock and a
high elasticity of demand with respect to the stock available for sales, our model can gen-
erate the observed inventory dynamics in response to a monetary policy shock. The reason
for this is because up to the first-order approximation, a sufficiently high depreciation rate
helps to avoid excessive fluctuations of the finished-goods inventory in the model with only
sale-expansion benefits from the inventory holdings.

Third, we take into account adjustment costs, which take place when a sales-stock
ratio deviates from its fixed target ratio. We then demonstrate that the inclusion of such
adjustment costs in the model helps to match the observed variability of the finished goods
inventories, if one wants to assume a small depreciation of the inventory stock. In par-
ticular, a key specification of the linear-quadratic cost function approach to the inventory
behavior is the inclusion of the quadratic costs for deviations of sales-stock ratio from
its fixed target ratio, as discussed in Ramey and West (1999). Besides, the quadratic
adjustment costs described above reflect that holding inventories allows firms to satisfy
their demands, which cannot be backlogged. Our findings therefore indicate that a joint
specification of stock-out costs and sales-expansion benefits as incentives for holding fin-
ished goods inventories helps to understand the observed behavior of the finished goods
inventories, for those goods that have small depreciation.

It is now worthwhile to compare our model with a set of existing studies on inven-
tory behavior. For example, Hornstein and Sarte (2001) and Chang, Hornstein, and Sarte
(2004) have studied optimizing sticky price models with inventories. However, our analysis
differs from theirs in two aspects. First, their models have used the staggered price-setting
of Taylor (1980), while our model builds on the staggered price setting of Calvo (1983).
Second, the analysis of Chang, Hornstein, and Sarte (2004) relies on a partial equilibrium
industry model, whereas our analysis is based on a dynamic stochastic general equilibrium
model. In addition, the primary concern of Hornstein and Sarte (2001) is the production
smoothing of inventory in the presence of the increasing short-run marginal cost, while
we focus on sales-expansion benefits of inventory holding without relying on the upward-
sloping marginal cost. Christiano (1988) also studies a real business cycle model with
inventories, in which inventory stocks are included in production functions as a production

input. In our model, however, changes in inventories shift demand curves of differentiated



goods, given their prices.

The rest of our paper is organized as follows. In section 2, we discuss how a monetary
policy shock is identified on the basis of a VAR for a set of selected aggregate variables.
In section 3, we develop a sticky price model in which a fraction of firms accumulate their
finished goods inventories. In this section, we discuss the effect of holding finished goods
inventories on the Phillips curve equation on the basis of log-linearized equilibrium condi-
tions. In section 4, we report simulation results from the model and compare them with
the observed effects of monetary shocks on inventory dynamics. Section 5 summarizes our

conclusion.

2 Effects of a Monetary Policy Shock on Inventory Dynamics

We begin our analysis by estimating the effects of a monetary policy shock on inventory
dynamics. In order to identify a monetary policy shock, we estimate a unrestricted VAR for
selected aggregate variables and then impose a set of structural restrictions on the variance-
covariance matrix of its residual vector, which has been widely used in the literature since
the work of Sims (1980).

The choice of variables included in the VAR is made to reflect the requirement that
one can see the effects of monetary policy on the key aggregate variables and inventory
dynamics at the same time. Hence, the sample we use in this paper consists of the U.S.
quarterly time series on the real GDP, the GDP deflator inflation rate, the ratio of sales to
stocks, the finished goods inventory stock measured at the end of period, and the federal
funds rate over the period 1967:1 - 1996:4.1 The unrestricted VAR we estimated in this

paper can be then written as

4
X;=To+ Z Xk + ue, (2.1)
k=1
where X; is p x 1 vector and {Fk}%zo is a set of p X p matrices, u; is a p x 1 residual vector,
and p is the number of variables in the VAR.
In order to identify monetary policy shocks, we follow the identification strategy em-
ployed in Christiano, Eichenbaum, and Evans (2001). More explicitly, the monetary policy

of the central bank is described as follows:

re = f(Q) + e, (2.2)

!The finished goods inventory stock is the real (manufacturing) finished inventories (end of period,
chained 2000, B.E.A.) divided by population. The ratio of sales to stock is constructed by using real
inventory-sales ratio for finished goods inventories (chained 2000, B.E.A.). Real GDP, sales-stock ratio,
and inventory stock are logged for the purpose of comparison with numerical solutions to the theoretic
model analyzed in this paper.




where r; is the federal funds rate, f is a linear function, §; is the information set at
period t, and e;; is the monetary policy shock. Here, we identify the federal funds rate as
the monetary policy instrument. As an example of such an identification scheme, we can

choose an ordering of the variables in X; of the form:
S
X = [mt, log Yz, log Xt,log Ly, (2.3)
t

where 7 is the inflation rate, Y is the output, % is the sales to stock ratio, and L is the
inventory stock. The relationship between X; and the vector of true shocks, denoted by
ey, is assumed to satisfy
4
DXy =To+ Y TyXi i+ Dey, (2.4)
k=1

where D is a 5 x 5 lower triangular matrix with the diagonal terms equal to 1, {fk}%zo is
a set of 5 x 5 matrices, and e; is a 5 x 1 vector of serially uncorrelated shocks with mean
zero and diagonal variance-covariance matrix. The fifth element of e; is then identified as
a monetary policy shock, which is denoted by e,;.

For a concrete example of the identification of elements in the matrix D, we can use the
variance-covariance matrix of the residual vector u;. Suppose that variances of elements
of e; are assumed to be one. Comparing (2.1) with (2.4), one can see that the following
relationship holds:

Q=DD, (2.5)

where Q ( = Efuu}]) denotes the variance-covariance matrix of residuals.? Since D is
assumed to be a lower triangular matrix, we can apply a Cholesky decomposition to the
variance covariance matrix of u; in order to identify the elements of the matrix D.
Figure 1 reports impulse responses to an expansionary monetary shock. An expan-
sionary monetary shock increases the rate of inflation, real GDP, and the ratio of sales
to stocks, while it decreases the inventory stock of finished goods measured at the end of
period. Besides, one can see that the sales-stock ratio as well as the inflation rate and real
GDP show hump-shaped responses to an expansionary monetary policy shock, while the

finished goods inventory stock displays U-shaped responses to the same shock.

3 The Model

This section presents a dynamic stochastic general equilibrium model with nominal price

rigidity and inventory holding. Money is assumed to play only a role of unit of account,

2Refer to Christiano, Eichenbaum, and Evans (1999) for detailed explanation about identification pro-
cedures for monetary shocks.



following recent literature on sticky price models.? It is also assumed that it takes one
period for private agents to observe monetary shocks. We do this to make the information
set of households and firms consistent with the identification strategy for monetary shocks
described in the previous section. Specifically, when I; denotes the information set at
period t, we assume that I; includes all the past monetary policy shocks other than the
monetary policy shock at period ¢. Hence, private agents do not observe the realization at
period t of the monetary policy shock when they form their expectation about X1 based
on I, which is denoted by E}[X;41],

3.1 Firms

We assume that there are two classes of goods, depending upon whether to accumulate
finished goods inventories. In what follows, goods that require accumulating their inven-
tories are called “inventory goods”, while goods that do not hold inventories are called

“non-inventory goods”.

3.1.1 Demand Functions of Firms

Households and government purchase both two classes of goods for their consumption in

each period t =0, 1, - - -, co. Specifically, an index of the two classes of goods is defined as

71

S, = (iS +(1—)78,

¢—
d>

)P, 6> 0, (3.1)

where S; denotes the aggregate sales at period ¢ for firms that hold inventories, and Sy
denotes the aggregate sales at period t for firms that do require inventories. During each
period, households minimize the total cost of obtaining S;, which in turn leads to the

following demand curves:

Pyos: g =a-m

o
P, Pt) St, (3.2)

where P; denotes the price index for goods holding their inventories and P, denotes the
price index for goods that do not hold inventories. The aggregate price index, denoted by
P,, is now given by
_ (4P ¢ pl—¢\ 105
Po= (P "+ (1 -y ")e. (3.3)

Furthermore, there is a continuum of differentiated goods for each type of goods classes.

Households purchase differentiated goods in the retail market and combines them into

3See, for example, Woodford (2003) for cashless economy in models with nominal rigidities.



composite goods using a Dixit-Stiglitz (1977) aggregator. More explicitly, S; is defined as

an index of differentiated goods:

_ 1 . 0 _ €;—1 €
Sy = (/0 (ilaijttﬁ(sjt)eidj)f“; 6>1; 0<0<1; (3.4)

where S’jt denotes differentiated goods of type j in the inventory goods class and Aj; is the
stock of firm j available for sales at period ¢. In addition, the parameter 6§ measures the
elasticity of demand with respect to the amount of the stock available for sales and ¢; is
the elasticity of demand for an individual firm with respect to its own price. In particular,
as the parameter 6 takes a higher value between 0 and 1, holding inventory stock creates
a larger effect on sales at given prices of goods.

Before proceeding, it is worth discussing two features of the specification of the aggre-
gator described in (3.4). The reason for the inclusion of the stock available for sale in the
aggregator is that holding finished inventories helps firms to generate greater sales at a
given price, following Bils and Kahn (2000). The key difference from their model, however,
is that holding finished goods inventory facilitates sales only when its stock available for
sale is higher than the average level in the economy.

Households minimize the total cost of obtaining differentiated goods indexed by a unit
interval [0, 1], taking as given their nominal prices Pj;. The cost-minimization then gives

a demand curve of the form:
_ Aji g Pt e -
Sje = (=5)(=2) 8 3.5
= (S (35)
where the price index for differentiated goods in non-inventory goods class, denoted by P,

is defined to be

_ LAy TP I
Pi= ([ (LY (P (3.6)
0 ¢
Similarly, demand curves of differentiated goods in the non-inventory goods class is
- Py -
S = (=) S, 3.7
Jt ( j2) ) t ( )

where output and price indices of the non-inventory goods class, respectively, are defined

as

~ 1 ~ en—1 €n ~ 1 ~ 1
Se= ([ S )= B= ([ (Bed) T, w1 (39

3.1.2 Cost Function of a Representative Firm

Consider a firm that purchases material inputs and labor services to produce differentiated
goods of type j. It produces output using the following production technology:

Mje 2y (3.9)
SM ’ 1—s M ’

6

th = Hlll’l{



where S is the share of material, v is the elasticity of value-added output with respect
to capital, @;; denotes the output level at period ¢ of firm j, Hj; denotes the number of
hours hired by the firm, and Mj; is the real amount of material inputs®. In addition, the
fixed coefficient technology specified in (3.9) implies that the value-added production of
firm j is
Yji = ZiHj. (3.10)
The logarithm of the aggregate technology process is also assumed to follow an AR(1)
process:
2t = paz-1t+ e 0< p, <1, (3.11)

where z; (=log Z;) denotes the logarithm of the aggregate productivity at period ¢ and e,
denotes an i.i.d. white noise with the mean zero and standard deviation o.
Furthermore, labor services are free to move across individual firms and between two
sectors. Factor prices are also assumed to be fully flexible. Individual firms therefore
have an identical cost function for producing one unit of value-added output, as long as
they have a constant returns to scale technology for value-added output. In particular,
note that constant returns to scale production technologies (3.9) and (3.10), along with
full flexibility of factor prices in perfectly competitive factors market, make the unit cost
for the value-added output independent of output levels of individual firms. Specifically,
letting V; denote the unit cost for the value-added output, the unit cost for value-added
output is given by
(3.12)

where Wy denotes the real wage rate at period t.

So far, we have made no distinction between firms holding inventories and firms not
holding inventories. From now on, we assume that production technologies for individual
firms have an identical functional form, except the share parameter of material inputs
denoted by sj;. Specifically, the share parameter sy is set to be sy = s for firms that
hold inventories and sp; = §ps for firms that do not hold inventories. Hence, real marginal

costs at period t of real gross output can be written as
MCy =5y + (1 —53)Vis MCy =3y + (1 -3V, (3.13)

where M C; denotes the real marginal cost of firms that hold inventories and M C't denotes

the real marginal cost of firms that do not hold inventories.

4See, for example, Rotemberg and Woodford (1995), Bils and Kahn (2000) and Woodford (2005) for
the use of the fixed coefficient technology of the type we use in this paper.



3.1.3 Price Setting of Firms Holding Inventories

Having described demand and cost functions of firms, we now discuss pricing decisions of
firms that hold inventories. In doing so, we first specify the evolution of the stock available
for sales and profit flows of individual firms. The stock of firm j that is available for sales

evolves over time according to
Aje = (1= 0a)(Aji-1 — Sje—1) + Qjt, (3.14)

where Aj; denotes the stock of firm j and d, denotes the depreciation rate of stocks, which
reflects storage costs. The realized profit flow at period ¢ of firm j holding its inventories

is therefore given by

Ay o P; _ _
Dy = (ﬁ)a(?f;)lfﬁst — MCyQjs, (3.15)

where S; is the aggregate amounts of real sales at period ¢, and S; is defined as
Sy =~(=)"?5S;. (3.16)

Furthermore, we assume that the price-setting of firms follows a variant of staggered
price-setting of Calvo (1983), which allows for indexation. Specifically, during each period,
a fraction of firms, (1 — «;), are allowed to re-optimize, while the other fraction of firms,
«;, do not. In particular, those firms that do not optimize at period ¢ determine their
prices at period ¢ by multiplying a common indexation factor to their previous period’s
prices. Thus, the price at period ¢ of firms that re-optimize at period t — k can be written

as
ptfk,t = thk,tpt*flw (3.17)

where P;_j; is the price at period ¢ of firms that re-optimize at period t — k, Pt*_ i is the
price at period t — k of firms that re-optimized at period ¢ — k. In addition, Tt—k,t is the
indexation factor at period ¢, which is determined by an indexation rule.® Here, firms
that hold inventories update their indexation factor by multiplying the previous period’s

inflation to their previous period’s indexation factor:

_ P e
Tike= (Pt )thfk,tfla (3.18)
t—2
for k = 1, ---, co and where Tt,ki,k = 1. The parameter £ measures the degree of

indexation, which takes a constant value between 0 and 1. Then, combining equations

SRefer to Christiano, Eichenbaum and Evans (2001), Smets and Wouters (2002), and Woodford (2003)
for the modified Calvo-type staggered price-setting, which allows for indexation of prices to past inflation.



(3.6), (3.17), and (3.18), we can see that the price level at period ¢ under the Calvo type
staggered price-setting can be written as

00

Pl =(1-a) Z At-re ’“ 0T g P y) e, (3.19)
where A;_j; denotes the stock at period t of finished inventories of firms that set their
price at period t — k.

Next, we formulate profit maximization problems of firms as dynamic programming
problems. Since firms make pricing and investment decisions at the same time, firms
that re-optimize at period ¢t may have different value functions, depending on the most
recent time period that they re-optimized. In order to allow for such a possibility, let
yOk (At—k i1, Pt*f k> X;) denote the value function at period t of firms, which re-optimize
their prices at period ¢t and had their previous price changes at period t — k. Here, X;
denotes the aggregate state vector at period ¢. Then, firms that re-optimize at period ¢

solve the following profit maximization problem:

= — A 15* e & _
VOR(Ap g1, Py, Xe) = maxy, , o, pr (G20 ()95 — MCiQuye

T Py .
e e((1 = 0a)(Appg1 — ()0 (== kpi_ll )65, 1)+ Qi — Ary) (3.20)

+E[de 1 (i VEHAr g1, PP, Xev1) + (1 — ) VO (A, P, X)),

where w;; denotes the Lagrange multiplier for (3.13) and A;_j ;1 is the real amounts of
stocks at period t — 1 of firms that set prices at period ¢t — k.
The first order conditions for the dynamic programming problem (3.20) can be sum-

marized as follows. The first-order condition for the output is given by
Wit = MC’t (321)
The first-order condition for the stock can be written as

[deir1 (Vi (A prr, PP X)) + (1 — @) VP (A, P, X)), (3.22)

Att

where S;; denotes the real sales at period t of firms that re-optimize at period t. The

first-order condition for the price-setting is

(6 = 1) 5" = Eyldiira(aiVa (Avsrn, P, Xon) + (1= )V (A, P X)) (3.23)

t

We now move on to envelop conditions. It follows from (3.20) that differentiating
VOk(A; yy1, PF ., X;) with respect to P}, yields

Vzo’k(At—k‘,t—la Py, Xe) = €(1 = 0) —=,——. (3.24)



The value function at period ¢ of firms that re-optimized at period ¢t — k can be written as
follows:

= > Ay Yk iPr 1. & ~
Vk: (At—k,t—lu Pt*—k’ Xt) = maXAt—k:,t7Qt—k,t( t,4tk’t )6( : Ptt L=k )1 €lSt - MctQt—k,t

A i Tik1P e &
et (1= 0) (Ap g1 — (P21 (FHE0) 768, 1) 4 Qup — Ari)

+LE; [dt,t+1(04ivk+1(x4t—k,t7 pt*,m Xep1) + (1= Oéi)VO’k(At—k,u Pt*,k, Xe1))],

(3.25)
where Vk(At,kyt,l, Pt*_ > X}) is the value function at period ¢ of firms that re-optimized at
period t — k. Differentiating (3.25) with respect to P} , and then setting w;_x; = MCy,
we also have the following envelop condition:

= > MCSs_p 1— Sy_
‘/Qk(At—kyt—laPt_kaXt) =¢€(1— 6a)% — (& — 1)%+

_ ~ 2 ~ (3.26)
Eilds p11 (i VT ( Ay gty Py Xe1) + (1 — ai)vzo’k(Atfk,tv P, X))

Having derived the first-order and envelope conditions for price-setting described above,
we will combine them to yield the optimization condition for the price-setting at period ¢
of firms that hold finished goods inventories. First, substituting equation (3.24) evaluated
at t + 1 into (3.26) and then rearranging, we can obtain a difference equation for partial
derivatives of value functions with respect to the price re-optimized at period ¢t — k:

6,’((17ai)MStStfk’t+(1*5a)MCt§t7k,t,1)

Vzk(Atfk,tflaF?_th) — _St—k,tr‘tfk(t) + +

il B Py Py, (3.27)
i Bylde 141 Vy " (Arms Py Xeg),
where T';_j(t) is defined as
Yt PF
Ty (t) = (6 — 1)%. (3.28)
t
Then, a successive forward iteration of equation (3.27) leads to
‘/Qk(At—k,t—lv-Pttkat) == B B
€i(1—6a)MCtSt—k7t—1 (329)

: Siototts .
—B50 iy =5 (et + ) — M Siaj)] + o :

where limy—7 Ei[al d; 117V (At—garr, PFpy Xewr)] = 0. It then follows from (3.29) that
the partial derivative of the value function at period ¢ 4+ 1 with respect to the price re-
optimized at period ¢ can be written as

Vo (A1, P, Xi) =

; Sitrs : ((1=3)MCy 418
— B[ X520 adini; =5t (Tt + ) — 6MSpyj)] + © ( )pt* L,

(3.30)

Furthermore, substituting (3.24) into (3.23) and then rearranging, the first-order condition

for the price-setting at period ¢ described in (3.23) can be rewritten as

- IS
o, By [dt7t+1V21 (At,t+1, Pt ,Xt+1)] = Pti (Ft(t) — Ei(l — Ozi)MSt). (3.31)

*
t
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As a result, substituting (3.30) into (3.31) and then rearranging, one can see that the

optimization condition for the price-setting at period ¢ can be written as

> — T P* €;
> af Bldg ik Sean(—5 — —-M Sy )] =0, (3.32)

k=0 Pt+k € — 1

where M .Sy, is the expected present-value of the next period’s real marginal cost:

MSiyp = (1= 0a) Errildirp s i1 MCoypia). (3.33)

It is noteworthy that M .S, is included in the profit maximization condition (3.32), which
reflects that holding finished goods inventories leads firms to take into account the expected
present value of the next period’s marginal cost, rather than the current period’s marginal
cost.

We now discuss the optimization condition for the stock available for sales at period
t. It follows from the two value functions described above that the partial derivatives of

value functions with respect to the previous period’s stocks can be written as

k e S — —
VI (Are1, P Xe) = w1 = 60)(1— 030200, (3.34)
t—k,t—1
o S ki
V(A B X) = (1= 0) (1= 050, (3.35)
t—k,t—1
for k = 1, 2, .-+, oco. Next, substituting period (¢+1) versions of equations (3.34) and

(3.35), with £ = 1, into (3.22) and then setting w; ;41 = w1441 = MCy41 in the resulting
equation, we find that the optimization condition for the stock of firms that re-optimize
at period t can be written as

St

MCt:49 - +MSt(1—9
Ay

). (3.36)

Similarly, optimization conditions for stocks of firms that re-optimized at period t — k are

_ S, S,
MCy =025 L prg (1 — g2=Et )y, (3.37)
Akt Akt
for k =1, 2, ---, co. To the extent that the real marginal cost is independent of output

levels of individual firms, one can see from (3.36) and (3.37) that sales-stocks ratios are
identical across individual firms in each period t = 0, 1, ---, co. Hence, the following
equation holds for the aggregate sales-stock ratio:
_ S S,
MC, =025 + MS,(1—62Y). (3.38)
Ay Ay
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3.1.4 Price Setting of Non-Inventory Goods Producing Firms

Having described the price-setting of firms that hold inventories, we will discuss the profit
maximization of individual firms that do not hold their finished goods inventories. As we
did in the previous section, this section assumes a variant of the staggered price setting
of Calvo(1983), which allows for indexation. Specifically, during each period, a fraction of
firms, (1 — «y,), are allowed to re-optimize, while the other fraction of firms, a,,, do not.
In the absence of inventories, the price level at period t under the Calvo-type staggered

price-setting can be written as

Pt1_€” = (1 — aﬂ)(pt*)l—Gn + an(Tt_Lt]St_ﬁl_E”’ (339)
where ]5t* denotes the optimal price at period ¢ of firms resetting prices at period ¢ in the
non-inventory goods sector and the indexation factor Tt—l,t is defined as Tt_Lt = (?*; )5 .

t—

Furthermore, the profit maximization problem of firms resetting prices at period ¢ is
given by - -
Tirpk

- _ -
Y, P
Z of B, [alt,ch((M 2

) — MClyp(
=0 Pk

)" ") Seril; (3.40)

where S; denotes the aggregate sales at period ¢ of the non-inventory goods sector. The

optimization condition for the optimal price at period ¢ can be then written as

- N N
~ Yo P € ~

> i Eyldy kSt tgr L= TMCrir)] = 0. (3.41)

k=0 t+k €n

3.2 Phillips Curve Equation

In this section, we consider a Phillips curve equation for the aggregate inflation rate on
the basis of log-linear approximations to the pricing equations of firms.% In doing so, we

first log-linearize (3.19) around the steady state with constant prices to yield

o0
pr=(1=0a) > of g+ = Pk1) + (arky — ar), (342)

k=0
where p; and pf_, are log deviations of P, and P}, from their steady state levels, respec-
tively. The second-term of the right-hand side of (3.42) results from log-linearizing the
indexation factor (3.18). Note that the sum of individual stocks leads to the aggregate

stock:

[e.e]
ar = (1 — o) Z afa ;. (3.43)
k=0

SRefer to King, Plosser and Rebelo (1988a, 1988b) for the log-linear approximation technique used in
this paper.
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Hence, substituting (3.43) into (3.42) and then subtracting the resulting equation’s period

(t — 1) version from its period ¢ version, we have

8%
1—Oéi

e —

by — Pt =

(T — Em—1), (3.44)

where 7y (= log P - log 15,5,1) denotes the inflation rate of the inventory goods sector. In

addition, log-linearizing (3.32) around the steady state with constant prices leads to

o0

Z(aiﬁ)kEt[ﬁf[ = Ptk + E(Drak—1 — Pr—1) — M4k = 0, (3.45)
k=0

It then follows from (3.45) that we can obtain a linear difference equation of the form:

Py — Dt = —iB¢T + (1 — aiB)msy + aiBE[Te1 + (D1 — Pea1)]s (3.46)

where ms; denotes the log-deviation of M S; from its steady state value. Thus, substituting
(3.44) into (3.46), one can obtain a linear difference equation for the inflation rate of the

inventory goods sector of the form:

Ty — &1 = kmsSy + ﬁEt[ﬁ't+1 — §7_Tt], (347)

where £ = 7(17%);}7%@.

Next, we turn Zto the derivation of the Phillips curve for the inflation rate for the non-
inventory goods. In the similar way as we did above, log-linearizing (3.39) and (3.41)
and then rearranging leads to a linear difference equation for the inflation rate of the

non-inventory goods sector:
7y — &1 = Rmey + BE [T — ), (3.48)

where 7; (= log P, - log ]5,5,1) is the inflation rate of the non-inventory goods sector, and

i — (zan)d-anf)
Qn
In order to obtain a Phillips curve equation for the aggregate inflation rate, we add up

two linear difference equations (3.47) and (3.48) so that the Phillips curve can be written

_ ¢ VR (L—)Fk
—@ﬂ' 1+£ﬁm5t+

where the aggregate inflation rate, denoted by m, is defined as a weighted average of

as

Us t—1+ —— Ey[m44], (3.49)

inflation rates of inventory and non-inventory goods:

e :’y’ﬁt—l—(l —’)/)’fft. (350)
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Before going further, recall that real marginal costs of gross outputs can be expressed
in terms of real unit costs of value-added outputs. In order to express the aggregate
Phillips curve equation in terms of the unit cost of the aggregate value-added output, we
log-linearize real marginal costs of firms. Specifically, log-linearizing (3.13) around the
steady state with constant prices then implies that log-deviations of the real marginal cost

of gross output can be expressed in terms of the real unit cost of the value-added output:
mer = (1 — pSpr)ve; mey = (1 — fSpr)vy, (3.51)

where me; (= log MCy - log MC), tc; (= log MCy - log MC), and v, = logV; - log V.
In addition, i (= %) and fi (= 1\7[10

and non-inventory goods firms. It also follows from (3.33) that the log-deviation of the

) denote steady state markups for inventory goods

expected present-value of the next period’s real marginal cost is
msy = Et[)\tJrl — M\t + mct+1], (3.52)

where \¢ (= log A; - log A) is the log-deviation of the marginal utility of consumption.
Substituting (3.52) into (3.48) and then (3.51) into the resulting equation, we now express

the Phillips curve equation in terms of real unit cost of the aggregate value-added output:

B
=1 _E‘Sﬁwtl + ko E[vis1] + K1 E A1 — Ae] + kove + mEt[ﬂ'tJrl]a (3.53)

where vy denotes the log-deviation of the real unit cost of the aggregate value-added output.

Tt

Here, coefficients kg, k1, and ko are defined as

_ R —psy) o ok (L= 9)R(1 — Asw)
1+eg M T 14ep 1+ &3 ’

Ro =
where the parameter v denotes the output share of the inventory goods sector. Similarly,

Ko

the Phillips curve for the non-inventory goods can be written as

. £ . . p -

T = Ti—1 + Rovt + ———= Et|Te41], 3.54

t 1+fﬁt1 0Vt 1+ 63 1Tt (3.54)
where kg is defined as ky = '%(1117‘2‘21”) In sum, we can find that a joint decision on the

price-setting and the inventory holding has the current period’s inflation rate depend on
the expected present value of the next period’s real unit cost, given the expected rate of

the next period’s inflation.”

"Refer to Gali and Certler (1999) and Sbordone (2002) for the specification of the New Keyensian
Phillips curve and its empirical tests.
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3.3 Inventory Dynamics

In order to derive a linearized law of motion for the inventory stock, we first consider log-

linear approximations to the optimization condition for the stock-sales ratio. Specifically,

log-linearizing (3.38) leads to

B S € Sy ). (et
1—(1-64)8 (1= (1 =6d4)B8) (1 — (1 —6a)B)

where 5; and a; are logarithmic deviations of the aggregate sales S; and the aggregate stock

gt — ¢ msSg, (355)

Ay from their steady state values, respectively. In addition, mc; (= log MCy - log MC)
denotes the log deviation of the real marginal cost at period t, while ms; (= log M'S; -
log M S) denotes the log-deviation of M.S; from its steady state value.® Then, substituting
(3.52) into (3.55) and then plugging (3.51) into the resulting equation, one can express the
ratio of sales to stocks in terms of the aggregate real unit cost and changes in the marginal

utility of consumption:
S —ar = bovy — b1 Ey [’Ut+1] — b2Et[>\t+1 — )\t], (3.56)

where by, b1, and by are defined as

_ -y, (1-d)B(a—1) (1-6,)8(i— 1)
1-1-6)8""  (a—(1—06.)0) (i—(1—62)B) 1~ (1-0,)8)

Furthermore, note that Y; = 7(%)_¢Yt. Equation (3.3) also implies that 7(%)1_‘7’ =

bo bo; ba =

v+ (1-— v)PT_t(l_¢), where Py (:%) is the ratio between price levels of inventory and
t

_ —(1—¢) -2
non-inventory goods sectors. Thus, we have Y; = v[y+ (1 — ’y)Prt(1 (b)] =2Y;. As a result,
log-linearizing this equation leads one to express the aggregate value-added output of the

inventory goods sector in terms of the aggregate value-added output and relative price:

U=yt — (1 —7)dpr. (3.57)

We now turn to the discussion of how to obtain a law of motion for the aggregate
inventory stock. The aggregate inventory stock measured at the end of period ¢, denoted
by Ly, is defined as Ly = A; - S;. Tt also follows from (3.9) and (3.14) that the aggregate
stock available for sales is Ay = (1 — 04)Ly—1 + ﬁf/} Thus, combining these two

equations, we have the following equation:

Li= (1= )Lt + T —2b). (3.58)

1— sy

*It follows from (3.24) and (3.27) that the steady state equilibrium condition can be written as MC -
MS =05(1—MS). Since MS = (1—6,)3MC, it implies that 65 = %. This steady state relation
is used to calculate the coefficient for ms; in (3.55).
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Log-linearizing this equation and then substituting (3.57) into the resulting equation leads

to a linear difference equation for the inventory stock of the form:

1 1- P
b= pler gt~ e = ()5~ ) (359)

where s, = é, s = %, p=(1-64)%, 5 = log %, Iy = log %, and a; = log %. It is then
clear from (3.59) that it is necessary to have a law of motion for p,;. Hence, substituting

P, = % into the definition of P; specified in (3.3), we have

1 -
Prt = Pre—1+ ;(7& — ). (3.60)

3.4 Households

The preference at period ¢ of the representative household is represented by

_ 1
Cor —bCrin—1) 7 =1 H Y

o0
E ko >0 >0 3.61
tI;)/8 [ 1_0_ 1+X]7 g X ) ( )

where 0 < 8 < 1 denotes the discount factor, C} is an index of consumption goods, and
H,; is the number of hours worked at period t. We assume that the parameter b takes a
positive value, in order to allow for habit formation in consumption preferences. The flow

budget constraint at period ¢ of the representative household can be therefore written as

B B
Cy+ Ey[dyy1 =] = 2L + W H, + ®; — T, (3.62)
Py Py

where By41 denotes a portfolio of nominal state contingent claims in the complete contin-
gent claims market, d; ;41 is the stochastic discount factor for computing the real value at
period t of one unit of consumption goods at period t+ 1, W; is the real wage rate, T} is the
real lump-sum tax, and ®; is the real dividend income. Then, the first-order conditions

for consumption and labor supply can be written as
Ay = Ey[(Cy — bCy—1) 7 — Bb(Cyq1 — bCy) 77, (3.63)

HY = WA, (3.64)

where A; is the Lagrange multiplier of the budget constraint (3.62). The optimization

condition for bond holdings is
Ay

digy1 =0 A,

(3.65)
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Hence, if R; represents the risk-free (gross) nominal rate of interest at period ¢, the absence

of arbitrage at an equilibrium gives the following Euler equation:

Aip1 B
Ay P

BE.[Ry ]=1. (3.66)
Having described the optimization conditions of the household’s utility maximization,
their log-linear approximations are discussed. Log-linearizing the Euler equation around

the steady state with a zero inflation rate leads to
Et[)\t—&-l — M +7— 7Tt+1} =0, (3.67)

where \; (= log A; - log A) denotes the log-deviation of the marginal utility of consumption
at period ¢ from its steady state level, r; is the log deviation of the nominal interest rate
from its steady state level, and m; denotes the inflation rate at period . The marginal
utility equation under the habit formation of consumption specified in (3.63) gives an
intertemporal equation:

(1—-b)(1 - b) b Bb

c st T Tramet T iy g Pl

(3.68)

where ¢; (= logCy - log C) denotes the logarithmic deviation of consumption from its

steady state value.

3.5 Social Resource Constraint

In order to obtain the aggregate market clearing condition, we begin with the aggregate
dividend income, which is defined as the aggregate sales minus the aggregate costs of
both production and holding inventories. Specifically, the aggregate dividend income is
defined as ®; = Sy - Wy H; - M;. In addition, the aggregate inventories at the end of
period t, denoted by L;, can be written as Ly = (1 — 04)Li—1 + Q¢ - S¢, where @ is the
aggregate real gross output at period ¢. Substituting this equation into the definition of
the aggregate dividend and then setting Y; = Q¢ - M, in the resulting equation, we find

that the aggregate dividend income can be rewritten as
= —(Ly — (1= 6a) Ly—1) + Yy — Wi H, (3.69)

In the meanwhile, the government’s flow budget constraint at period t is defined as

B B
Ey[dy s ﬁ] = Ftt +G T, (3.70)
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Then, substituting (3.69) and (3.70) into the period budget constraint of the representative
household (3.62), one can see that the aggregate market clearing condition can be written
as

Yi=Ci+ G+ L — (1 — q)Ly—1. (3.71)

Having described the aggregate market clearing condition, we now discuss the rela-
tionship between the aggregate value-added output and the aggregate production inputs.
First, note that demand curves for value-added outputs of individual firms are th =
(2 (3 ~Y and ¥y = (34 Vi, where ¥ = 5(5)~?Y; and ¥ = (1—2)() %" In
addition, the demand for the value-added output of firm j should be equal to its output

in an equilibrium. Hence, adding up market clearing conditions across firms yield g—if[t
= ’y(%)_ﬂft and %E[t = 7(%)_‘1’1/}. Here, A; and A; denote measures of relative price
t
distortion for inventory goods and non-inventory goods respectively:
_ 1 A, P. - 1 p,
o= [ A= [ (372)
Thus, market clearing conditions for each class of goods can be added to yield the following

aggregate production function:

Zy
Y; = —H 3.73
t At ty ( )
where H, = H; + H, and the aggregate relative price distortion is defined as
_ P < P
Ap =8 (5) 0+ (1= 7)AU(F) 7 (3.74)
B B

We now log-linearize the aggregate production function to express the aggregate real
unit cost in terms of value-added output. Here, it should be noted that up to its first-
order log-linear approximation, measures of relative price distortions turn out to be zero,
following the literature.'® Thus, log-linearizing the aggregate production function yields
Yyt = z¢ + hy, when hy and y; denote the log-deviation of the aggregate hours and real GDP
from their steady state values, respectively. In addition, substituting (3.12) into (3.64) and
then log-linearizing the resulting equation leads to xh; = v+ + 2 + A;. Hence, combining
these two equations, the aggregate unit cost can be expressed in terms of the aggregate

value-added output as follows:

vp =Xyt — (L+x)z — A (3.75)

9The amount of demand for the value-added output of each firm differs from its sales. But ]\th is
proportional to Yj; because of the fixed coefficient technology in (3.9). Thus, the demand function of each
firm in inventory goods sector has the same functional form as that of its total sales.

ORefer to Christiano, Eichenbaum and Evans (2001) and Schmitt-Grohé and Uribe (2004) for detailed
explanations about log-linear approximation to measures of relative price distortion under the Calvo pricing.
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Besides, log-linearizing the aggregate market clearing condition (3.71) leads to

1 Sq 0aSi
Ct = —Yt — —Ggt —
Sc Sc Sc

(le = (1 = da)lt—1), (3.76)

where s, is the share of consumption in real GDP, s, is the share of government expendi-
tures in real GDP, and s; is the steady state ratio of inventory to real output.
Finally, the monetary policy rule is assumed to follow a variant of Taylor (1993) rule

with partial adjustment of the form:

re = prri—1 + (1 — pr)(Orme + Oyye) + €res (3.77)

where p, is the partial adjustment parameter, ¢, measures the responsiveness of the policy
interest rate with respect to inflation rate, and ¢, measures the responsiveness of the policy

interest rate with respect to real output.

4  Simulation Results
4.1 Calibration and Estimation

The computation of a numerical solution to the model requires assigning numbers to
parameters of the model. Specifically, parameters of the model are partitioned into three
classes. For the first class of parameters, we simply choose their values. For example, we
set 0 = 1 and x = 1, which imply a logarithmic utility function for consumption and a
quadratic function for the hours worked. We also set 8 = 0.99, which assumes that the
average yearly real interest rate is 4 %. The other parameter values that belong to the
first class are specified in Table 1.

The parameter values of the second set are chosen to match the impulse responses of
the key variables estimated from the VAR we discussed in the previous section. In order
to see this, let ¢ be the vector of the model parameters that we estimate, while ¥(() is a
mapping from ¢ to the model impulse responses. U is the corresponding impulse responses,
which are estimated from the VAR we have discussed. Then, estimates of (, denoted by é

are the solution to the following minimization problem:
min(¥ — ¥(Q))'V! (¥~ ¥(()),

where V is a diagonal matrix whose diagonal elements are sample variances of the elements

of UM In sum, the first and second sets contain o, x, b, 8, i, &, &, 0, 501, Oa, Sr (= %),

" Refer to Christiano, Eichenbaum and Evans (2001) and Altig, Christiano and Eichenbaum (2004) for
a detailed discussion about how to estimate a subset of parameter values minimizing a measure of the gap
between model and estimated impulse responses.
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ft, pr, ¢r, and ¢,, whose values are summarized in Table 1.
The third set of parameter values are then determined by using steady state equilibrium

conditions, given the first two sets of parameter values. Hence, we now briefly discuss how

one can use the steady state equilibrium conditions to assign numbers to the second set of

parameters. The first-order condition for the stock becomes s, = #_fga)ﬁ at the steady

state with constant prices, which in turn implies

1 1 i
65, T os T A1 —60

fs,’
where the second equation is obtained from the steady state version of the pricing equation

fi= (1—0,)8(1— (4.1)

for firms that hold inventories, (1 —d,)8¢; = (€; — 1)fi. Besides, note that the real unit cost

of the value-added output, denoted by V', satisfies the following steady state relations:
1— sy o 1 — sy

a(l—sm) Al —3m)’

V= (4.2)

where fi is the steady state markup for firms that do not hold inventories.'? The first
equality of this equation is then used to compute a value of V. We also use the second

equality to compute the share of material inputs for firms that do not hold inventory goods:

_ 1-Vi
SM = m (4.3)

Furthermore, the law of motion for the aggregate stock at the steady state with constant
prices turns out to be 1_71§M = 048q + (1 — d,)ss. Given that s; = s, s4, we solve this
equation to yield

Sy 1

(1= 5200 + (1 —0a)5r) 2~ (1 —5a)0a + (1 —62)81)°

The steady state ratio of inventory to the value-added output therefore can be written as

(4.4)

Ssg —

S| = — = 84 — Ss. (4.5)

L
Y
The steady state share of consumption in output, denoted by s, is given by

Sc=1—1585— 845 (4.6)

In sum, we can use equations (4.1) - (4.6) to compute values of V', [, €, Sns, Sa, Ss, Si,
and s, given the first set of parameter values, while the first set of parameter values is

reported in Table 1.

12Note that the second equality results from the assumption of labor’s free movement across sectors.
The next equation then implies that 0 < Sy < 1 requires 1 < 1 < % We therefore use this restriction

when we choose a value fi.

20



4.2 Results

In this section, we report quantitative implications of the model we described.!® In par-
ticular, we ask if the model can generate observed dynamic responses of the sales-stock
ratio and the finished goods inventories in response to a monetary policy shock. Further-
more, we do this for models with and without adjustment costs. Here, adjustment costs
take place when the sales-stock ratio deviates from its fixed target, while the equilibrium
conditions for the model with adjustment costs are summarized in Appendix A.

Figure 2 demonstrates impulse responses to an expansionary monetary policy shock
from the model without adjustment costs and compares them with estimated impulse re-
sponses from the VAR discussed in section 2. Figure 2 indicates that one needs a high
level of depreciation in order to match the estimated impulse responses when there are no
adjustment costs. It also shows that an exogenous fall in the interest rate increases real
output, the inflation rate and the ratio of sales to stocks but decreases the inventory stock
of finished goods. This is consistent with the observed impulse responses from the VAR.

Figures 3 and 4 report impulse responses of models with adjustment costs, responding
to an expansionary monetary policy shock!. Figures 3 and 4 are constructed under the
constraint that the depreciation rates of inventories are small. Specifically, we restrict the
depreciation rate in an interval between 0 and 0.01 for Figure 2 and set the depreciation

rate equal to zero for Figure 4. Figure 3, in particular, does not show hump-shaped re-

3In order to obtain a numerical solution, we define a 10 X 1 column vector k: = [ 7, yt, S¢ — az, lt,
Tty Cty, Vi, T, Aty Drt ]'. We then use 10 equilibrium conditions to yield E: [ mokit1+miki+moki—1 +
cowrt+1t+ciwe | = 0. Here, mo, mi1, and mo are 10 X 10 matrices and ¢y and ¢ are 10 X 2 matrices.

The order of equations is (3.53), (3.68), (3.56), (3.59), (3.77), (3.76), (3.75), (3.54), (3.67), (3.60). We
employ a method of undetermined coefficients to solve the model, given the informational restriction that
the monetary policy shock at period t is observable only for 5th equation. See, for example, Christiano,
Eichenbaum, and Evans (2001) and Christiano (2001) for the method of undetermined coefficients in the
presence of informational differences across equilibrium conditions.

MPigures 2 and 3 use monetary policy parameter values, which are obtained by minimizing the gap
between model and estimated impulse responses as we discussed. Figure 4, however, uses the policy
parameters, which are estimated on the basis of U.S. data. Specifically, we use GMM to estimate a variant
of Taylor rule (1993), which allows for partial adjustment. The sample covers U.S. time series on real GDP,
GDP deflator, 10 year T-bonds yield, commodity price index, and the federal funds rate over the period
1960:1 - 1997:4, which are all taken from the Citibase data set. In addition, real GDP has been logged and
detrended by HP filter, while the inflation rate is identified with logarithmic difference of GDP deflator.
The result of our estimation of a monetary policy rule can be written as

re = 0905 71+ (1—0905) (1.694 m+ 0.614  y) + en,
(0.034) (0.435) (0.266)

where numbers in parenthesis are standard errors. The set of instruments is { ri—2, T¢—3, rt—a, Te—2,
Tt—3, Ti—d, Yt—2, Ye—3, Yt—4, Tt—2, Tt—3, Tt—4, {St—2, ISt_3, ISt—4, Det—2, Det—3, Det—4a }, Where ls; is the
difference between 10 year treasury-bonds yield and federal funds rate and p.; is the logarithmic difference
of commodity price index.
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sponses of real output to an expansionary monetary shock. Hence, we assume a certain
degree of consumption habit persistence when we generate model impulse responses in Fig-
ure 4. Figure 4 then indicates that the model with adjustment costs can generate dynamic
responses of the selected variables consistent with the estimated ones from the VAR.
Furthermore, it should be noted that one needs a very high level of nominal price rigid-
ity to match the estimated impulse responses of the aggregate inflation rate. For example,
we set o, = a; = 0.93, 0.97, and 0.96 in order to match the observed variability of the

dynamic responses of the aggregate inflation rate.

5 Conclusion

We have investigated if a sticky price model with inventories can explain the observed
dynamic responses of finished goods inventories in response to a monetary policy shock. We
have demonstrated two alternative modeling strategies to match the observed variability of
finished goods inventory dynamics in response to monetary policy shocks. One is to assume
a large depreciation of the inventory stock in the absence of any additional mechanism to
avoid excessive responses of inventories. The other is to assume a combination of a small
depreciation rate and adjustment costs from deviations of sale-stock ratio from its target.

Next, we discuss future research directions associated with the present paper. In this
paper, we analyze only a variant of Calvo-type staggered price-setting. A reason for
this is to investigate the effect of holding inventories on the specification of the forward-
looking Phillips curve equation. However, it would be interesting to analyze the inventory
dynamics in a sticky price model with a staggered price-setting other than the Calvo pricing
used in this paper and then compare it with the one presented in this paper. An example is
to analyze the inventory dynamics in a sticky price model with the Taylor-type staggered
price-setting as in the model of Chang, Hornstein and Sarte (2004). Furthermore, as we
noted earlier, the model in this paper requires a large degree of nominal price rigidity in
order to match the observed variability of the aggregate inflation rate. Hence, it would be
interesting to put additional mechanisms into the model, in order to match the observed
variability of the inflation rate under a smaller degree of nominal price rigidity than the
one used in this paper. An apparent remedy for this would be the inclusion of firm-
specific capital in the model, as discussed in Altig, Christiano and Eichenbaum (2004) and
Woodford (2005). In particular, they show that when firm-specific capital is introduced
into sticky models with the Calvo pricing, a lower level of nominal price rigidity is required
to match the Phillips curve relation observed in the U.S. data. Another candidate would
be the inclusion of nominal wage rigidity as in the model of Erceg, Henderson and Levin

(1999). Finally, we have focused on the cyclical behavior of finished goods inventories. It
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is, however, noteworthy that finished goods inventories takes only a small share of total
inventories, as discussed in Ramey and West (1999). In addition, finished goods inventories
and work-in-progress inventories may respond to an interest rate shock in a different way.
Hence, it would be interesting to extend our analysis to models with various types of

inventory holdings.
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Table 1
Parameter Values

Parameter

Fig. 1

Values
Fig. 2

Fig. 3

Description and definitions

Subset of parameters whose values are chosen

S RmS 2 e @ 9

1.8

1
1

0.99

0.5

0.99

0.5
0.5

0.63

1.8
0

1.04
0.76

Inverse of inter-temporal substitution
Inverse of elasticity of labor supply
Time discount factor

Share of material inputs in gross output
Degree of indexation

Output share of inventory goods sector
Substitution elasticity of two sectors
Average sales-stock ratio

Markup of non-inventory goods

Degree of habit persistence

Subset of parameters whose values are estimated

da

Pr
o
by

0.58
(0.03)
0

0.85
(0.01)
1.50
(0.04)
0.60
(0.01)
0.93
(0.01)
0.89
(0.03)

0.01
(0.02)
0.66
(0.03)
0.85
(0.01)
1.00
(0.04)
0.70
(0.02)
0.97
(0.01)
0.37
(0.03)

0

5.80
(0.0002)
0.91
(0.03)
1.69
(0.44)
0.61
(0.27)
0.96

0.80
(0.0002)

Depreciation rate of inventory
Share of adjustment costs in total costs

Partial adjustment coefficient

in interest rate rule

Responsiveness to inflation rate

in interest rate rule

Responsiveness to output gap

in interest rate rule

Fraction of firms that re-optimize
in each period

Elasticity of demand for goods with
respect to stocks

Note: Fig. 1 is a model with a large depreciation. Fig. 2 is a model with a small depreciation

and adjustment costs. Fig. 3 is a model with zero depreciation and adjustment costs. Fig.

3 assumes habit persistence in consumption, while Fig. 1 and Fig 2. do not. Numbers in

parenthesis are standard errors.
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Appendix

A Model with Adjustment Costs of Deviations of Sales-Stock Ratio from its
Fixed Target

In this section, we briefly highlight changes of equilibrium conditions induced by the inclu-
sion of adjustment costs in the model. When we include adjustment costs for sales-stock
ratio into the model, the realized profit flow at period ¢ of firm j that holds inventories
can be written as

Ajt Pjt Ajt

I = (I)e(ﬁ)lﬁgt — MCiQj — %(Aj,t - w(ft)%

i

7 117e8)2A (A1)

where 7 is coefficient of adjustment costs and v is the inverse of steady state sales-stock
ratio. The third term of this equation corresponds to the adjustment costs of sales-stock
ratio. Hence, the profit maximization problem at period ¢ for firms that re-optimize at

period t is given by

0,k D* V. — _
V (At_k:’t_l, Pt—k’ Xt) — maXAt’th’t’_[_)t*

() (34481 = MCQu = (A — 05 ()54 (22)
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(1= 0a) (Apoppr — (FEEEL)I (S =65, 1) 4 Qry — Ary)

+Et[dt,t+1(aiV1(At,t+la Pt*7 Xt—i—l) + (1 - Oéi)VO’l(At,tJrl, ]5t*7 Xt+1))]~

Besides, the value function at period ¢ of firms that re-optimize at period ¢ — k can be

written as follows:

B Vk(At—k,t—ly Pt*,k, Xt) = IMaXA, ;. 1.Qi g i
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(A.3)
As we did in the text, we can show that the optimal pricing equation from the profit

maximization problem (A.1) can be written as

o0 _ Yo uPF e A S €
S QF Bl xS (e TG Aty Sy Gy g0 (A)
k=0 Pt+k €5 1 At+k At,t+k €; 1

The optimization conditions for stocks can be written as
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fork=0,1, - -, cc.
Having described optimization conditions of firms, we derive a Phillips curve equation

as we did in the text. The Phillips curve equation then can be written as

3 8
- —1 + KBt [ve] + K1 B[ A1 — M) + Kooy + ——2 F , A6
T 1+§ﬁ7Tt 1 0Et[vit] 1B A1 ] 2Vt 1+ ¢ [ met1] (A.6)
where kg, k1, and k9 are defined as
Ko = YpoR(1 — sm). POk ey = (1 —)R(1 — fidpr) +yRp1(1 — fidpr)

1+pe 0 T 1+ e

In addition, coefficients py and p; are defined as

. B — 8.)( — 1) o o
O (1= (1 =68+ a1l —0)r)(E—(1—0)8) "~ 1= (1 =b.)8+ (1 —0)r

Besides, log-linearizing (A.5) for each firm and then summing up resulting equations leads
to

5 = me; B B(1 = 6a)(n — 1)msy (A7)
T80 -0 +a( -0 (1-(1-0)B+ a1 —0)T)(E— (1-0.)8)

Given the relationship between marginal costs of gross output and unit costs of value-added

output, this equation can be rewritten as follows:
St — Ay = b()'l)t — blEt ['Ut+1] — bQEt[)\t+1 - )\t], (AS)

where by, b1, and by are defined as

BE=1h , _ b
i—(1—-0)8 7 1—-[su

As a result, equations (3.53) and (3.56) are replaced by (A.6) and (A.8) respectively, when

1 — sy by =

bo=1- (1—06)8+7(1—-0)a

we take into account adjustment costs of sales-stock ratio.
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Figure 1: Estimated Impulse Responses from a VAR Model
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Figure 2: Impulse Responses: High Depreciation Rate without Adjustment Costs
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Figure 3: Impulse Responses: Quadratic Adjustment Costs and Low Depreciation Rate
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Figure 4: Impulse Responses: Quadratic Adjustment Costs and Zero Depreciation Rate
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