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OPTIMAL PRICE AND INVENTORY ADJUSTMENT IN AN
OPEN-ECONOMY MODEL OF THE BUSINESS CYCLE*

ROBERT P. FLoOD AND ROBERT J. HODRICK

This paper presents a macroeconomic model containing optimizing, inventory-
holding firms that is consistent with a number of prominent empirical regularities
concerning fluctuations in output, exchange rates, relative prices, and money.
Prices are sticky, but they are not predetermined. Still, our model is consistent
with exchange rate overshooting in the sense of Dornbusch. Typical sticky-price
models allow a divergence between current production and current demand, but
this divergence is never allowed to feed back into the model. Our optimal inventory
adjustments reconcile divergences between current demand and production, and
the inventory stock movements provide expected future dynamics.

I. INTRODUCTION

The purpose of this paper is to develop an open-economy model
that can be used to interpret the observed fluctuations in output,
inventories, prices, and exchange rates. We have constructed the
model to be consistent with several of the empirical regularities
that characterize fluctuations in these magnitudes discovered in
studies of business and inventory cycles and in studies of the
determination of prices and exchange rates in open economies.

At the center of our model is the optimization problem of
domestic firms facing uncertain demand. The representative firm
must set its price at the beginning of the period without knowl-
edge of actual demand that occurs during the period. Although
firms have less than full information about the current state of
the economy, they do observe market clearing prices in asset
markets, the government’s preliminary announcement of the
monetary aggregate, as well as prices being charged by other
firms. Consequently, firms use this information to make infer-
ences about what demand will actually occur, and they set their
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prices to maximize the expected present value of profits. Each
period firms make two sequential decisions. First, they set their
prices based on incomplete information. Second, after they have
received orders for their products, they decide how much of the
orders to meet out of current production and how much out of
inventories.

Our model is consistent with two major empirical regularities
discovered in studies of business cycles.! These two regularities
are (i) changes in the money supply result in real output fluc-
tuations and (ii) deviations of output from a “natural rate” of
output show persistence. Fully perceived monetary shocks have
no real effects in our model, but unperceived monetary shocks
affect real variables in our framework because price-setting firms
are unable to infer from asset prices the exact values of monetary
disturbances and demand disturbances.

A controversial aspect of our model is that real effects of
money shocks depend only on the part of those shocks that is
unperceived rather than on the full unexpected shock. An unex-
pected shock is one that is unpredictable, based on past infor-
mation. An unperceived shock is one that cannot be inferred from
current information. It is the distinction between unperceived
money and unexpected money that separates the monetary busi-
ness cycle models of the Lucas [1973]-Barro [1977, 1980] type
(the island models) from those of the Gray [1976]-Fischer [1977]
type (the labor-contracting models).? The well-known empirical
work of Barro [1977, 1978] examines only the effects of unexpected
money. Since all unperceived money must also be unexpected,
Barro’s work does not clarify the type of monetary shock impor-
tant for business cycles.

The research of Barro and Hercowitz [1980] and Boschen and
Grossman [1982] does attempt to disentangle these two types of
shocks. Both sets of authors find evidence that they interpret as
being unfavorable to the hypothesis that the monetary portion of
the U. S. business cycle is due entirely to unperceived money, and
in Section V we discuss the relationship of these empirical tests
to hypotheses that emerge from our model.

A desirable feature of our model is that the transmission

1. Lucas [1976] and Barro [1981] summarize the empirical regularities of
business cycles.

2. The hypothesis that onl{ unanticipated money has real effects also has
been challenged by the empirical work of Makin [1982] and Mishkin [1982]. Other
empirical research in support of the hypothesis is in Barro and Rush [1980],
Leiderman [1980], and Wogin [1980].



OPTIMAL PRICE AND INVENTORY ADJUSTMENT 889

mechanism from money to output does not rely on “price surprise”
terms. Island models and labor contracting models, in contrast,
do rely on such terms in structural aggregate supply equations.
The importance of avoiding this channel has been emphasized by
Barro [1981, p. 71], who notes, “Given the relatively minor role
played by price surprises in the results of Sargent [1976] and Fair
[1979], . .., it appears that monetary influences on output involve
channels that have yet to be isolated.” Although additional econ-
ometric work may show that price surprise terms are an impor-
tant transmission mechanism of monetary shocks, the response
of output in our model is consistent with the current evidence.?

Among the major empirical regularities confronting theories
of exchange rate determination are the following closely related
facts: (i) exchange rates are more volatile than nominal goods
prices in the sense that for one period ahead, exchange rates are
harder to predict than are goods prices, and (ii) changes in coun-
tries’ exchange rates are negatively correlated with changes in
their terms of trade, that is, a currency depreciation tends to
coincide with a deterioration in the terms of trade.* In light of
these facts, the dominant model of exchange-rate determination
has become the one developed by Dornbusch [1976].

Despite the large number of extensions of the basic Dorn-
busch framework, some awkward aspects remain. Two such as-
pects are (i) that constant output versions of the model such as
Flood [1981] or Mussa [1982] allow a deviation between current
demand and supply but never specify how the deviation feeds
back into the economy; and (ii) the treatment of domestic prices
of domestic goods, which are predetermined, and domestic prices
of foreign goods, which may respond to current real and monetary
disturbances.

In the present paper both of these awkward aspects are con-
fronted. Because firms are using asset market information when
setting prices, domestic prices in our model are correlated with
current disturbances. But, since the agents do not see and are
unable to infer exactly the values of the actual disturbances af-
fecting asset prices, domestic price adjustment to a money supply

3. It is notable that not all business cycle models depend on price surprise
terms. In particular, the simple Keynesian model, popular in undergraduate texts,
postulates demand-determined output with all prices known to agents. Further,
Grossman and Weiss [1982] and McCallum [1982] present models designed to
avoid price surprise terms in aggregate supply.

4. These two regularities were documented by Flood [1981] and Stockman
[1980], respectively.
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disturbance, for example, is less than its full information coun-
terpart becoming complete only with the resolution of uncer-
tainty. Further, the firms in our model are engaged in pricing,
production, and inventory management. Any deviation between
current demand and current production is accommodated by a
corresponding optimal inventory adjustment.

While our model was set up to match the impact effects in
Dornbusch’s model, our post-shock dynamics are quite different
from his. The Dornbusch dynamics are driven by the slow ad-
justment of prices, and following a shock, price adjustment is
direct to the new steady state. Our dynamics are driven by the
slow process of inventory accumulation. A shock that induces an
immediate reduction in inventories requires a future inventory
accumulation to approach the steady state. Such an inventory
cycle influences the behavior of the other endogenous variables.

The final empirical regularity from the inventory cycle lit-
erature that we impose on the model was reported by Feldstein
and Auerbach [1976, p. 363]. It is that average absolute sales
forecast errors for durable goods are typically nine times larger
than average absolute changes in inventories. This fact suggests
that production bridges part of the gap between actual sales and
forecasts of sales, indicating that production responds to unan-
ticipated demand as in our framework.5

Our investigation yields two major results. First, we provide
a new channel for the effects of monetary disturbances on the
real economy. Second, our model is able to match the impact
effects of the Dornbusch [1976] model but provides alternative
dynamics. In both cases the reason for the initial effect is a con-
fusion by price setters concerning the true nature of disturbances
impinging on asset markets, and the dynamics are due to optimal
price and inventory management in the future.

Our analysis is presented in the next two sections. In Section
II we develop the model by focusing first on the goods markets
and second on the asset markets. Section III presents the full
reduced-form solution of the model, and Section IV is an analysis
of the dynamic responses of the endogenous variables to the ex-
ogenous stochastic shocks that drive the model. The consistency

5. Blinder [1981] discusses the importance of inventories and their correlation
with output. Aggregate inventories include goods in process as well as finished
goods which are the focus of our inventory analysis. Hence, we do not attempt to
match Blinder’s empirical regularities. See also note 7.
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of the predictions of the model with the various stylized facts is
discussed in Section V, which is followed by some concluding
remarks.

II. THE OPEN EcoNOMY MACRO MODEL

This section presents an open economy macro model based in
part on the decision problems of rational profit-maximizing firms.
Our presentation is in two parts. In the first part we develop the
equations of the goods markets that consist of demands for and
supplies of the goods produced in a medium-sized open economy.
The result of this part is a set of optimal decision rules governing
pricing, inventory accumulation, and production. These decision
rules are not reduced forms, however, since beliefs concerning
currently unobservable disturbances are imbedded in the decision
rules. The formation of these beliefs is based on information ex-
tracted from asset markets. In the second part of this section, we
provide the asset market structure. We emphasize that the goods
markets determine only relative prices, and the interaction of the
goods and asset markets is required to determine nominal prices.

Our model is one in which some irrevocable decisions are
made sequentially, and they are based on incomplete information.
At the beginning of the period, agents choose their portfolios for
the period, and firms choose their prices for the period. These
decisions are based on identical incomplete information concern-
ing the state of the aggregate economy. Later in the period, firms
and agents discover the actual level of demand facing the firms.
Given the prices posted at the beginning of the period, firms re-
spond to the actual quantities demanded by choosing profit-max-
imizing levels of production and inventory accumulation.®

A. Demand in the Goods Markets

There are J firms in the economy, each facing a demand curve
of the form,

1) D; = (1/J)D, — JB4«(R; — R,), Bs>0,
where D, is economy-wide demand, D, = 2/_; D/, and R} is the
6. Our structure implicitly imposes a sufficiently high cost on firms to prohibit

intraperiod price changes. We do not discuss an explicit model of uncertainty that
would rationalize this structure.
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relative price charged by firm j, which is equal to that firm’s
nominal price Hj divided by the price level P, R = H}/P, The
average economy-wide relative price is R, = (1/J)Z/_, R}. Aggre-
gate demand D,, p, — p1R; + p2X; and foreign demand p§ — piR,,
where the p coefficients are positive parameters, and X; is the
level of real expenditure by domestic residents. Real expenditure
is assumed to depend positively on real income R.Y,, with the
specification given by the following linearization:

(2) X, = xR, + kY, + w,  Kykz >0,

where u, is a white noise disturbance to the aggregate saving-
spending decision.

B. Pricing, Production, and Inventory Holding

Firm j faces the demand curve given by (1). If it charges the
average economy-wide relative price R} = R,, then its demand is
its share of economy-wide demand, (1/J)D,. If the firm charges a
higher (lower) relative price than the average, its demand is re-
duced (increased) by the amount JB4(R} — R,). The larger is JB,,
the greater is the firm’s sensitivity to deviations from the average
relative price. In the limit (JB4— ) each firm would choose to
charge the average price.

A firm produces output Y4 and holds inventories N, such
that

3) Y,=D; + N, - N,_,

describes the law of motion for end-of-period inventories. Firms
hold inventories to smooth production costs that are assumed to
be an increasing convex function of the firm’s output, and an
increasing function of aggregate output Y, = 3/, Y. We choose
a specific functional form for firm production costs, which is given
by v1Y. Y} + (y2/2)(Y9)?, 1, y2 > 0.7 Holding inventories is also
costly. We allow negative inventories, interpreting them as a
backlog of unfilled orders as in Blinder and Fischer [1981]. Back-
logged orders are costly to the firm because it must discount price

7. Anothe. cost structure that we investigated makes production costs
@Y, + v1Y.Y} + (v2/2) (Y4)?, where @} is a firm-specific white noise cost shock and
2/-1a} = a,, the economy-wide cost disturbance. Introducing such shocks allows
the model to reproduce a procyclical pattern of output and final goods inventories.
Blinder [1981] documents the strong procyclical nature of total inventories that
include goods in process. For brevity we have set o} = 0 for all j and ¢ in this
presentation. More general results, with @} # 0, are available in Flood and Hod-
rick [1984a].
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to consumers to induce them to pay now and accept delivery in
the future.® Inventory costs are incurred on beginning-of-period
inventories in accord with the cost function 8,N,_.Nj_; + (8y/
2)(N;_1)?, 81, 83 > 0, where N,_; = =/, Nj_, is the aggregate
inventory level.

We think of our cost functions as tractable approximations
of more complex behavior. Our functions are nonstandard in that
Y, appears in the representative firm’s production costs, and
N,_, appears in inventory holding costs. The presence of Y, is
intended to capture the presumed positive association of economy-
wide real wages and aggregate output. The presence of N,_; is
intended to capture the presumed positive association of the level
of aggregate inventories and storage-space rents when N,_; is
positive, and the presumed positive association of backlogging
costs and aggregate backlogs when N,_; is negative.®

The firms’ first stage contingency plans are found from the
following maximization problem:

4 max Ez{E I:D{+i i — YlYt+iY{+i . (Yi,,)?
B, Ny} i=0 2

. b} . . .
= 0N o iV ioq — 52 (M+i—1)2:|0'}, J=1...,4J

The firm’s maximization problem is subject to an initial stock of
inventories V}_; and to the relationships (1) and (3).1° The dis-
count rate o is a constant between zero and unity. The operator
E, denotes the mathematical expectation conditional on the in-
formation available to the firm at the beginning of period ¢ All
firms have identical information sets, so the operator is not spe-
cific to the firm.

In finding the firm’s optimal plans, we have assumed that J

8. Given the assumed cost structure, firms maximize profit by meeting all
demand, possibly through backlogs. An alternative paradigm allows firms to stock-
out as in Brunner, Cukierman, and Meltzer [1983].

9. The cost structure for inventories dictates that firms find backlogs to be
the optimal steady-state inventory. Since both firm and aggregate inventories can
be negative, the cost structure implies an incentive for each firm’s inventories to

have the opposite sign of average inventories; i.e., 8,N,_1Ni_; = 8.JNZ; + &;
JN,_1 (Nj_; — N,_,), where N,_; = N,_,/J. Since a firm’s costs increase with
(V}_1)?, the firm’s choice of N’_; remains well defined.

10. Early work in this type of model was done by Holt, Modigliani, Muth,
and Simon [1960] and by Lovell [1961]. See Amihud and Mendelson [1982]; Blinder
[1982]; and Brunner, Cukierman, and Meltzer [1983] for additional macroeco-
nomic applications.
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is sufficiently large that each firm takes the economy-wide vari-
ables, R,.,;, N,.;, and Y, ,, as invariant to the firm’s decisions.
Such a strategy is exactly profit maximizing only when J — .
There is nothing in our setup to preclude J — «, and the reader
may want to interpret our results in terms of this special case.!!

The problem stated in (4) implies a pair of linear Euler equa-
tions for each of the J firms. Since our concern is with aggregate
phenomena, we record here only the aggregate Euler equations,
which are obtained by summing the firm-specific Euler equations.
These aggregate Euler equations are

(5a) Et{Dt+i - CFB4Et+i + (J'Yl + 'Yz)JB4Yt+i} =0,
(5b) E{Y,.; — oY, ;i1 + opN. i} = 0,

where = (8;J + 82)/(yiJ + v2). Equations (5a) and (5b) are ob-
tained by summing across all the firm-specific Euler equations
resulting from differentiating (4) with respect to R}, ; and N}, 4,
Jj=1,2,...,J. We wish to solve (5a) and (5b) for aggregate
contingency plans concerning E,R,.; and E.N,.;. Prices are set
based on beginning-of-the-period information; therefore the planned
value E.R, and the actual magnitude R, will coincide.

Before solving (5a) and (5b), it is convenient to define some
demand-associated parameters. Use the definition of D,, the ag-
gregate law of motion N, = Y, + N,_; — D,, and the expenditure
function in (2) to obtain

(6) D, =Bo — BiR; + B2(N, — N;_1) + Bawy,

where By = (po + p§)/(1 — kap2), B1 = (p1 + pT — pak)/(1 — paka),
Bz = poka/(1 — Kapa), Bs = 1/(1 — kops), and w, = pou,. We assume
that the marginal propensity to consume the home good is less
than unity, pske < 1, and that p; + p¥ — pak; > 0, which means
the Marshall-Lerner condition is satisfied. Hence, 8; >0, i = 1,
2, 3. Equation (6) gives the aggregate demand function we use
when solving (5a) and (5b).

Since w, is a white noise disturbance, solutions for the Euler
equations take the following form:

11. In a setup much like ours, Eichenbaum [1983] has shown that decision
rules at the industry level of an unknown number ¢ of firms acting as (i) perfect
competitors, (ii), a J-plant monopolist, and (iii) Nash competitors are equivalent
up to a term whose coefficient depends on JJ. Consequently, we expect the quali-
tative properties of our aggregate decision rules to be robust to a wide variety of
industrial organizations.
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(7a) R, = mro + mraN,_1 + TroEw,
(7b) E.N, = nino + Vo1 + w2 Eaw,.

The values of the m coefficients in (7a) and (7b) are found by the
method of the undetermined coefficients and are the following:

(8a) Tno = constant,
(8b) 1 = A — (A2 — 4], 0 <y, <1,

(8c) mne = [y — A)alld?*BsBy/(Br + J*B3Ba)],
Nz < 0,
(8d) TRo = constant,
(8e) mr1 = (Ag/A))(mNy — 1), mr1 < 0,
(8f) Tre = (Ag/A)TNe + (As/Ay), TRz > 0,
where
A =1+ (Io) + pAy/(B1 + J?B3 By,
A = (1 + J2y1Bs + JYyaBIB1 + J By,

Az = (1 + J?y1Bs + JY2Ba)B2 + J?y1Bs + Jy2B4, and
Aa = (1 + JZ'YIB4 + J'YzB4)B3.

Equation (7a) gives both the contingency plan and actual
value of R,. However, equation (7b) does not give actual N,, only
its expected value, since actual inventories are not determined
until the second stage of optimization when actual demand is
revealed to the firms. Equations (7a) and (7b) make intuitive
sense. Since mgr; < 0 and mrs > 0, R, responds negatively to be-
ginning-of-period inventories and positively to expected demand
disturbances. Since 0 < my; < 1, expected inventories obey a sta-
ble autoregression; and since mys < 0, inventories are expected
to fall in response to a positive demand disturbance.

After the firms set prices, they are confronted with actual
demand. Although we assume that the firms may not alter their
posted prices after they see demand, the firms can deviate from
their contingency plans for inventory accumulation. Upon seeing
demand, the firms respond with an optimal combination of current
production and inventory change that satisfies demand. This is
the second stage of optimization, and in this stage each firm takes
as given its own price, the economy-wide average price, begin-
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ning-of-period inventory, and actual demand for the current pe-
riod. The economy-wide Euler equations for this stage of the op-
timization are obtained in a manner similar to (5a) and (5b) except
that R} is now not a decision variable, ard the information set
relevant to the optimization now includes the actual value of
demand at time ¢.

The inventory decision may be derived from the following
aggregate Euler equation:

9 E{Y, — oY;s1 + ouN4 = 0,

where E; is the expectation operator conditional on full infor-
mation for period ¢, which includes w;,.

Since actual inventories will differ from contingency plans
only due to differences of w, from E,w,, we express the solution
for inventories as

(10) N, = mno + wvilNeo1 + mineEaw, + mns(w, — Eaw,).
Using (9) and our previous results, we find that
(11) TN = — ‘33/{63 + [0’(1 - 'an)(Bl + JZB3B4)/A1] + 0'}1;},

where — 1 < mng < miae < 0.

In (10) note that mys < mn. implies a stronger response of
inventories to unexpected demand than to expected demand. Firms
respond to expected demand shocks with their relative prices and
an expected response in inventories and production. When actual
demand occurs, the firm responds optimally given its set price.
Consequently, the response of inventories and production to un-
expected demand under the constraint of no price change is greater
than the response to expected demand.

Aggregate output is given by Y, = D, + N, — N,_;. Using
our previous results, we derive

(12) Y. = myo + myiNe—1 + wy2EBaw; + mys(w, — Ew,),
where the coefficients are the following:

(13a) myo = constant,

(13b) wy1 = (wy1 — D(B1 + J2BsBy)/Ay, my1 <0,
(13c) mys = (J2B3BJ/ADIL + L(myy — A)al], Ty2 > 0,
(13d) mys = Bs(1 — mww), Ty3 > Ty

Because my; < 0, larger beginning-of-period inventories result in
lower output. Since 7y, > 0, increased demand increases expected
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ouput. An increase in E,w, produces an increase in R, and a higher
expected quantity demanded along the shifted demand curve. Firms
plan on meeting this increase in demand partly out of current
production and partly by drawing down current inventory stocks.
Because my; > my», unexpected demand has a larger output effect
than does expected demand, since expected demand is reflected
in increases in relative prices while unexpected demand is not.

This completes our development of the goods markets. We
have not yet obtained reduced forms for relative prices, inven-
tories, or output because our expressions for these magnitudes all
contain the expectation of w,. To determine this magnitude, agents
use their knowledge of the entire economy, which consists of both
the goods markets and the asset markets. We turn now to the
development of the asset markets.

C. The Asset Markets

The economy is assumed to be one that is small in both the
world securities markets, where all securities are perfect substi-
tutes, and in the markets for foreign produced goods. The country
is large, though, in the markets for domestically produced goods
and for domestic money. Thus, foreign interest rates and foreign
goods prices are exogenous to our economy. The principal equa-
tions describing the asset markets are the following:

(14a) m, — p, = —oqi;, + 0‘2Xt, aj,ap > 0,
(14b) it = l’f + E,SH_l — 8
(14c) p:=0h + (1 —0)R%+s), 0<6<I1.

Equation (14a) expresses money market equilibrium and states
that the real money supply m, — p, equals real money demand
— oyl + aX,. In (14a), m; is the logarithm of the supply of nom-
inal transactions balances, and p;, is the logarithm of the nominal
price level. According to (14c), p, is a weighted average of the
logarithm of the average domestic currency price of domestic goods,
h:, = In[J~' Z/_,H], and the average domestic currency price of
imported goods, A% + s, where % is the logarithm of the average
foreign currency price of imported goods and s, is the logarithm
of the exchange rate quoted as the home currency price of foreign
currency. The relative price of home goods R, is approximated
with a first-order Taylor’s series around H, and P,, and we nor-
malize Hy/P, = 1 giving R, = h, — p, + 1.

Money demand is specified in the spirit of cash-in-advance
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models such as those of Clower [1967] and Lucas [1980]. The
opportunity cost of holding cash balances in excess of planned
expenditure is i;, the level of the domestic rate of interest. Ac-
cording to (14b), i, obeys the uncovered interest rate parity con-
dition, with i*¥ being the level of the foreign interest rate.!? The
scale variable in money demand is the sum of agents’ expected
total expenditures, X, = X, EXi, where K is the number of
agents in the economy, E! is agent i’s expectation operator at the
beginning of period ¢, and X: is agent i’s expenditure during period
¢t on both goods. We assume that X obeys '

(15) m=%m+§
where u! is the individual’s saving-expenditure disturbance at
time ¢. We allow each agent to see his own u! at the beginning of
the period. However, we assume that u! is composed of two un-
correlated white noise components, e and ai, ui = ¢ + ai. Fur-
ther, we impose X ;el = 0. Thus, u! contains an individual-spe-
cific component e} and the individual’s contribution to the aggregate
disturbance ZX ;ai = u,. We also assume that the variance of e}
is sufficiently large compared with the variance of a! that even
though each agent sees his own expenditure disturbance ui, he
always thinks that disturbance to be dominated by the individual-
specific component e. Hence, the agent cannot use his observation
of u} to form useful inferences concerning u, or other aggregate
disturbances. Thus, when X, is formed, one obtains

(16) Xt = KIR_t + K2Eth + Us.

R, appears in (16) because it is in an agent’s information set. E,Y,
appears because EiY, = E,Y,, since knowing ui provides an agent
with no aggregate information. The aggregate saving-expendi-
ture disturbance u, appears in (16) because Eiui = u! and by con-
struction 2K ,uf = u,

The logarithm of actual nominal transactions balances is as-
sumed to follow a random walk m, = m,_; + v,, where v, is white

Y,+uf, i=1,2,...,K,

12. We view equation (14b) as a useful simplifying assumption that allows
us to focus directly on production, exchange rates, and prices without complicating
the theory with a model of a time-varying risk premium. The evidence in Hansen
and Hodrick [1983] suggests that statistically significant risk premiums may
characterize the relationship between forward exchange rates and the expected
future spot rates. However, their evidence also suggests that if risk premiums
exist, they are small in comparison to unexpected changes in exchange rates.
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noise. At the beginning of the period agents do not know v,, but
it is assumed that they do know m,_,. Also, in keeping with the
practices of many countries, we assume that at the beginning of
the period agents observe a preliminary noisy indicator of the
nominal money supply, the “money number,” m¥ = m, + z,. The
three white noise disturbances, u,, v;, and z,, are assumed to be
mutually orthogonal, although we relax this assumption in Sec-
tion V.

For simplicity of presentation, we complete the model by as-
suming that the average price of foreign goods is constant,
* = h*, and the foreign interest rate is also constant, i¥ = i*

Prior to providing the explicit solution to the model, it is
useful to summarize informally the working of the model. At the
beginning of each period prices are set, and the exchange rate
and interest rate are determined. However, at this stage agents
do not know the actual values of the aggregate disturbances, v,
w;, and z,. The agents see all prices, the exchange rate, the current
money number, and both domestic and foreign interest rates.
From these data the agents form inferences concerning the values
of the disturbances. It is the inferred value of the demand dis-
turbance that feeds into the pricing decision. After prices are set,
the actual value of the demand disturbance and the other dis-
turbances are revealed to the agents. Prices are sticky in that no
recontracting is allowed at this stage. The firms then choose op-
timal production and inventory accumulation based on the actual
quantity demanded, which is determined in part by the prices
set under partial information and in part by the demand distur-
bance w,.

III. THE SOLUTION

In this section we shall provide our model’s reduced-form
solutions for the level of output, inventories, the exchange rate,
the average relative price of the domestic good, and the average
nominal price of the domestic good. The first step required in
obtaining a solution is to extract information from the clearing
of the asset markets and from the money number to form agents’
perceptions about current disturbances. Agents will be able to
observe two signals of the three underlying aggregate distur-
bances.
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Information and the Asset Markets

At the beginning of the period each agent has the information
set I, which contains the values of s, p;, A%, i, i¥,Ri(j = 1, .. .,J),
m¥, and full information concerning all variables dated ¢ — 1 or
earlier as well as complete information concerning the structure
of the model. I, does not contain separately the current distur-
bances, v, w,, or z,.. Since agents’ decisions at the beginning of
the period in both price setting and in the asset markets depend
on their perceptions of these disturbances, they will use the in-
formation in I, to draw inferences about the disturbances.!® We
assume that E,v,, E,w,, and Ez, are the linear least squares pro-
jections of the respective disturbances onto the information set I,.

To find the values of these estimates, we isolate the new
information concerning the disturbances that enters I, at the be-
ginning of the period as in Canzoneri, Henderson, and Rogoff
[1983]. Two of the disturbances impinge directly on the asset
markets, and it is from these markets that agents extract one
signal concerning the disturbances. Substituting international
capital market equilibrium, (14b), the expenditure relation (16),
and the money supply process into money market equilibrium
gives

A7 miy + ve — pr= — (% + Espp1 — 50)
+ ag(iR; + k2E.Y,) + asw,

where a3 = ay/p,. Since I, contains m,_1, p,, i¥, s;, and R, as well
as the parameters o;, as, and ag, and because I, is used to form
E;s, ., and E,Y,, equation (17) implies that I, contains the following
variable: g;; = v; — azw,. The variable gy, carries the asset mar-
kets’ information concerning the underlying disturbances. The
second signal is contained in the money number,
mf = m; + 2, = my_y + v, + z,. The beginning-of-period infor-
mation set contains m,_;, so the new information in m? is
&2¢ = U; + 2,. The variables g;; and g5, contain the current-period
information about v;, w;, and z; available to agents at the begin-
ning of the period. Agents use these two pieces of information to
form E,v; and E.w;, as linear least squares projections of v, and w;,
onto g,; and g,

13. The information content of asset prices has been emphasized by Barro
[1980], King [1982], and Grossman and Weiss [1982] in the context of business
cycle models.
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(18a) Ew, = bu1g1: + duago

(18b) Ew; = bu181: + duzgas

where
b1 = A'o%0Z > 0, b2 = A'odofol > 0,
w1 = — Alagoi(03 + 02) <0, by = AlagoZa? > 0,
and A = [0262 + aolo2 + a2o2o2).

Using these projections, we can derive the full reduced-form so-
lution of the model. The reduced-form solutions for the real sector
of the model, R,, N,, and Y,, can be found by substituting E,w, in
(18b) into (7a), (10), and (12). Reduced-form solutions for the ex-
change rate and the domestic price are found from the money
market equilibrium in (17), the price index (14c), and from the
approximation R, = h, — p, + 1. Given the assumed time series
properties of the exogenous stochastic processes and ignoring con-
stant terms, reduced-form equations have the following form for
Q: = N,Y,R;,s:,h:

(19) Qt = )\QNNt—l + )\Qmmt_l + }‘vit + )\wat + )\szt-

The algebraic signs of the \ coefficients of the full reduced
form are recorded in Table I, and the actual values of the coef-
ficients are listed in the Appendix. The dynamics of the model
are described in the next section with the aid of Figure I.

TABLE 1.
SIGNS OF REDUCED-FORM COEFFICIENTS ON STATE VARIABLES

Endogenous
variable N, 1 me_1 U w; 2
N, 0<aw<1 Avm = 0 A <0 Avw < 0 An: >0
Y, Ayn <0 Aym =0 Ay, >0 Avw >0 Ay: <0
R, Aen <0 ANam =0 Aoy < 0 Agw > 0 Ar: >0
St Asv >0 Asm = 1 Ay >0 Asw <0 A 20
> > > >
E )\thO N = 1 A,,,,zo }\hw_<'0 )\hzzo
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Ny-y Ni-y
N(V,W) N N(z)

Ry

FIGURE 1

IV. THE DYNAMICS OF THE MODEL

As the reduced-form equations (19) indicate, the beginning-
of-period inventory stock N,_, the actual money supply from the
previous period m,_,, and the stochastic disturbances, v;, w;, and
2, are the state variables of the system. We assume that actual
money is known with a one-period lag. Therefore, the lagged
nominal money stock does not influence the real sector of the
model, and since the logarithm of the actual nominal money sup-
ply is assumed to follow a random walk, the exchange rate and
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domestic price change equiproportionately to known changes in
m;_. Consequently, Ay, = Aym = Agm = 0, and Ay = App, = 1.
The dynamic path of the economy is induced by innovations
in the exogenous stochastic processes, the innovation in the actual
money stock v, the domestic demand disturbance w,, and the error
in the money number z,. These contemporaneously unobservable
disturbances shock the system away from its steady state, which
is labeled with an F subscript in Figure I. In that figure the NN,
YY, RR and s(mo)s(my) loci indicate the values of N,, Y,, R,, and
s; that are consistent with any particular value of N,_, given a
level of money, m,_, = mo, and no new shocks to the system.
Figure Ia demonstrates that when inventories are away from their
steady state, they converge over time in a stable autoregression
toward the full equilibrium Ny. As YY indicates, output is above
Yr when inventories are below Ny. Along the adjustment path
firms set their relative prices higher when inventories are low as
indicated by RR, and for N,_; < Ny the exchange rate is expected
to increase, as s(mo)s(m,) indicates, as the economy moves toward
full equilibrium. This is consistent with asset market equilibrium
and with the expected fall in R. We turn now to consideration of
how the economy responds to the stochastic disturbances.
Consider the response of the economy to an unobservable
stochastic increase in the money supply v,, given that it begins
in full equilibrium and given that w, = z, = 0. From (18b), notice
that Ew, = (¢,1 + du2)v; < 0 indicating that agents misperceive
the increase in the money supply as a reduction in real goods
demand. This occurs because the information provided by the
equilibrium values of prices, the interest rate, and the exchange
rate obtained by firms in observing g, is consistent with an in-
crease in the money supply and with a reduction in expenditure.
As (18a) indicates, combining g;, with the information in the
money number allows firms to infer that v, has increased, but
Ew, = (by1 + du2)vy, which is positive and smaller than v,. Since
firms expect a fall in real demand, they lower average relative
price to R, in Figure Ic, which is the intersection of the locus R (v)
and Np. At this point firms are anticipating an increase in in-
ventories and a reduction in output along a shifted aggregate
demand curve. When demand is actually realized, it occurs along
an unshifted demand curve because we are discussing the influ-
ence of a monetary shock and are holding w, = 0. Since firms
have set low relative prices, demand is unexpectedly high. Firms
respond with an optimal combination of increased production, at
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the intersection of the locus Y(v,w) and Ny in Figure Ib, and
inventory depletion, at the intersection of the locus N(v,w) and
Ny in Figure Ia. The domestic currency depreciates in response
to the v, shock for two reasons. First, to the extent that the mon-
etary shock is perceived, all nominal prices including the ex-
change rate rise equiproportionately. Second, part of the deteri-
oration in the terms of trade, the decrease in R,, is accomplished
by a depreciation of the currency. Therefore, the exchange rate
rises. In Figure Id, the exchange rate is determined by the in-
tersection of the locus s(v) with Nz.

A fundamental insight of Dornbusch [1976] was that mone-
tary shocks would cause exchange rate overshooting if goods prices
were fixed and the money market was in equilibrium. In this
model overshooting is not a necessary result, although it is more
likely the smaller is a;, the semi-elasticity of the demand for
money with respect to the interest rate. To demonstrate this re-
sult, notice that \,,, the initial response of the exchange rate to
a money shock, can be written as its full information response
plus an additional term:

1 30202 0
=
(20) A, 1+ <1 1) < ) {[(1 0 + a2K1>1732

— aiANTiNe T+ 0L2K2“TY2] - 0L1013}-

The exchange rate overshoots if the positive term in square brack-
ets in (20) is larger than o;a3. Figure Id is drawn under that
supposition.

After the initial response to the monetary shock, the economy
adjusts over time back to its unconditional equilibrium, unless
new stochastic disturbances alter its path. Inventories begin to
accumulate as firms raise the average relative price of their prod-
uct above its unconditional equilibrium value and produce output
in excess of the quantity demanded. The exchange rate falls in
period ¢t + 1 to facilitate the improvement in the terms of trade.
As Figure Id indicates, the currency is then expected to depreciate
over time to its unconditional equilibrium value sz(m;). Rather
than approach its new steady state from above as in the Dorn-
busch [1976] framework, the approach is from below.

Now consider the influence of a positive shock to real demand
that we normalize to have the same effect on inventories and
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output as the previously discussed money shock in Figure I. This
shock is considered in isolation from other shocks;i.e.,v; = 2z, = 0.
When a positive but unobservable real shock occurs, w; > Ew,>0,
since Eaw; = — asb,iw, and 0 < — azd,; < 1. Firms expect an
increase in demand and raise their relative prices. In Figure Ic,
R, is given by the intersection of the locus R(w,z) and Np. Firms
expect to draw down inventories and to increase production, but
they are surprised by the magnitude of actual demand. Output
for period ¢ occurs at the intersection of the locus Y (v,w) and Ng
in Figure Ib, and N, is given by the intersection of Np and the
locus N(v,w) in Figure Ia. The exchange rate falls as the currency
appreciates for two reasons. First, the currency appreciates to
facilitate the improvement in the terms of trade. Second, agents
think that the supply of money has fallen, since Ev, = —
asbw; < 0. Consequently, the exchange rate falls to reflect the
perceived decrease in the money supply. The dynamic adjustment
in period ¢ + 1 and afterward is exactly as in the case of the
positive monetary disturbance except that the exchange rate in
periodt + 1,i = 1,2, ..., is given by the intersection of N, ; and
the locus s(my) in Figure Id.

Next, consider the response of the economy to z,, the reporting
error between the logarithms of the measured nominal money
supply and the actual money supply, given v, = w, = 0. The money
number m} is a source of “news” about the actual money supply.
Knowing m# allows agents to make inferences about the state of
the economy. Frenkel [1981] has stressed the importance of such
new information in modern asset theories of the exchange rate.
If that news is measured with error, such as mf is, then the noise
in the news will be a fundamental determinant of all of the en-
dogenous variables of the economy including the exchange rate.

Given the stochastic structure of the economy, agents mis-
interpret positive z, disturbances as positive real demand distur-
bances, since Ew, = b,22; > 0, and as positive money supply dis-
turbances, since Ewp, = d,92; > 0. Firms expect an increase in
demand, raise their relative prices, and expect to increase pro-
duction and decumulate inventories. When actual demand is re-
alized, it is lower than expected, and firms must cut back on
production and increase inventories. Because the positive z, is
misinterpreted as a positive increase in the actual money supply,
the effect of z, on the exchange rate is ambiguous without further
assumptions. Under the assumption that produces exchange rate
overshooting with respect to a v disturbance, A, < 0, since
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~ ayabo? [ (o
(21) A, = 239uT [( 0 + (’LzKl)’ﬂ'Rz

T @+ an | \1TC

— WANTN2 + QoKeTiyy — 0L10L3]~

The effects of the disturbances on the nominal price of the
domestic good are also generally indeterminate in algebraic sign,
which is why we have not discussed the effects of the shocks on
this endogenous variable.

V. CONSISTENCY WITH EMPIRICAL REGULARITIES

Several empirical regularities were mentioned in the intro-
duction, and this section discusses the consistency of the impli-
cations of our model with these regularities.

The first regularity addressed is that nominal monetary dis-
turbances must have persistent real effects. This is true in our
model, since v, affects all real variables and because the explicit
modeling of inventories induces persistent dynamics. A potential
criticism of the model is that the real effects of money are caused
only by unperceived money.

Two empirical papers, one by Barro and Hercowitz [1980]
hereafter B-H, and one by Boschen and Grossman [1982] hereafter
B-G, address this issue. It is important to discuss the relationship
between the present structure of our model and the regressions
used to test hypotheses in B-H and B-G because the results of
these studies provide some evidence against the hypothesis that
unperceived money is the primary channel through which nom-
inal money affects real variables.

For clarity of presentation, the stochastic processes, U;, w,,
and z,, were specified as being jointly orthogonal as well as being
independently and identically distributed. It turns out that the
predictions of our model in the jointly orthogonal case may be
interpreted as being inconsistent with the evidence presented by
B-G and B-H. Significant covariance between v; and z; in one case
and z; and w; in the other, however, is enough to overturn the
inconsistencies between the model and the data.

The two empirical propositions of B-G and B-H are the fol-
lowing: (i) the measurement error between actual money and
reported money should have a significant effect on real output,
and (ii) reported money, since it is fully perceived, should have
no real effect. The first hypothesis is tested and rejected in B-H
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with U. S. annual average data from 1950-1975 and in B-G with
U. S. quarterly average data for 1953—-1978, while the second
hypothesis is rejected in B-G. -

The hypotheses are most easily discussed in terms of the
reduced form for output, which may be written as

(22) Y, = myiNi—1 + (my2 — 7ys)ldua(ve — asl,)
+ bue(ve + 2,)] + Tyswy,

where (wys — mys) < 0. Define Y, =Y, — wyiN,_1, where Y, is
the innovation in Y,.* The first empirical proposition is that z,,
the noise in the news about the money supply, should have a
significant coefficient in ordinary least squares regressions (OLS)
of Y, on z,. Consider the estimation of

(23) Y,t = B2 + vie
by OLS. The estimated parameter B, is

_ Elz(B2 + vi)] _ E(21,)
(24) B. = EG) =B + EG)?

If z, and vy, are uncorrelated, B, is an unbiased estimate of the
true influence of z; on Y,. In the present form of our model the
population parameter B, = (myz — Ty3)bwe < 0. Also, vy =
(myz — Tya)(bu1 + Pu2e + [(wys — wya)(— azdy,1) + myslw, which
is orthogonal to z, making OLS appropriate. Since B-G and B-H
estimate B, to be insignificantly different from zero, this specifi-
cation of our model is suspect. Relaxing the restriction that v,
w,, and z, are mutually orthogonal, though, implies that the OLS
estimates of B, given in (24) is not an unbiased estimate. A suf-
ficient condition to bias the coefficient toward zero is a negative
covariance between v, and z;. In a more complicated framework
with a complete covariance matrix, presumably other combina-
tions of covariances would bias the OLS estimate B, toward zero
as well.

Now consider the second empirical hypothesis of B-G. In OLS
regressions of output on perceived money, the OLS estimate should
be zero, but it is estimated to be significantly different from zero

14. The way we create Y, is specific to our model and is not equivalent to the
model-free methods used by B-H and B-G to create their measures of detrended
output. This difference alone may make their results inapplicable to our model.
We choose to proceed as if their empirical methods were applicable to our work.
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by B-G. This is inconsistent with the present version of the model
because OLS regression of Y, on m# — m,_; would produce a zero
coefficient if the covariances between v, and z; with w, are zero.
Intuitively, m¥ — m,_; = v, + 2, is uncorrelated with w,, hence
it provides no information about w, and consequently cannot affect
anything real in the model. Clearly, this would not be the case if
the covariance of w, with z, or v, was nonzero, in which case the
money number would provide direct evidence about the shock to
aggregate demand for the home good.!5

The third empirical regularity that was mentioned in the
Introduction was that changes in the exchange rate and changes
in the relative price of the export good of the country were neg-
atively correlated. Thus, depreciations of the currency and de-
teriorations of the term of trade tend to coincide. Let C(A;B,) be
the unconditional covariance of two random variables A; and B,.
Then, the formal requirement on the model is that C(s; — s,
R, — R,_,) < 0. This condition is satisfied for our model since

(25) C(St — S¢-1, I_2t - Rt—l) = 2)\sN)\RNO\12Vv0'3 + )\Iz\lwclztz
+ )\12\120'2) + )\Ru(z}\sv - )\sm)o'lzz + 2}\sw)\Rw0'120 + 2)\sz}\R2022-

Examination of the algebraic signs of the A coefficients in
Table I and imposition of the argument that \,, < 0 confirms this
finding.

The fourth empirical regularity discussed in the introduction
requires exchange rates to be more volatile than domestic price
indexes where by volatility is meant one-step-ahead predictabil-
ity. Let Vi_; (A) = E,_,(A, — E,_,A,)? be the definition of vola-
tility for any random variable A,, and E;_,(-) denotes the math-
ematical expectation conditional on full information about variables
dated ¢ — 1 or earlier. Recognize that p, = [0/(1 — IR, — 1) +
s; + h¥. Then, the volatility definition under our assumption of
constant foreign prices implies that

15. Consider, for instance, the case in which w, and z, are correlated and vy
and 2, are correlated. In this case Y, = B,(mf — m;_y) + vy, where
Bm = (mys — Tys)buz, vir = (Tys — Tya)bin(vr — asw,) + mysw, and by, and e
are the new OLS regression coefficients on the linear prediction of w, using gi,
and g2,. An OLS regression of Y, on m# — m,_; produces the estimates Bm = [0w./
(0% + 02 + 20,)] Ty2. In this case, neither the true B,, nor its OLS estimate is
nonzero. Such correlations might arise, for example, if real shocks w; altered the
distribution of money across banks with different reporting requirements and
with different reserve requirements. Further, in our model we have ignored the
policy reactions of the monetary authority. In data, of course, such reactions,
particularly interest rate policy, would be present and would confound the B-H
and B-G interpretations.
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0 2 —
26) Vi (p) = (m> Vie1(®)

0 —
+ 2(—1T6> Cii (Rgs) + Vials),
which is smaller than V;_,(s,) when [202_1(1_?,;st)| > [0/(1 — 0)]
V._.(R,), where C._,(-) denotes the conditional covariance. For this
condition to be true,

(27) {)\RUI:<1 3 (_)))\Rv + 2}\sv:|0'g - )\Rw |:_<1 2 e>)\Rw

- 2)\sw]03; - )\Rz[_ <1 2 e))\Rz - 2}\32]0'3 < 0.

In (27) each term multiplying the terms in square brackets is
negative. Hence, if each term in square brackets is positive, the
condition is satisfied. A sufficient condition for each of the terms
in square brackets to be positive is that [2/(1 + «;)] > 1. This is
only a sufficient condition and is not necessary. The point is that
the model allows domestic prices of domestic goods to be deter-
mined within the period as opposed to assuming them to be pre-
determined variables, yet it remains consistent with the empirical
regularity for at least some values of free parameters of the model.

VI. CONCLUDING REMARKS

Our model was constructed to be consistent with major em-
pirical regularities discovered in studies of business cycles and
those discovered in studies of prices and exchange rates. Unex-
pected monetary disturbances are not neutral in our model be-
cause price-setting agents do not observe money directly. They
see only indicators of the underlying disturbances, and they tend
to confuse positive (negative) monetary shocks with negative (pos-
itive) demand shocks. Business cycles are propagated through
time via optimal inventory adjustment.

Prices in our model are set at the beginning of the period,
prior to the revelation of actual values of the underlying distur-
bances. Thus, our prices are sticky in the sense that they do not
respond as quickly to monetary disturbances as they would if
pricing were based on full information. Our model is consistent
with the observations that exchange rates are more difficult to
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predict than are commodity prices and that changes in countries’
exchange rates and terms of trade are negatively correlated.

In presenting our results we worked with unrealistically sim-
ple time series processes governing the supply of money and the
level of real expenditure. These processes were chosen for clarity
of presentation, and none of the results we have emphasized con-
cerning the effects of unperceived monetary disturbances on out-
put depend on our choice of processes. These effects stem only
from innovations to the money supply. Consequently, these re-
sults will be robust to any stationary time series process for the
money supply. What will change with changes in the time series
process for the money supply are the time series properties of
nominal prices.

We recognize that much work remains to be done on our
framework. In particular, the linkages between firm level out-
comes and the levels of aggregate domestic expenditure and ag-
gregate money demand ought to be incorporated into the maxi-
mizing framework. We conjecture however, that the crucial analytic
feature of our model in this area, which is the correlation between
the scale variable in money demand and the scale variable in
goods demand, will appear in a wide variety of sensible specifi-
cations.1®

APPENDIX

This Appendix records the actual values of the reduced-form
parameters, the \ coefficients, whose algebraic signs were given
in Table I. For a typical variable @, = Y, N, R, s, h,, the re-

duced-form equation is the following:
(Al) Qt = XQNNt—l + KQmmt_l + }\vit + }\wat + )\szl

Coefficients in N, equation

Ay = vy = 3[A — (A% — [4/c])], 0<Aw<1
Avm =0
Avm = (Tng — ) (buwr + buz) < 0
Ao = (Tne — Tins)(— agdyr) + Ty < 0
Av: = (Tng — Tina)bue > 0
16. In Flood and Hodrick [1984b] we exploit this correlation in a model with

full flexible prices, where expenditure is determined by a stochastic permanent
income model.
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Coefficients in Y, equation

Ayw =1y < 0

Ay, = 0

Ay, = (Ty2 — Tya)(duw1 + bu2) >0

Ayw = (myz — Tys)(— agde1) + mys >0
Ay = (Tys — Tys)due <0

Coefficients in R, equation

Aenv = TR1 < 0

Aem =0

Mgy = Tr2(buw1 + bu2) <0
Tra(— agdy1) > 0
Ar: = Trabuwz > 0

Coefficients in k. equation

1 >
Ay = <1 — (-)) Tr1 + )\sNzo

)\hm=1

1 -

D>

1
1-6

)\hv = ( 1 ) ﬂRZ(cbwl + ¢w2) + )\sv Z O

>
)\hw - ) 1TR2(_ a3¢w1) + )\sw z 0

0

ALV

' 1
Apz = (1 — 9> Tre®wz + Nz
Coefficients in s; equation

1 0
= —(—— +
A R R [ (1 S “2"1) TR1

- 012K21TY1] >0
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0
)\sv = <i+1_(11> {1 - (d)wl + ¢w2) [ <1 — 9 + (12K1> TR2

— A NTiNe t Otsz‘lTyz] + (b, + ¢u2)} >0

— Q3 0
— —~ + —
<1 T a1> {1 bu1 [ <1 — o 0L2K1> TR2 Q1AsNTIN2

+ (Xsz"lTyg:' + ald)vl} <0

1
= () e (e o25) 7o = b

+ QoK TTyg + a1¢v2} <0

Asw
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