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1. Introduction

Recent work has suggested the potential importance of boundedly-rational expectations
and strategic complementarity for macroeconomics, but the associated literature is primarily
microeconomic and game theoretic. In this paper we take a different and complementary
approach, exploring and illustrating the effects of bounded rationality and strategic
complementarity in an intentionally simple and stylized aggregative economic model, very much in
the tradition of the one used by Sargent and Wallace (1975). This provides a simple framework
to examine and to illustrate the macroeconomic effects of bounded rationality and strategic
complementarity, and to contrast our results with the well-known stark results obtained under
classical conditions.

We present our results in a series of richer analyses. In section 2, we first present the
standard classical results under rational expectations and no strategic interactions -- monetary
policy is ineffective and output displays no persistence. We then relax the assumption of fully-
rational expectations while still denying the possibility of strategic complementarity. Accordingly,
we assume that the economy is populated by two types of agents: sophisticated forecasters form
rational expectations, and rule-of-thumb forecasters use a simple forecasting rule. We show that,
although monetary policy can be effective and output can display persistence, the amount of
boundedly-rational ("rule-of-thumb") expectations formation needed to generate realistic
outcomes is implausibly large. In section 3, we study the model with both heterogenous
expectations and strategic complementarity and show that policy effectiveness and output
persistence are obtained even when only a very small amount of rule-of-thumb behavior is
present. In particular, we show that the interaction of bounded rationality and strategic

complementarity produces a disproportionately large impact of rule-of-thumb behavior. In
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section 4, we lend quantitative precision to the theoretical results by computing the response of
output, money and prices to a unit supply shock, under a variety of parameter values. We

conclude in section 5.

2. A Stylized '""New-Classical” Model
2.1. Rational Expectations
Following the well-known work of Lucas (1972, 1973, 1975), let the log of output per
capita supplied by sector i, i=1, ..., N, be given by
Yi=a ;- lﬁ) Uy, (1)
where Y, denotes log output per capita in sector i at time t; P, is the log price in sector i at time t;
iIFl is the expectation (formed at time t-1 in sector i) of the log aggregate price level P, at time t; u;
is a zero-mean sector-specific stochastic supply shock at time t; and « is a supply response
parameter, constant over space and time. Throughout this paper, all variables are measured as
deviations from trend.
Aggregation yields the well-known Lucas supply function,
Y,=a (@, -F)+u, Q)
Following Sargent and Wallace (1975), we incorporate this supply function, along with the
rational expectations assumption that PF, =E(P,|1,,), in a simple and stylized macroeconomic
model of money, output and the price level. We write
Y, =a(@,-F)+uy, (3a)
M,-P,=Y, +v, (3b)

M =B Py tw, |B]<I (3¢)
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¥, =E@|L,), (3d)
where M and P denote the logs of the price level and nominal money stock, respectively, and u, v
and w are zero-mean stochastic shocks, uncorrelated over space and time. Equation (3a) is the
Lucas supply schedule discussed above. (3b) is a simple demand function for real money balances.
(3¢) is a simple feedback rule for the nominal money stock.!

The assumption of rational expectations implies that agents' forecasts are sophisticated
enough to be fully model-consistent. Let us now show how these agents solve the model.
Equating the nominal demand for money (3b) and the supply of money (3c), and using (3a) and
(3d) to eliminate Y, and IF,, we have the pseudo-reduced form for P,,

P,= [B/(1+a)] P,y + [a/(1+@)] EQR[L,) + 2, “)
where z, = (w, - u, - v)/(1 + a) is zero-mean white noise. In this model, because all agents are
sophisticated forecasters, the aggregate expectation (P?) is just the conditional expectation of (4),
and the aggregate price surprise is given by

P-F =z (5)

Finally, inserting (5) into the aggregate supply equation (3a), we obtain the solution for aggregate
output,

Y, =az+u, (6)

Three well-known properties of the solution are apparent. First, monetary policy is
ineffective, as evidenced by the fact that the feedback-rule parameter  does not affect the

equilibrium output path. Second, the equilibrium output path displays no persistence; output

! Other feedback rules are of course possible. We have, for example, also experimented with
a monetary rule that feeds back on lagged output. Our basic conclusions remain unaltered.
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vibrates randomly around its natural rate. Third, the shocks u,, v, and w, do not produce

multiplier effects.?

2.2. Bounded Rationality

In the tradition of Simon (1982), Mankiw (1985), Akerlof and Yellen (1985a, 1985b), and
many others, it seems likely that at least some agents may adopt rule-of-thumb procedures for
expectations formation. For instance, these agents might find it too costly to form rational
expectations and choose instead to rely on less expedient rules of thumb -- see, e.g., Evans and
Ramey (1992), and Sethi and Franke (1995).> Therefore, as in Haltiwanger and Waldman (1989),
we will now allow for the possibility that some agents (perhaps a very small subset of all agents)
do not form expectations rationally.

It is a simple matter to allow some agents to form expectations via rules of thumb. We
change (3d) to

Fi=(-mE@[L)+nP, 0snsl,

where PT denotes an expectation of time-t price, formed at time t-1 by any rule-of-thumb method.

We adopt a simple rule of thumb for expectations formation®,

2 That is, the "impact multipliers" are less than one in absolute value, and all remaining
multipliers are 0. The impact multiplier for u is 1/(1+a), for w is a/(1+c), and for v is -a/(1+0).

3 Evans and Ramey (1992) and Sethi and Franke (1995) feature models where the costs of
forming rational expectations are incorporated explicitly and show the existence of equilibria
where rational and rule-of-thumb expectations coexist.

4 This so-called "regressive" expectations scheme enables us to make our points simply and
effectively. Our basic results, however, remain unaltered for other simple non-rational rules of
thumb, such as adaptive expectations.



P, =P,,.
Thus, the modified model is
Y,=a®,-F)+y, (3a)
M,-P, =Y, +v, (3b)
M,=BP,+w, |B]<I (3¢)
B =(-mE®/L)+nP, 0snsl. 3d)

Let us now solve the modified model (3a), (3b), (3c) and (3d'). Again using (3b) and (3¢)
to eliminate M, and now using (3a) and (3d') to eliminate Y, and IPt we have the pseudo-reduced
form for P,,

P, = [(B+an)/(1+0)] P, + [a(1-n)/(1+0)] EQ|1,,) + 2, @)
After some tedious algebra, we obtain the aggregate price surprise,
P ¥ = [n(B-1)/(1+an)] P,, + 7, (5)
and the equilibrium output process,
Y, = [en(B-1)/(1+an)] P, + e z +u, (6)
Policy is now effective (the feedback-rule parameter 3 affects the equilibrium output sequence),
and output displays persistence.* However, it is clear from (6') that for small 1, deviations from
the classical results will be small. That is, “near-rational” expectations produce "near-classical"

equilibria.

3. A Stylized "New-Keynesian” Model

3.1. The Model

5 As before, however, all impact multipfiers arg dgas than 1 in absolute value.
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In the model of heterogenous expectations sketched so far, large deviations from
rationality are needed to produce equilibria with Keynesian features.® Now we introduce the
notion of strategic complementarity in our basic model. We then proceed to study the way in
which strategic complementarity magnifies the effects of bounded rationality.

Strategic complementarity is present if the returns to engaging in some economic activity
depend positively on the aggregate level of that activity. Cooper and John (1988) discuss a
variety of models in which strategic complementarities arise. Diamond's (1982) model of search
externality is a classic example; in Diamond’s model, the likelihood of finding a suitable trading
partner increases with the level of aggregate activity. Other scenarios that give rise to strategic
complementarities include external increasing returns in the production function (e.g., Baxter and
King, 1991) and imperfect competition (e.g., Hart, 1982, Heller, 1986, and Pagano, 1990).

In our highly stylized model, we will capture the main thrust of the strategic
complementarity literature by including aggregate output as a determinant of sectoral supply. We
write

Yy=c @, -F)+sY,+uy, 0ss<l, "
or in the aggregate,

Y,=a(P,-IF‘)+sY,+u,,

¢ This notion has a direct analog in the menu-cost literature, where under classical conditions,
only large menu costs are capable of producing macroeconomically important effects (Ball,
Mankiw and Romer, 1988; Ball and Romer, 1990). For instance, in Ball and Romer's framework,
rigidities in real prices are needed to amplify the effects of small nominal frictions. As we will
show, strategic complementarity plays a similar role in our model.

7 Other contributions to the strategic complementarity literature include Haltiwanger and
Waldman (1985, 1991), Oh and Waldman (1990, 1994), Cooper and Haltiwanger (1993),
Chatterjee, Cooper, and Ravikumar (1993), and Sethi and Franke (1995), among others.



7

where the parameter s indexes the amount of strategic complementarity in the economy.
Rearranging yields the supply schedule
Y=y @-F)+e, @)
where vy = a/(1-s) and e, = u/(1-s).
The complete macroeconomic model with strategic complementarity and bounded

rationality is then

Y,=y@-F)+e (3a")

M,-P, =Y, +v, (3b)

M=BP, +w, 0<B<I (3¢)
P,=(I-n)E@[L)+nP, O<nsl (3d)

Solving the modified model (32"), (3b), (3¢) and (3d'), we obtain the pseudo-reduced form
for P,
P, = [(B+yn)/(1+¥)] P + [Y(1-)/(1+Y)] ER||L,) + 2, (4"
In order to solve the model, the sophisticated forecasters take conditional expectations of (4") and
solve it for E(PJI,.,).* Thus the aggregate price surprise is
P,- B, = [n(B-1/(1+yn)] P, + 2, (5"
Insertion of (8") into (3a") gives
Y = [(yn(B-DY(A+ym] P, +yz e, (6"

It is apparent that policy is effective, output displays persistence, and there are potential

¥ Note that when the rational-expectations agents use the conditional expectation of (4") to
come up with their optimal forecasts, they are in effect incorporating the particular rule of thumb
used by their counterparts with bounded rationality into their own forecasts. This feature of the
model is akin to the "forecasting the forecast of others" notion discussed in Townsend (1983).
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multiplier effects. Accordingly, for any 1, no matter how small, systematic monetary policy can
be non-neutral. Thus, unlike (6"), equation (6") implies that even small values of 7 can potentially
lead to large deviations from classical results. Moreover, deviations of output from its natural
rate can be highly persistent if strategic complementarity is large enough. Strategic
complementarity works to amplify the effects of the rule-of-thumb agents, by making it optimal
for all agents, rational and rule-of-thumb, to respond to nominal shocks.

It is important to note that the Keynesian features do not arise because of the strategic
complementarity per se. They are the outcome of the interaction of the strategic
complementarity with the boundedly-rational expectations. To see this, suppose that strategic
complementarity exists but that expectations are rational (s > 0, n =0). Then

Yi=yzte ™)

Policy is ineffective and no persistence is generated.

3.2 Additional Discussion

It is of interest to examine the effects of ) and s on various key properties of the model.
This will allow us to quantify the algebraic results derived so far and to effectively run a sensitivity
analysis on the 1) and s parameters.
Response of Output to Lagged Prices. It follows from (6") that, for any fixed 7, the response
coefficient on lagged price is [(yn(B-1))/(1+yn)], the absolute value of which is monotonically

increasing in s as illustrated in figure 1.° Similarly, figure 1 also shows that, for any fixed s, the

® Throughout this paper, we set & = .6 and § = -.2 for illustrative purposes. In addition, we set
the variances of all shocks to 1.0.
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absolute response is monotonically increasing in 1. Thus, strategic complementarity plays an
important role in strengthening the intertemporal linkage between output and prices, and the
higher the degree of complementarity, the stronger will this linkage be.

Policy Effects. We showed above that with bounded rationality and strategic complementarity,
the monetary policy parameter, 3, appears in the reduced form for output. This occurs because
the expectations of the rule-of-thumb agents are not model-consistent and thus fail to adequately
capture the systematic component of the monetary policy rule. Moreover, because of the
multiplier effects implied by strategic complementarity, the expectational mistakes of these agents
are magnified at the macroeconomic level. Therefore, even changes in policy that are well
anticipated by the rational-expectations agents can potentially significantly affect the evolution of
output.

Let us now show how bounded rationality and strategic complementarity interact to
generate these policy effects. The extent of policy effectiveness can be assessed in many ways.
We consider two: the derivative of the output response coefficient with respect to 3, and the
derivative of output variance with respect to P.

The policy parameter, P, influences the output response coefficient. Therefore, a simple
way to assess the relationship between policy effectiveness and the degree of strategic
complementarity is to see how the output response coefficient is affected by changes in 3, for
varying degrees of strategic complementarity. This is done in figure 2, which illustrates several
noteworthy points. First, we see again that if all agents form rational expectations (n = 0), then,
irrespective of the degree of complementarity, the output response coefficient is not affected by

policy changes. Second, for fixed nonzero 1), the output response coefficient becomes
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increasingly more responsive to changes in P as s increases. Finally, for fixed s, the output
response coefficient becomes increasingly more responsive to changes in [} as s increases.
Perhaps a more common way to assess policy effectiveness is to analyze the extent to
which changes in policy affect the variance of output (e.g., Sargent, 1987). Tﬁis is done in figure
3, in which we plot the derivative of output variance with respect to 3. For 1) = 0, policy is
ineffective, regardless of s, For fixed n > 0, policy effectiveness is increasing in s. For fixed s,
policy effectiveness is increasing in 1."°
Persistence. We have intentionally made our model simple enough so that the backward-looking
nature of the non-rational expectations are the only source of persistent deviations of output from
its trend. We will show that the stronger the degree of strategic complementarity, the stronger
the persistence induced by rule-of-thumb forecasting. This can be seen in figure 4, where we
assess persistence as the first-order serial correlation coefficient of output.!! The regressive
nature of the rule-of-thumb expectations works to produce positive serial correlation in output,
despite the counter-cyclical monetary feedback rule. Furthermore, the extent of serial correlation
in output is increasing in the degree of strategic complementarity in the economy. This result is
consistent with one advanced by Oh and Waldman (1990, 1994), who also find a positive
relationship between complementarity and persistence. Figure 4 also highlights the importance of

interaction between complementarity and bounded rationality; significant positive serial

19 Note that the derivative plotted in figure 3 is evaluated for a particular value of the policy
parameter (f = -.2). Thus it is not unusual that a negative relationship between [ and the variance
of output is depicted. This just suggests that a larger value of B is needed to minimize output
variance.

" A richer dynamic analysis is performed in section 4.
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correlation can be generated only when both factors are present. Again, we see strategic

complementarity acting to magnify the frictions created by the rule-of-thumb expectations.

3.3 The Magnifying Effects of Strategic Complementarity
In analyzing the effectiveness of monetary policy and the persistence of output, we
showed that strategic complementarity generated multipliers that had the effect of amplifying the
aggregate impact of boundedly-rational expectations. The key to understanding the nature of this
magnifying effect lies in the interactions between agents with rational and rule-of-thumb
expectations.
Disproportionate Effect of Rule-of-Thumb Agents. This property of the model is very much in
the spirit of Haltiwanger and Waldman (1989): when both rational and rule-of-thumb
expectational behaviors are present, the rule-of-thumb expectations are disproportionately
important. First, let us show this algebraically. Note that, if strategic complementarity exists and
expectations are universally based on the rule of thumb (s > 0, = 1), then equilibrium output is
Y =[(yB-1)/(A+)] P, tyz te, (8
Now suppose the rule-of-thumb expectations have just a proportionate effect on the behavior of
the economy. Then it is the case that, for given realizations of P ,, z, and e, equilibrium output in
(6") is just a linear combination of output under (7) and (8) with weights 1-1) and 7, respectively.
On the other hand, rule-of-thumb expectations are disproportionately important if, for 0 <n <1,
(®)>(7) <=> (6> (&) +(I-m) (7] (9a)
and

(8)<(7) <=> (€Y< @®)+1-m (] (9b)
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But (9) is true only if [1/(1+yn)] - [1/(1+y)] > 0, which is true for all admissible y and 7.

To gain some further insight on the relationship between strategic complementarity and
the more-than-proportional impact of boundedly-rational expectations, we manipulate (9). This
reduces the study of disproportionality to analyzing the magnitude of the output's response to
lagged prices. From the right-hand-side of (12), we build the ratio

coefficient of P, in (6")
n (coefficient of P, in (8)) +(1-n) (coefficient of P, in (7)) ,

which we call the relative output response to lagged prices. The greater the disproportionality
associated with bounded rationality, the more the ratio will exceed one. Figure 5 plots this ratio
as a function of s for various values of 1. It is clear from the figure that as the degree of
complementarity increases, so does the relative importance of boundedly-rational expectations.
This is evidenced by the fact that, for given n, the relative output response to lagged price
increases with s.12

The intuition behind the algebraic results derived above is straightforward. As paradoxical
as it may seen, the model-consistent expectations of the sophisticated forecasters lead them, under
strategic complementarity, to adopt a behavior that reinforces the misconceptions of the rule-of-
thumb forecasters. For instance, the sophisticated forecasters are not "fooled" by anticipated
changes in monetary policy, but they know that the rule-of-thumbers are. Accordingly, they

incorporate this knowledge when forming their own expectations. Thus, because strategic

12 Note that our model is such that even in the absence of complementarity, the agents with
rule-of-thumb expectations are disproportionally important. Complementarity increases this
disproportionality, however. Also, the fact that the curve in figure 5 shifts up as 1) decreases is
merely a consequence of the definition of the relative response to lagged price, which has n times
the output response coefficient of (8) appearing as the denominator.
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complementarity makes it optimal to increase one's own production when aggregate output is
high, even the sophisticated forecasters end up producing more when there is a systematic
increase in the money supply. The sophisticated forecasters respond not to the policy action per
se, but to the misguided reactions of the rule-of-thumb forecasters. Therefore, the model is such

that sophisticated agents forecast the forecast of others."

4. Dynamic Response
4.1. Autoregressive Representation

Our discussion thus far has been largely static in flavor. To understand the dynamics of
our model in greater detail, we find its vector-autoregressive representation, from which we
obtain and study its impulse-response functions.

The basic four-equation model is given by (3a"), (3b), (3c) and (3d'), which we restate for

convenience:
Y=y @®-F)+e (3a")
M,-P, =Y, +v, (3b)
M=BP,+w, [B]<I (3¢)
F=(-n)EQP|L)+nP., O<nsl. (3d)

Solving the model for P? and inserting this solution in (3a") yields

Yt =Y (Pt - [(B+n(1+Y'B))/(1+Yn)] Pl—l) + €.

Thus, we have a first-order, three-variable system in the variables of interest (Y, P and M),

B This forecasting-the-forecast-of-others is made explicitly in equation (4"). In addition, as
agents attempt to predict each other's expectations, they are implicitly forming expectations about
the aggregate level of production.
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*
¢, X, +0, X, =0, (13)

*
where X = (Yv P, Mt)'r W = (ev Vo wl)" 0’? - (0, 2), and

1 -y O
¢, =1-1 -1 1
0 0 1

o YBryn(i+y-B)
1+yn
2" 1o 0 0|

-B

Multiplication of (12) by @, yields the vector autoregressive representation,
X,=-01 ®, X, + P, o,
which we write as
X,=AX,+Cuw,

with A=-®," ®, and C = ®," R, where R is a lower triangular matrix such that RR' = Z and o, ~

g(0, 1.

4.2. Impulse Response Functions
Repeated back-substitution in the autoregressive form yields the moving-average

representation,

14 In models with correlated shocks, the Cholesky factor of Z, and hence the normalized
impulse response function, depends on the assumed ordering of the system. For simplicity,
however, we maintain the assumption that the shocks are uncorrelated (Z diagonal), so that the
Cholesky factor is diagonal with entries equal to the square roots of the respective entries of Z,
implying that the impulse response function is invariant to ordering.
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X, = ZOA‘ Cow..

The impulse-response function is the sequence of coefficient matrices {A*C,t=0, 1, 2, ...}. To
show the dynamic implications of bounded rationality and complementarity, we have plotted, in
figures 6 to 8, the impulse responses of output, money, and prices, for a unit supply shock. Itis
clear from the figures that strategic complementarity plays two important roles in the dynamics of
our stylized economy:
(1) Strategic complementarity induces persistence. As complementarity increases, it takes
longer for the system to return to its steady state after being shocked.
(2) Strategic complementarity magnifies the endogenous response to a shock at any point
in time.
In short, complementarity amplifies the impact of shocks both inter- and intratemporally.'*
Finally, recall that we abstracted from auto- and cross-correlation in the shock process.
By ruling out the possibility of serially correlated shocks -- or, for that matter, of any other
persistence generating mechanism, such as intertemporal substitution in labor supply decisions,
time-to-build technologies, and adjustment costs -- we have stacked the deck against ourselves in
our attempt to show the relationship between complementarity and persistence generation. The
virtue of this strategy is that it allows us to isolate the impact of complementarity in the analysis of
the propagation mechanism. The cost, of course, is that, occasionally, values of s close to its

upper bound are required to generate realistic amounts of persistence. Were we to incorporate

'3 As shown above, bounded rationality is a necessary condition for the intertemporal effect to
exist.



16

serial and contemporaneous shock correlation, as is the norm in the empirical macroeconomics

literature, much smaller values of s would suffice.

S. Summary and Concluding Remarks

We have introduced strategic complementarity into an otherwise simple, stylized and
admittedly ad hoc aggregative economic model. We have intentionally worked with this model,
the goal being to use it to illustrate starkly the non-robustness of the policy-ineffectiveness and
related classical propositions to potentially small violations of the rational expectations
assumption, when strategic complementarity is present. It is our hope that, just as Sargent and
Wallace (1975) used their model to make clear the macroeconomic effects of the main thrust in
economic theory of the 1970s (rational expectations), so too will our results make clear the
effects of an equally important but more recent thrust in economic theory (strategic
complementarity).

Strategic complementarity amplifies the effects of even a small minority of rule-of-thumb
agents, leading to policy effects, output persistence and multipliers. The Keynesian features arise
because, although the rational agents cannot be fooled by anticipated money movements, they
anticipate the behavior of the agents with suboptimal forecasts. Therefore, in the presence of
strategic complementarity, they find it optimal to imitate their behavior.

Effectively, we have addressed the concerns of Ball, Mankiw and Romer (1988), Ball and
Romer (1990), and others, who note that rules of thumb alone cannot explain the non-neutralities
of money unless their use is pervasive and the resulting expectational errors large. We have

argued that strategic complementarity is the missing ingredient. Our results complement those of
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Haltiwanger and Waldman (1991), whose analysis of forecast-heterogeneity is carried out within
the context of a static model with real shocks. Ours is a dynamic aggregative model with both
real and nominal shocks.

The model with sophisticated and rule-of-thumb agents may be thought of as an
approximation to a model in which all agents are rational in the sense that their expectations are
mathematical expectations, but conditional upon a much more restrictive information set. Such a
framework would allow for the plausible possibility that it is costly to gather and process
information (Evans and Ramey, 1992; Sethi and Franke, 1995). Moreover, it would have the
advantage of addressing concerns related to the lack of microfoundations for the rule-of-thumb
behavior analyzed here.

Finally, we note that our analysis may be interpreted as a theory of the underpinnings of
supply response. That is, the introduction of s is obviously observationally equivalent to
increasing a.. Our results, therefore, may be interpreted as providing guidance in interpreting
supply elasticities -- the coefficient of the price surprise in the aggregate supply function
represents more than just the elasticity of individual supply functions with respect to changes in
the relative price.

Moreover, although our key parameters « and s cannot be separately identified using
aggregate data, the model is not devoid of empirical implications. In particular, it may be possible
identify & and s separately using disaggregated data. It may prove fruitful, for example, to

examine disaggregated supply functions to see whether, and how, aggregate activity enters.
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Figure 1

Response of Qutput to Lagged Price
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Figure 2
Derivative of Output Response
Coefficient With Respect to {3
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Figure 3
Derivative of Output Variance
with Respect to 3
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Figure 4
Output Autocorrelation

0.75 - .
0.50 .
0.25 1 . *
n:l . + . +
. ! 7)=.33+ + *

0.00-E t £ + ¥ $ I I + + + + + o+ f0+ + + +
-0.25 . : , ,

0.00 0.25 0.50 0.75 1.00

Strategic Complementarity (s)



24

Figure 5
Relative Response of Output to Lagged Price
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Response of Output to a Unit Output Shock
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Figure 6
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Figure 7
Response of Money to a Unit Qutput Shock
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Figure 8
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Response of Prices to a Unit OQutput Shock
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