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Abstract 

What drives business cycles? Traditional explanations, based on policy 
interventions and supply side changes, have been found empirically incomplete. 
This thesis examines the relative contribution of changes in beliefs to business 
cycles from theoretical and empirical perspectives. 

The first essay evaluates quantitatively the U.S. investment boom and bust of 
the late 1990s and early 2000s. Revisions of optimistic beliefs are commonly 
viewed as the key determinant of investment during this period. Yet, can this view 
explain consistently the joint behaviour of consumption, investment and 
employment? A standard real business cycle model with technology shocks 
performs relatively well in capturing the boom, but very poorly in explaining the 
bust. Beliefs about future technology are introduced into this model by enriching 
the economy information set and identified from a discrepancy between the model 
and the data. The augmented model can only account for the joint behaviour of 
aggregate variables when expectations about the future are more pessimistic during 
the boom and more optimistic during the recession. 

The second essay derives and tests a necessary condition for beliefs about 
future technology to be an independent source of business cycles. The essay's 
premise is that expectations are rational, but current and past realizations of 
technology do not fully summarize information relevant for forecasting future 
technology. This premise necessarily implies long-run predictability of technology 
shocks. Measures of total factor productivity, orthogonal to monetary and fiscal 
policy shocks, provide empirical support for this premise in the U.S. post World 
War II period. Macroeconomic variables help to forecast future realizations of TFP 
growth up to two years. 

The third essay asks whether changes in beliefs due to extra information about 
the future (news shocks) are different from changes in beliefs due to extrinsic 
uncertainty (sunspot shocks). The essay incorporates news into linear rational 
expectations models with unique and multiple equilibria. Based on general forms 
of solutions and numerical simulations of a New Keynesian model, the essay 
demonstrates that news and sunspots have distinct predictions for dynamic 
properties of equilibria. Since the differences can be quantitatively significant, 
these predictions can be used to separate news and sunspots empirically. 
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Chapter 1 

Introduction 

Fluctuations in economic activity are wide-spread phenomena in modern economies. Yet, 

up to date, there is no widely accepted explanation for their occurrence. Traditional 

explanations, such as unexpected changes in policy, technology or preferences have been 

found empirically incomplete. 1 This thesis belongs to the line of research that evaluates 

the importance of changes in expectations or beliefs as a potential independent source of 

business cycles. 

The objective'of the thesis is to investigate the role of changes in beliefs driven by news 

shocks. News shocks represent pieces of information that help to predict future changes 

in economic environment. The simplest examples would be announcements of changes in 

government regulations. A n y major tax or trade reform are discussed publicly before their 

acceptance and implementation^ 

News shocks capture a temporal separation between the time agents learn about future 

changes in economic fundamentals and the time these changes take place. Such temporal 

separation is the main departure of the thesis from most of the literature. Typically, 

agents are assumed to learn values of fundamental shocks at the time of their realizations. 

It is through the intertemporal learning, effects of beliefs on current economic decisions 

are extended beyond their conventional effects, which work through the current and past 

fundamentals. In the thesis, effects of news shocks are examined from theoretical and 

'See, for example, Cochrane [1994] . 
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empir i ca l perspectives. 

T h e thesis consists of three essays, contained i n C h a p t e r s 2, 3 a n d 4. T h e second 

a n d t h i r d C h a p t e r s focus on news about future technological change a n d their empir ica l 

impl icat ions . T h e stochastic nature of technological change is inherent ly associated w i t h 

forecasting difficulties. T h e s e difficulties are perhaps even more p r o n o u n c e d at a t ime of 

r a p i d technological change, when the past m a y not be a n entirely g o o d predic tor of the 

future. In other words, factors other t h a n the history of current a n d past realizations of 

technology m a y affect agents' forecasts about the direct ion of future technological change. 

T h e s e factors are captured by news shocks. 

C h a p t e r 2 asks whether opt imist ic beliefs and their downward revisions about the d i 

rect ion of future technological change were at the heart of an exp lanat ion for a part icu lar 

cycle: the investment b o o m a n d bust i n the U S i n the last decade. O v e r l y opt imis t ic 

expectat ions a n d consequent revisions are c o m m o n l y viewed as a key determinant of in 

vestment d u r i n g this per iod . T h i s C h a p t e r examines whether this view can be captured 

by a s t a n d a r d e q u i l i b r i u m business cycle mode l . 

T o evaluate the role of expectat ion revisions formally, prospect ive technological change 

is taken as a potent ia l source of general o p t i m i s m . T h e analysis is based on a growth 

m o d e l w i t h exogenous stochastic aggregate a n d investment-specif ic technological changes. 

T h e C h a p t e r proposes solutions to two conceptual problems. T h e first p r o b l e m is how to 

m o d e l independent effects of expectat ions about future technology. T h e second p r o b l e m 

is how to construct empir i ca l measures for unobserved expectat ions. 

T o evaluate the model's performance dur ing the 1994 - 2003 per iod , the s imulated 

paths for quarter ly consumpt ion , investment and hours worked are c o m p a r e d w i t h the 

ac tua l da ta . T h e m a i n quest ion is whether the m o d e l economy, subject to es t imated 

realizations of shocks, exhibits a b o o m and subsequent recession of the m a g n i t u d e and 

d u r a t i o n observed i n the data . 

C h a p t e r 3 investigates whether the U S d a t a are consistent w i t h news shocks about 

future technology in the longer t ime per iod . News shocks prov ide a convenient way of 
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capturing changes in agents' beliefs about future technology. Errors in beliefs may be 

at the heart of explanations for some historical episodes, as argued in Chapter 2. More 

generally, errors in forecasting technological change may be an independent source of ag

gregate fluctuations. This Chapter formulates and implements an empirical test of a 

necessary condition for existence of news about future technology. The test exploits an 

empirical implication of news for conditional forecasts of exogenous technology shocks in 

an environment with optimizing agents and rational expectations. If technology shocks 

are anticipated in advance, macroeconomic variables should help to predict future tech

nology shocks. The absence of news (or technology shock unpredictability hypothesis) 

is tested using statistical methods developed in the finance literature on predictability of 

asset returns. 

Chapter 4 is more methodological. Understanding what role changes in beliefs play in 

generating business cycles is impossible without a precise definition of such changes. News 

shocks is not the only way through which changes in beliefs can play an independent role in 

business cycles. Sunspot shocks, also known as animal spirits and self-fulfilling prophecies, 

is another alternative. A number of previous studies have explored effects of sunspots and 

news shocks separately. The goal of that Chapter is to understand the similarities and 

differences between the two types of changes in beliefs. The first contribution of this 

Chapter is to formalize a notion of news shocks. News shocks are modelled as outcomes of 

learning process, based on exogenous signals. The main implication of news shocks is their 

effects on conditional forecasts of future fundamental shocks. It is described how to define 

the joint process for news and fundamental shocks that correctly represents innovations to 

agents' information set. The second contribution is to propose a computationally simple 

framework for solving linear rational expectations models with news. Solution methods 

are derived for models with unique and multiple equilibria. The third contribution is to 

compare news and sunspot shocks along several dimensions, on the basis of general forms 

of solutions and numerical simulations of a New Keynesian model. 

3 



Chapter 2 

Investment Boom and Bust: a 
General Equil ibrium Perspective 
of the US Experience from 1994 to 
2003 

2.1 Introduction 

Strong investment growth in the US during the 1990s ended abruptly in the fourth quarter 

of 2000. Investment continued to decline for the next two years and contributed sig

nificantly to the economic recession in 2001. The reversal in investment expenditures, 

accompanied by a stock market crash, has led many analysts to interpret the investment 

bust as a result of firms' reassessment of previously optimistic expectations about future 

economic conditions. 1 The hypothesis that the investment bust was driven by expectation 

revisions has not been formally examined in the literature. The principal contribution 

of this Chapter is to provide a quantitative assessment of this hypothesis using a general 

equilibrium framework. The main question is whether a standard business cycle model, 

augmented with expectation revisions, can adequately capture the joint behaviour of in-

' A n extract from a speech of Will iam Poole, the president and chief executive officer of the Federal 
Reserve Bank of St. Louis, illustrates this interpretation: "Business investment last year was driven by 
a reassessment of long-term prospects in certain sectors, especially telecom, and by adjustment to excess 
capacity resulting from the prior investment boom." (Poole [2002,p.12]) 
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vestment, consumption and hours worked over the 1994 — 2003 period. 

To evaluate the role of expectation revisions formally, prospective technological change 

is taken as a potential source of general optimism. The analysis is based on a growth model 

with exogenous stochastic aggregate and investment-specific technological changes.2 Prior 

to pursuing the quantitative analysis, two conceptual problems must be addressed. The 

first problem is how to model independent effects of expectations about future technology. 

The second problem is how to construct empirical measures for unobserved expectations. 

A further contribution of this Chapter is to propose solutions to these problems. 

To address the first problem, expectation formation is modelled along the lines of 

Beaudry and Portier [2004a] . The modelling approach builds upon the idea that at a 

time of rapid technological change, the past may not be an entirely good predictor of the 

future. To formalize this idea, households and firms are assumed to receive commonly 

observed exogenous signals. These signals are believed to be correlated with the unknown 

future states of technology. Specifically, technological change is characterized as a vector 

stochastic process driven by zero mean independent technology impulses. The signals 

are believed to contain information about future realizations of these impulses. 3 Since 

the analysis focuses on a particular historical episode, it is not necessary to impose long-

run rationality. 4 In this sense, the modelling approach can accommodate "irrational 

exuberance" as well as perfectly rational behaviour. The Chapter demonstrates that 

this framework extends the effects of expectations about future technology on current 

economic decisions beyond their conventional effects, which work through the current and 

past changes in technology. The additional role of expectations is introduced without 

relying on strategic complementarity or multiple equilibria. 5 Furthermore, the focus of 
2 The benchmark model is a variant of the model described by Fisher [2003] and Greenwood, Hercowitz 

and Krusell [2000]. Investment-specific change is introduced to capture effects of falling relative investment 
prices on capital accumulation. 

3 Technically, the information assumption implies that conditional expectations about future technology 
impulses are not necessarily equal to unconditional expectations. In contrast, the conventional approach 
always equates the two. 

4 That is, it is not necessary for the signals to be correlated with future states of technology. 
5 In the models with sunspots, strategic complementarity can lead to self-fulfilling expectations about 

future paths of the economy. See Benhabib and Farmer [1994] or Farmer and Guo [1994] . 
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this Chapter is on expectations about future economic fundamentals, rather than about 

nonfundamental, or sunspot, shocks. 

To address the second problem, a novel method is devised to extract expectations from 

the data. The method exploits equilibrium cross-equation restrictions of the model and 

imposes minimal assumptions about the process of expectation formation. In this model, 

two variables summarize all effects of expected future technology impulses. The first vari

able, aggregate technology prospects, is the discounted sum of expected future realizations 

of impulses to aggregate technological change. The second variable, investment technology 

prospects, is the discounted sum of expected future realizations of impulses to investment-

specific technological change. B y construction, the technology prospects capture effects of 

expectations, which are independent of the current and past changes in technology. This 

Chapter establishes that technology prospects can be treated as unobserved state variables. 

The estimation procedure is designed to uncover these unobserved states. Two elements 

are central for identification. The first element is the independence of impact coefficients 

of equilibrium decision rules from the exact nature of the expectation process. These 

coefficients provide identification restrictions. The second element is the existence of em

pirical measures for realized technological change. These measures enable the separation 

of the effects of expectations, which arise because of the modified information structure, 

from the conventional effects, which operate through changes in the current and past state 

of technology. If at most one type of technology prospect is allowed to be present in the 

data, estimates of technology prospect are identified uniquely by use of generalized least 

squares. If both aggregate and investment prospects are allowed to be present in the 

data, the corresponding series can only be identified jointly. 6 In this case, the estimated 

series can be interpreted as a summary statistic characterizing the overall beliefs about 

prospective technology change. 

To evaluate the model's performance during the 1994 — 2003 period, the simulated 
6 The inability to separate aggregate and investment prospects occurs because of the linear dependence 

of impact coefficients in the decision rules. 
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paths for quarterly consumption, investment and hours worked are compared with the 

actual data. The main question is whether the model economy, subject to estimated 

realizations of shocks, exhibits a boom and subsequent recession of the magnitude and 

duration observed in the data. 7 

The overall conclusion from the quantitative analysis is that the intuitively plausible 

story of overinvestment due to optimistic beliefs is surprisingly difficult to reconcile with 

the observed macroeconomic variables in the context of the standard business cycle model. 

This conclusion is supported with several findings. First, the benchmark model, which 

relies on technological change only, explains part of the economic boom in the 1990s. 

However, technological change appears to play a very limited role in accounting for the 

investment bust. The simulated economy captures the slowdown in 2000, but predicts 

positive investment growth in 2001-2002. Second, the model augmented with expectations 

about future technology impulses captures both the boom and the bust in investment. 

The simulated investment series explains eighty two percent of the stochastic variation in 

the investment growth rates. However, to rationalize the joint behaviour of investment, 

consumption and hours, the model must rely on revisions of expectations from being more 

pessimistic during the boom towards being more optimistic during the recession. 8 Such 

an interpretation is at odds with the evidence discussed in Section 2.2 of this Chapter. 

The direction of the estimated expectation changes can be attributed to substitution 

mechanisms embedded in the standard model. This model predicts a fall in investment 

in anticipation of future improvement in aggregate or investment-specific technology. The 

intratemporal substitution possibilities imply that consumption and investment necessar

ily move in the opposite directions in response to expected technological change. 9 The 

interaction between wealth and substitution effects determines whether investment booms 
7 The event study approach to analyzing business cycles has been introduced by Hansen and Prescott 

[1993]. These authors examined the role of technology shocks in explaining the 1990-1991 US recession. 
In contrast to this paper, the model of Hansen and Prescott relied only on the conventional effects of 
expectations about future technology, operated through changes in the current and past states of technology. 

8 This result holds for both aggregate and investment technology prospects. 
9 This property has also been pointed out by Cochrane [1994] and Beaudry and Portier [2004a]. 
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occur i n ant ic ipat ion of technological improvement . E x p e c t e d higher future r e t u r n on 

capi ta l creates incentives to increase investment a n d decrease c o n s u m p t i o n . A t the same 

t ime, expected higher wealth creates incentives to increase c o n s u m p t i o n a n d decrease in 

vestment. W h e n the convent ional parameters are considered, the weal th effect dominates , 

and investment falls. T h u s , the investment b o o m in the s t a n d a r d m o d e l can be gener

ated only by expected adverse technological change. T h e effects of expectat ions about 

aggregate technological change can be reversed by changing the i n t r a t e m p o r a l elasticity of 

subst i tut ion or by in troduc ing capi ta l adjustment costs. However, these modif icat ions are 

not sufficient for the s t a n d a r d m o d e l augmented w i t h expectat ion revisions to account for 

the joint behav iour of investment, consumpt ion , and employment d u r i n g the 1994 — 2003 

episode. B a s e d on est imated series for technology a n d expectat ions, the m o d e l predicts 

2001-2002 growth rates of c o n s u m p t i o n that are more t h a n twice as h igh as those observed 

i n the data . 

T h e rest of the C h a p t e r is s tructured as follows. Sect ion 2.2 gives a descript ive account 

of the investment b o o m a n d bust. Sect ion 2.3 introduces the m o d e l a n d evaluates the role of 

aggregate a n d investment-specific technological change. Sect ion 2.4 describes modif icat ions 

of the in format ion assumpt ion , outlines the es t imat ion methodo logy a n d investigates the 

role of expectat ion revisions. Sect ion 2.5 explores changes i n the in t er t empora l elasticity 

of subst i tut ion a n d capi ta l adjustment costs. Sect ion 2.6 discusses w h y a n open economy 

framework w o u l d unl ike ly help to resolve puzz l ing characterist ics of the U S experience i n 

1994-2003. Sect ion 2.7 concludes. 

2.2 A Story of Overinvestment 

T h i s section provides in formal support for the hypothesis of expectat ion revisions being 

the key determinant of the investment bust. T h e evidence is based on extracts f rom 

government publ icat ions , indus try case studies a n d stock market prices. 

T h e b o o m a n d bust i n investment is i l lustrated in F i g u r e 2.1. T h e figure plots per 

cap i ta real private fixed investment, expressed as a percentage change f r o m the previous 
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year. T h e shaded area corresponds to the official dates of the 2001 recession. T h e 

measure of investment includes investment in nonresident ial s tructures a n d equipment as 

well as residential investment. T h e figure also plots to ta l private consumer spending. 

In contrast to investment outlays, the growth rate o f c o n s u m p t i o n r e m a i n e d surpr i s ing ly 

strong d u r i n g the economic d o w n t u r n . 1 0 T h i s pa t t ern of investment a n d c o n s u m p t i o n 

growth d u r i n g the 2001 recession was unusua l f rom the perspect ive of the post W o r l d W a r 

II U S business cycle. T y p i c a l l y , b o t h c o n s u m p t i o n a n d investment decline d u r i n g the 

recession, a n d a fall i n investment precedes a fall i n output . 

T h e recession itself has been acknowledged to be unusual . F o r example , The Economist 

[2001,p.26] writes: 

In contrast to the post-war norm the expansion was not "murdered" by the Federal 

Reserve. T h e contraction started with an investment bust, as firms that had radically 

overinvested during the boom years of the late 1990s suddenly cut back . 1 1 

T h e d o w n t u r n i n investment has often been interpreted as result ing f r o m a correct ion 

of investment decisions m a d e d u r i n g the preceding b o o m . F o r example , according to 

G o v e r n o r B e r n a n k e [2003, p .5] , 

As we can see, in retrospect at least, the year 2000 was one of re-evaluation, particularly 

for high-tech investment. Though the evidence is strong that high-tech investments 

have greatly enhanced technology in the economy, by 2000 many managers had ap

parently become concerned that the long-term profit potential of their investments in 

computers and communications equipment was smaller than they had expected . . . and 

sometimes the productivity enhancements were less than anticipated. 

A downward revis ion of previously opt imis t ic expectat ions about future economic con

dit ions has been proposed as one of the leading explanations . T h r e e extracts f rom the 

official government publ icat ions i l lustrate this view: 
l u T h e series are from the Bureau of Economic Analysis (BEA) . They are expressed in 2000 chained 

dollars and converted into per capita terms. 
"See also Krugman [2002] , Stock and Watson [2003], and Bernanke [2003]. 
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Overly optimistic expectations of future growth in demand, which were reflected in 

inflated stock prices, led businesses to invest in new plant and equipment at levels that 

appear excessive in hindsight. 

(The Congressional Budget Office [2002,p.24]) 

Some businesses, especially in the information and communications technology sector, 

may have overestimated the potential of the "New Economy" and therefore overinvested 

in productive capacity. 

(The Council of Economic Advisers [2002,p.40]) 

... the magnitude by which these categories had increased in preceding years, together 

with abruptness of their downturn, suggests that firms may have been too optimist ic 

about the immediate profitabil ity of some types of high-tech capital; as these expecta

tions were revised, business viewed their previous investment as more than sufficient 

to meet anticipated demand. 

(Board of Governors of the Federal Reserve System [2001, P-15]) 

The hypothesis of expectation revisions being the key determinant of the investment 

bust has plausible foundations. Empirical evidence points to the existence of excess ca

pacity, at least in the telecom sector. By one estimate, 97 percent of fiber-optic capacity 

was unutilized in 2002 (Gordon [2003]). In addition, the econometric analysis of industry 

data reveals that industries that invested more during the boom in the late 1990s also cut 

their capital expenditures more during the bust in 2000-2002. 1 2 

The Internet and the 1996 Telecommunications Ac t are two likely contributors to the 

general optimism about the future. The Internet gave a rise to the notion of the "New 

Economy", which referred to new ways of organizing and conducting business. 1 3 The pro

liferation of dotcoms and e-commerce was "touted as a new industrial revolution" (Gordon 
1 2 McCarthy [2003]. 
1 3 "The Internet has become a powerful symbol of society's expectations about the future - a future 

of fast-moving, disruptive technology that is shifting the terrain not only in business, but also in politics 
and culture... Because it is such a low-cost communications technology, the Internet holds the promise of 
drastically reducing transactions costs." Lohr [1999] 
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[2003]). However, expectations of high consumer demand did not materialize in the case 

of on-line trading, and failed dotcoms have become a legacy. Couper, Hejkal and Wol-

man [2003] provide support for the idea that the 1996 Telecommunications Act may have 

played a leading role in the telecom boom and bust. Designed to promote competition 

and innovation, the 1996 Act spiked "tremendous optimism" about development of new 

services at lower prices. Many firms believed that the dominant market share would go 

to companies with the newest technologies and biggest networks. A slow implementation 

process for the legislation led to unfulfilled beliefs about "meaningful competition." 

Expectations about the economic outlook were arguably reflected in stock market prices 

and analysts' long-term earnings projections. The S & P 500 stock market average more 

than tripled from January 1995 to August 2000. The rise of stock market valuations 

was even more dramatic for the Internet-based companies. B y one estimate, market 

participants had to expect extraordinary returns of 30 to 40 percent above the cost of capital 

for a significant period in the future (Ofek and Richardson [2002]). The investment bust 

was accompanied by a stock market crash and downward revisions of earnings forecasts. 

The S & P 500 index fell by 44 percent from its peak value in August 2000 to its turning 

point in February 2003. 

The story of overinvestment due to optimistic expectations appears to be intuitively 

plausible. The rest of the Chapter attempts to evaluate whether this story can by ade

quately captured by the standard business cycle model. 

2.3 Benchmark Model with Technology Shocks 

This section describes the benchmark model under the conventional information assump

tions. The section also investigates whether the US experience during the 1994-2003 period 

can be explained by changes in technology alone. 1 4 The model is a growth model with ex

ogenous stochastic aggregate and investment-specific technological changes. Investment-
1 4 Effects of expectations which are independent of the current and past changes in technology are exam

ined in Section 2.4. 
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specific change is incorporated to capture the effects of a r a p i d decline i n the relative 

investment prices on capi ta l accumulat ion . 

2.3.1 M o d e l D e s c r i p t i o n 

T o in troduce the m o d e l i n the simplest way, this subsect ion describes assumptions about 

preferences, technology a n d in format ion structure. T h e economy c a n be easily decentral

ized as a s t a n d a r d sequence of markets equ i l ibr ium. 

Preferences . A representative household has preferences over c o n s u m p t i o n Ct and 

leisure Lt w i t h the expected life t ime u t i l i t y 1 5 at date T defined by 

oo 
U ^ErY^P1'" [In Ct + vU] (2-1) 

t=T 

H e r e (3 is the discount factor, 0 < /3 < 1, n is a posit ive scalar, a n d ETxt — E[xt\£lT} is 

the expectat ion operator condi t ional o n all variables dated r a n d earlier. T h e household 

is endowed w i t h one uni t of t ime, a l located between leisure a n d work: 

Lt + Nt = l (2.2) 

Technology. C o n s u m p t i o n and investment goods are p r o d u c e d f r o m cap i ta l a n d labor 

inputs us ing C o b b - D o u g l a s p r o d u c t i o n funct ion w i t h cap i ta l share a, 0 < a. < 1 : 

Ct = Klt {AtNc,tf-a (2.3) 

It = VtKlt ( A t N ^ - a 

V a r i a b l e At is aggregate technological change. Improvements i n this technology benefit 

p r o d u c t i o n of b o t h c o n s u m p t i o n a n d investment goods. V a r i a b l e Vt is investment-specific 

technological change. Benefits f rom this technology can be gained only t h r o u g h capi ta l 

accumulat ion . T h e stochastic process followed by each technology is mode l l ed o n the basis 

of empir i ca l measures, descr ibed below. T h e aggregate technology is assumed to follow a 

1 5 Alternative preferences are considered in Section 2.5 
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logar i thmic r a n d o m walk w i t h a drift: 

At = ja.-A.t-i exp(a t ) , 7 a > 1, A0 > 0 given (2.4)' 

at = ea,t (2.5) 

T h i s specif ication implies that any change i n aggregate technology has a permanent effect on 

its level. Investment-specific technology is mode l l ed as f luctuat ing a r o u n d a determinist ic 

t rend: 

Vt = V07l

v exp(vt), 7v > 1, V0 > 0 (2.6) 

Vt = PlVt-l + p2Vt-2 + £v,t (2.7) 

T h e t rend i n investment-specif ic technology reflects the increased efficiency i n p r o d u c t i o n o f 

investment goods, first emphas ized by Greenwood , Hercowitz a n d K r u s e l l [2000]. T h r o u g h 

out the C h a p t e r , s tat ionary components of aggregate a n d investment-specif ic technology, 

at a n d Vt, are referred as technology shocks, a n d stochastic bu i ld ing blocks of the shocks, 

ea,t a n d are referred as technology impulses. A vector sequence of technology impulses 

£t = \^a,ti £v,t]' is assumed to be independent , identical ly d i s t r ibuted a n d uncorre lated at 

all lags a n d leads: 

Est Eetet = °l o 
0 al 

EeteT = 0, r ̂  t (2.8) 

C a p i t a l a n d labour inputs are perfectly mobi le across sectors. T h e aggregate cap i ta l stock 

Kt becomes product ive after one per iod and depreciates at rate 6, 0 < 6 < 1 : 

Kt+1 = (l-6)Kt + It (2-9) 

where Kt — KCtt + Ki<t-

Informat ion . T h e s tructure of the economy is c o m m o n knowledge. Before m a k i n g 

their c o n s u m p t i o n a n d p r o d u c t i o n decisions, consumers a n d firms observe the current and 

past realizations of technology impulses. These impulses define the in format ion set of 

the economy. Since impulses are independent a n d uncorre lated , al l future impulses are 

unpredic table a n d E [et+j\Slt[ = 0 , j > 0. 
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2.3.2 S o l u t i o n 

A t an optimum, the value of the marginal product of each input is equalized across sectors. 

The resource constraint can be used to define real aggregate output Yj : 

Ct + £ = K? (AM)1-* = Yt ( 2 .10 ) 

Here Nt = NCit + Nj defines the aggregate labour input. 

Allocations of a rational expectations equilibrium {Ct, Nt, Lt, It, Yt, Kt+i}^Z0 maxi

mize the expected utility of the household ( 2 . 1 ) subject to the technological constraints 

( 2 . 9 , 2 . 1 0 ) , given the information structure, the exogenous processes for technology { A f } ^ 0 

and {VJ}£1Q and the initial conditions for the aggregate capital stock KQ > 0 . The stochas

tic processes for real wages, real interest rates, investment and capital goods prices that 

decentralize this economy can be obtained through either the marginal product conditions 

or the household's marginal rates of substitutions. 

Along the equilibrium path, hours worked are covariance stationary. Consumption and 

aggregate output grow at the rate Tt = Atjv " • Capital and investment grow at a faster 

rate, 7^Tj, reflecting the investment-specific technological change. A covariance stationary 

represetation of the model is obtained by applying the relevant trend transformations. 1 6 

The model is then solved using a log-linear approximation of the corresponding stationary 

representation around the unique non-stochastic steady state. 

2.3.3 I d e n t i f i c a t i o n o f T e c h n o l o g y a n d P a r a m e t e r C h o i c e 

In a decentralized version of the model, the relative price of investment is inversely related 

to investment-specific technological change. The empirical measure of this change can be 

backed out from the investment price series. Thus, the relative investment price series is 

computed as a ratio of price deflators for real investment and consumption. 1 7 

The aggregate technology shock is computed as the Solow residual, with capital share 

equal to 0 . 3 2 . Empir ical counterparts for aggregate output, capital and labour inputs are 
1 0 The transformations are defined as c t = yt = y^-, it = r't'yi , kt+i = y'^l, nt = Nt. 
1 7 Pr ice deflators are for chained 2000 dollar quantity series produced by the B E A . 
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c o m p u t e d as follows. R e a l aggregate output is constructed us ing the a p p r o a c h advocated 

by G r e e n w o o d , Hercowitz and K r u s e l l [2000]. T h e procedure is first to c o m p u t e n o m i n a l 

output as the s u m of n o m i n a l series o n c o n s u m p t i o n a n d investment, a n d then to use 

the c o n s u m p t i o n deflator to convert n o m i n a l output measure into real . C a p i t a l input is 

based on the B L S 1 8 annua l index for capi ta l input f rom equipment , structures , a n d rental 

residential capi ta l for the n o n f a r m business sector. T h e annua l series is interpolated into 

quarter ly using real fixed investment. L a b o u r input is based on the B L S index of non-

f a r m business hours . T o be consistent w i t h the mode l , the B L S index is converted into 

per -cap i ta terms us ing the p o p u l a t i o n trend. T h e level of hours is n o r m a l i z e d to 0.21 in 

the first quarter of 1994 . 1 0 T h e in i t ia l values for the technology are chosen to m a t c h the 

steady state level of the cap i ta l stock and the cap i ta l to c o n s u m p t i o n rat io w i t h the actual 

d a t a observed in the first quarter of 1994. 

Parameters descr ibing technology are est imated f rom the e m p i r i c a l measures. P a r a 

meter estimates for the investment-specific technology shock are c o m p u t e d us ing 1981 : 

1 — 2003 : 4 sample. T h e in i t ia l date is chosen to reflect the start of a decline in relative 

investment prices, i l lustrated i n the upper left pane l of F i g u r e 2.2. P a r a m e t e r estimates 

of aggregate technology are c o m p u t e d us ing 1967 : 2 — 2003 : 4 sample . T h e in i t ia l date is 

determined by the d a t a availability. T h e est imated parameters are reported i n T a b l e 2.1. 

Measures of technology shocks and impulses for the s imulat ion p e r i o d of 1994 : 1 — 2003 : 4 

are p lot ted i n F i g u r e 2.2. F o r the ease of interpretat ion, the relative investment price 

series a n d aggregate technological change are expressed as indexes n o r m a l i z e d to 100 in 

1994:1. 

T h e rest of the m o d e l parameters are assigned the fol lowing values. T h e discount factor 

Q is set to y ie ld the annua l risk-free real interest rate of 3 percent . T h e rate of capi ta l 

depreciat ion is set to 0.044. T h e parameter governing the disut i l i ty of leisure is chosen to 

m a t c h the steady state value of hours w o r k e d . 2 0 

1 8 Bureau of Labor Statistics. 
1 9 This value is derived on the basis of the BLS series for average work hours. 
2 0 The main conclusion of the Chapter about the contribution of changes in technology and expectations 
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2.3.4 C o n t r i b u t i o n o f T e c h n o l o g y 

The contribution of technological change to explaining the U S experience in the 1994-2003 

is assessed by comparing sample paths of the simulated and real data. The question is how 

well the model economy can account for the joint behaviour of consumption, investment 

and hours, given the estimated measures of technology. 

The init ial period in the model coincides with 1994:1. Parameters of the model are 

chosen so that the model economy is on the balanced growth path in the ini t ial period, and 

the init ial stock of capital coincides with the observed capital stock. Figure 2.3 reproduces 

series for the empirical growth rates of consumption and investment from Figure 2.1, and 

adds the simulated series generated with two technology shocks. 

From the graphical illustration, technological change appears to be an important con

tributor to the economic boom in the late 1990s, and even to a slowdown in early 2000. 

However, the collapse in investment is a puzzling feature from the perspective of the model. 

Given the estimated process for technology, the model predicts positive investment growth 

through 2001-2003. 

The graphical analysis is complemented by formal statistics in Table 2.2. For each 

series, the explanatory power is measured by a correlation coefficient and an R2 from 

an O L S regression of the actual data on its simulated counterpart and a constant. For 

consumption and investment, the data are expressed as one-period growth rates. For hours, 

deviations from the steady state are compared. The R2s measure stochastic variation of 

the actual data explained by the simulated data. The average contribution of technology is 

measured as the average of the R2s for individual variables. The formal statistics confirm 

the graphical illustration. There is a substantial positive correlation between the model 

and the data. During 1994-2000, the model can explain 41 and 24 percent of variation in 

growth rates of consumption and employment. Once the years 2000-2003 are added, the 

explanatory power drops to 29 and 8 percent respectively. 

to explaining the U.S. experience from 1994 to 2003 is robust to a trend stationary specification of aggregate 
technology and an AR(1) specification for investment specific shock. 

16 



O v e r a l l , the s imulat ion results support the view that factors other t h a n the economic 

fundamentals must have been at work d u r i n g the 2000-2002 investment bust . T h e re

sults also conf irm findings f rom empir i ca l l i terature o n investment. S t a n d a r d econometric 

models have been shown to have a great difficulty i n expla in ing the drop i n i n v e s t m e n t . 2 1 

2.3.5 C o r r e c t i o n for C a p a c i t y U t i l i z a t i o n 

It has been long recognized that unobserved variat ions i n inputs contaminate the Solow 

res idual as a measure of t echno logy . 2 2 It has also been e s t a b l i s h e d 2 3 that variable cap i ta l 

capaci ty ut i l i zat ion can prov ide a powerful ampl i f icat ion and propagat ion mechan i sm. T h i s 

subsect ion explores whether the correct ion for capaci ty ut i l i za t ion can help to expla in the 

investment bust. 

T h e benefit of capi ta l ut i l i zat ion is the abi l i ty to adjust cap i ta l input in response to 

changes in economic condit ions. T h e benefit is in troduced t h r o u g h a change of the pro

d u c t i o n funct ion: 

Yt = {utKt)a {AtNtf-a (2.11) 

T h e cost of a more intensive ut i l i za t ion is mode l l ed as increased rate of capi ta l depreciat ion. 

T h e cost is parameter ized by the funct ion v 

a 
6t = -u?,Lj>l (2.12) 

T h i s funct ional form implies that depreciat ion is an increasing convex funct ion of capi ta l 

ut i l i zat ion . G i v e n the average depreciat ion rate a n d other parameters of the mode l , the 

elasticity of depreciat ion w i t h respect to ut i l i za t ion can be p i n n e d d o w n by the steady 

state r e l a t i o n s . 2 4 T o make the steady state of the m o d e l invariant to the level of capi ta l 

ut i l i zat ion , parameter 9 is chosen so that i n the steady state the level of u t i l i za t ion is equal 

to one. T h e parameters of the m o d e l i m p l y u> = 1.34. 

2 'See references by Bernanke [2003]. 
2 2 H a l l [1990] , Burnside, Christiano and Eichenbaum [1996] . 
2 3 K i n g and Rebelo [1999]. 
2 4 See Greenwood, Hercowitz and Krusell [2000] . 
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A measure of aggregate technology corrected for capaci ty ut i l i za t ion is der ived on the 

basis o n the modi f ied p r o d u c t i o n funct ion (2.11). T h e B o a r d of Governors index of indus try 

capaci ty ut i l i za t ion is used as a proxy for capi ta l ut i l izat ion. T o get the u n i t a r y value of 

ut i l i zat ion i n the steady state, the series is re-scaled by its m e a n over the exist ing sample. 

T h i s measure is certainly not ideal . Y e t , its usage provides a n ind ica t ion whether the 

m e c h a n i s m of variable ut i l i zat ion can change conclusions of the b e n c h m a r k m o d e l w i t h 

respect to the investment bust . 

O n c e the s imulat ion results are repeated wi th the new measure of technology shock, the 

m o d e l series exhibit excessive volati l ity. T o slow down the speed of resource real locat ion, 

adjustment costs for cap i ta l accumula t ion are in troduced into the mode l : 

Parameters <f>i an d fa are selected to make the steady state invariant to the degree of 

adjustment costs i/». 2 5 T h e degree of adjustment costs is es t imated by the s imulated m e t h o d 

of moments . H i g h e r adjustment costs i n the m o d e l decrease vo lat i l i ty by decreasing the 

m a g n i t u d e of investment responses. T h u s , the s t a n d a r d dev ia t ion of the growth rate of 

investment is used to est imate the elasticity of adjustment cost. T h e es t imat ion procedure 

suggests ip = 0.23. 

T h e exp lanatory power of technology shocks i n the m o d e l w i t h variable ut i l i za t ion are 

reported i n table 2.2, under the rows w i t h "Uti l izat ion" title. T h e m o d e l performance 

worsens relative to the b e n c h m a r k case. F u r t h e r m o r e , the m a i n conclus ion about the 

l imi ted role of technology i n expla in ing the investment bust remains unchanged . T h e 

s imulat ion results suggest that refinements o n ut i l izat ion measures are unl ike ly to be a 

promis ing avenue for unders tand ing the U S experience of the last decade. Af ter al l , the 

2 5Specifically, fa = (jk - 1 + 6)* , fa = (1 — 6 --yk) — fa, and jk = 7 a 7 6 / ( 1 _ o ) is the growth rate 

(2.13) 

w i t h adjustment costs funct ion defined by 

(2.14) 

of capital. 
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introduction of variable utilization leads to even stronger implied growth rates of aggre

gate technology. The strong productivity growth, in turn, creates incentives for capital 

accumulation. The rest of the Chapter abstracts from capital utilization. 

2.4 Model with Technology Prospects 

The simulation results from the previous section demonstrated the great difficulty the 

benchmark model has in explaining the investment boom. The objective of this section 

is to investigate the role of expectation revisions. The analysis proceeds in several steps. 

First, the information structure of the model is modified and compared with the conven

tional approach. Second, the estimation procedure for- uncovering technology prospects 

is outlined. Thi rd , the procedure is implemented for aggregate technology prospects. 

Finally, implications for investment technology prospects are discussed. 

2.4.1 I n f o r m a t i o n S t r u c t u r e A s s u m p t i o n 

Investment, consumption and employment decisions are forward-looking. In equilibrium, 

these decisions depend on expectations about the entire future paths of aggregate and 

investment-specific technology shocks. 2 6 To understand implications of information as

sumptions on equilibrium decisions, it is useful to consider a state space representation of 

the joint process for technology shocks zt = [ at vt ] wi th impulses et = [ 

Ct+i = Az(t + Bzet+\ 

zt = Cz(t 

(2.15) 

Here matrices Az, Bz and Cz are defined as follows 

0 
Az = 

0 
1x2 

0 Ay 
2x1 

Pi P2 
1 0 

' 1 0 " ' 1 0 
, Bz = 0 1 , cz = 1x2 , Bz = 

0 0 0 Cy 

, cv = [ i o; 

(2.16) 

2 6 Recal l that technology shocks are referred to stationary components of technological change. Thus, 
expectations about technology shocks are well defined. 
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Vector Ct = [ a t Vt vt-i ]' concisely summarizes the relevant real ized technology funda

mentals . T h e state space representat ion is convenient for der iv ing the condi t iona l expec

tations o f future technology shocks: 

E [zt+j\nt] = CzAi(t + ^C^rB.E [ e t + i | f i t ] (2.17) 

T h e formula for condi t iona l expectations is obta ined by i terat ing on (2.15) a n d a p p l y i n g 

the expectat ion operator condi t ional on the economy's in format ion set flf T w o terms 

contr ibute to the condi t iona l expectations. T h e first t e r m on the right h a n d side of (2.17) 

summarizes effects of the realized technology fundamentals C,t- T h e second t e r m captures 

effects, w h i c h are independent of the real ized technology fundamentals . T h e independent 

effects are de termined by the in format ion assumpt ion w i t h respect to predic tabi l i ty of 

future technological impulses . 

U n d e r the convent ional approach , future technological impulses are unpredic tab le . T h e 

second t e r m i n (2.17) vanishes, and expectations about future technology shocks are c o m 

pletely de termined by the his tory of the current and past realizations of technology shocks. 

Consequent ly , changes i n expectations have an impac t o n the current decisions on ly t h r o u g h 

the current a n d past changes i n technology. T h e p o o r empir i ca l per formance of the bench

m a r k m o d e l i n expla in ing the bust suggests that this in format ion as sumpt ion m a y l imit 

the role of expectat ions f r o m the start. 

M o d i f i c a t i o n of the in format ion assumpt ion about the unpred ic tab i l i ty of future techno

logical impulses introduces the addi t iona l role of expectat ions t h r o u g h the second t e r m in 

(2.17). T h e a p p r o a c h bui lds u p o n the idea that at a t ime of r a p i d technological change, the 

past m a y not be a n entirely good predictor of the future. T o formalize this idea, households 

and firms are assumed to receive c o m m o n l y observed exogenous signals. T h e signals are 

bel ieved to conta in in format ion about future realizations of technological impulses . If the 

signals were available to the model ler , it would have been possible to determine d y n a m i c 

correlations between the signals a n d technological impulses , a n d to use these correlations to 

construct measures of condi t ional expectat ions. T h i s a p p r o a c h is not feasible i n practice , 
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as the structure of the aggregate information set is unknown. The modelling approach in 

this Chapter does not rely on the knowledge of the distribution for signals. Instead, the 

approach focuses on the outcomes of the learning process. It is assumed that aggregate 

expectations of future technological impulses, conditional on the current information set, 

may deviate from the unconditional ones. Formally, for every period t there possibly exists 

some future date j > 0 such that E [et+j|fif] ^ 0. 

Since the analysis focuses on a particular historical episode, it is not necessary for the 

signals to be correlated with future states of technology. 2 7 In this sense, the modelling 

approach can accommodate irrational exuberance as well as perfectly rational behaviour. 

Irrational exuberance can be formalized as a situation when the signals used in the for

mation of the conditional expectations are in fact uninformative about the future states of 

technology. Rational behaviour can be modelled as a signal extraction problem based on 

the knowledge of dynamic correlations between the signals and states of technology. 2 8 

The advantage of this parsimonious approach to modelling beliefs is the ability to define 

a notion of optimism about the future. In this framework, optimism corresponds to above 

average expectations about the future, or to the case E [et+j\£lt\ > E [£t+j] f ° r some future 

date j > 0. If beliefs are not perfectly validated, and the actual technology turns out not 

as high as expected, then there is a precise sense in which optimism was excessive ex-post. 

A potential weakness of the modelling strategy is its inability to answer why and how 

errors in expectation could occur. This property does not seem to be a very strong 

restriction, at least for understanding the role of aggregate expectation errors in the US 

experience during 1994-2003. Recent theoretical and empirical contributions appeal to 

potential difficulties in aggregating heterogenous beliefs across agents in the economy. 

Theoretically, in an environment with heterogeneous agents, equilibrium asset prices 
2 7In a longer time span, this way of modelling of expectations would require signals and future realizations 

of impulses to be correlated. A comparison between values of signals and ex-post realizations of technology 
impulses would eventually reveal the degree of correlation. In the absence of the correlation, it would 
be useless to include the signals into forecasts. Chapter 3 investigates the predictability of aggregate 
technology. 

2 8 An example of the rational signal extraction problem in a general equilibrium model with expectation 
errors can be found in Beaudry and Portier [2004a]. 
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are a weighted average of beliefs about asset payoffs. 2 9 In this environment, the process 

of beliefs aggregation is hindered by short sale restrictions on stocks. When selling short, 

a seller does not own a stock, but is committed to repurchase this stock some time in the 

future. Thus, shorting gives a way through which investors can bet on their anticipation 

of a decline in the stock's price. If short sales are restricted, beliefs of more pessimistic 

investors tend not to be incorporated into asset prices. Furthermore, potentially erroneous 

beliefs can arise as equilibrium phenomena even in models with rational expectations and 

no short sale restrictions. Work on rational herding and information cascades 3 0 provides 

theoretical foundations for this area. 

Empirically, Ofek and Richardson [2002,2003] argue that the market for Internet stocks 

in the late 1990s had a limited capacity for short sales. Relative to non-Internet firms, 

Internet-based companies had higher short interests, higher borrowing costs for shorting 

and stronger violation of put-call parity in the options markets. Internet-related equity 

markets were also more heterogenous in their composition of market participants. In 

these markets, retail investors were more active on Internet-related equity markets than 

institutions. Ofek and Richardson advocate a view that existing short sale constraints on 

Internet stocks prevented beliefs of more pessimistic investors to be properly aggregated 

into Internet asset prices. They also hypothesize that expiration of lockup periods 3 1 for a 

large number of companies in the spring and latter half of 2000 loosened these constraints, 

led to an increased number of markets and eventually to a fall in asset prices. 

2.4.2 S o l u t i o n 

The model is solved using a modification of Blanchard and K a h n ' s 3 2 algorithm discussed 

in details in Chapter 4. In this model, two variables 8? and Q\ summarize all effects of 
2 9 See, for example, Lintner [1969], Miller [1977], J arrow [1981] . 
3 0 See, for example, Banerjee [1992], Zeira [1994] and Beaudry and Gonzalez [2004]. 
3 1 It is a standard arrangement to restrict shares from sale for a certain period of time after an initial 

public offering without the written consent of the underwriter. These lockup periods can be interpreted as 
the most strict form of short sales (Ofek and Richardson [2003]). 

3 2 Blanchard and Kahn [1980] . 
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expectat ions about the future technological impulses o n e q u i l i b r i u m decisions: .33 

3=1 

3 = 1 

C „ E j = 1 4 - i C ^ [ e v , t + i | f i t 

(2.18) 

(2.19) 

= Mkkt + McCt + 01 + 

Here A > 1 is the unstable eigenvalue of the m o d e l a n d matrices Cv = [ 1 0 ] , Av = 

^ ^ 2 . Var iab les 9$ a n d 9\ have economic interpretat ion of the d iscounted sums of 

expected future realizations of technology impulses. T h e s e variables are cal led aggregate 

a n d investment technology prospects . 

T h e e q u i l i b r i u m process for consumpt ion , investment a n d hours , expressed as deviat ions 

f r o m the steady state, can then be wri t ten as l inear functions of the e x p a n d e d state vector, 

w h i c h includes capi ta l , real ized technology a n d technology prospects: 

(2.20) 

Several properties of the decis ion rules are of interest. F i r s t , matrices Mk a n d Mc, describ

ing impacts of capi ta l stock a n d realized technology shocks are ident ica l to the b e n c h m a r k 

m o d e l of Sect ion 2.3. Second, under the convent ional in format ion assumpt ion , technolog

ical prospects are absent ( 9® = 0, 9\ = 0) a n d expectat ions about future technology affect 

current decisions only t h r o u g h the realized technology fundamentals . M a t r i x M( s u m m a 

rizes these effects. W i t h the expanded in format ion set, expectat ions play the addi t iona l 

role. T h i s role is cap tured by vectors ira a n d nv. T h i r d , impac t coefficients for technology 

prospects , 7ra a n d TTV are independent of the process for expectat ions. F i n a l l y , vectors 7ra 

a n d TTV are l inearly d e p e n d e n t . 3 4 In this mode l , there is on ly one channel t h r o u g h which 

future technological opportuni t ies have a direct effect on endogenous decisions. T h i s chan

nel is s u m m a r i z e d by in ter tempora l E u l e r equat ion. F u t u r e technological opportuni t ies 

affect future income. A t the end, the source of changes i n future income turns out not to 

mat ter for qual i tat ive predict ions of the m o d e l . 

''''This representation is feasible only for the models with one endogenous state variable. 
' M T h e last two properties are proven in Chapter 4, Section 4.4.4. 
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2.4.3 I d e n t i f i c a t i o n o f T e c h n o l o g y P r o s p e c t s 

The empirical identification of unobservable technology prospects exploits equilibrium re

strictions of the model. Intuitively, the estimation strategy consists of two steps. First, 

a variation in consumption, investment and hours, not accounted for by the realized tech

nology fundamentals and capital is isolated from the data. Then this residual variation 

(new transformed data) is used to find realizations of expectations that minimize the resid

ual distance between the model and the data, and satisfy the equilibrium cross equation 

restrictions. 

The starting point of the estimation is the equilibrium decision rules. Suppose that 

true measures of technology shocks and capital stock were at hand. Then the part of 

consumption, investment and hours worked not accounted by the realized fundamentals 

would have been described by y t = [ ct it ht ]' — Mkkt — McCt-io Further, if the model 

were true and observed measures of consumption, investment and hours were perfect, any 

of the three elements of vector y would have identified the effects of technology prospects 

perfectly, implying the deterministic relations between the observable variables. In prac

tice, these deterministic relations do not hold, due to measurement errors or abstractions 

of the model. The problem' of deterministic relations can be eliminated by augmenting 

decision rules by variable-specific error terms ejt : 

Yj,t = ^j,a°? + *j,v0t + eiu j € {c, i, h) (2.21) 

Then each element of vector y would still be an informative indicator of technology 

prospects, if these prospects are in fact present in the data. 

Variables 0" and 6\ are not observed directly. In evaluating their empirical contri

bution, the challenge is how to construct estimates of these unobserved series. Linear 

dependence of impact vectors 7ra and nv hinders the problem of technology prospects iden

tification. This subsection describes how technology prospects can be estimated when at 

most one type of technology prospect is present in the data. Then it addresses how the 
3 5Variables with tildas correspond to empirical equivalents of deviations from the steady state. 
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results should be interpreted if both aggregate and investment technology prospects were 

present in the data. 

For concreteness, let us consider prospective changes in aggregate technology. The key 

property of the relation (2.21) is that a realization of 9^ affects consumption, investment 

and hours simultaneously, and only at time t. Furthermore, the impact coefficients are 

known, once parameters of preferences and technology are assigned their numerical values. 

These properties suggest that the discounted sum of expectations can be recovered as 

parameters of the generalized regression model. Specifically, let a series of the discounted 

sum of expectations be summarized by a vector /3 = [ Of ... 6% ]' where T is the sample 

size. Consider T variables that consist of decision rule coefficients for every time period. 

Specifically, variable d^/for time t for investment series is a vector of length T, with a 

value TTim in period t and zero otherwise. A matrix of regressors collects all time variables 

X j = [ djti ... djtT ] , j € {c, i, h} . Then the generalized regression model 

= 

can be used to recover /? coefficients. The residuals e in this model may pick up measure

ment errors in vector y. They might also be interpreted more generally as capturing all 

the movements and co-movements in the transformed series for consumption, investment 

and hours that the model cannot explain. There is no reason to expect that variances of 

residuals wi l l be the same across variables or that there is no cross and auto-correlation 

between them. The residuals are assumed to be zero mean, E [ej|X] = 0 and uncorrelated 

with regressors. They are allowed to be heteroskedastic, cross and autocorrelated. 3 6 The 

slope coefficients @ can be consistently estimated by the ordinary least squares. Para

meter estimates robust to the covariance structure can be obtained using Prais-Winsten 

regression. 

To implement the procedure, empirical analogues are constructed for deviations of 
3 6 Specifically, for j 6 {c,i,h}, E {ejte'jt) = a], E (ejte'jt-i) = Pj, E {ejte'jt_k) = 0, E (ejteit) = <Tji, 

E (eJtejt) = 0 otherwise. 
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consumption, investment, hours worked and capital from the model's steady state values. 

This is achieved by applying the trend transformations implied by the model to the observed 

data. The estimation period is 1994 : 1 — 2003 : 4, so the generalized model contains 120 

observations in to ta l . 3 7 The presence of technology prospects does not alter intra-temporal 

equilibrium relations of the model. Thus, measures of technology shocks constructed 

previously remain valid in this framework. 

2.4.4 P r o s p e c t s o f A g g r e g a t e T e c h n o l o g y 

This section implements the econometric procedure under the assumption that beliefs are 

formed about prospective changes in aggregate technology only. The simulation results 

are presented first. Then the estimates of technology prospects and their interpretation 

are discussed. 

C o n t r i b u t i o n of E x p e c t a t i o n s 

The contribution of technological prospects to explaining the US experience in the 1994-

2003 is assessed by comparing sample paths of the simulated and real data. The simulated 

series are obtained from the model augmented with the estimated series for technology 

shocks and aggregate technology prospects. The resulting series for consumption and 

investment are plotted on Figure 2.4. This figure is a direct analogue of Figure 2.3 for the 

model wi th changes in technology only. 

Remarkably, aggregate technology prospects account for the investment slump very 

well. For the total period, the model can explain 82 percent of variation in growth rate 

of investment, as shown in the first row of Table 2.3. Expectations alone (see the first 

row of panel B of the table) can account for 32 percent. Aggregate technology prospects 

also explain a large part of variation in hours. The model does less well wi th respect to 

consumption. 
3 7 I t should be noted that capital is endogenous variable in the model, and hence it must respond to 

changes in the states. The transformation operates under the premise that the empirical series for capital 
stock provide a reasonable approximation of the true state of capital. 
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A n alternative illustration of the contribution of technology shocks and expectations 

are given in Figure 2.5. Here the sample paths for consumption, investment and hours 

are compared in terms of indexes (levels normalized to 100 in 2000 : 4). The first column 

corresponds to the simulated paths in response to aggregate technology prospects only. 

The second column corresponds to effects of changes in aggregate and investment-specific 

technology. The last column describes the model behaviour with technology shocks and 

technology prospects. The figure illustrates the explanatory power of technology prospects 

for the investment series. 

The simulation results are consistent with the view that the seeds of the investment bust 

were planted during the boom, and that the reassessment of capital needs led businesses to 

cut back on their investment expenditures. The estimated series for technology prospects, 

however, are at odds with the common perception about overoptimism. The investment 

bust in the model economy occurs not because the beliefs are revised downward. Instead, 

a reversion to optimism that triggers the bust. I further discuss the reasons for this result. 

Est imates of Aggregate Techno logy Prospec t s 

The estimates of aggregate technology prospects are plotted on the top panel of Figure 2.6. 

The solid line is the series from the Prais-Winsten regression, and the dotted line corre

sponds to the O L S estimates. The plot also gives asymptotic confidence intervals. 3 8 

Surprisingly, the regression coefficients, once linked together, produce an interesting time 

series. In every period, the implied point estimate captures the part of expectations 

about the future technology that is uncorrelated with the realized technology fundamen

tals. Two characteristics of the series have a meaning: the sign of the series and the 

direction of change. When the realization is negative, the future looks bleaker relative 

to the historical average. In other words, the technology growth is expected to be lower 

than the average. When a value of the series is positive, the future looks brighter. Beliefs 

become more pessimistic if the series falls. The estimates in Figure 2.6 imply that the 

3 8 T h e asymptotic Wald statistic has a value of 1.47e+07, implying the joint significance of coefficients. 
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joint behaviour of consumption, investment and hours in the context of the model, are 

consistent with aggregate expectations becoming more pessimistic through the late 1990s. 

During the recession, perceptions of the future changed towards optimism. 

To get some perspective on interpreting the estimates, Figure 2.6 also plots realizations 

of the aggregate technology growth rates (solid line), along with their historical average 

(dotted line). Interestingly, the range of values for the estimated series is higher than the 

range of the actual growth rates. To understand the nature of estimates, it is illustrative 

to consider how effects of expectations propagate through the economy. 

M o d e l Responses to Technology Prospec t s 

Figure 2.7 plots the dynamics of the model in the extreme case when beliefs about favourable 

change in either aggregate (solid lines) or investment specific (dotted lines) technology are 

completely not materialized. In period zero, the economy is at the steady state. In period 

one, households and firms start to believe that in period five the growth rate of aggregate 

technology wil l be one percent higher. The beliefs are not updated until period five. In 

that period agents learn that their beliefs are not fulfilled. 

On impact, the "good" news about future technology creates a boom in consumption, 

but a fall in investment, hours and output. There are two competing forces in the model: 

wealth and interest rate effects. On the one hand, when households expect a techno

logical improvement, they understand that they wi l l be wealthier in the future. The 

consumption-smoothing motive induces incentives to increase consumption and decrease 

saving in anticipating the technology change. 

As consumption and leisure are normal goods, the demand for these goods tends to 

move in the same direction. In particular, whenever consumption demand increases, so 

does the demand for leisure. This creates incentives for household to work less. On 

the other hand, future consumption paths are evaluated at stochastic interest rates. A 

technological improvement increases the marginal product of capital in the future. A 

raise in the interest rates makes saving more attractive and induces households to decrease 
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consumption today. In equilibrium, the two effects interact in a complex manner. When 

conventional parameters are considered, the wealth effect dominates. W i t h lower work 

effort, higher consumption is possible only at the expense of lower investment. On the 

flip side, "bad" news about future technology (or pessimistic beliefs) leads to a boom in 

investment and output. These dynamic responses are the key to understanding the nature 

of the estimates. 

Along the transition path output and investment continue to fall, due to below average 

capital stock and hours of work. When the beliefs are unrealized, the direction of response 

is reversed. Households work more and consume less to build up the stock of capital. 

2.4.5 P r o s p e c t s o f I n v e s t m e n t S p e c i f i c T e c h n o l o g y 

Prospects of aggregate and investment good technology should generally induce different 

incentives. Intuitively, it seems harder to rationalize the boom in response to expectations 

about technology improvement in the production of investment goods. After all, improve

ments are associated with falling relative prices. The prospective price declines imply that 

buying and holding investment goods is costly. This reasoning would seem to prompt firms 

to postpone investment purchases until the time when capital goods become cheaper. 

In the model, the dynamic responses to unrealized future changes in investment good 

technology are qualitatively similar to the responses to future changes in aggregate tech

nology. This is shown by the dotted lines on Figure 2.7. In fact, the dynamic responses 

are exactly proportional to each other. 3 9 As a result, the implementation of the estimation 

procedure for the case of technology prospects about investment goods leads to a series 

for expectations proportional to the ones derived for aggregate technology prospects. The 

overall qualitative effect of prospective changes in production of investment good is then 

identical to the effects of prospective changes in aggregate technology. 
, i 9 This property is linked to a linear dependence of impact vectors 7ra and nt,. 
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2.4.6 T w o T y p e s o f T e c h n o l o g y P r o s p e c t s 

In the case of one endogenous state variable, the impact coefficients are proportional to each 

other, and two unobserved series cannot be identified separately. It is conceivable that 

prospective changes in both aggregate and investment good technology may have been 

important during the episode. It that case, the regression coefficients from the pooled 

regression can be interpreted as a summary statistics characterizing the overall beliefs 

about the future. For example, when coefficients ira are used in (2.22), the estimated 

series is a linear combination of the two discounted sums, Q\ = 8f -t-a^j. In the benchmark 

model, coefficient a = 6.12, so that Q\ can still be interpreted as capturing, in the context 

of the model, the aggregate beliefs about technology prospects. The results on importance 

of expectations still remain valid, and so do the simulation results. However, the inability 

to separate the two sums leads to the inability to interpret the estimates as a discounted 

future sum of impulses of a particular technology shock. 

2.5 Incentives to Save and Capital Accumulation 

The results from the previous section suggest that revisions in expectations may have been 

important for understanding the US investment boom and bust in 1994-2003. However, 

the model implies that to rationalize the behaviour of macroeconomic variables, aggregate 

beliefs about the future had to be more pessimistic during the boom, and more optimistic 

during the recession. This section illustrates that the directions of changes in expectations 

can be reversed if households are patient enough to wait for the benefits of future technology 

gains. The sensitivity of the model dynamics to changes in the intertemporal elasticity of 

substitution is evaluated first. Then the estimation and simulations are repeated for the 

modified model. 

2.5.1 E f f e c t s o n M o d e l D y n a m i c s 

To evaluate effects of changes in the intertemporal elasticity of substitution on the dynamic 

responses of the model to future improvements in technology, the model is modified by 
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considering two alternative classes of preferences. 

M u l t i p l i c a t i v e l y Separable Preferences T h e first class of preferences is the ba l 

anced growth preferences , 4 0 

u(Ct,Lt) = p—Ll-*, < 7 > 0 , a ^ l , £ > 0 (2.23) 
1 — a 

Here <r is the inverse of the labour-constant in ter tempora l elasticity of subs t i tu t ion in con

sumpt ion , a n d £ is the inverse of c o n s u m p t i o n constant elasticity of l abour supply. These 

parameters are closely l inked together. T h e labour supp ly elasticity cannot be assigned in 

dependently . R a t h e r , its value is p i n n e d d o w n by the share of t ime devoted to the market . 

Fur ther , there are concavi ty restrictions o n preference p a r a m e t e r s . 4 1 N u m e r i c a l s imula

tions reveal that the magni tude of the decline of investment in response to expected future 

technology gains becomes smaller. Yet , for a range of values of a consistent w i t h joint 

restrictions, the investment dynamics cannot be reversed. T h u s , w i t h ba lanced growth 

preferences, a h igh in ter tempora l elasticity of subst i tut ion of c o n s u m p t i o n alone is not 

sufficient to generate investment booms . 

A d d i t i v e l y Separable i n Le i sure Preferences T h e second class of preferences 

breaks the dependence of the labour supply elasticity o n the steady state hours worked. 

T h e m o m e n t a r y ut i l i ty is of the f o r m 4 2 

u ( C t ) L t ) = f ^ — + T j - ^ ^ 4 , a > 0 , ^ 1 (2.24) 
1 — o~ i — 4 

T o be consistent w i t h ba lanced growth, the value of leisure must be increasing over t ime at 

the rate of c o n s u m p t i o n growth. T h e trend can be rat ional ized by separat ing the market 

a n d nonmarke t sectors, as done by C h a r i , K e h o e a n d M c G r a t t a n [2002]. However, such a n 

interpretat ion requires equal izat ion of a a n d £ . T h i s is the restr ic t ion m a i n t a i n e d i n the 

' 1 0See King, Plosser and Rebelo [1989] . 
4 1 A concavity of the utility function requires (1 — a) (1 — f) > 0, (1 — £) — < J-
4 2 In its stationary form, u(ct,Lt) = C{_IT + v (Lt) , this utility function is popular in monetary and 

international economics. 
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simulations. W i t h additively separable preferences, -q is chosen to match the steady state 

works worked. 4 3 

The dynamic responses of the model are plotted on Figure 2.8. The dynamics are 

computed for values of £ = a = 0.2. The dynamics confirm the intuition about the role 

of intertemporal elasticity of substitution. In response to unrealized news about improve

ment in aggregate technology, the economy experiences a boom in investment, hours and 

output in anticipation of aggregate technology gains. When the beliefs are not validated, 

investment, hours and output decline. The responses are smaller in magnitude than in 

the benchmark case. However, the relatively high willingness of consumers to substitute 

consumption across time is not sufficient to change the direction of response to investment 

good technology shock. As in the benchmark case, the good news about technology of 

investment good leads to a fall in investment. 

2.5.2 C o n t r i b u t i o n o f E x p e c t a t i o n s a n d T e c h n o l o g y S h o c k s 

The estimation and simulation results of Section 2.4 are repeated for additively separable 

preferences with a and £ equal to 0.2. The higher intertemporal elasticity of substitution 

intensifies the responsiveness of consumption to changes in real interest rate. As in the 

case of variable capacity utilization, the simulated sample paths exhibit excessive volatility. 

The adjustment costs in capital (2.14) are introduced to bring the model in line with the 

data. The simulated method of moments procedure suggests ip = 0.18. The estimates of 

aggregate technology prospects are plotted in Figure 2.9. 

The series reflects the conventional perception of the overall optimism of the 1990s. 

Based on statistics reported in Table 2.3, the overall performance of the model with high 

intertemporal elasticity of substitution and adjustment costs is on a par wi th the benchmark 

model. In this case, expectations play an even more important role. Alone, they can 

explain almost 70 of variation in investment growth rates. 

Figure 2.10 presents the simulation results with and without aggregate technology 
4 , 1 To keep the steady state invariant to values of the intertemporal elasticity of substitution, the discount 

factor is adjusted accordingly. 
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1 

prospects. The model with only technology shocks again performs very poorly in explain

ing the recession. In addition, it has a greater difficulty in accounting for the investment 

boom on the basis of realized technology fundamentals. As evident from the bottom 

left panel of the figure, aggregate technology prospects account for the investment slump 

very well. However, a puzzle of missing consumption emerges. The model predicts a 

consumption boom in 2001-2002 of a magnitude far exceeding that found in the data. 

2.5.3 I n t e r p r e t a t i o n 

The reason the modified model attributes the investment boom to the reassessment of op

timistic beliefs is the assumption of a relatively high willingness of households to substitute 

consumption across time. Empirically, the intertemporal elasticity of substitution is diffi

cult to pin down. The estimates fall in a wide range. Values above unity, corresponding 

to logarithmic utility, are less prevalent, although they do exist . 4 4 It is possible that 

the intertemporal elasticity of substitution was relatively high during the recent historical 

episode, due to changes in the demographic composition of the populat ion. 4 5 Yet, even 

in this case, the reliance on the high intertemporal elasticity of substitution to explain the 

US experience is problematic. The model's predictions for consumption are difficult to 

reconcile with the data . 4 6 

2.6 The US and the World Economy 

This section briefly discusses whether open economy considerations could help to solve 

the puzzles noted above. This discussion shows the empirical and theoretical challenges 

associated with such analysis. However, a more thorough examination of this issue is left 
4 4 F o r example, in a recent work Chari, Kehoe and McGrattan [2002] find that in the context of an open 

economy model with monopolistic competition and sticky prices, a value of five is required to reproduce 
the real exchange rate volatility of the data. 

4 5Relat ive to the past, the proportion of senior citizens is much larger. Longer life expectancy and 
prospects of retirement for the baby-boom generation may have increased the aggregate willingness to 
substitute over time. 

4 G In addition, technological trend must be present in the utility function, which is not a very desirable 
feature of the model. 
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for future research. 

Business cycle models wi th conventional preferences and production functions have dif

ficulties in generating economic booms in investment and output in response to anticipated 

technological improvement. In a closed economy, investment must be completely financed 

by domestic saving. This restriction does not hold for a country that is open to trade. 

That country can borrow from abroad to support its productive investment. In other 

words, foreign borrowing and lending separates consumption and investment decisions. 

This separation may, in principle, help to generate investment booms in anticipation of 

future technological improvement. However, pursuing this avenue of research in applica

tion to the US experience over the period 1994-2003 faces several empirical and theoretical 

challenges. 

First, the US was not the only country that had a surge in business investment in 

the second half of the 1990s and a decline in 2000-2001. Strong investment growth was 

observed in a number of O E C D economies, as documented by Pelgrin, Schich and de 

Serres [2002]. In Canada, Denmark, Greece, the United Kingdom and Sweden, growth 

rates of real business investment considerably surpassed growth rates of real G D P . As 

in the US , investment in information technology equipment and structures was the major 

contributor to growth of both investment and real output in the late 1990s. 4 7 In all the 

G7 countries (Canada, France, Germany, Italy, Japan, the U K and the US) growth of 

information technology capital input per capita jumped to double-levels after 1995. 4 8 

This surge in business investment is only partly explained by basic economic funda

mentals, such as cost of capital, depreciation rate, financial market measures and changes 

in output. Pelgrin, Schich and de Serres [2002] came to this conclusion based on panel 

cointegration analysis for gross business investment for 18 O E C D countries. Their empir

ical results "would tend to support the view that investment had exceeded its steady-state 

level, not least in the United States." 4 9 As in the US, information technology and overall 
4 7Jorgenson [2004] . 
4 8Tables 8 and 9 in Jorgenson [2004]. 
4 9 Pelgrin, Schich and de Serres [2002,p.2]. 
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business investment weakened in 2000-2001. 5 0 

Second, the wor ld as a whole experienced a n economic s lowdown i n 2001. A c c o r d i n g 

to the I M F , annua l wor ld output growth decl ined from 4.7 percent i n 2000 to 2.5 percent i n 

2 0 0 1 . D l A s lowdown i n economic act ivi ty occurred in m a n y countries a n d regions. In 2001, 

there was also a substant ia l fall i n the vo lume of the wor ld trade of goods a n d services. 

W h i l e trade v o l u m e grew b y 12.4 percent i n 2000, it decl ined b y 0.2 percent in 2001. 

A d v a n c e d economies were m a j o r contr ibutors to the fall i n the g lobal t r a d e . 0 2 F u r t h e r , 

d a t a on indus tr ia l p r o d u c t i o n , business a n d consumer confidence appeared synchronized 

o n the economic s lowdown across industr ia l c o u n t r i e s . 5 3 . 

L o o k i n g at the U S i n a n internat ional context d u r i n g 1994-2003 thus requires a s imulta

neous explanat ion of the world-wide economic b o o m a n d s lowdown. T h e o r e t i c a l difficulties 

w i t h this a p p r o a c h can be i l lustrated i n a s imple two-region two-per iod single g o o d example 

f rom Obst fe ld a n d Rogoff [1998, p.31 — 38] . 5 4 In this example , an ant ic ipat ion of domest ic 

technological improvement i n the future leads to a n increase in the wor ld interest rate, 

w h i c h st imulates savings a n d discourages investment i n the foreign country. F o r certa in 

preferences a n d p r o d u c t i o n functions, investment i n the home country increases . 5 5 T h e 

domest ic investment b o o m is f inanced by foreign borrowing . T h a t is, the h o m e country has 

a current account deficit. If the m o d e l is extended beyond two periods , then unreal ized 

expectat ions about future technological improvement would lead to a fal l i n investment 

i n the h o m e country a n d a current account surplus. Such d y n a m i c adjustment would 

be difficult to reconcile w i t h investment b o o m s i n m a n y O E C D countries a n d the recent 

persistent current account deficit in the U S . 

In the same two-country m o d e l , expectat ions c a n be formed about future improvement 

5 0 Figure 1.8. in IMF [2002,p.22] illustrates this fact. 
5 ' D a t a in this paragraph are from Table 1.1 in IMF [2002,p.6]. 
5 2 Expor ts and imports of these countries, which account for a large part of the global trade, fell by 1.3 

and 1.5 percents in 2000. In comparison, exports and imports of these countries grew by 11.7 and 11.6 
percents in 2001. 

5 3 See Figure 1.2 in IMF [2002,p.3] and Figure 1 in Doyle and Faust [2002,p.428]. 
5 4 The US economy plays an important role in determination of the world interest. Thus, a small open 

economy framework appears inappropriate for characterizing its behaviour. 
5 5However, a fall in domestic investment because of the higher world interest rate is theoretically possible. 
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in global, not a country-specific, technology. In that case, the model at the aggregate 

level behaves as a single closed economy. Such economy faces exactly the same wealth and 

interest rats trade-ofTs as discussed above. Under conventional preferences and production 

functions, world investment falls in anticipation of future improvement in global technology. 

Overall, it appears unlikely that international dimensions of the 1994-2003 historical 

episode would help to resolve puzzling characteristics of the US experience. This conclusion 

may be reinforced by the fact that the trade share in the US G D P stil l remains relatively 

smal l . 0 6 

2.7 Conclusion 

The Chapter started by reviewing the popular perception that the investment bust of 2000-

2002 was a result of a reassessment of optimistic expectations about the future formed 

during the preceding boom. To evaluate this view formally, the standard macroeconomic 

model was extended to incorporate beliefs about future changes in technology, unrelated 

to realized technology fundamentals. Equil ibrium restrictions of the model were used to 

construct empirical measures of the unobserved technology shocks and expectations. The 

simulation paths of the model economy were then compared with the actual series. 

The overall conclusion from this work is that the intuitively plausible story of overin

vestment due to optimistic beliefs is difficult to reconcile with the observed macroeconomic 

variables within the class of models considered in this Chapter. Under a conventional 

parametrization, investment, consumption and employment are explained quite well, but 

only if one accepts that people were pessimistic during the boom, but optimistic during the 

recession. This findings can be attributed to qualitative properties of the model: prospects 

of technological improvement lead to a recession in investment. What is more surprising 

is that versions with qualitatively plausible investment responses still have difficulty in ex

plaining the data. A puzzling occurrence of investment collapse is replaced by a puzzle of 

5 0 Measured by the total volume of exports and imports, trade share was twenty five percent of the US 
G D P in 2000 (BEA). 
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missing consumption boom. The predicted growth rates of consumption more than twice 

exceed those observed in the data. 

If revisions of optimistic expectations did in fact play a role during the US investment 

boom and bust, a natural further question is to ask what alternative class of models could 

better reflect (both theoretically and empirically) this hypothesis. Exploring complemen

tarity between capital and technology may provide a promising research direction. 

For an illustration, let us retain the assumption of a single, perfectly mobile across 

sectors capital good. In the extreme case of perfect complementarity between capital and 

effective labour (Leontief aggregate production function), the improved technology can be 

benefitted from only when the higher capital stock is in place. More generally, increasing 

the degree of complementarity between these two inputs should boost incentives for capital 

accumulation in anticipation of forthcoming technological improvement. In the benchmark 

model, investment increases in response to good news about future aggregate technology 

when the degree of complementarity between capital and technology is sufficiently high. 

It turns out that the required degree of complementarity in this model implies implausibly 

high volatility in labour shares. It is conjectured that a multi-sector economy with capital 

stock disaggregated into equipment and structures may help to elevate the prediction for 

labour shares and yet to retain a qualitative prediction for investment boom. More precise 

specification of the economy as well as it empirical ability to explain the aggregate data 

during 1994-2003 are left for future research. 
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Chapter 3 

News Shocks and Predictability of 
Total Factor Productivity 

3.1 Introduction 

The stochastic nature of technological change is inherently associated with forecasting dif

ficulties. Errors in beliefs about future technology may be at the heart of explanations for 

some historical episodes. More generally, errors in forecasting future technological change 

may be an independent source of aggregate fluctuations. News shocks provide a convenient 

way of capturing changes in agents' beliefs about future technology. They are defined as 

exogenous variables that help to forecast future realizations of technology shocks. 1 The 

main question of this Chapter is whether the US post World War II experience is consistent 

with the presence of news. 

Empirical evidence on existence of news shocks is extremely limited. Beaudry and 

Portier [2004a] use a method of indirect inference to explore how well their general equi

librium model with noisy news can explain business cycle statistics. Their parameter 

estimates imply that technological impulses can be anticipated four quarters in advance, 

and that news shocks are very informative. In another paper, Beaudry and Portier [20046] 

attempt to recover news shocks from a vector autoregression. The news shock is identified 
1 More formally, news shocks are correlated with future realizations of technology shocks, but uncorrelated 

with current and past realizations of technology shocks. 
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by movements in stock prices unrelated to the current change in total factor productivity 

( T F P ) . This shock is highly correlated with long-run changes in T F P . The current study 

is complementary to the work of Beaudry and Portier. It provides some additional support 

for their structural estimation using a different approach. 

This Chapter formulates and implements an empirical test of a necessary condition for 

existence of news about future technology. The test exploits an empirical implication of 

news for conditional forecasts of exogenous technology shocks in an environment with opti

mizing agents and rational expectations. If technology shocks are anticipated in advance, 

macroeconomic variables should help to predict future technology shocks. The absence of 

news (or technology shock unpredictability hypothesis) is tested using statistical methods 

developed in the finance literature on predictability of asset returns. 

Empirical tests are based on measures of total factor productivity. Previous studies 

have criticized earlier T F P measures as contaminated by changes in exogenous demand or 

factor prices. For example, Hal l [1990] found a high correlation between T F P measures 

and oil prices and military spending. Evans [1992] could not reject exogeneity of T F P 

relative to money, nominal interest rates and government spending. T F P measures used 

in this Chapter are free from some of the previous criticism. In particular, these measures 

can no longer be predicted from changes in government spending or oil prices. 

The main empirical evidence is consistent with the existence of news shocks about future 

technology. 2' A number of macroeconomic variables, including consumption, investment 

and stock market prices, have predictive content for future T F P growth. Average cumu

lative growth of T F P can be forecast up to two years ahead (and sometimes even further). 

Statistical results are also economically significant, as conditional forecasts can explain on 

average 20% of variation of T F P growth. Overall, the results provide foundations for 

further examination of the role of news shocks in business cycles. 

The rest of the Chapter is organized as follows. Section 3.2 derives the test hypothesis of 

technology shock unpredictability and outlines two methods of its implementation. Section 
2 Alternative interpretations of results are discussed in Section 3.5. 
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3.3 describes the data and checks whether the proposed measures of technology shocks are 

exogenous to other observed economic shocks. Section 3.4 summarizes empirical results. 

Section 3.5 discusses implications for policy and model evaluation and concludes. 

3.2 A Necessary Condition for Existence of News about Fu
ture Technology 

This Chapter exploits an empirical implication of news for predictability of technology 

shocks in an environment with optimizing agents and rational expectations. For a given 

technological measure, absence of news becomes a refutable hypothesis. The test of this 

hypothesis can be implemented without a direct measure of news, as agents in the economy 

would reveal the presence of news through their actions. This section derives the hypothesis 

of technology shock unpredictability and describes two methods of its implementation. 

3.2.1 H y p o t h e s i s F o r m u l a t i o n 

Under rational expectations, conditional forecasts about future technology shocks are based 

on the time series properties of these shocks. A formulation of the statistical hypothesis 

thus requires a description of these properties. It is assumed that technological change 

At = exp(Zt) follows a logarithmic random walk with a positive drift: 3 

White noise impulses e t have permanent effects on the level of technology. The drift 7 is 

the average growth rate of aggregate technology. It captures technological improvements 

over time. The actual growth rate is stochastic. In any period it deviates from the average 

growth rate 7 by amount St'-* 

Zt = -y + Zt-i +eu 7 > 0 (3.1) 

E (et) = 0, Ee2

t = a2 (3-2) 

gt = AZt = Z t - Zt-i =J + £t (3.3) 
3 This specification is consistent with technology measures used in this study. 
4 A l l growth rates in this Chapter are approximated by log-differences, denoted by A. 
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Using the same terminology as in the rest of the thesis, the stationary process gt is referred 

to as a technology shock. 

The test hypothesis is formulated for the average growth rate of technology, computed 

over k > 1 periods ahead (or the average future technology shock over k periods): 

1 1 , f c ^ 
9t+i,k = -r. (Zt+k ~ Zt)=l+-^Y1 £t+i (3-4) 

3=1 

The forecast of gt+i,k based on the period t information set fit is: 

k 

E[gt+l<k\Vlt]=1 + ~YjE[et+j\Vlt] (3.5) 
3=1 

Virtual ly no a priori information is available to suggest how far in advance technology 

impulses could be anticipated. 5 If several news shocks exist, related to different forecasting 

horizons, then their effects should be captured in a cumulative growth rate. Focus on the 

average cumulative growth rate facilitates a comparison between different horizons. 

If all technology impulses are unpredictable (i.e. if there are no news shocks), then 

forecasts of k—period ahead average technology growth is time-invariant for any horizon 

k. This property constitutes the null hypothesis of technology shock unpredictability: 

H0: E[gt+ltk\nt}=1 (3.6) 

A n alternative hypothesis is that some variables in the information set Qt help to forecast 

the future average technology growth: 

tfi : E[gt+1<k\flt} = 7 t (3.7) 

Hence, there is a time variation in the conditional forecasts. 

To disprove the time-invariance of forecasts, it is sufficient to find variables contained 

in the period t information set that help to predict the future average technology growth. 

The idea behind the empirical methodology is to construct linear forecasts of gt+i,k based 
5 The only indirect evidence is provided by Beaudry and Portier [2004a] . Based on the moment estimation 

of a general equilibrium model, they conclude that four quarters may be a reasonable period of anticipations. 
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on variables from ttt and test whether they are constant over time. The empirical imple

mentation of the hypothesis is based on two methods, developed i n the finance literature 

for testing predictability of asset returns. The first method is based on a so-called long 

horizon regression of the average k—period ahead technology growth on forecasting vari

ables. The second method is based on vector autoregressions (VARs). The next two 

subsections outline both methods. 

3.2.2 L o n g - H o r i z o n O L S R e g r e s s i o n 

The simplest way to construct a linear forecast for gt+ilk is based on a long-horizon re

gression. 6 This regression corresponds to an ordinary least squares (OLS) regression of 

the average technology growth rate over k—period ahead on a n x 1 vector of forecasting 

variables xt : 

9t+\,k = Ik + b'kxt + ut+k (3.8) 

The null hypothesis of technology shock unpredictability is equivalent to the hypothesis 

that all slope coefficients in regression (3.8) are equal to zero, bk = 0 n x i . This hypothesis 

can be tested using asymptotic forms oft and F statistics. The O L S estimator of regression 

coefficients is asymptotically consistent. The statistical inference, however, requires a 

covariance matrix correction. 

The error term ut+k is an element of period t + k information set. Since the data 

for growth rates are sampled more finely than the forecasting horizon, there is a problem 

of serially correlated residuals. The problem is easiest to see under the null hypothesis. 

In this case, the forecast error is equal to the average of future technological impulses 

ut+k = %Yllj=i£t+j- It is correlated with (k — 1) previous error terms. 7 The serial 

correlation is absent only when the forecasting interval exactly equals the frequency of 

data sampling (k = 1 ) . Under the alternative hypothesis, the error term ut+k can be 

arbitrarily serially correlated if forecasting variables in vector xt do not capture all variation 

"The method was proposed by Fama and French [1988,1989] to evaluate predictability of asset returns. 
7It is easy to verify that E (r)t±kilt+k-i) = p- (k — i) al for -{k — 1) < i < — 1. 
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in the conditional mean. To overcome the problem of serial correlation and potential 

heteroskedasticity, the asymptotic covariance matrix is corrected with the Newey-West 

estimator. For horizon k, 2k + 1 lags are used to perform the correction. The marginal 

significance of statistics is determined on the basis of bootstrap values, to account for the 

sample size. 

3.2.3 V A R - b a s e d A p p r o a c h 

A n alternative method estimating linear forecasts is based on vector autoregressions.8 This 

method has three advantages over long-horizon O L S regressions. First, it permits forecasts 

for any possible horizon using the estimates of unconditional covariances and variances 

without actually measuring data over a long horizon. Second, it allows for endogenous 

feedback among variables, and thus eliminates a possible estimation bias present in O L S 

regressions. Thi rd , the method employs the full covariance structure, not only one-equation 

error term variance. 

Vector autoregressions consist of T F P growth and an n x 1 vector of forecasting vari

ables: 

r A 7 ' 1 = c + B (L) AZt-i + A (L) xt-i + ut (3.9) 
AZt 

Xt 

Here c is a ( n+ . l ) x 1 vector of constants, ut is (n + 1) x 1 vector white noise, 

i') = ( E"' r ) I 0, c 

with £ „ an (n + 1) x (n+ 1) symmetric positive definite matrix. B (L) and A (L) are 

matrix lag polynomials. The number of lags is assumed to be sufficient to summarize all 

dynamic correlations of between regressors. 

Forecasting variables have no predictive power for T F P growth if all coefficients on 

lagged x are equal to zero in the T F P growth equation (the first equation of the V A R ) : 

AZt = 7 + P (L) AZt-x + a (L) Xt^ + ut (3.10) 
8 This methodology was developed and applied to test stock market returns predictability by Hodrick 

[1992] and Patelis [1997] among others. 
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T h e joint significance of coefficients in a (L) can be tested us ing a n F — t e s t . 9 

V A R estimates c a n be used to construct project ion coefficients analogous to the ones 

i n long-hor izon O L S regress ions . 1 0 Specifically, a linear projec t ion of gt+i,k o n the ith 

forecasting variable yt(i) G {gt,xt} f ° r hor izon k can be consistently es t imated by 

1 e i 
h (i) = T 

ei 
— ,i = l,...,n + l (3.11) 

where Tj is the O L S estimate of the j t h order autocovariance m a t r i x corresponding to a 

c o m p a n i o n form V A R ( l ) representat ion of (3.9), a n d e\, is (r x 1) indicator vector which 

takes a value of one at the cell that corresponds to the pos i t ion j . 1 1 T h e s e project ion 

coefficients are used i n Sect ion 3.4.2 to compare forecasts i m p l i e d by the two methods . 

O t h e r useful statistics measure the explanatory power of the V A R analogues of long-

hor izon O L S regressions. T h e R? f rom the i m p l i e d regression of gt+\,k o n forecasting 

variable yt (i) , control l ing for other variables in the V A R , is the rat io of the expla ined s u m 

of squares of the average k—period ahead growth rate gt+\,k to its to ta l s u m of squares, 

II 9t+i,k II 

where || • || denotes the E u c l i d e a n n o r m . 1 2 T h e subscript k refers to the forecasting 

hor izon k. T h i s measure differs from the R? i m p l i e d by the V A R . A consistent est imate 

of (3.12) is given b y 

* 2 « = - M i ) a ( T $ # r ) (3-13) 

vhexe 
fe-i 

Vk = kt0 + J2 (k - 3) ]tj + f / ] (3.14) 

i = i 

is the uncond i t i ona l sample variance of dktt = (yt+i + ••• +Yt+k), vector y't = [AZt, x't] a n d 

9t+i,k = \e'\d-k,t-
a This is essentially a Granger causality test. Variable X fails to Granger-cause g if for all s > 0 the 

mean squared error (MSE) of a forecast of gt+k based on (gt,gt-i, •••) is the same as the MSE of a forecast 
of gt+k that uses both {gt,gt-i, •••) and (xt,xt-i,...) . 

'"Derivations of VAR— based projection and R2 coefficients are described in Hodrick [1992]. 
" F o r example, ei = [ 1 0 0 ... 0 ] , e'2 = [ 0 1 0 ... 0 ] , etc. 
1 2 T h a t i s , | | z t ||= ( £ j = 1 x 2 ) 1 / 2 . 
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3.3 Data Description 

This section describes the data and checks whether the proposed measures of technology 

shocks are exogenous to other observed economic shocks. 

3.3.1 M e a s u r e s o f T e c h n o l o g y S h o c k s 

Testing predictability of technology shocks requires availability of their measures. This 

Chapter exploits growth accounting 1 3 implications in measuring aggregate technological 

change as total factor productivity. T F P is defined as output per unit of combined inputs. 

This notion captures the overall efficiency with which inputs are transformed into outputs. 

Thus, measured T F P growth reflects the change in output not accounted for by changes 

in observed inputs. 

Under assumptions of constant returns to scale, perfect competition and observability 

of all relevant inputs, T F P provides a measure of technological change. Technology 

shocks then correspond to T F P growth. A test of the null hypothesis of technology shock 

unpredictability is equivalent to the null hypothesis of no predictability of T F P growth. 

Measures of technology shocks are unaffected by potential presence of news. Several 

authors criticized earlier T F P measures as being contaminated by factors unrelated to a 

true shift in the aggregate production function. 1 4 Measures used in this study are free 

from some of the previous objections, as argued in the next section. 

Predictability of T F P is investigated for annual and quarterly data. The annual series 

are taken from the Bureau of Labor Statistics ( B L S ) . 1 0 The broadest data coverage includes 

the private business (PB) and nonfarm private business (NF) sectors of the US economy. 

These measures are currently available from 1949 to 2002. 

The quarterly series are constructed as analogues to the B L S annual measures. Each 

measure is defined as a ratio of real G D P over the combined input quantity index for the 
1 3Solow [1957]. 
1 4 See, for example, Hall [1990], Evans [1992], Burnside, Eichenbaum and Rebelo [1996]. 
1 5 The BLS uses a term multifactor, rather total factor productivity to describe the same concept. The 

BLS methodology is described in details in BLS [1997]. 
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corresponding sector. Output, labour and capital inputs are sector specific. Real G D P 

measures are from the Bureau of Economic Analysis ( B E A ) . The B L S annual index for 

labour input controls for the quality of labour force. Unfortunately, these measures do 

not exist at quarterly frequency. Therefore, labour input is measured by the B L S total 

hours. Quarterly series for capital input are obtained by interpolating the B L S annual 

measures of capital services using the B E A series for aggregate investment. Capital and 

labour inputs are aggregated using Tornquist index and cost shares of labour and capital 

as weights. Labour shares are assumed to be constant during a year and equal to the 

annual labour share in cost B L S index for the corresponding sector. Capital shares are 

computed as one minus labour shares. 1 6 

Basic descriptive information about annual and quarterly measured T F P growth are 

summarized in Table 4.1. Growth rates are approximated by log-differences and expressed 

in percentage terms. The table reports average growth rates, values of their t—statistics 

and standard deviations over sample periods (columns 2 and 3). The quarterly measures 

imply a little higher annual growth rates of 1.57% and 1.33% for private and non-farm 

private sectors. The degree of correlation between the B L S series and annual aggregators 

of the quarterly measures is relatively high: 0.75 and 0.71 for private business and non-

farm private business sectors. The last column of Table 4.1 supports the technology shocks 

specification (3.3). The first order autoregressive coefficients are insignificant for all T F P 

measures. 

3.3.2 Exogeneity of TFP to Observed Shocks 

Previous studies have argued that the null hypothesis of technology shock unpredictability 

may fail simply because TFP-based measures are contaminated by exogenous changes in 

aggregate demand or factor price movements. Hal l [1990] has stressed that any candidate 

measure of technology shock must be uncorrelated with any variable unrelated to shifts in 

the production function. He has rejected this invariance property for the Solow residuals in 
1 6 These measures of T F P are closely correlated with the Solow residuals with the constant capital share 

of 0.32 and 0.31 for private business and nonfarm private business sectors: SRt = Yt [Kf i ? t

1 _ a ] 

46 



US industries. These measures were correlated with oil prices, military spending and the 

political party of the president. Evans [1992] has tested the unpredictability hypothesis 

using V A R specifications similar to (3.9). According to his results, money, nominal interest 

rates, and government spending had substantial predictive power for impulses to Solow-

Prescott 1 7 residuals. 

This section applies exogeneity tests along the lines of Hal l and Evans to the proposed 

measures of T F P . In contrast to the previous findings, the measures fair much better 

relative to exogeneity tests. 

It is rather challenging to construct exogenous shocks. However, even without their 

direct measures, the econometric exogeneity of T F P to other shocks can be tested using 

variables believed to reflect effects of those shocks. Four variables are used to proxy for 

other economic shocks. Changes in real government expenditures (GOV) and military 

spending (DEF) capture changes in fiscal policy. Changes in relative price of oil (OIL), 

measured by the ratio of producer price index for crude petroleum over implicit G D P 

deflator, capture changes in factor supplies. Hami l ton 1 8 has put forward institutional, 

historical and statistical arguments to confirm that oil price changes were exogenous with 

respect to the US economy over the period 1948-1972. He has also established 1 9 that 

the same arguments are no longer valid for post-1973 data. Thus, exogeneity of T F P to 

oil prices is tested only for the 1948-1972 sample. Monetary policy shocks (RRM) are 

measured by an indicator proposed by Romer and Romer [2003] . Conventional measures 

of monetary policy, such as the Federal Reserve's funds rate, incorporate information about 

future economic development available to central banks. Romer and Romer try to isolate 

anticipatory policy movements by controlling for the Federal Reserve's forecasts of output 

and inflat ion. 2 0 

1 7Prescott [1986]. 
1 8 See, for example Hamilton [1983,1985]. 
1 9 Hamil ton [2003] . 
2 0 The RRM indicator is a residual from an OLS regression of the Federal Reserve's intended funds rate 

changes, constructed by Romer and Romer, on the Federal Reserve's internal forecasts of inflation, real 
output and unemployment. 
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Table 4.2 summarizes results of exogeneity tests. Each panel corresponds to a particular 

measure of T F P . Each row in the panel is associated with a variable X proxying for another 

exogenous shock. The monetary policy shock RRM is measured in levels, and all other 

variables are measured in log-differences. 

The first exogeneity test investigates the invariance properties of the proposed T F P 

measures. To test for the absence of a contemporaneous correlation between T F P growth 

and a proxy for an exogenous shock X, the regression coefficient of the T F P growth on 

the variable X is computed. 2 1 The inference is based on the t—test, as suggested by 

Hal l [1990]. The p—values for the tests are reported in column 6. The null hypothesis 

of no correlation is rejected when a p—value falls below the desired level of significance. 

For example, p = 0.01 for the regression coefficient of the annual T F P growth for private 

business sector on RRM means that the null hypothesis of no correlation can be rejected 

at significance levels of 1% and higher. Using another interpretation, p = 0.70 for the 

regression coefficient of the quarterly T F P growth for the same sector on RRM means 

that the empirical t—statistic can be observed with probability 0.70. Based on the reported 

statistics, the invariance of T F P to observed measures of other shocks cannot be rejected 

for all quarterly measures of T F P at the conventional levels of significance. For annual 

measures, only a correlation with the monetary policy indicator cannot be rejected. 

The second exogeneity test investigates the Granger-causality in bivariate relations 

between a T F P growth and a variable X. The test is computed on the basis of a V A R 

specification, which includes a constant and lagged values of the T F P growth and X. 

Annual specifications use one lag, and quarterly specifications use four. Column 2 gives 

p-values for the F test that X variable fails to Granger cause the T F P growth (i.e. that 

all coefficients on lagged values of X in the T F P growth equation are zero). 2 2 If a T F P 

measure is exogenous to other shocks, then a p—value should be large. The null is rejected 

if the p—value falls below the desired level of marginal significance. Column 4 reports 

2 ' E a c h regression also includes a constant term. 
2 2 The test statistic F has a F (m, T — 2m — 1) distribution, where T is the sample size, m is the number 

of lags used in a VAR. 
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the R2 coefficients for T F P growth equations. Granger causality tests are known to be 

sensitive to whether specifications are run in growth rates or levels. The robustness of 

results is checked for specifications that include logarithms of TFP and one of the three 

variables GOV, DEF or OIL. Since RRM is a stationary process, this specification is 

not applicable to this variable. The test results are given in the last column of Table 4.2. 

Column 3 reports the p—values for reverse Granger causality tests that T F P growth have 

no predictive power for the X—variable. 

According to the Granger causality tests, no measure of T F P can be predicted from 

the past values of GOV, DEF or OIL. The conclusion applies to both log-difference and 

log-levels specifications. These variables also have little explanatory power, as measured 

by R2. 

The monetary policy indicator RRM deserves special attention. It helps to forecast 

all measures of T F P , but cannot itself be forecast from the past values of T F P . 2 3 In 

bivariate relations, Granger causality may arise because of the forward-looking behaviour 

of a forecasting variable or omitted information. While the RRM indicator was derived by 

controlling for the Federal Reserve's internal forecasts, it is still possible that it contains 

some anticipatory movements. The anticipatory policy movements would represent the 

additional information about the future of the economy available to the Federal Reserve 

and not included in the forecasts of output or inflation. In particular, monetary shocks 

may reflect the presence of news about future technology. 2 4 

If the monetary measure captures news about technological impulses up to n periods 

ahead, then this measure should be uncorrelated with technological impulses n+1 periods 

ahead. Evans [1992] has tested this possibility by varying values of n and dismissed it 

on the ground that nominal variables predicted his measures of T F P up to seven quarters 

ahead. Column 5 reports the highest lag N > 0 2 5 for which X has some predictive power 
2 3 T h e null hypothesis of technology shock unpredictability is rejected at 10% significance for annual and 

1% significance levels for quarterly data. 
2 4 K i n g and Plosser [1984] and Litterman and Weiss [1985] use a similar argument of a forward-looking 

behaviour to explain why nominal variables Granger-cause real variables. 
2 5 Values of N are increased from zero incrementally until the null hypothesis of no predictability of T F P 
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at 5% significance level for the T F P growth rate in the regression: 

AZt = 7 + 0 (L) AZt-i + a (L) Xt-i-N + ut (3.15) 

For quarterly specifications, the monetary policy indicator RRM helps to forecast the T F P 

growth up to two quarters. 

To summarize, the proposed measures of T F P fare much better against the exogeneity 

tests than other measures of shocks at both annual and quarterly frequencies. In the rest 

of the Chapter, the null hypothesis of technology shock unpredictability is tested on the 

basis of endogenous variables. 

3.3.3 Forecasting Variables 

The list of forecasting variables that are used to evaluate the predictability of T F P in

cludes several real and nominal measures of the US economic activity. Real measures 

(in 2000 chained dollars) of G D P for private business and non-farm private business sec

tors (OUTP*), private consumption of nondurable goods (CNDR) and services (CSER), 

private residential investment (IRES), private nonresidential fixed investment in equip

ment (IEQP) and structures (ISTR) are from the B E A . Employment indices for private 

business and nonfarm private business sectors (EMPL*), and consumer price index for 

all items (CPI) are from the B L S . Inflation measure (PCPI) is computed as log first-

difference of the CPI index. The M l stock of money ( M l ) , the effective federal.funds rate 

(FFRT) and the University of Michigan index of consumer sentiment (CEXP) are from 

the database of the Federal Reserve Bank of St.Louis. The interest rate spread (SPRD) 

is computed as a difference between 10 year treasury bonds and the federal funds rate. 

The stock market price (STKM) is the S&P's common stock price index from the D R I 

Economics database. 

A l l series are seasonally adjusted. Quarterly series, when not available directly, are 

computed as averages of the corresponding monthly series. Annual series, when not 

cannot be rejected. 
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available explicit ly, are c o m p u t e d as averages of the corresponding quarter ly series. 

3.4 E m p i r i c a l Resu l t s 

3.4.1 Exploratory Data Analysis 

T a b l e 4.3 presents a n exploratory analysis of the predict ive content of each forecasting 

variable relative to T F P measures. T h e first pane l gives results for quarter ly a n d the 

second - for a n n u a l series. C o l u m n s 3, 4, 6 and 7 report a sympto t i c p-values for bivariate 

G r a n g e r causal i ty tests of X relative to a T F P measure for pr ivate ( P B ) or -nonfarm private 

( N F ) business sectors. T h e tests are based on the same V A R representat ion as in section 

3.3.2. A n n u a l specifications use one lag, a n d quarter ly specifications use four. In growth 

rates specifications all variables except for FFRT, PC PI a n d SPRD are c o m p u t e d as 

log-differences. AFFRT, APCPI a n d ASPRD correspond to the first differences of 

these variables. In log-level specification, results for C P I index, rather t h a n inflat ion, are 

reported i n the row for (P)CPI. Npb and Nnf are the highest lags for w h i c h AX has 

a predict ive power for the T F P growth at 5% significance level. O u t p u t a n d employment 

series are for the same sector as the corresponding T F P measure. 

T a b l e 4.3 indicates that the nul l hypothesis of technology shock unpred ic tab i l i ty is 

rejected for b o t h quarter ly a n d annua l T F P measures at the convent ional levels of signif

icance. T h e conclusions are generally robust between log-difference a n d log-levels spec

ifications. O n l y a change i n inf lat ion does not help to predict quarter ly T F P growth. 

However, C P I G r a n g e r causes T F P i n quarter ly log-level specifications. T h e results are 

reversed for annua l specifications. T h e r e is a var ia t ion in the n u m b e r of per iods for which 

each variable X has any forecasting content. D u e to ins t i tut ional or technological reasons, 

some variables m a y react to changes i n economic condit ions faster t h a n others. 

3.4.2 Predictability Regressions 

T a b l e 4.4 reports test results of the nul l hypothesis of technology shock unpredic tab i l i ty 

based on O L S regressions (3.8). For a forecasting hor izon k, r eported i n c o l u m n 1, the 
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dependent variable is an average /c-period ahead T F P growth for the corresponding sector. 

Three model specifications are considered, which differ by the choice of regressors. 

Each specification includes a constant and three forecasting variables. Model 1 captures 

consumption and investment decisions. It uses growth rates of consumption of services, 

residential investment and nonresidential investment in equipment. Variables in model 2 

include the change in the federal funds rate, growth rates of the stock market index and con

sumption of services. The first two variables are supposed to capture the forward-looking 

behaviour of agents. The present value theory of stock prices implies that movements 

in the stock market reflect changing expectations about future earning of publicly traded 

corporations. Earnings are linked to firms' productivity. Existence of news about future 

technological change are likely reflected in the stock market price. The federal funds rate 

is believed to capture the anticipatory information available to the Fed. Model 3 is similar 

to model 2, except that the consumption measure is replaced by the growth rate of the 

sectoral employment. 

To facilitate a comparison across specifications, all models are run over the same sample 

period of 1955-2002. The dates are constrained by the availability of the federal funds 

rate series. As computing the k—period ahead growth rates requires a loss of the first k 

observations, the actual sample for each O L S regression is adjusted accordingly. That is, 

when k is equal to two quarters, the regression sample is 1955 : 3 — 2002 : 4. Thus, each 

series has T — k observations, where T = 112 for quarterly and T = 48 for annual data. 

For each model j £ {1,2,3} three statistics are reported: F [j] , p [j] and R2 [j]. The 

first is the F statistic for the joint hypothesis that all slope coefficients in regression (3.10) 

are equal to zero. The statistic is computed with the Newey-West covariance matrix, 

and it is asymptotically distributed as x2 (T — k, 3) . The test inference is based on the 

bootstrap p—values. The last statistic is the R2 coefficient from the O L S regression. 

Overall, the test results reject the null hypothesis of technology shock unpredictability, 

both at quarterly and annual frequencies. For quarterly series, the evidence is over

whelmingly against the null: all p—values are less than 1% marginal significance level. 
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Predictability horizons for annual measures differ across the models. Models 1 and 2 

imply predictability for one or two year horizons, while variables in model 3 have a fore

casting content up to four years. Since these models differ only in one variable, it may be 

conjectured that employment changes may have a special impact on T F P in the medium 

run. This can be consistent wi th endogenous growth theories that emphasize the learning-

by-doing channel. 2 6 The statistical significance is also quantitatively important, as the 

R2 coefficients for annual specifications of model 3 range from 0.28 to 0.39. However, the 

same specification is the least successful in explaining the variation in the T F P growth in 

the short run, up to four quarters. On the basis of the R2 measures, model 1 gives the 

best forecast for quarterly frequency. 2 7 

Table 4.5 reports test results for the null hypothesis of technology shock unpredictability 

based on V A R s (3.9). Three model specifications are considered, which differ by the 

choice of regressors. Forecasting variables are the same as in the O L S regressions, with 

an exception that lags of each variable and lags of T F P growth are included. Table 4.5 

consists of two panels. Panel 1 corresponds to quarterly, and Panel 2 to annual data. The 

upper part of each panel reports the long-horizon R2 coefficients implied by the V A R (3.12). 

While these statistics are uniformly higher than the ones in Table 4.4, their values are not 

adjusted for the increased number of regressors. The bottom part of each panel reports 

two F statistics for the joint hypothesis of zero coefficients on forecasting variables. F2 

excludes, but F\ includes lagged T F P growth. For these statistics, the asymptotic p—values 

are reported in brackets. 

Overall, the test results based on vector autoregressions lead to a similar conclusion 

as the test results based on O L S regression. In all specifications, the null hypothesis 

technology shock unpredictability is rejected. 

Figures 3.1 and 3.2 give another perspective on the test results. Figures plot the actual 

growth rate of the private business sector T F P (dotted lines), along with predicted values 
2 0 See, for example, Copper and Johri [1999] or Chang, Gomes and Schorfheide [2002]. 
"Specifications that include the current T F P growth into regressions have also been investigated, and 

the conclusions are similar. 
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based on O L S (dark blue lines) or V A R (light blue lines) regressions. For a V A R , the 

implied projection coefficients are constructed using (3.11). Each figure has three panels, 

which corresponds to different forecasting horizons. Forecasts for Figure 3.1 are derived on 

the basis of model 1. Forecasts for Figure.3.2 are derived on the basis of model 3. Figures 

indicate a large similarity between the OLS and V A R forecasts. They also illustrate how 

well the predictive series capture variations in actual growth rate. 

3.5 C o n c l u s i o n 

This Chapter examined whether the US post World War II experience was consistent with 

news about future technological change. It tested the hypothesis that in the absence of 

news forecasts of future technology shocks had to be time-invariant. Using measures of 

total factor productivity, the hypothesis of technology shock unpredictability was rejected. 

One interpretation of the empirical results is that econometric endogeneity of T F P is 

due to news shocks. The test results are equally consistent with predictions of endogenous 

growth theories. T F P measures reflect the joint effects of many factors, possibly including 

research efforts, skills of the work force, organizational practices and capital investment. 

Learning by doing is one channel through which increased inputs or output today can 

influence future level of T F P . The empirical results indicate that forecasting properties 

of changes in consumption and employment with respect to T F P growth are important at 

different horizon. This suggests that both explanations for T F P endogeneity are likely 

to operate in practice. Ideally, we would like to separate their respective contributions. 

However, the question is left for future research. 

Even without controlling for endogenous T F P determination, the results of T F P growth 

predictability have two interesting implications. The first is related to model evaluation, 

and the second- to policy analysis. 

News shocks represent variables that help to forecast future technological change. From 

the perspective of model evaluation, omission of news leads to a misspecification of expec

tation formation. Differences in model predictions with and without news can be quite 
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substantial. 2 8 We may never know what variables constitute news, as these shocks ag

gregate information dispersed across agents in the economy. 2 9 In principle, R & D input 

or changes in demand can be uncorrelated with current but correlated with future techno

logical change. If these factors are not modelled explicitly, their effects may be captured 

by news shocks. Boileau and Normandin [2002a] describe a method for model evaluation 

without direct measures of news shocks. Their method exploits the property, studied in 

this Chapter, that endogenous actions reveal presence of news. 

On the policy side, T F P measures are now produced by statistical agencies of the United 

States, Canada and a number of other countries. Forecasts of T F P growth have become 

an important input into economic planning. For example, the Congressional Budget Office 

incorporates T F P growth into its budget projections. The results of this Chapter suggests 

that forecasts of T F P growth can be improved on the basis of macroeconomic variables, 

even though the exact forces of T F P determination may not be clear. Improvement of 

T F P growth forecasts should facilitate policy design. 

2 8 See Boileau and Normandin [2002a, 20026]. 
2 9 "Summing over consumers, aggregate consumption can reveal information about future aggregate ac

tivity, although neither consumers in the economy nor economists who study it can name what the crucial 
pieces of information are." Cochrane [1994,p.350] 
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Chapter 4 

News and Sunspot Shocks in 
Linear Rat ional Expectations 
Models 

4.1 Introduction 

Understanding what role changes in beliefs play in generating business cycles is impossible 

without a precise definition of such changes. This Chapter compares two conceptually 

different approaches to modelling beliefs. The first approach exploits the possibility that 

agents can learn about future changes in economic environment in advance, but their 

anticipations may occasionally be incorrect. Beliefs of this type are represented by news 

shocks. The second approach attributes changes in beliefs to extrinsic uncertainty. Beliefs 

of this type are called sunspots. A number of previous studies have explored effects of 

sunspots and news shocks separately. However, this is the first work that discusses their 

similarities and differences. 

The first contribution of this Chapter is to formalize a notion of news shocks. News 

shocks are modelled as outcomes of learning process, based on exogenous signals. The 

signals are uncorrelated with past and current realizations of fundamental shocks, but corre

lated with future ones.1 This definition is closest to the one of Beaudry and Portier [2004a]. 

'Fundamental shocks represent stochastic changes in preferences and production technologies. 
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News shocks can be alternatively represented as perfectly anticipated impulses with differ

ent timing of their realization, as in K i n g and Plosser [1985] or Love and Lamarche [2001]. 

The modelling strategy in this Chapter facilitates a comparison between changes in beliefs 

due to anticipations and extrinsic uncertainty. 

The main implication of news shocks is their effects on conditional forecasts of future 

fundamental shocks. The Chapter describes how to define the joint process for news 

and fundamental shocks that correctly represents innovations to agents' information set. 

Two assumptions are important. First, actual realizations of exogenous impulses must be 

observable. Thus, eventually agents must learn whether their original forecasts were true 

or not. Second, the learning problem is about exogenous variables. This property enables 

a separation of the learning or signal extraction problem from determination of equilibrium 

endogenous variables. 

The second contribution of this Chapter is to propose a computationally simple frame

work for solving linear rational expectations models with news. The framework adopts 

existing algorithms of Blanchard and Kahn [1980], Sims [2001] and Lubik and Schorfheide 

[2002]. There are several advances relative to the previous literature. Business cycle 

models are usually solved numerically, as analytical solutions exist for only very restrictive 

specifications. The proposed framework allows one to find model equilibria with multi

ple news shocks easily. Solution methods used in other studies are either not discussed 

or somewhat complex. 2 Further, their attention is focused on news shocks about only 

one fundamental shock. The Chapter also extends the previous work to incorporate news 

shocks into models with multiple equilibria. This extension enables an explicit comparison 

between two approaches to modelling changes in beliefs. 

The third contribution of this Chapter is to compare news and sunspot shocks along 

several dimensions. Both types of shocks represent changes in beliefs, independent of 

current and past fundamentals, without departing from the rational expectations assump-
2 For example, the methods, proposed here, are simpler than the deterministic path method used by 

Love and Lamarche [2001]. 
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tion. Sunspots exist only in models with multiple equilibria, while news shocks can be 

incorporated into al l economic environments. The two types of shocks have different 

predictions for impact effects on endogenous variables and auto covariance properties of 

equilibria. In models with unique equilibria, the dynamic effects of news shocks are per

fectly determined. In models with multiple equilibria, dynamic effects of sunspot shocks 

are perfectly determined, while dynamics of news are restricted, but not determined with

out extra assumptions. News shocks enrich dynamic correlation of model solutions, as 

agents generally start acting upon new information about the future immediately. 

The proposed solution techniques are applied to an example of the New Keynesian 

model. In this model, a single parameter determines whether the underlying economy is 

regular or irregular. The indeterminacy arises when the central bank is not aggressive 

enough towards inflation. The example is simple enough to derive some analytical results. 

Numerical simulations of the model demonstrate that differences between news and sunspot 

shocks with respect to impulse dynamics and autocovariance properties of equilibria can be 

quantitatively significant. These differences can be used to identify which type of changes 

in beliefs (if any) are consistent with data in the context of a specific stochastic dynamic 

general equilibrium model. 

This Chapter is organized as follows. Section 4.2 discusses a characterization of l in

ear rational expectations models and introduces fundamental, news and sunspot shocks. 

Section 4.3 derives solutions for models with unique and multiple equilibria. Section 4.4 

compares news and sunspot shocks, with a particular emphasis on their effects of model 

equilibria. Section 4.5 applies the proposed framework to a New Keynesian model. Sec

tion 4.6 outlines a possible empirical approach for separation news and sunspot shocks and 

concludes. 
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4.2 Characterization of the Models 

L i n e a r ra t iona l expectat ions models are c o m m o n l y wr i t ten as a sys tem of first order sto

chastic difference equat ions: 3 

A E t y t + l = B y ( + Czt (4.1) 

where yt is a vector of endogenous variables a n d zt is a vector of exogenous disturbances . 

M a t r i c e s of coefficients A , B an d C are typ ica l ly non-l inear functions of m o d e l parameters 

for preferences a n d technologies. W h e n m a t r i x A is s ingular, the sys tem (4.1) contains 

pure ly "static" relations between endogenous variables. 

M o d e l s considered i n this C h a p t e r a d m i t three types of exogenous stochastic distur

bances: fundamenta l , news a n d sunspot shocks. Fundamental shocks describe changes in 

preferences a n d p r o d u c t i o n technologies. T h e s e shocks direct ly affect endogenous var i 

ables t h r o u g h e q u i l i b r i u m condit ions (4.1). News shocks represent exogenous variables 

that change agents' beliefs about future realizations of f u n d a m e n t a l shocks. T h e y influ

ence endogenous variables on ly t h r o u g h condi t iona l forecasts of future f u n d a m e n t a l shocks. 

Sunspot shocks represent changes i n agents' beliefs due to extrinsic uncertainty . T h e y in 

fluence e q u i l i b r i u m endogenous variables wi thout any direct appearance i n e q u i l i b r i u m 

condit ions . Sunspot shocks play a role only i n models w i t h indeterminacy . 

T h e economic s tructure of models , inc lud ing all parameters a n d joint d is tr ibut ions of 

exogenous shocks, is assumed to be c o m m o n knowledge. T h e p e r i o d t i n f o r m a t i o n set fit 

is shared by all agents. T h e in format ion set contains current a n d past real izations of all 

shocks a n d endogenous variables. A l t h o u g h the requirement of the c o m m o n in format ion 

set m a y be too s trong for some appl icat ions, it is m a i n t a i n e d here to explore differences , 

between news a n d sunspot shocks i n the simplest environment . F u r t h e r , expectat ions are 

rat ional . Agents ' subject ive beliefs about any variable xt+j, he ld in p e r i o d t a n d denoted 

by Etxt+j, coincide w i t h m a t h e m a t i c a l expectations condi t iona l o n the i n f o r m a t i o n set flt. 

3 See, for example, Blanchard and Kahn [1980] or King and Watson [1998]. This first order system is 
not restrictive, as models with more lags, lagged expectations or expectations of variables farther in the 
future, can be accommodated by expanding a vector of endogenous variables. 
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Formally, EtXt+j = E [xt+jl^t], for any j and t. 

While there exists a variety of algorithms for solving linear rational expectations models, 4 

most of this Chapter works with methods that employ endogenous expectational errors as 

a solution device. Expectational errors define changes in agents's beliefs about a subset 

of endogenous variables x 4 C y t between two consecutive periods: 

r\t = x t - Et-ixt (4.2) 

Thus, expectational errors depend on both endogenous variables and their expectations, 

which are generally unknown before the models are solved. The rationality of expectations 

requires that future expectational errors are unpredictable. That is, Etr]t + 1 = 0 for all t. 

It is straight forward to put a linear rational expectations model into an alternative 

representation that emphasizes expectational errors: 

T0yt = r i y t - i + * z t + Iljfc, t > 0 (4.3) 

where yt is a n x 1 expanded vector of endogenous variables, which now also includes agents' 

expectations, zt is a I x 1 vector of exogenous stochastic disturbances and rjt is a / x 1 vector 

of expectational errors, defined by (4.2). For example, this representation can be obtained 

from (4.1) by replacing agents' beliefs Etyt+i with a vector £ t = Etyt+i, endogenous 

variables yt with £ t - i + Vt a n d adding equations related to expectation formation yt = 

£t_i + nt- Matrices of coefficients Tq and Tj are n x n , $ is n x I, and II is n x / . Initial 

conditions for values of y are recorded in a vector y~\. 

This Chapter uses three specific formats conforming to representation (4.3). Each 

format complies with requirements of algorithms for solving linear rational expectations 

models proposed by Blanchard and Kahn , Sims or Lubik and Schorfheide.5 These algo

rithms are adopted to solve the models incorporating news shocks. 

4See King and Watson [1998] and Klein [1997] among others. 
°The details of the algorithms are given in Blanchard and Kahn [1980] , Sims [2001] or Lubik and 

Schorfheide [2003]. There references are implied implicitly, whenever the authors' names appear in this 
Chapter. 
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4.2.1 S h o c k s a n d T h e i r E x p e c t a t i o n s 

F u n d a m e n t a l Shocks 

The models define environments with k fundamental shocks. These shocks represent sto

chastic changes in preferences and production technologies. Examples include changes in 

tastes, marginal product of labour, monetary or fiscal policy, among others. Both current 

and expected future fundamental shocks may appear in equilibrium equations (4.3). 

Fundamental shocks are assumed to be stationary and invertible. To derive implica

tions of news shocks for properties of model solutions, fundamental shocks are parameter

ized by the following recursive system: 6 

Ct+i = A(t + Bet+i ' (4.4) 

Zt = C(t 

Note that, in the tradition of business cycle literature, the term "shock" is used to describe 

a possibly persistent process. Each fundamental shock is driven by its own impulse, and all 

impulses are collected in a k x 1 vector et- Impulses are vector white noise and covariance 

matrix S e : 

Eet = 0, Eete't = S e , Eete'T = 0 for r ^ t (4.5) 
kxk kxk 

A q x 1, (q > k), vector of states £ t contains current and possibly past realizations of 

fundamental shocks. Vector Co summarizes init ial conditions in period zero. Mat r ix A is 

q x q, and matrices B and C have the following format: 

c = [ 1 0 

fcxg L k x k kx(q-k) 

Model solutions generally depend on conditional expectations of future realizations of 

fundamental shocks. The recursive representation (4.4) gives a convenient way for comput

ing these expectations. Iterating the system (4.4) yields the conditional expectations as 
f 'Any stationary V A R M A process can be easily put into this format. 

' qxk 

I 
kxk 
0 

(q—k) xk 

(4.6) 
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linear functions of the current and past realizations of fundamentals C and expected future 

fundamental impulses e: 

E[Zt+3\nt] = CA*Ct + 4=1CA^BE[et+i\nt], j > 1 (4.7) 

N e w s Shocks 

News shocks constitute the main departure of this Chapter from most of the literature. 

Typically, agents are assumed to learn values of fundamental shocks at the time of their 

realizations. In contrast, agents in the economies considered here learn about fundamen

tal shocks in advance. News shocks represent exogenous variables that change agents' 

beliefs about future realizations of fundamental shocks. These shocks capture a temporal 

separation between a period fundamental shocks are revealed to the agents in the model 

economy and a period fundamental shocks are realized. The main difference between news 

and fundamental shocks is their effect on equilibrium endogenous variables. New shocks 

are relevant in equilibrium only through their ability to improve forecasts about future 

fundamental shocks. 

News shocks have been previously considered in the context of particular business cycle 

models. The definition of news shocks used in this Chapter is closest to the one of Beaudry 

and Portier [2004a]. It also provides an alternative interpretation for the notion of perfectly 

anticipated shocks, employed by K i n g and Plosser [1984] and Love and Lamarche [2001]. 

Def in i t ion of news shocks News shocks can be thought of as exogenous signals about 

future fundamental impulses. These shocks are represented by a stationary vector process 

St with mean s and covariance matrix S s . This process is defined by its correlation prop

erties with fundamental impulses e. For any period t > 0 : 

P I . News shocks are linearly informative about future realizations of fundamental 

impulses up to T periods ahead, 0 < T < oo. That is, the relation between s and e is 
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linear, and 

E [sts't+j] =$j^0 for any 1 < j < T (4.8) 

E [ste't+j] = 0 for any j > T (4.9) 

P2. News shocks are uncorrelated with current and past realizations of e : 

E [ste't_3] = 0, for any j > 0. (4.10) 

A focus on news about future impulses is without a loss of generality. News shocks could 

have been alternatively denned by their correlation properties with fundamental shocks Zt, 

rather than their impulses. As long as news shocks are uncorrelated with current and past 

values of fundamental shocks, this approach would have been equivalent. Indeed, 

i 
E [stZ't+J] = E [stZ't] ( C A 7 ) ' + J 2 E [3*£i+i] {CA'B)', for any t > 0 and j > 1 (4.11) 

=o 

t+j and E St£t+J 
. Defining news Thus, there exists a correspondence between E 

shocks by P I and P2 has an advantage of making a role of news in model solutions more 

transparent. 

In all derivations in this Chapter impulses to every shock from period t + 1 to t + T are 

associated with its own news. In this case, vector St has a dimension kT x 1 with 

st = 
kTxl 

r st i l>t 
s2t 

, and s\ = 
fcxl 

s2,t 

. s i _ sj 

k,t 

(4.12) 

The notation sJ

it indicates a news shock about a realization of £itt+j, an impulse for a 

fundamental shock i (1 < i < k) in period t + j, observed in period t. When news shocks 

are correlated only with a subset of impulses between periods t + 1 and t + T, vector st 

has less than kT elements. The easiest way to proceed in this case is to solve the model 

with kT separate news shocks, under the assumption that the extra elements in st are 

uncorrelated with any values of fundamental impulses. 
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While this Chapter focuses on the reduced form implications of news shocks, it may be 

interesting to know that news shocks can always be parameterized by the following moving 

average representation: 

o 

st = s + Sit + Fiet+J 

j=-oo 
S ^ E J 1 , * =E Isti'A = [ $1 <h • • 

kTxkT £ 

(4.13) 

(4.14) 

Vector it collects fundamental impulses from period t+1 to t + T, 

kTxl 
E [iti't] = Se- = 

S £ 0 

0 E £ 

0 0 

(4.15) 

Vector et reflects the notion that news shocks may be imperfect indicators of future fun

damental impulses. It consists of orthonormal innovations, 7 uncorrelated with vector et 

at all lags and leads. Mat r ix 3? is composed of cross- and autocovariance coefficients be

tween new shocks and fundamental impulses. Finally, matrices Fj define possible cross-

and autocorrelation of news. It is illustrative to consider several specific examples. For 

simplicity, all examples deal with a single impulse. 

E x a m p l e 1. 

Love and Lamarch [2001] study technology impulses that are perfectly anticipated T 

periods ahead. In this case, there is only one signal, sj = £t+T- In terms of (4.13), s = 0, 

S = [ 0 lt } > Fj = 0, and is? is a T x 1 vector with values of one as the last element and 

zeros everywhere else. 

E x a m p l e 2. 

In this example, there are two independent news. The first conveys information about 

£t+i and the second - about £t+2- The representation (4.13) is: 

" 1 0 
0 1 

£t+l 

£t+2 

ax 0 
0 a2 

ei,t 
e2,t 

(4.16) 

7 That is, Eet = 0, Et [ete't] = / , and all elements of et are uncorrelated at all lags and leads. 
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E x a m p l e 3. 

In this example , there is a single news shock, correlated w i t h the f u n d a m e n t a l impulse 

one per iod ahead. T h i s news shock is serially correlated: 

St = £t+l + °~e X] Piet-j, \Pe\ < 1 
3=0 

(4.17) 

Impl icat ions T h e m a i n impl i ca t ion of news shocks is their effects o n agents' beliefs about 

future fundamenta l impulses. T h e best l inear forecast of future f u n d a m e n t a l impulses , 

based o n the his tory of news shocks, is a l inear funct ion of these shocks: 

E [et+j\st, s t _i, . . . ] = 6 (j) st, j > 1 (4.18) 

Vec tor st summarizes the his tory of news shocks relevant for forecasting future impulses: 

st=[s't s'^ ... s't_T}' (4.19) 

a n d the coefficient row vector 6 (j) is unique ly determined by: 

6(j) = E[et^s't]-{E [st~s't]y\ J > 1 (4.20) 

Coefficients 6 (j) s imply reflect the fact that ra t iona l agents u p d a t e their expectat ions 

u p o n arr iva l of new in format ion , taken into account the qual i ty of this in format ion . A s 

fundamenta l impulses are assumed to be i . i .d . , expression (4.18) also defines the best l inear 

forecast based on the whole in format ion set fit- L e t ^ denote such forecast for values of 

et+j : = E [st+j\fit] — E [et+j\st] • F u r t h e r , let vector £ f combine expected values of all 

impulses f r o m t + 1 to t + T : 

(4.21) 

B y construct ion , the expected values are l inear functions of s~t '• 

(4.22) 
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where matrix A depends on the characterization of both the covariance matrix of funda

mental impulses and the parameterization of news shocks. 

A = [ 5 ( l ) ' 6(2)' ... S(T)']' 

As an illustration, matrix A takes the following values for examples 1-3 : 

0 0 : 4 

(4.23) 

, exl 
0 i'n 

L T 

and 

, ex2 

r2rr2 
7ca1 

<jlal+a1(o-2+al) 0 0 

^ e x 3 

o 0 0 
~ r i 2 I 2 V st = [ st st st_x Sf.^ 

Conditional expectations of future fundamental shocks become functions of current and 

past realizations of these shocks and agents' beliefs about future impulses: 

E {Zt+j\Qt} = CAj(t + V (j) A ^ , j > 1 

if 

(4.24) 

It is an important property that matrices V (j) are invariant to any parameters of news 

shocks, except for the number of forecasting periods T. For any j > 1: 

f A*'1, if i > 1 
V(j) = [ CH.jB CHj-rB ... CH,j-TB ] , Ht = I 0 o t h e r w i s e 

" "~ ( (fcxfc) kxkT 
(4.25) 

The Appendix A describes how to compute these matrices recursively. 

Representation (4.24) expresses conditional expectations of future fundamental shocks 

in terms of variables observed in period t. Without news shocks, expectations of future fun

damental shocks are completely determined by the history of their realizations. Impulses 

become unpredictable, and the second term in (4.24) disappears. News shocks introduce 
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a role of agents' beliefs, which is independent of the current and past fundamentals. Rep

resentation (4.24), however, does not make clear that £t and st are correlated over time. 8 

It is convenient to break this correlation and derive an alternative formulation in terms of 

expectation revisions innovations. 

Innovat ion Representa t ion for F u n d a m e n t a l a n d N e w s Shocks The joint repre

sentation for fundamental and news shocks is based on the notion of expectation revisions. 

A n expectation revision a\ defines an update in the expected value of £t+j between periods 

t — 1 and t : 

u{ = E [st+j\Clt] - E [et+j \Slt-i] ,j>0 (4.26) 

The rationality of expectations implies that \x\ constitutes a martingale difference se

quence.9 The assumption that realizations of fundamental impulses are observable, 

combined with the rationality of expectations, leads to a recursive update of beliefs: 

et = + ut (4-27) 

& = £ 

The modified process for fundamental shocks substitutes fundamental impulses et in 

terms of conditional expectations and expectation revisions ut- The new representation 

takes the form: 

Ct+i 
£t+i 

An Ct 
zet 

BmPt+l (4.28) 

Zt = 

where 

r //° i ut 

i Am — 

, T 

C 0 
{kTxkT) 

0 

Ct 

A B 
qxk qxk 

0 0 / 
fc(T-2)xfc(T-2) 

0 0 0 
fcxfc(T-l) 

, Bm = 
B 

qxk 

0 I 
kTxkT 

(4.29) 

8Indeed E {Ct+js't} = YLi A^B^E [et+is't] ? 0, while E [Cts't+j} = E [Ct-js't] = 0, 
! ,Indeed, by the law of iterated expectations E [f4+i\^t] = E[E[et+j\£lt+i] - E [et+jjOt] \Qt] = 0. 
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Matrices A and B are (q + kT) x (g + kT) and (g + kT) x & (T + 1)." The covariance 

structure of expectation revisions can be computed from the process for news shocks, using 

definitions uJ

t = 6 (j) st — S (j + 1) st-i for j > 1, and u° = et — 6 (1) s~t-i-

A l t e r n a t i v e Interpretat ion of News Shocks Under the rational expectations as

sumption, fundamental impulses can be decomposed into one-step-ahead expectation revi

sions innovations 

et = u°t+u1

t_1 + ...+i4_T (4.30) 

Variable a\ can be alternatively interpreted as impulses to fundamental shocks with dif

ferent timing of their realizations. Under this interpretation, u\ is unpredictable, but 

impulses a\ for j > 1 are perfectly anticipated j periods in advance. K i n g and Plosser 

[1984] and Evans [1992] use precisely this interpretation for technology shocks. 

The interpretation of ut as perfectly anticipated innovations of fundamental shocks 1 0 

is indistinguishable from their interpretation as expectation revisions due to existence of 

noisy signals. The latter interpretation is adopted in this Chapter to facilitate a com

parison between changes in beliefs due to anticipations and extrinsic uncertainty. This 

interpretation can also capture a notion of ex-post mistakes. 1 1 If the correlation between 

news shocks and fundamental impulses is not perfect, then occasionally news shocks can 

be void of information. That is, an anticipated change in a fundamental impulse may in 

fact be unrealized. Such situation corresponds to the case when expectation revisions in 

period t offset previous beliefs: ut = — (u\-\ + ••• + pJ-t) • Another advantage of mod

elling news shocks separately is that each fundamental shock is then associated only with 

a single driving impulse. 1 2 

1 0 The term "innovation" is used to indicate the unpredictability of /it: Etfit+i = 0. 
"Reca l l that Chapter 2 explores the role of beliefs in the US investment boom and bust. Beaudry and 

Portier [2004a] develop and estimate an interesting model in which aggregate fluctuations are driven by 
technology shocks and noisy news. 

1 2 However, this impulse is not an innovation. 
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Sunspot Shocks 

Sunspot shocks represent changes in agents' beliefs due to extrinsic uncertainty. In sto

chastic economic environments with multiple equilibria, identical fundamentals can be con

sistent with different equilibrium paths of endogenous variables. In part, these differences 

can be attributed to self-fulfilling beliefs of agents, which influence equilibrium prices and 

allocations without any direct appearance in equilibrium conditions. 1 3 

The notion of a "sunspot", as a randomness unrelated to fundamentals, is also referred 

to in the literature as "self-fulfilling prophecies" (Azariadis [1981]) and "animal spirits" 

(Howitt and McAffee [1992]). A number of stochastic models with indeterminacy and 

sunspots exist in the literature. 1 4 

Typically, sunspot shocks are modelled as a martingale difference sequence. Follow

ing Lubik and Schorfheide, this Chapter adopts this assumption. That is, sunspots are 

described by a zero mean p x 1 vector vt such that E [vt+i\^t\ = 0. 

4.2.2 Model Formats 

This subsection describes differences in model formats. 

B K - f o r m a t 

The solution algorithm of Blanchard and K a h n requires a separation of endogenous vari

ables into predetermined Xt and nonpredetermined Pt. Predetermined variables are known 

one period in advance, so that Xt+\ = E [ X t + 1 | O t ] for any realizations of variables in fit+i-

Non-predetermined variables Pt+i equal to their expected values £ [Pt+i|^t] only if real

izations of all variables in ftt+i are equal to their expectations conditional on flt-
1 3 The other part can be attributed to the indeterminacy of the impacts of fundamental shocks, as recently 

established by Lubik and Schorfheide. 
1 4Benhabib and Farmer [1998] review the current research in this area. 
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Model dynamics are summarized by a system of linear rational expectations equations: 1 0 

(4.31) Xt+i 
EtPt+i 

Xt=o = Xq 
nxn Pt 

nxl 
zt 

EtZt+i 

Note that expected values of fundamental shocks are directly included in a vector of ex-

# 0 * i 
nxk nxk 

and matrix ogenous disturbances to account for news shocks. Mat r ix \& = 

is understood to have zero elements if expected values of stochastic disturbances do 

not directly appear in equilibrium equations. Although the algorithm does not treat ex

pectational errors explicitly, the representation (4.3) can be easily obtained from (4.31) by 

defining yt as Et [ X't+1 Pi+\ ]' a n d adding expectational errors for nonpredetermined 

variables r]t = Pt — Et — IPt-

S-format 

A solution method proposed by Sims generalizes the Blanchard and Kahn's algorithm. The 

method handles dynamically singular models 1 6 and automatically finds predetermined vari

ables or their linear combinations. Further, it provides necessary and sufficient conditions 

for the existence and uniqueness of a stable solution, regardless of the serial correlation 

properties of exogenous disturbances. Intuitively, the uniqueness arises in the models with 

news shocks when expectational errors are completely determined by expectation revisions 

ut-

The S-format corresponds directly to (4.3). To accommodate news shocks, expected 

values EtZt+i are directly included into a vector of stochastic disturbances. A s in the 

BK-format, * = [ 4?0 * i ] • 

L S - f o r m a t 

Lubik and Schorfheide extend the algorithm of Sims to models with indeterminacies. They 

provide a full characterization of multiple equilibria. The LS-format corresponds to (4.3) 

''''The models may also have additional "static" variables that are linear functions of Xt,Pt and Zt. 
1 0 That is, the method directly deals with "static" realtions between variables (non-invertible matrix To). 
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with a requirement of serially uncorrelated disturbances zt : Etzt+\ = 0. A n y model in the 

form 

f m = f i j / t - i + *0Zt + *iEtZt+1 + Tim, t > 0 (4.32) 

with h endogenous variables, serially correlated fundamental shocks described by (4.4) and 

news shocks can be transformed into an innovation representation (4.3) . To perform the 

transformation, the fundamental shocks and their expected values are first substituted in 

terms of the fundamentals C a n d the conditional expectations £ 1.17 

Foyt = T i y t - i + * 0 C + * i C A (t + ViCBtf + TlrH,t>0 (4.33) 

Then a vector of endogenous variables yt is augmented with vectors Q and £f. The repre

sentation (4.3) is obtained by using (4.28): 

Vt 
Vt 
Ct 

L £t J 

, r 0 = 

r 0 
- ( # 0 C + *iC71) 0 

0 / 
qxq 

0 0 

0 0 / 
kxk 

0 

0 0 0 / 

(4.34) 

r [ T i 0 

4 . 3 Model Solutions 

* = o 
i x l n = 

n 
nxf 

0 
(q+kT)xf J 

k(T-l)xk(T-l) 

, l = (k + l)T 

A solution to a linear rational expectations model is a stochastic process {yt, VtJtLo that 

satisfies the system (4.3) for all realizations of fundamental, news and sunspot shocks. A 

form of a stationary solution depends on whether the model economy is regular or irregular. 

Using the terminology of Farmer [1997], a regular economy has a unique stationary equi

librium, while an irregular economy possesses multiple equilibria. This section presents 

stationary solutions for models with news shocks for both types of economies. It also 

converts model solutions into state space innovations representations. 
1 7 Recal l that Zt = CCt and EtZt+i = CACt + CB&. 
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4.3.1 Regular Economies 

A unique stationary equilibrium of a regular economy is typically forward looking. It can 

be represented in the form of present-value-relations. In this form, endogenous variables 

of the model depend on the expected future path of fundamental shocks: 

oo 

yt = Qyyt-i + &0Zt + &iE [ Z t + 1 |fi t] + 0 S £ G f 2@ZE {Zt+j\ftt} (4.35) 
3=2 

This form of the solution is derived by adopting formulas of Blanchard and Kahn , and Sims. 

The formulas are modified to account for the presence of fundamental shocks expectations 

among exogenous disturbances. Matrices in (4.35) are obtained by collecting the relevant 

terms for current and expected future fundamental shocks. The resulting formulas for 

matrices are presented here for convenience. In the following derivations, the number of 

unstable roots of the dynamic deterministic structure of the model is denoted by m . 1 8 

B K - s o l u t i o n 

Blanchard and Kahn's algorithm is based on the eigenvalue decomposition of Ti : 

T^JAJ'1 (4.36) 

In this decomposition, matrix A is diagonal, with eigenvalues of Ti ordered by their in

creasing absolute values. Thus, all eigenvalues in A i are on or inside the unit circle, and 

eigenvalues of A2 are outside the unit circle. Mat r ix of eigenvectors J and matrix of 

coefficients are decomposed using stable-unstable roots distinction: 

A = 
A i 0 " 

(n—m) x (n—m) 

0 A 2 

mxm _ 

C n C l 2 
(n—m)x(n—m) (n—m) X 

C21 C22 
mx (n—m) mxm 

J = 

Bn B12 

(n—m)x(n—m) (n—m)xm 

B21 B22 
mx(n-m) m x m 

(4.37) 

7i 
(n—m)xl 

72 
mxl 

1 8 T h e number of unstable roots is the number of either eigenvalues of matrix T i or generalized eigenvalues 
for matrices Vq and T\ that are greater than one in absolute values. 

72 



To conform with the format (4.35), a vector of endogenous variables yt includes Xt+\ and 

P f Based on the eigenvalue decomposition, matrices in (4.35) are computed as follows: 

n x n 

H 
(n—m)xm 

71 
(n—m)x2k 

B n A i B n 0 
(n—m) XTTI 

-C22 C21 0 
mxm 

, G 0 = 
nxk 

711 
0 

6,^1, 

(B11A1C12 + B12A2C22) C72-2

a 

7n 7i2 
(n—m)xfc (n—m)xfc 

, # = C2171 + C2272 = 
mx2fc 

#1 #2 
mx/c mxk 

(4.38) 

(4.39) 

nxk 

712 
0 > - l A - l , 6/ =A2-1, ez =[^2 + 0^1] 

m x m mxk 
'^22^-2 

If equilibrium equations of the model in (4.3) do not directly depend on expected values 

of fundamental shocks, matrices 712 and K2 have only zero elements. 

Many macroeconomic models have a special format, in which equilibrium equations 

for predetermined variables, such as capital accumulation, do not directly depend on the 

expected future fundamental shocks. In this case, the submatrix 712 is zero, and the 

impact of expected value EtZt+i can be included directly into the infinite sum: 

(4.40) 

S-solut ion 

The algorithm of Sims is based on a QZ decomposition of square matrices FQ and T\ 19 

T 0 = Q'AZ', T1=Q'fiZ' (4.41) 

In this decomposition, Q Q ' =ZZ ' = I and matrices A and fl are upper-triangular. A l l 
nxn 

matrices are possibly complex, and the ' symbol indicates transposition and complex con

jugation. These matrices are ordered and partitioned so that a m x 1 subvector u>2, t of a 
1 9 A QZ decomposition is not unique. However, the generalized eigenvalues generally are. 
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vector Wt =7lyt is purely explosive. 

A 
A n A w 

(n—m) x (n—m) 

0 A 2 2 

Z i z 2 

nx(n-m) nxm 

n = 
fin ^12 

(n—m)x(n—m) (n—m)xm 

0 fi22 

, Q = 
nxn 

Q i 
(n-m)xn 

Q 2 

(4.42) 

As shown by Sims, the stationary solution to (4.3) is unique if and only if the row space 

of QiLf is contained in that of Q 2 I 1 . 2 0 In that case, there exists a (n - m) x m matrix 4> 

such that 

QiLI = $Q 2 LT (4.43) 

Based on the QZ decomposition, matrices in (4.35) are computed as follows: 

Qy = Z ^ 1 [ fin ffiia - $fi22) ] z ' , H = z 
nxn (n-m)xm 

A " 1 - A J i 1 ( A i 2 - * A 2 2 ) 
0 / 

e0 = H 
nxk 

9 i =H 
nxk 

Q i - * Q 2 

o 
Q i - $ Q 2 

0 

mxfc mxfc 

• * i - H 2 K U H 
Hi H2 

nx(n-m) n x m 
(4.44) 

-i^eT1, 9 / =n2 2A2-1, 9 2 = K 2 + QfKx 

mxk 

If equilibrium equations of the model in (4.3) do not directly depend on expected values 

of fundamental shocks, matrices ^ i and K2 have only zero elements. In this special case, 

the solution takes the form (4.40). 

State Space F o r m u l a t i o n 

Model solutions can be specialized further to take into account the evolution of fundamental 

shocks and the information structure. Using the expressions for conditional expectations 

(4.24), the solution (4.35) can be expressed in terms of the observed fundamentals and 
2"Sims's result generalizes the Blanchard and Kahn's uniqueness condition that the number of unstable 

toors in the BK-format must be equal to the number of non-predetermined variables. 
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news shocks: 

yt = Qyyt-i + 6 c Ct + 0 e Ast (4.45) 

with 

e c = e 0 c + e1cA + esJ2&jf2QzCAj (4.46) 

oo 

e e = Gi v (i) + G , ^ e f 2 e 2 u (j) 
i=2 

It is then straightforward to obtain an innovation state space representation of the solution: 

(4.47) 

where 

yt 
Ct A= 

Gy 
0 

= AXt + But+i 

= cxt 

I 
nxkT 

y t = yt, c= i o 
nxn nx(q+kT) 

(4.48) 

This state space representation can be easily adjusted to accommodate differences across 

elements of Zt with regards to the forecasting horizon. It can also be used for model 

simulation and evaluation. 

4.3.2 Irregular Economies 

Irregular economies are characterized by the multiplicity of stationary equilibria. In these 

economies, extrinsic stochastic disturbances can influence equilibrium model dynamics. 

This section adopts a full characterization of multiple equilibria, derived by Lubik and 

Schorfheide, to models with news shocks. The key insight is that their characterization 

can be applied essentially without any modifications. Once the model is expressed in the 

LS-format, exogenous expectation revisions Ut play exactly the same role as fundamental 

innovations in the original paper. 
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T h e a p p r o a c h of L u b i k a nd Schorfheide utilizes a no t ion of expectat ional errors as 

a solut ion device. Intuitively, a s tat ionary solut ion is ob ta ined by f inding expressions 

for endogenous expectat ional errors. T h e existence of a s tat ionary so lut ion imposes the 

fol lowing restrictions on the re lat ion between expectat ional errors rjt a n d innovations at?1 

F ut + G vt = o f4 49) mxi / x l + m x / / x l ^ l * - * a J 

E q u a t i o n s (4.49) s imply require that effects of expectat ional errors offset the i m p a c t of pt 

on the explosive variables i n the transformed system. Express ions for matrices F a n d G 

d e p e n d o n whether a n eigenvalue or a Q Z decomposit ions are used i n so lv ing the models . 

C o m p u t a t i o n a l details for b o t h cases are prov ided below. 

Sims has established that a necessary and sufficient cond i t ion for the existence of a 

s tat ionary solut ion is for the c o l u m n space of F to be conta ined i n the c o l u m n space 

of G. H i s result implies that a solut ion m a y exist even if the rows of G are l inearly 

dependent. A potent ia l s ingularity of m a t r i x G means that equations (4.49) generate on ly 

r < m independent restrictions for expectat ional errors. T o a c c o m m o d a t e this potent ia l 

s ingulari ty , L u b i k a n d Schorfheide use a s ingular value decompos i t ion of m a t r i x G : 

G = [ Ui U2\ 
' D n 

0 ' = u D V 
0 0 mxm mxf fxf 

Ui D u V1 (4.50) 
mxrrxrrxf 

Here D n is a d iagonal matr ix , a n d U a n d V are o r t h o n o r m a l matrices . T h e full set of 

solutions for expectat ional errors is obta ined f rom ut and vt : 

V t - (H„. + V2M) ut + V2Mvvt (4.51) 

Hp = -VjD^UiF (4.52) 

where coefficients of a ( / — r) x / m a t r i x M and a ( / - r) x p m a t r i x Mv are unrestr icted. 

M a t r i x V2 is / x ( / — r). F o r regular economies, equations (4.49) un ique ly determine 

expectat ional errors f rom exogenous expectat ion revisions. In that case, / = r a n d V2 is 

empty. 

2 1 Recall that m defines the number of unstable roots of the deterministic system. 
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For irregular economies, there are three properties of (4.51) worth noting. First, 

equations (4.49) do not provide enough restrictions to uniquely determine r/t by values of ut-

A solution to (4.3) admits non-fundamental uncertainty, summarized by a p x 1 (p > / — r) 

vector of sunspot shocks vt- Second, the impact of sunspot shocks on expectational errors 

is not completely determined, since there no restrictions on elements of Mv. However, a 

reduced.form sunspots, a ( / — r) x 1 vector v* : 

v*t=Mvvt (4.53) 

has a unique impact on rjt- Thi rd , the impact of expectation revisions Ut on endogenous 

expectational errors is indeterminate without additional assumptions. This is because 

the elements of M are unrestricted. One auxiliary assumption that allows to select a 

particular equilibrium is the orthogonality of the impacts of expectations revisions and 

sunspot shocks. 2 2 This assumption is equivalent to setting all elements of M to zero. 2 3 

Based on representation (4.34), any stationary solution takes the form 

yt = Qyyt-i + eMA*t + Qvv*t (4.54) 

where v% is a vector of a reduced form sunspot shocks. Computation of impact matrices 

is addressed next. 

So lu t ion based o n a n eigenvalue decompos i t ion 

When matrix To is invertible, the system (4.34) can be rewritten as: 

Vt = Tlyt-i + * > t + H*r,t (4.55) 

with T\ = TQ^I , * * = T Q 1 * , n* = T^n. A solution can be obtained by applying an 

eigenvalue decomposition to matrix T* : 

T* = JAJ-1 (4.56) 
2 2 Note that the orthogonality between these impacts is not generally the same as the orthogonality 

between the shocks themselves. 
2 3 See Lubik and Schorfheide for more details. 
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71 

** = (n—m)xfc(T+l) , n* = (n -m)x / 

72 7T2 

mxfc(T+l) m x / 

(4.58) 

with matrices J and A defined as in (4.37). Matrices \ F and II* are decomposed using 

stable-unstable roots distinction: 

(4.57) 

Based on the eigenvalue decomposition, matrices in (4.49) and (4.54) are: 

F — C2171 + C22I2, G = C2\^\ + 622^2 

Qy = r*, 0 „ = ** + rr + v2m) , e v = n*v2 

Under determinacy, V2 = 0, 0 „ = 0 and the last term in 0 M drops out. 

In deriving a stationary solution, there is an additional requirement that the initial 

value of the transformed explosive variables is zero. This requirement translates into the 

condition 

C21yt + C22yt = 0 (4.59) 

for t = — 1. A s effects of expectational errors on explosive variables are eliminated by 

construction, the same condition holds for any other values of t. If matrix T* contains 

any unstable roots, a solution with matrices in (4.58) cannot be used directly to compute 

theoretical moments of the model. A n alternative representation for matrix Qy takes into 

account (4.59) explicitly: 

r o . . A . n.. u.. A . n. ~ 1 
(4.60) Gy = BnA iCn B11A1C12 

B21A1C11 B2iAiCi2 

As long as condition (4.59) is satisfied for initial values, the two representations are identical 

for model simulations. 

S o l u t i o n based o n a Q Z d e c o m p o s i t i o n 

More generally, a model solution can be obtained by applying a QZ decomposition to 

matrices To and F i in (4.34). Matrices Q and Z are defined in exactly the same way as in 

(4.41) and (4.42). Matrices F and G again correspond to an unstable block: 

F = Q2V, G = Q 2 n 

78 

(4.61) 



Based on the QZ decomposition, matrices in (4.54) are computed as follows: 

e„ = Z iA^ f i nZ j , eM = * + n + v2m) , e„ = uv2 
(4.62) 

4.4 Comparison of News and Sunspot Shocks 

News and sunspot shocks are interpreted as stochastic changes in agents' beliefs. Such 

changes arise for two different reasons. W i t h news shocks, beliefs are affected because 

agents possess extra information that helps to forecast future fundamental impulses. W i t h 

sunspots, beliefs are affected by extrinsic uncertainty. This section discusses similarities 

and differences between news and sunspot shocks, with a particular emphasis on their 

effects on model solutions. 

4.4.1 A l t e r n a t i v e M o d e l l i n g o f B e l i e f s 

This subsection elaborates on the interpretation of news and sunspot socks as changes in 

beliefs. News shocks alter conditional expectations of fundamental impulses and shocks. 

Through these conditional expectations, news shocks influence equilibrium endogenous 

variables. A different perspective on news shocks is obtained by examining forecast re

visions of endogenous variables. In regular economies, expectational errors are uniquely 

pinned down by ut- When shocks are persistent, but included into vector yt (i.e. when 

the model is expressed in LS—format), r}t — H^at. More generally, expectational errors 

are defined by the sum of discounted future expectation revisions of fundamental shocks. 

Looking for simplicity at the case when expected values of fundamental shocks do not di

rectly enter equilibrium equations, the expectational errors are related to future forecasts 

Forecast changes of future fundamental shocks are determined by expectation revisions 

Ut- It is straight forward to verify that even in the case of serially correlated fundamental 

shocks expectational errors are linear combinations of ut- That is, condition (4.49) holds. 

of Z : 
oo 

(4.63) 
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Sunspot shocks capture extrinsic uncertainty. In principle, these shocks can repre

sent any stochastic variables, not incorporated into the model. Yet, the sunspots are 

often interpreted as changes in beliefs that lead to a revision of forecasts. The following 

justification for this interpretation is based on the exposition of Lubik and Schorfheide. 

The expectational errors vector rjt consists of forecast errors for a subset of endogenous 

variables xt S yt '• 

rn = x t $ = Etxt+1 (4.64) 

Suppose that forecast revisions in xt between periods t — 1 and t are in part attributed to 

a sunspot vector vf, so that 

xt=[iU+vf]+r]f (4.65) 

rh=r% + vf (4.66) 

The term is brackets in (4.65) corresponds to the revised forecast, and rjf denotes the error 

of this revised forecast. Suppose further that the dimension of vf coincides with the di

mension of the expectational errors vector (p = / ) , and vf is restricted to be unpredictable, 

Etvf+1 = 0. Then the beliefs shocks can be directly included into the model specification. 

In other words, they can be treated as any other exogenous shock. B y definition (4.66), 

the impact of the beliefs shocks on endogenous variables coincides with the impact of the 

expectational errors: 

Tout = ri3ft-i + Vzt + ILvf + Ur,f,t>0 (4.67) 

Then restrictions (4.49) change to 

[F G] 

The expectational errors of the revised forecast, vf, are expressed as a linear function of 

the structural shocks and the beliefs shocks: 

vf = H u i H - V1V{vt (4.69) 
fxrrxf 

Pt + GVf = 0 (4.68) 
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The overall expectational errors rjt are easily recovered as 

Vt = rft + vf = H^ut + V2Vivt (4.70) 

since by construction, / — V\V-[ = ViV^- It is clear, by comparing (4.70) with a general 

formula (4.49), that impacts of the structural shocks and beliefs shocks are orthogonal. 

Effects of belief shocks can be distinguished from each other only in a special case when 

matrix G provides no restrictions (r = 0) . Usually this property does not hold, r > 0 

and different realizations of beliefs shocks can generate the same equilibrium dynamics. 

For example, a New Keynesian model discussed the last section of this Chapter, has a 

one-dimensional indeterminacy. It is impossible to distinguish whether a sunspot shock 

was associated with a revision in output or inflation forecast. In any case, interpreting 

sunspots as beliefs shocks is useful for developing the economic intuition about the effects 

of these shocks. 

4.4.2 Existence 

News shocks are defined by their correlation properties with fundamental shocks. Thus, 

the former cannot exist in isolation from the latter. News shocks are easily incorporated 

into both regular and irregular economies, as established in this Chapter. 

Sunspot shocks affect endogenous variables only in models with indeterminacy. A 

number of such models exist in the literature. Two biggest theoretical concerns with re

spect to these models is how a particular equilibrium is selected and how it is implemented. 

The empirical plausibility of models with indeterminacy is also an open research question. 

For example, several versions of real business cycle models with increasing returns require 

rather high degree of increasing returns to labour input (Schmitt-Grohe [1997]). They 

also may require an upward sloping labour demand curve (Benhabib and Farmer [1994], 

Farmer and Guo [1994]). Furthermore, there exists an observational equivalence result 

between a standard real business cycle model with flexible parameterization of technology 

and an externality model with increasing returns and sunspot fluctuations (Kamihigashi 
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[1996]). This result implies that these two classes of models cannot be distinguished based 

on calibration and estimation of reduced form relations. In defence, empirical evidence on 

increasing returns is mixed (Farmer [1997]). Theoretically, problems with a high degree 

of increasing returns and an upward sloping labour demand curve can be eliminated by 

incorporating variable capacity utilization (Benhabib and Wen [2002]). Finally, progress 

has been made in developing structural estimation methods for general equilibrium mod

els without restricting parameter space to regions of determinacy (Lubik and Schorfheide 

[2004]). 

4.4.3 R e l a t i o n t o F u n d a m e n t a l S h o c k s 

News shocks are defined as correlated with future, but uncorrelated with current and 

past fundamental impulses. Forecastability of future impulses is the main implication of 

news shocks. Focus on this implication alone allows a reinterpretation of news shocks as 

fundamental innovations with different period of realization, as argued in section 4.2.1. 

Sunspot shocks can be modelled as uncorrelated with fundamental impulses (or shocks) 

without any loss of generality. Suppose that, in contrast, sunspot shocks are correlated 

with exogenous expectation revisions, so that cov(vtu't) = 4>. Then vector vt can be 

represented as 

vt = lut + ut, Etut+i = 0 (4.71) 

Expectational errors rjt = H^Ut + V2MvVt are equivalent to 

V t = + V2M) ut + V2Mvut (4.72) 

with M = M u ^ E " 1 . The two expressions lead to identical series for expectational errors. 

Suppose that sunspots are correlated with past realizations of ut- Then values of vt+\ 

are predictable from values of ut-j+i, which violates the requirements that expectational 

errors and sunspot shocks are martingale difference sequences. Finally, suppose that 

sunspots are correlated with some future realization of impulses. Then cov {vte't+^j ^ 
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0. If all impulses treated as unpredictable in the model solution, this would violate the 

rationality of expectations. Values of vt-j+i would help to predict £t+i-

4.4.4 Effects on Equilibrium Dynamics 

Both news and sunspot shocks introduce effects of beliefs that are independent of realized 

fundamental shocks. This property follows directly from the form of solutions (4.45) and 

(4.54). In irregular economies, effects of news shocks are incorporated in both 0^ and 0^ , 

as expectations of future fundamental are included into a vector of endogenous variables. 

There are several interesting properties of solutions. 2 4 

First, in regular economies, impacts of endogenous variables, Qy, and realized funda

mentals, 0 £ , are invariant to the presence of news shocks. That is, their coefficients are 

identical in models with and without news. Further, impacts of expected impulses, 0 e , 

depend only on the parameterization of fundamental shocks and the number of periods 

with news T. Thus, representation (4.45) can be used for model simulation under different 

realizations of beliefs. 

Second, impacts of present values of fundamental shocks on endogenous variables are 

linearly dependent in irregular economies with two characteristics. These models have a 

single unstable root (m = 1), and their solution is expressed in the form (4.40). Models 

in Chapter 2, for example, possess these characteristics. In this case, the overall impact 

of the present value of fundamental shocks can be broken into a sum of individual shocks 

contributions. If Qz — [ c\ ... ck ] and Qj = (p, then 

oo oo oo 

0 S V 4P-lQzE{Zt+j\Slt\ = ClQ3 V X^EtZ^t+j + c2Gs V] X^lEtZ2,t+j+ (4.73) 
n x i r - f ixfc ..' r - r 

3 = 1 3=1 3 = 1 

oo 

+ ... + ckQs^2\j-1EtZk,t+j 

3 = 1 

Impact vectors of the present values of future expectations for fundamental shocks are 

proportional to each other, as Qs is a n x 1 vector and coefficients Cj, 1 < j < k, are 
2 4 Some of these properties have been already discussed in the context of particular real business cycle 

models in Chapter 2. 
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scalars. Thus, there exists an identification problem of separating beliefs about different 

shocks. A problem of this kind and one possible solution have been already encountered 

in Chapter 2. 

Thi rd , news shocks are relevant for model solutions only through their effects on expec

tations and expectation revisions of future fundamental impulses. From the point of view 

of agents, different processes of news shocks that lead to the same sequence of beliefs are 

identical. The simplest specification is to equate news shocks with fundamental impulses 

perfectly anticipated prior to their realization. However, an alternative interpretation of 

news shocks as noisy signals helps to develop some economic intuition about the role of 

these shocks. 

Fourth, impacts of fundamental and news shocks in regular economies are unique. 

However, in irregular economies, their impacts are restricted, but not uniquely determined 

without extra assumptions. Impacts of sunspot shocks are defined uniquely only in the 

case of reduced form sunspots. 

Finally, news and sunspot shocks generally impose distinct cross-equation restrictions 

in an irregular economy that incorporates both types of shocks. 2 a This property is evi

dent from expressions for impact matrices and Qv in (4.58) and (4.62). Impact matrix 

of expectation revisions is a linear combination of impact matrix of sunspots V2 and im

pact matrix of expectation revisions under the orthogonality restriction H^. The New 

Keynessian model from section 4.5 demonstrates that qualitative differences in impact re

sponses can be quantitatively significant. These differences can be used to distinguish 

the two ways of modelling beliefs. A multivariate framework is the key to a possible 

identification procedure. 

4.4.5 D y n a m i c P r o p e r t i e s o f M o d e l E q u i l i b r i a 

News shocks enrich autocovariance properties of equilibrium endogenous variables. Faced 

with the information about the future, rational agents generally start acting upon this 
2 o A model with a single dynamic variable is one exception. In this case, impact coefficient of a news 

shock can be chosen to be identical to the one of a reduced form sunspot shock. 
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information immediately. After the fundamental shocks are realized, agents learn about 

the correctness of their prior information and adjust their actions accordingly. Decisions, 

made between a time between the news is learned and the time fundamental shocks are 

realized, introduce a moving average component into a model solution. 

While there is no correlation between expectation revisions, expected values are cor

related. In other words, beliefs are persistent. Every piece of news at least in part is 

carried forward into the future until the realizations of fundamental shocks are observed. 

The persistence of beliefs is evident from the definition (4.27), which can be solved for in 

terms of expectation revisions: 

L L2 

1 L 

0 

0 

0 

LT~l L T _ 1 

L T - 3 LT-\ 

LT-2 

L 

1 

(4.74) 

If both st and Ct are substituted for into solution (4.45), the moving average part of the 

solution becomes apparent. For regular economies, the number of moving average lags 

is equal to the number of periods with news. For irregular economies, the existence of 

a moving average part can be seen more clearly if realized fundamentals and beliefs are 

separated from the rest of endogenous variables: 

Vt = Qyiyt-l + @y2(t-l + 9 ^ 3 ^ - 1 + Q^t + ®vV*t (4.75) 

A n ability of i . i .d. sunspots to generate highly persistent endogenous movements in 

output has been emphasized by a number of authors. 2 6 However, the richer autocovariance 

structure of equilibria is not linked to sunspots shocks per se. Indeterminacy also alters the 

propagation of fundamental shocks, as shown by Lubik and Schorfheide [2004]. In fact, 

structural estimation of a general equilibrium model may favour a version of indeterminacy 

with altered fundamentals, rather than a version with sunspots. 
2 C See, for example, Farmer and Guo [1994] , Benhabib and Farmer [1994]. 
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4.5 Example of New Keynesian Model 

The section introduces news shocks into a New Keynesian model analyzed by Lubik and 

Schorfheide. In this model, a single parameter determines whether the underlying economy 

is regular or irregular. The indeterminacy arises when the central bank is not aggressive 

enough towards inflation. The solution techniques described in this Chapter are applied 

to the model. The example is simple enough to derive some analytical results. Fur

ther examination of impulse response functions and theoretical moments helps develop the 

economic intuition about differences between news and sunspot shocks. 

4.5.1 M o d e l D e s c r i p t i o n 

The model describes a closed economy with nominal rigidities. Monopolistically compet

itive firms face a downward sloping demand curve for their differentiated products and 

produce output only with variable labour input. Prices are sticky due to nominal price 

adjustment costs or infrequent Calvo-type price setting. Households smooth their con

sumption streams by purchasing nominal government bonds. The central bank affects 

the economy through an interest rate rule. For simplicity, the only fundamental source of 

uncertainty is a monetary policy shock. 2 7 

The log-linearized reduced-form of the model consists of three equations: (i) intertem

poral Euler equation, governing optimal consumption allocations, (ii) expectational Phillips 

curve and (iii) monetary policy rule: 

Euler equation Etxt+i + aEt^t+i = xt + °~Rt (4-76) 

Phill ips curve f3Et^t+i = ^t — Kxt (4-77) 

Monetary policy rule Rt = pRt-i + (1 — p) ipitt + rnt (4.78) 

Aggregate output xt, inflation 7r t ) and nominal interest rate Rt are expressed as log-

deviations from a unique steady state. The parameter 0 < (3 < 1 is the discount factor, 
2 7 Th is model has become a standard benchmark in the monetary literature. Details can be found, for 

example, in Clarida, Gali and Gertler [1999) or Woodford [2003]. 
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a > 0 is the intertemporal elasticity of substitution, K > 0 is related to the degree of 

price adjustment costs, and ip > 0 measures the elasticity of the interest rate response to 

inflation. Policy parameter 0 < p < 1 reflects the central bank's preferences for interest 

rate smoothing. 

The monetary policy shock is modelled as a white noise process with variance a2 : 

mt = et (4.79) 

To incorporate news shocks, it is assumed that agents receive an exogenous signal st about 

monetary policy impulse in the next period. This signal can be thought of as a revelation 

of future policy intentions. Focus on a single signal makes a comparison with a sunspot 

shock 2 8 more transparent. For concreteness, the news shock is described as: 

st = £ t + i + et (4.80) 

Process et is white noise with variance a 2 . It is uncorrelated with monetary policy impulses 

at all lags and leads. The information assumption implies that expected impulse for t 4- 1 

is 
a2 

Et£t+i = 4>st, 4> = 2 ,E

 2 (4.81) 

and all other future fundamental impulses are unpredictable. 

It is well known that this model without news shocks exhibits indeterminacy if the 

central bank is not aggressive enough towards inflation. Introduction of news shocks does 

not alter this property. The next two sections present analytical solutions for a special case 

of no persistence in monetary policy rule. Cases of determinacy (if) > 1) and indeterminacy 

(V> < 1) are addressed separately. Then the properties of solutions are examined numerically 

for a more general case (p > 0) . 
2 8 Looking ahead, the model admits only one reduced form sunspot shock in the indeterminacy region. 
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4.5.2 A n a l y t i c a l C h a r a c t e r i z a t i o n o f S o l u t i o n s 

So lut ion U n d e r D e t e r m i n a c y (ip > 1) 

Elimination of the interest rate from (4.76), using the monetary policy rule (4.78) with 

p = 0, leads to a two-dimensional system in the format (4.31) : 

1 + f rrty-t] Etxt+i 
_ Etnt+i 1 

(4.82) 

Expectations of the future monetary policy shock do not directly appear in the dynamic 

equilibrium equations (4.76 — 4.78). To conform with the general format (4.31), matrix 

^0 is set to [ 0 0 ] ' . In this model, there are no predetermined variables. W i t h ip > 1, 

the number of unstable roots of T\ is two (m = 2), and the solution is unique. The solution 

takes the form: 

[ xt 7rt Rt ]' .= &omt + QiEt£t+i = On/41 + + ©0/4-1 (4.83) 

with 

e0 = 1 + KOIp 

—a 
— OK 

1 
, 6 i = 

(i + Kaipy 

1 + Kcr (1 - 0tp) 
K(1 + 3 + KO) 

1pK,(l + 0 + Ka) 
(4.84) 

A n unanticipated monetary contraction, represented by an increase in p.®, leads to a 

fall in output and inflation, and an increase in nominal interest rate. The contractionary 

effects dissipate after one period, when all variables return to their original steady states. 

The parameter K governs the inflation-output trade-off. The response of output exceeds 

the response of the inflation when K < 1. The endogeneity of the monetary policy rule 

implies that the interest rate increases by less than the size of the unexpected monetary 

policy shock. 

A n anticipated monetary contraction, represented by an increase in p\, triggers agents' 

reactions before an actual change in monetary policy shock. Foreseeing the future con

traction, firms reduce their prices, if they have an opportunity to so do. When the actual 
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monetary contraction occurs, there is an additional downward adjustment of prices. Out

put generally falls, unless the central bank is aggressive enough towards inflation. If 

ip > ^ ( f + ^ ) i a n anticipation of the monetary contraction has a stimulative effect on 

output. To gain the intuition for this result, it is helpful to look at the behaviour of the 

real interest rate: 

(1 + KG) KG O-K(1 +f3 + KO-) 
n = —— ]—mt - (-0 - 1) — -^—Etet+i (4.85) 

1 + KO-ip (1 + Kcripy 

The contemporaneous real interest rate falls in response to an anticipated monetary con

traction! This is because the increase in nominal interest rate is not high enough to 

compensate for the fall in inflation, without any actual change in the monetary policy 

shock. However, the real interest rate is expected to increase in the future, as the co

efficient in front of expected impulse is negative. Thus, the relative importance of the 

contemporaneous fall in the real interest rate versus its expected increase in the future 

determines what happens to output. While an increase in output is an interesting theo

retical possibility, it is unlikely to occur in practice. Typical estimates of the interest rate 

elasticity are rarely exceed two. 2 9 

S o l u t i o n U n d e r I n d e t e r m i n a c y (ip < 1) 

To solve the model in the case of indeterminacy and p = 0, the system is transformed 

into a LS-format. First, the interest rate is eliminated using the monetary policy rule. 

Second, output and inflation are substituted for their expected values & (£t = [ £t ]' > 

£f = Etxt+1, Q = Etnt+i) and expectational errors rjt (pt = [ Vt Vt ]'' >Vt = x t - E t - i x t ) 

Pt = 7Tt — Et-iKt). B y the rationality of expectations: 

xt = ff-i + Vxt, n = Ct-i + Vt (4-86) 
2 9 F o r a reference, with j3 close to one, logarithmic preferences and K set to a commonly used value 0.5, 

1/) must exceed three for output to increase. 
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Third , the monetary policy shocks is substituted for by its expected value and expecta

tion revision innovations at. The resulting system with uncorrelated disturbances is: 

1 a —a 0 " " " 
1 crip 0 0 " 

0 0 0 0 — K 1 0 0 

0 0 1 0 mt 0 0 0 1 

0 0 0 1 _ 0 0 0 0 _ 

+ 

To 

0 0 

0 0 

1 0 

0 1 

1 aip 
-K 1 

0 0 

0 0 

Vt 

n 
(4 .87 ) 

When 0 < ip < 1, the model has only one unstable eigenvalue A 2 . 3 0 Condition ( 4 . 4 9 ) 

provides only one equation for determining two endogenous expectational errors. Thus, 

the model admits one reduced form sunspot shock. 

When p = 0, a full characterization of model solutions can be derived analytically: 

1 1 KG _ 
1 + -Tr O (*.- i) 

1 
(3 

Xt-1 -1- a 

. *t-l . 1 0 
+ p]-2) + Vt (4-

Et-1 

As in ( 4 . 5 1 ) , the expectational errors Vt depend on exogenous expectation revisions \it and 

the sunspot shock v\, with the following impact matrices: 

"2(1+K<7 )̂ 

A 2 - I - W b 2 N , K R T V 
v2 = 

2(1+KCTV) 

where coefficients a\ and a2 are unrestricted, d 

d 
\ 2 — 1 — KCTV> 

K A 2 
, M = [ ai a 2 ] 

( 4 . 8 9 ) 

KA 2 
( A 2 - 1 - K c r i / ; ) 2 , 6 = - 1 

/3 — KIT + 20l2, l2 = \\jiyf2- - l ) " + ^ (1 - V1)- It can be shown that b < 0 and 

1 + Kin/' < A 2 for any values of n > 0, a > 0 and t/> < 1. 

A reduced form sunspot shock has a positive impact on both expectational errors. 

Inflationary sunspot beliefs are validated with the actual increase in inflation and output. 

Nominal interest rate increases, to offset a rise in inflation. However, the actual and 

expected real interest rate declines, which stimulates current output. 

i ( l + s z ± i ) + W ( ^ - l ) ( 1 - V O , and A X = 1 ( l + ^ l ) -

9 0 

file:////jiyf2-


The orthogonality assumption between impacts of ut and vt (a\ = a 2 = 0 ) selects one 

particular solution among infinitely many. This solution predicts a somewhat counter

intuitive increase in inflation in response to unanticipated monetary contraction. As argued 

by Lubik and Schorfheide, it is more attractive to use another solution as a benchmark 

for the case of indeterminacy. This solution preserves qualitative properties of the model 

under determinacy and prevents abrupt changes in endogenous expectation formation, as 

the economy crosses the boundary that separates determinacy and indeterminacy regions. 

Under this so called continuity solution the impact matrix of expectation revisions on 

endogenous variables takes the form: 

(1 + KffV) 1 + KO~ (1 (34>) 1 ( A . 
K (1 + KtfV) k (1 + P + Ka) J 

It is clear that both output and inflation fall in response to an unanticipated increase in 

interest rate. Other solutions are obtained by varying coefficients of matrix M. 

Overall, the analytical solutions illustrate that impacts of the expectation revisions Ut 

and the sunspot shock vt can differ not only in the magnitude, but also in qualitative sign 

predictions. 

4.5.3 Numerical Properties of Solutions 

Quantitative properties of the model are best illustrated in the context of impulse response 

functions and theoretical moments. This section examines numerically how these objects 

change in response to different assumptions about news shocks in regions of determinacy 

and indeterminacy. 

M o d e l P a r a m e t e r i z a t i o n 

There are eight parameters in the model: {/?, a, K, I/J, av,a£,p, ae} . Values of all parameters, 

except for the standard deviation of signal's noise <Je, are based on the estimates of Lubik 

and Schorfheide [2004 ] . Lubik and Schorfheide estimate a slightly richer specification of 

the model for the US data. Their results indicate that the US monetary policy after 1982 is 

consistent wi th determinacy, while the policy in the pre-Volcker period, 1 9 6 0 : 1 - 1 9 7 9 : 2 , 
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is not. Parameter values obtained for the two subsamples used in the current simulations. 

Numerical exercises are not meant to represent a serious calibration. Rather, this is the 

first step towards understanding how properties of equilibria change under alternative ways 

of modelling beliefs. 

The unitary interest rate elasticity separates regions of determinacy and indeterminacy. 

Two values of I/J are considered: 2.19 for determinacy and 0.85 for indeterminacy. The 

degree of interest rate smoothing affects autocorrelation properties of variables. Due to 

endogenous persistence, the model with indeterminacy requires a low persistence of the 

monetary policy shock. Thus, varying the degree of persistence facilitates a comparison 

across equilibrium paths. W i t h p = 0 and p = 0.6, values of k = 0.77 and c r _ 1 = 1.45 

are used. W i t h p = 0.85, K = 0.58 and CT-1 = 1.86. The discount factor and standard 

deviations of monetary policy and sunspots shocks are fixed during the simulations: j3 = 

0.99, O e = 0.2 and av = 0.2. 

The standard deviation of the noise is controlled implicitly by the choice of the in-

formativeness of the news shocks, value of (p. Given cfi, rre = ^J^^rr£. W i t h cj> = 0, all 

policy shocks are unanticipated. 3 1 W i t h <fi = 1, all policy shocks are anticipated in ad

vance. Value of <p = 0.5 corresponds to an intermediate case, with both anticipated and 

unanticipated policy shocks. 

Impulse Response F u n c t i o n s 

Figure 4.1 plots impulse responses of output, inflation and interest rate to unanticipated 

and anticipated (and realized) monetary contraction for a model in the determinacy region 

(ip = 2.19). 3 2 For the ease of comparison, a unitary increase in policy shock is considered. 

Alternatively, impulse responses to a one-standard deviation of the policy shock could be 

plotted. The relative magnitude of dynamics (but not their qualitative properties) wi l l 

then depend on the fraction of anticipated shock. 
3 1 Technically, the noise variance is infinite in this case. A direct focus on the implication for expectation 

computations bypasses an issue of stationarity. 
' i 2 Recal l that an anticipated policy shock, fi] is proportional to a news shock st. 
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Figure 4.1 illustrates how model dynamics vary with the degree of interest rate smooth

ing. As p does not alter the direction of responses, the economic intuition behind the 

dynamic adjustment is similar to one discussed for the analytical solution. 

Figure 4.2 plots impulse responses of output, inflation and interest rate corresponding 

to three solutions in the indeterminacy region (ip = 0.85 and p = 0.6). The bottom panel 

depicts an adjustment to an inflationary sunspot shock. As in the case of no interest rate 

smoothing, this shock leads to an increase in output, inflation and interest rate. 

While the dynamics of a reduced form sunspot shock are unique, the propagation of 

monetary policy and news shocks depends on free parameters in matrix M. The top two 

panels of Figure 4.2 illustrate that indeterminacy can alter impulse responses to these 

shocks in a significant way. The panels plot responses under three sets of parameters. Un

der the orthogonality assumption, M = [0,0]. The model predicts an increase in inflation 

and interest rate in response to both unanticipated and anticipated contraction. Under 

the continuity assumption, parameters of M are chosen to mimic impulse responses of the 

model with tp = l . 3 3 The continuity solution has an advantage that small deviations in 

•ip do not drastically change properties of expectational errors. B y construction, the quali

tative responses to monetary policy shocks are similar to the ones reported in Figure 4.1. 

Finally, under the modified dynamics assumption, M = [—2.75,0.99]. The first element is 

chosen to illustrate a possible fall in interest rate along the adjustment path. The second 

element is chosen so that an impact of an anticipated monetary policy shock mimics the 

one of a sunspot shock. Effectively, an anticipated impulse has an extra degree of freedom 

in potentially fitting the data. 

W i t h many theoretical possibilities for impulse responses under indeterminacy, which 

may be relevant empirically? Lubik and Schorfheide [2004] describe an estimation pro

cedure that does not a priori constrain model parameters to regions of determinacy or 

indeterminacy. Their empirical results for the model without news shocks yield a substan-
3 i Formal ly, M is chosen to minimize the discrepancy between model responses for iji < 1 and ip = 1 

using a least squares criterion. M (tp) = [B2 (ip)' B2 (i/>)] B2 (4>)' [Bi (ip = 1) — B\ (4>)\, where B\ (i/0 = 
* (V>) + n* {$) H» (i>), B2 (VO = II* (i/0 V 2 WO and Bi 0 = 1) = 0. 
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t ial degree of uncertainty about the effects of an unanticipated policy shock on inflation 

and interest rate. In particular, both a fall and an increase of inflation relative to its steady 

state and a fall of interest rate during the propagation stage are potentially possible. 3 4 

Selec ted M o m e n t s 

Table 3.1 reports statistics for comovement and persistence of output, inflation and interest 

rate under alternative parameterization of the model. For a reference, the first row contains 

statistics for the actual data. As in Lubik and Schorfheide, output is log real chained-

weighted per capita G D P , detrended with H P filter over the period 1955 : 1 — 1998 : 4. 

Inflation is the annualized percentage change of the seasonally adjusted consumer price 

index, and nominal interest rate is the effective average Federal Funds rate. A l l data are 

quarterly, for 1960 : 1 — 1979 : 2 sample. 3 5 Other statistics are theoretical moments derived 

for various model specifications. For every model specification, theoretical moments are 

reported for individual and joint shocks. 

In the first three panels, the interest rate smoothing is 0.6, ip = 0.85 for indeterminacy 

and ip = 2.19 for determinacy. A l l other parameters are common across the three panels. 

The last panel corresponds to a determinacy model with a higher interest rate smoothing 

0.85. 3 6 This specification also differs in the number of policy anticipation periods. The 

news shock is assumed to be informative about a policy impulse not one, but three periods 

ahead: St = et + 3 + et. This assumption is made to facilitate a comparison of dynamic 

properties across determinacy and indeterminacy regions. Models with indeterminacy 

typically imply a richer autocovariance structure, as they suppress fewer autoregressive 

roots than their counterparts in determinacy region. News shocks trigger an immediate 

. economic adjustment, due to nominal frictions. The further ahead the policy is anticipated, 

the longer is the period of adjustment. In the context of real business cycle models, 

dynamic responses to anticipated technological change have been found to have important 
3 4 See Figure 3 on page 208 in Lubik and Schorfheide [2004]. 
J ; > The data are from the F R E D database of the Federal Reserve Bank of St.Louis. Per capita values are 

derived with the total US population. 
3 0 A s described in section 4.5.3, %l> = 2.19, K = 0.58, a - 1 = 1.86. 
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effects on autocovariance properties of equil ibria. 3 7 

Implications of news shocks for theoretical moments are investigated by changing the 

informativeness of news shocks (j>. This parameter, reported in the first column, governs 

the decomposition of the monetary policy into unanticipated and anticipated components. 

It also governs the variance of each component: var (fi°) = (1 — </>) er2 and var (/̂ ,*) = 4>cr2. 

For Determinacy II model, var (p^) = (1 — <j>) a2 and var (/it3) = (per2. In all experiments, 

the variance of Et is kept at the same value of 0.2. Numerical exercises in this subsection are 

in the spirit of Cochrane [1998]. Cochrane examines measured output effects of monetary 

policy shock in the context of a V A R , by varying an anticipated fraction of the shock. 

His results suggest that a distinction between unanticipated and anticipated policy shocks 

is as important for the output effects as the variable selection or shock orthogonalization 

assumptions. 

There are several interesting observations about Table 3.1. Under model indeterminacy, 

monetary policy and news shocks can outperform sunspots and unexpected policy shocks or 

sunspots alone. This statement is illustrated by a model with modified dynamics, in which 

the impact of anticipated shocks mimics the one of the sunspots. Cross and autocorrelation 

statistics reported in the second row of panel 2 are closer to the data than those in the 

first row. As was mentioned earlier, there is an additional degree of freedom in selecting 

responses to anticipated shocks, relative to the sunspots. Thus, a better match is perhaps 

not as surprising. A more just approach seems to compare a model with determinacy 

and news shocks to a model with indeterminacy and sunspots. Statistics reported for 

two specifications under determinacy are not as strongly favourable relative to statistics 

for indeterminate models with sunspots. 3 8 Even in this case, however, the results suggest 

that effects of news shocks may be strong enough to overturn a positive autocorrelation of 

the interest rate implied by the policy rule. 3 9 

3 7 See Love and Lamarche [2001]. 
3 8 Compare first rows in panels 1 and 2 with the second rows of panels 3 and 4, 
3 9 See the negative coefficients in last column for Determinacy I model. 
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S u m m a r y o f S o l u t i o n C o m p a r i s o n 

The main conclusion from numerical simulations is that news and sunspot shocks (i) gen

erate distinct impulse dynamics and (ii) have different effects on autocovariance properties 

of endogenous variables. Simulation parameters, however, have not been chosen optimally. 

A precise comparison has to be taken with a caution. A n interesting question is whether 

models news shocks can be empirically distinguished from sunspots. A possible direction 

in addressing this question is discussed in the conclusion. 

4.6 Conclusion 

This Chapter introduced news shocks as representing stochastic changes in agents' beliefs 

about future fundamental impulses. It proposed a simple framework for solving linear 

rational expectations models with news. It further compared news shocks with an alter

native way of modelling changes in beliefs - sunspots. The two ways of modelling beliefs 

(through news and sunspot shocks) had distinct implications for impulse dynamics and 

autocovariance structure of endogenous variables. These differences were quantitatively 

significant in the New Keynesian model. 

Differences in cross-equation restrictions and autocovariance properties of equilibria, in

duced by news and sunspot shocks, can be utilized to determine which type of beliefs, i f any, 

is favoured by data in the context of a particular stochastic dynamic general equilibrium 

model. To compare news and sunspots, a model needs to possess regions of determinacy 

and indeterminacy, depending on parameter values. A n indeterminacy region is necessary 

for existence of sunspot shocks. However, in this region, dynamics of news shocks are not 

completely pinned down without additional assumptions. In other words, news shocks 

have more degrees of freedom, relative to sunspots, in potentially explaining data. A more 

just approach seems to compare a model's version with news shocks and determinacy region 

of the parameter space with a version of the same model with sunspots and indeterminacy 

region of the parameter space. 

96 



Versions of the model with news and sunspot shocks would have some parameters that 

could be identified only in regions of determinacy or indeterminacy. Indeterminacy creates 

additional parameters, associated with a distribution of sunspot shocks and propagation 

of structural shocks. A n introduction of news shocks leads to additional parameters for 

a forecasting horizon and variances of exogenous expectation revisions. A n identification 

problem for parameters across the regions of determinacy and indeterminacy can be han

dled by extending an econometric procedure of Lubik and Schorfheide [2004] to incorporate 

news shocks. 

Lubik and Schorfheide show how to construct the loglikelihood function for regions of 

determinacy and indeterminacy of the parameter space. They resolve the difficulty of 

parameterizing multiplicity under indeterminacy using a full characterization of equilibria 

derived in their earlier work (Lubik and Schorfheide [2003]). These additional parameters 

are identified only in the region of determinacy. A Bayesian estimation achieves this partial 

identification by leaving the prior density unchanged for the directions of the parameter 

space in which the likelihood function is flat. It updates the prior density for the directions 

for which the data are informative. Lubik and Schorfheide demonstrate that, based on 

the posterior densities, it is possible to learn whether the data are more consistent with 

determinacy or indeterminacy regions of the parameter space. 

The estimation procedure of Lubik and Schorfheide exploits two sources of information 

about model parameters. The first source comes from cross-equation restrictions implied 

by a rational expectations solution. The second source comes from serial correlation prop

erties. Numerical simulations of the New Keynesian model indicate that both sources of 

information are sensitive to the presence of fundamental, news and sunspot shocks. Fur

ther, news shocks are generally associated with endogenous propagation. As models with 

indeterminacy usually have richer dynamic structures, an omission of propagation mech

anisms from model specifications tends to bias posterior density towards indeterminacy. 

Incorporating news shocks would, in principle, lead to a more just model comparison across 

determinacy and indeterminacy regions. 
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Differences in cross-equation restrictions and autocovariance properties of equilibria, 

induced by news and sunspot shocks, suggest that the two types of beliefs can be separated 

empirically, conditional on a particular model. A n application of the estimation procedure 

only requires a model wi th economically plausible dynamic responses of news and sunspots 

shocks. 4 0 

4 0 Recall, for example, the difficulty of standard business cycle models to generate investment and output 
booms in anticipation of future technological improvement, discussed in Chapter 2. 
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Chapter 5 

Concluding Remarks 

This thesis examined the role of expectations and expectation errors in business cycles. 

It emphasized the possibility that agents could learn about future changes in economic 

conditions in advance, but their anticipations could occasionally be incorrect. Changes in 

beliefs due to extra information about the future were defined as news shocks. Theoretical 

and empirical implications of these shocks were investigated. 

One attractive feature of news shocks is that they provide a convenient way of modelling 

potentially erroneous beliefs. This property was exploited in Chapter 2. The goal of the 

Chapter was to assess a common view that revisions in overly optimistic expectations 

were the key determinant of US investment in 1994-2003. Chapter 2 also addressed a 

challenging problem of empirical identification of unobserved changes in beliefs. The 

problem was resolved with an estimation method that minimized the discrepancy between 

the model and the data. 

The empirical results showed that the US experience could be explained in the context 

of standard business cycle model augmented with beliefs only if expectations about the 

future were more pessimistic during the boom and more optimistic during the recession. 

The standard model was unable to capture expectation-driven booms and recessions even 

qualitatively. Simple modifications of the model which predicted an investment boom 

in response to anticipations of technological improvement had difficulty in capturing the 

joint behaviour of consumption, investment and employment. These results raised further 
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research questions of how news shocks are propagated in theoretical and actual economies. 

Chapter 3 pursued an empirical investigation of the US data to determine whether they 

were consistent with the presence of news shocks about future technological change. The 

analysis was based on predictability of total factor productivity. Whi le being econometri-

cally exogenous to observed measures of shocks, T F P growth was forecastable from main 

macroeconomic series. These empirical results are consistent with (albeit not indicative 

of) existence of news. They provide foundations for further examination of the role of 

beliefs in business cycles. 

Understanding dynamic effects of news shocks in theoretical environments requires 

an ability to solve models with these shocks. Chapter 4 described solutions to linear 

rational expectations models. Solutions were derived for models with unique and multiple 

equilibria. Chapter 4 compared news shocks with an alternative way of modelling beliefs 

through sunspots by examining properties of equilibria. These conceptually different 

ways of modelling beliefs, independent of current and past fundamentals, have distinct 

predictions for dynamic properties of the models. A n interesting research question is how 

to exploit these differences to identify which types of changes in beliefs are more important 

(if any) in the data. A possible direction for such identification is outlined in the conclusion 

to Chapter 4. 

To conclude, changes in beliefs are an intuitively attractive source of aggregate fluctu

ations. Investigation of their importance relative to other alternative sources faces many 

conceptual, theoretical and empirical challenges. Some of these challenges are addressed 

in this thesis. Yet, many open research questions remain. 
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Tables 

Table 2.1: Parameters of Technology 

la Iv Pi P2 a'i * 10 4 

1.0036 1.0830 1.0038 1.2866 -0.4347 0.0938 
[0.0009] [0.0001] [0.1421] [0.1391] 

Note: Standard errors are in brackets. 

Table 2.2: Explanatory Power of Technology Shocks 

R'j R'j R'j R'L cor(c) cor(i) cor(h) 
l . A . Joint Contribution of Shocks: 1994:2-2003:4 

Benchmark 0.2284 0.0661 0.6763 0.3236 0.4780 0.2571 0.8224 
Util ization 0.1622 0.0004 0.5439 0.2355 0.4028 0.0191 0.7375 

l . B . Joint Contribution of Shocks: 1994:2-2000:4 
Benchmark 0.3467 0.2011 0.9677 0.5052 0.5888 0.4485 0.9837 
Util ization 0.3052 0.0720 0.9800 0.4524 0.5524 0.2683 0.9899 

2. Contribution of Technology in Benchmark Model 
Aggregate 0.2842 0.0357 0.4630 0.2610 0.5331 0.1890 0.6805 

Investment 0.0074 0.0189 0.7127 0.2463 0.0860 0.1375 0.8442 

Note: For each variable, R2 is obtained from an O L S regression of the actual on the simulated data 
and a constant. R2

av is the average of individual R2s. T h e last three columns define correlations 
between the simulated and actual series 
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T a b l e 2.3: E x p l a n a t o r y Power of Beliefs a n d Techno logy Shocks 

R\ R'f Ri R'L cor(c) cor(i) cor(h) 

1. Jo int C o n t r i b u t i o n of Shocks: 1994:2-2003:4 

B e n c h m a r k 0.1085 0.8200 0.9482 0.6256 -0.3294 0.9055 0.9738 

Subs t i tu t ion 0.1479 0.8202 0.8837 0.6173 -0.3846 0.9057 0.9400 

2. C o n t r i b u t i o n of Beliefs O n l y 

B e n c h m a r k 0.0525 0.3220 0.8982 0.4242 0.2291 0.5675 0.9477 

S u b s t i t u t i o n 0.0134 0.6993 0.7487 0.4871 0.1156 0.8362 0.8653 

Note: For each variable, R2 is obtained from an O L S regression of the actual on the simulated data 
and a constant. R?av is the average of individual R2s. T h e last three columns define correlations 
between the simulated and actual series 
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Table 3.1: Cross and Autocorrelations in New Keynessian Model 

<t> cor(x,7r) cor(x,r) cor(7r,r) p{x) p(ir) p(r) 

Data: 1960:Q1 - 1979:Q2 
data 0.06 0.38 0.85 0.83 0.97 0.97 

1. Indeterminacy: Continuity Assumption 
U + SS 0.00 0.75 -0.21 0.49 0.36 0.70 0.87 
u + a 0.50 0.97 -0.45 -0.22 0.48 0.41 0.22 

u only 0.00 0.98 -0.95 -0.87 0.34 0.31 0.49 
a only 1.00 0.95 -0.02 0.26 0.61 0.47 0.06 

ss only 0.81 0.58 0.95 0.46 0.85 0.97 
2. Indeterminacy: Modified Dynamics 

u + ss 0.00 0.84 -0.04 0.51 0.37 0.67 0.91 
u + a 0.50 0.64 0.11 0.83 0.37 0.85 0.95 

u only 0.00 0.95 -0.43 -0.13 0.36 0.52 0.68 
a only 1.00 0.95 -0.02 0.26 0.61 0.47 0.06 

ss only 0.81 0.58 0.95 0.46 0.85 0.97 
3. Determinacy I 

u only 0.00 1.00 -1.00 -1.00 0.27 0.27 0.27 
u + a 0.50 0.95 -0.40 -0.11 0.42 0.42 -0.13 
a only 1.00 0.94 0.11 0.45 0.64 0.53 -0.35 

4. Determinacy II 
u only 0.00 1.00 -1.00 -1.00 0.48 0.48 0.48 
u + a 0.50 0.95 -0.16 0.14 0.54 0.61 0.50 
a only 1.00 0.96 0.57 0.75 0.69 0.71 0.50 

Note: Table reports correlation and first order autocorrelation coefficients foroutput, inflation and 
interest rate, conditional on effects of unanticipated andanticipated monetary policy shocks as well 
as on a sunspot shock under various specifications. Refer to main text for description. 
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1 

T a b l e 4.1: T o t a l Factor P r o d u c t i v i t y : Descr ipt ive Statist ics 

Sector 7 OS P 
A n n u a l Measures: 1949-2002 

Pr iva te Business ( P B ) 1.368 1.834 0.049 

[5.484] [0.350] 

N o n - f a r m Pr iva te Business ( N F ) 1.188 1.831 0.067 

[4.768] [0.481] 

Q u a r t e r l y Measures: 1949:1-2002:4 

Pr iva te Business ( P B ) 0.393 0.933 0.066 

[6.191] [0.969] 

N o n - f a r m Pr iva te Business ( N F ) 0.333 0.963 0.095 

[5.088] [1.395] 

Note: 7 = average growth rate (in percents) and <x£= standard deviation of growth rate of a total 
factor productivity measure. A n autocorrelation coefficient p is from an O L S regression of T F P 
growth rate on its lag and a constant. T-statistics are in brackets. Annual measures are from the 
B L S . Quarterly measures are described in the main text. 
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Table 4.2: Test of T F P Exogeneity to Other Shocks 

X , sample X ^ - A Z A Z = ^ X R2(Z) N p(corr) X*=>Z 
1. Private Business Sector: Quarterly 

A D E F , 49:1-02:4 0.82 0.01 0.06 0 0.11 0.60 
A G O V , 49:1-02:4 0.96 0.05 0.05 0 0.19 0.80 

A O I L , 49:1-72:4 0.41 0.30 0.13 0 0.32 0.45 
R R M , 69:1-96:4 0.00 0.48 0.16 2 0.70 

2. Non-farm Private Business Sector: Quarterly 
A D E F , 49:1-02:4 0.73 0.04 0.05 0 0.15 0.46 
A G O V , 49:1-02:4 0.85 0.17 0.04 0 0.29 0.62 

A O I L , 49:1-72:4 0.53 0.10 0.09 0 0.35 0.49 
R R M , 69:1-96:4 0.01 0.62 0.15 2 0.48 

3. Private Business Sector: Annual 
A D E F , 1949-2002 0.73 0.00 0.00 0 0.84 0.74 
A G O V , 1949-2002 0.60 0.00 0.01 0 0.34 0.46 

A O I L , 1949-1972 0.89 0.03 0.02 0 0.66 0.76 
R R M , 1969-1996 0.07 0.06 0.13 0 0.01 

4. Non-farm Private Business Sector Annual 
A D E F , 1949-2002 0.39 0.02 0.02 0 0.95 0.54 
A G O V , 1949-2002 0.91 0.01 0.00 0 0.25 0.56 

A O I L , 1949-1972 0.88 0.01 0.00 0 0.19 0.95 
R R M , 1969-1996 0.06 0.06 0.14 0 0.02 

Note: Column 2 reports asymptotic p-values for bivariate Granger causality tests of X relative 
to growth rate of TFP. The null hypothesis of exogeneity is a(L)=0 in the regression AZt = 7o 
4- / 3 (L)AZ t - i + o ( L ) X ( _ i + wt. The null is rejected if a p-value is below the desired marginal 
significance level. Column 3 reports p-values for reversed causality tests. The autoregressions are 
computed with four lags for quarterly and one lag for annual specifications. Column 4 reports the 
R2s for the T F P growth autoregressions. N is the highest lag for which variable X has predictive 
power for the T F P growth rate at 5 percent significance level, p(corr) is the probability value for, a 
hypothesis of no contemporaneus correlation between A Z and X . The last column reports p-values 
for bivariate Granger causality tests when forecasting variable and T F P are in log-levels. 
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T a b l e 4.3: B ivar ia te G r a n g e r C a u s a l i t y Tests 

X , sample N p b A X = ^ A P B X = » P B N n f A X = > A N F X = > N F 

1. Q u a r t e r l y Frequency 

O U T P * ,49:1-02:4 3 0.00 0.00 3 0.00 0.00 

E M P L * , 49:1-02:4 5 0.00 0.00 5 0.00 0.00 

C N D R , 49:1-02:4 0 0.06 0.01 2 0.03 0.00 

C S E R , 49:1-02:4 1 0.00 0.00 1 0.00 0.00 

I E Q P , 49:1-02:4 3 0.00 0.00 3 0.00 0.00 

I S T R , 49:1-02:4 1 0.04 0.01 3 0.01 0.00 

I R E S , 49:1-02:4 2 0.00 0.00 2 0.00 0.00 

M l , 59:2-02:4 0 0.08 0.04 0 0.05 0.02 

( P ) C P I , 49:1-02:4 0 • 0.48 0.01 0 0.80 0.01 

F F R T , 54:4-02:4 4 0.00 0.00 5 0.00 0.00 

S P R D , 54:4-02:4 2 0.00 0.00 4 0.00 0.00 

S T K M , 49:1-02:4 1 0.00 0.00 1 0.00 0.00 

C E X P , 78:2-02:4 1 0.05 0.10 0 0.10 0.09 

2. A n n u a l Frequency 

O U T P * , 1949-2002 1 0.00 0.61 1 0.00 0.50 

E M P L * , 1949-2002 1 0.00 0.92 1 0.00 0.97 

C N D R , 1949-2002 0 0.08 0.31 0 0.05 0.23 

C S E R , 1949-2002 0 0.48 0.16 0 0.63 0.12 

I E Q P , 1949-2002 1 0.00 0.87 1 0.00 0.72 

I S T R , 1949-2002 1 0.01 0.28 1 0.01 0.36 

I R E S , 1949-2002 0 0.76 0.71 0 0.59 0.90 

M l , 1960-2002 0 0.17 0.20 0 0.20 0.20 

( P ) C P I , 1949-2002 1 0.00 0.63 1 0.00 0.57 

F F R T , 1955-2002 1 0.00 0.00 1 0.00 0.00 

S P R D , 1955-2002 1 0.00 0.00 1 0.00 0.00 

S T K M , 1949-2002 0 0.99 0.24 0 0.91 0.22 

C E X P , 1979-2002 0 0.42 0.15 0 0.71 0.20 

Note: Columns 3, 4, 6 and 7 report asymptotic p-values for bi-variate Granger causa- lity tests of X 
relative to a T F P measure for private (PB) or nonfarm private (NF) business sectors. Specifications 
are run with four lags of each varible for quar- terly and one lag of each variable for annual 
observations. T h e hypothesis of no predictablity of T F P corresponds to zero coefficients on lags of 
X in a regression of T F P on its lags, lags of X and a constant. T h e null is rejected if a p-value is 
below the desired significance level. Npb and Nnf are the highest lags for which A X has a predictive 
power for A Z at 5 percent significance level. Output and employment series are for the same sector 
as the corresponding T F P measure. C P I index, rather than inflation is used in log-level specification 
for (P)CPI . 
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T a b l e 4.4: L o n g - H o r i z o n O L S Test of T F P Ped ic tab i l i ty 

k F [ l ] P[l] R 2 [ l ] F[2] P[2] R 2 [2] F[3] P(3] R 2 [3] 

1. Pr iva te Business Sector : 55:1-02:4 

1 q 49.38 0.00 0.20 32.40 0.00 0.14 20.59 0.00 0.09 

2 q 42.28 0.00 0.23 52.88 0.00 0.23 35.86 0.00 0.15 

3 q 38.24 0.00 0.26 67.48 0.00 0.21 35.71 0.00 0.16 

4 q 26.19 0.00 0.22 68.89 0.00 0.22 47.89 0.00 0.20 

5 q 20.16 0.01 0.18 60.62 0.00 0.20 53.38 0.00 0.22 

2. Pr iva te N o n - f a r m Sector : 55:1-02:4 

1 q 54.05 0.00 0.21 32.14 0.00 0.16 24.28 0.00 0.12 

2 q 38.90 0.00 0.25 51.90 0.00 0.23 39.86 0.00 0.18 

3 q 35.80 0.00 0.27 57.17 0.00 0.22 40.18 0.00 0.19 

4 q 26.25 0.00 0.24 65.86 0.00 0.22 60.98 0.00 0.23 

5 q 20.93 0.01 0 .20 J 62.58 0.00 0.21 72.47 0.00 0.26 

3. Pr iva te Business Sector : 1955-2002 

1 y 13.71 0.07 0.27 48.78 0.00 0.54 47.72 0.00 0.34 

2 y 10.87 0.20 0.16 40.06 0.01 0.38 24.34 0.03 0.28 

3 y 11.37 0.25 0.17 16.46 0.13 0.17 27.55 0.02 0.31 

4 y 10.83 0.28 0.18 14.83 0.19 0.10 31.95 0.03 0.36 

5 y 11.47 0.27 0.19 6.60 0.59 0.06 18.47 0.14 0.37 

4. Pr iva te N o n - f a r m Sector : 1955-2002 

1 y 14.10 0.05 0.28 53.57 0.00 0.60 55.38 0.00 0.39 

2 y 10.18 0.23 0.15 37.58 0.02 0.41 31.21 0.01 0.32 

3 y 10.09 0.26 0.16 16.43 0.12 0.18 28.73 0.02 0.34 

4 y 9.79 0.33 0.18 16.48 0.20 0.10 37.85 0.02 0.38 

5 y 13.04 0.25 0.18 7.87 0.52 0.06 20.28 0.11 0.38 

Note: Table reports test results for T F P growth rate predictability based on O L S regressions of an 
average k-period ahead growth rate of T F P on growth rates of forecasting variables and a constant. 
The null hypothesis of no predictability corresponds to zero regression coefficients on forecasting 
variables. Columns 2, 5 and 8 are values of F statistics. Columns 3, 6 and 9 are bootstrap p-
values for the F test. The null hypothesis fails if a p-value is below the desired level of significance. 
Columns 4, 7 and 10 are the R 2 s for O L S regressions. See the main text for model specifications. 
T h e number of bootstrap iterations is 999. 
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Table 4.5: Long-Horizon V A R Test of T F P Pedictability 

R 2 [PB,1] R 2 [PB,2] R 2 [PB,3] R' 2[NF,1] R 2 [NF,2] R 2 [NF,3] 
1. Quar terly Frequency : 55:1-02:4 

l q 0.29 0.30 0.23 0.31 0.30 0.27 
2 q 0.31 0.36 0.26 0.34 0.37 0.31 
3 q 0.31 0.36 0.27 0.33 0.37 0.31 
4 q 0.27 0.34 0.28 0.29 0.35 0.32 
5 q 0.23 0.29 0.26 0.26 0.31 0.30 
F i 4.34 4.49 3.21 4.95- 4.50 3.97 

P [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] 
F 2 

92.00 95.28 67.83 102.11 92.91 81.37 

P [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] 

2. Annual Frequency : 1955-2002 

i y 0.28 0.56 0.42 0.28 0.61 0.47 

2 y 0.23 0.38 0.33 0.24 0.43 0.38 

3 y 0.16 0.24 0.22 0.16 0.26 0.25 

4 y 0.11 0.16 0.15 0.11 0.18 0.17 

5 y 0.09 0.13 0.12 0.09 0.15 0.13 

Fx 3.97 12.53 6.48 4.07 15.56 7.78 

p [0.01] [0.00] [0.00] [0.01] [0.00] [0.00] 
F 2 5.19 16.28 8.53 5.38 20.41 10.33 

P [0.00] [0.00] [0.00] [0.00] [0.00] [0.00] 

Note: Table reports test results for T F P predictability based on V A R s that include a constant 
and lagged values of T F P growth rate for private business (PB) or private non-farm business (NF) 
sectors and forecasting variables. Four lags are used in quarterly specifications and one in annual. 
R 2 [sector,model] is the implied R 2 for the long-horizon regression. Fx and F 2 are F statistics, 
reported with their asymptotic p-values in brackets, for the joint hypothesis of zero coefficients on 
forecasting variables. F i includes, but F 2 excludes lags of T F P growth. T h e null hypothesis fails is 
a p-values is below the desired level of significance. See the main text for model specifications. 
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Figures 

Notes to F igures 

Figure 2.1: Data are in percentage change from the previous year. The shaded area 

corresponds to the N B E R dates for the 2001 recession. Investment = the N I P A real private 

fixed investment. Consumption = the N I P A real private aggregate consumption spending. 

Both series are in per capita, expressed in 2000 chained dollars. 

Figure 2.2: The aggregate technology shock is computed as the Solow residual with 

capital share of 0.32. The relative investment prices is the ratio of price deflators for in

vestment and consumption measures. Shocks are stationary transformations of technology 

measures. Impulses are residuals from time series processes for shocks. 

Figure 2.3: Dotted lines are actual data. Solid lines are data simulated with the 

benchmark model and measures of aggregate and investment specific technology. 

Figure 2.4: Dotted lines are actual data. Solid lines are data simulated with the 

augmented benchmark model and measures of technology shocks and beliefs. 

Figure 2.5: Dotted lines are actual data. Solid lines are data simulated with the 

augmented benchmark model and measures of technology shocks and beliefs. Data are 

expressed as indices, with value 100 in 2000:4. 

Figure 2.6: The top panel plots estimated technology prospects (in levels). The 

estimates are derived from regression coefficients in 2.22 on the basis of the augmented 

benchmark model. The bottom panel plots the growth rate of aggregate technology (solid 

line) and its average (dotted line). 

Figure 2.7, Figure 2.8: Impulse responses correspond to an experiment when news 
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received in period one about a positive realization of technology shock in period five are 

followed by no actual change in technology. 

Figure 2.9: Estimated technology prospected are derived from regression coefficients 

in 2.22 on the basis of the substitution model. 

Figure 2.10: Dotted lines are actual data. Solid lines are data simulated with the 

substitution model and measures of technology shocks and beliefs. 

Figure 3.1: For each forecasting horizon k, the actual growth rate is the k—period ahead 

average growth rate of T F P for private business sector. Predicted series are derived on 

the basis of O L S and V A R long-horizon regressions. Forecasting variables include growth 

rates of real private consumption of services, residential fixed investment and nonresidential 

fixed investment in equipment. 

Figure 3.2: For each forecasting horizon k, the actual growth rate is the k—period 

ahead average growth rate of T F P for private business sector. Predicted series are derived 

on the basis of O L S and V A R long-horizon regressions. Forecasting variables include the 

change in the federal funds rate, the growth rate of stock market index and real private 

consumption of services. 

Figure 4.1: Figure depicts impulse responses of output, inflation and nominal inter

est rate to a unitary increase in unanticipated or anticipated policy shock under various 

assumptions about interest rate smoothing in the region of determinacy (%p = 2.19). For 

p = 0 and p = 0.6, the parameters are k = 0.77, c r _ 1 = 1.48. For p = 0.85, K = 0.58, 

a " 1 = 1.86. 

Figure 4.2: Figure depicts impulse responses of output, inflation and nominal interest 

rate to a unitary increase in unanticipated or anticipated policy shock and a unitary increase 

in a reduced form sunspot shock under various assumptions about rational expectational 

errors in the region of determinacy (ip = 0.85, p = 0.6). M = [0,0] under orthogonality 

assumption, M = [—1.41,-1.58] under continuity and M = [—2.75,0.99] under modified 

dynamics. 
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Figure 2.1: Real Private Aggregate Investment and Consumption 
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Figure 2.3: Technology Fundamentals Play a Limited Role in the Investment Bust (Bench
mark Model Simulation) 
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Figure 2.5: Indexes of Simulated and Actual Data (Benchmark Model with Technology 
Prospects) 
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Figure 2.6: Estimates of Technology Prospects Implied by the Benchmark Model Contra
dict the Hypothesis of Optimistic Expectation Revisions 
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Figure 2.7: Response to Unrealized Good News About Future Technology (Augmented 
Benchmark Model) 
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Figure 2.8: Response to Unrealized Good News About Future Technology (Substitution 
Model) 
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Figure 2.9: Estimates of Technology Prospects Implied by Substitution Model 
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Figure 2.10: Technology Prospects with Technology Shocks Imply Missing Consumption 
Boom (Simulation of Subsitution Model with Adjustment Costs) 
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Figure 3.1: Actual and Predicted k—period Ahead Average T F P Growth Rates for Private 

Business Sector: Quarterly-
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Figure 3.2: Actual and Predicted k—period Ahead Average T F P Growth Rates for Private 
Business Sector: Annual 
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Appendix A 

Recursive Computation of 
Matrices V (j) 

Matrices V (j), j > 1, can be computed recursively as follows: 
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0 B ... 0 
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Matrices I are identity matrices with dimension (kxk), and zero entries refer to the 

comfortable matrices with zero elements. 
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