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Gestation Lags for Capital, Cash Flows, and Tobin's QJonathan N. Millar�Board of Governors of the Federal Reserve SystemThis version: May 10, 2005AbstratInvestment models typially assume that apital beomes produtive al-most immediately after purhase and that there is no lead time neededto plan. In this ase, marginal q is usually suÆient for investment.This paper develops a model of aggregate investment where ompeti-tive �rms fae no adjustment osts other than building and planningdelays. In this ontext, both Tobin's Q and ash ow an be noisy indi-ators of investment beause some shoks fail to outlast the ombinedgestation lag. The paper demonstrates some empirial fats that hal-lenge prevailing theories of investment but are onsistent with gestationrequirements. Regressions using aggregate data suggest that it takes atleast four quarters for investment to respond to tehnology shoks and asmany as eight additional quarters before produtive apaity is a�eted.Estimates from strutural VARs show that only permanent shoks af-fet investment, but that ash ow and Q reat to both permanent andtransitory shoks.
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I. IntrodutionInvestment models typially assume that (1) apital expenditures our im-mediately after the �rm's investment deision, and (2) that purhased apitalbeomes produtive with little or no delay. These features ontrast with pra-tial aounts of investment, where projets often require onsiderable periodsof planning and building. The planning period enompasses the time neededfor engineers to draw up the details, lawyers to obtain relevant permits, andmanagement to arrange �naning. Building involves the time needed for on-strution and for equipment to be ordered, delivered, and installed. Owing tothese delays, there may be a onsiderable lag between the deision to inreaseapaity and the ommenement of prodution in a new faility.In the neolassial world, the user ost adjusts to equate the (fritionless)demand for apital servies with supply. In this environment, the urrentshadow value of a �rm's apital yields no useful information for investmentbeause its realized value is always equal to one. Although there is some evi-dene that this fritionless relationship holds in the very long run, eonomistshave long reognized the shortomings of this theory at higher frequenies.1Adjustment ost models have emerged as the dominant paradigm to �ll thistheoretial gap. In these models, deviations from the neolassial apital equi-librium are the result of an optimizing proess where �rms weigh the ostsand bene�ts of faster adjustment. When adjustment osts are onvex, theproess of apital adjustment is smooth and the urrent value of q ompletelyenapsulates all of the �rm's relevant investment onsiderations.2 The em-pirial shortomings of this framework have prompted more reent modelsthat de-emphasize q as an investment indiator.3 These models emphasizethe lumpiness of investment at the plant and �rm levels in the presene ofnon-onvex adjustment osts.However, the osts of apital adjustment are not always measured justin resoure osts and lost prodution|they may also be rekoned in time.These lags ause ompliations for apital adjustment that are interesting and1Caballero [1994℄ shows a long run relationship between the neolassial user ost andthe apital stok.2Although q is not generally observable, Hayashi [1982℄ demonstrates that, under ertainonditions, the urrent Tobin's Q is an exat measure of q.3Some well-ited shortoming of the onvex adjustment ost model are that (1) invest-ment is too lumpy at the plant and �rm-level to be explained by onvex adjustment osts(Doms and Dunne [1998℄), (2) that ash ows seem to apture some relevant informationfor investment by �nanially-onstrained �rms that is not aptured in Q (Fazzari, Hubbard,and Peterson [1988℄), and (3) that Q is subjet to measurement error (Erikson and Whited[2000℄). 1



important in their own right. Beause invested apital beomes produtivewith a delay, �rms must base urrent investment deisions on foreasts ofwhat variables like q and ash ow will be when the new apital omes on line.As a result, many of familiar ontemporaneous linkages between investment, q,and the value of the apital servie ow do not hold after the fat. Empirialtesting is ompliated by the fat that we observe realizations of variableslike Q and ash ow rather than the antiipated values that are the basisof investment deisions. Further, time lags tend to spread out the responseof investment and produtive apaity to shoks, leading to riher dynamie�ets.These building and planning lags have some history in the real businessyle literature. The seminal work is Kydland and Presott [1982℄, who add atime to build lag for apital to a alibrated RBC model. A more reent ontri-bution by Christiano and Todd [1995℄ adds a planning phase to the Kydlandand Presott setup. These models suggest that apital gestation requirementsan apture some empirial features of the business yle more e�etively thanstandard models with one building period or models with onvex apital ad-justment osts.4 There are also some noteworthy attempts to onsider ges-tation lags in the investment literature. Majd and Pindyk [1987℄ explorethe impliations of plaing a eiling on the amount of investment that anbe undertaken eah period in the proess of assembling a single (irreversible)apital projet. Investment outlays only ontinue when the antiipated dis-ounted value of the ompleted projet exeeds a minimum threshold. Altug[1993℄ takes a detailed look at apital priing and investment deisions in thepresene of Kydland and Presott building requirements. She shows that ad-ditions to the apital stok depend on the foreast of marginal q after thebuilding period, whih may not be well proxied by the urrent Tobin's Q.In the next setion of this paper, I develop a model of aggregate investmentin a ompetitive eonomy in whih �rms fae distint planning and buildinglags for new apital, but no other expliit adjustment osts. The eonomy issubjet to temporary and permanent aggregate shoks that �rms an distin-guish at the moment they our. These features yield important impliationsfor investment, the rate of ash ow, and Tobin's Q. Investment only respondsto shoks that are expeted to outlast the gestation horizon, and then onlyafter the planning phase is omplete. In ontrast, both the rate of ash owand Q respond to all shoks throughout their duration, o-varying positively4Christiano and Todd emphasize that a ombined building and planning lag an aountfor the persistent e�ets of tehnologial shoks, the tendeny for business and struturesinvestment to lag movements in output, and the leading relationship of produtivity to hoursworked. 2



with assoiated investment during the building period. As a result, both ashow and Q tend to be noisy indiators of investment, where the orrelationdepends on the relative preponderane of temporary and permanent shoksin the data. The model also yields impliations for the dynami response ofinvestment and produtive apaity to shoks. The planning phase ausesa delay in the response of investment spending, while building auses a lagbetween investment spending and the assoiated inrease in prodution.Setion III performs some empirial analysis. First, data for \puri�ed"Solow residuals are used to show that distint planning and building lagsexist, and to estimate their duration. Then, I estimate empirial impulseresponses of aggregate investment, ash ow, and Tobin's Q to temporaryand permanent shoks, and ompare these responses to the preditions of thegestation lag model and other well-known alternatives from the investmentliterature. These impulse responses are estimated using a strutural VARthat identi�es temporary and permanent aggregate disturbanes using the zerofrequeny restritions of Shapiro and Watson [1988℄ and Blanhard and Quah[1989℄. Among other things, the gestation lag model orretly predits thataggregate investment is driven almost entirely by permanent shoks, while ashow and Q respond to both shoks. In addition, aggregate investment exhibitsa delayed response to permanent shoks that is onsistent in harater to themodel's preditions, and inonsistent with models that have no gestation lag.Setion IV onludes the paper with some disussion of the major results.II. ModelLet time to plan denote the P periods that begin with the deision to addprodutive apital, and end when investment expenditures ommene. Timeto build denotes the B periods that begin with the �rst apital expenditure,and end when the new apital beomes produtive. Following Kydland andPresott [1982℄, assume that a proportion �j 2 [0; 1℄ of the planned apitaladdition is aquired j periods before it beomes produtive apital, so thatPB�1j=0 �B�j = 1. These lags are depited graphially in Figure 1. At time t,a �rm ommits to hange its apital stok at period t+P+B. The P periodplanning phase then passes where there are no investment outlays assoiatedwith the plan. At t+P , the building phase begins, with the �rm arrying outa non-negative proportion �B�j of the total expenditure assoiated with theplan at eah period t+P+j, from j = 0; : : : ; B � 1, with �B > 0. The newapital beomes available for prodution at t+P+B, after a total gestation lagof J=P+B periods. 3



Note that eah investment plan is assumed to be irrevoable in the sensethat the �rm ommits to a spei� level of apital at the end of its gestationperiod. This assumption is neessary beause the planning lag is meaninglesswhen investment plans an be hanged without ost. More spei�ally, thesolution to any intertemporal optimization problem requires a plan for eahontrol variable for every period in the problem horizon. However, the ontrolvariables an be hanged ostlessly when the problem is revisited in subsequentperiods, so these plans are not binding. The irrevoability assumption makesthis ost in�nite for ommitted plans. Nonetheless, there is no restrition thatinvestment plans be non-negative, so the irrevoability assumption is not thesame as irreversibility. Firms an plan to dismantle their apital in subsequentperiods, albeit with the same gestation requirement.In the remainder of this setion, I develop a model for the investment, ashows, and value of an aggregate �rm that faes the gestation lags desribedabove. The �rm operates in a ompetitive small open eonomy that is subjetto temporary and permanent stohasti shoks to tehnology and the supplyof labor. As suh, all market pries are treated as given, and the interest rateexogenous. The ompetitive eonomy assumption is omparable to Hayashi[1982℄, whih many ite as a justi�ation for using Tobin's Q as a proxy forthe shadow value of new apital. Yet unlike Hayashi, the unit of analysis isan aggregate �rm. This is ditated by the fat that the optimal apital stokof an individual ompetitive �rm is indeterminate when prodution exhibitsonstant returns to sale, so its optimal rate of investment is not well de�ned.5This indeterminay is not an important issue for the aggregate �rm, beauseequilibrium in the markets for other variable inputs pins down the aggregateapital stok.6 The fous on a small open eonomy de-emphasizes a host ofdynami general equilibrium onsiderations that may not be relevant whenthe eonomy is open for trade in apital and goods. Moreover, this approahallows for a more transparent depition of some issues related to gestationlags that have been largely negleted by previous work, suh as the role oftemporary apital sarity in the investment-Q relationship.The model development proeeds as follows. I begin by speifying theprodution tehnology for the aggregate �rm and �nd optimal losed-form so-lutions for the apital growth rate, the rate of ash ow, and Tobin's Q ina deentralized equilibrium. Rather than expliitly solving the deentralized5Although the sale of an individual �rm in Hayashi's model is also indeterminate, itsrate of investment is pinned down by a �rst order ondition that links q to the marginaladjustment ost for apital.6In his textbook, Romer [1996℄ adopts a similar approah for his disussion of investmentwith adjustment osts, albeit in redued form.4



problem to �nd these solutions, I employ a number of strategies to simplifythe exposition. Sine the deentralized solution will be eÆient, I obtain thesame optimality onditions for the prodution side by maximizing the value ofan aggregate �rm that treats pries as given, then imposing that the marginalprodut of eah input equal its market rental rate. I do not bother to set outoptimal household onsumption onditions beause these an be ignored inthe small open eonomy aording to the Fisher separation theorem. Finally,I inorporate household labor deisions in a stylized manner by introduinga redued-form aggregate labor supply urve. The resulting model is used todesribe in detail the interrelationships between ash ow, investment, and Q.I lose the setion by disussing measurement issues that arise from the exis-tene of apital building requirements, and how they a�et the interpretationof model results. 1. Cash FlowFor now, ignore the intertemporal aspets of the problem. Let urrentoutput be the numeraire. Assume that the aggregate �rm enters the urrentperiod with a predetermined produtive apital stok K and level of tehnol-ogy ZT , and hooses the quantity of labor L that maximizes variable pro�ts.Although the impliations of the more general CES prodution funtion willalso be onsidered, for expositional purposes it is useful (and onsiderablymore tratable) to assume the Cobb-Douglas prodution funtion(1) F �K;ZTL� = K1�� �ZTL�� :Units of labor an be hired at the given market wage rate w. After maximizingout the variable fator L, the aggregate �rm's variable pro�t is(2) �� �Kjw;ZT ; �� = (1� �) �h�ZTw � �1�� K;where � is the orporate tax rate, and �h � (1� �)� �1�� . Let the rate of ashow denote the average variable pro�t of apital:(3) �� �w;ZT ; �� = (1� �) �h�ZTw � �1�� :Sine total ash ows are linear inK, this funtion is also the marginal produtof apital. This equation an also be interpreted as a fator prie possibilityfrontier that shows the negative relationship between the labor wage and thevalue of apital servies with tehnology is held �xed. Sine the Cobb-Douglasase embeds a unit elastiity of substitution between apital and labor the5



relationship between the fator pries is log-linear. In the more general CESase, the relationship between the fator pries beomes more onvex as theelastiity of substitution between apital and labor diminishes. Therefore,the value of apital servies will be more sensitive to hanges in wages andtehnology as the degree of omplementarity delines.Ostensibly, equation (2) suggests that the marginal pro�t from apital isindependent of the apital stok, so the aggregate demand for apital serviesseems to be unde�ned. However, apital demand an be pinned down by theaggregate labor market equilibrium. Aggregate labor demand an be obtainedby applying Shephard's lemma to equation (2), yielding(4) Ld = ��� �Kjw;ZT ; ���w = �1� � �� �w;ZT ; ��w K:This funtion is inreasing in the quantities of tehnology and apital, anddereasing in the real wage and the tax rate. For simpliity, assume that theaggregate labor supply takes the form(5) Ls = w�ZL;where � � 0 is the wage-elastiity of labor supply, and ZL is a multipliativelabor supply shok. This formation an be interpreted as a log-linear approx-imation to the optimization ondition that will govern aggregate labor supplyin a dynami general equilibrium model, where the proess ZL is a reduedform funtion of (among other things) population and the marginal utility ofwealth. Under this interpretation, the parameter � is the Frish wage elas-tiity of labor supply, and the proess ZL reets a wide range of permanentand temporary inuenes that emanate from exogenous shoks and generalequilibrium adjustment.The market-learing real wage an be determined by equating aggregatelabor demand and aggregate labor supply. This wage an be substituted into(3) to yield the following equation for ash ow as a funtion of the aggregateapital stok: �(KjZ; �) = h(1� �)a�ZK�b(6)where Z � �ZT �1+� ZL; h � (1� �)�b�;a � (1� �)(� + 1)�(1� �) + 1 2 (0; 1); and b � ��(1� �) + 1 2 (0; �):6



This funtion represents the marginal ontribution of apital servies to vari-able pro�ts in any given period, or the aggregate inverse demand urve forapital servies. In a fritionless world, this is set equal to the neolassialuser ost to determine the urrent apital stok. The fator Z, whih ombinesboth shoks to tehnology and labor supply, neatly enapsulates the exogenous(non-tax) fators that shift the aggregate demand for apital servies.The parameter b represents the elastiity of ash ow with respet to theapital imbalane ratio K=Z, after aounting for endogenous movements inlabor. In the Cobb-Douglas ase, b is bounded in magnitude between zeroand by labor's share �. For the more general CES prodution funtion, b isinversely related to the elastiity of substitution between labor and apital.Although a solution of the form in (6) is not generally available when theprodution funtion is CES, a log-linear approximation an be alulated forthe speial ase where the labor supply elastiity � is zero. Then the elastiityof ash ow with respet to apital imbalane in the steady state is sh�L=�,where � is the onstant substitution elastiity between apital and labor, andsh�L is labor's share of inome in the steady state. Intuitively, this indiatesthat redued substitutability between apital and variable inputs makes thevalue of apital more sensitive to its degree of aggregate sarity.2. Investment with Gestation Lags of Arbitrary DurationNow onsider the intertemporal aspets of the optimization problem re-lating to investment. This optimization determines a plan for the aggregateapital stok from the gestation horizon onward, subjet to the onstraintsimposed by the predetermined quantities of apital for periods within the ges-tation horizon. Viewed from the perspetive of the soial planner, this pathequates the ex ante value of apital servies (the antiipated rate of ash ow)to its ex ante soial ost. This is shorthand for the apital market equilibriumthat would be determined, passively, by the interation of atomisti deisionsin the deentralized eonomy. From the perspetive of the aggregate �rm, theoptimal plan maximizes its market value, taking as given the antiipated pathof future pries and the rate of ash ow. The aggregate �rm neglets theinuene of its own apital stok on the rate of ash ow beause its prob-lem represents the aumulated deisions of individual �rms that, in isolation,have a negligible inuene on the value of apital. Consequently, the aggregate�rm ats like a small �rm that faes onstant returns to sale in prodution,pereiving no well-de�ned solution for its optimal apital path. Instead, theoptimal path of apital is pinned down by the apital market equilibrium.Let sk;t represent, at time t, the planned addition to the produtive apital7



stok in k periods. Then, the produtive apital stok evolves aording tothe aumulation ondition(7) Kt+i = Kt+i�1(1� Æ) + s1;t+i�1;where Æ is the depreiation rate. This di�ers from the standard aumulationidentity beause the addition to the produtive stok is ditated by the planfrom J periods earlier rather than urrent investment. Committed plans evolvesuh that this period's planned addition at horizon k equals the next period'splan for horizon k�1, so that(8) sk�1;t+i+1 = sk;t+i;for k=2;: : : ;J . The total investment ow in eah period is the sum of spendingon all ommitted plans that are in the building proess:(9) It+i = BXj=1 �jsj;t+i:Consequently, the investment ow is not generally assoiated with any spei�plan; rather, it a moving average of planned additions over the next B periods.Given this struture, there are many state variables that must be onsideredin the optimization problem. At time t, the �rm inherits its urrent produtiveapital stok, along with planned additions for the next J�1 periods, yieldinga total of J state variables. Note that these plans are relevant to the problem,although they are not yet part of the produtive apital stok, beause theywill a�et the optimal apital addition at the gestation horizon.Now onsider the problem from the perspetive of the aggregate �rm. Forsimpliity, the appropriate disount fator is onstant at R = 1+ r, where r isthe interest rate. New units of apital an be purhased for a �xed prie of �p,whih is net of the value of any government tax inentives.7 Sine antiipatedrates of ash ow are onsidered given, the appropriate notion of variable pro�tis ��K, where �� represents the funtion (3). The market valuation of �rm is thedisounted total of all future expeted ash ows, net of investment outlaysunder the optimal plan:(10) V (Kt; fsj;tgJ�1j=1 j�p; ft��t+ig1i=0) � maxfsJ;t+ig1i=0 1Xi=0 R�i [t��t+iKt+i � �pIt+i℄ ;7This inludes both an investment tax redit � and the present value of apital onsump-tion allowanes z. These inentives e�etively redue the prie of new apital by a fator(1� �� z), where �+ z is the tax wedge. 8



subjet to the onstraints (7) through (9). The �rm solves this problem byplanning additions to its apital stok from period t+J onward. However, onlythe plan for t+J binds future deisions.8 Note that ��t+i is a funtion of the given(but not exogenous) market real wage wt+i, so the valuation problem reetsexpeted onditions in the labor market (and, by impliation, the antiipatedpath of Z) ontingent on urrent information.It is useful to restate this problem as a series of unrelated intratemporalproblems. Tedious manipulation that (among other things) utilizes equations(7) through (9) to eliminate the ow variables It+i and sJ;t+i for i>0 yields:(11) V (Kt; fsj;tgJ�1j=1 j�p; ft��t+ig1i=0)� �pq�0Kt + �p B�1Xi=1 q�i si;t + J�1Xi=0 R�i � t�t+i�p � u�� �pKt+i+R�J maxfKt+J+ig1i=0 1Xi=0 R�i � t�t+J+i�p � u�� �pKt+J+i;where u� is de�ned as the steady state user ost of apital, and q�i is the steadystate shadow value of apital that is i= 0;: : : ;B�1 periods from joining theprodutive apital stok, rekoned in terms of new apital. These values areonsidered given beause they are funtions of the interest rate and parameters.This depition of the problem an be interpreted as follows. The �rst two termsolletively represent the value of all funds ommitted to produtive apitaland ongoing onstrution. The shadow values, whih are alulated as(12) q�i � BXj=i+1Rj�i�j for i = 0; : : : ; B � 1;represent the future value of all the outlays that were neessary to aquirethe apital at its urrent stage of ompletion. For instane, to obtain a unitof ompleted produtive apital today (i = 0), the �rm must purhase �junits of new apital at time t�j, whih is worth �jRj in today's terms afterompensating for foregone interest. These payments are summed for j=1 toB to obtain the total shadow value q�0. It an easily be seen that q�0 exeedsone. Intuitively, this ompensates for the interest foregone on apital outlaysduring the unprodutive building period. Also, note that the apital outlays8Equation (10) an be amended to inorporate the personal taxes and depreiation al-lowanes the �rm holds for its existing apital. Let tg and td represent the tax rates onapital gains and dividends, respetively, and let ~Zt represent the present value of the re-maining apital onsumption allowanes on the �rm's existing apital. Then, the value ofthe �rm beomes ~V = R(1�td)R�tg (V + ~Zt), where R = 1 + r1�tg in (10).9



assoiated with a given plan do not a�et the value of the �rm until the outlayhas taken plae.The third set of terms in (11) aptures the value of the quasi-rents thatthe �rm expets to earn on its produtive apital during the gestation period.These antiipated rents our beause the �rm annot adjust its produtiveapital to reet new information until the end of the gestation horizon. Therent in eah period is the di�erene between the ash ow (rekoned in termsof apital) and the steady state user ost of apital u�, multiplied by theaquisition value of the apital. The steady state user ost is given by(13) u� � q�0 � (1� Æ)R�1q�0;whih represents the total opportunity ost of obtaining a unit of apital ser-vies for the urrent period only. This is the steady state value of a unit ofprodutive apital q�0 today less proeeds that ould be obtained from sellingthe undepreiated portion of the installed apital next period.The �nal set of terms in (11) represents the value of the quasi-rents thatthe �rm expets to earn from the urrent gestation horizon onward. At thispoint, it is useful to temporarily onsider the problem from the soial planner'sperspetive. From this viewpoint, it is optimal for these antiipated rents tobe zero so that the marginal soial ost of apital is equal to its marginalsoial bene�t. This requires the steady state user ost of apital to equal theantiipated ash ow from the gestation horizon onward, so that(14) t��t+J+i�p = u� for all i � 0:This implies that ash ow is always expeted to return to its long run benh-mark of u� at the end of the gestation horizon. The �rm's optimal plans mustbe onsistent with this antiipated market equilibrium, so this ondition e�e-tively pins down the path of ash ows (and, in turn, produtive apital) fromthe gestation horizon onward. Consequently, the �nal set of terms in (11) arealways zero, so they drop out of the problem.Condition (14) an be used to determine the equilibrium aggregate ap-ital stok for period t+J and non-binding plans for the aggregate stok insubsequent periods. Using equations (6) and (14), one an determine that:(15) Kt+J = �h(1� �)a�pu� � 1b Et[Zbt+J ℄ 1b :Note that the quantity of apital is based upon a foreast of Z, rather thanits realization. Therefore, the apital stok an only respond to unantiipated10



movements in the fator Z with a lag. Moreover, transitory movements inZ that are not expeted to outlast the gestation horizon will never a�et theapital stok. Despite this, the apital stok does move roughly in proportionwith the demand for apital servies in the long run.9These statements an be established formally by assuming that the apitaldemand fator Zt follows an exogenous proess. For simpliity, I approximatea �nite-order ARIMA using the IMA form(16) lnZt+1 = lnZt + �+ �(L) t+1 +�(L)�t+1;where �t+s and  t+s, are normally distributed iid shoks with zero mean andunit variane. The parameter � is (approximately) the expeted rate of growthin the level of fritionless apital demand. �(L) and �(L) are the followingpolynomials in the lag operator L:�(L) � nTXi=0 �iLi; and �(L) � nGXi=0 iLi;(17)where nT is a positive integer, and nG is a non-negative integer. It is assumedthat there is a unit root in the MA polynomial �, whih ensures that only the t shoks have a permanent e�et upon the sequene fZt+sg1s=0.10Now onsider the rate of growth in the apital stok, given the exogenousproess for Z desribed above. Although it need not be generally true, assumefor expositional purposes that �(L) = 0 = , so that the permanent portionof Z is a random walk. Let gKt = � lnKt denote the growth rate in the apitalstok at t, where � is the �rst-di�erene operator 1�L. By equation (15), thisgrowth rate is(18) gKt+J = 1b �lnEt[Zbt+J ℄� lnEt�1[Zbt+J�1℄� :Substituting the onditional expetations of Zbt+j for j =J and j=J�1 intothis equation yieldsgKt+J = �+  t + �t min(J;nT )Xi=0 �i + min(nT�J;0)Xi=1 �J+i�t�i:The growth rate in produtive apital at t+J is equal to the unonditionalgrowth rate �, plus adjustments for the antiipated e�et of shoks dated t9Note that by Jensen's inequality, Et[Zbt+J ℄ 1b < Et[Zt+J ℄, so E[Kt℄ 6� E[Zt℄.10Further, assume that the umulative sum of the MA oeÆients in �(L) and �(L) arenever negative up to any lag. This ensures that the umulative e�et of eah shok is alwaysin one diretion. 11



and earlier on the rate of growth in the apital demand fator Z. The dynamie�ets of these shoks are summarized by the impulse responses�gKt+j��t = 8><>:0 j < JPmin(J;n)i=0 �i j = J�j j > J and �gKt+j� t = 8><>:0 j < J j = J0 j > J :Shoks never a�et produtive apital growth until the end of the gestationhorizon J , beause they were not observable when the apital plans were om-mitted. At the gestation horizon (j=J), apital growth generally has a largeath-up response to the antiipated umulative e�et of the shok on the de-mand for apital servies. For a permanent shok, the response of produtiveapital growth is on�ned to horizon J . No further adjustment is required atsubsequent horizons, beause the extra demand for apital is fully reetedin the apital stok. In omparison, a temporary shok may not a�et thegrowth rate of apital at all if it is suÆiently short-lived (so that nT < J).More generally, a temporary shok will prompt produtive apital growth athorizon J if it outlasts the gestation horizon. However, this will eventuallybe aompanied by negative apital growth in subsequent periods, sine thetemporary shok has no e�et on the fritionless demand for apital serviesin the long run.11 As the length of the gestation horizon inreases, it beomesinreasingly unlikely that temporary shoks will outlast the gestation horizonand prompt investment. Provided that the gestation horizon is suÆientlylong, apital growth will only be assoiated with permanent shoks.3. The Relationship of Investment to Cash Flow and Tobin's QIn this setion I onsider the relationship between the growth rate in pro-dutive apital and two variables that are ommonly used as indiators forinvestment, the rate of ash ow and Tobin's Q.By equation (14), the rate of ash ow is always expeted to return to thesteady state user ost at the end of the urrent gestation horizon. Despitethis, the realized demand for apital servies at this long run user ost willnot generally be equal to the �xed ow of apital servies available to the �rmin any given period. This is beause the quantity of produtive apital wasdetermined J periods earlier, using inomplete information. As a result, the11This fat an be demonstrated as follows:limj!1 � lnKt+j��t = limj!1 jXi=1 �gKt+i��t = limj!1min(j;nT )Xi=0 �i = �(1) = 0:12



shadow value of apital servies adjusts to equal the true eonomi value ofapital after the fat. This an be demonstrated by using equations (6) and(14) to yield(19) �t�p = ZbtEt�J �Zbt �u�:The realized ash ow does not generally equal the long run user ost beauseof errors in foreasting the apital demand fator Z. If this expetational erroris positive, the demand for apital servies at the long run user ost exeedsthe apital stok, so the rate of ash ow rises to reet the relative sarityof apital. If the expetational error is negative, there is a surplus of apitalrelative to the demand for apital servies at the long run user ost, so therate of ash ow delines.Indeed, one the apital stok has been established for any given period, theshadow user ost of apital must adjust to equilibrate the demand for apitalservies with the �xed supply.12 To aomplish this, the antiipated shadowvalue of apital adjusts to satisfy the Euler ondition(20) t�t+j�p = tq0;t+j � (1� Æ)R�1tq0;t+j+1;for all 0�j<J , where q0;t+j is the shadow value of produtive apital at t+j.13Intuitively, this ex ante shadow user ost represents the internal ost to the�rm of foregoing one unit of apital servies in period t+j: the antiipatedshadow value of produtive apital at t+j less the shadow value of a unit ofprodutive apital in the following period after depreiation. Figure 2 showsa graphial depition of this proess. At period t, the apital stok for t+Jis determined by the intersetion of the demand and supply urves for apitalservies. Demand is equal to the ash ow at eah K, onditional on urrentexpetations for Z. Supply is perfetly elasti at the long run user ost. Thisinitial deision �xes the supply of apital servies at t+J . An unantiipatedinrease in apital demand at t+J inreases the demand for apital serviesat eah user ost. Hene, the antiipated shadow user ost must rise to u0 toequilibrate antiipated demand with supply. To satisfy (20), the antiipatedshadow user ost at t+J must rise relative to its value in the following period.Intuitively, ash ow responds immediately to all foreast errors in Z, re-gardless of the duration of the disturbane. The shok will ontinue to a�et12The onept of an ex post shadow prie of apital (or temporary equilibrium with apital�xity) has been explored by Berndt and Fuss [1986℄ and Hulten [1986℄.13This an be alulated using the envelope theorem, by putting (10) in an iterative(Bellman) form, then alulating the partial derivative q0;t � VK=�p. The result for periodst+j>0 follows by the law of iterated expetations.13



the rate of ash ow until the apital stok has had a hane to fully adjust tothe additional apital demand. This an be established formally by using theexogenous proess for Z in (16) and equation (19) to alulate the followingimpulse responses for temporary and permanent shoks:� ln�t+j��t = (bPmin(j;n)i=0 �i 0 � j < J0 otherwise ; and � ln�t+j� t = (b 0 � j < J0 otherwise :Generally, the e�et of any shok on ash ow depends on the magnitude ofthe shok and the elastiity fator b. At impat, a shok raises ash ow by theprodut of b and the impat MA oeÆient. To the extent that it persists, ashok an a�et future ash ows up to the gestation horizon. For a horizon ofj periods after the shok, the e�et depends on the umulative sum of theMAoeÆients up to lag j. Intuitively, this sum represents the umulative e�etof the shok on the foreast error for Zb. Neither temporary nor permanentshoks a�et ash ow at the gestation horizon or beyond, one apital has theability to adjust. The ex post rents aused by shoks are always unantiipatedand transitory, as one would expet in a ompetitive market.The degree of o-movement between the rate of ash ow and investmentdepends on the nature of the shok. For permanent shoks, the o-movementis positive. Cash ow responds to the shok immediately, and ontinues to bea�eted to the end of the gestation horizon. Although growth in the produ-tive apital stok is postponed to the gestation horizon and beyond, invest-ment spending ommenes at the planning horizon P . Therefore, both ashow and investment respond in the same diretion during the building period.Temporary shoks with a duration shorter than the gestation horizon do notprompt investment, so there is no positive o-movement. Temporary shoksthat outlast the gestation horizon may ause investment to o-move positivelyor negatively with ash ow. In order for a temporary shok to a�et apitalgrowth, it must also a�et ash ow up to the end of the gestation horizon, inthe same diretion as the shok. If this is the ase, the investment response atthe building horizon is in the same diretion as ash ow. However, sine thetemporary shok annot a�et the level of the apital stok in the long run,the positive initial response of investment must eventually be reversed withnegative investment. Some of this negative investment may our while ashow remains elevated within the building phase. Nonetheless, it is reasonableto expet the orrelation between investment and ash ow to be positive,on balane, with the strength of the orrelation depending on the relativepreponderane of temporary and permanent shoks in the eonomy.Tobin's Q is usually alulated as the urrent market value of a �rm dividedby the replaement value of its urrent apital stok. For now, assume that14



the replaement value of apital is measured as the replaement value of theprodutive apital stok. Then (11) an be used to determine that(21) Qt = q�0 + B�1Xi=1 si;tKt q�i + J�1Xi=0 R�i � t�t+i�p � u�� Kt+iKt :The �rst two terms in (21) represent the value of the funds ommitted toprodutive apital and ongoing building e�orts, per unit of produtive apital.The unonditional value of these two terms generally exeeds one, for tworeasons. As demonstrated earlier, the unonditional shadow values inorporateompensation for foregone interest during the gestation period. As well, theplanned apital additions si;t are generally positive owing to eonomi growth.Therefore, when there are gestation lags, this measure of Q should exeed onein the long run. The �nal term shows that Q reets the antiipated value ofeonomi rents looking forward over the entire gestation horizon.Sine Q reets both the value of produtive apital and of ommittedplans, it is not equivalent to the shadow value of produtive apital q0;t. InAppendix A, I demonstrate that(22) Qt = q0;t + J�1Xi=1 qi;t si;tKt ;where qi;t is the urrent shadow value of si;t. Further, I show that the shadowvalue of produtive apital is its steady state value, plus the disounted valueof all antiipated rents during the gestation period:(23) q0;t = q�0 + J�1Xj=0 � R1� Æ��j � t�t+j�p � u�� ;where the disount fator inludes (1 � Æ) in order to ompensate for theopportunity ost of depreiation. This on�rms that both q and Q reet thesame eonomi rents that a�et ash ow. As �ltrations of the same shokproess they provide similar eonomi information.Moreover, neitherQt nor q0;t onsistently provide reliable information abouturrent investment. Reall that the apital stok is determined by equatingthe antiipated demand for apital servies to the long run user ost of apitalu�. This orresponds to setting tq0;t+J equal to the �xed long run shadow valueq�0. Consequently, the deviation between the realization of q0;t+J and q�0 is aforeast error that must be orthogonal to produtive apital growth at t+J .However, urrent values of Qt and q0;t o-move with investment to the extent15



that shoks to Z reate unantiipated rents during the building phase of thegestation period. In addition, there will be a response in Q owing to the direte�et of investment expenditures on the value of the �rm during the buildingproess. Intuitively, a permanent shok to Z a�ets Qt (and q0;t) on impat, byausing antiipated rents during the entire gestation horizon. Both variablesrespond in the diretion of the shok throughout the gestation period beauserents persist over time. At the planning horizon, investment expendituresbegin to respond to the shok. Therefore, both Qt and q0;t ovary positivelywith investment during the building proess. However, as with ash ow, thiso-movement breaks down for temporary shoks that are not suÆiently long-lived to prompt investment. When this is the ase, movements in Qt (and q0;t)are unrelated to investment.These laims an be on�rmed formally using impulse responses for thelog-linearized value of Qt. Using the log-linearization in Appendix B, theimpulse responses an be alulated using the responses for ash ow andapital growth, yielding� lnQt+j� t � B�1Xi=1 �i�gKt+j+i� t + J�1�jXi=0 !i� ln�t+j+i� t= 8>>>>><>>>>>:b
J�1�jPi=0 !i 0 � j � P�J�j + b J�1�jPi=0 !i P < j < J � 10 j � J ; and� lnQt+j��t � B�1Xi=1 �i�gKt+j+i��t + J�1�jXi=0 !i� ln�t+j+i��t= 8>>>>><>>>>>:

J�1�jPi=0 !ibmin(j;n)Pi=0 �i 0 � j � P�J�j min(J;n)Pi=0 �i+max(j�P�1;0)Pk=1 �J�j+k�J+k+J�1�jPi=0 !ibmin(j;n)Pi=0 �i P < j < J � 1B�1Pk=1 �k�j+k j � J :Here, �i is the (semi-)elastiity of Qt with respet to apital growth at hori-zon i. In the appendix, I demonstrate that this elastiity is dereasing in i.The parameter !i is the elastiity of Q with respet to ash ow at horizoni, whih also dereases in i for reasonable alibrations. These responses re-et three lear phases. The �rst phase oinides with the planning horizon,with Q inreasing to reet the present value of antiipated rents throughoutthe remainder of the gestation period. The value of these antiipated rents16



eventually deline as a new long equilibrium beomes imminent, beause thehorizon over whih they our beomes smaller. However, this e�et neednot be strongest on impat. If the shok has suÆient duration to promptinvestment, there is a seond phase in whih Q rises to reet the value ofnon-produtive apital as it is aumulated throughout the building phase.This e�et beomes stronger as the new long run equilibrium approahes. Fi-nally, a third phase may arise for temporary shoks that outlast the gestationhorizon. In this phase, the apital stok ontinues to adjust downward as theshok dies out over time. In this phase, there are no rents, but Q delines toreet the value of ongoing disinvestment.4. A Reoniliation Between Measured Capital and Produtive CapitalThe results above require produtive apital to be measured using an a-ounting sheme that orretly aounts for building lags. In pratie, mea-sures of the apital stok are usually formed under the assumption of onebuilding period.14 Therefore, the estimate of the apital stok at any point intime inludes both ompleted and inomplete apital. Consequently, standardstatistial measures of Qt, apital growth, and ash ow do not oinide withthe true produtive measures desribed above.One strategy for dealing with this problem is to use investment expendituresto onstrut measures of the apital stok that aount for alternative buildinglags. However, this is unsatisfatory beause it imposes a lag struture on thedata. The strategy adopted in this paper is to �nd a mapping from aountingmeasure to the unobserved measure of produtive apital. This mapping anthen be inorporated into the interpretation of statistial results, allowing thedata to tell its story.Let ~Kt denote the aounting measure of the apital stok at t, formedusing a standard one period time to build apital aumulation identity. InAppendix C, I show that the produtive measure of apital, K, maps to thisaounting measure by the lag polynomial(24) ~Kt+1+i = �(L)Kt+B+i; where �(L) = BXj=0 �B�jLj:This is simply a generalization of the standard aounting relationship, whihorretly measures the produtive apital stok in the speial ase where J=14With the exeption of eletri light and power strutures, the BEA does not makean expliit attempt to adjust for building lags for most types of apital. The pratie isjusti�ed by the fat that the aggregate value of unompleted plants has been a small andstable proportion of the value of ompleted plants through time (see BEA [1999℄).17



B = 1 and �1 = 1.15 In this general ase, the aounting measure ~Kt+1 is aweighted average of the planned stoks of produtive apital from t+1 to t+B,with the weight at horizon j equal to the spending proportion �B�j. Providedthat there is a building period, the aounting measure inorporates hangesin the produtive apital stok before they our.It is also useful to determine a mapping from the aounting measure ofapital growth to the true produtive measure. De�ne ~gKt+i as the rate ofgrowth in aounting apital, � ln ~Kt+i. The appendix shows that this mapsto the true produtive measure by the lag polynomial(25) ~gKt+1+i � ~�(L)gKt+B+i; where ~�(L) = BXj=0 ~�B�jLj;and ~�(1) = 1. Again, this generalizes the standard ondition, whih orretlymeasures produtive apital in the speial ase where J =B=1. The growthrate in the statistial measure is approximately a weighted average of thegrowth rates in the produtive apital stok over the next B periods. Theweights ~�j are losely related to the true spending weights �j.16The responses desribed earlier in this setion an be translated to aseswhere apital is measured using the standard aounting. Aounting apitalgrowth never reets shoks until the planning horizon is omplete. Thereafter,a planned addition to produtive apital works its way through the buildingphase, a�eting the observed measure of apital growth by the amount that ithanges spending in eah period. This an be seen using the equations�~gKt+j� t � 8><>:0 j � P~�J�j+1 �gKt+J� t J > j > P0 j > J ; and�~gKt+j��t � 8><>:0 j � Pmin(j�P;B�1)Pi=0 ~�B�i �gKt+B+j�i�1��t j > P :These responses show that the measured apital growth assoiated with anyplan is spread throughout the building period. For example, onsider a per-manent shok  t that inreases gKt+J by one perentage point. Due to the15Note that this also embeds a speial ase where there is no time to build, so �0 = 1. Forthis ase, the end-of-the-period statistial measure, after urrent investment, is the atualquantity of produtive apital during the period.16The weights ~�j give slightly more importane to spending at longer horizons j than �j ,and less importane to shorter horizons. 18



planning lag, the shok doesn't a�et observed apital growth up to t+P+1.During the building phase, the shok a�ets observed apital growth by ~�jperentage points in eah period, where j is the number of periods to the endof the gestation horizon. One the building period is omplete, there are nofurther e�ets on observed apital growth.Sine ~Kt is used to alulate measures of ash ow and Q, disrepaniesbetween produtive apital and the aounting measure also a�et how thesevariables respond to shoks. The aounting measures of ash ow and Q arerelated to their true produtive measures by(26) ln ~�t+i = ln�t+i � ln ~Kt+iKt+i and ln ~Qt+i = lnQt+i � ln ~Kt+iKt+i :Applying a linear approximation yields that(27) d ln ~Kt+iKt+i � ~�(L)dgKt+B+i; where ~�(L) = B�1Xj=0 ~�B�jLj;and ~�B�j = ~�B + : : : + ~�j. Therefore, the hange in the \error" assoiatedwith mismeasurement of the apital stok is related to a distributed lag of thegrowth rates in produtive apital over the building horizon.This measurement disrepany a�ets the interpretation of the impulse re-sponses for ash ow and Q as follows. Up to the end of the planning horizonP , the error has no e�et. Intuitively, this is beause the aounting measureof the apital stok has not yet reated to the shok. If the shok has suÆientduration to prompt investment, the aounting measure of the apital stokrises over the ourse of the building period. Therefore, it has a progressivelynegative inuene on the impulse response. If b is below one, this e�et eventu-ally beomes strong enough to outweigh the positive inuene of rents on ashow and Q, so the response beomes negative at suÆiently long horizons.III. Empirial Evidene1. DataI onstruted my dataset using quarterly aggregates for non-farm non-�nanial U.S orporations from 1959Q2 to 2002Q4. Series for Tobin's Q,ash ows, and the growth rate in apital were onstruted using seasonally-adjusted data from the Flow of Funds Aounts of the Federal Reserve Board,19



the Bureau of Eonomi Analysis (BEA), the Bureau of Labor Statistis (BLS),and Data Resoures International (DRI). The aounting measure of the ap-ital stok was generated iteratively using quarterly �xed investment expendi-tures and a one period time-to-build apital aumulation identity.17 FollowingHall [2001℄, I alulate the measure of the aggregate market value of physialapital as the value of equity and debt, less the value of all non-apital assets(inluding liquid assets), residential strutures, and inventories. Both Tobin'sQ and ash ows are adjusted to aount for orporate inome taxes and theinuene of investment tax redits and depreiation allowanes on the e�e-tive prie of apital. A detailed desription of the data onstrution is givenin Appendix F.Time plots of the data are shown in Figures 3 to 5. Table 1 ontains samplemoments. Figure 3 demonstrates the onsiderable volatility in apital growth,whih exhibits many prolonged movements around a mean of about 1.1 perentper quarter. Cash ows and Tobin's Q are plotted in Figures 4 and 5, respe-tively. Sine the tax orretion for the prie of apital goods dereases thereplaement value of the aounting measure of apital, it auses a notieableinrease in both series. The measure of Q is very volatile, and does not seemto revert to a disernable long run level. Rather, the series is haraterized byits many high-frequeny movements around prolonged, low-frequeny trends.Note from Table 1 that the sample average of the tax-orreted measure iswell above one, whih is onsistent with the gestation model for apital. Cashow seems to yle around a stable long run mean, with movements resem-bling the business yle. Although there are periods where ash ow and Qexhibit oherene with investment, neither is a onsistent indiator. Despitethis, the three variables have positive mutual orrelation, whih is apparentby inspetion of the plots.Visually, it appears that the Q series may be non-stationary. Table 2 ex-plores this possibility using the Augmented Dikey Fuller test and the VarianeRatio test. The Dikey Fuller test rejets a unit root in ~gKt and ~�t, but fails torejet for ~Qt. This is problemati for most investment theories, sine Q shouldrevert to a well-de�ned long run level. Inspetion of Figure 5 suggests thatthis failure may reet very low-frequeny movements in the level of Q, whihould be explained by a number of fators, inluding, for example, hangesin the e�etive tax rate on apital gains and dividends, or hanges in ompo-nents of �rm value that are outside of the model, suh as intangible apital17A pre-sample for the apital stok was generated for the period 1947Q1 to 1959Q1 inorder to minimize the possibility of errors assoiated with an appropriate starting value.The initial value for the end of 1946 was set equal to the BEA's estimate of the real apitalstok. 20



(Hall [2001℄).18 Variane ratios for Q diminish onsiderably at longer horizons,whih provides evidene against a unit root.2. The Existene and Duration of Gestation LagsIn this setion, I use tests involving Solow residuals and labor hours growthto onsider two distint issues. The �rst issue is whether there is a delayedresponse of investment to aggregate shoks, whih I interpret as a planninglag. The seond issue is whether there is a delayed response of produtiveapital to investment, whih would be assoiated with a building lag.John Fernald kindly provided quarterly Solow residuals for the period 1965Q2to 2001Q4 that are orreted for measurement errors owing to hanges in laborquality and variable fator utilization using the methodology in Basu, Fernald,and Shapiro [2000℄.19 The Solow residuals are divided by a labor share of� = 2=3 to onvert to units of labor-augmenting tehnologial progress. Quar-terly data for aggregate labor hours of non-�nanial orporations are from theBLS. Figure 7 shows a time plot of the puri�ed Solow residuals and the growthrate in aggregate labor hours.i. Evidene from Previous WorkThere have been a few attempts to measure the duration of the gestationperiod using ase studies at the plant and �rm level, and other non-parametrimethods. Estimates by Koeva [2000℄, Mayer [1960℄ and Krainer [1968℄ sug-gest that the apital gestation lag ranges between one and two years. Mayer[1960℄ and Jorgenson and Stephenson [1967℄ obtain estimates of the planningduration ranging between six months and a year.20ii. PlanningMost prominent models do not feature a delayed response of apital growthto shoks. To illustrate this, onsider the e�et of a positive permanent shok.18The valuation data are not adjusted to reet hanges in the tax rate on dividends andthe apital gains rate, so there may be some trends owing to this mismeasurement. Summers[1981℄ and MGrattan and Presott [2002℄ demonstrate that hanges in these tax rates anhave large e�ets on �rm value.19This study makes an additional adjustments for apital adjustment osts and for therealloation of resoures aross setors, whih I remove for the purpose of my alulations.20This evidene is supported by strutural VAR estimates by Ereg and Levin [2003℄using aggregate data, who �nd a seven quarter lag in the response of business investmentto monetary shoks. 21



In the fritionless neolassial model, investment should respond to the shokimmediately, with the maximum rate of response at impat. In a model withonvex adjustment osts, the investment response is also largest on impat,but is more drawn out over time. Models with �xed adjustment osts, suh asCaballero and Engel [1999℄, and irreversibility, suh as Abel and Eberly [1993℄,tie the likelihood of investment to the degree of departure from the fritionlessdemand for apital servies. Provided that the shok is not too large, generallysome �rms will invest, and some will not. This implies that aggregate apitalgrowth depends on the distribution of the apital imbalanes for all �rms in theeonomy. Sine some �rms are prompted to invest in response to an aggregateshok, neither of these issues ompliate the initial timing of the aggregateresponse, only the magnitude. To get the maximum bene�t, most �rms thatdo adjust should do so immediately.21To investigate whether there is a planning lag in response to tehnologyshoks, I estimated the following equation using OLS:(28) ~gKt+1 = 0 + nsrXi=0 di ~srt�i + e1t;where ~srt�i is the puri�ed Solow residual at lag i. To onserve degrees of free-dom, I hose a maximum lag length of 14 quarters, whih seems a reasonablebound for the total gestation horizon given the previous researh disussedabove. This spei�ation nests all possible planning and building ombina-tions as speial ases. Given the generalized form of the growth rate in theaounting measure of apital in (25),(29) d~gKt+1d ~srt�P�i = BXj=0 ~�B�j dgKt+B�jd ~srt�P�i = dP+i; for i = 0; : : : ; B:Most investment models make the impliit assumption that P = 0 and thateither ~�0 = 1 or ~�1 = 1. Sine these models suggest an immediate responseof produtive apital growth at the building horizon, d0 should be positive. Ifthere is a planning lag, dP should be the �rst positive oeÆient, and P shouldbe an estimate of the planning horizon.The magnitude of the estimated oeÆients an be given a strutural inter-pretation in the gestation lag model for a speial ase where tehnology andlabor supply disturbanes are unorrelated, and the tehnology proess is a21Although it is possible that some �rms might reah their investment trigger faster inthe following periods (due to depreiation), it seems doubtful that this e�et would omposemost of the response. 22



random walk. For this ase, the results of Appendix D show thatdP+i = ~�B�i (1 + �) :Empirial estimates of the wage-elastiity of aggregate labor supply � rangebetween 0 and 1. For the speial ase where � = 0, the oeÆient dP+i shouldbe a diret estimate of the spending share ~�B�i.Results for this regression are shown in Table 3. CoeÆient estimates areinsigni�ant up to the fourth lag, whih is signi�ant at ten perent. Thissuggests a planning period for investment of one year, whih is at the highend of previous estimates by Mayer [1960℄ and Jorgenson and Stephenson[1967℄. Thereafter, the oeÆients for lags �ve through ten are eah signi�antat levels of �ve perent or lower. This suggests a planning lag of four or�ve quarters. The magnitude of the oeÆients at lags four through sevenindiate that about 13 perent of the investment expenditures assoiated witha given plan our during this time window. If the tenth lag is interpretedas the end of the building horizon, the estimates suggest a total gestationperiod of ten quarters, with a building phase from period four to period ten.However, this interpretation is subjet some important aveats. In priniple,the building period should be measured by the delay between the initial hangein investment spending and the time it begins to a�et produtive apital.Sine it is possible for building to ontinue with little or no expenditures, thismay not aurately reet the length of the building horizon. A seond onernwith this interpretation is that the signi�ane of the lagged oeÆients beyondthe initial planning stage may reet a planning period ombined with onvexadjustment osts for apital and/or prolonged general equilibrium adjustment.In the absene of labor supply endogeneity, the oeÆients di, i = P; : : : ; Jshould sum to one over the building period. The tests reported in the bottomportion of Table 3 show that the umulative sum of the oeÆients up to thetenth lag is about one fourth, falling well short of the required benhmark interms of magnitude and signi�ane. Among other things, this failure mayreet inonsisteny in the regression estimates owing to measurement erroror endogeneity. Another plausible explanation is the presene of external ad-justment osts in general equilibrium. In dynami general equilibrium modelsthat exhibit the balaned growth property, it is well known that permanenttehnology shoks prompt an equivalent umulative response in apital growth.However, due to the smoothing of onsumption and labor, the response willtend to be drawn out over time even in the absene of internal adjustment ostsand/or apital gestation lags. Reasonably alibrated RBC models suggest thatit takes the eonomy between three to six quarters to omplete one-fourth ofthe total apital growth mandated by a permanent tehnology shok. In the23



benhmark ase of Campbell [1994℄, whih features Cobb-Douglas prodution,�xed labor, and unit intertemporal substitution elastiity, the eonomy takesabout seven quarters to omplete one-fourth of the mandated apital growth.22Indeed, this smoothing e�et beomes more pronouned as the durationof the gestation period inreases. Figure 9 shows the response of measuredapital growth to a permanent tehnology shok in a alibrated RBC model, forbuilding lags ranging from one to nine quarters. In eah ase, it is assumed thatexpenditures are distributed evenly throughout the building period. Detailsof the model setup and alibration are outlined in Appendix E. Aordingto these simulations, the time required to omplete one fourth of the totaladjustment inreases exponentially with the building horizon, rising from sevenquarters with TTB=1, thirteen quarters with TTB=5, to 104 quarters withTTB=9. Given these results, the magnitude of the estimated oeÆients arenot unreasonable, nor is the notion that they ould be a reasonable outomefor an eonomy without expliit internal adjustment osts for apital.The regression results provide evidene for a substantial planning lag. Notonly is there a delayed response of investment to shoks, but the umulativeresponse up to the third lag is not signi�antly di�erent from zero. As well,the harater of the response is inonsistent with other models. The responseis atually hump-shaped, peaking at the seventh lag. Most models withoutplanning would tend to have the largest response on impat, or, most favorably,a at response out to some horizon. The estimated response is inonsistentwith these possibilities. To wit, the estimated umulative response from thefourth lag to the third lag is statistially larger than the estimated umulativeresponse from impat to the third lag. Although these fats are hallenging toother models, they an easily be reoniled with planning and building lags.iii. BuildingBuilding involves the transformation of apital goods to produtive apital.The time required for this transformation is not easily estimated, beauseprodutive apital is not diretly measurable. The strategy employed in thissetion is based on the priniple that hanges in produtive apital ontributediretly to output growth. Therefore, some portion of observed output growthmust be attributable to growth in the produtive apital stok.Applying the standard tehniques of growth aounting to the simpli�edCobb-Douglas prodution funtion (1), one an obtain the following impliit22Adding a labor supply deision tends to extend the period of adjustment, but notdramatially. 24



measure of the growth rate in produtive apital and tehnology:(30) ~mt � ~gYt � �~gHt = (1� �)gKt + srt;where ~gYt and ~gHt are the measured growth rates in output and labor, and srtis true tehnologial growth. This suggests a strutural equation of the form:(31) ~mt = �sr + (1� �)gKt +  sr;twhere  sr;t is a mean-zero random disturbane. In priniple, this equationis a valid regression spei�ation provided that the true tehnology shok isorthogonal to the growth rate in produtive apital, whih is satis�ed if thereis at least a one-period time to build for apital. This suggests that one mightunover the length of the building period by regressing values of ~mt on lags of~gKt�j, where the signi�ant lagged oeÆient at the longest lag is an estimateof the building horizon.23Unfortunately, the above spei�ation has undesirable properties that makethe results diÆult to interpret. Generally, there is no one-to-one mapping be-tween produtive apital growth and measured apital growth. By inspetionof (25), suh a mapping only exists for a speial ase where �B = 1, so thatgKt+B = ~gKt+1.24 For this speial ase, suh a regression would orretly esti-mate the building horizon. This speial ase holds for any investment modelwith a standard one period building horizon (B = 1). For other ases, theharateristis of the mapping depend on the unobserved roots fxjgB�1j=1 of thelag polynomial ~�(x). Generally, there an be stable solutions for gKt forwardand bakward (or both) in the observed measure ~gKt , where the roots anbe negative, positive, or omplex. This leads to ounterintuitive results thatompliate the interpretation of the estimates.This an be illustrated using some simple examples. Consider a ase whereB=2, with ~�2=2/3 and ~�1=1/3. In this ase, the polynomial ~�(L) is simply(1+ :5L), whih has a stable root of -2. For this very simple ase, the mappingis gKt = 32 1Xj=0 ��12�j ~gKt�1�j:Here, oeÆients on the lags of measured apital growth are non-zero fromthe �rst lag onward and have signs that osillate from negative to positive23The fat that we are looking for the longest lag an easily be seen in Figure 1. Expen-ditures join the apital stok sooner as the �rm nears the end of the building period.24Note that I assume that �B > 0 in order for the building horizon to be distinguishablefrom planning. This rules out other one-to-one mappings.25



at suessive lags. Although the oeÆients attenuate in magnitude at largerlags, it is highly plausible that estimates would yield signi�ant oeÆientsfor j � B. Therefore, the highest lag with a signi�ant oeÆient annotbe interpreted as an estimate of the building horizon. As a further example,onsider a ase where B=2 but ~�2 =1/3 and ~�1=2/3. In this ase, the rootof the lag polynomial ~�(L) is unstable at -0.5, and the mapping isgKt = �32 1Xj=0 ��12�j ~gKt+j:The suggested regression would have a signi�ant impat oeÆient, but nosigni�ant oeÆients at any other lag. The results would inorretly point toa one period building horizon.A less problemati strutural spei�ation an be obtained by ombiningequations (25) and (31) to obtain the following spei�ation:~gKt+1 = b0 + BXj=1 bj ~mt+j + et; where(32) b0 � � �sr1� �; et � � BXj=1 ~�j1� � ~ sr;t+j; and bj � ~�j1� �for j = 1;: : : ;B. Here, observed apital growth depends on forward valuesof the impliit measure of apital growth and the tehnology disturbane. Byonstrution, the impliit measure ~mt is negatively orrelated to the error termbeause it ontains the tehnology shok  sr. However, potential endogeneityproblems an be avoided by instrumenting for the forward values of ~mt+j.Finding an appropriate set of instruments is a thorny issue. First, the re-gression requires a lot of instruments. To avoid inonsisteny, the numberof inluded leads of ~mt should be no smaller than the building lag. To sat-isfy the order ondition, at least one instrument must be inluded for eahlead. Seond, although the set of valid instruments ontains the entire timet information set, most hoies are likely to have limited strength beausethe variation in eah regressor is partially attributable to an unforeastabletehnology shok. Nonetheless, some suess was ahieved using urrent andlagged values of the measured growth rates in apital and labor hours. Thesehoies were motivated by theoretial onsiderations. In order to identify allthe spending shares ~�j, information about the growth rates in the produtiveapital stok from t+1 to t+B must be inluded. Provided that tehnologyshoks are exogenous, serially unorrelated, and unforeastable, anything inthe time t information set is unorrelated to et. Aording to equation (25),26



measured apital growth at t reets the growth rate in produtive apitalfrom t to t+B�1, while lags up to t+B�1 ontain additional identifyinginformation. However, these measures provide no information on gKt+B, leav-ing ~�T+B unidenti�ed. Under the model, planned additions to the produtiveapital stok reet information on labor growth from J periods earlier. Pro-vided that P > 0, labor growth from periods t to t�J+1 should ontain theneeded information, plus overidentifying information about the growth ratesfrom t+1 to t+B�1.Unfortunately, the estimates using this spei�ation are likely to su�er froma signi�ant small sample bias. This is beause the redued-form disturbaneset are autoorrelated at lags up to B�1, whih violates the Gauss-Markovassumptions. Therefore, tests that rely on asymptoti distributions will givemisleading results. To orret for this problem, I generate bias-orreted on-�dene intervals for the estimated parameters, using a bootstrap tehnique.25The results of the regression are shown in Table 4. The set of explanatoryvariables ontains twelve forward values of the ~mt+j, whih are instrumentedusing measured rates of growth in apital and labor hours for lags rangingfrom zero to thirteen quarters. After orreting for small-sample bias usinga bootstrap, the estimated oeÆients are statistially signi�ant at leads +2and from +4 through +8 at signi�ane levels of ten perent or higher.26 Theestimates at the remaining leads are not di�erent from zero at signi�anelevels of at least ten perent. This ould indiate a lak of power against thenull, whih is a reasonable assertion when the result is onsidered in onjun-tion with the other estimates. Nonetheless, the presene of zero oeÆients atthese leads is not inonsistent with the theory. The partial R2 (Shea [1997℄)for eah of the regressors is about 0.10, whih raises the possibility of thesize distortions owing to weak instruments that are disussed by Bound et al.[1989℄, Stok, Wright, and Yogo [2002℄, and others. These distortions mayause the true signi�ane level of the tests to be understated. Notwithstand-ing these possible distortions, the fat that the partial R2 does not delinewith the forward lead o�ers partial support for the gestation lag story, as doesthe apparent e�etiveness of deep lags as instruments. Considered olletively,the estimates are suggestive of an eight-quarter building horizon, whih is inline with the estimates that Koeva [2000℄ obtained using a non-parametrimethodology. This estimate, ombined with the planning estimate of one yearobtained in the previous setion, suggests a total gestation lag for new apital25In order to preserve the autoorrelation struture of the estimates in the bootstrapsimulation, I re-sample bloks of twelve adjaent observations.26I report bias-orreted intervals at a 90% signi�ane level. Intervals were also alulatedfor signi�ane levels of 95% and 99%, for whih I only report signi�ane.27



of about three years.Aording to the strutural spei�ation in (32), the oeÆients bj shouldsum to (1� �)�1 over the building horizon. Sine apital's share of output isroughly 1/3 in aggregate data, the estimates should sum to about three. Amodel with a standard one-period time to build apital aumulation identityshould satisfy the restrition that b1 = 3. The fat that this null is easilyrejeted provides evidene against this alternative. However, the null that theumulative sum of the estimated oeÆients is three annot be rejeted usingthe bootstrapped on�dene intervals, for signi�ane levels of ten perent orhigher. If the building horizon is interpreted as eight periods, the 90% uppersigni�ane level is about 3.03, while at eleven periods, the upper limit rises toabout 3.78.27 This reinfores the building horizon estimate of eight quarters.The reasonableness of an eight quarter building horizon an also be assessedusing an alternative test. Aording to the generalized proess for measuredapital growth in (25), the unonditional autoorrelation of measured apitalgrowth at a given lag annot be zero unless that lag exeeds the buildinghorizon.28 Beyond the building horizon, this orrelation should eventually goto zero, although it may extend beyond the building horizon if the growthrate in produtive apital is serially orrelated. Therefore, an upper boundon the building horizon is the lag at whih the unonditional autoorrelationof measured apital growth is statistially zero. Consider the orrelogram for~gKt in Figure 8. These orrelations suggest that the measured growth ratein apital is unonditionally autoorrelated up to ninth lag, at ten perentsigni�ane. This suggests an upper bound for the building period of ninequarters, slightly higher than the estimate obtained above.3. Temporary and Permanent InnovationsThis setion estimates impulse responses to temporary and permanent ag-gregate shoks that are identi�ed using the zero-frequeny restritions em-ployed in other ontexts by Shapiro and Watson [1988℄ and Blanhard andQuah [1989℄. Aording to this sheme, only permanent shoks an a�et theapital stok in the long run. This is a very weak restrition that should besatis�ed in any model that onverges to a neolassial apital market equilib-rium in the long run. This inludes standard investment models with onvex27Note that there may be a potential bias owing to endogeneity between the approximationerror in (25) and the instrumented regressors. Simulations by the author using a alibratedsystem (whih an be obtained upon request) suggest that this auses a very small negativebias in large samples.28This holds beause ov �~gKt ; ~gKt�j� > 0 for j=1: : :; B, provided that �j > 0.28



and non-onvex adjustment osts, transation osts, and irreversibility. Sinethe identifying restrition is reasonable for most models, the properties of theestimated impulse responses an be ompared to their respetive preditions.It is important to assess the models using reasonable standards, due to thenature of small-sample VAR estimation. It is typial for identi�ed VARs toestimate a smooth impulse response, even if the data-generating proess hasmore well-de�ned harateristis. Moreover, most of the well-known resultsfrom alternative models are demonstrated in a partial equilibrium setting.Prie adjustment in general equilibrium should tend to smooth results om-pared to these preditions.29 Therefore, it is important to judge the modelsby their onsisteny with the general harater of the estimated responses.Some reasonable impliations of the gestation lag model are as follows.Due to the planning lag, measured apital growth should respond sluggishlyto shoks. If there is a signi�ant gestation horizon, measured apital growthshould reat muh more strongly to permanent innovations than to temporaryinnovations of the same magnitude. Given the sizable gestation lags estimatedabove, it would be reasonable to expet little or no response of apital growthto temporary shoks. Consequently, almost all of the variane of investmentshould be attributable to permanent shoks. In omparison, Q and the rate ofash ow should respond immediately to both disturbanes, with the responselimited to the duration of the gestation horizon. The ompliations that arisedue to the mismeasurement of produtive apital should also be onsidered.For shoks that prompt investment, ash ow should deline monotoniallyover the ourse of the building period, beause the measured apital stok (inits denominator) antiipates the atual produtive stok. This e�et shouldnot our for Q, sine it is roughly o�set by the e�et of the �rm's ongoingaumulation of apital during the building period on market value. Signi�antproportions of the variation in Q and ash ow should be attributable to bothtemporary and permanent shoks.Alternative models broadly imply that aggregate investment should respondimmediately to permanent shoks. In a model with onvex adjustment osts,the response attenuates over time. Other models, suh as �xed adjustmentosts and irreversibility, imply a more onentrated response. Broadly, thesemodels are well proteted by a null that the response to the permanent shok isnot upward-sloping over some horizon. The response to temporary shoks foralternative models are more diÆult to assess. A non-positive response is evi-29For example, Thomas [2002℄ demonstrates that the lumpiness of miro-level investmentsuggested by a partial equilibrium model with transation osts will be smoothed onsider-ably in aggregate general equilibrium. 29



dene against a onvex adjustment ost model{if the shok a�ets q, it shouldprompt investment. In models with �xed adjustment osts or irreversibility,it is sensible to think that �rms are relutant to adjust to temporary shoks.However, there is little reason to believe that suh �rms would redue invest-ment. With this in mind, a null that the response is non-negative is more thanadequate to protet these models.I estimate two separate bivariate strutural VARs. Spei�ation (1) om-bines measured apital growth (in annual perentage terms) and the log ofmeasured ash ow (Y 1t = [~gKt+1; ln ~�t℄0), while spei�ation (2) ombines theapital growth measure and the log of Tobin's Q (Y 2t = [~gKt+1; ln ~Qt℄0). For eahsystem, I estimate a VAR of the formY jt = Bj0 +Bj1Y jt�1 + : : :+BjpY jt�p + ejt ; where E hejtej0t i = �j;and p is the number of lags.30 The estimated VARs for j = 1; 2 are thenonverted to strutural moving average form(33) Y jt = �jY + 1Xi=0 �ji � jt�i; �jt�i�0 ; where �jY = E [Yt℄ ;where  jt�i and �jt�i are the permanent and temporary shoks at time t � i,and the �ji are (2x2) matries of strutural oeÆients. The identi�ation ofeah system rests upon the assumption thatlims!1 � lnKt+s��t = lims!1 sXj=0 �gKt+1+j��t = 0;so that the hanges in the measured apital growth prompted by the temporaryshok sum to zero.Generally, the identi�ation methodology requires both variables in Yt tobe stationary, and the results are sensitive to departures from this ondition.This sensitivity is a ommon empirial problem assoiated with zero-frequenyonstraints. For instane, Blanhard and Quah [1989℄ make adjustments fornon-stationarity in the unemployment rate, from whih they remove a �ttedlinear time trend. Reall that the evidene for stationarity of Q is ambigu-ous: Dikey-Fuller tests fail to rejet a unit root, while the variane ratio testsuggests stationarity. To avoid problems assoiated with the potential non-stationarity of Q, I eliminated a very low frequeny trend using an HP �lter.3130The lag length is hosen aording to the AIC.31The �lter was estimated with � = 99999. The results seem fairly robust to other hoies.30



The rationale behind applying this �lter is that the sope of the theory islimited to movements in Q up to the gestation lag. Arguably, the lower fre-quenies reet mismeasurement of tax e�ets, intangibles, and other thingsthat are outside of the theory. Figure 6 shows the �tted trendline againstatual Tobin's Q, in logs. The detrended series of (logged) Q is the atualseries minus the trendline.For robustness, I report 90 perent on�dene intervals estimated usingtwo alternative methods. The �rst intervals, whih are denoted with \� ��," are alulated using the asymptoti (normal) distribution of the impulseresponse (see L�utkepohl [1993℄). The seond set of intervals, denoted with\��", employ the bootstrap-after-bootstrap method of Kilian [1998℄, whihis more robust in small samples.32Figures 10 and 11 show the impulse response estimates for spei�ationsj=1; 2. In many respets, the harater of these responses is onsistent withthe preditions of the gestation lag model. In both spei�ations, apitalgrowth has a hump-shaped response to the permanent shoks that, althoughsigni�ant on impat, peaks at a lag of three to four quarters. The timing ofthis peak is roughly onsistent with the planning lag estimated in the previoussetion. Both responses remain positive and signi�ant at lags of up to 15quarters. Investment exhibits no signi�ant response to the temporary shokin either spei�ation. This is onsistent with the gestation lag model, butmay also be onsistent with irreversibility or transation ost models. Cashow and Q respond to both temporary and permanent innovations in a similarmanner, peaking near the time of impat, then attenuating to zero over time.The response of ash ow to the permanent shok delines faster than theorresponding response for Q, whih is roughly onsistent with the model'spredition. Despite this, there is no evidene that the ash ow responseeventually delines below zero over the ourse of the building horizon.It is notable that the magnitude of the responses of ash ow and Q tothe temporary and permanent shoks seem implausibly large relative to themeasured apital response given the preditions of the gestation lag model.Aording to the derivations in Setion II, the response of measured ash owto a permanent shok should be no larger than b within the gestation period.In annual perentage terms, the response of measured apital growth at horizonP � j < J should be 400 ~�J�j. Sine the expenditure shares sum to one, thissuggests that the ratio of the responses should average 400=bJ over the ourse32In all ases, I perform 5000 repliations of the �rst stage of the bootstrap of the proedure(whih orrets for bias in the estimated VAR oeÆients), and 5000 repliations of theseond stage of the proedure (whih uses the orreted oeÆient estimates).31



of the building horizon.33 When the prodution funtion is Cobb-Douglas, ban be no larger than labor's inome share. Assuming that this share is about2=3, the ratio of the apital growth and ash ow responses should exeed400~�B�j=b � 600~�B�j at any given horizon, and should be larger than 600=J ,on average. Cursory examination of Figure 10 suggests that the ratio falls wellbelow this magnitude for any reasonable gestation horizon. For instane, theratio of the two responses averages around 25 for a gestation horizon of tenquarters, well below the minimal benhmark of 60.One possible explanation for this disrepany is that the degree of fatorsubstitutability imposed by Cobb-Douglas is too strong, whih dampens themagnitude of the ex post rents predited by the theory. A greater degreeof omplementarity would magnify the sensitivity of ash ow (and Q) toimbalanes between the fritionless demand for apital servies and the �xed expost supply of produtive apital. Reall that when the prodution funtion isCES and labor supply is inelasti, the magnitude of b is inversely proportionalto the elastiity of substitution between apital and labor. For this ase, asubstitution elastiity of 2=5 would be roughly suÆient to justify the relativemagnitudes of the apital and ash ow responses in the preeding example forJ = 10. A low elastiity of substitution would also explain why measured ashow and Q fail to deline below zero over the ourse of the building horizon,beause this only ours when b < 1.The upper left-hand panels of Figures 12 and 13 test, for eah spei�a-tion, whether the upward-sloping harater of the investment response to thepermanent shoks is statistially signi�ant. For eah spei�ation, these �g-ures show the �rst-di�erene of the response, and the 10 perent lower tailfor the distribution of this di�erene. A lower tail above zero orresponds toa rejetion of the null that the �rst-di�erene is non-positive at 10 perentsigni�ane. In both spei�ations, this null an be rejeted for the �rst fewlags of the response. Figures 14 and 15 are an alternative test for a delayedresponse. These �gures plot the impulse response net of the impat e�et,along with the 10 perent lower tail of the distribution of this statisti. Thesetests on�rm that the delayed response of investment to permanent shoks isstatistially signi�ant, whih provides evidene against models that have noplanning delay. The lower left-hand panels in eah �gure indiate that thereare no signi�ant delays in the responses of ash ow and Q, whih is alsoonsistent with the model.The foreast error variane deompositions for eah variable largely onformto the preditions of the gestation lag model. Figures 16 and 17 report foreast33Note that  is not identi�ed in either response.32



error variane deompositions for spei�ations j=1; 2. In eah panel, the areabelow the line is the proportion of the foreast error variane at a given horizonthat is attributable to the permanent shok. The left panels of the two �guresindiate that almost all of the foreast error variane of apital growth ateah horizon an be attributed to permanent shoks. As the foreast horizonbeomes large, this proportion approahes the proportion of the unonditionalvariane that an be attributed to the permanent shok. The plots suggestthat permanent shoks aount for almost all of the foreast error varianeof apital growth at all horizons, and that this proportion inreases with thehorizon length. The right panels in eah �gure show foreast error varianedeompositions for ash ow and Q. These indiate that temporary shoksaount for a more than one-half of the foreast error variane of eah variable.This suggests that temporary shoks are an important part of the variation inQ and ash ow, but not important for the variation of investment.34A �nal onern is whether the responses reported in this setion are robustto other identi�ation shemes for temporary and permanent shoks. In orderto address this onern, I re-estimated the impulse responses in Figures 10 and11 using a two-stage proedure that identi�es the temporary and permanentdisturbanes using independent data. In the �rst stage, I estimated temporaryand permanent innovations using a separate bivariate system ontaining quar-terly data on output growth and the (ex post) real rate on 90-day treasurybills.35 As in the previous systems, identi�ation was ahieved by only allow-ing the permanent shok to a�et the long run level of output. The estimatedstrutural innovations from this system were then used to obtain impulse re-sponses for apital growth, ash ow, and Q, using the tehnique suggested inChang and Sakata [2003℄. Spei�ally, the response of eah variable at lag n isobtained by regressing the variable on the nth lag of the strutural innovationsestimated from the �rst system.Figure 18 shows the impulse response of output growth and the interestrate to the temporary and permanent disturbanes. The two left-hand panelsdepit responses to the permanent shok, whih auses the real interest rateand output growth to rise on impat and then fall o� over time. These ef-fets are onsistent with the typial harateristis of a favorable tehnologialinnovation. The two right-hand panels depit responses to the temporary dis-turbane. These responses resemble the e�ets of a ontrationary monetarydisturbane, raising the real interest rate and reduing output growth.34This feature is not imposed by the identi�ation sheme. In priniple, the temporaryshok an ompose an arbitrarily large portion of the foreast error variane of apitalgrowth.35Ination was proxied using the rate of GDP prie ination for non-�nanial orporations.33



Figure 19 graphs the impulse responses of apital growth, ash ow, and Qto the temporary and permanent innovations. Con�dene intervals for theseresponses were generated using a bootstrap-after-bootstrap tehnique that or-rets for small sample biases in both the identifying VAR and the OLS im-pulse response estimates.36 The top two panels show that apital growth has ahump-shaped response to the permanent disturbane that peaks between the�ve- and ten-quarter horizons, and a response to the temporary disturbanethat is lose to zero at all horizons. Neither response is statistially signi�antat standard signi�ane levels.37 Among other things, this lak of signi�aneould reet a loss of power from utilizing the two-stage proedure rather thanthe more diret one-stage methodology. The responses of Q to the favorablepermanent disturbane and the adverse temporary disturbane are (roughly)mirror images, with eah response peaking near impat, then following a roughpattern of attenuation. The ash ow responses in the middle two panels areslightly more nebulous. Cash ow delines in response to the adverse tempo-rary shok, albeit with a hump shape that peaks at �ve quarters. The responseof ash ow to the favorable permanent disturbane is positive on impat, andattenuates to zero after about seven quarters. Although these results are notas lean as those obtained using the more diret methodology utilized earlierin this setion, they seem to give some autious support for those estimates.IV. DisussionThis paper demonstrates that gestation lags are both theoretially impor-tant and empirially relevant. A simple model of aggregate investment withdistint gestation lags for planning and building an allow movements in ashow and Q that are noisy indiators of investment. This relationship owesto the fat that both Q and ash ow adjust to reet the short run sarityof produtive apital. All unantiipated disturbanes in the eonomy auseatual holdings of produtive apital to diverge from what �rms would hold36Eah sample was generated by estimating a VAR(8) model for a vetor ontainingoutput growth, the real interest rate, apital growth, ash ow, and Q. Then, estimates ofthe permanent and temporary innovations were obtained using a bivariate VAR ontainingoutput growth and the real interest rate. Finally, the responses of apital growth, ashow, and Q to eah innovation were obtained by regressing eah variable, separately, on thevetor of estimated innovations for eah lag. Eah of these three stages were orreted forsmall-sample bias using bias estimates from preliminary bootstrap experiments. The biasorretions for eah stage were estimated in stages, using bias-orreted repliations of thedata from the previous stage.37The response to the permanent shok at a horizon of eight quarters is signi�ant at25 perent. It is signi�ant at less than ten perent when ash ow is exluded from thebootstrap simulation. 34



in a fritionless equilibrium. This auses a short-term divergene between theeonomi value of new apital goods and the value of apital that is alreadyin plae for prodution. Sine it takes time to add new apital, suh diver-genes do not always signal investment. Though all shoks reate similar priesignals, only disturbanes that are expeted to outlast the gestation periodprompt new investment. The empirial estimates in this paper suggest a plan-ning horizon of one year, whih is followed by a building horizon of two years.Hene, there is onsiderable sope for temporary shoks to reate noise in therelationship between investment and Q.These �ndings provide some insight into the empirial shortomings of Qregressions, inluding the laim that investment is exessively sensitive to ashows. With investment lags, the typial regression of urrent investment onthe urrent Q is misspei�ed. Both ash ows and Q are orrelated to invest-ment beause they ontain rents that reet the relative sarity of apital.38Consequently, the oeÆients on Q that are estimated by researhers mayreet the imperfet o-movement of rents with investment, rather than themagnitude of quadrati adjustment osts. It is easy to see why ash owsmight perform well as an additional variable in suh regressions, even without�naning onstraints, beause they ontain similar information. Millar [2005℄demonstrates how gestation lags are problemati for the standard regressionof investment against Tobin's Q, and proposes alternative spei�ations thataount for suh lags in the presene of onvex adjustment osts for apital.The results of this paper are also relevant for a number of other areas ofstudy. For instane, building lags have important impliations for growth a-ounting beause they entail the mismeasurement of produtive apital andtehnologial progress, and for business yle theorists beause they ompli-ate the eonomy's dynami response to shoks. For the investment literature,I have demonstrated an alternative model that is haraterized by deviationsfrom the fritionless equilibrium at higher frequenies, but obeys the neo-lassial equilibrium in the long run. This spei�ation has some promisingproperties. It explains why investment is slow to respond to shoks, despitethe eonomi inentive for �rms to adjust rapidly. It also allows for a range ofharateristis that are onsistent with empirial fats about aggregate invest-ment. These inlude lumpiness, serial orrelation, and a lagged relationshipto output at business yle frequenies.
38This �nding is similar in avor to Abel and Eberly [2002℄, who show that the ash owsand Q of monopolisti �rms reet rents that indiate growth opportunities.35



A. Shadow Value DerivationsIt is easily veri�ed that the value funtion (11) is linearly homogeneous inthe state variables Kt and fsi;tgJ�1i=1 . Therefore, by Euler's theorem, it mustbe true that Vt�p = q0;tKt + J�1Xi=1 qi;tsi;t;where q0;t � VKt�p and qi;t � Vsi;t�p :Applying the envelope theorem to (10), these derivatives an be alulated asq0;t = 1Xj=0 � R1� Æ��j t��t+j�p ;qi;t = (R�i (tq0;t+i � q�0) + q�i 1 � i < B � 1R�i (tq0;t+i � q�0) B � i < J: :In taking these derivatives, it is useful to note that apital aumulation iden-tity an be iterated to obtain thatKt+j = (1� Æ)jKt + jXi=1 (1� Æ)i�js1;t+iSome additional results are also useful. Taking the onditional expetation ofq0;t at t� J , and using the equilibrium ondition (14), it an be shown thatt�Jq0;t = E[qt℄ = q�0;whih veri�es that q�0 is the unonditional shadow value of produtive apital.Further, it an be shown thatq0;t = q�0 + J�1Xj=0 � R1� Æ��j � t��t+j�p � u�� ;where the summation is limited to the horizon J � 1 beause rents are alwaysantiipated to be zero beyond the gestation horizon J .36



B. Log-Linearization of QtThe log-linearized value of Qt around the unonditional mean an be al-ulated from (21) as:d lnQt � B�1Xi=1 �idgKt+i + J�1Xi=0 !id ln t�t+iwhere !i � R�iGi u�E[Q℄ ; Gi � E �Kt+iKt � for all i � 0;�i � �i+1 + �q�i � (1� Æ)q�i+1� GiE[Q℄ ; for i = 1; : : : ; B � 2;�B�1 � GB�1 q�B�1E[Q℄ ; andE[Q℄ = q�0 + B�1Xi=1 [Gi � (1� Æ)Gi�1℄ q�i > q�0 > 1:The parameter �i is the elastiity of Q with respet to apital growth at t+ i,and !i is the elastiity of Q with respet to antiipated ash ows at horizoni. Note that there is are no ash ow terms beyond the gestation lag, beauseash ows are always expeted to reset to u�.Note that Gi > Gi�1 for i > 1 sine the proess for Z in (16) impliespositive expeted growth. From this, and the fat that q�i > q�i+1, it an beeasily shown that �i > �i+1. Therefore, Q has a higher elastiity with respetto produtive apital growth at shorter horizons.The ash ow elastiity !i may be inreasing or dereasing i, dependingon the size of the growth rate Gi, and the magnitude of R. However, outsideonsiderations suggest that Ri > Gi. For instane, aording to the RamseyModel, steady states where the real interest rate is less than the rate of growthin the apital stok are ineÆient. Therefore, a reasonable alibration wouldhave !i derease in the foreast horizon i.C. Mapping from Produtive Capital to Aounting CapitalLet ~Kt+i denote the aounting measure of apital at t + i, onstrutedusing a one period apital aumulation identity. The one period apital a-37



umulation identity an be iterated bakwards to yield that~Kt+i+1 = d(L)It+i; where d(L) = 1Xj=0(1� Æ)jLj:Using the arbitrary time to build aounting in equations (7) to (9), investmentan be stated asIt+i = g(L)Kt+J+i; where g(L) = BXj=0 gJ�jLj;and gj � 8><>:�B j = 0�B�j � (1� Æ)�B�j+1 0 < j < B�(1� Æ)�1 j = B :By substitution, these two equations suggest that~Kt+i+1 = m(L)Kt+J+i; where m(L) � d(L)g(L)is the produt of the two lag polynomials. Performing this multipliation yieldsthat m(L) = LP�(L); where �(L) = B�1Xj=0 �B�jLj:Therefore, the aounting measure of apital maps to the produtive measureby ~Kt+i+1 = �(L)Kt+B+i:The aounting measure of apital growth is� ln ~Kt+1 = �(L)� lnKt+B:Log-linearizing this around the unonditional expetation yields that� ln ~Kt+1 � ~�(L)gKt+B;where~�(L) = B�1Xj=0 ~�B�jLj; ~�j = �jGjBPk=1�kGk � 0; and BXj=1 ~�j = 1:38



D. Interpretation of Regression Coeffiients in Planning LagRegressionGiven the solution for the growth rate of the produtive apital in (18),dgKt+Bd ~srt�P = 1b d lnEt�P [Zbt+B℄d ~srt�PIn the speial ase where the tehnology and labor supply fators are indepen-dent, the form of Z in (6) an be used to show thatlnEt�P [Zbt+B℄ = lnEt�P h�ZTt+B�b(1+�)i+ lnEt�P h�ZLt+B�bi ;The standard Solow residual is related to labor-augmenting tehnologial growthby ~srt�P = � lnZTt�P . Assume that ZT is a random walk, so the Solow residu-als represent permanent shoks. Taking the onditional expetation at t� P ,then evaluating the partial derivative with respet to ~srt�P , one arrives at1b d lnEt�P [Zbt+B℄d ~srt�P = 1b d lnEt�P h�ZTt+B�b(1+�)id ~srt�P = 1 + �:Substituting this into the �rst equation, then substituting and rearranging(29) shows the desired result.E. Speifiation of a Simple RBC Model with Gestation LagsAssume that the soial planner hooses a onsumption and investment planto maximize the expeted value of the lifetime utilityU = 1Xj=t �j�tEt [lnCt+j℄ ;subjet to the feasibility onstraint that F �Kt+j; ZTt+jLt+j� = Ct+j + It+j forall j � 0, where F takes the spei�ation in (1). The evolution of apital isdesribed by equations (7) to (9) with P = 0, and Lt+j is normalized to onefor all periods. The log of tehnology follows a random walk with a onstantdrift equal to the rate of growth lnG, so that lnZTt+1 = lnG+ lnZTt +  t.The optimization problem redues to the intertemporal �rst order onditionBXj=0 �jgjEt � 1Ct+j � = �BEt �(1� �)�ZTt+BKt+B�� 1Ct+B � ;39



and the onstraint thatCt+s = K1��t+s �ZTt+s�� � BXj=0 gB�jKt+jwhere gj is as de�ned in Appendix C. This nonlinear system links the urrentand future values of the endogenous variables Ct and Kt+B to the set of statevariables (Kt; : : : ; Kt+B�1; Zt). An approximate solution to this system wasobtained by log-linearizing the �rst order onditions around the steady state,then �nding linear feedbak rules for Ct and Kt+B by the method of undeter-mined oeÆients, as desribed in Campbell [1994℄. That is, I solved for theoeÆients [���℄ in the following equations:lnCt = B�1Xj=0 �j lnKt+j + �zzt; lnKt+B = B�1Xj=0 �kj lnKt+j + �kzzt;suh that the �rst order onditions were satis�ed, using a numerial solveralgorithm. Generally there will be many linear solutions of this form thatsatisfy the optimization onditions for a given B > 0. The solution set waslimited to those that implied a stable AR proess for apital, i.e., those forwhih the largest modulus of the roots of the polynomial1�XB�1j=0 �kjLB�jwas outside the unit irle.The parameters of the model were set to resemble a typial RBC alibration.The steady state growth fator G was set to 1.005, whih amounts to about2 perent in annual terms. The disount fator � was set to G=1:015, whihensures a risk-free interest rate of 1.5% per quarter. The rate of depreiationÆ was set to 2.5%. For simpliity, it is assumed that expenditures are spreadevenly throughout the building period, so that �B�j = B�1 for j=0;: : : ;B�1.F. Data Appendix1. Investment and the Capital StokA time series was onstruted for ows of real quarterly aggregate invest-ment from 1946Q4 to 2002Q4 using data from the Federal Reserve Board'sFlow of Funds (FF) and apital stok estimates from the Bureau of EonomiAnalysis (BEA). Eah quarter's investment was determined by dividing the40



FF �gure for non-�nanial, non-farm orporations (NFNFC) by the impliitprie deator for quarterly nonresidential �xed investment from BEA Table7.6.To obtain the series for the real apital stok, I iterated the apital au-mulation identity (7) for a one period time to build. The initial estimate ofthe real apital stok was determined by dividing the nominal value of nonres-idential �xed apital for non-�nanial orporations at the end of 1946 by theprie deator for the last quarter. In order to minimize the error owing to theestimate of the initial apital stok, I do not use the apital stok estimatesprior to 1959Q3. Depreiation rates were alulated as a weighted average ofthe BEA depreiation rates for strutures, equipment, and IT apital, withweights set equal to the share of eah ategory in the nominal value of theaggregate stok of nonresidential apital for non-�nanial orporations. Thedepreiation rate for eah quarter is set to the orresponding annual rate.2. Tax-Adjusted Prie of CapitalThe tax-adjusted prie of apital for eah quarter is alulated using theequation �pt � pt(1� �t � zt)where pt is the pretax prie, �t is the investment tax redit, and zt is the presentvalue of depreation allowanes per dollar of apital. The pretax series is theimpliit prie deator for quarterly nonresidential �xed investment from BEATable 7.6. The present value of apital onsumption allowanes (zt) was de-termined using data from DRI on the value of apital onsumption allowanesfor di�erent types of apital, with the share of eah type in total nominal non-residential investment expenditure as weights. This �gure was then multipliedby the orporate inome tax rate. Data on the average ITC for equipment andstrutures were obtained from DRI for 1959 to 2002. A weighted average wasthen alulated using the shares of nominal (nonresidential) �xed investmentfrom BEA Table 5.4. 3. Tobin's QAggregate Tobin's Q is alulated as the market value of all non-residential�xed apital divided by the replaement value of non-residential �xed apital,where the replaement value is alulated using the previous period's tax-adjusted prie of aggregate apital:Qt � Vt�pt�1Kt :41



The market value of non-residential �xed apital (Vt) is determined by de-duting the value of all assets exept equipment and nonresidential struturesfrom the total market value of the �rm. To illustrate, onsider the balanesheet in Table 5, whih shows the major liabilities and assets of �rms. Assetsinlude the �rm's �nanial assets (FAt), the present value of the depreiationshields for its existing apital (PVCCAt), inventories (INVt), residential ap-ital (RESKt), and non-residential apital (Qt�pt�1Kt). The olletive value ofthese assets is equal to the market value of all the laims on these assets: debt(DEBTt) and equity (EQUt). Therefore, to determine an appropriate marketvalue of non-residential apital, one must alulateVt = EQUt +DEBTt � FINASt � INVt � RESKt � PVCCAt:These omponents were determined from Flow of Funds data for NFNFC, asfollows:EQUt is the FF �gure for the aggregate market value of equity.DEBTt was determined by adding the aggregate book value of non-bond debtliabilities to the aggregate market value of outstanding orporate bonds.The market value of outstanding orporate bonds was estimated usingan algorithm outlined by Hall [2001℄, whih orrets the book value ofdebt for hanges in market interest rates. This algorithm is available onHall's website.FINASt is the aggregate book value of �nanial assets.INVt is the FF �gure for the aggregate replaement value of inventories.RESKt is the FF �gure for the aggregate replaement value of all residentialapital.PVCCAt was alulated under the assumption that apital onsumption al-lowanes an be well approximated using a sum-of-years-digits (SYD)method. The stream of allowable depreiation allowanes for eah quar-ter's expenditure were alulated using the SYD formula, assuming anaverage asset life of 15 years. To determine the present value of the re-maining onsumption allowanes for any given quarter, I disounted thedepreiation allowanes remaining using the BAA orporate rate net ofthe inome tax rate for orporations.
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4. Rate of Cash FlowCash ows per unit of apital were determined by dividing after tax ashows by the replaement value of produtive apital:�t � ��t�pt�1Kt :After tax ash ows (��t) for eah quarter were alulated using FF data forNFNFC, and BEA quarterly aggregates. To determine the ash ow, I addedthe book value of after-tax pro�ts from FF, the value of apital onsumptionallowanes from FF, and net interest payments. Net interest payments werealulated using BEA data, by deduting an estimate of net interest for or-porate farms from the net interest �gure for non-�nanial orporations. Thisnominal �gure was then adjusted for ination during the quarter using the rateof inrease in the quarterly GDP deator for non-�nanial orporations.

43



Table 1: Sample moments of the tax-orreted data~gKt+1 ln ~Qt ln (~�t=�p)mean .0111 1.4505 .0628stdev .0029 .5969 .0062orr(~gKt+1; �) � .5028 .5432orr(ln ~Qt; �) � � .3659Sample Period: 1959Q3 to 2002Q4 (174 observations). ~gKt+1 rep-resents the growth rate in measured apital, while ~Q and ~� denotethe measured values of Tobin's Q, and the rate of ash ow, re-spetively.

Table 2: Unit root testsVariane Ratio (horizon) ~gKt+1 ln ~Qt ln (~�t=�p)VR(5) 2.0822 0.9832 1.3895VR(10) 2.0108 0.7471 1.3904VR(25) 1.2637 0.5910 0.8012VR(50) 0.5612 0.5182 0.2500VR(100) 0.1870 0.1230 0.1596ADF T-Statisti -2.9487z -1.8442 -3.8938#Signi�ane Levels: z5%; #1%. Sample Period: 1959Q3 to 2002Q4 (174observations). VR(n) denotes the value of the variane ratio at a horizonof n periods. The ADF T-Statisti is for an augmented Dikey-Fuller testwhere the null is the existene of a unit root.
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Table 3: Planning Horizon Estimates by OLSMeasured Capital Growth on Lags of Puri�ed Solow Residuallag d̂i ser lag d̂i ser0 -.0052 .0203 8 .0351 .0168z1 .0026 .0246 9 .0282 .0129z2 .0092 .0222 10 .0275 .0133z3 .0195 .0171 11 .0232 .01464 .0269 .0143y 12 .0171 .01585 .0328 .0148z 13 .0201 .01446 .0349 .0169z 14 .0146 .01347 .0377 .0172z onst .0101 .0008#Seleted Tests Using Estimated CoeÆientssum lags oef ser CIb900 to 10 .2492 .1551 -.0231,.62144 to 10 .2463 .0993 .0480,.44084 to 7 .1324 .0575 .0105,.26030 to 3 .0261 .0795 -.1001,.1896(4 to 7) - (0 to 3) .1063 .0532 -.0132,.1873Signi�ane Levels: y10%, z5%, #1%; �R2 = .0068; dw = .0680. Sample Pe-riod: 1965Q3 to 2002Q2 (150 observations). Standard errors are robust forheteroskedastiity and autoorrelation (Newey-West maximum lag = 15).
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Table 4: Building Horizon Estimates by Instrumental VariablesMeasured Capital Growth on Instrumented Leads of Impliit Produtive Capital Growthlead ĥi ser CIb90 R2p lead ĥi ser CIb90 R2p1 .0706 .1282 -.0037,.4323 .1186 7 .2458 .0747# .2482,.6667# .11372 .1372 .1466 .0670,.5651z .1060 8 .2201 .0698# .2014,.6304# .11833 .0706 .1239 -.0443,.3716 .0992 9 .1049 .1396 -.0228,.2956 .08514 .1056 .1076 .0094,.3917y .1171 10 .1092 .1131 -.0860,.2833 .09525 .2314 .1482 .2182,.6620# .0843 11 .0759 .1112 -.1375,.2391 .11626 .2539 .1101z .2390,.6845# .1208 12 -.0088 .1089 -.3566,.0771 .1040Seleted Tests Using Estimated CoeÆientslinear ombination oef ser CIb90h1 + : : :+ h8 1.3352 .5886 1.2942, 3.0308h1 + : : :+ h9 1.4401 .5989 1.3643, 3.3450h1 + : : :+ h10 1.5493 .5762 1.4664, 3.6412h1 + : : :+ h11 1.6251 .5598 1.5424, 3.7840Signi�ane Levels: y10%, z5%, #1%. Sample Period: 1965Q3 to 2002Q2 (150 observations). In-struments (28): gHt ; : : : ; gHt�13, ~gKt ; : : : ; ~gKt�13. IV standard errors are robust for heteroskedastiityand autoorrelation (Newey-West maximum lag = 15). R2p is the \partial R2" outlined in Shea[1997℄, whih measures the squared orrelation between the portion of the regressor that is or-thogonal to the other regressors, and the portion of the �tted regressor that is orthogonal to theother �tted regressors. The overidentifying restritions annot be rejeted at 1% signi�ane, afterorreting for small-sample bias. Bias-orreted intervals were onstruted using 50,000 bootstraprepliations, with re-sampling in bloks of 12 adjaent observations. An inluded onstant is notreported.
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Table 5: Stylized Balane SheetAssets Liabilities + EquityFINASt DEBTtPVCCAtINVtRESKtQt�pt�1Kt EQUtTotal Market Value Total Market Value
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