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ABSTRACT

The size and significance of public infrastructure investment impacts on costs and
productivity of private enterprise, and thus on economic health and growth, has proven
nebulous to empirically substantiate. Various studies using alternative theoretical and
econometric methodologies, and for different time periods, sectors, and countries, have
tentatively established that such a productive impact exists and is statistically significant. It
also seems smaller and more variable over time, space, and sector than was implied by
initial studies on the “public capital hypothesis”. One piece of the puzzle that has received
little attention, however, is the role of spatial spillovers in driving infrastructure investment
benefits. Such spillovers are not only conceptually important, but could also shed light on
discrepancies between studies for different data, and particularly aggregation levels. In this
study we apply a cost-based model to state-level U.S. manufacturing data, for capital,
production and non-production labor, and materials inputs, and for the 1982-96 time period,
in an attempt to untangle the private cost-saving contributions of inter- and intra-state public
infrastructure investment. We carry out two kinds of spatial adaptations — a spatial
autocorrelation adjustment and a spatial spillover theoretical modification — to the estimating
system consisting of a Generalized Leontief cost function and input demand equations, to
address this issue. We find that intra-state public infrastructure benefits appear larger in
magnitude when inter-state spillovers are directly recognized, as well as being invariably
statistically significant. Inter-state spillovers are also directly beneficial to manufacturing
firms, although their contribution appears smaller in size when temporal serial correlation is
recognized in addition to spatial correlation.

The first author is Assistant Professor of Economics, Barney School of Business, University
of Hartford and the second is Professor, Department of Agricultural and Resource
Economics, University of California, Davis, and member of the Giannini Foundation.



Introduction

The size and significance of public infrastructure investment’s impact on the
economic performance of the private sector has been hotly debated at least since Aschauer’s
(1989) work in this area. Such early studies on the linkage between public infrastructure
and growth identified a close correlation between reductions in investment levels (and thus
stocks) for public capital in the early 1970’s, and declining productivity of many developed
countries. Most of the econometric investigations in the resulting literature on the “public
capital hypothesis™ have been aimed at quantitatively establishing the private impact of
public capital investment on productivity and costs.

Summaries of the literature by Gramlich (1994), Sturm and De Haan (1995) and
Sturm et al. (1998) suggest that many authors have found this productivity impact to be
quite high. Aschauer’s estimates suggested that public investment had a greater return to
private sector economic performance than did private capital investment (Reich, 1991),
while Deno (1988) estimated the impact to be even greater than that reported by Aschauer.
Such findings suggested that policy inducements to augment public infrastructure capital
would dramatically enhance U.S. productivity and competitiveness, implying in turn that
policy measures should be taken to increase public infrastructure investment.

Subsequent studies in the literature on private benefits from public capital investment
raised serious questions about the robustness of the results on which this story was based.
In particular, refinements to the econometric structure used (such as incorporation of state-
and time-fixed effects) seemed to cause the important infrastructure impact on productivity
and growth to virtually disappear (Holtz-Eakin, 1994, Hulten and Schwab, 1991, Garcia-
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Authors also began to relax restrictive assumptions in the theoretical framework by
recognizing behavioral responses, and extending the representation of the technological base
by allowing for various scale and homogeneity properties, and dynamics (Conrad and Seitz,
1994, Morrison and Schwartz, 1996 and Shah, 1992). Such dual cost-based formulations,
by including interaction terms and thus input-substitution and scale economy responses to
public capital investment, allowed consideration of infrastructure-to-capital and
infrastructure-to-output relationships that are crucial for evaluating the potential for public
capital investment to stimulate growth (Morrison and Schwartz, 1996b, Batina, 2001).
These modifications to the underlying theoretical structure also tended to generate smaller
but still statistically significant estimates of infrastructure impacts.

Further, questions were raised about aggregation, since the original studies in this
literature were based on macro data. Many found that estimating the returns to a particular
sector generated more plausible and interpretable results than taking a national perspective.
In particular, much of the second wave of this literature (such as Hulten and Schwab, 1991,
Shah, 1992, Nadiri and Manuneas, 1994, and Morrison and Schwartz, 1996a,b) focused on
estimating returns to the manufacturing sector from public infrastructure investment, and
Paul et al. (2001) analyzed infrastructure impacts for the agricultural sector. Others, such as
Sturm (2001), who distinguished “sheltered” from “non-sheltered” sectors (where the latter
includes both manufacturing and agriculture), compared returns for different sectors.?

Spatial disaggregation also reaped benefits in terms of interpretation, but reduced the
estimated private sector benefits from public infrastructure investment. For example, studies
that estimated state-specific impacts (such as Munnell, 1990, and Morrison and Schwartz,
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aggregate national data, and yet most remained statistically significant. The size and
significance also was found to differ regionally (Hulten and Schwab, 1991, Morrison and
Schwartz, 1996a, Aschauer, 2001) as well as over time (Aschauer, 2001).

Other issues were also targeted, that seemed to be convoluting the interpretation of
existing measures of public capital benefits, thus making consensus about their impacts
elusive. In particular, the extent and direction of externalities associated with spillovers
from infrastructure investment in geographically linked areas was questioned, in part
because such externalities might be internalized at higher levels of aggregation.® Questions
about the impact of temporal dependence, or serial correlation, on estimated infrastructure
impacts were advanced. And queries about exogeneity versus endogeneity were raised, that
cast doubt on the definitiveness of estimates especially from primal-based specifications.

In this study we provide a further investigation of the infrastructure question,
focusing on the issue of spatial spillovers that seems a crucial component of the puzzle, and
yet has received little attention in the literature. We use a recent and refined state-level data
set for U.S. manufacturing, and a cost-based specification representing demand for two
types of labor as well as capital and material inputs, to accommodate many questions raised
in the literature in a consistent and comprehensive fashion. In particular, however, we
recognize and measure the impacts of spatial spillovers across states to distinguish both
intra- and inter-state impacts of public infrastructure investment, and their potential inter-
dependency. We adapt both the stochastic structure (through spatial econometrics
procedures) and the cost-based model (via a spatial externality or activity index) to
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impacts take the form of direct cost effects, as well as input-specific (substitution)
consequences, which permits analysis of a broad range of potential cost structure impacts.

Our data set and theoretical framework limits the relevance of endogeneity issues,
due to the sectoral estimation (manufacturing is a relatively small part of Gross State
Product in most states) and the use of a cost-based model (where costs for observed levels of
both output and infrastructure stocks are represented). We also, however, assess whether
dealing with potential endogeneity more directly through the stochastic structure affects our
results. We allow for temporal as well as spatial dependency, by including an adaptation for
temporal serial correlation (AR1). We address issues about static as contrasted to dynamic
behavior by comparing short- to long-run responses. And we evaluate time and regional
variations in the public infrastructure impacts.

We find that inter-state public infrastructure capital investment generates a
significantly positive contribution to U.S. manufacturing production, which is both enhanced
and augmented by cross-state spillovers. Spatial adjustments increase the estimated impacts
of within-state infrastructure investment, but significant between-state effects are also
evident, so the combined impact becomes even greater. It in fact approaches that found by
some for more aggregate data, depending on how the dual and primal measures are
compared, possibly suggesting national-level internalization of inter-state impacts.

We also find increasing intra- and inter-state public capital impacts over time, that
appear to coincide with a somewhat declining return to private capital investment. The
estimated public investment benefits are further enhanced, in terms of implied output
growth, by recognizing measured scale economies, although the impact of short run fixity is
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account has little identifiable impact on the results for intra-state public investment, although
the AR1 adaptation reduces the (still significant) measured impact of inter-state spillovers.
The public infrastructure cost impacts also imply some private capital substitutability, but
largely arise from materials substitution.

The Model

To facilitate analysis of the productive effects of public infrastructure benefits
derived through cost-savings and thus enhanced competitiveness, our analysis is founded on
a cost function specification, applied to state-level manufacturing industry data. A total cost
function with some “inputs” associated with external forces is expressed in the general form
TC = VC(Y,p,x,r) + SypiXk, based on the restricted cost function VC(-) incorporating
constraints from a vector of quasi-fixed inputs, x. The other arguments of the function are
aggregate output, Y, a vector of J variable input prices, p, and a vector of exogenous or
external factors shifting the production frontier, r.

For our purposes, the variable inputs represented in the p vector are non-production
labor, NL, production labor, PL, and intermediate materials, M, with prices pni, pr. and pw.
The private capital stock, K, is our only quasi-fixed input. The r vector includes the usual
technical change (time trend) measure, t. Additional components of r stem from the private
productive contribution of both public infrastructure in the state under consideration, I, and
public infrastructure in geographically connected states, G. The | measure, from Bell and
McGuire (1994), was constructed by applying standard perpetual inventory techniques to
data on state-level public highway infrastructure investment.* And the externality index G

was computed as a weighted sum of (relative) infrastructure stock in neighboring states,’



where the weights are the value of goods shipped to each neighboring state, as a share of the
value of goods shipped to all neighboring states.

Including | in the cost function is analogous to the treatment in Morrison and
Schwartz (1996a,b), and other cost-oriented studies such as Conrad and Seitz (1992), Lynde
and Richmond (1992), and Nadiri and Mamuneas (1994). The incorporation of G, however,
represents the additional spatial spillover impact within the theoretical framework. This
spatial spillover adaptation, based on the computation and inclusion of an externality index,
is similar to the approach used to represent supply- and demand-driven agglomeration
effects by Bartlesman, Caballero and Lyons (1994), and Morrison and Siegel (1999).” This
theoretical adaptation is distinguished from modifications to the stochastic structure to
accommaodate spatial linkages, which will also comprise an alternative model for our
empirical specification.

One might think that such spillovers would generate positive externalities. For
example having a neighboring state with an extensive highway network might provide
benefits by facilitating transportation of materials inputs and produced output. However,
inter-state spillovers could have no identifiable productive impact, as found by Holtz-Eakin
and Schwartz (1995). Or infrastructure investment in a neighboring location may even draw
production away, due to enhanced mobility of firms and productive factors, implying a
negative externality (as found by Boarnet (1998) for California counties). Although one
might think such location preference adaptations would be more likely for geographically
close entities such as counties, rather than states, the sign as well as significance of the G

effect is ultimately an empirical issue.



In some sense all the factors expressed in levels for this cost function — in the r or x
vectors — can be thought of as generating externalities or spillovers, although the inter-state
externalities embodied in G are the most explicit.® For G, the spillover is spatial; geographic
proximity allows states to benefit from investment decisions on infrastructure, such as
highways, in states that are close by. For I, the spillover involves a public good; public
activities spill over, or provide externalities to, the private sector. For K, the spillover is
temporal; stocks from the previous period affect potential cost minimization in the current
period. Even t might be thought of as a “spillover”, since the implied disembodied technical
change is often characterized as “manna from heaven.”

The contributions of these factors to production, and thus to input cost savings for a
given amount of output, can be expressed in terms of their shadow values, Zg = TVC/G, Z,
= IVC/I, Zx = TVCHIK, and Z; = fVC/it. Such derivatives reflect the (marginal) cost-
diminution impacts of changes in these shift factors, and thus will have negative values.’
For example, Z¢ indicates the extent of inter-state spillovers, in the sense of the cost impact
for manufacturing firms in a particular state of a marginal increase in infrastructure
investment in neighboring states. Z; similarly represents the cost savings generated from
intra-state infrastructure investment. Zy is represents the shadow value of the short run
quasi-fixed capital stock. And Z;, usually expressed in the proportional or elasticity form
evct = Tin VC/t, is typically interpreted as cost-based disembodied technical change, or
productivity, over time.

The cost or productivity contributions of changes in the levels of G, I, and K may
also be expressed in elasticity form, as eycc = In VC/In G = TVC/G-G/VC, ey, =

fin VC/In I, and evc k = in VC/In K, to represent the proportional impact of changes in



these factors on costs of production. These measures could alternatively be computed in
terms of total costs. For most of these elasticities, since they are “gross” measures in the
sense that the associated factor does not have a market price, the only adaptation between
the total and variable cost measures is whether VC or TC is in the denominator. However,
for K the total cost elasticity becomes erc x = flln TC/In K = (Zk+pk)- K/TC, which is a net
measure; it reflects the marginal value of K net of its market price, pk.

These (gross) cost elasticities are closely related (dual) to marginal products, or
output elasticities, often computed to measure primal-oriented “returns” to productive
factors. In particular, output elasticities such as ey, = {lIn Y/{lIn | may be defined from the
production function Y (V,x,R), where V is the variable input vector corresponding to p.
Such measures have often been used in the existing literature to represent public
infrastructure effects, and to compare, for example, the returns to private capital, eyx =
Tin Y/YlIn K, through evaluation of the ey and eyc k elasticities.

The distinction between factors included in the x (K) and r (G, I, t) vectors involves
whether they are ultimately under control of the firms making production decisions, or are
truly external. In the former case an optimality condition is implied, whereas this is not the
case if the “input” is exogenous to the production process. In particular, for private capital,
in the short run K is fixed and thus one would not expect Zx=pk, whereas in the long run
there will be economic motivation to adjust the capital stock to the point where this equality
holds — on the long run cost curve. This allows us to evaluate the current degree of
subequilibrium for the K stock level through (positive or negative) deviation of Zy/pk from

1, or of ercx from zero.™



By contrast, there is no (private) market price or optimal or equilibrium adjustment
process implied for I, G, or t. G and t in particular are best interpreted as purely external
forces. One would not think infrastructure investment in one state is determined by
production from a particular sector in neighboring states. And time or overall technical
developments in the economy certainly plod on without any specific contribution from
individual firms, or even sectors within states.*

The situation for I is somewhat different. In a social context, one would think that if
economic consequences for firms within a state derive from public infrastructure
investment, there may be some socially “optimal” level of I that is determined by balancing
these benefits, Z,, by the associated social costs. It is thus a discretionary input in a broad
sense. However, since manufacturing is a relatively small sector in most states, and in fact
consumers likely benefit even more than firms from highways, only a small portion of these
benefits are represented by our Z, measures. So optimality is not well defined here, even if a
social “price” could be computed (Morrison and Schwartz, 1996b). Thus, we will not
pursue the question of | “optimality” here, but instead simply present measures of the
contribution or value of | for this sector that indicate the size and significance of the gross
public infrastructure benefit.*?

The cost framework allows us not only to evaluate the 1* order or overall cost
impacts of variations in productive factors — in particular | and G — but also 2" order effects,
which reflect input substitution and output valuation. That is, the first derivatives of the cost
function represent shadow values for the productive factors expressed in levels, Z,, Zs, Zk
and Z;, the marginal cost of output, MC=YVC/TY, and input demands for the variable inputs

(via Shephard’s lemma), v4=TVC/lpq (@=NL,PL,M). The MC and v measures in
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proportional or elasticity terms, eyc,y = 1In VC/{lIn Y and eyc,pq= fIn VC/In TIpq reflect
(short run) scale economies for output, and cost shares for inputs. Each of these measures
will be a function of all arguments of the cost function if the functional form assumed for
VC(.) is flexible, or accommodates interactions among all its arguments.

Thus, for example, we can determine not only the overall cost-savings from
additional investment in intra- and inter-state public infrastructure, through the shadow
values Z, and Zg, but also their input-specific contributions through the input demand
elasticities eyq, = 1lIn v¢/TlIn 1 and e, = flin v/fin G. We may also impute the associated
impacts on marginal (output) cost, which indicate motivations for output growth, such as
evc, = Tin MC/flIn I. In reverse — and equivalently due to Young’s theorem — we could
construct measures indicating the effect on Z, and Zg from changes in any argument of the
function, such as €z pq = TIn Z\/1lIn py, and ezy = NIn Z)/9In Y.

Similarly, we could compute the impact of | or G changes on their respective shadow
values, or those for K and t, through elasticities such as ;g = fIn Zg/1lIn I. For example,
the short run substitutability between | or G and K may be imputed from ez« = In Zx/flIn |
and ezk ¢ = YlIn Zk/1lIn G elasticities, which indicate that increasing | or G augments
(diminishes) the demand for K if they are positive (negative), in turn suggesting a form of
complementarity (substitability). This information could alternatively be derived from the
ek = YIn Z/MIn Kand ez x = fin Z)/1lIn K elasticities, which reveal how the shadow value
of internal (to the state) or external public infrastructure increases with greater private
capital stocks. These elasticities will be the same sign (although not magnitude in elasticity

form) as ez« and ezk c. And if increases in | or G reduce (increase) the demand for vg, so
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they are in some sense substitutes (complements), &,4,<0 and €z;pq = fIn Z,/In p4>0, and
analogously for G (the sign is reversed because Z; is negative but vq positive).

Using such measures we can therefore explore whether intra- or inter-state public
infrastructure investment tends to enhance or reduce capital investment, employment of
production and nonproduction labor, and intermediate materials use. These relationships
have important implications for both productivity and growth. For example, growth theory
suggests that the relationship of I to K (and in our scenario also of G to K) is important for
ongoing growth stemming from public infrastructure investment (Batina, 2001). If such
externalities stimulate private capital investment this will provide a stronger growth
mechanism than if they act as substitutes.

These relationships among the private inputs and public capital also provide
implications about input-specific productivity. For example, it has been hypothesized that
labor productivity rises with greater public infrastructure investment (Pereira, 2001). Ina
cost function framework this implies that ey | or ey is negative (for NL, and similarly for
PL), since labor use must fall for a given output level to increase its productivity. Thus NL
and | must in a sense be substitutes.

Finally, we need to recognize that these measures reflect short run cost responses,
but for some applications or comparisons we may wish to explore the associated effects of
short run rigidities, or output production adaptations, on infrastructure values. That is,
although the focus on short run responsiveness for measurement of infrastructure effects was
justified by Berndt and Hansson (1991), Shah (1992), and Morrison and Schwartz (1996a,b),
it is useful to assess whether short run rigidities substantively limit input demand

adjustment, and thus cost impacts. And inferring output enhancement from infrastructure

12



investment, rather than just focusing on production costs for given output levels, make our
measures more comparable to their primal counterparts, and provide growth implications.

First note that we have presented all our elasticity expressions in the context of
variable costs, which precludes considering impacts on profitability that involve total costs.
That is, our eyc, = In VC/fIn | = TVC/I- 1/VC estimates represent private cost-savings
from infrastructure investment as a proportion of variable rather than total costs. To instead
reflect the proportion in terms of total costs, which may be more relevant depending on the
application of the measure, we would compute erc; = fIn TC/flIn I = TC/{I- I/TC. This
may be accomplished by constructing a VC/TC ratio to use as a multiplicative factor: erc =
evc,-(VC/TC). This will reduce the magnitude of the estimated infrastructure cost-
elasticity, since TC>VC by construction.

Recognizing the fixed component of total costs, however, raises the question of
whether fixities seriously constrain input, and thus cost, adaptations to changes in the
availability of public infrastructure. That is, we must address the issue of subequilibrium, or
non-optimal utilization of capital. If capital fixities preclude immediate adjustment to
equilibrium K levels, the true economic or shadow value of capital, Z, is not equal to pk.
The deviation between Zx and pg represents the cost-effect of subequilibrium, and the extent
of capital utilization, as well as the direction of K adjustment to its long run level.

Evaluating costs at the shadow rather than market value has been demonstrated to be
important for appropriate measurement of cost effects and productivity, net of utilization
issues, in studies such as Morrison (1985), and Berndt and Hansson (1992). Adaptation of
public infrastructure benefit measures to accommodate utilization changes has also been

central to studies such as Nadiri and Mamuneas (1994). To pursue this in our framework,
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we can use a shadow cost measure defined as TC*=VC(.)-Zk- K, which provides the basis
for the cost-side capacity (in this case capital) utilization ratio TC*/TC."

If excess capacity exists, TC*/TC<1, because the shadow value of capital is low. If
overutilization prevails, TC*/TC>1. Thus, to adapt for utilization fluctuations, the shadow
cost measure becomes the appropriate denominator of the cost elasticity, rather than either
variable or total costs. This implies another multiplicative adjustment factor, of the form
erc+1 = erc,- (TC/TC*). This measure represents the extent to which long run marginal costs
differ from short run marginal costs, rather than average costs, as discussed by Morrison
(1985). For example, if px<-Zx so TC/TC*<1, and there is incentive for K investment, the
implication is that movement to the long run will cause marginal costs to drop, because it
will reduce the overutilization of capital.

Our final consideration, recognizing the role of scale economies, generates measures
more analogous to those from primal models, accommodates the growth stimulus from
lower costs, and supports the interpretation of the utilization adjustment in terms of marginal
costs. This type of adaptation is typically attributed to Ohta (1975), who showed that the
primal measure of technical progress, defined as ey = In Y/q]t for the production function
Y (V,x,t), may be imputed from the dual cost perspective as a combination of the cost-side
disembodied technical change measure, erc¢ = fin TC/qit and the cost-based measure of
scale economics, ercy = In TC/MIn Y: ey = -ercdercy.™* Since ercy may be written as
ITC/TY-Y/TC = MC/AC (where MC is marginal and AC average cost), this is equivalent to
redefining the denominator of erc as MC-Y (which we will call MCY), or multiplying it by

1/erc yv=TC/MCY. Equivalent adaptations may be made for the | or G elasticities.
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Also note that the scale economy elasticity erc y, if measured within a short run
model, represents the difference between average costs and short run marginal costs. To
adapt this to reflect long run marginal costs, the numerator should instead be TC*, as
discussed in Paul (1999). That is, a utilization-adjusted scale economy indicator, evaluated
at current K and Y levels, may be constructed as 1/erc y=TC*/MCY.

In sum, adapting the eyc, (or other cost elasticity) measure for the difference
between variable and total costs involves multiplying it by VC/TC. Accommodating
utilization fluctuations requires further multiplication by TC/TC*. And recognizing long
run scale economies (and thus lower costs when output is allowed to adapt) implies
multiplying by TC*/MCY. This full set of adjustments can therefore be imputed by
multiplying evc, by VC/MCY.

Empirical Implementation and the Stochastic Structure

Empirical implementation of the model discussed above, to evaluate the extent and
significance of intra- and inter-state public infrastructure investment impacts on costs and
input demand in U.S. manufacturing, requires assumptions to be made about the functional
forms of the cost function and of the stochastic structure.

The system of estimating equations for our model includes the variable cost function,
VC(.), and input demand equations for the variable inputs, NL, PL, and M, derived from
Shephard’s lemma: vg=TVC/fpq (=NL,PL,M). The functional form assumed for the cost
function, and thus implicitly for the variable input equations, is a generalized Leontief (GL)
approximation used in Paul (2001a), where the factors expressed in levels are included in

quadratic form. This function can be written as:
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1) VC(Y,K,p,r) = $4Si dgi pg DUMi + S4Sh @gs Pg* P + Sy day PaY + Sg dax PoK + SeSy
dgn PgTn+ SgPq(dyy Y2+ dyk K-Y + Sy day 1Y + dick K + Sy O 1K + S:Si G Fafm)
where q and b denote the variable inputs and m and n the components of the r vector, I, G,
and t. This (flexible) functional form allows for a full set of cross-effects (including those
for I and G), and scale economies, and maintains linear homogeneity in prices through the
square-root form for the pq terms, and the Sypq multiplicative factor for the terms in levels.

Estimation of the four equation system comprised of (1) and the input demand
equations may proceed by seemingly unrelated systems (SUR) estimation procedures,
although to accommodate econometric issues such as possible heteroskedasticity,
endogeneity, or autocorrelation, these procedures must be adapted. In particular, to
recognize heteroskedasticity we can compute the standard errors in a robust-White form.*
To deal with endogeneity issues, we could use three stage least squares (THSLS) to
ascertain whether instrumenting the associated variables affects the results substantively,
and how sensitive the estimates are to specification of the instruments. The primary
adaptation in the context of our analysis, however, is for spatial autocorrelation.

Such a “spatial econometrics” approach, analogous to the more standard
econometric model of temporally autocorrelated errors (such as a first order autoregressive
or AR1 process), has been suggested by Kelejian and Robinson (1997). Spatial inter-
connections in this context are defined via spatially “lagged” error terms representing
linkages with neighboring states at one point in time; we will call such a model a spatial
autogressive, or SAR model.

For our application, if there is only one adjoining state (j) whose infrastructure

investment affects costs of production in the state under consideration (i), this adaptation is
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directly analogous to an AR1 adjustment. VCi; = VC(-)it + Uir, Where Ui = r sUj + Vi,

-1<r (<1, and uj; is the (unadjusted) error term for state j in year t; r 5 is the spatial spillover
measure (analogous to the AR1 parameter in a temporal autocorrelation model); and y; is a
normally distributed error for VC(. )i with mean zero and constant variance. Each of the
input demand equations can be analogously written as vq,it = V(- )g,it + Ug,it , Where Ugit =
MsqUgjt tYaqit, -1<rsq<l, andy ;. is a normally distributed error for v(-);; with mean zero
and constant variance.

If multiple states’ production or costs affect state i’s costs, we need to accommodate
the effect of a weighted average of these states’ error terms on state i’s error term. The cost
function therefore becomes VCi; = VC( )it + Uit , Where Uit = 1 s$SWijujt + Y iy, -1<r <1, and
yit~ N(0, s?). The input demand equations would be written as above, except now Ug,it =
Ms,qSj WijUgjt + Y gt Where -1<rsq<landy gt ~ N(O, sqz).

We can then stack the observations for all states for each given year, and transform
each of the four equations (VC, vni, VpL, VM) to obtain a four equation system where each
equation has a normally distributed error term with mean zero and constant variance:

2)  VCi=rWVCi+VC()-rWVC()+Yt

Vgt = IsqWVqt + V(- )gt = MsqWV(- )t + Yt »
where (g=NL,PL,M) and W is a 48 by 48 matrix of weights. This system is what we refer to
as our SAR specification. This extension to apply stochastic spatial econometric techniques
to a system of cost and input demand equations is, to our knowledge, novel in the literature.

Defining the “connecting” states, and their weights, is key to implementing this
approach. Consider the geographic neighbors to a particular state i. For our analysis we

define the weight that neighboring state j has on state i (w;;) as the value of goods shipped
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from state i to neighboring state j, as a share of the value of goods shipped from state i to all
of i’s neighbors. These w;; were used both for the spatial autocorrelation specification and to
weight the sum of state j’s relative infrastructure investment to compute G.'°

Although our analysis here focuses on spatial dependencies, which implies a key role
for the SAR adjustment, with or without the associated spillover variable G in the theoretical
model, temporal dependence might also affect our results due to the panel nature of the data.
Recognition of temporal dependency through temporal serial correlation has been suggested
by some studies (such as Holtz-Eakin and Schwartz, 1995) to be essential for appropriately
representing the size and significance of infrastructure effects. This further adaptation may
be particularly important due to our reliance on panel data; if we recognize the potential for
spatial linkages to affect the valuation of infrastructure investment, then it seems temporal
connections should also be accommodated for appropriate assessment of | benefits.

We thus allowed for AR1 in addition to spatial linkages in the stochastic structure,
by adding the time stationary AR1 processy=r.yt1 + fto the variable cost function in
2), where -1<r <1 and f ~ N(0, s?). Similarly, for each of the input demand equations in
2), we added the time stationary AR1 process yiq =TI gy t1q * ftq, Where -1<r q4<landfq
~N(0, s°). The state-by-time adjustment accomplished by appending this stochastic
structure to the SAR model accommodates both spatial and temporal autocorrelation for our
panel data, resulting in the system of estimating equations:

3) VCi=r VCi + rsWVCi + VC(- )t - rWVC(-)t -1 4 [r sWVCiy + VC(: )1 - r WVC(-)ea] + ¢
Vo, =T qaVat T sqWVgt + V(g - FsgWV( gt - Mg [Fs.aWVgr1 + V(- )get - TsgWV(-)gea] + gt

We refer to this system 3) as the SAR/ARL1 specification.
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A final econometric issue that should be considered is whether some endogeneity
might be associated with 1. Although the relatively small share of manufacturing in states’
production suggests that this sector is unlikely to drive policy decisions, the endogeneity
issue may be addressed econometrically by pursuing estimation by THSLS, to ascertain its
possible impact on our results. As was suggested and popularized by Pindyck and
Rotomberg (1983), we accomplished this by instrumenting the I level by various
combinations of lagged values for | and the exogenous variables."” The results were not
conclusive, since they exhibited great sensitivity to the choice of instruments, although the
general pattern was that the ey, estimate tended to fall but eyc  to rise (sometimes to
implausibly high levels). We therefore retained SUR estimation for our final models.

Our exploration of intra- and inter-state infrastructure investment impacts for 1982-
1996 is carried out by comparing a sequence of specifications, to identify variations in
estimates resulting from differential treatments of spillovers, and of the error structure. Our
base model (Base) includes | but not G as an argument of VC(.), with no SAR or AR1
adjustment. The SAR and combined SAR/AR1 adaptations to this model comprise our
second and third specifications (Base/SAR and Base/SAR/AR1). The separate inclusion of
G in the VC(-) function, the SAR adaptation to this model, and the adjustment to also allow
for AR1 serially correlated errors, comprise our fourth to sixth specifications (G, G/SAR,
and G/SAR/AR1). Parameter estimates for these models (without the dummy variables to
keep the presentation manageable) are presented in Appendix Table Al.

The parameter estimates and t-statistics presented in Appendix Table Al document
a strong statistical significance of virtually all parameters of these complex models. The R%

indicating the “fits” of the equations are, in fact, always 0.98 or above. Furthermore, all of
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the temporal autocorrelation and spatial autocorrelation parameter estimates are highly
significant in all of the specifications in which they were incorporated. This suggests that
our cost-specification with both time and space dimensions well represents the data.

The primary shadow values and elasticities computed from these parameter estimates
are presented in Table 1 on average over the entire sample, and divided into the two decades
covered by our data sample to identify time trends. The reported t-statistics were computed
by evaluating the measures for the averaged data.

Overall, the size and significance of the measures for both intra- and inter-state
infrastructure benefits, Z; (evc,), and Zg (evc ) are in a reasonable range that is broadly
consistent with results in much of the literature, and are also invariably statistically
significant. Our results thus clearly support the notion, which the recent literature seems to
have drifted toward (if in a somewhat haphazard fashion), that infrastructure impacts are
evident and significant, but are smaller than suggested by the original literature on the
“public capital hypothesis”. They also suggest not only significant own- or intra-state
infrastructure benefits, but complementarity with inter-state infrastructure benefits, that
enhance the own-benefits as well as being individually significant. To explore this further
we will overview the primary results for our sequence of models.

First consider the Base case, as a comparison for the vast majority of the literature
that precludes inter-state spillovers, including only intra-state effects. We find a shadow
(nominal or dollar) value of public infrastructure investment, Z,, of approximately -0.3. This
is very similar to the results found by Morrison and Schwartz (1996a,b), which might be

expected since both are based on a cost-approach, although the current study is for a later
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Table 1: Public and Private Capital Shadow Values and Elasticities

Base

Entire Sample

4
Lg
Lg

€vc,

t stat
€vce
t stat
€vck
t stat

VCI/TC
TC/TC*
TC*/MCY
VC/MCY

-0.3091

-0.3292

-0.1518
-5.26

-0.1579
-8.23

0.8915
0.9703
1.4208
1.2283

Base
SAR

-0.3770

-0.2614

-0.2009
-7.36

-0.1269
-6.34

0.8915
0.9964
1.5620
1.3864

Base
SAR/AR1

-0.3189

-0.2738

-0.1617
-3.71

-0.1325
-4.34

0.8917
0.9913
1.6582
1.4639

Gin

-0.3697
-0.3222
-0.3050

-0.1972
-6.55
-0.1629

-13.68
-0.1468
-7.80

0.8915
0.9802
1.3408
1.1690

Gin
SAR

-0.5059
-0.3050
-0.2856

-0.2938
-10.50
-0.1524
-14.37
-0.1383
-7.25

0.8915
0.9882
1.4174
1.2465

Gin
SAR/AR1

-0.3938
-0.0678
-0.2323

-0.2337
-4.65
-0.0332
-2.57
-0.1131
-3.72

0.8917
1.0092
1.5834
1.4218

80s

4
Lg
Lg

SV
€vce
€vck

VCI/TC
TC/TC*
TC*/MCY
VC/MCY

90s

4
A
Ly

€vc,
SV/o¥e
€vck

VC/TC
TC/TC*
TC*/MCY
VC/MCY

Base

-0.2180
-0.3128
-0.1123
-0.1575
0.8867
0.9758

1.4639
1.2658

-0.4132

-0.3481

-0.1969

-0.1585

0.8970
0.9640
1.3717
1.1853

Base
SAR

-0.2852
-0.2437
-0.1647
-0.1243
0.8867
1.0042

1.6047
1.4277

-0.4819

-0.2816

-0.2423

-0.1300

0.8970
0.9876
1.5131
1.3392

Base
SAR/AR1

-0.2789
-0.2899
-0.1532
-0.1472
0.8865
0.9843

1.7022
1.4838

-0.3588

-0.2577

-0.1702

-0.1179

0.8970
0.9982
1.6143
1.4439

Gin

-0.2523
-0.2891
-0.2850

-0.1442
-0.1571
-0.1440

0.8867
0.9876
1.3964
1.2210

-0.5040
-0.3600
-0.3280

-0.2577
-0.1696
-0.1501

0.8970
0.9717
1.2771
1.1096

Gin
SAR

-0.3881
-0.2787
-0.2411

-0.2471
-0.1496
-0.1233

0.8867
1.0062
1.4700
1.3095

-0.6406
-0.3350
-0.3365

-0.3472
-0.1558
-0.1554

0.8970
0.9676
1.3572
1.1745

Gin
SAR/AR1

-0.3192
-0.0423
-0.2675

-0.2066
-0.0226
-0.1359

0.8865
0.9944
1.6549
1.4572

-0.4684
-0.0933
-0.1971

-0.2608
-0.0438
-0.0903

0.8970
1.0241
1.5119
1.3864



time period with somewhat different data and functional form. The Z, shadow value is also
closely comparable to that for K, Zx, which is slightly larger at -0.33.

The Z, estimate corresponds to an eyc, elasticity (in proportional terms) of -0.152,
with the ey x measure again very similar.*® Although (the negative of) this value is not
directly comparable to the ey, elasticities reported in much of the existing literature, since it
is a short run measure and does not incorporate scale economies in this form, it is
remarkably similar to Munnell’s (1990) estimate of 0.15. It is also far smaller than the
original 0.39 estimate by Aschauer (1989). As documented in the survey by Sturm et al.
(1998), who note that dual cost or profit models typically generate elasticities about half the
size of Aschauer’s, this measure is also in the same range as most other studies based on this
type of methodology.

The second two panels of Table 1, which present estimates for the 1980s and 1990s,
indicate a significantly upward time trend in the ey, elasticity. In fact the measure for the
1990s is nearly twice that for the 1980s for the Base specification (although the difference is
not as dramatic for some of the other specifications). This general tendency is consistent
with Aschauer’s (2001) findings of an upward trend in public infrastructure benefits
between the 1970s and 1980s, although the difference into the 1990s is even more striking.

As outlined in the previous section, adaptations to these measures may be carried out
to make them comparable to others in the literature based on alternative methodologies,
particularly those founded on estimation of production functions. First, if adjusted to reflect
the proportion in terms of total costs, the VC/TC ratio in Table 1 indicates that these

elasticities would be approximately 10 percent smaller.™
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Adapting to purge the impacts of utilization variations, through multiplication by
TC/TC*=0.97, implies a 3 percent further drop in the eyc estimate for this specification.
But the deviation of the utilization ratio TC/TC* from 1 is insignificant (and the other
specifications result in TC/TC* ratios even closer to 1), so utilization fluctuations do not
seem central to measurement and interpretation of intra-state public infrastructure benefits
for these data.”’ In fact, according to these estimates, capital stocks seem close to their long
run equilibrium levels on average. This may be due to the largely cross-section nature of the
data, which might be expected to better represent long run levels than time series data alone.
The utilization measures also do not exhibit substantive time trends, so the implied
utilization cost elasticity adaptations for the two decades are similar.

Finally, the TC*/MCY ratio implies significant (long run) increasing returns to scale,
which is often found in this literature, as documented by Sturm et al. (1998). Thus, output
increases or growth resulting from I investment (and neighboring states’ | investment),
imputed by multiplying eyc, (or eycg) by this ratio, would be substantially higher than
suggested by the cost declines alone.

In sum, accommodating these various adjustments scales up the estimates of eyc
and eyc k by more than 20 percent. Most of this difference arises, however, from the scale
economy adjustment, which reflects comparisons across states (the spatial dimension) as
well as for a particular state over time, so care must be taken for appropriate interpretation of
this measure. Note also that the impact of scale economies appears lower for the 1990s as
compared to the 1980s, with a 27 percent adaptation implied for the 1980s (but applied to a

smaller eyc,), as compared to 18.5 percent in the 1990s. And that these adaptations,
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although not implying as large public infrastructure elasticities as those often found in the
production function literature, push the estimates in that direction.

The second and third specifications (Base/SAR and Base/SAR/AR1) represent the
adaptation of the stochastic structure to SAR, and then the addition of the AR1 adjustment.
The spatial econometrics adaptation is statistically supported; the estimates of the spatial
autocorrelation parameters for each equation are strongly significant (as can be seen in Table
Al). And slight differences in both the magnitude and significance of Z, and eyc are
evident for the SAR model; both rise (in absolute value), with the magnitude of ey
increasing by about 30 percent, to -0.201. The corresponding eyc k estimate falls slightly in
absolute value. Allowing also for serial correlation, however, through the AR1 adaptation,
counteracts these changes, resulting in elasticity estimates close to those from the base
specification. In particular, eyc falls back to -0.162, with a slightly lower t-statistic but still
strongly significant.

The adjustment ratios for these specifications are very similar to those for the base
model, although even greater scale economies are implied with the AR1 model. Also,
although the time trends are very similar for the SAR case, the AR1 adaptation somewhat
smooths the time trends in the measures.

Incorporating G into the cost specification has a more noticeable effect, on balance.
Zs and thus eyc g are not only significantly positive on average, but the Z, and eyc
measures increase (and those for K decrease slightly). In particular, for the model with G
incorporated but no stochastic adaptations, eyc, rises to -0.197 and e\c ¢ is estimated as
-0.163. These measures suggest cross-state infrastructure complementarity, in the sense that

the G-effects augment the measured I-effect. That is, when (positive) interactions among
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states’ infrastructure investments are recognized, the within- or intra-state infrastructure
effect appears greater. Also, the sum of the | and G impacts reaches levels more closely
approximating estimates generated with more aggregate data, in which the spillover effects
would be internalized.

If both SAR and G are accommodated the e,c  value increases again quite
substantively, to -0.294 and eyc ¢ drops slightly, to -0.152. Further refinement to
incorporate an AR1 stochastic structure counteracts the rise in the estimated | impact
somewhat, but not to the level suggested by the base case; on average eyc,=-0.234. The
effect of recognizing AR1 is more dramatic for the eyc g measure; eyc g drops (in absolute
value) substantively, to -0.033 (although it remains significant). This suggests that at least
some of the apparent spillover effect may be indirectly tied to time trends. However, the
positive externality from inter-state infrastructure investment still has a consequential
estimated impact, with about a 0.04 percent reduction in production costs associated with a 1
percent increase in infrastructure investment in neighboring states.

Adaptations to all these models to adjust the elasticities to reflect total costs,
utilization, and scale economies are very similar to those for the Base model, although the
most general G/SAR/ARL specification suggests more dramatic scale economies than the
others. Time trends for the specifications with G included are also generally comparable to
those for the Base model.

Both the signs and significance of the | and G cost-impacts distinguish the results for
this sequence of models from those reported by authors such as Holtz-Eakin (1994) and
Hulten and Schwab (1991), who find little impact from intra-state infrastructure investment.

They also differ from the few studies that address inter-state spillover issues, including
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Holtz-Eakin and Schwartz (1995) and Boarnet (1998), where virtually no spillover impact
was uncovered, and what was evident appeared to be negative. These studies, and
particularly Boarnet, however, interpret these results in the context of spatial mobility and
the resulting loss of productive factors to regions with higher levels of infrastructure
support. This is more likely to be relevant for counties, as in Boarnet, than at the state level
of our analysis. Also, Holtz-Eakin and Schwartz estimated a production-oriented model in
long-differenced form, which may over-smooth the patterns we are attempting to identify.

In addition to the direct cost impacts of | and G investment, it is illuminating to
consider the input-specific effects of public investment on private decisions such as private
capital investment and labor demand or employment. Some indication of these patterns is
exhibited by the netput- (output- and input-) specific elasticities presented in Table 2. These
measures are presented for the most general G/SAR/AR1 model. Due to some very small
values of Zg, however, the corresponding elasticities were widely variable. The seven
sample points for which this resulted in large outliers were thus omitted from the sample
before averaging the results. Although some of the G and K elasticity values still remain
larger in magnitude than they would be if the estimates were more consistent across states,
the signs of the elasticities are generally consistent with other specifications.?

First note from the additional 1%-order elasticities that not only the eyc s elasticities
are on average lower for the specifications with AR1 incorporated, the eycy measures,
which represent scale economies, are also significantly smaller (although all specifications
imply increasing returns to scale). The implied rejection of constant returns to scale from
evc,y (short run and long run given the close approximation of the average TC*/TC ratio to

1) is consistent with that generally found in this literature. The VC elasticities with respect
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Table 2: Netput-Specific Elasticities, G/SAR/AR1

evc, -0.2351 €. 0.5640 €k -0.2615

SVe¥e -0.0338 €.l -0.5432 €y 0.0254

€vck -0.1129 €vc, -0.0054 e NL 0.1790

€vcy 0.7133 enL -0.5152 € pL -0.0828

SV -0.0001 ST 0.1513 € m 0.9039

€ve N 0.1142 €, -0.2741 € 0.0221
€vcpL 0.1330

€vem 0.7526 €6 0.1342 €6k -0.5983

€. -0.3072 €,y 0.0015

€vic -0.0001 €L 0.3787

e\LG -0.1483 €,pL 0.6328

€Lc -0.1751 €M -0.0114

€, 0.0002 €t 0.0792



to the variable inputs, eyc,q, reflect their (variable cost) input shares, with the M share on
average over 75 percent. And the eyc; elasticity, although negative on average, implying
cost diminution (cost-side technical change) over time, is nearly negligible in magnitude,
although statistically significant.

To pursue our exploration of public infrastructure effects further with the 2" order
elasticites, note that that the positive e ¢ = 12/1G-G/Z, and eg | = 1Zc/l- 1/Z¢ (where Zg,
Z,<0) elasticities support the notion that infrastructure in neighboring states raises the value
of intra-state public capital investment; they are in some sense “complements”. The large
elasticity values for this specification, however, are to some extent driven by outliers, so the
magnitude of this average measure is not very definitive.

For private inputs, our results show that K, M, and NL act as substitutes with I,
whereas PL and | are complements. Symmetry is also maintained for these elasticities; en;
and e . are, for example, consistent in sign, given that NL is positive and Z, negative.
Public infrastructure investment also seems to reduce the marginal cost of output (on
average evc,<0, although it is small), providing a stimulus for growth. And g ; indicates
that Z, is increasing (in absolute value) over time, as found by our temporal comparision
from Table 1.

The short run substitutable relationship of | with K is consistent with Morrison and
Schwartz (1996b), who also found, however, that this tendency was “dampened by a long
run tendency to move together”. By contrast, a complementary relationship between K and
| has often been found in models that assume immediate adjustment of private capital stocks,
such as Conrad and Seitz (1992), Deno (1988), and Lynde and Richmond (1992). Note also

that substitutability suggests investment in public infrastructure does not stimulate private
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capital investment at existing output levels, although output growth resulting from |
investment will tend to counteract this, particularly since such growth tends to be capital-
using (as shown by Morrison and Schwartz, 1996b).

The complementarity between PL and | also varies from the relationship usually
found in the literature, although again the average is in this case to some extent driven by
large positive elasticity values for states with very small PL. Although substitution of | with
both NL and M variable inputs is evident, the primary driving factor for reduced costs from
public infrastructure investment is clearly significant materials savings.

These variable input patterns imply “indirect impacts”, as denoted by Pereira, in the
context of input productivity patterns. In particular, complementarity of PL with | suggests
that its marginal product, and therefore production labor demand and employment, increases
with | investment. But for given output levels this implies a reduction in (average) labor
productivity, Y/PL. Output growth arising from infrastructure investment will tend to
counteract this to some extent, however, since output increases seem to be associated with
smaller proportional employment increases, as found by Morrison and Schwartz (1996b).

The G-impacts are somewhat different than for I. Although K and NL also appear
substitutable with G, PL now also seems substitutable and M very slightly complementary.
Higher G seems to be associated with lower employment levels, perhaps due to a reduced
labor force, which is consistent with Boarnet’s (1998) suggestion that increased
infrastructure in neighboring states may cause leaching of productive factors. Also, the
impact of G on MC is even smaller than that for I.

The spatial variations in the cost and input-specific elasticities exhibited by the

regional averages presented in Table 3 indicate that the impacts of intra-state public
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Table 3: Elasticities by Region, G/SAR/AR1 specification

evc,
evce
€vck
8vcy
SVeX:
even
evcrL
&vcm

€.
€vic,I
SN
SN
€.

€c

€vc
S \Ie
ELc
€v.c

Pacific

-0.557
-0.025
-0.146

0.482

-0.214
0.005
-0.063
0.707
-0.004
0.130
0.130
0.740

-0.634

2.531
-0.011
-0.343
-0.061
-0.218

0.326
4.895
0.000
-0.038
-0.089
0.024

-0.383
-0.088
-0.213

0.474

-0.474
-0.076
-0.107
0.697
0.003
0.108
0.123
0.763

0.257
-0.200
-0.002
-1.288

0.406
-0.549

0.058
-0.100
0.000
-0.364
-0.380
-0.006

Mountain West N.
Central

-0.401
-0.086
-0.226

0.481

-0.296
-0.047
-0.079
0.699
-0.002
0.088
0.109
0.805

0.443
-0.315
-0.004
-0.729

0.234
-0.324

0.089
-0.145
0.000
-0.218
-0.250
-0.004

East N.
Central

-0.350
-0.032
-0.323

0.486

-0.089
-0.009
-0.147
0.711
-0.002
0.112
0.146
0.743

-8.733
-0.443
-0.008
-0.136

0.065
-0.113

0.255
-0.215
0.000
-0.037
-0.061
0.005

New
England Atlantic

-0.358
-0.073
-0.236

0.470

-0.158
-0.029
-0.139
0.701
0.005
0.169
0.174
0.656

0.331
-0.153
-0.002
-0.179

0.097
-0.224

0.059
-0.078
0.000
-0.072
-0.102
-0.001

Mid

-0.450
-0.069
-0.217

0.478

-0.191
-0.028
-0.106
0.748
-0.003
0.175
0.141
0.683

2.005
-1.964
-0.013
-0.221

0.002
-0.225

0.241
-0.683
0.000
-0.060
-0.126
-0.001

South
Atlantic

-0.372
-0.070
-0.243

0.475

-0.142
-0.025
-0.124
0.728
-0.001
0.075
0.139
0.790

0.667
-0.305
-0.005
-0.352

0.094
-0.165

0.108
-0.132
0.000
-0.131
-0.110
0.000

East S.
Central

-0.401
-0.049
-0.210

0.468

-0.149
-0.015
-0.105
0.679
-0.001
0.071
0.102
0.830

-3.319
-0.832
-0.008
-0.433

0.103
-0.158

0.223
-0.613
0.000
-0.119
-0.135
0.006

West S.
Central

-0.378
-0.074
-0.242

0.476

-0.197
-0.027
-0.128
0.751
-0.001
0.117
0.136
0.747

0.989
-0.417
-0.005
-0.320

0.098
-0.235

0.105
-0.135
0.000
-0.085
-0.124
-0.001



infrastructure investment are highest in the West.? In particular, the eyc, elasticity is
greatest in the Mountain and West North Central states, with the Pacific and West South
Central states following. The smallest values are found toward the East and South — East
North Central, South Atlantic, and East South Central. This does not easily correspond to
the usual division into the “snowbelt” and “sunbelt” states in this literature, although many
of the South Central states might be thought of as the primary sunbelt states, in terms of
manufacturing activity. Thus these measures to some extent support the findings of Hulten
and Schwab (1991) and Aschauer (2001), that suggest a higher public infrastructure impact
in the snowbelt than the sunbelt.

The implications are quite different for the impact of spillovers. In particular, some
of the lowest eyc values are found in the Pacific region and the average in fact is very
slightly positive. This could suggest that for a state such as California, which is both large
and relatively densely populated, spillovers are not nearly as important as intra-state
investment in infrastructure. The next lowest tend to be in the East and Central regions —
East North Central and East South Central. The largest impacts again arise in the Mountain
and West North Central regions, which tend to be sparsely populated, so the full network of
highway infrastructure in these regions is likely to be important productive contributors for
manufacturing firms in these states.

Concluding Remarks

In this paper we have reevaluated the “public capital hypothesis” for the U.S.
manufacturing sector, 1986-92, in a cost-based framework with explicit recognition of not
only intra-state public infrastructure investment impacts, but also inter-state infrastructure

spillovers. We use two types of adaptations to incorporate spatial spillovers into the analysis
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— imposing a spatial autocorrelation stochastic structure, and including a spatial externality
index in the theoretical framework. We also account for first order serial correlation within
this spatial framework.

We find significant beneficial productive impacts for both intra- and inter-state
public infrastructure investment, which have been increasing over time. Spillovers also seem
to complement the productive impact of within-state public infrastrastructure investment,
further enhancing their measured cost impact. Adaptations to reflect variations in capacity
utilization due to short run rigidities have little impact on the estimates. However,
accommodating scale economies to make the measures more comparable to primal measures
increases their estimated magnitudes toward those found in production-oriented models.

Regional variations in these patterns are also evident. The largest intra-state
infrastructure impacts are apparent in the West, and the smallest in the East/South states. By
contrast, the Pacific states exhibit virtually no inter-state infrastructure impact, although the
Mountain and West North Central regions still maintain high values, and the East/Central
states also receive little benefits from public capital spillovers.

Overall, intra-state public infrastructure investment appears to substitute for
materials inputs and private capital, and to some extent non-production labor. But the
marginal cost impact of such investment provides a slight stimulus for output growth that
could help to counteract these trends, and enhance private capital investment. Inter-state
spillovers, by contrast, seem to increase marginal costs somewhat, and reduce employment
(demand for both production and non-production labor, through substitutability), while
again acting as a substitute for, or augmenting the input-specific productivity of, private

capital and intermediate materials.

29



References

Annala, C. and S. J. Perez. 2001. “Convergence of Public Capital Investment Among the
United States, 1977-1996.” forthcoming in Public Finance and Management.

Aschauer, D. 1989. “Is Public Expenditure Productive?” Journal of Monetary Economics.
23:177-200.

Aschauer, D. A. 2001. “Output and Employment Effects of Public Capital.” forthcoming in
Public Finance and Management.

Aaron, H. 1990. “Discussion of “Why Is Infrastructure Important?” in A. Munnell, ed. Is
there a Shortfall in Public Capital Investment?, Conference Series No. 34. Federal
Reserve Bank of Boston:51-63.

Bartlesman, E., R. J. Caballero and R. K. Lyons. 1994. “Customer- and Supplier-Driven
Extemnalities.” American Economic Review. 84(4):1075-1084.

Batina, R. G. 2001. “The Effects of Public Capital on the Economy.” forthcoming in Public
Finance and Management.

Bell, K.P. and N.E. Bockstael. 2000. “Applying the Generalized-Moments Estimation
Approach to Spatial Problems Involving Microlevel Data.” The Review of Economics and
Statistics. 82(1), February:72-82.

Bell, M.E., and T.J. McGuire. 1994. “Macroeconomic Analysis of the Linkages Between
Transportation Investments and Economic Performance.” Final Report for National
Cooperative Highway Research Program Project 2-17(3). (September).

Berndt, E.R. 1991. The Practice of Econometrics. Boston: Addison Wesley.

Berndt, E., and B. Hansson. 1992. “Measuring the Contribution of Public Infrastructure in
Sweden.” The Scandinavian Journal of Economics. 94:151-168.

Boarnet, M. G. 1998. “Spillovers and the Locational Effects of Public Infrastructure.”
Journal of Regional Science. 38(3):381-400.

Conrad, K. and H. Seitz. 1992. “The *Public Capital Hypothesis’: The Case of Germany.”
Recherches Economiques de Louvain. 58(3-4):309-327.

Dalamagas, B. 1995. “A Reconsideration of the Public Sector’s Contribution to Growth.”
Empirical Economics. 20:385-414.

Deno, K.T. 1988. “The Effect of Public Capital on U.S. Manufacturing Activity: 1970 to
1978.” Southern Economic Journal. 55(1):400-411.

30



Eberts, R., C.S. Park and D. Dahlenberg, 1986. “Public Infrastructure Data Development.”
National Science Foundation manuscript.

Garcia-Mila, T. and T. J. McGuire. 1992. “The Contribution of Publicly Provided Inputs to
States’ Economies.” Regional Science and Urban Economics. 22(2) (June):229-242.

Gramlich, E.M. 1994. “Infrastructure Investment: A Review Essay.” Journal of Economic
Literature. 32:1176-1196.

Holtz-Eakin, D. 1994. “Public-Sector Capital and the Productivity Puzzle.”, The Review of
Economics and Statistics. 76(1):12-21.

Holtz-Eakin, D. and A.E. Schwartz. 1995. “Spatial Productivity Spillovers from Public
Infrastructure: Evidence from State Highways.” International Tax and Public Finance,
2:459-468.

Hulten, C.R., and R.M. Schwab. 1991. “Public Capital Formation and the Growth of
Regional Manufacturing Industries.” National Tax Journal. 44(4):121-134.

Kelejian, H. and I. R. Prucha. 1999. “A Generalized Moments Estimator for the
Autoregressive Parameter in a Spatial Model.” International Economic Review. 40(2),
May:509-533.

Kelejian, H. and D. Robinson. 1997. “Infrastructure Productivity Estimation and its
Underlying Econometric Specifications: A Sensitivity Analysis.” Papers in Regional
Science. 76(1):115-131.

Lynde, C. and J. Richmond. 1992. “The Role of Public Capital in Production.”, The Review
of Economics and Statistics.” 74:37-45.

Morrison, C.J. 1985. "Primal and Dual Capacity Utilization: An Application to Productivity
Measurement in the U.S. Automobile Industry.” Journal of Business and Economic
Statistics, 3(4), October:312-324.

Morrison, C.J. and A.E. Schwartz. 1996a. “Public Infrastructure, Private Input Demand and
Economic Performance in New England Manufacturing.” Journal of Business and
Economic Statistics. 14(1):91-101.

Morrison, C.J. and A.E. Schwartz. 1996b. "State Infrastructure and Productive
Performance.” American Economic Review. 86(5), (December):1095-1111.

Morrison, C. J. and D. Siegel. 1999. "Scale Economies and Industry Agglomeration

Extemalities: A Dynamic Cost Function Approach.” American Economic Review, 89(1),
March:272-290.

31



Munnell, A. 1990. “How Does Public Infrastructure Affect Regional Economic
Performance?”, New England Economic Review. (September/October):11-32.

Nadiri, M.I. and T.P. Manuneas. 1994. “The Effects of Public Infrastructure and R&D
Capital on the Cost Structure and Performance of U.S. Manufacturing Industries.” The
Review of Economics and Statistics. 76(1):22-37.

Ohta, M. 1975. "A Note on the Duality Between Production and Cost Functions: Rate of
Returns to Scale and Rate of Technical Progress.” Economic Studies Quarterly. 25:63-65.

Paul, C.J. Morrison. 1999. Cost Structure and the Measurment of Economic Performance.
Boston: Kluwer Academic Press.

Paul, C. J. Morrison. 2001a. “Market and Cost Structure in the U.S. Beef Packing Industry:
A Plant-Level Analysis”, forthcoming in the American Journal of Agricultural
Economics.

Paul, C. J. Morrison. 2001b. “Suppy and Demand-Driven Spillovers and Productivity
Growth”, forthcoming in Japan and the World Economy.

Paul, C. J. Morrison, V. Eldon Ball, Ronald G. Felthoven, and Richard Nehring. 2001.
“Public Infrastructure Impacts on U.S. Agricultural Production A State-Level Panel
Analysis of Costs and Netput Composition.” forthcoming in Public Finance and
Management.

Pereira, A. M. 2001. “Public Investment and Private Sector Performance: International
Evidence.” forthcoming in Public Finance and Management.

Pindyck, R.S., and J.J. Rotemberg. 1983. "Dynamic Factor Demands, Energy Use and the
Effects of Energy Price Shocks.” American Economic Review. 73(5). December:1066-79.

Reich, R. 1991. “The Real Economy.” The Atlantic Monthly:35-52.

Seitz, H. 1994. “Public Capital and the Demand for Private Inputs”, Journal of Public
Economics. 54:287-307.

Shah, A. 1992. “Dynamics of Public Infrastructure, Industrial Productivity and
Profitability.” The Review of Economics and Statistics. 74:28-36.

Sturm, J.-E. 2001. “The Impact of Public Infrastructure Capital on the Private Sector of the
Netherlands: An Application of the Symmetric Generalized McFadden Cost Function.”
forthcoming in Public Finance and Management.

Sturm, J.-E. and J. De Haan. 1995. “Is Public Expenditure Really Productive? New
Evidence From the USA and the Netherlands.” Economic Modelling. 12(1):60-72.

32



Sturm, J.-E., G.H. Kuper, and J. De Haan. 1998. “Modelling Government Investment and
Economic Growth On a Macro Level: a Review.” in S. Brakman, H. Vanes, and S.K.
Kuipers, eds. Market Behaviour and Macroeconomic Modelling. MacMillan, London,
chapter 14:359-406.

33



Appendix Al: Parameter Estimates and t-statistics

Base Base SAR Base SAR/AR1
Parameter  Estimate t-statistic Estimate t-statistic Estimate t-statistic
I -4137.72  -7.86 -1107.28  -2.02 -106.38  -0.30
anLm 8670.41 8.84 2706.45 2.44 2719.21 3.72
apLm 12834.8  15.52 7215.83 7.71 2929.11 4.39
ey 0.07 14.85 0.06 11.72 0.04 9.32
Oty 0.10 23.22 0.08 18.07 0.06 14.82
Ch.y 056 57.53 050 51.11 0.50 50.91
Che 38.49 4,59 45.58 4.80 9.07 0.63
Oy ¢ 38.05 5.50 48.72 6.56 -19.46  -1.30
Chvi¢ 26.39 1.30 119.36 4.68 18.05 0.37
Che, 0.21 7.37 0.09 3.59 3.25E-03 0.08
Oy 0.26 9.63 0.18 7.51 0.14 3.56
Chwi,i -0.52 -10.19 -0.52 -11.35 031 -3.94
(o NI 0.08 4.38 0.11 5.81 0.05 1.78
(o -0.06  -3.29 -0.02  -1.05 -0.10  -4.33
Ch 050 -12.41 -0.44 -11.57 042  -6.26
dy.y 1.73E-07 3.51 8.59E-08 2.06 1.89E-07 6.79
d, 4.91E-07 1.00 2.30E-06 5.65 -2.61E-06  -4.44
O 1.80E-06 3.85 -1.72E-07  -0.45 7.45E-07 2.37
dy x -7.48E-07  -3.00 2.98E-07 1.48 -6.53E-07  -4.70
dy, -8.95E-07  -4.61 -1.31E-06  -7.81 -4.99E-07  -3.20
O, -3.89E-07  -0.54 -1.50E-07  -0.24 1.38E-06 2.01
dy -1.71E-03  -5.74 -1.63E-03  -5.55 -2.28E-03  -7.57
d, -6.32E-03  -7.23 -6.06E-03  -7.80 1.38E-03 0.96
O ¢ 1.31E-03 1.64 6.07E-04 0.80 4.69E-03 4.71
rs 046  23.13 0.26  11.37
r 0.74  53.93
MsnL 041 16.38 0.24 8.50
M gNL 0.65 39.18
MspL 051 21.07 035 12.05
M gpL 0.80 63.96
Msm 047  23.76 0.26  11.57

Fam 0.72 5433



Appendix Al Continued: Parameter Estimates and t-statistics

Base/G G/SAR G/SAR/AR1
Parameter Estimate t-statistic Estimate t-statistic Estimate  t-statistic

anLpL -3938.45 -7.83 -684.47 -1.31 -43.48 -0.13
anLm 8425.16 8.74 2312.04  2.09 2629.28 3.66
Ap M 12484.50 16.03 612250  6.85 2795.88 4.48
Chey 0.08 16.38 0.07 15.12 0.04 9.80
Oy v 0.11 25.01 0.10 22.29 0.07 16.07
v,y 0.56 59.26 0.52 53.78 0.50 49.77
(o N1 42.06 4.97 4474 464 34.03 2.31
oy ¢ 48.35 7.07 51.24  6.98 16.20 1.12
Ch¢ 25.50 1.24 125.48  4.76 29.38 0.59
Che, 0.18 6.65 004 1.72 -0.04 -1.04
by 0.23 8.79 012  5.30 0.08 2.11
Qi -0.54  -10.68 -0.61 -13.33 -0.36 -4.61
Ok 0.14 7.18 016  8.67 0.06 2.24
(o -3.63E-04 -0.02 0.03 1.75 -0.12 -5.35
(o V% -0.44  -10.98 -0.39 -10.61 -0.39 -5.70
dy.y 1.58E-07 3.31 7.65E-08  2.02 1.66E-07 6.20
dh, 1.40E-06 2.57 2.79E-06  6.32 -1.13E-06 -1.77
O -6.95E-08 -0.15 -1.63E-06  -4.47 2.39E-07 0.75
dy -8.65E-07 -3.64 9.10E-08  0.48 -9.32E-07 -6.72
dy, -9.06E-07 -4.54 -1.33E-06  -7.78 -6.79E-08 -0.42
Ce.1 8.59E-08 0.12 1.08E-06  1.90 2.21E-06 3.31
dy -7.93E-04 -2.73 -4.17E-04  -1.47 -1.71E-03 -5.69
d -9.32E-03 -9.83 -8.18E-03  -9.48 -3.39E-03 -2.09
O ¢ 2.06E-03 2.49 -1.15E-03  -1.54 6.66E-03 6.29
rs 048 23.59 0.26 11.55
ry 0.73 52.79
I snL 041 16.28 0.24 8.39
I gNL 0.66 39.34
M spL 054 21.79 0.36 11.92
I 4pL 0.80 61.66
Msm 049 24.39 0.27 11.71
M om 0.71 53.56
O -0.14  -12.65 -0.12 -11.99 -0.02 -1.74
G -0.17  -15.59 -0.15 -15.67 -0.04 -3.54
(o yyre -0.17 -8.88 -0.18 -10.74 0.01 0.64
dsc 2.65E-07 5.52 3.59E-07  9.43 1.49E-07 3.87
dvc 6.97E-08 1.05 -6.32E-10  -0.51 -7.73E-10 -0.25
ds k 9.90E-07 5.11 5.17E-07  3.79 9.63E-07 5.21
ds, -4.73E-07 -1.38 -3.23E-07  -1.05 -1.26E-06 -3.22

o 1.10E-04 0.21 8.52E-04 1.91 -2.09E-03 -3.26



Data Appendix

Labor quantities: The number of workers engaged in production (PL) at operating
manufacturing establishments, and the number of full-time and part-time employees
(TOTAL) on the payrolls of these manufacturing establishments, are from the U.S. Census
Bureau’s Annual Survey of Manufactures (ASM), Geographic Area Statistics. Total number

of non-production workers (NL) are obtained as the difference between TOTAL and PL.

Wage bills: The ASM reports wages paid to production workers and gross earnings of all
employees on the payroll of operating manufacturing establishments. Wage bill for NL is
obtained by subtracting the wages paid to PL from the gross earnings of all employees.
Nonproduction wage is obtained by dividing the nonproduction wage bill by NL. Production

wage is obtained by dividing the production wage bill by PL.

Public capital stock: Following Eberts, Park and Dalenberg (1986), the perpetual inventory
technique was applied to state-level public infrastructure investment data to generate
highway capital stock estimates. Discards were assumed to follow a truncated normal
distribution, with the truncation occurring at one half the average life and one and one half
times the average life. The Federal Highway Administration's composite price index was

used to deflate the capital and maintenance outlay series.

Private capital stock: The perpetual inventory method was applied to data on state level new
capital expenditures from the ASM, with the initial capital stock (1982) values taken from
Morrison and Schwartz (1996). Depreciation rates for capital equipment are from the
Bureau of Labor Statistics, Office of Productivity and Technology. The investment deflator
was obtained from the Bureau of Labor Statistics and is their input price deflator for total
manufacturing (SIC 20-39) capital services. The price of capital is obtained as (iq+d;)

-Ok J1/(1-taxrate;)], where d; is the depreciation rate, i; is the Moody’s Baa corporate bond
rate (obtained from the Economic Report of the President), gk is the investment deflator,
and taxrate; is the corporate tax rate (obtained from the Office of Multifactor Productivity,

Bureau of Labor Statistics).
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Materials: The ASM reports direct charges actually paid or payable for items consumed or
put into production during the year. The quantity of materials is obtained by deflating these
charges by the ratio of nominal Gross Domestic Product to real Gross Domestic Product as
reported on the Bureau of Economic Analysis website. This deflator is also used as the price

of materials.

Output: Value of state-level shipments reported in the ASM were deflated by manufacturing
Gross State Product deflators for each state (provided by Standard & Poor’s DRI).

Spatial Weights: Value of goods shipped data from state of origin to state of destination are

from the 1997 Commodity Flows Survey, U.S. Bureau of Transportation Statistics.
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Footnotes

! Sturm et al. (1998) overviews the criticisms of studies in this literature.

2 Non-sheltered sectors are distinguished as those more open to global impacts.

® In particular, Holtz-Eakin and Schwartz (1995) consider inter-state spillovers in a production
oriented model based on long differences to accommodate long run adjustment, and Boarnet (1998)
measures cross-county spillovers using a Cobb-Douglas production function approach.

* See the data appendix for details on the public capital stock construction.

> The stock levels are relative in the sense that if Nevada, for example, has 1/10 the manufacturing
production of California, it is assumed to benefit only from this fraction of California’s I stock. We
used these relative stock levels because some states, Nevada and VVermont in particular, had huge
G/VC ratios if the full I stock in the neighboring state was assumed to provide economic benefits.

® These values were for 1997, since no corresponding time series is available.

" Bartlesman, Caballero and Lyons, however, incorporated this index into a first order logarithmic
production function in first differenced form, rather than a cost model.

& Further discussion of the representation and analysis of temporal, spatial, and supply- and demand-
spillovers in more general form may be found in Paul (2001b).

% Note that K may be thought of as a shift factor as well as the more explicitly exogenous factors in
the r vector, since it’s changes toward the long run involve shifts in the short run cost curve along
the long run cost curve.

19If this ratio significantly falls short of 1, for example, substantial excess capital exists, suggesting
motivation for disinvestment, and the reverse is true for a value much exceeding 1.

1 Although the literatures on endogenous growth and cost economy externalities suggests that
economies arising from interactions among sectors may be important contributors to ongoing
technological development and growth, these effects are unlikely to be directly correlated with a time
trend, or substantive for a small sector of the economy.

12 This information could potentially, however, be interpreted as a way to impute the social price
justifying additional | investment.

3 See Morrison (1985) for further elaboration of the construction and use of this measure.

 An extensive discussion of this and other manipulations of the cost as compared to primal-based
measures, and short as compared to long run measures, is contained in Paul (1999).

> This was tried by computing robust-White standard errors, which only negligibly altered our
results, except that for the G/SAR/AR1 specification the e,c ¢ measure became only marginally
significant, with the t-statistic falling slightly short of 2. Given the already complex stochastic
specification of our model, however, with both SAR and AR1 incorporated, it is not obvious that this
adaptation to the model remains relevant, so we retained the usual standard error computations.

'® An alternative assumption about the weights, where all neighbors to a particular state received
equal weight, was tried in preliminary investigation for the G/SAR/AR1 model. This assumption did
not affect the model results substantively, except that the t statistic for the e,c c measure dropped
further. This result is not surprising since such a simple specification of the weights does not really
reflect the nature of the spatial interactions between manufacturing firms and infrastructure in
neighboring states that we are attempting to capture.

" We also tried instrumenting G, with little difference in the results from those for I only.

18 These elasticities are highlighted in the table because they are key estimates.

¥ The differences across specification arise because the first year of observations drop out for the
AR1 specifications due to the time lags.

2 This was also suggested by the results of Nadiri and Mamuneas (1994).

2 The seven most dramatic outliers for these elasticities were omitted from the sample for the
averages presented in Table 2.
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22 The regional breakdowns are as follows: Pacific (Washington, Oregon, California), Mountain
(Arizona, Colorado, Idaho, Montana, New Mexico, Nevada, Utah, Wyoming), West N. Central
(Minnesota, lowa, Missouri, North Dakota, South Dakota, Nebraska, Kansas), East N. Central
(IMinois, Indiana, Michigan, Ohio, Wisconsin), New England (Connecticut, Massachusetts, Maine
New Hampshire, Rhode Island, Vermont), Mid Atlantic (New York, New Jersey, Pennsylvania),
South Atlantic (Delaware, Maryland, Virginia, West Virginia, North Carolina, South Carolina,
Georgia, Florida), East S. Central (Kentucky, Tennessee, Alabama, Mississippi), and West S.
Central (Arkansas, Louisiana, Oklahoma, Texas).
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