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Abstract

There is a strong partial correlation between openness and rates of
productivity growth across UK manufacturing sectors. This paper in-
vestigates the relationship more formally, within a theoretical model
of productivity catch-up. The model identi�es three potential e�ects
of international openness: openness may a�ect (a) domestic rates of
innovation, (b) the quantity of technological know-how that may be
transferred from the frontier to the less advanced economy, (c) the
rate at which this technology transfer occurs. From the theoretical
framework, we derive an econometric equation which is used to esti-
mate the relationship between UK productivity growth, the UK-US
productivity gap and the degree of international openness. We �nd
that international openness primarily a�ects the rate of productivity
convergence, and that this relationship is robust to the inclusion of in-
formation on R&D intensity, human capital, unionisation and capacity
utilisation.

JEL CLASSIFICATION: O30, O47, O57

KEYWORDS: Growth Accounting, Convergence, International Open-
ness, Productivity, Purchasing Power Parity and Technology Transfer
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1 Introduction

This paper analyses econometrically the relationship between interna-
tional openness and productivity growth in UK manufacturing. A large
theoretical literature suggests that international openness may be an
important determinant of rates of economic growth. Most commonly,
openness a�ects long-run rates of growth through its inuence on the
incentive to innovate and rates of total factor productivity growth
(see, for example, Grossman and Helpman (1991) and Rivera-Batiz
and Romer (1991)). But another strand of the theoretical literature
(see for example Parente and Prescott (1994)) suggests that openness
may be important in accelerating the rate of technology transfer or
technology adoption.

At the same time, a considerable empirical literature purports to �nd
a positive relationship between openness and growth across a wide
cross-section of countries (see, for example, Ben-David (1993), Sachs
and Warner (1995) and Proudman, Redding and Bianchi (1997)). At a
more disaggregated level across UK manufacturing sectors, Cameron,
Proudman and Redding (1997b) �nd evidence of a positive partial
correlation between openness and rates of productivity growth.

This paper investigates more formally the relationship between interna-
tional openness and rates of productivity growth in UK manufacturing.
We begin by presenting a reduced-form theoretical model of produc-
tivity dynamics that follows Bernard and Jones (1996a). Productivity
in a manufacturing sector may rise as a result of either `innovation'
or `technology transfer' from the leading economy (which, throughout
our analysis, we assume to be the United States). The model is ex-
tended to incorporate three potential e�ects of international openness:
openness may either a�ect (a) domestic rates of innovation, (b) the
quantity of technological know-how in the leading economy that may
be transferred to its more backward counterpart, or (c) the rate at
which this technology transfer occurs.

The model implies that one important potential determinant of rates
of UK productivity growth is the size of the gap between UK and US
levels of productivity. Hence, we examine relative levels of productivity
in the United Kingdom and United States using a disaggregated data
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set containing information on 14 manufacturing sectors during the pe-
riod 1970-92.(1) Another key implication of the theoretical model is
that productivity levels in a less advanced economy relative to those in
the frontier economy should exhibit `conditional �-convergence' across
manufacturing sectors. That is, controlling for the determinants of
steady-state relative productivity, economies with low initial relative
productivity levels should exhibit the fastest rates of growth of relative
productivity. Visual evidence is presented of substantial variations in
relative productivity across sectors; with those sectors enjoying the
lowest initial levels of relative productivity appearing (even without
controlling for the determinants of steady-state relative productivity)
to exhibit the fastest rates of growth. This visual evidence is con�rmed
in a simple test for `absolute �-convergence.'

The main bulk of the paper is concerned with estimating the economet-
ric relationship between international openness and rates of productiv-
ity growth. We consider a variety of measures of international openness
(the import-output ratio, export-output ratio, trade-weighted R&D
stock and ratios of both inward and outward Foreign Direct Invest-
ment (FDI) ows to output), and test the hypothesis that openness
a�ects the rate of productivity convergence against the alternative that
it a�ects either the domestic rate of innovation or the quantity of tech-
nological know-how that may be transferred. Certain types of open-
ness (in particular, the ratios of either exports or imports to output)
are found to be especially important, others (particularly the ows of
inward and outward FDI) less so.

Interestingly, we �nd that it is the rate of productivity convergence
that is primarily a�ected by international openness (rather than either
domestic rates of innovation or the quantity of technological know-how
that may be transferred). By raising the rate at which knowledge is
transferred from a leading economy, openness increases both rates of
productivity growth in the transition to steady state and the steady-
state level of relative productivity. We consider the robustness of this
relationship to the intensity of R&D, the level of human capital (as

(1)In order to render the industrial classi�cation in the United Kingdom com-
parable to that in the United States, it is necessary to aggregate some of the
19 manufacturing sectors examined in Cameron, Proudman and Redding (1997a).
Further details concerning the dataset employed are contained in Appendix B.
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measured by the ratio of those with high and medium quali�cations to
total sta�) and the level of unionisation (as measured by the percentage
of adult males covered by collective bargains).

The paper is structured as follows. Section 2 develops the theoretical
framework. Section 3 examines the extent of productivity convergence
between UK and US manufacturing sectors. Section 4 estimates the
econometric relationship between openness and rates of UK productiv-
ity growth. We begin by estimating individual time-series equations for
UK productivity growth for each manufacturing sector; �rst by OLS
and second by Seemingly Unrelated Regressions (SUR). Pooling obser-
vations across industries, we then estimate the same relationship using
panel data techniques. By pooling observations across industries, we
dramatically increase the number of degrees of freedom, and it is here
that we are able to consider the robustness of the relationship between
openness and growth to the inclusion of other economic variables of in-
terest. Section 5 analyses the implications of the parameter estimates
for steady-state levels of relative productivity and quanti�es the e�ect
of international openness on rates of UK productivity growth. Section
6 summarises our conclusions.

2 Theoretical framework

As noted earlier, a large theoretical literature has developed on the ef-
fects of international openness (and, in particular, international trade
in goods) on rates of economic growth (see for example Grossman and
Helpman (1991) and Rivera-Batiz and Romer (1991)). This paper
identi�es three potential e�ects of openness upon rates of productiv-
ity growth in an economy behind the technological frontier. First, an
increase in the degree of international openness may a�ect rates of
domestic innovation in the less advanced economy (as, for example,
in Grossman and Helpman (1991)). Second, an increase in openness
may mean that a greater amount of the technological knowledge in
the frontier economy may be transferred to its less advanced counter-
part (for example, by reverse engineering imported goods, domestic
manufacturers become aware of more of the technologies used in the
advanced economy). Third, an increase in openness may change the
rate at which knowledge may be transferred between the two economies
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(greater openness may reduce the costs of technology adoption � see,
for example, the models of technology adoption in Barro and Sala-i-
Martin (1995, Chapter 8) and Parente and Prescott (1994)).

The basic theoretical framework is provided by Bernard and Jones
(1996a), extended to incorporate the e�ects of international openness.
Consider a world populated by two economies i 2 fB;Fg, each of
which may produce any of a �xed number of manufacturing goods j =
1; :::; n. Each of these manufacturing goods is produced with labour
and physical capital according to a neoclassical production technology
(1),

Yij = Aij :Fj(Lij;Kij) (1)

where K and L denote physical capital and labour respectively; and
where A is an index of technical e�ciency, which we de�ne as Total
Factor Productivity (TFP). F (:; :) is assumed to be homogenous of
degree one and to exhibit diminishing marginal returns to the accu-
mulation of each factor alone. Aij may vary both across sectors j and
between economies i.

At any point in time t and in any individual sector j, one of the two
economies i will have a higher level of TFP than the other (except in
the special case where TFP levels happen to be equal). The economy
with higher TFP is termed the frontier economy F , and its counterpart
is referred to as the economy behind the technological frontier B. In
the present application, we are concerned with the United Kingdom
and the United States. We �nd that UK TFP lies below US levels in all
manufacturing sectors throughout the sample period (see next section),
and begin with the assumption that this will continue to remain so in
steady state (an assumption we subsequently show to be supported by
our parameter estimates).

Following Bernard and Jones (1996a), TFP in sector j of each economy
i may grow either as a result of sector-speci�c innovation or as a result
of technology transfer from the frontier country,

ln

�
Aij(t)

Aij(t� 1)

�
= ij + �j: ln

�
!ij:AFj(t� 1)

Aij (t� 1)

�
(2)
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where ij ; �j � 0; 0 < !Bj � 1;

where ij parameterises the rate of sector-speci�c innovation and !ij
denotes the fraction of TFP in the frontier economy that may poten-
tially be transferred to economy i.

If economy i is the frontier economy (i = F ), it is already in possession
of state-of-the-art technologies and there is no potential for technology
transfer (more formally, !Fj = 1 and ln (!ij:AFj=Aij) = 0). If econ-
omy i is behind the technology frontier (i = B), then it may bene�t
from technology transfer, though not all of the leading economy's tech-
nology may be `relevant' or transferable (we assume that at least some
is transferable: more formally, 0 < !Bj � 1 and ln

�
!ij:AFj=Aij

�
>

0).(2) The parameter �j characterises the rate at which technology
transfer occurs. Combining equation (2) for both the frontier and
backward economies, one obtains a �rst-order di�erence equation for
the evolution of relative TFP ( ~Aj � ABj=AFj),

ln ~Aj(t) = (Bj � Fj ) + �j : ln!Bj + (1� �j): ln ~Aj(t� 1) (3)

from which we may solve for the steady-state level of relative TFP in
each sector j,

ln ~A�

j = ln

 
A�

Bj

A�

Fj

!
= ln!Bj +

Bj � Fj :

�j
(4)

where for the initially backward economy to remain so in steady state,
we require ln (A�

B=A
�

F ) < 0 , Fj > Bj + �j : ln!Bj. In the long

(2)The presence of !Bj (not necessarily equal to one) generalises the speci�cation
in Bernard and Jones (1996a). If !Bj = 1, then (as will be seen below) all the
steady-state gap between UK and US TFP must be explained solely in terms of
di�erences in the sector-speci�c rates of innovation ij and the size of the parameter
�j. Expressed another way, the model implies that, in the absence of continuing
innovation in the two economies, UK TFP will in the long run equal US TFP. It
is unclear to us that this is true (for example, as will be discussed further below,
lower levels of human capital or impediments to the free ow of ideas may prevent
the United Kingdom from attaining US TFP levels), and therefore we allow for
!Bj not necessarily equal to one. But it is important to note that our empirical
and theoretical results are not sensitive to this generalisation of the basic model.
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run, the model implies that TFP in both economies grows at the same
steady-state rate Fj in sector j. The terms Bj , !Bj and �j determine
the steady-state level of relative TFP in the less advanced economy
and the rate of TFP growth in the transition to steady state. From
equations (3) and (4), it is clear that the rate of growth of relative
TFP may be expressed as a function of the gap between the actual
and steady-state level of relative TFP,

ln

 
~A(t)

~A(t� 1)

!
= �j ln

�
~A� � ~A(t� 1)

�
Thus a key implication of the model is that, after controlling for the
determinants of steady-state productivity, sectors with low initial levels
should experience the highest rates of growth of relative TFP. That is,
the model implies that `conditional �-convergence' should be observed
across sectors.

Throughout the analysis so far, the terms ij , !ij and �j in equation
(2) have been treated simply as parameters. But there are a number of
reasons for thinking that each may be a function of economic variables,
and it is here that the analysis really departs from Bernard and Jones
(1996a). In the econometric estimation that follows, we consider four
economic variables that may a�ect either the rate of innovation ,
the fraction of technological knowledge that may be transferred !,
or the rate of technology transfer �: international openness, R&D
expenditure, human capital and unionisation.

Unless one is willing to impose identifying restrictions, it is not possible
to distinguish an e�ect of openness on domestic rates of innovation 
from an e�ect on the fraction of transferable knowledge !. Hence, in
the econometric estimation we test whether openness a�ects (a) either
the rate of innovation  or the fraction of transferable knowledge !,
versus (b) the rate of technology transfer �.(3) In order to capture
possible lags in the adjustment process, we also incorporate lagged

(3)Two alternative identifying restrictions are that either there is a common world
rate of innovation (Bj = Fj) or all of US TFP is potentially transferable to
the United Kingdom (!Bj = 1). Imposing the restriction !Bj = 1 would not
change any of the estimation results that follow, merely the interpretation of some
coe�cients.
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values of the dependent variable into our econometric equation. Taken
together, the speci�cation in equation (2) becomes,

ln
�

ABj(t)
ABj(t�1)

�
= �j + �j(z) + �1j: ln

�
ABj(t�1)
ABj(t�2)

�
+�j : ln

�
AFj (t�1)
ABj

(t�1)

�
+�j(z): ln

�
AFj(t�1)
ABj(t�1)

�
+ "j(t)

(5)

where z is the vector of explanatory variables (openness, R&D, human
capital and unionisation), and the functions �j(�) and �j(�) are assumed
to be log-linear in the explanatory variables. International openness
enters equation (5) in two ways. First, it appears in log levels (through
�j(z)), corresponding to an e�ect of international openness on either
the domestic rate of innovation Bj or the fraction of transferrable
knowledge !Bj. Second, it enters as an interaction term, which takes
the form �j: [ln(Open): ln(AFj=ABj)] and corresponds to an e�ect of
openness upon the rate of technological transfer.

It is perhaps most plausible that international openness raises the rate
at which technologies may be transferred to an economy behind the
technological frontier. In this case, an increase in international open-
ness in the United Kingdom will raise both the steady-state level of
UK productivity relative to the United States and the UK rate of pro-
ductivity growth in the transition to steady state.(4)

3 Productivity convergence

The theoretical model of the previous section implies that one impor-
tant potential determinant of rates of UK TFP growth is the size of the
gap between UK and US TFP levels. In this section, we briey out-
line the methodology employed to measure rates of UK TFP growth
and relative levels of TFP in the two economies, before examining
movements in relative TFP levels during the sample period. We then

(4)The extent of international openness in the frontier economy (the United
States) may also a�ect the long-run rate of growth of both economies Fj , though
we leave this issue to one side in the present paper.

13



analyse the evolution of relative productivity across sectors and time,
and consider the issue of conditional �-convergence. The source for all
of the data used in the paper is Cameron (1996), and we combine an
ONS data set for the United Kingdom with Bureau of Labor Statistics
data for the United States.(5)

In our empirical analysis, we follow the growth accounting literature
(see, in particular, the seminal contribution of Solow (1957)) in as-
suming a constant returns to scale production function (equation (1)
above) and perfect competition; under which assumptions TFP growth
in discrete time may be approximated with the following Th�ornqvist-
Theil Divisia index,

ln
�

Aij(t)
Aij(t�1)

�
= ln

�
Yij(t)

Yij (t�1)

�
� ��ij(t): ln

�
Lij(t)

Lij(t�1)

�
�(1� ��ij(t)): ln

�
Kij(t)

Kij(t�1)

� (6)

for i 2 fB;Fg, where ��ij(t) � f�ij(t) + �ij(t � 1)g=2 is the average
share of labour in total income in sector j in the periods t and t�1.(6)

Similar growth accounting techniques may be used to approximate
relative levels of TFP in sector j at a given point in time (rather
than productivity growth within a single economy over time). Here
we follow Denny and Fuss (1983a,b) and Hall and Jones (1998) in
employing an interspatial Divisia index. Under the assumptions of
perfect competition and constant returns to scale, relative productivity
levels may be approximated by,

ln
�
ABj(t)
AFj (t)

�
= ln

�
YBj(t)
YFj (t)

�
� 1

2 (�Bj(t) + �Fj(t)) ln
�
LBj(t)
LFj(t)

�
�
�
1� 1

2 [�Bj(t� 1) + �Fj(t � 1)]
�
ln
�
KBj(t)
KFj(t)

� (7)

(5)Further details concerning the data set employed and an industry concordance
are found in Appendices B and C. We have also replicated our analysis using the
OECD's International Sectoral Data Base (ISDB). Source: OECD (1995a).
(6)See Cameron, Proudman and Redding (1997a) for further discussionconcerning

the measurement of productivity growth, and a detailed characterisation of rates
of productivity growth at a disaggregated level within UK manufacturing.
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where as before, �ij(t) is the share of labour in total income in sector
j of economy i at time t.

The United States is assumed to be the world leader in each of the
manufacturing industries throughout the sample period. A key stage in
implementing equation (7) to measure UK relative to US productivity
is the conversion of constant price (here we use 1987 values) data on
output and capital into common currency units using an appropriate
exchange rate (labour in both countries is measured in terms of hours
worked). Conceptually, the relevant exchange rate is the purchasing
power parity (PPP) (the number of dollars required to buy the same
quantity of goods as may be purchased with one pound sterling).

One approach would therefore be to use a single, economy-wide PPP
to convert values of output and capital into a common currency (see,
for example, Bernard and Jones (1996b) and Dollar and Wol� (1994)).
But since the outputs of each industry are heterogeneous and UK/US
relative prices may vary signi�cantly across manufacturing industries,
the whole-economy PPP may diverge substantially from the `true'
industry-speci�c PPP, giving rise to a potential bias in the measures of
relative TFP levels across sectors. This paper therefore uses industry-
speci�c PPPs for each of the 14 manufacturing industries, and, since
relative factor prices may diverge signi�cantly from relative output
prices, a separate PPP for physical capital.(7)

For the capital PPP, we use the OECD's investment PPP from the
International Sectoral Data Base (ISDB). In terms of the output PPP
for each industry, two broad approaches are adopted in the existing
literature. The �rst approach (employed in this paper) involves the use
of unit value ratios (UVRs)(8) � the ratio of producers' sales values
to the corresponding quantities � for individual products within each
manufacturing industry. The UVRs for individual products are then
aggregated using expenditure shares to yield an industry-speci�c PPP
for each manufacturing sector.(9)

(7)Factors of production are assumed to be perfectly mobile across industries
within an economy, and therefore a single PPP is used for capital input in all 14
manufacturing industries.
(8)Speci�cally, we use UVRs taken from van Ark (1992).
(9)For further details concerning the method, see Appendix A.
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The second approach (following, in particular, Jorgenson and Kuroda
(1990)) is based on the data on expenditure PPPs for 153 commodities
contained in the United Nations International Comparisons Project
(ICP) (see, for example Kravis, Kenessey, Heston and Summers (1975)).
These commodities are allocated to `appropriate' manufacturing in-
dustries, and the expenditure PPPs are aggregated using expenditure
shares for each commodity. But since these are expenditure PPPs, in
order to arrive at an industry-speci�c PPP that captures relative pro-
ducer prices, allowance must be made for di�erences in indirect taxes
and distribution margins between countries.

Each of the two approaches has its advantages and disadvantages. The
main problems with the expenditure PPP-based methodology are the
small number of commodities available for some industries, the absence
of information on intermediate input prices, and the di�culty in con-
trolling for di�erences in indirect taxes and distribution margins. It is
largely for these reasons that we adopt a unit value based methodol-
ogy (see van Ark (1996) for a fuller discussion of the advantages and
disadvantages of each approach).

It remains true that di�erent approaches yield di�erent values for the
industry-speci�c PPPs; and as a check on the robustness of our �nd-
ings, we re-calculate relative TFP using four alternative sets of output
PPPs: the whole-economy PPP (source: OECD), OECD expenditure-
based estimates of industry-speci�c PPPs (derived from the UN ICP),
our own estimates of expenditure-based PPPs (derived from an earlier
edition of the UN ICP) and Pilat (1996)'s estimates of industry-speci�c
PPPs (based upon a combination of UVR and expenditure-based ap-
proaches).

The main conclusions that emerge from this robustness analysis are as
follows (see Appendix A for details). First, the whole-economy PPP
(measured in $ per $) is substantially lower than the industry-speci�c
PPPs, and therefore its use in measurements of relative TFP consider-
ably overestimates the level of UK TFP relative to the United States
compared with any of the industry-speci�c exchange rates. Second,
the main results of the paper relating to productivity convergence and
the role of openness in the convergence process are not sensitive to the
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PPP chosen.

Table A presents values for the output PPPs used in this study for
each of the 14 manufacturing industries (these are taken from van
Ark (1992) � see Appendix A for further details), along with the
capital PPP (an OECD investment PPP) and, for comparison, esti-
mates of the whole-economy PPP (based upon GDP deators), and
the market exchange rate (the source for both of the latter is the
OECD's STAN database). Table A suggests that relative producer
prices do vary signi�cantly across manufacturing industries (from 0.48
$/$ in Instruments to 1.04 $/$ in Paper and Printing, compared with
a whole-economy PPP of 0.56 $/$) and, therefore, that the use of
a whole-economy PPP would indeed be misleading. In all industries
except two, the industry-speci�c PPP (measured in $ per $) exceeds
the whole-economy PPP, implying that manufactured goods are rela-
tively more expensive in the United Kingdom than the United States,
compared with the bundle of goods contained in GDP.(10)

(10)Using the 1987 PPPs and relative rates of ination in the two economies, it is
possible to construct time series for PPPs in each sector, following Jorgenson and
Kuroda (1990).
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Table A
Unit value ratios (UVR) by manufacturing industry
Source: Van Ark (1992).

Industry Code 1987 pounds/
dollar

Total manufacturing 0.71

Food, beverages and tobacco FBT 0.71
Textiles and apparel TAT 0.68
Wood products and furniture WPP 0.92
Paper and printing PPP 1.04
Non-metallic minerals NMM 0.65
Chemicals CHEM 0.63
Rubber and plastic products RPP 0.55
Primary metals PM 0.67
Metal products MP 0.67
Machinery MACH 0.61
Electrical engineering EENG 0.74
Transportation TRAN 0.61
Instruments PG 0.48�

Other manufacturing OM 0.71y

Capital PPP

All industries 0.73

Whole-economy PPP 0.56
Market exchange rate 0.61

� UVR not available, industry-speci�c expenditure PPP used, source:
Pilat (1996).
y total manufacturing UVR used.

Having converted values of output and capital into a common currency
(and measuring labour input by hours worked), equation (7) may be
implemented to yield information on relative TFP levels in each of
the 14 industries during the sample period. This information is sum-
marised in Table B, where we present levels of relative TFP in 1970
and 1990, and average (logarithmic) rates of growth of relative TFP
in the periods 1970-90, 1970-79 and 1980-89. From Table B, there
are substantial variations in relative productivity levels across indus-
tries: in 1970, Paper and Printing displayed the lowest level of relative
TFP (40.41%), less than half that in the industry with the highest
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level of relative TFP (82.02% in Machinery). Furthermore, there were
substantial changes in the rankings of industries in terms of relative
TFP over time: between 1970-90 relative TFP in transport rose from
46.73% to 73.35% (an annual average rate of growth of 2.25%), while
relative TFP in Food and Drink fell from 72.10% to 57.25% of the US
level (an annual average rate of growth of -1.15%).

Table B
Levels and rates of growth of relative Total Factor Produc-
tivity in UK and US manufacturing
All �gures expressed as percentages, growth rates are logarithmic

Industry gTFP70 gTFP90 4TFP
90

70
4TFP

79

70
4TFP

89

80

FBT 72.10 57.25 -1.15 -1.04 -1.37
TAT 51.71 58.01 0.57 0.40 1.24
WPP 50.54 53.49 0.28 0.63 1.20
PPP 40.41 48.91 0.95 -0.56 2.15
NMM 76.54 76.29 -0.02 -0.81 1.26
CHEM 49.51 63.97 1.28 1.91 1.28
RPP 74.75 90.82 0.97 0.08 2.03
PM 51.46 71.77 1.66 -5.18 10.91
MP 41.72 61.07 1.91 1.89 2.77
MACH 82.02 76.88 -0.32 -0.43 0.73
EENG 60.57 57.42 -0.27 -1.10 0.28
TRAN 46.73 73.35 2.25 -0.22 4.69
PG 64.31 76.20 0.85 1.27 -0.96
OM 41.19 49.14 0.88 2.41 0.47

Total 52.28 61.18 0.79 0.18 1.27

Chart 1 plots the time pro�le of relative TFP in total manufacturing;
Charts 2, 3 and 4 successively plot relative TFP in industries with the
�ve highest, next �ve highest and four lowest levels of relative TFP
in 1970. The visual evidence of these charts alone suggests that rates
of growth of relative TFP are negatively correlated with initial levels,
even without controlling for the determinants of steady-state relative
productivity. In order to evaluate this hypothesis more formally, we
undertake a test for what has been termed `absolute �-convergence'
in the cross-country growth literature (see for example Bernard and
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Jones (1996b)). That is, we run the cross-section growth regression,

1

T

TX
s=1

ln

 
~Aj(t+ s)

~Aj(t + s � 1)

!
= �+ �: ln ~Aj(t) + uj (8)

for all j 2 f1; :::14g, where a negative and statistically signi�cant esti-
mate for � constitutes evidence for absolute �-convergence. As shown
in Table C, the estimated value of � is indeed negative and statistically
signi�cant (�� indicates signi�cance at the 5% level). This �nding of
�-convergence, even without controlling for the determinants of steady-
state relative productivity, is consistent with the theoretical model of
the previous section, if the variation in steady-state levels of relative
productivity across sectors is not too large. Note that the �nding of
absolute �-convergence does not necessarily imply a declining cross-
section dispersion of relative productivity: to suppose so would be to
fall foul to Galton's Fallacy.(11) A full examination of convergence
in relative productivity would require an analysis of distribution dy-
namics, of the kind undertaken elsewhere by Quah (1993b) and, in a
productivity context, by Cameron, Proudman and Redding (1997a).

Table C
Testing for �-convergence
Standard errors in parentheses

Independent variable � �

1=T
PT

s=1
4 ~Aj(t+ s) -0.0098 -0.0232��

0.0049 0.0078

Diagnostics

Mean dependent variable 0.0037
Standard deviation of dependent variable 0.0087
Standard error of regression 0.0069
R-squared 0.4253
Adjusted R-squared 0.3774
F-statistic (zero slopes) 8.8801

(11)Galton examined the heights of fathers and sons, and found that the sons of tall
fathers tended to be shorter than their fathers, while the fathers of tall sons tended
to be shorter than their sons. This �nding does not, however, imply (as Galton
appeared to think) that the cross-section dispersion of male heights is falling over
time (see, in particular, the discussion in Quah (1993a)).
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Space constraints preclude such an analysis here, and we examine the
issue of productivity convergence more informally by looking directly
at the evolution of relative productivity levels over time in Table B
and Charts 1 to 4. The period as a whole was generally characterised
by a convergence of UK TFP towards US levels: for manufacturing
as a whole, relative TFP grew at an average annual rate of 0.79% be-
tween 1970-90, and only four of the 14 industries experienced declines
in relative TFP. But for most of the industries (as shown in Table B
and Charts 1 to 4), much of the convergence in relative productivity
occurred in the 1980s. Relative TFP in total manufacturing exhib-
ited little change between 1970-79, while between 1979-90, it rose from
53.15% to 61.18% of the US level.(12) There are four exceptions to
this general pattern: Food, Beverages and Tobacco, Chemicals, In-
struments and Other Manufacturing all had lower rates of growth of
relative TFP in the 1980s than in the 1970s.

(12)The precise interpretation of the time path of relative TFP in each industry
is complicated by cyclical factors. Measured TFP in any one country tends to be
pro-cyclical, and the two countries examined here experienced somewhat di�erent
business cycles during the sample period. (Thus it is not clear that looking at
peak-to-peak business cycles in the United Kingdom is the best response to this
problem.) In our econometric analysis, we seek to control for the e�ect of cyclical
factors on TFP growth by using information on changes in the degree of capacity
utilisation.
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Chart 1:The evolution of TFP in aggregate UK manufacturing 
relative to the United States 
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Chart 2: The evolution of relative 
TFP in the five UK manufacturing sectors with the HIGHEST 

initial level of TFP 
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Chart 3: The evolution of relative TFP in the five UK 
manufacturing sectors with INTERMEDIATE initial levels of TFP
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Chart 4:The evolution of relative TFP in the four UK 
manufacturing sectors with the LOWEST initial level of TFP
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4 Econometric estimation

4.1 Introduction and econometric approach

Having examined movements in relative TFP in the sample period in
the previous section, this section moves on to estimate econometri-
cally the relationship between the rate of growth of TFP in the United
Kingdom and relative levels of TFP in the United Kingdom and United
States, paying particular attention to the potential role of international
openness in facilitating technology transfer. The theoretical analysis
of Section 2 provides the starting-point for the econometric estimation.
The basic speci�cation in equation (5) is augmented by an additional
short-run dynamic term in US TFP growth, which permits a more
exible speci�cation, but does not play an important role in the sub-
sequent econometrics. Furthermore, since UK TFP may rise or fall in
the short run with uctuations in capacity utilisation, we also include
the change in capacity utilisation as a dynamic term to control for this
e�ect.(13) Thus the econometric equation estimated takes the form,

4 ln (ABj(t)) = �j + �j(z) + �1j :4 ln (ABj(t� 1))

+�2j :4 ln (AFj(t � 1)) + �3j4Capj(t)

+�j : ln
�
AFj(t�1)
Aij

(t�1)

�
+�j(z): ln

�
AFj(t�1)
Aij

(t�1)

�
+ "j(t)

(9)

where z is the vector of explanatory variables (openness, R&D, human
capital and unionisation), and the functions �j(�) and �j(�) are assumed
to be log-linear in the explanatory variables. Clearly, associated with
this dynamic equation, there is an implied long-run solution for relative
TFP akin to equation (4). Any variable that is one of the vector of
explanatory variables z and enters the equation in levels (rather than
di�erences) will be part of the long-run solution. The presence of the
lagged dependent variable in (9), to capture partial adjustment to the

(13)The capacity utilisation variable is based upon CBI data on the percentage
of �rms operating below capacity. Hence one would expect `Cap' to be high in
recessions and low in booms. See Appendix C for further details concerning data
de�nitions and sources.
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long-run solution, may in principle introduce moving-average errors.
In practice, we �nd this issue to be of little signi�cance.

The dynamic equation (9) can be estimated separately for each indus-
try, including all variables thought to inuence Bj , !Bj and �j , and
using the time-series variation in these variables to identify the pa-
rameters of interest. But with only 21 time-series observations (after
di�erencing and lagging) and a large number of potential determinants
of these terms (besides the short-run dynamics), this would leave very
few degrees of freedom. The main hypothesis of interest in the present
paper is whether the rate of productivity convergence �j is a function
of international openness. Hence for the remainder of the paper, we
adopt a two-stage approach.

In the �rst stage, we estimate equation (9) separately for each of the
14 manufacturing industries, allowing international openness to a�ect
the rate of productivity convergence (through �(�)) but not domestic
rates of innovation or the quantity of technological know-how that may
be transferred (through �(�)). We leave until the second stage of the
analysis the question whether openness really does a�ect the rate of
productivity convergence, rather than domestic rates of innovation/the
quantity of technological know-how transferred. Similarly, at the �rst
stage, we also abstract from the e�ect of other economic variables, such
as R&D, human capital and unionisation; the e�ect of these variables
is also considered in the second stage.

In the �rst stage, single-equation estimation, we allow the parameters
of interest to vary across manufacturing sectors. A positive estimated
value for �j implies that UK productivity growth rates are positively
correlated with the relative level of US to UK TFP (which we term
the `productivity gap'); a positive estimated value of �j implies that
the rate of productivity convergence is positively correlated with the
extent of international openness over time. This �rst stage provides
information on the relationship between openness and the rate of pro-
ductivity convergence, controlling only for short-run dynamics and the
productivity gap.

In the second stage, we test for the exact channel through which open-
ness a�ects rates of productivity growth, and for the robustness of the
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relationship between openness and growth to the inclusion of other
economic variables within a panel data framework. By pooling ob-
servations across industries, we dramatically increase the number of
degrees of freedom, and are able to exploit the cross-industry variation
in the independent variables to distinguish between the hypotheses of
interest. We allow openness and each of the other economic variables
to inuence rates of productivity growth through both �(�) and �(�).

Before proceeding with the estimation, there remains the question of
how to measure openness. Conceptually, the extent of international
openness is concerned with the size of impediments to three main types
of exchange between economies: ows of goods, factors of production
and ideas. As such, openness has several di�erent dimensions. But it
is di�cult to obtain direct information on the size of barriers to ows
of goods, factors of production and ideas; and the information that
is available (eg on tari� and non-tari� barriers) is often of poor qual-
ity and only available for limited time periods.(14) This paper follows
a number of di�erent authors in employing `behavioural' measures of
international openness, and we consider �ve alternative openness mea-
sures.

The ratios of exports and imports to output are used to capture the de-
gree of impediments to ows of goods; the ratios of inward and outward
FDI ows to output and the ratio of the stock of trade-weighted R&D
to the stock of physical capital are used to quantify the exchange of
ideas and ows of �nancial capital respectively. Trade-weighted R&D
stocks are calculated in the manner described by Coe and Helpman
(1995). For further discussion of the measurement of international
openness, see Cameron, Proudman and Redding (1997b). Whenever
openness measures are included in interaction terms, each measure is
normalised by its mean across sectors and over time.(15)

(14)In the UK context, see the discussion in Cameron, Proudman and Redding
(1997b).
(15)This is simply a convenient normalisation that makes the coe�cient on the
productivity gap term �j more easy to interpret. From equation (9), the total
e�ect of the productivity gap for an unnormalised measure of openness is

[�j + �j: ln(Open)] : ln
�
AFj=ABj

�
(10)

The normalisation of each openness measure by its mean across sectors and over
time (a number) means that, on average, the openness interaction term takes a
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Behavioural measures of openness are clearly endogenous. But this is
true, to a greater or lesser extent, of all openness measures, including
direct measures of trade policy (as made clear in the recent litera-
ture dealing with the political economy of trade policy). No single
econometric technique is likely to o�er complete insulation against all
possible problems of endogeneity and mis-speci�cation. In this paper,
we consider two alternative attempts to deal with this endogeneity
problem and show that our results are robust to both. The �rst is
simply to use lagged values of openness in our regressions. The second
is to employ instrumental variables (IV) estimation.

4.2 Single-equation OLS estimation

Having briey outlined the estimation methodology and discussed the
measurement of international openness, we turn now to the single-
equation estimation. Equation (9) is estimated using OLS on each
of the 14 manufacturing industries. We begin with the import-output
ratio measure of openness; the estimation results using this measure
are presented in Table D. Positive estimated values for the productivity
gap and interaction terms (�j and �j respectively) are denoted by
a bold font, while asterisks indicate levels of signi�cance (� denotes
signi�cance at the 10% level and �� signi�cance at the 5% level). The
productivity gap and import-output interaction terms were found to
be positively signed in twelve and nine industries respectively, and
both positively signed and statistically signi�cant (at the 10% level)
in seven and four industries respectively. There was no industry in
which the productivity gap term was negatively signed and statistically
signi�cant, and only one industry (WPP) in which the import-output
interaction term was negatively signed and statistically signi�cant.

value of approximately zero. The sole e�ect of this normalisation is to re-scale the
estimated value of �j : equation (10) may be re-written as,�

[�j + �j: ln(Open)] + �j: ln(
Open

Open
)

�
: ln

�
AFj

ABj

�
(11)
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Table D (Panel 1)
OLS estimation

4 lnABj(t) = �j + �1j:4 lnABj(t� 1) + �2j:4 lnAFj(t� 1) + �3j:4(Capj)

+�j : ln
�
AFj(t�1)
ABj(t�1)

�
+ �j :

h
ln(Openj(t� 1))� ln

�
AFj(t�1)
ABj(t�1)

�i
+ "j(t)

�j �1j �2j �3j �j �j

FBT -0.0830�� -0.1445 0.2573� 0.0869� 0.0681 -0.1397
0.0307 0.1948 0.1470 0.0447 0.2555 0.3711

TAT -0.1924�� -0.0302 0.0529 -0.0857� 0.3470�� 0.0651�

0.0964 0.1932 0.4292 0.0472 0.1676 0.0376

WPP -0.2905�� -0.1094 0.3640 -0.0484 0.4073�� -0.3038�

0.1128 0.1985 0.4774 0.0548 0.1727 0.1662

PPP 0.0845 -0.2417 0.0242 -0.1234� -0.1298 -0.0890
0.1559 0.3600 0.6681 0.0725 0.2216 0.1539

NMM -0.1336 0.7237�� -0.4019 -0.0764 0.5985�� 0.0642
0.0515 0.2312 0.2719 0.0503 0.2681 0.1298

CHEM 0.0877 -0.5246� 0.4906 -0.1435� -0.1435 -0.0453
0.1490 0.3092 0.3424 0.0811 0.3567 0.1922

RPP 0.0137 -0.6262�� 0.5591�� -0.0624 0.3564 0.3523�

0.0467 0.2757 0.2270 0.0454 0.3327 0.2079

PM -0.0423 -0.1066 -0.4911 -0.2031�� 0.1659 0.2609
0.0882 0.2266 0.6584 0.0914 0.1496 0.2481

MP -0.1694 0.1020 -0.8996�� -0.0569 0.3584� 0.0756�

0.1152 0.2308 0.3314 0.0388 0.2129 0.0439

MACH -0.0568�� 0.1043 0.0126 -0.1310�� 0.2942�� 0.0173
0.0249 0.1165 0.1235 0.0218 0.1050 0.0511

EENG -0.0334 -0.0294 0.1301 -0.0048 0.0975 -0.0259
0.0982 0.3156 0.2612 0.0666 0.2056 0.0577

TRAN -0.1168 0.1634 0.5254�� 0.0151 0.2096� 0.0765
0.0795 0.2177 0.2463 0.0621 0.1259 0.0628

PG -0.2218�� -0.1082 -0.2239 -0.0727� 0.7278�� 0.3623��

0.1013 0.2675 0.3242 0.0378 0.2780 0.1341

OM -0.3593 0.0484 -0.1767 -0.1458 0.4099 0.0924
0.2253 0.2870 0.2895 0.0918 0.2719 0.0881
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Table D (Panel 2)
Diagnostics

Diagnostics

FBT

R2 0.5690 LM: �2(2) 0.3393
Adjusted R2 0.4254 Mean dependent variable -0.0026

Standard error of regression 0.0344 Standard deviation DV(a) 0.0454
TAT

R2 0.5693 LM: �2(2) 0.0184
Adjusted R2 0.4258 Mean dependent variable 0.0158
Standard error of regression 0.0354 Standard deviation DV 0.0467
WPP

R2 0.5729 LM: �2(2) 0.9140
Adjusted R2 0.4305 Mean dependent variable -0.00005
Standard error of regression 0.0538 Standard deviation DV 0.0712
PPP

R2 0.2340 LM: �2(2) 10.6476
Adjusted R2 -0.0214 Mean dependent variable 0.0122
Standard error of regression 0.0565 Standard deviation DV 0.0559
NMM

R2 0.5046 LM: �2(2) 0.0579
Adjusted R2 0.3394 Mean dependent variable -0.0127
Standard error of regression 0.0448 Standard deviation DV 0.0552
CHEM

R2 0.4229 LM: �2(2) 0.8537
Adjusted R2 0.2308 Mean dependent variable 0.0171
Standard error of regression 0.0633 Standard deviation DV 0.0722
RPP

R2 0.4219 LM: �2(2) 0.2897
Adjusted R2 0.2291 Mean dependent variable 0.0197
Standard error of regression 0.0524 Standard deviation DV 0.0597
PM

R2 0.3245 LM: �2(2) 1.3948
Adjusted R2 0.0993 Mean dependent variable 0.0273
Standard error of regression 0.1550 Standard deviation DV 0.1633
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Table D (Panel 3)
Diagnostics (continued)

Diagnostics

MP

R2 0.4415 LM: �2(2) 4.0008
Adjusted R2 0.2553 Mean dependent variable 0.0138

Standard error of regression 0.0370 Standard deviation DV(a) 0.0428
MACH

R2 0.8369 LM: �2(2) 1.4077
Adjusted R2 0.7825 Mean dependent variable 0.0163
Standard error of regression 0.0151 Standard deviation DV 0.0325
EENG

R2 0.0588 LM: �2(2) 8.2596
Adjusted R2 -0.2549 Mean dependent variable 0.0120
Standard error of regression 0.0512 Standard deviation DV 0.0457

TRAN

R2 0.3744 LM: �2(2) 2.1991
Adjusted R2 0.1659 Mean dependent variable 0.0175
Standard error of regression 0.0723 Standard deviation DV 0.0792

PG

R2 0.6900 LM: �2(2) 0.6831
Adjusted R2 0.5866 Mean dependent variable 0.3044
Standard error of regression 0.0411 Standard deviation DV 0.0640

Equation OM

R2 0.4022 LM: �2(2) 0.3337
Adjusted R2 0.2029 Mean dependent variable 0.0176
Standard error of regression 0.0691 Standard deviation DV 0.0774

(a) DV: dependent variable.
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4.3 Single-equation SUR estimation

But OLS estimation, though consistent, is not e�cient if the distur-
bances are correlated across manufacturing industries. This latter hy-
pothesis is not implausible, in which case one may think of the 14
manufacturing sectors as a system. Making use of the information in
the variance-covariance matrix of disturbances, one may re-estimate
equation (9) for each industry as a system of seemingly unrelated re-
gressions (SUR). More formally, stacking equation (9) for successive
time periods in each industry, we obtain,

26664
y1
y2
...
yJ

37775 =

26664
X1 0 � � � 0
0 X2 � � � 0
...

...
. . .

...
0 0 � � � XJ

37775 :
26664
�1
�2
...
�J

37775+
26664
"1
"2
...
"J

37775 (12)

where yj is a (T � 1) vector of the sample values of the dependent
variable (here 4 lnABj(t)), Xj is a (T �k) matrix of the sample values
of the k explanatory variables, �j is a (k � 1) vector of the regression
coe�cients, and "j is a (T � 1) vector of the sample values of the
disturbances. Stacking industries, equation (12) may be re-written as

y = X:�+ " (13)

where, for example, y is now a (JT � 1) vector, X is a (JT � Jk)
matrix and � is a (JK � 1) vector. The "j are each assumed to be
normally distributed with mean zero and variance-covariance matrix
E("j"0j) = �jj:IT for j = 1; :::J (where IT is an identity matrix of
order (T � T )). Suppose that the regression disturbances in di�erent
sectors are mutually correlated, so that E("j"

0

m) = �jm:IT for j;m =
1; 2; :::;M , where �jm 6= 0 denotes the covariance of the disturbances
of the jth and mth equations and is assumed to be constant over time.
The variance-covariance matrix of the (JT � 1) vector " is then,


 = E(""0) =

26664
�11:IT �12:IT � � � �1J :IT
�21:IT �22:IT � � � �2J :IT

...
...

. . .
...

�J1:IT : : : � � � �JJ :IT

37775
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The SUR estimator is ~� = (X0
�1X)�1(X
0


�1y); and clearly, SUR
reduces to OLS in the special case where �jm = 0. Table E presents
the results of SUR estimation for the 14 manufacturing industries.
Twelve manufacturing sectors are now found to have positively signed
estimated coe�cients on both the productivity gap and openness inter-
action terms. Taken individually, the productivity gap and openness
interaction terms are found to be positively signed and statistically sig-
ni�cant (at the 10% level) in 13 and six industries respectively. SUR
estimation should purely yield a gain in e�ciency over OLS; as a check
on the SUR results, we compared the estimated SUR coe�cients with
the OLS point estimates and standard errors. In each of the 14 indus-
tries, the SUR point estimate of the coe�cient on the productivity gap
and the openness interaction term lay within �1:96 standard errors of
the OLS point estimate.
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Table E (Panel 1)
Seemingly unrelated regression (SUR) estimates

4 lnABj(t) = �j + �1j:4 lnABj(t� 1) + �2j:4 lnAFj(t� 1) + �3j:4(Capj)

+�j : ln
�
AFj (t�1)
ABj(t�1)

�
:+ �j :

h
ln(Openj(t� 1))� ln

�
AFj(t�1)
ABj(t�1)

�i
+ "j(t)

�j �1j �2j �3j �j �j

FBT -0.0738�� -0.2662�� 0.2846�� 0.0615�� 0.1969�� 0.0777
0.0178 0.0691 0.0645 0.0157 0.0949 0.1336

TAT -0.2405�� -0.0710 -0.1336 -0.0954�� 0.4341�� 0.0844��

0.0375 0.0773 0.1646 0.0171 0.0644 0.0216

WPP -0.2389�� -0.1973�� 0.3007�� -0.0400�� 0.3341�� -0.2601��

0.0464 0.0664 0.1217 0.0140 0.0705 0.0550

PPP -0.0954 -0.1559 0.5107 -0.0636 0.2014� 0.1384
0.0820 0.2079 0.3447 0.0389 0.1156 0.0924

NMM -0.1334�� 0.5909�� -0.2979�� -0.0281� 0.5428�� 0.0340
0.0207 0.0839 0.0913 0.0169 0.1173 0.0762

CHEM -0.0445 -0.2635 0.1896 -0.1410�� 0.1638 0.0923
0.0707 0.1602 0.1743 0.0415 0.1644 0.0918

RPP 0.0013 -0.3415�� 0.3580�� -0.0507�� 0.3979�� 0.3501��

0.0199 0.1066 0.0853 0.0135 0.1181 0.0904

PM -0.0525 -0.2187�� 0.0128 -0.1012�� 0.2355�� 0.4470��

0.0561 0.1052 0.2286 0.0375 0.0745 0.1233

MP -0.2426�� -0.1379� -0.7974�� -0.0238 0.5035�� 0.1035��

0.0365 0.0729 0.1182 0.0148 0.0681 0.0168

MACH -0.0604�� 0.1079�� -0.0328 -0.1159�� 0.3137�� 0.0146
0.0125 0.0503 0.0588 0.0112 0.0517 0.0322

EENG -0.2101�� 0.1247 -0.0090 0.0135 0.4595�� -0.0559
0.0399 0.1297 0.1086 0.0271 0.0796 0.0362

TRAN -0.1412�� 0.2849�� 0.5158�� 0.0176 0.2455�� 0.0842��

0.0349 0.0954 0.1046 0.0217 0.0501 0.0294

PG -0.3606�� 0.1402 -0.3698�� -0.0494�� 1.1314�� 0.5062��

0.0440 0.1209 0.1411 0.0161 0.1246 0.0623

OM -0.2490�� -0.0306 -0.1424 -0.0894�� 0.3140� 0.0458
0.1102 0.1427 0.1306 0.0405 0.1409 0.0450
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Table E (Panel 2)
Diagnostics

Diagnostics

FBT

R2 0.5316 LM: �2(2) 1.7146
Adjusted R2 0.3755 Mean dependent variable -0.0026

Standard error of regression 0.0359 Standard deviation DV(a) 0.0454
TAT

R2 0.5578 LM: �2(2) 0.0175
Adjusted R2 0.4104 Mean dependent variable 0.01581
Standard error of regression 0.0359 Standard deviation DV 0.0467
WPP

R2 0.5488 LM: �2(2) 0.4395
Adjusted R2 0.3984 Mean dependent variable -0.00005
Standard error of regression 0.0553 Standard deviation DV 0.0712
PPP

R2 0.0761 LM: �2(2) 1.0510
Adjusted R2 -0.2319 Mean dependent variable 0.0122
Standard error of regression 0.0620 Standard deviation DV 0.0559
NMM

R2 0.4237 LM: �2(2) 1.4235
Adjusted R2 0.2316 Mean dependent variable -0.0127
Standard error of regression 0.0484 Standard deviation DV 0.0552
CHEM

R2 0.3613 LM: �2(2) 0.1543
Adjusted R2 0.1485 Mean dependent variable 0.0171
Standard error of regression 0.0666 Standard deviation DV 0.0722
RPP

R2 0.3608 LM: �2(2) 1.4290
Adjusted R2 0.1477 Mean dependent variable 0.0197
Standard error of regression 2.1808 Standard deviation DV 0.0597
PM

R2 0.2217 LM: �2(2) 0.7714
Adjusted R2 -0.0378 Mean dependent variable 0.0273
Standard error of regression 0.1664 Standard deviation DV 0.1633
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Table E (Panel 3)
Diagnostics (continued)

Diagnostics

MP

R2 0.3019 LM: �2(2) 4.4196
Adjusted R2 0.0692 Mean dependent variable 0.0138

Standard error of regression 0.0413 Standard deviation DV(a) 0.0428
MACH

R2 0.8289 LM: �2(2) 0.2267
Adjusted R2 0.7679 Mean dependent variable 0.0163
Standard error of regression 0.0157 Standard deviation DV 0.0325
EENG

R2 -0.2647 LM: �2(2) 2.1765
Adjusted R2 -0.6863 Mean dependent variable 0.0120
Standard error of regression 0.0594 Standard deviation DV 0.0457

TRAN

R2 0.3590 LM: �2(2) 0.5655
Adjusted R2 0.1454 Mean dependent variable 0.0175
Standard error of regression 0.0732 Standard deviation DV 0.0792

PG

R2 0.6352 LM: �2(2) 0.3000
Adjusted R2 0.5136 Mean dependent variable 0.0304
Standard error of regression 0.0446 Standard deviation DV 0.0640

OM

R2 0.3319 LM: �2(2) 0.3050
Adjusted R2 0.1091 Mean dependent variable 0.0176
Standard error of regression 0.0730 Standard deviation DV 0.0774

(a) DV: dependent variable.
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This analysis was repeated for each of the four other measures of in-
ternational openness; for sake of brevity, we only report the OLS re-
sults. The results with the export-output ratio were very similar to
those presented above: the coe�cients on the productivity gap and
openness interaction terms were positively signed in twelve and nine
sectors respectively. With the ratio of trade-weighted R&D to physical
capital, the estimated coe�cients on the same two terms were positive
in thirteen and nine sectors respectively. Measures of both inward and
outward FDI are only available for ten of the manufacturing sectors.
With the ratio of inward FDI ows to output, the productivity gap and
openness interaction coe�cients were positively signed in eight and two
of these ten sectors respectively. For the ratio of outward FDI ows to
output, the same two coe�cients were positively signed in eight and
four sectors respectively.

Taken together, the results suggest there is clear evidence that levels
of relative productivity in the United Kingdom and United States (the
productivity gap) are an important determinant of productivity growth
rates in the United Kingdom. The picture for the openness interaction
term is more mixed. For three out of the �ve measures of international
openness (the ratios of imports to output, exports to output and trade-
weighted R&D to physical capital), there is substantial evidence of a
positive relationship between openness and the rate of productivity
convergence, though this is more pronounced in some sectors than in
others. The same relationship does not appear to exist for ows of
FDI, and we return to consider this point further below.

4.4 Panel data estimation

The preceding analysis suggests a positive relationship between open-
ness and productivity growth through the rate of productivity con-
vergence. Single-equation estimation has allowed us to explore this
relationship within a framework in which each coe�cient is allowed to
vary across industries. Nonetheless, the cost of allowing all coe�cients
to vary is the relatively small number of degrees of freedom we have
in each time series equation. With such a small number of degrees
of freedom, tests of whether the rate of productivity convergence is
a function of openness, as opposed to some other economic variable,
are likely to have little power. But without examining the relationship
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between growth and the other economic variables, we cannot be sure
that the estimated relationship between openness and growth is not
explained by omitted variables bias.

Panel data estimation techniques, on the other hand, increase dramat-
ically the number of degrees of freedom, by exploiting the cross-section
as well as the time-series variation in the independent variables, albeit
at the cost of imposing constant coe�cients across industries. Within
this framework, we test for the exact channel through which open-
ness a�ects rates of productivity growth and for the robustness of the
relationship between openness and productivity growth to the inclu-
sion of other economic variables. In the remainder of this section, we
pool industries and estimate the parameters of interest using the Least
Squares Dummy Variables (LSDV) estimator, in which only the con-
stant �j is allowed to vary across industries. More formally, stacking
equation (9) across time periods and industries, we estimate,

y = X:� + Z:� + " (14)

where y is a (JT�1) vector, X is a (JT �(k�1)) vector of explanatory
variables, � is a ((k� 1)� 1) vector of parameters and " is a (JT � 1)
vector of disturbances. Z is a (JT �J) matrix of dummy variables Zj ,
which take the value one if an observation belongs to industry j and
zero otherwise, while � is a (J � 1) vector of sector-speci�c constants.

There are two points to note about this estimation technique. First,
in the presence of a lagged dependent variable, it is well known that
the LSDV estimator is biased for small T , owing to the correlation
between the lagged dependent variable and the industry-speci�c �xed
e�ect (see Nickell (1981)). But this bias is asymptotically vanishing
in the number of time periods T . In the present application, the rel-
atively large number of time-series observations (compared with most
panel data studies) means that this bias is unlikely to be large.(16)

Furthermore, in testing down to our preferred speci�cation, the lagged
dependent variable is not found to be signi�cant, and is excluded. In

(16)Note that the parameter estimates produced by single-equationOLS estimated
with a lagged dependent variable are, in general, biased for small values of T . In
single-equation estimation with a lagged dependent variable, one is also e�ectively
invoking the asymptotic properties of OLS in T (see for example Harvey (1990),
pages 79-81).
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order to evaluate the size of any potential bias from the initial inclu-
sion of the lagged dependent variable, we estimate the parsimonious
speci�cation including and excluding this variable, and compare the
estimated coe�cients.

Second, single-equation OLS estimation did suggest a degree of varia-
tion in estimated coe�cients across industries, and we begin by com-
paring the LSDV parameter estimate with the results of the single-
equation estimation. Even if one can reject the hypothesis that a coef-
�cient estimated by single-equation OLS equals the point estimate pro-
duced by LSDV, the variation in coe�cients across industries may well
reect the omission of some of the other economic variables thought
to be important in determining rates of productivity growth.

We begin with the same speci�cation as estimated by single-equation
OLS above and re-estimate the parameters of interest by LSDV, im-
posing the equality of all coe�cients (except the constant) across in-
dustries. Table F presents the results of this estimation for three al-
ternative measures of international openness (the ratios of imports to
output, exports to output and trade-weighted R&D to physical capi-
tal). For the two trade ow based measures of international openness,
the productivity gap and openness interaction coe�cients are both
positively signed and statistically signi�cant at the 5% level. For the
ratio of trade-weighted R&D to physical capital, the two coe�cients
are again positively signed, but only the productivity gap term is sta-
tistically signi�cant at the 5% level.

The same regression was also run for the two FDI-based measures of in-
ternational openness. The productivity gap term was again positively
signed and statistically signi�cant at the 5% level. But the openness
interaction terms were now negatively signed, though statistically in-
signi�cant. This con�rms the �nding from single-equation estimation
that there is a positive relationship between openness and the rate of
productivity convergence for the trade ow and trade-weighted R&D
stock measures of international openness (with the relationship by far
the strongest in the case of trade ows), but not for the FDI-based
measures of international openness.
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Table F
LSDV single-equation speci�cation
Sample: 1972-92. 294 observations

4uktfp Imports Exports Trade-weighted
R&D

�1 (4uktfp(-1)) -0.1049� -0.0991 -0.1098�

0.0603 0.0604 0.0610

�2 (4ustfp(-1)) 0.1537� 0.1449� 0.1563�

0.0823 0.0826 0.0836

�3 (4Cap) -0.0865�� -0.0854�� -0.0849��

0.0164 0.0164 0.0166

� (Gap(-1)) 0.1527�� 0.1627�� 0.1447��

0.0363 0.0385 0.0483

� (InterOpen(-1)) 0.0593�� 0.1052�� 0.0203
0.0208 0.0380 0.0171

Fixed e�ects �j
FBT-C -0.0564 -0.0207 -0.0376
TAT-C -0.0767 -0.0639 -0.0269
WPP-C -0.0947 0.0198 -0.0464
PPP-C -0.0908 -0.0083 -0.0561
NMM-C -0.0287 -0.0250 -0.0346
CHEM-C -0.0481 -0.0658 -0.0459
RPP-C -0.0045 -0.0006 -0.0073
PM-C -0.0681 -0.0603 -0.0325
MP-C -0.0409 -0.0466 -0.0523
MACH-C -0.0226 -0.0340 -0.0214
EENG-C -0.0465 -0.0486 -0.0604
TRAN-C -0.0727 -0.0966 -0.0889
PG-C -0.0241 -0.0401 -0.0205
OM-C -0.1441 -0.1942 -0.0857
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Diagnostics Imports Exports Trade-weighted
R&D

R-squared 0.2082 0.2070 0.1890
Adjusted R-squared 0.1563 0.1551 0.1359

SE of regression(a) 0.0653 0.0654 0.0661
LM: �2(2) 0.1668 0.1973 0.2833

Mean DV(b) 0.0138 0.0138 0.0138

Standard deviation DV(b) 0.0711 0.0711 0.0711
Sum squared residuals 1.1736 1.1753 1.2020
F-statistic 18.0737 17.9454 16.0228
Prob(F-statistic) 0.0000 0.0000 0.0000

(a) SE: standard error.
(b) DV: dependent variable.

The lack of a positive relationship for the FDI measures may reect
the de�nition of FDI used by the O�ce for National Statistics,(17) or
the fact that the FDI data is often available at a more highly aggre-
gated level than the productivity growth data.(18) Pain and Wakelin
(1996) report evidence of a positive relationship between ONS FDI
data and export performance in a majority of twelve OECD countries
(though the relationship does not hold for all countries). Our �nd-
ing is nonetheless interesting, and an exploration of the relationship
between FDI and rates of productivity growth is one of the areas in
which we would like to undertake further research. In the remainder of
this paper, we concentrate upon the relationship between productivity
growth and the trade ow based measures of international openness.

There are clearly di�erences between the productivity gap and open-
ness interaction coe�cients estimated for some sectors using single-
equation OLS, and those estimated using LSDV. Nonetheless, for the
import-output ratio, the mean productivity gap and openness interac-

(17)The ONS de�nitionof FDI is investment that `adds to, deducts from or acquires
a lasting interest in an enterprise operating in an economy other than that of the
investor, the investor's purpose being to have an e�ective voice (an `e�ective voice'
means that a single foreign (non-resident) investor controls 20% or more of the
ordinary shares or voting power of an incorporatedenterprise) in themanagementof
the enterprise'. As such, it includes both `green-�eld' investment and the purchase
of an existing overseas company.
(18)See Appendix B for further details concerning the industrial classi�cationused.
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tion coe�cients across sectors in Table D (0.2686 and 0.0545 respec-
tively) correspond reasonably closely to the LSDV estimates in Table
F (0.1527 and 0.0593 respectively). Considering each sector in turn,
we �nd that the coe�cients estimated by LSDV for the productivity
gap and import-output interaction terms both lie within the 95% con-
�dence intervals around the respective OLS point estimates in twelve
out of the fourteen industries (the two exceptions are NMM and PG for
the productivity gap term, and WPP and PG for the import-output
interaction term).

Having re-estimated the same speci�cation as in the single-equation
analysis, we now move on to consider the robustness of the relation-
ship between openness and the rate of productivity convergence to the
inclusion of other explanatory variables, and to test the hypothesis
that openness a�ects the rate of productivity convergence �j against
the alternative hypothesis that it inuences the rate of innovation Bj
or the degree of transferability of knowledge !Bj .

We consider three economic variables that may be important in deter-
mining either �j or Bj and !Bj . First, there is a wealth of theoretical
models and empirical studies that suggest that R&D expenditure is
an important determinant of rates of economic growth.(19) Second, a
number of authors have argued that the level of human capital may
play an important role in determining an economy's ability to assim-
ilate existing technologies or generate innovations.(20) Third, there
are several reasons to think that trade unions may play an important
role in determining �rms' incentives to adopt technologies or invest in
innovation.(21)

In the �rst two columns of Table G, we re-estimate equation (9), in-
cluding the log level of the ratio of R&D expenditure to output, human
capital and unionisation (corresponding to an e�ect of these variables
on Bj or !Bj), together with the log level of each of these variables in-
teracted with the productivity gap term (corresponding to an e�ect on
�j). Furthermore, in the light of a literature (see in particular Stone-
man and Francis (1994)) that has argued that changes in the ratio of

(19)See for example Aghion and Howitt (1992) and Griliches (1980) respectively.
(20)See in particular Benhabib and Spiegel (1994).
(21)See for example Bean and Crafts (1996).
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input to output prices may lead to biases in the measurement of total
factor productivity using single-deated value added, we also include
terms for the level and change in this variable.(22) One of the main mo-
tivations for the use of single-deated value-added data is our concern
about the accuracy of input price deators at a disaggregated level
within manufacturing.(23) But at the same time, we want to be sure
that any estimated relationship between openness and rates of produc-
tivity is not simply the result of omitting information on movements
in relative input to output prices. Hence, we include information on
relative input to output prices in total manufacturing as a robustness
test.

Columns (i) and (ii) of Table G estimate this general speci�cation for
the import-output and export-output measures of international open-
ness respectively. In each case, the productivity gap and openness
interaction coe�cients are both positively signed and statistically sig-
ni�cant at the 5% level, with the point estimates showing little change
from those in Table F (in each case, the new point estimate lies within
�1:96 SEs of the estimated coe�cient in Table F). The level of R&D
expenditure relative to output is positively signed and signi�cant at
the 5% level, suggesting a role for R&D expenditure in determining
the medium-run rate of growth of UK total factor productivity and
the long-run level of UK relative to US TFP.

None of the other interaction terms (besides openness) are signi�cant at
conventional critical values, though the human capital interaction term
(InterEd) is positively signed, with a large coe�cient and a t-statistic
of more than one for both of the openness measures. The terms in the
level of unionisation and human capital are incorrectly signed (relative
to our theoretical priors), though each is far from being statistically
signi�cant.

(22)The data on relative input prices are for total manufacturing (see the discussion
below): further details concerning all the variables used are found in Appendix C.
Changes in the ratio of input to output prices will a�ect measured TFP in both
economies: the reported coe�cient on this variable in the regression gives the net
e�ect (if any) on relative TFP.
(23)See van Ark (1996) for a strong argument in favour of the use of single-deated
value-added data.
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The ratio of input to output prices (though not the change in this ra-
tio) is statistically signi�cant (with a t-statistic of just over 2 in both
columns (i) and (ii)), suggesting that the relative value of input and
output prices a�ects measured TFP (using single-deated value-added)
during the sample period. The estimated coe�cient on this variable is
of a plausible magnitude; and openness remains signi�cant when this
variable is included, so that the estimated relationship between open-
ness and productivity growth is robust to the inclusion of information
on movements in relative input to output prices. As a further test on
the robustness of our results to the inclusion/exclusion of this variable,
the �nal column of Table G re-runs the general speci�cation without
the input-output price ratio for the export-output openness measure.
As is clear from a comparison of columns (ii) and (v), our results are
not sensitive to the exclusion of this variable.(24)

(24)We show later that the inclusion of this variable does not substantially a�ect
estimated steady-state levels of relative productivity.
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Table G
LSDV general speci�cation
Sample: 1972-92. 294 observations

4uktfp (i) (ii) (iii) (iv) (v)

�ln uktfp(-1) -0.0834 -0.0777 -0.0830 -0.0798 -0.0718
0.0608 0.0606 0.0610 0.0610 0.0605

�ln ustfp(-1) 0.0839 0.0619 0.0836 0.0637 0.0875
0.0835 0.0833 0.0837 0.0836 0.0834

�ln Cap -0.0855�� -0.0854�� -0.0857�� -0.0852�� -0.0903��

0.0167 0.0166 0.0168 0.0166 0.0164

Gap(-1) 0.1896�� 0.2015�� 0.1900�� 0.2021�� 0.2084��

0.0433 0.0437 0.0436 0.0438 0.0440

Intermy(-1) 0.0525�� - 0.0477 - -
0.0246 0.0550

Interxy(-1) - 0.1125�� - 0.1299�� 0.0977��

0.0423 0.0656 0.0419

InterR&D(-1) -0.0169 -0.0416 -0.0163 -0.0491 -0.0301
0.0266 0.0283 0.0275 0.0357 0.0278

InterEd(-1) 0.1351 0.1059 0.1362 0.1087 0.1013
0.1058 0.1057 0.1066 0.1061 0.1063

InterUn(-1) -0.0222 -0.0502 -0.0282 -0.0386 -0.0494
0.1128 0.1126 0.1289 0.1177 0.1136

ln M/Y(-1) - - 0.0040 - -
0.0411

ln X/Y(-1) - - - -0.0136 -
0.0392

ln R&D/Y(-1) 0.0405�� 0.0520�� 0.0404�� 0.0547�� 0.0432��

0.0195 0.0200 0.0196 0.0215 0.0198

ln Ed(-1) -0.0448 -0.0171 -0.0458 -0.0202 0.0183
0.0613 0.0610 0.0623 0.0618 0.0585

ln Un(-1) 0.0212 0.0330 0.0261 0.0210 0.0350
0.0672 0.0673 0.0844 0.0757 0.0676

ln Pr(-1) -0.1137�� -0.0994�� -0.1146�� -0.0983�� -
0.0470 0.0460 0.0480 0.0461

�ln Pr -0.0066 0.0120 -0.0067 0.0099 -
0.0645 0.0648 0.0646 0.0652
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Fixed e�ects (i) (ii) (iii) (iv) (v)

FBT-C 0.1844 0.1106 0.1743 0.1532 -0.0700
TAT-C 0.1902 0.0823 0.1793 0.1287 -0.0898
WPP-C 0.1937 0.1822 0.1837 0.2212 -0.0147
PPP-C 0.1507 0.0986 0.1406 0.1410 -0.0953
NMM-C 0.2260 0.1286 0.2182 0.1719 -0.0461
CHEM-C 0.1220 -0.0143 0.1115 0.0367 -0.1857
RPP-C 0.2593 0.1598 0.2508 0.2039 -0.0178
PM-C 0.1588 0.0486 0.1477 0.0987 -0.1270
MP-C 0.2066 0.0805 0.1967 0.1252 -0.0999
MACH-C 0.1882 0.0555 0.1778 0.1089 -0.1204
EENG-C 0.1083 -0.0133 0.0979 0.0361 -0.1888
TRAN-C 0.0947 -0.0409 0.0829 0.0137 -0.2116
PG-C 0.1785 0.0373 0.1670 0.0930 -0.1368
OM-C 0.0595 -0.1320 0.0481 -0.0841 -0.2903

Diagnostics

R-squared 0.2615 0.2682 0.2615 0.2686 0.2497
Adjusted R-squared 0.1895 0.1970 0.1865 0.1943 0.1828

SE of regression(a) 0.0640 0.0637 0.0641 0.0638 0.0643
LM: �2(2) 0.3750 0.3267 0.3747 0.3169 0.2190

Mean DV(b) 0.0138 0.0138 0.0138 0.0138 0.0138

Standard deviation DV(b) 0.0711 0.0711 0.0711 0.0711 0.0711
Sum squared residuals 1.0946 1.0846 1.0946 1.084 1.1120
F-statistic 7.8766 8.1554 7.2444 7.5125 8.9520
Prob(F-statistic) 0.0000 0.0000 0.0000 0.0000 0.0000

(a) SE: standard error.
(b) DV: dependent variable.
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In Columns (iii) and (iv) of Table G, we test the hypothesis that
openness a�ects �j against the alternative that it inuences either
Bj or !Bj. That is, the speci�cations in columns (i) and (ii) are
augmented with a term for the log level of openness (as measured by the
import-output and export-output ratios respectively). In both cases,
the term in the log level of openness is dominated by the openness
interaction term. The estimated coe�cient on the log level of openness
is small in absolute value, with a t-statistic an order of magnitude lower
than the openness interaction term. With the import-output measure,
the point estimate for the interaction term shows little change from
column (i), though the standard error more than doubles, so that the
t-statistic drops below the 10% critical value. With the export-output
measure, the estimated coe�cient on the interaction term again shows
little change, but now remains statistically signi�cant at the 5% level.

Thus the positive relationship between openness and productivity growth
rates uncovered in Table F is robust to the inclusion of information on
the level of R&D expenditure, human capital, unionisation and rela-
tive input to output prices. Openness appears to a�ect the rate at
which UK productivity converges to the US �j , rather than the sector-
speci�c growth rate Bj or the fraction of US TFP transferable to the
United Kingdom. The econometric results are similar for either of the
measures of international openness based on trade ows.

From the general speci�cation in Table G, we now test down to a
more parsimonious representation. Columns (vi) and (vii) in Table H
present one such speci�cation (though not our preferred equation), in
which we retain the lagged dependent variable, even though it is not
statistically signi�cant at conventional critical values. The speci�ca-
tion is the same for both the import and export-output measures of
international openness. In column (vi) (with the import-output mea-
sure), the coe�cients on the productivity gap, openness interaction and
R&D intensity are all positively signed and statistically signi�cant at
the 5% level. The coe�cient on the human capital interaction is posi-
tively signed and signi�cant at the 10% critical value; while the coe�-
cient relative input to output prices is negatively signed and signi�cant
at the 5% level. The results in column (vii) (with the export-output
measure) are essentially the same, except that all variables (with the
exception of the lagged dependent variable) are now signi�cant at the
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5% level.

The presence of the lagged dependent variable in columns (vi) and
(vii) means, as discussed earlier, that the OLS estimates of the pa-
rameters of interest may be biased.(25) Nonetheless, the lagged depen-
dent variable is not signi�cant at conventional critical values, and our
preferred speci�cation (shown for the import and export-output mea-
sures of openness in columns (viii) and (ix) respectively) excludes
this variable. A comparison of columns (vi) and (viii) (or (vii) and
(ix)) provides an assessment of the likely size of the bias: as is clear
from Table H, the point estimates for each measure of international
openness are essentially unchanged.(26)

(25)See Nickell (1981), though the relatively large number of time periods means
that this bias is unlikely to be large.
(26)When we come to calculate the steady-state level of relative productivity im-
plied by the parameter estimates in Table H, we employ our preferred speci�cation
in columns (viii) and (ix). But the small estimated coe�cients on the lagged
dependent variable in columns (vi) and (vii) mean that the analysis is not sub-
stantially changed if we use the parameter estimates from these instead.
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Table H
LSDV parsimonious speci�cation
Sample: 1972-92. 294 observations

4uktfp (vi) (vii) (viii) (ix)

�uktfp(-1) -0.0730 -0.0672 - -
0.0576 0.0575

�Cap -0.0917�� -0.0910�� -0.0908�� -0.0904��

0.0157 0.0156 0.0139 0.0139

Gap(-1) 0.1939�� 0.2144�� 0.2025�� 0.2178��

0.0376 0.0399 0.0357 0.0376

Intermy(-1) 0.0426�� - 0.0394�� -
0.0221 0.0198

Interxy(-1) - 0.0886�� - 0.0780��

0.0375 0.0347

InterEd(-1) 0.0750� 0.0882�� 0.0788� 0.0899��

0.0430 0.0402 0.0413 0.0389

ln R&D/Y 0.0320�� 0.0323�� 0.0352�� 0.0350��

0.0149 0.0149 0.0142 0.0142

ln Pr(-1) -0.0955�� -0.0896�� -0.0942�� -0.0901��

0.0374 0.0368 0.0356 0.0349

Fixed e�ects �j
FBT-C 0.0664 0.0956 0.0778 0.1024
TAT-C 0.0761 0.0838 0.0877 0.0935
WPP-C 0.0810 0.1720 0.0970 0.1774
PPP-C 0.0399 0.1031 0.0497 0.1051
NMM-C 0.1074 0.1127 0.1212 0.1236
CHEM-C -0.0045 -0.0233 -0.0041 -0.0204
RPP-C 0.1337 0.1381 0.1423 0.1441
PM-C 0.0330 0.0364 0.0316 0.0347
MP-C 0.0818 0.0774 0.0902 0.0839
MACH-C 0.0637 0.0517 0.0721 0.0609
EENG-C -0.0161 -0.0232 -0.0139 -0.0197
TRAN-C -0.0327 -0.0578 -0.0334 -0.0560
PG-C 0.0504 0.0324 0.0536 0.0378
OM-C -0.0517 -0.1074 -0.0443 -0.0908
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Diagnostics (vi) (vii) (viii) (ix)

R-squared 0.2538 0.2588 0.2591 0.2619
Adjusted R-squared 0.1991 0.2045 0.2102 0.2132

SE of regression(a) 0.0636 0.0634 0.0631 0.0630
LM: �2(2) 0.4138 0.3713 0.3942 0.3732

Mean DV(b) 0.0138 0.0138 0.0131 0.0131
Standard deviation DV 0.0711 0.0711 0.0710 0.0710
Sum squared residuals 1.1059 1.0958 1.1481 1.1437
F-statistic 15.4763 15.8867 20.1392 20.4346
Prob(F-statistic) 0.0000 0.0000 0.0000 0.0000

(a) SE: standard error.
(b) DV: dependent variable.

As discussed earlier, one further econometric concern is the potential
endogeneity of the explanatory variables. In order to mitigate the
scale of this potential problem, we have used lagged values of each
of the economic variables of interest (international openness, R&D
intensity, human capital and unionisation) as regressors throughout our
econometric estimation. As an additional cross-check, columns (viii)
and (ix) were re-estimated by two-stage least squares. For each of the
explanatory variables, with the exception of capacity utilisation, the
�rst and second lag of the variable were used as instruments. For the
change in capacity utilisation, two lags of the change in the mortgage
lending rate, the change in capacity utilisation in total manufacturing
and the change in competitiveness were used as instruments (each of
which should be exogenous with regard to an individual industry). The
parameter estimates were essentially unchanged relative to those in
Table H, though, as is to be expected, there was some loss in e�ciency
relative to OLS.

As a further check upon the robustness of our results, columns (viii)
and (ix) were re-estimated, dropping one industry at a time from the
sample. This provides a check that our parameter estimates are not
largely being driven by a single outlying industry. In all 14 cases, and
for both the import and export-output measures of openness, the new
parameter estimates lay within the 95% con�dence interval around the
point estimates in columns (viii) and (ix).
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5 Steady states and quanti�cation

The parameter estimates in columns (viii) and (ix) represent our pre-
ferred speci�cation of the relationship between international openness
and productivity growth. Columns (viii) and (ix) correspond to equa-
tion (2) in the theoretical analysis; associated with each of these equa-
tions, there is a long-run solution for the steady-state level of relative
productivity that is directly analogous to (4).

As equation (4) makes clear, the steady-state level of relative produc-
tivity in each sector depends, in part, upon the long-run rate of growth
of US TFP as a result of sector-speci�c innovation Fj (as technologi-
cal leader, there is no opportunity for the United States to bene�t from
technological transfer). In principle, one could model the determinants
of the long-run productivity growth rate in each manufacturing sector
in the United States; but, in the present analysis, we take the US
growth process as exogenous, and proxy the long-run rate of growth of
US TFP in each sector by its sample mean.

Taking the import-output ratio as our measure of openness, the param-
eter estimates in column (viii) and our assumption about the long-run
rate of growth of US TFP in each sector imply the following steady-
state level of relative TFP ( gTFP � TFPUK

j =TFPUS
j ) in each sector,

ln gTFP j(t) =
1

�j(t)
:

24 �j � USj +  : ln(R&Dj(t)
Yj(t)

)

+�: ln(Pr(t))

35 (15)

where �j(t) = � + �: ln(Openj(t)) + �: ln(Edj(t))

Table I reports the estimated steady state levels of relative TFP in 1970
and 1990 (industries where actual relative TFP exceeds its estimated
steady state value are denoted by y). Between these two years, the

mean steady state level of log gTFP across the 14 manufacturing sectors
rose by 18.4%. Using equation (15), we decompose the growth in loggTFP between 1970-90 into the contributions of changes in openness,
human capital, R&D intensity and relative input to output prices. Of
the 18.4% increase in mean log relative TFP, we �nd that 9.3% was due
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to an increase in our measure of openness, 10.1% to a rise in human
capital, 2.1% to the fall in the ratio of input to output prices and -3.1%
to the decline in R&D intensity in the sample period.

Substituting the 1990 values of the log import-output ratio into the
expression for the rate of productivity convergence �j , and holding
levels of human capital constant at their 1970 values, we �nd that
the increase in openness between 1970-90 was responsible for a rise
in the mean rate of productivity convergence �j across manufacturing
sectors from 0.15 to 0.19. This implies a reduction in the number of
years taken to close half the gap between actual and steady-state levels
of log gTFP from 4.2 to 3.3 years.
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Table I
Actual and estimated steady-state levels of UK relative to US
TFP (%)(a)

y indicates an industry where actual exceeds steady-state TFP

Relative TFP in 1970 Relative TFP in 1990

Sector Actual Steady-state Actual Steady-state

FBT 72.10y 55.27 57.25 67.43
TAT 51.71 57.55 58.01 58.27
WPP 50.54 55.55 53.49 57.57
PPP 40.41 45.37 48.91 52.98
NMM 76.54y 71.72 76.29 82.57
CHEM 49.51 57.34 63.97 78.46
RPP 74.75 81.92 90.82 92.12
PM 51.46 53.81 71.77y 66.93
MP 41.72 51.69 61.07 70.52
MACH 82.02y 72.40 76.88 85.95
EENG 60.57y 51.66 57.42 70.10
TRAN 46.73y 46.26 73.35y 66.33
PG 64.31 81.37 76.20 78.39
OM 41.19 43.36 49.14 57.22

(a) Steady-state values are derived from the estimated long-run coe�-
cients of equation (viii) in Table H.
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Table J
Percentage point increase in TFP growth from a one per cent
increase in the import-output ratio

TFPUK/TFPUS percentage point increase in TFP growth

40% 0.036
50% 0.027
60% 0.020
70% 0.014

If we wish to use these parameter estimates to make inferences about
the e�ect of future changes in the import-output or export-output
measures of openness upon the rate of growth of TFP, one must as-
sume that the estimated coe�cients are invariant to changes in the
marginal process determining the import-output or export-output ratio
(whether or not those changes are policy related). Under this assump-
tion, the estimates of Table H imply that a 1% increase in openness
(as measured by the import-output ratio) raises the rate of productiv-
ity convergence �j by a factor of little under 4% (where, on average
across time and industries, �j was a little above 0.2). The e�ect upon
the rate of UK TFP growth of a 1% increase in openness will depend
upon the size of the productivity gap, and Table J presents the per-
centage point increase in the rate of TFP growth in the �rst year after
a 1% increase in openness (as measured by the import-output ratio)
for di�erent values of the productivity gap. For an industry with TFP
at 50% of the US level (slightly below the mean level in 1970), our
parameter estimates imply that a 1% increase in the import-output
ratio will increase the rate of growth of UK TFP by 0.027 percentage
points in the �rst year (where, on average during the sample period,
the rate of TFP growth was 1.38%) and then by diminishing amounts
thereafter.

6 Conclusions

This paper has examined the relationship between international open-
ness and rates of Total Factor Productivity (TFP) growth in the UK
manufacturing sector in the period 1970-92. The analysis began with a
theoretical model of productivity dynamics that followed Bernard and
Jones (1996a), and which identi�ed two potential sources of productiv-
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ity growth in each UK manufacturing sector: innovation or technology
transfer from the leading economy (which, throughout our analysis,
was assumed to be the United States).

Two implications of the model were, �rst, that the size of the produc-
tivity gap from the leading economy is an important determinant of
UK rates of TFP growth; and second, that, controlling for the deter-
minants of steady-state relative productivity, sectors with low initial
levels of relative TFP should experience the highest rates of growth of
relative TFP.

A large theoretical literature suggests that international openness is
an important determinant of productivity growth rates, and the basic
theoretical model was extended to incorporate three potential e�ects
of international openness. Openness may a�ect: (a) domestic rates of
innovation, (b) the quantity of technological know-how in the leading
economy that may be transferred to its more backward counterpart or
(c) the rate at which technological transfer occurs. Without impos-
ing identifying restrictions, it is not possible to separately identify (a)
and (b), and in our econometric analysis we test whether openness af-
fects either domestic rates of innovation/the quantity of technological
knowledge transferred or the rate of technological transfer.

Having presented a theoretical model that implies a link between rates
of growth of UK TFP and the relative level of UK and US TFP, the
next stage in the analysis involves the measurement of these two vari-
ables. We employ a data set based upon the Census of Production
in each country and taken from Cameron (1996). An interspatial Di-
visia index is used to measure relative TFP in the United Kingdom
and United States, and our results are shown to be robust to the use
of alternative exchange rates to convert output and capital into com-
mon currency units (labour is measured using hours worked). The
use of whole-economy Purchasing Power Parities (PPPs) is found to
overstate substantially the relative level of TFP in the UK compared
with a variety of industry-speci�c PPPs. We employ van Ark's (1992)
industry-speci�c PPPs, based upon the unit value ratio (UVR) ap-
proach. Nonetheless, the main results of the paper relating to produc-
tivity convergence and the role of openness in the convergence process
are found to be robust to the exchange rate chosen.
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The sample period as a whole was characterised by a convergence in
UK productivity towards US levels in the vast majority of industries,
with much of the convergence occurring in the 1980s. In total manufac-
turing, UK TFP rose from approximately 52% of the US level in 1970
to about 61% in 1990. Across manufacturing sectors, average rates of
TFP growth were negatively correlated with initial levels of relative
TFP; so, even without controlling for the determinants of steady-state
relative productivity, levels of relative TFP exhibited what is termed
in the cross-country growth literature `�-convergence'.

The theoretical model with which the paper began was used to derive
an econometric equation linking rates of growth of UK TFP to the
size of the productivity gap and the degree of international openness.
Of the three channels identi�ed above through which openness may
a�ect TFP growth, it is perhaps most plausible that openness a�ects
the rate of productivity convergence. Employing single-equation OLS
and SUR estimation techniques, clear evidence was found that levels
of relative TFP are an important determinant of rates of TFP growth
in the United Kingdom. The picture for international openness was
a little more mixed. But there was substantial evidence of a positive
relationship between openness and the rate of productivity convergence
for three of the �ve measures of international openness considered in
this paper (the ratios of imports to output, exports to output and
trade-weighted R&D to physical capital), with the relationship more
pronounced in some sectors than in others and strongest for the trade-
ow measures.

Single-equation estimation facilitates an exploration of the relationship
between openness and growth within a framework in which the esti-
mated coe�cients are allowed to vary across sectors. But the relatively
small number of degrees of freedom means that there is little power
in (a) tests of whether openness a�ects the rate of productivity con-
vergence, as opposed to domestic rates of innovation or the quantity
of technological know-how transfered, and (b) tests of the robustness
of the relationship between openness and growth to the inclusion of
other economic variables. In contrast, panel data techniques o�er the
opportunity to increase dramatically the number of degrees of freedom,
and to exploit the cross-section as well as the time-series variation in
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the independent variables.

Employing least squares dummy variables estimation, openness was
found to a�ect the rate of productivity convergence, rather than either
the domestic rate of innovation or the quantity of technological know-
how in the leading economy that may be transferred. This relationship
was shown to be robust to the inclusion of information on the inten-
sity of R&D, the level of human capital and the level of unionisation.
Instrumental variable (IV) estimation using lags of the explanatory
variables as instruments yielded similar results, and the estimated pa-
rameters were shown to be robust to the exclusion of arbitrary indus-
tries.

Using the import-output ratio as our measure of openness, we estimate
that the doubling of the log import to output ratio between 1970-90
was responsible for about half of the 18.4% increase in the estimated
mean steady-state level of log-relative TFP. As a result of the increase
in the import-output ratio in this period, the mean rate of productivity
convergence �j across sectors rose from 0.15 to 0.19, implying a fall
in the number of years taken to close half the gap between actual and
steady-state relative TFP from 4.2 to 3.3 years. For an industry with
TFP at 50% of the US level, a 1% increase in openness was estimated
to raise the rate of growth of UK TFP by 0.027 percentage points in
the �rst year (where on average during the sample period, the rate of
TFP growth was 1.38%) and then by diminishing amounts thereafter.
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Appendix A

Industry-speci�c PPPs

6.1 Unit value ratio-based (UVR-based) approach

Industry-speci�c PPPs are obtained from implementing the following
�ve-stage procedure(27) :

1 In each of the two countries, unit values (price per unit) in a bench-
mark year (here, 1987) may be obtained for a large number of manufac-
turing products by dividing producers' sales values by the correspond-
ing quantities (this information is typically available from a country's
production census or survey data). For each product k in country
i 2 fB;Fg, one obtains a unit value pki.
2 For as many of these products as possible, matches are made between
the two countries, and a unit value ratio UV Rk = pFk=pBk is obtained.
3 For each four-digit manufacturing industry l, an average unit value
ratio was obtained by weighting matched unit values in each country by
either the corresponding quantity weights of one of the two countries or
the geometric average of these quantity weights (this paper uses UVRs
based upon the geometric average of the quantity weights). That is,

UV Rl =

P
k
pFk:~qkP

k pBk:~qk

where ~qk 2 fqBk; qFk; �qkg. Note that p denotes unit value, q refers to
the corresponding quantities, l indexes four-digit industries, k indexes
products and i 2 fB;Fg indexes countries.
4 In order to aggregate from four-digit industries l to two-digit indus-
tries j, the following procedure was implemented: (a) if more than
30% of sales in a four-digit industry were matched, value-added shares
in the four-digit industry were used as weights to aggregate to the
two-digit level,

UV Rj =

P
l UV Rl:gV AlgV Aj

(27)The methodogy described here is taken from van Ark (1992). Readers are
referred to this paper and van Ark (1996) for further details.
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where gV Al 2 fV ABl ; V AFlg denotes value-added;
(b) if less than 30% of sales in a four-digit industry were matched, stage
3 was repeated for the two-digit industry, thereby directly yielding an
average unit value ratio for the two-digit industry.
5 The two-digit UVRs were aggregated to the level of total manufac-
turing using value-added weights; for Other Manufacturing, the Total
Manufacturing UVR was used.

Implementing this procedure, the UVRs in Table A1 were obtained by
van Ark (1992). The industrial classi�cation employed in this paper
is slightly more aggregated than that in Table A1: value-added shares
were used to aggregate to the 14 industry classi�cation detailed above
(see Table A in the main text). Table A also gives the value for the
capital PPP used in the measurement of relative TFP.
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Table A1
Unit Value Ratios (UVRs) by two-digit manufacturing indus-
try(a)

Dollars per pound
Source: van Ark (1992)

UK US Geometric mean

Industry qBk qFk �qk
Food products 1.34 1.17 1.26
Beverages 1.69 1.71 1.70
Tobacco products 2.11 2.10 2.10
Textiles 1.51 1.41 1.46
Wearing apparel 1.39 1.50 1.44
Footwear and leather 1.72 1.76 1.74
Timber and furniture 1.27 0.92 1.09
Paper and printing 1.02 0.89 0.96
Chemicals 1.66 1.49 1.58
Petroleum re�ning 1.56 1.54 1.55
Rubber and plastic 1.83 1.81 1.82
Minerals 1.53 1.54 1.54
Primary metals 1.51 1.48 1.49
Machinery and transport 1.64 1.63 1.64
Electrical engineering 1.36 1.34 1.35
Other manufacturing 1.49 1.34 1.41

Total manufacturing 1.49 1.34 1.41

(a) The �rst column uses UK quantity weights, while the second and third

columns use US quantity weights and the geometric mean of the two coun-

tries' quantity weights respectively.
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Robustness analysis

As a check for robustness, the analysis was repeated with four alter-
native sets of PPPs (I to IV respectively): the OECD whole-economy
PPP, OECD estimates of expenditure-based PPPs derived from the
UN ICP (adjusted for relative distribution margins), our own estimates
of expenditure-based PPPs derived from the UN ICP (adjusted for
relative distribution margins) and Pilat's (1997) estimates of industry-
speci�c PPPs.(28) Table A2 compares the van Ark (1992) unit value
based PPP for total manufacturing with each of these alternative
PPPs.

Table A3 reports (a) measured levels of relative TFP in 1970 and 1990,
(b) the average level of TFP between 1970-90, and (c) the cumulative
growth in relative TFP between 1970-90 in Total Manufacturing for
alternative PPPs. The main conclusions that emerge from this robust-
ness analysis are as follows. First, the whole-economy PPP measured
in $ per $ is substantially lower (substantially higher when measured
in $ per $) than the industry-speci�c PPPs, and therefore its use in
measurements of relative TFP considerably overestimates the level of
UK relative to US TFP compared with any of the industry-speci�c ex-
change rates. Second, the main results of the paper relating to produc-
tivity convergence and the role of openness in the convergence process
are not sensitive to the PPP chosen.

(28)The values for relative distribution margins are taken from Pilat (1997).
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Table A2
Comparison of alternative PPPs
1987 dollars per pound

PPP Total Manufacturing

van Ark (1992) UVR 1.41
OECD whole-economy (I) 1.78
OECD expenditure PPP 1.41
OECD expenditure PPP (adjusted) (II) 1.40
Authors' expenditure PPP 1.31
Authors' expenditure PPP (adjusted) (III) 1.29
Pilat (1997) mixed approach (IV) 1.44

Table A3
Relative TFP in Total Manufacturing, employing a variety of
PPPs

PPP TFP70 TFP90 TFP
90

70 TFP90-TFP70
van Ark (1992) UVR 0.52 0.61 0.56 15.73 %
(I) 0.66 0.77 0.71 15.73 %
(II) 0.52 0.61 0.56 15.73 %
(III) 0.48 0.56 0.51 15.73 %
(IV) 0.54 0.63 0.58 15.73 %
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Appendix B

Industry concordances

Table B1
Industrial classi�cation for the ONS FDI data

Industry

Metal manufacturing
Chemicals
Mechanical instrument engineering
Electrical engineering
Transport equipment
Food, drink and tobacco
Paper, print and publishing
Other manufacturing
Rubber (outward FDI data not available)
Textiles, leather and clothing (outward
FDI data not available)
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Table B2
Industry concordance

Industry US SIC UK SIC (80)

Total Manufacturing 20 to 39(x29) 2 to 4
FBT 20,21 41,42
TAT 22,23,31 43,44,45
WPP 24,25 46
PPP 26,27 47
NMM 32 23/24
CHEM 28 25,26
RPP 30 48
PM 33 22
MP 34 31
MACH 35 32,33
EENG 36 34
TRAN 37 35,36
PG 38 37
OM 39 49

Appendix C

Data de�nitions and sources

Value-added: Value-added is gross value added at factor cost. Gross
value-added was deated by the producer prices (output) index, to
yield a single-deated value-added index, expressed in 1987 constant
prices. The UK data were supplied by the O�ce for National Statis-
tics (ONS) (see Cameron (1996) or Cameron, Proudman and Redding
(1997a) for further details). The US data were supplied by the Bureau
of Labor Statistics (see Bureau of Labor Statistics (1994)).
Labour input: Labour input is measured by annual hours worked.
For the United Kingdom, these were calculated as follows: total em-
ployment is from the Census of Production. Normal and overtime
hours worked per week (full-time males) are taken from the New Earn-

ings Survey and from information supplied by the Employment De-
partment. Weeks worked are taken from Employment Gazette (data
for Total Manufacturing are assumed to apply to all industries). An-
nual hours worked are then simply employees times weeks worked times
hours per week. The US data were supplied by the Bureau of Labor
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Statistics (see Bureau of Labor Statistics (1994)).
Physical Capital: Physical capital is gross capital stock expressed in
1987 constant prices. Data for the United Kingdom were supplied by
the ONS (see Cameron (1996)); data for the United States were sup-
plied by the Bureau of Labor Statistics (see Bureau of Labor Statistics
(1994)).
Export to Output ratio: The ratio of exports to gross output in the
United Kingdom, taken from the OECD STAN database (see OECD
(1995b)).
Import to Output ratio: The ratio of imports to gross output in the
United Kingdom, taken from the OECD STAN database (see OECD
(1995b)).
Ratio of trade-weighted R&D to physical capital: The UK data
on physical capital were as above. Trade-weighted R&D stocks for
the United Kingdom were calculated by implementing the Coe and
Helpman (1995) methodology using the OECD ANBERD Database
(see OECD (1996)).
Ratio of Inward Foreign Direct Investment ows to output:
UK output is value-added at factor cost (as described above). The UK
FDI data were supplied by the ONS (see Cameron, Proudman and
Redding (1997b) for further details).
Ratio of Outward Foreign Direct Investment ows to output:
Again, UK output is value added at factor cost (as described above).
The UK FDI data were supplied by the ONS (see Cameron, Proudman
and Redding (1997b) for further details).
R&D Intensity: Ratio of Business Enterprise Research and Devel-
opment (BERD) expenditure to output. The UK data on BERD were
taken from CSO (1995); UK output is again value added at factor cost
(as described above).
Human capital: Proportion of workers holding high and medium-
education quali�cations in total workforce in the United Kingdom.
These data were taken from the General Household Survey.
Unionisation: Proportion of adult male manual workers covered by
some form of collective agreement times by the proportion of adult
male manual workers in the total workforce in the United Kingdom.
These data were kindly supplied by Brian Bell.
Capacity utilisation: The UK capacity utilisation variable follows
Muellbauer (1991) and is based upon the percentage of �rms operating
below capacity in answer to the CBI Industrial Trends Survey question:
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`Is your present level of output below capacity (ie are you working
below a satisfactory full rate of operation) ?'
Relative input to output prices: UK input and output producer
price indices for Total Manufacturing supplied by the ONS.
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