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The proper economic characterization of aggregate productiv-
ity growth depends on society's economic objective for production.
Kuznets, Solow, Denison and others analyzing aggregate productiv-
ity growth reason that goods destined for final demand are the
ultimate objective of economic production. Kendrick (1973)
presents the argument clearly:

It is the final products included in national product
that are the objective of production. These are the goods
that satisfy current consumer wants or that add to stocks
of productive capacity for satisfying future wants, to use
the definition of Kuznets and many earlier national income
theorists.l

The appropriate measure of aggregate output is the sum of sectoral
deliveries to final demand.

Sectoral deliveries to intermediate demand are excluded
from present aggregate productivity research because they are
viewed as self-canceling transactions. Kendrick (1973) states
the argument best:

Inclusion of intermediate inputs obviously involves
double counting, since such inputs have already been
included in the final products and the factor services
required to produce them are likewise included in total
factor input.?

Given this characterization of economic activity, deliveries to
final demand can be shown to equal national net output or, as
conventionally described, aggregate value added.3 The result is
that studies of aggregate economic performance typically define
productivity at the economy-wide level as the efficiency with
which labor and capital inputs are converted into aggregate value

added. For all their important differences, Solow (1957),

Kendrick (1961, 1973), Denison (1962, 1974, 1979), Jorgenson and
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Griliches (1967), Jorgenson and Christensen (1973), and Kendrick
and Grossman (1980) adopt this conventional approach to aggregate
growth accounting.

This paper does not take issue with the above description of
the economy's macroeconomic objective. Deliveries to final de-
mand are certainly an economy's ultimate economic concern for pro-=
duction.4 What this paper does focus on is the implicit charac-
terization of microeconomic activity, particularly the treatment
of intermediate input and deliveries to intermediate demand.

Their self-canceling property is neither an economic truism nor
the result of any particular characterization of society's economic
objective. It follows, instead, from the assumption that the
economy is closed to trade in foreign-produced inputs.

The intuition underlying this proposition is straightforward.
The domestic economy's intermediate input equals the sum of domes-
tically produced intermediate goods and foreign-supplied materials.
Total intermediate input purchases and domestic deliveries to
intermediate demand are self-canceling transactions only in an
economy importing no intermediate inputs.

The implications for modeling and measuring aggregate pro-
ductivity growth are equally direct. For an economy closed to
trade in imported inputs, intermediate input transactions can be
viewed as internal, offsetting transfers. Incorporating them
into a model of aggregate production unnecessarily involves double-
counting. Consequently, macroeconomic models can suppress the
vertically interdependent structure of macroeconomic activity.

The important result demonstrated in this paper is that, for an
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economy closed to foreign-produced materials, value-added and
delivery-to-final-demand models produce equivalent measures of
aggregate productivity growth. The models' distinctly different
descriptions of macroeconomic objectives and characterizations

of microeconomic activity and sectoral production simply are of
no consequence. Once trade in foreign-supplied inputs is intro-
duced, however, domestic deliveries to intermediate demand and
intermediate input purchases by domestic sectors are neither in-
ternal nor offsetting transfers. The aggregate economy can be
viewed neither as a composite of horizontally independent sec-
tors nor as an entity independent of foreign producing sectors.
Modeling aggregate productivity in terms of value added or de-
liveries to final demand now makes a difference. The important
conclusion is that, for an economy importing material inputs, the
final measure of aggregate productivity growth depends importantly
on the initial descriptions of both the economy's macroeconomic
objectives and the technical properties of microeconomic produc-
tion.

Sections 1 and 2 of this paper contrast measures of aggre-
gate productivity growth derived from value-added and delivery-
to-final-demand models of economic activity. The value-added
model is the subject of section 1. Its specific assumptions for
sectoral production and microeconomic activity, implicit in most
productivity research, are introduced explicitly into the model
of aggregate production. Section 2 develops an analogous frame-

work for a model of aggregate productivity based on deliveries to

final demand. Again, the model's underlying assumptions regarding
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sectoral production and microeconomic transactions are introduced
explicitly. The most important finding is that, for an economy
open to trade in foreign-supplied materials, the value-added
model results in a higher measure of aggregate productivity
growth than does the model defined in terms of deliveries to
final demand.

The remainder of the paper addresses the important implica-
tions of redefining aggregate productivity growth in an "open"
economy framework. Section 3 derives the link between sectoral
measures of productivity growth and the measure of aggregate pro-
ductivity growth. Both intersectoral and international transac-
tions are relevant. Section 4 completes the analysis with a
discussion of the practical consequences of these findings for

intertemporal and international productivity comparisons.

1. Value Added

The aggregate economy is a collection of vertically related,
interdependent sectors. Each sector uses labor, capital, and inter-
mediate inputs to produce products delivered to final and/or
intermediate demands. There is certainly no requirement that
intermediate input purchases by an individual sector exactly off-
set its deliveries to intermediate demand. Stated equivalently,
there is no requirement that the net output (or value added) of
any sector equal its deliveries to final demand. Still, for an
economy closed to trade in foreign material inputs, domestic
deliveries to intermediate demand and intermediate input purchases

can be viewed as internal transfers that at the economy-wide level
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are self-canceling transactions. Labor and capital are the only
primary inputs. Aggregate deliveries to final demand equal
aggregate value added. The macro economy then can be viewed as

a set of horizontally independent sectors, each producing value
added from labor and capital inputs. This line of reasoning
forms the basis for those studies of aggregate productivity which
describe the economy's objectives in terms of deliveries to final
demand vet model aggregate productivity growth and microeconomic
production in terms of value added.

Modeling macroeconomic activity and aggregate productivity
growth in terms of value added begins with defining aggregate
value added as a proportion of all quantities of sectoral value
added. The maximum value of aggregate value added (A) then can
be expressed as a function of all quantities of sectoral value

added, the supplies of labor and capital inputs, and time:

v L
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(1) x = F(Vl’VZ""’

where Vj = quantity of the jth sector's value added;
L,. = 2th labor input used in the jth sector;
Khj = kth capital input used in the jth sector; and

t = an index of time.

Society's economic problem is to maximize A given linearly

homogeneous value-added functions

(2) V' =VJ(Llj,L2j,ooa,L K ’t) (j = 1,2,00-'n)l

R cpKaipoeee K
3 rj’ lj’ 257 v Sj

market equilibrium conditions, and supplies of labor and capital

inputs.
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The model of aggregate value added is characterized by
constant returns to scale. This is required by the sectoral
value-~added functions which constrain the macroeconomic maximi-
zation problem. The function F is therefore homogeneous of
degree minus one in the quantities of sectoral value added,
homogeneous of degree one in the factor supplies, and homoge-
neous of degree zero in the quantities of wvalue added and inputs.

Taken together, these conditions imply:

olnF
; 91nV. 1
j j

21nF 3lnF

(3) 3y &L 4 ogpoont

3% Blnng 3b Banhj

31lnF alnF 3lnF _
L 3inv, T2 3ot P ging T O
j j o 3% 23 jk k3

It is important to emphasize that the particular character-
ization of macroeconomic activity embodied in equation (1) has
important technical implications for sectoral production. The
existence of sectoral value-added functions Vj implies that sec-
toral production of gross output is characterized by value-added

separability:

., t) X Xospe o opX

= £yl
(4) z. = flv TS POYRRRYS Y TS OPTRRRNE 15%25

J

where Zj = gross output of the jth sector and

Xij = ith intermediate input used in the jth sector.
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Maintaining the separability of value added and intermediate in-
puts implies that the technical properties of Vj, including all
the properties of technical change, can be analyzed in isolation
from intermediate inputs. 1In particular, the marginal rate of
substitution between any pair of labor and/or capital inputs
is independent of the level and mix of intermediate inputs. In
addition, intermediate inputs cannot be sources or mediums of
productivity growth. If technical change occurs, it can affect
output only through Vj, If technical change is of the factor-
augmenting type, it can augment only capital and/or labor inputs.
Neither Hicks-neutral nor Leontief-neutral technical change is
possible in a sector characterized by value-added separability.
Stated formally, intermediate inputs are excluded from a value-
added model of macroeconomic activity not only because they are
viewed as self-canceling transactions but also because they are
considered unimportant to the analysis of underlying sectoral
productivity growth.5
The expression for aggregate productivity growth follows
directly both from the technical properties of macroeconomic and
microeconomic production and from the necessary conditions for
producer equilibrium. The measure of agaregate productivity
growth is derived by first fixing the level of aggregate value

added at unity:

(5) 1= F(Vl'VZ""'vn'L L

ll’LlZ""’ rn’Kll'K12""'Ksn’t)'

This expression defines a production-possibilities frontier for

the macro economy. Given this frontier, equilibrium conditions
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in a competitive economy require that the elasticities described

in (3) equal value shares in aggregate value added:

mqvv
olnF = —d 3 (j - 132,.@,n)
01lnV, v,
3395
J
p,.L, .
(6) 31lnF = 2] Q,I (2= 1,2,00.,17: J - l’zpaos’n)
olnL . v
23 rq.v
5 J 3]
p,.K, .
ginF _ —kjTRj (b =1,2,...,8; 3 = 1,2,...,n),
nkK, . V.
k3 Ig.V.,
. J ]

where qg is the price of the quantity of value added in the jth
sector, and plj and phj are the prices corresponding to the £th
labor input and the kth capital input, respectively, in the jth
sector.

The homogeneity conditions (3) and the equilibrium condi-
tions (6) together require that the value shares satisfy the

summation conditions:

v
quv.,
(7a) 3 —-1- =1
I 193V
J
P, L, p,.K, .
(7b) 3z — A1 4 opp CRIRI o
L ZTayv, jk TqYV,
j 32

Condition (7a) is true by construction. The value of aggregate
value added equals the sum of all sectoral value added. Condi-
tion (7b) follows from sectoral and aggregate accounting iden-

tities. Verifying (7b) begins with the sectoral accounting
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identity relating the value of total output and payments to all

factors of production:

(8) g.z2., =% pﬁjLQj + 2 pthkj + i p.X ( = 1,2,...,n),

U i7ij
where Py is the price of the ith intermediate input.,6 The value
of sectoral value added equals the value of output less the value

of intermediate input purchases:

(9) qYV. = qg.Z. = ; p.X (3 = 1,2,...,n).
i

i3 i3 i“ij

Substituting (8) into (9) and summing over all n sectors yvields:

(10) : g, = %I p,.L,. + L% p,.K
5 X [ s R4k
5 7373 jo &3TAI 5y RS

g
establishing the result required by (7b).

An expression for the rate of aggregate productivity growth
now can be derived from the production-possibilities frontier
(5) and the conditions for producer equilibrium (6). The total
logarithmic derivative of F with respect to time can be expressed

in the form:

_ 3lnF dlnv. 91lnF dlinL, . 9lnF dlnkK, .
(1) 0 =12 o35 gt J * 2 91 —at 5 ¢ ?i SInK,; at R3]
3 jL 23 J J
9lnF
+ T{:—‘ 7
91nF

where 55 is the rate of aggregate productivity growth. Using
the equilibrium conditions (6), the aggregate rate of productivity

growth (EV) can be expressed in the following form:
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= 11 PrifRg 91K,
ik ZqYV. dt
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This result can be summarized as a familiar proposition.

Proposition 1l: The rate of aggregate productivity growth
for an economy maximizing net output (value added) is
defined as the weighted average of rates of growth of
sectoral value added (with weights equal to sectoral value
added shares in aggregate net output) less the weighted
average of rates of growth of labor and capital inputs
(with weights egual to the value shares of input payments
in aggregate net output). Both sets of weights sum to
unity.

The expression (12) applies to all economies, whether open
or closed to trade in foreign-produced inputs. Intermediate in-
puts, whether purchased from domestic or foreign producers, do
not enter the production-possibilities frontier (5) or the sec-
toral value-added functions (2), nor do they influence the equi-
librium conditions (6). The sectoral value-added functions (2)
maintain that microeconomic and therefore macroeconomic production
are characterized by value-added separability. This assumption
maintains that all the properties of productivity growth, in-
cluding its measurement, can be analyzed in isolation from the
level and mix of intermediate inputs.

What is important to note is that the model of aggregate pro-
ductivity stated in terms of value added does not depend on the

assumption that domestic deliveries to intermediate demand and
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total intermediate input purchases are self-canceling transac-
tions. It depends solely on the assumption of value-added
separability. Not surprisingly, the resulting measure of
aggregate productivity growth (12) is insensitive to the eco-

nomy's external trade in foreign-produced intermediate goods.

2. Deliveries to Final Demand

A model of aggregate productivity growth stated in terms
of deliveries to final demand is constrained by sectoral produc-
tion functions, not sectoral value-added functions. Value-added
separability is not a maintained hypothesis. Consequently, in-
tersectoral and international transactions in material inputs
are not suppressed. The vertical structure of the aagregate
economy is recognized explicitly.

The model of economic activity defined in terms of deliveries
to final demand not only accounts for material inputs but depends
importantly on the sources of those inputs. Total deliveries
to an economy's intermediate demand equal the sum of domestic
and foreign deliveries. Domestic deliveries to intermediate de-
mand are truly intermediate goods. They are produced from pri-
mary labor and capital inputs supplied to the domestic economy.
Foreign deliveries to domestic intermediate demand are not inter-
mediate goods from the perspective of the domestic economy.

They are primary inputs to be treated symmetrically with the
domestic economy's labor and capital inputs. Domestic deliver-

ies to intermediate demand are purely internal, offsetting

transfers in intermediate inputs. Foreign deliveries, in contrast,
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are wholly external transactions in primary inputs. It follows

that the formal specification of an aggregate model defined in
terms of the domestic economy's deliveries to final demand and
its primary inputs differs depending on whether the economy is
"open" or "closed" to trade in foreign-produced inputs. The
two models are developed separately below. Their results are

contrasted with the value-added model described in section 1.

The closed economy. Society's objective is to maximize aggre-

gate output defined as deliveries to final demand. The maximum
value of aggregate deliveries to final demand (4) can be ex-
pressed as a function of all quantities of sectoral deliveries

to final demand (Yj), labor and capital inputs, and time:

(13) wu = A TAPTERERE VPR PYSRRRS NS SEPS SPOPRITS SN

The model abstracts from intermediate inputs and sectoral de-
liveries to intermediate demand since, given the absence of any
imported inputs, all domestic sales and purchases of intermediate
inputs are self-canceling transactions.

The economy-wide maximization problem is constrained by
the supplies of the primary inputs, labor and capital, and by

linearly homogeneous sectoral production functions:

- o]
(14) Zy =g (Llj,sz,...,Lrj,Klj,sz,...,Ksj,le,ij,...,an,t)

(j = 1,2,...,n).

It is important to note that all inputs are treated symmetrically

in the sectoral
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jy unlike the sectoral production functions

production functionsg g
(4) constraining the value-added model described in section 1.
Value-added separability is not a maintained hypothesis. There
are no restrictions on either the marginal rate of substitution
between any pair of inputs or on the nroperties of technical
change. Though intermediate inputs do not appear explicitly in
the macro model (13), they enter the problem through the con-
straints (14). Microeconomic production for delivery to inter-
mediate demand is an important part of the solution to the
macroeconomic problem maximizing deliveries to final demand.

The aggregate function G exhibits constant returns to scale.
It is homogeneous of degree minus one in sectoral deliveries to
final demand, homogeneous of degree one in labor and capital in-

puts, and homogeneous of degree zero in final demand deliveries

and all inputs:

T T
J J
21nG 31nG
(15) L = 4+ LI it = 1
Y alnLQ. ‘b aank.
31nG 3inG 31nG
£ +——— 4+ II 0.
8lnyY 31 E)lnL!&j Sk aank.

Forming the production-possibilities frontier

(16) 1 = G(Yl'YZ""'Y S ¥

n'Pr1rbygre rn'R110K pre Kooty

necessary conditions for producer equilibrium require the following
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relations:
Yy
91nG _ ~%3%5 .
oInY. Ly (3 = 1,2,...,n)
1 ey
J
P,.L, .
(17) gigg = 213 Qlj (Q/ = l&"zlemslrl j = llzfeweyn)
Ly T gly.
) ]
J
p,.K, .
gizg = hj kj (k’ =1,2,...,5; j = lizlaelln)’w
kg TqlY.
. J ]

where q? is the price of goods delivered to final demand in the

jth sector.
The homogeneity restrictions (15) and the equilibrium condi-

tions (17) together require:

aly.
(18a) 3y I =1
j ZqYY.
i J ]
I . K, .
(18b) =5 Paiei , gy PRiRI g
jL  IgYY. ik zqly,
i J ] i J 3

Condition (18a) is true by construction. Condition (18b) follows
directly from accounting identities relating the value of a sec-
tor's total production both to the sum of the values of that

sector's deliveries to intermediate and final demands and to the

sum of that sector's payments to all factors of production:7

(19) qg.Z. = % p.X.. + QY. (3 =1,2,...,n)
J ) i
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(20) quj = %1 P'Qjsz + i Pthkj + i plxlj (j = lyzy@e@,n)@

Summing (19) and (20) over all sectors and equating the results

produces the condition required by (18b):

Vo o
(21) =z q3¥y = 3D Py + §z PpiKps o

since LI p.X.i = IX pixij

ji ji

The rate of aggregate productivity growth (Ey) now can be

solved from the total logarithmic derivative of G with respect

to time:
= 9inG _ _ 9lnG dlnvs _ elnG  dlnL,.
(22) By = 5= I 3mys a0 C L 3Tar— gl
J J Jj4 %!
a1nG dlnK, .
= I S TR —ap ©d
jk k3
so that, using equilibrium conditions (17),
y - .
_ quj dlan pRjsz dlanj pijkj dankj
(23) E =% 5t - X 3t - X . It o
Y 5 iq¥y. i% Tqly, ik 1Yy,
i J 3 3 J 3 i JJ

The rate of aggregate productivity growth for a model stated in
terms of deliveries to final demand can be expressed as the
weighted average of the rates of growth of sectoral deliveries to

final demand less a weighted average of rates of growth of labor
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and capital inputSDB

Distinctly different characterizations of macroeconomic
objectives and microeconomic activity are modeled by the value-
added and delivery-to-final-demand production-possibilities fron-
tiers F and G defined, respectively, in (5) and (16). The fron-
tier F is concerned with maximizing aggregate net output, is de-
fined in terms of sectoral value added, and is based on value-
added functions for each sector. The macro economy is viewed as
a set of horizontally independent sectors. Intersectoral trans-
actions are ignored. Value-added separability, with all its
implications for sectoral and aggregate productivity growth, is

a maintained assumption. 1In contrast, the frontier G is con-

cerned with maximizing deliveries to economy-wide final demand,

is stated in terms of sectoral deliveries to final demand, and

is based on constant returns to scale production functions for
each producing sector. The macro economy is modeled as a collec-
tion of vertically interdependent sectors. An active market in
intersectoral transactions is recognized explicitly.

In spite of these fundamental differences, the following

proposition holds:

Proposition 2: For an economy closed to trade in foreign-
produced inputs, value-added and delivery-to-final-demand
models of macroeconomic production lead to identical
measures of aggregate productivity growth.

The proposition asserts that the rate of aggregate productivity
growth E, defined in (12) equals the aggregate rate Ey defined

in (23). Verifying this proposition for a closed economy is a

straightforward exercise.
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Consider first the accounting identities expressed in equa-
tions (9) and (19). The former defines the value of a sector's
value added as the value of that sector's output less the value
of its intermediate input purchases. The latter states that the
value of each sector's output equals the sum of the values of
its products delivered to intermediate and final demands. Totally
differentiating (9) and (19) with respect to time leads to ex-

pressions that, respectively, can be written in the forms:

dlnV. g.Z2. dlnZ, piXi‘ dlnxij
(24) = 1t - 5 (5 =1,2,...,n)
q.V. ig.V.
J ] J ]
M
dlnZ. p.X.. dlnX.. g:z¥. dlnY.
—J = J J1 Jx J J J s
(25) 3t ? quj 3T + quj 3T (3 1,2,...,n) .

Substituting (25) into (24) and substituting the resulting expres-
sion for the growth of sectoral value added into equatidn (12),

the expression for E,. yields

v Yy
.V .7 L X.. dlnX.. .Y, dlnY,
26) B =3 33 |35 (5 E i R qJZJ 3
Vo5 sqlv, lq¥v. L 9% 9 9%
2579 14373
j
s plXij dlnXlj . plez. dlnLQj . ijKk danh'
i qly, 4t ie 1YV, dt ik TqUV. dt
3 S5 24573
j j
Y . . K K, .
. gty dlan . pszzj dlanj . pkj k dlzthj
5 tqlv. 9t 50 zqVv. dt ik 1gyv.
39373 59373 34373



=18

p.X.. dlnX, . pP.X.. dlnX. .
since I jvjl dtjlﬂm D) lvlj dtlj .
3i2qiv, ii 1qv,
3 y J 2

Multiplying the expression for Ev in (26) by the ratio of
the value of aggregate value added to the value of aggregate
deliveries to final demand produces an expression identical to

the definition of Ey in (23):

Zq.V. y
. Y. dlnY. L., dlnL, .
(27) J ) E =73 gl,J J Ty sz 23 23
¥y, V4 1q¥y, 9t 2 1q¥y. dt
‘9375 .45 1% 29y
J J ]
K, . dlnK, .
- X ph] R k3
jk gy, dt
: )
J
so that
rqly.
(28) 3
E_ = E
v ZqYV. ¥
S

J

Finally, consider the accounting relation in a closed economy be-
tween the values of aggregate value added and aggregate deliveries
to final demand. As defined in (9), the value of sectoral value
added equals the value of sectoral output less that sector's pur-
chases of intermediate input. Substituting the value sum of de-
liveries to intermediate and final demands, equation (19), for the

value of total output in (9) yvields:

V. _ Y s
29 V., = % p.X.., + glY. - ¥ p.X.. =1,2,...,n
(29) qy 5 : Py ji * 95 3 L Py i3 (3 12, ),
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Summing (29) over all sectors produces the expected result:
(30) % qgv. =1 gly.

J J
since I p.x.i = IX p.Xi.i the value of total deliveries to in-

ji ji ot
termediate demand equals the value of total intermediate input pur-
chases.

Proposition 2 follows directly from (28) and (30) :

(31) E, = Eya

The different initial descriptions of macroeconomic objectives
and microeconomic production offered by value-added and delivery-
to-final-demand models are of RO consequence to productivity ac-
counting in a closed economy. The models produce identical

measures of aggregate productivity growth.

The open economy. The derivation of the open economy model paral-

lels the development of its closed economy counterpart. The only
important difference is that imported inputs (Mmj) enter both the
aggregate production-possibilities frontier and the sectoral pro-
duction functions.9 Society's production problem is to maximize

aggregate deliveries to final demand (u)

(32) u = H(Yl'YZ""'Yn'Lll'LlZ"'"Lrn'Kll’KlZ""’Ksn'Mll’°"'Mun't)

subject to fixed supplies of domestic labor and capital inputs,
market equilibrium conditions, and linearly homogeneous sectoral

production functions:
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=
(33) 2, =h (LlijzjmegyLrngljﬁKij@mﬁKSjﬁxljﬁxzjﬁsaﬁxnj

Mg oMygeees Mgt (3 =1,2,...,n).

Like the production function gj defined in (14), hj describes an
unconstrained model of sectoral productionalo

Setting the aggregate value of U equal to unity, the constant
returns to scale function H can be expressed as a production-

possibilities frontier:

(34) 1 = H(Yl'YZ"°"Yn’Lll'LIZ'“'°’Lrn'Kll'K12’°"'Ksn’

Mll'Ml2'°'°’Mun’t)°

Homogeneity and market equilibrium conditions together imply:

y
-giyY,
gigg = ; : (3 =1,2,...,n)
3 Iqly
5 J ]
A P
9lnH  _ Poy 5] G =1,2,....n)
alnLij quY.
T R
J
(35)
K, .
odni - kb (5 = 1,2 n)
aan N y '} fg o ooy
k rgly
3§ J 3
: p M .
giﬁg = ryn = (j = 112,.. ,n)
mj gy
. J J

and
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aly,
Zﬁg’jjiﬁ:: ngwm;azgm
olny, 5 quY
J P B
J
(36)
81lnH olnH o1lnH
LI m5——— + Iy szt 4 yy o2DH
L alanj ik aanhj im alanj

p,.L . P, K, . pM |

= yy 2323 + TY "R k3 + yy Mmj _ 1,
it Ty, ik qly. im ZgYY,
jjj j]] jJJ

where P is the price of the mth imported input.ll

The rate of aggregate productivity growth (E§) appropriate

for an open economy is derived by substituting the necessary con-
ditions for producer equilibrium (35) into the total time deriva-
tive of the aggregate frontier H. The resulting expression is:

y
Y., dlny. L.
(37) £ = 2lnH _ o 95y 3 _ gy PRIT
Y ot i 1Yy, at e 1q¥y.
j iq} j
j] j]]

dlanj
dt

pij&j dankj . pmMmj dlanj
jk quY. dt jm Zq¥Y. dt
j J 3 j J 3]

= Iz

]
Comparing the expressions for Ey and Ey defined in (23) and (37),

respectively, leads to the following proposition:

Proposition 3: The rate of aggregate productivity growth
for an economy maximizing aggregate output (deliveries to
final demand) is defined as the weighted average of rates
of growth of sectoral deliveries to final demand (with
weights equal to sectoral delivery-to-final-demand shares
in aggregate output) less the weighted average of rates
of growth of primary inputs (with weights equal to the
value shares of input payments in aggregate output). Both
sets of weights sum to unity. For a closed economny,
Primary inputs include domestic supplies of labor and
capital. For an open economy, primary inputs include
domestic labor and capital and imported materials.




=P D=

The most important finding of this paper follows from Pro-

2
positions 1 and 3. It concerns the relation between Ev and Eyp

the measures of aggregate productivity growth respectively derived
from value-added and delivery-to=-final-demand models for an open

economy. The result can be stated as a proposition.

Proposition 4: For an economy open to trade in foreign-
produced inputs, the rate of aggregate productivity growth
derived from a value-added model of aggregate production
is greater than the corresponding rate resulting from a
delivery-to-final-demand model. The two rates differ by
an amount that is proportional to the value share of the
economy's imported materials in total deliveries to final
demand.

Proving this proposition begins with both the sectoral
accounting identity (19), equating the value of each sector's
output to the sum of the values of its deliveries to intermediate
and final demands, and the accounting identity defining the value

of sectoral value added in an open economy:

P.M . (j = 1,2,...,n).

v
38 V. = q.2, - T p.X,. =
(38) g3V =g Ip .

z
J ] 11j] m
The total derivative of (19) with respect to time is expressed in

equation (25). The time derivative of (38) is:

alnv. 7. dlnZ. X.. dlnX.. M . dlnM .
(39) —d - %435% i R, Pi%i; =S P mj ]
t v t . v v
V. V. V.
9375 95 ™95V

(3 =1,2,...,n).

Substituting (25) into (39) and substituting the resulting ex-
pression for the growth of sectoral value added into equation (12),

the expression for E, s yields:
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Yy
.Y, dln¥Y Lo, dlinl .
I i Peited 29
(40) Ev v dt L2 A dt
j Lgiv. 8 Iq.LV.
N P
J J
pthkj dlka:1 pmMmj dlani
- 3T - gt - T = 3t .
jk Zq.v. jm Lg.v,
j]j jjj

Multiplying (40) by the ratio § qgvj/z quj produces an expression
J J

equal to the definition of E§ in (37) so that

Yy,

: 9575 Q

z
(41) B =3 °
v z qYV. y
y J ]

Equation (41) has precisely the same form as equation (28),
the expression relating the aggregate productivity rates Ev and
Ey for an economy closed to imported inputs. The difference is

that the ratio I qu./Z q‘.’Vj equals unity for a closed economy,

j Iy 3

as demonstrated above, but is greater than unity for an open

economy. Substituting (19) for the value of total output, quj’

in (38) and summing over all n sectors yields:

(42) % q‘j’vj =3I Y, - IZ p.M . .

The value of aggregate deliveries to final demand (aggregate out-
put) exceeds the value of aggregate value added (net output) by
an amount equal to the value of imported inputs.

Proposition 4 follows directly. Substituting (42) into (41)

yields:
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quy,
j 3 j 8
(43) Ev = 7 Ey .
;qu° N ;zpmmmj
J Jm J
N

4
-It necessarily follows that EV > Ey and, verifying Proposition

4,
M .
: gipm mj
(49) B =[1-3 g ;
Y rqly
57373

the two rates differ by an amount that is proportional to the value
share of the economy's imported materials in total deliveries to
final demand. Value-added and delivery-to-final-demand models

of aggregate production produce identical measures of aggregate

productivity growth if and only if the economy is closed to trade

in foreign=produced inputs (I pmMmj = 0).
m

3. Aggregation Over Sectors
in an Open Economy

The value-added and delivery-to-final-demand models of aggre-
gate production are each constrained by different microeconomic
models of production. These micro models describe sectoral pro-
ductivity growth which, in turn, determines aggregate productivity
growth. The objective of this section is to derive the economic
relation between sectoral and aggregate measures of productivity
growth for an economy open to trade in foreign-produced inputs.

The value-added and delivery-to-final-demand models are contrasted.

Sectoral productivity growth. The value-added separable produc-

tion functions fJ defined in (4) describe microeconomic production
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in the aggregate value-added model. Given value-added separ-
ability, the subfunctions Vj defined in (2) become the effective
constraints for the aggregate value-added maximization problem
(1). These functions contain all the important properties de-
scribing sectoral productivity growth. Expressing the logarith-
mic derivative of Vj with respect to time in terms of sectoral
conditions for producer equilibrium results in an expression
that can be solved for the measured rate of sectoral productivity

growth (eg):12

v o dt L qYV. dt k qYV. dt
JJ 375

(3 =1,2,...,n).

Neither foreign-produced inputs nor domestically-produced inter-
mediate inputs enter this description of sectoral productivity
growth.

Microeconomic production in the delivery-to-final-demand
model is characterized by the sectoral production functions hj
defined in (33). They constrain the aggregate production problem
(32) directly. The measured rate of sectoral productivity growth
;)13

(e can be solved from the logarithmic time derivative of (33)

with conditions for producer equilibrium imposed:14

. ] dlnZ. L,. dlnL, . K, . dlnK, .
(46) o) z 3lnnd _ OTn%5 r 22370 29 _ 5 PRitry 9IMKey
z ot dt 3 quj at b quj at
-z pixéj dlziij -z pmMI;j dlemj (3 = 1,2,...,n)
. . o . R t s o e o
1 q] J m qj j
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The rates of sectoral productivity growth depend on both inter-

sectoral and international transactions.

o a

It is important to emphasize that the variables e% and eg

describe different rates of sectoral productivity growth. The

following proposition holds for an "open" economy.

Proposition 5: For an economy oven to trade in foreign-
produced inputs, the rate of sectoral productivity
growth derived from a sectoral net output (value added)
production function is greater than the corresponding
rate resulting from a sectoral gross output production
function. The two rates differ by an amount that is
proportional to the share of the sector's purchases of
domestic intermediate and foreign=produced inputs in the
value of sectoral gross output.

Formally demonstrating this proposition begins with sub-

stituting equation (39), the logarithmic time derivative of

value added, into equation (45) defining el:

v
: g.Z2. dlnZ, p.X,. dlnX.. p.M . dlnM .,
(47) el =13 ___ 3 . I 13] ij | Imomj mj
v qVV dt i qVV dt o qVV dt
33 Y e
Lo . K, . ,
pSLJL,Qj dlnLll ) ph] k3 dankj B
- Z V. dt i Vv dt (:] - 1(2,--.,1'1).
V. a
b3 955

Substituting (46) into (47) vyields:

. 7. .
.= Z 3 qjx'—J M e;
v L, = X.. = X . Z

(48) e (j =1,2,...,n).

]

N

e
z X, . + L M .
) i Py ij m P m3j 5 ’
(49) e 1 - . e (3 1,2,...,n);
J
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the two rates differ by an amount that is proportional to the
share of sectoral purchases of domestically-produced and foreign-

produced inputs in the value of sectoral gross output@l5

Aggregation. This paper has emphasized the fundamentally dif-

ferent characterizations of economic activity offered by value-
added and delivery-to-final-demand models of economic growth.
These differences are nowhere more apparent than in the formulas
defining E; and EV as aggregate rates of productivity growth

formed from the sectoral measures e; and eg, respectively. Since
ez is generated from a sectoral model incorporating interindustry
and international transactions, the aggregating algorithm must
capture the contributions of each sector's productivity growth
through deliveries of its output to both final and intermediate
demand. In contrast, since the sectoral model maintaining value-
added separability abstracts from all intersectoral and inter-
national transactions, aggregating over eg must capture sectoral
advances in productivity transmitted only through value-added
contributions to aggregate net output.

Both aggregate and sectoral value-added models view the
economy as a set of horizontally independent sectors. The rele-
vant measure of sectoral output is the quantity of value added.
The aggregate economy's production-possibilities frontier is de-
fined in terms of the sectoral quantities of value added. Both
models consider only labor and capital inputs. The formal link

between the aggregate and sectoral rates EV and eg is simple

and direct.
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Proposition 6. The rate of aggregate productivity growth
E_ for a value-added model of aggregate production equals
a weighted average of the sectoral rates of productivity

growth eJ, with weights equal to sectoral value shares of
value added in total wvalue added.

This result is derived by substituting the expression for eg,

equation (45), into equation (12), the expression for E,:

qW. 5
(50) E_ =73 43 et |
v . V. v

3 gLV,

57373

The delivery-to-final-demand model of aggregate production
and its microeconomic production constraints view the economy as
consisting of vertically interrelated sectors depending not only
on each other but on international trade as well. Aggregate
and sectoral models each define output in terms of its particular
final product. While deliveries to final demand define output
at the aggregate level, individual sectors produce output deliv=-
ered to both final and intermediate demands. Similarly, each
model considers all inputs primary to its particular production
process. The economy's primary inputs include labor, capital,
and imported inputs. Sectors employ labor, capital, imported
inputs, and domestically-produced intermediate inputs. Given
this vertical model of economic activity, advances in produc-
tivity in an individual industry contribute to aggregate economic
growth both directly through deliveries to final demand and in-
directly through increased deliveries to sectors dependent on
its output as intermediate dinput. The aggregation formula must
capture both direct and indirect transmissions of sectoral

productivity growth.
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Proposition 7. The rate of aggregate productivity growth
E. for a delivery-to-final-demand model of aggregate pro-
dhction equals a weighted sum of the sectoral rates of
productivity growth eJ, with weights equal to sectoral
ratios of the value of gross output to the value of total

deliveries to final demand.

Demonstrating this proposition begins with equation (19),
the expression equating the value of each sector's total output
to the sum of the values of intermediate demand for that output
by all n sectors and the value of final demand for that output.
Substituting the logarithmic derivative of (19) with respect
to time, equation (25), into (46) permits the measure of sectoral
productivity to be expressed in terms identifying the immediate

uses of the sector's output:

V4
) X.., dlnX,.. 'Y, dlnY. L dlnl .
(51) ed = 3 P %l dt:}l + qJZJ dtl _thzlj dtﬁlj
i 93%5 955 g 9595
s P, Khj dank . P Xij_dlnxij . pmMmj dlanJ
7 . dt . 7. at 7. at
B 9375 i 93%5 m 9573

(3 =1,2,...,n).
Multiplying (51) by the ratio quj/Z quj and summing over all
j,
n sectors produces the economic relation between sectoral and

aggregate measures of productivity growth:

(52) E =7 33 ej
j

The sum of the weights in (52) exceeds unity by an amount
equal to the ratio of the aggregate value of deliveries to inter-

mediate demand to the aggregate value of deliveries to final
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demand:
(% p.X.. + qlv.) Y p.X..
% : n
(53) % I y & ) It ). g ) I + 1 .
. Y ; y X y
tqly, T gly. 5 oqly,
J jqj j o ; 95% 5 J ; 5%

The weights sum to a value larger than unity because each sector
contributes to the rate of productivity growth for the aggregate
economy through its deliveries to both final and intermediate
demand. Gollop (1979) presents an heuristic interpretation of
this weighting structure:

Consider an individual sector that experiences an
advance in its rate of technical change. Holding con-
stant all primary and intermediate inputs, the sector
can provide the economy with increased output. The
objective of creating the appropriate weight for this
sector's technological advance is to correctly assign
causal responsibility to this sector for any effect on
aggregate technical change. Since the ultimate macro-
economic concern is the effect of this technical change
on aggregate output, the appropriate denominator in
the weight is the sum of all n sector contributions to
aggregate output. Since the individual sector transmits
the benefits of its productivity growth to final con-
sumers both directly through deliveries to final demand
and indirectly through deliveries to intermediate de-
mand, the appropriate numerator in the weight is the
sector's total output, i.e., the sum of its deliveries
to final and intermediate demand.l6

Gollop (1979) concludes that the appropriately weighted sum
contributions of sectoral productivity growth to aggregate pro-
ductivity growth are identical whether the sectoral rates are
derived from gross-output or value-added models of sectoral pro-

duction. This implies:

g.2. . qYV. .
(54) = ——1—1—-e; =1 —d-L e% .
j £ q%Yj J I quv.
i 3 J 3]
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It is important to recognize that this result holds only for

a closed economy. Given (50) and (52), proposition 4 suggests:

g.a, . . ?Z pmMmj
(55) 1 —fdlel =g =1 -2 — " |\p
jz qu. ¥ ZqYY.

jjj .jjj
I p M . V.
X V., .

S oim TV 5

Tqly. i squv, VY
jjj j]j

Equation (54) holds if and only if IZ pmMmj = 0, the economy is
jm

closed to trade in foreign-produced inputs.

4, Conclusion

Value-added and delivery-to-final-demand models of aggregate
production offer fundamentally different descriptions of macro-
economic and microeconomic activity. For an economy open to trade
in foreign-produced inputs, those differences have important im-
plications for the measured rate of aggregate productivity growth.
This paper demonstrates that the two models produce measures
that differ in direct proportion to the extent of the economy's
dependence on imported inputs. The important remaining question
is: Which model forms a more appropriate basis for measuring
aggregate productivity growth?

The answer follows directly from the arguments developed
throughout this paper. First, productivity growth is a measufe
of economic performance. Performance measures should serve as

barometers, sensitive to the economy's success in solving its
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economic problem. The choice of productivity measure therefore
depends on society's objectives. Economists long have recognized
that society's economic objective is to satisfy human wants
through deliveries to final demand.17 Second, the solution to
society's economic problem is constrained by scarce resources.
Productivity growth measures how well the economy allocates its
scarce resources among its producing agents. Primary inputs for
the macro economy include labor, capital, and imported inputs.
These plus domestically-produced intermediate inputs form the
primary inputs for each micro sector. Productivity growth views
all primary inputs symmetrically. Unless affirmed by economic
evidence, value-added separability is an inappropriate as well
as unnecessary assumption. Third, the economy does not consist
of horizontally independent sectors. It is, instead, a set
of vertically interdependent sectors dependent on both inter-
sectoral and international transactions. Only the delivery-to-
final-demand model recognizes these transactions. Only it de-
scribes how an individual sector transmits the benefits of its
productivity growth to final consumers both directly through
deliveries to final demand and indirectly through deliveries to
intermediate demand. Fourth, a measure of aggregate productivity
growth is useful only as a comparative measure of economic per-
formance over time or across countries. Only the delivery-to-
final-demand model is sensitive to the intertemporal and inter-
national variation in imported input requirements.

Accepting or rejecting these arguments and their implicit

conclusion is much more than an academic exercise. It has
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important practical consequences for both intertemporal and
international comparisons of productivity growth. Table 1
reports the current price ratios of imported inputs to deliveries
to final demand for selected years for eight industrial nations.
Not surprisingly, most of the ratios not only increase over time
and increase at different rates but also vary considerably

across countries. It follows from equation (44) that the rates
E, and E; maintain no constant relation either across countries
or over time.

The practical implications for intertemporal productivity
comparisons follow directly from the trends observed in Table 1.
The U.S. ratio doubled between 1969 and 1977. During the same
period, the ratios for Italy and France increased by 50 percent
and 33 percent, respectively, while the ratio increased by only
5 percent in the Netherlands. If one accepts the premise that
aggregate economic growth should be evaluated in a delivery-to-
final-demand framework, then one concludes that the value-added
model produces a not only upward biased but also increasingly
upward biased measure of postwar aggregate economic performance.
The extent of the intertemporal bias depends on the change over
time in a nation's dependence on imported inputs.18

The consequences for international productivity comparisons
are equally important. Table 2 reports both rates of aggregate
productivity growth for the eight nations. As expected, the
differential is small for the United States while large for most

other nations--most notably, the Netherlands. Conclusions re-

garding relative productivity growth across nations may be
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Table 1

Current Price Ratios of Imported Inputs
to Deliveries-to-Final-Demand?®

1950 1953 1957 1960 1966 1969 1973 1977°

Canada 196  .187  .198  .184  .202  .184  .186  .194
France 140  .136  .139  .132  .131  .136  .153 .18l
Germany  .109  .115  .159  .151  .162  .151  .147 .18l
Ttaly .119  .116  .128  .135  .138  .148  .181  .222
Japan 114  .118  .131  .107 .10l  .093  .097  .121
Netherlands .326  .303  .329  .318  .308  .296  .300 .31l
g?i;ggm .185 184  .178  .178 .160 .174 .195 .229
gz;zzg .036 - .033  .035  .034 .037  .040  .053 .08l

8Current price imported inputs are defined as the product of gross
imports reported in OECD (1970, 1979) and the ratio of imported
inputs to total inputs calculated from data reported in U.N.
Department of International Economic and Trade Affairs (1978).
Deliveries to final demand equal the sum of national income
(including subsidies but excluding indirect business taxes) and
imported inputs. All data are stated in national currencies.

bThe ratios for Italy and Japan refer to 1951 and 1952, respectively.

CThe ratio for Japan refers to 1976.
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Table 2

Average Annual Growth Rates
of Aggregate Productivity Growth: 1957-1973

Value-Added Delivery=-to-Final=Demand
Model?@ Model
E E

v Yy

Canada .0158 .0127
France .0306 .0261
Germany .0308 .0260
Italy .0326 .0275
Japan .0410 .0363
Netherlands .0233 .0159
United Kingdom .0199 .0162
United States .0123 L0117

A The average annual growth rates reported for the value-added model
are calculated from the growth rates reported in Christensen,
Cummings, and Jorgenson (1980), Table 11.10.
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biased by a value-added model, especially comparisons involving
nations with very different imported input requirements.

The summary conclusion of this paper is that the delivery-
to-final-demand model provides the appropriate framework in which
to measure and analyze aggregate productivity performance. It
produces measures which offer the most meaningful intertemporal
and international productivity comparisons. Looking to future
research, only it offers a framework for evaluating regional
productivity growth among trading nations.19 Stated alterna-

tively, just as intersectoral transactions are an important com-

ponent of sectoral models of productivity growth, so too inter-
national transactions are an important component in an aggregate
model of productivity growth. Excluding trade at the aggregate
level is analogous to excluding intermediate input at the sec-

toral level.
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Notes

1. ZKendrick (1973), p. 16
2. Ibid.
3. This condition will be demonstrated formally in section 1.

4. Deliveries to final demand include conventional goods and
services as well as less tangible but no less important
products like health, safety, and environmental gquality.

5. For a detailed discussion of value-added separability, see
Gollop (1979), pp. 320-22.

6. Note that the intermediate input prlces p. do not have j
subscripts. It is assumed that there is fio price discrim-
ination across sectors in the market for intermediate
inputs. All sectors pay the same f.o.b. price for the
same intermediate input.

7. Note that there is no requirement that the price of the jth
sector's deliveries to final demand equal the price of that
sector's deliveries to intermediate demand.

8. This result will be stated formally as part of Proposition
3 below.

9. Imports that are delivered directly to domestic final demand
are not included in the model since they bear no influence
on domestic productivity measurement.

All exports are considered deliveries to final demand.
Exports are goods and services produced domestically and
no longer consumed internally. In a regional economic
model, national exports delivered to final and intermediate
demands would be distinguished. 1In a national model, there
is no more need to make this distinction than there is to
distinguish sectoral output by destination in a sectoral
model.

10. Note that domestically produced intermediate inputs enter the
problem through the production constraints (33). At the
economy-wide level, however, all sales and purchases of
domestically produced intermediate inputs are offsetting
transactions.

11. The fact that the input shares in aggregate output sum to
unity can be verified from the sectoral accounting identity:

X, + .Y. = L, . + % K, . + % X, . o+ M ..
T Pi%51 T Yy TSIyl b Peitky T Pi%iy T I Pplipy

Summing the identity over all n sectors produces the result
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required by (36):

£ al¥, = 3% p,.L,. + L% p,.K,. + L% p.M . .

) , 2578 . k9" k X m m

. J 3 38 J *] ik J k3 jm J
Note that import prices p_ do not have j subscripts. It
is assumed that all domestic sectors pay the same f.o0.b.
price for identical imported materials.

12. Competitive equilibrium conditions at the sectoral level
require that output elasticities with respect to inputs equal
the corresponding value shares of input payments in sectoral

output:
olnkL, . P,.L,.
- 23 - CR374 (2 =1,2,...,v5 5 =1,2,...,n)
t V.
g.V.
33
91lnkK, . p,.K, .
- ki = ki k3 (R =1,2,...,8; 3 =1,2,...,n).
t V.
93V

Since the function V7 exhibits constant returns to scale, the
output elasticities and the value shares both sum to unity.

13. Note that the variable defining the sectoral rate of produc-
tivity growth is subscripted with "z," not "yv." Subject to
production and market constraints, sectoral producers maximize
gross output Zj’ not deliveries to final demand Yj.

14. Market conditions for producer equilibrium require:

alnkL . p,.L .
9 .
atgj B q?z%J (& =1,2,c00,r; jJ =1,2,...,n)
J3J
9lnk, | p, .K, .
k .
o = g?zéJ (k=1,2,...,8: 3 =1,2,...,n)
J 3
Blnxi. pixi'
ot L = q.Z? (i=1,2,...,n; j=1,2,...,n)
3]
alan. pmMmj
ot 2 = quj (m=1,2,...,1; J =1,2,...,n).

Linear homogeneity requires that both the output elasticities
and the value shares each sum to unity.

15. Note that even if the jth sector imports no foreign-produced

inputs (I pmMmj = 0), the measure e% is still greater than
J

m . .
e). The relation between el and el in a "closed" economy is
dfscussed in Gollop (1979).

v z
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16. Gollop (1979), pp. 330-31.

17. See note 4,

18. The increasing U.S. dependence on imported inputs is neither
restricted to a few producing sectors nor is it limited to
the post-1973 era. Gollop and Roberts (1981) study the im-
portance of imported inputs to 21 two-digit manufacturing
industries over the 1948-1973 period. They find that the
cost share of imported materials in total production cost
increased in 17 of 21 sectors. More importantly, they find
that this shift in cost shares is the result of real input
usage, not simple price effects. The average annual rate
of growth in real imported materials across all manufacturing
industries is 6.7 percent. The average among durable goods
industries is 8.8 percent. The rate of growth in imported
input exceeds the growth rate for capital and labor inputs
and even domestic materials in sixteen of twenty-one manu-
facturing sectors.

19. A well-designed model of regional productivity would examine
how efficiently the regional economy uses inputs under its
control to produce output for regional final demand and
foreign markets. The model would consider not only labor,
capital, and nationally produced and consumed intermediate
inputs but also all intra-regional imports and exports and
all regional imports of foreign-produced material inputs.
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