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ABSTRACT

Wé formulate a vériable cost function model in which certain inputs
are treated as quasi—fixed, and develop é,simple stétistical test of
whether Optimizatidn occurs for the quési—fixéd‘inputs. It is shown how
to retrievé charécterisﬁics of the loﬁg—run cost function from the
variabie cost parameters, with specific reference to the cost elasticity

' and thebelasticities of substitution; We also present a model of the
‘returns to R & D in the context of a regulated firm and show how to

estimate the net rate of return to R & D from the variable cost function.

A translog version of the model is estimated for the Bell System
for the period 1947—1976.. The empirical results suégest‘substantial
long-run economies of scale at»the aggregate level. The formal envelope‘
tesﬁ indicates that the Bell System's use of capital and R & D ﬁas cost-
minimizing during the post-war period, but the conclusion is seriously
qualified by evidence that the. power of the test in this application is
low. Finally, we estimate the net rate of returﬁ to R & D in the Bell
System in the range of 25-40 percent, which is somewhat higher than

available estimates for manufacturing industries.
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1. Introduction

There are several approaches used in empirical analyses of
cost functions and productivity growth. The most common is the
static equilibrium approach which assumes that the firm minimizes
the total cost of production by fully optimizing with-respect to ali
inputs. Each observation is interprated as a long run,'cost
minimizing position. '~ At the otherv&xtreme are disequilibrium models
in which the firm encounters costs of adjusting all its inputs
(¥adiri and Resen, 1969), or some specific "quasiffixed” inputs
(Wnite and Berndt,‘1979). The special case of long run eguilibrium
is potentially testable within this framework. The problem is that
these nmodels are difficult to implement empirically.

The»third approach is to specify a variable cost function in
which some inpuls are treated as "quasi-fixed." The theoretical
development is found under the heading of restricted profit functions,
of which they are a special case (Diewert, 1978; Lau, 1976). The
level of variable cost is expressed as a function of the pricesvof
variable inputs, the leval of output, and the guantity of ths quasi—\
fixed factor. The éestimation of these models is conducted without
making any assumption about how the guantity of the guasi-fixed
input is determined. In fact, one of the main uses of these models has heen
to determine whether there is any "ewxcess capacity" in the guasi-
fixed factor (Keeler, 1974; Brown and Christensen, 1980). The

procedure involves estimating the variable cost model,and then deriving

the associated envelope condition evaluated with the estimated parameters.




The value of the guasi-~fixed factor which sblves thiz computed envalops:

condition is interpreted as the

of the quasi-

fixed input. The difference bstweern the actual optimal level
of the quasi-fixed factor is taken as a measure of "excess capacity."

One serious problem with this procedure is that it fails to provide

a test of whether the computed degree of "excess capacity" is

-

statistically significant or.simbiy‘reflects éampling variation in
the estimation of the Vériaﬁle cost fuﬁction. thice that such a
test would beée equivalent to a teSt‘of optimigaiion over the quasi-
Zixed factor. |

The first objective of this study is to suggest a static (or
long run) equilibrium model in which ohe can test whether optimization
occurs for selected inputs. In Section 2 we’use a variable cost function
model, on the supposition that the envelope condition for the quasi=-
fixed factor holds, and show that the eStimated variable cost
parameters fully characterize the underlying technolcgy. In Section 3
we formulate a statistical fest of the null hypothesis that the
envelope condition holds.

The second objective is to use the vadriable cost function to

estimate the (marginal) net rate of return to the quasi-TFivwad inoat.

L

L

Clearly, this is not possible in a long run cost function’framework
since it is assumed that all inputs are optimized over and that theix
net rates of return are therefore equal. As an illus;ration, in
Section 4 we present a model of the returns to R & D in a regulated-
industry context.

A transloy version of the model is formulatod in Section 5 and

applied to annual data on the Bell System for the period 1947-1975.
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Sction 6 presents che empirical rezults, including a -
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the envelope test and the estimates of the net rate of return to

R & D in the Bz=1ll System.
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‘Any empirical test of optimal input use reguires that a variable
(or short run) cost function be used, since the long run function
presupposes full optimization. .In this section we show how to retrieve
the long run cost elasticity and Allen partial elasticities of

s ' . . , ‘s - R S
substitution from the parameters of the variable cost function. This
guarantees that the null hypothesis of optimization can be tested
without sacrificing information about the underlying technology.

The (total) wvariable cost functicn can be written :

where P is a vector of prices of the M variable inputs, Y is the level

0
Fh

output and % is the guantity of the quasi-fixed input. As usual, the
variable cost function must ke monotonically increasing and concave in

factor prices. ' The correspeonding (total) short run cost function is

(2) CS = F(P, Y; 2) + PZZ

whare P is the service price of the quasi-fixed

fede

nput. The optimal
quantity of the quasi-fixed iInput is defined implicitly by the envelope

condition

(3) =

Q2

t
—
—

o
9

provided that the variable cost function is decreasing and convex in Z.

Letting Z = U(P, Y, P ) denote the derived demand for Z which is implied
Z

by (3) and substituting it into. (2), we obtain the (total) long run cost




function
(4) C=T7(P, ¥, Y(r,¥Y,P)) + P (P,Z,P) = GIP,Y,P )
Note for future reference that 3C/02 = 0 if ard onlv if the envelops

condition holds.
Differentiating (1) and (2) with reéspsct to output and
rearranging yields the relationship between thea cost =lasticity along

the variable and short run cost functions:

o S -1 v
13) . no= (1 +m n

where ¥ = P Z/CV is the ratio of guasi-fixed costs to variable costs

vzluated at the point of comparison. Necte that this relationship holds at

11 points along the variable cost function. However, the short and long run cost

asticities can be linked only at those points which satisfy the envelope condi-

. : - ; I3 s

tizn, in which case equations (3) and (4) imply that they are identical (0= Nn~).

CE s , . o . L s

If the envelope does not hold , there is no unicue relationship between n and n .
The allen elasticities of substitution (AE3) for the different

cost functions are also related. The variable cost AES between

factors i and j is defined as (Uzawa, 1962):

B(.) Du/3P.90D.
1 ]

i3 9F/9P.  OF/9D.
1 J

where suZscripts denote inputs. It follows fron (2) ana (6) that
S o4 L s o

G.j = (1 + w)O0,... The long run AES is defined:
i ij

2
G(. d7G/op 0P -
() e/ i3 for all i,

) AG/AP, ac/apj
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To relate ¢ . and 0. nots first from (4):
ij i

.

(3) 3G 3F oF o oy

I

BPi ap, ¥ 3p, T 0P,

b

ses to

'

Jsing the envelope conditon (3), this oolla: G/3P, = 3F/0P., which
! 4 i

is the derived demand for input i by Shephard's Lekma. Differentiating »

(8) with respect to P, and using the envelops condition:
J

(2; o G _ a’F | 3°F S
- T

ap, 3p apr, oP, 3t oP ap

1 7 1 J 1

Supstituting (8) and (9) in (7), using (6) and-rearranging, we obtain:
‘ 3unX. - .
. _ _ v ~1 777y Hin z - L
o) o= h)[si. +5, ; i, 37z
S dfnz 3inp, - .
X

where T = P Z/CV and S, = P,. ¥, /CV are the ratio of fixed to variable
z i 11 .
costs and the share of  input 1 in variable cost, respectively. Eguation

(10) links the variable cost and long run AES for the variable
g

factors. It is easily wverified that the recuired
iz met. The long run AES involving tha duasi-fixed

from the relation ¥ o, 0.. = 0, where g, = 2 X./C is the share of
_ ; 3 S ‘

irput J in long run coskt. MNote that the relation ketween the variable

cost and long run AES recuires that the envelozz condition holds.

3. Test Procedure for the Envelope Condition

The test procedure is based on the null nvnothesis HO that the

envelope condition holds in the data, i.e., that tha observed values
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of the quasi—fixed factor are determiied according to the envelopa
condition, On“Hd,‘eﬁtiﬁatién of the systém of'equations consisting
of the variable cost funstion and the derived drmands for vavizble
factofs yields unbiased buﬁ not afficient estimates of a«ll parameters.
The inefficiency arises from not exploiting the envelope condition in
the estimation. These parameter estimates are then used to obtain
unbiased predictions of the dependent variableé in the envelcpe con-
‘dition. On HO the prediction errors are shown to bg {(normally)
distributed with zero mean and a computable variance,

The validity of this test does not require that the envelope
condition vield a closed-form solution‘for the guasi-fixed factor
{i.e., the derived demand for 2Z). The empifical aprlication to the
translog cost function in Section 6 is an example. However, if such
a closed-form solution does exist; our procedurz amounts to.testing

)

whather there is a statistically significant difference betwean the

QIS

1]

rved guantity and the cost-minimizing guantity of the quasi~fixed
fzctor, as computed from the estimated envelape condition. Then, our
procedure provides a statistical test of the significance of estimated
"excess capaéity", as méésured by Keeler (1974) and Brown and
Christensen (1980),

Consider a model lmplying the system o

o

ters) equations

(11) Yi = XA, + U, i=1,...,0+1

nere Y{ and Ui arenx 1l vectors of obrsarvationz and disturbances, Xi

is an n:<ki matrix of regressors and Aj is a ki>:l vector of parameters

. .th . . .
in the 1 equation, and where the first equation represents the cost

function, followed by m -1 derived denand equations, and finally the
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anvelops condition. Then we can'write‘ﬁi:: LiA where L, is 2 k. =¥
selection matrixand A is & kx] vactor of all paramcters that appaar in
tha system.

The subset of equations excluding~the envelopé condition can be

written

or in cbvious notation ¥ = ¥A + U. Assume E(XU) = 0 and U ~ M(0,I)

where I = Q@I. Define ¥ = (MRI)Y, X = (M®I)Z and U = (M®I)U

Il

whare M'M = Q71 Then the transformed model Y = XA + U has a diagonal

oovariance structure, Estimating the vector A from this model and

using it in the envelope equation vields the prediction
T =% .a + % . xnkxu
mH+l m+ L m+l — — — =

an? the prediction error

- - ~ ~ -1
12y e =¥ 7YX TV TR, (XX XS
(h2 e m+l m+l m+l 1 X'X) "X'Q

Undax HO, g v N(O,V(g)). Taking'the expectation of e¢'e from (12) and
rearranging we have

C(-‘&)PE'I ) = 2 Tr(C(U_ UMD

13 ) = + ::
13) vie) V(Um+1) Tr(’m+ a1 mtl— T mtl

1
where Tr denotes a trace and C(-) denotes a covariance matrix.

We test the null hypotuesis that the envelove condition holds by

testing that the sample prediction errors are (normally) distributed

. . . 2 . .
with mean zero and the variance in (13). Estimates of V(Up}w) and .
07
c(u ‘lU!) are obtained from the residuals when the entire system (11)
m+l—

is estimated. The matrix C(A) is obtained from the system excluding

the envelope. Both are consistent on HO.




4. Modeilling the Rate of Return to R & D

One advantage of the variable cost approach is that it enables
one to calculate the net (internal) rate of return to the q;asi*fixed
input. In this discussion we consider research and developzent (R & D)
as the quasi-fixed input in the variable cost function. The cost-mini-
=izing ¢uantity of R & D is described by the snvelope condition, so that
znalytically the envelope condition holds if and only if ths net rate of
rzturn to R & D ié equai to the opportunity cost of furds (2nd the net
rzte of return to other assets). Therefore, the propernprocedure involves
the following steps: 1) estimate the variable costlmodel, 2) perform the
envelope test described in Section 3 and then, if the envelope condition
is rejected, 3} compute the rate of return to 2 & D from‘the subset of
equations excluding the envelope. In this section we present a
procedure for deriving the net rate of return from the variable cost
function,

In the present model investment in the steck of R & D shifts the
variable cost curve downward and establishes z new long-rur egquilibrium
price. The market price may only adjust with a lag, however. 1In each

period the private returns to the R & D investment are the Zifference

=n total revenues and the new total -wvarisble costs, evaluated at

the prevailing short-term equilibrium. These rents which accrue to
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R & D arise from the firm's tenporary moncpoly zower resulbing from the

H

cost reduction, and they depend ¢

I
hetn

fically on the way in which the
price of output adjusts over time to the shift in the variable
curve.

There are two separate mattérs which must be considered; the
level of the new eéuilibrium prigé and‘the spead of adjustment toward
it. The specific approach depends on the institutional context. Fox

example, consider a highly cowpektitive envirconment in which "leakage"

A<

O

Z the new knowledge (in the form of a cost firms

cannot bea blocked effectively with the such as
catents, secrecy, etc. If other firms in the industry succeed in

learning the cost-reducing technigue without payment, the price of

output will fall eventually to the new leval of averags variable cost.

o

In this cas

@

, the entire reward to the original R & D arises from

whatever sluggishness there is in the output price adjustment process.

consequently, no R & D would be undertaken by vrofit-oriented firms.
More generally, the level of R & D will adjust until the expected

N

appropriakirents generate the normal rate of retuzn teo such investment
(seg Pakes énd Schankerman, 19830).

In this paper we analyze the case of a ragulated, single-product
mononely operating under economies of scale. fhe firm is constrained
to earn zero profits eventually; the regulator fixes (possibly with
some lag) the price of output at the intersection of the demand and

average total cost curves. Included in the averags total costs 1s the

remunsration paid to all cepital assets (including R & D), which we

assume to be the 'normal" or "allowed"” rate of return which reflects




U W

their opportunity cost.

Suppose that the regulated firm makes an investment in R & D
which lowers both the average variable and average total cost curves.
If there were no regulatory lag, the price of dutput would adjust
immediately to the new average total cost ana the R é D investment
would earn only the normal rate of return which is embedied in that
cost. the that in the reguiated environment instantaneous price
adjustment implies a normal rate of return to R & D, whereas in the
compe;itive-environment it implies no private returns at all..

If there is anyiregulatory lag; however, some rents will accrue
znd the private returns to R & D will necessarily exceea its oppertunity

cost. 5ince an equilibrium requires that the marginal R'& D earn only

o}
Q
[\

mal returns, the question arises whether, and under what conditions,

t

here can be an equilibrium level of R & D in the presence of requlatory
lag. This can occﬁr only if the average total cost curve is not shifted
by the marginal R & D investment, sincevin that case the eguilibrium
price remains unchanged, there are no potential rents to the marginal
R & D, and the effect of regulatory lag is thereby neutralized. The
average total cost is unchanged if the reduction in average variable cost
due to the marginal R & D just eguals the price of the R & D, i.e., if
the envelope condition for R & D holds. 1In short, in this regulated
environment with regulatory lag, an equilibrium level of R & D is
precisaly defined by the envelope condition.

We have argued that in a regulated industry the private benefits
to R & D consist of the rents due to regulatorv lag in adjusting the
cutput price, plus a normal return paid each period to R & B (as to

other capital assets). The rents are the difference between the output

price and the new average total cost, multiplied by the number of units




olcéar that the re
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23 Ode
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Doas the normal return paid

downward.

and, if so, at what rate? The normal

opportunity cost of the R & D, If we
units in the stock of R & D,
cost function, we obtain the

R

N

& D which

at which the

cuantity and the value of the R & D stock.
different inputs which are used to. "produce” v
The guantity of R & D, Q, is defined as th

they can yield (given the available

call the rate at which

We this produc

yray  tima

as thét stock
total normal ret
is reflected in theiaver age ;Ova
ormal return to a
thé rate of depreciafion which

the variable cost function.

measured in terms of the maximal
"knowl

tive capacity

iso decline over

@

time
return

adé up these payments over dll

is defined in the riable

urn paid to "surviving"

cost functicon. Therefore,

unit of D declines

=

™o .
o] FSE ne

ust be

is approvriate for the stock

But what is the rate?

1@ key to-analyzing this problem is Zo distinguish between the

R'& D 1s expenditure on

raeductions.

- apacity of these

variable cost reductions which

efl('

e production function"y.

(auantl“") of R & D

inputs declines over time ‘ate of dets " Thne value
of the R & D stock, V, 1is defined as theé d of expected
(gross) earnings which will accrue to that stock. - This value can be

expressed as the quantity of R & D,

exacly the rent

depreciation of the value of R &

D,

change), 1is the sum of the (physical)

at which the rent to R & D declines.

is the difference between the rate at

as Qe“'ﬂcd

abovea,

multivlied by

= Z9j. The rate of

(hats denoting rates of

IoF

eterioraticn rate and the rate

By ocur earlier arguman the latter

.
L

which the cocutput price

adjusts
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he market.

and the rate of giowth of t

Tha question is, which concept of the K & D stock beiongs in
the variable cost function? As long as factor ?rices are assumad to
be determined exogenously, the cost function (like its dual, the
production function) is a technological relationship, and as such the
quantities (not values) of inputs belong. It is the productive
capacity of the R & D inputs, not their market value, which contribute
to the determination of the level of variable cost.

To summarxize the three important'cénclusions: 1) the stock of
R & D appropriate for estimation of the wvariable cost function should
Le constructad as a cumilation of R & D filows using their rate of
ceterioration; 2) the normal returns to a unit of R & D decline at the
rate of deterioration; and 3) the quasi-rents which accrue to R & D
decline at a rate which reflects output prics adjustment; market
growth, and deterioration.

To formalize the derivation of the rate of return to R & D, we

begin with the average total cost function:
(14) C=F(p,v;2) +P ()2Z

 where a "bar" denotes an avarage cver outnub, I(.) refers to variable
(non-R & D) costs, 2 is the stock of R & B, and P 1is the rental‘price
as a function of the interest rate, r. Note that the derivative of C
with respect to Z may be eithesr positive cr nsgative, and it will equal
zero only if the envelope condition holds.
The marginal net (internal) rate of return, r , is defined by the

equation:

* (3 —-r*
(15) e = { B(t)e at




tation pociod {(agsumed to ke a fixed rather

where A is tha R &

than distribated lag, for simplicity), and 3L}

private
returns accruing  to the marginal unit of R & D.  We assume that the

firm ‘expects demand to grow at constant rate &: Letting § denote the

us

rate of adjustment of output price and ¢ the rate of deterioration,

the private returns in vear t of a unit invastzant in R & D in year O

are:
(16) B{t) = ¥(O) 55- e + P”(“)e

“he first term is the depreciated unit rent (raduction in average total

ct

zost) multiplied by the market size in year t; the secgond is the normal

return in year-t. Using (14) and (I16) in (15}, and pexrforming the
integration, we write the internal rate of return to R & D

(17} e’ (x* + & + ¢ -~ g) =~ =— z

Two points should be noted. First, eguation (17) represents
a generalization of the formula given in FPakes and Schankerman (1978).

In that work the discussion centexrs on a. comps:

ive’environment where
output prioe adjusts to average variable cost, and the gsecond term in
(17) does not appear. Second,. we know from thz earlier discussion
that only the normal rate of return,is.earned wnen the envelope
condition hcldé (ghe average total cost curve is not shifted by R & D).

This condition, r* = r when 3C/¢Z =.0, can be used in (17) to identify

the service price of R & D, Pz(r). We obtailn

(18) p_(r) = Sy &)

Equation (18) defines the appropriate service orice of R & D to use in




the empirical work whan the envelope condition is

it back into (17), = obtain

A
(19) Tk s s 5~ q) - F (5 - g){ r* *qr F g
) baks

Equation (19) is a noa-linear function which implicitly defines the
private net rate of return to R & D, r*, given tha values for the other
parameters. The term 3F/9Z can be computed from the estimated variasle

cost function.

For the empirical work we use the translog as a flexible
functicnal form to approximate the variable cost function. Writing

logarithms as lower case letters, the translog approximation is

i ‘ 2
20 cv = R+ Ey + L Bp., + L v, + ¥ y. . p.p
(20) o n R T By Tyy ¥ ST LEES
1 11
2

+ . A z+ %A =z + A p.oz o+ X z

§ Yiypl Y Z 2 zz & = i i ri y‘y
where 1i,j = 1,...,N index the N variable inputs and all variables are

defined around sowme exgansion point.

Applying Shephard's Lemma to (20) yields the set of share equations:

21 S, =B, +Z v . p. +Y.. + ).z
(21) i 81 “ iy Py Y Yy Y i
B
where 5. =P ¥ /CV is the share of input i in variable cost. If the
i i1

firm also optimizes over the guasi-fixed factor, then the envelope

condition holds. &applying it to (20) vields:

(22) - T =X + X z+ I Ap +Avy
z zz 173 Vs
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The variabls cost funct 5

o ISt be linearl homogersous in variahle

input prices at all points, which implize the vaestrictioans:

The symmetry restrictions Yij = in areé also imposed in the empirical
work.

The variable cost elasticity,is obtained by differentiating (20)

with repsect to output:

(24) =B 4y v+ Iy, potAcz
7 T . iy 3
Y vy i ¥ Y
. : L . 2 v N
znd the long run cost elasticity isn =1 (1 + ) ~. In general,

both n and n 'vary with factor prices, output, and the quantity of
guasi-fixad factor. The reciprocal of the cost elasticity is an
acpropriate measure of scale economies (Hanoch, 1975}).

Tha variable cogst AES between inputs i and i can be. computed

Y. . '
iy =gt 1 1,3 7 2
1] S .S.

]

Using (10), (20) and {21), the variable cost and long run ARS are related
in terms of the tranzlog as follows.

(A, -5. T (.- 5. M
1 1 J } ;

. v ( .
25 g,. = I +7 G., - - i i 7z
( ) lj ( ) lj j :] 7
. . 'ﬂ"
. 5153
Using the relation I @.0,, = 0, the restrictions in {23), and (25),
w5 31

one can show that for the translog:

o, = (L+m[1-~X,
iz i i

(26)

o
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The long run dlasticites of factor danand

v}
=
i

given by
£ = q O..
ii 1 7ii.

Empirical test of homotheticity and homcgzeneity of botn the
variable and the ﬁndérlyinq‘long run cost functions can be cerived
from the variable cost parameters. Homotheticity requires separa-
‘bility in factor prices and output, which implies that the optimal
“input mix (and hence relative shares) is indec2ndent of the level of
output. Using (21) and (23), variablie cost hcmogensity imposes the N
constraints Yiy = 0, N-1 of which -are indepeniznt. For long run

homothaticity, relative long run input shares must be indepsndent of

outovut both directly and indirectly (through the quasi-fixed input).

}A
vt
¢}
W
5]
o
)
n

hown that this imposes the 2N+Z restrictions vy, = A, =
6
= X = 0, 2N of which are independent.
Homogeneity implies that the cost elastizity is constant. Using

{24), variable cost homogeneity imposes the N-1 restrictions
Y. =Y = 0, N of which are independent. From the relation

-1 v . Lo . .
n.= (1 +1m) n, it follows that long run homogenaity requires that

v . . ) L. . :
both n and T be constant. Using (22) and (24) this imposes the 2N+3

restrictions v, =Y = A, = A = A =0, 21 oo
17 ¥ 4 by zZ

winich azz

Hh

independent.

6. An Empirical Application

R

In this section the translog variakla cost model is applied to

7 -
data on the Bell System during the pzrioa 1971-76. Four Iactors

]

of production are included: labor, materials, (physical) capital,
and a stock of R & D. Aggregate outrut is neasured by the sun of

deflated operating revenues for local service, intrastate toll, inter-

state toll, and a small miscellaneous categorw. Labor input is the
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mmber of man hours actually worked in fwenty-two categories of labor,

;olghted by their wiges,  An fmplicit price index

for labor is obtained as the ratio of total emdlovee covp ensation to
the quantity of labor input. The materials inout consists of six
categaries of materials, rents and supplies, each saparately deflated.
An implicit price index for thé.materials input is»used.

The stock of capital is the sum of net tangible plant, cash, net
accounts receivable, and inventories. Tangible plant is constructed
from twenty-three different types of capital, 2ach identified by vintage
=nd separately depreciated, The service price c¢f capital is éonstyucted
&3 the sum of the cest of investment funds and the rate of depreciation,

multipliad by the investment goods deflator and adjusted by tax

8
the standard way.
The stock of R & D is constructed as a gaometrically weighted
sum of Zdeflated non- m*thary R & D expenditures by the Bell System,

lzgged four vyears. The lag is d@Slgnmd to refisct the gestation

period during which R & D has no effect on variable costs. R & D flows
are deflated by the implicit GNP price index. Following the argument
in Section 3, the cumulation of R & D shiould be basad on its rate of
9

(physical) deterioration, which we assuune to b2 0.05. The service

Gy
price of R & D is given by (18) in Section 3, multiplied by the implicit
GNP deflator.

—-

Tho system of eguations consists of the variable cost function

-t
<t

(23), the varlagle share equations (21), and the envelope condition
(22). Because the variable shares‘sum to unitv, onz of them is

J

redundant and is dropped in the és tlmatlon procedura. We follow the

literature in specifying additive disturbances in each equatJow which




are assumed to have a jbint nocmal diétribution with contemporaneous
correlation anong cguaticens. The system is estimated using chlnef's
procedure (1962)‘iterated to convergsnce, wnhich ensures that the para¥
meter estimaﬁes are invariant to which share eguation is deleted
(Barten,.1969). A correlation is wmade for first-order serial corre-
lation, in accordance with the requirements of a singular system of
equations (Berndt and Savin, 1975}. Two versions are estimated,
cne with R & D and another with capital as the quasi-fixed factor.
In the discussion of the results we focus on three

1

items: 1) tests of parameter restrictions,2) long run

]

cost elasticities; and 3) long run AES.

Table 1 presents the likelihood ratio tests of the homotheticity

1

homogéneity (HG) constraints. Since the tests are nested

—
™
¢
]
)
Vs
[$7)
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(se22 tzable), the overali significance level is set at .05 and is

aivided egually between the two tests in each sequence. Turning to the
results, . short run HT is rejected, while short run HG is accepted
(conditional on HT) when R & D is the quasi-fixed factor. Yhen capital
is the guasi-fixed input, shért run HT is accepnted and short run HG

is marginally rejectced. Since variable costs are defined differently in’
the two versions, these findings are not contradictory. However, the
impliéd characteristics of the long run cost function should not depend
on which input is treated as quasi-fixed (if the envelope condition is
imposed). We find that both versions of the variable cost model strongly
reject long run HT, which is consistent with earlier findings based

on direct estimation of the long run cost function (Nadiri and Schankerman,

1979) . The evidence is mixed on long run HG (conditional on HT).




ho-
Table 1. Test Statistics For Parameter Restrictions
Homotheticity ; ‘ Homogeneity
’ . a ] a b
Short Run Long Run Short Run Long Run
z
\‘C ’ e ‘
% &D 11.2 82.2 0.2 0.8
Zovelopa
L2
(_ ’
Czoital :
Invaloza 1.2 "77.2 , 5.4 7.2
Critical <2
TTEETES A o2s 7.4 11.1 5.0 5.0
¥No. c¢f Independent
Pestricitions 2 4 1 1

a e , .
Conditional on short run homotheticity.

Conditional on long run homotheticity.
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Contracy to ex_cctaﬁion; it depesnds on which Inputbt is considered
quasi—fixed.

Both versions of the model yield similar lcng run cost elasticities
which suggest substantial scale econcmies in the Bell Systen at the
aggregate level. At the sample means, the estimated long run cost
elasticity (standard error) varies from .50(.255) to .62(.019) with
R & D as the guasi-fixed factor, and from .59(.0;4) to .67(.016) with
cépital as the gquasi-fixed input, depending on the parémeter restrictions.
These estimates are similar to those obtained directly from long run

cost functions in Nadiri and Schankerman (1973). and Christensen, Cummings

V3
Hy
"
OJ

(]

and Schoech (1980). ©Note that none of the ccnfidence intervals includes
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1 be rejected by these

Table 2 presents. the long run AES and Zactor price elasticities

implied by the (short .run) homothetic variable cost function. (The

results. are robust to parameter restrictions). For comparison we

include the results from Nadiri and Schanker—an (1979) which are based on
direct estimation of the long run cost function. Estimation of the variable
cost function was conducted on the suppositicn that the envelope condition

e lt s. should

(0

COST noae

f-o-

[

nolds. 1If this =urpusition iz correct, both a
produce the same set of implied long run &ES and factor price elasticities.
The results may be summarized briefly. -VWhen R & D is treated as

the quzasi-fixed factor, the estimates irdica== that all inputs are

substitutes and that factor demands are pricz inelastic, capital being

the most inelastic. The specific parameters are actually guite similar
to those from Nadiri and Schankerman (1%729). There are some differences




Table 2. Long Run cies of Substitution and
Factor Prics Elasticitieg”n
Model Variable Cost, Variable Cost, Long Run
Parameter R & D Enveloks Capital Envelope Cost
o J60* 2.33% L 48%
Lk
(.09) (.04 (.10)
GQm C1.54% -.30 2.32%
- (.27 (.22) (.31)
G’r .37 1.92% LAG*H
= (.22) (.13) (.15)
02r 48 . 74% -.45
(.26) (.24} (.28)
o). .52% . 35% L 52%
(.15) (.14) (.14)
Onv 4.67% 2.30% 1.67%
- (.83) (1.18) (.70)
€y, -.53* -1.21% .55
22 -
(.05) (.02) (.06)
€ ~.25* -1.93% -.26%
kk
(.04) (.0L) (.04)
€ m .78%* -.93%* ~L.12*
[} - -
(.14) (.13 (.13)
€ ~-.99% -.52% -.31%
rY
(.01) (.14) (.03)
“An asterisk denotes statistical significance at the .05 level.

Columns 1 and 2 arc computed from eqguation (25) using the parameters
from the short-run homothetic versions of the models. The reported

values are for 1967, but they are
third column is taken
{(1979) . '

stable over the sample. The

from Tables 3 and 4 in !adiri and Schankerman




in the point estimates, bub all except one (2 r) of -the confidence
. bl
intervals overlap. However, the results are duite diffcrent when

capital is treated as the quasi-fixed input.. Of the ten long run

parameters, only four (G a , & and Err) are statistically

kr' "mr’ mm

equivalent to those from the model with R & D as the guasi-fixed
input. The results are alsoc less credible. In pa;ticular, the
substitutioh elésticities involving capital ard the factor price
elasticities for labor and capital are implausibly large.

Whatever their plausibility, thé important point is that the
<wo sets of estimates from the variable cost models differ from one
zncther. ‘This would appear to contradict the supposition underlyving theix
estimation, nawely, that the envelops coaditicon holds and herice that
all inputs are chosen optimally. Tﬁe fact that the implied long run
parameiars appear to depend on whethzr R & D or gapital is treated as
guasi-fixad constitutes indirect evidence that the envelope does not
hold for one or both of those inputs.

In view of this finding, it is especially interesting to
implement the fofmal test of the envelops condition outlined in
Section 3. The procedurc involves estimating the system of equations
without the envelope and using the estimated parameters to predict
the dependent variable in the envelops condition--in' the translog
context, to predict the ratio of quasi-fixed to variable costs
(fiitered for serial correlation). On the null hypothesis, the
prediction errors distribute normally with zero mean. UWe apply the

test to the (short-run) homothetic versions of the model, but the

findings are robust to different specifications.




Let v denot

standard deviation. the modsl with capltal as
the quasi-fixed input, we obzain ¢ = .05/.37 = .14. The critical

value of v at the .05 levelyis abgutrtwo, 50 we canhot reject the

null hypothesis that the envelope cpndition holds for capital.

This test on capital is conditioned on the assumption that the firm
chooses R & D optimally. Alternatively;>we can ‘treat R & D 'as the
quasi-fixed factor and test the envelope condition for it, conditioned
on the supposition that the cuantity of capital is chosen optimally.
his test vields ¥ = .03/.15 = .2 and again-we cannét reject the

null hypothesis.

The implication of these resulis is tha

the Rell System use

cr

~apital and R & D was co*-—mlnlnlzxng during the post-war period.

O
P
G

This conclusion appears to coﬁfradl"* the indireq; evidence, i.e.,
that the inmplied lonyg run parameters depénd on which input is
treated as quasi—fixea in the variable cost fﬁnction. However,

even though the null hypothesis of the enve 1¢oe test is not rejected

formally, the mean prediction exror is very 1

P.)

rge relative to the
predicted variable, about 30 and 20C percent with capital and R & D

as quasi-fixed factors, resp::ulvel‘ The rfailure to reject the
envelope condition is due mainly to a large variance in the prediction

error rather than to a small absolute prediction erroxr, especially

5

ith = % D as the quasi-fixed factor. The envelcops test may exhibit
greater power to detect departures from cost minimization in other

empirical applications, but in the présent context the formal finding of

cost minimization should be neavily cualified.
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The remainiuvy task 1s oo
to calculate the net rate of return to R & Do We estimate the variébls
cost model without the envelope condition, using R & D as the quasiw

fixed factor, and calculate the marginal reduction in variable cost

. JF 5 . :
due to an increment to R & D, 5;—. At the sample means, the estimates
L

range from -2.1 to -2.8. The (internal) net rate of return, r*, is

then computed as the solution to the nonlinear eguation /s=e (19)/:

Evk B r +¢ Y} aFf
(ond X ~ Yo z
e r*+8+d-g) - e " {0-g { ~ i+t == =0
( 4 J) \ J)“rw+{;) )r aZ
whare 5 is the R & D gestation lag, g is the sxpected growth rate in

sut, ¥ is the opportunity cost of funds, ¢ is the rate of

R & D, and ¢ is the mte of output price adjustment.
We let ¢ = .07, r = .055, $ = .05 and periorm the calculation for
. ii
&= .10, .15, .20 and 6 = 2, 4, 6. Table 3 rrasents the results.

The estimated net rate of return is not very sensitive to §
within the plausible range .1<8<.2, but it is guite sensitive to the
value of 5. Pakes and Schankerman (1978) corzlude that G =2 for
manufacturing industries, but this probably understates the lag iﬁ

rom Table 2 that the

Hh

telecommunicacions R & D. Hence, we concludz
net rate of return to R & D in the Bell System is about 25-40 percent.
This is somewhat higher than the available eszimates for manufacturin

s-ries, which indicate a gross rate of return of about 30-50

percent. (see Griliches, 1973, for a review).




Table 3. Net *a2tes of LJabtnen o B & D
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Conclusion

In this paper we provide a long run equilibrium model in which
one can test whether optimization (cost-ninimizaticn) occurs for
specific inputs., The method is based on a variables cost function in

which certain inputs are treated as quasi-fixed. The qguastion o

joN

th

optimization over ;he qﬁasi—fixed factors amounts to asking whethar
the envelope condition aésociated with those inputs holds empiriczlly
in the sample. Lk simple procedure is developed to test the null
nyoothesis that the envelope condition holds. The model and test
orocedurs are developed for the case of a single quasi-fixed input,
Szt the generalization is straightforward,

we demonstrate how empirical estimates of ths variable cos=

Zunction can be used to obtain a characterization of the underlving

Iong run cost function. Spacifically, we derive the relationshi

iy

'

between the variable cost and long run cost elzsticities, and the
variable cost and long run elasticities of substitution. It is also

snown that the variable cost function can be used to estima

ot

¢ the net-

rate of return to the quasi-fixed factor, and that this rate o

return ejuals thez opportunity cost of

ot
o
(0

cuasi-
the envelopecondition holds. The discussion focuses on the rate of
return to R & D, and a model of the returns to R & D in the context
of a regulated firm is presented.

The model is appliced to aggregate data for the Bell System for

the period 1947-1976. Two versions are estimazzd, one with R & D and

another with capital as the quasi-fixed input. In %oth cases, the




empirical results

& substantial lony run economies-of scale

at the aggregate level. The formal envelops that the

Bell System's use of capital and R & D was cost-minimizing during‘the
post-waxr period, but the conclusion iz seriocusly qualified‘by evidence
that the power of the test in this épplicétion is low. Finally, our
emnpirical xesults place the net rate 5f return to R & D in the Bell

System in the range of 25-40 percent, which is sorewhat higher than

available estimates for manufacturing industries.,
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Mundlak (1968) shows how to retrlevo the short run elasticities

. oI substitution frcé the long run values. Our concern is the reverse
and th2 agproach we use is different. Also, after a draft of this
raper was written (April, 1280}, we discovered that Brown and

Christansen (1980) independently derive the maln resulis in thig

For a special case of the envelops test, sesz Courville (1974).

i
®
ot

ests the null hypothesis that theore is ne Averch~Johnson bias
in electric utilities by examining the differsnce betwsen the marginal
rate of substitution between capital and labcx(estimated fraom a.

production function)and the relative factor orices.

(=N

'U

This statement assumes that the marginzl R 3 D lowers the average

total cost. This will b2 true if less than the cost-ninimizing

“J

amount of R & D 1s being performed (see ez.(14) and discussion).

Hewevar, 1if more than the cost-minimizing amcunt ¢f R & D is done,
the marginal R & ' will raise the averags total cost even though it
reduces the average variable cost. Then any regulatory lag in
adjusting the price of output will induce negative rents and the

private returns to R & D will fall short of its ovoortunity costs.

The conclusion which fcllows holds for either case.
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4 o .
tor an excellent discussion of  tho cono

value of (traditional) capital and theix

Griliches (1963).

We do not include time trends in the specification to represent
technical change, Shifts in the function are captured by the guasi-
fixed factor and its interaciion with variable input prices and
output. In the model with the envelope éoﬁdition, the main: effect
of introducing neutral time trends is to increase the estimated

standard errors (espscially on the output variablesg). The trends

themselves are not statistically significant., When the envelope

zondition is not imposed, the coefficients of output and of the

t

cuzsi-fixed factor are more sensitive to inclusion of time trends.

S . . . . . .
rirst, consider the long run. sha res ai/@. for i, 3 # z. Since
A 3
ﬂi/ﬁ; = Si/S" from (21) this ratie is directly independent of output
cnly if v, = 0. In order for relative sharss to be indirectly

irdarvandant of output, either the quantity of the quasi-fiwed input
- must not vary with output or the variable input shares must be
inderzandent of the quasi-~fixed input. The former conditicor is
excluded if all inputs are normal, . so the required'restrictions are
AL = O‘for i # z. Second, long run homotheticity reguires that

S./7 be indeépendent of output. By analogous reascning, direct
i | :

independence imposes Y.y = A =0, and indirect invariance requires
h i 1 Y ,
A = 0.
zZ
7 - Lo . ‘
The data cover the operating telephone companies and Lo‘q Lines,
but clude Western Electric and Bell Lakoratories. The B

were provided by the Bell System and inguiries regarding:

be addressed to Petexr B. Llnhult Director of Regulatory

a~?

"T. Zz=2 Fadiri and Schankerman (1972) for a fuller description of

8

The service price of capital is taken as:

: r + d
= _— - ey + T
Ck PI(l uz - w) (l - u) ‘
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where PI is the investment good deflator, w i3 tha corporate income
ax rate, w and z are the efifsactive rate of investioent bax credit
and the present valus of depreciation dllowznzes, T is the indirect

tax rate, r is a weighted average of debt 'and eguity costs, and d
is the depreciation rate. These parameters zre constructed from

Bell System data whenever possible.

Note two points: 1) the empirical results for the model (with

F=
(=3

n
]

the envelopa condition imposed) are not 1sitive to moderate

variations in the gestation lag and the

ey

seterioraitlon rate;
2) adjustments have been made tc ensure that the R & D expenditures

are not double counted in the available mesastres of traditional

inputs (see Nadiri and Schankerman, 1979).

10 . .
For Lkrevity we do not present the raw rarzmatzr estimates, but

chey are available on request. One point should be noted. The

le cost function must be monotonically increasing and concave
factor prices, and convex in the quasi-fixzd input. All the
estimated models satisfy monotonicity and corcavity in prices at
each sample point. Convexity is viclated at zome sample points in
the modal with R & D as the quasi-fixed input and few parameter
restrictions. However, the parameter estimatas are similar to those

versions which do batloLy convexity:

11 Note two ‘points. First, g = .07 and r = .35% correspond to the

average values for the Bell System during ths zost-war period.

3 - ~ - v N - PR I MR T N - -~ T A= P T
Second, rameter O has a simol= interpretzzTlicn. Let x ks the

fraction of the reduction in average total cocst due to R & D which

has not yet been reflected in a reduced price of output after T years.

Then if the output price is adjusted at constant rate 3, it is easy

to.show that § = (- log %)/T. For sxample, with T = 10, the range

.1 £ 2 € .2 in the text corresponds to .15 < x < .40.
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