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Productivity growth in Canadian

telecommunications

MEL VYN A. FU S S University of Toronto

AbstraCl. Canadian te!eoommunicationr. finns do not price proportionately to mBTginal cost.
The prices of toll sen'ices tend to be above marginal costs, wherell8 the prices of basic local
services are l)'pically sel below malJinal cos~ by regulators. In such circumsllncds. eSlimate.q
of m growlh using the conventional Tornqvist (Divisia) fgnnula which weights outputs by
revenue shares in detennining the rale ofgrowth gf aggregate output is lheorelically incorrect
and needs to be replaced by a formula which uses CQst elasticity weights. Empirically, the
comentional TOrnqvist index: yields a very dislorted piCIll1'e of efficiency !lains in the two
lugelt Canadian telephone companies during the 19808. For Bell Canada, I calculate the
upward bias to be approximately 75 per cenl over the period J980-9 and 80 per cent O'o'CT
the period 19B5-9. For B.C. Tel ll. similar calculalion yields an upward bias or 31 per cenl
over the period 1980-9 and 48 per cent over the period 1985-9.

An initial version of this paper 11,U ",ritlen while the author served as a IXInsulllllll tD Unilel
Communication:\. un:. and W3~ Ii fed wi!h lhe ClIIIBdian Radio and Telecommunication! Com·
milsion in lIme 1991 as part of !he Long Di'llfl(C IJlIen::onnectiOll Hearinss. Thllllb an due 10
Michael Denny. Micbael Harbwn, and Da"'id Wall fOI commel1l5 em the inilial \-'enion; to Jeffrey
Bernslein, Frank Kiss, and R£lbert Olle)! f£lr comments on a later ver.;iOll, and 10 Stephen Mwphy
for excellent research assisllInCe.. The views eJtpteSsed in lhis paper are Ihnse of dill audlor alone
IIIId sfJoo1d nDt be Ililribuled 10 UDilel or 10 the iadi"lduab named above.

LA croiswnce de /a produclMJe danl les tilecommunications all Canada. Les enlreprises
dans Ie moode des telecommunications au Canada ne praliquem pas une tarlfiC81ion propor­
lionnelle au conI marginaJ. Les prill des services inlenJrbains tendent ik s'etablir au dessus
des coats mll[llimUll tBl'ldis que les prix des services de base sont gCn~ralement fixCs au
de&sous des coOI~ marginaux pili' le.s agences de reglementBlion. DBI'IS eel> ciKonstances,Ies
evaluations de la CJoissance de la prodUClivite totale des facteufS de production fond~s sur
Ja formule Tornquist (Divisia) - qui pond!re les extrants scion la portion <les revenus qu'ils
engendrent dans la determin81ion du taux de croissance de la production agreg6e - e3t incor­
recle IlU pJan Iheorique et doit eire remplack par une fannule qui utilise des pond~ations

d6finie.s a. partir des clasticites des coil~. Empiriquemenl, !'indice Tomqui51 donne une image
distorsionnee des gains d'efficacM des deull gran<lcs enlreprise.s canadiennes de leJ~phone

III cours des ann~es 1980. Pour Bell Canada, I'auleur calcule un biais i 1a hausse d'A peu

e..tian "",umal 01 5<1nJrnlcs ReVIle clllll4icnne d'Econamiqao. XXVII. No.2
MI)' ...1 199f. Pl'ln'ed in Canodi IrDfrl~!II C..ada
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APPENDIX C
Emplti.cal resull5 of lht weignled l~t sqtWes regres·
lion., using Iire-Illble~ 197~1972 for mortality adill~tme"l
(/.stalis.tic:s in parenthesis)

~. Coer. 'Param. CClef.

UlfERCEP 2.9367 VNlOSC2 0.159'0

C2.93661
(41.5874)

VNI 1.0519 VNlDSC3 0.3951

l14.21139)
(15.497 11

VNlDYl 0.1136 VNIPUMP 0.1143

4".0885)
(O.3W9)

VNlOY2 0.Oll91 V~IPLANG -O.48~l

(3.5476)
(-6.4037)

VNIDY.' 0.0080 VNtDBI 0.2065

(0. 3941H
(1A923)

VN10S:! O.02:N VNlDlB -O.IJ~1

{1.1095}
C-l.3Jl1!11

VNIDA2J 0.m1l6 VNIDB4 -0.1047
'.:::

(2.1163)
(-2.54ltJ) ·::t~:

VNIDA4 0.1100 VNlDll:'i 0.218-1 ~~

(.D3ml
(4.00:'i:!) )3

VNlDA.:'i O.21l41 81 t).963S
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II. REVENUE WEIGHTS VI:RSUS COST WIHGJfT IN TaB r,U,,\SUREr.fBNT

Of TFP GROWTH

.l The challge in wei!!blio8 procc>dures is the result of repUlcing OU1put pricCI by nwginaJ C05!S
in the ronventional Tiimqvi 51 (Divi,sial ronnula. The anlltyses ()f CI~-S and ChristenRen (J 980)
and Denny. Fu~s, and Waverman (1981) are specific !() this functioaat form. fur 4 dteoJelicll1
jus1ificalicn or !be statement ill the teltl lI$ applied tc lilly eJIllcl index. number aggR!galion rormula
see Diewert (1991, theorem I). In cue (1992) Ihe commission concluded !bat cost weights are
.superior to re\'enue weighrs for cbe reasons Mated in Ibis paper. and it appeared to direct tbe
telephone romplll'lies to provide cOsl· .....eigIRd TFP growlb eslimales in fulUre hearings.

4 The cDn\'entional (re~-enlJC weighted) measure wa.~ 3.35 per ceDI per l1IIIIlIm. wbereas the cosl
elasticity weigbled lJIellSUTl! wall 2.81 per cent per lInnum, re&ulling in lin upward bia~ of (3.35 ­
2.1I1)/2.a I = 0.19.

IE
c
c
Co:

(I)

(2)

(3)

AlogT~ = ~ logQR - .1 log X,

Alog QR = I(l/2) . (Rtl +R1.r-d . [log Qil - log Q/,I-11

6 log X = I( I /2) . (SII +Su-r)· (IogX;, - Jog XI,,-d.

when possible, by cost elasticity weights (Caves and Cbrislensen 1980; Denny,
fuss, and Wavennan 1981).3

Denny, :FUss, and Wa\'ertnan (1981. table J2) show that for BeJJ CllDada O\'eC

the period 1952-76, use the conventional measure leads 10 an upward bias of J9
per cent in the eslimalion of annual efficiency gains.4 One of the main results of
lhi.'l paper is. the faci that during the 1980s the upwsrd bias increased substantially,
so that the cOn\lenUonal TfP index yields a very distorted picture of efficiency gains
in the two largest Canadian telephone companies. For Bell Canada, J calculate the
upward bias to be approximately 7S per cent over the period 1980-9 and 80 per
cent over the period of 1985-9. For B.C. leI a simUar calculation yields an upward
bias of 37 per cent over the period 1980-9 and 48 per cent over the period 1985-9.

The majority of Canndian telephone companies calculate Tfl' growth employing
what bas been called the 'conventional' Tornqvist (Divisia) index of TFP (Denny,
Fuss, and Wavennan 1981). This conventional measure has been used elttensh1ely
in the calculation of TFP ill studies of the overall economy. major sectors such
as manufacturing. and subsectors like the two--digit manufacturing industries (e.g.,
food and be\'erages). The appropriateness of its use in such settings is now well
established. in both academic circles and go\'emment statistical agencies. But Ibis
conventional measure is not appropriate (from a conceplUaJ perspective) for deter­
mining productivity growth in !he case of telephone companies such as Bell Canada
and D.C. Tel. The latter statement is true for any situation similar 10 that found in
telecommunications - substantial departures from price/marginal cast proportion­
ality and unequal growth rales of outputs.

The cOJlventional Tornqvist index for measuring ll'P growth between years t - I
and t is calculated from the log difference Fonnula:

wbere

.,
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Empirical estimates of productivity growlh pia} an increasing role in the reg­
ulation of telecomrnunicntions, one of the most important service industries in
industrialized economies. This is true whether rates (prices) are regulated through
the utilization of traditionaJ rate-of-reltJrnlrate-s[njcture considerations or through
the newly emerging 'price caps' fonn of regulation. In the recently completed
Canadian Radio-Television and Telecommunications Commission (CRTC) Hearings
(CRTC) 1992 regarding the possibility of competition in public long~distance tele­
phone service (hereafter denoted !nre.rconnect Hearings), productivity growth was
a central area of deliberation as a p8l1 of an attempt to evaluate both the past and
forecasted fulure perfonnances of monopoly providers of ioll ser\'ice lind the effect
on industry performance of the imroduction of competition.

The \'oluminous data submiued by BeIl Canada and British Colu mbia TeJephone
(D.C. Tel) during the Jnterconnect Hearing' provide us with an opportunity to up­
date througb 1989 previous published esl mates of total factor productivity (TFP)

growth for Canadian teJecommunication~ the hlost current of which stopped in
1980 (Denny. Fuss, and Waverman J981: Denn)'. Fuss, E"erson, and Wa'ierman
1981~ Denny. de Fontenay, and Werner 19~Ja; Kiss 1983; Bernstein 1989.

Bolh Bell Canada and D.C. Tel hav~ conlinued ttl present estimates of TFP gIOwth
in various rate hearings during the 1980s using lhe coo\'enriooal Tornqvist (Di­
visia) formula which weights outputs b)' revenue shares in determining lhe rate
of growtb of aggregate output. One of lhc' charat'leristics of the regulator)' envi­
ronment within which Canadian telecmnml.mications finns operate is that firms do
not price proportionately to marginal cost The prices of toll services tend to be
aoove marginal costs. whereas the prices (If local sen'ices are typically set by the
regulatory authorities below marginal costs. 1 In such circumslances, where prices
are not set proportional to marginal costs and when the goal of TFP growth mea·
surement is to calculate the growth in production efficiency (as it IlsualJy is),2 the
use of re\'enue share weights is theoretic:tlly incorrect and needs to be replaced,

, Thi s is II general Slllle-ment ror the broad SIl:rvke:a1egoriC5 - 10cIlI and tull. II will not be 1J1le for
all sllblgpllalcs. For clWTlple. Ihe enhanced 5['1 iccs category of locill 5CJ\lice is probably priced

abDve marainal cosL
2 The grow!b rate of production eftidencj' in lhis I mlleXl rden to the nel effects of lcduncal

rollJlSC and efficiency impro~'ements due to D11lplll ellp<UL~iCln in the presclU of increasing relums

10 scale. Inlertempora! improvemenls in X-iaeftk iency wi II be inclum:d in !he empi rical lJ'P

IImv.th !lumbers, e\'cn tbough me underlying Ih,," 'relical modelll55ume:s production takes place
on !he emdenl frontier. Chllllges in allocative 1.'1' Idcncy due to mO~'emenlgof prices ill generlll
10wlIIds maJllinal WS1s will nOl be included, nr fll indireclly 10 !he ClIlen1 Ihltl 10\\"l:r prices
;n,fl1l:'c ('nlplll e'Cl'llllsiclO in 1hl" rresl."ncl." of inn" '-,illl! mums.

pre~ 75 pOllr cent pour la periode 1980-9 et de 80 pour cent pour la periode 1985-9. Poll!
I.C. Tel, des calctlls similaric.s montrent un biais a la hau~se de 37 pour cen! pour III p~riode
19SO-9 et de 48 pDur cenl pour 18 ¢riode IlJ85-9.

1. [NTRODUCTJON



374 Melvyn A. Fuss

Qir is the amount of the ith output produced at time t:
Xir is Ibe amount of the ith inpul utilized al time t;
R't is the revenue share of the itb oUlput in IotaI re\'enue;
Sit is the cost share of the rth input in lotal cost

The superscript R indicates that revenue weights are lJsed 10 the calculation of
A]og Q. ,1 log Q and Alog X are often referred to as the rates ofchllnge of aggregate
output and aggregate input. respectively. since they result from procedures that
a8gregate the rates of change of individual outpuls and inputs.

[I has been recognized since the late 1970s thai a crucial assumpti on used in
establishing the linkage between t1 log rFP'l and !he annual change in production
efficiency is that output prices are in Ihe same proportion to marginal costs for all
outputs al any point in time. This is an inappropriate IlSsumption io the case of
many regulated finns, including Canadi:m telecommunications firms, since fot these
linns the price of toU output (as a broad service category) exceeds the marginal
cost of toll production, and the loelll lOt'rvice price (including the access price3) is
less than the rele\'llI1t marginal cost. Empirical support for these assertions can be
found in Fuss and Wa,,'ennan 098Ia,h where Bell Canada prices are compared
with econometric estimates of margin" I costs. This pattern of crmL~-subsidization
eliminates any possibility that the prop,'rtionalily lIl'lsumption could be satisfied in
the hislorical data.

In an appendix I fonnally demon~lrate the fact that equation (I) measures
production efficiency growth only whel' the priceJmarginal-cost proportionality as­
sumplion holds. I also demonstrate thai, when Ihis assumption doe... not hold, the
correct form of the TFP index for a COla minimizing firm is

.5 Access i~ included lUI ooe of IIIe OUIJlUt< in .1Ie- subeggregate 'local' in the I"OdUCli" jly IlCCOIJJJls
of mn~, (':mndiDIl1~ler"nne c()mpallil's. il1dllolin!! Bf'lI ('ona,l1 and Be Tel.

and Mil is the cost elasticity of Ihe itll output divided by the sum of the cost
elasticities, summed O\'er all outputs. .\I;t is denoterf a 'collt elasticity share' to
distinJuish it from the cost elasticily itself.

The above definition of .1 log Qt' diffrrs from Ihal found in Caves and CtJristenscn
(1980). who replace the revenue shares with cost elnslicities rather than cost elns­
ticit}' shares. Whether the average cost dasticities or average cost elasticity shares
are tbe correct weights for weighting th'_' rotes of growth of tbe individual outputs
depends on the definition of TFP utilized. If productivity growth associated with
scale economies is excluded from the definition. the correct weight is the cost ell.ls­
ticily. This will be the case when Tn' gfllwtb and technical change are by deliniti()n

AlogTll'l = Alog OC - AlogX.

where

AlogQC = I:(lj2)·(Mi, +MU - I )·I'l1gQil -logQi.r-d.

(4)

(5)

~:

~
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synonymous. If scale economies are included as a potential source of Tl'P growth,
the correct weight is the cost elasticity share.~ Both definitions of 1PP growth can
be found in the productivity literature. However, Canadian telecommunications TFP

growth rate estimates produced by both academics and the telephone companies
are clearly intended to include any productivity change due to noD-constant returns
to 9Cnle in their mC3Swes (see. Kiss ]98~). Therefore the aggregation weights that
are appropriate for providing estimates of TFP growth rates for Bell Canada and D.C.

Tel invoJve the use of cost elasticity shares.
Which cost elasticity shares to use depends on whether one believes a short­

run model (with capital quasi-fixed) or a long-run model (with capital variable) is
appropriate. From the point of view of TI'P growtlJ measurement. the difference in
model implies a difference in the valuation of the capital input, both in tlJe calcu­
lation of the output cost elasticity aggregation weights and the input aggregation
weigbts. RJr the long-run mode), the capital input is valued at its user cost. ror the
short-run model, the price of capital services to be used is its shadow value at the
point of temporary equilibrium.' In Ibis paper, I present estimates for Bell Canada
based on both models. For s.c. Tel, only estimates based on the short-run model

. are possible, since ItO user cost data are available.B

One of the main objections to Ibe use of cost weights that bas been raised is the
fact that unlike revenue shares. cost elasticity shares, whether based on usee cost or
shadow-price valuation of the capital input, are not directly measured in the basic
productivity data provided by the telephone companies. In section IV I discuss the
measurement of these shares. Before turning to that issue, however. J provide an
outline of the data used in this study.

Ilt. DA.TA AND DATA SOURCES

The basic data on the prices and quantities of outputs and inputs are taken from

6 Wilen prod pctton ill subject to conWlllt R,!Pms to scale" sc.sJe economies do not contribute to
Tf!' growth llIld Ihe two ~ible dl!finitlons of TFl' growlll coinclde. Also. this is the cue whl!fC
Ihe cost elasticilY share and lhe Clnt ela.~tic:il)' are ldenlical. sillCe 'L,,;itll (':(lnstlllll returns to scale
the cost elasticilil!s sum to unity, The abGVe slall:lIlenJa m directly applicabw to a lOI1J-ron
cquilibrium analysis. Wilh respect to a short-ron equilibrium mooel, lbese stAtements remldn
"IlUd as long III the oUlp1J1 cost elasticilies lie bued on shadow-price vallJation of the quasi­
fixcd inpUlS. (See fn1 for further elaboration on Ihe diffeR:nl implicalioo5 for 1FP measuKmenl of
long-run versuli short-run eqlJilibrium models.) .

1 MQllt Tf!' .rowth calculalions fDr telecommunications an: based implicitly on a long-run model,
since Ibe usu cost of capi'al sen'ices is used for the capital input price. But, as Bernstein (1988.
1989) has emphasized, given the cllpital-inrensh'C n.aJnre of Ihc production process. it may be
that tbe sbort-ron model is mGre appropriate. In tbl! single output case Bemdllllld Fuss (1986)
have shown IIIl1t dul short·run model can be implemenled through lIle replacement of lhc user
C05t or eapital by a sfwlow v.a1ue in lIIe cakulatioll of the Input qllregation weights. Berndt and
Fuss (1989) utend llie analysis to lhl! mlJlli-output cue and demonstrate that Ihe appropriate
proccdme is. in addition, 10 replll~ lhe user cost willi Ille shadow price in lIle calcullliGn of Ille
«Jst-elwidly shares.

8 It lI\8.y seem strange thai u:;.er costs at'!! IlClavailable bul sbadow values can be oblaincd, As dis­
clJssed below, I shall be approximating &badaw \llI1ues by using !l'sidlJal rates of retum. and Illese
dalll cnn be (l!>tnined fr(lm Ihe produCI1>'lt)' dala bases.

I§
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376 Melvyn A. Fuss

BelJ Canada and R.C. Tel's productivity studies, which were submitted in evidence
at the Interconnection Hearings. ~ The BeJl Canada data cover the perio" 1952­
89 and represent a revision and update for the 1980s of data used by Denny.
Fuss, Emd Wavennan (1981), Kiss (1983), and Bernstein (1988, 1989), The reader
is referred to these articles for an extensive discussion of 1he data. Prices and
quantities (constant doUar outputs) are available for three categories of output: local
services (monopoly local. access, compelitive terminal), toll service (monopoly toU.
competitive network), and misceUaneous service (all other) and three categories of
input: labouT, capital, and materials. lD The B.C. Tel data cover the period 1981-9.
and are constructed in a manner very similar to that of tbe BeU dala, resulting iD
the same three output and same tltcu inpul categories. II

The dn.ta used to calculate cosl elast icily sbares are the annual cost allocation
studies, 12 wbich baye been filed annually with the eRIC since 1979 (except 1985) by
Bell Canada and inlennittently since 1980 by B.C. Tel. A more ex.tensive discussion
of these data is contained in the next section of the p:Jper.

IV. ESTIMATiON OF COST F.LAST1{"]TY SH.o\RES

What we require, at the most basic level, for each output to be aggregated is a datum
that is proporlionallo the marginal cost of the output. As noted earlier, ill the case of
significant cross-subsidization sucb as that we find in Canadian telecommunications,
the price of the output is a poor approximation of the required darum. This is why
the revenue share is a poor choice as an aggregation weight and an attempt must
be made to estimate the cost e1asticit}' share M;, directly.

There are two procedures that have been used to estimate marginal Cosl (or
equivalently the cost elasticity share). The first procedure is to estimate an econo­
melric multiple output cost function. This procedure has bel'n used by Denny,
Puss, and Waverman (J981), Caves and Christenl;en (1980), Caves, Christensen,
and Swanson (1980), and Kim and Weiss (1989), among olhers. The second pro­
cedure is 10 utiliz.e the results of cost allocation studies to approximate the cost
elasticity weigbts. This procedure has not been employed previollsly in telecom-

9 All menmces to daJa submilCcd in evid~oce will usc th~ mt1ation adopted bf Ihe OlTe to idenlify
documenls. The basic 1I~1I Canada productivity data can be rOWld in Bell(Unitel}2BDcc:90-25:1.
Tbis document is teem NL), 253 of the Iespoonscs 10 intefTUS:lIories !K'~~d tty Unitel to Bellon
28 Dec~mber 1990. The basic Be. Tel daJl!l eM be round in 8.C. Tcl{CRTc)28Dec90·2214. Attach·

meot 1.
lOA dclailtd categorization or ltUIpUlS 8Ild inpUiS inlL) Ihe 3l!gregates presented in Ihe producth'ily

dam can hI: found in Bell(CllTC) IS~b9I-J20 I, Suppleme1ltaJ• The categoril.atiOll of OUlputs
pteSf1Iled in Ihe le:U is the CllmBt categorizalion. There ha~'e been some charlgcs in terminology
ewer lbe years. wbich.are demiled ill thc ciled Bell respon~e 1.0 a CRTe Intcrrog4lm)·.

II Pur1h~ lrlformatlon on thl: methodology used to construct lbe B.C. Tel producti\'ity dala can h~

found in OIle)' and J.z (1934).
IZ These ~rudies ..ere called 'Fh-e-Way Split' lI.ludirs prior to 1986 :ll1d :<i nee 19116 hll\'e be-en c:Jlied

'1'11~<(' III" stlldic •.

.,:,
';
.,.
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munications. but was used by Christensen et at. (1985, J990} ill their analysis of
the United States Postal Service TFP. IJ

Estimatioll of a multiple output cost function would appear to be an obvious
way to obtain the needed cost weight iofonnation. The logarithmic derivatiyes of
the cost function with respect to the individual outputs provide the cost elasticities
needed to construct the cost elasticity weights. Howe..'er, this method is not without
its problems, For both the L'nited States and Canada it has proved difficult to
obtain well-behaved multiple output telecommunications cost function estimates
with posifive cost elasticities. This appears to be especiaUy true when data for
the 1980s are added to the sample. 14 E.yen when cost functions with satisfactory
theoretical properties have been obtained, the economic characteristics estimated
have remained a subject of conlm\lersy (see Kiss and Lefebvre 1987; Fusl! 1992).
FinaJly, with economelric cost functions, at most three aggregate cost elasticities
can be obtained, whereas for the cost allocation data used in this study. seven cost
elaSlicities can be obtained, permil~ing a more disaggregated analysis, IS

In a similar kind of selling, Christensen et al. (1985) proposed as a practical
empirical approximation to the required marginal cosl datum the average (unit) al­
located cost obtained from co."I allacalion litudies. The use ofcost allocation studies
relies on the foct that the meUlOdology of cost alloca1ion leads to careful attempts
fo allocate costs to service categories that are causally related to the production of
those services. In Canadian lelecommunications cosl studies (unlike tbose under­
taken in the Unired Srates), not all costs are allocated, since it is recognized that
some costs, tlte 'conunon costs,' cannot be allocated 011 a conceptually sound basis.
The procedures adopted by the CRTC use peak traffic in the allocation of usage sen­
sith'e cosls and hence the cosls allocated are more closely related to incremental
COlits Ihan i.\ the case in the United States.

II is well known that the use of allocated costs to proxy marginal costs can be
problematic, Accounting procedures and economic causality do Dot always mesh. In
addition, incremental cost may not be constant over the range of ou1put considered.
But the approximation has several advantages, The major adv8nla8e is that, despite
the limilations of lhe cost allocation exercise.. unit aIJocated costs can be expected
to satisfy much more closely the proportionality requirement than prices. given the
very large cross-subsidization from tol/ to local services, which is at the centre

IJ The cost allocalioB data hll,,'C also becn u~ed by Cuden (J 991) 1.0 stud)' 1Ile pattern of craM'
wlJsidies in th~ Canadim telecommunications industry, His paper cL)JItains an example of Ih~ killd
of infOJ1llJliOll that is 3\,aj Illble from lypiC'at cost-aJlocation ~tudies C1f Bell CaoBdn and a.e. Tel
(see fable I of his paper).

14 The lWL) pIpers of which I am aware that estimate cost functions using Canadian dala from
the 19805 (Gentzoglanis and Caim~ (19!19), NgD (I990)} IIl'I! plllBued willJ lade Dr lqUlarity
and/or cost elllSti city estimates III1It are negari"e, Hiihly trended OUlpUl dam aDd inadequate
technical change indicators lIppcar to be plll'ticularly problematic witb respect to the 19&Os data,
For di~cu5Sillns or diff[('llilies with the u.s. data see Wa~'el1III1JI (19891, Roller (1990) and Diewert
and Wales (l991 I.

15 As di~cussed below, I only use three cost elastldti~ in this stlldy due to limitations in !he pro·
ducti.....ity data which ore clIrrenlly .wailahlc.

[§J
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16 llul"e CQD1pued. (or Bell Canada, pricdmJllgilll'l cosl raJios caJcuJllJerl for 1978 by MISS and
Wa\IClTlllllJ (I981b) wiah unit allocated CWtlmllT!"illai ClMt ratios for 1979 clilculalC:d from ross Bnd
Wlivennan (1981 b) and the cost Illlll(aiiDII sludi· ". Thl.' resulls ....-ere as fnllows:

where Melt is the marginal cost of the i1'1 oulput at time t. Replacement of MCII

in (6) with II constanl of proportionality I jme,~ the average allocated cost (service
category i ) yields the altemative expressi 'n for M"h

17 One of thc ~fcrccs makes lbc: \'l!Iicl paint thai JI ~ n:g1l14101}' process may trias the cost ~'(dghu

based on ccsl-a1!ocatitln studl~1 away from the lI\lC COSI v,eights in such a lIIay 11S to lead to an
O\'ccsUllement of !he bias U50Cislcd with usinlJ I('venue \\'-cighls. Since rates rar tclecommuni­
J:alions services Bon' bu~d on I110calCd costs, tIll cJe!.ire of the re,wllll.ed firm (and perhap.! the
regulator) in~t yean to rille n!balance eiBen'ase local ratu and decrease toll niles) provldca
all inCC!nli..-e for the JIItlCeU to allocate exceKi w cos" .0 tocal senices. An e:umple (onsUteor.
"'ith this incentive is the c:bllllle In the peocedUI-: 10 allocate the Iross r«eipts Wll1Jat oocurted
lifter 19111. This chan,e in procedun: resulled III I transfer 10 loeal scn-ices of costs that had pie­
"loulily IJun allll(aJed 10 meaage toll lC!'o·ices. When I made IIJI lIppt"OlCimlltc reaIlocation of this
to ttl try 10 mainlain cOIIsi*ncy O\ICr!he whol: 1979-89 peritld, Ito_vcr. the result "''lIS onty
a small change in the cOllt-~lahted lFP growth rllc:. This revecse biu possibility, wh:lle c:eJ"lainly
real, is likely 10 caux on1)' a minor adjustmenc 10 the luge biases that [ calculatc.

18 In prac:licc, it appears ahat when wcll-beha\ICd econometric COl5l functions can be ob18iaed, the
cost allocation and ec:onometrk cost !Unction plllcedures lUult in slmilaT adjuslments tIJ lh.c
revenue-weighl£d 11'P aUlnbclS. ]n lIIe empirical n:sults presenled beloVo', [-compue Bell Canada
COSI elasticit}' shares for 1976 derind from an [conomelric cost fllnction, where nwgina[ c~t
eluticilies lIJe escimaleo diI~t1y. willl 1979 sh:.. es derived from co~1 allocatit>n. The tesults ~
",'il(' d',~l'.

of Canadian pubJic policy towards telecopunvnications,16 Hence TFP growth rates
constructed from allocated cost weights \.ill provide a more accurate pic1ure of
efficiency changes that TFP growth rates \ onstructed from reyenue weigbts. 11 As
noted earlier. under the Phase msystem currently in use by the CR'lC, cost allocation
can provide weights for as many as seven outputs, in COlltrast to the fwo or three
potentially available from economelric cost fUlJctions. Li

TFP estimates are often used by regulalOJ s and by the management of telecommu­
nications camers as one of lhe indicators d finn performance. (For a discussion of
tbe use of TFP by management for plannill~ purposes see Denny, de rontenay. and
Werner J98Jb.) In Ibis context. estimation If cost weights from cost allocation data
as opposed to cost function estimation ha' a number of practical advantages. Like
prices, unit aIlor;ated. costs ate auditable n~ part of Ole ongoing process of regula­
tion. AUocated costs are available fo the tirm on a timely basis (unlike econometric
estimates), so Tfl' measures constructed Irom cost weights can be used to track
CWTent imprtwements in a firm's efficie1l1y. Finally, 1he regulatory authorities do
not have to be involved in the difficull pr, 'blems 3!\socialed with the evaluation of
econometric cost functions.

The cost elasticity shares M,. can be 1" Ilres~{'d in lenns of original coSIS as

I§J
c
C
Ql

(1J

(8)

oosts allocated ~o service ca1egory i
Mit = ------~------=.---=.__

total costs allocated (excluding Common)

= allocated cost share (service category i ).

Cost elast.icil)· shares for the broad sen'ice categories toll, local (including ac.
cess) and miscellaneous (01her) weJe calculated, using equation (7), from Bell
Cuada's cost allocation studies for Ibe years 1979-84 (Five Way Split) and I98&­
9 (Phase Ill) and From B,C. Tel's cost allocation slUdies for t,he years 1980 and J983
(Five Way Split) and 1986-9 (Phase III). The missing data in the 1979-89 period
were obtained by interpolation. A more disaggregated bJeakdown of cost elasticity
estimales corresponding to a finer division of outputs was not calculated because
the telephone companies' public productiYit,Y accounts do not provide Ihe nece.o:;sary
output data.19

r now tum 10 some of the details involved in the calculation of COSt elasticity
weights for Bell Canada. Bell Canada's cost allocation data are constructed so thaI
total cost is equal to total revenue. This fad implies thaI capital expenditures are
valued at the residual rate of retum.20 In order to construct cost elasticity shares
appropriate for the long-run model. where capital should be priced at the user costs,
capiral expenditures ",'ere multiplied 1»' the ratio of the user cost of capital to the
per unit (of capital) residual return. The construction of the cost data appropriate
for the short-run model was more problematic. Berndt and Fuss (986) demonstrate
that the expected shadow value is the correct price of capital to be used. In the
case of competi1ive behaviour and constant returns to scale. Berndt and Fuss (1986)
and Hulten (J986) show that1he pee unit residual return is a reasonable approxi­
mation to the expected shadow price. fur telecommunications, constant returns to
scale and competitive behaviour are not reasonable assumptions. Nevertl1eless an
argument can be made that use of the residual rate of return wiIJ place a bound
on the difference between the TI'P growth rates calculated using tke long-ron and
short-run models. Thi~ result is due to the nature of telecommunications regula­
tion in Canada. in whick lhe regulatory commission seeks to guarantee both /he
regulated finn and its customers that tne firm will, over time, eam a rate of return
close to its cost of capital. H the finn eams too high a return relative to its COSI of
capi1al, it can expect steps to be taken by 1he regulators to reduce that return (such
as the rebates to customers required of Bell Canada in the late 1980s), If it earns
too Iowa relUm, tbe linn will e:llpect relief to be granted in the form of higher prices

19 1be mos' important disaggn:l!lltion for correcting the revenue-weighted 11'P es.imates is the
IOIUlocal spJiL The potentlll1ly next mOlil important drsllSll:ptioll (no. a~'aiI8ble in the pUblic
dllta) is thc: spli t of Ioeat service iDlo the (:Iltegories of monopoly local, competitive terminal, and
ar::~ss. Monopoty local is probably priced abIJ\IC marginal cosl and access is almost surely priced
below IDlIT&inol CllSt. C{)mpelilive terminal may be priced clwe 10 nwginll[ cost.

20 This procedure is ill Contrast 10 BelJ'~ productivity dlltB, where the user co:;t 0( cllpi.aJ is the price
0( capiro1 ~er>'il:c_~ and lolnt ~~~nlle do~ nl>l nel'e~s,lIi Iy equal totlll co~t.
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(6)

Lorn( TI111

0,73 3.17
1.04 1,33

Price I IIIl1Jginlll cost

Unit aUocllted cost I mBTginal cost

Mil =(Q'I . MClt)/<'E.Q/t • MCit),
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TABLE 1
Bell ClUla-do OUIPUI sh3l'es - COSI weights based <JR loog-run model

Local Tall Misc.--Yt>aJ" Re,,-enue" COM" Reo.'ellue" Costb Re\'enue" Cost"
1952 D.618 0.907 G.] I! {I,0931953 0.690 0.904 C.310 0.0971954 0.690 0.903 0.310 omB
t95:5 0.671 0.893 0.323 0.1071956 0.610 0.886 O.JJfJ 0.1141951 0.673 0.884 0.327 0.1161958 0.679 0.B80 0.322 O.J191959 0.680 0.876 O.JZO 0.123

1960 0.680 0.870 O.32C 0./291961 0.682 0,866 0.313 0.1351962 0.674 0.857 0.325 0.1431963 0.613 (U50 0.327 0.1501964 0.6:54 C.8]2 0.346 0.168
{96:5 G.644 <1.125 0.356 0.1151966 U.64<l 0.11111 0.360 0.1821967 0.633 0.812 0.367 0.1881968 0.626 0.800 0.374 0.2001969 0.611 0.787 0.3S9 0.213

1970 0.594 0.710 0.405 0.22011111 O.tiOl 0.718 D.397 o.m1972 O.5all 0.159 00412 0.2411913 0.:568 0.740 0.431 0.2601914 0.559 0.721 0.441 0.273
1975 05.50 0.110 0,450 0.2901976 0.:547 0.698 0.454 {D021977 0.:5"7 0.704 0.453 0.2961978 0540 0.709 0.459 0.29/1979 0.492 0.103 0.469 0.285 D.G39 0.012

19811 0.41:5 D.6B6 0,474 0.3(12 0.041 0.01/1981 0.476 0.770 0.481 0.217 0.043 0.012I911Z 0.466 1l.163 0.491 0.224 0.043 0.013J983 0.45l1 0.774 0.497 0.212 (}'o53 0.014
1984 0.426 0.784 0.:502 0.203 0.072 0.0131985 O.41l) 0.763 0.516 0.213 0.081 0.02319116 0.380 0.738 0.532 0.226 0.088 0.0361981<' 0.446 o.7liS (UJ6 0.226 41.038 0.0101988 0.445 D.7S2 0.:515 0.239 0.040 0.0091989 0.446 0.744 0,512 0.245 0.041 0.012

Q SOU"CE~: BeIIIUnile1)28Dec.90.2:5311nd Bell{Unilel)28Dec.9£1'2..'i5. Supplemcnlal; Ihhibil Bell Canada
IlJ2

b SOURCES: 1952-16- Denny. Fuss, lind WII~'en8lm (1981,204)
1977--1 - interpolllted
1979--84 - Fiw:.Way Split Study (annual)

~1985 - inlelpolnted
(1986-9 - Pha.~e III Sllldy (annual) (

r The re~"ClUle share~ listed a~ 10 be compared with 1988+ daHL. fur cllmPJLrison wilh 1952-86 data.
lhe share of focal'" 0..'84, the ~"llJl: of loti = 0.519. and Ibe ~hiU'C or misc. = 0.097.
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for its services. As a consequence, the expected shadow value will be somewhere
between the realized ex po!>t return and the user cost For Bell Canada, as I show
below. the results are insensitive to whether we use the user cost of capital or the
residual return to value capital. Hence the HI' growth rale and bia.<; calculations
oyer the 1980-9 penod are robusl fo the mode! specjfication (short run versus long
run).

For the more distant historical period. cost nllocation data are not available. I
have utilized cost elasticity share estimates for Ben Canada for the period 1952-76
from Denny. Fuss, and Waverrnan (1981), who used the econometric cost function
methodology to estimate the elasticities. Since their model is a long-run model, TFP

growth rate resulls are provided prior to 1980 only for this case,
Tables 1 and 2 contain Ihe revenLJe shares and estimated cost elasticity shares for

Ben Canada for the long-ron and short-ron models. respectively. In table 1 lhere are
only two outputs for the period 1952-78. since Denny. FUss and Waverman (1981)
aggregated local and miscellaneous services into a single output category and I
bave had to do the same pre-1979 in order to use their estimates. For the period
1979--89, it is clear from a comparison of lablcs ] and 2 rhat the cost elasticity
shares are quite insensitive 10 whether "Ie m:cr CO~I or the re!iidual retum is Ilsed
to value capital.

Of important for the TFJ' growth ralc results to [QUo\',' is the fact that tbe co~t

elasticity stJares for local output e~cec I th~ revenue shares. Dud vice-versa for
toll. lhroughoutlhe period 1952-89. Til:; fact. along with the additional fact that
toll output grew at a fasler rate than Illeal output (see table 5) throughout the
period. is the source of the upward bia~ in Ihe conventional measure of TFP. Use
of revenue shares puts too high a weighl on the faster-growing output and leads to
an overestimate of the rare of growth of aggregate output and hence TFP.

Notice from Ihe cost elasticity share·. in table I the close correspondence be­
tween the results for 1916 from Denol. Fuss. and Waverman (1981). who obtain
as estimates of cost elasticity shares: toJ1 = 0.302. local + miscellaneous == 0.698;
and m)' resLJlts for 1979 using the co."l alloeution procedure (IoU = 0.285. local
+ miscellaneous = 0, i 15). This dose Llmes.pondence lend~ supporl to the basic
assumption of the cost allocation methl.dolog)'; that shares based on average al­
located co~ts are more reasonable appro'\imations to the theoretically correct cosl
elaslicity shares based on marginal cost~ than are shares based on prices.

Table 3 contains addilional infOJDlatinn ,",'Rich can be used to evaluate the rea­
sORableness of the allocation estimates (If cos.t elasticity shares. This table contains
all of the econometric estimates of the t(111 cost elasticity share for Bell Canada lhat
I could find in the literature. (The local CO!;t elastidty ~hare is simply ORe minus
the loll elasticity share.)

Two things stand out from Ibis table. First. the Denny, Fuss, and Waverrnan ;\
(1981) estimate is quite close to the corresponding estimate of Kiss et al. (1981, ;~
1983) for the ORe year (1961) when both estimates are available. Second, both the fl,

Denny. Fuss and Wavennan and Kiss et al. estimates of the toll cost elasticity share· 1

are the large,,' estimates in this table. 11le correction to Ibe revenue share-weighted



TABLE 3
Economecrlc e.~cima(es Df toll semce cosl c[astieity shms
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TAIlLE2
Bell Canula output slims - cost ","-eighli tined on sh011·rno model

Local Toll Misc.--
Year Revenue" Cos~ R.eYenueQ COSl~ Re,,'en\le" Ccst'"

197!} 0.492 0.703 0.469 0.286 0.039 0.012
1980 0.483 0.692 0.<174 0,297 0.041 0.012
19111 0,476 0.714 0.481 0.214 0.043 0.Ol2
1982 0.466 0.769 0.491 0.21g 0.D43 0.013
1983 0.450 0.172 0.491 0.214 0.OS3 0.014
1984 0.426 0.781 0.502 0.206 0.012 0.013
19M 0.403 0.758 [U16 O.lIB 0.0111 0.024
1986 0.3/W 0.739 0.532 0.129 0.083 0.033
1987< 0.446 0,763 0,516 11127 0.033 0.010
1988 0.445 0.751 0.515 0.241 0.040 0.008
1989 O.44~ 0.741 0..512 0,248 O.O'H 0,0l1

a S04JRCF.s, Bdl(Unilel}2BDtc.90·253 Ilnd Be1l(Unitel)2l':Dl:c.91J·2~ 5. Supplemenllil;
EJrhibil Bell Canada 182

" SOlIRCES: 1979-84 - Five-WII}' Split Study tlinnulill
1985 - inlcapoll1led
1986-9 - Plwe lit Study t8JInuaJ)

c The reyenue shllICS lis.ed are 10 be compared wilh 1'l811+ datil, RJr Clllmpari 'On
with 1952-86 data. die share of Iota] == O. :'1&4. the share of IDti = G.519. and lhe
share of misc. =0.097.

0.'­,

Year

1963

1967

1970

1912

1976

1978
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lbll COSl
eludclt)'

Study slwc

cDclin)', FUss. and
~Wllverman (DFW)(l981) 0.15

fus~ lIJId Wavenn&lln (I9Blb) 0.11
DFl'\i 11981) 0.19

CKiss et aI. (198 I, 19113) (U8
c(n ncponcd in Kiss and c
cl.efelJYle C1987})

t
Ngo (1990}

cModell 0.12 cMCJdel2 0.06
tModel J 0.03 t
tDfll.l' (1981) 0.22 c

Bemstdn U988} OJ3
DFW (198l) 0.24

Bernstein (19118) IU7
DFW (981) 0.30
Bem~tein (1989) 0.12

TABLE 4
B.C. Tel OUlput shares - cosl \\Illights bued on short-run model

Q SOORCES: 1980-1 - B.c.T~I{OtTc)28Dec.9().2214, Attsclunent 2
1981-9 - B.c.~I(arre}28Dec.9D-2214. Il.ttucbment 1

b SOURCES: 1981-2; ) 9&4-5 - inte.J)loIlIled
19/W. 19BJ - Five--Way Splir Study {lll1nuaO
19116-9 - Phase III Shldy (annw)

c I98J IeVCIJUe shares lisled are from B.c.~I(C'lITC}28Doc.ro-2214.
Attachmenl I. Revenue MaltS for 1981 from Attulunent 2 of
0.423 for locil and misc. IIJJII 0.~77 for toll "-ere used in caleu.
latina m growth oYer lfJe 1980-1 period.

Local TDII

('

g
I­
tJ
l­
t!
:;;
tJ
t!:;;;

J§
o
o
00

Rewnuc" eosahCost'Re~'emle·

0.417 o.m 0.583 0.228
0.434 0.762 0.566 0.2.39
0.468 0,162 0.532 0.239
0.472 0.758 0.528 0.242
0.469 0.162 0,531 0,239
0.452 0.762 0.$48 0.239
0"'42 0.778 0."8 0.222
0.437 0,748 0.563 O.2~2
0.449 0.760 0,551 0,240
0.480 0.753 0.520 0.247

Year

1980
1981c

1982
1913
I~

1985
1986
1987
'1918
1~9

21 II ~hllUld be no1ed that for B.C. Tel no ec-oncmeulc cnst funclinn estimates eltl51 that could provide
C("1 ~la~cki~' wei ~t~.

!FP measure implied by tbe use of allocated costs appears to be a conservative one.
Utilization of most of the econometric studies. contained in table 2 would re~ult in
greater adjustments to the TFP growth rate tb~n those contained in this paper. In
summary, tbe evidence in table 3 suggr:sts that the use of anoeated costs bas not
resulled in an underestimation of TFP growth.

I now tum to a consideration of che fl.C. Tel data. Table 4 conlains revenue rmd
cost elasticity share data for B.C. Tel for n period 1980-89. As witb Bell Canada. D.C

Tel's cost allocation data contain residual rate of return caphal valuation. However,
ill contrast to the BeD Canada data, the Il c. Tel produr:tivity data base also contains a
price of capital seIVices based on the re5idual rate of return. Hence only TFI' growth
rates corresponding to the short-run model could be calculated for s,c. Tel. Local
and miscellaneous outputs were aggregated (using revenue shares), since I did nol
feel that I could accomplish a reliable division of tile allocated costs between the
non-toll outputs in the period before 1986.21

The relationship between oosl elasticity shares and revenue shllIes for D.C. Tel
is very similar to that found for Bell Canada. Cost shares exceed revenue shares
for local and the reverse is tme for toll. Since toll output grows faster than local
output over the periods portra)'cd in table 4 (see table 5), we can once again expect
that re..'enue- weighted TfP indices will o...ere::.timate the actual fate of TFP growth.
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TA8L1~ 5
A\'cragf: lII1Ilual rates of growth of DUtputs (per «nHo

Time period Loca1 Toll Misc.
--

Bdl CarrlJdD
19'3-9 8.1 9.9 8.n
1960--9 1.{) 10.1 4.7
1970-9 6.3 10.1 10.8
1986-9 2.8 9.2 8.8
1985-9 3.1 11.4 12.2

B.C. Tel
19B0-9 4.0 IOJ 11.4
1985-9 3.6 11.5 5.1

(l Compull:d 15 average Df logarithmic differences.

V. COST·WEIOHTED TOTA.L FACTOR PROOllCTrVITY GROWTH RATES

FOR BELL CANADA AND B.C. TE.L

In this section 1 esLimale TF? growth rales for Bell Canada and a.c. Tel using the
cost-weigbted formula (4). and compare these estimates wilb revenue-weighled
estimates. The two sets of e~timales are presented in lable~ 6 and 7 (long-run and
short-ron models respectively) for selected historical period!'.

. The bias disc~ssed previously is reIdily apparent from tables 6 and 7. The
cost-weighted 1FP growlh rates are all less than lhe conventional revenue-weighted
measures. The bias appears to be particularly important in the 19805. That result is
not surprising, since the 1980s was lhe I'criod of most rapid growth in toU output
re)ath'e to local output. While the revenu.~-weighted index apparelltly indicates that
the period 1985-9 was a peri(ld of espt dally rapid TFP growth. the conceptually
more conect cost-weighted indell indicates thjs was Ilot the case. For Bell Canada,
a TA' growth rate of 3.3-3.5 per tent rer annum o..'cr the 1985--9 period. wbile
greater than the rate during me reSI of be J980s, is close to the a"'erage growth
rate over the 19605 and 1970s.

In the case or Bell Canada, the resul.ts presented in tables 6 and 7 imply that
the upward bias in the conventional TFP :!rowth measure is 74-77 per cent over the
period ]9&0-9 and 77-82 per cent over 'be period 1985-9. By way of cOnb'nst. the
bias is considerably less ill the earlier ('criods of less Jilpid relative growth of toU
oulpul. It can also be seen from table$ 6 and 7 the Bell Canada's cost-y,'eighted
TFP growth rates and the bias associated with re"'enue weighting are quite robust to
the choice of model (long ron versus sllo£1 run).

Table 7 also presents 1FP growth Talt·s for a.c. Tel. over the period 1980-9. As
was the case with Bell Canada. use of lie conventional revenue-weighted TFP index
for B.C. Tel imparts an upward bias to ,lIe estimates of efficiency gains. The effect
is particularly striking for the 1985--9 period. The re\'enue-weighted estimate of
TFP growth or 7.1 per cent per annum ;, redueed to 4.8 per cent per annum when

0.:"

i_ TABLE 6

AveTllge annullilolal faclor prodtlctivrry growth t3tes (ptr cenl.)a _
baJed on Icmg-run model

Upwaro bias
Re~"ellue Cm! of l'l\'cnue-weightedTime period weigftlsb ....-eights" indelt (per cent)

D~il Canada
B1S3-9 2.2 2.0 ]{)1960-9 4.1 3.4 211970-9 3.9 3.3 tl1980-9 4.6 2.6 77198.5-9 6.1} 3.3 82

a Computed as avenrge of logarithmic differelll:es.
b CalcWakd from BellCUniteJ )2RDec.90-2SJ lUld S.c.Tel(orrc}28

Dec.9f)..22 14.

(' C!lkullIled from Bell(Unitel)28Dcc.90_2SJ IIlld using llIc cmt
wcight! from /able I.

TABLE ,

/\~I1lRe IUInu.a1 IDllll factor produc.'~·ity grO'W11l J111e~ (per cenlla _
ba.~ on shaft-run model

.. -;'1.. n·-:ir.,,~
P.e,t'llue (~-J""'.~ ~I! !'t';.t;mJt~"'lItJgll't;,~TIme period ....'ei&bts~ ~eiglns' indell fper ~tJ

Bell Canada
198M 4.7 2.7 14198H 6.2 3.5 17

B.C. Tel
1980-9 .Hi 4.1 37198.5-9 1.1 4.8 48

a Computed as 1I~'emge of IOllaridunic diffelellces.
b Calcllla1ed from Bell(UniteI128Dec.l)()..2S3 atld sc.TellcltTc)28

Dec.90-2214.
c Calcul.tcd from Jlel/(Ucitel)28Dec.90.2SJ. 1.c.Tellanc}2SDec.

90-2214 lind u~ing the (osl v,"Cights from tables 3 and 4.

the conceptuall)' correct cost-weighted index is used. Once again the reaSOD for
the large gap between the estimates is the fact that the relative growth rate of toll
versus local service is greatest in this period (see table 5).

V]. CONCLUSIONS

One of !he enduring facts in Canadian Telecommunications regulation is the CR'OC'S

social policy to use surplus revenues from toU services to subsidize local service
prices. Under Ihese conditions, the use of prices to approximate marginal costs
results in misleading estimates of TFP growtb when f1Ie growth rates of the two

I§
o
o
(;0
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APPENDIX: DERIVATION OF THE CONCEPTUALL 't' CORRECT fORM 01'

THE Tf'P J NDEX AND DEMONSTRATlON THAT TlllllEVEN UE

SHAR!l·WEIGHTED INDEX IS l~APPROPRL\TE

The first part of this appendix draws heavily 011 Denny, Fuss. and Wa\'erman (1981).
where a more extensive discussion is o\'ailable.

Suppose we represent the underlying produclion process of it cost-minimiz.ing
telecommunications finn by the cost function

(AS)

(A6)

(A7)

dlog QC!dt = Il/ECQ)' (EECQ... dlogQl/dt).

dlogQt'ldl =I:M;. dJogQsldt,

AlogQ" =L)1j2). (MIt +41...1-1)' [log Qir -logQI,I_d,

Equation (A5) can be rewriUe-n as

Producti\lity growth 387

wbere M, = ECQ;/ECQ is the oo~t elasticity of the iib OUlput relative to the sum
of the cost elasticities; that is, it is the ith cost-elasticity share.

The rno.'>t frequently used discrete approlli mation Lo (A6) is given by tbe
'Tornqvist' formula,

is the aggregate co~t elasticit)' (equal to the reciprocal of the a~regate scale elas­
ticily). and

where Mil is the cost elasticity share of the jth output at time 1 and Qi, is the
amount or lbe rth output produced at time t. Comparing {A1} and equation (2)
in the text, we see that the definitions of the rate of change of aggregate output
differ according to whether revenue shares or cost elasticity shares are used in the
aggregation procedure.

Following Denny, Fuss. and Wavermon (1981), we can lise equations (A2)-{A6)
to obtain the conceptually correct expre.uion for TPP growth for a cost-minimizing
finn,(AI)C =C(Q, W t t),

outpl11S differ sllbstantially, This situation occurred in the 1980s and resulted in
BelJ Canada and Il.c. Tel's overestimating efficiency-related TFI' growth by 14-82
per cent and 37-48 per cent. respecth·el)'. in their submissions to the Interconnect
Hearings.

The debale over TFP measurement procedures played an important role in the
lntercolmect Hearings. The two companies' forecasts of TFP growth in the 1990s
under a monopoly industry stIUcture appeared to be a L:ontinuation of growtb in
the 1985-9 period when calcula1ed using revenue wei8hts, but they represented a
radical acceleration or growth when cost-weighted 1FP £ales were compared. The
eRIC concluded in its June 1992 decision that the two companies had overesti­
mated future production efficiency growth and hence the ability 10 deliver loll
price reductions under a monopoly structure. Tllis conclusion appeared to be one
of Ihe eleme-nls thai led the commission to lhe view that fadlities-based competitors
should be allowed to enter toll mmke1s in BeU Canada and 8.C'. Tel's territories.

dlogC!dr = ~)ECQI' dlogQ;{dt)+ 2)5;' dlogwi/dl) + Cllog C/dt, (A2)

where Q is a vector of outputs, w is a \'ector of inpul prices, and' (time) indexes
the Slate of technology. Totally differenliating the cost function (AI) and applying
Shepbard's lenuna we obtain !he rate of change of cost equation.

where ECQI =alog C fiJ log Ql is the cost-output elasticity for the jth outpUl, and
alog Clat is the ra1e of cosl reduction due to technical change.

Denny, Fuss, and Waverman (1981, 210) demonstrate that the rate of ch!Ulge of
total factor productivity for a cost-minimizing tim that incorporates only technical
efficiency effects (hereafter denoted TFP'") Clln he wrilten as

I§
o
I-'
o

(A9)

(AW)

dlogTFp r Id/ =dlog QCjtlr - dlogX/dr.

t1Jog TFr =I1logQ<' - AlogX,

dlog TFpr jtlr = -{dlog C!dt -dlogQ~/dl-I:SI' dlogWs/tll}. (A8)

An alternative form of the concep1ually correcl expression ror TFP growth is

ror the case or a single output, Fuss and Wavennan (J99Ob, Technical Appendix.)
demonstrate that (AB) and (A9) are eqllivalent representations of'I'PP growth. The
extension to the case of multiple outputs is straightforward.

A d.iscrete approximation to (A9) is given by

which is equation (4) in the text.

I have now demonstrated that equation (AIO) is the conceptually correct fonn
of the Tornqvist family of TFP growth rale indices. Under what conditions is the
conventional measure (equation(1) in the text) equh'alent to (AIO) (equation (4)
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(A3)

{A4}ECQ= LECQi

dlogml jtlt = (I - ECQ)' dlog QrIdt - dlog c/a/

where
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in the text)? This equi...alence will occur only if output prices in a given year are
proportional to marginal costs of production. To .'Iee tbis. write

r§
o......

(A14)

(A 15)

(Al7)

(AlB)

(AI9)

(A20)

+ 1/2 L(Ss, +SI.r-d, &Jogw, + 1/2 ((HOgC, + iHogC,_J)
I at dCt - 1) •

AlogC = [~L/2lECa,dECQ,,_IJ]

x [L{ ECQJ, +ECfJJ,H } . .a log ai]
I L(ECQit +ECQi,H

I

ECQi = ECQ., + ECQ/,r t
~(BO'l. +ECQ ) = average discrete elasticity shares
L..J I"W 1,1-[,

Define
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Si = 1/2(S., +S,,r-[)

.6.10 B= _ J/2 (d 108 Ck + alDg Cr-l) .
g at d(l- t)

SubsJituling (A1S) into (A14) yields

AIogC = [~I/2lECQ,,+ECQ,,_,J] .[~ECQ' 'A)OgQ,]

+ESjdJogWi - "10gB. (AI 6)
I

.6. Jog Q'" = E leo,.Li log Qj
I

Define

Ak>g ",' = - {I!. log C - Alog Q' - ~S"l. logw,} .

Combining (A16)-{AIS) yields

IT' 6 log TFPt" = {J - ECQJ . .610g Qt" + Alog B,.~:.
r.~:

::~:: wbere
'~i·

~~ ECQ = L 1!2{ECQ.r +ECQi,r_I).

(All)

(A12)

pi' =9'r . (dCr/dOtr),

where Pi' is the output price for the ith output at time t. Now suppose 9;r ::= 0, for
alI i outputs (i.e.• proportionality). Then

M,~ = ECQ,dECQ

=CQIt· aC,jiJQ't}! (L: Qir' aCr/iJQlr)

=(Qi' . Pir)! (1:: Qit 'PiJ)

(
DIOgC, dIOgCI-I) (AD)

+ 1/2 -a-t- + ov- I)

" log C = 1/2L (aJog C, + aklg C'_I ) . !llog Qi
I CllogQl1 dlogQi.r-l

+ 1/2L ((HOg C, + dlog Ck-l ) • Alog WI

I alog Wir () log Wi.r-I

However. the conditions underlying tbe calculations in (A12) are not valid in the
case of Bell Canada and fl.C. Tel. since eJ, > I for toll services (and probably
miscellaneous services), whereas 9'r < I for Im;a] services. Hence 8jr cannot be
the same for each output in a particular year and the revenue sbare - weighted
Tornqvist TFP index is not valid concepluall)'. How important this conceptual error
is remains an empirical question. As we can see from lite empirical results in this
paper. the inappropriate index biases the TFP c!'timates for both Bell Canada and
D.C. Tel upward 10 a considerable degree in tbe 19808.

The above de..'elopment has been b:lsed on the continuous Dhdsia index and
the Tornq vist discrete aflplOJl imation to that index. Diewe rt (l991) bas criticizerl
this procedure for its reliance on the ct'ntinuous form of the index. An alternative
development can be obtained using lhe theofy of discrete exact index numbers
(see Diewert 1976. 1991. for descriprions of this theory). It turns out that the
weights differ slightl)' from those obtained above, O\,,'ing to the different discrete
approximations LlSed. but the differences nre inconsequential for the limes series
data used in this paper.

Suppose the cost function (AI) is approximated to the second degree by a
function that is quadratic in logacithm5. Then a quadratic lemma (Diewart 1976)
can be used to obtain tbe following ~pression for the discrete change in the
logarithm of cost, Alog C = log Cr - log C'-l :
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Note that alogQ'" in (A17) differs from A/agQr in I.A7) by the way in which
the average cost elasticities are calculated. In practice, botb averaging methods will
give very similar estimates. There is a second difference in Ihe two approximating
procedures. In die case of the exact index number procedure, there is no counterpart
to the equaJity between (A8) and (A9) , The 1T-P formula (AW), wbere definition
(A17) is used for A log QC, differs from (AI9) by terms that are of second-order
differential ~rnaJlness (see Denny and Fuss 1980 for a demonstration of this fact in
the case of re\lcnLJe-weighted TFP). Once again. in the current case the differences
will be inconsequential.

Finally, the analysis in this appendix is for the elise of the long-run model. It is
not difficult to carr}' out the same analY!lis for the short-run case, replacing tbe long­
run cost function (Al) with a variable (restricted) cost function, This procedure is
done in Berndt and Fuss (1989). who show that equation (A9) remains the correct
outpul a88regation equa.1on as long as Ihe shadow \'ahleS of the quasi-fixed inputs
replace the user costs in the calculation of the output cost elasticities. Similarly,
they demonstrate tbat equation (A9) remains the correct TFP growth rale equation
as long as the sbadow values of the quasi- fixed inputs also replace the user costs
in tbe calculation or the growth. rate or the aggregate input dlo!! X/dr.
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General equilibrium in a simple economy

with imperfect infonnation

COLIN READ Universily of Alaska Fairbanks

Ab.stract. We dctelTOine equilibrium in 8 simple economy with imperfect iofolOlation. Each
risk·neutral household aclS as 8 firm, making wagc offers aa:ording to an endosenous wage
distribution, and labourer, sampling a slochllSdc number of offers made by other house­
bolds over its search period. This economy with imperfect infonnation and decenln.lized
production anrl consumption will not muimize welfare. Policy musl be carefully fonnu­
Ialed because there are lwo non-trivial cquilibria; an unstable Keynesian nndercmployment
equilibrium with coordinalion failure resulting in underemployment and reduced scarml:f­
fort; and a stable higtJ-effort, low-unemployment equilibrium, reminiscent of a Classical
equilibrium with frictional unemployment.

EqllilibTe g/nirat dans line economie .inlpll! oill'inpmnntion est imparj'Q/tt!. L'81ltcur ~finir
l'6quilibre dan" unc ~(:onomic lIimple oil I'informalion est imparraile. Chaque ml!nlge
(qui est aculTe face au ri"que) agil comme une firme el fait des offres de sllJaires Iclon
une dislribulion de saillires end(]g~ne, alars que Ie In\'ailleul proc~e a khantillonnage
d'un nomble stochaslique d'offres Caltes par d'aulres menages au long de 1. periodc de
recherche. Cetle «onomie oil l'information cst imparfaile et 'a production et la consommll­
lion SORt dCcentralis~s ne muimise pas Ie niveau de bien-ette. La politique publique doit
etre ronnulies avec beaucoup de soins pan:e qu'jJ exisle deUlt ~uilibres non-triviaux: un
6quilibre Keyncsil:n dc lOus-emploi qui est inslablc aU Ie manClu~de coordination raulle
en un ni..'Cau de 50u5-l~mploj el en un effort de RiChercbe d'cmp'oi mJuiC, et un .nbre
slable ou I'effort de recheIChe d'cmploi est !lcv6 ct Ie taux de ch6m.ge bas qui n'e..~t pall
sans rappeler I'equilibre cltlsl>illUe ,vec chOmage frictionnel.

I. INTRODUCllON

Modem interpretations of 'be Keynesian explanation for an underemployment equi-

The mthor wishes to lhank the editor and two lUlonymous refl:ree5 for collllllellts Ihat sillnificlol'J
ImprtM:d this piper.
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Productivity Growt~. in the U.S. Telecommunications Sector:

The Imp~~t of the AT&T Divestiture

Robert W. Crandall and Jonathan Galst

The Brookings Institution

Twenty years have passed since the Federal Communications

Commission launched the rather bold experiment of introducing

competition into long-distance communications.! More than six years

have passed since the antitrust authorities engineered a breakup of the

erstwhile monopolist, AT&T.2 These events were so disruptive to the

old order in telecommunications that they could be expected to have

profound effects on the entire telecommun1cations sector1s performance.

Given the econometric evidence on scale economies and at least

anecdotal evidence of scope econom1'es in this sector,3 many of the

********************

1. Mel was first admitted as a "specialized" carrier in 1969.

2. U.S. v. American Telephone and Telegraph Co., 552 F. $upp. 131
(D.D.C., 19B2) af£ir.med sub nom. Maryland v. U.S., 460 U.S. 1001
(1983).

3. For ~~ useful. sUIlllDary of this empirical literature. see Leonard
Yaver.man, "U.S.'Interexchange Competition- in Robert W. Crandall
and Kenneth Flamm (eds.), Changing the Rules; Technological Change.
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students of this industry predicted that competition and vertical

fragmentation would prove to be a costly error in economic policy.4

This paper attempts to sort out the effects of competition and

divestiture on one measure of efficiency -- total factor productivity

-- in the telecommunications sector. It breaks new ground by dividing

the industry into four parts: the Bell System (AT&T and the Bell

operating companies), the independent telephone operating companies.

the new competitive long-distance carriers, and the telegraph

companies. This division allows us to distinguish the impacts of

technical and regulatory changes on the delivery of local telephone

service. long-distance service, and telegraph service.

The Telecommunications Sector

Telecommunications involves the transmission of communications

signals by electrical impulses through copper wires. the radio

spectrum, or newer fiber-optics cables. Local telephone compan1es

provide subscribers with access to the telecommunications network and

********************

Int@rnational Competition. and Regulation in Communications.
Washington, DC: The Brookings Institution, 1989, Table B.

4. For example, see Paul W. MacAvcy and Kenneth Robinson, "Losing by
Judicial Policymaking: The First Year of the AT&T Divestiture,"
Yale .Journal on Regulation, Volume 2:225 (1985).
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switch calls within a limited franchise area. These local companies

operate one or more "exchanges" or swi tch i ng centers that di rect call s

to and from subscribers. Long-distance or "interexchange" carriers

offer service between these exchanges. In modern practicer most

signals are either voice or data signals, transmitted in either analog

or digital form. The older telegraph technology and its modern

equivalent, the telex, involve the transmission of discrete messages

that are transcribed into written form for receipt by the addressee.

Technical progress in telecommunications has been extremely rapld

in the forty years since World War II, particularly in long-d1stance

transmission. Signals are no longer transmitted long distances over

copper wires with vacuum tubes. Microwave systems, satellites, and -­

most recently -- fiber optics have reduced transmission costs by a

factor of ten or more. Indeed, there are now telecommunications

services offered at prices that are invariant with distance because

transmission costs are so low.

Local telephone service appears to have enjoyed a more modest rate

of technical progress. For the most part, signals are still delivered

to individual subscribers through paired copper wires, much as in the

pre-World War II era. The switching of calls, however, has undergone

substantial technical change due to the electronics revolution, as has

the terminal equipment used to send and receive signals from the
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subscriber's premisesA The typical residential or small business

subscriber today may have several pushbutton telephones, an answering

machine. and even a facsimile machineA larger customers may have a

telephone system that 1s essentially a small version of a telephone

company switching center.

For decades, the u.s. telephone industry was comprised of AT&T's

Bell System and a number of independent telephone operating companies.

The Bell operating companies (BOCs) provided access and local service

to about 80 percent of the country's subscribers, and these operating

companies and AT&T's Long Lines division provided virtually all 10ng­

distance service. Most of AT&T's equipment was produced by its

manufacturing subsidiary, Western Electric, and a wide range of

research was provided by Bell laboratories, which was financed in part

by "license ll fees paid by the BOCs.

In the late 19605, the Federal Communications Connnission began

admitting competitors into long-distance service and into the sale of

terminal equipment. This competition and AT&T's responses to it led to

a series of antitrust suits in the 1970s, including a federal suit that

was finally settled by a decree in 1982.5

********************

S. See fn. 2, above.
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After AT&T was divested of its operating companies by the 1982

antitrust decree, the newly-independent BOCs continued to provide

intrastate service within designated Local Access and Transport Areas

(LATAs). Long-distance service between LATAs became the domain of AT&T

and the new long-distance competitors (Other Common Carriers, or OCCs).

These new competitors, such as Mel and Sprint. have built large new

fiber optics networks that they are only now beginning to fill. AT&T,

in response, has also invested large amounts in fiber-optic capacity.

The AT&T divestiture also severed the direct corporate link between

Western Electric, AT&T1s equipment manufacturing division, and the Bell

operating companies. Since 1984, these BOCs have been free to purchase

their equipment from any domestic Dr foreign supplier. The result has

been a sharp decline 1n AT&T1s equipment market share since 1982.6

Divestiture, Competition. and Productivity

There are many different Views about the effects of the new

competition in telecommun1cations and the 1984 vertical dissolutfon of

AT&T. Some argue that competition and divestiture have robbed AT&T and

the economy of the benefits of econom1es of scale and scope in

********************

6. See Robert W. Crandall, WThe Role of u.s. Local Operating
Companies.· in Crandall and Flamm, op.cit., Table 9.



05/02/97 11:52

.....:

'6"608 233 2223 CHRISTENSEN

6

19J 007

:~

telecommunications.7 Indeed, most estimates of economies of scale in

telecommunications are in the range of 1.1 to 1.7. However, no one has

found convincing evidence of economies of scope -- economies of jointly

produc1ng local access and exchange service. long-distance services.

and other "value-added" connnunications services such as protocol

conversion, packet switching, or data serv1ces.8

Others worry that the separation of research and development from

the Bell operating companies -- Bell Laboratories remains with AT&T

will reduce the rate of technical progress because of the loss of

opportun1t1es for internalizing the benefits of research. 9

It is also possible. however. that competition and divestiture

could improve telecommunications sector productiVity and efficiency.

Freeing the Boes from Western Electric may have allowed them to install

fiber optics and advanced central office switches more rapidly.

Increased competition between the BOCs, AT&T. new long-distance

***************~~~**

7. For example. see Almarin Phillips. nThe ~possibility of
Competition in Telecommunications: Public Policy Gone AWry." in
Michael A. Crew (ed.), Regulatory aefo~ and Public Utilities.
Lexington, MA: Lexington Books. 1986.

8. Wave~an. op.cit.

9. For example, see Robert G. Harris, "The Implications of Divestiture
and Regulatory Policies for Research. Development and Innovation in
the U.S. Telecommunications Industry," University of California,
Berkeley, Business and Public Policy Working Pape~ No. BPP-27.
December 1987. '
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carriers, and even some new large-city fiber optics networks could make

all carriers more conscious of efficiency in service delivery. And

perhaps most important is the pressure that divestiture and competition

have created on state regulatory commissions and the FCC to search for

more efficient regulatory mechanisms. 10 The FCC has recently replaced

its traditional rate-of-return regulation of AT&T with a (po11tically­

restricted) form of price caps, and many states are experimenting with

"social-contract" regulation. It

perhaps the least affected of all of the players in the

telecommunications sector are the larger independent companies. They

continue to enjoy local franchise monopolies. They have not been forced

to divest themselves of manufacturing or other actlvities. They have

been less impacted by FCC decisions regarding terminal equipment. Of

course, they benefit from a more competitive capital equipment market

"\ and the nascent state utility commission experiments in social-contract

regulation. But if divestiture has robbed the country of the benefits

of production efficiencies at the Bell operating companies, this loss

*****************~*~

10. See Roger G. Noll and Susan R. Sma~t, sThe Political Economics of
State Responses to Dive$titu~e and Federal Deregulation in
Telecommunications. n Discussion Paper No. 148, Workshop on Applied
Microeconomics, Industrial Organization, and Regulation, Depar~nt

of Economics, Stanfo~d University, May 1989.

11. Federal Communications Commission, CC Docket 87-313, Report and
Order, March 16, 1989.
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of efficiency should be observable in comparisons between independent

and Bell company productivity trends.

Empirical Methodolog~

In this paper. We calculate var10us measures of total factor

product1v1ty (TFP) from data on 1nputs utilized in telecommunications

and the cost shares of each input. We follow the approach suggested by

Jorgenson and Griliches;12 Caves, Christensen,and Swanson: 13 and

Christens~n. et al. 14 in calculating annual Tornquist-weighted

measures of the rate of change in telecommunications outputs and

inputs.

Th1s study differs from previous analyses in that it provides

estimates of TFP for the entire telecommunications sector and for its

components: the Bell system, the independent telephone companies, the

new long-distance carriers (OCCs), and the telegraph companies. It

********************

12. Dale W. Jorgen~on and Zvi Griliches, "The Explanation of
Productivity Change,- Review of EconOmic Studies, Vol. 34 (July
1967). pp 249-83.

13. Douglas W. Caves, Laurits R. Christensen, and Joseph A. Swanson,
~Productivity in U.S. Railroads. The Bell Journal of Economics,
Spring 1980, pp 166-181.

14. Lauri~s R. Christensen, et al., nTotal Factor Productivity in the
Bell System, 1947-79,- Christensen Associates, September 1981.
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would have been preferable to separate AT&T Long Lines (or, more

recently, AT&T Communications) from the Bell operating companies so as

to distinguish AT&T's long-distance services from local services.

Unfortunately. both Long Lines and the Bell operating companies

supplied long-distance services prior to divestiture, and even AT&T was

unable to separate AT&T's Long Lines activities from those of the

operating companies for the purposes of productivity analysis. 15

Thus, we are forced to analyze the Bell System as a single entity,

combining BOC and AT&T data for the period since divestiture.

The production function for telecommunications may be written in

implicit form as;

(I) F(Qi K,L,M: T) ~ 0

where Q 1S the rate of output, K is the input of capital services. L is

the input of labor services, Mis the input of materials services and T

is a time trend. The rate of growth of total factor productivity is

(oF/DT) I F. By this definition, increases in output per unit input

due to economies of scale are excluded from TFP.

********************

15. Conversation with Ali Chaudry, AT&T, May 1989.
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Caves. Christensen, and swanson16 have shown that the rate of

growth of factor productivity (by this definition) ;s equal to -1 times

the rate of change of the logarithm of the dual cost function to (1):

where C is the flow of total costs and r. w. and PM are the prices of

the inputs, K, L, and M. Therefore. the rate of change ;n TFP over

time is equal to:

(3) -8 1n G
""aT [6 1n G] [d 1n Q] [s d 1n L + S c1 1n K + S c1 1n M]

6 ln Q dT ~ L dT K dT M dT

a 1n Gwhere a 1" Q is the elasticity of cost with respect to output and the

SiS are factor shares in total costs.

Traditional measures of TFP assume that g~~ ~ is equal to untty

and that output is priced at marginal cost. If there are economies of

scale. such an approach overstates the growth in TFP as conventionally

understood. Given the problems in measuring scale econom1es in

telecommunications. it is difficult to specify an accurate measure of

********************

16. Douglas W. Caves, Laurits R. Christen&en and Joseph A. Swanson,
"Productivity in U.S. railroads, 19S1-74,N The Bell Journal of
Economics. Vol. 11, No.1, (Spring 1980) pp. 166-181.
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8 In G 1 f ta 1n Q i hence, we proceed on the assumpt on 0 constant returns 0

scale. If the returns to scale in telecommunications are equal to

1.417 -- the midpoint of the range of recent econometric investigations

-- and if these returns have been constant over the past three decades,

our estimates of TFP growth will be too high by an average of (d ~~ Q) X

(1 - 1/1.~) or about 2.4 percent in the 1960s and 19705 and about 1.3

percent 1n the 1980s.

On the other hand, recent research by Evans and Heckman cast some

doubt on the notion that there is subadditivity in telecommunications

cost functions. 18 They show that two firms would have operated at

costs that are an average of nearly 50 percent lower than the costs of

the "monopoly" Bell System in 1961-77. Whether these cost savings

result because of decreasing returns to scale and scope or simply a

variety of inefficiencies associated with regulatory monopoly cannot be

known, but their results at least cast Some doubt on the large

estimates of scale economies in telecommunications.

********************

17. Waverman, QE.cit.

16. David S. EV"&ns and .James J. Heckman. BA Test for Subadditivity of
the Cost. Funct.ion With an Application to the Bell Syst.em." ~t"ican

Economic Review, September 1984, Vol. 74, pp. 615-23 and "Erratum,­
American Economic Review, September 1986, Vol. 76, pp. 656-858.
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In this paper, we calculate TFP growth for three d1fferent

estimates of output growth~ deflated real revenues, a Divisia index of

output growth using revenue shares as weights, and a Divisia index of

output growth using weights that are adjusted for regulatory

distortions. None of these approaches is completely satisfactory, but

we shall show that the temporal pattern of TFP growth is unaffected by

the choice of output growth measure. Nominal revenues are obtained

from the FCC's Statistics of Communications Common Carriers, the u.s.
Telephone Assoc1at1on's Telephone Statistics, and ace filings with the

FCC. Revenues are divided into local, inter- and 1ntrastate 10ng­

distance (MTS t private lines and other toll), inter- and intrastate

WATSt miscellaneous telephone revenues, and telegraph revenues. All

revenue data are deflated by the BlS Producer Price Index for each

service from 1972 through 1988. 19 Prior to 1972, nominal revenues by

********~***********

19. The Private Line and Other Toll revenues are combined with MTS
revenuea and deflated by the PPI for MTS bec&u&~ the BLS has little
confidence in the PPI for Private Lines. The output index is the
sum of the six categDr~es of deflated. not a Divisia index. A
Divisia index, using revenue shares as weights, creates a number of
problems because of discontinuities in the real revenues for MTS
and WATS and because of radical relative price changes in the
19805. Nevertheless Divisia indexes were calculated and analyzed.
See ehe discussion below.


