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DEFINITION 2.17: A sequence of k X k matrices {An} is said to be
uniformly nonsingular if and only if for some 0> 0 and all n suffi
ciently large Idet Ani> tJ. If{An} is a sequence ofpositive semidefinite
matrices, then {An} is uniformly positive definite if and only if {An} is
uniformly nonsingular. If {An} is a sequence of I X k matrices, then
{A,,} has uniformly full column rank if and only if there exists a
sequence of k X k submatrices {A:} which is uniformly nonsingular.

If a sequence of matrices is uniformly nonsingular, the elements of
the sequence are prevented from getting "too close" to singularity.
Similarity, if a sequence of matrices has uniformly full column rank,
the elements ofthe sequence are prevented from getting "too close" to
a matrix with less than full column rank.

Next we state the desired extensions of Theorem 2.12 and Exercise
2.13.

exists o(e) > 0 such that iflb"i(w) - c,,;1 < o(e), i = 1, ... , k, then
Igj(b,,(w» - gj(c,,)1 < e. Since Ibni(w) - cnil <o(e) for all n sufficiently
large and almost every w, then Igj(b,,(w» - gj(cn)1 < e for all n suffi
ciently large and almost every w. Hence g(bn(w» - g(c,,) ~ O.

To state the results for the OLS and IV estimators below concisely,
we define the following concepts, as given by White (1982, pp
484-485].

----~~ THEOREM 2.18: Suppose

(i) y = XPo + €;
(ii) X'€ln~ 0;
(iii) X' Xln - M n~ 0, where {Mn} is O( 1) and uniformly posi

tive definite.

Then Pn exists a.s. for all n sufficient by large and Pn~ Po.
Proof Because M n is O( 1) for all n sufficiently large, it follows from

Proposition 2.16 that det(X'Xln) - detMn~ O. Since det Mn>
tJ > 0 for all n sufficiently large by Definition 2.17, it follows that
det(X' Xln) > tJI2 > 0 for all n sufficiently large almost surely, so that
(X' Xln)-l exists a.s. for all n sufficiently large. Hence Pn .. (X' XI
n)-IX'Y/n exists a.s. for all n sufficiently large.

Now Pn = Po + (X'Xlnr1X'€ln by (i). It follows from Proposition
2.16 that Pn - (Po + M;l .0)~ 0 or P"~ Po, given (ii) and (iii).



large because {A,,} is O( 1). Because fn(}.) -+ f(}.). we have fn(}.,,) 
{O.,,) - 0 uniformly for all A" in .N8' by Corollary 4.20. Hence for
lixed e, j~(A"e) - f(A,,8) = f:(8) - f(A"e) -- 0 for any O( 1) sequence
(.1,,). Because eis arbitrary, the result follows.

The foHowing consequence of this result is used many times below.

~ THEOREM 4.25: Given

(i) y = XPo + e;
(ii) V;;1/2 n-I/2X'E ~ N(O, I), where V" == var(n-1/2X'E) is O( 1) and

uniformly positive definite;
(iii) X'X/n - Mn .!.. 0, where M n == E(X'X/n) is 0(1) and uni

formly positive definite.

Then O;I12Jn(Pn - Po)!:" N(O, I), where 0" == M;IVnM;;I. Suppose
in addition that

(iv) there exists Vn positive semidefinite and symmetric such that
.... p ... p ..
Vn- V n - O. Then On - On - 0, where On == (X'X/n)-I
Vn(X'X/n)-I.

Proof Because X'X/n - M".£.. 0 and M n is finite and nonsingular

.-
COROLLARY 4.24: Let {b,,} be a sequence of random k X 1 vectors

such that V;;I/2b" ~ N(O, 1), where {V,,} and (V;l) are 0(1). Let {A,,}
be a O( 1) sequence of(nonstochastic) k X q matrices with full column
rank q for all n sufficiently large, uniformly in n. Then the sequence
\.I~bn} is such that f;;I/2A~b" ~ N(O, I), where r" == A~ V"A" and {f,,}
and {f;;l} are 0(1).

Proal {f,,} is 0(1) by Proposition 2.30. (r;;l) isO( 1) because (fn )

is O( 1) and det f" > t5 >°for all n sufficiently large, given the condi
tions on (An) and (Vn ). Let J:(O) be the characteristic function of
r;I/2A~bn = f;;I/2A~V~/2V;;I/2bn' Because {f;;I/2A~V~/2) is 0(1),
Lemma 4.23 applies, implying f:«(}) - f(V~/2Anf;;I/28) - 0, where
J(}.) = exp(- 1.'.1/2), the limiting characteristic function of V;;I/2bn •

Now f(V~/2A"f;;I/28) = exp(-e'f;;I/2A~VnAnr;;I/2e/2) = exp(-e'e/
2) by definition of r;;I/2. Hence J:().) - exp(- 8'e/2) -+ 0, so
r;I/2A~bn ~ N(O, I) by the continuity theorem 4.17.

This result allows us to complete the proof of the following very
general asymptotic normality result for the least squares estimator.

67I\'.1 Convergence in Distribution
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(4.29)

Structural Change 2~3

YI =ao + a\YI_1 + e,

. As you can infer from Figure 4.4, the estimated value of at is necessarily biased
.l\\ard unity. The reason for this upward bias is that the estimated value of at cap-

where DL is a dummy variable such that DL=0 for t =1, ... , 50 and DL=3 for t =
) I.... , 100. The subscript L is designed to indicate that the level of the dummy
..:hanges. At times, it will be convenient to refer to the value of the dummy variable
in period t as DL(t); in the example at hand, DL(50) =0 and DL(51) =3.

In practice, the structural change may not be as apparent as the break shown in
the tigure. However, the large simulated break is useful for illustrating the problem
Ill' using a Dickey-Fuller test in such circumstances. The straight line shown in the
ligure highlights the fact that the series appears to have a deterministic trend. In
1.1":t. the straight line is the best-fitting OLS equation:

6. STRUCTURAL CHANGE

In the figure, you can see that the fitted value of ao is negative and the fitted
'·.,Iuc of a1 is positive. The proper way to estimate (4.29) is to fit a simple AR(1)
Illouel and allow the intercept to change by including the dummy variable DL •

I!llwever. suppose that we unsuspectingly fit the regression equation:

In practice, the choice of the most appropriate test can be difficult since you
nt:ver know the true data-generating process. A safe choice is to use both types of
unit roots tests. If they reinforce each other. you can have confidence in the results.
Sometimes, economic theory will be helpful in that it suggests the most appropriate
t.:st. In the Corbae and Ouliaris example, excess returns should be positively corre
latc:d: hence, the Phillips-Perron test is a reasonable choice.

In performing unit root tests, special care must be taken if it is suspected that struc
lural change has occurred. When there are structural breaks, the various Dickey
Fuller and Phillips-Perron test statistics are biased toward the nonrejection of a unit :;;:..
root. To explain, consider the situation in which there is a one-time change in the

-;';;n of an otherwise stationary sequence. In the top graph (a) of Figure 4.4, the
(.\',) sequence was constructed so as to be stationary around a mean of zero for t =
n.. , .. 50 and then to fluctuate around a mean of 6 for t =51, ... , 100. The se
quence was formed by drawing 100 normally and independently distributed values
I'm the {Ell sequence. By setting Yo =0, the next 100 values in the sequence were
generated using the formula:
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·Productivity growth in Canadian

telecommunications

MELVYN A. FUSS University of Toronto

Abstrtu:t. Canadian IelecoJlUllUl1ications firms do not price proportionately to marginal cost.
The prices of toU services lend to be above marginal cosas. wben:as the prices of basic local
services are typically set below marginal costs by ~gulators.In such circumstances, estimaleS
of 'J1'P growth using the conveotiooal TOrnqVist (Divisia) formula which weigbls oulpUtS by
~venueslwa in determining the rate of growth of~pleoutpUt is theoretically illCOl'RlCt
and needs to be replaced by a formula which uses cost elasticity wcigbls. Empirically, the
conventional TOrnqvist index yields a very distorted picture of efficieDcy gains in the two
largest Canadian lelepbooe companies during tile 19805. IU Bell Canada, 1 calculate the
upward bias to be approximately 75 per cent over tile period 1980-9 and 80 per cent over
the period 1985-9. IU B.C. Tel a similar calculation yields an upward bias of 37 per cent
over the period 1980-9 and 48 per cent over tile period 1985-9.

La croUSQ1ICe tk /Q p1'Odllctivitl dons lea tilicOllUllllllkations lUI Cano.dtJ. Les entreprises
dans Ie monde des til6communicatioos au Canada De pratiquent pas one tarification propor
tionneUe au coOt marginal. Les prix des services ioterurbains tendent • s'etablir au dessus
des coOts marginaux landis que les prix des services de base soot gCnCralement fixes au
dessous des coUts marginaux par les ageoces de reglementation. Dans ces circoostances, les
evaluations de la croissance de la productiviti totaIe des faeteurS de production foodCes sur
la fonnule TOrnquist (Divisia) - qui pondere les exttants selon la portion des revenus qu'its
eogendrcnt dans la determination du taux de croissance de la productiOll agregee - est incor
recle au plan tb60rique et doit Ctre remplacCe par one fonnule· qui utilise des pondCrations
dCfinies a partir des Clasticitis des coUts. Empiriquement.l'indice TOrnquist donne one image
distorsionn6e des gains d'efficacite des deux grandes entreprises canadiennes de tilCpbone
au cours des ano6es 1980. Pour Bell Canada, I'auteur calcu1e un biais • 1. bausse d'. peu

An initial venioo of this paper was written wbile the author ICM:d as a coosultaDt to UDitel
Communicaaioas Inc. and was filed with the Canadian Radio and Telecommunications Com
mission in JWIt 1991 as pert of the Loag Diataal:e 1DIm:onoccti0ll Hearings. Tbanb are due to
MidIaeI Denny. Micbacl Harbum, and David Wan for CODUIICIIllI OIl the initial vcnion; to Jeffrey
BcmsteiD, Frank IGss. IIld Robert Olley for MIDfIICI!bI OIl a lifer w:rsioo, and to Stepbcn Murpby
for cuellcnl resean:h assistance. Tbc views expressed in this plIpet are Ibosc of the auabor alone
IIld should DOC be aaribuf.ed to Uoitel or to the individuals aimed above.

CIIlIdiM JaunooI of Ilcc.-ics ~d''''' " [ XXVIL No. 2
..... 111M........ iDe-ta c...-
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II. REVENUE WEIGHTS VERSUS COST WEIGHT IN THE MEASUREMENT

OF TFP GROWTH

when possible, by cost elasticity weights (caves and Cbristensen 1980; Denny,
fUss, and Waverman 1981).3

Denny, fUss, and Wavennan (1981, table 12) show that for Bell Canada over
the period 1952-16, use the conventional measure leads to an upward bias of 19
per cent in the estimation of annual efficiency gains.4 One of the main results of
this paper is the fact that during the 19805 the upward bias increased substantially,
so that the conventional11'P index yields a very distorted picture of efficiency gains
in the two largest Canadian telephone companies. For Bell Canada, I calculate the
upward bias to be approximately 15 per cent over the period 1980-9 and 80 per
cent over the period of 1985-9. For B.C. Tel a similar calculation yields an upward
bias of 37 per cent O\'e£ the period 1980-9 and 48 per cent over the period 1985-9.

The majority of Canadian telephone companies calculate 11'P growth employing
what has been called the 'conventional' TOrnqvist (Divisia) index of TFP (Denny,
Fuss, and Waverman 1981). This COD\'entional measure has been used extensively
in the calculation of 11'P in studies of the o\'e£all economy, major sectors such
as manufacturing, and subsectors like the two-digit manufacturing industries (e.g.,
food and beverages). The appropriateness of its use in such settings is now well
established, in both academic circles and government statistical agencies. But this
conventional measure is not appropriate (from a conceptual perspecti\'e) for deter
mining productivity growth in the case of telephone companies such as Bell Canada
and B.C. Tel. The latter statement is true for any situation similar to that found in
telecommunications - substantial departures from price/marginal cost proportion
ality and unequal growth rates of outputs.

The conventional TOrnqvist index for measuring TFP growth between years t - I
and t is calculated from the log difference formula:

pres 75 pour cent pour I. pGiode 1980-9 et de 80 pour cent pour Ia pCriode 1985-9. Pour
B.C. Tel, des calculs similaries IIIOIIIrent un biais aIa hausse de 37 pour cent pour Ia pCriode
19lID-9 et de 48 pour cent pour Ia p6riode 1985-9.

I. INTRODUCTION

Empirical estimates of productivity growth play an increasing role in the reg
ulation of telecornmunications, one of the most important service industries in
industrialized economies. This is ttue whether rates (prices) are regulated through
the utilization of traditional nde~f-retumlrate-stnteture considerations or through
the newly emerging 'price caps' form 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 Interconnect Hearings), productivity growth was
a central area of deliberation as a part of an attempt to evaluate both the past and
forecasted future performances of monopoly providers of toll service and the effect
on industry performance of the introduction of competition.

The voluminous data submitted by BeD Canada and British Columbia Telephone
(B.C. Tel) during the Interconnect Hearings provide us with an opportunity to up
date through 1989 previous published estimates of total factor productivity (11'P)
growth for Canadian telecommunications, the most current of which stopped in
1980 (Denny, fUss, and Waverman 1981; Denny, fUss, Everson, and Wavennan
1981; Denny, de Fontenay, and Werner 1983a; Kiss 1983; Bernstein 1989.

Both Bell Canada and B.C. Tel ha\'e continued to present estimates of 11'P growth
in various rate hearings during the 19805, using the conventional TOrnqvist (Di
visia) formula which weights outputs by re\'enue shares in determining the rate
of growth of aggregate output. One of the characteristics of the regulatory envi
ronment within which Canadian telecommunications firms operate is that firms do
not price proportionately to marginal cost. The prices of toll services tend to be
above marginal costs. wbemIs the prices of local services are typically set by the
regulatory authorities below marginal costs.1 In such circumstances, where prices
are not set proportional to marginal costs and when the goal of 11'P growth mea
surement is to calculate the growth in production efficiency (as it usually is),2 the
use of revenue share weights is theoretically incorTect and needs to be replaced,

Alog 'I'fP'l =Alog Q'l - MOl X,

where

AlogQ'l = rJ..I/2)· (Ril +RI,I_I)' (logQiI -logQj,l-tl

AlogX = rJ,,1/2)· (Sil + SI,I_I)· [logXiI -logX1,I-I]·

(1)

(2)

(3)

I This is ........... for die 1IIoId IerYice~ - 1ocaI_ toll. II will not be lnJe for
811~. AIr eumple, die eahaDced ICrYk.ea caleJOrY of 10caI service is proIJMlly priced
abolle maIJioaI COIl

2 The powdJ nile of producaioo eIIicieacy ill .... COIIfeXI men to the lid effects of rechnieaI
cbarlgc and eIIicieacy impIO'CIaenlS due to 0UIpUt explOSion ill the presence of incRasioc mums
to scale.~ impruvemenb in X-ineftie:ieDcy wiD be included in the empirical TR'

&rowdl1lWllben, - IbouP lbe underIyina lheomicaI model ..... pnQIclion takes pIKe
01\ lbe efIicieIll fIOIIlier. a-pa in aIIotatiw efIic:iency due to movetnelIlS of prices in ......
towards nwgin8I costs will not be included, eXQClll indinicdy to the ex" lbIl lower prices
induce 0UIpUt expansion ill lbe presence of incma&in& retumI.

3 The cbanF in weiglllinc proc:eduIa is lbe _It of repIacin& 0UCpUl prices by ..... ce-.
in the COIMIIlionaI Ttimqvisl (Divisia) formula. The analyses of Caves ..QIriJIenIea (1980)
IIIId Denny. RIss, _ W.- (1981) an: specific to this~ fOlllL AIr.lbeorelicaI
juslificalion of the SIaaement in the leU as applied to any eUCl iNtex IIUIIIber agteplion formula
see Diewen (1991, lbeorem I). In CIrJC (1992) the commission concluded dull c:ost wei&I* lie
superior to~ wei&hfs for the reasons stated in Ibis peper, _ it appeanllIto~ lbe
lelephone companies to provide cost-weighted TR' growdJ estimates in~ hearinp.

4 The cooWlllinaal (reYelMle weisJlled) _ was 3.3S per cent per ....-un. wbereas lbe COIl
elasticity _ighted measure was 2.81 per cent per-. -1lin& in an upwIId lUI of (3.35 
2.81)/2.81 = 0.19.

~
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Q" is the amount of the itb output produced at time r.
Xu is the amount of the itb input utilized at time t;

Rit is the rewnue share of the ith output in total revemue;
Sit is the cost share of the itb input in total cost.

The superscript R indicates that revenue weights are used in the calculation of
Alog Q. AlogQ and AlogX are often refemd to as the rates of change of aggregate
output and aggregate input., respectively. since they result from procedures that
aggregate the rates of change of individual outputs and inputs.

It bas been recognized since the late 1970s that a crucial assumption used in
establishing the linkage between Alog~ and the annual change in production
efficiency is that output prices are in the $111M proportion to marginal costs for all
outputs at any point in time. This is an inappropriate assumption in the case of
many regulated finns. including Canadian telecommunications finns. since for these
finns the price of toll output (as a broad service category) exceeds the marginal
cost of toll production. and the local service price (including the access priceS) is
less than the relevant marginal cost. Empirical support for these assertions can be
found in AJss and Wavennan (l98Ia.b). where Bell Canada prices are compared
with econometric estimates of marginal costs. This pattern of cross-subsidization
eliminates any possibility that the proportionality assumption could be satisfied in
the historical data.

In an. appendix I fonnally demonstrate the fact that equation (1) measures
production efficiency growth only when the pricelmarginal-eost proportionality as
sumption bolds. I also demoostrare that. when this assumption does not hold, the
cocrect form of the 'J1lP index for a cost-minimizing finn is

S Ac:cesa is incWed • oae of Ibe 0IIIpUtI in Ibe .......... ·Iocal' iIIlbe pnlCIuctivity atalUIIIB
of IIIOIl Canadim Ie"- COIIIpIIIies. inc:1udiIII Bell Canada IIId 8.c. Tel.

and Mit is the cost elasticity of the ith output divided by the sum of the cost
elasticities. summed over all outputs. Mit is denoted a 'cost elasticity share' to
distinguish it from the cost elasticity itself.

The above definition of Alog QC differs from that found in Caves and Christensen
(1980). who replace the revenue shares with cost elasticities rather than cost elas
ticity shares. Whether the average cost elasticities or average cost elasticity shares
are the correct weigIU for weighting the rates of growth of the individual outputs
depends on the definition of 11'P utilized. If productivity growth associated with
scale econonUes is excluded from the definition. the corn:ct weight is the cost elas
ticity. This will be the case when 11'P growth and tecbnicaI cbange are by definition

AIog11lPC = AIogQC - Alog X,

where

AlogQC = rJ.l/2). (Mu+Mi,t-I) • [logQit -IOgQI,t-I],

(4)

(5)

synonymous. If scale economies are included as a potential soun:e of 'J1lP growth.
the correct weight is the cost elasticity share.6 Both definitions of 1'fP growth can
be found in the productivity literature. However. Canadian teiecolnJNlDicati Tw
growth rate estimates produced by both academics and the telephone companies
are clearly intended to include any productivity change due to non-constant returns
to scale in their measures (see Kiss 1983). Therefore the aggregation weights that
are appropriate for providing estimates of'J1lP growth rates for Bell Canada and B.C.

Tel involve 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 1'fP powth measurement. the difference in
model implies a diffelence in the valuation of the capital input, both in the calcu
lation of the output cost elasticity aggregation weights and the input aggregaaion
weights. For the long-run model. the capital input is valued at its user cost. For the
short-run model. the price of capital services to be used is its shadow value at the
point of temporary equilibrium.1 In this paper. I present estimaces for Bell Canada
based on both models. For B.C Tel. only estimates based on the short-run model

. are possible. since no user cost data are available.
8

One of the main objections to the use of cost weights that bas been raised is the
fact that unlike revenue shares. cost elasticity shares. whether based on user cost or
shadoW-price valuation of the capital input., are not diJectly measured in the basic
productivity data p:ovided by the telephone companies. In section IV I discuss the
measurement of these shares. Before turning to that issue. however. I provide an

outliue of the data used in this study.

III. DATA AND DATA SOUllCES

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

6 When production is subject to c:onIt8III nMJII to scale. scale economies do DOt contribute to
1fI' growth and \be l'IIO poaible defiBitioaa of 1fI' powtb c:oiIIcide. Also. dIis is the CMe where
the COlt elalticity .... IIld the COlt eIIIticity 1ft': idedIicaI. since with~ IetIII1lI to scale
the COlt elalCidties lIUIIl to uaity. 'Jbe abowe~ life direc:dy IppIicIble to - Joaa-rua
equilibrium auIyJiI. Wilb reapeet to _ Ibort-run equilibrium model. Ibae statemenlI tellllin
VlIlid • 100& • !be 0UlpUl COlt dlllicitia life billed Cl8 sIIIIdow-price VlIlIIIIioa of !be quasi
fixed inpuII. (See fn7 for further eWlcnlioa Cl8 the diffemII~ for 1fI' .......... of
long-lUll __ 1IIort.... eqIIiIibriuIIl modeIs.)

7 MolIl11'l' powtb Cllculalions forIe~ life bIIed implicitly Cl8 _1aDS-rua model.
since !be .... COlt of capital BerVices is IIIlld for the e.pital input pic:e. B1Jl, • Bemslein (1988,
1989) his emphIIized. &i-abe eapital-illlellliw-- of the producIioR proc:aa. it may be
Jbal!be shoIt.... model is _1IJIlIOIIri*.1n tile IiftIle 0UlpUl CAlC Berndt IIld FlIsI (1986)
ba1Ie show1Ilbat !be lIhort-rua model CID be iuIpletuci*ld lIIroIIP !be repI of tile ....
COlt of capital by _ sIIIIIIow VlIlue in the caIcuIaIioa of !be iIIpIIllgleplioft wei Bemdt -
Rasa (1989) eXleDd the ....,. to Jhe muIti-output CIII ..~ IbII the IIPIJI1lIlriaIe
proe:eeIln is. in IIlIditiCl8. to IepIace tile UICI' COlt with !be ...... price in !be ealcullllion of Ibe

CXlIl-elasliclty ......
8 It may Ibal .... coUIlIfe uaaVlIi1llble bul shIdow VlIlues can be obtained. As dis-

cussed below. I sbaIl be lpPIOIi....... IbIdow VlIlues by UIina IeIiduaI ... of return, .. IbeIe
data CIII be...flam !be prodIICtivity cilia .....
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Bell Canada and B.C. Tel's productivity studies, which were submitted in evidence
at the Interconnection Hearings.9 The Bell Canada data cover the period 1952
89 and represent a revision and update for the 19808 of data used by Denny,
Fuss, and Waverman (1981), Kiss (1983), and Bernstein (1988, 1989). The reader
is referred to tbese articles for an extensive discussion of the data. Prices and
quantities (constant dollar outputs) are available for three categories of output: local
services (monopoly local, access, competitive terminal), toll service (monopoly toll,
competitive network), and miscellaneous service (all other) and three categories of
input: labour, capital, and rnaterials.J° The B.C. Tel data cover the period 1981-9,
and are constnJcted in a manner very similar to that of the Bell data, resulting in
the same three output and same three input categories. II

The data used to calculate cost elasticity shares are the annual cost allocation
studies,I2 which have been filed annually with the CR1C since 1979 (except 1985) by
Bell canada and intermittently since 1980 by ac. Tel. A more extensive discussion
of these data is contained in the next section of the paper.

IV. ESTIMATION OF COST ELASTICITY SHARES

What we require, at the most basic level, for each output to be aggregated is a datum
that is proportional to the marginal cost of the output. As noted earlier, in the case of
Significant cross-subsidization such as that we find in Canadian telecommunications,
the price of the output is a poor approximation of the required datum. This is why
the revenue share is a poor choice as an aggregation weight and an attempt must
be made to estimate the cost elasticity share Mit directly.

There are two procedures that have been used to estimate marginal cost (or
equivalently the cost elasticity share). The first procedure is to estimate an econo
mebic multiple output cost function. This procedure bas been used by Denny,
Fuss, arid Waverman (1981), Cawes and Ouistensen (1980), Caves, Christensen,
and Swanson (1980), and Kim and Weiss (1989), among others. The second pr0

cedure is to utilize the results of cost allocation studies to approximate the cost
elasticity weights. This procedure bas not been employed previously in telecom-

9 A1llef_1CeS to dIta submiIIaI in evidalJ:e will use die notIIioa Idopfed by die am: to idenlify
doc:umen1I. The bIsic: Bell c...sa productiYily dIta all be fouad ia Bell(UnilCl)2&Dec90-253.
This doc:umeuI is Item No. 253 of die R:SpOIIIeS to iDfaroptories pcIIed by Unitel to Bell on
28 Decembu 1990. The bIsic: B.c. Tel dIta all be found in B.C. TeI(am:)28Dcc9().2214, AttadI
ment 1.

10 A detailed carqorizIIion of 0UIpuII1llll1aputs _ die ....... ptaeIIIed in die productivity
dIta all be fouad in Befl(am:)lSFeb91-320I, SuppIemeaIaI. The~ of 0lIlpldI
peseI*'CI ia die text is die C1IImIt CIIeAOrizIIion. 'I'1wft line beea _ cIl-.ea in termiaoIoJy
over die yean, whidl _ detailed in die cited Belllapollle 10 a CltTC dJlen.......y.

II Ruther infonnation on die medlodoIosY used to c:onsauct die B.c. Tel productivity dIta all be
found in Olley 11III I.e (1984).

12 'I'hese IIUcIies _ called 'FiWl-Way Split' IIUcIies prior to 198611III since 1986 haft been called
'n- w' 1tUdiea.
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munications, but was used by Christensen et al. (1985, 1990) in their analysis of
the United States Postal Service TFP.13

Estimation of a multiple output cost function would appear to be an obvious
way to obtain the needed cost weight information. The logarithmic derivatives of
the cost function with respect to the individual outputs provide the cost elasticities
needed to construct the cost elasticity weights. However. this method is not without
its problems. For both the United States and Canada it bas proved difficult to
obtain well-behaved multiple output telecommunications cost function estimates
with positive cost elasticities. This appears to be especially true when data for
the 19808 are added to the sample.I" Even when cost functions with satisfaetmY
theoretical properties have been obtained, the economic characteristics estimated
have remained a subject of controversy (see Kiss and Lefebvre 1987; fUss 1992).
Finally, with ecooomebic cost functions, at most three aggregate cost elasticities
can be obtained, whereas for the cost allocation data used in this study, seven cost
elasticities can be obtained. permitting a more disaggregated analysiS.15

In a similar kind of setting, Christensen et al. (1985) proposed as a practical
empirical approximation to the required IDlU'ginal cost datum the average (unit) al
located cost obtained from cost allocation studies. The use ofcost allocation studies
relies on the fact that the methodology of cost allocation leads to careful attempts
to allocate costs to service categories that are causally related to the production of
those services. In Canadian telecommunications cost studies (unlike those under
taken in the United States), not all costs are allocated, since it is recognized that
some costs, the 'common costs,' cannot be allocated on a oonceptuaIIy sound basis.
The procedures adopted by the CRTC use peak traffic in the allocation of usagt sen
sitive costs and hence the costs allocated are more closely related to incremental
costs than is the case in the United States.

r
It is well known that die use of allocated costs to proxy marginal costs can be

problematic. Accounting procedures and economic causality do not always mesh. In
addition. incremental cost may not be constam over the range of output considered.
But the approximation bas several advantages. The~ advantage is that, despite
the limitations of the cost allocation exercise, unit allocated costs can be expected
to satisfy much more closely the proportionality requiremeDl than prices, given the
very large cross-subsidization from toll to local services, which is at the centre

13 The cost a1IocaIion data haft also been lIlIed by Curiea (1991) to study die PJIlIeDI of CIOIS
subsidies in die Canadian releJ:oJnnulicati iDdustry. Ilia pIpllI' COIIIaiRI .. PIIIIpIe of die kind
of information that is llYIli1abIe from typical cost-allocation saudies of BeD ean.Ja 11III B.c. Tel
(see labIe I of his paper).

14 The two PJIPUS of wbidl I am awlR that estimate cost functioIII usinI CaDadiaD data from
the 1980s (GenIzogIanis IIIId Cairns (1989), Ngo (1990» _ piqued widt lack of JqUIIrity
and/or cost elasticity aIimaIr:s that _ aepDft. Hipty tIaIded output dIta and iaadJ:quale
technical change iDdicalors .ppe.- 10 be pMicululy problemllic widt Iapect to die 19801 data.
fur discussions of difficulties widt die U.s. dIta see W8\'eIIDIII (1989), Roller (1990) and Diewat
IIIId Wales (1991).

IS As discussed below, I only _ Ibree cost elastieitiell in Ibis study due to Iimitadona in die po
ductivity dIta wbidI _ cwreody a.table.
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16 I baYe companxl, for BeD c.n.da, pric:e/mIlJi.... COlt~ calculated for 1978 by FlIss and
WaWl1lllll (198lb) witb uait aIIoc:ated costImqinal cost ntios for 1979 calculated from AJss and
WIWI1DIll (198lb) and the COIl aIIocaIioD lItUdies. The rauItI were 85 follows:

where Me" is the marginal cost of the ith output at time t. Replacement of Melt
in (6) with a constant of proportionality times the average allocated cost (service
category i) yields the alternative expression for Mil,

l.octJl ToD
Price , JDIfIi" cost 0.73 3.17
Unit IIIoaIted COlI , ...... COIl 1.04 1.33

17 One of the rer- males the valid point that die resuJltOry process may bias the cost weights
baed 011 cost-allocllion IfUdies IWIIJ from the true cost -iIfds in such a way as to lead to an
~ of the _ ~ witb usiIt& re__ wights. Siace rates for telcc:oaununi-
caeiods .mea .e bIIed 011 aIIoc:ated COllI, the deIire CJl the reguJared firm (and pedIIps die
rquJaIor) in m:ent )'aI'S to ..~ (increMe Ioc:aJ rIfCI andclccreasc toll 1lIfeS) prorides
.... inceatiYe for the process to IIIoate excasiYe COlICI to Ioc:aJ services. An example c:oosisIent
witIl rIJiI iac:altiw: is die dIIDIe ill the~ to aIIocaIe die gross rempts tax that occurred
after 1981. Tbit dI-.e in procaIaJll~ in a trMIfeF to Ioc:aJ IIlrVices of COlICIthat had pte
YiousIy bella aIIocIfed to ..... toll Ien'icea. WMa I made aa appnW.... reaIJocalion of this
tall to ay to maiJUin COIlSiIteDCy over the whole 1979-89 period, howeYer. die n:suk WIll only
a ..... cba8F ill the cost-wi"" TFP puwdI ... 'J"hU~ Ilia possibility. while ceI1lIinIy
real. is likely to CIlIIIl only a minor IIIIjutmear to the larp biuea tbar I caIcuJaIe.

18 In pmccice, it appeII'lIthat wbeII~ CCOROIIIdric cost fuactions can be ofJWbed. the
cost 8UoaItiOII and ecCIIIOIIIetric COlI IUnctioa proc:eduIa msuh in simi.. adjasaneats 10 the
reveuue-weiJbeed TFP 1UIIbers. In die empirical results JlIIlIIll*d below. I 'CtIIIIpWe Bell c.n.da
cost elasticity shares for 1976 deriWld from aa~ COlt function, wbeae lI*BinaI cost
elacicitiel 8re IlIIiIIIIIed ctiJectlY. witb 1979 sbarea derived from &:OIl aJJocatioD. The results 8re
quill! clole.

of Canadian public policy towards telecommunications.16 Hence 'IFP growth rates
consb11cted from allocated cost weights will provide a more accurate picture of
efficiency changes that TFP growth rates consb11cted from revenue weights.11 As
noted earlier, under the Phase msystem currently in use by the CRTC, cost allocation
can provide weights for as many as seven outputs, in cootrast to the two or three
potentially available from ecc:momebic cost functions. 18

'I1'P estimates are often used by regulators and by the management of telecommu
nications carriers as one of the indicators of finn performance. (Rlr a discussion of
the use of TFP by management for planning purposes see Denny, de rontenay, and
Werner 1983b.) In this context, estimation of cost weights from cost allocation data
as opposed to cost function estimation has a number of practical advantages. Like
prices, unit allocated costs are auditable as part of the ongoing process of regula
tion. Allocated costs are available to the finn on a timely basis (unlike economebic
estimates), so TFP measures consb11cted from cost weights can be used to track
current improvements in a firm's efficiency. Fmally, the regulatory authorities do
not have to be involved in the difficult problems associated with the evaluation of
economebic cost functions.

The cost elasticity shares M" can be expressed in tenns of original costs as

(7)

(8)

M. = costs allocated to service category i
/I total costs allocated (excluding Common)

= allocated cost share (service category i).

19 The most iJJ.lpOftaN diSllJ8l'llJlllim for comcting the revenue-_ighted 1fl' estimates is the
tolllloc:al split. The potentially next most iqlortaRt disIIgrepIiOII (110( avaiJabJe in die public
data) is the split of local service into the CIIIl&ories of monopoly local. competitiYe tami... and
access. Monopoly local is probably priced IIboYe mtqi.... COlt and accesa is almost surely priced
below marginal COILC~Ye IIlI'milIII may be priced close to DWJinII COlt.

20 This procedure is ill COIlbUt to BeO's productivity data, where the user cost of c:apiw is the price
of capital servic:a and totaJ~ does 110( necessarily equI total cost.

Cost elasticity shares for the broad service categories toll, local (including ac
cess) and miscellaneous (other) were calculated, using equation (7), from Bell
Canada's cost allocation studies for the years 1979-84 (Five Way Split) and 1986
9 (Phase m) and from B.C. Tel's cost allocation studies for the years 1980 and 1983
(five Way Split) and 1986-9 (Phase U1). The missing data in the 1979-89 period
were obtained by interpolation. A more disaggregated breakdown of cost elasticity
estimates corresponding to a finer division of outputs was not calculated because
the telephone companies' public productivity accounts do not provide the necessary
output data,19

I now tum to some of the details involved in the calculation of cost elasticity
weights for Bell Canada. Bell Canada's cost allocation data are consb11cted so that
total cost is equal to total revenue. This fact implies that capital expenditures are
valued at the residual rate of return.20 In order to construet cost elasticity shares
appropriate for the long-run model, where capital should be priced at the user costs,
capital expenditures were multiplied by the ratio of the user cost of capital to the
per unit (of capital) residual return. The consttuction of the cost data appropriate
for the short-run model was more problematic. Berndt and Fuss (1986) demonstrate
that the expected shadow value is the correct price of capital to be used. In the
case of competitive behaviour and constant returns to scale, Berndt and Fuss (1986)
and Hulten (1986) show that the per 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. Nevertheless an
argument can be made that use of the residual rate of return will place a bound
on the difference between the 'IFP growth rates calculated using the long-run and
short-run models. This result is due to the nature of telecommunications regula
tion in Canada. in which the regulatory commission seeks to guarantee both the
regulated firm and its customers that the firm will, over time, earn a rate of return
close to its cost of capital. If the firm earns too high a return relative to its cost of
capital, it can expect steps to be taken by the regulators to reduce that return (such
as the rebates to customers required of Bell Canada in the late 19808). If it earns
too low a return, the firm will expect relief to be granted in the form of higher prices

(6)M" = (ail' MCtt)!('E.Q" • Me,,),
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for its services. As a consequence, the expected shadow value will be some~
berween the realized ex post 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 11'1' growth rate and bias calculations
over the 1980-9 period are robust to the model specification (short run versus long
run).

For the more distant historical period, cost allocation data are not available. I
have utilized cost elasticity share estimates for Bell Canada for the period 1952-76
from Denny, Fuss, and Waverman (1981), who used the econometric cost function
methodology to estimate the elasticities. Since their model is a long-run model, 11'P

growth rate results are provided prior to 1980 only for this case.
Tables 1 and 2 contain the revenue shares and estimated cost elasticity shares for

Bell Canada for the long-run and short-run models, respectively. In table 1 there 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
have had to do the same pre-I979 in order to use their estimates. ror the period
1979-89, it is clear from a comparison of tables 1 and 2 that the cost elasticity
shares are quite insensitive to whether the user cost or the residual return is used
to value capital.

Of important for the 11'1' growth rate results to follow is the fact that the cost
elasticity shares for local output exceed the revenue shares, and vice-versa for
toll, throughout the period 1952-89. This fact, along with the additional fact that
toll output grew at a faster rate than local output (see table 5) throughout the
period, is the source of the upward bias in the conventional measure of 11'P. Use
of revenue shares puts too high a weight on the faster-growing output and leads to
an overestimate of the rate of growth of aggregate output and hence 11'P.

Notice from the cost elasticity shares in table 1 the close correspondence be
rween the results for 1976 from Denny, Fuss, and Waverman (1981), who obtain
as estimates of cost elasticity shares: toll = 0.302, local + miscellaneous = 0.698;
and my results for 1979 using the cost allocation procedure (toll = 0.285, local
+ miscellaneous = 0.715). This close correspondence lends support to the basic
assumption of the cost allocation methodology; that shares based on average al
located costs are more reasonable approximations to the theoretically correct cost
elasticity shares based on marginal costs than are shares based on prices.

Table 3 contains additional information which can be used to evaluate the rea
sonableness of the allocation estimates of cost elasticity shares. This table contains
all of the econometric estimates of the toll cost elasticity share for Bell Canada that
I could find in the literature. (The local cost elasticity share is simply one minus
the toll elasticity share.)

Two things stand out from this table. ·First. the Denny, Fuss, and Waverman
(1981) estimate is quite close to the corresponding estimate of Kiss et al. (1981,
1983) for the one year (1967) when both estimates are available. Second, both the
Denny, Fuss and Waverman and Kiss et al. estimates of the toll cost elasticity share
are the largest estimates in this table. The correction to the revenue share-weighted
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TABLE 1
Bell Canada output shams - cost weights bIsed on 1on&-nIIl model

Local Toll Misc.- --
Year Rewmue" cJ Revenue- cJ Revenue- cJ

1952 0.688 0.901 0.312 0.093
1953 0.690 0.904 0.310 0.097
19504 0.690 0.903 0.310 0.098

1955 0.677 0.893 0.323 0.107
1956 0.670 0.886 0.330 0.114
1957 0.673 0.884 0.327 0.116
1958 0.679 0.880 0.322 0.119
1959 0.680 0.876 0.320 0.123

1960 0.680 0.870 0.320 0.129
1961 0.682 0.866 0.318 0.135
1962 0.674 0.857 0.315 0.143
1963 0.673 0.850 0.327 O.ISO
1964 0.6504 0.832 0.346 0.168

1965 0.644 0.815 0.356 0.175
1966 0.640 0.818 0.3liO 0.182
1967 0.633 0.812 0.367 0.188
1968 0.626 0.800 0.374 0.200
1969 0.611 0.787 0.389 0.213

1970 0.594 0.780 0.405 0.220
1971 0.602 0.778 0.397 0.222
1972 0.589 0.759 0.412 0.241
1973 0.568 0.740 0.431 0.260
1974 0.559 0.727 0.441 0.273

1975 0.550 0.710 Q.4SO 0.290
1976 0.547 0.698 0.4504 0.302
1977 0.5047 0.704 0.453 0.296
1978 0.540 0.709 0.459 0.291
1979 Q.492 0.703 0.469 0.285 0.039 0.012

1980 0.485 0.686 0.474 0.302 0.041 0.011
1981 0.476 0.770 0.481 0.217 0.043 0.012
1982 0.466 0.763 0.491 0.224 0.043 0.013
1983 0.450 0.774 0.497 0.212 0.OS3 0.014

1984 0.426 0.784 0.502 0.203 0.072 0.013
1985 0.403 0.763 0.516 0.213 0.081 0.023
1986 0.380 0.738 0.532 0.226 0.088 0.036
1987<" 0.446 0.765 0.516 0.226 0.038 0.010
1988 0.445 0.752 0.515 0.239 0.040 0.009
1989 0.446 0.744 0.512 0.245 0.041 0.012

a SOURCES; BeI1(Unitel)28Dec.9G-153 and BeIl(Unitel)28Dec.9G-2S5. Supplemental; Exhibit BeD CIUlla
182

b SOURCES; 1952-76 - Denny. Fuss. and Waverman (1981. 2(4)
1977-8 - illfelpOlated
1979-84 - Fiw:-Way Split Study (annual)
1985 - illfelpOlated
1986-9 - Pbue UI Study (1JUI\IlIl)

c The rew:nue shlU'eS listed are to be compared with 1988+ data. For comparison with 1952-86 data.
the shan: of local =0.384. the share of toll =0.519, and the share of misc. = 0.097.
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TABLE 2
Bell Canada output shara - cost weights bued 011 shon-nm model

Local Toll Misc.

Year Revenue" oJ Re-..e" oJ Rewrue" oJ

1979 0.492 0.703 0.469 0.286 0.039 0.012
1980 0.485 0.692 0.474 0.297 0.041 0.012
1981 0.476 0.774 0.481 0.214 0.043 0.012
1982 0.466 0.769 0.491 0.218 0.043 0.013
1983 0.450 0.772 0.497 0.214 0.053 0.014
1984 0.426 0.781 0.502 0.206 0.072 0.013
1985 0.403 0.758 0.516 0.218 0.081 0.024
1986 0.380 0.739 0.532 0.229 0.088 0.033
1987C 0.446 0.763 0.516 0.227 0.038 0.010
1988 0.445 0.751 0.515 0.241 0.040 0.008
1989 0.446 0.741 0.512 0.248 0.041 0.011

a SOURCES: BeIl(Unitel)28Dec.90-253 and BeIl(Unitel)28Dec.90-255. Supplemental;
&lJibit BeD Canada 182

b SOURCES: 1979--84 - Fiw-Way Split Study (annual)
1985 - interpollfed
1986-9 - Phase m Study (.......)

c The rewnue shares listed ale to be COIDplII'ed with 1988+ data. RJr comparison
with 1952-86 data. the sIUIle of local =0.384. the sIUIle of toll =0.519. and the
share of misc. =0.097.

Year

1963

1967

1970

1972

1976

1978

Study

Denny. Fuss. IIld
Waw:nnM (lWW)(1981)
Fuss ... Waw:rmana (l98lb)

DFW (1981)
Kill et aI. (1981. 1983)
(- IepCJI'fed in Kill IIDII
Lefebml(l987»

Ngo (1990)
Model I
MocIeI2
Model 3

DFW (1981)
Bernstein (1988)

DFW (1981)
Bernsaein (1988)

DFW (1981)

Bernstein (1989)

Toll cost
eluticity....
0.15
0.11

0.19
0.18

0.12
0.06
0.03

0.22
0.13

0.24
0.17

0.30

0.12
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TFP measure implied by the use of allocated costs appears to be a conservative one.
Utilization of most of the econometric studies contained in table 2 would result in
greater adjustments to the TFP growth rate than those contained in this paper. In
summary. the evidence in table 3 suggests that the use of allocated costs has not
resulted in an underestimation of 'J1lP growth.

I now turn to a consideration of the B.C. Tel data. Table 4 contains revenue and
cost elasticity share data for B.C. Tel for a period 1980-89. As with Bell Canada. B.C.

Tel's cost allocation data contain residual rate of return capital valuation. However.
in contrast to the Bell Canada data, the B.C. Tel productivity data base also contains a
price of capital services based on the residual rate of return. Hence only TFP growth
rates corresponding to the short-run model could be calculated for B.C. Tel. Local
and miscellaneous. outputs were aggregated (using revenue shares), since I did not
feel that I could accomplish a reliable division of the allocated costs between the
non-toll outputs in the period before 1986.21

1be relationship between cost elasticity shares and revenue shares for B.C. Tel
is very similar to that found for Bell Canada. Cost shares exceed revenue shares
for local and the reverse is true for toll. Since toll output grows faster than local
output over the periods portrayed in table 4 (see table 5), we can once again expect
that revenue-weighted TFP indices will overestimate the actual rate of TFP growth.

21 It should be IIClIed thIt for I.e. Tel no eccJDOIIIeIri(: cost function estimIItes exillt tbIt couIcl provide
COlt e1IIIticity wei....

TABLE 4
B.C. 'lei outpul __ - cost weights belled 011 shon-run model

Local Toll

Year Revenue- cJ Revenue- CotJt'
1980 0.417 0.772 0.583 0.228
1981c 0.434 0.762 0.566 0.239
1982 0.468 0.762 0.532 0.239
1983 0.472 0.758 0.528 0.242
1984 0.469 0.762 0.531 0.239
1985 0.452 0.762 0.548 0.239
1986 0.442 0.778 0.558 0.222
1987 0.437 0.748 0.563 0.252
1988 0.449 0.760 0.551 0.240
1989 0.480 0.753 0.520 0.247

a SOURCES: 1980-1 - B.c.Th1(am:)28Dec.90-2214. Att8duneIlt 2
1981-9 - B.C.Te1(am:)28Dec.90-2214. Atuduneat I

b SOURCES: 1981-2; 1984-5 _ inlIlIp01Ited
1980. 1983 - Fiw:-Way Split Study (anDUa1)
1986-9 - Phase In Study (lIIIIIUaI)

c 1981 rewnue Ibara IisIed ale flOlll B.c.Th1(am:)28Dec.90-2214.
Att8duneIlt I.~ Iban:a for 1981 from Attachment 2 of
0.423 for Joc:aI and mile. and 0.577 for toll Mft URd in c:Q:u.
IatiDa TI'P Ift'Wlb CMlI' the 1980-1 period.
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TABLE.5
Averqe ....... rates of JIOWdI of outputs (per c:enrY'

Time period Loc:II Toll Misc:.

BeUCmuIdD
19.53-9 8.7 9.9 8.6
1960-9 7.0 10.7 4.7
1970-9 6.3 10.1 10.8
1980-9 2.8 9.2 8.8
198.5-9 3.7 11.4 12.2

B.C. Tel
1980-9 4.0 10.1 11.4
1985-9 3.6 n.s S.1

a Computed as averqe of Iopithmic: differences.

V. COST.WEIGHTED TOTAL fACTOR PRODUCTIVITY GROWTH RATES

FOR BELL CANADA AND B.C. TEL

In this section I estimate TFP growth rates for Bell Canada and B.C. Tel using the
cost-weighted formula (4), and compare these estimates with revenue-weighted
estimates. The two sets of estimates are presented in tables 6 and 7 (long-nm and
short-run models respectively) for selected historical periods.

The bias discussed previously is readily apparent from tables 6 and 7. The
cost-weigbled TFP growth rates are all less than the conventional revenue-weighted
measures. The bias appears to be particularly important in the 19808. That result is
not surprising, since the 1980s was the period of most rapid growth in toll output
relative to local output. While the revenue-weighted index apperently indicates that
the period 1985-9 was a period of especially rapid TFP growth, the conceptually
more correct cost-weighted index indicates this was not the case. fur Bell Canada,
a TFP growth rate of 3.3-3.5 per cent per annum over the 1985-9 period, while
greater than the rate during the rest of the 1980s, is close to the average growth
rate over the 1960s and 19705.

In the case of Bell Canada, the results presented in tables 6 and 7 imply that
the upward bias in the conventional TFP growth measure is 74-77 per cent over the
periodI~ and 77-82 per cent over the period 1985-9. By way of contrast, the
bias is considerably less in the earlier periods of less rapid relative growth of toll
output. It can also be seen from tables 6 and 7 the Bell Canada's cost-weighted
TFP growth rates and the bias associated with revenue weighting are quite robust to
the choice of model (long run versus short run).

Table 7 also presents TFP growth rates for B.C. Tel. over the period 1980-9. As
was the case with Bell Canada, use of the conventional revenue-weighted TFP index
for B.C. Tel imparts an upward bias to the estimates of efficiency gains. The effect
is particularly striking for the 1985-9 period. The revenue-weighted estimate of
TFP growth of 7.1 per cent per annum is reduced to 4.8 per cent per annum when
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TABLE 6
AverlIIe IMUII rotaI fllCtOr pmduccivity growtb rates (per centY' _
based 011 Iong-nm model

UpwlIId biM
Revenue COlI of~weipIed

Time period weigtJ weightsc index (per cent)

Bell CQIIQI/Q
1953-9 2.2 2.0 10
1960-9 4.1 3.4 21
1970-9 3.9 3.3 18
1980-9 4.6 2.6 n
1985-9 6.0 3.3 82

a Computed as lMf'IIge of !oprithmic: differences.
b Calculated from BeIl(Unircl)28Dl:c.~2.53 lUId I.e.TeI(CIl1C)28

Dl:c.~2214.

c Calculated from Bell(Unircl)28Dl:c.~2.53IIId usin& the COlt
weights from IabIe I.

TABLE 7
Average aonuaI rotaI factor productivity growtb rates (per c:eutY' _
based 011 short-nm model

UpwardbiM
ReIiellUe Cost of~"",

Time period weigtJ weigld index (per cent)

Bell CQIIQI/Q
1980-9 4.7 2.7 74
198.5-9 6.2 3.S n

B.C. Tel
1980-9 .5.6 4.1 37
1985--9 7.1 4.8 48

a COIJIIlUtcd as lMlI'lIF of logarithmic diff_.
b Calculated from BeIl(Unircl)28Dl:c.~2.53IIId 1.c.1eI(CIl1C)28
Dec.~2214.

c CaIcuIatcd from Bell(Unircl)28Dl:c.~2.53.B.c.TeI(CJn'C)28Dl:c.
~2214lU1d using the cost weigbrs from rabies 3 and 4.

the conceptually correct cost-weighted index is used. Once again the reason 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).

VI. CONCLUSIONS

One of the enduring facts in Canadian Telecommunications regulation is the CRTC'S

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



386 Melvyn A. FUss Prot1llctivity growth 387

where M; = ECQ;/ECQ is the cost elasticity of the ith output relative to the sum
of the cost elasticities; that is, it is the ith cost-elasticity share.

The most frequently used discrete approximation to (A6) is given by the
'TOrnqvist' formula,

(AS)

(A6)dlog QC/dt =E MI' dlog Q;/dt,

is the aggregate cost elasticity (equal to the reciprocal of the aggregate scale elas
ticity), and

dlogQc/dt = [I/ECQJ. (EECQ;' dlogQ;/dt).

Equation (AS) can be rewritten as

outputs differ substantially. This situation occurred in the 19808 and resulted in
Bell Canada and B.C. Tel's overestimating efficiency-related TFP growth by 74-82
per cent and 37-48 per cent. respectively, in their submissions to the Interconnect
Hearings.

The debate over TFP measurement procedures played an important role in the
Interconnect Hearings. The two companies' forecasts of TFP growth in the 19908
under a monopoly industry structure appeared to be a continuation of growth in
the 1985-9 period when calculated using revenue weights, but they represented a
radical acceleration of growth when cost-weighted TFP rates were coinpared. The
CKTC concluded in its June 1992 decision that the two companies had overesti
mated future production efficiency growth and hence the ability to deliver toll
price reductions under a monopoly structure. This conclusion appeared to be one
of the elements that led the commission to the view that facilities-based competitors
should be allowed to enter toll marltets in Bell Canada and B.C. Tel's territories.

APPENDIX: DERIVATION OF THE CONCEPTUALLY CORRECT FORM OF

THE TFP INDEX AND DEMONSTRATION THAT THE REVENUE

SHARE-WEIGHTED INDEX IS INAPPROPRIATE

The first part of this appendix draws heavily on Denny, Fuss, and Waverman (1981),
where a more extensive discussion is available.

Suppose we represent the underlying production process of a cost-minimizing
telecommunications firm by the cost function

where Mit is the cost elasticity share of the ith output at time t and Qit is the
amount of the ith 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 Waverman (1981), we can use equations (A2HA6)
to obtain the conceptually correct expression for TFP growth for a cost-minimizing
finn,C = c(Q, w, t), (AI)

41ogOC =~(1/2). (Mit +M;,I-I)' [log Qit -logQ;,1-tJ, (A1)

dlogTFpe/dt =-{dlogC/dt-dlogac/dt- ~S; .dlogw;/dt}. (A8)where Q is a Vector of outputs, w is a vector of input prices, and t (time) indexes
the state of technology. Totally differentiating the cost function (AI) and applying
Shephard's lemma we obtain the rate of change of cost equation,

dlogC/dt = L(ECQ;. dlogQ;/dt) + ~(Sj'dlogw;fdt)+alogC/at, (A2)

An alternative form of the conceptually correct expression for TFP growth is

dlog TFpeIdt =dlog ac/ dt - dlog X/dt. (A9)

where ECQ; = a log C/a log QI is the eost-output elasticity for the ith output. and
i) log C fat is the rate of cost reduction due to technical change.

Denny, Fuss, and Waverman (1981, 210) demonstrate that the rate of change of
total factor productivity for a cost-minimizing firm that incorporates only technical
efficiency effects (hereafter denoted TW') can be written as

(A10)dlogmF/dt =(1- ECQ)' dlogoc/dt-alogC/dt, (A3)

For the case of a single output. Fuss and Waverman (l99Ob, Technical Appendix)
demonstrate that (AS) and (A9) are equivalent representations of TFP growth. The
extension to the case of multiple outputs is straightforward.
. A discrete approximation to (A9) is given by

410gTFpe =41ogOC -410gX,

where

ECQ=~ECQ; (A4)

which is equation (4) in the text.

I have now demonstrated that equation (AI0) is the conceptually correct form
of the TOrnqvist family of TFP growth rate indices. Under what conditions is the
convenlionaJ measure (equaUon(l) in the tex.t) equivalent to (AI0) (equation (4)
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=Rit

in the text)? This equivalence will occur only if output prices in a given year are
proportional to marginal costs of production. To see this. write

(AI6)

(AI5)

(AI7)

(AI8)

(A19)

Define

ECQ/ = ECQit + ECQ/,t 1

L(ECQ/t + ECQ/,t-I) = average discrete elasticity shares

Alog a'" =LECQ/.AlogQ/
/

/ " / (iJIOgC, iJlogC,_I)+ I 2 ~(5it + 5/,1-1) . A log W/ + I 2 ---a;- + iJ(t _ I) . (AI4)
I

"logC= [~1/1I.ECOJ, +ECQ,'-I)J

x [L { ECQ/, + ECQ/,t-I }. Alog Qil
i L(ECQu + ECQ/,t_1

/
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Sj = 1/2(5u + 5/,1-1)

AlogB = -1/2 (iJl:C, + iJ~~:;)I).

SUbstituting (AI5) into (AI4) yields

"logC ~ [~1/1I.ECOJ,+ECQ"-I)J. [~ECQI."IogQ,J

+ ES/Alogw/-AlogB.
/ .

Define

Alog m,c = - {A log C - Alog ac -~ S/A log W/ } •

Combining (AI6)-{AI8) yields

AlogTI'Pc = [1- ECQJ· Alogac +AlogB,

where

It
II

if
,
•

•

..
I'
i
I

J

(All)

(AI2)

+1/2E(iJIOgC, + iJIOgCt-I) . A log W/

/ iJ log Wit iJ log W/,t-I

Pit = 9it . «(JC, /iJQit ),

where Pit is the output price for the ith output at time t. Now suppose 9it = 9, for
all i outputs (i.e.• proportionality). Then

Mit = ECQit/ECQ

= (Qit . dC,/iJQit)/ (EQit· dC,/iJQh)

= (Qit .Pit)/ (E Qu .Pit)

However. the conditions underlying the calculations in (AI2) 8Rl not valid in the
case of Bell Canada and B.C. Tel. since 9it > I for toll services (and probably
miscellaneous services). whereas 9it < 1 for local services. Hence 91t cannot be
the same for each output in a particular year and the revenue share - weighted
TOrnqvist TFP index is not valid conceptually. How important this conceptual error
is remains an empirical question. As we can see from the empirical results in this
paper. the inappropriate index biases the TFP estimates for both Bell Canada and
B.C. Tel upward to a considerable degree in the 19808.

The above development has been based on the continuous Divisia index and
the TOrnqvist discrete approximation to that index. Diewert (1991) has criticized
this procedure for its reliance on the continuous form of the index. An alternative
development can be obtained using the theory of discrete exact index numbers
(see Diewert 1976. 1991. for descriptions of this theory). It turns out that the
weights differ slightly from those obtained above. owing to the different discrete
approximations used. but the differences 8Rl inconsequential for the times series
data used in this paper

Suppose the cost function (AI) is approximated to the second degree by a
function that is quadratic in logarithms. Then a quadratic lemma (Diewart 1976)
can be used to obtain the following expression for the discrete change in the
logarithm of cost, Alog C = log C, - log C,_I:

AlogC = 1/2 E (iJlogC, + iJlogC'_1 ) . AlogQ/
. iJlogQIt iJ log Q/,t-I
I

+ 1/2 (iJ log C, + iJ log C'_I)
iJt iJ(t - I)

(AI3) ECQ =L 1/2(ECQh +ECQ/,t_I).
j

(A20)
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Note that AlogQ" in (A17) differs from AlogQ" in (A7) by the way in which
the average cost elasticities are calculated. In practice, both averaging methods will
give very similar estimates. 'There is a second difference in the two approximating
procedures. In the case of the exact index number procedure, there is no counterpart
to the equality between (A8) and (A9). The TFP formula (AIO), where definition
(A17) is used for AlogQ", differs from (A19) by terms that are of second-order
differential smallness (see Denny and Fuss 1980 for a demonstration of this fact in
the case of revenue-weighted TFP). Once again, in the current case the differences

will be inconsequential.
Fmally, the analysis in this appendix is for the case of the long-run model. It is

not difficult to carry out the same analysis for the short-run case, replacing the long
run cost function (AI) with a variable (restricted) cost function. This procedure is
done in Berndt and Fuss (1989), who show that equation (A9) remains the correct
outpUt aggregation equation as long as the shadow values of the quasi-fixed inputs
replace the user costs in the calculation of the output cost elasticities. Similarly,
they demonstrate that equation (A9) remains the correct TFP growth rate equation
as long as the shadow values of the quasi-fixed inputs also replace the user costs
in the calculation of the growth rate of the aggregate input dlog X/tit.
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