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ABSTRACT. This paper shows that the Bennet-Bowley profit indicator is an
exact and superlative approximation of the additively complete Luenberger-
Hicks-Moorsteen productivity indicator when the input and output directional
distance functions can be represented up to the second order by a quadratic
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superlative measures of the Luenberger productivity indicator and Luenberger-
Hicks-Moorsteen productivity indicator coincide.
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1. INTRODUCTION

Productivity analysis is an essential tool to monitor economic performance. The
index number approach to productivity measurement depends on quantities and
prices. The distance function approach allows analyzing the sources of productiv-
ity change with various decompositions. For instance, productivity growth is in
this approach commonly decomposed into changes in distances to the technologi-
cal frontier (efficiency change) and changes of the production technology (technical
change). However, the distance function approach relies on the estimation of pro-
duction functions. Since computation of index numbers is straightforward and the
underlying production technology is inherently unknown, establishing relationships
between index numbers and distance functions is the focus of an important body of
literature. Index numbers approximate distance-function-based productivity mea-
sures in an ezact way if one can assume (i) economic optimizing behavior and (ii)
a certain functional form of the technology. A superlative approximation weakens
(ii) by only assuming that the technology can be approximated up to the second
order by a flexible functional form (Diewert, 1976).

The literature has largely focused on exact and superlative approximation of ra-
tio-based “indexes”. Caves et al. (1982) show that the Térnqvist index is a superla-
tive index of the Malmquist index under certain optimizing behavior and a translog
functional form. This result also holds for the Fisher ideal index (Balk, 1993; Fare
and Grosskopf, 1992). Diewert and Fox (2010) suggest that the Térnqvist index is
also an exact and superlative approximation of Bjurek (1996)’s Hicks-Moorsteen
index without any returns-to-scale assumption. Unlike the Malmquist index, the
Hicks-Moorsteen index is “multiplicatively complete” in that it consists of a ratio
of an output aggregator to an input aggregator (O’Donnell, 2012). This allows
for disentangling the exact contribution of output and input change to produc-
tivity. Mizobuchi (2016) shows that the Tornqvist index is an exact and superla-
tive approximation of both the Malmquist index and Hicks-Moorsteen index un-
der constant-returns-to-scale (Proposition 4, p.11). Furthermore, he demonstrates
that this assumption can be loosened to a-returns-to-scale for the Hicks-Moorsteen
index, but not for the Malmquist index (Proposition 5, p.14).

Ratio-based indexes can be undefined when zeros occur in the numerator or de-
nominator and are not translation-invariant. Difference-based “indicators” such
as Chambers et al. (1996)’s Luenberger productivity indicator avoid these draw-
backs altogether (Fox, 2006).! Furthermore, differences are more common in, for
example, accounting. We refer to Diewert (2005) for a systematic comparison of
the ratio and difference approaches to index numbers from a test and economic
perspective. Chambers (2002) introduces the Bennet-Bowley profit measure and
establishes that it is an exact and superlative approximation of the Luenberger

'We follow Diewert (2005) in referring to productivity measures based on differences as
“indicators”.
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productivity indicator when it can be represented up to the second order by a
quadratic functional form.

However, the Luenberger productivity indicator is not “additively complete”,
preventing decomposition into output and input changes (O’Donnell, 2012). Al-
though Briec and Kerstens (2004)’s Luenberger-Hicks-Moorsteen (LHM) produc-
tivity indicator does have this desirable property (Ang and Kerstens, 2016), no
superlative and exact approximation is currently known in the literature.

This paper shows that the Bennet-Bowley profit indicator is an exact and su-
perlative approximation of Briec and Kerstens (2004)’s additively complete LHM
productivity indicator when the input and output directional distance functions
can be represented up to the second order by a quadratic functional form. The
Bennet-Bowley profit indicator thus approximates both Chambers (2002)’s incom-
plete Luenberger productivity indicator and Briec and Kerstens (2004)’s additively
complete LHM productivity indicator under equivalent conditions. This parallels
Mizobuchi (2016)’s finding that the Térnqvist index is an exact and superlative
approximation of both the multiplicatively complete Hicks-Moorsteen index and
incomplete Malmquist productivity index under equivalent conditions.

This paper is structured as follows. We first introduce necessary notation and
definitions of the Luenberger and Bennet-Bowley indicators. We then define the
LHM indicator and present our main results before concluding.

2. LINKING THE LUENBERGER PRODUCTIVITY INDICATOR TO THE
BENNET-BOWLEY PROFIT INDICATOR

This section sets the stage for our main result by introducing necessary notation
and definitions of the Luenberger productivity indicator and the Bennet-Bowley
cost, revenue and profit indicators. It also reminds the reader of Chambers (2002)’s
result which links the Bennet-Bowley profit indicator as an exact and superlative
approximation of the Luenberger productivity indicator.

2.1. The Luenberger productivity indicator. Let x; € R’} be the inputs that
are used to produce outputs y, € R'. We define the production possibility set as:

T = {(xt,y;) € Ri"™|x; can produce y,} .

We make the following assumptions on the production possibility set (Chambers,
2002):

Axiom 1 (Closedness). T is closed.

Axiom 2 (Free disposability of inputs and outputs). if (x}, —y}) > (x¢, —y;) then
(x4,y,) € Ty = (x,x}) € Ty

Axiom 3 (Inaction). Inaction is possible: (0™,0™) € T .
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The directional distance function was first introduced in a production context by
Chambers et al. (1996). We denote the time-related directional distance function
for (a,b) € {t,t + 1} x {t,t +1}:

(1> Db(xaa Ya; ga) = Sup {B eR: (Xa - 5gfz>ya + 5g2) € Tb} )

if (x, —ﬁgg, y.+08%) € T for some 5 and Dy(X,,y,;8,) = —00 otherwise. Here,
g, = (g",g°%) represents the directional vector.
Chambers (2002) defines the Luenberger productivity indicator as:

Ly g1 (Xe, ¥ o5 X1, Yir1 8¢ gt+1)
1

= B [(Dt(Xt7Yt§ g) — Dt(Xt+17Yt+1; gt+1))

(2) + (D1 (X4, y1580) — Dt+1(xt+17Yt+1; gt+1))] .

It can be decomposed in technical change and technical inefficiency change (Cham-
bers et al., 1996), but the exact contribution of output and input change cannot
be determined. This is because, in general, g, = (g},g?) > 0 and inputs are con-
tracted simultaneously as outputs are expanded in the directional distance func-
tions (Ang and Kerstens, 2016). Hence, it is not “additively complete” (O’Donnell,
2012). Furthermore, unlike the Luenberger-Hicks-Moorsteen (Briec and Kerstens,
2011), the Luenberger productivity indicator is not “determinate” in that it can
be undefined (Briec and Kerstens, 2009).2

Furthermore, Chambers (2002) defines the output-quantity Luenberger produc-
tivity indicator as:

o o 1
(Sa) LOt,t+1(Xt7 Yo Xet15 Y415 gtagt+1) = B) [LOt + L0t+1]
where the base period ¢t output-quantity indicator is defined as:

<3b> LOt(Xt7 Y, Yir1s gfa g?Jrl) = Dt<xt7 Y (07 g?)) - Dt(xt7 Yiiis (07 gto+1>>7
and the base period t + 1 output-quantity indicator:

(3¢)
LOua (Xe415 Yy 15 Vi3 8¢5 8t11) = Dier1 (Xe41, Y45 (0,87)) — Do (Xes 15 Yir15 (0, 8744))
The input-quantity Luenberger productivity indicator:

(40) L4106, Y0011 Y3 8 8ar) = 5 (LD Ll

where the base period ¢ input-quantity indicator is defined as:

(4b) LI(X¢, X 41, ¥4 gia gi+1) = Dy(x4,yy; (gi, 0)) = Di(X¢11, ¥4 (giﬂ, 0))
2Determinateness of the index does not necessarily carry over to its components. This occurs

for example in the empirical application of Ang and Kerstens (2016), where the technical change
component is undefined for one of the observations.
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and the base period ¢ + 1 input-quantity indicator:

(4¢)

LIy (X, X415 Y1415 giu gi+1) = Di1(Xt, Y141 (gia 0)) = Diy1(X¢11, Yiv1s (gi—i-lu 0))

The output-quantity (input-quantity) Luenberger productivity indicator LO; ¢41(+)
(L1t 441(+)) measures productivity solely in the output (input) directions. Thus,
a combination of both LOy41(-) and LI, 41(-) is “additively complete”. This is
Briec and Kerstens (2004)’s Luenberger-Hicks-Moorsteen productivity indicator
(see Section 3 infra).

2.2. Bennet-Bowley indicators. The preceding productivity measures have the
advantage that they can be computed in the absence of price data, but their
major drawback is that they require the approximation of the technology set and
estimation of distance functions. This makes them somewhat harder to compute.
We now focus our attention to productivity measures that are easy to compute
using price data and which do not require estimation of distance functions.

Assume that the preceding distance functions can be estimated by a quadratic
functional form:

(5a)  Du(x,y; (g’ g%) = afl + Za Ty + Z biys + = Z Zauvxuxv

u=1 v=1
1 m m m
+52 > Byt LSS
k=1 I=1 u=1 k=1
with the restrictions
(Bb) auv - vu7 Bkl ﬁl];m
(5C) Z bkgk: Z augu - 7
(5d) Z,ygkgz_zaf;vgz}:oa Uzl,,n,
k=1 v=1
(5¢) D Bhg =D gl =0, k=1,...,m.
=1 u=1

The output (input) directional distance function is defined by setting g'® =
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Chambers (2002) then defines the Bennet-Bowley profit indicator (6a) by the
difference between the Bennet-Bowley revenue indicator (6b) and Bennet-Bowley
cost indicator (6¢):

(6a)
BP<pt7pt+17Wtawt+17}’tay1ﬁ+17xtaxt+l) = BR(pt,le,yt,yHl) - BC<Wt7Wt+17Xt7Xt+1)-
with

1

(6b) BR(Py, Prr15 Yo Yerr) = 5 [PiYert = ¥o) + Pra (Ve = o))
and

1
(6c) BC (Wi, Wip1, Xg, Xp11) = B} (Wi (X1 — Xe) + Wepr (X1 — X))

Avoiding any estimation procedure, these Bennet-Bowley indicators are straight-
forward to compute from available data. Hence, it is of practical interest to es-
tablish the conditions under which the Luenberger productivity indicator can be
computed by a Bennet-Bowley profit indicator.

Proposition 1 (Theorem 6 in Chambers (2002)). If firms mazximize profit, and
the technology directional distance function is quadratic with ofgj = aﬁ;fl for all i

< ot gt+l
and j, ij — Pij

for all i and j then

Lt,t+1(xt7Yt7Xt+17Yt+1;gtvgt+1) = BP<pt7pt+17Wt>Wt+1>Yt7Yt+17Xt7Xt+1)

where P, = Tk

and Wi, = ——b——
k PLEj,tWkE],

Pr _
PrEjtWkE],
It turns out that the Bennet-Bowley profit indicator is an exact and superla-
tive indicator of the Luenberger productivity indicator under an appropriate price

normalization and when the directional distance function can be approximated by
the quadratic functional form (5).

3. EXACT AND SUPERLATIVE MEASUREMENT OF
LUENBERGER-HICKS-MOORSTEEN PRODUCTIVITY

Briec and Kerstens (2004) define the LHM productivity indicator with base
period t as the difference between the Luenberger output quantity indicator and
the Luenberger input quantity indicator:*®

(7> LHMt(XtJrla Yir1 X, Y5 8es gt+1>
= (De(xt, 545 (0,87)) = De(xt, 51415 (0, 8711)))
— (De(Xe11, Y45 (8141,0)) — De(xe, 3 (81,0)))
= LOy(x4,y,, Vi1 8 g?+1) — [= LI (%, X410, Y45 gi:giﬂ)]-

3We follow Chambers (2002)’s definition of the input quantity indicator, swapping the places
of Briec and Kerstens (2004)’s definition.
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The LHM productivity indicator with base period t 4 1 is:

(8) LHMy1 (X1, Y1 Xts Y15 815 8r41)
= (De1 (%41, ¥4 (0,87)) = Digr (X415 Y1415 (0,8711)))
= (Des1 (X415 Ye413 (84415 0)) — Dia (X4, ¥i415 (8150)))

= L0 (Xt+17 Yir1, Y g7 g§+1) + L]t+1(Xt, Xt+1: Y41 gia gi+1)-

One takes an arithmetic mean of LH M; and LH M, to avoid an arbitrary choice
of base periods:

(9) LHM; 14 (Xt, Y Xet+1, Y415 8¢ gt+1)

1
= 5 [LHMt (Xt_|_1, Yiv1, Xt Y45 ) gt+1)

+ LH M (X414, Yit1,Xt: Y 8¢ gt—&—l)}

Recently, Ang and Kerstens (2016) show that the LHM productivity indicator
is “additively complete” and, following Diewert and Fox (2017), provide a decom-
position in the usual components of technical change, technical inefficiency change
and scale inefficiency change under minimal assumptions of the technology set.
However, an exact and superlative approximation of the LHM productivity indi-
cator is presently absent in the literature, which disallows easy computation of the
LHM productivity indicator in practice. Our main result fills this gap:

Proposition 2. If firms mazimize profit and the directional distance function is
quadratic with of; = aff' for all i and j, B, = B for all i and j then
LHMt,tJrl(Xtv Yo Xet1, Y415 8¢ gt+1> = Bp(f)t? f)t-i-l; W:u W:Jrlu Yi,Yir1, X, Xt+1)

= BR(f)t, f)t+1>Yt>Yt+1) - BC(W:>W:+1>XtaXt+1)a
Wk

= — _Pk * _
where p;, = " and wj, = Wil

Proof. We can write

1 1
LHMup41() = 5 [LOC) + LOwa ()] + 5 [LLG) + Ll ()]
From Theorem 4 in Chambers (2002) it follows that

1 - -
5 [LO(-) + LOw44(-)] = BR(p,, pt+17yt7yt+1)

if firms maximize revenue and technology is quadratic with fj =0
j. From Theorem 2 in Chambers (2002) we know that

t+1

i for all 7 and

1 * *

2 [LI(-) + LIy ()] = =BC(W{, Wiy, X¢, Xpq1)
if firms minimize costs and technology is quadratic with 04;?]- = o/t for all i and j.
Simultaneous revenue maximization and cost minimization is profit maximization,

which yields the desired result. U
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The condition under which both Bennet-Bowley profit indicators (cfr. BP(-) in
Proposition 1 and Proposition 2) are equivalent follows immediately:

Corollary 1. If firms are profit-maximizing and the directional distance function

is quadratic with of; = off" for all i and j, BY; = B for all i and j, then

] 1j

=~ =~ * *
BP(ptapt+17Wt7Wt+17Yt7Yt+17xt>Xt+1)

with (g}, 87) = (-, ) and

nwi ' mpy

BP(I)tvpt+1>wt>Wt+1>Yt>Yt+1>Xt7Xt+1)

T T

with (81 8%) = (grwrs 2 ) coincide for any 7 € R.

Proof. When firms maximize profit and the directional distance function is qua-
dratic with aj; = ozZ-H for all @ and j, Bj; = /Bf]“ for all ¢ and j, then both
Bennet-Bowley profit indicators only differ by their price normalization which is

parametrized by the direction vectors. Both price normalizations coincide when:

(Pr, W) = (Dr, W)
P Wi Pk Wi

A o’ 7 = ( o 77 o 7 )
Pr8r Wk8j P8k + Wi8 Pi8i T Wigy

or when both denominators equal some 7 € R. For the LHS this holds when
(85 87) = (5w g ) and for the RHS this holds when (g}, 87) = (55, 3mps)- U

2nwy ? 2mpy,

Briec and Kerstens (2004) show that if and only if the technology is (i) inversely
translation homothetic in the direction of g; and (ii) exhibits graph translation
homotheticity in the direction of g, then the LHM productivity indicator and the
Luenberger output (input) productivity indicator coincide. An equivalent condi-
tion in terms of Bennet-Bowley profit indicators is the following:

Corollary 2. If firms are profit-mazimizing and p,gs = Wigs, then
BP(f)taI~)t+1aW:awrﬂayrja}’t-;-laxtyxtﬂ)

and
BP Py Peits Wiy Wit 15 Yo Vet Xt Xe1)

(or BP(P}, Py, Wi Wit 1, Ve, Yea1, Xe, Xer1) ) (locally) coincide.

Proof. Trivial and follows directly from Corollary 8 in Chambers (2002). U



EXACT AND SUPERLATIVE MEASUREMENT OF LHM PRODUCTIVITY 9

4. CONCLUSIONS

This paper shows that the Bennet-Bowley profit indicator is an exact and su-
perlative approximation of the LHM productivity indicator when the input and
output directional distance functions are quadratic in inputs and outputs. The
Bennet-Bowley profit indicator thus approximates both Chambers (2002)’s in-
complete Luenberger productivity indicator and Briec and Kerstens (2004)’s addi-
tively complete LHM productivity indicator under equivalent conditions (albeit for
a different price normalization). This parallels Mizobuchi (2016)’s finding that the
Tornqvist index is an exact and superlative approximation of both the multiplica-
tively complete Hicks-Moorsteen index and incomplete Malmquist productivity
index under equivalent conditions. Our finding differs subtly in that it requires a
different price normalization, which is not required for Mizobuchi (2016)’s finding,.
This is a direct consequence of the fact that ratio-based indexes, unlike difference-
based indicators, are unit-invariant.

REFERENCES

ANG, F. aAnD P. J. KERSTENS (2016): “Decomposing the Luenberger-Hicks-
Moorsteen Total Factor Productivity Indicator: an application to U.S. agricul-
ture,” Furopean Journal of Operational Research, forthcoming.

BaLk, B. M. (1993): “Malmquist productivity indexes and Fisher ideal indexes:
Comment,” Economic Journal, 103, 680—682.

Byurek, H. (1996): “The Malmquist Total Factor Productivity index,” Scandi-
navian Journal of Economics, 303-313.

Briec, W. AND K. KERSTENS (2004): “A Luenberger-Hicks-Moorsteen produc-
tivity indicator: Its relation to the Hicks-Moorsteen productivity index and the
Luenberger productivity indicator,” Economic Theory, 23, 925-939.

(2009): “Infeasibility and directional distance functions with application

to the determinateness of the Luenberger productivity indicator,” Journal of

Optimization Theory and Applications, 141, 55-73.

(2011): “The Hicks—Moorsteen productivity index satisfies the determi-
nateness axiom,” The Manchester School, 79, 765-775.

Caves, D. W., L. R. CHRISTENSEN, AND W. E. DIEWERT (1982): “The eco-
nomic theory of index numbers and the measurement of input, output, and
productivity,” Econometrica, 1393-1414.

CHAMBERS, R. G. (2002): “Exact nonradial input, output, and productivity
measurement,” Economic Theory, 20, 751-765.

CHAMBERS, R. G., R. FARE, AND S. GROSSKOPF (1996): “Productivity growth
in APEC countries,” Pacific EFconomic Review, 1, 181-190.

DIEwWERT, W. E. (1976): “Exact and superlative index numbers,” Journal of
Econometrics, 4, 115-145.




10 F. ANG AND P. J. KERSTENS

(2005): “Index number theory using differences rather than ratios,” Amer-
ican Journal of Economics and Sociology, 64, 311-360.

DIEwERT, W. E. AND K. J. FOx (2010): “Malmquist and T6rnqvist productivity
indexes: returns to scale and technical progress with imperfect competition,”
Journal of Economics, 101, 73-95.

(2017): “Decomposing productivity indexes into explanatory factors,” Eu-
ropean Journal of Operational Research, 256, 275 — 291.

Fox, K. J. (2006): “A Method for Transitive and Additive Multilateral Compar-
isons: A Transitive Bennet Indicator,” Journal of Economics, 87, 73-87.

FARE, R. AND S. GROSSKOPF (1992): “Malmquist Productivity Indexes and
Fisher Ideal Indexes,” Economic Journal, 102, 158-160.

MizoBucHi, H. (2016): “A Superlative Index Number Formula for the Hicks-
Moorsteen Productivity Index,” Tech. rep., School of Economics, University of
Queensland, Australia.

O’DONNELL, C. J. (2012): “An aggregate quantity framework for measuring and
decomposing productivity change,” Journal of Productivity Analysis, 38, 255—
272.




"

Sveriges lantbruksuniversitet
S L U Swedish University of Agricultural Sciences

Department of Economics

Institutionen fér ekonomi

Sveriges lantbruksuniversitet

Box 7013, 750 07 Uppsala

Tel. 018-67 10 00, fax 018 67 35 02
www.slu.se

www.slu.se/ekonomi

Department of Economics

Swedish University of Agricultural Sciences (SLU)
P.O. Box 7013, SE-750 07 Uppsala, Sweden

Ph. +46 18 6710 00, Fax+ 46 18 67 35 02
www.slu.se

www.slu.se/economics




	1. Introduction
	2. Linking the Luenberger productivity indicator to the Bennet-Bowley profit indicator
	2.1. The Luenberger productivity indicator
	2.2. Bennet-Bowley indicators

	3. Exact and superlative measurement of Luenberger-Hicks-Moorsteen productivity
	4. Conclusions
	References

