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A COMBINED DEA-STOCHASTIC FRONTIER APPROACH TO
LATIN AMERICAN AIRLINE EFFICIENCY EVALUATION

1. INTRODUCTION

This paper introduces some new approaches for cvaluating cfliciencies and
identifving and estimating stochastic frontier production functions. These ap-
proaches arc bascd on combinations of Data Invelopment Analysis - DEA
(Charncs, Cooper and Rhodes, 1978) with regression and associated statistical an-
alvscs. Latin American Airlines are used to provide a concrete setting which is also

of interest in its own right.

To start, we take advantage of a Delphi studv which, as reported 1n
Gallegos (1991), was conducted to identify goals and measures of performance used
bv Latin Amcrican airlines. The cvidence from this study, showed no significant
differences between the goals reported by private and state-owned lLatin American
airlines. This finding is used to justify including SO and private airlines in a single
study (a) to mcasurc the relative efficiency of individual Latin American airlines
without respect to ownership, while (b) retaining the option of examining whether
our DEA analyses permit us to identify differences in the efTiciencics displayed by
private and public airlincs. In an cxtension of these comparisons, U.S. airlines op-
crating in Latin America will be brought into the picture and their performance

compared with Latin American based airlines.

An important featurc of this paper is that various methods are emploved
and then used in combination with cach other. These mcthods include Data

Envelopment Analysis (DEA) Ordinary Least Squarcs Regression (OLS), Goal



Programming ['rontier Regression (GP/IFR), and, finally, Generalized Lincar Re-
gression Models (GILM) and DEA combinations. Proceeding in this manncr makes
it possible to (a) cross check results from these various methodologies, (b) study
possible discrepancies between these results, and, ¢) examine how these different
tcchniques can be combined to obtain results that differ from what might be ob-
tainablc from any of them alone. In this development, we will also sce how current
difficultics {requently experienced by others may be resolved with increasingly sat-
isfactory results form cconomics and management standpoints as more reined sta-

tistical methods arc introduced.!

2. INPUT AND OUTPUT SELECTION AND DATA

To simplify matters and facilitate proposed comparisons and syntheses,
we represent the production function of Latin american airlines in terms of a single
output and three inputs. Reduction to a single output provides ready access to least
squares regressions and other standard statistical techniques we will be using. We
also want to maintain contact with other approachces to stochastic frontier model
estimation, which have, by and large, been confined to the single output case.2? We
therefore conceptualize our study in terms of an “industry” production function
which is interpreted as (a) a well defined function which gencrates a single output
from designated inputs, and (b) is available to all firms in the industry. Using the
results from our Delphi study (Cooper, Gallegos and Granof, 1990), we do not
distinguish the private from the SOL production functions but rather we use the

results sccured from the archival data we now usc to check further on whether difs

I Sce, e.g., Varan (1990) who argues that is is “economic significance” rather than “statistical
significance” what we should be seeking. Sec also Afriat (1972) who argues that “an
[uchidean least squares metric is devoid of economic significance.”

2 Sec Appendix B for a review of the Stochastic Fronticer Production Function Literature.



ferences in cfliciency appear between these 2 groups. [Focusing on the production
function allows us to avoid troubles we would chcounter, as alrcady noted, to deal
with the prices that would nced to be used with cost or profit functions. Addi-
tionally we also focus on technical and scale efficiency issucs which are common to

both.?

The single output we use, “ton-kilometers performed,” as obtained from
1CAO’s (International Civil Aviation Organization) data basc in Montreal, Canada,
is a commonly used measurc which combines passenger and [reight traffic. We
cmploy annual data which cover a period of cight years from 1981 to 1988, as re-
corded in the first column of the Appendix A. This measurc of output is stated in
physical units rather than the corresponding monctary units in order to avoid the
need for dealing with the very high varying inflation and exchange rates, with re-
lated difficultics of treatment, that arc prominent fcatures in the majority of the 12

different countries included in our study.

To the extent possible we also confine oursclves to physical rather than
value units for the input measurcs. lence, the data for “labor” in column 2 of the
Appendix A are stated in terms of total number of cmployees.  Again we avoid
breakdowns into more refined categorics such as airport vs airline operation per-
sonncl, c.g., as in Banker ct al. (1990) and Sickles ct al. (1986). This is done be-
causc a major objective of this paper is to develop a new approach to stochastic
frontiers. We therefore simplify matters as much as possible, while still retaining a
production function which is mcaningful, to obtain results that will also prove usc-
ful in the next chapter when further detail will be introduced via the multiple-input

to multipic-output method of Data Linvelopment Analysis.

3 Tor this notion of a production function, scec Samucison (1947), Chapter IV. Also sce
Carlson (1956) and Sato (1975) for a discussion of the relation between such industry
functions and the functions which are applicable to a “representative firm.”



A sccond mput category we usc is “fucl.” Data on consumption of fucl in
physical units are not available for the airlines we arc studying. 1CAO’s Digest of

Statistics - Scrics I' - Financial provides data on expenditures for fucl and oil both

in domestic currency and in U.S. dollars. For our purpose the latter is employed
since (a) it is the unit in which fucl and oil arc commonly traded internationally, and
(b} it is already in a common unit of measure which makes possible the comparisons
we arc secking. We do not necd to adjust this for dollar inflation or dcflation be-
causc our interest is in relative rather than absolute mcasurces of cfliciency; i.e. we
will generally be studying the efliciency of each airline relative to the other airlines
operating in Latin America in the same period of time. It must be noted, however,
that although airlines from non- oil-producing countries are generally subject to the
same world market prices for fuel (also generally denominated in U.S. dollars), air-
lines from oil-producing countries tend to purchase fuel at a substantial discount

from their governments.*

Finally, for input of capital we use “available ton-kilometers” (i.e., a
mecasure of capacity) as a surrogate. These data, as contained in column 4 of the
Appendix A, represent the number of tons available for the carriage of passcenger,
freight and mail multiplied by the number of kilometers flown. Standard conversion
factors arc used to reduce these different types of carriage to a common unit as
follows: the number of seat-kilometers available for passengers is multiplicd by 90
kilos (= 198.4 pounds at 2.204 pounds per kilo). This multiplicr aliows for free and
cxcess baggage in conformance with a widely used international standard which
reckons a typical passenger at 75 kilos with 16 kilos of baggage on long-haul routes

and 10 kilos of baggage on domestic or short-haul routes. [Ireight and mail ca-

¢ As will be discussed later in the chapter, there appear to have been significant substitutions

between fuel and the other inputs we are considering during the eight-year period of our
study.



pacity is measured cither in cubic meters or tons and is converted into tons by em-

ploying standard cargo-density and weight conversion [actors.

3. PRODUCTION FUNCTION REGRESSION ESTIMATES

As a start, we usc classical (intcrior point) lcast squares regressions to es-
timatc our production function but our subscquent attention will be directed to
adaptations for the study of stochastic frontiers. Studics focusing on frontier rather
than ccentral tendency estimates have become increasingly numerous and the reports

from this research arc scattered over many literatures.s

A Cobb-Douglas production function of the following form is used,

() v=ac" '

where ¥ represents ton-kilometers transported, ¢ represents capacity or available
ton-kilometers, { represents labor, and f fucl consumed. The paramcters to be esti-
mated arc a, o, ff, and y -- where the exponents, represent the output clasticities of
cach mput. Tinally ¢ 1s the error term representing statistical noise, which is as-

sumed to follow a log-normal distribution.

imploying logarithms, (1) can be rc-writen as

(2) my=Ina+alnc+fInf+ynl+ine

5 Tor a review of this litcrature see Gallegos (1991)



As Teicn (1968) notces, it is known from statistical distribution theory that if In¢ is
normally distributed in (2), then ¢ is log-normally distributed in (1). This is the
route we now follow to obtain access to classical statistical theory by assuming that
In¢ 1s normally distributed. The usual, or ordinary, lcast squarcs approach was
applied via (2) to the data recorded in columns (1) through (4) of Appendix A to
obtain cstimates of a, fi, y and a, with the results portrayed in column 1 of Table

. where the following points stand-out:

e Positive and statistically significant values for capacity (p < 0.001) and labor
(p < 0.1).

*  The exponent for fuel in (2) is negative but not statistically significant.
* The constant a docs not achieve statistical significance.

e - A high R?is obtainced, but

e A high condition number indicates the presence of collinearitv.

. A low Durbin-Watson statistic indicates autocorrelation in the crror term.$

Some of these results such as collincarity and autocorrelation arc trou-
blesome from a statistical standpoint. Others, like the negative value for fucl are
troubling {rom an cconomic point of view in that lack of significance suggests
y = 0, which mcans that output is independent ol the amount of fucl used. This is
disturbing, to say the least, and thec alternative of a negative gamma value would

imply that output declines with fucl input, which would be even more disturbing.

For perspective and possible insight on what is happening, we next em-

ploy the following lincar form,

6 Since we arc using a data sct which combines cross sectional and time series data, the use
of the Durbin-Watson statistic here is only indicative. Later in this chapter the Fuller and

Batesse (1974) methods of estimation arc employed to account for heteroscedasticity and
autocorrclation.

0



TABLE 1
STOCHASTIC AND NOT STOCHASTIC MODELS
POOLED DATA 1981 - 1988

WITHOUT EFFICIENCY WITH EFFICIENCY
ADJUSTMENTS ADJUSTMENTS

m ) 3 @ 3
TYPE OF Cobb- Linear Cobb- Linear Cobb-
PRODUCTION Douglas Douglas Douglas
FUNCTION OLS OLS GP OLS GP
Number of Obscrvations 88 83 88 . 88 88
Parameters
Constant a 1.28 12,452.00 0.162 -1,221.3 1.644

*

Alpha (Capacity) 0.88%** 0.52%*+ 1.170 0.54%** 0.689
Beta (Labor) 0.08* 5.28 -0.110 7.24 0.145
Gamma (Fuel) - 0.001 -0.037%**{ _0.029 0.38* 0.166
Retums to Scale 0.96 1.031 1.01
Regression Diagnostics
R square 0.994 0.99¢6 0.995
Condition Number 110 18 17
Durbin Watson 0.64 1.05 0.93
**x statistically significant  p < 0.001
*x “ " p<0.05
* * s p<0.1

(3) y=a+oac+ pl+y/+e¢,

and cstimate its cocflicients from the same data by OLS (ordinary least squares).
This time, as shown in column 2 of Table 1, a positive and statistically significant
valuc was found for capacity and a positive valuc for labor. Again, however, a
negative value is found for fuel, and this time the situation is reversed. The labor
cocfTicicnt does not attain statistical significance whereas the negative value esti-
mated for the fucl coefficient in (3) is highly significant. The condition number and
Durbin Watson statistic show an improvement, but this is not very reassuring given
what was just said about the labor and fuel results. Finally, the very large intcrcept

value shown for a in column 2 of Table 1, which is significant at less than p=0.1,



’

suggests that the lincar form is unsuitable since this intercept valuc implics an

ability to deliver ton-kilometers of performance even when all inputs are zcro.

We now turn to a mathematical (deterministic) approach along the lincs
of Aigner and Chu (1968) -- sec also Farrell (1957) -- in order to explore whether
the source of these troubles might lic in mixtures of efTicient and incfTicient behavior
which are likely to be present in the interior points which these least squares re-

gressions reflect. For this purpose we replace (1) with

@ g - Ll

01‘1

and require §,>1 for alliand ¢ so that Ind,>0.

Note that d, can be regarded as the "distance” from any observation to the
fronticr. We have subscripted thesc 6, values (which are to be estimated from the
data in Appendix A). in a manner that will enable us to identify them with inefTi-
ciencies for each firm ¢ in every period ¢ relative to the industry production function
that is obtained via our estimates of the paramcters A, o, f, and y, which are as-
sumed to hold across all firms for the periods we are considering. Our objective is

to obtain estimates

(5)  Fe=aclln

which we can relate to the observations y, via



A & fi s
acy ly fc?r
(6) .yil = A
Oy

so that, with §, > 1, we will always have

(7) RITR:S yAu-

In other words, cvery estimate of y, is to be at lcast as large as the corresponding
obscrvation. and thus, mathematically speaking, our estimates reflect the property
of a production function -- viz, output is always maximal {rom every input combi-

nation utilized.?

I'or estimation purposcs we apply a logarithmic transformation to (4) and

obtain

(&) Inyy=Ina+alnc, + ?f Ini,+%Inf;,—In 3;,

to represent the constraints which our cstimates are to satis(y rclative to these ob-
servations y,. To determine these estimates we apply the following “goal program-

ming” model to the data in appendix A.

7 Sce Chapter | in Rhodces (1978) for detailed discussions and reviews of the classical litera-

ture bascd on this definition of a production function as formalized in Samuelson (1947).
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n T
min Z Z In o,

i=1t=1

(9) subject to:

AA 2 A A
Iny,=Ina+alneg +fInl,+yinf,~Ind,
Indg, =0, i=1,..,m t=1..,T

This, 1t may bc obscrved, yields a frontier function becausc only one-sided devi-
ations arc permitted via the condition In d, > 0 which is to be satisfied in each

constraint.

As shown in Charnes, Cooper and Ferguson (1957), this problem of ine-
qualitv constrained statistical estimation can be trcated as an ordinary lincar pro-
gramming problem in order to obtain the desired coefficient estimates.® Interpreted
in goal programming terms, the objective is to come “as close as possible” to all

observations with In d; > 0 cnsuring that we will always have

A N
(10) Iy, <Ina+alng + fink,+3Inf,=Inj,

so that (7) 1s also satisficd by the estimates. In fact, via the constraints in (9),
A A
(1 l) ln ‘Vl'{ = In -yl'l - ]n (Sil
and In 6, > 0 is interprcted as an output shortfall associated with the observed y,.

That 1s, cach such positive valuc is interpreted as an incfTiciency in the output of

firm i in period 7 relative to what it should have been able to obtain by reference to

& In Charnes, Cooper and Sueyoshi (1988), this kind of goal programming formulation also

cxtends to estimating simultancous as well as single regression relations.



the industry production function which, under classical assumptions in cconomic

theory. 1s hypothesized to be available to all firms in the industry.?

Via the inverse logarithmic transformation, In 8, > 0 gives

(12) Oy = .)/;Ir

with strict mcquality holding in (7) whenever §, > 1. Thus for the Cobb-Douglas
functions, incfliciency, in natural units, is associated with §,, > 1 in the performance

of firm { in period 1.

Onc purpose of our usc of goal programming is to identify the presence
of nefficiencics as a possible source of some of the troubles we have been en-
countering. Column 3 of Table 1 presents the results of this effort. Tests of sta-
tistical sigmficance arc not available for use with this approach and so none are
reported.  However, the estimates of the paramecters for the industry production
function arc again unsatisfactory since the values of the exponents associated with
labor and fucl are both negative.!® We conclude that with all inefTiciencies located

in the output, this approach does not help to correct our troubles and so we turn

next to the inputs.

9 Cf. Sune Carlson (1956). An alternative interpretation of the industry production (and
cost) functions, which 1s also classical, but allows for differences between {irms, may be
found in Sato (1975).

It would be possible to introduce constraints to eliminate the possibility of such negative
values, but our purpose herc is oricnted more toward the use of these goal programming
models to locate possible sources of the troubles encountered in our statistical regression
approaches.

11



4. A DEA EFFICIENCY THEOREM

Data Envclopment Analysis, as introduced by Charnes, Cooper and
Rhodes (1978), provides a means for identifving both input and output values
which are technically incflicient and it also provides formulas for cflecting
projections to an cfficient fronticr in a manner that climinates any technical ineffi-
cicncics that may be present. A varicty of DEA models arc available for this pur-
posc but here we focus on the following which is called the lincar programming

cquivalent of the CCR ratio form:

m A
- E - +
min 0 — ¢ s+ Z s,

subjcct to
n

(13) 0x10= ny/lj +Si—, 1= l, L

j=1

n
+
Yo = Z-'}’rj)“j — S r=1,..,s

r=1

0 < Aus st Vigr

i Or

Here the x; and p,; are input and output values, respectively, for cach of j=1, ..., n
DMUs (= Decision Making Units)-- viz., the organization cntities responsible for
transforming the obscrved amounts of i=1,...,m inputs into the obscrved
amounts of r=1,... s outputs. xyand y,. represent the obscrvations for one of
these n DMUs, which is designated as DMU,, and positioned in the objective of
(13) to have the technical efficiency of its performance cvaluated relative to the
performance of all of the DMUs (including itsell) which are rcpresented in the

constraints.

12



The following two requirements arce necessary and sufficient for cfficiency:

=

14 -
(19) .vi*=.€,+*=0 Yir

where the symbol “*7 designates an optimal value. These requirements are related
to the projection formulas we use, called the "CCR projection formulas” (Charnes,

Cooper, and Rhodes, 1978), which are represented as follows

n

* — K * A
0 .\'l'o - Sl = Zx”/lj = X
- J=1
(1) n
) ok * A
Yoo T 5 = E Yiiki =¥
j=1

with %5 < xnand yo =y for cvery iand r. Strict incquality for some i or r, implics
an input excess or an output shortfall, and can occur only when the conditions (14)
are not fulfilled. Furthermore, as proved in Charnes, Cooper and Rhodes (1978),
the ;iO and ;ro obtained via (15) represent points on a facet of an efficient frontier.

That is, Xy, o represent points on the eflicient frontier obtained via projections of

the original DMU, data. ITlence the name CCR projection formulas given to (15).

The possibility of alternate optima makes it important to ensure that the
slacks and 0 valucs in (14) are both recally optimal. This is accomplished by means
of the non-Archimedean constant ¢ > 0.1 This “very small” positive constant is used

to cnsurc that the sum of the slacks in (13) arc maximized without influencing the

1" The choice of « for this non-Archimedian constant conforms to common usage in the
DEA literature and should not be confused with the earlier use of ¢ for the error term in
the statistical models we discussed, which conforms to commaon usage in this discipline.

13



minimizing choice of 8. That is,the minimization of 6 is given "preemptive” status

relative to the maximization of the sum of the slacks.12

This precemption and its associated optimization may be accomplished in
a varicty of ways. Because we are using the IDEAS (Integrated Data Envelopment
Analysis) code of Igbal Ali (Ali, 1990), we find it advantagcous to treat ¢ via the
two stage approach which he uses as follows. In stage | we replace (13) with the

following (ordinary) linear programming problem:

min 0
subject to
n
00> ) a3, i=1,...m
- (16) j=1
n
Vo < Z})rj,ljv r = ], ey S
j=1
0 < ),j, Jj=1,..,n

After sccuring an optimum 6 = 0* for (16), a second stage optimization is
undertaken in which the sum of the slacks is maximized or, cquivalently, their neg-

atives are minimized in the following problem:

12 Sce Charnes Cooper and ljiri (1963) for further discussion of preemptive versus relative
and absolute priorities.

14
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Bl
min - )5 - Z:,J"

i=1 r=1|
subject to

n

0 = .,\'1‘00 - ZXZ/;.J - Sl'_’ i: I, vee

(17 =

n
Yo = Zy,jlj - 5, r=1,..,

j=1
*
_0* = _

—- 4+ L.
0 < Ansgy s, Vi for

As should be evident, the sum of slacks is maximized in (17) without allowing any
alteration in the value of 6% = 0 obtained from (16) because the constant in this
constraint 1s imposcd as a condition to be satisfied by any solutions to (17). Ali
(1990) uses the above formulation to obtain a single condition for cfficiency to re-

place the two conditions in (14). This is accomplished by introducing the following

problem which is dual to (17):

5

*
max Evnym —af

r=1

subject to

(18)

Via the dual thcorem of lincar programming we can rclate the optimum

solutions of (17} and (18) via

5

”

0> Z"'r)’r/ — Zuixij, J=1,...n
re=1 i=1
n
0= Z‘Lli.x‘io —
i=1
1 < v, r=1,..,s
1 < His =1, ...,m

, M

15



m

AY
(19) ~ Zsi_* — va* = ) vy,—o0"
i r

5
= r=1 =1

I'rom the constraint associated with o in (18) we have

Tlence, dividing (19) by a* and rearranging terms gives

m N 5
Soi e T

(21) 0*_1:! r=1 — r=1

m m
*k ok
Hi Xig Hi Xip

i=1 i=1

The expression on the right in (21) is in the form of a gencralization of the
usual science-engineering output-to-input ratio form for calculating efTiciencies.
The term on the left, which Ali (1990) symbolizes as ¢ (=iota), gives rise to the

following single condition for efficiency:

(22) DMU, is cfficient if and only if ¥ =1,

where * is an optimal value of iota as given by the differences between the two

terms on the left of (21).

16



Onc may use cither (14) or (22) to characterize the cfficiency of any
DAy but 1t needs to be recognized that the optimal «* is classificatory. That is,
<< L means that DMU, is not efficient, but the numerical value of this i* docs not
specify an amount of inefficiency that can be locate in any particular output or in-
put. On the other hand the component values, as given in (14), may be used for this
purposc as in (15) to obtain cstimates of the amounts of incfTiciency in cach input
and output via
(23 A;‘Am__.gf:x‘o_;ioz 0, i=1,..,m
Yo =l —Yp20, r=1,..,s.

*

~ % ~ +
so that, alternately, Ax,o=s; and A yro=s, .
We wish to make use of the efficiency adjustments as represented in (23)

for the further regression studies we will undertake in the next section. For this

purpose we introduce the following theorem for use with the above models:

Theorem: At least one A xo =0 and at Icast onc A y, =0 in any optimum.

Prooft it will suffice to work with (16) and assume that we have an optimum
solution so that

* N
0 .X,-OZ/_J.XL,)‘]-, = l,. ,’”
j=1
n
E P
J’r()s .,Vrj/ljv r= ls y S
J=1
*
0< 4, j=1,...,n

Because 3,0 > 0, all r, we must have some A* > 0. It is obvious that

n
*® *
0 x;, = y,\'ij).j
j=1

for at lecast onc i=1, ..., m. Similarly, we must have

17



n
K
Yo = Zl’rﬂ.z

F=1

for at lcast one r =1, ..., s. I‘or suppose, on the contrary, that we could have

n
*
..Vrﬁ < Z‘)r//l/ ’ r = 1) ey S

j=1

But then we could choose a factor 0 < &k < 1 and obtain

n n
Yo < Zy,jlf/( < Zyrjﬂ.;, r=1,...,s

=1 j=1
n n
* * * .
0 .X"'O 2 g .\II}/ > E _Xi/}j k, = ]y ceey 1241
j=1 j=1

with strict incquality obtainable in all of the last i=1, ..., m of these ex-
pressions becausc all terms arc positive and the functions are continuous. It
follows that we could then choose a new 0 < 6* such that

N % % .
0.\‘1'0 _>_ qull' k, 1= 17 R

J=1

n
Vo < Zy,jl;k, r=1,..,s

i=1

and hence 0* could not have been minimal. Q.E.D.

In fact, we can
opcrationalize this by choosing

Jro

n 4 Y
*
D s

F=1

k = max =1,...,s

which is permissible since 0 < y,o < > p;A}Vr. With this choice we will have
at Icast one of the output constraints satisficd as an equation. Hcence we have
proved that at lcast one A x, = 0 and at least one A J,, = 0 in any optimum.



As a corollary to this thcorem in the single output casc we must always
be on an efficient frontier with all output incfTiciencics eliminated -- e.g., via the
CCR projection in (15). In the next section we will therefore be able to concentrate
on input incfliciencics which are the only kind of incfTiciencics that can occur in the
single output case. We can conclude this section by observing that the choice of A
values envelops DMUg's input data from below, as is evident from the full col-
lection of i=1,...,m constraints in (16), and its output data are enveloped (rom
above. According to our theorem there is also a touching of these data from above
and below, and this is also in the manner of an envelope, and hence justifies the

name Data Envelopment Analysis given in Charnes, Cooper and Rhodes (1978).

5. DEA EFFICIENCY ADJUSTMENTS

We now employ the above DEA theorem, which in the single output casc
may be called the “no output incfficiency theorem,” to obtain adjustments for use
in a new approach to parametric regression estimation that will incorporate con-
siderations of economic theory in our input choices. We then relate this approach

to statistical principles that underpin the classical regression approaches we use.

Using the CCR model for DEA discussed in the preceding section, we
obtain cstimates of the inputs of labor, fucl, and ton-kilometers of capacity “re-
quircd” to obtain the obscrved outputs that are recorded in column 1 of the ap-
pendix. These values, as rccorded in columns 5, 6, and 7 of the table in the
appendix, represent the input amounts required to obtain the observed outputs
under efficient opcrations.  In row 1, for cxample, which corresponds to
Acromexico in 1981, only 9,036 personnel of all kind would have been used in place
of the reported 10,532 persons if operations were at their DEA cflicicncy values.

Similarly $32.505,000 of fucl and 999,930 ton-kilometers of capacity would replace

19



the reported values of $36,264,00 for fuel and 1,111,570 ton kilomcters of capacity
(= capital) reported. No adjustment needs to be made for the obscrved output, viz.,
061,213 ton-kilometers flown by AcroM¢xico in this period since, by our “no output

incfliciency theorem,” this value will lie on the cflicicney frontier associated with the

thus adjusted inputs.

Replacing the observed inputs for all airlines by their efTiciency adjusted
values produccs the new regression estimates noted in columns 4 and 5 of Table 1.
As can be scen, satisfactory results appear both for the lincar regression, using or-
dinary lecast squarcs, and a Cobb-Douglas form of production function with esti-
mates obtained from the goal programming approach discussed in association with
(4) . in scction 4, above. Indeced, allowing for the fact that the intercept valuc is
not significantly different from zero, the lincar function intersects the origin as re-

quired in the classical economic theory of production.!3

In the developments that are usual in economics, the achicvement of
technical efliciency is usually assumed to have been attained as a preliminary con-
dition to examining other cfficiencies such as clTiciencies of scale, cfliciencies of
scope and allocative efficiency -- which are generally the topics of interest. lence
our approach conforms to the postulates of economics and it is conformance with
these postulates that produces results which are also in conformance with what is

to be expected in the behavior that is of economic intcrest.

To carry this analysis further, we go back to the Cobb-Douglas pro-
duction function stipulated in (1) and reestimate it under a varicty of approaches.

In Tablc 2, column 1 simply recapitulates column 1 from Table 1 with the unsatis-

13 Cf. Shephard (1970) for axioms. Koopmans (1951) refers to the zero intercept condition
as the “Land of Cockaigne Impossibility Axiom” in the classical theory of production --
viz., zero amounts of all inputs result in zero output.
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factory results we discussed carlicr in the chapter. Column 2 records the parameter
values sccured after reestimating (1) to obtain the results shown in the “Combined
DEA-ST column which uses cfficiency-adjusted input values. Since thesc estimatcs
arc sccured via ordinary least squares we also use the corresponding statistical the-
ory to note that the climination of input incfTiciencices yields parameter values which

are all satisfactory and brings them into statistical significance (p < 0.001).

Our approach uscs all of the data after effecting adjustments to obtain the
cfTicient input amounts rccorded in columns 5, 6 and 7 of the Appendix. This,
however, 1s not the only way to dcal with contaminations cmanating from inefli-
ciencics contained in the observed data. Thiry and Tulkens (1990), for example,
follow Farrel (1957) to suggest an alternate approach in which all of the inefficient
observations are discarded. Under this approach, the efficient carriers are first
wdentified using a DEA-like method (as indicated by the “*” alongside the airline
name and vear in the tabulations included in the Appendix. The obscrvations cor-
responding to ineflicient carriers are then discarded. A “frec of inefliciencies” pro-

duction function is then obtained by employing only the efficient observations.

IFollowing this approach, as suggested by Thiry and Tulkens, we employed
ordinary lecast squarcs to obtain the estimates located under the column headed
“Best Practice Frontier” in column 3 of Table 2. The results arc not wholly satis-
factory since, once more, the exponent associated with fuel consumption fails to
achicve significance, and this may be occurring because of the reduced number of

obscrvations, from 88 to 30, that occurs when this method is used.

I'inally, we have used the complement of the Thiry and Tulkens (1990)
approach by using the (58 = 88 — 30) non-starred obscrvations in the appendix to
obtam what might be called an "Off-Fronticer” (i.c., ofl-the-cfTiciency (rontier) pro-

duction function. As might be expected, the results which are shown in column (4)
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TABLE 2

RESULTS FOR THE COBB-DOUGLASS MODEL
POOLED DATA 1981-1988

) ) (3) @)
TYPE OF Neoclassical | Combined | Best Practice Off-Frontier
PRODUCTION Average DEA- Frontier Average
FUNCTION Production Stochastic Production
Function Fronuer Function
Number of Observ. 88 88 .30 58
Parameters
Constant a 1.28 1.78%* 2.18** 0.57
(1.28) (1.20)
Alpha (Capacity) 0.88**=* 0.75%»+ 0.76*** 0.97**+
(0.04) (0.03) (0.05) (0.06)
Beta (Labor) 0.08* 0.16%** 0.14%** 0.04
(0.03) (0.02) (0.04) (0.05)
Gamma (Fuel) - 0.001 0.09%** 0.06 - 0.01
(0.02) (0.02) (0.05) (0.02)
Kegression Diagnostics
R square 0.996 0.996 0.993 0.997* %>
Condition Number 110 110 82 179
Durbin-Watson 0.64 0.87 1.05 0.80
Retumns to Scale 0.96 1.00*** 0.96 1.03
Ratos of Parameters
Capacity/Labor 11.0 4.68 5.42 n.m.
Fuel/Labor n.m. 0.56 n.m. n.m.
Capucity/Fucl n.m. 8.33 n.m. n.m.

Number in () indicates standard error
**x statistically significant  p < 0.001
** * * p<0.05
p<0.1

* . m

n.m.: not meaningful
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of Table 2 arc cven less satisfactory than the results obtained in any of the other

cascs thereby suggesting that it is the mixture of cfficient and inefficicnt observa-

tions that is a source of the troubles located in column 1 of Table 2.



Having already noted that our adjustments coincide with what is custom-
arily postulated with respect to technical efficiency in cconomic theory, we next
turn to the assumptions underlying the classical QLS regression approaches we
have been using. Tlere, too, we can obtain support by noting that the independent
variables -- i.c., the inputs -- are assumed to be {ree of error. Iollowing R.A. Fisher
(1922), the originator of this approach, the statistical errors arc in the dependent
variable. Stating this diflferently, the independent variables are to be chosen by the
cxperimenter with all statistical crrors located only in the dependent variable --
which in our casc is represented by the output values. In this classical approach to
statistical rcgression and cxperimental design the objective is to identify possible
“causal” rclations between these output values and the thus sclected input values.
In this way, as I'isher among others emphasized, it becomes possible to separate
these causal relations from the statistical variations that generally accompany the
kind of (controlled) experiments with which Fisher was concerned at the

Rothamstead Agricultural Experimental Station in ngland.

Gencrally speaking social and management scientists do not have access
to the experimental controls that formed the context in which Fisher developed
these methods of regression estimation and testing. This has led to a variety of at-
tempts to resolve these problems steming from applying cxperimental sciences’
tools to non-cxperimental scicnces, such as economics.’ Here we have added a new
alternative in which the data arc adjusted to conform to the assumptions of pro-

duction theory in cconomics.

It 1s pertinent now to discuss the use to be made of these estimates. The
approach we are suggesting differs {rom the one used by Fisher (and his followers).

In their case the choices were to be made from the input (= independent variables)

14 Cf. c.g., C. Manski (1991) for a report on some of the developments in recent years.
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side m conformance with the notions of causality and prediction which are of cen-
tral intcrest to them. In conformance with the usual practices in management,
however, we proceed in an opposite manner and effect our choices from the output
side. That 1s, we sclect an output value -- or more preciscly, an expected output --
and then designate the inputs to be used in securing this output. This leads to what
we may refer to as a “control model” in order to distinguish it from the kind of
“causal model” which formed the center of attention for Fisher and his lollowers.
Issuces such as collincarity arc then of less concern than might otherwise be the case
since, as 1s cvident in Table 2, the values recorded for the condition numbers, and
the Durbin-Watson statistic, indicatc that collincarity and serial corrclation are

probably both present.

We rcturn to this topic later in the paper. llere, however, we introduce
I'tgure 1 to help clarifv what we are suggesting and also to help tic things together.
Consider a situation where we have 3 DMUs --which we associate with the coor-
dinates of points P1, P2 and P3 in Figure 1. Our interest centers on the DEA
cvaluation of P2, with its respective input and output coordinates (2,1) relative to
the corresponding inputs and outputs for P1 = (1,2) and P3 = (2,3). Applying (16)
to these data produces
min 0
subject to
(24) 20> 14, + 24, 4+ 24,4

I <24, + 14, + 34,
0 <A,y A

which has an optimum with 6* = 1/4, At = 1/2, and A =1} =0

Geometrically DMU 2 (= P2) which turns out to be inefTicient at (2,1) is

projected to the point (1/2, 1) which we associate with /% at the intersection of the
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horizontal dotted linc from (2,1) to the solid line from the origin through Pl =

(1,2).

This solid line represents the portion of the DEA efficiency frontier that
is relevant to the input decision needed to achieve the one unit of output we plan
to make. That is, assuming that we arc planning to obtain --i.e., cxpect to obtain
-- onc unit of output, we designate 1/2 unit of input for this planned output value.
This input amount is controlled, i.e., its value is designated without statistical error.
On the other hand, when production is undertaken we need to allow for statistical
error in the output we will sccure, and this is indicated by the brace which we use
to represent the corresponding confidence interval limits for the vertical broken line
abovc and below (1/2,1) -- with whatever confidence level we (or management) may
sclect for this purposc. Just as we invoke the theory of hypothesis testing associ-
ated with our usc of classical regression approaches, we also invoke the theory of

cstimation (including confidence intervals) that it also provides.

Figure 1
DEA EFFICIENCY PROJECTION
CCR MODEL

>

Output
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This statistical usage of our results conforms to what is sensible for a
management approach --viz., inputs are sclected to accord with expected outputs.
In conlormance with cconomic theory these inputs are required to be “technically
cflicient” input choices. Since these choices arc at the disposal of the experimenter,
as independent variables, the results arc also in conformance with the canons of
classical regression theory. We have not tampered with the output valucs where the
statistical crrors arc to be found. llence we also have access to the vast body of

literaturc which has been devcloped for use when thesc canons are satisficd.

The topic of relations with classical regression theory is treated in more
detail below in section 7. In the next section we will examine what is required to
cxtend (or qualify) these DEA/SIT combinations. llere we conclude by observing
that Tigurc 1 refers to the casc of a single output and a single input. Hence the
input choice is unique. That is, in this case the choice of an output value on the
clliciency frontier will uniquely designate a corresponding (cefficient) input since the
efTicient frontier is monotonic and strictly increasing. Tlowever, this situation will
not obtain when more than onc input is to be sclected. In such cases our point-
to-point mapping gives way to a mapping into an cntire isoquant, which is associ-
ated with all input combinations that can produce the desired output (= cxpected
output) in a technically cfficient manner. In such cases input prices, or some similar
criterton of choice, must be invoked to attain a unique combination of inputs. We
do not examine this topic in further detail, however, because we want to proceed

to other matters which also need to be attended to in order to put our developments

in better perspective.!s

15 Sce, e.g., Charnes, Cooper and Rhodes 91978) for a discussion of how this can be done.
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Remark:  As introduced by Charnes, Cooper and Rhodes (1978), DEA
models admit of an input oricntation and an output orientation.!s Although difTer-
ent projections arc thereby secured the results concerning whether performance is
cfficient or incfTicient arc the same. To clarify what this means we return to (16)

which has an input orientation and replace it by the following which has an output

oricntation.
max
subject to
n
g < A r=1,...,s
(25 Jj=1
n
Xy = Zx‘-/-l . i=1,...,n
f=1
0 < )“,j', j::l,...,”

The optimal values of (16) and (25) arc rclated as {ollows:
(26) A =1/0*, 2'¥0* where j=1,..,n

with ¥* > 1 when 0* < 1 but the conditions for cfficiency are the same as in (14)

when 0% = Ji* = 1,

Although the cfTiciency characterizations arc the same, the non-zero slack
valucs associated with (25) will differ and the projection will be oriented toward
maximizing output rather than minimizing input. The projections parallel to the
input axis as in Figure 1 will be replaced by projections parallel to the output axis.

As in the input orientation case, we will have no output efliciency in the single

6 Input and output oricntations have been developed for the CCR and the BCC models.
Sec Banker, Charnes, Cooper, Swats and Thomas (1989) for a recent treatment of these
topics.
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output casc but this may be accompanied with non-zero slacks with some inputs

so that, again, input adjustments will be needed to achieve 100% efficiency.

Keeping this all in mind for rcorientation when wanted, we will simplify
matters by focussing on the input oriented case which was used in developing our
no-output cfliciency theorem. It is casy to go from onc orientation to the other via

{26) and so this is how we will continue to procced.

6. CCR AND BCC MODEL COMPARISONS

The theorem we proved in the preceding scction played a critical role in
the approach we developed for estimating our paramctric {rontier production func-
tions. As we indicated, the use of this new approach involves a rcorientation from
a causal to a control point of view in that the choice of the input values depends
on the output -- or rather the expected output value -- that i1s desired. This reverses
the rcasoning in the customary causal approaches to statistical regressions. There
is more than our mathematical development to justify this, however, since input
cfficiencies cannot be determined without reference to the output values with which
they are to be associated. Hence the notion of cfficiency itself requires us to pro-

ceed from output to input choices, as we have just done.

Unfortunately our thcorem docs not provide this same clear access in the
casc of multiple output and inputs. Indced, it does not extend beyond the CCR
DEA model which was used in the previous section. Thus, going from the CCR to

the BCC modell7 -- viz,,

17 As given in Banker, Charncs and Cooper, (1984) and Banker, (1984)
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min (0
subject to
n
0 < 0xy— Z.r,,-lj, i=1,..,
Jj=1
n
(27) Vo< Z_"r/'/lj, r=1..n
=1
n
| = >4
j=1
0 < )'j' J = l‘ , n

brings the applicability of the thcorem into question. For, using the same data as
in Figure I the following simple example suffices to show that the theorem fails to
hold even in the case of onc output and one input when the CCR model of (24) is

replaced by the BCC model of (27):

min 0
subject to

0<20 — 14, — 21, - 2,
l< 24— 14, - 32,
| = L+ A4 A
0< A Ay A

(28)

Here the optimum solution is 0* = 1/2, A¥ = 1 and A} = A} = 0. This cvidently dif-
fers from the optimum solution sccured from thesc same data in (24). The
convexity condition associated with I = 4, + 1, + 43 in (28) is the source of the dif-
ference.  More importantly, this solution with A¥ =1 gives | <21} so that a

touching on the output side fails to materialize.

To clarify what is happening Figurc 2 portrays the same 3 DMU situation

as I'igure . Unlike the CCR projection depicted in Figure 1, the BCC projection
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i Iigure 2 docs not bring the incfMicient point 2 to the cfficiency frontier by
making only an input adjustment. The adjustment obtained from the optimum
solution with 0* = 1/2 brings the input value only to the point (1,1). This point is
on a portion of the frontier that is not efMicient. Thus this shrinkage in input must
be accompanied by an output expansion of onc unit in order to reach the cfTiciency

(ronticr at (1,2).

We can obtain further insight employing the following pair of dual lincar

programming problems to cvaluate DMU P3, with coordinates (2,3), in Figure 2.

min 0 max 3v + w
subject 1o subject to
(29 0<20 -4, =24,— 24 1 =2u
RIS 24+ 1A, 4+ 34, 0> —pu+2v+
| = Ay A+ Ay 0> -2u+ v+ w
0< Al 0> —2u+3v+ wg
0< p,v.

With 6 and @ otherwisc unconstrained, the optimal solutions are

l

(30)  6* =1, if=1 =172, v* =12
=2 =0 w* =~ 1/2

as 1s readily verified from the dual theorem of lincar programming, viz.,

Bh 0 =1=32-12=2"+0o"
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which shows this DMU to be efficient. The CCR optimum for P3, however, is

0" =3/4, 2T =3R2w*=1)2

32
(32) M =21=0v"=1/4

which rates this DMUj, as incfTicient by reference to the CCR model -- which does
not require satisfaction of the convexity condition in the left hand problem of (29)

and docs not contain the cxtra variable w in the problem on the right.!8

The value w* = — 1/2 <0 in (30), identifies this point, viz. P3=(2,3), as
being on a segment of the {rontier which exhibits locally decreasing returns in the

BCC modcl, wherecas the CCR model exhibits constant returns to scale.

Figure 2
DER EFFICIENCY PROJECTION
BCC MODEL
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18 Sce Ahn, Charnes, and Cooper (1988), for a study of mathematical relations between DEA
modcls.




For perspective on what is occurring we focus on the sign of the optimal

value of @* and summarize the information on “returns to scale” which it provides

as follows;19

I.  Locally increasing returns to scale prevail if and only il w* > 0 in all al-
ternate optima.

Locally decreasing returns to scale prevail if and only if w* < 0 in all al-
ternate optima,

)

3. Locally constant returns to scalc prevail if w* =0 in any optimum.

For the single output case, s* > 0 -- i.c., non-zero output slack -- can oc-
cur only i @* > 0, which is the case of locally increasing returns to scale. To sce

that this is so consider the following dual BCC pair:

min 0 — n(ié, + s>

i—1

subject to

() = Ox,n - ix”}.} - (5,

j=1

max vip + @

subject to

O0=vy— Y pxy+ o

i=|

(33)  w= 2yidi— s = 2 HiX
j=t =
1 = i,{, < v
j=1
0< 46,5 £< iy

withj=1,... ,mi=1..,m

At an optimum we have:

m
B 0 o) 5+ =+ 0"

i=1

19 Taken {from R. Banker and R. M. Thrall (1991).
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Il s*>0 we will have v* =¢.  Ilowever, | = il,’-* and x;, > 0 all i and j, implics
=1

0* > 0 which is a real number. Thus we must ljmvc w* > 0 since no multiple of

v¥ = ¢ can cqual a positive rcal number. This constitutes a proof of the following

thcorem which we complcte by using the Extended Theorem of the Alternative, as

given in Charnes and Cooper (1961) --20 which asscrts that we can have i.,v_,).}* > 1

j=1
in some optimum solution if and only if v* = ¢ in every optimal solution.

We formalize this all in the following

Theorem: I'or the single output casc, an optimum with s* > 0 implics locally

increasing returns to scale with
n
(39) o =0"—¢ Zé?-#fk — v,
i=1

and
(36) re(w”)y = 6" >0,

where re(w*) refers to the real part of w*. It follows from (35) that we must

have @* > 0 1n (33) when s* > 0.

The converse of this thcorem is not truc, however, since the presence of
locally increasing rcturns need not imply s* > 0. This is shown via the following

dual BCC pair formed in accordance with (33) to cvaluate P3 as portrayed in FFigure

3.

20 Sce Charnes and Cooper (1961), p. 441, The I'xtended Theorem of the Alternative is also
called the SCSC (Strong Complementary Slackness Condition} as in Charnes, Cooper and
Thrall “A Structure for Classifying and Characterizing Incfliciency in Data Envelopment
Analysis,” Journal of Productivity Analysis, (forthcoming).
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Figure 3
BCC PROJECTION TO INCRERASING
RETURNS EFFICIENCY FRONTIER

Output 4 b
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min 0 — b —¢s ‘ max 3/2v + o
subject to subject to
0 <20—-3/44, — 2, —22,— 6 1= 2u
37y 32= A 4+24,+ 3/24; -5 0>-3/4u+ v+ e
| = /]|+ /12+ /2.3 02'—/1+ v+ w
0 < AA4 0> —2u+32v+w
e < u
e < Y

The solutions to this dual pair are
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0% =7/16, 2 = )

~x
I

=

[\

3/2v* 4+ w* = T/16

A= =5s*=0 W= 12, v =1/8 w*=1/4

Thus, as this example shows, we must still rely on the o* valucs as given in (32) for
returns to scale characterizations cven in the single output case since s* > 0 is suf-

ficient but not necessary to show that locallv increasing returns to scale are present.

A use of the BCC model of DEA for cfTecting efTiciency adjustments evi-
dently merits further attention when increasing rcturns to scale possibilities are
present. We examine this topic further after first sharpening our interpretations

and the corresponding uses we make of statistical theory and methods.

7. RELATIONS TO STATISTICAL THEORY

To start, we note that we have alrcady obscrved that we arc conforming
to the customary assumption of economic theory that technical efficiency is always
attained. In practice we are adjusting the reported inputs to their cfTiciency values
as determined via DEA. Our interpretation is that the quantitices actually used need
not conform to the reported value of any input when the former (i.e. the amount
actually used in productive cffort) is less than the latter.  Airline personncel em-
ployed and personnel actually used in productive cffort can differ in this manner,for

instance, and so can fuel and aircraft capacity.

Turning from cconomics to our statistical usages we follow the now widely
uscd treatment first given on pp 54 (. in Kempthorne (1952) and write our re-

gression relations in the form
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(38)  y=Xfi+s¢

where X, called the “design matrix,” is an n x p collection of values of the indc-
pendent variables used to gencrate y, an n x 1 vector of observed values which arc
related to X via the p parameters represented in the p x 1 vector, . Finally, ¢ is
an n x | vector of error terms with components associated with the observed valucs,

v, and not the design variables as represented by the chosen valucs represented in

Xl

To obtain cstimates f# of the parameters f, it is assumed that the compo-
nents of ¢, which we denote as ¢, are independently distributed around a mean of

zero with variance a2, The least squares estimators arc then obtained via

9)  sp=xX"y

where X7 is the transpose of X and S = X7X, which is symmetric. If S is non-

singular, we have

40)  Ef=FES'Sp+S'XTe) =4

where E  symbolizes “expected value” and ES-'X7c = S-'X"Ee =0 since

Ee.=0,i=1, .., n by the assumptions we associated with (38).

21 As noted carlicr we arc here using ¢ in the scnse of statistical error when referring to the

statistics literature and as a non-Archimedcan constant when referring to the DEA litera-
ture.
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A

Via (38) we have our lcast squarcs valucs fi as unbiased cstimators of f8

Using » to denote cfTiciency valucs, we replace (38) by

(@an  y=X"p"+e

where X* is our new design matrix with X* < X and the parameters in the vector
f* arc associated with the cfficient input-output relations. We now derive our new

estimators ff* by applying lcast squarcs theory in the same manner as before, and

obtain

(42)

SO that thesc estimators arc also unbiased since, again,
ES* - 'X*Tg = §*-1X*TEe = 0 because our adjustments arc only on X and not on y

or its associated crrors ¢.

Procecding on the assumptions we have previously made, the covariance

matrix associated with the estimators in (41) can be represented

43)  E(B-Pf—p =S

where a2 is the variance (assumed Nnite) of ¢ For our corresponding efliciency ad-

justed estimators f* we have

(@4 B — R = Y =ats
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In short, ¢? remains unaflected but the inverse S* ' replaces S

We have not been able to cstablish relations of the form S*-'< S or
S*-1' > § which hold generally via the rclation S* < S, In the casc where $* and S
arc diagonal, or brought into diagonal form, ¢.g., via the usc of Cochram’s thecorem

i statistics,?” we have
CH T

I'or $* < S means that the clements s* < s, which are “all positive,” and this implies
that 1/s, < 1/s¥ all i and this establishes (47) when the matrices S and S$* are diag-
onal. In this case, which is of interest for its bearing on homoscedasticity, the

substitution in (42) and (47) shows that the crror estimates associated with * are

at least as large as the error cstimates associated with f.

In anyv case we have a new class of estimators fi* which have the usual
property of being BLUE (Best Lincar Unbiased Estimators), under the usual
“Gauss- Laplace-Markov” Conditions.2* To obtain the usual tests of significance

rclative to hypothesized values f, we similarly replace

(8 (= XA (= XBo) = (= Bo)S(R — fo)

with

(49) (v = XB) v = B = (B = FOS*(R* — ™

22 Sce kempthorne (1956), p. 57 1T.

23 Sce Kempthorne (1952), p. 56 1.
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Here have replaced By with i as the hypothesized values on the supposition that
we arc interested 1n the parameters associated with cfficient production. We have
thus responded to Varian (1990, p.126), who we cited carlier as arguing that “What
matters for most purposes in cconomics is not whether a violation of an optimizing
model is statistically significant but whether it is cconomically significant.”  And
we have also responded to Afriat by showint that we can produce results which
have cconomic meaning while adhering to classical least squarcs priciples and

methods in statistics.

8.DEA/STOCHASTIC FRONTIER AND THE GENERALIZED LINEAR
REGRESSION MODEL

So far we have been working with the ordinary least squares regression
model which is based on somewhat restrictive assumptions regarding the error
terms. In this section we will reestimate our results employing the Generalized
Lincar Regression Model (G1.M) which is considerably more flexible and allows to
attend explicitly to problems such as autocorrclation and hcteroscedasticity in the
data. Specificaily. we will employ the approach suggested by [Fuller and Battese
(1974) to estimate regressions in cases such as ours which combine cross-section

and time-serics data.

To begin, consider the standard OLS modecl with “"p” independent variables
rclated to parameters ff; and an intercept a. Assuming “n” observations we write

this as follows:

P
(50) ‘\’l‘:a”‘ inkﬂk+£,- ,i= ]....‘n

k=1
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where the error term ¢, is assumed to satisfy the following conditions:

EGD)=a" Vi

5

This, of course, conforms to the assumptions we made with (36) in the
preceding section.  When pooling cross section and time serics data, however, (50)
is no longer an adequate representation since we then have not only “n” cross sec-
tional units being observed for one period of time, but also for each onc of them

»

we now have observations extended over a period of time “T.”

We follow Truller and Battese (1974) to specify the regression model for
these tvpes of data. These authors conceptualize the error term as being composed
of three independent components, one crror component associated with time, an-
other with the cross-sectional units and the third varving in both dimensions. This

1s donc as follows. Tirst we replace (50) with

P
(52) Vi =a + Z XieBr + i
k=1
i=4L2,...,n 1=12,....T
in which the random errors, u, have the following decomposition:
(53) M=Vt e+ g

where v; ~ N(0, 62), ¢, ~ N(0, o2), and ¢;, ~ N(0, a2)

so that v;, ¢, and ¢, arc all normally distributed with zero means and finite variances.
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RESULTS ALLOWING FOR TIME SERIES AND CROSS- SEC’I‘IONAL

TABLE 3

ERROR TERMS - COBB-DOUGLAS MODEL
(Pooled Data 1981-1988)

(1) (2) (3)
WITHOUT WITH CCR WITH BCC
EFFICIENCY EFFICIENCY EFFICIENCY
ADJUSTMENTS ADJUSTMENTS ADJUSTMENTS
Constant (a) 1.71 271 *** 2.99 **+
(1.50) (1.19) (1.38)
Capaciry (alpha) 0.89 **= 0.67 »** 0.77 **=
(0.05) (0.02) (0.04)
Labor (beta) 0.10%* 0.22 #*» 0.17 *»*
0.04) (0.02) (0.03)
Fuel (gamma) -0.05* 0.10 »»* 0.01
(0.02) (0.01) (0.02)
Vanance Component .
Estimates
For Cross-sections (G%)
) . 2 0.0088 0.0006 0.0045
For Time Serics (Oc)
. 0.0007 0.0042 0.0017
For Error (Gt)
0.0051 0.0020 0.0031
Transformed
Regression MSE 0.0051 0.0021 0.0033

Number in parenthesis indicate standard error.
il Slaustncally sxgmﬁcanl at p < 0.001

* %

x “ “

p<0.05
p<0.1

Fuller and Battese’s model (52), which we have employed to reestimate
our “Combincd DEA-Stochastic Production Functions,” has the advantage of being
able to account for hecteroscedasticity and autocorrelation explicitly on the follow-
ing assumptions. [irst, the composed errors u, arc assumed to be homoscedastic

with variance given by :

(54) Var(p;) = ot = 03 + oz + az
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so the crror terms v, ¢ and ¢ arc additive and do not interact. In addition, the co-
cllicient of correlation between two error components across two different points

of time,p, and u.{t # ), 1s:

Covlpy, pys) 4

2
v
2

(89) : = 3
SVaru)Var() o+ ol + o

(t#9)

Model (52) in logarithmic form was applied to our data from the appendix
and the results arc shown in Table 3. The main results found under our previous
OLS approaches to estimation continuc to obtain under the GLLM estimation em-
ploying (52). When calculated with unadjusted data, as shown in column (1), neg-
ative results for fucl were found under GML just as occurred with OL.S in Table 2.
This problem disappears when the input data arc adjusted to account for inefTi-

cicncy, as shown in column (2) of Table 3.

I'or comparison purposes we have included the parameter cstimates ob-
tained with cfficiency adjusted data on the inputs using the BCC as well as thc CCR
models of DEA. As can be secn, the estimated parameter values in both cases differ
from thosc portrayed in column (1). The BCC and CCR adjusted estimates arc also
rclatively close to cach other except for fucl which fails to attain statistical signif-
icance in the case of the BCC model. The regression mean squarc crror for the
CCR modecl is also smaller and so. on both statistical and cconomic grounds, the

CCR modecl gives better results,

The important point to note here, however, is the fact that our results arc
robust across mcthods of estimation as well as across models. The statistical re-
gressions, whether linear or Cobb-Douglas, did not give satisfactory results from
eithcr an economic or management standpoint when unadjusted input data were
cmployed with  OLS. This continues to be the casc when goal

programming/constrained regression (linear programming) and GLS methods arc
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used.  Our Combined DEA/SI approach, on the other hand, yielded more satis-
factory results across all of these models and methods with the CCR model gener-
ally performing better than the BCC model for this purposcs. In the scections that
follow we therefore restrict oursclves to the use of CCR models for effecting our

cfliciency adjustments.

9. OWNERSHIP AND INTERNATIONAL COMPETITION

So far the developments in this chapter have been mainly methodological.
Now we show how these tools can be uscd to gain some insights into two important
policy problems for the Latin Amcrican airline industry. These arc the cffects on
performance of (a) ownership regimes and (b) international competition. This sec-
tion may also be regarded as a test of the DEA/ST method by demonstrating how

it can be used in combination with other approaches to gain still further insights.

Over the last 5 yecars Latin American governments have been revising their
air transport policies and in many cases they have decided to privatize their state-
owned airlines. lLan Chile, Mexicana de Aviacion, Aeroméxico, and VASP (Sao
Paulo) have alrcady been privatized and there are others, like Acrolineas Argentinas
and Acropert which arc being considered for privatization by their governments.
A main assumption underlying the privatization of these undertakings is that gains

in efficiency will follow.

Two models of privatization have been implemented thus far. Onc ap-
proach, followed in the cases of VASP (Brasil) and Acroméxico, consists of sclling
the SO to a private national (domestic) individual or group, and the other ap-

proach, applicd in the casc of Lan-Chile, consists of selling part of the capital, and
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cssentially integrating the company into the operations of an established interna-

tional airlinc.

This section of the dissertation will proceed in a comparative fashion to
cxamine the relative efficiency of Latin American carriers and attempt to provide
some insights that may be uscful in deciding the relative attractiveness of the strat-
cgy of using SOE privatization as far as gains in cflicicncy is concerned. Another
aspect to be addressed is international competition. This can be conveniently ac-
complished because the Latin American airline industry is composced of three scts
of firms. Thrst, there are the Latin-Amcrican bascd airlines.  These carriers, re-
gardless of ownership status, cnjoy significant government protection.  Usually
designated “flag carricrs,” they enjoy whatever access and flying privileges their
governments arc able to secure in bilateral negotiations with other governments --
usually on a reciprocal basis. Sccond, US-based airlines also operate in Latin
America.  The comparisons we seck arc facilitated by the fact that the Latin
Amecrican activitics of these U.S. carriers (under the name of “Latin American en-
titics”) arc scparatcly identified and reported to ICAQ.2* A third group of airlines,
which will not be included in this study, consists of [uropcan airlines flying in Latin
Amcrica and, to a lesser extent, airlines from other regions. This group is not in-
cluded in the present study because our main interest is in ascertaining the cffect
of international competition on performance and these additional airlines arc not
nceded for this purpose. In addition, securing data for the Latin American oper-

ations of this group of airlines proved to be extremely difTicult.

Airline regulation policies of most Latin American governments have been

very tight historically and, naturally, they have also been protective of their do-

24 Intcrnational Civil Aviation Organization --thc United Nations branch dealing with inter-
national aviation with headquarters in Montreal, Canada.
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mestic carriers. As onc ICAO study pointedly notes, these policies are “founded
upon the belief that market forces cannot be counted on to produce a proper bal-
ance between the supply and demand for services” (ICAO, 1983, p.X). Because of
the current focus on privatization as a possible strategy, the cfficiency impacts and
the potential gains (rom privatization will first be addressed without including the
U.S. carriers. Next the possible liberalization of the current policies will be ad-

dressed by including the latter (i.c. U.S.) carriers.

FFor dctailed study we usc the following model in place of the Cobb-

Douglas specification presented earlier in cquation (1)

(56) gy, =0"act e, i=1....n,

where y; =

I wheni = SOE
0 wheni = PRI

of course, y, ¢, [, f,a, o, f, and y are dcfined as in (1) and ¢, is the statistical error
term. ¢ is a dummy variable which, when estimated, will multiply the constant a.
Thus, il § > 1 -- which results when In § > 0 and is statistically significant -- then
SOlis arc morc cflicient; and if § < 1 -- which means that In é <0 and statistically
significant -- then privately owned airlines are more eflicient; finally, if é fails to
achicve statistical significance then SOL and privately owned airlines arc equally

cflicient.

This characterization of the behavior of the dummy variable follows from
the fact that the production function is otherwisc the same --i.c., it is an “industry

production {unction” -- for both classes of firms.2> We could also test whether the

25 See Malinvaud (1966) p. 517 {f. for a discussion of uscs of “industry production functions”
for statistical estimation.
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production functions differ between SO and privately owned airlines, of course,
but the above development is both simpler and morc in accord with our carlicr

discussions and so we here confine attention to this case.

I'or estimation purposes we usc logarithms to replace (56) with

(57 my=pmd+Ina+alng+finli+yinfi+lneg i=1,..,n

and this cquation provides a way to dctermine whether In é differs significantly from
zero. Application to the data from the Appendix gives rise the the results portrayed
in Table 4 when the regressions are estimated without and with efficiency adjusted

input values.

Ignoring the reappearance of a negative exponent for fuel when obscrved
rather than cfficiency adjusted data arc used, we note that tvpe of ownership ap-
pears as statistically signilficant. In this case SO@is arc expected to produce only
95% of the output that would be obtained by privately owned airlines with the
same inputs. The eflicicncy adjusted data, however, produce the opposite result,
1.c., no statistically significant difference due to ownership appears. As far as the
modecls of privatization being implemented in the Latin American Airline industry
1s concerned, these results would indicate that there is, indeed, a potential gain in
cfficiency (5%) steming {rom transferring the SOIis to private (national) domestic

individuals or groups.?

26 An analysis of the facet composition by ownership showed that the DEA efficient frontier
1s composed both by SOEs and private airlines. From the 88 DIEA models run employing
IDEAS, it was found that in average 53 % of the facet members were SOLs and 47 %
were private airlines. This result is consistent with the fact that therc is a single parametric
efficient production function both for SOEs and private enterprises.
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TABLE 4
OWNERSHIP DIFERENTIALS EMPLOYING DUMMY VARIABLES
LATIN AMERICAN BASED AIRLINES

(1) (2)
WITHOUT WITH
EFFICIENCY EFFICIENCY
ADJUSTMENTS ADJUSTMENTS

(Interior Point) (DEA/SF)
8 (Ownership Effect) 0.95 ** " 0.98
Constant 1.15 1.72 **
Capacity 0.91 *** 0.76 ***
Labor 0.07 * 0.15 %**
Fucl -0.01 0.08 ***
Rectums 1o Scale 0.98 0.99

*** Statistically significant at p < 0.001
' o “ p<0.05
* “ “ p<0.1
We nced to probe this result a bit further since, in a sense, these re-
gressions arc responding to diflerent questions.?” The regression without cfficiency

adjusted data 1s responding positively to the question of whether SOEs are less ef-

ficicnt than private airlines as they have all been operated. The DEA/SF regression

is responding to the question whether there are inherent efficiency differences when
all airhines are operated efficiently. In the terminology introduced by Charnes
Cooper and Rhodes (1978) -- in their discussion of the U.S. Office of Education
sponsorcd “Program Iollow Through,” where they distinguish between schools
participating and not participating in the Program -- we are distinguishing between

“program cfliciency” and “managerial efficicncy.”?® This distinction is not made by

27 See Charnes and Cooper (1990) on the need for attention to the way questions and inter-
pretations change when different methodologies are employed.

28 ‘T'his 1s analogous to the distinction in economics between the choice of an efficient tech-
nology and the efficicnt use of that technology.
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the regression in column (1) -- and cannot be madc without climinating or otherwise
controlling for managcrial inefficiencies, as we have done in column (2) by our use

of DEA.

Our development thus provides a new way to distinguish between these
types ol efliciency in order to focus on program cfficiency in contrast to the mixture
of managerial and program inefficiency that is reflected in the regression protrayed
in column (1) of Table 4. In sum, the comparison of state- and privatcly-owned
LLatin American airlines shows that therc arc potential efficicncy gains from better
management of thc SOE airlines, and one way of accomplishing this would be
through privatization following the VASP and Aeroméxico model which consists in

sclling the airline to private domestic individual or groups.

Proceeding in this manner lcads very naturally to other questions. One
such question is whether inclusion of other airlines, such as U.S. airlines with dif-
ferent modcs of operation, will produce other effects. The results of such an anal-
ysis are shown in Table 5 where equation (57) is employed but the dummy variable

0 is now indexed via

1 wheni = U.S.-bascd
(58) M=

0 wheni = Latin-based

As can be seen the situation in Table 5 reverses the one exhibited in Table
4. This time no statistically distinguishable difference is found between US-based
and Latin American-based carriers when unadjusted data are employed, and there
1s a statistically significant class effect when efficiency adjusted data are employed,
with the US-based carriers showing an efficient fronticr of operation lower (96%)
than that of Latin American carriers. This indicates an inhcrent competitive ad-

vantage of Latin- bascd airlines when compared with US-based airlines. However,
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TABLE 5
CLASS DIFERENTIALS EMPLOYING DUMMY VARIABLES
US-BASED AND LATIN AMERICAN BASED AIRLINES

(1) (2)
WITHOUT WITH
EFFICIENCY EFFICIENCY
ADJUSTMENTS ADJUSTMENTS
(Interior Point) (DEA/SF)
8 (CLASS EFFECT) 0.95 096 *
Constant 0.96* 097
Capacity 0.97 #+* 0.88 ==
Labor 0.02 0.06 ***
Fuel - 0.001 0.07 ***
Retumns to Scale 0.97 1.01

*** Statistically significant at p < 0.001
hdd " * p<0.05
* .- " p<0.1

this advantage has not been realized by the Latin American carriers, which apear

indistinguishable from the US carriers in their current level of operations.

At first these results appear to be counter intuitive since apriori it was
expected to find U.S. airlines to be more cflicient because of their greater f{leet
fiexibihty and larger size. It nceds to be remembered, however, that all of these
airlines operate 1n highly regulated environments. The regulations governing inter-
national air transport results from a myriad of bilateral agreements between gov-
ernments which reflect the interests of both parties. Our results suggest that the
current arrangement of regulations is more favorable for the Latin American air-
lines than to extra-regional (in this casc US) airlines. In fact, the main purposc of
somc of the regulatory mechanisms currently in place such as restrictions in flight
frequency and airplane size, in freedom to set farcs and rates and other so called

“freedoms of the air,” is to protect the relatively smaller Latin American airlines



from the potentially overwhelming strength of larger international carriers. More-
over, the fact that these regulations differ from one country to another introduccs

additional impediments to the operations of international carriers.

In the case of Table 4 we were able to cxplain the fact that the unadjusted
and cfTiciency adjusted data were directed to different questions. Ilerc we can ex-
ploit the availability of both results to show how they can be used in complemen-
tary fashion. Thus we observe that without the efficicncy adjustments no
statistically significant difference emerges in the case of Column (1) in Table 3.
We thus conclude that in actual operations these carriers have all adjusted to one
another with inefficiencies exhibited for both U.S. and Latin American carriers in
our DEA adjustments. The fact that the significant difference between U.S. and
Latin American carriers exhibited in column (2) does not also emerge in column (1)
mcans that these opportunities have not been [ully exploited by the latter -- cven
as domestically sheltered carriers in each of their countries. To help reinforce this
interpretation we finally need to note that these data are all gencrated from activ-

ities conducted under these regulations.

It would be of interest to carry the analysis further to examine what might
be expected by removal or alterations of these differing (by country) air transport
regulations.?® Instead we simply note that the issuc of de-rcgulation is at least as
important (and possibly more important) than the issues of privatization and/or the
mergers or alliances with international airlines that are currently being considered
both by airline managements and government oflicials in the countries involved in

our study.

29 Sec Sinha (1991), for a “moving frontier analysis” in the confext of a secmiconductors
manufacturing plant.
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Our analysis has shown that under the current regulatory framework the
cflicient production frontier of Latin American airlines is higher than that of U.S.
airlines operating in the region. Indeed, under fully efficient operations, U.S. air-
lines producc only 96 % of the output that can be obtaincd by Latin-Amecrican
airlines from the same inputs. For this rcason it appecars that thc model of
privatization f{ollowed by Lan-Chile, which consists in associating with a large
international carricr may not be conducive to gains in efliciency, if the current reg-

ulatory environment is maintained.

The analysis performed thus far has therefore served not only to ascertain
specific characteristics of production functions and rclative efficicncies by classes
of firms in the Latin American airline industry, but it has also offered possibilities
for addressing alternate questions that DEA/SE can offer when used both singly
and in combination with interior point causal regressions. In the process we have
cast light on current strategies being {ollowed such as “privatization” and have also
indicated the need for broadening the strategies to be considered by reference to the

regulatory framework that is currently in place.

10.TECHNOLOGICAL CHANGE

In Gallegos (1991) DEA 1is used to check (and extend) the above findings
by moving to the case of two outputs -- passengers and frcight -- to ascertain what
cffects, if any, this may have on the results to this point. Ilere we proceed to check
the validity of the methods used in this chapter in a different manner by applying
our modcls and methods to see whether they produce results that are consistent
with the fact that the airlines we arc studying were moving to more fuel cfTicient

planes.
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For this purpose we divide our data into two sub-periods: 1981-1984 and
1985-1988. Applying our Cobb-Douglas model (1) to the data for our 17 airlines,
as given in the Appendix, we obtain the results that arc shown in Table 6, both for

unadjusted and efficiency adjusted input data.

Evidently the value of y, the output elasticity for fuel, incrcases for both
cases -- i.e., with and without the efficiency adjustments -- in going from the earlier
to the later period. The technological change reflected in these increases for the
output clasticity for fuel is not "Iicks neutral.” The capital (= capacity) to labor
ratio increases when going from the carlier to the later periods in all cases, so that
these technological innovations have been “labor saving” in this sense. In this case
we also have a direct measure of technological change (as such) in the form of the
marked increasc in the output elasticity {or fuel. Against this explicit measure of
technological change, we can get another view by noting that the other output
elasticities all decrease, as shown by the numerical values of the capacity/fucl and
labor/fuel ratios, where, as seen at the bottom of Table 6, the labor to fuel ratio

decreases more than the ratio for capacity to fuel.

The fact that the Allen elasticity of substitution for a Cobb-Douglas
function is always unity makes it unprofitable to pﬁrsue this topic further. What
we can say, however, is that the introduction of these more fuel efficient planes was
accompanied by other changes which lowered the productivity of both labor and
capacity with more effect on the former that the latter. From this one may con-
clude that there is less need for labor (e.g. maintenance labor) and less need for
capacity (possibly because of stepped up flight schedules). In any case our models

all reflect the known appearance of more fucl efficient planes between the two pe-
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TABLE_ 6
STRUCTURAL CHANGES IN THE COMPOSITION OF THE PRODUCTION
FUNCTION - ALL LATIN AMERICAN AND US AIRLINES COMBINED

1981- 1984 1985- 1988
(1) (2) 3 @)
Without With CCR Without With DEA
Efficiency Efficiency Efficiency Efficiency
Adjustment Adjustment Adjustment Adjustment
(DEASE (DEA/SE)
Constant 0.84 1.31%* 0.97 1.39%*
Capacity 0.93%** 0.80*** 0.88%%* 0.74%%*
Labor 0.06%** 0.10*** 0.03** 0.06%*%*
Fuel -0.01 0.08%%* 0.07*+ 0.19%%*
Returns to scale 0.98 0.98 0.98 0.99
R2 0.990 0.997 0.991 0.996
Condition Number 90 97 93 105
DW 1.07 1.86 1.30 2.40
Number of
Obscrvations 68 68 66 66
Ratios of Parameters
Capacity/Labor 15.5 8.0 29.3 12.3
Capacity/Fuel n.m. 10.0 12.5 39
Labor/Fuel n.m. 1.25 0.43 0.31

*** statistically significant p<  0.001
** " " p< 0.05
* " . " p<.0.1
n.m. not meaningful

30 Note also the consistency of the retumns to scale in all of our analyses. That is all the ev-
idence points toward the Latin American airline industry as one which operates with
constant returns to scale, or very close to it. This result is quite robust, and was obtained
employing both various forms of DEA/SF and “interior point” specifications, and em-
ploying various methods of estimation such as goal programming/constrained regressions
(sce Table 1), a form of the gencralized linear model (see Table 3.), and dummy variables
(sce tables 4 and 5).
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1'1. SUMMARY AND CONCLUSION

This paper has presented some new approaches for estimating stochastic
frontier production {unctions and has shown how thesec models and methods can
be brought bear on issues of both public and managerial policy in new and inter-
esting ways. [For instance, our results comparing state- and privately-owned airlines
(in Table 4) showed that even though a statistically significant difference appcars
that reflects the way these two classes of airlines have been operated, it is never-
theless the case that this difference is not inherent. In particular if both classcs of
airlines (SOE and private) are opcrated efficiently, this difference is eliminated (sce

Table 4).

We related the latter development to the distinction between “managerial
cfliciency” and “program cfliciency” introduced by Charnes, Cooper and Rhodes
(1978). Here the program difference takes the form of “SOE" vs. “privately owned”
airlines as representing the different “programs” after eliminating the managerial
inefTiciencies observed in each program. Charnes, Cooper and Rhodes accom-
plished their program efficiency vs. managerial efficiency comparisons by separat-
ing the two programs in public school education they were considering and
eliminating the managerial mneflicicncies in cach -- after which each of the two re-
sulting program fronticrs could be compared to obtain a program (as distinct {rom
a managerial) eflicicncy evaluation. We could have followed the same route in our
analyses since we had alrcady effected the DEA computations. We proceeded via
a dilferent route, however, to introduce a new possibility for accomplishing this
type of comparative analysis by first eliminating all managerial inefliciencies and
then using dummy variables, as in a customary statistical analysis, to determine

whether significant differences emerged. By doing so we have provided access to
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statistical inference procedures and tests of significance which are not available in

the route followed by Charncs, Cooper and Rhodes (1978).

This was accomplished, of course, without eliminating opportunitics like
those suggested by Charnes Cooper and Rhodes (1978). For instance, our uscs of
DEA still allow us to identify cfficient and incflicient managers operating within
cach class of airlines. In addition to making it possible to see where corrections
might be uscd within each “program” (SOE or private enterprise) with resulting
prospects of improvement, we can also uncover possibilities for switches in which
cfficient managers might best be transferred to produce even more efficient

program-manager combinations.

These are possibilitics that might be added to the current privatization vs.
not-privatization alternatives that arc currently being considered by a number of
Latin American governments. Our discussion of Table 5 suggested still further
possibilitics in which deregulation for both public and privately owned airlines
needs to be added to the sct of alternative strategics to be considered for improving
efficiency. Our introduction of new mcthods of analysis and control have thus
brought these possibilitics into view with accompanying statistically supported cvi-

dence to warrant their consideration.

What is especially satisfying from our point of view is that the supposed
conflict between statistics and cconotnics -- c.g. as in our quoted statements {rom
Afriat (1972) and Varian (1990) -- scems to have disappcared in the above analyses.
Indeed, the results obtained became increasingly satisfactory from an cconomics
standpoint when statistical refinements were introduced by going from ordinary

least squares to the generalized linear model of Fuller and Batesse (1974).

Reference to the appendix makes it clear that our focus on input cfficiency

adjustments differs from the other approaches to stochastic frontier analyses which
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have focussed on output cfliciencies. The usc of “composed error” terms in the
latter publications have assumed that both statistical and managerial errors are to
be found only in the observed outputs. In a sense we have returned to the earlier
work of Feldstein (1968) who also focused on input inefliciencies in his study of
British hospitals. Of course, Feldstein did not have access to procedures like DEA
and hence used OLS (and like) approaches with troubles similar to those we en-

counterced with those same approaches when using unadjusted data.?!

Feldstein, we might add, also distinguished between input inefficiencies
and “productive” usc of inputs. Stated differently, this distinction allows for inefli-
cicncy in output resulting from a poor use of efficient amounts (and mixes) of in-
puts. To deal with possibilitics of output as well as input inefficiency it would be
necessary to apply onc or more of the composed error approaches that now appear
in the literature -- See Appendix E in Gallegos (1991) -- and to use them in com-
bination with efliciency adjusted input values like those we have described.3? It was
not necessary to conduct such analyses here, however, since evidence of such out-
put inefficiency was not present in the single output model that we arc analyzing
in this chapter.3 Indeed, as the Appendix shows, no non-zero slack appearcd in the
BCC-DEA analysis for any airline in any year covered by our data and this is con-
sistent with our statistical regressions which generally showed constant or slightly

decreasing returns to scale.

31 Actually Feldstein noted the work by Farrel (1957), which is the basis for DEA, but re-
jected 1t in favor of the statistical approaches he used.

32 See Cornwell, Schmidt and Sickles (1990) for an up-to-date treatment in the context of a
stochastic frontier study of US airlines.

33 Sce Gallegos (1991), Chapter IV which extends these analysis of output inefficiencies and
shows how the latter appear in the context of a two-output DEA model.
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We have now shown how our analyscs can be used as an altcrnative or in
combination with customary statistical approaches to yield new questions and ob-
tain new insights into both managerial and public policy problems. This comple-
mentary sue of DEEA and statistical regressions does not exhaust the possibilities,

however, since as shown in Gallegos (1991) they can be extended and used to cross

check their respective results.
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APPENDIX A

BASIC DATA FILES, EFFICIENCY ADJUSTMENTS AND DEA
RESULTS
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TABLE ~ 1

INPUTS AND OUTPUTS - LATIN AMERICAN BASED AIRLINES

OUTPUT UNADJUSTED INPUTS CCR EFFICIENCY ADJUSTED INPUT!

TON-KM LABOR FUEL CAPACITY  LABOR FUEL CAPACITY

PERFORMED  (# of (Thous. (Ton-KM (# of {Thous. {Ton-KM
Employees US $) Available) Employees US $) Available)

(1) (2) (3) (4) " (5) (6) (7)

AMEX81 661,213 10,532 36,264 1,115,570 9,036 32,505 899,930
AMEX82 633,889 10,800 40,936 1,148,781 10,722 40,642 1,137,307
AMEX83 * 715,514 10,703 52,416 1,230,262 10,703 52,416 1,230,262
AMEX84 * 802,602 11,700 62,953 1,413,615 11,700 62,953 1,413,615
AMEX8S 836,012 11,548 89,434 1,473,836 7,248 89,381 1,472,966
AMEX86 774,424 11,688 75,3563 1,392,741 8,427 68,737 1,270,458
AMEX87 724,250 12,524 84,570 1,382,357 7,326 69,695 1,139,214
AMEX88 363,549 3,752 35,621 706,566 3,330 31,610 627,014
ARGEBS1 768,720 10,176 365,574 1,588,697 7,352 236,028 1,147,849
ARGES82 649,848 9,835 237,991 1,417,993 7,169 170,796 1,033,646
ARGES3 645,480 9,822 291,098 1,386,259 7,935 144,365 1,119,845
ARGE84 757,875 10,303 106,047 1,320,666 9,677 99,608 1,240,475
ARGEB85 765,795 10,276 146,546 1,432,758 7,728 117,682 1,150,562
ARGEB86 801,754 10,323 110,685 1,363,462 8,980 96,285 1,186,076
ARGES87 874,234 10,283 109,586 1,491,265 8,810 94,957 1,292,196
ARGESS8 882,954 10,372 140,290 1,430,859 8,920 111,871 1,230,524
ECUAB1 111,086 1,055 29,210 187,307 986 27,306 175,096
gEcuasz 100,054 1,023 20,028 168,252 1,023 20,028 168,252
ECUA83 77,882 1,045 12,249 154,439 938 10,993 138,598
ECUA84 * 98,202 1,010 12,617 208,618 1,010 12,617 208,618
ECUAS8S * 119,804 988 11,124 220,665 988 11,124 220,665
ECUAS86 * 137,771 1,088 11,098 269,056 1,088 11,098 269,056
ECUA87 147,862 1,165 12,935 297,142 1,044 11,586 266,159
ECUA88 148,686 1,187 11,001 289,335 1,138 10,557 277,666
LCHiB1 * 256,733 1,423 63,678 468,803 1,423 63,678 468,803
LCHIB2 * 209,938 1,487 46,529 405,690 1,487 46,529 405,690
LCHI83 * 169,337 1,372 32,788 325,350 1,372 32,789 325,350
LCHIB4 = 173,633 1,046 30,835 320,817 1,046 30,935 320,817
LCHI8s * 190,631 851 31,600 347,580 851 31,600 347,580
LCHIBE * 220,794 1,013 26,600 381,196 1,013 26,600 381,196
LCHI87 * 259,854 1,028 26,850 443,207 1,028 26,950 443,207
LCHig8 * 310,889 1,261 31,670 513,098 1,261 31,670 513,098
MEXI81 * 843,804 11,555 38,775 1,280,848 11,555 38,775 1,280,848
MEXi82 * 701,821 11,857 43,627 1,257,990 11,957 43,627 1,257,990
MEXI83 ~ 860,876 11,882 68,486 1,495,183 11,882 58,486 1,495,193
MEXI184 812,735 12,439 72,77t 1,703,551 11,530 67,453 1,458,348
MEXI85 855,541 13,117 110,576 1,750,772 7,502 94,234 1,492,025
MEXI86 834,460 13,759 102,226 1,764,630 9,140 78,070 1,347,648
MEXI187 902,437 14,615 116,781 1,760,357 9,366 91,419 1,378,043
MEX188 999.074 13,027 108,938 1,744,491 10,048 100,305 1,606,240
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OUTPUT UNADJUSTED INPUTS CCR EFFICIENCY ADJUSTED INPUT:

TON-KM LABOR FUEL CAPACITY  LABOR FUEL CAPACITY

PERFORMED (# of {Thous. {Ton-KM (# of {Thous. (Ton-KM
Employees US $) Available) Employees US $) Available)

(1) (2) (3) (4) (5) (5) (7)

PERUB1 110,554 1,567 23,449 247,810 1,121 16,781 177,338
PERU82 100,332 1,489 17,757 208,496 1,255 14,970 175,777
PERU8B3 109,627 1,695 21,604 227,137 1,418 18,069 189,971
PERUSB4 109,984 1.685 25,816 225,133 1,256 19,245 167,825
PERUSS5 100,485 1,681 21,322 208,942 1,013 15,419 151,098
PERUS6 126,570 1,669 22,379 230,428 1,307 17,519 180,384
PERUS7 147,188 1,691 25,675 254,066 1,416 16,981 212,717
PERUSBS 133,018 1,763 44,081 233,314 1,387 17,047 183,546
AVIA81 552,870 8,887 113,923 967,210 6,874 88,114 748,089
AVIAB2 568,288 8,723 109,845 1,003,727 7,777 97,935 894,893
AVIAB3 546,013 8,842 107,778 965,148 8,106 100,982 904,286
AVIiA84 543,486 5,990 94,211 889,703 §,837 91,811 867,033
AVIA8S 496,666 5,268 86,493 815,326 4,829 79,291 747,434
AVIAB6 477,310 5,177 77,589 813,967 4,433 66,443 697,041
AVIAB7 457,450 5,014 62,942 777,805 4,293 52,557 666,019
AVIA88 438,904 6,285 64,967 701,085 5,086 55,929 603,557
CRUZ81 207,776 4,238 53,452 407,602 2,652 31,315 276,884
CRUZ82 206,134 4,098 46,504 384,769 2,743 38,451 318,139
CRUZ83 200,590 4,061 35,324 399,456 2,985 29,746 336,374
CRUZ84 200,243 3,672 28,963 405,539 2,712 23,591 330,320
CRuUZsSs * 222,193 3,513 20,286 459,326 3,513 20,296 459,326
CRuUZ86 * 317,302 3,296 17,603 576,725 3,296 17,603 576,725
CRUZ87 * 310.390 2,535 18,215 593,789 2,535 18,215 593,789
CRuUZ88 * 299,212 2,257 16,751 595,398 2,257 16,751 595,398
LACS81 * 77,796 993 11,725 103,672 983 11,725 103,672
LACS82 * 86,144 1,086 18,077 128,928 1,086 18,077 128,928
LACS83 * 74,379 1,100 17,965 120,801 1,100 17,965 120,801
LACS84 = 85,427 951 17,892 118,714 951 17,892 118,714
LACS85 * 89,357 944 15,120 126,552 944 15,120 126,552
LACS86 ~ 86,997 1,028 13,198 113,586 1,028 13,198 113,586
LACS87 * 98,077 1,107 11,652 134,217 1,107 11,652 134,217
LACSS88 * 120,310 1,443 16,196 158,002 1,443 16,196 158,002
LADES81 * 55,810 485 19,519 85,783 485 19,519 85,783
LADE82 * 49,951 481 15,486 83,633 481 15,486 83,633
LADES3 45,540 474 14,403 89,339 446 9,370 84,072
LADES84 53,754 485 16,867 103,465 424 10,188 80,372
LADEBS 52,684 490 15,143 101,661 408 8,831 84,558
LADEBB 54,036 509 12,786 101,032 420 7,252 83,294
LADES7 66,093 658 14,120 126,690 523 7,393 100,701
LADESS8 94,089 1,044 13,491 187,001 807 10,430 144,576
VARI81 1,273,239 16,793 289,675 2,500,518 13,047 225,060 1,842,752
VARI82 1,374,576 17,553 288,769 2,666,124 15,303 251,760 2,324,434
VARI83 1,312,406 16,745 244,201 2,623,762 15,023 219,087 2,353,934
VARI84 1,507,168 17,557 240,001 2,832,823 15,983 218,480 2,578,804
VARI85 1,624,870 19,383 232,733 2,088,422 15,134 208,112 2,672,277
VARI86 1,863,740 20,943 228,706 3,373,076 18,383 200,749 2,960,751
VARI87 1,882,317 23,356 227,767 3,558,728 19,141 186,662 2,916,484
VARI88 2,074,093 24,179 234,845 3,896,766 20,588 203,446 3,375,768
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TABLE 2
INPUTS AND OUTPUTS - LATIN AND US BASED AIRLINES

QUTPUT UNADJUSTED INPUTS CCR EFFICIENCY ADJUSTED INPUTS
TON-KM LABOR FUEL CAPACITY LABOR FUEL CAPACITY
PERFORMED  (# of {Thous. (Ton-KM (# of (Thous. (Ton-KM
Employees USS) Available) Employees US$) Available)
(1) (2) (3) (4) (5) (6) (7)
AMEX81 661,213 10,532 36,264 1,115,570 9,036 32,505 999,930
AMEX82 633,889 10,800 40,936 1,148,781 10,692 40,525 1,137,259
i AMEX83 715,514 10,703 52,416 1,230,262 10,703 52,416 1,230,262
: AMEX84 802,602 11,700 62,953 1,413,615 11,700 62,953 1,413,615
AMEX85 836,012 11,548 89,434 1,473,836 7,248 89,381 1,472,966
AMEX86 774,424 11,688 75,353 1,392,741 8,427 68,737 1,270,458
AMEX87 724,250 12,524 84,570 1,382,357 7.326 69,695 1,139,214
AMEX88 363,549 3,752 35,621 706,566 483 31,189 618,662
ARGESt 768,720 10,176 365,574 1,588,697 7,352 236,028 1,147,849
ARGES82 649,848 9,835 237,991 1,417,993 7,094 135,817 1,022,841
ARGES3 645,480 9,822 291,098 1,386,259 7.661 147,717 1,081,324
ARGES4 757,875 10,303 106,047 1,320,666 9,615 98,962 1,232,432
ARGES85 765,795 10,276 146,546 1,432,758 7,728 117,682 1,150,562
ARGEBS 801,754 10,323 110,685 1,363,462 8,972 96,204 1,185,080
ARGESB7 874,234 10,283 109,586 1,491,265 8,910 94,957 1,292,196
ARGEBS 882,954 10,372 140,290 1,430,859 8,862 110,951 1,222,526
ECUAS81 111,086 1,055 29,210 187,307 966 26,753 171,553
ECUAB2 100,054 1,023 20,028 168,252 1,006 19,686 165,380
ECUAB3 77,882 1,045 12,249 154,439 911 10,676 134,609
ECUA84 98,202 1,010 12,617 208,618 878 10,966 175,213
ECUAS8S 118,904 988 11,124 220,665 988 11,124 220,665
ECUAB6 137,771 1,088 11,098 269,056 1,003 10,230 248,008
ECUA87 147,862 1,165 12,935 297,142 1,044 11,586 266,159
ECUAS88 148,686 1,187 11,001 289,335 648 10,461 275,126
LCHI81 256,733 1,423 63,678 468,803 1,348 60,318 444,064
LCHI82 209,938 1,487 46,529 405,690 1,372 42,917 374,200
LCHI83 169,337 1,372 32,7889 325,350 1,262 30,155 299,211
LCHI84 173,633 1,046 30,935 320,817 957 28,293 293,419
LCHI8S 190,631 851 31,600 347,580 785 29,137 320,486
LCHI86 220,794 1,013 26,600 381,196 976 25,617 367,107
LCHI87 259,854 1,028 26,950 443,207 1,028 26,950 443,207
|L.CHiI88 310,889 1,261 31,670 513,098 1,227 30,400 499,388
MEXI81 843,804 11,555 38,775 1,280,848 11,555 38,775 1,280,848
MEXI82 701,821 11,957 43,627 1,257,890 11,957 43,627 1,257,990
MEXI83 860,876 11,882 58,486 1,495,193 11,882 58,486 1,495,193
. MEX184 812,735 12,439 72,771 1,703,551 11,374 66,540 1,433,379
; MEXi85 855,541 13,117 110,576 1,750,772 7,502 94 234 1,482,025
MEXI86 834,460 13,759 102,226 1,764,630 9,140 78,070 1,347,648
MEXIB7 902,437 14,615 116,781 1,760,357 9,366 91,419 1,378,043
l MEXI88 899,074 13,027 108,938 1,744 491 4,312 99,380 1,591,429
! PERUS81 110,554 1,567 23,449 247,810 1,081 16,181 170,999
l PERUSB2 100,332 1,489 17,757 208,496 1,233 14,7086 172,672
| PERUS3 109,627 1,695 21,604 227,137 1,391 17,726 186,364
i PERU84 109,984 1,685 25,816 225,133 1.244 19,059 166,209
I
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QUTPUT UNADJUSTED INPUTS CCR EFFICIENCY ADJUSTED INPUTS
TON-KM LABOR FUEL CAPACITY LABOR FUEL CAPACITY
PERFORMED  (# of (Thous. (Ton-KM (# of (Thous. {Ton-KM
Employees US$) Available) Employees US§) Available)
(1) (2) (3) (4) (5) (6) (7)

PERUSS 100,485 1,681 21,322 208,942 1,013 15,419 151,098
PERUSB6 126,570 1,669 22,379 230,428 1,297 17,391 179,068
PERUSBY 147,188 1,691 25,675 254,066 1,416 16,981 212,717
PERUSS 133,018 1,763 44,081 233,314 1,379 16,918 182,557
AVIAS81 552,870 8,887 113,923 967,210 6,862 87,970 746,870
AVIAB2 568,288 8,723 109,845 1,003,727 7,775 97,904 894,612
AVIA83 546,013 8,842 107,778 965,148 8,106 100,982 904,286
AVIA84 543,486 5,990 94,211 889,703 5,706 89,751 847,584
AVIABS 496,666 5,268 86,493 815,326 4,792 78,681 741,686
AVIAB6 477,310 5177 77,588 813,967 4,375 65,672 687,900
AVIA87 457,450 5,014 62,942 777.805 4,293 52,5657 666,019
AVIABS 438,904 6,285 64,967 701,085 4,551 55,820 602,379
CRUZ81 207,776 4,238 53,452 407,602 2,652 31,315 276,884
CRUZ82 206,134 4,098 46,504 384,769 2,743 38,451 318,139
CRUZ83 200,590 4,061 35,324 399,456 2,985 29,746 336,374
CRUZ84 200,243 3,672 28,963 405,538 2,712 23,591 330,320
CRUZ85 222,193 3,513 20,296 459,326 3,513 20,296 459,326
CRUZ85 317,302 3,296 17,603 576,725 3,296 17,603 576,725
CRUZ87 310,390 2,535 18,215 593,789 2,535 18,215 593,789
CRUZ88 299,212 2,257 16,751 595,398 2,257 16,751 585,398
LACSS81 77,796 993 11,725 103,672 993 11,725 103,672
LACS82 86,144 1,086 18,077 128,928 1,086 18,077 128,928
LACSS83 74,379 1,100 17,965 120,801 1,100 17,965 120,801
LACS84 85,427 951 17,892 118,714 951 17,892 118,714
LACS85 89,357 944 15,120 126,552 944 15,120 126,552
LACSS86 86,997 1,028 13,198 113,586 1,028 13,198 113,586
LACS87 98,077 1,107 11,652 134,217 1,107 11,652 134,217
LACS88 120,310 1,443 16,196 158,002 1,443 16,196 158,002
LADES81 55,810 485 19,519 85,783 485 19,519 85,783
LADES82 49,951 481 15,486 83,633 472 10,403 81,995
LADES3 45,540 474 14,403 89,339 416 9,882 78,463
LADEB84 53,754 485 16,867 103,465 391 10,236 83,475
LADESS 52,684 490 15,143 101,661 390 8,588 81,006
LADESB6 54,036 509 12,786 101,032 407 7.331 80,794
LADE8?7 66,093 658 14,120 126,690 523 7,393 100,701
LADESS 94,089 1,044 13,491 187,001 608 10,283 142,528
VARI81 1,273,239 16,793 289,675 2,600,618 12,672 218,586 1,886,866
VARI82 1,374,576 17,553 288,769 2,666,124 15,081 248,096 2,290,600
VARI83 1,312,406 16,745 244,201 2,623,762 14,449 210,714 2,263,966
VARI84 1,507,168 17,5657 240,001 2,832,823 15,442 211,090 2,491,581
VARI85 1,624,970 19,383 232,733 2,988,422 15,134 208,112 2,672,277
VARI86 1,863,740 20,943 228,706 3,373,076 18,248 199,281 2,939,096
VARI87 1,882,317 23,356 227,767 3,658,728 19,141 186,662 2,916,484
VARI88 2,074,083 24,179 234,845 3,896,766 7,889 201,445 3,342,568
AMERS81 366,023 916 80,166 704,300 897 78,543 690,038
AMERB82 340,408 768 69,668 670,688 768 69,668 670,688
AMERS3 352,904 930 66,602 648,208 930 66,602 648,208
AMERS84 358,004 874 59,619 629.326 874 59,619 629,326
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OUTPUT UNADJUSTED INPUTS CCR EFFICIENCY ADJUSTED INPUTS

TON-KM LABOR FUEL CAPACITY LABOR FUEL CAPACITY

PERFORMED  (# of (Thous. (Ton-KM (# of (Thous. (Ton-KM

Employees US $) Available)} Employees US$) Available)

(1) (2) {3) (4} (5) (8) (7)

AMERS5 374,594 848 57,236 650,156 848 57,236 650,156
AMERS3 413,027 973 48,026 712,184 g73 48,026 712,184
AMERS87 463,989 1,471 53,719 830,306 1,449 47,860 817,611
AMERSS 503,370 1,619 53,857 920,699 1,456 46,789 827,920
CONT81 21,820 61 6,228 50,553 50 5,021 41,225
CONTS82 22,459 87 6,076 55,914 ‘68 4,605 43,473
CONTS83 49,071 72 11,432 106,798 72 11,432 106,798
CONT84 56,731 91 11,644 117,669 91 11,644 117,669
CONTS8S 67,507 101 10,748 134,685 101 10,748 134,685
CONTS5 81,897 113 8,624 146,578 113 8,624 146,578
CONT87 130,391 361 13,123 241,805 356 12,830 238,243
CONTS88 220,194 1,133 16,972 414,950 774 16,330 399,257
DELTS81 57,477 174 12,835 112,573 165 12,200 107,004
DELT82 63,149 168 14,049 133,189 156 12,931 123,794
DELTY83 66,542 162 11,469 122,656 162 11,469 122,656
DELT&4 77,260 139 11,878 140,088 139 11,878 140,088
DELT85 81,610 151 14,194 165,119 143 12,804 155,902
DELTS8S 88,164 136 9,859 167,767 128 9,344 157,414
DELTST 165,681 68 16,786 322,394 68 16,786 322,394
DELTS8 221,135 251 18,776 377,866 251 18,776 377,866
EASTS81 299,960 532 66,185 575,075 532 66,185 575,075
EASTS2 360,684 1,520 81,852 746,044 1,394 74,109 684,100
EAST83 491,134 1,409 99,818 910,344 1,394 83,121 800,367
EAST84 464,755 2,126 113,763 889,616 1,877 81,063 785,522
EASTSS 453,010 1,388 97,460 851,446 1,267 69,696 776,944
EASTSE6 473,012 1,218 78,981 889,777 1,116 55,009 815,525
EAST87 572,923 1,227 92,740 1,111,587 1,161 58,672 1,052,073
EASTS8 567,606 1,365 80,348 1,078,705 1,202 50,746 949,606
PNAMB1 780,640 3,539 155,999 1,485,757 3,374 148,734 1,416,565
PNAMS32 706,900 3,482 147,262 1,482,833 3,184 134,665 1,355,991
PNAMS3 590,424 3,093 127,845 1,258,631 2,623 108,410 1,067,294
PNAMB4 571,505 2,990 103,263 1,061,905 2,735 94,455 971,325
PNAMBS 549,896 2,465 97,249 1,086,712 2,114 83,395 931,899
PNAMBS 847,028 2,961 100,513 1,642,322 2,658 90,244 1,474,526
PNAM87 878,362 3,087 111,199 1,780,108 2,698 90,572 1,550,777
PNAMS38 932,369 3,223 103,359 1,677,939 2,929 87,730 1,525,045
WEST81 159,436 1,014 32,271 318,251 892 28,404 280,115
WEST82 91,383 650 21,043 214,832 521 16,872 172,248
WEST83 87,819 534 19,482 209,088 453 16,526 177,367
WEST84 100,981 549 18,689 226,357 435 14,809 179,363
WEST85 96,829 512 17,667 204,978 412 14,226 165,059
WEST86 83,262 474 10,486 178,514 428 9,477 161,330
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TABLE 3
“1* TESTS FOR THE DIFFERENCE BETWEEN

MEAN EFFICIENCY RATINGS
GROUPS Number | Mean, Standar| tvalue ps|y|
of Cases d Error

SOE - Latin American 48 .884 .013 | -057 0.57
Privately-owned Latin American 40 .895 .014
SOE - Latin American 48 .884 013 | -2.82 .006 **
USA -owned 46 .930 .010
Privately-owned Latin American 40 895  .014 | -2.08 0.041
USA - owned 46 .930 .010 ok
Combined SOE & Pri Latin Am. 88 .389 010 | -275 0.007
USA - Owned 46 .930 .010 **

*¥* Statistically significant at P < 0.001
** * “ P <0.05
* (13 (13 P < O.l




TABLE 4

SLACK INFORMATION

CCR MODEL SLACKS

BCC MODEL SLACKS

Personnel

1)

Fuel

‘(2)

Capacity

(3)

Ton-Km
Pertormed

'(4)

Personnel

(5)

Fuel

(6)

Capaéity

7)

AMEX81
AMEX82
AMEX83
AMEX84
AMEX85
AMEX86
AMEX87
AMEX88
ARGES81
ARGES82
ARGES3
ARGES84
ARGES85
ARGEB86
ARGES87
ARGES8
ECUASB1
ECUA82
ECUAB3
ECUAB4
ECUAS8S
ECUAB6
ECUAB?
ECUA88
LCHI81
LCHI82
LCHI83
LCHI84
LCHI85
LCHI86
LCHI87
LCHI88
MEXI81
MEXI82
MEXI83
MEX!84
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MEXI86
MEXI|87
MEXI88
PERUS1
PERUS82
PERUS3
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CCR MODEL SLACKS BCC MODEL SLACKS
Personnel Fuel Capacity Ton-Km Personnel Fuel Capacity
Performed
(1) (2) (3) (4) '(5) '(6) 7
AVIA8B1 0 0 0 0 117 69,702 ]
AVIAB2 0 0 0 0 o] 0 0
AVIA83 178 0 0 o] 419 61,321 0
AVIAB4 0 0 0 0 0 0 0
AVIA85 0 0 0 0 0 o] 0
AVIAB6 0 0 0 o] 0 13,709 0
AVIA87 0 1,339 0 0 o] 6,183 0
AVIA88 325 o] 0 0 1,607 0 0
CRUZ81 227 4,995 0 (o] 370 23,475 0
CRuUZ82 645 0 0 o] 705 980 0
CRUZ83 434 0 0 0 458 5,249 0
CRUZ84 279 (o] o 0 0 0 0
CRUZ85 0 0 0 o] 0 0 0
CRUZ85 0 o] o] 0 0 0 0
CRUZ87 0 o] 0 0 0 0 o]
CRUZ88 o] 0 o] 0 0 0 0
LACS81 0 0 0 o] 0 0 o]
LACS82 0 o] 0 0 0 o] 0
LACS83 0 0 o 0 0 o] 0
LACS84 0 0 o] 0 0 0 0
LACS8S 0 0 (o] 0 0 0 0
LACSS8S6 0 o] 0 0 0 0 0
LACS87 0 o] o] 0 o] 0 (]
LACSS88 0 0 0 0 0 0 0
LADES1 0 0 o] 0 o] 0 0
LADEB2 0 0 o] 0 o] 0] 0
LADES3 o] 4,184 0 0 0 0 0
LADES84 0 4,544 0 0 0 o] 0
LADESBS 0 3,765 0 0 0 0 0
LADES6E o] 3,289 o] 0 0 0 0
LADES? 0 3,830 o] 0 0 0 0
LADES8 0 0 0 0 0 0 0
VARI81 0 0 0 o} 0 0 0
VARI82 0 0 0 0 0 0 0
VARI83 0 0 0 0 0 o 0
VARI84 0 0 0 0 404 0 0
VARI85 2,199 o] 0 0 0 o] 0
VARI86 0 0 o] o] o] 0 0
VARI87 0 o] o 0 0 0 0
VARI88 358 o] 0 o] o] 0 0
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APPENDIX B

A SUMMARY OF STOCHASTIC FRONTIER STUDIES

Farrel (1937)

Scope: Agricultural Production in the 1.S., 1952.

Model: Cobb-Douglass

N= X777
where:
A = output, Xi = inputs (labor, land, and capital), and ¢ = statistical crror.
Error term assumptions
£ ~ N0, 0?)
Assumptions about the independent variables

- “All inputs and outputs are corrcctly measured.” (p.254).
- Admits “small error of obscvation” (p.263).

Estimation Methods
- 0OLS
Comments

- Error terms discussed by J.A.C. Brown (p.287), and Varrel referred to it as
a "knotty little problem” (p.290).

- Discusses the method ol estimation from a statistical point of view (p.263).
- Dstimates “best practice” paramctric fronticr emploving 100% clficient
DMUs only.

- Having only 9 fully cfficicnt obscrvations he states “the the paraphernalia
of regresion analysis is clearly unjustified” (p. 277). Nevertheless he estimates
the “best practice” {rontier for illustration purposes.

Aigner, Amemiya, and Poirier (1976)
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Scope: Ui§ mctals industry and artificial data.

NModel: Cobb-Douglas

T 7 I Y
.XO == .\| .\2 _\}' £
where:

Xy = output, x; = inputs, i = 1, 2, 3, & arc the parametcrs to be cstimated and
¢ 1s statistical error.

Error term assumptions

Different weights are assumed for positive and negative residuals.

[ ck . ek
5,-:1*—————— ir e¥>0

J1—0 NG

il g+ <0

where:
e~ N0, 067 for 0 <O <] and e¥~ truncated normal (with mecan
+0.798 sigma, and variance 0.36307), positive when
# =0 and ncgative when 0 = 1, respectively.

Assumptions about the independent variables

Values for the inputs are given: they are “cxogenous” and assumed to be free
of statistical error. Sce expression [or x; above. in the model formulation

Estimation Methods
- OLS = Ordinary l.east Squarcs
- Corrected OL.S
- M1L. = Maximum Likelihood
Comments
- Precursor of Aigner, Lovell and Schmidt (1977) which is reported here.

- Unified treatment of [ronticr and average production f{unctions, and ordi-
nary least squarcs

Aigner, Lovell and Schmidt (1977)

Scope: US Mectals Industry 1957-58. US Agriculture 1960-63.

Model: Cobb-Douglas, which is logarithmically transformed into



Y= X/g + &
&= v+ He
where:

3 = output, X = vector of inputs, and f# a vector of coefTicients with pa-
rameter values to be estimated and ¢, is the error term, which is composed by
.. the inefliciency component and v,, random crror component.
Error term assumptions
&= v, + u, where
= — ]u*l,/l* ~ N(0, a2
v~ N(O, a2)
v, and u, arc independent

Assumptions about the independent variables

- N is a vector of cxogenous variables implicitly assumed to be [rec of obser-
vational crror.

Estimation Methods

- OLS
- ML

Commients

- Seminal picce on stochastical frontiers.
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Meeusen and Van den Broeck (1977-a)

Scope: Ten I'rench Manufacturing Industrics.

Maoadel: Cobb-Douglas

V—Al Ir,f(’ oV

f=1

where:
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J. represents output at time “t,” x, represents amount of input j, j=1, ..., n,
at time “t,” and A, and the fi; arc thc paramcters to be  estimated.
¢ 7 s the efliciency error component, and e 't is the statistical error component.

Error term assumptions
7t~ =7, has an cxponential distribution
eV~ =17~ N(0, 0?9

Assumptions about the independent variables

The independent variables x,; arc “frec of error,” both managerial and statis-
tical error.

Estimation Methods
- ML
Comments

- Independently introduced the composed error model.

- Builds on Afriat (1972), and Richmond (1974)

- In a related picce, Mecusen and Van den Brocck (1977-b), the authors study
the correlation of X,, the matrix of independent variables (i.c., the inputs)
with the incfTiciency error component, e 7., but the study is seriously defi-
cicnt because it continues to assume that the independent variables arc {ree
of both statistical and managerial crror in the estimation mcthod employed.
In addition, this later picce incurs in a contradiction: assumes independent
variables for estimation purposcs “frce of crror,” but then studics input incf-
ficiencics such as labor and capital inc(Ticiencics as derived from this statistical
analysis.

Lee and Tyler (1978)

Scope: Brazilian Manufacturing firms

Model: Cobb-Douglas, which is logarithmically represented by

V= Xﬂ + ¢
E=1Vv—u
wherc:

in logarithmic units, y is an output vector, X is a vector of inputs, f§ is a vector
of parameters to be estimated and ¢ i1s an crror term with components
¢ = (v — u) representing statistical noise and incfTiciency, respectively.

Error term assumptions
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v~ N (0, 6?) 5t ~ “a onc-sided, non-positive crror, which is derived from a
normal (0, 62) distribution truncated from above” (p. 386).

Assumptions about the independent variables

- Assumes “independence of g and the inputs in X" (p.387), however contra-
dicts this asssumption when asserting "y is reflected in, c.g., poor managerial
skills, work stoppages, material bottlenccks, and low employee cffort.” (p.
386), which implies that these inefliciencies are reflected in X, p, or both.

- No explicit assumption about crrors (or lack of thereof) in the independent
variables.

Estimation Methods

- OLS
- ML

Comments

- Employs firm-level data
- Builds upon Aigner, Lovell and Schmidt (1977).

Van den Broeck, Forsund, Hjalmarsson , and Meeusen (1980)

Scope: Swcedish dairy industry, 1964-1973.

Model: Cobb-Douglas

x=A L7 K% o
where:
x represents tons of milk, I represents labor, K represents capital, o, and B«
represent the scale function parameters to be estimated, and e 1s the crror
term component of — 7, — Z;, where 7, is statistical and 7, is managerial er-
ror or inefliciency.
Error term assumptions
Adopts a “composed crror” model in which ¢ ™ = ¢ 7' where 70 ~ N(0, o)
is the random noise component, and Z1 ~ fiz(z1) = (1 + a)e ¢ 77 is the c[Mi-
cicncy component, which is assumed to follow an exponential distribution.
Assumptions about the independent variables

- “The input structure of cach unit observed is given.” (p. 136).

Estimation Methods
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- LP
- ML

Comments

- Compares deterministic (lincar programming) and stochastic fronticrs

- Analysis combines cross section and time scries data.

- Production fronticr found to be a neutral shift of the average (interior points
OLS) production functions.

- Empirically the same DMUSs appear above the frontier in 3 conseccutive
vears.  This would appear to contradict the assumptions that they are ran-
domly distributed (i.c., contradicts the statistical error assumption that these
observations will fall above and below the fronticr randomly).

- Effective usc of graphs to interpret production functions, clasticity curves,
1soquants, ctc., and good discussion about aggregate cfliciency.

- Defincs optimal scale output as x = (1 — «)/f. Where a and f§, arc the
“scale function parameters” previously defined by (a; fix).

Kopp and Smith (1980)

Scope: US Electric Plants 1969-1973
Models: Cobb-Douglas, Translog, and CES (Constant Lilasticity of Substitution).

The three models arc specified in terms of the following translog function
which specializes to the other two functions on certain assumptions.

2 2 2
In Ql{ = Uy + Zai In X,-k + % ZZ}'U In Xil( In Xjk — &y

i=1 i=1j=1
where:

()« = observed output of the kth unit

Na = vector ol input levels (i= 1,2 ) for kth unit
Y+ Y2 — 2y = 0 --> CLES restrictions.
n=7yn=yn=0--> Cobb-Douglas restrictions.

Error term assumptions

Adopts the composed crror modecl, & = v, + u, where vand u are statistical
noise and incfTiciency, respectively, with

£~ (u’ (72) with £ >0 forall ¢
& =v,+ pu,

where: v; ~ (0, 02), g, ~ truncated normal, and ;i and v arc independent.



e = Hw) = (J2 | Jn )o,

V(e) = V() + V(v) = L(n - 2)/n]o? 4 a2
Assumptions about the independent variables

- All error is assumed to be in the dependent variable (sce above expression).

Estimation Methods

- Lincar Programming

- Corrected OLS

- ML

Comments

- Interest centers on comparing results from the 3 functional forms and 3
methods of estimation
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Kopp and Mullahi (1990)

Scope: Electricity Generation Plants

Model:Cobb-Douglas

yi=o+x v, +pu=x0+v, +py,
where:

1y, In logarithmic units, is a scalar measurce of cost; « is a scalar, ff a a vector
of slope paramcters to be estimated, x,, is a vector of input prices and output;
v,and u, represent  statistical crror and incfficiency, respectively; and

5 = (o, f)-
Error term assumptions

- . and v, arc assumed to be uncorrelated with x,

- fu(r), the distribution of incfficiencies, is correctly specified

- v, the statistical error component, is conditionally

symmetric around zero with well behaved higher order moments.

Assumptions about the independent variables

- Assumes that the independent variables represented in x arc free of error and
free ol inclliciencics (sce the way the model is written).

Estimation Methods
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- Generalized Method of Moments - GM M

Comments

- This is the first paper which deviates from other studics in which the noise
component 1s assumed to be iid normal.

- Develops a test to determine whether the data arc consistent with a asym-
metrically distributed inefTiciency component (p. 173).

- The paper aims to show that moment bascd cstimates are more robust than
maximum likclihood estimators in response to misspecificaqtion of the sym-
metric crror assumed for u.

- The authors employ 3 different data scts and apply tests to sce if they con-
form to underlying assumptions about the error terms. From the 3 data scts
two “pass” the test. The third fails and for this data sct “the results of the
symmetry test suggest that there is little hope of separating the errors duc to
mclTiciencics from simple random noise.” P. 179,

- The authors note that COLS (Corrected Ordinary Least Squares) fronticr
cstimation is also 2 moment-based method.

Cornwell, Schmidt and Sickles (1990)

Scope: US Airlines 1970-1981
Model: Translog
Yi=X.B+ W0, + Vi + ¢
where:

Y., and X, represent output “i” on period “t,” respectively. ¥, contains an in-
tercept plus time and time squared which are individually-varying and Z,

Error term assumptions
gio= Vi, -+ Hit
u-ll = 6,‘1 + Ofl + inzz
I{’,’f = {H,’].H,Q‘H,‘}] = [l, t, 12], (S,'

Assumptions about the independent variables

- No explicit assumption is made about crrors (or lack of thercof).
- Correlations between cfficiency term and X, are admisible.

Estimation Methods

- Generalized 1.S
- ML

Comments
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- Introduces a procedure to estimate firm-specific inefliciencies.  Relaxes the
assumption that firm incfficiencics are time invariant.

- Overcomes problems assoctated with the distributional assumptions of the
composed error model by using pancl data.

- Single output modecl

Greene (1990)

Scope: US Electric Utility Industry
Model: Translog
In(Cost/P) = Po+ FiInQ + BIntg + S In(P)P) + BaIn(PifP)) + ¢
e=v+4u
where:

(Q = i1s output; P, I’y and P, arc the three factor prices corresponding to labor,
capital and fucl. ¢ is the error term, composed of v and . the statistical noise
and inefficicncy components, respectively.

Error term assumptions

u~G@, P) and v~ N, o?)
where G regers to the gamma and N to the normal distribution, respectively.

Assumptions about the independent variables

- Interest is in the cffect of errors of mecasurement on the dependent variable
(p. 142).

- Implicitly assumes that independent variables arc {ree of error.

Estimation Methods

- Corrected OL.S
- ML

Comments

Argues advantages of Gamma distribution for representing i versus use of
hall normal and cxponcntial distributions.

Thiry and Tulkens (1990).

Scope: Belgian Urban Transit Companices 1977-1985
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Model: Translog

3 3
log ¥V =0y + Zai log \; + ZZia,-, log X;log X + ¢

i=1 i=1 ]
where:

¥ = output (scats-km), X;fori= 1,2, 3 inputs (energy in kwh, labor in hours
of work, and scat-vchicles).

Error term assumptions
- Normally distributed
Assumptions about the independent variables

- Recognizes presence of inefliciencies by climinating the observations con-
taining them.

Estimation Methods
- 018
Comments

- TFollows approach introduced by Farrel (1957) to cstimate “best practice”
production function in two stages. First, employing the “I'rec Disposal 1Hull
(DI mcthod to identify cfTicient DMUs, the authors scparatc thosc units
located on the efTiciency frontier and thosc located below the frontier; second,
the latter group arc discarded and the “best practice” fronticr is estimated by
OLS employing only the sct of “efficient units” located on the frontier.
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