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DEA based yardstick competition in natu-
ral resource management

PETER BOGETOFT AND KURT NIELSEN

Abstract

In this paper, we discuss the pros and cons of using Data Envelopment Analysis (DEA] to
evaluate and enhance the efficiency of natural rescurce management. The nesd for a multi-
dimensional production frontier approach is sketched, along with examples from other regulated
multi-output industries. Alse, reviews of the basic properties of DEA and DEA based yardstick
competition are provided. Finally, we discuss the use of DEA basad yardstick to evaluate bids
in multidimensional pracurement auctions.
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Introduction

Data Envelopment Analyses (DEAY has become a tremendously popular relative perfor-

mance evaluation tool. It was frst propesed by Charnes ef al., (1978, 1979, A recent
bibliographic survey {www.deazeons . com) identified more than 1000 papers from all sec-

tors of society, including several studies within agriculture, forestry, and hshery, Many of
these have been published in high quality economics, management science and operations
research journals,

Regulators soon malized the uselulness of DEA. DEA studies have [or many years
been informing their decision making. More recenily, DEA has also been used more di-
rectly (or mechanically) to define regulatory incentives. In particular, 1 has been used
in incentive regulation of energy utilities,  For example, in the regulation of electricity
distribution, eonntries hke Norway (www.nve.na), Holland {www.dte.nl), and Finland
[www.enerpianarkkinaviraste i) have introduesd DEA

serd revenue and price eap
systems, Furthermore, DEA has - together with more traditional statistical methods -
been usad to determine reasonable cost norms in countries like Australia, Fngland, New
Zealand and Sweden.,

Given this trend, 1t is natural to diseuss the potential use of DEA in the regulation of
natural rescurce management. This is the aim of the present paper. To the best of our
knowledge, there has been no formalized regulation of natural rescurce management using
DEA.

Farmers and [orest owners produce - and nse - environmental goods like recreation,

RN
eround water, and habitats for indigenous plants and animals. However, as no conventional
market exists for thess goods, the unregulated production levels are presumably below their
aocial optima. A private farmer or forsst awner is likely to pricritize the production of
marketahle goods, e.g. corn or timber. Envirenmental regulation plays an important role

in trying to correct this market failure, one of the means being subsidies, Subsidies are

II:-il|ﬂ||_'|' manted on a fat-rate hasis, =AY pEr acra, or I||l.'_‘.' are determined [rom assessments
ol opportunity costs, Due to asymmetric information, the better-informed farmers and
Part of the problem in environmental
regulation is therefore to limit these rents. Relative performance evaluation using, e

forest owners will usually extract information rents.
T

DDEA may be an important tosl Far just such a purpese.

103



In thi= paper, we discuss when and how DEA based relative performance evaluations

can support the regulator,
DEA can be used to medel coste and can hereby assist in the design of an ex-anie
regulation, e, a system where subsidies are based on past data.  er-amte systems like
"COPL-z-2", where the compensation over the years is increased by a [consumer) price
incex (CPL and decreassd by the general productivity development (@), as well as possibly
the individual improvement (=), are commonly used in many sectors, DEA can assist in
the determination of the general and individual productivity developments, @ and =,
DEA can al=e be used in an

-pest regulation, where the additional information ac-

aquired during the regulation period is used to set reasonable costs. The principle hers
i5 that the er-amte commitment to er-post regulation effectively creates a peendo-market
among t hie Aagenis. aach of which is II'}'iIIq tor e at least as well a=s the others.

DEA can inally support procarement desigr. While both ex-ante and ex-posi regulation
seek to reduce the costs of producing given outputs, the focus in procurement 1= on the
choice of agents {to operate in a market), as well as their multiple dimensional cutpat

veckors.,

The cutline of the paper is as [ollows, We first provide a briel literature review n the
ection, and we identify some key i=sues in natural resource incentive provision and

regulation in third section . Next, we give a non-technical imtroduetion to DEA in fourth

second s

rulators,

section, In Afth section, we discuss why DEA has become =0 popular among r
as well a8 some of the main eriticism that has heen raised r‘lL{r‘liIIHl the use of DEA for
regulatory purposes. We then discuss earlier research on DEA based incentive plans, using
this to suggest a retmbursement plan for natural rescnres management regulation in sixth
section. In seventh sacticon, we suggest that DEA can be used to evaluate and sereen bids,
rather than actual performances. We discuss how this could form the core of an auetion
design, ez, when a government wants to procure forest and landscape qualities, reduce
nitrogen leaching, ete. Final remarks are provided in eighth section,

Environmental Regulation

The theary af market-based instrumenis 1o enhance environmental benefits 1= growing.,
['he tl f k-1 | inst ts 1 I tal 1 fit
The theary ariginates from the traditional theory of economic incentives for environmenta
I'he £ tes | the tradit Il f t fi tal
protection, of, eg. Baumol & Oates (19883Y Hanley ef al, (1997),

A significant body of research is concerned with problems in European and US agri-

culture, Intensive eultivation of the land conflicts with a growing demand [or public en-

vironmental go Thi= increasss the nesl for incentives, The literature focuses on the
evaluation of existing echemes, of. eg. Shoemalker [|f]5f]_|: 1|'||'||'II|I_‘.' et al. (1998 Roberts
et al {19967 Vokina et al. (2000%. It also contains more theoretical contributions, e.g.
Chambers { 19597,

With hidden information and a high social value of environmental benefits, private

ve exooeds the

landowners are in general overcompensated, 1e. the compensation they re

appartunity casts of producing the envircnmental benefits, The hidden infarmation allow
landewners with low U|J|JIJI'IIIIIiI_'|' oasts o imitate landowners with high U|J|JUI'IIIIIiI_'|' cosls.
The extraction of such information rents can be reduced by using aucticns or yardstick
competition, or a combination thereol, as incentive mechanismes.

There is a large amount of terature on the theory and practice of anctions. Important
theoretical contributions include Maskin & Riley (1984, 2000%; MeA == & Mehlillan (1987,
Laffont & Tircle (1987, while Klemperer [1999) offers an overview, Within agriculture,
studies on the use of avetions include Baneth {1995); Latace-Lohmann & van der Hamsvoort
(1997, 19957, Vokina et ol {2000). Auctions as incentive instroments are ussd in few cases,
the most significant being an American set-aside scheme [CHREPY, Shoesmalker {1989); Vukina
ef al. (2000).

There 1= also a great amount of literature on relative performance evaluations. This
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In terms of the fecfmalogy, 1t clearly varies between agents facing different envircnmental
conditions,  Also, the natural rescuree production is characterized by a high degree of
jointness, This means that the input or sutput we may want to regulate or incentivize,
may affect the marginal products or costs of cther inputs and cutputs as well. To capture
such dependencies, it is necessary to work with rather complex multiple mput/ multiple
output production structures with easy and Hexible allowance for non-contrallable factors,

Last but not least, at the sector level we typically have many "similar™ units. This
facilitates practical modeling, Also, 1t facilitates incentive provision by allowing for relative
performance evaluations to reduce rents. In general, we also have large amounts of high
l:|ll-'||i|_'|' data collected, using standardized natural science |.l|'l.n:'l.'l|l||'c".-~. This makes the
pure {idicsyneratic) noise elements less important than the uncertainty of the underlying
strnetural relationship between inputs and outputs,

In the rest of this paper, we examine the design and uselnlness of DEA basad evaluations
and incentives i such contexts with a complex technology, rather good data but eonsid-
erable amounis of asymmetric information, unelear social priorities, non-trivial impact of

lacal conditions, and canflicts ol interest among the agents in the sector,

Data Envelopment Analysis

In this Section, we provide a short, not too technical introduction to the main ideas and
constructs in Data Envelopment Analysis (DEAY. For a textboo

el ol (1994); Coelh ef ol (1998); Cooper ef al. {2000).

intraductions, see Charnes

Rational Ideal Evaluations

Consider the problem of evaluating a given production unit or production plan, In the
DEA literature, the evaluated units, say the larmers or [orestry estates, are nsually called
Decision Making Units (DMUs), One can think of the DMUs as actual or
as production plans or more generally, as multiple dimensional performance deseriptions at

anizational unils,

a given time, Mote that there is no technical difference hetween times series and panel data
in the DEA madel. Past performances of a unit may therefore be used to evaluate corrent
behaviar.

A DMU transforms rescurees inko products and services, The transformation s affected
l)‘_\' ncsr-eont |'||||.-|l]||‘ '.'?'Il'i-'lllll':‘-\- a5 '-'.‘("” a5 I|lJII-IJlHl'I".'JllJll- "-kl”‘- :-'|II(| ("”IHI'I*-G '||| ||Il' lJI':.EJlIIiI:-‘lIiUIl.
The irpais in a farm could e.g. be the employees, the machinery, the buldings, the felds,
the animals or the pesticides. The eutputs might include the crops produced, the animals
feeded, the sales revenue or indeed, the landscape preserved. The nor-condrollable variables
will depend on the time harizon, ete. but conld wnelude large parts of the hxed oosts, the
weather conditions, the reret W health conditions of the herd, and the markst conditions.

Taking the standard micro-economic approach, w uld ddeally like to evaluate the
performance of a given DML by its ability to choose the best means to pursue its aims.
The rational ideal performance evaluation can, eg be summarized by comparing the
-'|l'|llr'|||_'|' attained '.';l.ull level o the maximm gmll level that can be achieved, |-",_[I||'|" 0.1
llustrates this wea in the case of a fxed bundle of inpats and non-contrallable varables,

Here, the goal is 7.3 and the possibilities are given by the set T The effectiveness of DU
I 1= evaluated by its obtained utility level U1, compared ta the maximally obtainable
utility level U{ideal) given the set of possibilities,

In real evaluations, it is not easy to apply the micro-sconomic conkbook recipe. In
the |_'|'|Ji|:'-'|| evaluation, we lack clear |J|'il.l|'i|'|l.'-i 17 as well as clear mlormation about the
production pessibilities T DEA provides a way of overcoming the informational limitations,
ure 2.2 and commented on below,

The idea i= lustrated in F
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Figure 0.1; The Rational fdeal Fvaluation

From Effectivenes=s to Efficiency

Cansider frst the fack of elear priovilics as to how the esouree spent and the products
creatad, should be evaluated and |I'JI(IITI-IJ”.-'I:_[-'I.III.‘\-| each other. In |-"|;_[III'I 9.1 and 9.2 this
corresponds tooa lack of nformation abont the U7 lunction. The lack of pricrity information
includes the problem of trading-off the different benefits created by a landowner, DEA
avercomes this problem by moving [rom an evaluation of effectiveness, e, goal attainment,
to an evaluation of efficiency. Eficiency here 1= broadly defined as the production of the
mast cutputs using the least inputs. The efficient plans i Figure 9.1 are all the plans on
the northeast frontier.

To quantily the extent of inefficiency, the DEA Literature uses different measures of the
distance betwesn a given DM, say DA I, and the frontier of efficient plans. Most stodies
use the so-called Farrell {1957 measures that take into acoount the multiple dimensional

character of the mputs and cutpots by lacking for prapartional expansions and contractions.

Thus the Farvell ontput and input bassd measures are;

o " = largest proportional expansion of all outpuats that are passible withont using
additional inputs

o 7 = largest proporticnal contraction of all inputs that are pessible without reducing
any aulput

Thus, e.g. ¥ 2 means that all outpot could be increased by 20%, while £ = 0.6
means that all mpute could have been reduced by A0S, In Figure 9.1, the Farrell hasa
autput efficiency is approximately 200%, therefore all cutputs could have been inereased
by 10055 without introducing additional inputs, namely by moving from £ to the Farrell
projection plan F1.

The resulting evalnations can also be interpreted in the following manner. The lack
ol a prior mformation about pricrties like 7 an Figuee 9.1 15 overcome by choosing the
priovities that put the evalnated DML i the best possible light, For DAMU I in Figure
9.1, this would he the priorities corresponding o the stipnlaied preference structure 075,
Henee, in DEA, each and every DML is evaluated according to prices ar priorities that
make its elfectiveness look as high as passible. The lack of knowledge about pricrities is
handled l)‘_‘.' -ll”l.f-'."lll:_[ for all |J||:-e-iil]|l" |Jl'iul'i|i(".-~. ('IJI'I'l':‘-\-|Jll|I(|i|I:_[ ta all |Jll:\-\¥\.il]|l"' :‘-\-IIJ|:Il':‘-\- of the
indifference curves in Figure 9.1, OF course, if some perhape partial preference information
is available, this can be used to refine the evaluations,
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Effectiveness max U {x, ) s1 (x,)eT
Unknenven pef” U Produce more with less
Efficiency E, =min {E |[Ex,,y,]le T}
Urdkniown poss. T Estimate empirical reference
technology T

Relaiive Ffficiency Elzmin{E:l{Exr.lyl']ETu}

Figure 9.2 The Basic 2EA Tdea

From Absolute Eficiency to Relative Efficiency

Cansider next the other fundamental problem in practice, namely the lack of sufficient a
priovi information about the underlving, potentially complex technelogy, In Figure 9.2 this
corresponds to the set T and it reflects the technology in a broad sense, 12, the socio-
technical possibilities of transfonming combinations of inpuis into combinations of autpots.
DDEA overcomes this problem by estimating the technology T« from obeerved historical or
erass-sectional actual plans. Performance is then evaluated relative to the performance of
athar DMUs, rather than relative to an absolute norm.

The idea of substibuting an underlying bt unknown prodoction passibility st with an
estimated one is of conree not unogue to the DEA approach. It is also done in performance
evaluations using traditional statistical methods, accounting approaches, ete. What is
particular about the DEA approach is the way the approximation of the technology is
constructed and the resuliing properties of the evaluations,

The technology is estimated using a so-called minimal extrapelofion principle. Py this
we mean that DEA constructs the smallest possible set of production plans thal constrain
the cheerved onee and satisly a set of {weak) regularity conditions, By constructing the
smallest sel containing the actual observations, the method extrapolates the least.

The minimal extrapolation idea is illustrated in Figure 9.2 by the set below the piecewise
linear line. Effectiveness, il we know the pricrities {7, or efficiency & il we do not know
I, can now be evaluated relative to T's rather than T, Since we evaluate compared to an
empirical norm set by the other DM Us and sinee we do not compare to an absolute norm,
we say that we evaluate relative effectiveness or efficiency, In the case of DAL I, the
relative efficiency is now approximately 1.3, suggesting only a A0% improvement potential
sinee we now compare to the point #2,

Different DEA models are distinguished by the set of produstion econcmic regularities
impeosed on the set T, They typically include some of the following:

e Al Free dispesability, i.e. the ability to produce less ontpots using less mputs
e AL Convexity, Le. the ability to make weighted averages of production plans
s Al s-Return to seale, Le. the ability to scale frealy {ers), down {drs) or not (vrs)

105



The four mest commenly used DEA maodels are then the original constant returns
to seale (er=) DEA maodel proposed by Charnes et ol (1978, 1979} invoking A1, A2 and
Alfers), the decreasing returns to seale (drs) and (local) variable returns to seale {(vrs)
madels develaped by Banker (19584); Banker ef al. {1984) with appeal to A1, A2 and Al{drs=)
and A1, A2 and A3{vrs), respactively, and the free dispoeability hull {fdh) model propesedd
by Deprins ef al. (1984) by itnvoking only A1, The resulting models in a single input single
oulput case are illusirated in Figure 9.3,

 ovTPUT  ovTPUT

INPUT INPLT
X
GUIPLE YovreuT
GRS,
LI
B
“ D
¥
(I
INPUT INPUT

Figure 9.3: The free disposable Aull (fdfe), variable returns-to-zele (ues), decreasing elurns-to-seale
(drs ), and constont retarna-to-geale fers ) technologios for DMU A, B, O, D F

In the multiple cutput ease the vis, des and ers models conld look like the T's technology
in igure 9.2, while the [dh technology would correspond to a step-function between points

A B, Cand E.

To understand the Hexibility of the DEA approach, it is worthwhile noting that the
[dh model simply assumes that prodoction and eost funetions are ineressing,  The vrs
madel sunply assumes that production lunetions are inereasing and coneave, and that cost
functions are increasing and convex, The remaining models add the sealing possibilities,
but even the cre model is much more Hexible than a linear model (as soon as there are
multiple inputs or cutpuis).

To summarize, DEA eopes with two fundamental problems in real evaluations., The
lack of clear preference or priority information i= handled by moving from elfectivensss to
efficiency, while the lack of technological information a priori is handled by making weak
A prior assumptions, by doing the estimation via the minimal extrapolation principle, and
by evaluating efficiency relative 1o be best practice. Fignre 9.2 summarized the basie ideas,
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Using Mathematical Programming to Assess Relative Efficiency

Ta ealenlate the Farrell efficiencies in a realistic, many dimensional context, it suffices o
salve simple linear programming (LP} problems. Lot us assume that we have for each
al n production units, DMUP, & =1, ., i, the following data available: The inputs nsed,
perhaps just as coste, ' 2 BP, and an r-dimensional envirenmental improvement veclor, & €
B Inaddition, the regulator and the firms know a series of non-controllable, environmental
variables =z € B7 like the type of land, weather conditions, and distance to reservoirs, ete,
In the formulations below, we model the non-cantrollable variables as inpuls.

MNow, to formalize the basie ideas of DEA, we may think of an underlying, but unknown
production pessibility ==t

T = {{zz2,y) e B {2, 20ean prodoce g} (9.1}
The thres classes of produstion economic regularities may then be lormalized as:

e Al Free disposability:

(9.2

and 3 <

s A Convexity:
(r.z,u) €T and (2", 2" ") €T = ale z,0)+ (1 —a)(a, 201 e TVa < |0 1] (9.3)
o A e-Return to seals:
(r2,4) €T = Mr.z, ¥k e K(s) (943
where & = Ters”, Tdrs”, Tvrs" or "Rdh", and where K{ers) = [0 00), K{dras) = |0, 1] and
Fivres)y = Kb} = {1}.

Now, given the available data, the minimal extrapolation estimate of T, TDEA, can
casily be determined as:

23 M2l y<Y My AeAs) ) (9.5)
=1 =1

-I-|]|:.1[$:I [z _||':||3.:'I. [ ’i’ H

n
= Z Mal 2
=1

Here, A=) is an dex set that is determined From the reference technology and in particolar
from the axicms imposed hereon. In the vis technology, invoking free disposability and
convexity, we have:

Afvis) = S A€ RE|D M =1 (0.6
i

while the drs and crs technoloagies, invaking in addition deereasing and constant return to
seale assumplions respactively, we have:

n
Afds) = ¢ A e RI|D W <1 (9.7
i
and
Aers) 4 (9.5}
In the less demanding so-called fdh technology, inveking only free disposability of inputs
and autputs, we have:

"
Afflh) = A RE YA =1 ¥ or 1 %) (9.0
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It Fellows that the Fareell iII|:|II| l'”'i('il'lll':‘.' o DM e the largest |Jlr-i:-i|l|(" contraction of
controllable inputs that is possible in gwven the estimated technology T, can be determined
by solving a simple LP problem with w4 1 variables and p 4 g+ #{4+1) constraints, see e.g.
Charnes et al, (1994 Coelli et al, {1998, Cooper et al, {2000):

min £
alk. = Y Mo
=1
5 =y Mad (0,10
=1

A £ Als)

Ohsarve that in the [dh case, the mathematical program is not actually an LP problem,
but rather a mixed integer programming problem. In fact, the fdh problem can be solved
much more easily by a series of straightforward pair wise comparisons, el eg. Deprins
ef al. (1984,

In scme cases, the non irallable variables 2, eg. the climate conditions, are hest

||IIIII:_[|I| ol a= an ordmal or even l'-llll':_','ul'i(':-'|| variahle, for which the idea of conv
rescaling makes little sense. o this case, the DEA approach essentially operates by split-

rity and

ting the I'HI|||.II'(‘|I("I|:-ii‘.‘l.' evaluation pragram nko 4 series lll':wlll)-|.ll'l.l|||l.'I||:- COrTespone ling ta
different values of the categorical variable, of, ez, Charnes ef all {1994), Chapter 3.

Pros and Cons of DEA

We have argned that relative performance evaluations and regulation are necessary n sev-
eral sectors, including the natural resouree sector. We have also described how DEA solves
soma of the fundamental problems in real evaluations, namely the lack of preference and
poesibility information. We shall now look a little ¢
cons of DEA.

=er al game of the implied pros and

Pros=

The way we estimate the production pessibilities in DEA has several impheations, The
use of the minimal set containing the actual points sugeests that DEA provides an inner
approxgimation of the underlying production possibility set. The {injefficiency estimates
are therefore caufivas or conservative in the sense that the |:ul|l:"llli-'|| autput L'!C|.lr‘||l:-iillI|:- or
input savings are anderestimated. We have already seen this for DAMU D in Figure 9.1
where the expansion possibilities were estimated as 3000 with T and 10058 with T,

The use of the minimal extrapolation principle and hereby, the construction of the
largest inner approximation, alse implies that the technology identifies socalled best prae-
fiee. This is attractive in many cases, since the methods and procedures of the best units
are more likely targeis for other units, Thos, eg. iF 2 in Figoee 9.1 s to learn, it would
prohably find httle 1o learn from looking at &, It would be more interesting to look at
what units like B and perhaps £ have done differently. A forther consequence of using
the DEA approach is that real peers are identified, In Figurs 9.1, I has two peers, B and
E, since 2 1= located on the line between thess two unite. B s the primary peer, sinee
F2 s loeated close to B, OF conrse the construction of best practice norms, as opposed (o

average norms, must also influence the way we design incentive schemes. We shall return

to this halow,
The third and in many cases most important impheation of the DEA estimation ap-
proach is its ability to work with weals a prior assumptions and assoeiated extremely

111



fexible models of the I(‘\i'lllll.lll.l'_';'.'. DEA models :.':(‘II(‘I'-u”}.' allow [or the IIIII|I‘I'|_‘.'iIIK b est
practice production strocture to take many different forms. 1T we estimate a cost Tunetion
using DEA, ez, we may assume that it is simply any inereasing lunetion - or any inereasing
n. We do not need to assume that the substitution possibilities between the

convex funet
antputs are, e.g. fixed. No parametric statistical model or any cost Tunetion eonstroctsd by
diferent acoounting practices allow for a similar Hexibility in the technology model, There

are many versions of the DEA approach, eorresponding to the introduction of different
ver, the i||||.u|:-u:'|:| A |.|I'ilJI"I I'(",.Ellh'lll.ll'_'.'

combinations of a pricr assumptions, In all cases, how

i5 mild compared {0 competing approaches,

Cons

The single mest problematic feature of DEA i= the risk of mistaking neise for efficiency or
inetficiency, and the luekicst praoctice for the best practios,

IF o DX |l_'|' chanee faces part icula I'|_‘.' [avorable circumstances that are not aceounted
for in the model, or il the registration of the outputs by Iock {or intent) is hiased npwards
and the inputs downwards, the units will appear to have performed particularly well and
have little if any inefficiency.  Similarly, there 15 a risk of non-lfavorable circumstances

ar |'l'_,i:‘-\.| |'?'I|ill||!-\- |l':-'|(|i||l_[ (7] '_[I'ljlllll”l'\-i:‘-\- l'|:-'|i|||:- IJII illl'||:I("IL'I|l'_'|' .II| I} |j|"l ?'III-'II_'|'Hi'H'_ .I.Ill' [l Roc)
al overly optimistic registrations = particularly problematic, sinee it might influencs the
wvaluation of others that may now face tongher standards ||_1.' lJL'iII:.[l:'I.IIIIpﬂI'(‘l:l toa unit with
a windfall gain.

These oheervations have l=d theorists as well as practitions to question DEA and ad-
salled stochastically Frontier

vocale instead the use of statistical methods, ill('llltlillq E
analyses SFA. BFA is like a traditional statistical model except that the noiss is composed
al two terms, a one-sided {(injefficiency term and a two-sided traditional noise term.

The appropriatensss of DEA depends to a lange extent on how well it is executed and
in which contexts it is used. DEA i= - similar to any other operations ressarch technigque -
just a tool that ean be used with suceess, il put in the right hands and used aptimally.

Ta be well execated, a DEA analysis must involve careful data collection, sarious sensi-

iques, peeling techniques, alternative technalegies,

tivity analysis (nsing Monte Carla te

ete], perhape stochastie programming and if possible specification and significancs testing.
There are by now numerous contributions invelving resampling, bootstrapping, and asymp-
totie test theory, el Simar & Wilson (2000) for a recent survey, 5till, the state-ol-the-art
in this respect 1= still lacking compared to what can be done in parametric madels.

In terms of confert, we note that ina I'l"'.[lllﬂllll'_'l' context, it will aften be at the I'l":lllJlllJI"*-i
diseretion how much inefficiency to eliminate in the coming periods. Insuch cases, by acting

'_EI.'III"I'I.III:-G|_'|'. the I'I.':.UII-'I|I.I|' may effect 'I‘.‘("|_‘.' creake a4 =a fl.':.[ll-'l 1l ?'I:.[?'Iill:"\-l noise. Alsa, we nate
that given the Hexibility in the production structure, individoal noise or outlier problems
may only have a local impact. Lastly but mest importantly, we suggest that the impact

s-specilied models should alss be viewed with the uncertainty

al noisy registrations and n
ahout the underlying (average) production structore inomind. TF we have very little a priori
information abant the |l"l'||||l.l|ll:.['u' and if it i=s patent 'Iﬂ”_'u' I'HI|||.I|("3C. the DEA :-'||:||:||'|_u||'|| may
have clear advantages over parametric statistical methods and simple accounting models.

Intuitively, it would seem natural to sonelude therelore that i one laces a simple tech-

nology and very noisy data, the use of parametrical, statistical models are preferable from

an inference perspective. I on the other hand, we have relatively high quality data, but a
complex technology with considerable uncertainty about the structure of the input-cutput
corresponcdences {(the rates of substitution, ete.), DEA is preferred. More formal models
ol the pros of DEA in regulation with considerable structural uneertainty will be surveyed
bl e,

A couple of more pragmatic ohservations are relevant here as well, DIEA is casy to use
civen the existing computer implementations, the limited a price) assumptions needed and -

somewhat counter illlllili‘.‘l'|_‘.'- the lack of good standard indicators Ill.llli:‘-i‘.‘-q]l'l'.ll:ll'll models!
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Also, DE!
assumpticns, the ability to handle muoltiple inputs and cutputs and the apparent sase of
explaining DEA. Counter to these properties is the fact that the generation of explicit
PEers may not a‘l|‘.‘-'r‘|_‘.\i he attractive. I eg. a regolated firm l:|lll.':-IiIII|:- the regulator’s

may be considersd easy to defend. Again, this rest= on the mild regularity

decizion in court, the existence of explicit pears make the regulator vulnecable, sinee it
seems straight forward for the firm o ind cireamstances by which the regulated firm deviates
non-favorably from the pesr units. Using instead an econometric model, the exact basis
al comparisan becomes blurred, actually creating strategic advantages. Casual empiricism
frem the nse of DEA in energy regulation suggests that this is more than an academic
possibility, Henes, although we

like the explicitness n the DEA analyses, we realize that
in the less than ideal world af reality, even a black box approach may have its advantages,
Also, the risk possibly entangling slack and noise, inefficiency and noise, may make the
DEA approach harder to defend.

Another drawback of the DEA approach, as of efficiency studies in general, i= the lack
af focus on the goals of the organization, The impressing progress that can be made in the
wvaluation without moch preference information should net lead one to farget the impor-
tance of domg the right things and not Just doing things right. It may be better to move
slowly in the right direction than to run fast in the wrong divection. The importance and
|:ul|l:‘IIIiJ|| :.[-'Iill:"\- fram L{i‘.‘ill: more attention to |.l|'l.'f("|‘("l|l1'l.' I||l.u|l.'|'II|:.[ and less to the evalua-

tion with peossibly naive priorities, has been emphasized in the multiple eriteria literature,
cl. ez, Bogetolt & Prozan (1991 Also, it has gradually been included into the DEA
vell, el eog. Al ef all (1991%; Golany (19586,a); Halme ef al, {1999} Jora

literature as
ef al. {1998
Suwmming Up

T snmmarize our dissussion,
inelude:

> have identified a series af pros and cons of DEA, The pros

o Hequires no or little preference, price or priovity information
o Hequires no or little technological information

e Handles multiple mputs and multiple ouipots

o Provides real peers

o ldentifies best practice

s Cautions or conservative evaluations {minimal extrapolation)

® Supports learning and - as we shall argue in the next Section - planning and motivation
and the cons meluds

e Relatively weak theory of significance testing (sensitivity, resampling, bootstrapping,
asymptotic theory)

o Lack of focus on goals

DEA and Incentives

We now give a briel introduction to some key results about incentive provision using DEA

analysis,
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The Literature

The first conjectures as to the likely responses tao DEA control go back to Banker (1980},
Banker e al (195
in the standard DEA models given real

I. They presided game thearatical interpretations of the scoring prablem

el inputs and cutputs.

The study of the ex arie motivation game of chocsing inputs, outputs, efforts, =kills ete
using [ormal ageney madels was initiated by Bogetolt (1990). 1t has subsequently been the
subject of several papers and books including Bogetolt {19%4a,7, 1995, 1997, 20007; Agrell
& Beogetoft (2001); Agrell ef al. (20024,h). The main results concern the use of so-called
super-efficiency, ef. Bogetoflt {1990, 159694a,7, 1995), the design of static inecentives with naise

and risk adverse agents Bogetolt (1994) and - as we shall [ocus on below - the design of
incentives for risk neatral agents in a context with considerable technological uncertainty
anid asyiimet rie information about a regulated agent’s actions [IIII.II'-'|| hazar |_I and working
conditions (adverse salection’, of . Agrell & Bogetalt |2 I]1_I: Bogetalt {1 2[]“[]]. and
A l:|_'|'II-'|I||'II' setting Agrell & Bogetoll [3[1]1]: Agrell & ':3[]||2ﬂ.|lll.

Similar ideas have been used in other studies, including Bowhn (1997 proposal for

designing employment contracts For government managers, Dalen {1998 analysis of the
interaction between performanee measurement and bureaneratic slack, and Dalen & Gomes-

Laba {1997, 2000} cost estimation and yardstick analyses of buses, Resande (2001) study

al yardstick competition in eleetricity disteibution, Sheeilf (2001) vuse of DEA in the design
al {agrarian) contracts, Thanassouhs (20007 analysis of DEA and iis use in the regulation
al water companies, and the PhID. dissertation by Wunsch (1995) on peer comparison and

regulation of mass transit frms m Eorope.

The Setting

1A croEs sectlon, A

The basie |.l|'l.l|l|l.'||| addressed in this terature 1= the |'l.l||l.l‘-‘-'ill'.'.2 i
time series or panel information on the multiple inputs and cutputs of several DRLUs, what
should a manager, a regulator or an cwner ask the DMUs to de in the future, and how

should he motivate and compensate the DM Us for their effart and cther private ca

The answer to thess questions depends intimately on the organizational eontext and in

particular on the technological, informational and preferential assumptions of the parties,

Le the regulatar {principal) and DMUs {agenis).

In general, we consider the case where the principal {regulatar) Faces considerable un-
certainty about the technology, In a single input multiple cubtput cost setting, he may,
ex kn
information about the sost structure,

¢ that the cost Tunction i= increasing and convex, but otherwise have no a prior

The general case alse empowers agents to take private actions, which the prinesipal
cannot observe, The action could, eg. be to reduee eosts or inerease the quality of the
work, This leads to the usnal moral hazard problem sinee the principal and the agents
may conflict as to which actions the agents should take, The traditional setting depicts
the agents as work averse, tempted to rely on their good luck, and to explain peossibly bad
performances with unfavorable cirenmstances, In general, hos
madel the underlying conflicts giving rise to a motivation problem.

wer, it 1= simply one way 1o

Usually, we alsa consider the passibility that the agents have superior infarmation abot
the working conditions, belore contracting with the principal. A farmer may, e.g. have good
information about the production conditions on his land and therefore the likely lass in erap
revenne from reduced N oapplication. The regulatar tryving to reduee Nonsage, an the cther
hand, may have Nitle information about the cost at a :-|Jl"l'ifil1' farm. This leads ta the
clasgical adverss selection problem, where an agent will try to extract information rents by
claiming to be operating under less favorable conditions,

As regards the prelerence of the parties, we generally assume that the principal is ri
neutral and that the agents are either risk averse or risk neotral, The principal’s aim is to
minimize the costs of inducing the agents to take the desired (hidden) actions in the relevant
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(hidden} cirenmstances, An agent’s aim is nsually to maximize the otility from payment
minus the disutility from private eflort. The general set-up and timeline is illustrated in
Fignre 9.4,

REGULATOR
J’rrmrl"l?;// l l Wffur. costy el
DMT" M DMTr

l

Privare Costs, Efforr aad STock

Hissarieal Imeenrive sehemees Regjoct Porsihle (Tnpuess, Cuipres)  Compensartion
st proporad T raparting abseved paid
| I Avtap 1 1 ] ] i
T I | | | I
Techaolegy periaps Effars ard Slack
Tearmad by apemis acterral

Figure 9.4: Ageney Structure wubh Timeline of Roents

DEA based Yardstick Theory

In Bogetoft (1997, 2000, we consider the combined adverse selection and moral hazard
context, We assume - in the simplest possible version - that the only observable input is
the realized costs, e, the input is cne-dimensional =* = ¢ 2 B, i = 1,....n. The question
i5 how much, B, to reimburse a DMU using costs ¢ to produce 5 £ BT with environmental
[non-controllable) variables = ¢ BT,

In terms of technology and infarmation, we assume that there is considerable uncertainty
and asymmetric information about the underlying cost structure, The DM i supposed
to have superior technological information. In an extreme ease, 1t knows with certainty the
underlying true cost Cfgiz), e the eosts of producing g under environmantal conditions
z. OF course, we do not have to assume that the DML knows these casts for all possible
output profiles v and environmental conditions =, In fact, it will ease the design of good
schemes iF it has only local information, say the costs for a limited set of possible ontpot
vectors and given its specific local conditions,

The regulator, on the other hand, only knows the general nature of the cost Tunetion a
priori, say that

Cli) B R {011

belongs to a st to a class C of poseible cost functions, The classes we consider here are

Clers) = {ef;. 0 B0 — Rle() i in-{de)-creasing m oy {and =), conves, crs}
Cides) = {ef 0 B0 — Blel. ) is in-{dej-ereasing m g (and =), convex, drs}
Clves) = {ef; 0 BT — Rl ) i8 in-{daj-creazing in g {and =}, convex}
Cifdhy = qef;.) B — Blef.; ) is in-{de)-creasing in  {and 23}

{9.12)

where () being ers means that Clky; by = BC{y z) forall & = 0 and O being drs
means that C{kybez) = Bz for all 12 k= 0,0 In addition, the regulator knows that
the realized productions plans are pessible, e, that

il s m {913



We note that the analysis below can be undertalken using different assumptions abont the
information available to the regulator. Thus, ez the regulator may knew that there are
but be uninformed about the exact unit costs, of.

fized unit costs of the different cutpu
Bogetalt I'_:'[I][]I Also, the classes of |.ur-i:-i|.:l|l:" cast functions could be extended, of, Bogetolt

(1994a, 1567,

In terms of preferences, we assume that the DML is risk neatral and has limited Liability,
and that it seeks to maximize a weighted sum of profit and slack. The risk neuirality is a

simplification compared to, e.g. Bogetalt (1994a,7). Assuming that the incentive payments

L it s nat an invalidating assumption. Moresver,

anly introduee marginal variations, ho
the DMU's lability 1= assumed to be limited in the sense that it will only participate n

the s il the resulting utility exceeds a minimuom value, ), with certainty. This may

reflect risk aversion as well,

The DMUs resulting utility i= assumed to be the utility from payment and disutility

from effort

iH. ezl = (B =)+ ple— O {914

when it uses costs ¢ to produce o with environmental variables 4 and is revmbursad B, The
first term, H — ¢, 15 the profit. The second term is the excess costs or slack, ¢ — Cly; 2],

multiplied by the value of slack compared to profit, g

The aim of the regulatar 'I:-*-iiI|||.l|_'|' toominimize the costs of inducing the DM to |JI'I.H:|II|:'I.'
autput g in the context of =,

Azssuming that the realized costs o, outputs o and environmental variables = are all
verifiable, the regulator’s problam for any given cubput vector g and any given environment

z g one of minimizing the expected costs of making the agent accept implement y given

z. This can be formulated as ane o igning a (@, ¢, 2) contingent reimbursement plan

Hiz. w2 that salves the Bbllewing contract design problem

min Ko By z) w2

[ A |
5.1. PR
. . (0.15)
Bl vz y,2)—2(Cy YT I .
{1

In this problem, =, y, 2] is the cost level chosen by the DMLU when the cost Tunetion
is ) the sutput is v and the environmental variables are 2. This s a usual contract

design problem, where the individoal rationality constraint (1) ensures that the DMU
will participate for all pessible cost Funetions, while the incentive compatibility constraint
[Jl(':l ensures that 1 18 a hesi TS OTEES for the DML o |J.|I'Ii cost strategy =(., . ) anil

produce y with environmental variables =.

IF =ame of the variables (o4, 2) can not be contracted npon, additional sonstraints may
be introduced. Thus, eg. i the actual costs e 15 non-verifiable, we impose Hix, g, 2]
Mg,z e,

The salution ta ths |.l|'l.l|l|l.'||| can he derived I;.l”l.l"-"'.lll:.[ the lines in le,_{l‘lul'l ':2[]“[]:'. BX
tended by the intraduction of the non-contrellable environmental inputs =, Let l:"l'll'"l'[!'.li z)
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be the DEA estimated cost Tunction of producing v given =z, pe.

CUEA (e 2 = mine

{516

L[7-

A e ."l.nj»_l

whene s=crs, drs, vrs ar fdh depending on the regolator’s assumed a priori knowledge about
the class of underlying costs lunetions. {This prablem may not have feazible sclutions. Ways
with thi= are discussed in Bogetalt (1997, E[I][]_I:l.

to deal
N By, z)¥r, the
aptimal solution is to use the [ellowing revenue cap with non-verifiable ccst information:

hen the actual e

s cannol be contracted upon, Hiry

Biy,z) =+ " gz (917

i the optimal reimbursement equals a lomp sum payment to cover the reservation utility,
(2, plus the DES

—estimated cost norm for the given out put ¥y and environmental variables
I stead, we assume that the actual costs of the DML can be contracted Hpon, the
optimal reimbursement scheme becomes

Biey £+ e+ p(CPFA Ly (9.18)

Le, the optimal reimbursament equals a lump som payment, @, plus the actoal oosts,
o, plus a fraction g of the DEA-estimated cost savings, @O 54 ) — o).

The structure of this payment scheme can be interpreted as & DEA based yardstick
madel: Using the |:II.'I'|'III'III-'|I|I'I.' of the acther DMUs, the regulator creates a cost yare lstick
and the regulated DRI is allowed to |-:l.'l‘|J a [raction 2 ol his saving l:'Ll||||.lﬂ|'l‘l| 1o Lhe
yvardstick costs as his eflective compensation. Figure 0.5 illustrates this reimbursement
scheme,

=

we ghe

rral extensions and generalizations of these results are possible. Most significantly,
v in Begetolt (1997 how the al

sng multiple DWUs inthe spirit of s

ve satting can be extended to o simultaneous game

A

liticnal yardstick competition, ef. Shlaifee (19855,
where the {1C)
constrainte define a Bayesian equilibrinom among the agents.  Assuming verifiable costs
information, the resulting vardstick scheme is like the one above, For a given DML, one

The cantract design problem in this case becomes a multiple agents madel,

just needs to interpret the DEA based cost Function as the cost model that can be derived
ex post from the obeervation of the other units. This corresponds to the use of so-called
supear-elficiency in a usual DEA model, ef. also Bogetolt {1997
vardstick model, the regulator commits himsell a pri
valuation ex post, and L

. Henee, in the simultanecus

i 1o making a DEA super-efficiency
this evaluation determine the revenne to the DM Us,
In Bagetalt (1997, we also show how to extend the _‘.'-'|I'(|:-| Wk setting 1o cases, where

the regulator can oheerve more detailed input consumptions and possibly different Factor
prices. In this case, the DEA cost function used sbove shall simply be derived from the
l|||l|l‘|'|_'|'i||'_. etailed DEA model, Le. the DEA based cast norm for DAY be

imeE

CPEA— gt 2 1) = min {ur 2 o) € TOEA-I] (.15

where w is the factor prices far DMUY, and TUEA1 s the DEA approximation of the
|l‘t'||||l.l|ll:.['|' hased an detailed data From all units except unit i,
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In Bogetalt {2000%, we also show how the structure of the aptimal scheme is essentially

unaflected by introducing decentralized decision making (where the DM, ez, the [orest

awners, decide on the cutput mix), as well as participatory budgeting arrangements
nan-verifiable coste estimates are communicated a priori].

Cist DEA Estimeted Cort Norm OUEA (i)

Yardstick Cost . . ®

Actual Cost _:'/.,-""

Proghctiony

Paymers = Lump Swn + dciual Cost + peSavings

Figure 0.5 The DEA Yardstick Modal in the Production- Cost Space

In Agrell et all (200241, we introduce a time dimension in the yardstick model. The

dynamic perspective gives rise 1o several new issues, One is the possibility of acenmulating
anid II*-iiIu.[ new information. Another s the need to avoid the ratchet effect, e, delibaraia
sub-performance in early periods to avoid facing standards that are too tough in the future,

Nevertheless, the structure of the aptimal dynamie scheme is similar to the ones devel-
aped above., Thus, the optimal revenne cap for a DM is found as a DEA bassd vardstick
narm. Assuming verifiable actual casts, the optimal scheme taking into account the genera-
tion of new information, the raichet effect and the possibility of technical progress becomes:

20

Btee .z = @+ e+ p{CP5 g, =) — o) it

Le, the sptimal reimbursement to the DMU 0 period £ Heq, w, 2], equals a lump som
payment, &, plus actual costs in period £, ¢, plus a fraction g of the DEA estimated cost

5 c e i DEA B S q =
savings in period &, p(f I ","'l_ z¢) — e ), using all the information from the other DMUs

cenerated in periods 1 through &

In Agrell et al [E[I]EJl.lJ:I. we alsa consider how to |IIIJII-|[_\' the schemes to take into
aceount the possibly of hmited catch-up eapacity, e. the fact that it may take time for a
DM te learn the best practice and the possible cost of innovation {frontier movements),

We close this Section by noting that the use of yardstick schemes 1= not new to farmers.
Elements of yardstick competition have long been part of existing production conbracts.
Yardstick competition in these contracts, however, s typieally introdoced to cope with a
single aspect, say the impact of sowing time or feed quality, of. Bogetolt & Olsen {20023,
Olsen (2
however, the use of multiple dimensional yardstick schemes like the ones

f_l for recent and rather advanced l‘x-lllll|.l|l.':-. Ta tha hest of our knowledgs,

reabed have

not previously been part of the natural resouree management literature, To the exient
that multiple dimensional aspects have been dealt with, 1 has been done by introducing

a common aggregation af the different dimensions & pricel, rather than by using agent

specfie, endogencus aggregations as it is implicitly done in the DEA approach.




DEA and Procurement Auctions

In the traditicnal DEA literature, the [oeus 1= on the evaluation of past performances using
past production data. In the DEA incentive literature, the [oeus is on the use of historical or
future production data to monitor the agents and to motivate them to take proper actions

by committing er arde to a payment principle

We now introduce a third potential use of DEA, namely to evaluate non-realized multi-
dimensional bids (8= oppossd to realized production plans) in a procurement setting {as
opposed to a control setting]. In particular, we suggest that an alloeation and price setting
mechanism along the lines of the DEA based yardstick schemes can be a useful generaliza-

ok,

tion of a second price sealed bid auction mechanism.

ulti-Dimensional Auctions

Although there are many practical instances of multidimensicnal avetions, eg. the con-
servation reserve program in the USA, of. ez, Vukina ef al. (20000, and the Department
ol Delence procurement anctions for weapon systems in the USA, el eg. Che (1993), the
thearetical literature on multi-dimensional auctions is sparse,

In a standard auction or procurement context, where a single quality product is supphed,
the revenue equivalence between first price and second price anctions is the most central
result. It was suggested by Viekrey (1961), but remained a puzzle until 19581 where Riley
& Bamuelson (1951 Myerson (1981) simultaneously solved the prablem. They show that

in an independent private value model, the different mechanisms e the same expected
revenue [or costs) to the principal .

Che (1993} shows how the existing theory can be generalized to multidunensional aue-
tions, He considers allocating contracts containing a |J|'il:'l.' b1 and 4 one-dimensional E|l|ﬂ|il_\'
parameter q. The principal’s utility Tunction is U{p, g) Vigl — PP, where V{g) is a

coneave function that values quality. An agent DU that wins a contract earns profit
gl = p— elq, &), where p s the price he is paid, g i= the quality he must deliver, & is
his type and efq, &) is his costs of producing quality . The principal selects a quasi-linear

il = sl g)—p. The agents with highest scores are offered a contract., The

seore funetion: S

exact terms of the contracts l|l.'|.ll.'||l:| on which mechani=m is chosen, Che (1993) considers
twor different mechanizm:

o [Tt score anction - the bidder with the highest score wins and the winner has to
meet the highest score. A first score auction can be compared with the frst price
anetion,

vins and the winner has to

Second seore auction - the bidder with the highest score
meet the second highest seare. A score auction can he I'IIIII|.I-'I|'I.'II with the secand
price auction,

o theorem for the two types of score auctions. Both avctions are

aptimal second best mechanisms,

He shows an equivalen

IMEA Based Procurement

We now pPraopose A DEA hasad procurament scheme that L',‘l'lu'l'-ll“!(‘:—i the secand |JI'.II'I":- heme
Lo oa IIIII|Ii|J|I" cimensional context. It leads to truthful revelation ol casts and works with a
broad class of underlying cast functions like the DEA based yardstick scheme.

We consider a principal who wants one or more of 7 agents or DMUs to improve the
environment. To determine which agents to call upon and the compensation to award
them, the regulator organizes a multiple dimensional, multiple unit procurement auetion,
Initially, the agents submit bids, and based herson the regulator determines which offers
to use and how to compensate the corresponding agents, Next, the agents pick the actual
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production plans, including slack, and payment 1= realized when the promised cutputs are
delivered.

A bid fram DRI s now an e-dimensional environmental improvement vector o € B'
and a cost e = E. In addition, a sories of non-controllable variables z* [ BT like lype ol
land, distance to reservair, el i= commaon knowl
underlying eoste of producing %' in the

|:.':(" to the agents and the I'l"'.[lllﬂllll'. The

ntext of 2%, Oy, 2", is private information to the

agente. The regulator simply knows that the costs originate from a commen cost funetion
L) Trom a class ©f2), where 5 = ers, drs, ves ar [dh,

Ta kn:‘p things :"\-iIII|J|L' at this stage, we assume that DMUY can u|||_1.' choose one pro-
duection plan ¢'. Alsa, we assume that the production plans g (!

controllable context or state variables z = {z!, ..., 2™) can he perfectly verified and hence

' and non-

comtlessly contracted upen. {In a generalized setting, each DR will have a whale set ¥ of
technically feasible production plans given e obher activities and each DM will submit
multiple bids corresponding to the diferent productions in ¥,

We assume that the agents are risk neutral and that they maximize proft and slack

with a relative value of slack compared to profit, That is, when DMLY gets compensated

B for produocing &' and when he actoally uses {2°,2%), he is =it with a utility of B — 2*
plat — Oy 2"
Also, we assume that the regulator maximizes the value of environmental gains U7, ...,

minus the costs of inducing the agents to undertake the production. The costs nesded to
pay the agente are inflated with (1 4+ &) = 1, to reflect the econcmy wide misallocations
resulting from the generation of the necessary Iunding via tax payments.

Belore formalizing the regulator’s problem, we note that the cost (types) of the different
0= are correlated. We know that the actual cosis af the DMUs all u|'il_['|||.-|lr- from the
same underlying cost function, The set of possible cost functions, however, 1= very large.
This means that types are not perfectly correlated. On the other hand, they are also not
independent. We argua that the assumed carrelation is very natural by its relationship to
production theary. The underlying cast Function may ba interpreted a= the long ron cost
function while the costs of the individoual DAUs may he I|||.|||-_(||| af as lll'i'_{'llmlill'_( [ram
lacal, shart run cost curves,

We will now formalize the regulator’s prablem, suggest a procurement procedure and
discuss the hasie |JI1||Jl-I'IiI‘:-i al the |JI'IJI'I‘(|III'1'.

Ta do =0, we intraduce decision variable 3§ 1......n to reflect which agenis are
actually selected 1o produce the desirsd cutputs, Ji e {1,... n}|d" = 1}, and which are
nat, {.i [ -:1 o ..'."rlrnl" []} Mot that n '.',l.'lll.'l'r'||. the decision variables will l|l.'|:ll.'I|l:| an all

the Bids of all the agents, d = @y, 2). Using the revelation principle, we can withoot
[RES ganerality impose truth-telling constraints, 1e. assume that the costs reported by
PMUY together with a {y'. 2% is ' = Cig' 2"
budget) can theralore be formulated as

J. The regulator’s problem (with a variahble

= 0YC € Cia),i=1,....n (1)
bl — Cly':2") - Q'] =

e,
oz TN y+ ple™ — Oy ') — l!,j']
i (e
2 i=1,....0
N Ol WO eCla),i=1,..., n
{9.21)

The objective function is the expected environmental value minus social costs, Fxpee-
tation i= taken with respect to the underlying, unknown coste, e, to the DM Us of producing
the cutputs, The regulator's chai

= variables concern which DRUs to accept in the pro-
cram, o, and what to pay, H. In addition, the regulator must predict the actual costs that
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the accepted agents will use, = The first set of constraints i= the individoal rationality
constraints, '|'||l.'_‘.' ensure that all DMUs, given their |Jl'i‘.'>'|ll:" information about their costs,

expact to get at least their resezrvation IIIi|iI_‘.' of l',j'" if I|Il:"_'.' are selected. Note that in the

wilation, we assume that the DMUs only know their own costs, not the costs of

chesen Tor

the other DMUs, The second set of constraints is the nsval incentive compatibility
straints, They say that no agent would ever like to deviate From truth-telling abont costs,

o, and from chossing actual costs according to =,

Consider now the mllowing DEA based procurement anction to deal with this |JI1||I|1'I||Z
Stage 1: Bidding. The DMUs submit (cost, context, ontpot) bids (ed, zd, wil), i
l,...,m
Stage 21 Cost Norms. The regulator uses the submitted bids to determine DEA
based cost norms. The eost norm For DU, IIT' wOEA _ ) 15 determined, hased on

the bids of the ather units
" = min e

2 e Als)

Stage 3: Selection. The regulator selects DMUs by salving

max {db =t gty 2 ™) — (L k), A CDEA—d. o1y

el d el fori=1....n

{8.23)
Stage d: Payment, IFDMU is selected, d = 1, it is instrocted to produce o and it
is paid Be,z, o) = QF + CDEA _ :
The idea ol this |.l|lll:ll:||||\:"' i= *-IIII|J|I. The regulatar uses the bids from the Bidding rouned

to estimate DEA based cost norms Ffor the individual DM Us, Using these cost norms, the
regulator then makes the necessary trade-offe between the environmental benehts and the
cosls of -'|l'l:|IIiI"III:.E them. |"iI|-'|||_‘.'. the payments tao the selected DMUs are settled as the
DEA estimated cost norms plus reservation utilities, just like in the yardstick competition
vith non-verifiable actual costs,

madel

The DEA based procursment auction gives a leasible and cost efficlent salution to
the regulator's procurement problem. To see this, assume trothfol cast revelation to a|||
DMUs but DAY It fallows from the minimal extrapolation prineiple that (g
CDEA -t =8y Newr, sinee the value of slack is less than 1, the best response of DMU is o
choogs o = (7] Yrand o = Oy

least possible coste, We therefore have that the suggested scheme is 1) individually
rational and 2} incentive compatible, Moreover, we note that the resulting solution is 3)
cost efficient in the sense that no DAL would like to introduce slack in the final produetion
plan.

i, e, to reveal the true costs and to produce oulputs

Alse, the DEA based procurement auction will sometimes be an optimal solution to the

sicler a case with considerable environ-

regulator’s procurement problem. To see this, o
mental benefite B ench that we would ideally like all DMUs to pradoce the enviccnmental
goods, In such casss, it cannot be part of an optimal salution to ration production, Le. to
I
types cheaper. N
all possible cost Tunctions, we cannot pay less that "'l'r-. z, ) = Q'+ f'm:"' — iy’ 2" sinee
for some cost types, we will have F + CPEY g2y = 0F 4+ Oy’ Therelore, if he
was paid anything less, it would not be a best response to accept ||um-|h| Since other cost

reo production in some cases, Le. [or some cost types to make production For ather cost
to make sure that it is indiwidually rational Tor all to prodoce under
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types can imitate this one, no one can be paid anything less than 0F 4 CPEA — iy

the salution is ll|J|i|II-'I| when rationing cannct be el ool

Finally, we suggest that the DEA based procurement anction will alten be near-aptimal.
Ta see this, note that the DEA ?'I|.I|J|'llxi|||?'l|il.l|| al the east structure will |:II'I.I'."II le o clasa fit

in many cases, Having observed 7 — 1 observations on the €70 curve, the piecewise linear
.-||.||.||'|.|3ci|||.-|l'||_||| will I_‘.'|Jil'r‘|||_‘.' not deviate too much for |.u.l'II||:-t'|l.w.' to the ahserved ones, [||'
wvery DAV could submit multiple bids, the approximation would even improve).

The DEA based schemes above can of course be extendsd in several directions. In
particular, one could combine the initial bidding with an er-post evaluation and verification
ol actual costs using a yardstick scheme like In the previous seetion. Also, to save on the

information rents, it may be attractive for a regulator with not overly large benehts to ration
away same production. As suggested in Bogetoft (1997), the optimal rationing procedure
would correspond to including artificial plans in the estimation of the DEA cost norms, We
leave such extensions to future research.

Final Remarks

In thie paper, we have discusssd the pros and cons of nsing Data Envelopment Analysis
[DEAY to evaluate and enhance the efficiency of natural rescuree management.

Natural resource management problems often mvalve camplex praduction structures,
with jomnt production of multiple produsts simultansously. Moresver, there are non-trivial
iII|:lII|:- ta the |JI'IH1|III'|iHI| process that cannot be contralled. There are alsa non-trivial
elemants aof -'|:-_‘.'I||I||l.'ll'il' information about the eonditions and |:l|'l.'|.l.'|'L'IIl:'l.':‘-\- al the different
landowners. Last bub not least, there are often several entities |.ll.'|'|.ll|'|||i||: similar apear-
ations, and this allows the I'l.'('l.ll'llill:.{ ol I'l.'|a'||i‘.‘l.'|_‘.' :.':l.u.ul and detailed data an |:ll'r'|l:'lil:'l:‘.-~ n
a larnge number of units, The DEA modeling is particular useful in these circumstances
becanse of its ability to handle multiple nputs and ootputs, to worle with Aexible prodoe-
tion structure, to incorporate local variables, and to work with limited or no preference
information. Moreover, the need in DEA Ffor good data from several, similar units 1= cfien
possible to Tulfll.

Ta cope with delegated production and incentive problems, the DEA approach can also
be useful. We reviewed some basic results on DEA based incentive schemes. These schemes
can be used in motvating landowners to take desired decisions, eg. to reduce M-leaching.
Finally, we indicated how a DEA bassd procurement procedure conld be nsed to select
farmers and forestowners for a pr to enhance environmental qualities,

There are several, relevant extensions of the research reported here, We suggest that
future ressarch should focns in particular on the development of multi-dimensional pro-

curement anctions, The discrepancy betwesn practical ad hoe procedures in coping with
multiple dimensions and the simplified, usoally single dimensional theoretical models, is
particularly striking. We believe that developments along the lines of the DEA based
anctions may lead to new approaches that ean solve real problems using sound theory,
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