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a b s t r a c t 

Accounting, life cycle assessment (LCA) and data envelopment analysis (DEA) are examples of various 

research areas that independently develop and apply diverse methodologies to evaluate performance. 

Though, many methods have in common that the results to be assessed are mainly determined by the 

inputs and outputs of the activities which are to be evaluated. Based on both production and deci- 

sion theory, our comprehensive framework integrates and systematically distinguishes specific types of 

production-based performance assessment. It allows to examine and categorise the existing literature on 

such approaches. Our review focuses on sources which explicitly apply concepts or methods of multiple 

criteria decision analysis (MCDA). We did not find any elaborated methodology that fully integrates MCDA 

with production theory. At least, a basic approach to multicriteria performance analysis, which generalises 

the methodology of data envelopment analysis, appears to be well-grounded on production theory. It was 

already presented in this journal in 2001 and has rarely been noticed in the literature until now. A short 

overview outlines its recent insights and main findings. A key finding is that a category mistake prevails 

among well-known methodologies of efficiency measurement like DEA. It may imply invalid empirical 

results because the inputs and outputs of production processes are confused with resulting impacts de- 

stroying or creating values (to be minimised or maximised, respectively). We conclude by defining open 

problems and by indicating prospective research directions. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Diverse production-based methodologies of performance 

valuation 

Performance evaluation methods are used to assess relevant re- 

ults of human activities. Such results are also called consequences, 

ffects, im pacts, or outcomes. Methods of business administration 

nd economics are mostly concerned with financial results on mar- 

ets, or, in case of traditional cost-benefit-analysis, they measure 

ow much individuals would pay for the results (willingness-to- 

ay). Since non-financial results are of growing importance, fur- 

her methodologies have been developed to evaluate environmen- 

al and social aspects of performance, too. Their approaches may 
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ublic, commercial, or not-for-profit sectors. 
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iffer to such an extent that they cannot be easily compared with 

ach other or with monetary-based methods. 

Life cycle assessment (LCA) and data envelopment analysis (DEA) 

re amongst these diverse methodologies. However, LCA and DEA 

ave one thing in common with management accounting : The re- 

ults to be assessed are mainly determined by the observed inputs 

nd outputs of the activities which are to be evaluated. There- 

ore, these performance evaluation methodologies can be called 

roduction-based . In the case of cost and revenue accounting, the 

nputs and outputs of a production process are usually valued at 

heir market prices when purchased or sold. 

In LCA, the assessment of ecological impacts is built on an in- 

entory of all relevant inputs and outputs concerning the prod- 

ct under consideration during its manufacture, use and subse- 

uent disposal ( Guinee, et al., 2011 ). For example, Figure 1 shows 

ix main impact categories from the BASF’s eco-efficiency analy- 

is , a well-established method in LCA practice (cf. the overview by 

rosse-Sommer et al. (2020) ). Three of them are input-related and 

hree output-related. Within the last (3 rd ) step of BASF’s analysis, 

ll six are aggregated into a single category called “total ecolog- 

cal impact”. The figure illustrates that, at first, different kinds of 
 under the CC BY-NC-ND license 
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Fig. 1. Aggregation scheme of ecological performance criteria (cf. Dyckhoff, Quandel & Waletzke (2015) , p. 1560) 
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1 In an often-cited review of contributions to supplier evaluation and selection, 

Ho, Xu & Dey (2010) , p. 22, asserted that this ambiguity is a limitation or drawback 

of DEA and conclude that “practitioners may be confused with input and output 

criteria”. 
missions – usually classified as undesirable outputs – are aggre- 

ated hierarchically in two preceding steps. Eco-efficiency analy- 

is is a particular instance of multicriteria evaluation methods which 

re based on input and output data of the considered processes. 

This holds also true for DEA (cf. Doyle & Green (1993) , Joro, Ko-

honen & Wallenius (1998) , p. 963). A crucial question of its ap- 

lication is the selection and definition of the inputs and outputs 

hich are relevant for the performance evaluation of the decision- 

aking units (DMUs) at hand. Cook, Tone & Zhu (2014) state in a 

ethodological review (p. 2): 

In summary, if the underlying DEA problem represents a form 

of ‘production process’, then ‘inputs’ and ‘outputs’ can often be 

more clearly identified. The resources used or required are usu- 

ally the inputs and the outcomes are the outputs. 

If, however, the DEA problem is a general benchmarking prob- 

lem, then the inputs are usually the ‘less-the-better’ type of 

performance measures and the outputs (...) the ‘more the- 

better’ type (...). DEA then can be viewed as a multiple-criteria 

evaluation methodology where DMUs are alternatives, and the 

DEA inputs and outputs are two sets of performance criteria 

where one set (inputs) is to be minimized and the other (out- 

puts) to be maximized. 

Each of these two seemingly unconnected alternatives – pro- 

uction versus multicriteria perspective – stated by Cook, Tone & 

hu (2014) poses its own difficulties. This can be illustrated by 

he example of assessing the sustainability performance of coal- 

red power plants. Here, from a production technology point of 

iew, undesired emissions like CO 2 are undoubtedly outputs, how- 

ver, they need to be minimised from an ecological perspective. In 

ddition, the production factor labour clearly constitutes an input; 

ince labour input induces costs for the shareholders of the plant, 

t is minimised in business economics. Nevertheless, it represents 

t the same time employment which, in turn, constitutes a factor 

ighly preferred by society which is thus to be maximised with 

egard to its stakeholders (cf. Iribarren & Vazquez-Rowe (2013) , p. 

25). 

This constellation illustrates a fundamental conflict between the 

roduction and the multicriteria perspective. If both are considered 

s two mutually exclusive alternatives (as cited above), associated 

erformance analyses will inevitably lead to completely different 
796 
esults, due to the possibility that an input or output must be opti- 

ised with opposite directions in view. This contradiction may call 

nto question the empirical validity of the findings thus obtained. 1 

oreover, in case of a pure multicriteria perspective, a production 

heoretical foundation is lacking which would allow to envelop the 

easured input and output data of the considered DMUs by us- 

ng assumptions like convexity or certain economies of scale in or- 

er to establish a set of additional production activities which are 

ctional, but nevertheless (technologically) possible ( Wojcik, Dyck- 

off, & Clermont, 2019 ). 

To resolve this unsatisfactory contradiction found in the lit- 

rature of performance evaluation, our review investigates two 

ain questions: Is there a bridge that connects the production 

nd the multicriteria perspective or even integrates both perspec- 

ives into a single multicriteria production perspective as a compre- 

ensive framework of performance evaluation in such a way that 

he afore apparently antagonistic perspectives come to form ‘two 

ides of the same coin’? What would a theoretically sound ap- 

roach which systematically integrates both perspectives into an 

ncompassing methodical conception of production-based multicri- 

eria performance analysis look like? 

In response to these questions, the next section proposes a mul- 

icriteria production framework for performance evaluation. It in- 

egrates fundamental concepts from different disciplines, notably 

urposive rationality from sociology and multicriteria evaluation 

rom decision theory with the transformation of input into out- 

ut objects from production theory. Section 3 demonstrates that 

ccounting, LCA, and DEA form specific types of methodologies 

lassified by this framework. On this basis, as the first general re- 

iew of this kind, Section 4 examines, categorises, and discusses 

he literature of Operations Research and Management Science 

bout concepts and approaches combining multicriteria perfor- 

ance evaluation with production theory or with the production- 

ased topics of accounting, LCA, or DEA. It emerges that relatively 

ew sources try to bridge the gap between these different strands 

f research if compared to the extensive literature dealing with 

ach strand alone. Furthermore, there seems to be only a sin- 
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le approach to multicriteria performance analysis which is well- 

rounded on production theory. Although it was already presented 

n this journal two decades ago ( Dyckhoff & Allen, 2001 ), it has 

een noticed in the literature solely regarding the aspect of eco- 

ogical efficiency measurement whereas the general multicriteria 

oncept has been widely ignored until now. Section 5 outlines and 

urther clarifies insights and key findings of corresponding recent 

iterature with a focus on the data envelopment methodology of 

roduction-based multicriteria performance analysis. Most notably, 

t explains why the application of well-known methodologies like 

EA often leads to the category mistake of confusing the inputs 

nd outputs of production processes with resulting impacts which 

estroy or create values (to be minimised or maximised, respec- 

ively). Section 6 concludes by defining open problems and indicat- 

ng prospective research directions that emerge from our review. 

. Comprehensive framework of performance evaluation 

From a perspective of management accounting and control, per- 

ormance evaluation is an instrument predominantly used for two 

ltimate purposes with typically conflicting conclusions ( Demski 

 Feltham, 1976 ), namely either to facilitate and support deci- 

ions of a single decision maker or a team or else to support a 

rincipal in the process of influencing and controlling decisions 

f opportunistic agents in situations characterised by asymmet- 

ically distributed information. In this section, we present differ- 

nt perspectives on performance evaluation, after having defined 

ur understanding of it. By further developing ideas of Dyckhoff

2018) and Dyckhoff & Souren (2020) , these perspectives will then 

e integrated into a comprehensive, theoretically founded frame- 

ork, proposing generic guidelines for production-based perfor- 

ance assessment. It includes accounting, LCA, and DEA as partic- 

lar instances of such methodologies, to be classified with respect 

o this framework in Section 3 . 

.1. Different perspectives of performance evaluation 

Performance analyses regularly assume that the acting individ- 

als involved behave rationally. This fundamental assumption is 

rst dealt with in more detail before we turn to the decision- 

heoretical and production-theoretical perspectives on performance 

valuation. 

.1.1. Purposive rationality as basic assumption 

One century ago, the well-known sociologist and economist 

ax Weber (1921) wrote that “action is rationally oriented to a 

ystem of discrete individual ends when the ends, the means, and 

he secondary results are all rationally taken into account and 

eighted” (p. 21; cf. the translation in Weber, Henderson & Par- 

ons (1964) ). Weber (1921) distinguishes this purposive rational- 

ty from other categories of rationality, e.g. legality, legitimacy or 

orality, characterising a kind of value rationality . 

Ends, means, and secondary results are three categories of crite- 

ia determining the rationality of an action or of an actor. The term 

ends’ is used to name the purposes which constitute the original 

otives for the action considered in the situation at hand. The ex- 

ent to which these main ends are achieved determines the effec- 

iveness ( efficacy , effectivity ) of an action, whereas the consideration 

f the ends in relation to the means as well as to the secondary 

esults appraises its efficiency . Effectiveness and efficiency form the 

wo main categories regarding the quality of the decision being put 

nto action. Such an analysis can be called performance evaluation 

 assessment ) according to the pertinent literature on performance 

easurement which defines the latter as “the process of quanti- 

ying the efficiency and effectiveness of action” ( Neely, Gregory & 

latts (1995) , p. 80). Performance evaluation comprises data from 
797 
exact) measurement, and in addition considers qualitative aspects 

f they are relevant. 

The different types of ends E, means M, desirable secondary 

esults D and undesirable ones U represent the relevant multiple 

riteria for the intended performance evaluation. Waste and emis- 

ions are examples of undesirable secondary outcomes, whereas a 

urprising discovery or invention made during an exploration pro- 

ess may be desirable. In general, the achievement of an end is 

esired and valued as a benefit whereas employing a means is un- 

esired and is assessed as a cost factor. 

Let E denote the evaluation set , i.e. those actions the perfor- 
ances of which are to be evaluated. If b = ( b E ; b D ) describes the

ulti-dimensional values of all desirable results and c = ( c M ; c U )

hose of all undesirable ones, we call b = b[ a ] the benefits and

 = c[ a ] the costs of action a ∈ E . These different costs and bene-
ts form the multiple values destroyed or created by the action in 

uestion: v [ a ] = ( c;b ) . By definition, less costs and more benefits

re preferred. 

Thus, performance evaluation of actions can be regarded as 

 kind of non-monetary cost/benefit-analysis that generalises the 

onetary approaches of economics. Typically, some or all benefits 

nd costs cannot be measured in financial terms or are even not 

easurable at all. If measurable, the scales of the different types of 

osts and benefits are regularly incommensurable a priori , particu- 

arly in cases of sustainability evaluations based on social and eco- 

ogical criteria (cf. Figure 1 ). Therefore, non-financial performance 

valuation constitutes a kind of multicriteria analysis in which the 

riteria cannot easily be aggregated into a one-dimensional mea- 

ure of overall performance determining the success of an action 

in contrast to e.g. the profit as difference of revenues and costs in 

nancial accounting). Thus, eliciting success by employing methods 

eveloped by multicriteria decision analysis (MCDA), e.g. as an over- 

ll utility or value by multi-attribute utility/value theory (MAU/VT), 

ay be helpful. 

.1.2. Decision-theoretic perspective 

Since the last quarter of the 20 th century, the literature on 

CDA has proposed and applied an abundance of approaches and 

ethods for tackling decision-making problems with multiple ob- 

ectives (cf. Wallenius et al. (2008) , Cinelli et al. (2020) ). To make

hem systematically usable for performance analysis, our struc- 

ural framework is furthermore based on a decision-theoretic per- 

pective. Its fundamental assumption says that a complex decision 

roblem can be better analysed by decomposing it into five basic 

omponents: 

1) the set of alternatives (or option set) A as compilation of all ac- 

tions a that can be executed by the considered decision-maker 

(or DMU) 

2) the situation set S as compilation of all possible, uncertain sce- 

narios s 

3) the result function 𝓇 ( a ; s ) describing the consequences of ac- 
tion a ∈ A in situation s ∈ S

4) the relevant objectives regarding the consequences 

5) the preferences regarding the multiple objectives. 

These components describe the basic decision model. As perfor- 

ance evaluation mostly analyses actions of the past, we focus on 

he special case of decisions under certainty, i.e. where the situa- 

ion set consists of one element only. Hence S will be ignored in 

he following considerations. 

Usually, the alternatives a ∈ A are only briefly denominated for 

lear identification. Instead, their results 𝓇 have to include all the 

nformation necessary for the valuation regarding the different ob- 

ectives. They can generally be described in any way, even purely 

erbally. In contrast to this, and without lowering the level of gen- 

rality very much, it can be assumed for each single objective that 
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he extent to which it is fulfilled can be measured by means of an

ppropriate numerical scale ( Roberts, 1979 ). Thus, for each individ- 

al objective, an associated one-dimensional value function 2 exists, 

sually unknown in advance. The objectives and value functions 

ay not only be determined by one and the same decision maker 

lone but by different people, units, or stakeholders in situations 

nown from game theory. All these individual functions together 

onstitute a multi-dimensional value function v = w( 𝓇 ) = w( 𝓇 (a ) ) 

hat represents the (generally conflicting) preferences for the dif- 

erent objectives. This value function has to be distinguished from 

n overall (utility or) value function u = u ( v ) which would aggre-

ate all the different multiple values on a one-dimensional numer- 

cal scale. 

Methods of MCDA, like those of MAVT or multiple objective lin- 

ar programming (MOLP), can help to gain and utilise information 

n the preferences regarding the values of the individual objectives 

s well as on the trade-off between them. According to our under- 

tanding, MCDA encompasses not only the analysis of the rational- 

ty of intended decision making for actions in the future (MCDM), 

ut moreover also the assessment of the rationality (or ‘perfor- 

ance’) of already realised decisions – as well as the assessment 

f the people and units (DMUs) that have made these decisions –, 

sually judged by an (external) evaluator regarding the results of 

ast actions . 

.1.3. Production-theoretic perspective 

Modern economic theory and DEA as a methodology for per- 

ormance measurement strongly rely on the production theories of 

oopmans (1951) and Shephard (1970) . However, both use ‘produc- 

ion’, ‘input’ and ‘output’ as undefined basic terms. In the present 

aper, production is understood as value creation, i.e. as a process 

irected and controlled by human beings which transforms (in- 

ut into output) objects with the intention of generating advan- 

ages that outweigh the disadvantages of the transformation. Posi- 

ive values shall be created, and negative ones be destroyed to such 

n extent that all positive values consumed by the process as well 

s all negative values provoked by newly induced undesired results 

re more than offset. 

Since the definition and selection of inputs and outputs is 

 critical issue of all production-based performance evaluation 

ethodologies, a quote of Ragnar Frisch (1965) is helpful (p. 3): 

The term transformation indicates that there are certain things 

(goods or services) which enter into the process, and lose their 

identity in it, i.e. ‘ceasing to exist’ in their original form, while 

other things (goods or services) come into being in that they 

‘emerge’ from the process. The first category may be referred to 

as ‘production factors’ (input elements), while the last-named 

category are referred to as ‘products’ (the output or resultant 

elements). 

Hence, by definition, input enters into and output emerges out 

f the transformation process. Both the input of production factors 

nd the output of products are understood as flows measured in 

ime rates. 

Apart from (desired) goods and services, the objects going into 

r emerging from the process may also turn out to be undesirable 

ads , which are assessed in an entirely different way than goods. A 

ad is an object whose possession is undesired so that one wants 

o get rid of it, which, however, requires some effort. Theref ore, 

he output flow of bads is undesirable, e.g. in case of trim loss, 

hereas the input of bads is a desirable flow, e.g. of waste to be

ncinerated, because it decreases its stock ( Dyckhoff & Allen, 2001 ). 
2 According to MAVT, the term ‘value function’ (and not ‘utility function’) is used 

ere for decisions under certainty. 

p

t

c

798 
Production theory uses different notions for the production pos- 

ibilities of a production system. Here, technology T comprises 

ll activities a that are feasible in principle because of the avail- 

ble knowledge as well as the deployable transformation processes. 

part from that, i.e. irrespective of the technology and in addi- 

ion to it, the accessible activities are situationally narrowed and 

ounded by supply, sales and emission restrictions, all constituting 

 set R . Therefore, the really feasible activities result from the in- 

ersection P = T ∩ R of the activities that are both technologically 

easible and satisfy the actual restrictions as well ( Dyckhoff, 1992 ). 

he set P is called production possibility set (PPS). 

Traditional production theories are limited to measurable in- 

uts and outputs. Furthermore, they assume that each production 

ctivity a ∈ P can be completely described by process-specific in- 

ut quantities x and output quantities y . Such an activity a can be 

dentified by the representation z := ( x ; y ) of the related input and 
utput quantities: a ≡ z. Hence, there is no need to make a further 

istinction between the activity itself on the one hand, and the de- 

cription of its inputs and outputs on the other. Thus, PPS P covers 

he de facto feasible production activities as vectors z = ( x ; y ) in a 
ulti-dimensional space of real numbers, the dimensions of which 

re usually defined by the different types of inputs and outputs. 

.2. Integrating the different perspectives 

Purposive rationality as well as decision and production the- 

ry form the building blocks and constitutive perspectives of 

roduction-based performance evaluation methods. Next, we com- 

ose them into the intended comprehensive framework. Figure 2 

utlines the basic structure of the latter as generic guideline for a 

ecursive process with four strongly interdependent steps or com- 

onents. 

In the fundamental (first) step, the evaluation’s subject and 

bjectives as well as the decision field with the relevant alter- 

atives a ∈ E which are to be assessed will be specified; this 

ncludes the goal and main purposes of a performance assessment 

s well as the determination of the relevant types of inputs and 

utputs combined with those types of resulting impacts which 

nfluence the selected objectives ( goal and scope determination ). 

n the second step, the input and output quantities z(a ) = ( x ; y ) 
hich influence the selected objectives have to be determined 

 input/output inventory ). Based on that, all relevant outcomes 

 = 𝓇 (z) are assessed ( impact assessment ) and then valued by 

ne or more performance measures v = w( 𝓇 ) ( valuation ). The 

ecision-maker or an external evaluator is responsible for the 

nterpretation of the results in each step. 

𝓇 (z) represents an impact function , whereas w( 𝓇 ) and v (z) are 
he respective impact-related and (transformation) process-related 

alue functions . In general, these functions may be non-linear (cf. 

ections 2.3 and 5 ). In fact, applied performance measurement 

ethodologies mostly use linear functions, perhaps justified as an 

pproximation of non-linear ones in the neighbourhood of the ob- 

erved performance data. 

Section 3 will show by way of example that specific method- 

logies – like accounting, LCA, and DEA – neither necessarily need 

o include all four steps of the generic structure in Figure 2 nor 

lways consist of exactly two steps of (hierarchical) impact assess- 

ent and valuation: v (z) = w( 𝓇 (z) ) . Nonetheless, in cases of more 

teps or evaluation levels (cf. Figure 1 ), steps on the left (lower 

evels) are typically more often concerned with assessing objective 

r at least intersubjectively determinable facts, steps on the right 

upper levels) more often deal with subjectively shaped values and 

references underlying the evaluation of these facts. 

In any case, at the lowest levels of evaluation, the information 

hat is relevant for each activity’s performance consists of its spe- 

ific inputs and outputs z = ( x ; y ) as well as of their corresponding 
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Fig. 2. Generic structure of performance evaluation (cf. Dyckhoff & Souren (2020) , p. 8) 
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mpacts 𝓇 (z) . Regarding the impact assessment, it is important to 

ote that one and the same input or output quantity can have dif- 

erent results simultaneously. For example, emissions of fluorocar- 

ons into the air contribute to both global warming and to ozone 

epletion above Antarctica. At higher levels, the evaluation pro- 

eeds by using appropriate performance measures that, as a rule, 

ondense the valuation further and further, thus allowing for a bet- 

er comparison of the activities regarding their preferability. At the 

ighest levels, the performance is represented by a few key perfor- 

ance indicators (KPI) only, or in extreme cases by a single, one- 

imensional top KPI measuring the overall success. 

The attributes representing the performance criteria – often 

lassified into costs and benefits: v = ( c;b ) – are usually defined 

y those ends E, means M as well as desirable and undesirable 

econdary results D and U which the evaluator chooses according 

o their relevance. Both, the results 𝓇 and the performance values 

 of the actions a ∈ E to be evaluated can generally be described 

n any way. By contrast, performance measurement requires a kind 

f quantification of all costs and benefits, each measurable on a 

ell-defined numerical scale, usually at least an interval scale –

aybe even a ratio scale –, but possibly an ordinal scale ( French

1986) , Ch. 9). 

.3. Illustrative example 

The following numerical example is adapted from Dyckhoff

2018) and extended such that it is in line with the guidelines 

llustrated by Figure 2 and furthermore includes non-linear im- 

act and value functions. The sustainability performance of several 

imilar production units (DMUs) is to be evaluated regarding eco- 

omic, social, and ecological objectives. Four individual value cri- 

eria are considered to be relevant, assessed by two types of bene- 

ts and of costs, respectively. Benefit b 1 represents the interests of 

he shareholders of the DMUs and benefit b 2 the social interest for 

mployment. The two relevant types of costs c 1 and c 2 represent 

cological objectives and are concerned with the contributions of 

he DMUs towards climate change through global warming and to 

he ozone hole in the stratosphere, respectively. 
799 
It is necessary to identify which types of inputs and outputs 

s well as which types of impacts are relevant insofar as they de- 

ermine the considered costs and benefits. Let us assume that the 

esponsible evaluator establishes the following impacts and corre- 

ponding impact-related value functions: 

 1 = r π = r re v − r exp c 1 = r RF I = r CO 2 + 8500 r CF C 
 2 = r emp c 2 = r OZN 

s well as the following six relevant types of input and output and 

orresponding impact functions: 

 re v = 40 y 1 ( 10 − y 1 ) + 20 x 3 r CO 2 = y 2 r emp = x 1 
 exp = 10 x 1 + 50 x 2 r CF C = y 3 r OZN = y 3 

Impact assessment and valuation imply the respective four 

rocess-related value functions: 

 1 = 40 y 1 ( 10 − y 1 ) − 10 x 1 − 50 x 2 + 20 x 3 c 1 = y 2 + 8500 y 3
 2 = x 1 c 2 = y 3 

For example, the DMUs may be cement plants with labour x 1 , 

aw material x 2 and scrap tires x 3 as inputs as well as cement 

 1 , carbon dioxide y 2 (CO 2 ) and chlorofluorocarbon y 3 (CFC) as 

utputs. The shareholders’ subjective benefit is specified by the 

rofit resulting from financial transactions on markets as net to- 

al from revenues and expenditures. Here, the DMUs represent dis- 

inct business units selling the produced cement on their respec- 

ive local markets, each of which is determined by a linear demand 

unction ( y 1 = 10 − p/ 40 ) with respect to the individual price p per 

uantity unit set by each DMU. Financial turnover does not only 

esult from sales of the cement but also from revenues generated 

y the factory imposing a fee on the disposal of used tires. These 

crap tires are incinerated as an input, thereby serving as fuel for 

he process of cement production. Expenses for wages and salaries 

s well as those for raw material purchases add up to the total ex- 

enditures. The second benefit, job creation, can be gauged from 

mployment figures of labour input, and the greenhouse effect is 

alculated as radiative forcing (RFI) based on emissions of carbon 

ioxide (CO 2 ) and chlorofluorocarbon (CFC), the latter of which 

lso causes damage to the ozone layer (OZN). 

In the case of four cement plants with following matrices X and 

 displaying their input and output quantities, the matrices C and 

 show the respective costs and benefits: 
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The example demonstrates three aspects which are unusual for 

raditional economics and performance evaluation. Firstly, labour 

nput x 1 has two opposing impacts, an undesired financial impact 

n profit b 1 and a desired social one on employment b 2 . Thus, the 

ourth DMU is economically better off than the third, but worse 

ff from a social perspective. Secondly, the output CFC y 3 has two 

ifferent, undesired ecological impacts at the same time. Thirdly, 

crap tires are considered here as bads (undesirable objects) whose 

nput x 3 into incineration is thus desired as it destroys them and 

dds value by reducing negative values. 

In a further step of aggregation, well-known methods of MCDA 

ay be applied to determine a top KPI u = u ( v ) = u ( c 1 , c 2 ; b 1 , b 2 )
hat represents the overall preferences which are decisive for the 

valuation. Literature on various concepts and approaches used for 

uch a setting and related purposes is reviewed and discussed in 

ection 4 . With reference to the example, Section 5 explains some 

eneral theoretical propositions which have recently been pub- 

ished and are relevant for these purposes. They are based on the 

ollowing combination of production and decision theory. 

.4. Basics of multicriteria production theory 

According to the basic structure of decision models mentioned 

n Section 2.1.2 , five fundamental assumptions characterise the cor- 

esponding instance of a general multicriteria production theory 

MCPT). It extends the one introduced by Dyckhoff (2018) in such 

 way that it fully fits with the framework of Section 2.2. 3 

A1 : The activities of PPS P are completely described by a vector z = ( x ; y ) of 
m input and s output quantities of certain selected types of objects 

involved in the transformation process. Basically, P is part of a technology 

T which is defined by certain axioms (e.g. free disposal) and individual 

characteristics (e.g. constant returns to scale) as predetermined general or 

specific properties: 

P ⊂ T = { z = ( x ; y ) ∈ R m + s + | Input x can in principle be transformed into 

output y} 

P is often generated by some basic activities and restricted by constraints 

given for the decision at hand. 

A2 : There is no uncertainty in the data. 

A3 : Relevant consequences of any production activity are completely 

captured by a multi-dimensional impact function r(z) ∈ R q of the 
respective input/output-vector z = ( x ; y ) that distinguishes all relevant 
results caused by the inputs and outputs of the transformation process. 

The image r(P) of the PPS is called impact possibility set (IPS). 

A4 : Relevant evaluation criteria are measured by a multi-dimensional value 

function v = w(r) ∈ R k + � of the impacts r = r(z) and are differentiated into 

two distinct (usually non-negative) categories v = ( c;b ) , namely k types of 

values destroyed, called costs , representing disadvantageous results c, as 

well as � types of created values as advantageous results b, that are called 

benefits . Objectives are both the minimisation of each type of cost as well 

as the maximisation of each type of benefit . The image v (P) = w( r(P) ) of 

the PPS is called value possibility set (VPS). 

A5 : The preferences of the responsible decision-maker or evaluator are 

compatible with the vector dominance relations of the alternatives 

regarding the values in the ( k + � ) -dimensional space of costs and benefits. 

Thus, MCPT is determined by the premise that all relevant data 

re known, deterministic and measurable. Apart from the above 

ore structural assumptions, P and T should regularly be closed 
nd non-trivial , i.e. contain at least two different activities, whereas 

he multiple functions r(z) and w(r) should be continuous (and 

ill be non-linear in general). Since P is defined as that part of 

he technology T which is realisable in the situation at hand, it is 

urthermore bounded in practice, e.g. by resource restrictions; then, 

he IPS r(P) and the VPS v (P) are closed and bounded, too. 4 
3 Assumption A3 of Dyckhoff (2018) does not explicitly address the impacts such 

hat costs and benefits are directly defined on the quantities of the inputs and out- 

uts. 
4 Furthermore, in economics and DEA, it is usually assumed that the PPS is con- 

ex or even (non-negatively) linear. However, it must be noted that a linear PPS is 

ot bounded. The assumption of linearity presupposes empirically that the target 
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Definition: Efficiency and Effectivity 

a) An activity is (strongly) efficient with respect to P and the mul- 

tiple costs and benefits as relevant objectives if there is no 

other alternative in P dominating it. Here, an activity dominates 

another one ( weakly ) if it is better for at least one objective and

not worse regarding all others. 

b) An activity is weakly efficient if it is not strongly dominated in 

regard of all relevant objectives and all other possible activities. 

Here, an activity dominates another one strongly if it is truly 

better for each of the relevant objectives. 

c) An activity is effective if it is efficient with regard to the ends, 

i.e. not dominated with respect to those values that originally 

motivate the activity (thus excluding means and secondary re- 

sults). 

All traditional theories of production and cost fulfil assump- 

ions A1 −A5, but specify them by additional, very particular re- 

uirements concerning the value function and, possibly, also the 

PS. With respect to v ( x ; y ) = w( r( x ; y ) ) , only the following two 

xtreme cases of a continuum of specialised theories are explored. 

At the one extreme, there exists only a single one-dimensional 

alue function to be maximised, i.e. v ( x ; y ) ∈ R . It measures the 

uccess as overall benefit generated by the inputs and outputs of 

he production process and is usually determined by the profit or 

ontribution margin (such as by formula (1) in Section 3.1 ). Here, 

ssumption A4 reduces itself to the trivial case: � = 1 , k = 0 , so

hat v ( x ; y ) = b( x ; y ) . If the revenues are supposed to be fixed, tra-
itional cost theories are obtained, i.e. k = 1 , � = 0 with v ( x ; y ) =
(x ; y) . In these one-dimensional cases, the above concept of ef- 

ciency is simplified to ‘greatest success’, i.e. maximum profit or 

inimum cost, respectively. 

At the other extreme, traditional production theories alterna- 

ively consider the simplest case of what may constitute the rel- 

vant consequences and values of a production activity. Each se- 

ected type of objects that are involved in the production pro- 

ess uniquely forms one of the k = m types of costs on the in-

ut side: c( x ; y ) = x , or one of the � = s types of benefits on the

utput side: b( x ; y ) = y (cf. formula (4) in Section 3.3 ). In this

ase, the above definition of efficiency is reduced to the usual one 

ell-known from Koopmans (1951) , also called technical efficiency 

 Farrell, 1957 ). 

Other special cases of MCPT can be achieved by different spec- 

fications of the multi-dimensional impact and value functions 

 ( x ; y )) = w( r( x ; y ) ) , as well as of the fundamental axioms and 

articular properties by further specifying the technology T and 

he PPS P . For example, an ecological production theory may use an 

mpact function (like formula (2) in Section 3.2 ) which measures 

he global warming impact of various greenhouse gases in terms 

f carbon dioxide equivalents ( Dyckhoff & Allen, 2001 ). 

. Specific production-based methodologies of performance 

valuation 

Distinct (not only production-based) methodologies for perfor- 

ance evaluation may be classified into important categories ac- 

ording to the specific set of evaluated actions as well as to the 

trength of evaluation. In practice, the evaluation set E nearly al- 

ays consists of a finite, manageable number of actions the (input 

nd output) relevant results of which have been observed in the 

ast. In extreme cases, E consists of a single action, only ( |E| = 1 ).
oints and benchmarks found mathematically by a linear data envelopment of ob- 

erved activities lie within the restrictions given in practice. In a similar vein, the 

ssumption of a linear or convex PPS contradicts reality if some of the inputs or 

utputs exist in integer quantities, only. Nevertheless, if these quantities are large 

nough, the rounding error in the performance results may often be acceptable. 
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5 Since appropriate markets where comparable goods and services are traded of- 

ten do not exist, other valuation methods are necessary, too. In such cases as these, 

management accounting applies well-known concepts from decision theory and in 

general defines benefits and costs as the advantages and disadvantages, respectively, 

induced by the chosen action (analogously to Sections 2.1.1 and 2.1.2 ; cf. Ewert & 

Wagenhofer (2014) , p. 35). 
6 Figure 2 is similar to visualisations of the LCA framework by ISO 14040. There, 

however, the valuation is usually part of the interpretation and often called “evalu- 

ation”. Occasionally, the importance of valuation for LCA is emphasised analogously 

to our framework by including it as a separate step, e.g. by Thies et al. (2019) . 
7 Since the weighting coefficients partly employ fixed factors for social prefer- 

ences, the valuation is subject of the so-called ‘range effect’. Therefore, BASF’s eco- 

efficiency method in its original version violates the rationality principle of indepen- 

dence from irrelevant alternatives ( Dyckhoff, Quandel, & Waletzke, 2015 ). The specific 

choice of the evaluation set E may thus be of decisive importance. 
hen, in order to decide whether the action has been successful re- 

arding a specific objective, the evaluation requires either an abso- 

ute scale determining the degree of success or, alternatively, some 

xternally set benchmarks or standards with which it can be com- 

ared. 

Such types of absolute evaluations contrast with relative ones 

hich compare several actions with each other and do not require 

xogenously determined benchmarks or standards. Two basic types 

an be distinguished: either the set A of actually compared ac- 

ions equals the evaluation set ( E = A ) or E is enlarged by addi-

ional comparable actions ( E ⊂ A ). Cases in which additional suit- 

ble actions are given externally resemble the benchmark or stan- 

ard comparisons mentioned before. Other types of methodologies 

se some general, often technological, external information, deter- 

ined a priori, to construct comparable actions within the perfor- 

ance analysis which might also have been realised in addition to 

he observed ones of the evaluation set E . Furthermore, we dis- 

inguish between methods in which the set A of compared alter- 

atives is either finite or infinite (analogously to the well-known 

ifferentiation in MCDM). 

It is characteristic for production-based methodologies that ex- 

ensions A ⊃ E of the evaluation set E are substantially determined 

y the PPS to which the observed actions belong, i.e. A = P or 

 ⊂ P . In general, a production-theoretically motivated and justi- 

ed data envelopment of the evaluation set E is achieved by the 

mallest enlargement or ‘minimal extrapolation’ so that A abides 

y the same technological rules and possibly also adheres to the 

estrictions that define the PPS: E ⊂ A ⊂ P . However, the higher 

he number of possible actions with good performance in set A , 

he stricter the assessment may be. 

After having made the distinction of several basic types of per- 

ormance analyses clear, we will now illustrate them by elaborat- 

ng on the three well-known methodologies mentioned in the in- 

roduction. All concepts and methods of production-based perfor- 

ance evaluation are characterised by the fact that they assess ex- 

ctly those actions a ∈ E which are essentially represented by the 

uantities (x ; y) of inputs entering and outputs emerging from a 

ransformation process which are in turn largely identified with 

he action a itself. 

.1. Financial and management accounting 

In economics, a single production process is classified as abso- 

utely successful if it is profitable, irrespective of other possible ac- 

ivities. The goods and services representing either input or output 

re valued at the market prices η and μ at which they are pur- 

hased or sold, as a rule. The expenditures r exp = ηx for the in- 
ut quantities x as well as the revenues r re v = μy from the output 

uantities y form two kinds of impact functions which are directly 

omparable because of the underlying financial transactions. By us- 

ng the same monetary scale, the expenditures can be subtracted 

rom the revenues which results in the profit or contribution mar- 

in r π that is a desired outcome, i.e. it represents a benefit 

 ( x ; y ) = r π ( x ; y ) = r re v − r exp = μy − ηx (1) 

Because of quantity-dependent prices η = η(x ) and μ = μ(y) , 

he numerical example of Section 2.3 has illustrated that impact 

unctions for expenditures, revenues and profit may also be non- 

inear, e.g. in cases of monopolists or all-units quantity discounts. 

f market prices are not immediately obvious, it is a main task of 

nancial and management accounting to find other monetary val- 

ations η and μ for the inputs and outputs such that b(x ; y) = 

y − ηx still forms a single top KPI reflecting the objectives of 

he shareholders. Usually based on trade-offs which are derived 

rom existing markets, appropriate valuations should allow a di- 

ect comparability of the benefits and costs induced by the inputs 
801 
nd outputs. 5 Regarding the generic structure of performance anal- 

sis, shown in Figure 2 , this usually entails some (perhaps implicit) 

teps of impact assessment. 

Contrary to the valuations of goods as inputs or outputs, the 

aluations of bads are negative. Therefore, costs – as consequences 

f a production activity that you wish to reduce – result not only 

rom the input of goods (because of expenditures for buying them), 

ut also from the output of bads (because of emission fees to be 

aid). On the opposite, benefits – as consequences to be max- 

mised – either result from the output of goods (usually due to 

he revenues from selling them) or from the input of bads (e.g. be- 

ause an incineration plant collects an acceptance fee for the waste 

t burns). 

.2. Life cycle assessment 

Regarding the eco-efficiency analysis of BASF as a particular tool 

ox for LCA following ISO 14040 and 14044 ( Grosse-Sommer et al. 

2020) ), Figure 1 has already illustrated that there may be several 

uccessive environmental valuation steps, instead of the single one 

n the generic picture of Figure 2. 6 BASF uses linear functions in 

ach valuation step, the weighting coefficients thus determining a 

onstant rate of preference trade-off between the different ecolog- 

cal impacts. A given set E of products or technologies is compared 

ith each other ( A = E). 7 The assessment results in two top KPIs: 

he overall environmental impact and the monetary life cycle costs, 

ach measured in relation to the arithmetic mean of all alterna- 

ives evaluated. 

An intersubjectively reproducible assessment of products or 

echnologies may be conducted in respect of some definitive legal 

equirements or licence specifications in the context of permission 

or use. The concrete valuation of the trade-off between different 

cological impacts is often exogenously established by experts and 

erived from given emission limits or standards. Generally, an ob- 

ective valuation of ecological impacts regarding the fundamental 

bjectives is very difficult if not impossible. 

This cardinal problem of valuation is illustrated by Figure 3 for 

he case of the greenhouse effect as a severe ecological impact 

hat threatens the existence of civilised societies in future. Global 

arming is based on a complex network of impacts of at least four 

ypes of gaseous emissions. Some of these impacts are very long- 

erm and difficult to assess. Figure 3 shows only an excerpt of the 

anifold, serious consequences for society and nature. In addition 

o the effects of flooding and drought mentioned, there is a much 

reater number of other highly plausible direct and indirect im- 

acts of atmospheric temperature rise, which, according to current 

edical knowledge, lead to severe impairment of the quality of hu- 

an life ( Eis et al. (2010) ). 

Therefore, LCA methods usually do not try to model and to as- 

ess the various (moreover widely unknown) consequences with 

espect to the fundamental goals as endpoints of the network of 
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Fig. 3. From outputs via impacts to fundamental goals (cf. Hauschild & Huijbregts (2015) , Fig. 1.2) 
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8 Radial DEA models like (5) are usually complemented by an infinitesimally 

small summand in the objective function or by a second optimisation step iden- 

tifying possible slacks for individual inputs or outputs to avoid weak efficiency. For 

reasons of simplicity, we neglect such amendments here, because they do not affect 

our main reasoning. 
mpacts themselves, such as the loss of human life or of biodiver- 

ity. Instead, they try to indirectly take them into account by di- 

ectly valuing certain midpoints which often can be assessed with 

 higher degree of validity, owing to objective knowledge about 

aws of nature. In Figure 2 , such midpoints build the bridge be- 

ween the impact assessment and the valuation steps. 

Regarding global warming in Figure 3 , for example, the increase 

f radiative forcing (RFI) or the rise of atmospheric temperature 

re such midpoints. This allows for an aggregation of the differ- 

nt impacts of greenhouse gases. To measure their global warming 

otential (GWP) as environmental cost c GWP , a typical result func- 

ion r RF I (x ; y) comprising the total impact of emissions of carbon 

ioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), and chloroflu- 

rocarbons (CFC) reads as follows (cf. the example of Section 2.3 ): 

 GWP = r RF I = y CO 2 + 28 y CH 4 + 265 y N2O + 8500 y CFC (2) 

This way, the negative climate effects of the greenhouse gases 

re summed up by means of so-called carbon dioxide equivalents. 

ere, one mass unit of methane has about 28 times more green- 

ouse potential over 100 years than one mass unit of carbon diox- 

de, and that of the other two greenhouse gases is accordingly 

ven higher ( Myrhe & al. (2013) , p. 731). Choosing a shorter time

orizon as period of evaluation implies that methane has an even 

uch higher impact (more than 28 times) whereas most methane 

ill have left the atmosphere within more than thousand years 

r will have been converted into carbon dioxide that stays in the 

tmosphere for long. These facts disclose that already the step of 

mpact assessment in LCA necessarily needs some value decisions, 

n this case concerning the choice of the relevant time horizon 

 Lueddeckens, Saling, & Guenther, 2020 ). 

.3. Data envelopment analysis 

Whereas in LCA the set A of compared alternatives usually 

quals the finite evaluation set E , DEA is characterised by an exten- 

ion of the evaluation set E = { z 1 , . . . , z n } where z j = ( x j ; y j ) ∈ E
escribes the observed action of DMU j . E is enveloped by an infi- 

ite number of comparable alternatives, to be justified by informa- 

ion about the actual PPS P which is available beforehand so that 

 ⊂ A ⊂ P . For example, if the technology is linear, the associated 

mallest enlargement of E becomes: 

 = 

{ 

z = 

n ∑ 

j=1 

λ j z j | λ = ( λ1 , . . . , λn ) ≥ 0 

} 

(3) 
802 
On the contrary, and again in stark contrast to LCA, the origi- 

al conception of DEA is characterised by the fundamental premise 

hat no further information about impacts and values is known 

hich would allow for an aggregation of the considered inputs 

nd outputs, except for the following general assumption about 

he preferences: Output is desirable and input undesirable! Thus, 

egarding the generic framework of production-based performance 

valuation shown in Figure 2 , there is no step of impact assess- 

ent, and the valuation step is reduced to the trivial case where 

ultiple benefits are measured by the physical quantities of the 

elevant outputs and the costs by those of the inputs: 

 ( x ; y ) = y and c ( x ; y ) = x (4) 

For instance, in order to measure the efficiency of an action 

 o = ( x o ; y o ) ∈ E in relation to the linear envelopment (3), the 

nput-oriented CCR model in envelopment form – building one of 

he pioneering models of Charnes, Cooper & Rhodes (1978) – is 

iven by following linear programme (LP): 8 

∗
o = min 

λ≥0 
θo such that 

n ∑ 

j=1 

λ j x j ≤ θo x o and 
n ∑ 

j=1 

λ j y j ≥ y o (5) 

. Literature linking production with multiple criteria for 

erformance analysis 

Thus, DEA , LCA , and accounting are methodologies, well-known 

rom various scientific disciplines and applied in practice, which 

ll fit in a specific, but diverse manner as particular cases into the 

ramework presented in Section 2 . All three evaluate the perfor- 

ance of activities that transform several inputs into several out- 

uts. However, none of them fully integrates multicriteria analy- 

is with production theory for that purpose: Whereas business ac- 

ounting as well as DEA are indeed based on concepts of produc- 

ion theory, particularly the PPS and its properties, like e.g. con- 

exity or returns to scale, multiple criteria are not at all consid- 

red in traditional accounting, and they are only implicitly iden- 

ified with inputs and outputs as trivial cases of multiple objec- 

ives in common DEA. In contrast, LCA is usually not based on pro- 

uction theory. However, since LCA considers ecological impacts as 
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ultiple objectives, a growing number of articles which explicitly 

se MCDA methods in environmental sciences has been published 

ince the 1990s. 9 Yet, reviews by Martin-Gamboa et al. (2017) , 

ampos-Guzman et al. (2019) and Thies et al. (2019) show that this 

akes place mostly in scientific journals of application areas not fo- 

used on Operations Research and Management Science (OR/MS). 

The significant differences between the three basic types of 

roduction-based methodologies of performance evaluation, char- 

cterised in Section 3 , lead to the question whether the existing 

iterature provides encompassing, theoretically well-grounded con- 

epts and methods of performance evaluation that systematically 

ntegrate the production with the multicriteria perspective. If this 

hould not be the case, how much do existing approaches link- 

ng both perspectives fit in with this claim and with the generic 

ramework of production-based performance evaluation developed 

n Section 2 ? To answer these questions, a systematic narrative lit- 

rature review has been conducted. 10 Our purpose is to identify –

n a transparent and reproducible way – relevant ideas, concepts, 

nd approaches as well as the corresponding main literature that 

as developed, discussed, and applied them. In that sense, we fo- 

us on representative sources, and not on a comprehensive bibliog- 

aphy of all contributions which have been further developing spe- 

ific aspects or only applying these ideas, concepts, and approaches 

ithout major conceptual improvements. 

The next subsection describes our search process. Represen- 

ative results are collected and then categorised in Section 4.2 . 

ection 4.3 discusses this literature as well as existing gaps, thus 

ielding main arguments for our thoughts on possible future re- 

earch paths in the concluding Section 6. 

.1. Search for relevant literature 

To find relevant literature we adopted a four-step approach 

hich is shown by Figure 4 . The search was conducted mainly 

ithin the OR/MS category of the Web of Science core collection 

atabase and included articles published until the end of 2019. 

he schematic analysis via the different search strings 11 presented 

n Figure 4 refers to the title, abstract and keywords of the arti- 

les. The screening process assessing the relevance also included 

 closer review of the whole article where it seemed useful. The 

our-step approach started from a core search regarding papers 

oncerning all three relevant topics (A) Performance Evaluation , (B) 

CDA and (C) Production . Due to the small number of sources 

ound, this – perhaps too narrow – search was extended by further 

earch strings replacing the production topic by the three perfor- 

ance methodologies (D) Accounting , (E) LCA and (F) DEA . In addi- 

ion, relevant reviews concerning topics (A) and (B) were focused 

n and the database was extended accordingly. 

Step 1: Although the search for the main topics (A), (B) and 

C) leads to a huge number of sources for each single topic, 12 less 
9 Among others Bloemhof-Ruward, Koudijs & Vis (1995) , Miettinen & Hämäläinen 

1997) and Azapagic & Clift (1999) . 
10 Thus, we follow suggestions of Fisch & Block (2018) – in contrast to those for 

ibliographic studies ( Block & Fisch, 2020 ). Only English language sources have been 

onsidered for this investigation. 
11 The sign ∗ within the search strings indicates that any letter may lead or fol- 

ow the given string of letters in order not to miss sources with a slightly different 

ording. 
12 Although more than 5.2 million sources are concerned with performance topic 

A), only 50,024 belong to the category OR/MS, amongst them 766 reviews. The 

y far most frequently cited OR/MS source is the pioneering article of Charnes, 

ooper & Rhodes (1978) that introduced DEA as a production-based method of per- 

ormance measurement. From a total of about 120,0 0 0 sources regarding the MCDA 

opic (B), 12,922 are in the OR/MS category, with 253 of them being reviews. The 

ost frequently cited of these reviews are concerned with AHP, rough sets, TOPSIS, 

r PROMETHEE as particular methods or concepts for MCDA and with applications 

n the field of supplier evaluation and selection. The most frequently cited OR/MS 
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han hundred papers deal with a combination of all three topics. 

he most frequently cited of these sources is by Dyckhoff & Allen 

2001) . It belongs to those 20 of them which fall into OR/MS cate- 

ory. There is only one review – by Soheilirad et al. (2018) – that 

efers to all three topics simultaneously. However, its focus is on 

EA with merely some short comments on MCDA. The present re- 

iew intends to fill in this obvious gap. A cursory look is sufficient 

o notice that at least nine of the 20 OR/MS sources found are not 

t all concerned with the specific methodological aspects of per- 

ormance analysis that are of interest for our review. Consequently, 

he residual eleven sources constitute the core literature to be fur- 

her analysed and categorised in Section 4.2 . 

Step 2: In order to find more promising sources on performance 

valuation that eventually link the production with the multicri- 

eria perspective, we searched for reviews of literature applying 

CDA methods to the performance evaluation of processes trans- 

orming inputs into outputs. 13 We found 36 reviews, eight of which 

including the review by Soheilirad et al. (2018) already found in 

tep 1) are useful to gain more insights. From their references thir- 

een further sources have been selected as representative and have 

een added to the literature to be analysed in Section 4.2 . 

Step 3: Although – or rather due to the fact that – the specific 

erformance evaluation methodologies discussed in Section 3 are 

roduction-based, papers referring to them often do not mention 

ny terms of the production topic (C) in their title, abstract and 

eywords. Thus, we extended the prior steps by a search which 

ombines (A) and (B) with one of the topics (D), (E) or (F). 14 By

ocusing our screening on those articles and corresponding ideas, 

oncepts, or approaches which are not already captured by the re- 

iews found in Step 2, further 19 sources have been selected. 15 

Step 4: To extend the search area further we looked for sources 

ot listed in the Web of Science. In doing so, we used the core 

iterature of eleven articles found in Step 1 as starting point. At 

rst, a backward citation analysis identified all the other (earlier) 

ources referenced by them and not already found before – notably 

apers in books, proceedings and journals not documented in the 

R/MS category of the Web of Science. After a deeper screening, 

nly one additional source has been added to the relevant litera- 

ure. Starting again with the core literature of Step 1, a forward ci- 

ation analysis by Google Scholar identified later sources up to the 

ear 2019. In this way, nine further sources have been selected for 

ategorisation and discussion. 

At the end, the overall list for a more thorough investigation 

ontains 60 sources. 16 Because of the selections made during the 

our-step search process it does not capture the whole relevant lit- 

rature. Nevertheless, the list can be seen as representative with 

espect to the principal OR/MS ideas, concepts and approaches of 
ource ever dealing with topic (B) is the paper of Saaty (1990) on AHP. In compar- 

son, the production topic (C) leads to far fewer sources, i.e. about 21,0 0 0 in total, 

ith 1,005 of them in the OR/MS category, amongst the latter 15 reviews. Three 

f the five most often cited reviews deal with DEA, namely Dakpo, Jeanneaux & 

atruffe (2016) , Olesen & Petersen (2016) , and Soheilirad et al. (2018) . Additionally, 

ine of the twenty OR/MS sources which are concerned with topic (C) and record 

he highest citation counts also mention DEA in their titles explicitly. 
13 The Web of Science lists a total of about 34,0 0 0 entries combining topics (A) 

nd (B), 3,564 of which are in OR/MS category. 
14 The search in the Web of Science for each of the three topics (D), (E), and (F) 

lone yields about 193,0 0 0, 411,0 0 0, and 28,0 0 0 sources in total of which 2,148, 

,035, and 4,022 are in OR/MS category, with 51, 68, and 69 being reviews. 
15 OR/MS sources combining MCDA with financial accounting are notably sel- 

om; Sueyoshi, Shang & Chiang (2009) and Yalzin, Bayrakdaroglu & Kahraman 

2012) form such rare examples, but they are not selected in our search process 

s they do not provide any relevant idea, concept or approach to our subject of 

nvestigation. 
16 Table A1 of Appendix A lists these sources and assigns them to the category of 

ts main concern (defined in Section 4.2 ). 
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Fig. 4. Search process for relevant literature 
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17 The paper of Parkan & Wu (1997) forms an exception. Analogously to Category 

2b, but with respect to a finite number of possible alternatives only, it examines 

the equivalence of operational performance measurement and multiple attribute 

decision making (MADM). In particular, the authors compare specific tools, namely 

OCRA (Operational Competiveness Rating) with TOPSIS (Technic for Order Prefer- 

ence by Similarity to Ideal Solution). 
erformance evaluation linking the production with the multicri- 

eria perspective. 

.2. Categorisation of relevant ideas, concepts, and approaches 

In fact, there exist tens of thousands of scientific articles for 

ach single search topic from (A) to (F). Nonetheless, OR/MS lit- 

rature combining multicriteria performance evaluation (topics A 

nd B) with production theory (C) or with the production-based 

opics of accounting (D), LCA (E), or DEA (F) is scarce. Based on 

he framework and types developed in Sections 2 and 3 , several 

rincipal categories of concepts and approaches appearing in this 

iterature are now distinguished and further subdivided if it makes 

ense with respect to our purposes. This differentiation is rather a 

ind of typification than a strict classification so that the categories 

ay overlap. Each of the categories (or types) will be explained 

nd exemplified by selected representative (typical) sources found 

y our search. Furthermore, already existing reviews of the asso- 

iated literature as well as pioneering articles are mentioned and 

tilised, thereby incorporating further information that we gained 

hile compiling and studying the literature during the search pro- 

ess explained before. 

.2.1. Multicriteria evaluation of a fixed finite set of production 

ctivities (Category 1) 

The literature of the first main category restricts the evalua- 

ion to a given finite set E of activities or objects to be assessed 

 A = E ) . It is already well described by several recent reviews,

ost of which found in Step 2 of our search process ( Brandenburg 

t al. (2014) , Eskandarpour et al. (2015) , Ilgin, Gupta & Battaia 

2015) , Banasik et al. (2018) , Thies et al. (2019) ). Their reviewed

ources are usually concerned with a specific real-world domain of 

erformance evaluation. They directly apply multicriteria methods 

o manifold production impacts as attributes of defined objectives, 

articularly to those of various manufacturing, logistics, and en- 

rgy producing systems as well as whole supply chains – and even 

eyond. A wide range deals with the measurement of ecological 

nd sustainability performance (e.g., Ng & Chuah (2014) use AHP 
804 
n LCA). As a rule, the multicriteria methods are applied to the im- 

acts of the products or production activities to be evaluated, but 

o not refer to the quantitative relationships of the inputs and out- 

uts evoking these impacts. 17 

.2.2. Weak links between MCDA and production theory (Category 2) 

Most OR/MS literature found in Section 4.1 is concerned with 

ethodologies which enlarge the given evaluation set E by ad- 

itional fictitious comparable alternatives to a set A (i.e. A ⊃ E), 
deally by assuming certain technological properties of production 

ossibilities so that A ⊂ P . Depending on the strength of the link 

etween both perspectives of performance evaluation, three ad- 

itional main categories can be distinguished, namely (2) weak , 

3) strong , and (4) full integration of MCDA and production the- 

ry. As we will see, there exists no literature for the fourth cate- 

ory, i.e. which systematically elaborates sophisticated methods of 

roduction-based multicriteria performance evaluation that are ap- 

ropriately applicable to examples such as the one of Section 2.3 . 

The second main category encompasses those sources which 

tilise or discuss merely weak links between MCDA and 

roduction-based performance evaluation. It is divided into two 

ubcategories. 

Category 2a: Moderately combining MCDA methods and produc- 

ion models in real-world applications 

Besides the approaches of Category 1, the reviews mentioned 

here also capture similar ones that explicitly consider an infinite 

nstead of a finite number of production possibilities. However, as 

 rule, they do not apply elaborated MCDA methods. Usually, such 

pproaches develop methodologies that assess the eco-efficiency 

f production activities, logistics networks or supply chains by 

nalysing the trade-off between an economic objective on the one 
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20 Certain approaches to cope with undesirable outputs in DEA are examples of 
and and one or more ecological objectives on the other hand. 

or that purpose, they typically use bi- or tri-objective (mixed- 

nteger) linear programming models to calculate the respective ef- 

cient frontier (cf. Quariguasi Frota Neto et al. (2009) for a litera- 

ure review and a specific methodology). 

Some of the reviews found in Step 2 also include articles deal- 

ng with DEA ( Ho, Xu & Dey (2010) , Ilgin, Gupta & Battaia (2015) ,

hies et al. (2019) ). By referring to Cooper, Seiford & Tone (2007) ,

artin-Gamboa et al. (2017) state as reason for choosing DEA 

s a main performance measurement tool in real-world contexts: 

Within the MCDA tools … DEA arises as a trade-off solution be- 

ween soundness and practicality” (p. 179). Nevertheless, for a 

ore comprehensive performance evaluation, DEA has increasingly 

een combined with other methods that are more specific for 

CDA, e.g. with AHP/ANP by Yang & Kuo (2003) or with ELECTRE 

RI by Madlener, Antunes & Dias (2009) , whereas in all cases DEA 

s applied to a particular evaluation topic. 18 However, such combi- 

ations of DEA with one of the various well-known MCDA methods 

re usually chosen ad hoc. The contributions lack a closer analysis 

f the production context, and the MCDA method is typically in- 

luded without any theoretical reasoning or empirical validation. 

The marginal consideration of production relations seems to be 

ypical for a relatively new research path, too. It integrates LCA 

ith DEA structurally in approaches consisting of several steps 

e.g. Lozano et al. (2009) , Iribarren et al. (2010) , Vazquez-Rowe et 

l. (2010) ). This literature intends to apply DEA as a multicrite- 

ia method either directly to the inputs and outputs determined 

y the life cycle inventory or to their impacts resulting from it 

corresponding to the second or third step of the generic struc- 

ure of performance evaluation in Figure 2 ). In this way, a basis 

or a conceptual integration of multicriteria and production-based 

ife cycle assessment is laid. In their review, Martin-Gamboa et al. 

2017) justify this integration of LCA and DEA by the fact that it 

benefits from the advantages of both methodologies while over- 

oming some of their limitations” (p. 171). 

Category 2b: Formal relationships between MCDA and production- 

ased performance measurement 

A weak linkage between production-based and multicriteria 

valuation also exists in methodological papers that compare DEA 

as a method based on production theory) with MCDA in general. 19 

his literature, mostly published in the 1990s or before, considers 

EA either as a MCDA method itself or as a topic of performance 

easurement of past actions which is independent from the topic 

f facilitating future decisions by MCDM. Although MCDM and DEA 

riginated at much the same time in the 1970s, they developed 

argely independently in the first decades (cf. Belton & Stewart 

2002) , p. 298), probably not only because of their different pur- 

oses but also due to the fact that DEA renders a priori weight- 

ng of multiple criteria by the decision maker unnecessary. Belton 

1992) and Doyle & Green (1993) were among the first who de- 

cribed the formal relationships between DEA and MCDA as inde- 

endent topics. Belton & Vickers (1993) , Stewart (1996) , and Belton 

 Stewart (1999) put forward the suggestion that an MCDA in- 

erpretation of DEA can facilitate understanding. Joro, Korhonen & 

allenius (1998) detailed the mathematical relationship and close 
18 The wide range of applications and methodical combinations of multicrite- 

ia performance evaluation with DEA is well demonstrated by the article of Eilat, 

olany & Shtub (2008) which we found in Step 3 of our search when combining 

ulticriteria performance evaluation (A, B) with the accounting topic (D). For the 

urpose of R&D project evaluation, it connects DEA with the Balanced Scorecard, 

n instrument usually serving as a strategic management tool for the hierarchical 

rganization of a company’s multiple objectives, however, without taking a closer 

ook at production alternatives. 
19 Our search predominantly revealed papers comparing DEA with MCDA in gen- 

ral, but also one comparing DEA ranking with specific MCDM tools ( Sarkis, 20 0 0 ). 

s

d

m

e

t

i

s

a

p

t

t

d

t

w

805 
imilarities between DEA and MOLP using the reference point ap- 

roach (cf. Wallenius et al. (2008) , p. 1343). 

By interpreting distance functions used in DEA as measures of 

he preferences regarding the inputs and outputs of the production 

ctivities of distinct DMUs, the framework of Kleine (2004) utilises 

calarising functions from MCDA in order to develop classifica- 

ion schemes and generalisations of more or less standard DEA 

odels (whereas the generalisation of DEA models by Yu, Wei & 

rockett (1996) is predominantly mathematically motivated). Liu, 

harp & Wu (2006) identify three key building blocks in each 

EA model, namely preference order, PPS, and performance mea- 

ure. Their framework also allows to classify and extend most well- 

nown DEA model types. 

The literature of Category 2b is important as it reveals simi- 

arities between DEA and MCDA that pave the way for a stronger 

ntegration (Category 3). Unfortunately, this kind of study is rarely 

oticed in most of the recently published application-driven DEA 

iterature. Therefore, analysing the principal connections between 

roduction-based efficiency measurement and MCDA seems to be 

 topic of little interest in the current literature. 

.2.3. Strong combination of MCDA and production theory (Category 

) 

Analogously to main Category 2, the third one also assesses 

 finite set E of observed production activities by analysing an 

nfinite ‘data envelopment’ A . Going beyond pure ‘technical effi- 

iency’ analysis implies the introduction of either (more) informa- 

ion about preferences or arbitrariness 20 ( Bouyssou, 1999 ). This has 

o be strictly distinguished from cases where the PPS P or data en- 

elopment A is not definitely determined a priori so that it can 

e further enlarged, e.g. by additional technological information 

bout substitution possibilities between individual inputs or out- 

uts in their transformation process, called “production trade-offs”

 Podinovski, 2015 ). 

The third category encompasses methodologies that combine 

reference-based and production-based performance evaluation in 

 closer, more compatible fashion, be it implicitly or explicitly. 

gain, two subcategories can be distinguished, depending either 

n (a) whether they accept the usual premises of DEA without 

ny further discussion and incorporate more or less value infor- 

ation about the trade-off between the inputs and outputs or (b) 

hether they first aggregate several input and output types – for 

hich production theoretical relations are explicitly stated – in a 

onsistent (perhaps hierarchical) preference-based manner before 

pplying DEA or other appropriate evaluation methods. 

Category 3a: Incorporating preference information or MCDA meth- 

ds into common DEA 

There is a comprehensive set of OR/MS literature which starts 

rom DEA as a production-based research strand by (implicitly) as- 

uming some information on the trade-off between the inputs and 

utputs of the compared activities – even if this literature often 

efrains from explicitly addressing the terms of MCDA topic (B) 
uch arbitrariness. Wojcik, Dyckhoff & Gutgesell (2017) find it striking that all ra- 

ial models with data transformation for the input or output quantities of bads 

ust assume variable returns to scale in order to avoid distortions of the efficiency 

valuation of the DMUs. Typically, such data transformations multiply the quanti- 

ies of bads by −1 and add the same large enough constant to all those quantities 

n order to achieve positive numbers. Then, the assumption of variable returns to 

cale is purely mathematically motivated and does not need to conform with the 

ctual properties of the real production possibilities underlying the transformation 

rocesses of the considered DMUs. In empirical sciences, data transformations have 

o be justified by arguments of measurement theory with respect to the applica- 

ion area at hand ( Roberts, 1979 ). To neglect this important requirement is a serious 

eficit of all DEA models applying the core idea of data transformation to measure 

he performance of DMUs without the necessary reflections, particularly in cases 

ith the input or output of bads. 
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s

sed in Section 4.1 . These articles seek to solve the problem that 

he flexible weighting scheme of DEA calculations may lead to im- 

lausible results. Pioneering articles, implementing absolute or rel- 

tive weight restrictions into DEA models, are published by Dyson 

 Thanassoulis (1988) and Wong & Beasley (1990) . Several further 

pproaches were developed mainly in the 1990s with the aim of a 

ore balanced 21 and preference-oriented performance evaluation. 

hey are predominantly concerned with weight restrictions, target 

etting or other kinds of incorporating value judgements into DEA. 

esides an early review by Allen et al. (1997) , this topic is explic-

tly dealt with in dedicated chapters of many books on DEA (e.g. 

ooper, Seiford & Tone (2007) and Joro & Korhonen (2015) ). 

Typically, these articles are primarily written from a technical 

oint of view, e.g. when solving problems like infeasibility or when 

iscussing the formal compatibility of weight restrictions and ad- 

itional virtual alternatives ( Thanassoulis & Allen, 1998 ). Methods 

ike the common weights or the cross-efficiency approach limit 

he individual weights by taking into account the weights of other 

MUs ( Doyle & Green, 1994 ). Even if these approaches objectify 

he evaluation process and “aim at increasing discrimination and 

roducing rankings of efficient units”, they are purely data-driven 

nd “do not incorporate preference information” ( Joro & Korho- 

en (2015) , p. 67). This also holds for the so-called ‘multiple cri- 

eria data envelopment analysis’ (e.g. Li & Reeves (1999) , Hatami- 

arbini & Toloo (2017) ), which uses distances between DMUs to 

erive additional efficiency measures that are subsequently opti- 

ised in a multi-objective approach. 

Other approaches lead to a more direct inclusion of the deci- 

ion maker’s preferences, often by linking DEA and MCDA in an 

nteractive and sometimes visually supported way ( Belton & Vick- 

rs (1993) ). An example is the target setting approach, pioneered 

y Golany (1988) , which uses MOLP in order to determine the dis- 

ance of a DMU to an ideal point derived from a decision maker’s 

references (extended to undesirable outputs by Ebrahimnejad, Ta- 

ana, & Mansourzadeh (2015) ). Related approaches also look at the 

fficient frontier for an optimal solution ( Wong, Luque, & Yang, 

009 ). 

These methods are closely connected to “value efficiency analy- 

is” (VEA), which is one of the most elaborated approaches of this 

ategory, introduced by Halme et al. (1999) with the intention of 

ombining DEA and MCDA more strongly. They developed a theory 

nd procedures for complementing efficiency measurement with 

reference information regarding the desirable structure of inputs 

nd outputs. Based on the assumption of a pseudo-concave prefer- 

nce function, the ‘most preferred solution’ (as vector of input and 

utput quantities) on the efficient frontier is explicitly located. The 

EA approach is comprehensively explained in the book by Joro & 

orhonen (2015) . In the past two decades, it has been further de- 

eloped and applied to several specific topics of performance eval- 

ation (see Gerami (2019) and the papers of Halme, Joro, Korhonen 

nd co-authors in Table A1 ). 

Category 3b: Partial aggregation of inputs and outputs by impacts 

r preferences 

In order to deal with (undesirable) bads as inputs or outputs in 

he context of ecological efficiency, Dyckhoff & Allen (2001) intro- 

uced an approach to multicriteria efficiency measurement based 

n the decision-theoretical generalisation of traditional production 

heories by Dyckhoff (1992) . In this way, a generalisation of DEA is 

chieved by using multiple value functions for the relevant objec- 

ives that are defined on the quantities of relevant types of inputs 

nd outputs (see Dyckhoff & Souren (2020) for a comprehensive 

resentation). This approach and its further development (partly in 
21 Balance can not only be integrated into the calculation of the DMU’s efficiency 

core; it can also be measured as a separate index of specialisation complementing 

he efficiency score ( Dyckhoff, Mbock, & Gutgesell, 2015 ). 
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erman business economics and not yet documented in the Web 

f Science) are rarely noticed in the literature until now. Although 

he article by Dyckhoff & Allen (2001) itself is the most frequently 

ited of all sources combining topics (A) and (B) with (C) or (F), 

hese citations are nearly always limited to the topic of ecologi- 

al efficiency, which, however, represents only a specific aspect of 

he general approach presented in the article. This is why Section 

 outlines insights and main findings of the literature dedicated to 

his category. 

.3. Discussion of the literature (not) found 

Taking into account ecological or environmental objectives by 

ncorporating bads as outputs (and sometimes also as inputs) has 

een one of the main strands of development of efficiency mea- 

urement in OR/MS literature in the past two decades ( Liu et al. 

2013a) & ( 2013b ), Lampe & Hilgers (2015) ). Special surveys re- 

iew the knowledge developed so far ( Zhou, Ang & Poh (2008) , 

ong et al. (2012) , Wojcik, Dyckhoff & Gutgesell (2017) ). Halkos & 

etrou (2019) differentiate four possible options for treating un- 

esirable outputs. Each of them “has its benefits and drawbacks 

hich each researcher should take into account at every stage of 

heir research and assess which method is more appropriate to be 

sed” (p. 102). They conclude their review with the assertion that 

ncorporating undesirable outputs has proven to be quite a chal- 

enge for researchers working on DEA. The main reason for this 

ay be that the literature on efficiency measurement with bads 

s inputs or outputs focuses on the production-theoretic founda- 

ion, as a rule, and widely ignores the multicriteria nature of this 

hallenge. Although preferences are (implicitly) apparent, neither 

references nor values nor multiple objectives form a central topic 

n this strand of literature. 

Approaches bridging the gap between the multicriteria and the 

roduction perspective that are explicitly based on a theoretical 

easoning of social or natural sciences (not only of mathematics) 

re scarce. Notably, this holds for literature of Categories 1, 2a and 

a which is often very application-driven. In their review of early 

ources of Category 3a, Allen et al. (1997) already concluded that 

he wide variety of different approaches can be explained by the 

ituation which emerges in real-world applications where some 

reference information is needed that has dictated the way it has 

een incorporated (cf. Joro & Korhonen (2015) , Ch. 6). However, 

his does not automatically mean that all those methods are not 

uitable for any further extension and theoretical foundation. 

Contrary to the apparent lack of explicit theoretical reasoning, 

he general framework for production-based multicriteria perfor- 

ance evaluation presented in Section 2 mandatorily presumes a 

ound foundation on both production and decision theory, in fact 

n their being integrated by some kind of multicriteria production 

heory (MCPT), e.g. the one determined by the five fundamental as- 

umptions of Section 2.4 . The Category 3b approach of Dyckhoff & 

llen (2001) has been developed for the basic case of MCPT where 

mpacts are not considered explicitly and where no assumption re- 

arding any overall preferences or utilities is made (other than the 

onsistency assumption A5). In contrast, the value efficiency ap- 

roach of Category 3a explicitly uses decision-theoretical concepts 

nd assumes the existence of an overall preference function, but 

nly implicitly refers to the production-theoretical foundation of 

EA, on which it is built and which it extends ( Joro & Korhonen, 

015 ). 

Analogously, the latter seems to hold true for most other 

ources found by our search. They extend or modify DEA without 

ny change or discussion of its essential foundation by the envel- 

pment of input and output data based on the PPS concept. The in- 

uts and outputs which are minimised or maximised are not called 

nto question, instead it is assumed that they are predetermined 
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y DEA. As a rule, some preference information, implying a certain 

xtent of acceptable trade-offs between them, is merely added in a 

ariety of different ways in order to obtain more meaningful con- 

lusions. 

However, the production-theoretical foundation of DEA is 

awed if it is derived and founded solely in line with the pioneer- 

ng approach of Charnes, Cooper & Rhodes (1978) . To be specific, it 

s absolutely necessary not only to explicitly assume technological 

nformation about the underlying processes that transform the in- 

uts into the outputs, but also to justify it empirically in real-world 

pplications. Why this fact is not already implied by the original 

EA approach itself will be explained in Section 5.1 . 

Indeed, it would be a category mistake of a performance eval- 

ation not to clearly distinguish between (objective) technological 

nformation about the process of transforming inputs into outputs 

n the one hand and (subjective) preference information of peo- 

le valuing these inputs and outputs (perhaps via markets) on the 

ther hand. In the specific context of weight restrictions in DEA (cf. 

ategory 3a in Section 4.2.3 ), Podinovski (2004) termed this dis- 

inction “technology versus value thinking” (p. 1316) and explained 

hat production rates of substitution between inputs or outputs 

hould not be confused with those implied by preferences or mar- 

ets. 22 

In contrast to many DEA applications in OR/MS literature, eco- 

omically oriented literature usually states technological axioms and 

urther assumptions regarding the PPS. “Let us emphasize that 

he PPS is the key to link DEA models with the economic the- 

ry where two key properties for the PPS are the convexity and 

ree-disposability” ( Shen et al. (2019) , pp. 341-342). Disposability 

nd other assumptions (e.g. ‘Input without Output’ and ‘No Output 

ithout Input’; cf. Färe & Grosskopf (1996) , pp. 12-13), may contra- 

ict the mass and energy balance principles of physics in case that 

ll material objects of the production process were to be relevant 

or the question at hand. In particular, the assumption of weak dis- 

osability is largely questioned regarding its ability to account for 

etrimental outputs. Different kinds of disposability assumptions 

hat were developed for environmental performance analysis are 

eviewed and criticised by Dakpo, Jeanneaux & Latruffe (2016) as 

ell as by Dakpo & Ang (2019) . They may have a strong impact not

nly on the PPS, but even on its efficient frontier. It is important 

o notice that all sorts of assumptions used in the literature of eco- 

omics and frontier analysis that change the efficient frontier have 

o be justified empirically or theoretically in order to obtain valid 

esults of the performance evaluation ( Dyckhoff, 2019 ). Shen et al. 

2019) recently generalised the free disposability assumption with 

espect to arbitrary preferences in such a way that it also gener- 

lises the ‘extended strong disposability’ assumption of Liu, Meng 

 Zhang (2010) for cases of bads and goods. In fact, these assump- 

ions add only such activities to the production possibilities which 

o not alter the efficient frontier. If prices do not exist or are not 

nown, economically oriented performance analyses also seem to 
22 Further examples of confusing technology and value thinking are certain ways 

f treating undesirable factors in DEA ( Dyckhoff, 2018 ). In an overview of “DEA 

odels with undesirable inputs, intermediates, and outputs”, Zhou & Liu (2015) de- 

ne desirable outputs as “what the decision maker hopes to produce as much as 

ossible” (p. 417). This reflects a subjective judgement. In contrast, their notion of 

undesirable inputs’ is determined technologically: “the desirability of inputs should 

e defined according to the intrinsic production mechanism. (...) If the increase of 

n input will not increase the desirable outputs, then it is classified as undesir- 

ble” (p. 417), in the opposite case as desirable. The increase of a limitational (i.e. 

on-substitutable) production factor, e.g. tyres in car assembly, without increasing 

ther factors at the same time, will neither increase nor decrease the output of 

ars as main products. Hence, according to the technological definition of Zhou & 

iu (2015) , limitational factors would have to be classified as inputs which are si- 

ultaneously both desirable as well as undesirable. Furthermore, waste incineration 

lants do not even have any desirable outputs so that their input ‘waste’ cannot be 

lassified in this technological way. 
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ocus on the relation of inputs and outputs by using various con- 

epts of productivity and efficiency. 23 Nonetheless, this strand of 

conomic literature does not pick out preferences, values, or mul- 

iple objectives as a central theme either. 24 

Apparently, there exists no ‘Category 4’ approach that fully in- 

egrates MCDA with production theory for performance evaluation. 

evertheless, the Category 3b approach will provide a systematic 

oundation for such a complete integration if it is combined with 

ppropriate methods of Category 3a in a future research path. 

. Insights and findings of a production-based multicriteria 

erformance analysis 

This section outlines and clarifies insights and main findings re- 

arding the data envelopment methodology for multicriteria per- 

ormance evaluation developed so far by the literature of Category 

b. It puts an entirely new complexion on several open questions 

nd problems discussed in the literature, partly reviewed in the 

ast section. 

Without loss of generality, we concentrate on the production 

rocess-related value function v (x ; y) . A distinction of their two 

omponents r(x ; y) and v = w(r) , with v = w( r( x ; y) ) defined in 
ection 2 , is made solely within our verbal reasoning. The overview 

ainly analyses the influence of different types of value functions 

v (x ; y) , i.e. cost and benefit functions c(x ; y) and b(x ; y) , respec-
ively. First, the category mistake of DEA applications, already men- 

ioned before, is demonstrated by a simple numerical example. 

hen, the relevance of three main propositions that have been de- 

ived by Dyckhoff (2018) and ( 2019 ) is explained. They are con- 

erned with the convexity, consistency, and linearity of valuations, 

etermined by respective types of non-linear and linear impact or 

alue functions. 

.1. Data envelopment of costs and benefits or of inputs and outputs? 

Just in line with the quotation of Cook, Tone & Zhu (2014) , cited

n our introduction, the literature review of Section 4 has shown 

hat DEA is often applied as a multicriteria evaluation method to 

mpacts or values which are then misleadingly called ‘inputs’ or 

outputs’. For example, the following CCR-models in envelopment 

orm are erroneously used this way by enveloping observed costs 

nd benefits without taking notice of their possible dependence on 

he actual inputs and outputs: 

∗
o = min 

λ≥0 
θo such that 

n ∑ 

j=1 

λ j c j ≤ θo c o and 
n ∑ 

j=1 

λ j b j ≥ b o (6) 

∗
o = max 

λ≥0 
ηo such that 

n ∑ 

j=1 

λ j c j ≤ c o and 

n ∑ 

j=1 

λ j b j ≥ ηo b o (7) 

odel (6) differs from the input-oriented CCR-model (5) of Section 

.3 simply by replacing the symbols for costs and benefits with 

hose for the inputs and outputs: c ↔ x und b ↔ y. Syntactically, 

odels (5) and (6) are identical. Semantically though, the above LP 
23 See e.g. the recent handbook by ten Raa & Greene (2019) , in particular its in- 

roduction ( ten Raa, 2019 ). 
24 A recent exception with interesting viewpoints was published by Agasisti, 

unda & Hippe (2019) . Though, Caballero, Romero & Ruiz (2016) wrote in their 

ntroduction to a special journal volume on linking economics to MCDM (p. 2): 

[T]he acceptability of a theory requires not only its internal coherence, but also 

 good level of external coherence or correspondence to the factual reality (i.e., a 

ertain degree of empirical corroboration). … In short, MCDM remains somewhat 

nknown in what can be considered orthodox economics. But it would seem to be 

otally acceptable that if economic problems would be underpinned by the MCDM 

ptimization theory instead of the classic one, at least some of the lack of external 

oherence problems pointed out above would be considerably mitigated.”
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Fig. 5. Linear performance preferences regarding costs and benefits (cf. Dyckhoff & Souren (2020) , p. 57) 
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25 Alternatively to the mathematical transformation of quotient programmes into 

LPs, well-known from Charnes & Cooper (1962) , the empirically motivated deriva- 

tion by Dyckhoff & Souren (2020) , pp. 52–58, uses both degrees of freedom (that 

are determined by the level of measurement of the two sets of weights on ratio 

scales) for an adequate normalisation each (cf. Belton & Stewart (2002) , pp. 299- 

300). 
26 The quotient (8) characterises the value productivity of the considered activ- 

ity z = ( x , y ) as a one-dimensional performance indicator � of its multiple values 

v (z) = ( c, b ) by calculating the extent to which (e.g. economic) benefits arise in 

relation to (e.g. ecological) costs when inputs are transformed into outputs. In an 

ecological context, such a quotient of economic value added and ecological damage 
odels are fundamentally different from their conventional coun- 

erparts (except for the very special case where the costs are in- 

eed measured by the inputs and the benefits by the outputs). This 

s demonstrated by the following numerical example. It simplifies 

nd modifies the example of Section 2.3 significantly to make it 

raphically presentable by Figure 5 . 

Let the production activities z = (x ; y ) of three DMUs A , B , and

 with a single input and a single output be given by z A = ( 4 ;2 ) ,
 B = ( 12 ;3 ) , and z C = ( 18 ;9 ) , a linear cost function by c(x ; y ) = x

nd a quadratic benefit function by b(x ; y ) = y ( 10 − y ) . No further

ssumptions concerning production possibilities are made. There- 

ore, only the three activities A , B , and C exist left below in the

 x , y )-quadrant. Cost c and benefit b are displayed on the right and

op axes of this 4-dimensional coordinate system. The points ˜ A , 
˜  , and ˜ C as value images of A , B , and C with v A = ( 4 ;16 ) , v B =
 12 ;21 ) , and v C = ( 18 ;9 ) show the associated cost and benefit 

 = ( c; b ) . Figure 5 also displays the polyhedric cone derived from 

he left side of the inequalities in LPs (6) and (7) and spanned by 

he three points in the top-right quadrant as a linear envelopment 

f their costs and benefits. Nonetheless, ˜ A , ˜ B , and ˜ C are the only 

alue points that are achievable. Their efficiency scores resulting 

rom both (6) and (7) are �A = 1 , �B = 7 / 16 and �C = 1 / 8 (with
∗
o = 1 / �∗

o ). 

The graphs of Figure 5 can be interpreted in classical economic 

erms based on the well-known Cournot Theorem for price fixing 

y a monopolistic market actor. Analogously to the example in 

ection 2.3 , the DMUs ρ ∈ { A, B, C } may represent distinct busi- 

ess units selling quantities y ρ of the product on their respec- 

ive local markets, which are determined by a linear demand func- 

ion ( y ρ = 10 − p ρ ) regarding the individually chosen price p ρ . The 

pwards-directed axis shows the corresponding revenue b(y ) . Now, 

uppose that production takes place with fixed financial costs by 

xploiting a natural resource as free good in quantity x . Never- 

heless, the exploitation of the natural resource induces ecological 

osts c(x ) – shown on the axis directed to the right – that can- 

ot be measured in monetary terms. Here, revenues are absolutely 

ounded by 25 currency units (CU) because of the quadratic ben- 

fit function, irrespective of the actual production possibilities of the 

MUs . In contrast, the benefit-oriented CCR model (7) projects the 

alue points ˜ B and ˜ C vertically upwards to their (so-called) target 

oints (12; 48) and (18; 72) on the ray through the efficient point 

i

808 
˜ 
 . The benchmarks of 48 CU for the revenue of DMU B and of 72

U for C , calculated by (7), are not achievable at all. 

In order to avoid possible misunderstandings and a category 

istake one must understand that the polyhedric cone in Figure 

 does not say anything about actual production possibilities. In 

act, the linear envelopment of costs and benefits of the DMUs 

tems from the pioneer contribution of Charnes, Cooper & Rhodes 

1978) in which they introduce and justify DEA based on economic 

nd engineering categories. Analogously to their reasoning, you can 

erive (6) and (7) – as well as the corresponding CCR models in 

ultiplier form – from a syntactically identical optimisation pro- 

ramme 25 which maximises the following quotient � as a top 

PI 26 with respect to two sets of weighting factors η = ( η1 , . . . , ηk ) 

nd μ = ( μ1 , . . . , μ� ) such that each of them allows for a separate 

inear aggregation of the different costs and the benefits (cf. Dyson 

t al. (2001) , p. 253, regarding this linearity assumption as pitfall 

n traditional DEA): 

:= 

B 

C 
= 

μ · b 
η · c = 

� ∑ 

β=1 

μβb β

k ∑ 

κ=1 

ηκc κ

(8) 

The top KPI (8) already presumes a linearity of the preferences 

ith respect to the various cost types on the one hand as well as 

he benefit types on the other hand. It becomes obvious by the fact 

hat any multiplication of either all costs or else all benefits or of 

oth with the same factor leads to the same overall performance 

anking of the DMUs if measured by the quotient. 
s called eco-efficiency ( Kuosmanen & Kortelainen, 2005 ). 
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Fig. 6. Convex non-linear valuation if values are disposable (cf. Dyckhoff (2019) , p. 726) 
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Indeed, models (6) and (7) permit performance comparisons 

f all cost/benefit-vectors. Notwithstanding, the example demon- 

trates that their solutions are hypothetical in general. Regarding 

he upper-right quadrant of Figure 5 , the performance of a point in 

his space of cost and benefit is uniquely determined by the slope 

f the corresponding ray through this point. To conclude whether 

he (target) points on the ray through point ˜ A are accessible in re- 

lity, additional explicit knowledge about the PPS is needed. For in- 

tance, Figure 6 complements Figure 5 by supposing a PPS P that is 

etermined as the triangle in the below-left quadrant generated by 

he convex envelopment of the production activities of the three 

MUs A , B , and C for a technology with variable returns to scale.

s can be seen by its shaded shape, the VPS v (P) , representing the 

alue image of the PPS, does not form a convex set in this example

ecause of the non-linearity of the (quadratic) benefit function. 

Only those combinations which are on the bold part on the up- 

er left curve of the non-convex shape in Figure 6 are efficient 

ith respect to benefit and cost. This bold curve in the top-right 

uadrant represents the value image of the bold line between A 

nd D of the triangle below left. Hence, although the whole line 

egment between A and C is traditionally regarded as ‘technically 

fficient’ (assuming an input to be minimised and an output to be 

aximised), only its bold sub-segment spanning from A up to the 

oint of maximal benefit – i.e. points D and ˜ D in Figure 6 with 

 D = ( 10 ;5 ) – is indeed efficient regarding benefit and cost. 

.2. Important properties of impact and value functions 

The example shown by Figures 5 and 6 demonstrates that, in 

rder to draw any conclusion on whether certain value points are 

n fact attainable by activities of the DMUs, you generally have to 

now the actual VPS v (P) , i.e. the PPS P as well as the produc- 

ion process-related value function v (z) for z ∈ P (or at least for 

 ∈ A ⊂ P). In contrast to (6), the following cost-oriented optimi- 

ation model is an adequate generalisation of the input-oriented 

CR model (5) – as will be explained in this subsection: 

θ ∗
o = min θo such that c ( z ) ≤ θo c ( z o ) and 

b ( z ) ≥ b ( z o ) for z ∈ A ⊂ P (9) 

Applied to the numerical example of Section 2.3 with A = 

 z = 

n ∑ 

j=1 

λ j z j | λ = ( λ1 , . . . , λn ) ≥ 0 } as linear envelopment of the 
809 
our cement plants according to (3), one obtains an optimisation 

ask, here e.g. in case of the first DMU, which is linear except for a

trictly concave benefit function: 

∗
o = min θo such that 

c 1 = y 2 + 8500 y 3 ≤ 5220 · θo 
c 2 = y 3 ≤ 0 . 6 · θo 
b 1 = 40 y 1 ( 10 − y 1 ) − 10 x 1 − 50 x 2 + 20 x 3 ≥ 270 

b 2 = x 1 ≥ 4 

x 1 = 4 λ1 + 4 λ2 + 5 λ3 + 3 λ4 

x 2 = 3 λ1 + 5 λ2 + 5 λ3 + 5 λ4 

x 3 = 5 λ1 + λ2 + 3 λ3 + 3 λ4 

y 1 = λ1 + λ2 + λ3 + λ4 

y 2 = 120 λ1 + 40 λ2 + 100 λ3 + 100 λ4 

y 3 = 0 . 6 λ1 + 0 . 2 λ1 + 0 . 5 λ1 + 0 . 5 λ4 

1 , λ2 , λ3 , λ4 ≥ 0 

It shows benefit b 1 as a non-linear function of the activity levels 

j . This differs from model (6) where λ j is an identical weighting 

actor for all costs and benefits of DMU j . Nevertheless, the ob- 

ective θo of model (9) can be interpreted in the same way as in 

odel (6); it determines the smallest factor to which all individ- 

al costs can be reduced proportionately within the set of allowed 

ctivities without reducing the benefits of the DMU under consid- 

ration. Model (9) generalises the traditional DEA model (5) and 

emonstrates its differences to the often erroneously used one (6) 

n cases where the value functions are non-linear such that the 

uality theory of linear programming is not applicable. 

The example further illustrates that the individual costs and 

enefits of the multi-dimensional functions c(z) and b(z) are not 

ecessarily separable or disjoint with respect to the different in- 

uts and outputs, neither in general nor in the particular case of 

odel (9). It must therefore be emphasised that it is not advis- 

ble to analyse examples such as the one above with model (5) or 

odel (6) instead of (9), even in the special case (of Section 5.2.3 )

hat all cost and benefit functions would be linear. 

.2.1. Convexity of valuations 

Convexity of the set of feasible solutions is a property of high 

mportance for the purpose of solving optimisation tasks. If c(z) 
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28 It is not always made crystal clear in the OR/MS literature on DEA that the 

target points for inefficient DMUs may otherwise deliver unrealistic benchmarks. 

On the contrary, sometimes the opposite is suggested, so e.g. by Cooper, Seiford & 

Zhu (2011) , p. 1-2: “Because it requires very few assumptions, DEA has also opened 

up possibilities for use in cases that have been resistant to other approaches be- 

cause of the complex (often unknown) nature of the relations between the multi- 

ple inputs and multiple outputs involved in DMUs.” Such possibly misleading state- 

ments can already be found in the pioneering article of Charnes, Cooper & Rhodes 

(1978) , e.g. on page 434: “Unlike other types of production functions, this one de- 
nd b(z) are (multiple) convex cost and concave benefit functions 

efined on a convex PPS P , the efficient frontier of VPS v (P) is 

onvex regarding the costs and concave regarding the benefits, too 

 Dyckhoff (2019) , p. 725). 

As already the simple example of Figure 6 shows, the VPS itself 

s not necessarily convex, though. Thus, a convex combination of 

ealisable cost-benefit vectors might not be realisable itself. For ex- 

mple, all convex combinations of the images ˜ A and ˜ C of the ‘tech- 

ically efficient’ points A and C are not attainable by any activity 

n the PPS. Nonetheless, this problem can be avoided if the fol- 

owing property, called value disposability , can be supposed. It al- 

ows an extension ̂ v (P) of the VPS such that a convex set is formed 

 Dyckhoff (2019) , p. 727), although the PPS itself did not change: 27 

̂ 
 ( P ) = 

{
( c;b ) ∈ R 

k + � 
+ 

∣∣ c ≥ c ( z ) , b ≤ b ( z ) , z = ( x ; y ) ∈ P 

}
(10) 

Figure 6 shows the amendment as hatched area on the right 

nd below the VPS. All benefits attainable by a possible production 

an be reduced and all costs induced by production activities can 

e augmented, i.e. all value points dominated by the original VPS 

re realisable, too. 

Value disposability presupposes that, in reality, there exist cer- 

ain additional activities which are feasible for the considered 

MUs, although not modelled explicitly in input/output-terms. 

ence, they do not belong to the PPS, i.e. they are not repre- 

ented by the production technology and the actual restrictions. 

nstead, they are elements of that part of the production environ- 

ent which a DMU can yet influence. In the example of Section 

.1 , this might be a monopolist donating money, received as rev- 

nue for the product, to a charity organisation without further re- 

ard. Or the augmentation of ecological cost can result from a 

arger damage when exploiting nature by extracting more of the 

esource than what is used as input by the DMU. Value dispos- 

bility does neither change the efficient frontier nor influence the 

erformance score. 

.2.2. Monotonicity and consistency of valuations 

In our above numerical examples, the profit of the DMUs is rep- 

esented by a quadratic benefit function that is indeed concave, but 

ot monotonous. Non-monotonic valuations might lead to a profit 

aximum that is technically inefficient. Markets for non-storable 

oods or all-units quantity discounts may show such real-life situ- 

tions. 

This is, however, not the case if the valuation is (preferentially) 

onsistent , that is, if increasing benefits and decreasing costs of 

 lower level imply increasing benefits on the higher level, and 

he opposite holds true for the costs. Let v 1 (z) and v 2 (z) with 

 
2 (z) = f ( v 1 (z) ) be two multiple value functions, whereby f ( v )
s a strictly monotonic function mapping the first-level costs and 

enefits determined by v 1 (z) consistently onto the second-level 
osts and benefits determined by v 2 (z) . Then, the following holds 

rue ( Dyckhoff (2018) , p. 866): If activity z A ∈ P of DMU A domi- 

ates activity z B ∈ P of DMU B with respect to the first value level, 

 dominates B with respect to the second value level, too. Thus, a 

onotonic valuation implies that an activity is already efficient on 

ll lower levels if it is efficient regarding a higher valuation level. 

oreover, consistent, monotonically nested, multi-stage value or 

mpact functions imply non-improving performance ratings of each 

MU in each valuation step (cf. Dyckhoff (2018) , p. 872–873, for a 

umerical example). 
27 This feature distinguishes value disposability from strong disposability gener- 

lised by Shen et al. (2019) . Nevertheless, an analogous value-concerned generalisa- 

ion of the traditional axioms ‘Input without Output’ and ‘No Output without Input’ 

y ‘Costs without Benefits’ and ‘No Benefits without Costs’ ( Dyckhoff, 1992 ) may 

ave implications for the PPS. 
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Therefore, it cannot be rational to produce inefficiently if the 

erformance analysis applies preferentially consistent monotonic 

aluations. This throws a better light on the discussion of the ra- 

ionality of inefficient production (initiated by Bogetoft & Hougaard 

2003) ; cf. Dyckhoff (2018) , p. 877). For example, if input slacks are 

llocated a positive value, the term ‘technical efficiency’ loses its 

mportance for a performance analysis that makes sense. Hence, 

he above consistency proposition questions ‘rationalising ineffi- 

iency’, a topic identified by Avkiran & Parker (2010) a decade ago 

s one of four directions for future DEA studies. 

.2.3. Linearity of valuations 

In the linear case, the duality theory of linear programming –

hich is essential for DEA – is applicable. Linear functions are si- 

ultaneously convex and concave as well as monotonous so that 

he assertions of the latter two subsections are true for this spe- 

ific type of impact and value functions. Thus, if a multicriteria 

EA model, e.g. that of type (9), is consistently aggregated by lin- 

ar value functions into a DEA model of the same type on a higher 

ierarchy level, then the efficiency scores of the DMUs cannot im- 

rove ( Dyckhoff (2018) , p. 871). Most notably, an inefficient activity 

emains inefficient. 

If v (z) are multiple linear value functions defined on a convex 

PS P , i.e. v ( λ1 z 1 + λ2 z 2 ) = λ1 v ( z 1 ) + λ2 v ( z 2 ) for all z j ∈ P , λ j ≥ 0 ,

j ∈ { 1 , 2 } , then v (P) is a convex set, too. Moreover, if v j := v ( z j ) ∈
 
k + � for z j = ( x j ; y j ) ∈ R 

m + s and 

 = 

{ 

z = 

n ∑ 

j=1 

λ j z j | λ ∈ S 

} 

ith the activity levels set S ⊂ R 
n + , then the VPS has the same 

roperty in value space ( Dyckhoff (2018) , p. 868): 

 (P) = { v = 

n ∑ 

j=1 

λ j v j | λ ∈ S } 
That is, the image of a convex (or linear) envelopment of ac- 

ivities equals the convex (linear) envelopment of the value image 

oints of these activities. Then, neither the explicit knowledge of 

he relevant inputs and outputs nor that of the respective linear 

alue functions are necessary to determine the efficiency scores of 

he DMUs. The linear case S = R 
n + , implying a PPS with constant 

eturns to scale , as well as the convex case S = { λ ∈ R 
n + | 

n ∑ 

j=1 

λ j = 1 }
or variable returns to scale play eminent roles in DEA. Models (6) 

nd (9) are equivalent in such circumstances. 

The above proposition is of fundamental importance for appli- 

ations of DEA. If its premises hold true in an actual instance, the 

ood news is that it will suffice to know solely the relevant costs 

nd benefits of the DMUs as data observed. This provides a fac- 

ual justification of the usual DEA LP models when applied directly 

o the costs and benefits (as so-called ‘inputs’ and ‘outputs’), pro- 

ided that the above premises are fulfilled . 28 As a consequence, the 
ives from (and is therefore directly applicable to) empirical observations.” Compar- 

ng goal programming and DEA, Cooper (2005) states on page 6: “These evaluations 

re obtained directly from the data without requiring explicitly formulated assump- 

ions such as linearity, non-linearity, etc. ...” However, DEA presupposes at least a 

onvex (or concave, respectively), piecewise linear (‘best practice’) approximation of 

he production frontier, and moreover linear homogeneity in case of the CCR mod- 

ls. 
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ramework of Section 2 leads to conclusions that do not only gen- 

ralise the traditional methodology of efficiency measurement, but 

lso disclose DEA’s fundamental conception and presuppositions 

nd help to avoid the category mistake. 

This is of particular importance for the very special instance of 

inear value functions applied in environmental performance anal- 

ses. Instead of ecological impacts as values, the quantities of in- 

uts and outputs themselves are used as proxies which are easy to 

easure ( Dyckhoff & Allen, 2001 ). The inputs and outputs of activ- 

ties z = ( z G ; z B ) are separated into four categories, those of goods 
 
G = ( x G ; y G ) and those of bads z B = ( x B ; y B ) . The corresponding 
tandard preference assumption of the underlying production the- 

ry with goods and bads reads: Each input of a good and each 

utput of a bad uniquely defines one corresponding type of cost: 

(z) = ( x G ; y B ) , and vice versa, each output of a good as well as

ach input of a bad defines one type of benefit: b(z) = ( x B ; y G ) . 
Inserting these simple value functions into the cost-oriented 

ulticriteria model (9) for a linear PPS P , spanned by the observed 

ctivities of the DMUs, leads to the following radial DEA model 

 Wojcik, Dyckhoff, & Gutgesell, 2017 ): 

∗
o = min 

λ≥0 
θo such that 

n ∑ 

j=1 

λ j x 
G 
j ≤ θo x 

G 
o and 

n ∑ 

j=1 

λ j y 
B 
j ≤ θo y 

B 
o 

and 

n ∑ 

j=1 

λ j x 
B 
j ≥ x B o and 

n ∑ 

j=1 

λ j y 
G 
j ≥ y G o (11) 

In model (11), bad output is mathematically described in the 

ame way as good input, and bad input like good output. With 

espect to MCPT, however, this identity is only of a syntactic and 

ot of a semantic nature. These qualities must not be confused! 

rimary subjects of efficiency analysis are costs and benefits, not 

nputs and outputs. Therefore: “Considering pollutants as inputs 

s not a correct way of modelling pollution-generating technolo- 

ies” ( Dakpo, Jeanneaux & Latruffe (2016) , p. 357). Emitted pollu- 

ants are undeniably outputs; they are undesirable because of their 

mpacts (‘external effects’) that induce social costs (also known as 

external costs’ in economics). Thus, the integration of MCDA with 

roduction theory also helps to understand and to cope with the 

hallenge to incorporate (undesirable) bads as inputs or outputs 

nto DEA as well as into economics (discussed in Section 4.3 ). 

. Conclusions, challenges, and future research paths 

Three decades ago, Belton (1992) asserted with respect to the 

elationship between DEA and MCDA that “the two approaches can 

e integrated to provide a more effective and easier to understand 

pproach to performance measurement” (p. 71). Our framework 

nd review confirm this statement for a more general scope of va- 

idity. 

In fact, only relatively few sources try to bridge the gap be- 

ween the multicriteria and the production perspective of perfor- 

ance evaluation until today. One can distinguish different degrees 

f strength of the link between both perspectives, starting with 

ure formal comparisons of both isolated perspectives (no substan- 

ial link) and then successively strengthening the link substantially 

p to a theoretically well-founded complete integration, at last. Al- 

hough the set of literature, which we found, categorised, and dis- 

ussed in Section 4 , shows various degrees of strength, there is not 

 single concept or approach amongst it that fully integrates both 

erspectives. Nevertheless, some promising sources and starting 

oints for a stronger substantial integration exist, thus indicating 

uture research paths by enhancing and improving those known 

rom the categories discussed in Section 4 . 

First of all, we propose to generally apply approaches of Cate- 

ory 3a – like value efficiency of Halme et al. (1999) or other the- 
811 
retically founded MCDA methods – to the (possibly stepwise ag- 

regated) impacts and values defined by the framework of Section 

 in combination with the Category 3b approach, outlined in 

ection 5 , instead of applying them merely to the inputs and out- 

uts like in the very particular case of common DEA. In our view, 

ection 2 presents a framework and theoretical fundament for a 

ull integration of MCDA and production theory for the purpose of 

erformance evaluation but has to be complemented and filled in 

ith specific ideas, concepts, and approaches both of MCDA and 

roduction theory. 

.1. Theoretical and methodological research paths 

Regarding DEA research, Avkiran & Parker (2010) ascertained “a 

harp decline in the number of theoretical papers as of 2004, thus 

uggesting a maturing of the methodology” (p. 2). A mature phase 

s reached when “key underlying assumptions are no longer chal- 

enged” (p. 1). In order to generally lay the foundation for more 

nfluential work, they suggest a more dramatic and difficult form 

f investigation than a mere gap identification. This would be “to 

uccessfully challenge a foundation theory, or assumptions thereof, 

r take an undeveloped original idea and present it in a format 

hat can be easily generalized and applied by others” (p. 1). 

In our view, such a challenge for traditional production-based 

ethods of performance evaluation, like DEA or Stochastic Frontier 

nalysis (SFA), requires – as a matter of principle – a sharp dis- 

inction between three different categories of notions affected by the 

roduction process to be evaluated: (1) the inputs and outputs go- 

ng into or emerging from the process, mostly determined techno- 

ogically and easy to observe; (2) the results (consequences, effects, 

mpacts, or outcomes) for the human, social, economic, or natural 

nvironments of the production system, mainly influenced by the 

bserved inputs and outputs in an objectively or intersubjectively 

easurable manner; and (3) the costs and benefits as – often sub- 

ective, non-financial, incommensurable – values destroyed or cre- 

ted by the process via its results, evaluated with respect to the 

references of a certain person or authority. Such a strict distinc- 

ion between important notions facilitates the use of knowledge 

f different scientific disciplines as well as of practical experience 

f the application areas concerned – and hopefully contributes to 

void a category mistake. 

For example, to help management “open the black box of pro- 

uction”, Avkiran & Parker (2010) recommended network DEA as 

ne of four directions of research for the past decade (p. 4). Al- 

hough this path has indeed been followed intensely in the recent 

R/MS and economic literature ( Kao, 2017 ), it is somewhat surpris- 

ng that this important topic apparently did not find much interest 

n the production and operations management literature. The the- 

retical and technological knowledge of business economics and 

roduction engineering with respect to multi-stage and network 

rocesses within these applied disciplines can be helpful to anal- 

se realistic models and propose valid assertions. In particular, it 

ay be necessary to distinguish further between those inputs and 

utputs that go into or emerge from a specific transformation pro- 

ess as part of the considered production system ( process input or 

utput ) and those entering or leaving the whole production sys- 

em through its boundaries ( system input or output ). This is of the 

tmost importance if the considered objects can be stored in an 

nventory, especially in cases of dynamic performance analyses. 

In addition to the consideration of specific production relation- 

hips, production-based multicriteria performance analyses must 

lso appropriately capture and include the relevant purposes and 

bjectives. Performance evaluation, as defined in Section 2 , as- 

esses the results of purposively rational human actions regarding 

heir effectivity in achieving the intended individual ends as well 

s regarding their efficiency in balancing these ends with respect 
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29 See also the more recent statement in a DEA handbook of Cook & Zhu (2014) , 

p. vii: “The performance or efficiency of a DMU is expressed in terms of a set of 

measures which are classified or coined as DEA inputs and outputs.”
o the relevant means employed and the unintended secondary re- 

ults as far as they are desirable or undesirable. These ends, means, 

nd secondary results represent the values which are decisive for 

he evaluation. Hence, methods of performance evaluation, in par- 

icular those of accounting, DEA, and LCA, can never be totally value 

ree . 

At most, they can try to use as much objectively or intersubjec- 

ively acceptable premises and determinable data as possible. Such 

ata may be prices on markets in financial and management ac- 

ounting as well as laws of nature or legal and social norms in 

CA. They allow to derive acceptable valuations for the trade-off

etween the ends, means, and secondary results when measuring 

erformance. Often, however, such data do not exist or are not 

vailable. Then, the ends, means, and secondary results represent 

ultiple objectives of the decision maker, evaluator, or some other 

uthority the attributes of which are not easily comparable. There- 

ore, in principle, performance evaluation constitutes a kind of multi- 

riteria analysis for which concepts, methods, and decision support 

ystems developed for MCDA in OR/MS can be useful (cf. Cinelli 

t al. (2020) ), especially if they are applied in LCA and moreover 

ntegrated with domain-specific production knowledge. 

Although there is a growing literature which combines MCDA 

ethods with LCA (cf. Section 4.2 ), it does, as a rule, not inte-

rate multicriteria decision concepts from OR/MS systematically 

nto the conceptual framework of LCA used in practice (ISO 14040) 

which, in turn, largely corresponds to the generic structure of 

erformance evaluation developed in Section 2.2 ( Figure 2 ). There- 

ore, enhancing the few existing approaches, which combine DEA 

nd LCA in a conceptual, structured manner ( Lozano et al. (2009) , 

ribarren et al. (2010) , Vazquez-Rowe et al. (2010) ), by further in- 

ights and methods of MCDA may be a fruitful future research 

ath. A main research topic should be to trace back the plethora of 

ndicators in applications – like e.g. sustainability supply chain as- 

essment ( Ahi & Searcy (2015) , Quori, Mujkic & Kraslawski (2018) )

to the most important impacts of the inputs and outputs in or- 

er to support the aggregation and valuation process of life cycle 

mpact analysis (LCIA; cf. Hauschild & Huijbregts (2015) ) in a way 

hat is decision-theoretically sound. 

.2. Empirical and application-oriented research paths 

Management accounting is the process of measuring, analysing, 

nd reporting not only financial, but also non-financial information 

hat helps managers make decisions to fulfil the goals of an or- 

anisation ( Datar & Rajan, 2018 ). In view of the ecological and so-

ial goals of many organisations nowadays, production-based mul- 

icriteria performance evaluation methodologies should be a main 

opic there, too. A look at advanced textbooks and journals on 

anagement accounting reveals, however, that such methods, in 

articular DEA and LCA, are widely ignored in this literature up 

o now. It is incomprehensible to us, though, why this is the 

ase. The mathematical requirements cannot be an essential bar- 

ier since today management accounting research also uses am- 

itious mathematics. Regarding LCA, it may be the lack of nec- 

ssary environmental and ecological knowledge. With respect to 

he broad application areas of DEA, however, specific knowledge 

in addition to the pure methodical one – is only necessary re- 

arding the considered application area. We suspect that the ac- 

ual reason why DEA has not been successful in management ac- 

ounting and control until now is a lack of convincing success sto- 

ies (e.g. in a journal like Interfaces ). Already in the early years of 

EA, Nunamaker (1985) has pointed to an important difficulty of 

ts real-world application regarding manipulations of variable se- 

ection and data determination which may influence its acceptance 

n practice. Therefore, he suggested (p. 57): “DEA’s reliability could 

e improved through implementation of standardized account- 
812 
ng and reporting requirements coupled with an extensive audit 

unction.”

A decade ago, Avkiran & Parker (2010) suggested “DEA in Prac- 

ice” as a direction for future DEA studies, asking (p. 3): “For ex- 

mple, given the popularity of DEA in academic journals, how 

idespread is its use in existing organizations?” Most ‘applications’ 

f DEA published in the scientific literature are mere calculations 

ith real data, but they do not demonstrate the actual usefulness 

f DEA for the potential user. Therefore, a main future research 

ath regarding DEA as well as other production-based performance 

valuation methodologies should be to confirm more convincingly 

hat its application really matters and may improve reality . 

In view of many potentially fruitful application areas of 

roduction-based multicriteria performance evaluation methods, it 

s furthermore desirable to develop systematic, clear, and convinc- 

ng guidelines which explicitly address the issue of how to de- 

ne and select the relevant input and output variables as well as 

he appropriate properties of the PPS from a production point of 

iew. For example, within their unified process for non-parametric 

erformance measurement projects, called “COOPER framework”, 

mrouznejad & De Witte (2010) do not explain how to empiri- 

ally verify the adequacy of assumptions about the properties of 

he underlying production process. Instead, they propose to use a 

reference-oriented suggestion from Cook & Zhu (2008) in cases 

n which it is not clear whether a variable should be classified as 

n input or an output (p. 1579): “If an increase in the value of 

he variable results in an increase [decrease] in the efficiency score 

hen … it is an output [input] variable.”29 

In contrast, in order to provide better support during the pro- 

ess of defining and identifying relevant input and output types, 

fsharian, Ahn & Neumann (2016) proposed to complement ex- 

sting DEA guidelines – like the COOPER-framework – by an ad- 

itional goal-oriented phase which determines performance cri- 

eria based on the generalised DEA concept of Dyckhoff & Allen 

2001) as well as on a general decision-oriented performance mea- 

urement framework. Their approach is in line with the protocol 

rawn up by Dyson et al. (2001) to choose performance measures 

hat are “strongly related to the objectives of the organisation. This 

ight be achieved by a careful consideration of the consistency of 

he mission, objectives and performance measures” (p. 248). Tax- 

nomies how to conduct the MCDA process in supporting decisions 

like that one recently introduced by Cinelli et al. (2020) – may 

e fruitful in suggesting ideas and concepts for convincingly eval- 

ating performance in practice. Furthermore, methods for problem 

tructuring ( Belton & Stewart, 2010 ), particularly those for defining 

nd structuring fundamental objectives ( Eisenführ, Weber & Langer 

2010) , Ch. 3), can be useful in determining and selecting relevant 

nput and output types and their impacts on the considered envi- 

onments of a production system. Yet, the challenge how to verify 

he empirical validity of assumptions about the production prop- 

rties is not really met until today. We think, however, that such 

erifications must necessarily be specific for the addressed appli- 

ation area which means that generic guidelines and frameworks 

lone will not be sufficient. 

Thus, the prerequisites to successfully apply quantitative meth- 

ds of production-based multicriteria performance evaluation in 

ractice are usually very challenging. Although there is a strong 

emand for such approaches, which often is pointedly expressed 

y the phrase: “You can’t manage what you can’t measure! ”, this 

ssertion has to be contrasted with a second well-known phrase 

hich says: “What you measure is what you get! ” The latter quote 

oints to the severe neglection of those performance criteria which 
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re not measurable in valid quantitative terms despite their high 

elevance. To avoid such a dilemma, any convincing performance 

valuation should in fact use all relevant valid information. Hence, 

erformance evaluation is more than mere measurement. Never- 

heless, it comprises measurement as far as possible. Well-proven 

uantitative methods should be applied if the prerequisites are ful- 

lled, even if for parts of the data only. Their results may con- 
Table A1 

Representative literature found by the four-step search proce

Literature 

Category 1 

Parkan & Wu (1997) 

Ho, Xu & Dey (2010) 

Brandenburg et al. (2014) 

Ng & Chuah (2014) 

Eskandarpour et al. (2015) 

Ilgin, Gupta & Battaia (2015) 

Gumus et al. (2016) 

Banasik et al. (2018) 

Moons, Waeyenbergh & Pintelon (2019) 

Thies et al. (2019) 

Category 2a 

Liu, Huang, & Yen (2000) 

Eilat, Golany & Shtub (2008) 

Quariguasi Frota Neto et al. (2008) 

Madlener, Antunes & Dias (2009) 

Quariguasi Frota Neto et al. (2009) 

San Cristobal (2011) 

Kuo & Lin (2012) 

Mahdiloo, Saen & Lee (2015) 

Soheilirad et al. (2018) 

Agasisti, Munda & Hippe (2019) 

Category 2b 

Belton (1992) 

Doyle & Green (1993) 

Stewart (1996) 

Yu, Wei & Brockett (1996) 

Joro, Korhonen & Wallenius (1998) 

Belton & Stewart (1999) 

Sarkis (2000) 

Belton & Stewart (2002) ∗∗

Kleine (2004) 

Liu, Sharp & Wu (2006) 

Wallenius et al. (2008) 

Cook, Tone & Zhu (2014) 

Tavana et al. (2018) 

Ehrgott, Hasannasab & Raith (2019) 

Category 3a 

Golany (1988) 

Belton & Vickers (1993) 

Halme et al. (1999) 

Li & Reeves (1999) 

Korhonen, Tainio & Wallenius (2001) 

Joro, Korhonen & Zionts (2003) 

Korhonen & Syrjänen (2004) 

Mavrotas & Trifillis (2006) 

Chen, Larbani & Chang (2009) 

Yang et al. (2009) 

Wong, Luque & Yang (2009) 

Hosseinzadeh Lotfi et al. (2010) 

Jahanshahloo et al. (2011) 

Malekmohammadi, Hosseinzadeh Lotfi & Jaafar (2011) 

Halme, Korhonen & Eskelinen (2014) 

813 
titute a management dashboard as core of a performance mea- 

urement and management system ( Dyckhoff & Souren (2020) , 

. 104). 

ppendix A. Representative literature 
ss 

Search Step ∗ Citations (counted on 30.11.2020) 

Web of Science Google Scholar 

3 50 89 

2 (R) 1011 2309 

2 (A) 523 954 

3 19 29 

2 (R) 280 474 

2 (R) 49 96 

3 14 22 

2 (R) 26 55 

2 (R) 23 72 

2 (R) 20 43 

1 21 69 

3 144 388 

2 (A) 213 556 

1 63 140 

2 (A) 140 266 

4 (F) 53 110 

2 (A) 99 168 

2 (A) 67 101 

1 26 45 

4 (F) 5 10 

2 (A) — 63 

2 (A) — 241 

3 150 333 

1 81 145 

2 (A) 132 291 

2 (A) — 68 

3 102 230 

2 (A) — 4726 

1 39 117 

1 28 46 

2 (R) 402 850 

3 296 602 

3 5 14 

4 (F) 0 2 

1 190 349 

3 89 212 

2 (A) 155 346 

3 202 413 

3 113 314 

3 16 39 

2 (A) 156 242 

3 34 69 

3 23 53 

3 14 25 

4 (B) 26 52 

3 10 45 

1 12 21 

4 (F) 8 19 

3 8 17 

( continued on next page ) 
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Table A1 

( continued ) 

Literature Search Step ∗ Citations (counted on 30.11.2020) 

Web of Science Google Scholar 

Dyckhoff, Mbock & Gutgesell (2015) 4 (F) 2 6 

Ebrahimnejad, Tavana & Mansourzadeh (2015) 1 3 7 

Jain et al. (2015) 3 19 30 

Joro & Korhonen (2015) ∗∗ 4 (F) — 47 

Hatami-Marbini & Toloo (2017) 3 13 25 

Rubem, Soares de Mello & Angulo Meza (2017) 2 (A) 10 19 

Gerami (2019) 1 1 1 

Category 3b 

Dyckhoff & Allen (2001) 1 264 492 

Afsharian, Ahn & Neumann (2016) 4 (F) 4 17 

Dyckhoff (2018) 4 (F) — 11 

Dyckhoff (2019) 4 (F) — 2 

∗: (A) = additional source emerging from references of the reviews, (B) = backward search, (F) = forward 

search, (R) = found in Web of Science as a review 

∗∗: Indicates a book 
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