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Benefits of Enterprise Integration Systems

ABSTRACT

Today, with various technology and business standards, organizations face rapid
changes in both internal and external environments. To be able to rapidly respond to
such changing environments, integration of software systems has entered among the
top priorities of many organizations. However, despite extended use of software
integration, methods for estimating the business value of implementing such
integration are still missing. Besides presenting a conceptual model to define the
benefits of systems integration and related causal relationships, this study proposes a
method for measuring such benefits in monetary terms. In particular, we demonstrate
how a mathematical programming technique called Data Envelopment Analysis
(DEA) can be used to evaluate the business value of software integration. Our method
is illustrated using data from 12 organizations. The results indicate significant
productivity gains by integrating software systems, which represent the value of
software integration in organizations.

Keywords: Economics of information technology; Information Systems; Enterprise
Integration; Enterprise Application Integration (EAI); Systems Integration (SI);
Software integration; IT business value; Data Envelopment Analysis (DEA); Marginal
Rates
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GLOSSARY

IT information technology

EI enterprise integration

B2B business-to-business

DEA data envelopment analysis

DMU decision making unit

CCR DEA model introduced by Charnes, Cooper and Rhodes
BCC DEA model introduced by Banker, Charnes and Cooper
RTS return to scale

VRS variable return to scale

CRS constant return to scale

MR marginal rate

MRS marginal rate of substitution

MP marginal productivity

SEK Swedish Krona

kSEK thousand Swedish Krona

MSEK million Swedish Krona
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1 INTRODUCTION

Today, Information technology (IT) has become essential in every organization, in roles ranging from
supporting and sustaining the business to supporting its growth. Large multinational enterprises
operating in the global markets, continuous development of computing technologies, as well as the
extended, dispersed and continuously interconnected enterprise information systems, has caused a
fundamental transformation of the economy [1]. These transformation and trends such as
globalization, mergers and acquisitions, and increasing multiplication of exchanges has reformed the
game of competition in the marketplace.

In such competitive and rapidly evolving marketplace, technology and business standards are rarely
generally agreed upon. It is even sometimes good practice to develop a competing standard rather
than adhering to an existing. Furthermore, different information system components have typically
been considered to be independent systems in their own right before the idea of their integration was
introduced. This leads to the situation that most often there is no standard at all. It is therefore
essential for user organizations to seck the integration of software systems that were built with no or
limited common interaction assumptions. [2]

Moreover, in order to survive and thrive in these competitive markets, enterprises must find a way to
cope with rapid changes in both internal and external environments. To be able to rapidly respond to
a changing environment, business functions must be integrated into a single system efficiently
utilizing information technology, and share data with third-party actors in the marketplace. [3]

To define the area of such systems, a variety of terms such as enterprise application integration
(EAI), application integration (Al), systems integration (SI), value chain integration (VCI), supply
chain integration (SCI), extended business integration (EBI), and e-business integration was
presented in the literature [4]. In the context of this report, the term enterprise integration (EI) is
adopted to refer to the integration area, and EI systems are used to denote the associated information
systems.

There have been various attempts to define enterprise integration. Linthicum [5] has presented the
definition as “he unrestricted sharing of data and business processes among any connected applications and data
sources in the enterprise.” Although this definition depicts the broadness of the area, it provides limited
insight into different dimensions of area, limiting its perspective to the technological point of view.

Lee et al. in [3] provide a more comprehensive definition for EI as “business computing term for plans,
methods, and tools aimed at modernizing, consolidating, and coordinating the overall computer functionality in an
enterprise.” This definition provides a more comprehensive view over the area, still limiting enterprise
integration to internal functionalities inside an enterprise.

Themistocleous and Irani provided a taxonomy for EI area in [6], dividing it into intra-organizational,
hybrid, and inter-organizational subcategories. The first subcategory includes the integration of intra-
organizational systems such as packaged and custom systems. The second describes the integration of
business to consumer applications. The applications of this subcategory are characterized as hybrid,
as in some cases these application function as intra-organizational Al and in others as inter-
organizational applications. The last subcategory includes B2B (Business to Business) applications
integration, and it is further classified according to the degree (loose, tight) of integration.

In this chapter, we give an introduction to our study; including the background of the project, the
research problem which would be addressed in this study, research purpose we pursue, a discussion
on delimitations of this work, and finally we present the outline of this report.

1.1  Project Background

This project is a master thesis project, defined by iCore Solutions and ATEA AB, with academic
supervision by the ICS department at KTH.

ATEA is currently one of Europe's largest suppliers of IT infrastructure. Headquartered in Oslo, the
company is listed on the Oslo Stock Exchange since 1985. Today the company has a turnover of 15
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billion NOK (17.3 billion SEK), 4800 employees and operates in Norway, Sweden, Denmark,
Finland and the Baltic countries.

iCore Solutions is a Swedish company specializing in enterprise integration. The company was
founded in 2001 and now has 30 employees. iCore Solutions markets its own integration platform -
iCore Integration Suite, a structured integration solution based on SOA (Setvice Oriented
Architecture) principles; applications loosely connected to each other through a service layer or an
enterprise service bus (ESB). Now, iCore Integration Suite is being used in more than 1’500 end-user
companies, in more than 20 countries.

In 2007, ATEA chose iCore Integration Suite as its integration platform. By means of this platform,
applications are loosely connected through a service layer. It also has helped ATEA to examine
individual applications and decide what role each system should possess. In this way, it has helped
ATEA to start from a small integration scope, while gradually building more and more functionality.
It is believed that the solution has provided ATEA with significant cost advantages. However, a
model for calculating such benefits in economic perspective is missing.

1.2 Research Problem

It is believed that the cost advantages of enterprise integration systems are significant [3]. The large
amounts of budgets spending on these kinds of systems could be an indication of this overall belief.
This specifically seems reasonable in a loosely-coupled architecture solution, mostly due to highly re-
use development code and the fact that upgrades and changes in enterprise architecture may impose
less significant impact than if the applications were tightly linked. However, as far as we know,
models for calculating such effects and benefits, in an economic perspective, are missing. Moreover,
it should be considered that that enterprise integration is expensive and time-consuming [3]; thus,
management should be cautious in the design of the project.

This problem is also a common dilemma for iCore Solutions, which wishes to know more specifically
about what benefits its service-oriented integration architecture gives a potential customer. iCore
Solutions and its customers need to be able to estimate, with acceptable precision, the benefits of
changes in the integration architecture in an organization from an as is state to a Zo be state.

Such problem is of course interesting to iCore customers, as well. An IT department generally
requires demonstrating the expected and actual benefits of an integration projects to executives. Such
benefit-estimation model could objectify the perceptions and intuitions of decision-makers, govern
the approach to choosing the solution, and help convince decision-makers to free up the necessary
budgets. The information provided by such model not only helps the organizations to understand the
trade-off value of enterprise integration, it could also help them in examining the choice of IT
strategy made by a firm. ATEA, as one of such customers, is interested in these models; to be able to
estimate and monitor the benefits of such enterprise integration system.

1.3 Research Purpose
In order to tackle the mentioned research problem, the following research questions has been
approached:

e What are the benefits of enterprise integration?

e  How to estimate the benefits of an enterprise integration system in monetary terms?

To answer the presented questions, we have set the following research purpose for this study:
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e  Building a useful model or at least a useful subset of a model, for calculating an « priori estimate
of the a posteriori benefits! of moving an organization’s I'T architecture from an as-is situation to
a new state which is characterized by utilizing an enterprise integration system.

1.4 Delimitations

Delimiting the project scope is a crucial aspect of any project, mainly due to the inherent
characteristic of projects as time and resource limited endeavors with defined level of quality. First of
all, the analysis level is performed at the firm-level. Thus, finer-detailed analyses such as architecture-
level are considered out of scope in this study. Moreover, enterprise integration is delimited to B2B
(business-to-business) or external integration. This implies that benefits of internal integrations
(integration of internal information systems) are not considered in this study. Finally direct estimation
of soft benefits, e.g. benefits from customer relationship improvements, are considered out of scope
in this study. However, such benefits are indirectly included in the provided estimations.

1.5 Outline of the Report

In the next chapter, we present related works in research community, including a review on the
studies within enterprise integration, interoperability, I'T business value and its assessment methods,
and the business value of enterprise integration. Following that, an overview of the employed
research method is presented in chapter 3. Next chapter presents the conceptual model depicting the
benefits of enterprise integration in various abstraction levels, as well as their causal relationships.
Chapter 5 presents our proposed analysis method, a mathematical programming method called data
envelopment analysis (DEA). The subsequent chapter introduces the complementary analysis method
performed on the DEA results to estimate the benefits of enterprise integration in monetary terms.
Chapter 7 illustrates the framework of variables to be used in DEA. Next, in chapter 8, we describe
how the required data are collected, while we present the collected data. Chapter 9 presents the
results of analysis performed on the collected data. Subsequently, chapter 10 presents some
discussions about this study, including discussions concerning the presented work, as well as the
recommendations for future researches. Finally, the report ends with a synthesis of the principal
conclusions in chapter 11.

! Please note that the terms benefit and (business) value are used interchangeably in this report.
_3-
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2 RELATED WORKS

2.1 Enterprise Integration

Key forces call for change in organizational life considering the technology-organizational
relationship. These include the migration of organizations toward “greater complexity” with “global
presence”’, “sever economic pressures”, “desire within firms to enbance innovation and become more entreprenenrial”,
and “ncorporation of social values for more participative, learning-oriented and diverse management practices” [7].
Considering such forces, studies in organizational sciences generally agree on the evolution of
organizational forms towards decentralized and more flexible approaches and structures. In this
evolution, electronic communication technologies enable changing organizational forms by offering
capabilities to overcome time and distance constraints and key barriers. [7]

Considering the inherent inter-organizational characteristic of market transactions, #nter-organizational
Jorms have gained rising interest. In the perspective of inter-organizational forms, electronic
communication plays an important role as an enabler. Enabling the shift to electronically-assisted
relationships with other firms, enterprise integration results in new forms of coupling between
organizations. [7]

Various scientific literature have touched upon the topic of benefits and effects of enterprise
integration on enterprises based on different viewpoints.

Before enterprise integration systems, integration of different systems required rewriting codes on
source and target systems, consuming much time and money [3]. However, unlike traditional
integration, EI uses special middleware that serves as a bridge between different applications for
integration [3]. In this way, all applications can freely communicate with each other through a
common interface layer, rather than through point-to-point integration [3]. This could lead to
significant reduction in the number of connections between information systems in an enterprise,
considering the worst-case scenario a state of spaghetti systems with n(n—1)/2 connections [1] (see

Figure 1, A and B).

Service-Oriented Architecture (SOA) is an emergent paradigm in software architecture. OASIS
Group defined Service Oriented Architecture as “a paradigm for organizing and utilizing distributed
capabilities that may be under the control of different ownership domains” [8]. In the context of
SOA, setvices are defined as “mechanism to enable access to one or more capabilities, where the
access is provided using a prescribed interface and is exercised consistent with constraints and
policies as specified by the service description” [8]. Applying SOA in the EI domain seems to include
promising benefits, mostly due to the flexibility of such architecture, leading to increasing business

agility.
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Figure 1— Traditional Integration (A); EI (B); EI with SOA approach(C) (A & B adapted from |3])

The authors in [9] propose a framework as a decision-making tool regarding the adoption of EI. The
proposed framework suggest criteria categorized in four integration layers, namely the connectivity
layer, transportation layer, translation layer, and the process automation layer.

Benefits of EI could be classified in five different types; organizational (e.g. more organized business
processes), managerial (e.g. ROI), strategic (e.g. increase collaboration among partners), technical (e.g.
achieve data, object and process integration), and operational (e.g. reduce cost) [10]. However,
Swatman et al. discuss that in practice, it is difficult to make a distinction between the technical
aspects of integration and the organizational issues of implementation and integration [11].

While suggesting flexibility or agility, as the ability to rapidly respond to new business opportunities,
as the ultimate goals of EI, Enterprise Integration Council propose cycle time reductions, cost
reductions, and cost containment as benefits of enterprise integration systems [3]. In acclaiming such
benefits, Chari and Seshadti state that “adopting standards-based integration solutions is the most promising way
to rednce the long-term costs of integration and facilitate a flexible infrastructure” [11].

Themistocleous and Irani [6] view the benefits of EI as reduced integration time, more flexible and
maintainable solutions, and the easing the migration to new technologies due to conformance of EI
systems to common standards [6]. They argue that these benefits ultimately result in reduction of
overall integration costs due to the reduction of both integration time and maintenance costs.

Ruh et al. face the challenge of determining the effects of EI from the organizational perspective.
They claim that an integrated infrastructure allows companies to improve their performance, increase
their productivity and increase the quality of services offered to their customers [6]. Similarly,
Themistocleous and Irani assert that EI strengthens supply chains [6]. Manouvrier and Menard [1]
also stresses improvements in quality of service as the most significant benefit of integration systems.

From another point of view, Shin [12] claims that EI is generally effective for large firms, with size
above some critical point. They stress that in order to rationalize the initial fixed cost of EI systems,
companies shall have conditions such as a mass of complicated information systems.

In addition to increase reactivity and adaptability and the ability to manage external exchanges
optimally, Manouvrier and Menard [1] suggest accelerating time-to-market as another effects of EI.

Tackling the problem of determining the effects of EI, Themistocleous and Irani in [13] and [14]
propose that Information systems that benefit from integration with others can arguably be viewed as
no longer having a definitive start and end. The authors claim that such systems are evolving entities
that grow and develop over time, in tune with the business environment.

Analyzing the benefits of enterprise integration on the data level, the authors in [15] suggest business
objectives such as improved productivity, improved data accuracy, greater agility and flexibility, and
system replacement/organizational mergets.
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2.2 Interoperability

The topic of interoperability is closely related to the integration domain. In this section, a synopsis of
state-of-the-art view over interoperability is presented. First, definition and scope of interoperability
is discussed to provide a demarcation line between interoperability and integration. Then current
theories in assessment of the impacts of interoperability are discussed.

In a study on interoperability definitions, 22 different meanings were found[16]. In an attempt to
devise a unanimous definition, IEEE defines interoperability as “the ability of two or more systems or
components to exchange information and to use the information that has been exchanged.” Park and Ram state that
interoperability is considered an important topic within IT strategies in organizations [17].

Folmer and Verhoosel refer to Van Lier asserting that interoperability deals with the making of
agreements on three different levels, namely technical level (relating to technical exchanges), semantic
level (concerning content and meaning), and context level (considering interpretation, processing and
application) [11].

In an attempt to relate interoperability and integration, Chen et al. stress that interoperability denotes
“Coexcistence, autonomy and a federated environment”, whereas integration refers more to “coordination, coberence
and uniformizgation” [18). They highlight different views of these two concepts further by comparing the
tightly-coupled components of a fully integrated, with interdependent and inseparable components,
and loosely-coupled components of an interoperable system, in which components are connected
and able to interact but still contain their own logic of operation.

Due to the importance of interoperability in organizations, many researches attempted to provide a
framework in order to provide a better understanding of the topic. The Athena framework (see
Figure 2), presented by Berre et al., is one of those frameworks [19]. The framework is distinguished
from the others by viewing the interoperability from two different perspectives of provided- and
required- perspectives. This view could be beneficial in assessing the impact of an EI system to the
performance of other information systems.

According to Legner and Lebreton in [20], very few publications have addressed the impact of
interoperability. In their study, they present the Interoperability Impact Assessment Model (IIAM),
which shows the direct and strategic impacts of investments in interoperability. Brunnermeier and
Martin claim that imperfect interoperability costs for industries in three different forms; namely,
avoidance costs (e.g. investments to avoid future costs), mitigation costs (e.g. additional coordination
costs.), and delay costs (e.g. loss of market-share because of late entry)[21]. In their study, the cost of
imperfect interoperability for the US automotive industry is estimated about $1 billion per year. In
another study within the capital facilities industries, Gallaher et al. conservatively estimate such costs

as $15.8 billion [22].
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Figure 2— The Athena Interoperability Framework (Berre et al. from [11])
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2.3 IT Business Value

The term IT business value is commonly used to refer to the organizational performance impacts of IT,
while the term performance has been used to denote two various formulations: efficiency and
effectiveness. The former focuses on the internal perspective of organizational performance,
commonly measured by cost reduction metrics. In contrast, effectiveness has been associated with
the achievement of organizational objectives considering the firm’s external environment. [23]

In the IT business value area, there have been long discussions regarding the pivotal question:
whether IT adds value to an organization or not. Despite substantial research efforts in this area,
there has been little consensus about the impact of I'T on firm performance in the early literature [24].
Many studies has reported little or no impact of IT on firm performance (e.g. [25], [26]), while in
contrast, some has shown evidence of positive impacts (e.g. [27-29]) [24].

Such disagreement has led to the birth of the term productivity paradox. Considering productivity as the
fundamental economic measure of a technology's conttibution, the adverse correlation between IT
spending and productivity has been called the productivity paradox [30]. However, refuting the
productivity paradox, Brynjolfsson [30] proposes four categories of explanations for the paradox,
namely mis-measurement of outputs and inputs, time lags between costs and related benefits,
redistribution and dissipation of profits, and mis-management of IT.

Brynjolfsson discusses that the existence of time lags between costs and associated benefits of
technology could be due to complexity and novelty of IT solutions, which may require learning and
adjustment before realizing the benefits of technology spending. Moreover, stating the redistribution
argument, he mainly suggests that investing in the technology is beneficial to investors, but in fact at
the expense of others. Therefore, he concludes that the net benefits could not be observed at the
aggregate level. [30]

Recently, especially after the widely cited article by Brynjolfsson [30], there has been increased
support for the contribution of IT to improvement of organizational performance [24], [31-35].

Considering the positive contribution of IT to organizational performance, it is discussed that the
dimensions and magnitude of such contribution depends on a various factors, including internal
elements including the type of technology, management practices, organizational structures, as well as
external factors such as the competitive and macro environment [23]. Additionally, studies suggest
that the generated value from IT by a firm could be dispersed or captured in various forms by the
firm itself, its trading partners or end customers [30].

2.4 Methods to Assess the I'T Business Value

The increasing IT expenditures in organizations have led to an increasing demand to assess the
business value of IT investments [37]. However, despite the large body of literature discussing
appropriate measures to determine this value, there is still a lack of support for estimating the
business value of using I'T in organizations [38].

Cronk and Fitzgerald [37] present a classification for various IT business value assessment
approaches, considering their level of complexity. The first level focuses on existing systems as
opposed to future investments in IT. Examples of proposed measures are quantitative cost-benefit
analysis or other simple financial measures, or qualitative user satisfaction; however, the ripple effects
of IT, or the causalities of such value is ignored at this level. In the second level, more sophisticated
measures are proposed, considering the value chain created by IT. Examples of related measures are
presented as qualitative measures of power and politics, or a degree of alignment. The most complex
level uses multi-dimensional metrics and this incorporates many of the factors of the first two levels.
A well-known example offered by the authors is the balanced scorecards [39], [40].Motivation behind
the literature assessing the IT business value is to understand how and to what extent the
performance of an organization would be improved by the application of IT within the firm [23].
Toward such goal, diverse perspectives have been employed at multiple levels of analysis. Several
theoretical perspectives have been used in assessing the I'T business value, including microeconomics,
industrial organization theory, and sociology and socio-political [23].

_8-
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The microeconomics theory offers a rich set of well-defined constructs interrelated via theoretical
models and mathematical specifications [23]. In order to provide estimate the economic impact of IT,
researches have used the theory of production [41], [42], growth accounting [43], consumer theory
[36], data envelopment analysis [44—51], Tobin’s q [52], and option pricing models [53-55].

Tackling from another point of view, organization theory has been used to examine how firms
interact in IT investment decisions and how the resulting benefits are divided [23]. It uses various
methods and models such as game theory [56], agency theory and incomplete contracts [57], [58], and
transaction cost theory [29].

Opting views different than the system rationalism perspective, sociology and socio-political
perspectives consider an economic activity embedded in social networks [23]. With such viewpoints,
these methods try to understand how inter-organizational relationships impact I'T business value [59],

[60].

Among practitioners, the capital investment-appraisal techniques (CIAT) are the most common
methods used for ex ante evaluation of IT investments [61]. The IT value assessment methods
targeting the tangible benefits are based on CIAT techniques, and generally provide procedures for
quantification of costs, benefits and risks. Toward such goal, they typically rely on accounting data
and technical personnel [62]. On the other hand, methods dealing with intangible benefits are based
upon a sound understanding of the opportunities of success and threats of failure in I'T investments
[62]. To assess the intangible benefits, they apply a process of obtaining consensus on objectives
through continuous investigation and practicing a mutual learning [62].

Major evaluation methodologies assessing I'T value include return on investment (ROI), cost-benefit
analysis (CBA), return on management (ROM), information economics (IE), multi-objective multi-
criteria. (MOMC), value analysis (VA), critical success factors (CSF), real option (RO), portfolio
approach (PA), and Delphi approach (DA). [62]

ROI methods rely on capital investment appraisal techniques, with the fundamental assumption that
the expected outcomes of the investment can be calculated. Therefore, they are the optimal choice
when rigorous financial disciplines require directly measurable savings from IT investment. However,
ROI methods do not capture the predominant intangible benefits of IT. Three commonly used ROI
methods are net present value (NPV), discounted cash flow (DCF), and payback period. [62]

The authors in [63] present a framework for evaluation of IT investments, named PENG, which is
known to be widely used among practitioners in the Swedish industry. Although the method is
basically an ROI method [64], the authors claim that PENG evaluates both the financial and the soff
values of IT. The model provides a ten-step method for this goal, and is easy to use. However, it
lacks a detailed description of how these steps should be performed which could lead to the situation
in which different users of this framework yield different results by evaluating the same investment
subject. Moreover, the authors in [64] have referred to a critique of the framework for having an
imprecise way to relate the benefits to values.

Cost-benefit analysis attempts to overcome the problem of ROI methods by using surrogate
measures, expressible in monetary terms, as the representatives of intangible benefits [62]. For
instance, customer satisfaction may be expressed in terms of reduced number of customer complaints
or savings in the cost of returned products. However, although CBA potentially deals with the
problem of inclusion of intangible benefits, it requires consensus on the surrogate measures which
attach a monetary value to the intangibles [62]. Moreover, despite the consideration of discount rate,
CBA does not cope with uncertainty that is usually present in information systems projects [65].

Return on Management focuses on the value-added of IT for the management process. The basis
assumption of the model is that the primary benefit of IT is helping the management to do its job.
The limitations of ROM models are mainly their hard assumptions and limited quantitative measures.

[62]

Being tailored for IT investments appraisals, information economics methods employ ROI
calculations for tangible benefits and costs, while surrogate measures are often considered for
intangible benefits and risks. Though IE is able to integrate quantitative and qualitative approaches, it
often requires many assumptions for simplification of the settings, to be modeled with applicable
mathematical models. [62]
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The basis of MOMC is the idea that people’s behavior is largely motivated by their feelings, which
influence their preferences. In other words, in the context of I'T value, people assess the relative value
of an IT investment in terms of their preferences. Considering this idea, MOMC develops a general
measure of utility served by IT in the firm: people in the firm rank goals by attaching a preference
weight to each one. With many stakeholders, the best I'T investment would be the one delivering the
highest aggregate utility, or in other words, satisfaction. MOMC could be the optimal choice in
complex projects with conflicting objectives of different stakeholders, with the presence of intangible
benefits. However, it does not provide any monetary metric comparable by standard cost-benefit
analyses. [62]

Value analysis focuses on value rather than cost or benefit. In this regard, it is based on three pivotal
assumptions: (1) innovation is measured by its perceived value, rather than its costs; (2) intangibles
can be subjectively assessed, but are rarely measure accurately; (3) an inevitable conflict exists
between decision-making driven by cost, and those driven by effectiveness. VA has several
advantages, for instance: values for intangible outputs could be quickly agreed; evaluation of benefits
and costs is done in an incremental manner; the approach is evolutionary in nature, thus resulting in
user-tailored models; higher degtee of user satisfaction than other traditional models. On the other
hand, the method has several disadvantages. Most importantly, the required process to establish the
surrogate values can be costly and time consuming. Moreover, VA does not account for estimates of
final benefits and costs, ignoring unexpected future expenditures. [62]

Methods based on critical success factors require the analysts and executives to explore the factors,
which in their opinion are critical to the success of business. In this manner, CSF could represent the
potential value of IT, while it could provide a focus on the issues considered important by executives.
However, this approach involves comprehensive interviews and group discussions, thus requires large
amount of executives time, making it a rather costly approach. Moreover, it could be discussed that
the process is highly qualitative, thus unable to provide an objective value for the IT investment. [62]

In theory, ROI methods like DCF and NPV attempt to consider the IT risks by including the
discount rate. Being able to assess the risks associated with IT investments, real option method
considers that the business strategies and systems requirements are subject to change. In these
methods, data is required on: (1) current and possible future business strategies, (2) desired system
capabilities, and (3) relative risks and costs of other IT choices. Although RO includes intangible
benefits, the results are highly subjective. [62]

Taking the relative risk for a single project into account, the portfolio approach even develops an
aggregate risk profile for the IT investment as a whole. To be able to do so, it focuses on the size of
projects, experience of management with technology, capability of the organization in handling
complex projects. As a result of the nature of this method, the results are totally subjective basically
based on experts’ surrogate measures. [62]

Delphi approach assesses the risks associated with IT investments, while it is particularly useful for
new investments with presence of unknown or unfamiliar risks for the managers. In this approach,
several experts provide individual estimates of the likelihood of future events with IT investment
decisions. Then, the collected estimates are distributed to all experts, and they are asked if they wish
to change their initial estimates based on the other experts’ inputs. If the final results are reasonably
consistent, the estimates are considered final. However, in case of any inconsistency, experts are
required to discuss the inconsistencies and reach an agreement on the final value. [62]

2.5 Business Value of Enterprise Integration

Among studies on the topic of EI business value, majority focus on defining the nature of such
benefits or yield non-financial estimates (e.g. [6], [7], [10], [14], [59], [66—73]), while only a limited
number have addressed these benefits in monetary terms (e.g. [12], [24]). Focusing on the results of
electronic data interchange (EDI), the authors in [24] have estimated the benefits of improved
information exchanges between Chrysler and its suppliers to an annual amount of 220 million USS§.
Using econometrics, Shin [12] analyzes the effect of enterprise applications, including enterprise
application integration, on small and medium enterprises productivity.
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Due to unavailable studies on monetary benefits of EI, assessment of such benefits could be viewed
as the problem of financially justifying a proposed information system. Themistocoleous et al. [74]
refer to the discussion made by Land and Hawgood that one of the objectives of information systems
(IS) evaluation is to provide a mechanism to provide such justification. Thus achievements in the IS
evaluation could be highly beneficial to our study. Moreover, the information economy view could
also aid this study, since one of the major contributions of EI is the integration of data inside and
between enterprises (see chapter 4).

Among the economic theories relevant to standardization, two particular economic phenomena could
contribute to EI business value research, namely network effects and switching costs. In general,
network effects is defined as “zhe utility, which a user derives from consumption of the good, increases with the
number of other agents consuming the good” [75]. As an instance in the context of EI, using an EI system
delivers more benefit (becomes more valuable) when it is used by more information systems or
trading partners (agents). In other words, extending the penetration of EI (increasing the EI #sage
measure) would lead to an exponential increase in the attainable benefits.

Farrell and Shapiro [76] discuss that the concept of switching costs is shaped by the relation-specific
assets relating to when a buyer changes its supplier. They claim that when the sum of these switching
costs becomes too high, lock-in occurs. Shapiro and Varian [77] suggest that lock-in is the norm in
the information economy, caused by the use of specific systems. In the context of El, it could be
discussed that the approach of enterprise integration greatly reduces the probability of lock-ins,
specifically by lowering the switching costs of connected information systems within and outside of
an enterprise.
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3 METHOD OVERVIEW

3.1 IT Business Value Perspective

Considering different perspectives employed in I'T business value researches (see section 2.4), the
microeconomics perspective is the ideal choice for this study. As the research goals state, we seck
rigorous constructs which could provide monetary estimations based on provided theories. Such
conditions could be satisfied by the microeconomics perspective, as it offers interrelation between
the resulting constructs and theoretical models, while they are representable by mathematical
specifications.

As mentioned in section 2.4, various methods and models could be classified as the microeconomics
perspective, such as growth accounting, consumer theory, data envelopment analysis, Tobin’s g, and
option pricing models. In many of such methods, the theory of production has been highly useful in
enabling estimation of economic impacts of IT in this perspective. The analysis method to be
employed in this study is chosen considering identified causal and identification structures for
benefits of EI, presented in chapter 4. Therefore, the analysis method is discussed subsequently, in
chapter 5.

3.2 Process Overview
This research process could be expressed in five steps illustrated in Figure 3. However, due to the

interrelations between these steps, they overlap which is not shown in the figure.

Literature
Research . Data Data
Review &

Reporting &

Presentation

Planning Theory Collection Analysis

Figure 3 — Research Process Overview

In the first step, we planned how to conduct the study with an overall project plan as a result. Next,
we conducted a literature review on the research problem, leading to state-of-the-art knowledge
about the benefits of enterprise integration. Moreover, data collection and analysis were planned,
helping us to pursue to the next step.

Devising the theoretical hypotheses considering the research problem, the next phase would be to
collect the required data from companies.

Finally, the collected data have been analyzed and results of it have been documented and presented.
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4 BENEFITS OF ENTERPRISE INTEGRATION

In order to identify the benefits of EI for an enterprise, we have developed a conceptual framework.
This framework is intended to unite different perspectives of enterprise integration benefits as can be
found in the literature. In the following sections of this chapter, the proposed framework and its
underlying foundation are presented.

4.1 Foundation

For the purpose of creating our conceptual framework, we based its structure on the conceptual
model proposed for enterprise integration in [71]. The authors in [71] proposed a conceptual model
in which enterprise is seen as a layered framework of related activities sharing common goals, which
as a whole, describe an organization. Each of these layers can be seen independently as a view of the
enterprise. These layers are network, information, application, work processes and organization (cf.
Figure 4).

Organization

Process

Application

Information

Network

Figure 4—Underlying foundation of the conceptual framework of EI benefits; based on [71]

The integration goal at the network layer is to provide connectivity, defined as the linkages between
systems, applications, and modules. Thus the integration issue addressed at this layer is the physical
heterogeneity of the hardware and their operating systems in a physical network. The information
layer is the view incorporating data sharing issues, as it involves enabling organizational subunits to
understand and use data from other subunits. The application layer describes the systems used by the
organization. Integration goal at this layer is application interoperability which is defined as “the
ability of one softwate application to access/use data generated by another software system” [71].
Tasks and the manner and order in which they are conducted in order to produce an output are the
core of the work processes layer. In the last layer, organization layer is where the different strategies
including business strategy, organizational design strategy and information systems strategy must all
be aligned with one another.

The described model provides an abstraction mechanism in order to unite various perspectives of
enterprise integration benefits in different literature. Moreover, it offers the possibility to picture the
relation between various benefits related to the different layers. Furthermore, the cause-and-effect
relationship can give a clue as to what perspectives are important to achieve business goals.

In the following sections, identified benefits and their causality relationships are presented for to each
of the abstraction layers. Please note that the relations are numbered, while associated references to
literature could be found in Appendix A.
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4.2 Information Layer

Benefits identified from the literature related to the information layer are data quality improvements
[10], [15], data sharing improvements [3], [10], [15], [78], [79], data standardization improvements [3],
[10], [11], and data entry/processing automation [15].
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Figure 5— Benefits conceptual framework — information layer

4.3 Application Layer

The application layer contains benefits: applications switching costs decrease [3], [4], [11], data
analysis capabilities improvements [10], systems interoperability improvements [3], [10], [21], [78],
systems modifiability improvements [1], [4], [10], [15], [21], total cost of ownership (TCO) decrease
[4], [10], [69], [74], and systems reusability improvements [10], [69].
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Figure 6 — Benefits conceptual framework — application layer

4.4 Process Layer

This layer includes business-to-business (B2B) processes improvement [1], [9-11], [79], decision
making processes improvements [10], [79], processes flexibility/agility improvements [3], [10], [11],
[15], [21], and processes performance improvements [3], [6], [10], [11], [15], [21], [78], [79].
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The layer with highest abstraction level contains: customer relationship improvements [79-82],
enterprise flexibility improvements [1], [3], [10], [15], [78], [79], facilitating organizational mergers
[15], costs reduction [10], revenue growth [1], [10], [21], and supply chain improvements [10], [11],
[77], [79], [83].
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Figure 8— Benefits conceptual framework — organization layer

4.6 Relations Between Layers

fexibility /agility

13 - Increasing services/

Cylstomer Relationship Improvemehgs

products value to
customers

As mentioned in section 4.1, the layers have causal relations. The following figures depict these
relations, separated by the origin of relations.
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Figure 9— Benefits conceptnal framework — causality relations originating from information layer
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5 ANALYSIS METHOD: DEA

Considering productivity as a fundamental economic measure of a technology's contribution [30], we
use performance evaluation as a mean to analyze the business value of IT, in the case of this study,
enterprise integration. By performance evaluation, we intend to internally evaluate the productivity
(efficiency) of business operation and compare it with similar business operations. Efficiency relates
to benefits realized considering the resources used [84]. In this sense, it exactly contributes to the goal
of our study. Using such efficiency measurements and microeconomics theory, we propose a method
to evaluate monetary value of enterprise integration in an organization.

However, due to complexity of organizations in both economic as well as behavioral dimensions,
generally it is not possible to derive absolute measures of efficiency such as those used in the
engineering and physical sciences [49]. Thus, comparing one organization to other similar
organizations by using of relative measures of efficiency is required.

In the following section, we discuss the concept of efficiency and inefficiency. Next, we present
different performance evaluation methods potentially beneficial to our goal, discussing the
appropriateness of DEA as the ideal method. In subsequent sections, we introduce DEA, its two
main models and a preference regarding the DEA models called orientation. In section 5.7, the
chosen DEA model to be used in this study is discussed with specific explanations. Finally, in
section 5.8, some examples of DEA are given.

5.1 Efficiency

In microeconomics, the theory of firms is established by suggesting a production set which describes
how a set of inputs may be converted into outputs. If we assume » different inputs and s different
outputs, the production set could be defined as the set of feasible combinations of x and y [85]:

P = {(x,y)|x can produce y}

The boundary (frontier) of P is sometimes referred to as the fechnology or production frontier; it is the
intersection of P and the closure of its complement, denoted by P?. Therefore, technically efficient firms

operate at points on PY while fechnically inefficient firms operate at points in interior of P. [85]

In terms of inputs and outputs, technical inefficiency is the amount of waste which can be eliminated
without worsening any input or output, thus maximizing the produced output per unit of input used
while its elimination does not change the proportions of inputs or outputs. It distinguishes the
technological aspects of production from other aspects, generally referred to as economic efficiency
in the economics literature, which involves referring to information on prices, costs or other similar
values. [84]

To illustrate the concept of technical efficiency, consider a firm which in a basic hypothetical state
consumes labor and produces a single product, without any automation. Automating the activities in
this firm using automation systems would let the firm to have either the same amount of products
with considerably less labor work, or higher amount of products with the same labor work. It could
also be stated that the production frontier has been shifted using the automation technology.

From a purely technical point of view, by measuring the distance from any point in P to a reference
point on P?Y, any distance measurement method could be employed to measure the technical
efficiency. Then the difference would be just the direction in which the distance would be measured.
However, from the behavioral viewpoint, various methods result in different implications. [85]

Other than technical efficiency, one may consider allocative efficiency for a particular firm. Allocative
efficiency is concerned with “efficiency where the cost of production is minimized for a given set of
input prices” [84]. It provides a measure of the extent to which the technically efficient point falls
short of achieving minimal cost because of failure to make the substitutions or reallocations involved
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in moving along the efficiency frontier [84]. In the accounting literature, lack of allocative efficiency is
called mix inefficiency, which occurs when only some (but not all) outputs (or inputs) are identified as
exhibiting inefficient behavior. The term means that its elimination will alter the proportions in which
outputs are produced (or inputs are utilized). [84]

As an example of allocative efficiency, consider a firm which both uses in-house IT services and
outsources a part of the same IT services to external bodies. Assuming that the same service with the
same quality costs less when it is outsourced, if the firm uses in-house IT services, it has allocative
inefficiency. In other words, the firm could allocate more outsourced IT services to its production
instead of the in-house I'T setvices, resulting in a higher profit.

Another type of efficiency, scale efficiency, considers the size of operation as the element of efficiency,
ie. if the unit’s size of operation is either reduced or increased, its efficiency will change. In the
economic literature, it is also termed returns-to-scale inefficiencies. |84

The concept of scale efficiency could be explained considering a firm producing a product using half
of the production capacity, while 90% of production costs are fixed costs unrelated to the amount of
production. In such case, due to the high amount of fixed costs, the firm could double the scale of
production, with just a proportional increase in 10% of production costs.

5.2 Performance Evaluation Methods

Many performance evaluation methods (e.g. statistical regression methods) require the functional
form, characterizing the relationships between different performance measures, to be specified a priori
[84]. However, such information needs a priori knowledge on the performance measures as well as
the tradeoff between them [80].

Another type of performance evaluation methods is traditional ratio measures. Though they are
simple and easy to understand, they have several limitations. First of all, each indicator results in a
one-dimensional measure or faces the challenge of how to combine multiple inputs and outputs [87].
Considering the high level complexity of performance of business units, single output to input ratios
are insufficient to evaluate operating efficiency [86]. Moreover, by using single measures, tradeoffs
between different performance measures may be ignored [86]. This is the same problem with partial
productivity measures against total factor productivity measures; the latter attempt to take account of
multiple outputs and multiple inputs, and thus avoiding to mistakenly attributing gains of one factor
to another [84].

Specifically in analyzing the relationship between IT investments and companies performance at the
firm-level, there are many factors which affect the firm performance, thus making it difficult to
distinguish the contribution of IT from those of other factors in the environment [47], [50].

Additionally, traditional ratio measures they do not provide objective means of identifying inefficient
units and a biased separation of efficient and inefficient levels is required [87], [88].

Originally designed to measure the relative efficiency in the case of unavailability of market prices,
Data Envelopment Analysis (DEA) is able to model multi-input and multi-output relationships
without a priori assumption on the underlying functional form [86]. Moreover, as some consider this
as its principal strength, DEA does not require assigning weights to each input and output, which is
required in index number approaches [84]. Using variable weights, weights are derived directly from
the data in a way to be the most favorable set of weights in terms of aggregated performance
measure/rating for each DMU [84], [89]. Additionally, utilizing mathematical programming, a large
number of variables and conditions could be handled, which makes it easier to deal with complex
problems [84].

5.3 What Is DEA?

Cooper et al. provide a generic definition for DEA:

Data Envelopment Analysis (DEA) is a “data-oriented” approach for evaluating the performance of a set of
peer entities called Decision-Making Units (DMUs), which convert multiple inputs into multiple ontputs. [90]
20
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In DEA, the organization under study is called a DMU (Decision Making Unit), which is generally
the entity responsible for converting inputs to outputs [84]. DEA uses mathematical programming to
evaluate the relative efficiency of peer DMUs with respect to multiple performance measures [84],
[89].

Mathematical programming is a method for “maximizing or minimizing an objective function subject to linear,
nonlinear, and integer constraints”. A special case of mathematical programming is linear programming,
which is concerned with a linear objective function and linear equality and inequality constraints.

Based on this given definition, the problem of a linear programming is to find the values of variables
of a system? on the variables which: satisfy certain bounds, satisfy a system of linear constraints
(equality and inequality constraints) and minimize or maximize a linear form in the variables called an
objective.

Every linear programming problem could be associated with another linear programming problem
called the dual. The original linear programming problem in relation to its dual is called the primal.
Duality theorem relates solutions of primal and dual: If the primal and dual have feasible solutions,
then there exist optimal feasible solutions to both the primal and the dual that are equal. The solution
to a dual problem generally provides an upper bound to the optimal value of the primal problem.
However, by certain circumstances, both optimal values are equal. Then the optimal value of the
primal problem could be provided by the dual problem. [91]

DEA is based on the concept of relative efficiency originally proposed by [92]. Discussing the
inadequacies of separate indices of productivity (e.g. labor productivity, capital productivity and etc.),
Farrell proposed an approach to combine measurements of multiple inputs into an overall measure
of efficiency. In his work, he extended the productivity concept into the more general concept of

efficiency [90].
The notion of relative efficiency has been developed in accordance with Pareto Efficiency (or Pareto-
Koopmans Efficiency), which is defined as:

“Full (100%) efficiency is attained by any DMU if and only if none of its inputs or outputs can be improved
without worsening some of its other inputs or ontputs.” [90]

Originally, Pareto and Koopmans analysis was concerned with the entire economies. Farrell,
however, extended that to the concept of technical efficiency, which is distinguished from allocative
and scale efficiencies (refer to section 5.1). In such manner, Farrell explicitly avoided using any
exchange mechanisms (e.g. prices) for inputs and outputs. Instead, he used the performance of other
DMUs to evaluate the behavior of each DMU considering the outputs and inputs used for other
DMUs. This approach made it possible to empirically determine their relative efficiencies. [90]

Extending Farrell’s work, as their main contribution, Charnes et al. [89] formalized relative efficiency
and presented a linear programming format providing an efficiency measure for all organizations
under study, which produce similar outputs from similar inputs [93]. Since the initial study by
Charnes et al., DEA has seen a rapid growth and widespread acceptance: as a fact, around 4000
articles have appeared in the literature in the DEA domain. [90]

Based on the above discussions, the current study will use DEA as the data analysis tool for the
following reasons:

e DEA is effective in performance evaluation given multiple input and output measurements, it
combines them in a non-arbitrary, non-subjective fashion. [93]

e It does not require a priori information about the relationship between multiple measures, as it
derives the weights directly from the data.

2 By “systems”, we are referring to the mathematical model of a real-world system; such model is a collection of
mathematical relationships which characterize the set of feasible solutions of the real-world system for the
specific purpose of developing a design or plan.
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e Microeconomic concepts could be easily extended on the DEA results, which is necessary
considering the goals of this study (refer to chapter 6).

e There are a number of studies which have successfully employed DEA to study the impact of
IT on firm performance; e.g. [47], [49-51]

e It opens up the possibility of creating a performance baseline, which can be used for
comparison purposes in later periods.

e DEA provides a framework supporting planning and control processes, which suits the needs
of our study. [87]

5.4 The CCR Model

To proceed, based on [84], [90], we provide a description of the original CCR ratio model of Charnes,
Cooper, and Rhodes introduced in [89], which relates the relative efficiency definition to other
definitions of efficiency such as the ones used in engineering and science, as well as in business and
economics.

We assume that:
e there are » DMUs to be evaluated;
e cach DMU consumes varying amounts of » different inputs to produce s different outputs,
specifically DMU, consumes x;; of input i and produces y,.; of output 1;
e x;;=0andy,; =0;
e cach DMU has at least one positive input and one positive output value.
For each DMU, we form a virtual input and a virtual output by weights u; and v,.:
Virtual output = u y,, + - + UsVso
Virtual input = vyx1, + = + VXmo
Then we try to determine the weights using mathematical programming to maximize the ratio:
Virtual output

@.1)

This approach is called the ratio form of DEA, as it can be seen as a reduction of the multiple-
output/multiple-input situation for each DMU to a single virtwal output and virtual input. In
mathematical programming, in order to maximize this ratio, each DMU is assigned a best set of
weights, with values which may vary from one DMU to another. This forms the objective function
for the particular DMU being evaluated.

Virtual intput

Now, to measure the relative efficiency of each DMU, each of the other DMUs need to be evaluated.
Let the DMU; to be evaluated be designated as DUM,, witho = 1,2, ...,n. The mathematical
programming problem may then be stated as:

Zi:luryro
P, maxz = ———— 4.2
(1: ) u,v Zﬁlvixl-o ( )
S
-1 U i
subject to: M <1(G=1,..,n) #.3)
i=1 ViXij

Uy, V; =0 Vv T, i (44)

The constraint (4.3) means that the ratio of virtual output to virtual input should not exceed 1 for
every DMU. Mathematically, condition (4.4) is insufficient as a non-negativity constraint for the
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objective function (4.2). Instead, this could be treated by the managerial assumption that all outputs
and inputs have some nonzero worth.

The above mathematical fractional (non-linear) program (FP,) could be replaced by its equivalent
linear program (LP,)":

N

(L.P,) maxz = Z UrYro “.5)
’ r=1
m
subject to: Z VX, =1 “4.6)
i=1
N m
Zuryrj < Zvixl-j G=1,..,n “.7)
r=1 i=1
u,v; =20 Vr,i “.8)

Let us suppose that (ILPs) have an optimal solution, which we represent by the 3-tuple (z*,u*, v")
whete u” and v are values with constraints given in (4.8), hereafter called variable multipliers*. Then,
we can then identify whether DUM, is CCR-efficient by the condition: #/z"= 1 and there exists at least
one optimal (W*, V") where u*,v* > 0; otherwise DUM, is CCR-inefficient.

Note that when z* is less than 1.0, DUM, is considered to be inefficient, since u* and v* were
chosen to give DUM, the highest relative efficiency rating and no other combination of u and v will
give DUM, an improved rating. Therefore, an objective function value of less than 1.0 indicates that
DUM, is dominated by a composite set of other DMUs.

For the case where DUM, has z* < 1 (CCR-inefficient), there must be at least one DMU in (4.7) for
which the multiplier (u*, v*), produces equity between the left and right hand side. Since otherwise,
z* could be enlarged. Let the set of such j € (1,...,n) be E,. The subset E, of E, composed of
CCR-efficient, is called the reference set or the peer group to the DUM,. It is the existence of this
collection of efficient DMUs that forces the DUM, to be inefficient. The set spanned by E, is called
the efficient frontier of DUM,. In fact, the frontier envelgpes all the data inside itself, contributing to the
name Data Envelopment Analysis°.

As an example, consider Figure 12 which exhibits four DMUs A, B, C, and D. The bold line presents
the efficient frontier, which envelopes all the possible and existing DMUs inside itself. In other
words, DMUs B and C are considered CCR-efficient and constitute the efficient frontier (the frontier
passes through them from the origin). DMUs A and D, which are considered inefficient, could be
projected onto the frontier, using their reference set, i.e. respective efficient DMUs B and D.

3 The (LP,) program is said to be in the multiplier form, due to involving multipliers (weights u* and v*).

* Variable multipliers reveal a firm’s order of preferences for decision variables. Thus the importance of
multipliers indicates a firm’s relative valuation of inputs and outputs. [98]

5 Tt is notable that DEA is directed towards frontiers rather than central tendencies, i.e. instead of fitting a
regression plane through the center of data, one floats a piecewise linear surface on top of observed data [90].
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A\ 4

Figure 12— The BCC model

As the number of DMUs is generally larger than the total number of inputs and outputs, the
computational burden can be reduced by solving the dual® (introduced in section 5.3) of (LLP,) as
(DL.P,)". Moreover, sjand s; are used in order to convert the inequalities in constraints to

equations. In (4.9), € > 0 is defined as the so-called non-Archimedean element, which is considered
smaller than any positive real number?.

m N
DLP) 6" = min 0 - e() 57+ ) ) .9
i=1 r=1

n
subject to: inj/lj +s; =0x;, (i=1,..,m) 4.10)
j=1
n
zyrjlj =T =y (r=1..,5) @.11)
=1
Aysi,st 20 Viji,r (j=1,..,n) “.12)

As we can set § = 1, 4j =1 = A5 and all other 4; = 0, a solution of (4.9) always exists. Moreover,
(DLP,) shows that 0 < 68" < 1.
Based on the results from (DLP,), in order to distinguish between efficient and inefficient DMUs,
two conditions could be considered with relation to the desired type of efficiency. Let an optimal
solution for DMU, be (8% 1%, s7%,s**), where A%, s™%,s** are vectors of related variables for the
optimal solution.

i. 6" =1

ii. All slacks atre zero, ie.s7*=0,st* =0

% For the proof, please refer to p.46 in [84]. Moreover, the correspondences between the mentioned primal and
dual programs is given in p.44 in [84].
7 The (DLP,) program is said to be in the envelopment form, due to the fact the combinations of efficient units
envelop inefficient units.
8 For a formal development of consideration of slacks sy and s} and & > 0, please refer to pp.44-46 and
pp-73-75 in [84].
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The first condition is referred to fechnical efficiency’, since a DMU with 8% < 1 means that “inputs can
be simultaneously reduced without altering the mix (proportions)”. Thus, any further reductions
associated with nonzero slacks will inevitably alter the input proportions. Therefore, the inefficiencies
associated with non-zero slacks would be mix inefficiencies'.

It could be shown that the earlier definition, given for CCR-efficiency, is equivalent to efficient
DMUs given by (DLP,) satisfying both conditions (i) and (ii)!.

Based on the solution of the dual program, for an inefficient DMUS,, the reference set E, is defined
as:

E,={jl4>0&jefl,.,n}} 4.13)

Then, the optimal solution could be expressed as:

0*x, = Z XA +57 4.14)

JEE,

Yo = Z yjAj —s™ @.15)
J€EE,
This suggests that the efficiency of DMU, with (x,,Y,) can be improved by reducing the inputs
radially by ratio 8% and eliminating input excesses in s~*. Efficiency can be similatly obtained by
increasing the outputs by output shortfalls in s**. Thus, improving an inefficient DMU, or projection
of the inefficient DMU, onto the efficient frontier comprising of the reference set E,, could be
petformed by'? %:

X, =0"x,—5s"" “4.16)

Vo=Yo +s* 4.17)
The identified A* is called the activity vector, ot the virtual multipliers, which indicates the importance
of each of the reference units of DMU, in determination of the target for DMU,,.

5.5 The BCC Model

The optimal solution (8*) of CCR model for each DMU, obtainable by the input-otiented (DLP,) ot
output-oriented (DLP,-0), is the aggregate scale and technical efficiency score. To ignore the impact
of scale and only obtaining the technical efficiency, the following convexity constraint is added to
model [84], [90]:
n

Z 4 =1 4.18)

=t
Together with the condition 4; = 0 for all /, this imposes a convexity condition on ways which the
observations for DMUs are allowed to be combined. In this way, the piecewise linear envelopment

sutface is constructed from the supporting hyperplanes that form the facets' of the convex hull
defined by the DMUs [94]. The resulting model is called the BCC model, which makes it possible to

9 Also referred to as radial efficiency.

19 DMUs with 8* = 1 and nonzero slacks are termed weakly efficient, and their presence is the cause of multiple
optimal solutions [86].

! For the proof, please refer to p.46 in [84].

12 Por the proof that improved activity (X, Y,) projects DMU, into the reference set E,, please refer to p.48 in
[84].

13 Note that although empirical studies show the uniqueness of the reference set for most DMUs, there may be
multiple reference sets and improvement plans (projections) when multiple optimal solutions exist. [84]

14 A facet of an #-dimensional polytope is an (#-7)-dimensional face.
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petform returns-to-scale evaluations, including increasing, constant, and decreasing return to scales'.
In other words, the BCC model considers VRS (Variable Returns to Scale) and is distinguished from
the CCR model which considers CRS (Constant Returns to Scale).

As a simple example, Figure 18 illustrates five DMUs, each with one input and output. The efficient
frontier of the CCR model is the dotted line, which passes through B from origin. However, the
efficient frontier of the BCC model is the bold line connecting A, B, C, and D. Thus DMUs A, B, C,
and D are considered BCC-efficient, while only B is CCR-efficient. The production possibility set is
the area consisting of the frontier itself and possible and existing DMUs with an excess of input
and/or a shortfall in output compared with the frontier.

efficient frontier of the CCR model

efficient frontier of the BCC model —

y

Figure 13— The BCC model

The multiplier form of BCC could be expressed as:

N

(LP,) z" = rggsz UpYro — W .19)

r=1
m
subject to: z ViXip = 1 4.20)
i=1
N m
Zuryrj Szvixij + w (] =1, ---;n) (427)
r=1 i=1
u,v; =20 Vr,i , w free in sign 4.22)

In (LP,), w is a free-in-sign (may be positive or negative or zero) scalar, which is the dual variable
associated with the constraint (4.18) in the envelopment form. Notice that due to this additional
constraint, BCC’s feasible region is a subset of feasible region for the CCR model. Therefore, the
optimal objective value resulted from BCC is less than the optimal objective value of the CCR model.

15 Returns to scale (RTS) describes what happens as the scale of production changes; e.g. RTS is considered to
be increasing if a proportional increase in all the inputs results in a more than proportional increase in the single
output [95].
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5.6 Input and Output Orientation

Until now, our orientation towards efficiency evaluation has been znput-oriented, i.e. our objective has
been to minimize inputs while producing at least the given output levels (cf. Figure 14 A).
Alternatively, one could consider the output-oriented model, which attempts to maximize outputs while
using no more than the observed amount of any input (cf. Figure 14 B).

'y 'y
y y

O

L
-

v
v

@) ®)
Figure 14— Projection to frontier for input-oriented (A) and ontput-oriented (B) CCR model

In the output-oriented approach, we are interested in evaluating the ratio of virtual input to output, as
opposed to (4.1). Then, the fractional program (FP,) for CCR would be reoriented to:

i1 ViXio
(FP,-0) minh,(w,v) = og——— 4.23
) S e “2)
XiZq ViXij
subject to: o=—==1(=1,..,n) 4.24
15”:1 ur}’rj ( )
U, v, 20 Vr,i “4.25)
Subsequently, the equivalent linear program would become:
m
(LP,-0O) z" = nlenz Vi Xio 4.26)
T iE
N
subject to: Z UV =1 “4.27)
r=1
m N
zvixij Zzuryrj (] = 1,...,7’1) (428)
i=1 r=1
u,v; 20 Vr,i “4.29)
Again, the dual program would be:
m N
(DL.P,-0) 0* = max 6 + e(z sy + Z 5 4.30)
As~,st :
=1 r=1
n
subject to: Z Xijlj +s; =%, (i=1,..,m) 4.31)
j=1
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n
Zyr,-l,- =sf =0y, (r=1..5) (4.32)
=1
A,si,st 20 Viji,r (j=1,..,n) (4.33)

Considering both orientations, it is notable that an input-oriented model will consider a DMU
efficient if and only if it is efficient by using the output-otiented model to evaluate its performance!®.

5.7 Choosing the DEA Model

In choosing between DEA models, several topics need to be considered; namely, shape of the
production possibility set, input or output orientation, and data limitations [84]. In view of all
considerations, input-oriented BCC model is used in this study. In continue, we motivate our choice
regarding each of the mentioned topics.

Shape of the production possibility set:

Returns to scale (RTS) describes what happens as the scale of production changes; e.g. RTS is
considered to be increasing if a proportional increase in all the inputs results in a more than
proportional increase in the single output [95]. In economics, knowledge of RTS is acquired using
resource to cost, profit, or revenue functions. However, in our case as well as many other situations,
data for the unit price or cost is unavailable [84].

As discussed in section 5.5, the CCR model is based on the assumption that constant returns to scale
prevails at the efficient frontiers, i.e. radial expansion and reduction of all observed DMUs and their
nonnegative combinations are possible. In this sense, both technical efficiency and scale efficiency are
aggregated into a single efficiency value for each DMU. Whereas, the BCC model assume variable
returns to scale frontiers (increasing, constant and decreasing). As mentioned before, this is due to
the convexity constraint which means that means that each projected unit is a convex combination of
its reference units. Therefore, the production possibility set would be formed by the convex
combinations of the observed DMUs.

As our data set includes numeric values with a large difference in magnitude, including both large and
small firms are included in the study (collected data set is presented in section 8.3), the variable return
to scale model would be the optimal choice!”. Moteover, we ate only interested in pure technical
efficiency (excluding any other type of efficiency). This is due to the point that any changes in
allocation or scale of the business activities are presumed to be outside of the control domain of
decision makers. Therefore, when it comes to the shape of the production possibility set, BCC would
be the ideal choice in this study.

Input or output orientation:

As indicated in section 5.6, there are two orientations in DEA towards efficiency evaluation: one
called input-oriented that aims at reducing the input amounts by as much as possible while keeping at
least the present output levels, and the other, called output-oriented, maximizes output levels under at
most the present input consumption'®. In this study, considering the input EI wsage measure as the
main controllable variable by decision makers (see chapter 7), the input-oriented direction is chosen.

16 For a detailed discussion, please refer to pp.58-59 in [84].

17 In cases that the data set consists of normalized numbers, e.g. per capita and hour, the CRS model might be
an appropriate candidate.

18 There is a third choice, represented by the Additive and SBM models that deal with the input excesses and
output shortfalls simultancously in a way that jointly maximizes both. However, as they measure mix
efficiency, they have been set aside from available options in this study.
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Data limitations:

Our data set is semi-positive’” (see section 8.3); therefore, no respective limitation needs to be
imposed. Moreover, both CCR and BCC models are units invariant (or dimension-free), i.e. their
results are invariance with respect to the unit of measurement of each input and output. As a result,
both CCR and BCC models could be used considering the properties of our data set.

5.8 DEA: An Example

To illustrate an example for the results of DEA, using the input-oriented BCC model, we employ a
simple numetical example used in [86] shown in Table 1. In this example, five DMUs are considered
representing five supply chain operations. As shown in the table, each DMU generates the same
amount of profit (2,000$) with different combinations of cost and response time.

Inputs Output
DMU
Cost (100%) Response time (days) Profit (1,000%)

DMU; 1 5 2
DMU; 2 2 2
DMU; 4 1 2
DMU;, 6 1 2
DMUs 4 4 2

Table 1— Sample data: Hypothetic supply chain operations within a week; source: [80]

Figure 15 presents the five DMUs and the piecewise linear DEA frontier. From the figure, it can be
seen that DMUs 1, 2, 3, and 4 are on the frontier.

DMU;
Q

‘Total supply chain cost (100$)

DMU;

© DMUs

Figure 15— Five supply chain operations; source: [80]

3

4

5

6

Supply chain response time (days)

Table 2 contains optimal solution values for the five example DMUs for both dual programs

(envelopment- and multiplier- forms) of the input-oriented BCC model.

19
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DMU  6°=z' vi v} w X s
DMU, 10000 04174 01165 111.7092 1 =1 -
DMU, 10000 02180 02820  54.2523 A =1 -
DMU; 10000 01502 03990  141.0984 ds =1 -
DMU, 10000 00000  1.0000 2753428 Ay = 0.9051; 4, = 0.0949 sy = 18101
DMU; 05000 01176 01324 553713 Ay =1 -

Table 2— Optimal solution values for the input-oriented BCC model

The optimal solution values from Table 2 show efficiency scotres (8*or z*) of 1 for DMUs 1, 2, 3, and
4, which also could be seen on the efficiency frontier depicted in Figure 15. As expected from the
solution values, the inefficient DMUj lays inside the production possibility set, while has obtained an
efficiency score of 0.5. More specifically, the solution values for DMUs indicate that it needs to
reduce its costs and response time to the amounts consumed by DMU; (due to 4, = 1) to be
considered efficient. In other words, technical efficiency for DMUs would be achieved at the position
of DMUj; on the boundary, which constitutes the reference set for DMUs.

For an extended interpretation, consider DMU,4 which has obtained efficiency scote of 1, A3 =
0.9051 and A} = 0.0949. The efficiency score of 1 indicates that DMUyj is on the efficiency frontiet;
however, as observable in the Figure 15, this DMU can still reduce its response time to coincide with
DMU; on the fronter. This reduction is represented by both the A3 = 0.9051 and the input slack
s; = 1.8101 %. Figute 16 illustrates how DMU, could move to fulfill this reduction.

DMU;
Q

© DMUs

Total supply chain cost (100$)

DMU; - ———-©DMU,

Supply chain response time (days)

Figure 16— Improvement of DMU, along the production frontier

20 Due to the presence of this input slack and efficiency score of 1, DMUy is a weakly efficient unit (see 5.4).
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6 ANALYSIS METHOD: ESTIMATING MARGINAL RATES

Conducting DEA on the data set, efficiency scores as well as other related parameters like virtual
multipliers, variable multipliers and slacks are obtained. However, in order to fulfill our research
goals, we need to quantify the trade-off relationship between the measure of how much a company is
using EI and other variables of interest. This chapter discusses the method to be used for such
ambition.

6.1 Marginal Rates

Microeconomics offers a way to quantify the trade-off relationship between different inputs (or
outputs) while maintaining a constant output (ot input) rate. In economics, the marginal productivity
of an input x4 is defined as the addition to total output y; resulting from using the last unit of input,
while holding all other inputs constant (dy, /dx;). Moreover, economists refer to the change in input
X, per unit change in input X; as the marginal rate of substitution (— dx,/dx;). [96]

It is possible to obtain insight into various marginal rates (MR), including marginal rate of
substitution and marginal productivity, with regard to the production possibility set. Mathematically,
MRs represent partial derivatives on the frontier, which would be slopes on the production frontier at
particular points [94]. However, especially for efficient units, different optimal weights associated
with efficiency scores of a given DMU, lead to different results regarding the role of involved
variables [97]. This is due to characteristics of the DEA frontier which forms a piecewise linear
surface as an approximation of the frontier: this surface is continuous but with discontinuous
derivatives at the extreme efficient points [98]. It is notable that inefficient units are projected on to
the technical efficient frontier, thus they have unique optimal weights [97].

To select among alternative optimal weights for a given efficient DMU, Cooper et al. in [84]
proposed a two steps method, using the dimension of the efficient facets of the frontier. First,
weights are selected based on their association with the facets of higher dimension than what this unit
generates. Particularly those weights are selected which are associated with a full dimensional efficient
facet (FDEF), if any. In the next step, selection of weights is complemented by maximizing the
relative value of the involved inputs and outputs.

Trying to maximize the importance (or contribution) of the variables involved in the analysis is one
of the criteria that has also been used in the literature on the choice of weights in different contexts
[97]. Other criteria that could be used to the choice of weights among alternate optima would include
those used as alternative secondary goals in cross-efficiency evaluations [97].

Specifically addressing the problem of estimating MRs, Rosen et al. in [94] provide the range for the
possible MRs at each extreme efficient point by computing the derivatives #o the right and fo the left
(limits from different directions) of the DEA frontier at these points, yielding the minimum and
maximum multiplier ratios. We have also followed the proposed method by [94], as it specifically
addresses the MRs estimation problem.

6.2 Estimating Marginal Rates Using the DEA Results
As discussed in section 5.7, the BCC model is chosen as the DEA model, the results of which would
be used to estimate the MRs. However, in estimating marginal rates using the DEA results, main

concepts are claimed to be valid for all DEA models, which provides generalizability for each
particular case [94].
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The BCC model yields in a piecewise linear envelopment surface in the (w+s)-dimensional® real
space RT"S, which is constructed from the supporting hyperplanes that form the facets of the
convex hull defined by the DMUs?. The facets themselves could be described by linear equations
with coefficients taken from the optimal multipliers uy,v; which solve the DEA program.
Accordingly, a facet of the frontier to DMU, could be expressed by: [98]

s m
Z UrYro — Z vixpp +w=0 4.34)
r=1 i=1

However, as previously stated, the optimal multipliers may not be unique at a given point (e.g. an
extreme efficient point), i.e. several supporting hyperplanes may intersect at this point (see Figure 17).
Considering this problem, different methods will be proposed below in case of efficient and
inefficient points.

[
»

X

Figure 17— Hyperplanes intersection at efficient points

Method for units on the frontier:

In order to simplify the notation and generalize the concept of the marginal rates to combinations of
inputs and outputs, consider inputs X = (X1, X5, ..., X, ) and outputs ¥ = (Y1, V2, ..., Ym) as a single
vector of throughputs Z = (, —x)T . Assume that, as frontiers constructed with DEA, the production
frontier { z: F(z) = 0} is continuous, piecewise differentiable, concave, and monotonic (as is the
frontier given by BCC). The marginal rate of throughput i to throughput j at point z, = (¥,, —%¢)7
on the frontier (F(2,) = 0) would be the following partial derivative:

or
_ 0z 0z; .
MRff:a—Zjatzo:ZI;atzo,Ht] (4.35)
aZj

The resulted marginal rate would be the increase in throughput i resulting from increasing
throughput j by one unit, while the levels of the rest of the throughputs are maintained. Importantly,
the marginal rates are defined only when the function F has continuous first derivatives.

When throughputs correspond to two inputs, the marginal rate is noted as
MRS, = 0x;,/0x; at x;, which is the marginal rate of technical substitution ot called marginal rate of

2! assuming that each DMU consumes varying amounts of » different inputs to produce s different outputs

22 A facet of an z-dimensional polytope is an (#-7)-dimensional face.
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substitution; when they denote two outputs as MRTy,, = 0y, /0y, at y,, the rate is termed the marginal
rate of transformation, MPy, = 0y, /0x; at x; is referred to as the marginal productivity; inversely,
MCy,; = 0x, /0y, aty, is known as the marginal cost.

Based on (4.34) and (4.35), the marginal rates for any point inside the DEA frontier (inefficient units)
is the negative reciprocal of the ratio of its related multipliers (u*, v*). If we denote the matrix of
multipliers of all units by ¥ = (u, V), then the marginal rate of throughput i to throughput j at point
Z, 1s defined as:

0z; X’f
MR* =——" atz, = -~
ij oz, o X 4.36)
Note that, as mentioned previously, the optimal multipliers describe a particular hyperplane
containing a facet of the DEA frontier. However, although DEA envelopment surface is continuous,
it is only piecewise differentiable at the edges of the frontier. This means that (4.36) is not strictly
correct at the edges of the frontier, due to non-unique multipliers and, as a result, non-existing partial

derivative at such points. Therefore, the marginal rates are not uniquely defined at these points.

Addressing this problem, [94] propose characterizing the slopes of these facets in terms of their
upper and lower bounds (see Figure 18). In this way, marginal rates at extreme efficient points, which
lie on the intersection of several facets, could be achieved without the need to identify all the facets
intersecting at these points. Note that such approach is considered to be computationally expensive,
due to the exponential growth of the number of facets, as well as the values for each trade-off, with
regard to the problem size.

[
»

X

Figure 18 — Minimum (a) and maxinum (B) marginal rates of an efficient unit (c)

Specifically, the authors in [94] define the marginal rates at a particular point by the detivative 7o zhe
right (i.c. MR?']- ) and derivative 70 the left (i.e. MR;; ), at that point. To do this, they propose the

following programs for point Z, on the frontier:

MR, MRL.ZJ.‘;r = —m)?x% (MRiZjE = —mxin%) .37)
subject to: zZIxy+w=0 4.38)
Zix+w<0 Vk€eE 4.39)

x=0 (4.40)

In (4.39), E = {k: DMU,, is efficient} is the set of indexes corresponding to DMUs on the efficient
frontier, excluding the DMU, which is the point under observation. Constraint (4.38) ensures that
point z, remains on the frontier, while (4.39) guarantees that no other DMU has an efficiency greater
than one, thus placing them inside the production possibility set.
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Program MR, is linearized by a change of variable p; = x;/x; with [ =1,..,m 4+ s (therefore
p; =1),and 0' = w/y;:

LMR, MR = —maxp; (MR = - minp;) - 441)
subject to: pi=1 “4.42)
zZIp+w =0 “.43)

Zip+w' <0 VkEE 4.44)

p=0 (4.45)

Note that due to using the throughputs vector z for simplification and generalization purposes, the
MRs need to be linked to the inputs and outputs. In this regard, the equivalent rates for the variables
of the problem are given in Table 3:

Throughputs input / output / output 7 input /
input / output / input / output j
MR} = MRSG_s)j-) ~ MRTj  —MPi_y —MCj_g);
MR;; = MRSG -~ MRT;  =MP g —MCjg);

Table 3 - Marginal rates [94]

Method for inefficient units:

In cases of inefficient units, partial derivatives on the frontier (slopes on the frontier at particular
points) could not be computed. This is due to the fact that such units, by definition, are located
below the frontier. Moreover, projection of inefficient units on the frontier would yield identical
multipliers, in turn identical marginal rates, for all units which are projected to the same segment of
the frontier.

To address aforementioned limitations, following the approach proposed by [98], we use
interpolation to determine the marginal rates of inefficient units. This would include the following
steps:
1) Identifying efficient and inefficient units and computing the matrix of multipliers ¥ for each
from the DEA program in multiplier form (e.g. LP,);
2) Computing the marginal rates for identified efficient units using the program MR,;

3) Applying the envelopment form of the DEA program (e.g. DLP,) to identify the activity
vector A for each inefficient unit;

4)  Determining the marginal rates for each inefficient unit as weighted sum of the marginal
rates of DMUs which are part of the unit’s reference set.

For each of the n DMUs, denoted as DUM,, such linear combination could be defined as:

X:j
MR = Z Ror G 4.45)
v T€E, rt
whete Z, = Vo1, - » Yos» —Xo1s -» —Xom) indicates the throughput vector for DMU,, A4, =

(Ao1, -»Aon) represents the activity vector for DMU,, ¥, = ()(;1, ,)(:(s_,_m)) denotes the
multipliers vector for DMU, computed using program MR, and E|, is the reference set for DUM,.
Figure 19 shows the graphic representation: inefficient unit H has the reference set {C, D}. Thus, H
could become efficient by being projected on the frontier at point H', which could be achieved by a
weighted combination of € and D with propottions being Aye and Ayp, respectively. Then, the
MRg = u could be computed as AHC(MRL-C}-) + AHD(MRL-D]-) =Age X B+ Agp X B. As a result,
marginal rate of unit H is closer to C than to D, since Ay > Ayp (as projected target H' is closer to
C than to D).
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X

Figure 19— ldentification of the marginal rate of an inefficient unit (H) using interpolation
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7 DEA FRAMEWORK

Efficiency scores, variable multipliers, virtual multipliers, slacks and subsequently marginal rates are
directly affected by the input and output variables. Therefore, variables should be selected
appropriately to express the performance of DMUs [99]. Variables of DEA should be measurements
of those dimensions which are considered to be most relevant for the particular sets of DMUs, while
they should reflect the industry or the setting examined [100]. Unfortunately, no definitive guide
exists on the selection of variables [84]. However, the aforementioned relevancy could be established
based on a particular theory [99], expert knowledge or accepted practices [93], [99], [100], prior
statistical work [93], researcher’s knowledge of the decision-making environment [93], or even a
combination of different approaches [93].

In this chapter, we present the proposed DEA framework considering our research goal.

7.1 The Enterprise Integration Usage Measure

Naturally, the most relevant variable in our study would be the measure indicating the extent to
which each firm is using enterprise integration in its B2B activities, hereafter called the EI usage
measure. In order to measure the extent of electronic data integration (EDI) usage in organizations,
[101] has identified four different facets of electronic data integration usage, defined in the Table 4:

Facet Definition Suggested measure
Volume  The extent to which a firm's document exchanges are % of function/otganization’s
handled through EDI connections. documents exchanged via EDI
Diversity ~ The extent to which different types of a firm's business Number of document types
documents are handled through EDI connections. exchanged via EDI
Breadth  The extent to which a firm has developed EDI % of function/otganization’s
connections with each of its trading partners. trading partners linked via EDI
Depth The extent to which a firm's business processes are % of EDI linkages at each defined
intertwined with those of its trading partners through depth level

EDI connections.

Table 4 - The four facets of electronic data integration usage, adapted from [101]

Volume and breadth facets require information about the whole business of the firms, e.g. total
number of documents (both electronic and non-electronic) exchanged with trading partners, and total
number of trading partners. The information accessibility was even more problematic in this study
with the diversity facet, as it requires thoroughly detailed information regarding the firm’s business
processes and their related information exchanges. As a result, due to unavailability of such
information, the mentioned facets were excluded.

Based on the diversity facet defined by [101], we defined the measure as the weighted average
number of document types exchanged with each trading partner, while the weights are calculated
based on the number of documents exchanged with each partner. Such variable measures the extent
to which a firm is utilizing enterprise integration considering different document types and trading
partners. In order to define this measure, we assume that:

e there ate n = 0 parmers which at least have exchanged one document with the given DMUS,;

e t; = count of distinct document types of documents exchanged with partner P; through the
iCore system;

e d; = count of documents exchanged with partner P; through the iCore system;

-39 -



Master Thesis Final Report

e N, = total count of “documents” exchanged through the iCore system for the given
DMU,*>.

Then the measure weighted average document types per partner could be defined as:

n
Bl = t; X d;
(]

i=1 No
It shall be noted that a measute considering the total number of documents/transactions exchanges,
including the ones exchanged through various systems other than EI systems and even other manual
channels (e.g. mail, fax, email), could also serve our goal. However, such measure has not been
considered in this study due to unavailability of required data for these types of measures.

The defined measure could serve as the basis of the network effects discussed previously in
section 2.5: we seek to study the potential network effects of weighted average document types per partner
upon attained benefits for an organization.

7.2 DEA Variables

As previously mentioned, accepted theories could be used to assist the selection of inputs and
outputs. For our purpose, production theory was chosen as an accepted theory providing the starting
point for modeling. Production theory is concerned with the relationships between inputs and
outputs of organizations, while it requires specifying inputs and outputs in quantitative terms [100].

In this regard, the firm is viewed as a black box which consumes labor, inventory, and enterprise
integration, in order to produce sales. Based on such view, the input variables included in this study
are: (1) number of employees, (2) weighted average document types per partner (as discussed in
previous section), and (3) average annual inventory. The single output included in the model is the
firm’s net sales.

It is notable that, various stakeholders interpret variables differently when it comes to categorizing
them as input or output [99]. We have followed the normal practice, which is to consider desirable
variables as outputs, and undesirable ones as inputs [99]. In this regard, enterprise integration is also
seen as a resource, like labor and inventory, to be consumed by the firm to produce sales. Therefore,
increasing usage of enterprise integration would be undesired for the firm considering the
productivity point of view. In other words, from the perspective of this framework: between two
firms which operate with the same number of employees and same average annual inventory and
produce the same amount of net sales, the one which uses less enterprise integration would be
considered more efficient.

———Number of employees (pcrsons)"

Weighted average document types per pannex—’ ——Net sales (KSEK)4>

——Average annual inventory (KSEK)—’

Figure 20— DEA variables

The first input corresponds a firm’s overall labor spending. In this case, data was available on both
total personnel costs and number of employees. Although they both represent the same measure,

2 Note that n, N, t;, d; are collected from the EI solution (see section 8.1).
24 For more discussions, see chapter 10.
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number of employees has been chosen in order to eliminate the effect of pay scales which may differ
depending on the local economic conditions (e.g. large vs. small city). As previously discussed, the
second input provides an indication of the extent to which a firm is utilizing enterprise integration.
Finally, the last input relates to the average annual value of the inventory.

As the output measure, both operating profit and net sales could be used. Operating profit could be
decomposed into three constituent sources: (i) a productivity effects (which includes a technical
efficiency as well as an operating efficiency), (ii) an activity sources (including a product mix effect, a
resource mix effect, and a scale effect), and (iii) a price effect [102]. Including both revenues and
expenses, not only it includes revenues from other sources than direct sales (e.g. indirect incomes,
change in inventories of work in progress and etc.), but also it contains cost elements which are not
interesting considering our research goal (e.g. depreciations). In this way, it encompasses the
productivity effects, as well as product mix effect, resource mix effect, and scale effect. Considering
such implications, net sales would be a more appropriate output variable in our case; it reflects only
the direct sales, which is considered to be the direct result of firm’s production, while it excludes the
effect of product mix, resource mix, and scale.

The included measures imply that efficiency of a firm relates with employing fewer number of
employees, exchanging fewer document types per partner, and keeping less inventory, while
producing higher sales in business. Note that we are specifically interested in the quantified
relationship between the EI usage measure and other inputs or the output, i.e. how much other
inputs would decrease when EI usage measure decreases, or how much the production of the output
would increase by increasing the EI usage measure. In this regard, variables selection shall be based
on the stakeholders need to understand the relations between included variables and the EI usage
measure. Therefore, such variables could be different in various studies due to diverse needs and
perspectives of stakeholders.
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8 EMPIRICAL DATA

In this chapter, first we explain how the data collection has been performed. Next, the DMUs (firms)
from which the data set is collected are presented. Finally, the collected data is listed.

8.1 Data Collection Method

Data to be used for the measurement of B2B information exchange is gathered at the firm level from
the EI solution used by the subject firms. This proprietary data has been made available by iCore
Solutions AB, which provides such EI solutions/services to DMUs. Additional data on firm
characteristics and performance are gathered from Creditsafe database®, which is based on the
publicly released financial statements. Data collection method, including the relation between the
collected data and the DEA variables, data definitions, collection scales and units, as well as the data
collection sources are indicated in Table 5:

Variable Data Definition Collection Co]lec.non Data
scale unit source
- Industry/Sector  Based on Swedish Standard - - Creditsafe
Industrial Classification codes database
(SNI 2007)
Number of Number of Number of Full-time equivalent 0...00 persons Creditsafe
employees employees employed persons database
Number of Number of documents exchanged 0...c documents EI
) document per  between the firm and its partners solution
Weighted partner via the enterprise integration
average solution
document
types per Numbert of Number of unique document 0...00 document El
partner document types  types exchanged between the firm types solution
per partner and each of its partners via the
enterprise integration solution
Average annual inventory By annual inventory we refer to 0..0c0 SEK Creditsafe
the median value of the inventory database
throughout the year.
Net Sales Net sales in the year 0...c SEK Creditsafe
database

Table 5— Data collection method

8.2 Decision Making Units

The rule of thumb for the minimum number of DMUs in DEAisn = max {m X s,3 X (m +s)},
where m is the number of inputs and § is the number of outputs [84]. In our case, considering the 3
inputs and 1 output, minimum required number of DMUs would be n = max {3,12}.

Due to the scarcity of EI usage information, at the first phase, 68 firms were chosen based on the
potentially available data regarding EI usage. Next, the firms with acquisitions, mergers or other
strategic corporate events, as well as the ones with unavailable financial information or incomplete EI
usage information were set aside. In this level, 27 firms were chosen. In the data collection phase,

25 At the time of writing this report, accessible through www.creditsafe.se.
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data was successfully collected from 12 firms, hereinafter called DMUs. The 12 number of DMUs
fulfill the discussed rule of thumb for the minimum required number of DMUs. The industry profile
for the DMUs is provided in Table 6. As it is observable in the table, wholesale trade and
manufacturing are the dominating industries of DMUs, though the profile is quite diverse. Such
industry sectors heterogeneity impacts the quality of analysis results, which is discussed in

section 10.3.

Industry code

DMU (according to Industry description
SNI 20072
DMU-01 46 Wholesale trade, except of motor vehicles and motorcycles
DMU-02 46 Wholesale trade, except of motor vehicles and motorcycles
DMU-03 23 Manufacture of other non-metallic mineral products
DMU-04 28 Manufacture of machinery and equipment n.e.c.
DMU-05 31 Manufacture of furniture
DMU-06 26 Manufacture of computer, electronic and optical products
DMU-07 46 Wholesale trade, except of motor vehicles and motorcycles
DMU-08 59 Motion picture, video and television program production, sound recording and
music publishing activities
DMU-09 10 Manufacture of food products
DMU-10 62 Computer programming, consultancy and related activities
DMU-11 46 Wholesale trade, except of motor vehicles and motorcycles
DMU-12 23 Manufacture of other non-metallic mineral products

8.3 Collected Data

Table 6— Industry profiles of subject firms

Based on the data collection method, data was collected for each DMU from the listed sources. The
collected data is shown in Table 7:

Inputs Output

DMU Number of Weighted average Av.erage annual Net sales

employees document types per inventoty (KSEK)

(persons) partner (kSEK)

DMU-01 91 3.32 60,515 370,478
DMU-02 35 6.51 105,169 857,201
DMU-03 273 5.51 27,093 864,270
DMU-04 159 3.75 78,313 409,986
DMU-05 536 6.71 56,079 991,162
DMU-06 152 3.8 75,508 699,302

26 Swedish Standard Industrial Classification (SNI), is a Swedish industry standard economic classification system
maintained by Statistics Sweden (SCB). At the time of writing this report (accessed March 2012), SNI version
2007 could be accessed through www.sni2007.scb.se.
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Inputs Output
DMU Number of Weighted average Average annual Net sales
employees document types per inventory \SEF

(persons) partner (kSEK) (RSEK)
DMU-07 107 6.06 112,151 736,265
DMU-08 80 7.93 9,584 701,729
DMU-09 305 9.49 101,413 1,143,958
DMU-10 1,324 10.01 22,732 5,687,364
DMU-11 102 18.2 363,262 1,104,041
DMU-12 106 591 48,475 591,165

Table 7— Collected data

Collected data on different variables are depicted in column charts in Figure 21. As it can be seen, the
only outlier is DMU_11, the values of variables for which, due to its larger size, lie far from other
units.
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Figure 21— Collected data
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9 ANALYSIS

This chapter presents the results of both analysis stages; the results of DEA conducted on the
collected data, and the marginal rates calculated for the EI usage measure based on the DEA results.

9.1 DEA Results

In the first analysis stage, DEA is used to assess the degree of efficiency of each firm. In this stage,
using the MATLAB® program listed in Appendix C , DEA is conducted on the collected data. As
discussed in section 5.7, the input-oriented BCC model is chosen for data envelopment analysis,
while both multiplier and envelopment forms have been used to obtain the required parameters, i.e.
virtual multipliers, variable multipliers and slacks which are subsequently used in the succeeding
analysis stage. A summary of results is shown in Table 8 and Figure 22 ?. For the complete set of
DEA results please refer to Appendix B.

DMU Efficiency score (0%) DMUs in reference set
DMU-01 1.00000 -
DMU-02 1.00000 -
DMU-03 1.00000 -
DMU-04 0.89859 01, 10
DMU-05 0.72980 01, 03, 10
DMU-06 1.00000 -
DMU-07 0.83145 01, 02, 06
DMU-08 1.00000 -
DMU-09 0.63133 01, 02, 08, 10
DMU-10 1.00000 -
DMU-11 0.98895 02, 10
DMU-12 0.90975 01, 02, 08, 10

Table 8— DEA results

27 In visualizing the DEA results, suggestions in [117] has been followed.
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1.0 —H—E—N

Efficiency Score

Figure 22— Efficiency scores

The results show that the obtained efficiency scores are not correlated with specific industry.
Moreover, reference group of DMUs are consisted from efficient units from various industries.

In order to present a view on any possible effect of a unit’s size on its efficiency, Figure 23 depicts
the relation between efficiency scores and two different variables, both representing the unit’s size:
net sales and number of employees. As it can be seen in the figures, no direct relation is evident
beside the biggest unit in terms of both sales and employees (DMU_10), which is discernible
considering its efficiency score of 1.

The same relation has been illustrated in Figure 24 considering industries: relationship between
average size of units in industries and their average efficiency score. In this sense, if we ignore the
biggest unit (DMU_10 depicted using white marker), smaller units in terms of both number of
employees and net sales have generally higher efficiency scores.
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Figure 23— DMU s efficiency scores vs. net sales, efficiency scores vs. number of employees
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Figure 24— Industries average efficiency scores vs. average net sales, ¢fficiency scores vs. average number of employees

By adding up the virtual multipliers (1) for each inefficient unit, Figure 25 shows the inefficient units
and the influence of each efficient unit in their reference group. It can be seen that units DMU_01
and DMU_02 are the most influential units, while DMU_03 and DMU_06 plays the least influential
role. This could mean that either they are only efficient in a narrow sector, or that they possess a very
uncommon input/output mix. Such kind of insight into the role of efficient units could be helpful in
future studies. Leader units can be studied in more detail in contrast with other units in order to
identify the causes for performance differences and explain the systematic differences between units
considering the desired perspective (enterprise integration in this study).
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Figure 25— Inefficient nnits and their reference units

9.2 Marginal Rates

In the next stage, according to the procedure described in section 6.2, the marginal rates relating to
the EI usage measure in comparison to the other inputs and the output are computed, which are
listed in Table 9 . Computation has been performed using the MATLAB® program listed in
Appendix D.

28 Please note that all figures in the table are rounded to four decimal places. For the marginal rates with higher
arithmetic precision, please refer to Appendix B.
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DMU MRS;, MRS}, MRS3, MRS3, MP, MP},
DMU-01 o 9.0771 11165.5339 o 1411733261
DMU-02 613109 00000 oo 0.0000 o 0.0000
DMU-03 o 119.9548  19068.8561  6865.6118 o 3724135421
DMU-04 00000 00000  39.2239 39.2239 0.0023 0.0023
DMU-05 00000 00000 167151 16.7151 0.0010 0.0010
DMU-06  230.2476 528566 o0 779357400  -441414.6721  -180035.1820
DMU-07 00000 00000 46238 46238 0.0003 0.0003
DMU-08 o 0.0000  25798.1908  0.0000 o 0.0000
DMU-09 00000 00000  13.9369 13.9369 0.0008 0.0008
DMU-10 o 0.0000 0.0000 -1247952.6342  0.0000
DMU-11 00000 00000  0.0106 0.0106 0.0000 0.0000
DMU-12 00000 00000  21.1874 21.1874 0.0013 0.0013

Table 9— Bounded marginal rates

The resulted figures are derivatives to the left and right of each unit for the following marginal rates:

— MRS,,, the marginal rate of substitution of number of employees for weighted average document
hypes per partner,

—  MRS;,, the marginal rate of substitution of average annual inventory for weighted average document
hypes per partner,

- MP,,, the marginal productivity of net sales for weighted average document types per partner,

The above rates give a quantified range of the trade-off relationships between different inputs and
outputs and the EI usage measure. Therefore, for instance, it could be stated that by increasing the
weighted average document types per partner by one unit for DMU_01, the DMU could potentially lay off
9.08 employees.

Using the average amount of salary and benefits for each employee in the DMU, the mentioned
benefit could be transformed into monetary values. For example, considering the average annual
salary and benefits for each employee in DMU_01 equal to 649 kSEK, the benefit of increasing EI
usage by 1 document types per partner would be 9.08 employees X 649 kSEK = 5,893 kSEK per
year. This calculation is performed for all marginal rates to quantify the potential benefits of using
higher amount of enterprise integration in a firm in terms of SEK. Table 10 shows the calculated
range for the monetary benefit in kSEK to be provided by one document type per partner increase in
EI usage for each DMU. For a detailed calculation of benefits of EI usage in monetary terms, please
refer to Appendix B.

Minimum Maximum
DMU " 4SEK in year) (kSEK in year)
DMU-01 5,891 141,173
DMU-02 0 119,985
DMU-03 6,866 372,414
DMU-04 0 39
DMU-05 0 17
DMU-06 45,985 441,415
DMU-07 0 5
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Minimum Maximum
DMU " SEK in year) (kSEK in year)
DMU-08 0 25,798
DMU-09 0 14
DMU-10 0 1,247,953
DMU-11 0 0
DMU-12 0 21

Table 10 —Monetary benefit of increase in EI usage by one document type per partner
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10 DISCUSSION

10.1 Potentially Useful Analysis Techniques

The importance of considering the time lag between technology implementations and related benefits
has been discussed previously (see section 2.3). First of all, there is often a time lag between IT
investments and related improvements in performance, while the length of such time lag is unknown
and varies in different cases [30]. Additionally, such performance improvements provided by IT
usually extend beyond one reporting period [30]. However, due to data limitations, it has been set
outside of scope for this study. It is notable that necessary methods exist in DEA to analyze such
time-series data. Window analysis [90] and Malmquist productivity indexing [103] are two well-known
related methods for such an end. Another approach is using the average level for data over a multi-
years period, thus implicitly considering the time lag.

The authors in [85] discuss that numbers reported in efficiency studies are estimates in nature.
Positing that everything computed from data would be an estimate, the authors discuss that the
existence of technical progress means: with even full observation on all the data used in an efficiency
study, in principle, other organizations not included in the study may perform different than the
estimates. Considering such reasoning, one could analyze the robustness of the DEA results, by
studying the sensitivity of the DEA results to variations in data. In some recent works, methods have
been presented to even vary all data simultaneously for all DMUs to check the variation in the DEA
results [104]. Other useful techniques in this regard are to use statistical methods to establish the
credibility of the approach, or to conduct Monte Catlo experiments to examine the performance of
the DEA model [87].

Another inherent problem with the conventional DEA approaches is the deterministic nature of their
results. However, using chance-constrained programming extensions, it is possible to replace
deterministic characterizations in DEA with probabilistic ones, e.g. characterize DMUs as probably
efficient and probably inefficient instead of efficient and inefficient, even with associated probabilities [105]. In
this regard, future works could incorporate such techniques to address the deterministic
characterizations in conventional DEA.

10.2 Proposed DEA Framework

Positing that I'T only indirectly affects the production of an output, Kauffman and Weill [106] suggest
using an intermediate production process, resulting in a two-stage model which evaluates two
production functions, e.g. first evaluating the function nermediate ontputs = f{IT) and then evaluating
the function economic ontputs = flintermediate outputs).

In accordance with the argument provided by Kauffman and Weill, Banker et al. [47] distinguishes
between competitive efficiency of IT as the relation between firm-level IT expenditures and bottom-line
impacts such as profitability, and operational efficiency as the IT performance in intermediate production
processes within the firm which leads to the creation of goods and services (rather than their
economic value, which is determined when they are sold on the market). By such classification, the
authors state that firm-level studies of IT business value are competitive efficiency analyses of IT
investments, which is incapable of explaining how a firm benefit from IT or to what extent. They
argue that operational efficiency and thus the notion of intermediate production can help to understand
how IT leads to the creation of business value.

Based on the above-mentioned arguments, future studies using such two-stage models are
recommended. By using such models, one can also consider different efficiencies of various firms in
utilizing their information systems, thereby gaining insight into the firms’ operational efficiency and
subsequently the business value of enterprise integration, or even I'T in the higher level.
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10.3 Data Set

Relevancy and accuracy of the inputs and outputs in DEA are necessary, though insufficient,
conditions to assure validity of the DEA results. The relevancy of included variables has been
discussed in section 7.2; however, other variables of interest were omitted due to data deficiency.
These variables were I'T annual budget, accounts receivable (specifically insightful in cases of DMUs
which are using EI with regard to their invoicing and invoice-handling processes), and tangible fixed
assets. The latter was set aside due to its limited relation to our theory in compatison to other
variables, i.e. the effects of utilizing EI on the value of tangible fixed assets seem to be less significant
than the effects of EI usage on other included variables.

In an ideal situation, high number of potentially relevant variables could be used in the beginning.
Then the most relevant variables could be identifies, while the rest are omitted from the study. Too
few numbers of variables reduce the model to ratio measures [87], while a high number of inputs and
outputs not only requires higher number of firms as DMUs, but also would mean higher costs for
data collection activities.

Onmitting variables which are highly correlated with some existing variables is considered appropriate
in some studies, as the existing ones are considered to be broadly representative of the omitted ones
[93]. Following this, it has even been suggested that regression and correlation techniques could be
used to identify the relevant set of input and output variables. The assumption implicitly used is that
adding a highly correlated variable will have insignificant impact on the DEA results. However,
omission of variables shall be done with caution. The authors in [93] discuss that such omission
would alter the DEA results. Thus, the author suggests using correlation techniques to assist in
selecting reduced variables set when cost considerations restrict the number of variables to be
included in a particular DEA application.

If we now turn to accuracy of the data set, it could be argued that the financial data, i.e. number of
employees, inventory value, and net sales have acceptable accuracy as they are collected from audited
financial statements. Of course, such figures are subject to variances in definition and companies
procedures in producing financial statements. However, as used in many academic and industrial
studies, they provide acceptable basis for analyses. In order to even ensure higher accuracy regarding
such figures, data collection needs to be conducted on a finer detail from the firms themselves. Such
approach was aimed at the beginning of this study; yet, limitations such as time and data availability
made this aim impossible.

Regarding the accuracy of EI usage measure, considering its strict definition, it benefits from high
level of accuracy. The data are collected using automated scripts from the very systems handling the
integration transactions. Thus, they are believed to be highly accurate. Nevertheless, we shall note
that the relevancy of such measure would be substantially increased by acquiring a more
comprehensive set of data including all exchanges of documents/transactions of firms.

Including firms from various industry sectors, the data set is quite diverse in terms of sectors. While
our focus on B2B integration and use of common basic resources (labor and inventory) could help to
make the production process of, for instance, a wholesale trading firm more comparable to a
manufacturing firm, it could be argued that different sectors may have different production
functions. In other words, firms classified in different sectors cannot be expected to be equally
technical efficient. In the context of this study, this suggests that the impacts of EI might be highly
diverse on firms classified in different sectors. Furthermore, different production functions imply
different marginal rates, affecting estimated benefits of EL

Supporting the relation between IT business contribution and sectors, Brynjolfsson and Hitt [43]
conclude that effects of sector influence the measured productivity contribution of IT. In order to
remove the effects of industry heterogeneity, the authors’ practice could be followed to use industry
sector among control variables in their study. Furthermore, data set could be divided for each sector.
However, it shall be considered that higher homogeneity introduces data availability challenges. To
diminish such challenges, as suggested in [46], in a more reductionist approach, analysis could be
performed separately for specific industry categories within the industry sectors.

From another point of view, sector effects could be seen as one of the non-controllable
environmental effects and/or statistical noises which affect firm performance, and thereby make it
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difficult to establish direct causality between IT investments and firm-level output performance.
Other examples of environmental effects are the economic environment in one geographic area being
different than that in another, different macroeconomic situation in different industries, or diverse
competitive environments in which firms operate. Using a combination of statistical regression and
DEA could be a beneficial method to identify and remove such factors®.

10.4 Validity of the Results

One way to validate the DEA results is to compare the obtained efficiency scores to other efficiency
measures of even subjective human rankings. However, as any similar study targeting enterprise
integration in considered DMUs is missing, such validation was not possible.

An alternate approach for validating the DEA results could be to compare industry-wise benchmarks
with industry-wise results of the study. For instance, if efficient firms, according to the obtained
results, belong to leading industries in terms of efficiency, it is shown that the DEA results are
helping to distinguish efficiency. According to the market report by Radar group® [107],
manufacturing and trading sectors are two biggest spenders in terms of integration budget in the
Swedish market. However, as these two industries account for 75% of the industries included in this
study, related inductions would not be helpful.

Regarding obtained marginal rates from MR, and LMR, (see section 6.2), unbounded solutions cause
the main limitation®!. Prior and Sutroca [98] introduce a new set of constraints on the program MR,
in order to avoid infinite values, while obtaining bounded weights. Basically, the new constraints
establish the requirement of equal distance separating successive multipliers, thus providing bounded
solutions without altering the original program I.MR,. This method could be employed in future
works in order to obtain bounded marginal rates, which in turn would lead to more complete
estimations considering the monetary benefits of EI usage.

10.5 Interpretation of the Results

The estimated benefits, listed in section 9.2, needs to be interpreted with caution. First of all, as stated
in previous sections, limitations considering the data set and employed methods shall be considered
while reviewing the results. Moreover, it shall be noted that the obtained results vary with any
changes in the set of DMUs; adding or removing a firm from the set of DMUs would cause changes
in all estimations of other units as well. This sensitivity could be due to the limited number of DMUs,
which means that such sensitivity of the results could decrease when analyzing higher number of
units.

Another important limitation regarding the estimated benefits is the fact that the resulted bounds give
a wide range for possible benefits. Addressing this limitation, future studies could use methods
suggested in [84] or [97]. These methods are briefly introduced in section 6.1.

The results of the suggested analysis method could be seen as short-term single-event approach to
obtain the value of EI. However, as discussed in [108)], “%o fully harvest economic benefits of I'T investments,
ongoing management processes must be established”. Therefore, we promote placing continuous assessment
processes to ensure that expected paybacks in different time windows are realized. Additionally, the
assessment method shall evolve with the organization during time [108], and be adapted to specific
settings of El in the organization.

2 See [118] for an overview of existing approaches to incorporate external effects, as well as a proposed three-
stage model by the authors.
302 known I'T market analysis firm active in the Nordic area
31 According to [94], certain cases correspond to points on the “endings” of the frontier.
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As a final caution, we shall note that the listed figures only account for estimated benefits and any
associated costs of implementing enterprise integration is considered beyond this study.

10.6 Alternative Usages of the Results

According to [49], in-depth “case studies” on one or a small number of reseatrch sites could provide
insight on effect of specific IT applications on organizations. In such multiple design case study
methodology [109], selection criteria for research sites depend on the research study and its intent.
However, Yin [109] suggests that the research sites should be selected to maximize the variations
across the sites on relevant criteria.

Considering that convenience is often the primary basis for choosing the research sites, [49] discuss
that systematic or theoretical criteria would yield in more generalizable research findings. DEA
analysis could be utilized as a rigorous method for a similar purpose in regard to effects of enterprise
integration: to choose organizations as research sites based on the efficiency of investments in
enterprise integration. For instance, as suggested by [49], three to five firms could be selected from
the most efficient firms and the same number from the least efficient firms. Another sample
approach could be to select a number of sites with progressively lower efficiency score.

As an illustration, the efficient DMUs within a close range of size (DMU_01, DMU_02, DMU_06,
DMU_08) could serve in future in-depth case studies. Moreover, DMUs of similar size with lowest
efficiency scores (DMU_04, DMU_07, DMU_09) might be included as the inefficient group. In this
way, discovery of operational differences in relevant organizational practices would be made easier
between the two groups of firms.

On the other hand, additional insights could be obtained from the DEA results by using statistical
techniques. For instance, by clustering the DMUs into groups based on a specific characteristic (e.g.
EI strategy or range of EI budget), hypothesis tests might be performed regarding the differences in
efficiency scores between various groups. As an example, using the EI budget range as the grouping
parameter, the relationship between EI budget and efficiency score can be tested.

Similarly, in a two-stage approach, DEA could be used to enhance regression analysis. First, efficient
and inefficient DMUs will be identified using DEA. Then, the results of DEA are incorporated in the
form of a dummy variable, associated with whether a DMU is efficient or inefficient. Afterwards,
regression would be calculated. In this way, sources of inefficiencies could be identified. [110]
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11 CONCLUSIONS

In this study we have investigated the problem of estimating the monetary benefits of using
enterprise integration at the organizational level. Though some publications were found tackling the
problem of defining such benefits, to the best of our knowledge, no study has provided a method to
estimate these benefits in monetary terms. Thus, considering this work as a preliminary attempt
aiming at providing a solution to the mentioned problem, we believe that presented method could be
employed and extended in both academia and industry.

Our study provides the basis for an estimation, which currently used methods either require data in
higher level of detail, or are unable to provide monetary values. As demonstrated, DEA is an
appropriate tool for such goal.

Considering its technical advantages, first, the estimation of the benefits in question is performed
based on the microeconomic concept of marginal rates which is easily obtained based on the DEA
results. Second, it does not require « priori information about the relationship between multiple
measures, which is instead obtained directly from the data. Third, DEA provides the flexibility to
choose only relevant inputs and outputs considering specific research goals. In this study, two inputs
and one output directly related to firm performance were considered beside one input directly related
to enterprise integration usage. Finally, the obtained results could be further analyzed using other
statistical techniques to gain additional insights.

With regard to the managerial advantages, DEA provides the required measures of efficiency for each
organization included in the analysis in a non-arbitrary and non-subjective fashion. Moreover, DEA
provides a framework supporting planning and control processes, which is beneficial to decision
makers in organizations. For instance, knowledge of the trade-offs could be used to estimate the a
priori impact of subjective managerial goals on the results. As another example, for inefficient units,
DEA could provide information on inputs and outputs adjustments toward efficiency, thus providing
insights to be considered in devising organizational strategies.

Our work clearly has some limitations. First, the time lag between technology implementations and
related benefits has not been considered. This requires collecting panel data, which has been
unavailable in this study. Second, the one-stage DEA framework used in this study is unable to
identify the efficiencies of firms in utilizing their information systems. In this way, for instance, an
inefficient firm may be inefficient in terms of firm’s performance, while another firm may be
inefficient in utilizing its enterprise integration solution. Third, some variables of interest were
omitted from the DEA framework due to data deficiency. Fourth, limitations regarding the data set
shall be considered as well. Regarding financial variables, data may contain undetected inaccuracies
present in financial statements, while considering the EI usage measure, comprehensive set of data
including all exchanges of documents/transactions of firms would have been desired. Fifth, observed
data may suffer from non-controllable environmental effects and/or statistical noises. Finally, given
the limited numbers of DMUs included in this study due to data unavailability, caution must be
exercised in interpretation of the results. As expected, growing number of DMUs would increase the
validity of the results.

Given the exploratory nature of this research, it is not surprising that perhaps our most significant
contribution lies in identifying areas in need of future research. The largest obstacle in conducting
this research was the absence of a comprehensive theory relating changes in IT architecture to
organizational outcomes, including the effects of introducing enterprise integration. Moreover, in the
context of enterprise integration and its organizational benefits, relevant variables, their relationships,
and related measurement methods, are unidentified. This plays an outstanding role in the success of
these types of analyses, as their results are entirely dependent on the inputs and outputs included.
Furthermore, to understand how organizations are operationalizing and taking benefits from
enterprise integration, case studies with a focus on enterprise integration would be of great
importance. Considering DEA, though it benefits from an abundant amount of publications in
academia, literature regarding the microeconomic usages of the DEA results is limited. Finally, free-
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to-use and reliable software programs for assisting in DEA are missing, which could have at least
decelerated the extended usage of DEA.
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DEA results
BCC model - input oriented - envelopment form

Ay %9 %3 M 7%y Ao 751 A Ao i la i
DMU_01 1.00E+00 3.55E-15 491E-16 3.65E-15 2.04E-16 1.79E-15 5.23E-16 2.14E-16 1.99E-16 1.29E-16 9.52E-17 6.42E-16
DMU_02 4.40E-11 1.00E+00 1.71E-11 1.74E-11 8.23E-12 2.12E-11 3.21E-11 3.80E-11 2.16E-11 2.61E-11 8.86E-11 241E-11
DMU_03 1.98E-15 455E-16 1.00E+00 5.24E-16 9.36E-16 1.11E-15 3.93E-16 8.69E-15 3.16E-16 2.86E-15 1.20E-16 1.39E-15
DMU_04 9.93E-01 3.98E-15 6.33E-15 2.85E-14 3.94E-15 1.42E-12 4.48E-15 2.29E-15 1.91E-15 743E-03 6.99E-16 4.15E-15
DMU_05 4.23E-01 7.39E-15 5.07E-01 6.08E-14 4.69E-14 2.31E-13 8.92E-15 4.70E-14 6.00E-15 6.96E-02 8.08E-16 4.74E-14
DMU_06 2.45E-09 1.85E-10 7.10E-11 1.79E-10 3.00E-11 1.00E+00 9.35E-11 5.20E-11 2.69E-11 1.79E-10 1.75E-11 8.34E-11
DMU_07 1.17E-01 4.78E-01 7.84E-12 1.81E-11 3.01E-12 4.05E-01 1.85E-11 8.12E-12 3.87E-12 2.18E-11 2.09E-12 1.33E-11
DMU_08 4.88E-11 3.72E-11 8.42E-11 4.19E-11 5.42E-11 5.24E-11 2.54E-11 1.00E+00 4.18E-11 9.32E-11 1.24E-11 6.82E-11
DMU_09 3.53E-01 3.68E-01 7.61E-16 6.06E-16 1.59E-16 7.46E-14 6.55E-16 1.79E-01 2.16E-16 1.01E-01 8.30E-17 2.21E-15
DMU_10 7.89E-14 8.68E-14 8.70E-14 7.95E-14 8.93E-14 8.41E-14 8.47E-14 8.42E-14 9.23E-14 1.00E+00 9.11E-14 8.23E-14
DMU_11 5.11E-20 9.49E-01 4.03E-20 3.87E-20 2.02E-20 5.94E-20 8.97E-20 1.14E-19 4.84E-20 5.11E-02 2.37E-13 6.73E-20
DMU_12 5.36E-01 7.39E-02 6.73E-12 7.73E-11 1.33E-11 3.56E-09 1.28E-10 3.79E-01 2.79E-11 1.11E-02 9.98E-12 4.86E-10
5'1* 5'2* 5'3* S+1* (')*
DMU_01 1.49E-13 2.68E-15 2.39E-10 4.00E-09 1.00E+00
DMU_02 3.72E-09 1.21E-08 2.00E-04 1.06E-04 1.00E+00
DMU_03 1.23E-13 1.17E-14 1.65E-10 1.07E-08 1.00E+00
DMU_04 4.27E+01 9.85E-15 1.01E+04 6.79E-09 8.99E-01
DMU_05 1.22E+02 1.24E-13 5.49E-09 5.30E-06 7.30E-01
DMU_06 2.20E-08 1.92E-10 7.73E-05 9.88E-05 1.00E+00
DMU_07 1.43E-09 2.39E-11 5.32E+03 8.00E-06 8.31E-01
DMU_08 1.15E-07 2.95E-08 3.71E-06 4.88E-04 1.00E+00
DMU_09 6.34E-14 2.02E-15 4.40E-11 2.51E-10 6.31E-01
DMU_10 1.24E-05 9.35E-08 2.12E-04 3.88E-07 1.00E+00
DMU_11 9.48E-18 1.13E+01 2.58E+05 3.52E-14 9.89E-01

DMU_12 7.28E-09 3.37E-10 8.94E-06 1.55E-04 9.10E-01



DMU_01
DMU_02
DMU_03
DMU_04
DMU_05
DMU_06
DMU_07
DMU_08
DMU_09
DMU_10
DMU_11
DMU_12

Vi

2.12E-03
2.64E-02
1.62E-05
1.81E-16
2.46E-12
2.55E-03
2.15E-03
2.71E-04
1.23E-03
5.03E-05
9.80E-03
2.49E-03

V2

1.52E-01
1.01E-02
1.38E-01
2.67E-01
1.04E-01
1.52E-01
1.27E-01
5.75E-02
4.66E-02
2.63E-02
3.98E-16
9.45E-02

DEA results
BCC model - input oriented - multiplier form

V3

5.00E-06
7.87E-08
8.65E-06
9.23E-19
5.43E-06
4.68E-07
4.48E-17
5.45E-05
1.81E-06
2.95E-05
7.45E-20
3.66E-06

o

1.27E-07
7.02E-06
6.90E-08
3.36E-07
9.18E-08
7.67E-07
5.85E-07
5.39E-08
3.30E-07
2.14E-05
2.62E-06
6.70E-07

-9.53E-01
5.02E+00
-9.40E-01
-7.61E-01
-6.39E-01
-4.64E-01
-4.01E-01
-9.62E-01
-2.53E-01
1.21E+02
1.90E+00
-5.14E-01

1.00E+00
1.00E+00
1.00E+00
8.99E-01
7.30E-01
1.00E+00
8.31E-01
1.00E+00
6.31E-01
1.00E+00
9.89E-01
9.10E-01



DMU_01
DMU_02
DMU_03
DMU_04
DMU_05
DMU_06
DMU_07
DMU_08
DMU_09
DMU_10
DMU_11
DMU_12

Number of
employees

91
35
273
159
536
152
107
80
305
1,324
102
106

Inputs

EI metric

3.32
6.51
5.51
3.75
6.71
3.80
6.06
7.93
9.49
10.01
18.20
5.91

Average

annual
inventory

(KSEK)
60,515
105,169
27,093
78,313
56,079
75,508
112,151
9,584
101,413
22,732
363,262
48,475

Summary of analysis results

Outputs

Net sales
(KSEK)

370,478
857,201
864,270
409,986
991,162
699,302
736,265
701,729
1,143,958
5,687,364
1,104,041
591,165

Efficiency
score (0%)

1.00000
1.00000
1.00000
0.89859
0.72980
1.00000
0.83145
1.00000
0.63133
1.00000
0.98895
0.90975

DMUs in
reference

group

1,10
1,3,10
12,6
1,2,8,10
2,10
1,2,8,10

MRS,

o0

6.13E+01
o0
3.27E-05
1.39E-05
2.30E+02
3.85E-06

o0

1.16E-05
[o0]

7.36E-06

1.77B-05

MRS,

9.08E+00
2.99E-15
1.20E+02
3.27E-05
1.39E-05
5.29E+01
3.85E-06
1.24E-14
1.16E-05
3.35E-16
7.36E-06
1.77E-05

Marginal Rates

MRS,

o0

o0

1.91E+04
3.92E+01
1.67E+01
[o0]
4.62E+00
2.58E+04
1.39E+01
[e0]
1.06E-02
2.12E+01

MRS,

1.12E+04
2.09E-13
6.87E+03
3.92E+01
1.67E+01
7. 79E+04
4.62E+00
5.00E-21
1.39E+01
6.65E-15
1.06E-02
2.12E+01

MP ),

o0
o0

o0

2.34F-03
9.99E-04
-4.41E+05
2.76E-04
0]
8.33E-04
-1.25E+06
2.82E-06
1.27E-03

MP*,,

-1.41E+05
-3.88E-25
-3.72E+05
2.34E-03
9.99E-04
-1.80E+05
2.76E-04
-4.24E-18
8.33E-04
-8.96E-12
2.82E-06
1.27E-03



DMU_01
DMU_02
DMU_03
DMU_04
DMU_05
DMU_06
DMU_07
DMU_08
DMU_09
DMU_10
DMU_11
DMU_12

Monetary benefit of increasing EI usage by one document types per partner

Benefit in terms of decreasing personnel costs

Average
salary per
employee

649
1,957
538
553
453
870
642
862
607
752
508
782

(KSEK in year)
Bound 1 %
N/A -
119,985 175.17%
N/A -
0 0.00%
0 0.00%
200,315 151.48%
0 0.00%
N/A -
0 0.00%
N/A -
0 0.00%
0 0.00%

Bound 2

5,891

64,536

45,985

oO|lo|lo|lo|o|o

)

9.97%
0.00%
43.94%
0.00%
0.00%
34.77%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Benefit in terms of decreasing inventory value

Bound 1

N/A
N/A
19,069
39

17
N/A
5
25,798
14
N/A
0

21

(KSEK in year)
% Bound 2
- 11,166
- 0
70.38% 6,866
0.05% 39
0.03% 17
- 77,936
0.00% 5
269.18% 0
0.01% 14
- 0
0.00%
0.04% 21

%

18.45%
0.00%
25.34%
0.05%
0.03%
103.22%
0.00%
0.00%
0.01%
0.00%
0.00%
0.04%

* N/A means that the corresponding marginal rate has been unbounded, resulting in unavailable benefit measurement.

Benefit in terms of increasing net sales

(KSEK in year)

Bound 1 % Bound 2
N/A - 141,173
N/A - 0
N/A - 372,414
0 0.00% 0
0 0.00% 0
441,415 63.12% 180,035
0 0.00% 0
N/A - 0
0 0.00% 0
1,247,953 21.94% 0
0 0.00% 0
0 0.00% 0

%

38.11%
0.00%
43.09%
0.00%
0.00%
25.74%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%






Benefits of Enterprise Integration Systems

APPENDIX C — MATLAB® PROGRAM - DEA

_75-



% File DEA rev02;

% Thanks to pfanchon@calpoly.edu for his DEA script in MATLAB,

% which is extended in this implementation (multiplier forms are added)
clear all;

%% Model, form and options selection;

model = "BCC"; % Choice of model = "add" for additive, "BCC" or "CCR" ;

form = "e”; % Choice of linear-program form = "m" for "multiplier form® orv¢
"e" for "envelopment form®" (for the BCC & CCR models);

orientation = "io"; % Choice of input or output orientation = "io" or "oo" (for inputv«

or output oriented) ;

epsilon = eps; % epsilon (non archimedian number for the BCC & CCR models) ;
show_diagnostics = "off"; % whether to show linear programming diagnostics information or notv
(Toff" or "on)

display = "off"; % level of display: "off" displays no output; "iter” displays¥
output at each iteration; "final" displays just the final output; "notify" displays output only¥
if the function does not converge.

%% Set the LINPROG options;

options = optimset("Diagnostics”,show_diagnostics, "Display”,display);

% Set the linear programming algorithm to be used

options = optimset(options, “LargeScale®,"on"); % Algorithm: To use¥
Large-scale interior-point

%options = optimset(options, "LargeScale”, "off","Simplex”,"on"); % Algorithm: To use¥
Medium-scale Simplex

%options = optimset(options, "LargeScale”, "off","Simplex”, "off"); % Algorithm: To use¥

Medium-scale active set
%% Enters the inputs and outputs of all DMUs;

% % Input matrix (one row per DMU);
X = xlsread("myData.xIsx","input®);

% % Output matrix (one row per DMU);
Y = xlsread("myData.xIsx", "output®);

% extracts the number of DMUs, inputs and outputs;
[n,m] = size(X)
[n,s] = size(Y)

%% Computes the results from the selected model and form;
% The results from the selected model and form would be stored in matrix Z;

switch model;

% Additive model;
case ("add")
% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% Lambdas (one for each n DMUs), s+ (output slacks, one for each s outputs), s-«
(inputs slacks, one for each m inputs)
Z = zeros(n,n+m+s);

f = [zeros(1,n) -ones(1,s+m)]; % Objective function of the additive model:v
min(-1*s-1*s-);

Iblambda = zeros(n,1); % Lower bounds for (n) lambdas;
Iboutput = zeros(s,1); % Lower bounds for (s) outputs;
Ibinput = zeros(m,1); % Lower bounds for (m) inputs ;



Ib = [Iblambda; lIboutput; Ibinput]; % Lower bounds for lambdas, outputs (s+) andv
inputs (s-);

for j=1:
Aeq

=)

[Y*, -eye(s,s), zeros(s,m);

-X", zeros(m,s), -eye(m,m);

ones(1l,n), zeros(1,s+m)];
beq = [YQ,:)":-X{d,:)":11;
z = linprog(f,[1,[]1.Aeq,beq, b, [1,[],options);
zg,:) = z;

end

Z

% BCC model;
case ("BCC")
switch form;
case ("m")
switch orientation;
% Input oriented - multiplier form;
case ("io")
% Container for solution of the linear program, consisting of:

% 1 row for each n DMUs, while each row contains:

% V (input multipliers, one for each m inputs), U (output multipliers, one¥
for each s outputs), uO (free-sign scalar representing the convexity constraint), score¥
(efficiency score, one figure)

Z = zeros(n,m+s+1+1);

IbV = zeros(m,1); % Lower bounds for (m) input-multipliers;

IbU = zeros(s,1); % Lower bounds for (s) output-multipliers;
Ibu0 = -inf(1); % Lower bounds for (s) free slack variable;

Ib = [IbVv; 1bU; IbuO]; % Lower bounds for input-multipliers (V) and¢

output-multipliers (U) and the free slack variable (u0)

% Inequality
A = [-XY -ones(n,D)];
b = zeros(n,1);

for j=1:n
% Objective function of the CCR model: max(0*V + Yj*U - u0);
f = -[zeros(1,m) Y{.,.:) -1]:

Aeq = [X(,:) zeros(1l,s) 0];:
beq = 1;
z = linprog(f,A,b,Aeq,beq, b, [],[],options);
score = z(m+1l:m+s)*Y(J,:)-z(m+s+1);
Z(J,:) = [z" score];
end
z

% Output oriented - envelopment form;
case ("oo")
% Container for solution of the linear program, consisting of:

% 1 row for each n DMUs, while each row contains:

% V (input multipliers, one for each m inputs), U (output multipliers, one¥
for each s outputs), vO (free-sign scalar representing the convexity constraint), score¥
(efficiency score, one figure)

Z = zeros(n,m+s+1+1);

IbV = zeros(m,1); % Lower bounds for (m) input-multipliers;
IbU = zeros(s,1); % Lower bounds for (s) output-multipliers;
Ibu0 = -inf(1); % Lower bounds for (s) free slack variable;
Ib = [IbVv; 1bU; IbuO]; % Lower bounds for input-weights (V) and¥

output-weights (U) and the free slack variable (v0)

% Inequality



end

A = [-X Y ones(n,1)]:
b = zeros(n,1);
for j=1:n
% Objective function of the CCR model: max(Xj*V + 0*U -v0);
f = [Xg,:) zeros(1,s) -1];
Aeq = [zeros(1,m) Y(,:) 0];
beq = 1;
z = linprog(f,A,b,Aeq,beq,b,[].[].,options);
% Inverse the optimized objective value of theta, to
% obtain a score <= 0
score =1 /7 ((X@,:)*z(A:m))-z(m+s+1));
Z(J,:) = [z" score];
end
z

case ("e")

switch orientation;
% Input oriented - envelopment form;
case ("io")

% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% Lambdas (one for each n DMUs), s+ (output slacks, one for each s¥

outputs), s- (inputs slacks, one for each m inputs), theta (efficiency score, one figure)

theta);

(sH);

(s-) and output

Z = zeros(n,n+m+s+1);
% Objective function of the BCC model: min(0O*lambda - epsilon*(s- + s+) +¥¢

f = [zeros(l,n) -epsilon*ones(l,m+s) 1];

Iblambda = zeros(n,1); % Lower bounds for (n) lambdas;
Ibinput = zeros(m,1); % Lower bounds for (m) input slacks (s-);
Iboutput = zeros(s,1); % Lower bounds for (s) output slacksv¥

Ib = [Iblambda; Ibinput; Iboutput]; % Lower bounds for lambdas, input slacks¥
slacks (s+);

=]

for j=1:
Aeq = [X*, eye(m,m), zeros(m,s), -X({,:)";
Y", zeros(s,m), -eye(s,s), O;
ones(1l,n), zeros(1l,m+s+1)];
beq = [zeros(m,1);

YA.:)";
11;
z = linprog(f,[],[].Aeq,beq, b, [],[],options);
zg,:) = z;
end
Z

% Output oriented - envelopment form;
case ("oo")

% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% Lambdas (one for each n DMUs), s- (inputs slacks, one for each m inputs),v

s+ (output slacks, one for each s outputs), theta (efficiency score, one figure)

theta);

Z = zeros(n,n+m+s+1);
% Objective function of the BCC_oo model: max(0O*lambda + epsilon*(s+ + s-) +¢
f = -[zeros(1,n), epsilon*ones(1,m+s), 1];

Iblambda = zeros(n,1); % Lower bounds for (n) lambdas;



Ibinput = zeros(m,1); % Lower bounds for (m) input slacks (s-);

Iboutput = zeros(s,1); % Lower bounds for (s) output slacks¥
(st);

Ib = [Iblambda; Ibinput; lboutput]; % Lower bounds for lambdas, input slacksy
(s-) and output slacks (s+) ;

for j=1:n
Aeq = [X", eye(m,m), zeros(m,s), zeros(m,1l);
Y", zeros(s,m), -eye(s,s), -Y{d.,:)";
ones(1,n), zeros(l,m+s+1)];
beq = [X(.,:)";
zeros(s,1);
1];
z = linprog(f¥,[1.[1,Aeq,beq,1b,[1,[].options);
zg.:) = z;
% Inverse the optimized objective value of theta, to obtain a score <= 0
Z(g,ntm+s+1) = 1/Z(J ,n+m+s+1);
end

end
end

% CCR model;
case ("CCR")
switch form;
case ("m")
switch orientation;
% Input oriented - multipler form;
case ("io")
% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% V (input multipliers, one for each m inputs), U (output multipliers, onev
for each s outputs), score (efficiency score, one figure)
Z = zeros(n,m+s+1);

IbV = zeros(m,1); % Lower bounds for (m) input-multipliers;
IbU = zeros(s,1); % Lower bounds for (s) output-multipliers;
Ib = [IbVv; 1bU]; % Lower bounds for input-multipliers (V) and¥

output-multipliers (U);

% Inequality
A [-X Y]1;
b = zeros(n,1);

for j=1:n
% Objective function of the CCR model: max(0*V + Yj*U);
f = -[zeros(1,m) Y.,:)]:

Aeq = [X({,:) zeros(1,s)];
beq = 1;
z = linprog(f,A,b,Aeq,beq, Ib,[],[],options);
score = z(m+1l:m+s)*Y((,:);
Z(J,:) = [z" score];
end
z

% Output oriented - multiplier form;
case ("oo")
% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% V (input multipliers, one for each m inputs), U (output multipliers, one¥
for each s outputs), score (efficiency score, one figure)
Z = zeros(n,s+m+1);



IbV = zeros(m,1); % Lower bounds for (m) input-multipliers;
IbU = zeros(s,1); % Lower bounds for (s) output-multipliers;
Ib = [Ibv; 1bU]; % Lower bounds for input-multipliers (V) and¥

output-multipliers (U);

% Inequality
A= [-XY];
b = zeros(n,1);

for j=1:n
% Objective function of the CCR model: max(Xj*V + 0*U);
f = [X(,:) zeros(1,s)];

Aeq [zeros(1.m) Y(,:)];
beq = 1;
z = linprog(f,A,b,Aeq,beq, Ib,[].[].,options);

% Inverse the optimized objective value of theta, to
% obtain a score <= 0
score = 1/(X(J,:)*z(1:m));
Z(J,:) = [z" score];
end

end

case ("e")
switch orientation;
% Input oriented - envelopment form;
case ("io")
% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% Lambdas (one for each n DMUs), s+ (output slacks, one for each sv¢
outputs), s- (inputs slacks, one for each m inputs), theta (efficiency score, one figure)
Z = zeros(n,n+m+s+1);

% Objective function of the BCC model: min(0O*lambda - epsilon*(s- + s+) +¢

theta);
f = [zeros(1,n) -epsilon*ones(l,m+s) 1];
Iblambda = zeros(n,1); % Lower bounds for (n) lambdas;
Ibinput = zeros(m,1); % Lower bounds for (m) input slacks (s-);
Iboutput = zeros(s,1); % Lower bounds for (s) output slacksv¥
(st);

Ib = [Iblambda; Ibinput; Iboutput]; % Lower bounds for lambdas, input slacksy
(s-) and output slacks (s+);

>

for j=1:
Aeq = [X.1 eye(m1m)1 Zeros(m1s)1 _X(j!:).;
Y", zeros(s,m), -eye(s,s), 0];

beq = [zeros(m,1);
Ya,.:D"1;
z = linprog(f¥,[].[].Aeq,beq, b, [],[],options);
Z4.:) = z;
end
z

% Output oriented - envelopment form;
case ("oo")
% Container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains:
% Lambdas (one for each n DMUs), s+ (output slacks, one for each s¥
outputs), s- (inputs slacks, one for each m inputs), theta (efficiency score, one figure)
Z = zeros(n,n+m+s+1);



% Objective function of the CCR_oo model: max(O*lambda + epsilon*(s+ + s-) +¢

theta);
f = -[zeros(1,n), epsilon*ones(1l,s+m), 1];
Iblambda = zeros(n,1); % Lower bounds for (n) lambdas;
Iboutput = zeros(s,1); % Lower bounds for (s) outputs;
Ibinput = zeros(m,1); % Lower bounds for (m) inputs ;

Ib = [Iblambda; lboutput; lIbinput]; % Lower bounds for lambdas, outputs (s+)¥
and inputs (s-);

for j=1:n
Aeq = [-Y", eye(s,s), zeros(s,m), Yd.,:)":
X®, zeros(m,s), eye(m,m), zeros(m,1)];
beq = [zeros(s,1):X(.,:)"1:

z = linprog(f¥,[1.[1,Aeq,beq,Ib,[1,[].options);
zg,:) = z;
% Inverse the optimized objective value of theta, to
% obtain a score <= 0
Z(g,ntm+s+1) = 1/Z(J ,n+m+s+1);

end

end
end
end

%% Generates the output file "DEAresults.table";

% nameDMU;

templ = "DMU_";

temp2 ones(n,l)*templ;
temp3 char (temp2);

temp4 = num2str((1:n)");
nameDMU = [temp3, temp4];
clear templ temp2 temp3 temp4

% labelX;
templ = * Input_~;
temp2 = ones(m,1l)*templ;
temp3 = char(temp2);
temp4 num2str((1:m)*");
temp5 = [temp3, temp4];
labelX = [];
for ind = 1:m
labelX = [labelX, temp5(ind,:)];

end
labelX;
clear templ temp2 temp3 temp4 temp5

% labelY;

templ = * output_-;
temp2 = ones(s,l)*templ;
temp3 = char(temp2);

temp4 = num2str((1:s)");

temp5 = [temp3, temp4];
labelY = [];
for ind = 1:s
labelY = [labelY,temp5(ind,:)];
end
labelY;
clear templ temp2 temp3 temp4 temp5



% Babellambda;

templ = * lambda_*;
temp2 = ones(n,l)*templ;
temp3 = char(temp2);
temp4 = num2str((1:n)");

temp5 = [temp3, temp4];
labellambda = [];
for ind = 1:n
labellambda = [labellambda,temp5(ind,:)];
end
label lambda;
clear templ temp2 temp3 temp4 temp5

% labelx_slack;

templ = *© x_slack_";
temp2 = ones(m,1l)*templ;
temp3 = char(temp2);

temp4 = num2str((1:m)*");
temp5 = [temp3, temp4];
labelx_slack = [];
for ind = 1:m
labelx_slack = [labelx_slack,temp5(ind,:)];
end
labelx _slack;
clear templ temp2 temp3 temp4 temp5

% labely_slack;

templ = * y_slack_~;
temp2 = ones(s,l)*templ;
temp3 = char(temp2);

temp4 = num2str((1:s)");

temp5 = [temp3, temp4];
labely_slack = [];
for ind = 1:s
labely_slack = [labely_slack,temp5(ind,:)];
end
labely_slack;
clear templ temp2 temp3 temp4 temp5

% labelx_multiplier;
templ = * x_multiplier_";
temp2 = ones(m,1l)*templ;
temp3 = char(temp2);
temp4 num2str((1:m)*");
temp5 = [temp3, temp4];
labelx_multiplier = [];
for ind = 1:m
labelx_multiplier = [labelx_multiplier,temp5(ind,:)];

end
labelx_multiplier;
clear templ temp2 temp3 temp4 temp5

% labely_multiplier;

templ = * y_multiplier_";
temp2 = ones(s,l)*templ;
temp3 = char(temp2);

temp4 = num2str((1:s)");

temp5 = [temp3, temp4];
labely_multiplier = [];
for ind = 1:s
labely_multiplier = [labely_multiplier,temp5(ind,:)];
end
labely_multiplier;
clear templ temp2 temp3 temp4 temp5



% labelfree variable;

templ = * free variable_ ~;
temp2 = ones(s,l)*templ;
temp3 = char(temp2);

temp4 = num2str((1:s)");

temp5 = [temp3, temp4];
labelfree_variable = [];
for ind = 1:s
labelfree_variable = [labelfree_variable,temp5(ind,:)];
end
labelfree_variable;
clear templ temp2 temp3 temp4 temp5

% formatX;
templ = "%12_.2F";
formatX 1:
for Ind = 1:m
formatX = [formatX,templ];

end
clear templ;

% formaty;
templ = "%12_2F";
formatY 1:
for ind 1:s
formatY = [formatY,templ];

end
clear templ;

% formatlambda;
templ = "%12.2f";
formatlambda = [];
for ind = 1:n
formatlambda = [formatlambda,templ];
end
clear templ;

% formatXmultiplier;
templ = "%12_2f";
formatXmultiplier = [];
for ind = 1:m
formatXmultiplier = [formatXmultiplier,templ];

end
clear templ;

% formatYmultiplier;
templ = "%12_2f";
formatYmultiplier = [];
for Ind = 1:s
formatYmultiplier = [formatYmultiplier,templ];
end
clear templ;

% formatFreeVariable;
templ = "%12_2f";
formatFreeVariable = [];
for ind = 1:s
formatFreevVariable = [formatFreeVariable,templ];
end
clear templ;

% Generates the file "DEAresults.table” with the results;

fid = fopen("DEAresults.table™,"wt");
fprintf(fid, "DEA results for the *);



switch model
case "add";
fprintf(fid, "Additive model\n\n");
fmtW = [formatX, formatY, formatlambda, formatX, formatY, "\n"];
W=1[X,VY,Z1];
fprintf(Ffid,["DMU name ", labelX, labelY, labellambda, labelx_slack, labely_slack "\n"]);

case "BCC-
switch form
case "m"
switch orientation
case "io"
fprintf(fid, "multiplier form - input oriented BCC model\n\n%);
case "oo"
fprintf(Ffid, "multiplier form - output oriented BCC model\n\n");
end
fmtW = [formatX, formatY, formatXmultiplier, formatYmultiplier, formatFreevVariable, "%¥
12.4F \n"];
W=1[X,Y,Z1;
fprintf(fid,["DMU name ~, labelX, labelY, labelx_multiplier, labely _multiplier, ¢
labelfree_variable * Theta\n"]);

case "e"
switch orientation
case "io"
fprintf(fid, "envelopment form - input oriented BCC model\n\n-");
case "oo"
fprintf(fid, "envelopment form - output oriented BCC model\n\n%);
end
fmtW = [formatX, formatY, formatlambda, formatX, formatY, "%12.4f \n"];
W=1[X,VY,Z1];
fprintf(fid,["DMU name ", labelX, labelY, labellambda, labelx_slack, labely_slack "¢
Theta\n"]);

end

case "CCR-
switch form
case "m*"
switch orientation
case "io"
fprintf(Fid, "multiplier form - input oriented CCR model\n\n*);
case "oo"
fprintf(Ffid, "multiplier form - output oriented CCR model\n\n");
end
fmtW = [formatX, formatY, formatXmultiplier, formatYmultiplier, "%12_4Ff \n"];
W=1[X,Y,Z1;
fprintf(fid,["DMU name ", labelX, labelY, labelx_multiplier, labely multiplier "¢
Theta\n"]);

case "e"
switch orientation
case "io"
fprintf(fid, "envelopment form - input oriented CCR model\n\n-");
case "oo"
fprintf(fid, "envelopment form - output oriented CCR model\n\n");
end
fmtW = [formatX, formatY, formatlambda, formatX, formatY, "%12.4f \n"];
W=1[X,VY,Z1];
fprintf(fid,["DMU name ~, labelX, labelY, labellambda, labelx_slack, labely _slack "¢
Theta\n"]);

end



end

% fprintfF(Ffid, fmtW,W");

for ind = 1:n;
fprintf(fid,nameDMU(ind, :));
fprintf(fid, fmtW,W(ind,:)");

end

fclose(fid);
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% Computes the upper and lower bounds of MARGINAL RATES for all DMUs;

% Input includes:

% X: a matrix of inputs (n x m)

% Y: a matrix of outputs(n x s)

% Thetas: a matrix of efficiency scores calculated by a DEA algorithm (n x 1)

% lambda: a matrix showing reference units for each unit, identified by a DEA algorithm (in¥
envelopment form) (n x n)

% multipliersDEA: multipliers for variables for each unit, identified by a DEA algorithm (inv
multiplier form) (n x m+s)

% targetVarType: F"input™ or "output”

%  targetVarlndice: indice of the target variable, for which marginal rates are to be¥
estimated

% DEA model: the DEA model used for the given thetas, lambdas, and multipliers - "CCR" or¥¢
"BCC*"

% algorithm: the algorithm to be used to detect marginal rates

% "PRIOR2006" for Prior D, Surroca J. Strategic groups based on marginal rates: Anv«
application to the Spanish banking industry. European Journal of Operational Research. 2006;170¢
(1):293-314.

Y% "ROSEN1998" for Rosen D, Schaffnit C, Paradi JC. Marginal rates and two-dimensional ¢
level curves in DEA. Journal of Productivity Analysis. 1998;9(3) :205-232.

% The output would be stored in two matrices MR_upperBound and MR_lowerBound containing "n"¥¢
rows, while each indicates the following for a DMU:

% "s® marginal rates related to output variables, and afterwards

% "m® marginal rates related to input variables

% Note that output values in both matrices would be identical for inefficient DMUs

% Executed with the following inputs:

% X = xIsread("myData.xlsx","input®);
% Y = xlIsread("myData.xlIsx", "output®);
% [n,m] = size(X)

% [n,s] = size(Y)

% Thetas = Z multiplier(:,end)

% lambda = Z_envelopment(:,1:n)

% multipliersDEA = Z_multiplier(:,1l:m+s)
% targetVarType = "input”;

% targetVarindice = 2;

%  DEA_model = "BCC";

% algorithm = "ROSEN1998";

function [MR_upperBound,MR_lowerBound] = MR_rev01(X, Y, Thetas, lambda, multipliersDEA, ¥
targetVarType, targetVarlndice, DEA_model, algorithm)

%% Setting

% extracts the number of DMUs, inputs and outputs;

[n,m] = size(X)

[n,s] = size(Y)

scoreForEfficientDMUs = 0.999;

% Create the throughput matrix out of input and output matrices: (y,-X)"T
T =L[Y,-X]1";

% extracts the number of DMUs, inputs and outputs;
[n,m] = size(X);
[n,s] = size(Y);

% Check that the indice of the target variable is between 1 and m for inputs and between 1 and¥
s for outputs
% Due to using the throughputs vector "T", the MRs indices need to be linked to the actualv¥
indices for inputs and outputs
if strcmp(targetvVarType, "input”®)

if (targetvVarindice > m || targetVarlndice <= 0)

disp("indice for the target variable to be used in margin rate estimation is out ofv

bound!*);



return;
else
J = sttargetVarindice;

end
elseif strcmp(targetVarType, "output”)
if (targetvVarindice > s || targetVarindice <= 0)
disp("indice for the target variable to be used in margin rate estimation is out ofv
bound!*);
return;
else
J = targetVarlindice;
end
else
disp("type for the target variable to be used in margin rate estimation is undefined!");
return;

end

% Setting efficient and inefficient units index: ldentifying MRs would be done differently forv«
efficient and inefficient units

efficientUnits = find(Thetas>=scoreForEfficientDMUs)

[countEfficientUnits,~] = size(efficientUnits);

inefficientUnits = find(Thetas<scoreForEfficientDMUS)

[countlnefficientUnits,~] = size(inefficientUnits);

%% Computes the results based on the given DEA model and chosen algorithm;
switch DEA model;

case ("CCR")
switch algorithm;
case ("ROSEN1998%)
%% Solving the linear program for EFFICIENT DMUs to obtain Marginal Rates (MRs) -«
Based on CCR results
% EFFICIENTS - ROSEN - CCR
% Proposed by (Rosen et al., 1998)
% Rosen D, Schaffnit C, Paradi JC. Marginal rates and two-dimensional level curvesv
in DEA. Journal of Productivity Analysis. 1998;9(3) :205-232.

% Containers for solution of the linear program, consisting of:

% 1 row for each n DMUs, while each row contains: marginal rates
MR_Rosen_plus = zeros(n,m+s);
MR_Rosen_minus = zeros(n,m+s);

% Objective functions: max(P_j) and min(P_j) via P
f _plus = -[zeros(1,j-1), 1, zeros(1,m+s-jJ)];
f_minus = [zeros(1,j-1), 1, zeros(1l,m+s-jJ)];

% Lower bounds
Ib = zeros(1,m+s);

zeros(countEfficientUnits,m+s);

A
b zeros(countEfficientUnits,1);

% Set the inequality constraint: throughput for every efficient unit * p <= 0
for k = 1l:countEfficientUnits

A(k,:) = T(:,efficientUnits(k,:))";
end

% For every other variable (than indice j) assess MR
for i = 1:s+m
i
% For every efficient DMU, compute the MRs of the target variable (j) against¥¢
variable (i)
for ind = 1:countEfficientUnits



o = efficientUnits(ind,1)

Aeq = [T(:,0)";.-.
zeros(1,i-1),1,zeros(1,s+m-i)];
beq = [0;...
1]

%linprog(f,A,b,Aeq,beq,Ib,[],[],o0ptions);
[mr_plus,fval,exitflag_plus] = linprog(f_plus,A,b,Aeq,beq, Ib);
[mr_minus,fval ,exitflag_minus] = linprog(f_minus,A,b,Aeq,beq,lb);

% Check and Map the valid results
if strcmp(targetVarType, "input”®)
ifi<=s % "i" corresponds
(marginal productivity): Map appropriately
if exitflag_minus >= 0
MR_Rosen_plus(o, 1)
else
MR_Rosen_plus(o, 1)
end
if exitflag_plus >= 0 %
MR_Rosen_minus(o,i) =
else
MR_Rosen_minus(o,i) =
end
else % "1" corresponds
(marginal rate of substitution): Map appropriately
if exitflag_minus >= 0
MR_Rosen_plus(o,i) =
else
MR_Rosen_plus(o,i) =
end
if exitflag plus >= 0 %
MR_Rosen_minus(o,i) =
else
MR_Rosen_minus(o, i) =
end

%

%

end
elseif strcmp(targetVarType, "outp
ifi<=s % "i" corresponds
(marginal rate of transformation): Map appropriately
if exitflag_plus >= 0 %
MR_Rosen_plus(o,1) =
else
MR_Rosen_plus(o, 1)
end
if exitflag_minus >= 0
MR_Rosen_minus(o, i)
else
MR_Rosen_minus(o, i)
end
else
(marginal cost): Map appropriately
if exitflag_plus >= 0
MR_Rosen_plus(o, 1)
else
MR_Rosen_plus(o, i)

%

% "1" corresponds

%

end

if exitflag_minus >= 0
MR_Rosen_minus(o, i)

else
MR_Rosen_minus(o, i)

%

end
end

to the final MR
to an output, thus the MR is a MP¥

if solution was existing and bounded

- mr_minus(j);

inf;

if solution was existing and bounded
- mr_plus(g);

-inf;
to an input, thus the MR is a MRS¥

if solution was existing and bounded

mr_minus(§);

inf;

if solution was existing and bounded
mr_plus(j);

-inf;
ut®)
to an output, thus the MR is a MRTY

if solution was existing and bounded
mr_plus(g);

inf;

if solution was existing and bounded
mr_minus(j);

-inf;
to an input, thus the MR is a MCVY

if solution was existing and bounded
- mr_plus();

inf;

if solution was existing and bounded
- mr_minus(g);

-inf;



end

end
end
MR_upperBound = MR_Rosen_plus
MR_lowerBound MR_Rosen_minus

case ("PRIOR2006%)
%% Solving the linear program for EFFICIENT DMUs to obtain Marginal Rates (MRs) -«
To be used for CCR results
% EFFICIENTS - PRIOR - CCR
% Proposed by (Prior & Surroca, 2006): added constraints to obtain bounded results
% Prior D, Surroca J. Strategic groups based on marginal rates: An application tov
the Spanish banking industry. European Journal of Operational Research. 2006;170(1):293-314.

% Containers for solution of the linear program, consisting of:

% 1 row for each n DMUs, while each row contains: marginal rates
MR_Prior_plus = zeros(n,m+s);
MR_Prior_minus = zeros(n,m+s);

% Objective functions: max(P_j) and min(P_j) via P and d
f_plus = -[zeros(1,j-1), 1, zeros(1l,m+s-j), 0];
f_minus = [zeros(1,j-1), 1, zeros(1l,m+s-j), 0];

% Lower bounds

Ib = zeros(1,m+s+1);
Ib(1,1:m+s) = -inf;
Ib(1,m+s+1) = eps;

% For every other variable (than indice j) assess MR
for i = 1:m+s

zeros(countEfficientUnits+l+m+s-i,m+s+1);
zeros(countEfficientUnits+l+m+s-i,1);

O > mom
1

% Set the inequality constraints: throughput for every efficient unit * p <= 0
for k = 1l:countEfficientUnits

A(k,:) = [T(:,efficientUnits(k,:))",01;
end

% For every efficient DMU, compute the MRs of the target variable (j) against¥
variable (i)
for Ind = 1:countEfficientUnits
o = efficientUnits(ind,1)

Aeq = [T(:,0)",0;...
zeros(1,i1-1),1,zeros(1,m+s-1),0];
beq = [0;.-.
1];

% Set the inequality constraints: P_i - P_jJ +d <=0
k = countEfficientUnits + 1;
Ak, 1) = 1;
A(k,§) = -1;
Ak,m+s+1) = 1;
% Set the inequality constraints: P i+l - P i +d <=0 ... P_m+s - P_m+s-1V¢
+d<=0
k =k + 1;
for ind2 = (i+1):(m+s)
A(k,ind2) = 1;
A(k,ind2-1) = -1;
A(k,m+s+1) = 1;
k =k + 1;



end

%linprog(f,A,b,Aeq,beq, Ib,[],[],options);
[mr_plus,fval,exitflag_plus] = linprog(f_plus,A,b,Aeq,beq, Ib);
[mr_minus,fval,exitflag_minus] = linprog(f_minus,A,b,Aeq,beq, Ib);

% Check and Map the valid results to the final MR
if strcmp(targetvVarType, "input”®)
ifi<=s % "i" corresponds to an output, thus the MR is a MP¥
(marginal productivity): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded

MR_Prior_plus(o,i) = - mr_minus(g);
end
if exitflag_plus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = - mr_plus(j);
end
else % "i" corresponds to an input, thus the MR is a MRSV

(marginal rate of substitution): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_plus(o,i) = mr_minus(j);
end
if exitflag plus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = mr_plus(g);
end
end
elseif strcmp(targetVarType, “output®)
ifi<=s % "i" corresponds to an output, thus the MR is a MRTY
(marginal rate of transformation): Map appropriately
if exitflag plus >= 0 % if solution was existing and bounded
MR_Prior_plus(o,i) = mr_plus();
end
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = mr_minus(j);
end
else % "i" corresponds to an input, thus the MR is a MC¥
(marginal cost): Map appropriately
if exitflag_plus >= 0 % if solution was existing and bounded

MR_Prior_plus(o,i) = - mr_plus(j);

end

if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = - mr_minus();

end

end
end
end
end

MR_upperBound = MR_Prior_plus
MR_lowerBound = MR_Prior_minus

end

case ("BCC*")
switch algorithm;
case ("ROSEN19987)
%% Solving the linear program for EFFICIENT DMUs to obtain Marginal Rates (MRs) -«
Based on BCC results
% EFFICIENTS - ROSEN - BCC
% Proposed by (Rosen et al., 1998)
% Rosen D, Schaffnit C, Paradi JC. Marginal rates and two-dimensional level curvesv¥
in DEA. Journal of Productivity Analysis. 1998,;9(3) :205-232.

% Containers for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains: marginal rates (m+s), w_i ( =¢
freeSlack/P_i)



MR_Rosen_plus = zeros(n,m+s);
MR_Rosen_minus = zeros(n,m+s);

% Objective functions: max(P_j + O*w_i) and min(P_j + O*w_i) via P,w_i
f plus = -[zeros(1,j-1), 1, zeros(1,m+s-j+1)];
f _minus = [zeros(1,j-1), 1, zeros(1,m+s-j+1)];

% Lower bounds
Ib = zeros(1,m+s);

A = [zeros(countEfficientUnits,m+s),ones(countEfficientUnits,1)];
b zeros(countEfficientUnits,1);

% Set the inequality constraint: throughput for every efficient unit * p + w_i <=v¢

for k = 1l:countEfficientUnits
A(k, ) = [T(:,efficientUnits(k,:))",1];
end

% For every other variable (than indice j) assess MR
for i = 1:m+s
i
% For every efficient DMU, compute the MRs of the target variable (j) against¥
variable (i)
for ind = l:countEfficientUnits
o = efficientUnits(ind,1)

Aeq = [T(:,0)",1;...
zeros(1,i-1),1,zeros(1,m+s-i+1)];
beq = [0;...
1]1;

%linprog(f,A,b,Aeq,beq,Ib,[],[],options);
[mr_plus,fval,exitflag_plus] = linprog(f_plus,A,b,Aeq,beq, Ib);
[mr_minus,fval,exitflag_minus] = linprog(f_minus,A,b,Aeq,beq, Ib);

% Check and Map the valid results to the final MR
if strcmp(targetVarType, "input”®)
if 1 <=s % "i" corresponds to an output, thus the MR is a MPV¥
(marginal productivity): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded

MR_Rosen_plus(o,i) = - mr_minus(J);

else
MR_Rosen_plus(o,i) = inf;

end

if exitflag plus >= 0 % if solution was existing and bounded
MR_Rosen_minus(o,i) = - mr_plus(j);

else
MR_Rosen_minus(o,i) = -inf;

end

else % "i" corresponds to an input, thus the MR is a MRS¥

(marginal rate of substitution): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Rosen_plus(o,i) = mr_minus(j);
else
MR_Rosen_plus(o, 1)

inf;
end
if exitflag plus >= 0 % if solution was existing and bounded
MR_Rosen_minus(o,i) = mr_plus();
else
MR_Rosen_minus(o,i) = -inf;
end
end
elseif strcmp(targetVarType, "output®)
ifi<=s % "i" corresponds to an output, thus the MR is a MRTY



(marginal rate of transformation): Map appropriately
if exitflag plus >= 0 % if solution was existing and bounded
MR_Rosen_plus(o, 1) mr_plus(@);
else
MR_Rosen_plus(o, i)
end
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Rosen_minus(o, i) mr_minus(§);
else
MR_Rosen_minus(o, i)
end
else %
(marginal cost): Map appropriately
if exitflag_plus >= 0 % if solution was existing and bounded

inf;

-inf;

i corresponds to an input, thus the MR is a MC¥

MR_Rosen_plus(o,i) = - mr_plus(j);
else
MR_Rosen_plus(o,i) = inf;
end
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Rosen_minus(o,i) = - mr_minus(J);
else
MR_Rosen_minus(o,i) = -inf;
end

end
end

end
end
MR_upperBound MR_Rosen_plus
MR_lowerBound = MR_Rosen_minus

case ("PRIOR2006%)
%% Solving the linear program for EFFICIENT DMUs to obtain Marginal Rates (MRs) -«
To be used for BCC results
% EFFICIENTS - PRIOR - BCC
% Proposed by (Prior & Surroca, 2006): added constraints to obtain bounded results
% Prior D, Surroca J. Strategic groups based on marginal rates: An application tov
the Spanish banking industry. European Journal of Operational Research. 2006;170(1):293-314.

% Containers for solution of the linear program, consisting of:

% 1 row for each n DMUs, while each row contains: marginal rates
MR_Prior_plus = zeros(n,m+s);
MR_Prior_minus = zeros(n,m+s);

% Objective functions: max(P_j + O*w_i + 0*d) and min(P_j + O*w_i + 0*d) via P,w_i,V¢

f _plus = -[zeros(1,j-1), 1, zeros(1l,m+s-jJ), 0, 0];
f_minus = [zeros(1,j-1), 1, zeros(l,m+s-j), 0, 0];

% Lower bounds

Ib = zeros(1,m+s+1);

Ib(1,1:m+s+1) = -inf; % no lower bound for P_j and w_i
Ib(1,m+s+2) = eps; % d>0

% For every other variable (than indice j) assess MR

for i = 1:m+s
i
A = zeros(countEfficientUnits+l+m+s-i,m+s+2);
b = zeros(countEfficientUnits+l+m+s-i,1);
% Set the inequality constraints: for every efficient unit, T *p + w_i <=0

for k = 1l:countEfficientUnits
Alk,:) = [T(:,efficientUnits(k,:))",1,0];
end



% For every efficient DMU, compute the MRs of the target variable (J) againsty
variable (i)
for ind = l:countEfficientUnits
o = efficientUnits(ind, 1)

Aeq = [T(:,0)",1,0;...
zeros(1,i-1),1,zeros(1,m+s-i),0,0];
beq = [0;...
1];

% Set the inequality constraints: P_i - P_j +d<=0
k = countEfficientUnits + 1;

Alk,i1) = 1;

A(k.§) = -1;

A(k,m+s+2) = 1;

% Set the inequality constraints: P_i+l - P i +d <=0 ... P_m+s - P_m+s-1¢
+d<=0
k =k+ 1;
for Ind2 = (i+1):(m+s)
A(k,ind2) = 1;
A(k,ind2-1) = -1;
Ak,m+s+2) = 1;
k =k + 1;
end

%linprog(f,A,b,Aeq,beq,Ib,[],[],options);
[mr_plus,fval,exitflag_plus] = linprog(f_plus,A,b,Aeq,beq, Ib);
[mr_minus,fval ,exitflag_minus] = linprog(f_minus,A,b,Aeq,beq, lb);

% Check and Map the valid results to the final MR
if strcmp(targetVarType, "input”®)
ifi<=s % "i" corresponds to an output, thus the MR is a MPY
(marginal productivity): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded

MR_Prior_plus(o,i) = - mr_minus(j);
end
if exitflag_plus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = - mr_plus(j);
end
else % "i" corresponds to an input, thus the MR is a MRSV

(marginal rate of substitution): Map appropriately
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_plus(o,i) = mr_minus(j);
end
if exitflag plus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = mr_plus(g);
end
end
elseif strcmp(targetVarType, “output®)
ifi<=s % "i" corresponds to an output, thus the MR is a MRTY
(marginal rate of transformation): Map appropriately
if exitflag plus >= 0 % if solution was existing and bounded
MR_Prior_plus(o,i) = mr_plus(J);
end
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = mr_minus(j);
end
else % "i" corresponds to an input, thus the MR is a MC¥
(marginal cost): Map appropriately
if exitflag plus >= 0 % if solution was existing and bounded
MR_Prior_plus(o,i) = - mr_plus(j);
end
if exitflag_minus >= 0 % if solution was existing and bounded
MR_Prior_minus(o,i) = - mr_minus(Q);



end
end
end

end
end
MR_upperBound
MR_lowerBound

MR_Prior_plus
MR_Prior_minus

end
end

%% Solving the linear program for INEFFICIENT DMUs to obtain Marginal Rates (MRs)

% INEFFICIENTS - PRIOR

% Algorithm proposed by (Prior & Surroca, 2006)

% Prior D, Surroca J. Strategic groups based on marginal rates: An application to the Spanishv¢
banking industry. European Journal of Operational Research. 2006;170(1):293-314.

% Temporary container for solution of the linear program, consisting of:
% 1 row for each n DMUs, while each row contains: marginal rates
MR_Inefficients = zeros(n,m+s);

% For every other variable (than indice j) assess MR
for i = 1:m+s

i

% For every inefficient DMU, compute the MRs of the target variable (j) against variable¥
@

for i = l:countlnefficientUnits
o inefficientUnits(ind, 1)
mr = 0;

nd

% Setting reference units index for the unit being analyzed (0): the ones with lambda >¢

referrenceUnits = find(lambda(o, :)>=1-scoreForEfficientDMUs)
[countReferenceUnits,~] = size(referrenceUnits);

% Set the inequality constraint: throughput for every efficient unit * p <= 0
for k = 1l:countReferenceUnits

r = referrenceUnits(k)

mr = mr + ( lambda(o,r) * multipliersDEA(r,j) /7 multipliersDEA(r,i) )
end

MR_Inefficients(o,i) = mr;
MR_upperBound(o,i) = mr;
MR_lowerBound(o,i) = mr;
end
end
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