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ABSTRACT 

 

This dissertation explores the use of the efficiency performance measurement paradigm (EM), in 

terms of its concepts and applications, as an ex-ante mechanism to evaluate enterprise performance and 

inform enterprise design. The design of an enterprise is driven by decisions that include, but not limit to, 

which strategies to implement, how to allocate resources, how to shift operating patterns, and how to 

boost coordination among enterprises, among others. Up to date, EM has been mainly used as a 

descriptive mechanism, but the fundamental reason for measuring performance in an ex-post fashion, i.e., 

how well an enterprise does, is also valid in the context of design decisions, i.e., ex-ante evaluation. The 

contrast between the ex-post and ex-ante use of EM relates to the measurement purpose, i.e., why to 

measure. Ex-post measurement focuses on evaluating ‘what happened’ (non-disruptive) while ex-ante 

measurement emphasizes in informing design decisions exploring changes in current settings (more 

disruptive). Within this context and to achieve the purpose above, this dissertation is supported by 

theoretical insights and complemented with three empirical studies. The theoretical insights relate to facts 

that support, connect to, and challenge (i.e., facilitate or impede) the ex-ante use of EM for enterprise 

evaluation and informing enterprise design. Those insights are based on the efficiency performance 

measurement, organizational design and enterprise systems engineering literature. Meanwhile, the three 

empirical studies situate the application of EM as an ex-ante mechanism to inform evacuation 

management, bank branch management, and power plants. The theoretical and empirical results indicate 

that EM is well suited for both evaluating enterprise performance and informing design decisions. The 

main contribution of this dissertation to enterprise stakeholders is that EM can be not only used to answer 

how well the enterprise did, but also how well it could do if certain design decisions are taken. 
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GENERAL AUDIENCE ABSTRACT 

 

 The focus of this dissertation is the enterprise and the decisions made by its stakeholders to 

achieve certain goals. An enterprise is defined as an entity composed of people, processes, and 

infrastructures coming together with a purpose, e.g., providing products and/or services to a certain 

market. Enterprise stakeholders, as for example managers, need to make decisions for the enterprise to 

move forward and survive. Those decisions can include choosing strategies to overcome market 

challenges, how to use scarce resources, how to change the product/service portfolio of field offices to 

improve their performance, and how to promote coordination among field offices to achieve a corporate 

objective, among others. The common denominator among these decisions is looking at the future as 

opposed to only describe ‘what happened’ in the past. To make decisions, a way to measure the impact of 

decisions on the achievement of the enterprise’s goals is needed. Within this context, this dissertation 

looks at a measurement approach, successfully used to describe how enterprises have done in the past, as 

a means to inform the impact of decisions on the performance of enterprises. Such a measurement 

approach is coined in the literature as efficiency performance measurement (EM), and it aims to measure 

the achievement of goals by comparing the results obtained to the resources used. By exploring the use of 

EM to inform enterprise decisions, this dissertation reviews the literature dealing with enterprise decisions 

and design. Furthermore, the previous review is supported by three case studies looking at three different 

enterprises: evacuation management, a network of bank branches, and a network of power plants. Each 

case study provides a clear example of enterprise goals, decisions, and ways of measurement while 

integrating EM and considerations pertaining to each enterprise. The general results indicate that EM 

provides an alternative way to evaluate how enterprises do and how they could do in the future if certain 

decisions are taken. 
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Chapter 1. Introduction 

1. Introduction 

Enterprise design has gained an important momentum in the systems engineering and 

organizational design research communities. The concept of enterprise design comes from enterprise 

systems engineering (ESE), which deals with the systematic analysis, design, implementation and 

operation of enterprises (Joannou, 2007). An enterprise is an integrated whole entity consisting of people, 

processes, and infrastructure systems
1
 where decisions are made to achieve goals (Rebovich and White, 

2011). Enterprises have life cycles (i.e., design, implementation, operation, and retirement), they can be 

conventional (e.g., private companies, government agencies, and nonprofits) or non-conventional (e.g., 

virtual and temporary organizations), and their goals can include profit and/or welfare purposes. The 

implications of performing ‘well’ for enterprises at any stage of their life cycles are many. They include 

using limited resources in the best way possible, achieving short and long term goals, and building 

capabilities to ensure survivability. The notion of performing ‘well’ can be interpreted by various 

stakeholders differently. For instance, shareholders will be focused on high returns to investment, while 

stakeholders such as operational managers could concentrate on efficient resource allocation. Each 

perspective considers a different realization of performance; therefore, enterprise performance is holistic 

and multi-dimensional in nature. 

This research starts with the assertion that enterprise design decisions can be informed from 

measuring performance in an ex-ante fashion. Examples of these decisions include, but not limited to: 

which strategies to implement, how to allocate resources, how to shift current operating patterns toward 

more promising practices, how to boost coordination among enterprises operating in networks, etc. 

Performance is here seen as a process requiring both technical measurement and an understanding of the 

socio-technical components (i.e., people, processes, and infrastructure systems) that influence enterprise 

performance. To support enterprise design decisions, performance measurement must go from a singular-

based metric perspective to one based on multiple dimensions, e.g., multiple goals, stakeholders, systems, 

etc. Basically, this research departs from systems engineering, and to some extent from enterprise systems 

engineering, in that unidimensional metrics to evaluate performance are not sufficient. This is because 

singular metrics do not capture the interactions among socio-technical components of the enterprise, and 

moreover, its measurement is almost always performed at operational stages rather than design ones, i.e., 

ex-post (Braha, Minai, and Bar-Yam, 2006). The use of a multi-dimensional conceptualization of 

performance ensures that (1) all the key interactions among the socio-technical components of the 

enterprise are captured; (2) all the enterprise goals and individual system functions expected by multiple 

stakeholders are included; and (3) guidance on improving local actions to improve global consequences is 

provided. 

To capture the complex nature of interactions and goals into the measurement of performance, 

this research includes mathematical modeling. The intellectual contribution goes beyond the application 

of mathematical models since the goal is to make performance measurement a mechanism that informs 

enterprise design decisions, and also to capture through tractable models the enterprise realities by linking 

engineering, organizational and social science insights. The exploration of the linkages between enterprise 

design, engineering, organizational and social sciences allow for the identification of factors that may 

affect the understanding of enterprise performance when considering future design decisions. 

To conceptualize and model multi-dimensional enterprise performance, this research builds and 

expands on the capabilities that the efficiency measurement theory and techniques might offer in 

                                                           
1 E.g., Informational systems such as software, physical systems such as transportation networks, etc. 

“We are moving at accelerated pace from building systems to solve problems in specialized fields to 

building global enterprises that solve problems in cooperative ventures” - Rebovich and White (2011) 
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providing novel and complementary ways to inform enterprise design. Within the literature on 

performance measurement, efficiency measurement concepts and techniques stand out by considering 

performance as a multi-dimensional construct. This allows for (1) the identification of all the elements of 

a design problem (e.g., stakeholders, processes, singular systems, factors defining efficiency), (2) the 

discovery of the critical factors shaping enterprise goals, and (3) recognizing the existence of multiple 

‘satisfactory’ design solutions, how they differ, and how they rank based on specific evaluation criteria. 

The technical premise of efficiency measurement is to measure the relative efficiency and/or 

effectiveness achieved by organizational units (e.g., enterprises) while transforming sets of inputs into 

outputs and/or outcomes (Farrell, 1957; Charnes, Cooper, and Rhodes, 1978). This premise encompasses 

the purpose of enterprise design as a process that generates a design option that uses certain resources 

(inputs) that are transformed by the socio-technical components of the enterprise (transformation process) 

to achieve specific goals (outputs and/or outcomes). An important feature in efficiency measurement is 

the requirement of building from the underlying transformation processes. The traditional use of 

efficiency measurement considers these processes as black boxes, giving more importance to the ex-post 

minimization of inputs and/or the ex-post maximization of outputs and/or outcomes. This research pays 

special attention to the nature and interactions of the underlying processes (e.g., socio-technical 

components). This is in order to switch the use of efficiency measurement from an ex-post evaluation 

approach to an ex-ante mechanism that informs enterprise design. 

 

1.1  Research Overview and Organization 

This research explores the use of the efficiency measurement paradigm and way of thinking as an 

ex-ante mechanism to evaluate enterprise efficiency performance, and inform enterprise design when 

viewing an enterprise as a system integrated across multiple socio-technical components. This endeavor 

wishes to create mechanisms to enhance the strategic performance management of enterprises. In doing 

so, this research provides the following capabilities: (1) Analysis of the multiple stakeholders and socio-

technical components of an enterprise: analysis of interrelationships among components and their impact 

on the enterprise efficiency performance; (2) Modeling and evaluation of the interactions among socio-

technical components of an enterprise: identifying determinants of efficiency performance, capturing 

enterprise realities through operations research, statistical techniques, and socio-behavioral 

considerations. The resulting models allow for the evaluation of enterprise efficiency performance; (3) 

Informing enterprise design in terms of critical determinants of efficiency performance and the level of 

attainment of enterprise goals.  

To provide the previous capabilities, this research focuses on three empirical studies based on 

three different enterprises along with their nuances and singularities. The enterprises subject to study are: 

evacuation management (non-conventional), a network of retail bank branches (conventional), and a 

network of power plants (conventional). For each enterprise different evaluation and design needs are 

identified, making the exploration, application and analysis of performance measurement quite different 

in each case. For more details, the research objectives are described in the next section, and the results 

related to each enterprise are presented in three independent essays in Chapters 2, 3, and 4.  

By considering the central idea of expanding multi-dimensional performance measurement to 

enterprise design and apply its results to inform future design decisions, this research presents in Chapter 

5 a theoretical and empirical synthesis assessing the use of the efficiency performance measurement 

paradigm, in terms of its concepts and applications, as an ex-ante mechanism to evaluate enterprise 

performance and inform enterprise design. The synthesis includes a discussion of the main results, 

insights, and learnings obtained from three exploratory enterprises under analysis. The contention of this 

research is that this synthesis can stimulate future work on enterprise design and evaluation, as well as 

pointing at the conceptual and methodological challenges that facilitate and/or impede making progress in 

this field. Also, the synthesis might serve as translational platform for future generalizations of enterprise 

performance measurement, and to integrate literature on the topic of interest so that the synthesis is 

augmented. 
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2. Research Background 

The socio-technical components of an enterprise interact in complex and continuous ways, e.g., 

feedback loops, delays, etc. The resulting interactions can take the form of, for example, activity 

coordination or information sharing (Rebovich and White, 2011). In addition, they can take place in 

specific places or across multiple geographic locations depending on the enterprise configuration, e.g., a 

single enterprise or a network of enterprises. This integrative view of an enterprise is quite recent. Some 

decades ago, an enterprise was not viewed as a whole interacting entity. Its socio-technical components 

were designed, analyzed and somehow ‘optimized’ individually (Giachetti, 2010). As a result of this 

reductionist approach, disciplines such as systems engineering (SE) became popular for designing, 

implementing and operating systems based on technical requirements. Nowadays, the concept of 

enterprise goes beyond singular socio-technical components and involves the identification and 

understanding of the interactions among components (Saenz, Chen, Centeno, and Giachetti, 2009), and 

moreover, the influences of operating environments. In consequence, the design of a new enterprise or 

redesign of an existing one is expected to be an integrative, conscious, and purposeful effort that takes 

into account both goals and technical requirements (Giachetti, 2010). 

Enterprise design requires creating an integrated entity able to respond to new market 

opportunities, or improving an existing integrated system to face the challenges of its current 

environment. Over the years engineering has played a key role in assisting the design, acquisition, 

implementation and operation of technical systems by applying the traditional SE approach. This has been 

addressed taking advantage of design as a key characteristic of the engineering activity (Triantis, 2015). If 

the purpose is to design an enterprise as a whole entity, the engineering design toolbox migrates from SE 

to ESE. Swarz, DeRosa, and Rebovich (2006) state that although still quite immature, ESE points at the 

interconnectedness among singular systems, socio-technical components, and operating environments as a 

critical factor for success (Rebovich and White, 2011). Since the introduction of ESE, processes such as 

capability planning, strategic planning, enterprise architecture, technology planning, and assessment and 

analysis have been proposed and covered to one degree or another (Swarz et al., 2006; Rebovich and 

White, 2011). However, up to date most progress on performance measurement (i.e., enterprise 

assessment and analysis- EA&A in ESE) have focused on ex-post evaluations, through singular metrics, 

looking at the life cycle stages of implementation and operation. For example, Rebovich and White 

(2011) describe the use of performance measurement to evaluate the functioning of various technologies 

of data sensors for threat detection produced by an enterprise. The authors highlight how performance 

measurement looks simultaneously at the operational assessment of data sensor metrics, the identification 

of goals of the stakeholders, and the quantitative analysis of the results considering both the operational 

metrics and stakeholder goals. According to Swarz et al. (2006), enterprise assessment and analysis 

should take place at every stage of the enterprise life cycle. This is because at each state, the stakeholders 

of the enterprise expect for it to be both efficient (i.e., optimum resource allocation and output generation) 

and effective (i.e., achieving expected strategic outcomes). Of course, each of these goals could account 

for multiple factors achieving efficiency and effectiveness in varied and sometimes conflicting ways. 

Thus, ESE might benefit from extending a multi-dimensional approach for measuring enterprise 

performance in terms of informing enterprise design. In other words, to use performance measurement as 

an ex-ante mechanism to evaluate and inform future enterprise design decisions.  

Exploring an ex-ante performance measurement perspective raises important questions, as for 

example: what constitutes good enterprise performance? Is it efficiency enough to define ‘good’ 

enterprise performance? How to identify and analyze needs for design? How do socio-technical 

components interact within the enterprise? How to model and evaluate enterprise performance from a 

multidimensional perspective? How can performance measurement results inform future design 

decisions? Within this context, engineers, organizational scientists and practitioners have explored some 

of those questions when looking at the design of individual socio-technical components of the enterprise: 

people, processes and infrastructure systems (Junwei, Yang, and Jian, 2005; Mertins and Jochem, 2005; 

Galpin, Hilpirt, and Evans, 2007; Joannou, 2007; McGinnis, 2007; Rashid, Masood and Weston, 2009; 

Ganguly and Mansouri, 2011; Fradinho, 2014; Bi, Xu, and Wang, 2014). Nonetheless, those questions 
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have not been really addressed from a holistic and multi-dimensional performance measurement point of 

view.  

By looking in detail at the efficiency performance measurement literature, which deals with 

multi-dimensional performance measurement, it has focused more on enterprise operations rather than 

design. It has emphasized in studying how well enterprises do with regard to the allocation of multiple 

inputs to generate multiple outputs/outcomes. This makes efficiency performance measurement to lean 

more toward an ex-post perspective for enterprise evaluation, i.e., describing ‘what happened’ to provide 

guidance for improvement (Kamiyama, 2013). Comparatively, an ex-ante perspective will essentially 

look at informing future decisions. Thus, there is not an exclusive interest in past performance, but in how 

understanding the past would help in informing decisions that imply changes for the enterprise, i.e., 

design decisions. Considering the need of enterprise design to be informed by multi-dimensional 

performance measurement, and the exploration of efficiency performance measurement as an ex-ante 

mechanism to inform enterprise design, this research proposes an exploration of both issues by integrating 

efficiency performance measurement, statistical and engineering approaches along with social science 

considerations through the three empirical enterprises mentioned in Section 1.1 and study in Chapters 2, 

3, and 4. 

 

2.1 Efficiency Performance Measurement 

Efficiency measurement has been historically used to measure the performance of productive 

systems or processes, i.e., it has been used to estimate the rate of output generation based on input 

consumption. Over the years, efficiency measurement has moved toward service-oriented systems and 

processes, and it has been also used to measure effectiveness when looking at outcomes instead of 

outputs. The main premise of efficiency measurement is that performance is a multi-dimensional 

construct that can be measured and optimized (Charnes et al., 1978; Banker, Charnes, and Cooper, 1984). 

In the literature, efficiency measurement has been considered from econometric (Aigner, Lovell, and 

Schmidt, 1977; Meeusen and Van den Broeck, 1977; Battese and Corra, 1977) and operations research 

(Farrell, 1957; Charnes et al., 1978) points of view. Departing from the operations research viewpoint, the 

motivation of this research is to build and expand on efficiency measurement using Data Envelopment 

Analysis (DEA) to inform enterprise design. The exploration of the econometric perspective and its 

potential integration with the operations research one is left for future work. 

DEA is a nonparametric approach to measure the relative efficiency and/or effectiveness of 

production units, service units, processes, or in more general terms decision making units (DMUs), which 

can represent enterprises. DEA optimizes, through linear programming, the output/outcome-input ratio of 

DMUs based on input minimization and/or output/outcome maximization. By using DEA, the contention 

is that efficiency measurement can lead to efficiency-driven enterprise design, where the enterprise 

efficiency and/or effectiveness are maximized to satisfy stakeholders’ goals while looking at multiple 

socio-technical components. This goes beyond the traditional ex-post use of DEA and aligns with the 

need to make DEA more responsive to future enterprise opportunities (Paradi and Sherman, 2014). 

Over the years, DEA has been used to classify DMUs as efficient or inefficient, and then propose 

improvements for the inefficient DMUs. Few applications informing enterprise design are encountered in 

the literature, e.g., see Zhao, Triantis, Murray-Tuite, and Edara (2011). According to Cook, Seiford, and 

Zhu (2013) and Liu, Lu, and Lu (2016), research on DEA during the last three decades has been focused 

on (1) proposing multiple models to measure efficiency, (2) defining approaches to incorporate varied 

DMUs’ structures, (3) proposing methodologies to check the quality of variables used for DEA analysis, 

and (4) proposing models to capture and explain data variations. As a result, the focus of DEA up to date 

is more related to the tools than to the ‘so what’ (Cooper, 2014). Common DEA applications deal with 

efficiency performance in sectors such as healthcare (Banker, Conrad, and Strauss, 1986), transportation 

(Cullinane, Song, and Ji, 2006), and nonprofit organizations (Medina-Borja, Pasupathy, and Triantis, 

2007), among others. 

DEA models vary depending on the level of detail in the definition of the underlying 

transformation processes of the DMUs being analyzed. Classical DEA assumes the underlying 
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transformation process as a ‘black box’ that transforms inputs into outputs (see Figure 1a). This notion 

does not allow for the identification of sub-processes within the transformation process, if they exist. For 

example, a DMU representing an enterprise can be defined as a ‘black box’, and the socio-technical 

components within the enterprise might be defined as sub-processes (e.g., infrastructure systems). To 

open up the ‘black box’ and account for greater level of the underlying processes, Färe and Grosskopf 

(2000) include sub-processes linked through networks (see Figure 1b). This approach is called network 

DEA. It modifies classical DEA concepts and models by including sub-processes and the notion of 

interactions among sub-processes (represented through intermediate inputs/outputs). Typical models used 

to address network DEA are the radial network DEA model by Färe and Grosskopf (2000), and the 

slacks-based measure and non-radial network model by Tone and Tsutsui (2009). In order to account for 

temporal effects, an extension of the network DEA approach is introduced and it is called dynamic 

network DEA. The concept of ‘dynamics’ is captured as the inter-temporal correspondence (mapping) 

between inputs and outputs (Bogetoft, Färe, Grosskopf, Hayes, and Taylor, 2009), see Figure 1c. 

Dynamic network DEA accounts for the degree of influence that input, outputs, outcomes from one 

period of time have on inputs, outputs, outcomes used/generated in the future (Chen, 2009). The inter-

temporal relationships are captured through carry-over variables, linking periods of time (e.g., t and t+1). 

Examples of carry-overs are provided in Tone and Tsutsui (2014). The current literature offers two ways 

to implement dynamic network DEA: a radial approach by Bogetoft et al. (2009) and Färe and Grosskopf 

(2000), and a non-radial approach by Tone and Tsutsui (2014). 

 

 

 
 

 
 

Figure 1. DEA Approaches: (a) Classical DEA, (b) Network DEA, (c) Dynamic Network DEA 

 

In this research, a dynamic network DEA approach is used to explore how efficiency 

performance measurement might inform design of evacuation strategies (see Chapter 2). Also, a classical 

DEA approach is used to explore how efficiency measurement might inform design of a network of bank 

branches (see Chapter 3), and a network of power plants (see Chapter 4). For each case, the DMU 

definition, DEA models, and results are fully discussed in each essay. 

 

3. Research Objectives 

Exploring how efficiency measurement can inform enterprise design aligns to what Triantis 

(2015) highlights as the need to link the efficiency measurement literature with the design and operation 

of engineered systems. By following this purpose, objectives at two levels are identified for this research: 

(1) an aggregate objective aiming to inform enterprise design, and hence, enterprise systems engineering 

(ESE); and (2) the exploration of detailed objectives pertaining to the three enterprises explored in this 

research, and hence, the research fields related to them. The detailed objectives are certainly aligned with 

the research goal of this dissertation, but also deviate from it when dealing with specific issues pertaining 
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to the nature and design needs of each enterprise. The nature of each enterprise is discussed in Chapters 2, 

3, and 4 respectively.  

Instead of considering the deviations from the overall dissertation goal as additional complexities 

to deal with, this research considers them as valuable pieces that reinforce the applicability of efficiency 

measurement to diverse enterprise settings, and its integration with other engineering and social science 

fields. Both aggregate and detailed objectives are discussed below. The points of departure from the 

related literature are discussed in Section 2. The fulfillment of the aggregate objectives is synthesized in 

Chapter 5 while the achievement of the detailed objectives are independently discussed in Chapter 2 for 

the evacuation management enterprise, in Chapter 3 for the network of bank branches, and in Chapter 4 

for the network of power plants. 

It is imperative to highlight that the execution of this research requires the convergence of 

multiple fields of knowledge associated to each type of enterprise. For instance, when analyzing 

evacuation management, the convergence of transportation engineering and social science is required. 

Thus, this research poses a novel way to integrate diverse bodies of knowledge around the notion of 

efficiency measurement and enterprise design. 

 

Aggregate Dissertation Objective: 

To explore to what extent efficiency measurement as an ex-ante mechanism informs enterprise 

design. To achieve this objective, this research is supported by theoretical insights and complemented 

with three empirical studies. The theoretical insights are characterized with respect to facts that support, 

connect to, and challenge (i.e., facilitate or impede) the objective above. Those insights are based on the 

efficiency performance measurement, organizational design and enterprise systems engineering 

literatures. To operationalize the theory while conceptualizing practice, this research includes three 

empirical studies, borrowing and augmenting formulations from multi-variate robust and fuzzy clustering 

methods, consider social and behavioral processes, and agent-based considerations and results. In other 

words, this research takes concepts and method from very diverse domains to inform the measurement 

and design of diverse enterprises. In pursuing so, this research includes:  

 

a. The identification and analysis of the enterprise needs for design of three different enterprises. 

b. The identification and analysis of the socio-technical components playing a key role in the 

performance of each enterprise. 

c. The identification and analysis of the interactions among the socio-technical components. 

d. The modeling and evaluation of enterprise efficiency performance based on the above analyses. 

e. The use of efficiency measurement results to inform design decisions. 

 

Detailed Objectives: Evacuation Management as an Enterprise 

To provide an initial approach to assess the performance of and inform the design of evacuation 

strategies that are of concern for (1) agencies responsible for planning and executing evacuation, and (2) 

households in need to take protective actions. To achieve this objective, this essay includes:  

 

a. Exploring and analyzing evacuation management, transportation infrastructures, and social 

behaviors as systems and processes. 

b. The articulation and representation, based on an understanding of the literature, of the dynamic 

relationships between agencies and households.  

c. The illustration of an approach that measures the dynamic efficiency performance of evacuation 

strategies, including transportation infrastructures and social behaviors from households. 

d. The analysis of results to provide insights as to the determinants of efficiency performance for 

agencies and households, and moreover, future evacuation management strategy design. 
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Detailed Objectives: Network of Bank Branches as an Enterprise 

To characterize bank branch performance in terms of influential observation-based and cluster 

profiles along with efficiency designations and to use this understanding to inform bank branch network 

design decisions. To achieve this objective, this research includes: 

 

a. Exploring and analyzing efficiency performance from both meta-frontier and cluster-frontier (i.e., 

a frontier computed from a cluster based analysis) perspectives. 

b. Identify influential observations, managerial groups, as well as the evaluation of efficiency 

performance while looking at influential observation-based and cluster profiles. 

c. The comparison of the results and conclusions reached by implementing the multi-step procedure 

to an alternative methodology proposed by Paradi, Zhu, and Eldestein (2012). 

 

Detailed Objectives: Network of Power Plants as an Enterprise 

To investigate how managerial policies that boost coordination among enterprises affect 

efficiency performance over time at the enterprise and network levels. To do so, natural ecosystem 

behaviors from the complex adaptive systems -CAS
2
 literature are used as proxies for the managerial 

policies of interest. To achieve this objective, this research includes: 

 

a. The analysis and understanding on how the enterprise network efficiency performance is affected 

by managerial policies that boost coordination among enterprises over time. 

b. The exploration on when and how those managerial policies increase or decrease technical 

efficiency. 

c. The investigation of the linkage between influential enterprises (e.g., exhibiting extreme patterns 

in inputs) with the extremes in efficiency performance (i.e., efficient vs. very inefficient). 

d. Investigate the significance and directionality of managerial policies over singular periods of time 

(i.e., time granularity) and collective influences coming from the enterprise network. 

 

4. Intellectual Merit/Research Contributions: Points of Departure 

Efficiency measurement has been extensively used to evaluate productive systems in an ex-post 

fashion (Triantis, 2015). Its concepts and techniques seem to have a strong prescriptive evaluation nature. 

Thus, they are still overlooked in informing the design of enterprises and engineered systems (Triantis, 

2015). The exploration on how efficiency measurement might provide new and/or complementary 

insights for designing and evaluating enterprises reveals the general point of departure of this research 

from both the current efficiency measurement and enterprise systems engineering literatures. Linking 

efficiency performance measurement to enterprise design implies going from an ‘evaluating-to-rank’ 

perspective to ‘evaluating-to-design’ one. This encourages this research to view and deal with 

performance as a composite of multiple stakeholders, socio-technical components, and goals along with 

the treatment of challenging technical issues
3
. This general point of departure takes place differently in 

each enterprise studied in this dissertation. For example, for the evacuation management enterprise, most 

of the literature in transportation engineering and social sciences does not address evacuation 

management from a performance measurement point of view. Representing an evacuation as an integrated 

network composed of stakeholder perspectives considering social and infrastructure systems; and systems 

containing processes (linked through metrics of performance) exemplifies how the point of departure 

takes place, in this case, by integrating the efficiency measurement, transportation engineering, and social 

science literatures. The essay on evacuation management uses an integrated performance measurement 

structure (1) to provide conceptual/theoretical understanding as to how different disciplines come 

together, and (2) to evaluate and inform the future design of evacuation transportation strategies
4
. 

                                                           
2 A system whose elements interact based on varied levels of “connectivity, feedback, diversity, and self-ordering rules that give the system the 

capacity to emerge to new patterns of order” (Kernick, 2002 pp. 1). 
3 For example, the study of the impact of influential observations on efficiency performance, peer selection and input/output correspondence.  
4 For example: ramp metering, ramp closure, contraflow, crossing elimination, stage-phased evacuation, etc.  
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In the case of the network of bank branches, the exploration of the general point of departure 

originates from a technical performance issue: the impact of influential observations (e.g., enterprises 

exhibiting extreme behaviors in inputs and/or outputs) on efficiency measurement and the evaluation of 

enterprise and engineered systems (Triantis, 2015). The issue here is how to move toward more informed 

design decisions
5
 by simultaneously accounting for influential observations. Currently, most studies in the 

efficiency measurement literature deal with influential observations merely as outliers that are identified 

and removed to avoid distortion. The contention and point of departure of the bank branch network essay 

is that influential observations might be the product of valid but extreme behaviors, and hence, they 

should be accounted for efficiency measurement. To validate such an assertion, the essay keeps building 

and expanding on the combination of robust approaches discussed by Seaver and Triantis (1995), fuzzy 

methods by Seaver, Triantis, and Hoopes (2004) and multivariate approaches by Triantis, Seaver, and 

Sarayia (2010) to offer a unique perspective and accounting of the masking that occurs as a result of the 

influential observations. As a result, the essay provides information that could potentially be useful not 

only when understanding ex-post bank branch operational performance but also when considering future 

bank branch network design, i.e., ex-ante information.  

Finally, in the case of the network of power plants, its essay looks to strengthen the bridge 

between the analysis of efficiency performance and enterprise design taking into consideration the 

managerial policies used to coordinate the actions of enterprises as they strive to meet their goals. The 

proposition of a simulation approach provides a novel and complementary way to investigate enterprise 

efficiency performance, especially when considering the effects of controllable managerial policies and 

non-controllable collective influences on efficiency performance. The experimental results translate into 

enterprise design inputs related to which managerial policies should be adopted, why they should be 

adopted, when they should be adopted, and how they should be implemented. This aligns with the 

suggestion by Triantis (2015) in making available the inference power of experimental design for 

efficiency measurement analysis. The integration of efficiency measurement and complex adaptive 

systems keeps building on the evaluation of enterprise performance acknowledging that enterprises within 

a network interact among them (Dougherty, Ambler, Triantis, 2016). This relaxes the classical 

assumption of enterprise independence encountered in efficiency measurement. This relaxation is 

considered in itself a point of departure from the current efficiency measurement literature, and is the 

precursor of investigating emergent behaviors that the network of enterprises can exhibit over time. 

Looking at the proposed research as a whole, the way the research is approached allows for the 

synthesis of results, learnings and challenges not only for efficiency performance and enterprise systems 

engineering, but also for a host of engineering and social science fields. This synthesis is possible by 

recognizing that enterprises can be characterized in terms of perspectives, systems and processes, which 

in turn can be represented through input-output-outcome structures grounded in the performance 

measurement literature, e.g., efficiency performance measurement. To conclude, research contributions to 

efficiency measurement usually are realized from two paths: via methods and via framing. This research 

focuses on the second as a mechanism (1) to answer critical questions on enterprise design by using real-

world enterprises, (2) to innovate on performance representations of enterprises by using efficiency 

measurement structures, and (3) to add value to managerial decision making based on the framing and 

performance results. 

 

5. Broader Impacts 

This research results in several societal and educational impacts coming from the application and 

understanding of its results. Each type of impact is described below. 

Societal: Creating enterprises or maintaining them afloat is a common process in human society. 

It happens regardless the size and/or private, public, profit or nonprofit nature of the enterprise. Such a 

process can be or not the result of planned or self-organized conditions, but the former are usually the 

ones that minimize the risk of failure. Planning in itself implies designing. This research states that 

                                                           
5 For example: how to group branches, how to change the input/output structure of branches, etc.  
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designing should use performance measurement as multi-dimensional mechanism to better inform 

decisions, and therefore, minimize risks while maximizing opportunities. The results derived from the 

three essays have ramifications not only in the way performance measurement can be applied to different 

enterprise design problems, but also for stakeholder groups. For example, in evacuation planning, 

transportation agencies might use the efficiency performance approach and its network representations to 

design evacuation strategies and interventions that integrate household behaviors and considerations. 

These strategies would balance technical and societal goals toward the minimization of risk and efficient 

resource allocation. Moreover, the insights of the approach could be used to design outreach programs 

aimed to improve the communication and coordination between emergency agencies and 

communities/households before and during the evacuation. 

In bank branch management, managerial stakeholders at the network level might use the multiple 

profiles and insights provided by the efficiency measurement and robust clustering approach to identify 

opportunities in terms of reinforcing the bank presence in certain markets, guaranteeing operational 

efficiency, and expanding service provision in areas where banking is needed or specialized financial 

services/product have growth potential. These types of impacts can be accounted as economic ones, but in 

reality, they also have a social dimension in that the access to banking services and products promotes, for 

individuals and businesses, investment options, funding opportunities, and economic development, which 

under fair competitive conditions should lead to share prosperity (Barr, 2004). At the branch level, the 

understanding and identification of performance targets for inputs and outputs might promote in branch 

managers the adoption of (1) more informed decisions, and (2) a culture of continuous improvement, 

which can transpire to local businesses and customers. Of course, all these impacts could be translated 

into other enterprise network settings as social service delivery networks, food chains, power plants, etc. 

The exploration of managerial policies inspired in natural ecosystem behaviors to guide enterprise 

decisions and actions reinforces the bridge between the management of human-made systems and the 

behavior of biological ecosystems. Natural behaviors related to leaderless coordination, alignment to 

common goals, adherence to best practices, self-organization, and diversity on paths to achieve goals 

seem to be really useful when thinking of the improvement of human-made enterprises. Learning from 

them is not exclusive of the network of power plants studied; indeed, their understanding, translation, and 

application might be useful to improve the many enterprise networks composing critical infrastructure 

sectors of communication, defense, energy, healthcare, emergency services, education, and water and 

wastewater systems, among others (White House Press Office, 2013). Although the exploration of 

biological ecosystems might not provide clues about future technological breakthroughs, it can certainly 

provide extensive and successful knowledge about survival strategies that include resource allocation 

(efficiency), foraging (market/opportunity identification), and protection against predators (competition). 

Educational: The first essay on evacuation management was used as a proof of concept to outline 

the research approach of a proposal titled “Collaborative Research: Multi-Perspective Evacuation 

Performance”, which was submitted to and awarded by the National Science Foundation on August 2015 

(Award #1536808). The proposal plans to go deeper into the issues discussed in the first essay, and from 

the educational point of view, it proposes to incorporate its results and insights into the existing courses of 

transportation, systems engineering, and public policy administration offered in Virginia Tech and 

University of Delaware. This contribution is accounted as a future educational impact derived from the 

preliminary work developed in the first essay. Moreover, the execution of the awarded proposal during its 

time horizon of 3 years will provide a valuable opportunity to its Principal Investigators and the System 

Performance Lab at Virginia Tech to disseminate research findings in research journals, conferences, 

workshops, and also among graduate students working on this topic as part of their theses or dissertations. 

In the case of the second and third essay, their results and findings will be incorporated into the 

graduate courses of productivity analysis and advanced measurement of engineered systems offered in 

Virginia Tech. Additionally, these two essays keep building on the capabilities the System Performance 

Lab at Virginia Tech has been working on and applying to different real-world problems during the last 

three decades. As in the evacuation essay, the research findings are planned to be disseminated through 

publications in research journals and conferences, the execution of sponsored projects in the two courses 
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mentioned previously, and consulting projects if possible. The sponsored and consulting projects are 

thought as a means to anchor the application of efficiency performance to different real enterprise design 

and evaluation problems/opportunities, and also to test and fine tune the capabilities derived from this 

research. Of course, the achievement of all these educational impacts implies to keep constant and close 

relationship with Virginia Tech and the System Performance Lab. 
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Chapter 2. Essay on Evacuation Management 

Abstract 

In this paper, we consider evacuation planning as a multi-perspective, multi-system, and multi-

process operation, and explore how a dynamic network performance measurement approach helps us to 

measure the efficiency performance of this system of systems. Two different perspectives are studied, i.e., 

that of the transportation agency and that of the household. These perspectives are linked through 

intermediate outputs and carry-overs generated by the underlying processes associated with each 

perspective. Within this context, we propose a theoretical representation of a slacks-based dynamic 

network DEA approach for measuring evacuation performance when a ramp closure evacuation traffic 

management strategy is considered. This representation requires a theoretical yet tractable conceptual 

framework that incorporates stakeholder perspectives, evacuation-related systems, processes and their 

interdependencies. This research combines the dynamic network DEA approach with traffic engineering 

and socio-behavioral theory of protective action. An initial exploration of the proposed approach allows 

for the discovery of efficiency interdependencies among perspectives, which in turn provides useful 

information and insights for the future design of holistic evacuation traffic management strategies. 

Keywords: evacuation planning performance; dynamic network DEA; evacuation traffic 

management strategies; infrastructure systems as processes. 

 

1. Introduction 

Evacuation is one of the most common disaster response activities. Numerous agencies plan in 

great detail for the day that they will need to issue evacuation orders. Those plans include “strategies” to 

improve how evacuations work, e.g., ramp closure, contraflow. The performance assessment of these 

strategies is of concern for agencies responsible for planning/executing evacuation. This paper provides 

an initial approach to such an assessment. We begin by exploring the idea that evacuation can be treated 

as a set of infrastructure systems and processes. Considering this point of view, the objective of this paper 

is to illustrate an approach that measures the dynamic efficiency of an evacuation with several specific 

transportation evacuation strategies. Our approach takes into account both household and transportation 

agency considerations. We use a dynamic network data envelopment analysis (DEA) approach (Tone and 

Tsutsui, 2013) to explore a simplified evacuation setting, illustrating the potential of the methodological 

approach for those considering alternative policy options. The dynamic network DEA approach we 

employ allows us to evaluate efficiency performance at different levels of aggregation and different time 

scales. In this research, from the overall network point of view (system), the network efficiency score 

takes into account both the household and transportation perspectives along with their interactions. The 

model also provides an efficiency score at the agency level (subsystem) taking into account the aggregate 

information that is obtained from all the households. Concurrently, we obtain an aggregate average 

efficiency score for the households (subsystem) considering the information that is provided by the 

transportation agency. Lastly, we can compute these three efficiency scores for different time periods and 

for the whole time horizon of the study. We assume that the households are the decision making units 

(DMUs) for the household subsystem and for the model overall.  

Our ‘proof of concept’ model is intended to illustrate what we can capture with this 

representation using simplistic assumptions and a single evacuation traffic management strategy. As 

noted earlier, the DEA representation in this paper models the integration of two perspectives or two key 

stakeholders: the transportation agency(ies) in charge of evacuation traffic and the households. Two 

distinct tasks are associated with this research. The first is to explore and include appropriate 

A Multi-perspective Dynamic Network Performance Efficiency Measurement of an Evacuation: A 

Dynamic Network-DEA Approach 
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input/output/outcome variables linking the two perspectives based on the transportation and social science 

literatures. The second is to articulate and represent, based on an understanding of the literature, the 

dynamic relationships between the perspectives. We anticipate that the proposed approach could allow for 

the identification of resource allocation improvements for transportation agencies and could provide a 

better sense of what needs to be captured with respect to household behavior during an evacuation. 

 

1.1 Context  

While evacuation is often studied by transportation engineers and social scientists, most studies 

do not address evacuation from a performance measurement point of view. Furthermore, the integration 

of the agency and household perspectives with respect to evacuation performance has not been fully 

addressed in the emergency management literature either. Although overlooked, this integration is 

important for emergency agencies designing, implementing, and evaluating evacuation. From a systems 

point of view, an evacuation traffic management strategy cannot be successful if it is not aligned with the 

households’ objectives. Considering these objectives provides a way to plan for more inclusive actions, to 

better balance technical and social objectives, and to achieve improved results. To facilitate the 

integration of both perspectives, it is vital to identify, define and understand the links between them. It is 

our contention that those interdependencies affect efficiency performance substantially. 

To address the integration of multiple perspectives, we use the concept of network. A network is 

here defined as a set of “actors or nodes along with a set of ties of a specified type that link them” 

(Borgatti and Halgin, 2011 pp. 1169). Thus, the agency and household perspectives are nodes, and the 

inputs, outputs, and outcomes connecting the nodes are links. Our paper builds on the theoretical and 

empirical relationships among key variables that are grounded in both the transportation engineering and 

social science literatures. A core idea is to compare evacuation performance under various scenarios of a 

single evacuation traffic management strategy. Scenarios are different instances of a strategy that are 

treated as contextual conditions, e.g., scenario 1: to close on-ramps at location 1, scenario 2: to close on-

ramps at location 2, etc. For illustration purposes, a ramp closure strategy, in which some ramps are 

closed to aid the evacuation, is selected. Other potential evacuation traffic management strategies that are 

not considered in this research include: ramp metering, signal timing, staging/phasing, contraflow, etc. As 

stated earlier, using the efficiency measurement vernacular, the households are assumed to be the units of 

analysis, and hence, their input/output/outcome realizations constitute the production possibility set. We 

also assume that the production axioms that are typically considered in the efficiency literature hold. This 

allows us to borrow from the efficiency measurement literature approaches that study dynamic 

performance of processes using network configurations (Triantis, 2014). This paper is organized as 

follows. Section 2 provides a background on the ramp closure strategy. Section 3 presents an overview of 

the evacuation process viewed as a multi-perspective, multi-system, and multi-process operation. Section 

4 presents a simplified illustrative example of the approach; and finally, Section 5 provides the final 

conclusions of the paper and future research directions. 

 

2. Background on the Ramp Closure Evacuation Traffic Management Strategy 

Ramp closure involves closing access to freeways at some on-ramp locations. It aims to control 

freeway traffic inflow so that throughput can be improved (Foo and Hal, 2008). Ramp closure is typically 

defined by: 1) which ramps to close, 2) closure duration, and 3) closure time (Neudorff, Randall, Reiss, 

and Gordon, 2006). The initial settings for these elements are considered together as a single planning 

option and constitute what we later define as a scenario. To close ramps, a transportation agency 

allocates/coordinates physical, human, and monetary resources. Personnel set barriers and coordinate the 

closure from traffic centers. Barriers (fixed or mobile) block access to the ramps. Variable message signs 

(VMS) warn drivers about closures, and communication technologies disseminate information about 

closures to households, other agencies, etc. Meanwhile, households have to, at a minimum, adapt to the 

evacuation conditions put in place. They process information and make decisions based on their 

individual circumstances. They can obtain information from communication technologies as GPS 

systems, radios, television, VMS, and/or law enforcement personnel on the road, or may simply be 
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confronted with a closed road as they travel. Ramp closure, from the transportation agency perspective, 

focuses on obtaining reduced clearance time, shorter evacuee total travel time (Ghanipoor Machiani, 

Murray-Tuite, Jahangiri, Liu, Park, Chiu, and Wolshon, 2013), smoother/greater freeway traffic 

throughput (Miesse, 1967), increased freeway speed (Boyles, Karoonsoontawong, Fajardo, and Waller, 

2008), and potential reduction of freeway accidents (Foo and Hal, 2008). However, it also yields 

undesirable results such as potential arterial congestion and longer paths (Ghanipoor Machiani et al., 

2013). From the household perspective, ramp closure could potentially improve households’ safety by 

getting more people to safety sooner. Depending on how it works and how it is communicated, it would 

likely have impacts on households’ perceptions of the evacuation experience. For example, if people 

spend less time in the car and/or avoid traffic jams, it might improve perceptions. Ramp closure also can 

create negative reactions such as confusion or frustration, by forcing people from familiar routes. These 

experiences impact household perceptions, which may also have consequences in subsequent activations, 

e.g., a poor experience might lead to less effective future evacuations (Foo and Hal, 2008). 

 

3. The Conceptual Framework 

 

3.1 Evacuation: Perspectives, Systems and Underlying Processes 

Evacuation planning is a common emergency management activity. Research on evacuation 

provides frameworks to understand the relationships among evacuation stakeholders such as agencies and 

households. Engineers and social scientists have studied evacuation from distinct stakeholder 

perspectives. Transportation engineering is often focused on addressing a traffic problem or studying 

conditions arising under certain situations (e.g., hurricane). It often considers evacuation as an 

optimization problem. This problem-solving approach is mostly driven by time-based and aggregate 

household measures providing insights for emergency/transportation agencies (Stepanov and Smith, 

2009; Rahman, Mahmood, and Schneider, 2008). On the other hand, social sciences typically consider 

evacuation as a social and cognitive phenomenon attempting to understand how individuals are affected 

by a host of very specific factors (see Lindell and Perry (2012); Mileti and Sorenson (1990) for extended 

discussions). Social scientists most often use theories to derive and test falsifiable hypotheses, which 

allow making assertions about household/community evacuation processes and their implications for 

agencies. Although each field has achieved valuable insights with respect to different stakeholder 

perspectives, the scientific and practitioner community is poised to consider more inter-disciplinary 

approaches (Trainor, Murray-Tuite, Edara, Fallah-Fini, and Triantis, 2012; McEntire, 2005; Drabek and 

McEntire, 2003) to integrate multiple stakeholder perspectives. To address such integration, evacuation 

planning is explored hereinafter as a multi-perspective, multi-system and multi-process operation. 

Evacuation stakeholders have varied and sometimes conflicting objectives. From a transportation 

agency perspective, the objective of evacuation is to optimize multiple system goals, e.g., minimize 

network clearance time (Yuan and Han, 2009; Lindell, 2008; Lindell and Prater, 2007), minimize number 

of roadway casualties (Neudorff et al., 2006). From the household perspective, the objective is for 

evacuation to meet the needs and varied preferences of  each household, such as reducing exposure to 

risk, minimizing travel time, feeling like it was a good experience, and choosing one’s own evacuation 

route and departure time. While little research exists on exactly what households want from an 

evacuation, we provide some initial possibilities here for the purposes of illustrating the concept and 

readers should note that there are significant opportunities to explore these preference sets. We assert that 

these preferences are important yet overlooked factors in determining evacuation performance.  

Evacuation involves multiple systems. Among the 16 critical infrastructure systems (White House 

Press Office, 2013), three are particularly important for evacuation: emergency services, 

telecommunications, and transportation systems. The emergency services system has strong 

interdependencies with the other two when an evacuation is needed. It contains explicit and implicit social 

systems that guide/constrain human perception and behavior. We focus on sets of households considering 

both their individual and aggregate perceptions and behaviors as expressions of these systems. These 

systems have important interdependencies with the physical and informational infrastructure systems that 
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influence the ability to realize individual/collective objectives. Unlike the physical infrastructure systems, 

social systems are driven not only by material realities, but also by individual and collective norms that 

guide and, in some instances, dictate how people interact with the infrastructure systems. Processes within 

these systems enable interactions between them, which can be represented by network structures. In this 

research, we attempt to capture the relationships between these systems along with their underlying 

processes, as a network of nodes with inputs, outputs, and outcomes as links.  In what results, we call 

these the agency (infrastructure) and household (social system) perspectives. The agency perspective 

captures the viewpoint of an organization working in coordination with other agencies to manage the 

emergency response (Mendoca and Wallace, 2007). The household perspective captures the viewpoint of 

the evacuees. Since the integration of both perspectives requires consideration of a broad range of 

processes, we narrow the research scope of this paper to the integration of the transportation management 

process and the household protective behavioral response process. The transportation management 

process plays a key role in emergencies by providing outputs/outcomes related to traffic, roadway 

network capacity, routes, and destinations, in addition to other critical information used by agencies and 

households. The protective response process envisioned here is related to those described by Lindell and 

Perry (2011) and Mileti and Sorenson (1990), but it represents a slight departure in that we envision an 

additional stage of the protective action decision process. That stage include all the choices each 

household must engage in after they have made a choice to or not to take action. In other words, this 

model treats the choices made while executing an evacuation and the choice to continue, stop, or change 

behavior as different from the choice to initiate an evacuation. In developing our model, we draw from 

the extant literature when possible. The selected processes are included since: 1) they are inter-dependent, 

2) the transportation management process makes possible to implement evacuation traffic management 

strategies, enabling interactions between physical assets and social systems, and 3) they yield important 

and final outputs and outcomes in evacuation, e.g., clearance time, evacuation throughput (Yuan and Han, 

2009; Lindell, 2008; Lindell and Prater, 2007). 

In Figure 1, we classify key evacuation variables of the selected processes into inputs, outputs, 

and outcomes. The inputs are resources invested by the agency in charge of the transportation 

management process; and as resources/information used by households to make/update the 

actions/decisions related to their evacuation experience. The outputs are direct realizations of the 

processes, and the outcomes are the impacts that outputs have on the agency and households. Mapping the 

variables into an input-output-outcome representation allows for the decomposition of the aggregate 

“black box” of evacuation into two networked sub-systems (nodes): the agency and households. 

 

 
 

Figure 1. Input-Output-Outcome Mapping 
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Figure 2. Network Representation for the Ramp Closure Strategy 

 

Figure 2 depicts a performance network representation of an evacuation for ramp closure. It 

shows the two perspectives interacting through the inputs/outputs/outcomes from Figure 1. The household 

behaviors represented here are those that occur after a household has decided to evacuate or not (e.g., 

departure time, route and destination choice). It also includes other choices made during the evacuation 

(e.g., reversing the decision to evacuate). We assume these household behaviors since they are more 

likely to be influenced by a transportation agency. Given the extant literature, there are many 

opportunities to extend this framework to include other agencies’ and household processes for the initial 

choice to evacuate. The variables influencing this choice are complex and mapping more closely to the 

real world would significantly complicate our first iteration of the model (see Lindell and Perry (2012) or 

Mileti and Sorenson (1990) for some factors to consider). We did not exclude these elements simply for 

expediency or because they are unimportant, but rather we made a concerted effort to keep our initial 

exposition as simple as possible and as focused on the central ideas as is practical. This choice is not 

without consequence and the model we have may provide a limited picture of the related social science 

literature. It is our intent to remedy this shortcoming in next generation version of the approach.  

In Figure 2, the network consists of four nodes. Node 0 and node 3 are dummy nodes. They only 

allocate inputs and gather outputs from nodes A1 and H2. Node A1 represents the agency perspective and 

node H2 the household one. These nodes interrelate through directed links representing flows of physical 

resources and information coming from the different system processes. From the agency perspective, the 

inputs to the transportation management process include physical infrastructure, and demand volume. We 

also consider the costs of the agency personnel allocated to ramp closures and the costs of spreading 

traffic information (i.e., communication). It is assumed that the agency has control over physical 

resources designed for ramp closures (i.e., barriers and variable message signs) and will allocate the 

resources according to its needs. The demand volume is used to calculate and provide traffic information 

to households, and also estimate the clearance time and evacuation throughput. The outputs going from 

the agency (node A1) to the households (node H2) are average speed, speed variability, average freeway 

density, average arterial density, and average trip time. We assume that the agency is able to provide 

customized information to households on specific routes. Thus, a household knows the average speed, 

speed variability, average freeway density, average arterial density, and average trip time for the 

evacuation route it wishes to take. This set of assumptions represent the most significant departure from 

extant literature and do not necessarily hold in a real evacuation setting, but they allow us to illustrate the 

approach, and of course, it would need to be adjusted to better reflect reality as more sophisticated 

versions of this proposed approach are developed. Furthermore, during a real evacuation operation, these 
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assumptions also imply a timing issue that needs consideration. For instance, if a household would want 

to know the average trip time six hours in advance, it is not possible with accuracy. This is because 

evacuation behaviors change rapidly over time, and hence, traffic forecasts cannot be projected with great 

accuracy for long periods. While providing timely information to households, the clearance time and 

evacuation throughput are tracked by the agency and delivered as a final outcome. Roadway incidents are 

also an expected outcome associated with the agency, especially when implementing a ramp closure 

strategy (Neudorff et al., 2006). 

From the household perspective, Node H2 represents each individual household involved in the 

evacuation process. The commitment to evacuate, distance to safety, and fuel consumption rate are 

information-related inputs. Each household uses the inputs coming from node 0 and node A1 to make 

choices along the way. The evacuation experience includes the definition of the departure time, route, 

destination, and mode choice. These intermediate outputs are linked to node A1 and form a feedback 

mechanism between the household and agency perspectives (red dotted line in Figure 2). The agency 

aggregates the individual variables to update its demand volume input for a subsequent time t+1. The 

final outcomes from node H2 relate to the individual evacuation experiences irrespective of whether the 

household decides to evacuate or not. For example, if a household decides to evacuate, its outcomes 

include: travel time, trip cost, exposure to risk, and perception of the evacuation experience. Otherwise, 

its final outcomes include exposure risk and perception of the evacuation (in this case, non-evacuation). 

More detailed networks than the one in Figure 2 can be constructed. This is possible if more 

processes and relationships between and within perspectives are made explicit. We keep the network 

representation as depicted in Figure 2 acknowledging the opportunities for expansion. Hereinafter, we 

evolve the static representation into a dynamic one. By observing the flows of the variables relating both 

perspectives, it is not reasonable to keep such flows acting only in the same period of time. These flows 

are dynamic, and hence, affect the agency and households’ decisions over time. For instance, the 

household departure time is used as an input by the agency for further demand aggregation and traffic 

measure estimation. Within this context, we believe that the notion of inter-temporal change must be 

captured in the analysis of evacuation performance. This inter-temporal change is what we coin as 

“dynamics”. To evolve our static network representation into a dynamic one, an illustrative example is 

developed in Section 4. This example uses the notion of carry-overs as technical representations of 

‘dynamics’ to evaluate evacuation performance at the system and sub-system levels. 

 

3.2 Dynamic Network Analysis: DEA, Network DEA, and Dynamic Network DEA 

Data envelopment analysis (DEA) is a non-parametric technique for measuring the relative 

efficiency of production/service units (Farrell, 1957; Charnes, Cooper, and Rhodes, 1978). The purpose of 

DEA is to compare the efficiency of decision making units-DMU pursuing similar objectives, and dealing 

with similar inputs/outputs. There are few DEA applications on evacuation performance (e.g., Zhang and 

Fu, 2012; Huang and Liu, 2012; Russo and Rindone, 2010; and Yong-Ming and Qian-Wei, 2010). These 

applications address evacuation performance without distinguishing among perspectives, systems, 

processes, and/or evacuation strategies. Classical DEA assumes a production technology as a “black box” 

where a set of inputs feed a process, which in turn generates outputs (Kao, 2014; Kao and Tai-Liu, 2014). 

It does not consider the set of production sub-technologies, if they exist, that are embedded within the 

production technology. For example, a DMU representing an evacuation can be defined as a “black box”, 

and the processes within the evacuation might be defined as the production sub-technologies. Färe and 

Grosskopf (2000) overcome the above limitation by including production sub-technologies linked through 

networks. This approach, called network DEA, offers an innovative way of evaluating performance 

including sub-technologies and intermediate outputs (Kao, 2014). Two typical models are used to perform 

network DEA analysis, the radial network DEA model (Färe and Grosskopf, 2000) and the slacks-based 

measure network model (Tone and Tsutsui, 2009).  

Dynamic network DEA introduces the concept of “dynamics” as the inter-temporal 

correspondence between inputs and outputs (Bogetoft, Färe, Grosskopf, Hayes, and Taylor, 2009). It 

explores the degree of influence that input/outputs from one period have on inputs/outputs used/generated 
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in the future (Chen, 2009). Dynamic network DEA provides insights on how past/current decisions affect 

future performance (Avkiran, 2015), and also how the determinants of performance change in the 

technology and sub-technology levels. Dynamics are captured through carry-over variables linking 

different periods of time (e.g., t and t+1). A carry-over is expected to realistically map the dynamics; 

therefore, it is more than just a mathematical way to introduce temporal changes into the models. 

Examples of typical carry-overs in financial, medical and service enterprises are provided in Tone and 

Tsutsui (2014). In evacuation, carry-overs might represent, for example, households’ decisions on 

departure time and route choice. These decisions, taken in period t, have an impact on the demand volume 

required by the agency in a subsequent period t+increment. This time increment definition is important in 

evacuation. This can cause some variables to be accounted for either in the same period t or carried-over 

to the period t+increment depending on the increment length. E.g., if the time increment is 1 hour, the 

departure time and route choice affect the demand volume spread over the same period t (e.g., from 0 to 1 

hour) and not in the next period t+1 (e.g., from 1 to 2 hours). The current efficiency measurement 

literature offers two ways to implement dynamic network DEA: a radial approach based on Bogetoft et al. 

(2009) and Färe and Grosskopf (2000), and a non-radial approach based on Tone and Tsutsui (2013). 

Both include carry-overs linking periods of time, and also compute efficiency scores for the overall 

technology (network), for each period of time, sub-technology or node. The varying viewpoints of using 

the radial versus the SBM are investigated by Zhao, Triantis, Murray-Tuite, and Edara (2011). 

 

3.2.1 Slacks-based Dynamic Network DEA Model 

We select the slacks-based measure (SBM) dynamic network DEA model based on Tone and 

Tsutsui (2013) to provide a dynamic representation of an evacuation. The non-radial approach is selected 

because: i) it assumes non-proportional reduction/increase in inputs/outputs. The rate at which 

inputs/outputs should be adjusted to achieve the targets is not expected to be proportional for all inputs 

and/or outputs. By relaxing the radial proportionality, the slacks-based approach allows obtaining the 

non-radial slacks that cause inefficiencies (Avkiran, Tone, and Tsutsui, 2008); ii) Avkiran (2015) states 

that getting non-proportional improvement targets for inputs and/or outputs in banking networks is more 

realistic, since it captures the complexity of organizational variables interactions. It applies to the complex 

and dynamic reality of evacuation. We cannot assume production proportionality in evacuation, especially 

when taking into account social behavioral variables. Hence, assuming radial input/output 

contractions/expansions is inappropriate for measuring efficiency performance in our research (Avkiran 

and Morita, 2010); iii) the non-radial approach, in network terms, shows a higher discriminating power 

within the context of efficient and inefficient nodes (Zhao et al., 2011) compared to the radial model 

proposed by Färe and Grosskopf (2000); iv) the model’s efficiency score is calculated as a weighted 

average of the node efficiencies. It reveals information on how the node performance affects the overall 

network performance at each period of time, and also avoids the typical node dominance shown by radial 

models (Zhao et al., 2011). The model assumes variable returns to scale (VRS). We believe there is a 

disproportional increment in both evacuation outputs and outcomes given an increment in inputs. E.g., 

increasing the agency personnel to close a ramp does not increase the average freeway speed in the same 

proportion. Regarding the model orientation, it is non-oriented since we focus on the degree in which 

desirable outputs (e.g., evacuation throughput) are maximized, certain links minimized (e.g., average trip 

time), and certain controllable or discretionary inputs minimized (e.g., operation cost). Thus, all resulting 

efficiency scores are based on the slacks of inputs and outputs we wish to minimize/maximize. Section 4 

provides an example of the SBM model discussed in this section. 

 

3.3 Data Availability and Data Collection Challenges 

In evacuation, researchers work with two types of data: pre-disaster data (e.g., Lambert, Parlak, 

Zhou, Miller, Fontaine, Guterbock, Clements, and Thekdi (2013)) and post-disaster data (e.g., Lindell, 

Lu, and Prater (2005)). Pre-disaster data are used to understand how people and/or infrastructure systems 

expect to behave/react under a disaster occurrence. This type of data involves behavior in response to 

hypothetical scenarios, allowing for the identification of behavioral/technical factors driving decision 
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making processes related to whether to evacuate or not, when to depart, which type of transportation 

modes to use, etc. On the other hand, post-disaster data collects information after a real disaster 

occurrence. Such data are used to quantify damages, evaluate emergency actions’ effectiveness, and also 

to understand people/agencies’ decision-making during a disaster. Collecting both types of data requires 

time, professional, technical, and financial resources. Data collection includes: identifying/understanding 

the disaster specifics, identifying populations to be surveyed, defining critical variables, designing data 

collection instruments, collecting and analyzing data, and consolidating results. Empirical data on how 

agencies perform and households behave during an evacuation are numerous; however, very little data on 

the implementation of specific evacuation traffic management strategies are available. Thus, empirical 

data for the variables depicted in Figure 2 are not available using existing public datasets. To satisfy the 

information needs of our model, data associated with the households and ramp closure scenarios could be 

obtained through two main sources: 1) household surveys on evacuation behavior, and 2) traffic 

simulation (microscopic/mesoscopic traffic modeling). For demonstration purposes, we develop an 

evacuation example based on a real transportation network and artificial household behavioral data. 

Artificial data creation is explained in Section 4.4. Although the lack of real data limits the results utility, 

the example allows us to implement our approach step by step, to explore evacuation efficiency, and to 

promote a discussion on research issues and future directions. 

 

4. Illustrative Example: Ramp Closure Evacuation Traffic Management Strategy 

An evacuation due to a disaster is modeled while implementing a ramp closure strategy. 

Performance is measured at the system and sub-system levels, and two periods of time: t (0-15 min), t+1 

(15-30 min). Both periods and their time scale of 15 minutes are selected for illustration purposes. The 

identification of a time scale that is linked to both the hazard evolution and behavioral responses is 

important for future research. The example comprises: Step 1. The articulation of the disaster 

assumptions and scenario definition; Step 2. The definition of a dynamic network for performance 

measurement; Step 3. Evacuation modeling in period t; Step 4. Household behavior modeling; Step 5. 

Evacuation modeling in period t+1; Step 6. Dynamic Network DEA application; and Step 7. Analysis of 

results. 

*Disclaimer: The purpose of the illustrative example is to operationalize the theoretical 

representation to measure evacuation performance discussed in Section 3. At this point, the use of a ramp 

closure strategy does not pretend to inform its implementation in a real evacuation setting. We focus on 

the integration of concepts from the performance measurement, transportation engineering and social 

sciences literatures when dealing with evacuation management strategies. The assumptions made in this 

entire section capture very oversimplified evacuation realities. To include more realistic assumptions on 

evacuation behaviors and realities, a deeper exploration and characterization of evacuees’ behaviors are 

required. This needs to be addressed along with a thorough identification of the operational resources 

required for the deployment of evacuation management strategies (e.g., resources to close ramps, 

resources to be deployed across the transportation network, etc.). Additionally, the technical details of 

the model used in Section 4.3 to recreate the evacuation are provided in the Appendix A. The appendix 

describes the mathematical model, the input data to run the model, and more importantly, it discusses 

conceptual and technical issues related to the assumptions made and the model use to recreate the 

evacuation. Those issues need to be addressed in next generation version of this research. Improvements 

to overcome those issues are also addressed in the appendix. We suggest the reader to go first over this 

section and then consult the appendix for more details.      

 

4.1 Step 1: Articulation the of Disaster Assumptions and Scenario Definition 

We consider a hypothetical no-notice threat (e.g., flood, a terrorist attack, chemical spill) 

triggering an evacuation in Blacksburg, VA. A no-notice threat is an adverse event of unexpected 

occurrence (Hsu and Peeta, 2013). The evacuation due to this type of threat commonly takes place after 

the event has occurred. Figure 3 shows the threat location (barrel at the center of blue circle), evacuees’ 

origins (red points), evacuation routes (green, purple, brown and blue lines), safe destinations (black 
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triangles), and the highway on-ramps (Prices Fork and Toms Creek ramps). The threat is generated on the 

intersection between Routes 460 Business (North/South Main) and 412 Prices Fork. To evacuate 

households at risk of exposure to the threat, a ramp closure strategy is implemented by the agency in 

charge of the transportation management process. The evacuation notification is issued on a weekend 

during the day. Background traffic is assumed. Since it is a weekend day, households are assumed to be 

together and aware of the threat at the moment of the notification
6
. Households are free to evacuate or not, 

and it is assumed that they already have made this decision. They are also free to choose their safe 

destinations as long as they are the recommended distance away. An evacuation radius of one mile is 

assumed including households from different neighborhoods classified into six sources, see Table 1. 

 

 
 

Figure 3. Transportation Network  

 

Table 1. Number of Households to Evacuate per Source 

 

Source Neighborhood 
Total  

Population 

Avg.  

Household 

Size 

(U.S Census 

Bureau, 

2010) 

# Evacuees  

(households) 

1 McBryde 2,695 2.37 1,137 

2 Kabrich 3,313 2.37 1,398 

3 Patrick Henry 1,325 2.37 559 

4 Bennet Hill 706 2.37 298 

5 University 3,268 2.37 1,379 

6 Downtown 1,415 2.37 597 

 
Total 12,722 

 
5,368 

 

 

Three safe destinations, i.e., sinks, are located out of the evacuation area (black triangles in Figure 

3). Safe destinations could represent shelters, family/friends’ residences, etc. The destination will not 

change during the evacuation. Households that evacuate have access to the routes presented in Table 2 

according to their original locations, i.e., sources. Households have access to a personal transportation 

mode with enough fuel to undertake the evacuation. They also have access to traffic information 

including ramp closures. The transportation network supporting the evacuation has one major US 

highway, i.e., Route 460, yellow line in Figure 3. The route taken by a household towards its safe 

destination includes segments of the highway as well as segments of other routes in Table 2. The 

households are free to decide their departure time and routes as long as they do not cross the disaster area. 

The highway is subject to the closure of ramps along its path. Ramps are closed in order to increase 

highway speed, and reduce highway congestion and accidents. The decisions on the number of and which 

ramps to close, the initialization time and duration are made by the agency.  

In the previous sections, we defined scenarios as different initial settings of an evacuation traffic 

management strategy. For a ramp closure strategy, a scenario can be defined as the instance comprised of 

closure duration, closure initialization time, and budget limit. Multiple combinations of the values for 

these variables yield various scenarios, which could be used to represent the contextual conditions. To 

simplify the example, we just use the budget limit to define scenarios. It is defined as the maximum 

                                                           
6
 We recognize the artificiality of this assumption. In reality, households’ awareness regarding evacuation notifications can be total, partial or 

null due to the effect of different physical, social and/or personal facilitators and/or impediments.  

Sink 3

Sink 2

Sink 1

Source 1

Source 2

Source 3

Source 4

Source 5

Source 6

Toms Creek
Ramps

Prices Fork
Ramps
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number of on-ramp points to close due to budgetary constraints. For a budget limit equal to 1, three 

scenarios are possible: all ramps open (S1), Prices Fork ramps closed (S2), Toms Creek ramps closed 

(S3).  

 

Table 2. Evacuation Routes 

 
Route Name Details 

Route 460-North Main (green line) 
Signalized. 2.7 miles in total, 1.2 miles as a 2-way 2-lanes road, and 

1.5 miles as a 2-way 1-lane road. 

Route 460-South Main (blue line) 
Signalized. 3.3 miles in total, 2.1 miles as a 2-way 2-lanes road, and 

1.2 miles as a 2-way 1-lane road.  

Route 412-Prices Fork (purple line) Signalized. 1.3 miles in total as a 2-way 2-lanes road. 

Toms Creek Road (brown line) Signalized. 0.9 miles in total as a 2-way 1-lane road. 

Route 460 – Highway (yellow line) No Signalized. 6.5 miles as a 2-way 2-lanes road 

 

4.2 Step 2: The Definition of a Dynamic Network for Efficiency Performance Measurement  

By evolving the network representation in Figure 2 into a dynamic one and then evaluating 

performance in two different periods of time, i.e., t (0-15 min) and t+1 (15-30 min), we might provide 

valuable insights on how to maximize/minimize desirable/undesirable output/outcomes and controllable 

inputs, for both the agency and households. The network depicted in Figure 2 is reduced, keeping 

representative variables and detailing dynamics over time. The inputs/outputs/outcomes are defined in 

Tables 3, 4, and 5. Outcomes are treated as outputs for modeling purposes. The proposed dynamic 

network representation is shown in Figure 4. The time increment at each period is represented by t+1, 

where 1 in corresponds to an increment of time of 15 minutes
7
. At period t (from 0 to 15 min), the agency 

(node A) sets the operational resources (e.g, personnel, barriers) to implement the ramp closure scenario. 

These operational resources are represented by the operational cost going from node 0 to node A. Based 

on a planned demand volume, the agency provides an estimated evacuation throughput for the 

transportation network and an average trip time on the routes households wish to take to evacuate and 

reach safe destinations. The households (node H) use the average trip time in conjunction with their 

commitment to evacuate to decide on their departure time and to come up with a perception towards the 

evacuation. The households that decided not to evacuate use the same information, generating just a 

perception towards the evacuation (no departure time is accounted). The household perception towards 

the evacuation is carried over from period t (0-15 min) to period t+1 (15-30 min), influencing future 

decisions. External social influence from others (e.g., relatives, friends) might be considered as potential 

input from node 0 to node H in period t+1. However, for simplification purposes it is not included. If a 

household evacuates in period t (0-15 min), a departure time is chosen. In the dynamic representation in 

Figure 4, this variable goes from node H to node 3. This is because the departure time is a measure from 

an individual household’s point of view, and hence, the agency requires aggregating all the individual 

departure times to update its demand volume input. The aggregation yields the demand volume depicted 

from node 0 to node A in period t+1 (15-30 min) in Figure 4, which is seen as a feedback mechanism 

from the household to the agency over time. Based on the aggregate demand volume, the agency re-

estimates the evacuation throughput and also provides new information about the average trip time in 

period t+1 (15-30 min). The household that evacuates also comes up with a perception towards the 

evacuation, which is carried-over from period t (0-15 min) to period t+1 (15-30 min). The model includes 

a total of 7 variables, where.  

 

 

 

 

                                                           
7 This time increment is only used for illustration purposes. The specification of a time scale for dynamic performance measurement purposes 
should be linked to both the hazard evolution and behavioral responses. 
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Table 3. Characterization of Input Variables 

 
Variable Type Definition and units Source 

Operational 

cost 
Initial 

Monetary units per period of time [$/period of time] to 

allocate physical infrastructure/resources to close ramps 

and disseminate information.  

Evacuation modeling 

(Section 4.3 and 4.5) 

Demand 

volume 
Initial 

Number of vehicles [Vehicles] traveling from a certain 

origin to a specific destination departing at a certain time 

and following a specific route. 

Evacuation modeling 

(Section 4.3 and 4.5) 

Commitment 

to evacuate 
Initial 

Percentage [%] from 0 to 1 on the degree of commitment 

that a household has towards to evacuate.  

Household behavior 

modeling (Section 4.4) 

 

Table 4. Characterization of Output Variables 
 

Variable Type Category Objective Definition and units Source 

Evacuation 

Throughput 
Final Desirable Maximize 

Number of households arriving to 

safe destinations.  

Evacuation 

modeling 

(Section 4.3 

and 4.5) 

Departure 

time 
Final Undesirable Minimize 

Time in minutes [min] in which 

the household decides to depart. 

We look for the earliest departure 

time possible for each household
8
. 

Although it is desirable to depart, 

in DEA terms it is an undesirable 

output in order to be minimized.  

Household 

Behavior 

Modeling 

(Section 4.4) 

Average trip 

time 

Intermediate 

(i.e., link) 
Undesirable Minimize 

Average time in minutes [min] 

that a household would take to 

reach safety. It is an average time 

for the entire evacuation 

transportation network. It is an 

undesirable output since we want 

to minimize it. 

Evacuation 

modeling 

(Section 4.3 

and 4.5) 

 

Table 5. Characterization of Carry-over Variables 
 

Variable Type Category Objective Definition and units Source 

Perception 

towards 

evacuation 

Carry-

over 
Free  

Maximize or 

minimize 

Percentage [%] from 0 to 1. The higher 

the percentage, the better the perception. 

Any household has a perception towards 

the evacuation.  

Household 

Behavior 

Modeling 

(Section 4.4) 

 

                                                           
8
 From a traffic engineering point of view, it is actually best to spread out the demand rather than to overload the network at an early common 

departure time. Our model addresses this issue by considering the unit of analysis as the household, where the departure time minimization is 

suggested for each household and not for the network as a whole. However, future research will focus on either exploring probability 
distributions of departure times, adding them as constraints to the model, or to integrate staged-phased evacuation models into our model. 
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Figure 4. Dynamic Network Representation for the Ramp Closure Strategy 

 

4.3 Step 3: Evacuation Modeling in period t (0-15 min) 

To measure evacuation performance, it is required to model the evacuation through either an 

analytical or simulation model. For this example, we apply a well-accepted mesoscopic analytical model 

called the cell-transmission model-CTM (Daganzo, 1994). This model is a network flow model which 

provides the means to depict transportation network links (e.g., road segments) as nodes and intersections 

(e.g., on-ramps) as connectors. CTM allows studying evacuation traffic flows, demand, and throughput, 

while minimizing clearance time, average trip time or maximizing evacuation throughput. The CTM key 

steps are: defining a unit time interval, converting road segments to cells, defining connectors between 

cells, and formulating and running the mathematical model. We use the reviewed version of CTM (Liu, 

Lai, and Chang, 2006), which allows having cells of different sizes, to model the evacuation described in 

Section 4.1 by minimizing the average trip time (for details on the reviewed CTM, see Liu, Lai, and 

Chang (2006)). Table 6 contains details considered in the application of the CTM model to our example. 

The assumptions made in Section 4.1 and the details provided in Table 6 are the planned conditions that 

the agency has to compare ramp closure scenarios. Based on the planned conditions, we run the CTM 

model and extract the results for the period t (0-15 min) for the three ramp closure scenarios described in 

Section 4.1. We use LINGO 11.0
TM

 to run the model. Figure 5 shows the aggregate results per ramp 

closure scenario if the model is run without modifying the planned conditions. 

 

Table 6. CTM Modeling Details 
 

Detail Description Source 

Number of cells  14 
CTM calculations based on Section 4.1’s transportation 

network.  

Unit time interval length 

(min) 
0.172  

CTM calculations based on road lengths and free flow speeds. 

The cell sizes are measured in terms of the number of unit time 

intervals. 

Total unit time intervals 1,400  
Assumption. The model is run for 1,400 unit time intervals, i.e., 

4 hours.  

Household loading time 

(min) 
60 

Assumption. Loading is made within the first hour after the 

disaster occurs.    

Household loading 

pattern 

20%  [0-15 min],  

40% (15-30 min] 

30% (30-45 min] 

10% (45-60 min] 

Assumption. These are planned conditions at time t=0, they will 

change once household behavior is introduced in Section 4.4 

and Section 4.5. 

Saturation rate (veh/hr-

lane) 

1,900 signalized 

intersections, 

2,200 freeways 

Highway Capacity Manual (2010). They constrain cell traffic 

flows.  
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Jam density (veh/mi-

lane) 
190 Highway Capacity Manual (2010). They constrain cell flows. 

Free flow speeds 

(mile/hr) 

 

Different values Transportation network information in Section 4.1.  

Traffic assignment 

procedure 
Shortest path 

Assumption. Traffic from any origin or source is loaded 

between the two closest evacuation routes. The shortest path (in 

time terms) that does not cross the threat epicenter is taken 

towards a safe destination (i.e., sink) 

 

In Figure 5, the green line represents the loading curve, showing the percentage of households 

leaving their locations toward safety over time. The evacuation throughput curves (red, orange, and blue) 

show the percentage of households arriving at the safe destinations in each scenario and over time. The 

vertical distance between the loading and evacuation throughput curves is equivalent to the number of 

households on the road. Meanwhile, the horizontal distances between the loading and evacuation 

throughput curves represent the trip time of a household. In Figure 5, Scenario 3-‘Toms Creek ramps 

closed’ yields the evacuation throughput curve that is the closest one to the planned loading curve. 

Conversely, Scenario 1-‘All ramps open’ yields the evacuation throughput curve that is farthest to the 

planned loading curve. These results support the initial intuition on the benefits of ramp closures 

regarding smoothing traffic flows and increasing freeway speed, but it is only supported under the 

assumptions used in our model. Table 7 shows numerical results that complement the graphical results. 
 

 
 

Figure 5. Evacuation Modeling Results for the Planned Conditions 

 

Under the dynamic assumptions described in Section 4.2, the planned conditions do not remain 

static. In fact, they change due to the individual household decisions on departure times. These changes 

need to be captured by the CTM model. To do so, the next section introduces a set of artificial rules of 

behaviors applicable to households, which modify the evacuation aggregate results over future periods of 

time. 
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Table 7. Resulting Measures for Period t (0-15 min) 

 

   

Scenario 1-All 

Ramps Open 

Scenario 2-Prices Fork 

Ramps Closed 

Scenario 3-Toms Creek 

Ramps Closed 

Average Trip Time (min):    

Route 460-North Main 7.5 11.8 14.8 

Route 460-South Main 11.5 17.0  5.5 

Route 412-Prices Fork 14.7 Not taken due to closure 10.2 

Toms Creek Road 13.9 6.8 Not taken due to closure 

Min Network Trip Time (min) 3.7 6.0 4.9 

Max Network Trip Time (min) 23.6 19.8 15.3 

Time to evacuate all (min) 81.9 79.8 73.3 

 

4.4 Step 4: Household Behavior Modeling 

Household behaviors influence departure times. In our example, the agency tries to capture the 

departure times using a planned loading curve. This allows the agency to come up with estimations on 

evacuation throughput and average trip time for the period t (0-15 min). With the purpose of including the 

household behaviors as active and more realistic modifiers of planned conditions, we propose a set of 

artificial behavior rules. They are updated every 15 minutes (beginning at t=15 min), and act as a 

mechanism to add variability to the planned evacuation loading curve. Revisiting Section 4.2, each 

household would have a commitment to evacuate in period t+1 (15-30 min). The household also receives 

information from the agency (the one coming from period t (0-15 min)) on the average trip time it would 

take to get to a safe destination. Based on both the updated commitment to evacuate and the average trip 

time, the household decides its departure time within the period t+1 (15-30 min), and also comes up with 

a perception towards the evacuation for the same period. To make these variables unique for each 

household (except for the average trip time coming from the agency), we propose simple behaviors rules 

based on IF-THEN-ELSE commands and a random number generation, see Table 8. These rules are 

artificial since no real datasets on household behaviors are available for this research. When real data 

become available, we propose to process the data through data mining techniques to define behavior rules 

that are statistically differentiated and significant. 

 

Table 8. Artificial Rules of Behavior for Households 

 
Variable Artificial Rule 

Commitment to evacuate 
It corresponds to a uniformly distributed random number between 0 and 1. The 

closer to 1, the higher the commitment. 

Perception towards 

evacuation 

It depends on the commitment to evacuate and the average trip time (from the 

CTM modeling results). It is represented by a number between 0 and 1 and a 

qualitative scale. The scale is: Bad perception [0,0.4), Undecided [0.4, 0.6), 

Good [0.6, 0.8), and Very Good [0.8, 1]. For example, to get a “Bad perception” 

the commitment to evacuate must fall within [0,0.4) and the average trip time 

must be greater than 15 minutes. The same logic is applied to the other 

categories on the scale.   

Departure time 

A household will evacuate if the commitment to evacuate is greater than or 

equal to 0.6. To assign the departure time within the time interval of 15 minutes, 

a uniform random number within the lower bound of the period plus 5 minutes 

and the upper bound of the period is used. Five minutes are added to the lower 

bound because we assume that no household departs immediately. If a 

household does not evacuate, the departure time is equal to the modeling time 

(240 min=4 hrs). 
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4.5 Step 5: Evacuation Modeling in Period t+1 (15-30 minutes) 

For the period t+1 (15-30 min), the agency delivers the average trip time from period t (0-15 min, 

see Section 4.3) to the households. Based on that updated information, we apply the rules of behavior 

previously discussed and then randomize the departure time choices of the households evacuating during 

the period t+1 (15-30 min). The application of the artificial rules of behavior within the period t+1 (15-30 

min) also allows obtaining a perception towards evacuation for each household. By keeping the 

assumption that the agency is able to track the updated departure times, the updated loading curve is 

entered to the CTM model. The updated loading curve serves as the demand volume input used by the 

agency in period t+1 (15-30 min), delivering updated average trip time evacuation throughput estimates 

at the end of the period t+1 (15-30 min). 

The results in Table 9 show an increasing trend for the average trip time in all scenarios 

compared to the period t (0-15 min) in Table 7. This is because the loading curve gets steeper due to 

earlier departures than originally planned. Scenario 3 remains yielding the shortest average trip times 

when looking at the transportation agency perspective. This does not imply the same for the household 

perspective. By running the dynamic DEA model, see Section 4.7, using both period t (0-15 min) and 

period t+1 (15-30 min) we discern which scenario is the one delivering better efficiency performance for 

the entire evacuation system (all perspectives together) and for each particular sub-system or node.  

 

Table 9. Resulting Measures for Period t+1 (15-30 min) 

 

   

Scenario 1-All 

Ramps Open 

Scenario 2-Prices Fork 

Ramps Closed 

Scenario 3-Toms Creek 

Ramps Closed 

Average Trip Time (min):    

Route 460-North Main 9.3 14.0 15.5 

Route 460-South Main 13.6 21.9 9.1 

Route 412-Prices Fork 16.1 Not taken due to closure 11.2 

Toms Creek Road 14.6 9.3 Not taken due to closure 

Min Network Trip Time (min) 8.4 5.6 4.2 

Max Network Trip Time (min) 76.8 48.5 32.9 

Time to evacuate all (min) 137.4 108.2 93.3 

 

4.6 Step 6: Dynamic Network DEA Implementation 

The results from the CTM model provide a dataset composed of 5,368 households and seven 

variables per period of time, i.e., period t (0-15 min) and period t+1 (15-30 min). To illustrate the DEA 

application, we select a sample of 600 households (i.e., 100 for each source). This sample represents the 

13.8% of the total dataset size. More DMUs might be selected, but given the artificial nature of the results 

this would not provide any additional benefit. The dynamic network-DEA formulation assumes there are 

a certain number of units of analysis (i.e., households) under various ramp closure scenarios. To measure 

the efficiency performance at the system (all perspectives together) and sub-system or node (each 

particular perspective) levels, each dynamic network structure subject to comparison uses a set of inputs 

and provides desirable/undesirable outputs for both the agency and household perspective. The household 

and agency perspectives are represented by nodes and they are linked through an undesirable output 

delivered by the agency to the households (i.e., average trip time). Since the model is a dynamic one, it 

includes a free carry-over variable connecting the household perspective nodes over time. The 

formulation seeks to evaluate the overall (system for the entire time horizon of the study) and period 

relative efficiency of both the entire evacuation system and each evacuation sub-system. The formulation 

includes, for each node and period of time, a set of intensity and slack variables that allow making the 

efficiency computation. The model is non-oriented since we focus on the degree to which desirable 

outputs are maximized, undesirable links minimized, and controllable inputs minimized. 
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4.6.1 Notation and Definitions: 

𝒊: Index for the household i, where i=1,…,n. i=0 relates to the reference household (i.e., household i that is 

compared to others in terms of relative efficiency). 

𝒋: Abbreviation of input/output names. For example, the operation cost is abbreviated to oc.  

𝒌: Index for nodes, k=0, A, H, 3.  

𝑻: Index for periods, t=0,…,T. 

𝒎𝒌: Number of inputs into node k. We have: 

 𝑚𝐴 = 3, the operational cost (oc), the demand volume (dv), and the commitment to evacuate (ce).  

𝑚𝐻 = 1, the departure time (dt) is considered an input due to its undesirable nature. 

𝒓𝒌: Number of outputs to node k. We have: 

𝑟𝐴 = 1, the evacuation throughput output (et). 

𝑟𝐻 = 0, the departure time (dt) is treated as an input due to its undesirable nature.  

𝒍𝒊𝒏𝒌(𝑨, 𝑯)𝒍: Link l from node A to node H. l represents the link variable. We have: 𝑙𝑖𝑛𝑘(𝐴, 𝐻)𝑎𝑡: Avg. trip time (at) 

𝒄𝒂𝒓𝒓𝒚(𝒌, 𝒉)𝒎: Carry-over from node k in period t to node h in period t+1. m is the index that represents the 

variable that acts as carry-over. There is just one free carry-over in the model. We have: 

𝑐𝑎𝑟𝑟𝑦(𝐻, 𝐻)𝑝𝑡𝑒: Perception towards evacuation (pte) from node H in period t to node H in period t+1. 

𝒙𝒊,𝒋,𝒌
𝒕 : input j of  DMU i for  node k in period t, where i= 1,…,n; j=1,…, mk; k=0,A,H,3, and t=0,…, T. We have: 

𝑥𝑖,𝑜𝑐,𝐴
𝑡 : Operational cost (oc) for household i at node A in period t.  

𝑥𝑖,𝑑𝑣,𝐴
𝑡 : Demand volume (dv) for household i at node A in period t.  

𝑥𝑖,𝑐𝑒,𝐴
𝑡 : Commitment to evacuate (ce) for household i at node A in period t.  

𝑥𝑖,𝑑𝑡,𝐻
𝑡 : Departure time (dt) for household i at node H in period t. It is an undesirable output. 

𝒚𝒊,𝒋,𝒌
𝒕 : output j household i at node k in period t, where i= 1,…,n; j=1,…, rk; k=0,A,H,3, and t=0,…, T. We have: 

𝑦𝑖,𝑒𝑡,𝐴
𝑡 : Evacuation throughput (et) for household i at node A in period t.  

𝒛𝒊,𝒍𝒊𝒏𝒌(𝑨,𝑯)𝒍

𝒕 : value of link l of household i from node A to node H in period t, where i=1,…, n; t=0,…, T. We have: 

𝑧𝑖,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑇
𝑡 : Average trip time (at) from node A to node H in period t for household i.  

𝒛𝒊,𝒄𝒂𝒓𝒓𝒚(𝒌,𝒉)𝒎

(𝒕,𝒕+𝟏)
: value of carry-over m for household i from node k in period t to node h in period t+1, where  i=1,…, 

n; k=0,A,H,3; h=0,A,H,3; and t=0,…, T-1. We have: 

𝑧𝑖,𝑐𝑎𝑟𝑟𝑦(𝐻,𝐻)𝑝𝑡𝑒
(𝑡,𝑡+1)

: Perception towards evacuation (pte) from node H in t to node H in period t+1 for household i.  

4.6.2 Input and Output Constraints 

Node A  Node H  

𝑥0,𝑜𝑐,𝐴
𝑡 = 𝑋𝑜𝑐,𝐴

𝑡 𝜆𝐴
𝑡 + 𝑠0,𝑜𝑐,𝐴

𝑡−             (𝑡 = 0, … , 𝑇) (1) 𝑥0,𝑐𝑒,𝐻
𝑡 = 𝑋𝑐𝑒,𝐻

𝑡 𝜆𝐻
𝑡                                            (𝑡 = 0, … , 𝑇) (6) 

𝑥0,𝑑𝑣,𝐴
𝑡 = 𝑋𝑑𝑣,𝐴

𝑡 𝜆𝐴
𝑡                                       (𝑡 = 0) (2) 𝑥0,𝑑𝑡,𝐻

𝑡 = 𝑋𝑑𝑡,𝐻
𝑡 𝜆𝐻

𝑡 + 𝑠0,𝑑𝑡,𝐻
𝑡−                           (𝑡 = 0, … , 𝑇) (7) 

𝑦0,𝑒𝑡,𝐴
𝑡 = 𝑌𝑒𝑡,𝐴

𝑡 𝜆𝐴
𝑡 − 𝑠0,𝑒𝑡,𝐴

𝑡+              (𝑡 = 0, … , 𝑇) (3) 𝑒𝜆𝐻
𝑡 = 1, 𝜆𝐻

𝑡 ≥ 0                                            (𝑡 = 0, … , 𝑇) (8) 

𝑒𝜆𝐴
𝑡 = 1, 𝜆𝐴

𝑡 ≥ 0                             (𝑡 = 0, … , 𝑇) (4) 𝑠0,𝑑𝑡,𝐻
𝑡− ≥ 0                                                                       (∀𝑡)  (9) 

𝑠0,𝑜𝑐,𝐴
𝑡− , 𝑠0,𝑒𝑡,𝐴

𝑡+ ≥ 0                                           (∀𝑡) (5)   

Where,  

𝑿𝒋,𝒌
𝒕 = (𝒙𝟏,𝒋,𝒌

𝒕 , … , 𝒙𝒏,𝒋,𝒌
𝒕 ): Vector of inputs j of household i at node k in period t, where i=1,…, n. 

𝒀𝒋,𝒌
𝒕 = (𝒚𝟏,𝒋,𝒌

𝒕 , … , 𝒚𝒏,𝒋,𝒌
𝒕 ): Vector of outputs j of household i at node k in period t, where i=1,…, n. 

𝝀𝒌
𝒕 : Intensity variable for node k in period t, where k=0, A, H, 3. 

𝒔𝒊,𝒋,𝒌
𝒕− : Input excess of household i at node k in period t, where i=1,…, n; and k=0,A,H,3.  

𝒔𝒊,𝒋,𝒌
𝒕+ : Output shortage of household i at node k in period t, where i=1,…, n; and k=0,A,H,3.  

Constraints (2,6) do not contain slack variables because they are not minimized. In other words, they are not 

controllable. The agency aggregates individual departure times to update the demand volume. For the case of the 

commitment to evacuate, it depends on the protective action decision making process each household experiences. 

4.6.3 Link constraints 

From Node A to Node H  

𝑍𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 𝜆𝐻

𝑡 = 𝑍𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 𝜆𝐴

𝑡                                                          (𝑡 = 0, … , 𝑇) (10) 

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 = 𝑍𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛

𝑡 𝜆𝐻
𝑡 + 𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛

𝑡                               (𝑡 = 0, … , 𝑇) (11) 

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 = 𝑍𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡

𝑡 𝜆𝐴
𝑡 + 𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡

𝑡                         (𝑡 = 0, … , 𝑇) (12) 
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Where,  

𝒁𝒍𝒊𝒏𝒌(𝑨,𝑯)𝒍,𝒊𝒏
𝒕 = (𝒛𝟏(𝑨,𝑯)𝒍,𝒊𝒏

𝒕 , … , 𝒛𝒏(𝑨,𝑯)𝒍,𝒊𝒏
𝒕 ): Vector of links l of household i from node A to node H in period t, which 

are used as an input to node H. i=1,…, n; and l= average trip time (at). 

𝒁𝒍𝒊𝒏𝒌(𝑨,𝑯)𝒍,𝒐𝒖𝒕
𝒕 = (𝒛𝟏(𝑨,𝑯)𝒍,𝒐𝒖𝒕

𝒕 , … , 𝒛𝒏(𝑨,𝑯)𝒍,𝒐𝒖𝒕
𝒕 ): Vector of links l of household i from node A to node H in period t, 

which are used as an output from node A. i=1,…, n, and l= average trip time (at). 

𝒔𝒊,(𝑨,𝑯)𝒍,𝒊𝒏
𝒕 : Non-negative slack (input excess) for the link of household i going from node A to node H in period t, 

which is used as an input to node H. i=1,…, n, and ; and l= average trip time (at). 

𝒔𝒊,(𝑨,𝑯)𝒍,𝒐𝒖𝒕
𝒕 : Non-negative slack (output shortage) for the link of household i going from node A to node H in period 

t, which is used as an output from node A. i=1,…, n, and ; and l= avg. trip time (at). In equation (12) the sign is 

positive since the avg. trip time (at) is an undesirable. It accounts for input excesses instead of output shortages. 

4.6.4 Carry-over constraints 

From Node H in period t to Node H in period t+1  

∑ 𝑧𝑖,(𝐻,𝐻)𝑝𝑡𝑒,𝑓𝑟𝑒𝑒
(𝑡,𝑡+1)

𝑛

𝑖=1

𝜆𝑖,𝐻
𝑡 =  ∑ 𝑧𝑖,(𝐻,𝐻)𝑝𝑡𝑒,𝑓𝑟𝑒𝑒

(𝑡,𝑡+1)

𝑛

𝑖=1

𝜆𝑖,𝐻
𝑡+1                                          (𝑡 = 0, … , 𝑇 − 1) (13) 

𝑧0,(𝐻,𝐻)𝑝𝑡𝑒,𝑓𝑟𝑒𝑒
(𝑡,𝑡+1)

= ∑ 𝑧𝑖,(𝐻,𝐻)𝑝𝑡𝑒,𝑓𝑟𝑒𝑒
(𝑡,𝑡+1)

𝑛

𝑖=1

𝜆𝑖,𝐻
𝑡 + 𝑠0,(𝐻,𝐻)𝑝𝑡𝑒,𝑓𝑟𝑒𝑒

(𝑡,𝑡+1)
                          (𝑡 = 0, … , 𝑇 − 1) (14) 

Where, 

𝒛𝒊,(𝒌,𝒉)𝒎,𝒇𝒓𝒆𝒆
(𝒕,𝒕+𝟏)

: Value of the free carry-over for household i from node k in period t to node h in period t+1. m 

corresponds to the abbreviation of the variable that acts as a free carry-over. 

𝒔𝒊,(𝒌,𝒉)𝒎,𝒇𝒓𝒆𝒆
(𝒕,𝒕+𝟏)

: Output shortage or input excess of the free carry-over for household i from node k in period t to node h 

in period t+1. m is to the abbreviation of the variable acting as a free carry-over. This variable is free in sign. 

The free carry-over slacks do not account for any efficiency calculation. The continuity constraint (13) exerts an 

indirect effect on the efficiency score calculation due to the intensity variables. 

 

4.6.5 Overall Scenario Efficiency (objective function) 

𝜃0
∗ = min

∑ 𝑊𝑡𝑇
𝑡=0 ∑ 𝑤𝑘𝐾

𝑘=0 [1−
1

𝑚𝑘+𝑙𝑖𝑛𝑘𝑖𝑛𝑘+𝑛𝑏𝑎𝑑𝑘
(

𝑠0,𝑜𝑐,𝐴
𝑡−

𝑥0,𝑜𝑐,𝐴
𝑡 +

𝑠0,𝑑𝑡,𝐻
𝑡−

𝑥0,𝑑𝑡,𝐻
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 )]

∑ 𝑊𝑡𝑇
𝑡=0 ∑ 𝑤𝑘𝐾

𝑘=0 [1+
1

𝑟𝑘+𝑙𝑖𝑛𝑘𝑜𝑢𝑡𝑘+𝑛𝑔𝑜𝑜𝑑𝑘
(

𝑠0,𝑒𝑡,𝐴
𝑡+

𝑦0,𝑒𝑡,𝐴
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 )]

                         (15) 

∑ 𝑊𝑡𝑇
𝑡=0 = 1,  ∑ 𝑤𝑘𝐾

𝑘=1 = 1, 𝑊𝑡 ≥ 0, 𝑤𝑘 ≥ 0.              (16) 

Where, 𝑾𝒕: Weight of period t, where t=0,…, ; and 𝒘𝒌: Weight of node k, where k=0,A,H,3.  

4.6.6 Period Efficiency 

𝜏0
𝑡∗

=  

∑ 𝑤𝑘𝐾
𝑘=0 [1−

1

𝑚𝑘+𝑙𝑖𝑛𝑘𝑖𝑛𝑘+𝑛𝑏𝑎𝑑𝑘
(

𝑠0,𝑜𝑐,𝐴
𝑡−

𝑥0,𝑜𝑐,𝐴
𝑡 +

𝑠0,𝑑𝑡,𝐻
𝑡−

𝑥0,𝑑𝑡,𝐻
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 )]

∑ 𝑤𝑘𝐾
𝑘=0 [1+

1

𝑟𝑘+𝑙𝑖𝑛𝑘𝑜𝑢𝑡𝑘+𝑛𝑔𝑜𝑜𝑑𝑘
(

𝑠0,𝑒𝑡,𝐴
𝑡+

𝑦0,𝑒𝑡,𝐴
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 )]

                         (𝑡 = 0, … , 𝑇)                 (17) 

4.6.7 Node Efficiency 

𝛿0𝑘
∗ =  

∑ 𝑊𝑡𝑇
𝑡=0 [1−

1

𝑚𝑘+𝑙𝑖𝑛𝑘𝑖𝑛𝑘+𝑛𝑏𝑎𝑑𝑘
(

𝑠0,𝑜𝑐,𝐴
𝑡−

𝑥0,𝑜𝑐,𝐴
𝑡 +

𝑠0,𝑑𝑡,𝐻
𝑡−

𝑥0,𝑑𝑡,𝐻
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 )]

∑ 𝑊𝑡𝑇
𝑡=0 [1+

1

𝑟𝑘+𝑙𝑖𝑛𝑘𝑜𝑢𝑡𝑘+𝑛𝑔𝑜𝑜𝑑𝑘
(

𝑠0,𝑒𝑡,𝐴
𝑡+

𝑦0,𝑒𝑡,𝐴
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 )]

                     (𝑘 = 0, 𝐴, 𝐻, 3)                        (18) 

 

4.6.8 Period-Node Efficiency: 

𝜌0𝑘
∗ =  

[1−
1

𝑚𝑘+𝑙𝑖𝑛𝑘𝑖𝑛𝑘+𝑛𝑏𝑎𝑑𝑘
(

𝑠0,𝑜𝑐,𝐴
𝑡−

𝑥0,𝑜𝑐,𝐴
𝑡 +

𝑠0,𝑑𝑡,𝐻
𝑡−

𝑥0,𝑑𝑡,𝐻
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑖𝑛
𝑡 )]

[1+
1

𝑟𝑘+𝑙𝑖𝑛𝑘𝑜𝑢𝑡𝑘+𝑛𝑔𝑜𝑜𝑑𝑘
(

𝑠0,𝑒𝑡,𝐴
𝑡+

𝑦0,𝑒𝑡,𝐴
𝑡 +

𝑠0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡

𝑧0,𝑙𝑖𝑛𝑘(𝐴,𝐻)𝑎𝑡,𝑜𝑢𝑡
𝑡 )]

                         (𝑘 = 0, 𝐴, 𝐻, 3; 𝑡 = 0, … , 𝑇)               (19) 

 

Constraints (1-14) are used to compute the set of intensity variables 𝜆𝑘
𝑡  for each node k and each 

period t, as well as the slack variables associated with inputs, outputs, links, and carry-overs. Constraints 

(1-3) compare the reference unit of analysis whose efficiency is compared to the other units of analysis in 

terms of: operational cost (oc), demand volume (dv), and evacuation throughput (et). Constraints (4) 
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ensure variable returns to scale – VRS for node A and the non-negativity of all 𝜆𝑘
𝑡  pertaining to node A. 

Constraints (5) establish the non-negativity conditions for slacks related to constraints (1, 3). Constraints 

(6-7) compare the reference unit of analysis whose efficiency is compared to the other units of analysis in 

terms of: commitment to evacuate (ce) and departure time (dt). By definition, the departure time is an 

undesirable output expected to be as low as possible. Therefore, in the model it is treated as an input. 

Constraints (8) ensure variable returns to scale – VRS for node H and the non-negativity of all 𝜆𝑘
𝑡  

pertaining to node H. Constraint (9) establishes the non-negativity condition for slacks related to 

constraint (7). Constraint (10) establishes the continuity of the link average trip time (at) from A to H 

respectively. It ensures that what leaves node A, enters node H, i.e., material and information flow 

conservation. Constraint (11) compares what is delivered in terms of average trip time (at) to node H for 

the household being evaluated relative to all households. Constraints (12) compares what is delivered in 

terms of average trip time (at) from node A for the household being evaluated relative to all households. 

Constraint (13) establishes the continuity of the carry-over perception towards evacuation (pte) from node 

H in period t to node H in period t+1. Constraint (14) compares what it is carried-over for the household 

being evaluated in terms of perception towards evacuation (pte) from node H in period t to node H in 

period t+1 in relation to what is carried-over for all households.  

The overall efficiency score of the household being evaluated is given by equation (15). It yields 

a number lower or equal than 1. The set of equations (16) pertain to time period and node weights 

respectively. The definition of weights is commonly driven by either a preference or empirical evidence 

that the modeler gives to the study. For example, if empirical evidence shows that what happens at early 

stages of an evacuation is critical to achieve better final results, higher weight (W
t
) is assigned to early 

periods. The decision on which node should receive higher weight might be driven by a measure of 

importance. In production systems, the node weights are easier to calculate since measures of production 

quota or market share can be used. In evacuation, it is difficult to decide which node is more relevant for 

the efficiency performance results. For instance, if the agency is the one executing the evaluation, it is 

likely that the weight (w
k
) assigned to its node is greater than the one assigned to the household node. In 

our example, the weight values are equal since no judgments on importance are made. The period 

efficiency is represented by equation (17) and the node overall efficiency for both time periods by 

equation (18). The node efficiency in a specific period of time is given by equation (19). 

 

4.7 Step 7: Results and Analysis 

The dynamic network DEA model is run using DEA Solver
TM

 for each ramp closure scenario. 

The results include: overall efficiency score for the network (system) and both periods together, period 

efficiency scores for period t (0-15 min) and t+1 (15-30 min) for the network (system), subsystem (node) 

efficiency scores for both time periods, subsystem (node) efficiency scores for each period of time, output 

and input targets, intensity variables’ values, and slacks and dual variables’ values. The richness of the 

results is vast given the fact that we use the household as the unit of analysis. For the sake of simplicity, 

we only present and analyze the results in very aggregate terms using the overall efficiency scores. The 

implications of output/input targets and other results are left for future research.  

In Figure 6, the overall efficiency distribution for each scenario is presented. It depicts how both 

households and the agency perspectives perform together per scenario. In Sections 4.3 and 4.5, closing 

the on-ramps on Toms Creek (Scenario 3) yields the best results regarding average trip time. Based on 

Figure 6, the dynamic network performance analysis also supports this result when using the average 

efficiency score for comparison purposes. Scenario 3 has an average network efficiency score of 78% 

compared to 71% and 64% for Scenarios 2 and 1, respectively. Keeping all the ramps open (Scenario 1) 

would not be recommended. When studying the efficiency distributions of Scenarios 2 and 3, we observe 

that they are divided in two data groups. By exploring this, the data group having less favorable efficiency 

scores is related to the ramification that the ramp closure has on the agency and households. Due to ramp 

closures, the agency is not able to evacuate the households near to the closed ramps quickly. Thus, the 

closures create longer trip times for some households since other routes need to be used. This situation 

affects the households’ performance in terms of departure time and perception. The coupled effects 
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represented by the distributions in Figure 6 indicate that the approach captures the differentiated effects 

that an evacuation traffic management strategy has on multiple perspectives. 

 

 
 

Metric 
S1- All Ramps 

Open 

S2- Prices Fork On-

Ramps Closed 

S3- Toms Creek On-

Ramps Closed 

Avg. Overall Efficiency 0.64 0.71 0.78 

Avg. Agency Efficiency 0.87 0.85 0.92 

Avg. Households 

Efficiency 
0.41 0.61 0.65 

 

Figure 6. Overall Efficiency of the Ramp Closure Scenarios 

 

 
 

Figure 7. Overall Efficiency Decomposition for Each Ramp Closure Scenario 

 

The results also allow for the decomposition of the network (system) efficiency score into the 

efficiency of the subsystems or perspectives and their associated processes (transportation management 

process and the protective action response process). Figure 7 shows this decomposition for each ramp 

closure scenario by using the average scores. For the example case, the agency subsystem (perspective) is 

always more efficient than the household one. This appears to be reasonable given the nature of the 

technical processes performed by the agency compared to the psychological processes undertaken by the 

households. In Scenario 3, the agency perspective reaches a peak network overall efficiency of 92% 

compared to 85% for Scenario 2, and 86% for Scenario 1. This means that under Scenario 3, the agency is 

able to evacuate more households while reducing the average trip time. When comparing the trend of the 

agency efficiency (green dots in Figure 7) versus the average network efficiency (blue dots in Figure 7), it 

appears that the agency performance does not exert enough dominance on the average network efficiency 

trend. Conversely, the household perspective exerts the greatest influence on the average network 

efficiency trend (red dots in Figure 7 vs. blue dots). The household perspective average efficiency exerts a 

decreasing effect on the average network overall efficiency performance for Scenario 1, even though the 

agency perspective average efficiency is fairly high. This result supports the idea that both technical 
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performance (agency perspective) and household efficiency performance are required to evaluate 

evacuation traffic management strategies, so that one has a more holistic and valid evaluation.  

 

4.8 Concluding Remarks from the Example 

Our illustrative example provides a means to compute evacuation efficiency performance over 

time for the evacuation system (all perspectives together) and the agency/household perspective under 

various ramp closure scenarios. Since there are many individual households, each dynamic network 

performance measurement structure is run for each household. We assume there is just one agency (in 

reality, there are several agencies in charge in counties/cities), but many households participate in the 

evacuation and use outputs from the agency. Thus, an overall efficiency score for each household is 

obtained. Having a single efficiency score for each household supports the premise that each household 

evacuation experience is unique, since each one has different commitment levels, processes information 

differently, and makes decisions about how and when to go at different moments in time. Singular results 

imply the need for data aggregation to support the agency’s decision making process.  

One option to address the aggregation problem could be to define the unit of analysis as the ramp 

closure scenario instead of the household, and then use utility functions to aggregate households’ 

behaviors (Arrow, 1950). A utility function will be defined by a measure tracked at the individual level, 

e.g., the commitment to evacuate. If we would like to determine a value maximizing the commitment to 

evacuate from more than one household, a utility function (Ui) would be required. The simplest objective 

function is U=ƩUi. This maximizes the summation of all individual utilities, but it does not guarantee 

improvement for all individuals. The utility function Ui could be used to aggregate household’s 

inputs/outputs and carry-overs for our dynamic network-DEA performance measurement structure, and 

then we would not need to run the model for each household, but for each ramp closure scenario. 

However, the final results about targets would be aggregated and no distinction about individual 

households would be possible. Improvement guidelines can be generalized for the agency, but they would 

lack of the precision that the household differentiation provides. A second option to deal with data 

aggregation is available and it is implemented in Section 4.7. So far, our approach is to run the dynamic 

network DEA model for each household. It implies that final results will be unique for each household. 

We believe that building data distributions, as the ones shown in Figure 7, for the efficiency scores allows 

aggregating data from individual results. By having 600 households that are notified to evacuate and 

running the dynamic network-DEA model for each household, we obtain 600 overall efficiency scores per 

ramp closure scenario. Based on those scores, we propose to build the distribution of the individual 

efficiency scores per scenario and obtain descriptive statistics. By knowing the statistical measures per 

scenario, a more detailed study of the household’s determinants of performance through stochastic 

dominance could be achieved, and then aggregated information is available for the agency. For instance, 

if the distribution of the average trip time target is obtained for each household under a specific scenario, 

a potential concentration towards a range of trip time targets can be identified. Such a finding could lead 

to the specification of guidelines of speed improvement for the agency in terms of infrastructure and 

information requirements. A guideline of improvement does not guarantee the achievement of all 

stakeholder expectations, but at least it promotes enhancement of many of them. One important issue for 

further research is how to build guidelines of improvement applicable to the agency and households 

without suggesting “human behavior optimization”. 

On the issue of data availability, our illustrative example assumes artificial data concerning 

household choices, perceptions, and commitment. In reality, the access to household information implies 

the application of surveys to a representative number of households with different contextual features 

(e.g., age, education, income). In terms of computation, running the model with real data per household 

and scenarios implies a large number of runs, and hence, high computational capabilities. Commercial 

DEA solutions might not be suitable to run the model. MATLAB and SAS platforms could be explored to 

do so. 

 



32 

 

5. Conclusions and Future Research 

This research offers the disaster management, transportation, and efficiency performance 

measurement literatures a three-fold contribution: i) We propose a novel theoretical representation of the 

dynamic network DEA approach of Tone and Tsutsui (2013) for measuring evacuation performance when 

a ramp closure strategy is considered. This novel representation requires a theoretical yet tractable 

integrated conceptual framework that incorporates underlying stakeholder perspectives, evacuation-

related systems, processes and their interrelationships. ii) This research combines the dynamic network 

DEA approach with traffic engineering and socio-behavioral theory of protective action. The dynamic 

network DEA model complements the evacuation performance evaluation of scenarios by taking into 

account performance considerations related to the household and agency perspectives. iii) This research 

proposes a bridge between the results obtained from the dynamic network DEA approach and the design 

of evacuation traffic management strategies, taking as an example the ramp closure strategy. The 

illustrative example presented in Section 4 is used to show how the dynamic network efficiency 

performance measurement structure provides insights as to the determinants of efficiency performance for 

the agency and households, which can be used for evacuation traffic management strategy design. 

Expanding on the previous contributions, the current research allows us to gain insights on how 

the emergency services and social systems, viewed from multiple perspectives, relate to one another in 

evacuation planning. The dynamic network structure seems to be appropriate to map the interrelationships 

between the selected perspectives. By means of an example, we show how the perspectives’ performance 

has a direct relationship with evacuation efficiency performance over time. The effect of changes of 

individual perspectives might be tested to explore their impact on the network efficiency performance. 

E.g., Hypothesis 1: Increasing operational costs to implement ramp closures improves household 

perception towards evacuation; Hypothesis 2: Agency efficiency performance has a significant effect on 

the aggregate household efficiency under ramp closures. Our research approach also informs disaster 

research through the mapping of the underlying processes that are part of the systems related to 

evacuation. The mapping follows an input-process-output activity structure, which is not a usual way of 

representing socio-behavioral processes. The resulting representations of integrated systems constitute, in 

essence, abstract yet tractable (i.e., to the literature) theoretical relationships subject to hypothesis testing. 

Moreover, the implementation of a DEA approach to evacuation planning informs us about the 

appropriateness of applying non-parametric operations research tools to problems that involve socio-

behavioral issues. This could promote more research on the ‘marriage’ of socio-technical systems and 

analytical tools coming from social sciences and engineering. Finally, this research informs the efficiency 

measurement theory, especially service science, about the efficacy of efficiency measurement of complex 

physical, service, and social systems based on dynamic network DEA.  

Our research can expand on the concept of ‘dynamics’ (Fallah-Fini, Triantis, and Johnson, 2014). 

A system is dynamic not only because of the action of time (Sterman, 2000 pp. 22), but also because of 

the presence of feedback loops triggering changes, non-linear effects changing expectations, history-

dependence keeping past effects, adaptive structures modifying environments, and delays deferring 

changes. To include those features, either modifications to the current dynamic network DEA models or 

alternative simulation approaches might be explored (Triantis, 2014). Simulation offers a broad set of 

possibilities when thinking of using System Dynamics (e.g., Fallah-Fini, Triantis, Rahmandad, and de la 

Garza (2015)) or Agent-based Modeling to understand evacuation performance relationships, to capture 

feedback loops and delays in decision making, and to study dynamic hypothesis testing of performance. 
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Chapter 3. Essay on Bank Branch Network 

 

Abstract 

This paper proposes a multi-step procedure that integrates robust clustering analysis and data 

envelopment analysis (DEA) to identify bank branch managerial clusters and study efficiency 

performance. By applying robust techniques based on principal component analysis, we look for (1) the 

detection of influential branches, i.e., exhibiting extreme operating behaviors, and (2) the clustering of 

branches based on operating characteristics. Our premise is that influential branches affect both the 

clustering and the determination of efficiency performance. The application of the procedure yields 

various aggregate influential-based branch profiles along with cluster profiles. These aggregate profiles 

provide valuable insights on the determinants of branch efficiency performance and operating patterns. 

Using the profiles as contextual information, DEA input-oriented slack-based models are applied to study 

branch efficiency performance from meta-frontier and cluster-frontier perspectives. Branch performance 

is characterized in terms of influential-based and cluster profiles, and efficiency designations. This allows 

for the understanding of how efficiency and peer selection are affected by influential branches, and how 

the profiles can be used to inform design decisions. 

Keywords: data envelopment analysis; influential observations; robust principal component 

analysis; meta-frontier; cluster-frontier; bank branch performance. 

 

1. Introduction 

This paper discusses a unique augmentation and implementation of a multivariate approach 

(Triantis, Seaver, and Sarayia, 2010) for efficiency analysis accounting for influential observations 

(Seaver and Triantis, 1992; Seaver and Triantis, 1995; Seaver, Triantis, and Hoopes, 2004). This paper 

expands on this approach by including (1) the study of efficiency performance from both meta-frontier 

and cluster-frontier (i.e., a frontier computed from a cluster based analysis) perspectives, and (2) 

influential-based and cluster profiles to guide bank branch network design decisions, e.g., how to group 

branches, how to change the input/output structure of branches, etc. Our multi-step procedure is seen as 

an expert system that informs decision making at the network and branch level and is implemented using 

a dataset of bank branch data (Paradi, Zhu, and Eldestein, 2012). Our research objectives are threefold. 

First, we augment and implement a multi-step procedure to identify managerial clusters of bank branches, 

as well as the challenges and intuition associated with its execution. Our approach in this paper differs 

from the Triantis et al. (2010) approach in that robust principal component analysis is conducted to obtain 

an in-depth influential observation evaluation with a data set that is over five times larger than that of 

Triantis (2010). Based on this outlier evaluation and in the absence of specific contextual variables, we 

use the inputs and outputs to conduct both density and centroid based clustering analyses. We 

acknowledge that our proposed approach is heuristic but provides a wealth of information that lends to the 

investigation of bank branch profiles both from an influential observation and clustering perspectives. 

Second, we investigate how the concepts of meta-frontier and cluster-frontier along with the identification 

of influential observations improve the understanding of bank branch efficiency performance and design 

decisions. Third, we compare and contrast the bank branch performance results of Paradi et al. (2012) 

with the results reached by implementing our procedure. This allows informing the literature on 

alternative ways to cluster bank branches and to obtain new or complementary managerial insights. 

The impact of influential observations on efficiency measurement is an ongoing research issue. 

While many approaches that investigate this impact are highlighted in the DEA literature (e.g., Beguin 

and Simar, 2004), our contention over the years is that the integration of DEA with robust, fuzzy and 

Bank Branch Operational Performance: A Robust Multivariate and Clustering Approach 
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multivariate approaches (Seaver and Triantis, 1995; Seaver and Triantis, 1992; Seaver et al., 2004; 

Triantis et al., 2010) offer a unique perspective of the masking that occurs due to influential observations 

along with a different understanding of efficiency extremes (efficient versus very inefficient). 

Additionally, the meta-frontier concept hinges in part on the consideration of the contextual features of 

the DMUs that are used in the analysis. These features are typically used to arrange DMUs into 

homogenous groups. The cluster frontiers are formed by more similar DMUs, offering an additional 

perspective of efficiency performance along with the identification of performance targets and peers, and 

the discovery of best practices and design insights, see Section 5.1. 

Bank branch performance is of continued interest especially in the context of technological and 

socio-demographic shifts. While the study of a specific data set does not allow for complete 

generalizations on bank branch clustering and performance especially since the available dataset is from 

the year 2004, and consequently dynamic considerations (Fallah-Fini, Triantis, and Johnson, 2014) cannot 

be incorporated, our multi-step procedure allows us to obtain practical and technical managerial insights 

summarized in Section 5. We see this implementation as a point of departure from the literature as a 

means to analyze more recent banking data in the future. We provide information that can be useful not 

only when understanding ex-post bank branch operational performance but also when considering future 

network design decisions (see Section 5.1). Our approach allows for a comprehensive meta-analysis of 

the data provided. In its core, it is a heuristic analysis dealing with a host of issues, e.g., influential 

observations; meta-frontier and cluster-frontiers. 

 

2. Bank Branch Performance: Context and Previous Study 

Retail banks perform two operations: the provision of financial products and services, and 

financial intermediation and risk management (Mukherjee, Nath, and Nath, 2002). They operate in a 

network fashion through branches across a country. Branches might have similar portfolios, but they 

might differ in terms of size, market orientation, operating environment, etc. (Paradi and Zhu, 2013). 

Their largest source of expenses is their operational inputs used to provide financial products and services 

(Paradi and Zhu, 2013). These costs range from 60 to 70% of the total expenses (McKinsey and 

Company, 2010), involving personnel, rent and supplies. When evaluating branch performance two types 

of efficiencies are of interest: profit and operational (Paradi and Zhu, 2013). Profit efficiency relates to the 

intermediation and risk management operations. Typical variables of interest are: interest revenues/costs 

and bank fees (Hannan, 2006). Operational efficiency focuses on the provision of financial products and 

services, minimizing operational inputs while maximizing the products/services volume. Profit efficiency 

is of interest to shareholders, and operational efficiency to stakeholders, e.g., branch managers. Branch 

performance has been measured using financial ratios (Mukherjee et al., 2002), e.g., return on investment. 

They compare few variables, making them easy to calculate. The criticism against them is their inability 

to measure performance as a multidimensional construct including non-financial variables (Berger and 

Mester, 1997). 

To overcome the shortcomings of financial ratios, the efficiency measurement literature proposes 

parametric methods, such as stochastic frontier analysis (SFA), and non-parametric ones, such as data 

envelopment analysis (DEA). These methods allow the evaluation of bank branch performance by 

including multiple dimensions, i.e., inputs and outputs (Sherman and Gold, 1985; Berger and Humphrey, 

1997; Paradi and Zhu, 2013). DEA has been used to address both profit and operational efficiency. Two 

approaches are typically followed: intermediation and production (Paradi and Zhu, 2013; Avkiran, 2009). 

The intermediation approach manifests itself when funds are raised, e.g., from deposits, and money is lent 

to customers through credit lines (Mukherjee et al., 2002; Schaffnit, Rosen, and Paradi, 1997). Collecting 

and lending money imply an intermediation process, which allows banks to generate profits from the 

interest charged on credits minus the interest paid on deposits (Paradi and Zhu, 2013). The goal is to 

maximize profits while minimizing/maintaining the interest costs; i.e., to achieve profit efficiency. In 

contrast, the production approach focuses on the provision of financial products and services given certain 

physical (e.g., layout), informational (e.g., technology) and human (e.g., employees) resources (Yang, 

2009). Financial products and services include deposits, over-the-counter transactions, etc. (Cook and 



37 

 

Zhu, 2006). The goal is to minimize the use of resources while maximizing/maintaining product/service 

volumes; i.e., to achieve operational efficiency. 

We focus on operational efficiency. Table 1 depicts typical inputs/outputs used in the literature 

for the production approach. It suggests that: (1) Facilities-related inputs are fixed in the short term since 

they are not likely to change under the branch managers' control and banks do not change their fixed costs 

frequently. Capturing their contribution to branch performance, in terms of output production, is difficult; 

(2) the use of costs for inputs and transaction values for outputs implies the use of prices, representing 

profitability. In this case, separating technical from price efficiency is a challenge; (3) the use of output 

transaction duration raises the issue of the appropriate metric to measure time, e.g., is the average time a 

reliable metric? The efficiency results will differ given the metric. In this context, we pursue a production 

approach with a model specification using personnel-related inputs and volumes for outputs, avoiding 

market prices and time in the analysis (see Table 2). 

 

Table 1. The Production Approach: Literature-Related Typical Inputs and Outputs 

 
Inputs Outputs 

Personnel-related: services, sales, 

management, and other staff measured in 

Full-Time Equivalents (FTEs). 

Facilities-related: rent cost, layout space in 

ft
2
, number of ATMs and computers. 

Supply-related: cost of supplies, cost of 

ATMs and computer maintenance. 

Transaction volume (units): over-the-counter transactions (e.g., 

withdrawals, checks cashed, treasury checks), personal/business 

deposits, personal/business loans, insurance and mortgages, etc.  

Transaction value (dollars): deposits, personal/business loans, 

personal/business investments, and mortgages, etc.  

Transaction duration (time): over-the-counter transactions, 

personal/business deposits, personal/business credits, etc. 

 

Grouping branches is crucial for retail banks. Efficiency performance comparisons cannot be 

completed if branches are dissimilar. Strategies (e.g., initiatives to attract customers) and network design 

decisions (e.g., to have more sales-oriented branches, which branches to keep open based on efficiency 

performance) cannot be taken studying each branch due to cost and time constraints. Branches should be 

grouped into clusters composed of comparable branches, promoting a reasonable efficiency performance 

benchmarking process (Athanassopoulos, 1998). Homogeneous clusters would make it easier to suggest 

strategies and support network design decisions. Also, clusters would allow for the identification of 

differentiated needs and improvement actions. Banks use location and/or size variables to group branches 

and compare efficiency performance (e.g., Yang, 2009). These variables fall short in capturing other 

characteristics such as the operating environment (customer age, income distribution, etc.), and operating 

patterns (product/service orientation and sales/service personnel focus). Recognizing that branches might 

share similar features beyond location and size, banks would require more reliable ways to group 

branches to (1) focus the design of strategies; (2) foster multidimensional performance comparisons; and 

(3) make informed network design decisions. 

 

2.1 Background on Canadian Banking 

The Canadian Banking System is composed of: 29 domestic and 24 foreign banks, 27 full-service 

and 3 foreign lending branches (Canadian Bankers Association, 2014). The Office of the Superintendent 

of Financial Institutions regulates the system through the Canadian Bank Act (S.C. 1991, c.46). Domestic 

banks operate through networks, reporting 6,321 branches, over 275,000 employees, and 18,500 

Automatic Banking Machines-ABMs (Canadian Bankers Association, 2014). Since two decades ago, 

Canadian bank networks experienced major changes due to regulatory and technological reasons. The 

introduction of the National Interact Debit Card in 1994, the first full-service virtual bank in 1997, 

internet banking, and online shopping in 2000 and 2001, and the Bill C-8, which introduced changes to 

financial legislation are some examples (Canadian Bankers Association, 2014). The movement towards a 

multichannel approach (branches, ABMs, and internet) has changed the way Canadians do banking. 

Recent statistics (Canadian Bankers Association, 2014) show that 55% of Canadians used the internet as 
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the primary banking choice in 2014 versus 8% in 2000. Although banking at branches has decreased over 

time, branches are still necessary for small town economic development since they provide access to 

financial markets, especially for towns in remote areas where the access to internet is not given. Also, 

some people prefer the personal touch that branches provide to customers. Despite the global trends on 

closing brank branches (e.g., U.S. branch closures in 2012 were 2,267 (Sidel, 2013)), Canadian banks 

show a positive growth in the number of branches, i.e., from 5,902 branches in 2006 to 6,321 in 2013 

(Canadian Bankers Association, 2014). This growth is the product of re-designing branches within a 

multichannel approach, making them more specialized through customized products/services and expert 

advice. 

 

2.2 Selected Study on Bank Branch Clustering and Performance 

Paradi et al. (2012) identify bank branch managerial groups with similar operating patterns. The 

authors use data from a large Canadian bank, 962 out of 966 branches are analyzed after identifying four 

outliers. The dataset includes three inputs and four outputs. The inputs are: Full-time equivalent (FTE) 

service, sales, and management employees. The outputs relate to the number of new account openings and 

transactions: day-to-day (personal/small business accounts), investment (personal/small business terms; 

money funds; fixed income and wealth accounts), borrowing (mortgages; personal and small business 

loans; and lines of credit), and over-the-counter transactions (bill payments; deposits; withdrawals). 

Following a production approach, Paradi et al. (2012) execute the following multi-step procedure: Step 1: 

Identification of efficient branches through a non-oriented slack-based measure-SBM model. Step 2: 

Establishing reference peers using an additive DEA model (Charnes, Cooper, Golany, Seiford, and Stutz, 

1985) through lambda values (λ), indicating the degree of closeness of an inefficient branch to an efficient 

one. Step 3: Determining operating patterns. The premise is that efficient branches follow different 

operating patterns. To identify the operating patterns, vectors of inputs and outputs are compared to 

standard input/output vectors using the dot product. A standard vector is one with components equal to 

one or zero. A component equal to one designates a specific input focus (e.g., service FTEs) or output 

orientation (e.g., investments). The resulting measure of similarity is the cosine of the angle formed by the 

vectors. If the cosine value is closer to 1, the branch follows an operating pattern similar to the one 

proposed by the standard vector. Step 4: K-means clustering. The K-means clustering uses the cosine 

measures to cluster efficient branches. Six clusters are selected. Step 5: Inefficient branch allocation 

where the approach uses the lambdas to allocate inefficient branches to clusters. A max function 

determines the within-group membership, e.g., if an inefficient branch has a peer in Cluster A and Cluster 

B, the branch belongs to Cluster A if the sum of the lambdas related to it is greater than the one related to 

Cluster B. Paradi et al. (2012) highlight several managerial insights: (1) inefficient branches may not find 

their peers or role models within groups of branches located in similar geographical areas; (2) branches 

can be grouped by similar operating patterns (i.e., input focus/output orientation), leading to business 

specialization; (3) the effect of managerial staff on branch performance is not clear. This is due to the low 

correlation between the management input and the outputs; and (4) inefficient branches may find their 

peers in clusters that do not represent their exact operating patterns. This cross-referencing provides the 

opportunity to evaluate alternatives and change branch operating patterns. Alternatives include scaling the 

branch size up in terms of all or individual inputs and/or outputs. 
 

3. Data and Methodology 
 

3.1 Data Description and Multi-step Procedure 

The data belongs to a Canadian Bank with 966 branches and are the same used in the Paradi et al. 

(2012) study. Branches are spread across the country and, in theory, follow the same processes under 

varied socio-demographic conditions, i.e., operating environments. The variables are divided into three 

inputs and four outputs, which are presented in Section 2.2. The cross-sectional data correspond to a 10 

month period in 2004. Although no more recent data is available, and also information on whether the 

data are representative of the average branch performance over time, we use the data as a means to 
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explore the capabilities of our multi-step procedure in identifying managerial clusters, studying branch 

performance, and informing network design decisions. Table 2 provides descriptive statistics of the data. 

The large data variability confirms the heterogeneity of operating patterns. The multi-step procedure is 

divided in two major steps and four sub-steps shown in Figure 1.  

 

Table 2. General Descriptive Statistics (966 branches) 

 

 
Inputs (in FTEs) Outputs (in Units) 

 
Service Sales Mgmt. Day-to-Day Investments Borrowing OTC 

Mean 8.16 5.48 0.82 2,867.20 3,414.25 1,855.27 248,459.33 

Std. Dev. 4.41 3.34 0.21 1,832.77 2,244.85 1,028.97 172,969.65 

 

 
 

Figure 1. The Multi-step Procedure 

 

3.2 Statistical Approach to Cluster Bank Branches 

This step integrates various statistical techniques to find a sound way of clustering branches. Two 

sub-steps are followed. Sub-step a) corresponds to robust outlier detection. Outliers might come from 

contaminated or incorrect data (e.g., bad measurement) or just from observations exhibiting extreme but 

valid behaviors (Seaver and Triantis, 1992). Since benchmarking depends on the results coming from the 

data used in the analysis (Seaver and Triantis, 1995), it is important to identify extreme observations 

before pursuing other analyses. Paradi, Yang, and Zhu (2011) point out that under the assumption of 

correct data, outlier detection can identify whether some branches are different from others with respect to 

business orientation (e.g., output orientation) or structure (e.g., input focus). In other words, outlier 

detection can inform different operating patterns. This sub-step deals with the detection of outliers 

through the application of robust principal component analysis-ROBPCA (Hubert, Rousseeuw, and 

Vanden Branden, 2005). Robustness implies stable results in the presence of outliers (Triantis et al., 

2010). The influence that extreme observations exert on others is accounted for and isolated. ROBPCA 

allows for dimensionality reduction, so that data can be represented by a number of linear combinations 

that are lower than the number of variables of a dataset. The resulting linear combinations are called 

Principal Component (PC) hyper-planes (Triantis et al., 2010) and they explain fractions of the dataset 

variability. The first PC explains the largest proportion of the variability, the second PC the second largest 

proportion, etc. To verify the proportion of variability explained by each PC, we apply oblique rotation 

(for correlated data: Oblimin, Promax) or orthogonal methods (for uncorrelated data: Varimax, 

Quartimax). These methods prove useful when determining if the sizes of the PCs hide other PC 

structures; i.e., if other PCs explain dissimilar proportions of the variability. Not all PCs are selected for 

further analyses. The number of PCs selected depends on the fraction of variability explained by each PC, 

i.e., the more variability explained, the better. This decision can be tied to the Kaiser rule (Kaiser, 1960) 

that suggests that a PC should be selected if its eigenvalue (i.e., variability explained by a PC) is greater 

or equal than 1.0 for the correlation matrix, or greater or equal than 0.7 for simulation results. 

ROBPCA classifies observations in four categories: regular, good leverage, orthogonal, and bad 

leverage (Hubert, Rousseeuw, and Vanden Branden, 2005) while the robust PCA with m-estimation used 

by Triantis et al. (2010) only indicated outliers but not type. According to Hubert and Engelen (2004), 

a) Robust outlier detection

b) Two-stage clustering analysis 

a) Data envelopment analysis from 

a meta-frontier perspective

b) Data envelopment analysis from 

a cluster-frontier perspective

3.2 Statistical Approach to Cluster 

Bank Branches
3.3  Efficiency Measurement
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regular observations are a consistent group horizontally and vertically close to the PC hyper-planes. They 

do not show extreme behaviors. Good leverage observations are vertically close to the PC hyper-planes, 

but horizontally far away from them. Their variability is still well captured by the PC hyper-planes. 

Orthogonal outliers are observations with a large vertical distance to the PC hyper-planes and their 

projection on them is close to the regular observations. Their variability is harder to explain when 

compared to other observations. Finally, bad leverage observations have both large vertical and horizontal 

projections on the PC hyper-planes. They exhibit extreme behaviors and increased variability. The robust 

PCA used by Triantis et al. (2010) creates a weight (between 0 and 1 inclusive) for each observation that 

is inversely proportional to the outlying-ness of the observations that affects the mean vector and 

covariance matrix while ROBPCA provides more information by classifying observations into the four 

categories above. Our contention is that there is something to be learned from each type of observation. 

We believe that the most interesting observations are those that are extreme. For example, bad leverage 

observations could represent extreme occurrences. Thus, they might provide insights on the determinants 

of performance (inputs/outputs) generating extreme behaviors, and would also inform what a ‘bad 

leverage’ branch means in banking terms. This is why our approach looks at the classification of outliers 

by keeping as many observations as possible rather than discarding them. Although we recognize the 

variability within each group of observations, it is our intent to come up with aggregate profiles of the 

outlier-based classification as means to explore what we can learn from the data. Also, this sub-step 

provides the robust PC scores used for clustering. The PC scores are the new coordinates of the 

observations regarding the PC hyper-planes. Since the ROBPCA eigenvalues represent the variability 

explained by each PC, the PC scores are multiplied by the square root of their eigenvalues to weigh them 

for further clustering analysis.  

Sub-Step b) pertains to a two-stage clustering analysis. Branches might share similarities 

regarding operating environments, and hence, it is possible to cluster branches through statistical 

techniques (e.g., Prior and Surroca, 2006). Clustering allocates observations into several clusters (Paradi 

et al., 2012). Observations within clusters are ‘similar’ (i.e., low within-group variability) and to a certain 

degree, different from others belonging to other clusters (i.e., high between-group variability). In banking, 

clustering might be used as a pre or post-assessment efficiency performance technique (Thanassoulis, 

1999). Clustering as a pre-assessment tool defines clusters first, and then its results are used for 

performance analyses. Thanassoulis (1999) indicates that pre-assessment makes sure that branches within 

clusters are really comparable, so that the efficient ones are appropriate benchmarks. Pre-assessment 

clustering often uses socio-demographic or contextual variables. Clustering as a post-assessment tool 

seeks to group branches using efficiency results, e.g., efficiency scores (Prior and Surroca, 2006). 

Efficiency branch performance is evaluated first, and then branches are grouped using performance 

results. Post-assessment clustering does not allow the drawing of inferences beyond efficiency 

performance, masking the influence of operating environments. 

For our research, the available dataset is bounded to internal data for inputs and outputs. This 

means that no contextual variables are available to pursue pre-assessment clustering based on external 

variables. Considering this limitation and the intention of using pre-assessment clustering, we use the 

branch operating patterns, i.e., input focus/output orientation, as proxies to represent the heterogeneity of 

branch operating environments. Clustering can use raw or pre-processed data. We use the latter to avoid 

scaling issues, to concentrate on significant variables, and to reduce dimensionality (Han, Kamber, and 

Pei, 2012). Thus, the PC scores obtained in sub-step a) are used as the inputs for clustering. They are 

robust and account for high variability. For the clustering analysis, we include all the observations coming 

from sub-step a). This aligns with our premise to explore what we can learn from all observations in terms 

of efficiency performance. With respect to clustering methods, we use the two-stage clustering method 

proposed by Seaver and Triantis (1992). The first stage allocates observations to clusters using the k-NN 

algorithm (i.e., density-based method), providing robustness and less spherical cluster shapes. The second 

stage uses the hard allocated results as inputs to implement a k-means clustering method (i.e., centroid-

based method) and obtain cluster profiles. Future research will show how a fuzzy clustering approach 

brings more clarity to understanding the cluster profiles of banks (Triantis et al., 2010). We tested a 
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number of clusters from 4 to 8. It is our experience that a number greater than eight makes clusters more 

difficult to evaluate. The ‘best’ number of clusters is obtained from the jackknife error, which yields the 

minimum classification error possible when using a discriminant analysis for classifying observations into 

their clusters. To get the jackknife error, linear discriminant functions under several combinations of the 

raw variables are computed. Only one combination yields a minimum jackknife error. A poor 

classification error from the jackknife could imply that the clustering methodology does not really 

separate the clusters well. Classification error with discriminant analysis is a measure of how well 

individual observations are placed into their assigned cluster or group. The smaller this error is, the 

greater the confidence in the clustering solution. An alternative measure for evaluating the ‘best’ number 

of clusters is the average silhouette, which accounts for how tight data points are in a cluster. It uses 

distances to measure the tightness of the data points within and between clusters, which makes its 

measurement sensitive to outliers.  

 

3.3 Efficiency Measurement  

We evaluate efficiency performance using data envelopment analysis -DEA (Charnes, Cooper, 

and Rhodes, 1978). We execute two sub-steps. Sub-step a), where we use DEA from a meta-frontier 

perspective. We analyze performance comparing each branch to all branches and in this way have an 

evaluation based on an overall meta-frontier. The model specification adopts a production model, where a 

bank branch represents a service provider using personnel-related inputs to provide sales/service-related 

outputs. We select an input oriented DEA model because at the operational level, branch managers have 

more control over inputs than outputs. Given that no contextual variables are available; this paper takes a 

traditional view of DEA using internal data for inputs and outputs. This leads to the assumption of 

personnel disposability for input minimization (e.g., hourly or part-time employees) in response to the 

demand for financial services/products. The relationships between inputs and outputs are not expected to 

be proportional (Avkiran, 2015). For example, a 10% reduction on service FTEs does not imply 10% 

reduction on the over-the-counter transactions (OTC). This is because some OTCs might be absorbed by 

the remaining service FTEs. Within this context, we then assume variable returns to scale. The Slack-

Based Measure-SBM model by Tone (2001) is used for efficiency measurement. This model assumes a 

non-radial reduction or increase in inputs and outputs respectively. Thus, the rate at which inputs or 

outputs can be adjusted to achieve performance targets, is not proportional for all input or outputs 

(Avkiran, Tone, and Tsutsui, 2008). The model provides an efficiency score between 0 and 1, where 1 

means fully efficient branches and 0 fully inefficient branches. Efficient branches determine the efficient 

frontier and serve as peers for the inefficient ones. The model formulation is shown in Equations (1)-(5), 

where 𝜌 is the efficiency score, xi0 is the input i of the evaluated branch 0, yr0 is the output r of the 

evaluated branch 0, λj is the weight assigned to branch j (reference peer), xij is the input i for branch j, yrj 

is the value of output r for branch j, and si
-
 is the input excess associated with input i. For more modeling 

details see Tone (2001). 

 

𝑀𝑖𝑛                        𝜌 = 1 −  
1

𝑚
∑

𝑠𝑖
−

𝑥𝑖0

𝑚
𝑖=1         (1) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜           𝑥𝑖0 =  ∑ 𝑥𝑖𝑗
𝑛
𝑗=1 𝜆𝑗 +  𝑠𝑖

−                  (2) 

                               𝑦𝑟0 ≤  ∑ 𝑦𝑟𝑗
𝑛
𝑗=1 𝜆𝑗         (3) 

                               1 =  ∑ 𝜆𝑗
𝑛
𝑗=1          (4) 

                               𝜆𝑗 ≥ 0, 𝑓𝑜𝑟 𝑗 = 1,2, … 𝑛, 𝑎𝑛𝑑 𝑠𝑖
− ≥ 0, 𝑓𝑜𝑟 𝑖 = 1,2, … 𝑚,    (5) 

 

Sub-step b) pertains to efficiency measurement using DEA within each cluster. The 

performance evaluation is conducted for each cluster where the cluster frontier is computed. To ensure 

consistency, the same SBM model above is applied. Considering branches within clusters as comparable 

and relatively homogeneous, the efficiency performance evaluation aims to (1) better discriminate branch 

efficiency, (2) ensure that the reference peers are appropriate role models, and (3) make sure that 

improvement targets are achievable. In the meta-frontier perspective, we address branch performance in 
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relation to a common frontier where all branches compose a single production possibility set (O'Donnell, 

Prasada Rao, and Battese, 2008). Conversely, when looking at the cluster-frontier perspective, we address 

efficiency performance with respect to different cluster-frontiers where branches compose production 

possibility sets only within those clusters. According to O’Donnell et al. (2008), the meta-frontier 

envelops the cluster-frontiers. Thus, efficiency performance results vary depending on the perspective 

used for the efficiency evaluation. We consider that it is important to compare both perspectives so that 

the efficiency performance evaluation is informed. 

 

4. Results 

The results are presented in the following six sub-sections. The first five present the results from 

applying the multi-step procedure described in Section 3, and, the last sub-section compares and contrasts 

our results to the ones obtained by Paradi et al. (2012). In order to successfully guide the reader through 

our findings, we provide an overview of the first five sub-sections. Figure 2 provides a diagram of the 

sequential empirical processes. In sub-section 4.1 (robust outlier detection), our purpose is to identify 

influential branches and characterize them into aggregate profiles based on their input focus and output 

orientation; 86 out of 965 branches are influential (8.91%). This sub-section provides the PC's scores for 

the clustering, the ROBPCA branch classification, and branch profiles. In sub-section 4.2 (clustering 

results), our intention is to cluster branches into managerial groups. Four clusters are obtained. This sub-

section discusses the cluster composition and their profiles. In sub-section 4.3 (meta-frontier efficiency), 

our objective is to identify the efficient branches that form the meta-frontier; 78 out of 965 branches are 

efficient (8.08%). Efficient branches show high variance, and high out-of-cluster peer referencing exists. 

This sub-section provides the efficiency designations for the meta-frontier. In sub-section 4.4 (cluster-

frontier efficiency), our purpose is to identify the efficient branches that form the individual cluster-

frontiers; 202 out of 965 branches are efficient (20.93%). The cluster-frontiers yield more condensed 

frontiers by isolating the effect of influential branches with different operating patterns. This sub-section 

provides the cluster-frontier efficiency designations along with their ROBPCA classification. In sub-

section 4.5 (influential branches and DEA designations), we study the effect of cluster-frontiers on the 

number and type of influential branches referenced as peers. As one would expect, the effect of influential 

branches on the inefficient ones is reduced when going from a meta-frontier to a cluster-frontier 

perspective. The combined use of the ROBPCA classification and the efficiency designation provides a 

means to improve peer selection and inform network design decisions. 

 

 
 

Figure 2. The Multi-step Procedure: Sequential Empirical Processes 
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4.1 Robust Outlier Detection 

We apply ROBPCA as a means to classify branches into bad leverage, good leverage, orthogonal, 

and regular branches. We define the group of bad leverage, good leverage and orthogonal branches as 

influential ones. Influential branches deviate from regular operating patterns. By initially applying 

ROBPCA to all 966 branches, we obtain 81 influential (28 bad leverage, 48 good leverage, and 5 

orthogonal) and 885 regular branches. Branch #1020 is classified as a bad leverage and exhibits very 

extreme behavior. Its average inputs FTEs for sales and services are 7 times greater than the overall 

average (10.4 standard deviations), and its average outputs are 6.9 times greater than the overall average 

(9.1 standard deviations), reaching a peak for the over-the-counter transactions (OTC) output with a value 

12.8 times greater than the overall average (16.9 standard deviations). When comparing branch #1020 to 

branch #1104 (next most extreme branch) branch #1104 shows average input FTEs 3.5 times greater than 

the overall average (4.5 standard deviations), and average outputs 3.3 times greater than the overall 

average (3.7 standard deviations) with no peak in any output. The remaining extreme branches, e.g., 

#1440, #9400 and #78, show similar behaviors to the one exhibited by branch #1104. This implies that 

they are not as isolated as branch #1020. Table 3 shows the inputs and outputs of the subset of the 

extreme branches above mentioned. We removed branch #1020 from the dataset due to its extreme 

characteristics, which would distort the results of subsequent analyses. 

 

Table 3. Inputs and Outputs of Most Extreme Observations 

 

 
Inputs (in FTEs) Outputs (in Units) 

Branch # Service Sales Mgt. Day-to-Day Investments Borrowing OTC 

1020 53.63 40.72 1.61 15,721 17,135 8,222 3,186,208 

1104 37.37 13.52 1.74 12,967 9,385 4,785 929,742 

1440 30.96 15.04 1.31 9,272 13,057 5,188 913,592 

9400 28.01 20.21 0.89 18,308 11,156 4,110 869,825 

78 24.10 15.50 0.85 6,876 10,971 5,030 941,487 

 

The ROBPCA analysis is run again yielding 86 influential (30 bad leverage, 53 good leverage, 

and 3 orthogonal) and 879 regular branches. The first PC accounts for 82.56% of the data variability with 

an eigenvalue equal to 4.07, while the second PC accounts for 6.16% of the data variability with an 

eigenvalue equal to 0.21. In essence, the results show that only one PC accounts for the data variance. To 

confirm this finding, we perform oblique rotation and random partitions. Since the dataset is highly 

correlated for all variables
9
, Oblimin and Promax methods are applied. The results from both methods 

suggest that the size of the first PC is not hiding other PC structures, and hence, the first PC is dominant. 

This finding is supported by the random partitions, where the dataset is randomly partitioned into four 

equally sized datasets. The results show that on average the first PC explains 82% of the data variability. 

In all the previous analyses, the loads of the management input are extremely low in the first five PCs, 

and very high only in the sixth PC (explaining ~87% of the variability). This implies that the management 

input does not allow for branch differentiation, at least for the data we are dealing with. Based on the 

Kaiser rule, only the first PC should be kept for further analyses (i.e., its eigenvalue is greater than 1). 

However, we also keep the second PC since it does not add any complication, and in turn, it increases the 

total variability explained to 88.72%. Table 4 provides the classification of branches considering the 

outlier analysis on the first two PCs along with their means. The classification suggests that we need to 

identify aggregate branch profiles. The profiles are investigated through the examination of the inputs and 

outputs. The examination is in part conducted using the Tukey hsd test for comparison of means (Salkind 

and Rasmussen, 2007). 

From Table 4, the bad leverage branches have the highest average values for all inputs and 

outputs. However, Table 5 provides the mean service and sales per FTEs in an aggregate fashion. Taking 

                                                           
9
 Except for the management FTEs input. This variable has a correlation lower than 0.4 with all remaining inputs and outputs. 
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the aggregate results to draw insights, one might think that the bad leverage branches are not exemplary in 

relation to service and very poor with respect to borrowing service. They are only high on investments 

and day-to-day account openings. A design decision in this case might consider rethinking the allocation 

of service personnel, and or verifying the existence of measurement problems related to the service FTEs 

input. The good leverage branches aggregate results have the second highest sales FTEs and the second 

highest average outputs, except for OTC. Again adjusting for FTEs, there is a dichotomy. These branches 

have the highest outputs per service FTEs, except for OTC, but the lowest outputs for sales FTEs. The 

emphasis for these branches is service. 

 

Table 4. ROBPCA Results: Classification and Means 

 

  
Inputs (in FTEs) Outputs (in Units) 

Type #Branches Service Sales Mgt. Day-to-Day Investments Borrowing OTC 

Bad Leverage  30 19.70 12.73 0.94 7,415 8,919 4,067 657,026 

Good Leverage  53 11.85 11.38 0.87 5,456 6,653 3,720 340,410 

Orthogonal 3 15.49 8.54 0.94 5,075 5,199 3,767 598,723 

Regular 879 7.47 4.83 0.81 2,533 3,009 1,653 224,433 

 

Table 5. ROBPCA Results: Mean Service and Sales Per FTEs 
 

  
Outputs/FTEs for Service Outputs/FTEs for Sales 

Branch  

Type 

#  

Branches 

Day-to- 

Day 

Invest-

ments 

Borrow-

ing 
OTC 

Day-to- 

Day 

Invest-

ments 

Borrow-

ing 
OTC 

Bad Leverage  30 376 453 206 33,352 583 701 320 51,612 

Good Leverage  53 460 561 314 28,727 479 585 327 29,913 

Orthogonal 3 328 336 243 38,652 594 609 441 70,108 

Regular 879 339 403 221 30,044 525 623 342 46,467 

 

For the orthogonal branches, their aggregate service FTEs are second highest with respect to 

average borrowing and OTC. Although just three branches fall into this category, we explore what we can 

learn from them regarding their determinants of performance, and how they compare to the other groups 

in aggregate terms. Once again adjusting for service FTEs, these branches have the lowest aggregate 

outputs for day-to-day operations and investments and the highest with respect to OTC. As to sales FTEs, 

these branches have highest aggregate outputs in all categories, except investments. The weakest link for 

these branches is in services with respect to day-to-day operations and investments. These branches when 

considering the outputs adjusted for service could have the following situations: (1) the FTEs might be 

masking administrative activities that do not have direct impacts on the outputs, e.g., training people for 

other branches; (2) the existence of qualified people to handle investments; or (3) a measurement problem 

with respect to the service metric. 

With respect to regular branches, they have the lowest aggregate average input FTEs and the 

lowest aggregate average outputs. When one adjusts the outputs for service and sales FTEs, these 

branches are not top-tiered. They are ranked second when considering investments and borrowing with 

respect to sales FTEs. These branches seem to be in the middle of the spectrum with respect to outputs. 

However, a quick glance at Table 5 suggests that changes in sales FTEs and in the day-to-day output 

could move these branches into a favorable top tiered position for sales. Table 6 provides a quick glance 

at the aggregate profiles of the types of branches. 

 

 

 

 

 

 



45 

 

Table 6. ROBPCA Results: Branch Aggregate Profiles 

 
Bad Leverage Branches Good Leverage Branches Orthogonal Branches Regular Branches 

Large service and sales 

per FTEs generating 

more outputs but low 

borrowing in relation to 

service and sales FTEs.  

Highest outputs per FTEs 

for service except for OTC 

and worse outputs per 

FTEs for sales 

Very poor service per 

FTEs for day-to-day and 

investments but good for 

borrowing and OTC per 

FTEs for sales.  

Basically in the middle 

ground for service and 

sales per FTEs, i.e., 

nothing exceptional. 

 

4.2 The Clustering Results 

 Branches are grouped using the two-stage clustering method described in Section 3.2. As input 

for the clustering, we use the product between the PC scores and the square root of the eigenvalues of 

each PC from Section 4.1. Table 7 shows the clustering results with respect to jackknife errors for k=4-8 

clusters, where the appropriate number of clusters is k=4 due to its low jackknife error equal to 9.43%
10

. 

Branches are hard/crisply allocated to clusters as follows: 320 branches to Cluster 1, 71 branches to 

Cluster 2, 195 branches to Cluster 3, and 379 branches to Cluster 4. This cluster composition is 

contingent on the number of observations used for classification. In our case, it includes influential 

observations. The cluster composition would change if some of the influential observations are removed, 

which is not the approach we follow in this research. At this point one could also argue that once the 

branches are clustered, the problem of outliers reproduces itself within the clusters. Following this logic 

would imply looking at various iterations of outlier detection, adding more complexity than clarity on 

practical managerial decisions. The clusters are shown in Figure 3, and it is important to note that there 

seem to be overlapping clusters suggesting the need for fuzzy clustering (Seaver and Triantis, 1992). 

Table 8 depicts the results in terms of the cluster means. 

 

Table 7. Clustering Results: Jackknife Errors 

 
 k=4 clusters k=5 clusters k=6 clusters k=7 clusters k=8 clusters 

Jackknife Error 0.0943 0.1300 0.1973 0.1970 0.1309 

 

Using the resulting clusters, we provide cluster profiles. To do so, we apply a Tukey test for the 

comparison of means. This test suggests that all clusters are statistically differentiated for all inputs and 

outputs as far as their means are concerned, except for the management FTE input. Figure 4 shows a 

representation on the cluster differentiations based on the ratios of the clusters’ means to the overall 

means. From Figure 4 and Table 8, one can classify branches based on scale (i.e., FTEs and transaction 

volumes) instead of operating patterns, except for Cluster 2. There are no differences between clusters 1, 

3, and 4, except their scale. These clusters comprise 93% of the total branches, which is quite likely since 

banks run a very tight ship and control all aspects of their operations. A pertinent question relates to the 

real differentiation regarding operating patterns. Based on the results, differentiation is more a matter of 

scale. It is our contention that fuzzy cluster composition would allow for better differentiation in terms of 

operating patterns. Further research will address this issue. For the moment, it seems that hard or crisply 

allocated clusters somehow mask this differentiation. 
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 The minimum classification error comes from the optimal combination Sales FTEs, OTC, Borrowing, and Investments respectively. 
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Figure 3. Clustering Results: Spatial Distribution of Branches within Clusters 

 

Table 8. Clustering Results: Cluster Means 
 

  
Inputs (in FTEs) Outputs (in Units) 

Cluster 
# 

Branches 
Services Sales Mgt. 

Day to 

Day 

Invest-

ments 

Borrow

-ing 
OTC 

1 320 8.25 5.28 0.86 2,805 3,264 1,813 250,531 

2 71 17.03 12.54 0.90 6,808 8,440 3,963 542,280 

3 195 11.75 8.15 0.88 4,287 5,035 2,752 375,341 

4 379 4.45 2.87 0.75 1,416 1,728 1,017 118,632 

 

 
 

Figure 4. Clustering Results: Ratios of Cluster Means to the Overall Means per Input and Output 

 

In terms of FTEs (inputs) and transaction (output) volumes, hereinafter operation levels, Clusters 

4 and 1 contain the branches with the lowest operation level. They show an aggregated average service 

and sales FTEs equal to 7.3 and 13.5 respectively. Cluster 4 contains 44 out of the 45 branches with no 

management FTEs. The operation level of these branches imply that there is no need for management 

FTEs; managerial activities might be covered by service sales FTEs; or the way this variable is measured 

needs to be revised. The FTEs mix of Clusters 1 and 4 is similar (~61% of service FTEs, ~39% of sales 

-
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FTEs). Cluster 1 has a slightly higher proportion of service FTEs when compared to Cluster 4; and its 

OTCs are a little bit higher than Cluster 4. Cluster 4 has a slightly higher proportion of sales FTEs when 

compared to Cluster 1; and its day-to-day, investment, and borrowing transactions are a little bit higher 

than Cluster 1. In reality, there is no significant differentiation in the input-output mix for these clusters. 

Differentiation pertains more to scale rather than to operating patterns. We label branches grouped in 

Cluster 4 as low-operational level branches, while branches falling in Cluster 1 as medium-operational 

level branches. 

 

Table 9. Clustering Results: Mean Service and Sales per FTEs 

5.  

  
Outputs/FTEs for Service Outputs/FTEs for Sales 

Cluster Branches 
Day-to- 

Day 

Invest- 

ments 

Borrow- 

Ing 
OTC 

Day-to-

Day 

Invest- 

Ments 

Borrow- 

ing 
OTC 

1 320 340 396 220 30,367 531 618 344 47,449 

2 71 400 496 233 31,843 543 673 316 43,244 

3 195 365 429 234 31,944 526 618 338 46,054 

4 379 318 388 229 26,659 494 602 354 41,336 

 

 From Tables 8 and 9, Clusters 3 and 2 contain branches with higher FTEs and transaction 

volumes. Both clusters have an aggregate average of service FTEs and sales FTEs of 19.9 and 29.6 

respectively. The proportion of sales FTEs in Cluster 3 is slightly higher than in Cluster 1 (40.9% vs 

39%). The mix of inputs and outputs when comparing Clusters 3, 1 and 4 is not very different. However, 

Cluster 2 has the highest aggregate outputs per service and sales FTEs of all of the clusters, except for 

borrowing and OTC on the sales side while Cluster 3 would rank second for outputs corrected for FTEs. 

Cluster 3 seems to consist of high-operational level branches since these branches have higher FTEs and 

transaction volumes than those in Clusters 1 and 4. Meanwhile, Cluster 2 is the one with the largest 

branches but with the greatest input and output variation (see Table 8). It has a high proportion of sales 

FTEs (42.4% vs. ~39.7% on average in other clusters). This makes the sales outputs higher for this cluster 

than in the other clusters (3.42% vs. ~3.19% on average in other clusters). The largest branches are more 

oriented to sales outputs (e.g., day-to-day, investment) than to service ones (i.e., OTC). They might be 

regional or headquarters branches, where more sales-strategic activities take place. According to the 

patterns in Figure 4, Cluster 2 is not as homogenous in terms of its input and output mix as the other 

clusters. It uses more sales FTEs. Branches in Cluster 2 are labelled as very high-operational level 

branches since they differentiate from others with respect to scale and operating patterns. Table 10 

provides an overview of the cluster profiles. 

 

Table 10. Clustering Results: Cluster Profiles 

 
Criteria Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Operational level Medium Very high High Low 

Avg. sales and service inputs 6.76 14.78 9.95 3.66 

Avg. sales-related outputs (day-

to-day, investment, borrowing) 
2,627.88 6,404.25 4,025.16 1,387.33 

Avg. service-related outputs 

(OTC)  
250,531.50 542,280.90 375,341.80 118,632.70 

Operating pattern 

No specific input 

focus or output 

orientation 

Targeting 

sales-related 

outputs 

No specific input 

focus or output 

orientation 

No specific input 

focus or output 

orientation 
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Table 11. Clustering Results: Cluster Composition regarding ROBPCA Classification 

 

 
Type of Branch 

 Cluster Bad Leverage Good Leverage Orthogonal Regular Total 

1 0 6 0 314 320 

2 28 25 2 16 71 

3 2 22 1 170 195 

4 0 0 0 379 379 

Total 30 53 3 879 965 

 

Branches within clusters possess different classifications regarding their ROBPCA categories. 

Table 11 shows the number of influential and regular branches within each cluster. 63.95% (55 out of 86) 

of the influential branches are grouped into Cluster 2. This cluster gathers 93.3% (28 out of 30) of all bad 

leverage branches, 47.16% (25 out of 53) of all good leverage branches, and 66.6% (2 out of 3) of all 

orthogonal branches. Conversely, Cluster 4 is composed of 100% regular branches, Cluster 1 has 98.1% 

(314 out of 320), and Cluster 3 has 87.17% (170 out of 195) regular branches. When studying these 

results we observe that the two-stage clustering method is able to isolate, as much as possible, the 

branches that exhibit extreme behaviors. Actually, the most extreme branches in the dataset are in Cluster 

2, i.e., bad leverage branches #78, #1104, #1440, and #9400. 

 

4.3 Efficiency Results Including all Branches (the Meta-Frontier) 

 The input-oriented SBM model discriminates 78 branches as efficient (8.08%) and 887 as 

inefficient (91.92%) when using the entire dataset. Table 12 provides a descriptive summary of the 

efficient branches. They show high variability for almost all inputs and outputs, demonstrating the 

existence of branch heterogeneity regarding operating patterns. It would not be fair to compare inefficient 

branches to efficient ones possessing dissimilar features. 

 

Table 12. Efficiency Results with All Data: Descriptive Statistics of Efficient Branches 

 

 
Inputs (in FTE) Outputs (in Units) 

 
Services Sales Mgmt. Day to Day Investments Borrowing OTC 

Mean 7.84 5.19 0.64 3,299 3,588 2,104 269,187 

Std. Dev. 7.40 4.53 0.41 3,408 3,555 1,705 255,688 

 

Table 13. Percentage of Inefficient Branches Referencing Efficient Peers across Clusters 

 

 
  

Peers (Efficient Branches) 

Inefficient Branches 

Cluster # Branches Cluster 1 Cluster 2 Cluster 3 Cluster 4 

1 313 57.19% 0.32% 2.88% 39.62% 

2 54 1.85% 53.70% 44.44% 0.00% 

3 185 58.38% 9.19% 27.57% 4.86% 

4 335 8.36% 0.00% 0.00% 91.64% 

 

 In Table 13 we present a comparison between the number of inefficient branches that are hard or 

crisply allocated to the clusters obtained in Section 4.2 and the percentage of those branches referencing 

efficient branches within the same or different clusters. The intention in studying the efficiency results 

using all data (the meta-frontier) with the branch groupings that are derived from the clustering is to 

investigate the peer designation from the DEA analysis in relation to where these peers exist using the 

clustering analysis. From Table 13, a high percentage of inefficient branches have peers from other 

clusters (i.e., high out-of-group references), especially inefficient branches that are allocated in Cluster 1 

(39.62% of peers in Cluster 4), Cluster 2 (44.44% of peers in Cluster 3) and Cluster 3 (58.38% of peers in 
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Cluster 1). This indicates that performance comparisons based on lambda values do not capture all the 

similarities that branches share in terms of operating patterns across clusters. In contrast, 91.6% of the 

inefficient branches in Cluster 4 have their peers within the same cluster. 

 

 
 

Figure 5. Comparison between Inefficient Branch #12 and Efficient Peer Branch #7288 

 

 As an example, let us analyze inefficient branch #12 allocated to Cluster 1. The meta-frontier 

results suggest the efficient branch #7288 from Cluster 4 as the primary peer for branch #12. Figure 5 

depicts the efficiency performance of inefficient branch #12, efficient branch #7288, the average 

performance of efficient branches in Cluster 1 and Cluster 4. For normalization purposes, the values 

shown in Figure 5 correspond to the ratios of the branch’s input and output values to the overall mean for 

each input and output of interest. The figure shows how the inefficient branch #12 does not really 

compare to either its peer branch #7288 or the average of the efficient branches in Cluster 4. Indeed, the 

pattern of the inefficient branch #12 is more similar to the average of the efficient branches within its own 

cluster, i.e., Cluster 1. If the inefficient branch #12 uses branch #7288 as a role model for best practices, it 

would need to drastically change its operating patterns to emulate branch #7288. Besides costs and time, 

it would suggest considering the short and long term feasibility of the changes. 

 

4.4 Efficiency Results within Each Cluster 

The input-oriented SBM model is applied to each cluster. The results are provided in Table 14. 

As expected, the number of efficient branches identified (202 out of 965) exceeds the number of efficient 

ones from the meta-frontier approach (78 out of 965), i.e., almost 2.6 times more efficient branches. In 

this case, inefficient branches find all their peers within their clusters. Table 15 provides descriptive 

statistics for the efficient branches. By comparing the variability in Table 15 and Table 12, the efficient 

branches in clusters show less variability in all inputs and outputs compared to the meta-frontier 

approach. Branches within clusters are more similar. Revisiting branch #12 for example, we find that it 

remains inefficient when evaluating its performance within Cluster 1. However, the branch has branch 

#131 from Cluster 1 as its peer instead of branch #7288 from Cluster 4 as described in Section 4.3. In 

Figure 6, we identify how the branches within the same cluster (#12 and #131) are more similar with 

respect to operating patterns. Thus, any improvements performed by branch #12 are more reasonable to 

attain using efficient branch #131 as a peer rather than efficient branch #7288. 
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Table 14. Cluster Efficiency Results: Efficiency Classification per Cluster 

 
Designation Cluster 1 Cluster 2 Cluster 3 Cluster 4 Total 

Efficient 50 23 43 86 202 

Inefficient 270 48 152 293 763 

Total 320 71 195 379 965 

 

In Table 14, the proportion of efficient branches is 20.93% (202/965) versus 8.08% (78/965) 

using the meta-frontier. This proportion increases in the cluster-frontiers because each branch is compared 

to a smaller set of more similar branches. The cluster-frontier perspective allows for the definition of 

more reasonable efficient frontiers by isolating the effect of influential branches with different operating 

patterns. With respect to influential branches, we find that the meta-frontier is formed by 78 efficient 

branches classified into 57 regular and 21 influential (13 bad leverage, 7 good leverage and 1 orthogonal). 

The efficient frontiers from the cluster-frontier perspective are represented by four frontiers. Figure 7 

shows the cluster composition. In this figure, the majority of efficient branches in Clusters 1, 3 and 4 are 

regular branches: 94% in Cluster 1 (47/50), 72% in Cluster 3 (31/43), and 100% in Cluster 4. Influential 

branches are not associated with these clusters. However, Cluster 2 contains the most influential branches 

(28 bad, 25 good, 2 orthogonal). Out of the 71 branches composing cluster, 23 are efficient. Three are 

classified as regular branches and 20 as influential ones (12 bad leverage
11

, 7 good leverage and 1 

orthogonal); 17 out of the 20 influential efficient branches in Cluster 2 are contained in the set of 

influential efficient branches found in the meta-frontier perspective. The cluster-frontier approach 

classifies a higher proportion of efficient influential branches in a particular cluster.  

 

Table 15. Cluster Efficiency Results: Efficient Branch Means per Cluster 

 

  

Inputs (in FTEs) Outputs (in Units) 

Cluster Statistic Services Sales Mgt. Day-to-Day Investments Borrowing OTC 

1 
Mean 8.12 5.14 0.84 3,168 3,649 2,052 279,615 

Std. Dev. 1.78 1.50 0.11 865 1,299 589 83,145 

2 
Mean 17.82 11.59 0.89 8,067 8,699 4,415 613,705 

Std. Dev. 6.40 3.18 0.29 2,888 3,258 880 166,063 

3 
Mean 11.64 7.99 0.87 4,793 5,429 3,005 392,228 

Std. Dev. 2.43 2.24 0.18 1,190 1,879 770 103,988 

4 
Mean 3.95 2.76 0.58 1,442 1,763 1,058 117,012 

Std. Dev. 1.76 1.10 0.40 729 892 521 57,548 

 

 
 

Figure 6. Comparison among Inefficient Branch #12 and Efficient Branches #131 and #7288 
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 This set includes the most extreme branches of the entire bank network: branches #78, #1104, #1440 and #9400. 
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Figure 7. Composition with respect to Efficiency Designation and Branch Type 

 

4.5 Influential Branches and DEA Efficiency Performance Measurement 

 From the previous analysis, one can gain insights with respect to the reduction of the number of 

influential branches used as peers when using cluster-frontiers. As a matter of comparison, Table 16 

shows the number and type of branches used as primary peers in both the meta-frontier and cluster-

frontiers. It also shows the number of inefficient branches referencing primary peers falling into each 

ROBPCA category. Looking at the meta-frontier, 13 out of 30 bad leverage branches (43.3%) are used as 

primary peers by 25 inefficient branches, and a total of 84 inefficient branches (out of 887: 39 regular, 11 

bad, 33 good, and 1 orthogonal) reference influential branches as primary peers. In other words, efficient 

influential branches are peers for 9.47% (84/887) of the inefficient branches. A valid question to ask is if 

it is reasonable that inefficient branches choose efficient influential branches as peers. To some degree, 

there is no a clear answer to this question. It depends on the correspondence between inputs and outputs. 

For instance, 88% of the peers of the 33 good leverage branches referencing influential branches as 

primary peers are good leverage branches; meanwhile, 12% are bad leverage branches. Thus, cross-

referencing is numerically possible, but the appropriate peer selection must be carefully studied by the 

analyst in a meta-analysis. 

 By analyzing the cluster-frontiers shown in Table 16, 13 out of 30 bad leverage branches are used 

as primary peers by 34 inefficient branches. From these 13 efficient and bad leverage branches, 12 belong 

to Cluster 2 (92.3%) and one to Cluster 3 (7.7%). A total of 61 inefficient branches (out of 763) reference 

influential branches as primary peers. Thus, efficient influential branches are peers for 7.99% (61/763) of 

the inefficient branches. These results must be decomposed per cluster to investigate the real impact. 

From the 61 inefficient regular branches referencing influential branches as peers, 8 belong to Cluster 1 

(1.04% out of 763), 46 to Cluster 2 (6.02% out of 763), 7 to Cluster 3 (0.91% out of 763), and 0 to Cluster 

4 (0% out of 763). Thus, there is a reduction in the number of influential branches serving as peers when 

using the cluster-frontiers versus the meta-frontier. 

 

 

 

 

3 3

47

267

0

50

100

150

200

250

300

Efficient Inefficient

(a) Cluster 1 composition per efficiency 

classification and type of observation

Bad

Good

Orthogonal

Regular

12

16

7

18

1 1

3

13

0

3

6

9

12

15

18

21

Efficient Inefficient

(b) Cluster 2 composition per efficiency 

classification and type of observation

Bad

Good

Orthogonal

Regular

1 1
10 12

1 0

31

139

0

20

40

60

80

100

120

140

160

Efficient Inefficient

(c) Cluster 3 composition per efficiency 

classification and type of observation

Bad

Good

Orthogonal

Regular 86

293

0

40

80

120

160

200

240

280

320

Efficient Inefficient

(d) Cluster 4 composition per efficiency 

classification and type of observation

Bad

Good

Orthogonal

Regular



52 

 

Table 16. Number of Branches used as Efficient Peers per ROBPCA Classification 

 

Category Details 
Meta-

Frontier 

Cluster-

Frontier 

Bad 

Leverage 

# Bad leverage branches used as peers 13 13 

# Inefficient branches using bad leverage branches as peers 25 34 

Good 

Leverage 

# Good leverage branches used as peers 7 20 

# Inefficient branches using good leverage branches as peers 58 24 

Orthogonal 
# Orthogonal branches used as peers 1 2 

# inefficient branches using orthogonal branches as peers 1 3 

Regular 
# Regular branches used as peers 57 167 

# inefficient branches using regular branches as peers 803 702 

 

 The discrimination of branches based on their ROBPCA classification and efficiency designation 

provides a means to improve peer selection. For example, from the 25 inefficient branches that have 

efficient bad leverage ones as peers in the meta-frontier, 10 are regular. Recalling the aggregate profile in 

which a bad leverage branch is where more outputs but low borrowing are produced in relation to service 

and sales FTEs, this implies that the 10 branches might follow peers that do not address their performance 

in a meaningful way. The targets might be infeasible, misrepresent the correspondence between sales and 

service inputs and outputs, and exert pressure towards unreachable goals. To confirm this, the analyst 

would need to compare the input and output mix of the 10 inefficient regular branches and the mix of the 

bad leverage branches referred to as peers. Special attention must be given to bad leverage and orthogonal 

branches referenced as peers. A solution might be to select as peers efficient branches (not bad or 

orthogonal) with the second highest lambda. Good leverage peers exhibit better operating conditions 

(more service outputs using less service inputs); thus, their use as peers would not lead to unreasonable 

targets. 

 

4.6 Comparing and Contrasting with Paradi et al. (2012) 

We select the study by Paradi et al. (2012) to compare and contrast how different multi-step 

procedures provide varying results for managerial groups in bank branch networks. Our intent is not to 

suggest methodological superiority but to investigate how different methodologies lead to different 

clusters of bank branches, their study of efficiency and managerial insights. (1) Point of departure: 

Paradi et al. (2012) use clustering as a post-assessment tool based on efficient branches and cosine 

similarity measures. Our approach clusters all branches first and then applies DEA analysis to each 

cluster, ensuring similarity between inefficient and efficient branches so that performance targets are 

achievable. (2) Treatment of Outliers: Paradi et al. (2012) use a rule of thumb approach to remove four 

extreme branches. The rule consists on removing branches for which at least two out of three of their 

inputs have values larger than the input mean plus three times the input standard deviation of all branches. 

No additional discussion is provided. In contrast, our approach attempts to keep the outliers throughout 

the analysis to understand their influence in terms of the clustering and efficiency analysis. We apply 

ROBPCA to classify influential branches into profiles defining bad leverage, good leverage, and 

orthogonal branches. Only branch #1020 (bad leverage) is removed given its extreme behavior. (3) 

Number of Clusters: Paradi et al. (2012) obtain six clusters based on the efficient branches. The clusters 

are differentiated given certain inputs and outputs. Inefficient branches are allocated to the clusters based 

on their DEA lambda values. Our approach yields four clusters composed of efficient and inefficient 

branches. Only one cluster shows specific patterns in terms of the inputs and/or outputs. Clusters 1, 3 and 

4 are composed of branches following homogeneous operating patterns (no specific input focus and/or 

output orientation), while Cluster 2 targets more sales-related outputs with more sales FTEs. (4) 

Efficiency Classification: The non-oriented DEA model applied by Paradi et al. (2012) identifies 78 

efficient branches out of 962. Our cluster-frontier input-oriented DEA approach identifies 202 efficient 

branches out of 965. This is because the influential efficient branches are mainly grouped into one cluster, 
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increasing the discrimination of efficient branches in other clusters. (5) Managerial Insights: The study 

developed by Paradi et al. (2012) provides several managerial insights discussed in Section 2.2. Our 

approach provides alternative insights by including influential-based and cluster profiles, which expand 

the characterization of branches beyond operating patterns and include the analysis of logical 

correspondences between inputs and outputs. This provides managers with both aggregate and detailed 

information to support decision making in terms of shifting operating patterns, new branch openings, and 

operational improvements. Furthermore, our approach clearly identifies the low contribution of the 

management input to branch performance differentiation and characterization. This is evident by means of 

both the robust principal component analysis and two stage clustering. This finding reinforces the need of 

revising the way the management input is measured. Contrary to Paradi et al. (2012), our approach 

informs managerial stakeholders about the suitability of using peers or role models within the same 

cluster. In other words, using peers within a group of branches sharing the same operating patterns. As a 

result, our approach yields 0% cross-referencing and ensures the formulation of performance targets that 

are more feasible and logical with respect to current operating patterns of the inefficient branches. 

 

5 Conclusions 

 

5.1 Practical Remarks from the Analysis 

Despite the limitation of this research regarding access to more recent bank branch data and the 

non-availability of contextual variables for clustering, our multi-step procedure offers a set of capabilities 

that bank branch stakeholders might take advantage of when considering grouping branches, studying 

their performance, and informing bank network design decisions. These capabilities are: (1) Address 

operational performance from a multidimensional viewpoint. As supported by previous studies (e.g., 

Avkiran, 2015; Yang, 2009; Thanassoulis, 1999), multiple inputs and outputs can be included for 

efficiency performance evaluation, overcoming the limitations of financial ratios. It is important to recall 

the importance of the selection of an appropriate input and output model specification, since the use of 

different inputs and outputs leads to alternative realizations of operational or profit efficiency. (2) Ensure 

fairer comparability. Our multi-step procedure views branches as entities sharing similarities regarding 

operating patterns and environments. Clustering by similarities promotes fairer comparisons among 

branches. This challenges the tendency of grouping branches based on size or geographical location, 

which usually benefits branches serving big markets surrounded by favorable environmental conditions. 

Operating patterns that are not fully scale-driven will be further explored when using fuzzy methods 

(Seaver and Triantis, 1992). (3) Fully characterize branches at the individual level. Stakeholders can 

characterize each individual branch in relation to (a) its branch type (influential, regular), (b) its operating 

patterns (cluster allocation), (c) its efficiency designation (efficient or inefficient) for both the bank 

network (meta-frontier) and within clusters, and (d) its closest and most appropriate peer. This 

characterization provides a level of detail that is not usually found in efficiency banking studies, 

delivering as much information as can be extracted from the available data. (4) Fully characterize 

branches at the aggregate level. Individual information allows for pattern aggregation. Stakeholders are 

provided with two kinds of aggregate profiles. The influential-based branch profiles lead to an 

understanding of what bad leverage, good leverage, orthogonal, and regular branches mean based on the 

determinants of efficiency performance, i.e., key inputs and outputs. Bank networks might use these 

profiles as guidance for the identification of best practices and expected input/output correspondences. 

The cluster profiles identify the input focus and output orientation (operating patterns) of each cluster. 

Our multi-step procedure is replicable to other banking and non-banking networks. (5) Get a big picture 

on bank branch performance. By combining individual and aggregate information, stakeholders get a 

better understating of bank branch efficiency performance and are able to inform better network design 

decisions. Stakeholders thinking on re-designing branches, e.g., changing their output orientation, might 

use the branches’ current cluster profiles to determine the feasibility of future changes (e.g., adaptation to 

other operating pattern(s), costs, and time). Aggregate information would also allow for the discovery of 

measurement issues. For example, in this research we do not encounter a reasonable contribution of 
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management FTEs on efficiency, which is not really expected. This is probably due to the difficulty of 

obtaining appropriate measurements for this variable. This is an opportunity to investigate how efficiency 

performance is measured in terms of specific variables using different methods, and to demonstrate how 

bad measurement affects network design decisions. 

 

5.2 Technical Remarks from the Analysis and Future Research 

We discuss technical insights along with further research challenges. (1) The need for consensus 

on model specifications. It is worth to note that there is no consensus in the literature as to what the 

appropriate model specification for bank branch operational performance is (Luo, Bi, and Liang, 2012). 

The selection of model specifications should be informed by research on input/output correspondences 

contingent by the availability of data. (2) Building on the integration of Operations Research and robust 

statistical techniques. Current literature on bank branch operational performance usually concentrates on 

identifying efficient and inefficient branches, formulating improvement targets, and recommending peers. 

Besides these contributions, this paper augments and implements the Triantis et al. (2010) integrated 

approach in a bank branch network setting and complements it by adding aggregate profiles for influential 

observations and clusters. This unique implementation provides capabilities to investigate bank branch 

efficiency performance as it relates to the deviation of bank branches from normal operating patterns, the 

clustering of branches based on similarity, and the influence of clusters and influential branches on 

efficiency evaluation. (3) Number of clusters. Clustering results depend on both the method used to 

cluster and the selected number of clusters. We explored four to eight clusters, selecting four clusters 

based on the minimum jackknife error. This decision should be complemented with feedback from bank 

stakeholders through face-validation. (4) Meta-frontier versus cluster-frontiers. In Sections 4.3 and 4.4, 

we explore how efficiency designations change when using a meta-frontier versus cluster-frontiers. Less 

variability, more efficient branches, and fairer benchmarking conditions are some of the benefits. (5) The 

effect of the robust clustering approach on efficiency designations. Figure 8 shows how the efficient 

branches identified by the meta-frontier are allocated into clusters along with their branch ROBPCA 

classification. We can see how none of the efficient branches change their efficiency designations, and 

particularly, how the majority of the influential branches (17 out 21) are allocated in Cluster 2. This 

captures the essence of what we refer to in Section 4 as the power of isolation of the robust two-stage 

clustering method. This isolation increases the discriminatory power of efficient branches in all clusters 

and reduces the number of influential branches referenced as peers. (6) Use of results for an ex-ante 

perspective. Our approach might be used for bank network design. This implies looking at clustering and 

efficiency performance as a means for ex-ante interventions as opposed to the classical ex-post approach 

of the efficiency performance literature. Designing a bank network can imply decisions on restructuring, 

reengineering, closing or opening branches. The individual and aggregate branch characterizations can 

support and guide these decisions. Further research on linking efficiency performance measurement and 

bank network design is encouraged. (7) Additional future research. Some issues to address are: the 

analysis of more recent banking datasets along with the inclusion of contextual variables; the automation 

of the proposed multi-step procedure in a unified code so that analysts interested in its capabilities can use 

it as a single expert system to support clustering, efficiency evaluation, and bank network design decision 

making; the comparison of bank branch performance realities of different countries; and the exploration 

of the effect on operational performance by Full-Time Equivalent employees when breaking them down 

into full and part-time employees. Other critical issues should investigate the effect of mobile banking 

channels on branch performance and to examine a fuzzy clustering approach based on our previous 

research. With respect to the latter, our intuition is that branches share similarities with more than one 

cluster, which affect their efficiency classification and the classification of other branches in the clusters. 
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Figure 8. Effect of Clustering on Efficiency Designations 

 

References 
Athanassopoulos, A. "Nonparametric frontier models for assessing the market and cost efficiency of large-scale 

bank branch networks." Journal of Money, Credit, and Banking, 1998: vol 30, 172-192. 

Avkiran, N. "Opening the black box of efficiency analysis: An illustration with UAE banks." Omega, 2009: vol 37, 

930-941. 

Avkiran, N. "An illustration of dynamic network DEA in commercial banking including robustness tests." Omega, 

2015: vol 55, September 2015, 141-150. 

Avkiran, N., Tone, K., and Tsutsui, M. "Bridging radial and non-radial measures of efficiency in DEA." Annals of 

Operations Research, 2008: vol 164, no. 1, 127-138. 

Beguin, C., and Simar, L. "Analysis of the Expenses Linked to Hospital Stays: How to Detect Outliers." Health 

Care Management Science, 2004: vol 7, no. 2, 89-96. 

Berger, A., and Humphrey, D. "Efficiency of financial institutions: International survey and irections for future 

research." European Journal of Operational Research, 1997: vol 98, 175-212. 

Berger, A., and Mester, L. "Inside the black box: what explains differences of financial institutions?" Journal of 

Banking and Finance, 1997: vol 21, no. 7, 895-947. 

Canadian Bankers Association. "Canadian Bankers Association." Retrieved 2014, from 

http://www.cba.ca/en/component/content/publication/69-statistics, 2014. 

CBC News. "Banks misleading clients on mutual funds." Retrieved from http://www.cbc.ca/news/canada/banks-

misleading-clients-on-mutual-funds-1.1415027, 2013-01-25. 

Charnes, A., Cooper, W. W., and Rhodes, E. "Measuring the efficiency of decision making units." European 

Journal of Operational Research, 1978: vol 2, no. 6, 429–444. 

Charnes, A., Cooper, W., Golany, B., Seiford, L., and Stutz, J. "Foundations of data envelopment analysis and 

Pareto-Koopmans emprical production functions." Journal of Econometrics, 1985: vol 30, 91-107. 

Cook, W. D., and Zhu, J. "Incorporating Multiprocess Performance Standards into the DEA framework." Operations 

Research, 2006: vol 54, no. 4, 656-665. 

Fallah-Fini, S., Triantis, K., and Johnson, A. "Dynamic Efficiency Assessment: The State of the Art." Journal of 

Productivity Analysis, 2014: vol 41, no. 1, 51-67. 

Han, J., Kamber, M., and Pei, J. "Data processing." In J. Han, M. Kamber, & J. Pei, Data Mining: Concepts and 

Techniques (2012, 83-123). Waltham, MA: Elsevier Inc. 

Hannan, T. H. "Retail deposit fees and multimarket banking." Journal of Banking & Finance, 2006: vol 30, no. 9, 

2561-2578. 

Hubert, M., and Engelen, S. "Robust PCA and classification in biosciences." Bioinformatics, 2004: vol 20, no. 11, 

1728–1736. 

Hubert, M., Rousseeuw, P. J., and Vanden Branden, K. "ROBPCA: a new approach to robust principal." 

Technometrics, 2005: vol 47, 64–79. 

Kaiser, H. "The application of electronic computers to factor analysis." Educational and Psychological 

Measurement, 1960: vol 20, 141-151. 

Luo, Y., Bi, G., and Liang, L. "Input/output indicator selection for DEA efficiency evaluation: An empirical study of 

Chinese commercial banks." Expert Systems with Applications, 2012: vol 39, 1118–1123. 

McKinsey and Company. The Future of Retail Banking. McKinsey & Company, 2010. 

Efficient branches in 

Meta-frontier

78
Classified into:

13 Bad leverage

7 Good leverage

1 Orthogonal

57 Regular

NO
All 78 branches 

continue being 

efficient within each 

of the clusters they 

are allocated

Location in Cluster-frontiers

7 In Cluster 1 17

10 44

In Cluster 2

In Cluster 3 In Cluster 4

1 Good leverage

6 Regular
12 Bad leverage

4 Good leverage

1 Orthogonal

1 Bad leverage

2 Good leverage

7 Regular

44 Regular

Do they change their 

efficiency designation 

in the clusters?

(# Efficient: 50) (# Efficient: 23)

(# Efficient: 43) (# Efficient: 86)



56 

 

Mukherjee, A., Nath, P., and Nath Pal, M. "Performance benchmarking and strategic homogeneity of Indian banks." 

International Journal of Bank Marketing, 2002: vol 20, no. 3, 122-139. 

O'Donnell, C. J., Prasada Rao, D. S., and Battese, G. E. "Metafrontier frameworks for the study of firm-level 

efficiencies and technology ratios." Empirical Economics, 2008: vol 34, no. 2, 231–255. 

Paradi, J. C., and Zhu, H. "A survey on bank branch efficiency and performance research with data envelopment 

analysis." Omega, 2013: vol 41, 61-79. 

Paradi, J. C., Yang, Z., and Zhu, H. "Assessing Bank and Bank Branch Performance." In W. W. Cooper, L. M. 

Seiford, & J. Zhu, Handbook on Data Envelopment Analysis (2011, 315-361). Springer Science+Business 

Media, LLC. 

Paradi, J. C., Zhu, H., and Eldestein, B. "Identifying managerial groups in a large Canadian bank branch network 

with a DEA approach." European Journal of Operation Research, 2012: vol 219, no. 1, 178-187.  

Prior, D., and Surroca, J. "Strategic groups based on marginal rates: An application to the Spanish banking 

industry." European Journal of Operational Research, 2006: vol 170, no. 1, 293–314. 

Salkind, N. J., and Rasmussen, K. Encyclopedia of Measurement and Statistics. Sage Publications, 2007. 

Schaffnit, C., Rosen, D., and Paradi, J. C. "Best practice analysis of bank branches: An application of DEA in a 

large Canadian bank." European Journal of Operation Research, 1997: vol 98, 269-289. 

Seaver, B., and Triantis, K. "A Fuzzy Clustering Approach Used in Evaluating Technical Efficiency measures in 

Manufacturing." The Journal of Productivity Analysis, 1992: vol 3, 337-363. 

Seaver, B., and Triantis, K. "The impact of outliers and leverage points for technical efficiency measurement using 

high breakdown procedures." Management Science, 1995: vol 41, no. 6, 937-956. 

Seaver, B., Triantis, K. P., and Hoopes, B. J. "Efficiency Performance and Dominance in Influential Subsets: An 

Evaluation using Fuzzy Clustering and Pair-wise Dominance." Journal of Productivity Analysis, 2004: vol 

21, 201-220. 

Sherman, H. D., and Gold, F. "Bank Branch Operating Efficiency." Journal of Banking and Finance, 1985: vol 9, 

297-315. 

Sidel, R. "After Years of Growth, Banks Are Pruning Their Branches." The Wall Stree Journal. Retrieved 2014, 

from http://www.wsj.com/articles/SB10001424127887323699704578326894146325274, 2013-03-31. 

Sterngold, J. "Banks' Fee Bonanza Dries Up." The Wall Street Journal, 2014-09-02. 

Thanassoulis, E. "Data Envelopment Analysis and Its Use in Banking." Interfaces, 1999: vol 29, no. 3, 1-13. 

Tone, K. "A slacks-based measure of efficiency in data envelopment analysis." European Journal of Operational 

Research, 2001: vol 130, no. 3, 498–509. 

Triantis, K., Seaver, B., and Sarayia, D. "Using Multivariate Methods to Incorporate Environmental Variables for 

Local and Global Efficiency Performance Analysis." Informational Systems and Operational Research, 

2010: vol 48, no. 1, 39-52. 

Yang, Z. "Assessing the Performance of Canadian Bank Branches Using Data Envelopment Analysis." Journal of 

the Operational Research Society, 2009: vol 60, 771-780. 
 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

Chapter 4. Essay on Power Plants Network 

 

Abstract 

Managerial policies act as frameworks that govern enterprise operations. In enterprise design, 

those policies are defined to guide enterprises toward the achievement of goals, e.g., generating profit. 

When enterprises operate in the context of a network, they might coordinate decisions. Under 

coordination, managerial policies might rule, for example, if enterprises share (or not) information among 

themselves to make decisions, and if they learn (or not) from the best practices adopted by other 

enterprises. Coordination implies features as connectivity, feedback, and adaptation, which are common 

to complex adaptive systems (CAS). By considering enterprise networks as CAS, this paper studies 

managerial policies that boost coordination among enterprises and their effect on technical efficiency at 

the enterprise and network level. Technical efficiency refers to the optimum allocation of resources 

(inputs) to generate outputs. To operationalize coordination, this paper resorts to behaviors from natural 

ecosystems studied in the CAS literature and uses them as proxies for managerial policies. To study the 

effects of the managerial policies of interest on technical efficiency, we propose a simulation approach. It 

takes into account individual enterprise decisions on managerial policies, collective influences from 

enterprises that constitute the network, and network goals, e.g., input minimization. Using an electric 

power utility network composed of 82 power plants over 14 years as an illustrative example, we apply 

experimental design. The results informs enterprise design on when and how managerial policies that 

boost coordination among enterprises are significant. The approach also allows for the investigation of 

causal relationships between individual enterprise decisions and collective influences. Those relationships 

result in an emergent goal seeking network behavior with respect to technical efficiency. 

 

Keywords: enterprise design, managerial policies, efficiency measurement, complex adaptive systems. 

 

1. Introduction 

An enterprise is defined as an integrated whole entity consisting of people, processes, and 

infrastructure systems
12

 operated through managerial policies to achieve goals (Rebovich and White, 

2011). Managerial policies relate to guidelines for decision making, e.g., procurement policies. When 

designing an enterprise, its stakeholders define managerial policies for the enterprise to cope with market 

demands, ensure survivability, generate profit, etc. Enterprises can work as single entities or in the 

context of large networks, e.g., fast-food franchises. For enterprise networks, the definition of managerial 

policies requires thinking about the extent to (de)centralize decisions on resource allocation, and how to 

coordinate enterprises to achieve common goals (e.g., information sharing for decision making). Thus, 

managerial policies affect enterprise and network performance.  

This research provides an approach to study the effect of managerial policies on technical 

efficiency at the enterprise and network levels. We begin by illustrating the idea that managerial policies 

that boost enterprise coordination can resort to behaviors from natural ecosystems studied in the CAS 

literature. We see an enterprise network as a complex adaptive system, i.e., a system whose elements 

interact based on varied levels of “connectivity, feedback, diversity, and self-ordering rules that give the 

system the capacity to emerge to new patterns of order” (Kernick, 2002 pp. 1). In view of this perspective, 

the objective of this paper is threefold: (1) to understand how the technical efficiency of an enterprise 

network is affected over time by managerial policies that boost coordination among enterprises; (2) to 

                                                           
12 e.g., informational systems such as software, physical infrastructure enabling transformation processes. 

Informing Enterprise Design through Complex Adaptive Systems and Efficiency Measurement: A 

Simulation Approach 
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identify when and how these managerial policies increase/decrease technical efficiency; and (3) to 

investigate how influential enterprises (i.e., exhibiting extreme patterns in inputs) impact the way 

enterprises achieve technical efficiency. We consider individual enterprise decisions on managerial 

policies, collective influences from the decisions made by enterprises, and network goals (e.g., input 

minimization). This research draws from the CAS, efficiency measurement, and organizational design 

literatures. Based on the Complex Adaptive Productive Efficiency Method -CAPEM (Dougherty, 

Ambler, and Triantis, 2016), we implement a simulation approach to fulfill our objectives and inform 

managerial stakeholders considering managerial policies for enterprise design. 

Our simulation approach allows us to identify emergent behaviors of technical efficiency at the 

network level. Emergence here relates to the aggregate patterns resulting from both the individual 

enterprise decision making and the interactions among enterprises. We depart from the efficiency 

measurement literature by considering enterprises as entities that interact to achieve common goals. 

Dougherty et al. (2016) address this departure point and investigate the significance that individual 

enterprise decisions on managerial policies has on technical efficiency at the end of a certain time 

horizon. Expanding on their work, our central contribution consists of a temporal analysis of managerial 

policies that boost coordination among enterprises and their effect on technical efficiency. The approach 

proposes factorial experiments at subsequent periods of time, accounting for the effects of both the 

individual enterprise decision making on managerial policies and the collective influences from the 

enterprise network on technical efficiency. We refer to collective influences as the aggregate effects from 

individual enterprise decisions on managerial policies. Using an electric power utility network composed 

of 82 power plants over 14 years as an illustrative example (Rungsuriyawiboon and Stefanou, 2007), we 

(1) identify a network goal-seeking emergent behavior regarding technical efficiency; (2) find that not all 

managerial policies and collective influences are significant all the time; (3) describe how individual 

decisions on managerial policies and collective influences increase/decrease technical efficiency; and (4) 

identify a set of influential and very inefficient enterprises playing a key role in shaping collective 

influences on enterprise decision making with respect to technical efficiency. 

This paper is organized as follows. Section 2 provides a background on the integration of 

efficiency measurement and CAS. Section 3 discusses managerial policies and natural ecosystem 

behaviors studied in the CAS literature. Section 4 presents the data used in the analysis and Section 5 

describes the simulation approach and results. Section 6 presents the conclusions and future directions. 

 

2. Context 

Enterprise design has been studied in organizational design and enterprise systems engineering 

(Haeckel, 1995; Braha, Minai, and Bar-Yam, 2006; Hoogervorst, 2009; Giachetti, 2010). However, most 

studies do not address enterprise design from a performance measurement viewpoint. Also, the 

integration of efficiency measurement and CAS with respect to managerial policies is not addressed, 

except in the works by Dougherty et al. (2016) and Dougherty (2014). This integration could be important 

when considering the implementation of managerial policies that boost coordination among enterprises 

operating in a network fashion. Those policies might provide new insights on technical efficiency, and 

complement policies related to resource allocation and strategic performance evaluation.  

In enterprise networks, managerial policies are crucial since collective goals are set, and hence, 

some sort of coordination among enterprises should exist. Organizational design addresses coordination 

as a matter on how (de)centralized the enterprise decision making in a network is (Hendrikse, Tuunanen, 

Windsperger, and Cliquet, 2008). In centralized networks, it is common to find command and control 

structures (Fairbourne, Gibson, and Dyer, 2007) where policies are dictated by a central entity, e.g., 

McDonalds. This neglects autonomy and interactions among enterprises. In decentralized networks, more 

flexible structures are common (Hendrikse et al., 2008) where managerial policies and collective goals 

exist, but each enterprise decides the extent to implement/pursue these goals (e.g., associations of 

individually-owned enterprises). Coordination among enterprises is more likely in decentralized 

networks, and its impact on individual and network performance is a critical consideration. Within the 

context of efficiency measurement, most studies relate to centralized enterprise networks (e.g., Paradi, 

http://www.emeraldinsight.com/action/doSearch?ContribStored=Haeckel%2C+S+H
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Zhu, and Eldestein, 2012; Avkiran, 2015). Although there are also studies on decentralized networks 

(e.g., Medina-Borja, Pasuphaty, and Triantis, 2007), the coordination among enterprises is overlooked.  

We see coordination in terms of the influence that interactions among enterprises have on 

technical efficiency, rather than merely related to autonomy. Interactions of interest are: (1) information 

sharing to line up individual enterprise decisions on resource allocation and output generation to 

collective decisions toward common goals (e.g., input minimization); (2) learning best practices from 

outperformers to increase the adherence of enterprises to role models with respect to efficient resource 

allocation; and (3) the degree of autonomy of enterprises to make decisions about resource allocation and 

output generation. This autonomy might be bounded by the decisions made by other enterprises. Within 

this context, it is relevant to say that each enterprise is surrounded by different contextual conditions. 

They can include socio-economic conditions, resource availability, market demands, etc. They might also 

affect the ability of an enterprise to follow similar decisions made by other enterprises.  

Thinking of these interactions as managerial policies that boost coordination among enterprises, 

we resort to the CAS literature. Dougherty et al. (2016) takes a first look at the integration of efficiency 

measurement and CAS by exploring the links between them. We go further by describing when and how 

managerial policies that boost coordination among enterprises are significant for technical efficiency of 

enterprise networks. To do so, we borrow the concept of coordinated motion from natural ecosystem 

analogies, from CAS, the concept of technical efficiency from the efficiency measurement literature, and 

then we tie both concepts using managerial policies. In addition, our research builds on the causal 

relationships among individual enterprise decision making and the collective influences from the 

enterprise network. A core idea behind our approach is to analyze the changes of enterprise technical 

efficiency at different moments in time when following managerial policies. For illustration purposes, 

CAS coordinated motion behaviors of flocking are used to operationalize managerial policies followed by 

enterprises. Details on flocking are discussed later. Other CAS analogies that are not considered in this 

research are: fish schools, swarm of insects, herds, etc.  

Using the efficiency measurement language, the enterprises are the decision making units 

(DMUs). Since we use a decentralized electric power utility network for illustration purposes, the DMUs 

are power plants and their input/output realizations form the production possibility set. We relax the 

efficiency measurement assumption of DMUs’ independence (i.e., they interact among themselves), and 

use CAPEM as simulation platform to recreate the DMUs’ interactions. Other than that, the production 

axioms that are assumed in the efficiency measurement literature hold (Vaneman and Triantis, 2003).  

 

Previous Research on the Integration of Efficiency Measurement and CAS 

Improving technical efficiency implies minimizing inputs while maintaining or maximizing 

outputs. This improvement endeavor could consider that enterprises within a network interact and share 

common goals while being autonomous, have different resource availability, and are subject to different 

contextual conditions (e.g., socio-economic realities). Traditional technical efficiency analysis falls short 

in recognizing the interactions among enterprises. To study the effects of interactions on technical 

efficiency, Dougherty et al. (2016) build a conceptual bridge between efficiency measurement (EM) and 

CAS thinking (Holland, 1999). It allows for the association of the key building blocks of both fields of 

knowledge, e.g., the EM concept of a DMU is equivalent to an agent in CAS. While a DMU can decide 

on the use of inputs to generate outputs, an agent goes further and decides who to interact with, and when 

and how to adapt based on those interactions. The resulting equivalences are captured by Dougherty 

(2014) through an agent-based model (CAPEM), which provides a simulation platform to gain insights on 

enterprise decisions based on CAS behaviors.  

CAPEM allows studying managerial policies that boost coordination among enterprises using 

flocking behaviors
13

 as proxies. It borrows from EM the concepts of efficient and inefficient DMUs (i.e., 

enterprises), the efficient frontier (i.e., related to the goal of input minimization or output maximization), 

                                                           
13 The definitions of those behaviors are provided in the next section.  
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and technical efficiency (i.e., output generation versus input consumption). CAPEM is coded using a 

simulation platform called NetLogo (Wilensky, 1999). Agents in NetLogo can be designed to follow a 

variety of rules representing behaviors and decisions. CAPEM allows setting two collective goals for 

enterprises to achieve technical efficiency: input minimization or output maximization. For instance, in 

the input minimization case, the enterprises exhibiting the smallest mix of inputs form what is known in 

EM as the efficient frontier (i.e., benchmark for relative comparison). Hence, the inefficient enterprises 

look to minimize their input mix over time to achieve the efficient frontier. The technical efficiency is 

measured at each period of time, and it is calculated as the ratio between the distance from the origin of 

the input space (i.e., all possible input mixes) to the efficient frontier, and the distance from the origin of 

the input space to the input mix of the inefficient enterprise. The output realization is calculated through a 

production function that follows a Cobb-Douglas form (Cobb and Douglas, 1928). 

Dougherty (2014) uses data from 30 power plants (DPP) from Rungsuriyawiboon and Stefanou 

(2007). These DPPs are treated as agents in CAPEM and each one seeks to achieve technical efficiency 

while interacting with others. By using CAPEM, Dougherty (2014) studies the significance and direction 

of the effects that managerial policies that boost coordination among enterprises have on the average 

technical efficiency of the network at the end of 14 years. The study explores different value settings for 

the managerial policies. Those settings allow obtaining insights about effective ways to achieve technical 

efficiency at the network level. Given the empirical nature of the research, its insights have yet to be 

extended and validated not only by field experimentation with enterprise networks, but also (1) using 

validation approaches suitable for CAS analysis which are themselves in the early stages of development, 

(2) investigating the significance and direction of effects of both individual decision making and 

collective influences at different moments in time, and (3) investigating how other natural ecosystem 

analogies might help in improving coordination. 

 

3. Conceptualization 

Research on enterprise design focuses on exploring how to make socio-technical components of 

an enterprise work together: people, processes, and infrastructure systems (Rebovich and White, 2011). 

Organizational and engineering researchers contribute to it from different fronts. Engineers usually focus 

on improving infrastructure systems and processes, testing their performance, and informing successful 

designs for current and future interventions (Giachetti, 2010). Organizational researchers, in turn, 

commonly focus on strategic design issues involving people, e.g., definition of principles and values, 

(de)centralization, differentiation/integration, roles and responsibilities, etc., (Hendrick and Kleiner, 

2001). Despite their contributions, the current literature is poised to consider how managerial policies 

needed for enterprise design might be informed by natural ecosystem behaviors, rooted in CAS (Burke, 

Lake, and Paine, 2009; Dougherty et al., 2016). To address that, we focus on enterprises working as 

networks and consider them as complex adaptive systems where managerial policies can resort to natural 

ecosystem behaviors to boost coordination among enterprises. Consequently, we would expect that the 

aggregate technical efficiency performance of an enterprise network, in terms of resource allocation and 

output generation, is the product of the continuous interactions among enterprises. In other words, the 

aggregate technical efficiency can be viewed as the product of the causal relationships between individual 

decision making and collective influences. To evaluate whether in fact network and enterprise technical 

efficiency benefit from coordination, two things are required: (1) a mechanism to guide coordination, i.e., 

managerial policies, and (2) a model that integrates CAS and efficiency measurement. The first 

requirement is addressed below while the second one corresponds to CAPEM.  

 

Managerial Policies 

Managerial policies have been around for a long time in human-made organizations. They are 

also known as business rules (Ross, 2003). Their purpose is basic: to control and/or influence the 

operation of an organization. Managerial policies can be set at strategic and technical levels. In an 

enterprise network, a strategic managerial policy can relate the extent to which enterprises share 

information among themselves. In centralized networks such policy could neglect information sharing, 
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while in decentralized ones information sharing could occur without constraints. By comparison, a 

technical managerial policy can relate to procurement activities such as supplier selection. Regardless of 

their level, managerial policies play a key role in translating enterprise strategies into actions.  

As it is mentioned before, we depart from the efficiency measurement literature by considering 

enterprises as entities that interact to achieve common goals. Thus, we are interested on managerial 

policies that boost coordination among enterprises. These managerial policies focus on: (1) the capacity 

of an enterprise to line up its individual decision making to collective decisions made by other enterprises 

in the network, while pursuing a common goal and based on information sharing about resource 

allocation and output generation. Hereinafter, we will refer to this policy as line-up capacity for 

abbreviation purposes; (2) the capacity of an enterprise to learn best practices from other enterprises in the 

network with respect to technical efficiency. Hereinafter, we will refer to this policy as learning capacity; 

and (3) the autonomy of an enterprise with respect to decision making on resource allocation and output 

generation based (or not) on the decisions made by other enterprises in the network, while recognizing 

their contextual conditions. Hereinafter, we will refer to this policy as autonomy in decision making. In 

Table 1, we make an initial attempt to characterize these managerial policies regarding definition, 

purpose, nature, and examples. The term ‘capacity’ above and in Table 1 is here defined as the physical, 

informational and human resources that are available in the enterprise to make decisions.   

 

Table 1. Characterization of Managerial Policies   

 
Line-Up Capacity 

Definition: Capacity of an enterprise to line up its individual decision making to collective decisions made by other enterprises in 

the network, while pursuing a common goal and based on information sharing about resource allocation and output generation. 

Purpose: Promote enterprise interactions through information sharing to line up individual decisions toward a common goal. It 

provides a sense of unity and strength in relation to the market/competitors. Nature: This managerial policy is executed by each 

enterprise. Examples: (1) The decisions of an enterprise regarding resource allocation and output generation line up to the 

decisions of the majority of enterprises toward, for example, input minimization; (2) the decisions of an enterprise regarding 

resource allocation and output generation line up to the decisions of certain enterprises toward, for example, input minimization; 

(3) the decisions of an enterprise regarding resource allocation and output generation do not line up to the actions of other 

enterprises toward, for example, input minimization.  

Learning Capacity 

Definition: Capacity of an enterprise to learn best practices from other enterprises in the network with respect to technical 

efficiency (i.e., peers or role models). Purpose: Promote learning among enterprises by identifying and/or following the best 

practices of their closest efficient peers. Those best practices relate to resource allocation and output generation. Nature: This 

managerial policy is executed by each enterprise. Examples: (1) An enterprise identifies peers and learns from their practices to 

improve technical efficiency; (2) an enterprise identifies peers but does not learn from them to improve technical efficiency. 

Autonomy in decision making 

Definition: To achieve technical efficiency, an enterprise might try different input/output mixes at different points in time. Those 

input/output mixes might (or not) be decided based on other enterprises’ mixes. Thus, this managerial policy relates to the extent 

at which an enterprise can (or cannot) adopt either the same input/output mix or similar input/output mix path (trend) of other 

enterprise. If the enterprise can adopt a similar path, it is understood as an autonomous enterprise. Otherwise, its autonomy is 

restricted. Purpose: Facilitate or restrain an enterprise to use a similar path to achieve efficiency. The differences among 

enterprises regarding input/output mixes might suggest that enterprises are subject to different contextual conditions. Those 

conditions can impede/facilitate the adoption of similar paths toward technical efficiency. Nature: This managerial policy is 

executed by each enterprise. Examples: (1) An enterprise differentiates its input/output mix from others; (2) an enterprise 

follows an input/output mix similar to the mix of other enterprise. 

 

Since the last decade, special attention has been given to the mapping between human-made 

organizations and natural ecosystems (Burke et al., 2009). This mapping is addressed in the CAS 

literature (e.g., Mars, Bronstein, and Lush, 2012). Natural behaviors of organisms pursuing collective 

goals while being autonomous have been suggested as proxies for decisions to guide enterprise actions 

(Burke et al., 2009; Mars et al., 2012). Although various parallels are drawn in the literature on how 

nature-inspired behaviors might inform enterprise decision making, little research has been conducted on 

understanding (1) how managerial policies can resort to natural ecosystem behaviors to boost enterprise 
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coordination, and (2) the effect that the adoption managerial policies supported by natural ecosystem 

behaviors has on network and enterprise technical efficiency at different points in time. 

Natural ecosystem behaviors studied in the CAS literature involve mechanisms governing the 

interactions among organisms of an ecosystem. Those mechanisms fall into what is known as collective 

animal behavior (Sumpter, 2010). This behavior focuses on how groups of similar organisms coordinate 

their actions, consciously or unconsciously, to achieve goals related to their survivability, e.g., protection 

against predators, foraging, and migration, among others (Jeschke and Tollrian, 2007; Olson, Haley, 

Dyer, and Adami, 2015). This behavior also outlines emergent properties resulting from the interactions 

among organisms. Emergence relates to the aggregate patterns resulting from both the individual actions 

of organisms, and the interactions among organisms within the ecosystem (Viscido, Parrish, and 

Grunbaum, 2004). When organisms act collectively, coordinated motion is promoted (Sumpter, 2010). 

Coordinated motion implies information sharing for individual and group decision making. Some 

examples of coordinated motion are: flocking of birds (Reynolds, 1987), fish schools (Partridge, Pitcher, 

Cullen, and Wilson, 1980), swarming of ants (Beckers, Goss, Deneubourg, and Pasteels, 1989), and herds 

(Hamilton, 1971). Although the coordinated motion of birds, fish, and other organisms are different, the 

most interesting thing is that for all of them coordinated motion seems to be boosted by simple self-

ordering rules. We narrow our research scope to flocking, building on the work by Dougherty et al. 

(2016). Future extensions might include other coordinated motion behaviors. 

 

Table 2. Flocking Rules Characterization  
 

Separation angle 

Definition: Ability of a bird to change its heading in relation to its closest neighbor to avoid collision. Purpose: Avoid collision 

between birds. A collision can compromise the survivability of the birds. Nature: It is an individual behavior. Examples: (1) A 

bird steers away from the heading of its closest neighbor; (2) a bird collides with its closest neighbor. 

Separation distance 

Definition: Ability of a bird to change its position in relation to its closest neighbor to avoid collision. Purpose: Avoid collision 

between birds. A collision can compromise the survivability of the birds. Nature: It is an individual behavior. Examples: (1) A 

bird keeps away from its closest neighbor by a certain distance; (2) a bird collides with its closest neighbor. 

Alignment 

Definition: Capacity of a bird to steer toward the average heading of other birds. Purpose: Follow a general direction to get 

protection against predators, enhance foraging, or migrate. Nature: It is an individual behavior. Examples: (1) A bird flies 

toward the same direction of the largest flock around; (2) a bird flies in the opposite direction of the largest flock around; (3) a 

bird flies toward the same direction of a small flock. 

Cohesion 

Definition: Ability of a bird to steer toward the average position of other birds, e.g., edge of the flock. Purpose: Look for more 

favorable positions in the flock, e.g., in terms of protection against predators, foraging. Nature: It is an individual behavior. 

Examples: (1) A bird steers toward the closest birds at, for example, the edge of the flock; (2) a bird steers toward the opposite 

direction of the edge of the flock. 

 

The self-ordering rules that govern flocking are separation, alignment, and cohesion (Reynolds, 

1987). In flocking, birds make part of leaderless flocks. The main purpose for a bird to get together and 

flock is assumed to be gaining protection against predators and enhancing its foraging (Reynolds, 1987). 

It still unknown whether the motivation to flock is a physical, chemical or even emotional process. 

According to Reynolds (1987), the definitions of those rules are as follows: Separation refers to the 

ability of a bird to avoid extreme closeness with other birds, i.e., the ability to avoid collision. The 

separation is viewed with respect to the distance between birds, and also the angle of the heading 

followed by the birds. The distance is associated with the position, while the angle to the heading 

diversity. Alignment refers to the capacity of a bird to steer toward the average heading of other birds. A 

perfect alignment should point toward a unique heading, but in reality, several flocks can be formed and 

they can head toward different directions. Last but not least, cohesion refers to the ability of a bird to steer 

toward the average position of other birds, e.g., edge of the flock. Birds located at the flock edges, for 

example, could have an advantageous position in relation to threat and/or food identification. Table 2 

characterizes the flocking rules above with respect to their definition, purpose, nature, and examples.      
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By comparing Tables 1 and 2, we can see how managerial policies that boost coordination among 

enterprises, hereinafter managerial policies for abbreviation purposes, show conceptual overlapping with 

flocking behaviors. For instance, the line-up capacity can be linked to the alignment. Both look at the 

capacity/ability of an entity (i.e., enterprise or bird) to follow other entities toward a common goal. Of 

course, the resources characterizing the capacity of enterprises and the ability of birds are different. 

However, the action of lining up or aligning the decisions of an entity to the ones made by other entities 

allows conceptually linking both the policy and the behavior. In terms of the learning capacity, it can be 

related to cohesion. In this case, both look at the capacity/ability of an entity to learn from other entities 

about more advantageous conditions. Again, the resources to do so differ for enterprises and birds, but the 

intuition is that comparability among entities lead to improvement. Finally, the autonomy in decision 

making can be linked to both the separation angle and the separation distance. Both look at the extent at 

which the decisions of an entity considers (or not) other entities’ decisions. For birds, separation angle 

and separation distance refers to the heading and location of the nearest neighbor. For an enterprise, the 

separation angle might serve as proxy for operationalizing its autonomy in deciding its input/output mix 

path (trend) based on other enterprises; while the separation distance might serve as proxy for 

operationalizing its autonomy in deciding its input/output mix based on other enterprises at a specific 

point in time. These relationships are also discussed by Dougherty et al. (2016) when mapping managerial 

policies and nature-inspired behaviors. Since we devise enterprise networks as CAS, we resort to flocking 

rules as proxies for managerial policies. Thus, for operationalization purposes, alignment will represent 

line-up capacity, cohesion will represent learning capacity, and separation angle and separation distance 

will represent the autonomy in decision making (regarding path and mix, respectively).  

In addition to the conceptual overlapping between managerial policies and flocking behaviors, we 

believe that important insights on technical efficiency performance would be possible if we include 

collective influences resulting from the aggregation of the individual decisions on managerial policies 

made by the enterprises over time, i.e., period by period. Table 3 includes the collective influences that 

are expected from the adoption of the managerial policies by each enterprise. It also includes a direct 

mapping to collective flocking behaviors (Reynolds, 1987) since they will be used to operationalize 

collective influences. Our contention is that both individual decisions on managerial policies and 

collective influences affect enterprise and network efficiency performance differently over time, e.g., 

individual decisions on line-up capacity could be more important at early stages. The inter-temporal 

change of effects and the directions of the effects are of interest. To investigate it, we focus on three 

unanswered questions, which are: (1) how is the enterprise network efficiency performance affected at 

different moment in time by managerial policies? (2) When and how to change those managerial policies 

to improve technical efficiency? (3) What is the impact of influential enterprises on other enterprises, the 

frontier of efficient enterprises, and how other enterprises reach the frontier over time? 

  

Table 3. Collective Influences of Enterprise Networks and Collective Flocking Behaviors  
 

Collective influence from enterprises Collective flocking behavior 

Collective line-up  Average flock mate heading 

Definition: Decisions made by enterprises in the network on 

resource allocation and output generation while pursuing a 

collective goal (e.g., input minimization). Purpose: Influence 

the decision making of enterprises on resource allocation and 

output generation. Nature: It results from aggregating the 

individual decisions made by enterprises. It is a collective 

influence. Examples: (1) Enterprises in the network line up as 

a group regarding resource allocation and output generation 

and influence others to make similar decisions; (2) enterprises 

in the network line up as various groups regarding resource 

allocation and output generation and each group influence 

different enterprises to make similar decisions. 

 

 

Definition: Direction followed by flocks. The average is the 

measure of aggregation. Purpose: Influence the heading of 

birds to align (or not) to the flock. Nature: It is a collective 

influence. Examples: (1) A flock flies toward certain direction 

and influences the heading of individual birds toward the same 

direction; (2) a flock flies toward certain direction and does not 

influence the heading of individual birds toward the same 

direction. 
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Best practices from role models Average peer heading 

Definition: Decisions made by role model enterprises (i.e., 

efficient enterprises) on resource allocation and output 

generation. Purpose: Influence the decisions of individual 

enterprises on resource allocation and output generation, so 

that they emulate the decisions made by role models. The 

greater the learning from role models, the greater the efficiency 

performance benefits. Nature: It is a collective influence. 

Examples: (1) Enterprises acting as peers influence the 

decisions of inefficient enterprises toward the achievement of 

technical efficiency; (2) enterprises acting as peers do not 

influence the decisions of inefficient enterprises toward the 

achievement of technical efficiency.                                           

Definition: Heading of the birds located at certain position, 

e.g., edge of the flock. The average is the measure of 

aggregation. Purpose: Influence the heading of birds to steer 

toward certain position, e.g., edge of the flock. Nature: It is a 

collective influence. Examples: (1) The birds at the edge of 

the flock fly toward a direction and influence the others toward 

the same direction; (2) the birds at the edge of the flock fly 

toward a direction and do not influence other birds toward the 

same direction. 

Input/output mix of enterprises Distance from nearest neighbor 

Definition: Input/output mix of enterprises acting (or not) as 

references for individual enterprises to make decisions on 

resource allocation and output generation. Purpose: Influence 

the input/output mix to be used by an individual enterprise. 

Nature: It is considered as a collective influence. Examples: 

(1) The input/output mixes of enterprises acting as references 

and a specific enterprise differ by a threshold, which might 

suggest different contextual conditions; (2) the input/output 

mixes of enterprises acting as references and a specific 

enterprise are the same, which might suggest similar 

contextual conditions. 

Definition: Distance to the nearest bird. Purpose: Influence 

the position of the nearest bird according to a threshold 

distance. Nature: It is a collective influence. Examples: (1) 

The distance between a bird and its nearest neighbor is equal to 

a minimum threshold distance. The birds can keep their current 

position or increase the distance between them; (2) the distance 

between a bird and its nearest neighbor is greater than a 

minimum threshold distance. There is no risk of collision. The 

birds can keep their position. 

Input/output mix path of enterprises Heading of nearest neighbor 

Definition: Path (trend) of input/output mix of enterprises 

acting as references for individual enterprises to make 

decisions on resource allocation and output generation. 

Purpose: Influence the input/output mix path/trend to be used 

by an individual enterprise. Nature: It is accounted as a 

collective influence. Examples: (1) The input/output mix path 

of enterprises acting as references and a specific enterprise 

follow a different path, which might suggest different 

contextual conditions; (2) the input/output mix path of 

enterprises acting as references and a specific enterprise follow 

a similar path, which might suggest similar contextual 

conditions. 

Definition: Heading of the nearest bird. Purpose: Influence 

the position of the nearest bird according to a similar heading. 

Nature: It is a collective influence. Examples: (1) The 

headings of a bird and its nearest neighbor are similar. The bird 

steers away to avoid collision; (2) the heading of a bird and its 

nearest bird are different. There is not risk of collision and the 

bird can keep its heading. 

 

4. Data 

This research uses data of 82 U.S. fuel-fired power plants (DPPs) from 1986 to 1999. This annual 

dataset is studied by Rungsuriyawiboon and Stefanou (2007). To generate power, in megawatts per hour, 

the DPPs use labor (i.e., in full-time equivalent employees, FTEs), fuel (in British Thermal Units, BTUs), 

and capital (i.e., in dollars). The DPPs are spread across the country and, in theory, follow the same 

process in transforming labor, fuel and capital into power. The DPPs are surrounded by varied contextual 

conditions. We work with the labor and fuel inputs. Capital is assumed to be captured through those 

inputs. Table 4 provides descriptive statistics of the data. The large variability confirms the heterogeneity 

among DPPs in relation to their input mix. 
 

Table 4. Dataset Descriptive Statistics (in Thousands) 

 

 
Labor (FTEs) Fuel (BTU) Power (MW/hour) 

Year Average Std. Deviation Average Std. Deviation Average Std. Deviation 

1986 4.5  4.9  165.7  173.4  16,086.9 18,263.9  

1987 4.2  4.3  159.7  167.4  16,802.0  18,273.9  

1988 4.1  4.1  165.4  169.5  17,089.2  18,466.6  

1989 3.8  3.8  164.2  163.8  17,543.3  18,786.9  

1990 4.0  4.0  150.1  145.5  17,015.8  18,640.2  
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1991 3.8  3.9  151.2  144.9  16,958.7  17,971.2  

1992 3.7  3.6  151.2  151.6  16,829.9  18,138.2  

1993 3.6  3.7  162.4  168.9  17,111.9  18,633.2  

1994 3.4  3.5  158.1  165.4  17,140.3  18,633.2  

1995 3.1  3.2  150.0  156.3  17,013.7  18,925.8  

1996 2.9  3.1  148.6  158.1  17,553.1  20,187.2  

1997 2.8  3.1  159.0  168.5  17,938.1  20,752.7  

1998 2.6  2.7  166.0  171.6  17,513.5  19,303.7  

1999 2.5  3.1  150.7  190.0  17,584.1  21,900.9  

 

5. Approach and Results 

Our approach is divided in three steps. The steps are aligned to the research questions formulated 

at the end of Section 3. Figure 1 depicts the approach. The sub-sections below describe both the 

methodological steps as well as the results obtained from the analysis. Before going over the sub-sections, 

it is relevant to provide a brief situational example about how our simulation approach works. 

We take as reference the DPPs’ case. Suppose there is a set of DPPs each one with an initial mix 

of labor and fuel (inputs), and power (output). Each DPP takes place in an operating environment where 

different mixes of inputs are allowed to generate the output (i.e., input space). Each DPP is relatively 

efficient with respect to others, at each point in time, by means of using certain input mix in the operating 

environment. The mixes of inputs allow for the calculation of technical efficiencies, at each point in time, 

when comparing them to a fixed efficient frontier. The frontier is formed by DPPs exhibiting a minimum 

inputs mix, in the input-oriented case, at the beginning of the simulation. The size of the operating 

environment is defined by the maximum values allowed for the inputs, coming from the dataset under 

analysis. To allow each DPP to use different mixes of inputs while moving toward the efficient frontier, 

CAPEM allows assigning values
14

 to the DPPs for alignment, cohesion, separation angle, and separation 

distance. These variables are proxies for the managerial policies in Table 1. In other words, those policies 

affect the way each DPP uses its inputs while moving toward the efficient frontier. The ideal scenario is 

to achieve the frontier as soon as possible, but it depends on how both the individual decisions on 

managerial policies and collective influences shape the movement of the DPPs toward the frontier. The 

values for alignment, cohesion, and separation angle and distance are set all the same for each DPP; 

however, each DPP is initially placed at different points of the operating environment based on their input 

mix at year 1986. This makes each path toward technical efficiency different. Our contention is that 

different settings for the managerial policies might be significant in achieving high/low technical 

efficiency, e.g., higher levels of line-up capacity (alignment) might be critical at early stages to improve 

technical efficiency while higher levels of learning capacity (cohesion) might be needed at later stages. 

 

 
 

Figure 1. Research Approach Steps 

                                                           
14 The values and units of measurement for these variables are discussed in Section 5.1 and by Dougherty (2014). 
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5.1 Validation of Enterprise Behaviors 

 

Approach 

Validating CAS simulations is still not clear in the literature (North and Macal, 2007; Gilbert, 

2008). Qualitative (e.g., pattern resemblance) and quantitative (e.g., cross-correlation, ARIMA models) 

approaches are applied to validate to which extent CAS simulations recreate real world dynamics (Rand 

and Rust, 2011). For this research, we are not aware of the type of managerial policies applied in the 

enterprise network used as illustrative example. Therefore, our validation does not look at similarity 

regarding historical patterns. In turn, it pays attention to differentiation from a qualitative point of view. 

The intention is to discuss the graphical differentiation between the aggregate patterns of technical 

efficiency of the DPPs when following the managerial policies under study in this paper and the aggregate 

patterns of the historical DPPs. We coin the results related to our simulation approach as CAPEM 

measurement scenario, and the ones from the historical data as Historical measurement scenario. We 

leave the quantitative validation for future work when clarity on the managerial policies implemented by 

certain enterprise network is provided.  

To measure technical efficiency in both CAPEM and Historical measurement scenarios, we need 

to consider the movement of DPPs toward the efficient frontier. Recall that the frontier is formed by the 

DPPs exhibiting the minimum input mix at time 0, and it remains fixed. Geometrically, these DPPs are 

the closest to the input axis. The frontier is static in relation to its shape, but dynamic in relation to the 

DPPs that become efficient and join the frontier over time. Within this context, the technical efficiency is 

measured as the ratio between the projection (distance) from the origin to the fixed CAPEM frontier, and 

the projection (distance) from the origin to the DPP. In the case of the CAPEM measurement scenario, the 

technical efficiency is automatically obtained from the simulation model. In contrast, the calculation of 

the technical efficiency for the Historical measurement scenario requires calculating the efficiency radii 

of DPPs per year using the fixed CAPEM frontier as a benchmark. This allows for fair comparability 

between simulated and historical data. The calculation of efficiency radii is performed by determining the 

intersections between the projections from the origin to the DPPs’ input mixes and the fixed CAPEM 

frontier per year. The intersections are obtained by solving systems of linear equations, and they are used 

to calculate the projections from the origin to the efficient frontier. Based on the two required projections, 

the efficiency radii of DPPs per year are calculated.  

For the CAPEM measurement scenario, we need to decide which values to use for the alignment 

(i.e., line-up capacity), cohesion (i.e., learning capacity), separation angle and separation distance (i.e., 

autonomy in decision making). We borrow from the experimental statistics literature the concept of 

experimental condition (Montgomery, 2001), which is defined as a combination of variables’ values to 

explain changes in a response. In CAPEM, the variables’ values are the decisions made on managerial 

policies and the response is the technical efficiency. For comparison purposes, we use the 1,296 

experimental conditions explored by Dougherty (2014) for the four variables above when varying them at 

six levels: 0, 5, 10, 15 and 25 degrees/patches. A degree is assumed as a unit of measurement for changes 

of direction while a patch is the unit of measurement for changes of distance. The alignment, cohesion 

and separation angle are measured in degrees, since they imply heading, while the separation distance in 

patches, since it implies location. Degrees and patches come from CAS behaviors and are here assumed 

as equivalent to the capacity
15

 of an enterprise in making decisions on managerial policies. The formal 

definition of equivalences between degrees, patches and capacity needs to be further studied. To 

aggregate the technical efficiency for both scenarios, we use the average, median, and third quartile.  

We also include a Classical DEA measurement scenario. It does not compare the historical DPPs 

to the fixed CAPEM frontier. It applies an input-oriented BCC DEA model (Banker, Charnes, and 

Cooper, 1984) with variable returns to scale to each year of the historical data, obtaining a different 

frontier for each period. The BCC model measures technical efficiency by looking at the input and output 

spaces, i.e., minimizing inputs while maintaining outputs. This model does not consider collective goals, 

                                                           
15 We previously refer to ‘capacity’ as the physical, informational and human resources available in the enterprise to make decisions.  
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but individual maximization of technical efficiency with respect to others. We assume variable returns to 

scale since the relationships between inputs and output are not expected to be proportional (Avkiran, 

2015). The model is radial since the rate at which inputs/output are adjusted to improve efficiency is 

proportional for all inputs/output (Banker et al., 1984). The model provides an efficiency score from 0 to 

1. DPPs with scores equal to 1 are efficient, form the efficient frontier, and serve as peers for inefficient 

DPPs (For more details on the BCC model see Banker et al. 1984). This scenario is included to analyze 

how efficiency measurement is affected when looking at collective and individual goal perspectives.  

 

Results 

CAPEM measurement scenario: By running the simulation over 14 years, the results on 

technical efficiency and number of efficient/inefficient DPPs are presented in Figures 2 and 3. Figure 2 

shows how the managerial policies make the DPPs to follow an emergent goal-seeking behavior toward 

technical efficiency (see blue, red and green lines). This emergent behavior is confirmed by Figure 3 

when looking at the number of efficient DPPs. A boost toward efficiency is noticed at early stages (i.e., 

1986-1990) while a more stable growth is noticed after 1990. The question now is how these results 

compare to the other two scenarios.  

 

  
 

Figure 2. CAPEM: Technical Efficiency 

 

Figure 3. CAPEM: Efficient/Inefficient DPPs 

 

Historical measurement scenario: We compare the historical data of the DPPs against the fixed 

frontier used in CAPEM at time 0. Figure 4 and 5 show the technical efficiency of DPPs and the number 

of efficient and inefficient DPPs. The results reveal a high underestimation of the technical efficiency. 

The median technical efficiency remains very low (i.e., < 0.2), which leads to a low number of efficient 

DPPs over time (see Figure 5). This is because the input mix of the historical DPPs takes place far from 

the fixed frontier at each year. The patterns in Figures 4 and 5 confirm our contention on the 

differentiation between the results of CAPEM and the historical data. This differentiation suggests that 

the validation of CAPEM findings need to be addressed when an enterprise uses managerial policies 

looking for coordination. This encourages research on setting up ways to apply and measure such types of 

managerial policies in real-world settings. Under the assumption of data availability, the validation can 

include, but not limit to, the following steps: 1) to compare the managerial policies of the enterprise and 

the theoretical ones proposed. It would allow accounting for similarities/differences for further result 

interpretation; 2) to calibrate the initial settings of CAPEM. The idea is to confirm if the resulting settings 

make sense (or not) with respect to the enterprise ways of operation; 3) to perform a qualitative 

comparison of historical and simulated results, looking at pattern resemblance and emergent behaviors; 

and 4) to perform quantitative analysis using time series techniques, e.g., autoregressive integrated 

moving average (ARIMA), to support qualitative assertions and evaluate if the results fit into a common 

model. It would also provide statistical evidence to support the reliability of CAPEM in reproducing 

enterprise behaviors and as a decision making support system.     
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Figure 4. Historical Data: Technical Efficiency 

 

Figure 5. Historical Data: Efficient/Inefficient DPPs 

 

Classical DEA measurement scenario: We run BCC DEA models for each year under analysis 

based on the historical data. The results show a lower underestimation compared to the Historical 

measurement scenario (see Figure 6). The median technical efficiency ranges from 0.56 to 0.81, yielding 

a greater number of efficient DPPs (see Figure 7). An emergent goal-seeking behavior is not evident at 

all. This sets a precedent on the differentiation between the collective behavior proposed by the 

coordination among enterprises, and the optimum individual behavior proposed by classical DEA.  

 

  
 

Figure 6. Classical DEA: Technical Efficiency 

 

Figure 7. Classical DEA: Efficient/Inefficient DPPs 

 

So, how is enterprise network efficiency performance affected by the managerial policies under 

study? The differentiation among scenarios provides clues about it. Coordination sets a ‘unity’ of 

direction of the DPPs toward efficiency. This ‘unity’ yields more efficient DPPs over time and it is 

governed by an emergent goal-seeking aggregate behavior that is not enforced at the individual level. We 

believe that this aggregate behavior captures the relationship between individual DPP decision making 

and collective influences from other DPPs, and more importantly, it might tell us when individual 

decisions and collective influences are more relevant. This is studied in more detail below. 

 

5.2 Significance of Managerial Policies 

 

Approach 

We use experimental design to describe ‘When’ and ‘How’ to change managerial policies. This 

includes finding the significance (related to ‘When’) and directionality (related to ‘How’) of the effects 

that those managerial policies and their interactions have on technical efficiency at different moment in 

time. This section goes over the significance of effects.  
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Experimental design is a technique to describe the behavior of a response due to variations of 

factors, covariates, and their interactions (Montgomery, 2001). According to Montgomery (2001), factors 

are known variables controlled by experimenters
16

; their levels can be changed at the beginning of the 

experiment or during its execution. Covariates are variables that cannot be controlled. They are 

measurable and their identification and inclusion help in avoiding confounded effects. Finally, 

interactions account for relationships among controllable factors, uncontrollable covariates, and 

combinations of them. They should be defined based on the phenomenon under study. Hereinafter we 

refer to factors, covariates and interactions as FCIs.  

Experimental design is the systematic manipulation of FCIs, through experimental conditions, to 

describe their significance and direction on a response. Significance focuses on how different the effects 

of FCIs are; and directionality describes which levels of significant FCIs increase/decrease the response. 

There are various experimental designs (Montgomery, 2001). Their application depends on the nature of 

the FCIs, and also on the ease with respect to cost and time of the design execution. Some designs are: 

full factorial design, where all experimental conditions are carried out; fractional factorial design, where 

only a fraction of all experimental conditions are carried out; nested design, where there is a hierarchy 

between controllable factors, i.e., a factor is overseen by other factor at superior levels; and mixture 

design, where controllable factors are defined as proportions that add up a threshold. Since CAPEM runs 

simulations in short time with negligible costs, and does not require hierarchies and proportions for 

managerial policies, we consider a full factorial design. 

Our response of interest is the technical efficiency. In this study we look at the technical 

efficiency at each time step and not as an aggregate value of a time horizon. In consequence, several 

questions arise: What is the time horizon for experimentation? What is the temporal unit for 

experimentation? What is the equivalence between the temporal unit and a time step in CAPEM? Which 

estimator should we use to aggregate the technical efficiency of DPPs? We address these questions as 

follows: i) Time horizon for experimentation: It is equal to the 14 years of historical data; ii) Temporal 

unit for experimentation: Although the time horizon is 14 years, a year is a long period for an enterprise 

to make decisions, be aware of collective influences, and monitor the effects of decisions on performance. 

Looking for greater flexibility, we consider a month as a better proxy (e.g., a monthly business review). 

As a result, we get 168 months (14*12); iii) Equivalence between the temporal unit and a time step in 

CAPEM: A time step in CAPEM is equal to one tick. A tick has no dimensions. Based on the temporal 

unit for experimentation, a tick is equal to one month. We then run the full factorial design for each tick 

over 168 ticks or time steps; iv) Estimator to aggregate the technical efficiency of DPPs: CAPEM 

provides the technical efficiency of DPPs at each time step per experimental condition, i.e., 82 efficiency 

scores per time step and 13,776 efficiency scores per experimental condition (82*168). To analyze the 

significance of the FCIs’ effects on technical efficiency, we aggregate the efficiency scores at each time 

step using an estimator. We analyze the distribution of efficiency scores at different time steps and under 

various experimental conditions. We include the average and median as potential estimators. Looking at 

the estimators’ location, we notice that the median does better than the average in following the trend of 

technical efficiency. The average is influenced by extreme scores, which is expected since it is not a 

robust estimator. We discard it as the estimator for aggregation and adopt the median. Future extensions 

could include the goodness of fit of distributions from CAPEM to theoretical ones, e.g., beta distribution. 

A good fit requires that theoretical distributions capture the changes of technical efficiency over time.  

As for the FCIs of our experimental design, we build on Dougherty (2014) by keeping the 

managerial policies as controllable factors, and expand their design by looking at each time step and 

including covariates and interactions accounting for collective influences. This extension allows for 

understanding the causal relationships among DPPs, and decoupling the individual from the collective 

effects on technical efficiency. Considering the mapping between managerial policies and flocking 

behaviors in Section 3, we define the FCIs as follows: Factors: Variables that relate to the managerial 

                                                           
16 The term factor is also used in Factor Analysis (FA), which explores abstract rotations of datasets to combine measured attributes into highly 
correlated factors. Those factors hypothetically represent some latent factors, which are unknown at the beginning. 



70 

 

policies and that are controlled by the DPPs. The factors representing those policies are: Alignment (i.e., 

line-up capacity), cohesion (i.e., learning capacity), separation angle and separation distance (i.e., 

autonomy in decision making); ii) Covariates: Variables that represent the collective influences from 

DPPs. Covariates are out of control of each DPP. The covariates representing the collective influences 

are: Average flock mate heading (i.e., collective line-up), average peer heading (i.e., best practices from 

role models); distance from nearest neighbor and heading of nearest neighbor (i.e., input/output mix of 

enterprises and input/output mix path of enterprises, respectively); iii) Interactions: Combination of two 

or more factors, e.g., alignment and cohesion; two or more covariates, e.g., average flockmate heading 

and average peer heading; or two or more factors and covariates, e.g., alignment and average flockmate 

heading. Figure 8 depicts the proposed experimental design in terms of the flocking behaviors used as 

proxies. In the figure not all possible interactions are depicted. This is because not all of them make sense. 

For instance, the interaction average flockmate heading and cohesion captures two effects without a 

common purpose. The former relates to the collective line-up of inefficient DPPs toward the efficient 

frontier, and the latter relates to the individual learning capacity from efficient DPPs. 
 

 
 

Figure 8. Experimental Design 
 

The next step is to define experimental conditions based on the levels of controllable factors. To 

compare and contrast our results to the ones by Dougherty (2014), we use their 1,296 experimental 

conditions which result from varying alignment, cohesion, separation angle, and separation distance at 

six levels: 0, 5, 10, 15 and 25 degrees/patches. To analyze the significance of the FCIs on the median 

technical efficiency, we use the analysis of variance (ANOVA). It divides the entire data variability into 

the variability due to FCIs and the variability due to random error (Montgomery, 2001). ANOVA fits a 

regression model based on a response, FCIs, and random error, i.e., residuals. The random error is 

assumed normally distributed with mean 0 and constant variance. Thus, the residuals of the regression 

model are expected to be normal. Testing residuals for normality is addressed through the Anderson-

Darling test (Anderson and Darling, 1954). The regression model yields the adjusted-R
2 

(from 0 to 1), 

which provides the proportion of variability captured by the model. A high adjusted-R
2 

is desirable as 

long as the model specification, i.e., FCIs, captures the critical components of the phenomenon under 

study. The significance of FCIs is supported by hypotheses, i.e., null and alternate. The null hypothesis 

states that the mean effects of the FCIs are the same on the response. An alternate hypothesis states the 

opposite. Rejecting a null hypothesis means accepting the alternate. To reject a null hypothesis the p-

value of a FCI, from an F-Test, must be lower than or equal to a significance level ∝ commonly set to 
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0.05. An FCI meeting that condition is significant. More details on p-values, F-tests and ANOVA are 

discussed by Montgomery (2001). Our hypotheses are as follows: H0 (null). FCIs have the same mean 

effects on the median technical efficiency at each time step. This hypothesis implies that there is not a 

differentiation of the effects that individual decisions and collective influences have on the median 

technical efficiency of the DPPs at each time step. H1 (alternate): FCIs have different mean effects on the 

median technical efficiency at each time step. This hypothesis implies that there exists differentiation on 

the effects that individual decisions and collective influences have on the median technical efficiency of 

the DPPs at each time step. 

 

Results 

We run the ANOVA per each of the 168 time steps. The ANOVA models capture high proportion 

of the data variability. The average adjusted R-square of the ANOVA models is 94.99% with a standard 

deviation of 5.88%. The minimum value is equal to 63.84% in time step 1, and the maximum value is 

equal to 99.03% in time step 15. For simplicity, we do not present the ANOVA results per each time step. 

We summarize the results through aggregate statistics in Table 5: i) number of times over the 168 time 

steps a FCI is significant; ii) proportion of time steps a FCI is significant; iii) maximum streak length (i.e., 

maximum number of uninterrupted times steps a FCI is significant); iv) maximum streak period (i.e., 

starting and final time step of the maximum streak); v) first streak length (i.e., number of uninterrupted 

times steps of the first streak a FCI is significant); and vi) first streak period (i.e., starting and final time 

step of the first streak). The statistics confirm the existence of p-values lower than 0.05, meaning that 

some FCIs show differentiated mean effects on the median technical efficiency of the DPPs over time.  

The results in Table 5 provide a sense on the significance of FCIs over time. For example, the 

line-up capacity (i.e., alignment) and autonomy in decision making regarding paths (i.e., separation 

angle) show a strong significance. The first is significant 154 times out of 168 (i.e., 91.7%), and the latter 

is significant 117 times out of 168 (i.e., 69.6%). They are significant at different periods of time. The line-

up capacity registers its first streak from time step 1 to 15, and its maximum streak from time step 104 to 

156. Figures 9 and 10 depict the behavior of the p-value for these factors, where any value above the red 

dotted line is significant. Based on the figures, we note that the significance is not continuous. This is 

interesting when thinking of the emergent goal-seeking behavior. It indicates that significant FCIs play 

different roles in time not only by influencing the decisions of individual DPPs but also by shaping the 

aggregate results of the network. The collective line-up (i.e., average flock mate heading) has also 

continuous significant effects on the path that DPPs take to achieve technical efficiency, which makes 

sense for the emergent goal-seeking behavior of coordination among enterprises.  

Table 5 also offers an insight that should not be overlooked: Almost all FCIs are significant at 

least during one time step. The exception is the interaction among the controllable factors of alignment, 

cohesion, separation angle, and separation distance. To the best of our knowledge, this type of result is 

not typical when using experimental designs using aggregate periods of time. The granularity introduced 

in our experimental design increases the discrimination power regarding significant effects. This is an 

opportunity to explain how system patterns are triggered by the FCIs at specific points in time.    

 

Table 5. Summary of Significance Results per FCI 

 

Factor/Interaction 
(F-factor, I-interaction, C-covariate) 

# 

Time 

steps 

% 

Time 

steps 

Max streak 

length (# of 

time 

periods) 

Max 

Streak 

period 

1
st
  Streak 

length (# of 

time 

periods) 

1
st
 

Streak 

Period 

(F) Alignment 154  91.7% 53  [104-156] 15  [1-15] 

(F) Cohesion 71  42.3% 7  [161-167] 3  [1-3] 

(F) Separation Angle 117  69.6% 58  [41-98] 58  [41-98] 

(F) Separation Distance 47  28.0% 11  [131-141] 11  [131-141] 

(I) Alignment and Cohesion 80  47.6% 26  [51-76] 26  [51-76] 

(I) Alignment and Separation Angle 105  62.5% 51  [83-133] 51  [83-133] 
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(I) Alignment and Separation Distance 59  35.1% 37  [6-42] 37  [6-42] 

(I) Cohesion and Separation Angle 63  37.5% 46  [80-125] 46  [80-125] 

(I) Cohesion and Separation Distance 61  36.3% 13  [49-61] 13  [49-61] 

(I) Separation Angle and Sep. Distance 147  87.5% 68  [32-99] 68  [32-99] 

(I) Alignment, Cohesion and Sep. Angle 69  41.1% 32  [94-125] 32  [94-125] 

(I) Alignment, Separation Angle and 

Separation Distance 
27  16.1% 11  [94-104] 11  [94-104] 

(I) Cohesion, Separation Angle and 

Separation Distance 
63  37.5% 15  [94-107] 15  [94-107] 

(I) Alignment, Cohesion,  Separation 

Angle and Separation Distance 
-    0.0% -    None -    None 

(C) Avg. Flockmate Heading 142  84.5% 49  [44-92] 49  [44-92] 

(C) Avg. Peer Heading 137  81.5% 83  [45-127] 83  [45-127] 

(I) Avg. Flockmate Heading and Avg. 

Peer Heading 
127  75.6% 57  [57-127] 57  [57-127] 

(I) Avg. Flockmate Heading and 

Alignment 
151  89.9% 53  [104-156] 15  [1-15] 

(I) Avg. Peer Heading and Cohesion 66  39.3% 7  [84-90] 7  [84-90] 

(C) Distance Nearest Neighbor 15  8.9% 5  [8-12] 5  [8-12] 

(C) Heading Nearest Neighbor 34  20.2% 5  [8-12] 5  [8-12] 

(I) Distance Nearest Neighbor and 

Heading Nearest Neighbor 
12  7.1% 5  [8-12] 5  [8-12] 

(I) Distance Nearest Neighbor and 

Separation Distance 
42  25.0% 11  [131-141] 11  [131-141] 

(I) Heading Nearest Neighbor and 

Separation Angle 
12  7.1% 5  [24-28] 5  [24-28] 

 

  
 

Figure 9. Significance: Alignment 

 

Figure 10. Significance: Separation Angle 

 

Going over the results of each FCI is essential, but it would take so long for a single publication 

to accomplish this. We define an empirical threshold of 60% on the number of times a FCI is significant 

as a lower bound to narrow the analysis. The rows highlighted in blue in Table 5 show the FCIs meeting 

the threshold. Based on these FCIs, it is interesting to see that not all the managerial policies are 

significant more than 60% of the time. Only the line-up capacity (i.e., alignment) and the autonomy in 

decision making regarding paths (i.e., separation angle) meet the threshold. When comparing the first 

streaks of significance of these two policies, we note that both happen at different points in time. This 

result might have implementation implications in relation to ‘when’ to make decisions regarding 

managerial policies so that greatest impact on technical efficiency is achieved. The autonomy in decision 

making regarding mix (i.e., separation distance) does not meet the threshold; however, its interaction 

with the autonomy in decision making regarding paths is significant 87.5% of the time, especially from 

time step 32 to 99. Some levels of one policy interacting with some levels of the other policy generate the 

significant effect. This is a good case for further analysis when discussing directionality. Within the 
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context of covariates, the collective line-up (i.e., average flock mate heading) and the best practices from 

role models (i.e., average peer heading) are often significant. Their first and maximum streaks begin 

almost at the same time step, i.e., time step 44 and time step 45, respectively. The interaction composed of 

both covariates is also highly significant. These results show that collective influences have a strong 

impact on the achievement of technical efficiency. This is expected given the nature of the rules 

governing the behavior of the DPPs. The unexpected finding is that the significance of these covariates 

and their interaction is not spread over time. Lastly, only one interaction involving a non-controllable 

covariate and a controllable factor resulted in significant results more than 60% of the time: the collective 

line-up and the line-up capacity of an individual DPP (i.e., alignment). 

 

 
 

Figure 11. Aggregate Technical Efficiency (Median): Comparison with First Streak of Significant FCIs 

 

Figure 11 plots the aggregate median technical efficiency (i.e., dark blue continuous line) of the 

DPP network. The aggregate median technical efficiency is calculated as the median of the 1,296 

efficiency scores obtained for each DPP at each time step during 168 time steps. The horizontal colored 

bars in the figure represent the periods of time where the first streaks of significant FCIs take place. For 

example, the first streak of significance of the alignment factor (i.e., line-up capacity) starts in time step 1 

and finishes in time step 15 (see also Table 5). The location of the horizontal bars representing the FCIs’ 

streaks does not keep any relation to the y-axis, and it does not follow any hierarchy in particular. In other 

words, they only relate to the x-axis. The figure also includes gray dotted lines representing points where 

changes in the slope of the median technical efficiency curve are noticed (i.e., dark blue continuous line). 

We use this figure as a qualitative tool to evaluate changes inefficiency potentially related to the FCIs’ 

streaks. The figure shows that some FCIs’ streaks (i.e., horizontal bars) begin close enough to the points 

where changes in the slope occur (i.e., gray dotted lines). For instance, the beginning of the first streak of 

the average peer heading covariate (i.e., from time step 45 to 127) is close to a point where the slope of 

the median technical efficiency changes (i.e., time step 47). What is interesting about these results is that 

some of the steepest positive changes in the slope match with the significant effect of collective 

influences (i.e., collective line-up and the best practices from role models), while the more subtle positive 

changes in the slope coincide with the effect of the interactions between managerial policies (i.e., 

autonomy in decision making regarding path and mix). It appears as if collective influences might quickly 

boost technical efficiency while individual decisions might promote its growth more slowly.  

Regarding the first streaks related to the line-up capacity (i.e., alignment) and also its interaction 

with the collective line-up (i.e., average flockmate heading), they take place at early stages (from time 

step 1 to 15). They seem to boost the initial growth in the median technical efficiency until a new boost is 

promoted by the interaction between the autonomy in decision making regarding paths and mix (i.e., 
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separation angle and separation distance) in time step 32. This makes sense considering that at the 

beginning of the simulation the DPPs are more dispersed, focusing more on their own line-up capacity 

and the collective line-up, and after a while they flock together, where the autonomy in decision making, 

and the best practices from role models become critical for referencing/situational purposes. Although the 

maximum streaks are not depicted in Figure 12, the line-up capacity (i.e., alignment) is also important for 

the long haul. Table 5 shows how that factor is significant since time step 104 until time step 156. This 

relates to what is observed in CAS behaviors about fragmentation reduction and directional stability after 

certain period of time (Chazelle, 2014). For the autonomy in decision making regarding paths (i.e., 

separation angle) and also its interaction with the line-up capacity (i.e., alignment), they do not coincide 

with any of the points where the slope of the aggregate median technical efficiency changes. This does 

not mean they are not significant; it is possible that the median as an estimator cannot capture their effect. 

How do these results compare to the ones obtained by Dougherty (2014)? Dougherty’s (2014) 

experimental design only includes controllable factors, and the response of interest is the average of the 

average technical efficiency of the DPPs during entire time horizon of 14 years. The author finds that: all 

the managerial policies are significant, and some interactions between them are also significant, e.g., line-

up capacity and autonomy in decision making regarding paths. Comparatively, our results show that not 

all FCIs are always significant. Our results allow for the ranking of FCIs in terms of their significance 

over time, and for the identification of significant effects occurring at different moments.  

Testing for Normality: We apply the Anderson-Darling test to the residuals obtained from 

ANOVA. The normality assumption is not satisfied in any period, which is also found by Dougherty 

(2014). The histograms of the residuals provide a sense of normality, but the normal probability plots 

(comparing the quantiles of a standard normal distribution to the quantiles of the distributions of the 

residuals) show that not all residuals fit the normal distribution, especially those located at the tails of the 

distribution. This lack of fitness might indicate (Khan and Rayner, 2003): the existence of outliers, 

missing FCIs, that higher-order terms of FCIs are required and missing interactions. Considering that we 

are confident as to why we use the current FCIs in the ANOVA models, we do not consider the last three 

reasons as causing the non-normality of the residuals. Outliers might be the main cause of the non-

normality of the residuals. A reason supporting this is that DPPs exhibit extreme behaviors when using 

extreme values associated with the CAS managerial policies, e.g., zero values. We identify and track 

influential DPPs over time in Section 5.4. The question now is if this departure, from theoretical 

assumptions, affects the robustness of the F-tests used in the ANOVAs to discern the significance of 

FCIs. In brief, several studies prove that the F-tests are fairly robust to the non-normality of residuals 

(Khan and Rayner, 2003; Lantz, 2014); therefore, we rely on the results acknowledging the non-normality 

of the residuals. Future extensions should revisit this issue. 

 

5.3 Directionality of Managerial Policies 

 

Approach 

We are also interested in explaining the direction of the effects of significant FCIs in relation to 

increasing/decreasing the median technical efficiency. All factors and interactions between factors are 

characterized by levels. It is expected for a DPP to behave differently under different levels. To capture 

the direction of the effects, we use the analysis of means (ANOM). ANOM is a confidence interval-driven 

approach (Nelson, Wludyka, and Copeland, 2005). It determines which levels of a factor/interaction have 

means lying below or above the confidence interval of the entire factor/interaction mean. A level of a 

factor/interaction is significant if its p-value is lower or equal than a significance level ∝ commonly set to 

0.05. The results can indicate that not all levels of a significant factor/interaction have a significant effect 

on the response (i.e., not all have p-values lower than 0.05), and that levels with significant effects 

increase or decrease the response. It is common to find that while a level increases the response, other 

decreases it. This complements the insights on significance with the ones on directionality. For covariates 

and interactions including covariates, not all of them have levels, i.e., they are non-controllable. Thus, 

ANOM is not applicable. Instead, we use the regression coefficients of the covariates and interactions 
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from the ANOVAs. The coefficients can be positive or negative, and we use them as proxies for the 

increasing/decreasing impact of covariates/interactions on the median technical efficiency.  

 

Results 

We present the results on directionality based on the FCIs highlighted in blue in Table 5. For 

simplicity, we do not present the ANOM results and regression coefficients per each time step. In turn, we 

summarize the results through aggregate statistics for each FCI. The aggregate results account for the 

percentage of times each FCI level or regression coefficient increases/decreases the median technical 

efficiency, the percentage of times each FCI level does not have a significant effect on the median 

technical efficiency, and other statistics associated to the largest increasing/decreasing streak that each 

FCI level or regression coefficient has with respect to the median technical efficiency.  

Factor: Alignment (i.e., line-up capacity). It is a controllable factor. We test six levels for this 

factor ranging from 0 to 25 degrees. A level of 0 degrees implies a null line-up capacity of a DPP. A level 

of 25 degrees represents a high line-up capacity. It is intuitive to think that low line-up capacity should 

lessen the achievement of technical efficiency. In contrast, higher line-up capacity should improve 

technical efficiency. Table 6 shows the aggregate statistics obtained by applying ANOM to the factor. 

The results support our intuition. Under null line-up capacity (i.e., 0 degrees), the effect on the median 

technical efficiency is always significant and decreasing. Going against others translates into DPPs being 

consistently inefficient over time. Conversely, greater line-up capacity, e.g., 20 and 25 degrees, show a 

significant and increasing effect on the median technical efficiency in more than 95% of the times. This 

effect takes place at early stages, suggesting that early awareness on line-up capacity leads to 

improvements of technical efficiency. We cannot generalize that all increments in such capacity lead to 

increase technical efficiency. The results show that 5 and 10 degrees allow for a reduction in the 

percentage of times the effects are significant and decreasing (53.8% and 2.9%, respectively); but it does 

not translate into significant and increasing effects. The effect of those levels is by considerable margins 

not significant at all, especially for 10 degrees (97.1%). Thus, middle levels of line-up capacity do not 

provide enough improvements of technical efficiency so that their effects are significant. For 15 degrees, 

its effect is significant and increasing at mid-stages when its largest increasing streak takes place.  

 

Table 6. Directionality: Alignment 

 

D
eg

re
es

 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 

% Times of 

largest 

increasing 

streak  

Beginning of 

largest 

increasing 

streak 

% Times 

of largest 

decreasing 

streak 

Beginning 

of largest 

decreasing 

streak 
0 0.0% 0.0% 100.0% 0.0% n/a 100.0% 0 

5 0.0% 46.2% 53.8% 0.0% n/a 26.9% 57 

10 0.0% 97.1% 2.9% 0.0% n/a 1.2% 5 

15 17.9% 82.0% 0.0% 15.5% 64 0.0% n/a 

20 95.8% 4.2% 0.0% 88.6% 19 0.0% n/a 

25 98.2% 1.8% 0.0% 90.4% 16 0.0% n/a 

 

Our results, as opposed to Dougherty (2014), suggest that small changes in line-up capacity do 

not guarantee significant increasing effects on technical efficiency. Although there is more capacity to 

follow collective endeavors, there is a minimum level at which this capacity must get in order to ensure 

significant increasing benefits. We also find that great changes in line-up capacity affect almost always 

significantly and positively the technical efficiency. Bringing together the previous findings into practical 

decision making, if a DPP were to decide ‘when’ to care about its line-up capacity and ‘how’ strong it 

should be (i.e., without looking at other significant managerial policies), our recommendation would be to 

line up at very early stages of the implementation of the managerial policies under study, and to strongly 

line up so that benefits on technical efficiency can be achieved.         
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Factor: Separation Angle (i.e., autonomy in decision making regarding paths). It is a 

controllable factor. Recall that separation relates to the autonomy of the DPP in deciding about its 

input/output mix based (or not) on others’ decisions. We study that mix in terms of both distance (how 

different the input/output mix of one DPP is with respect to other DPP) and angle (how different the 

input/output mix of one DPP is with respect to other DPP but looking at the direction instead of distance). 

The latter can be associated to the path followed by a DPP toward technical efficiency. Thus, autonomy in 

paths means that DPPs are allowed to follow similar paths (input/output mixes) over time to achieve 

technical efficiency. Restricted autonomy, instead, implies that DPPs cannot follow similar paths. In the 

case of the separation angle factor, we test six levels ranging from 0 to 25 degrees. A level of 0 degrees 

implies that a DPP is not restricted to adopt a similar path of other DPPs toward technical efficiency (non-

restricted autonomy regarding paths). A level of 25 degrees indicates that a DPP is restricted to adopt a 

similar path of other DPPs (restricted autonomy regarding paths) to achieve technical efficiency. Our 

preliminary intuition is that more restricted autonomy regarding paths might boost the achievement of 

technical efficiency. Restricted autonomy to adopt, for example, the same path of others can lead to more 

diverse and faster ways to achieve input minimization. Table 7 shows the aggregate statistics obtained by 

applying ANOM.  

 

Table 7. Directionality: Separation Angle 

 

D
eg

re
es

 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 

% Times of 

largest 

increasing 

streak  

Beginning of 

largest 

increasing 

streak 

% Times 

of largest 

decreasing 

streak 

Beginning 

of largest 

decreasing 

streak 
0 94.1% 5.9% 0.0% 91.6% 0 0.0% n/a 

5 89.8% 1.2% 8.9% 89.8% 16 7.2% 3 

10 70.2% 8.9% 20.9% 69.4% 51 19.1% 4 

15 0.0% 23.9% 76.1% 0.0% n/a 76.0% 0 

20 0.0% 22.2% 77.8% 0.0% n/a 77.8% 0 

25 0.0% 0.0% 100.0% 0.0% n/a 100.0% 0 

 

The results in Table 7 do not support our intuition. At 0-degrees the effect on the median 

technical efficiency is almost always significant and increasing (94.1% of the times). This also occurs at a 

lower scale for 5 and 10 degrees. Keeping more similar paths among DPPs toward technical efficiency 

translates into DPPs being consistently more efficient over time. This is supported by Dougherty (2014) 

but only for the 5 degrees level. Conversely, more restricted autonomy regarding paths, e.g., 15, 20 and 

25, show a significant and decreasing effect on the median technical efficiency in more than 75% of the 

times. This takes place since the beginning of the time horizon, suggesting that early ignoring the path of 

other DPPs toward technical efficiency leads to negative effects. Going back to our initial intuition on 

restricted autonomy regarding paths as a beneficial strategy, it seems that although embracing autonomy 

sounds intuitively important, there exists a maximum level at which this autonomy can get in order ensure 

increasing benefits in technical efficiency. Using the previous findings for practical decision making, if a 

DPP were to decide ‘when’ to care about its autonomy regarding paths and ‘how’ restricted that 

autonomy should be (i.e., without looking at other managerial policies), our middle-ground 

recommendation would be to restrict the enterprise autonomy a little bit (5 degrees) at mid-stages of the 

implementation of the managerial policies under study. This would allow for certain differentiation and to 

avoid decreasing effects on technical efficiency. A radical suggestion is to be fully autonomous, but we 

need to consider the interactions with other factors.         

Interaction: Alignment and Separation Angle (i.e., line-up capacity and autonomy paths). It 

is controllable. We test six levels for each factor ranging from 0 to 25 degrees. The combination 0-0 for 

alignment and separation angle, respectively, exemplifies a null line-up capacity of a DPP, and that the 

DPP is not restricted to adopt a similar path of other DPPs toward efficiency. The combination 25-25 

represents a strong line-up capacity of a DPP, and places a restriction in adopting similar paths toward 
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efficiency. The intuition here is that strong line-up capacity and more autonomy regarding paths yield 

significant and increasing effects on the median technical efficiency. Table 8 shows the ANOM results
17

 

for this interaction.  

 

Table 8. Directionality: Alignment and Separation Angle 

 

Degrees 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 
0-0 0.0% 100.0% 0.0% 

0-5 45.5% 54.5% 0.0% 

0-10 0.0% 97.1% 2.9% 

0-15 0.0% 71.9% 28.1% 

0-20 0.0% 58.7% 41.3% 

0-25 0.0% 100.0% 0.0% 

5-0 0.0% 100.0% 0.0% 

5-5 61.1% 38.9% 0.0% 

5-10 0.0% 97.1% 2.9% 

5-15 0.0% 99.4% 0.6% 

5-20 0.0% 60.5% 39.5% 

5-25 0.0% 100.0% 0.0% 

10-0 0.0% 100.0% 0.0% 

10-5 62.3% 37.7% 0.0% 

10-10 0.0% 100.0% 0.0% 

10-15 0.0% 100.0% 0.0% 

10-20 0.0% 100.0% 0.0% 

10-25 0.0% 93.4% 6.6% 
 

Degrees 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 
15-0 0.0% 100.0% 0.0% 

15-5 38.9% 61.1% 0.0% 

15-10 0.6% 99.4% 0.0% 

15-15 0.0% 100.0% 0.0% 

15-20 0.0% 87.4% 12.6% 

15-25 0.0% 100.0% 0.0% 

20-0 0.0% 100.0% 0.0% 

20-5 38.9% 61.1% 0.0% 

20-10 0.6% 99.4% 0.0% 

20-15 0.0% 100.0% 0.0% 

20-20 0.0% 100.0% 0.0% 

20-25 0.0% 100.0% 0.0% 

25-0 0.0% 100.0% 0.0% 

25-5 31.7% 68.3% 0.0% 

25-10 5.9% 94.1% 0.0% 

25-15 0.0% 92.2% 7.8% 

25-20 0.0% 100.0% 0.0% 

25-25 0.0% 100.0% 0.0% 
 

 

The results slightly support our intuition. Only five combinations are significant and increase the 

median technical efficiency: 5-5, 10-5, 15-5, 20-5 and 25-5. In these combinations the line-up capacity 

increases while the autonomy regarding paths is the same. However, the percentage of significant and 

increasing effects is reduced when the line-up capacity increases, which is unexpected. Having both 

factors at 5 degrees is enough to affect significantly and positively the median technical efficiency more 

times (61.1% from time step 66 to 168) than with higher levels of line-up capacity. This contradicts what 

we state before on the decreasing effect that a low line-up capacity has on efficiency; but since we are 

looking at interactions and not factors, the opposite effects of both factors balance out. In Table 8 is 

evident that many combinations are not significant in more than 50% of the times. Significant and 

decreasing effects also occur especially for low line-up capacity and restricted autonomy regarding paths, 

i.e., 0-15, 0-20 and 5-20. This typifies DPPs focusing more on individual decisions than collective goals. 

Thinking of decision making, if a DPP were to decide ‘when’ to care only about the interaction between 

its individual line-up capacity and its autonomy regarding paths toward technical efficiency and ‘how’ to 

balance their effect, our recommendation is to set the enterprise line-up capacity to a minimum level, not 

null (e.g., 5 degrees) and restrict the enterprise autonomy regarding paths a little bit (e.g., 5 degrees), both 

at mid-stages of the implementation of the managerial policies under study. This might provide enough 

capacity to follow others and diverse paths toward technical efficiency.  

 

Interaction: Separation Angle and Separation Distance (i.e., autonomy regarding paths and 

autonomy regarding mix). It is controllable, and it is found significant in Dougherty (2014). We test six 

levels for each factor ranging from 0 to 25 degrees. The combination 0-0 for separation angle and 

separation distance, implies that a DPP is not restricted to adopt a similar path (i.e., non-restricted 

autonomy regarding paths) and the same mix of inputs (i.e., non-restricted autonomy regarding mix) of 
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 For simplicity, Table 7 and others related to controllable interactions do not include results about largest streaks. 
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other DPP. The combination 25-25 implies restrictions in adopting a similar path and the same input mix. 

Based on what we learned before, we think that a non-restricted autonomy regarding paths and a 

restricted autonomy regarding mix might yield significant and increasing effects on the median technical 

efficiency. A DPP that is not restrained to follow the path of other DPPs but keeps itself away from 

having the same mix of inputs (recognizing its own contextual conditions) might have higher chances in 

improving its technical efficiency. Table 9 shows the results for this interaction.  

 

Table 9. Directionality: Separation Angle and Separation Distance 

 

Degrees/ 

Patches 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 
0-0 0.0% 99.4% 0.6% 

0-5 8.9% 88.7% 2.4% 

0-10 0.0% 92.8% 7.2% 

0-15 0.0% 100.0% 0.0% 

0-20 0.0% 98.2% 1.8% 

0-25 0.0% 100.0% 0.0% 

5-0 0.0% 99.4% 0.6% 

5-5 4.8% 95.2% 0.0% 

5-10 0.0% 96.4% 3.6% 

5-15 43.7% 56.3% 0.0% 

5-20 49.1% 50.9% 0.0% 

5-25 67.1% 32.9% 0.0% 

10-0 0.0% 99.4% 0.6% 

10-5 0.6% 99.4% 0.0% 

10-10 3.6% 86.8% 9.6% 

10-15 11.9% 88.1% 0.0% 

10-20 4.2% 83.5% 12.3% 

10-25 4.8% 95.2% 0.0% 
 

Degrees/ 

Patches 

% Times 

significant 

increasing 

% Times no 

significance 

% Times 

significant 

decreasing 
15-0 0.6% 98.2% 1.2% 

15-5 0.6% 99.4% 0.0% 

15-10 7.8% 68.2% 23.9% 

15-15 0.0% 62.3% 37.7% 

15-20 9.1% 90.9% 0.0% 

15-25 0.0% 34.1% 65.9% 

20-0 0.6% 99.4% 0.0% 

20-5 0.0% 100.0% 0.0% 

20-10 0.0% 66.5% 33.5% 

20-15 0.0% 99.4% 0.6% 

20-20 0.0% 29.4% 70.6% 

20-25 0.0% 99.4% 0.6% 

25-0 0.0% 100.0% 0.0% 

25-5 0.0% 96.4% 3.6% 

25-10 0.6% 46.8% 52.7% 

25-15 0.6% 30.6% 68.8% 

25-20 7.7% 92.3% 0.0% 

25-25 0.6% 99.4% 0.0% 
 

 

The results in Table 9 support our belief to some extent. Three combinations are fairly significant 

and increase the median technical efficiency, i.e., 5-15, 5-20 and 5-25. In these combinations the 

autonomy regarding paths is the same while the autonomy regarding mix increases. The percentage of 

significant and positive effects increases when the autonomy regarding mix increases (from 43.7% to 

67.1%), especially when reaching its largest value (25 patches). Greater differentiation among DPPs can 

be held not by considering their paths toward efficiency, but in terms of their input/output mix. This 

makes sense when thinking of each DPP facing its operating environment. It is also clear that 5 degrees of 

autonomy regarding paths, interacting separately with the line-up capacity and autonomy regarding mix, 

are enough to boost increasing significant effects on efficiency over time. Table 9 shows that many 

combinations are not significant more than 50% of the times. Significant but decreasing effects also 

occur, especially for more restricted autonomy regarding paths and varied autonomy regarding mix, i.e., 

15-25, 20-20, 20-10 and 25-15. These combinations show that increasing differentiation among DPPs 

using both factors lessens the achievement of technical efficiency. Thus, if a DPP were to decide ‘when’ 

to care only about its autonomy regarding paths and mix and ‘how’ to increase its effect, our 

recommendation would be to restrict a little bit the autonomy regarding paths (e.g., 5 degrees) and to 

fully restrict the autonomy regarding input/output mix (i.e., 25 degrees) at mid-stages of the 

implementation of the managerial policies under study (from time step 56 to 168). 

Covariate: Average Flock mate Heading (i.e., collective line-up). It is a non-controllable 

covariate. To look at the direction of its effect on the median technical efficiency, we use the regression 

coefficients of the covariate to discern whether its effect is increasing or decreasing over time. We think 

that the collective line-up of DPPs has an increasing effect on the median technical efficiency. A DPP 

looking to coordinate its action with others should monitor and follow the collective line-up of other 
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DPPs in order to improve its technical efficiency; otherwise, coordination would not fully take place. 

Table 10 shows the aggregate statistics obtained for the covariate.  

 

Table 10. Directionality: Average Flockmate Heading 

 
% Times 

positive 

coefficient 

% Times 

negative 

coefficient 

% Times of 

largest positive 

streak  

Beginning of 

largest positive 

streak 

% Times of 

largest negative 

streak 

Beginning of 

largest 

negative streak 
93.4% 6.6% 57.5% 38 1.2% 2 

 

Our reasoning is supported by the results in Table 10. The collective line-up has an increasing 

effect on the median technical efficiency 93.4% of the times. In other words, collective influences 

strongly affect the decisions made by the individual DPPs. Nonetheless, the increasing effects are not 

evenly distributed over time. For instance, the largest streak of increasing effects occurs from time step 38 

to 134, accounting for 57.5% of the entire time horizon. The beginning of this streak almost coincides 

with the beginning of the largest streak of significant effects of the average flock mate heading shown in 

Figure 11. The collective line-up is consistently increasing after mid-early stages of the time horizon, but 

not evenly distributed over it. There are also few cases of decreasing effects; only 6.6% of the time steps 

show decreasing effects. No large streaks are identified, and the decreasing effects concentrate at very 

early stages of the time horizon. This leads to the complementary fact that individual line-up capacity is 

significant at very-early stages (see first streak of the alignment factor in Figure 11), while the influence 

of collective line-up is significant from mid-early stages. Thinking on informing decision making, if a 

DPP were to consider only the collective line-up to make decisions, our recommendation would be to 

consider collective influences as critical in increasing technical efficiency, especially from mid-early 

stages of the implementation of the managerial policies under study.         

Covariate: Average Peer Heading (i.e., best practices from role models). It is a non-

controllable covariate. As in the previous case, we use the regression coefficients of the covariate to 

discern whether its effect is increasing or decreasing over time. Our intuition is that the best practices 

from role models have an increasing effect on the median technical efficiency. Table 11 shows the 

aggregate statistics for the covariate.  

 

Table 11. Directionality: Average Peer Heading 

 
% Times 

positive 

coefficient 

% Times 

negative 

coefficient 

% Times of 

largest positive 

streak  

Beginning of 

largest positive 

streak 

% Times of 

largest negative 

streak 

Beginning of 

largest 

negative streak 
93.4% 6.6% 55.1% 38 0.0% n/a 

 

The results in Table 11 support our intuition. The best practices from role models behave 

similarly to the collective line-up. They have an increasing effect on the median technical efficiency 

93.4% of the times. The increasing effects are not evenly distributed over time. The largest streak of 

increasing effects occurs from time step 38 to 130, accounting for 55.1% of the entire time horizon. The 

beginning of this streak almost coincides with the beginning of the largest streak of significant effects of 

the collective line-up (i.e., average flock mate heading) shown in Figure 11. The effect of the best 

practices from role models is consistently increasing after mid-early stages of the time horizon, but not 

evenly distributed over it. There are few cases of decreasing effects; 6.6% of the time steps. No large 

streaks are identified, and the decreasing effects concentrate at the very early stages. For decision making, 

if a DPP were to consider only the best practices from role models on individual decision making, our 

suggestion is to consider such influence as critical in increasing technical efficiency, especially from the 

beginning of mid-early stages of the implementation of the managerial policies under study.         
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Interaction: Average Flock Mate Heading and Average Peer Heading (i.e., collective line-up 

and best practices from role models). It is non-controllable. We use the regression coefficients of the 

interaction to discern whether its effect is increasing or decreasing over time. The interaction among both 

collective influences might have both increasing and decreasing effects on the median technical 

efficiency. A DPP might benefit more from the influence coming from the collective line-up than the 

influence exerted by the best practices from role models, or vice versa. Benefits on technical efficiency 

might be obtained when the decisions are made toward the more favorable influence. Table 12 shows the 

aggregate statistics for the interaction.  

 

Table 12. Directionality: Average Flock mate Heading and Average Peer Heading 

 
% Times 

positive 

coefficient 

% Times 

negative 

coefficient 

% Times of 

largest positive 

streak  

Beginning of 

largest positive 

streak 

% Times of 

largest negative 

streak 

Beginning of 

largest 

negative streak 
6.1% 93.9% 0.00% n/a 56.89% 39 

 

The results in Table 12 show that the interaction decreases the median technical efficiency 93.9% 

of the times. This is very interesting. First, it shows that the interaction does not hold the same directional 

effects that the singular collective influences do. Second, it suggests that the both influences might not 

necessarily point to the same direction toward the efficient frontier. For instance, the collective line-up 

gives a sense of the importance of the collective decision making toward technical efficiency, but it does 

not imply that the decision making is pointing at the same direction where the efficient peers are located. 

This dichotomy is captured by the interaction and warns all inefficient DPPs of the need to consider 

carefully the collective influences before making decisions on both line-up capacity and learning-

capacity. In terms of the distribution of the decreasing effects of the interaction over time, they are not 

evenly distributed. The largest streak of decreasing effects occurs from time step 39 to 134, accounting 

for 56.89% of the entire time horizon. This streak overlaps the largest streak of significant effects of the 

interaction in Figure 11 over similar periods. The effect of the interaction is consistently decreasing after 

mid-early stages of the time horizon, but not evenly distributed over it. There are few cases of increasing 

effects, 6.1% of the times. No large streaks are identified, and the increasing effects concentrate at very 

early stages. Using these findings for decision making, if a DPP were to consider only the influence on 

individual decision making exerted by both the collective line-up and the best practices from role models, 

our recommendation would be to carefully examine each influence (e.g., is the collective line-up more 

convenient?) so that the interaction between them does not lessen the path of the DPP toward technical 

efficiency, especially from mid-early stages of the implementation of the managerial policies under study.     

Interaction: Average Flock mate Heading and Alignment (i.e., collective line-up and line-up 

capacity). It is semi-controllable. We account for six levels for the alignment factor, i.e., from 0 to 25 

degrees. To look at the direction of the interaction effect on the median technical efficiency, we use the 

regression coefficients of the interaction. ANOM is not used since the interaction includes a non-

controllable covariate. Based on previous results, greater collective line-up and individual line-up 

capacity should increase the median technical efficiency. Table 13 shows the aggregate statistics for the 

interaction. Our intuition is not supported by the results in Table 13. The interaction increases the median 

technical efficiency when looking at low levels of individual line-up capacity (from 5 to 15 degrees). 

Conversely, the interaction decreases the median technical efficiency when looking at null and high levels 

of individual line-up capacity (0, 20 and 25 degrees). This is unexpected since the intuition was that 

greater individual line-up capacity should be useful to match the collective line-up. In turn, the results 

suggest that low, but not null, degrees of individual line-up capacity are good enough to achieve technical 

efficiency without building on more capacity to follow other DPPs. The best result is achieved at 5 

degrees of individual line-up capacity (significant 91.1% of the times, with the largest streak beginning at 

time step 3). By increasing the individual line-up capacity from 5 to 10 and 15 degrees, this effect gets 

reduced to 86.2% and 56.8% of the times, respectively; taking place mostly at mid-stages (see largest 
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streaks in Table 13). For decreasing effects, they are achieved at the two extremes: null individual line-up 

capacity (0 degrees), or greater individual line-up capacity (20 and 25 degrees). The first case matches the 

results discussed with respect to the line-up capacity, where we concluded that a null line-up capacity 

consistently lessens the achievement of technical efficiency over time. This is because DPPs are more 

focused on individual decisions than coordinated actions toward collective goals. Regarding the second 

case (20 and 25 degrees), the results in Table 13 suggest that a DPP with a great capacity to follow others 

toward collective goals must be cautious whether the collective alignment of others leads toward the 

achievement of technical efficiency or not. Collective line-up provides a sense of direction, but does not 

guarantee a faster path to achieve technical efficiency. Thinking on decision making, if a DPP were to 

when to care about its line-up capacity in conjunction with the influence of the collective line-up of other 

enterprises, our suggestion would be to carefully set the its line-up capacity to low, but not null, levels so 

that following certain collective line-up is possible, but differentiated path toward technical efficiency is 

maintained, especially at very early stages of the implementation of the managerial policies under study.         

 

Table 13. Directionality: Average Flock mate Heading and Alignment 

 

Degrees 

for 

alignment 

% Times 

positive 

coefficient 

% Times 

negative 

coefficient 

% Times of 

largest 

positive streak  

Beginning of 

largest positive 

streak 

% Times of 

largest negative 

streak 

Beginning of 

largest 

negative streak 

0 11.9% 88.1% 2.38% 10 61.31% 31 

5 91.1% 8.9% 38.10% 3 1.79% 64 

10 86.2% 13.8% 35.12% 94 2.98% 26 

15 56.8% 43.2% 17.86% 103 7.14% 37 

20 5.9% 94.1% 1.19% 18 47.62% 35 

25 22.7% 77.3% 6.55% 136 42.26% 32 

 

5.4 Influential Behavior of Enterprises 

 

Approach 

When studying the movement of DPPs in the input space, we notice that some of them wander far 

away from others regardless of the settings used to run the model. These DPPs might be outliers or what 

we call ‘influential’ DPPs. We define influential DPPs as those exhibiting behaviors that deviate from the 

main cloud of DPPs, i.e., those with extreme input mix. We believe that they have an impact on the way 

collective influences affect the path of individual DPPs toward achieving technical efficiency, e.g., they 

might affect the collective line-up.  

Outliers come from contaminated data due to bad measurement, or just from data exhibiting 

extreme but valid behaviors (Triantis, Seaver, and Sarayia, 2010). To understand the linkage between 

influential DPPs and extremes in technical efficiency performance, we use Robust Principal Component 

Analysis (ROBPCA) for outlier detection. Since our analysis uses only two inputs (i.e., labor and fuel), 

we are not interested on the dimensionality reduction properties of ROBPCA. The ROBPCA method 

proposed by Hubert, Rousseeuw, and Vanden Branden (2005) is then used for outlier detection. It applies 

projection-pursuit techniques and the minimum covariance determinant (MCD) method. For datasets 

composed of few dimensions (i.e., variables), only the MCD method is applied. The MCD method looks 

for the set of observations whose covariance matrix yields the smallest determinant. Based on that 

covariance matrix, robust distances (i.e., less sensitive to extreme observations) among observations are 

calculated to identify outliers. For more details on the MCD method, refer to (Rousseeuw and Leroy, 

1987).  

For the purposes of our research, robustness means that the impact that influential DPPs exert on 

others is accounted for and isolated (Triantis et al., 2010). In ROBPCA, the data is represented by a 

number of linear combinations equal to the number of variables in the dataset. The linear combinations 

are called Principal Component (PC) hyper-planes, and they explain fractions of the dataset variability 
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(Triantis et al., 2010). The first component explains the largest proportion of the variability, the second 

component the second largest proportion, etc. The number of PCs selected for the detection of influential 

observations, DPPs in our case, depends on the fraction of variability explained by each PC. However, 

since we are not interested in dimensionality reduction, we keep the two resulting PCs which explain 

100% of the variability in the data. In case we would be interested in dimensionality reduction, the 

ROBPCA provides the diagonal matrix of eigenvalues, coined as ‘L’ matrix in Hubert et al. (2005). Each 

PC has associated an eigenvalue, which is equivalent to the variance explained by the PC. According to 

the Kaiser rule (Kaiser, 1960), a PC is kept if its eigenvalue is greater or equal than 1.0 when using real 

data, or greater or equal than 0.7 rule when using simulation results. 

To apply ROBPCA, we use the median of the labor and fuel inputs of each DPP, which is 

calculated based on all the 1,296 experimental conditions used in Section 5.2 for each time step. This 

means that we use 168 datasets composed of 82 DPPs and the median of labor and fuel. Besides detecting 

outliers, the ROBPCA by Hubert et al. (2005) classifies observations in four categories: regular, good 

leverage, orthogonal, and bad leverage. Regular observations are a consistent group horizontally and 

vertically close to the PC hyper-planes (Hubert and Engelen, 2004). They do not show extreme behaviors. 

Good leverage observations are vertically close to the PC hyper-planes, but horizontally far away from 

them (Hubert et al., 2005), e.g., a high deviation in labor. Their variability is still well captured by the PC 

hyper-planes. Orthogonal outliers are observations with a large vertical distance to the PC hyper-planes 

and their projection on them is close to the regular observations (Hubert and Engelen, 2004), e.g., a high 

deviation in fuel. Their variability is harder to explain when compared to other observations. Lastly, bad 

leverage observations have both large vertical and horizontal projections on the PC hyper-planes (Hubert 

and Engelen, 2004). They exhibit extreme behaviors and increased variability, e.g., a high deviation in 

both labor and fuel. We define the group of bad leverage, good leverage and orthogonal observations as 

influential DPPs. Future work will look at each classification separately.  

 

Results 

Table 14 shows statistics on the number of influential and regular DPPs after applying ROBPCA.  

According to the results, there are influential DPPs
18

. The average number of influential DPPs over time 

represents 8% of the DPPs (6.5/82). The number of influential DPPs decreases over time. Its maximum 

value is achieved from time step 5 to 6, while the minimum value is achieved from time step 152 to 168. 

Influential DPPs become regular DPPs as time passes. An opposite trend characterizes the regular DPPs, 

which increase over time. To depict both trends, Figure 12 presents examples on the DPPs’ movement at 

the beginning and end of the time horizon. In Figure 12(a), we see the initial placement of DPPs in the 

input space. It corresponds to the input mix of each DPP from the historical data for 1986. The influential 

DPPs take place on input mixes composed of large values of labor and/or fuel. The most extreme is the 

one depicted by DPP #11. A total of 9 influential DPPs are observed in time step 1. Regular DPPs take 

place with respect to input mixes that remain closer to the efficient frontier, which is not depicted in 

Figure 12 but it is located adjacent and very close to both the labor axis and fuel axis (i.e., due to the input 

minimization goal). Based on the placement of the influential DPPs in relation to the efficient frontier, we 

anticipate that the influential DPPs to be highly inefficient. Indeed, when looking at the efficiency scores 

of all DPPs in time step 1, DPPs #11, #40, #2, #27 and #3 are the most inefficient ones. Their efficiency 

scores lower than 0.018. For all time steps, there are not efficient DPPs coined as influential. This helps 

us to understand that efficient DPPs exert their influence by becoming peers (i.e., via the best practices 

from role models), while influential DPPs exert their collective influence by distorting the line-up 

capacity of others toward technical efficiency (i.e., via the collective line-up). One then could think of 

efficient DPPs as facilitators and influential DPPs as potential inhibitors to achieving technical efficiency.  
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 The existence of outliers in the simulated data confirms the effect they have on the non-normality of the residuals discussed in Section 5.2.   
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Table 14. ROBPCA: Number of DPPs per Type Over Time 

 
Type Mean Standard Deviation Minimum Maximum 

Influential DPPs 6.59 2.28 4 13 

Regular DPPs 75.4 2.28 69 78 

 

  
 

Figure 12. ROBPCA: Labor vs. Fuel Movement at Time Steps 1 (a) and 168 (b) 

 

Looking at time step 168 in Figure 12(b), the decreasing trend with respect to the number of 

influential DPPs and their labor input is evident. We typify this trend as a causal relationship. While the 

regular DPPs tend to grow in both axes, especially the labor one, due to the influence of the influential 

DPPs, the influential DPPs tend to reduce their input mix, especially the labor one, due to the influence of 

the regular ones. An effect of this relationship is the expansion of the movement of regular DPPs in the 

input space. This implies that technical efficiency can be achieved along varied points of the efficient 

frontier, promoting diverse paths toward technical efficiency. Besides seeing influential DPPs as potential 

inhibitors, they also play a key role in pursuing of alternate paths to achieve technical efficiency. Figure 

12(b) also shows four DPPs that are always influential over the time horizon of the analysis; they are #11, 

#2, #40 and #3. Despite the expansion of regular DPPs in the input space, these four DPPs follow a strong 

path on labor minimization. Their behavior resembles the trend of the labor input found in the historical 

data. Due to their focus on labor minimization, these DPPs do not approach the cloud of DPPs during the 

time horizon. Interestingly, when applying ROBPCA to the historical data we find that the same DPPs are 

always classified as influential over the period 1986-1999. This finding does not modify our discussion 

on validation in Section 5.1, but it points out to the capacity of our simulation approach in capturing 

influential DPPs from the historical data. Thinking of real world settings, these influential DPPs could 

exemplify power plants with great capacity for technology acquisition; while the regular DPPs could be 

power plants that increase power generation by adding labor. 

 

6. Discussion 

 

6.1 Remarks from the Illustrative Example of a Utility Network 

To analyze network patterns and facilitate the analysis of the impact that managerial policies have 

on enterprise efficiency performance, data aggregation is needed. Data aggregation relates to the selection 

of an estimator able to capture the trend of the technical efficiency at each time step and under varied 

settings for managerial policies. Some of estimators are the average, median, standard deviation, mode, 

etc. Each estimator offers pros and cons with respect to robustness and use; see Wilcox and Keselman 

(2003). Complex estimators as for example the M-estimator are discussed by Huber (1981). We select the 

median for aggregation purposes. The selection is driven in part by the robustness provided by the median 

when compared to the average. In addition, the median seems to better follow, from the early stages, the 
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trend of technical efficiency of majority of the enterprises in the network. Nonetheless, we acknowledge 

that once more than 49% of the enterprises achieve technical efficiency, the median will be equal to 1. 

This introduces bias and decreases the power of the estimator in capturing the effects of certain enterprise 

decisions and collective influences on technical efficiency. This is exemplified in Figure 11 when looking 

at the ‘no apparent’ effect of the interaction between alignment and separation angle on the median 

technical efficiency. Regardless the estimator, certain degree of bias will be present. Future work can 

include the comparison of estimators and the identification of theoretical data distributions that are 

flexible enough to fit the empirical distributions of technical efficiency over time. Since theoretical 

distributions can be described by estimators, those estimators could be then used in our approach. 

On the validation of results based on similarity as opposed to differentiation, the utility network 

data we work with does not provide any evidence on the implementation of managerial policies that boost 

coordination among enterprises. To validate the enterprise network efficiency behavior obtained when 

implementing our simulation approach, we would need to have access to data that capture the 

implementation of managerial policies as the ones here studied. This implies to identify enterprises 

implementing those policies; to reach out to those enterprises and engage them in exploratory assessments 

of efficiency performance; and to collect past data or design instruments to collect data in the future. Out 

of all these tasks, the first one is our major concern for reasons related to how public the practices of the 

enterprises are. Those practices in terms of strategies and managerial policies are not in the public 

domain. Thus, the identification of enterprises using managerial policies that resort to CAS behaviors can 

take a substantial time and contact effort. We consider these issues of interest for future research. 

 

6.2 Conclusions and Future Directions 

This paper offers the complex adaptive system, efficiency measurement, and organizational 

design literatures a threefold contribution: i) We implement a simulation approach to analyze efficiency 

performance of enterprise networks when implementing managerial policies that boost coordination 

among enterprises. This approach includes the analysis of significance and directionality of those 

managerial policies over singular periods of time and collective influences coming from the enterprise 

network. The results from the analysis can potentially inform enterprise network design in terms of: the 

definition of managerial policies to guide enterprise actions, and hence, the interaction among its socio-

technical components; promoting coordination among enterprises while maintaining their autonomy; and 

advising when and how to change managerial policies to increase technical efficiency. ii) The use of 

managerial policies for enterprise coordination yields an emergent goal seeking behavior of efficiency 

performance at the network level. These types of emergent behaviors have not been studied in the 

efficiency measurement literature before from a bottom-up perspective (see Vaneman and Triantis, 2007 

for a top-down perspective), constituting a new way of looking at managerial policies and their effects at 

different temporal and aggregation scales. The combination of the efficiency measurement and CAS 

paradigms builds on the evaluation of enterprise performance acknowledging that enterprises within a 

network interact among themselves, relaxing the classical assumption of enterprise independence 

encountered in efficiency measurement. This relaxation is the precursor of the emergent goal seeking 

behavior exhibited by the network over time. iii) We strengthen the bridge between the analysis of 

efficiency performance and enterprise design taking into consideration the managerial policies used to 

coordinate the decisions of enterprises when pursuing a goal, in this case, to achieve technical efficiency. 

The illustrative example of a utility network is used to outline how a simulation approach provides 

insights on which managerial policies and collective influences are significant, when they are significant, 

and how they increase or decrease technical efficiency. That information translates into enterprise design 

information related to which managerial policies should be adopted, why and when they should be 

adopted, and how they should be implemented.  

Going into details, we discuss how a causal relationship between individual decisions and 

collective influences take place over time. This relationship is statistically evaluated through hypotheses, 

yielding a series of results on the effects that individual managerial policies and collective influences have 

on technical efficiency. The evaluation is conducted based on enterprises adopting the same values for 
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managerial policies. Future work might include the consideration of dissimilar values. Furthermore, the 

implementation of our approach informs the appropriateness of integrating experimental design to 

efficiency measurement problems. Also, this research informs the capacity that efficiency measurement 

has in bringing together complexity science and organizational design when looking at enterprise 

networks as complex adaptive systems aiming to achieve technical efficiency performance. Of course, the 

results from the approach should be subject to face-validation with enterprise stakeholders to effectively 

translate theoretical and empirical insights into business practices. The use of the results to guide 

enterprise design depends in part on that validation. 

We suggest future research in two directions: improving the simulation modeling capabilities, and 

building on the translational capabilities for enterprise design. Each one is discussed as follows. 

Improving simulation modeling capabilities: as the first modeling attempt to measure efficiency 

performance while resorting to CAS behaviors, CAPEM has several areas of opportunity. For example, 

current interactions among enterprises occur in the input space. There is not a direct correspondence 

between the input and output spaces other than a Cobb-Douglas production function. A way to analyze 

that correspondence could be to study how the process of transforming inputs into outputs at the 

enterprise level can be translated into self-ordering rules. No guidance on this exists in the efficiency 

measurement literature, but one could take a look at the CAS literature to learn about rule elicitation and 

how it can be used in CAPEM. Another improvement is to include additional agents resembling the 

unique operating environments each enterprise is surrounded by. These agents would capture socio-

economic conditions (contextual conditions) that are not currently accounted for, expanding the concept 

of collective influences. As a result, hypothesis testing would yield more insights on the significance and 

directionality of the effects of individual decisions and collective influences on efficiency performance. 

Other CAS feature to be included is delays (Sterman, 2000). Delays defer decisions and influences, so 

they can account for differentiated effects on technical efficiency. Building on translational capabilities 

for enterprise design: This paper exposes a translational effort from efficiency performance and CAS to 

enterprise design when looking at managerial policies. Future work should focus on refining how those 

policies are defined in operational terms (e.g., precise definitions for capacity), how they are 

implemented, measured, improved and tracked. It is also important to identify enterprises implementing 

managerial policies that boost coordination among enterprises in order to validate theoretical and 

empirical assumptions. This would help to improve the translational capabilities of the approach from 

theory to practice. The effect of managerial policies on the resilience
19

 of enterprises over time can be 

also a matter for future research. We also encourage more interdisciplinary research on enterprise design 

while looking at efficiency performance measurement and CAS.  
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Chapter 5. Synthesis 

 

Abstract 

 The purpose of this essay is to explore how the efficiency performance measurement paradigm 

(EM), in terms of its concepts and applications, can be used as an ex-ante mechanism to evaluate 

enterprise performance and inform enterprise design. Enterprise design is driven by decisions that 

include, for example, which strategies to implement, how to allocate resources, how to shift operating 

patterns, how to boost coordination among enterprises, etc. Up to date, EM has been mainly used as a 

descriptive and classificatory mechanism, but the fundamental reason for measuring performance in an 

ex-post fashion (i.e., how well an enterprise does) is also valid in the context of design decisions, i.e., ex-

ante evaluation. The contrast between the ex-post and ex-ante use of EM relates to the measurement 

purpose, i.e., why to measure. Ex-post measurement focuses on evaluating ‘what happened’ (non-

disruptive) while ex-ante measurement informs design decisions while exploring changes in current 

settings (more disruptive). Within this context, this essay is supported by theoretical insights and 

complemented with three empirical studies. The insights are characterized with respect to facts that 

support and connect to the purpose of this essay. They are based on the efficiency performance 

measurement (EM), organizational design and enterprise systems engineering literatures. The results 

indicate that EM is suited for both evaluating enterprise performance and informing design decisions. Our 

contribution to managerial stakeholders is that EM can be not only used to answer how well the enterprise 

performed, but also how well it could perform if certain design decisions are taken. 

Keywords:  efficiency performance measurement, enterprise design, organizational design. 

 

1. Introduction 

During the last decade, enterprise design has gained an important momentum in the systems 

engineering and organizational design research communities. Enterprise design comes from enterprise 

systems engineering (ESE), which is defined as the systematic analysis, design, implementation and 

operation of enterprises (Joannou, 2007). Within this context, an enterprise is defined as an integrated 

whole entity consisting of people, processes, and infrastructure systems (e.g., informational systems such 

as software) where decisions are made to achieve goals (Rebovich and White, 2011). Engineers, 

organizational scientists and practitioners have provided numerous contributions related to conceptual 

definitions of enterprise engineering (Joannou, 2007), the role of enterprise design in information 

technologies (Fradinho, 2014; Bi, Xu, and Wang, 2014), architecture principles for the design of 

enterprise systems (Mertins and Jochem, 2005), enterprise modeling and simulation (Junwei, Yang, and 

Jian, 2005; McGinnis, 2007; Rashid, Masood, and Weston, 2009), and cross-functional organizational 

design (Galpin, Hilpirt, and Evans, 2007), among others. 

Enterprise design has not gained much attention in the efficiency performance measurement (EM) 

literature. EM has focused on enterprise operations rather than design. EM has put special emphasis on 

studying how well enterprises perform with respect to input allocation and output/outcome generation. 

This emphasis leans toward an ex-post perspective for enterprise evaluation. It describes ‘what happened’ 

and provides guidance for improvement. Some authors explore the use of EM to inform enterprise design 

decisions, but their work is not necessarily framed with respect to enterprise design. For instance, Park 

and Shin (2012) study how the opening of new branches of a fast food enterprise is informed by 

measuring the efficiency performance of current branches along with multi-objective optimization to 

define the amounts of inputs and outputs for new branches. Also, Narasimhana, Talluri, Sarkis, and Ross 

(2005) propose the implementation of efficiency performance measurement along with mixed-integer 
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optimization to support decisions in terms of closing service delivery branches of a state agency. Both 

studies provide a sense of the potential of EM in informing enterprise design decisions. However, those 

and other studies in the EM literature do not make explicit the link of their contributions to enterprise 

design, and moreover, they do not distinguish between the ex-post and ex-ante use of the EM paradigm. 

The EM literature assumes that measurement allows for describing and classifying (e.g., ranks) how an 

enterprise performs with respect to others based on information of the past, i.e., an ex-post perspective 

(Kamiyama, 2013). In the context of an ex-ante perspective, which essentially looks at informing future 

decisions, there is not an exclusive interest in past performance, but in how understanding the past could 

help inform decisions that imply enterprise changes, i.e., design decisions. In some cases when 

information on past performance is not available, simulation can help inform design decisions through 

EM (e.g., Zhao, Triantis, and Murray-Tuite, 2011). 

By gathering insights from the EM, organizational design, and enterprise systems engineering 

literatures along with empirical evidence from three enterprises, we explore how the EM paradigm can be 

used as an ex-ante mechanism to evaluate enterprise performance and inform enterprise design. 

 

2. Background 

This section contains four sub-sections. The first three sub-sections discuss concepts of efficiency 

performance measurement, organizational design, and enterprise systems engineering. The last sub-

section discusses the convergence of these fields around enterprise design. 

 

2.1 Efficiency Performance Measurement (EM) 

Performance relates to the action of accomplishing an objective (Oxford University Press, 2016). 

Enterprise performance measurement pertains to evaluating the accomplishment of the enterprise 

objectives, e.g., access to new markets. The evaluation is expected to be objective, requiring a 

measurement approach. In this regard there are two ways to proceed: to focus on the results or to focus on 

the actions. The former implies measuring the results of the actions undertaken to achieve objectives and 

compare those results to the objectives (e.g., Kaplan and Norton, 1992). For instance, a common 

performance measure is the return-on-investment- ROI (Chandler, 1977). Focusing on results has been 

used to measure performance from a financial perspective (Kaplan, 1984), which is criticized because of 

its “backward-looking” approach (Lehtinen and Ahola, 2010) and lack of non-financial factors (Kaplan 

and Norton, 1992; Kaplan and Norton, 1996). In contrast, the second approach measures the results of 

actions taking into account the transformation processes carried out by the enterprise (e.g., Charnes, 

Cooper, and Rhodes, 1978). Processes transform inputs into outputs/outcomes.  

The evaluation of performance leans more toward effectiveness when focusing on results and 

more toward efficiency when focusing on actions. Efficiency is of our interest. Enterprises are always 

looking for improving resource allocation so that they can ‘spend’ less to ‘gain’ more. In other words, 

they look for minimizing inputs while maximizing (or maintaining) outputs/outcomes (Charnes et al., 

1978). The concept of transformation process is critical for efficiency. It contains the notion of causation. 

For some processes, e.g., a chemical reaction, causation is clear. For some others, e.g., service provision 

process, causation between inputs and outputs/outcomes is not clear, although the intuition about their 

related effects does exist. The latter processes are the main subject of study in EM. 

EM uses abstractions to frame processes into input-output/outcome structures (e.g., Figure 1). 

Abstractions are called performance representations or model specifications (Triantis, 2015). They can 

represent individual processes, series of processes, networks of processes, and processes in different 

periods of time connected through inter-temporal inputs/outputs/outcomes
20

 (e.g., Kao, 2014; Tone and 

Tsutsui, 2014). Capturing the representations along with the mathematical formulation for efficiency 

calculation is coined as modeling. Modeling can be conducted for singular enterprises or for 

benchmarking purposes. The former relates to the performance of a single entity while the latter points at 

relative performance for similar enterprises. Historically, EM has focused on relative performance due to 

                                                           
20

 Inter-temporal relationships are captured through variables called carry-overs in the EM literature. See Chapter 2 for details. 
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the need to evaluate the performance of enterprises, systems, and processes with respect to others (e.g., 

Charnes et al., 1978; Banker, Charnes, and Cooper, 1984). Its main assumptions are the comparability 

among the decision making units (DMUs), e.g., enterprises, processes (Charnes et al., 1978), and that 

benchmarking allows identifying/learning best practices from best performers (Charnes et al., 1978). 

 

 
 

Figure 1. Simple Input-Output-Outcome Structure 

 

Currently, there are two main benchmarking methodologies: Data envelopment analysis - DEA 

(Charnes et al., 1978; Banker et al., 1984) and stochastic frontier analysis - SFA (Aigner, Lovell, and 

Schmidt, 1977; Battese and Corra, 1977; Meeusen and Van den Broeck, 1977). DEA is rooted in 

operations research while SFA is rooted in econometrics. Both use performance representations as 

starting point, and coin DMUs as ‘efficient’ or ‘inefficient’. To create a benchmark for inefficient DMUs 

to set targets for improvement, the efficient DMUs are joined through a mathematical construct called the 

‘efficient frontier’ or ‘production function’ (Charnes et al., 1978). The point of diversion between DEA 

and SFA starts with the production function. In DEA, the production function does not follow a 

functional form, i.e., mathematical equation. In SFA the production function does follow a functional 

form, e.g., Cobb-Douglas function (Cobb and Douglas, 1928). A more direct causation is assumed, but it 

is not fully direct because noise is accounted for (Aigner et al., 1977). Noise is not included in DEA 

unless bootstrapping or fuzzy logic are used (e.g., Hatami-Marbini, Emrouznejad, and Tavana, 2011; 

Fallah-Fini, Triantis, de la Garza, and Seaver, 2012). We focus on DEA considering that the enterprises 

we use as empirical studies are characterized by processes where direct causation is not easily defined. 

 

2.2 Organizational Design (OD) 

Organizational design (OD) refers to planning and creating the structure of the organization 

(Hendrick and Kleiner, 2001). Research on OD has focused more on structural issues involving people 

than technical ones involving processes and infrastructure systems. Some topics of emphasis are strategic 

planning (e.g., mission, vision), organizational complexity (e.g., differentiation versus integration), 

formalization (e.g., roles and responsibilities), and centralization (i.e., versus decentralization) (Bedeian 

and Zammuto, 1991; Stevenson, 1993; Hendrick and Kleiner, 2001). Organizational design creates a 

‘blueprint’ to guide the actions of an organization (Giachetti, 2009). The blueprint provides sense of 

direction for actions, i.e., mission, vision, principles and values; structure for command and control, e.g., 

centralized decision making (Robbins, 1983); structure to carry out operations, e.g., differentiation versus 

integration (Montanari, 1976); and mechanisms for participation and accountability, e.g., roles and 

responsibilities (Robbins, 1983). To build the ‘blueprint’, researchers use a host of qualitative and 

quantitative tools grounded in fields such as management, sociology, and macro-ergonomics. 

 

2.3 Enterprise Systems Engineering (ESE) 

The classical systems engineering (SE) approach designs, implements and operates technical 

systems (i.e., processes, infrastructure systems) expected to be effective, efficient and reliable under 

specific requirements, constraints, and performance targets (Rebovich and White, 2011). In comparison, 

enterprise systems engineering (ESE) focuses more on goals instead of specific technical functions and 

requirements. It recognizes existing systems within the enterprise and also brings together other socio-

technical components. This integrative view is quite recent in SE. The concept of enterprise goes beyond 

singular socio-technical components and involves the identification and understanding of the interactions 

among components (Saenz, Chen, and Centeno, 2009), and moreover, the influences of operating 

environments. The design (or redesign) of an enterprise is then expected to be an integrative, conscious, 

and purposeful effort that takes into account both goals and technical requirements (Giachetti, 2010). 

Transformation 

Process
Inputs Outputs/Outcome
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Enterprise design requires creating an entity able to respond to new market opportunities, or to 

improve an existing enterprise to face the challenges of its current environment. Considering the purpose 

of designing an enterprise as a whole entity, the engineering design capabilities have started to move from 

SE to ESE. In doing so, ESE looks at the whole enterprise life cycle: design, implementation, operation, 

and retirement. For the design stage, ESE borrows from SE the concept of ‘system architecture’ and 

translates it into ‘enterprise architecture’ (Giachetti, 2009). The Open Group (2009) defines architecture 

as “the fundamental organization of a system embodied in its components, their relationships to each 

other, and to the environment”. Thus, in enterprise architecture the system is the enterprise. An 

architecture includes representations of the enterprise with respect to formal structure, workflows, 

managerial policies, information management, etc. (Murray, 2006). 

 

2.4 Convergence among EM, OD and ESE 

Performance measurement as a general concept to evaluate the achievement of goals has been 

widely used in OD. In contrast, the EM paradigm has not been highly used. When looking at OD issues 

on complexity, formalization, and centralization, the OD literature focuses on singular enterprises and 

overlooks transformation processes. Some performance measurement models used in OD are the 

performance measurement matrix (Keegan, Eiler, and Jones, 1989), the performance pyramid (Cross and 

Lynch, 1989), the balanced scorecard (Kaplan and Norton, 1992; Kaplan and Norton, 1996), and the 

performance prism (Neely, Adams, and Crowe, 2001). Reasons that support the use of performance 

measurement in OD relate to the implementation and evaluation of strategies (Globerson, 1985), the 

definition of departmental and individual goals (Kaplan and Norton, 1992), and the possibility of 

forecasting based on past performance (Kaplan and Norton, 1992). In OD, performance measures are 

defined as constructs to capture organizational performance (Strecker, 2012). They are defined based on 

the assumption that they capture the relationships taking place in the organization, and that they influence 

decisions, behaviors, and actions toward improvement (Ridgway, 1956; Simons, 1964). 

Regarding ESE, processes such as capability planning, strategic planning, enterprise architecture, 

technology planning, and assessment and analysis - EA&A have been proposed and covered to one 

degree or another (Rebovich and White, 2011). However, up to date most progress in performance 

measurement (i.e., EA&A in ESE) have focused on ex-post evaluations of singular enterprises at the 

operational stage of the enterprise life cycle. EM has not had a significant role in ESE design. Although 

some exceptions are encountered, e.g., Park and Shin (2012) and Narasimhana, et al. (2005), they are not 

necessarily framed within enterprise design. To exemplify the use of performance measurement in ESE, 

Rebovich and White (2011) describe the use of performance measurement to evaluate an enterprise 

producing data sensors. The performance measurement includes the operational assessment of data sensor 

requirements, the identification of stakeholders’ goals, and the quantitative analysis of the results yielded 

by the data sensor technologies considering the operational requirements and stakeholder goals. In the 

example, performance is seen as a multidimensional construct used at an operational stage. 

Due to the technological progress of recent years, OD is moving toward a more holistic 

conceptualization of the enterprise (Murray, 2006; Giachetti, 2009; Aier, 2014). The ‘blueprint’ concept 

of OD aligns to the ESE concept of enterprise architecture. Both act as platform supporting enterprise 

design. The former looks at strategic issues involving people while the latter provides looks at processes 

and infrastructure systems. Studies in OD and ESE investigate integrated architectures required to guide 

the action of the enterprise (e.g., Benade, 2004; Ottens, Franssen, Kroes, and Van De Poel, 2006; 

Joannou, 2007; Giachetti, 2009; Alter, 2010). Understanding how and which enterprise architectures can 

be used for enterprise design is of interest (Giachetti, 2009; Aier, 2014). The contention is that there is not 

a way to prescribe an ‘optimum’ architecture (Aier, 2014). This is because of the variability associated 

with the enterprise’s socio-technical components and its operating environment. The previous interests 

have been addressed through software architectures, which are also called enterprise architectures (e.g., 

object oriented modeling by Jacobson, Ericsson, and Jacobson, 1994). Software is an important part of the 

enterprise, but not its only component (Kappelman and Zachman, 2013). Therefore, enterprise 

architecture must not be exclusively associated to information technologies. 
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3. Methodology 

To identify theoretical insights that support and connect to the use of the EM paradigm to 

evaluate enterprise performance and inform enterprise design, we review the literature of EM, OD, and 

ESE. We access a well-known literature database, i.e., Ei Compendex database (Elsevier B.V., 2016). 

Reviews as the one proposed here have been conducted in the EM literature, but without focusing on 

enterprise design (e.g., Cook, Liang, and Zhu, 2010; Emrouznejad, Parker, and Tavares, 2010). Our 

motivation for the review relies in that the EM paradigm allows for the integration and evaluation of the 

socio-technical components of the enterprise. Thus, an analysis of what the selected literatures consider 

relevant for enterprise design and performance measurement will shed light on the suitability of the EM 

paradigm to evaluate enterprise performance and inform enterprise design. 

 

3.1 Literature Search 

We address three individual queries. They are conducted from 2005 to 2015. A decade is defined 

as a suitable period to track progress in the fields of interest. The first query is related to EM, and it uses 

the following search criterion: “data envelopment analysis + design”. The second query is related to OD, 

and it uses the search criterion: “organizational design + enterprise + performance”. The third query is 

related to ESE, and it uses the search criterion: “enterprise systems engineering + design + performance”. 

We consider journal publications containing the search criteria in their title, abstract or keywords. 

The number of publications retrieved is as follows: 1,180 on EM; 1,135 on OD; and 8,991 on 

ESE. Those publications represent ~79% of the publications since 1977
21

. Since the search criteria do not 

ensure that all publications relate to enterprise design, filtering is required. The filtering is performed by 

reading the abstracts of the publications to ensure that their purpose aligns to enterprise design decisions. 

Some EM publications address product/service design. We keep those publications to characterize how 

EM is used in design contexts. We narrow the results to 23 publications on EM, 10 on OD, and 20 on 

ESE. Appendix B lists these publications. Figure 2 presents a summary of the search process. 

 

 
Figure 2. Literature Search Process 

 

3.2 Literature Analysis 

Insights relating EM, OD, and ESE about enterprise design are identified from the 53 

publications. They are classified into three groups in each field: design objective, performance 

measurement objective, and drivers for performance measurement. Those groups are of interest since they 

relate to how design is defined and measured. The first group relates to the design decision driving the 

objective of the publication, i.e., problem to be solved. The second group relates to the role that 

performance measurement plays in helping to address the design objective. Finally, the third group relates 

to fundamental concepts supporting and facilitating the use of performance measurement. Section 4 

shows the results. The literature search has two limitations: (1) we do not consider the impact of the 

                                                           
21

 79.3% in EM, 78.3% in OD, and 77.9% in ESE. The database used for the queries contains records since 1977. 

Efficiency Measurement (EM) 

Literature

Query: Data envelopment 

analysis + design

Ei Compendex Database

Organizational Design (OD) 

Literature

Enterprise Systems 

Engineering (ESE) Literature

Query: Organizational design + 

enterprise + performance

Query: enterprise systems 

engineering + design + 

performance

Retrieved: 1,180 publications Retrieved: 1,135 publications Retrieved: 8,991 publications 

Selection Criterion: Enterprise 

design issues

Filtered: 23 publications Filtered: 10 publications Filtered: 20 publications 
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publications. The impact is usually measured through citation, i.e., operationalized through bibliometric 

analysis (Garfield, 1970). Impact is important, but we focus on studies exploring enterprise design instead 

of highly cited publications; (2) other databases are not included, e.g., IEEE Xplore, Science Citation 

Index. They will be considered in future research. 

 

4. Results from the Literature Review 

 

4.1 Efficiency Performance Measurement (EM) Insights on Enterprise Design 

The insights on design decisions, from the 23 publications on EM, are categorized into the groups 

described in Section 3.2. Table 1 consolidates the groups and insights. 

 

Table 1. Insights from the EM Literature  

 

Group/Insight 
Number of Publications 

Referencing the Insight 

Publication (See index in 

Table B1-Appendix B) 

A. Design objective 

1. Product/service design 14 
1, 4, 7, 8, 9, 10, 11, 12, 14, 

16, 17, 18, 20, 23 

2. Process/engineering design 4 2, 6, 5, 19 

3. Enterprise design 3 13, 15, 21 

B. Performance measurement objective 

1. Informing decisions 4 5, 13, 15, 21 

2. Decision making support 8 4, 7, 8, 9, 17, 18, 20, 22 

3. Decision making tool 3 6, 10, 14 

C. Performance measurement drivers 

1. Comparability 23 All 

2. Multidimensional analysis 3 12, 14, 16 

3. Indirect causation and representation 1 17 

4. From evaluating-to-rank to evaluating-to-design 2 3, 5 

 

Design Objective 

A design objective pertains to product/service design (Garcia, Schirru, and Frutuoso, 2005; Xue, 

Hein, and Harker, 2005; Cariaga, El-Diraby, and Osman, 2007; Masakazu, Miyashita, Yamakawa, and 

Yoshimura, 2008; Tong, Wang, and Tsai, 2008; Chang and Sun, 2009; Ramanathan and Yunfeng, 2009; 

Satoh, Kobayashi, and Miyashita, 2009; Al-Refaie, 2010; Geng, Chu, Xue, and Zhang, 2010; Gutiérrez 

and Lozano, 2010; Tsai, Tong, and Wang, 2010; Chen, Zhu, Yu, and Noori, 2012; Shu and Zhong, 2012). 

The objective aims at evaluating different design alternatives for a product/service based on variations of 

its attributes. The engineering literature extensively does this labeling it as Pareto analysis. Although 

product/service design is not really of our interest, we account for it given its notorious emphasis in the 

EM literature. According to Zhang, Yang, Yang, and Shi (2014), product/service design includes steps 

such as conceptual design, preliminary design, detailed design, and design improvement. These steps 

overlap those of Systems Engineering when thinking of Systems Design (Blanchard and Fabrycky, 2010). 

Talking about systems, another design objective pertains to the design of processes and/or engineered 

systems (Ertay, Ruan, and Tuzkaya, 2006; Zhang, Huang, Lin, and Yu, 2009; Amado, Santos, and 

Sequeira, 2013; Azadeha, Rezaei-Malek, Evazabadian, and Sheikhalishahi, 2015), e.g., water remediation 

systems (Zhang et al., 2009). Enterprise design is also addressed studying reconfigurations for enterprises 

working in a network fashion, e.g., state agencies, service delivery systems, food chains (Narasimhana et 

al., 2005; Park and Shin, 2012; Trinh and Kachitvichyanukul, 2013). 

 

Performance Measurement Objective 

One of the objectives of conducting performance measurement through the lenses of EM relates 

to informing decisions (Narasimhana et al., 2005; Park and Shin, 2012; Amado et al., 2013; Trinh and 
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Kachitvichyanukul, 2013). Most decisions focus on classifying and ranking alternatives based on certain 

targets. This is consistent with the strong emphasis in product/service design. Nonetheless, Park and Shin 

(2012) and Narasimhana et al. (2005) go beyond rankings and use EM as a means to inform 

reconfiguration decisions related to branch openings and closures, respectively. In addition, the EM 

paradigm is also used as a complementary approach to support decision making (Garcia et al., 2005; 

Cariaga et al., 2007; Pal, Mitra, and Pal, 2007; Tong et al., 2008; Chang and Sun, 2009; Ramanathan and 

Yunfeng, 2009; Geng et al, 2010; Gutiérrez and Lozano, 2010). For instance, Cariaga et al. (2007) present 

a hybrid approach that integrates functional analysis, quality function deployment (QFD) and DEA to 

evaluate design alternatives. Thus, DEA is used as a complementary but not exclusive approach. In 

contrast, Ertay et al. (2006), Satoh et al. (2009) and Shu and Zhong (2012) point at using EM as an 

exclusive tool for decision making when pursuing product/service design. 

 

Performance Measurement Drivers 

The concept of comparability is evident across all publications. The products, processes or 

enterprises subject to EM analysis are assumed as comparable (e.g., Park and Shin, 2012; Trinh and 

Kachitvichyanukul, 2013). For performance measurement to be effective, any type of measurement must 

include the multiple dimensions of the design decision being addressed (Al-Refaie, 2010; Tsai et al., 

2010; Shu and Zhong, 2012;). Those dimensions include multiple inputs, outputs and outcomes as well as 

disaggregation challenges (Amado et al., 2013), e.g., looking at processes within systems, and systems 

within enterprises. Furthermore, Chang, and Sun (2009) expose the conceptualization of EM as a means 

to provide alternative representations of otherwise analytical views of a problem. Those representations 

aim to model, to some extent, the intuitive yet unknown causation between inputs and outputs/outcomes. 

Also, Wei, and Chang (2011) and Amado et al. (2013) discuss the potential of EM in going from a 

descriptive and classificatory perspective (i.e., ex-post) toward a formative one (i.e., ex-ante).  

 

4.2 Organizational Design (OD) Insights on Enterprise Design and Performance 

The insights on design decisions, from the 10 publications on OD, are categorized into the groups 

described in Section 3.2. Table 2 consolidates the groups and insights. 

 

Table 2. Insights from the OD Literature  

 

Group/Insight 
Number of Publications 

Referencing the Insight 

Publication (See index in 

Table B2 -Appendix B) 

A. Organizational design (OD) objective 

1. Addressing complexity, formalization, centralization 2 1, 8 

2. Strategic management 3 3, 7, 10 

3. Learning, innovation and transformation 3 3, 7, 10 

B. Performance measurement objective in OD 

1. Integration of socio-technical components 2 6, 9 

2. Informing decisions 3 4, 5, 10 

C. Performance measurement drivers in OD 

1. Enterprise architecture 5 2, 5, 6, 8, 10 

2. Organizational modeling 5 2, 3, 5, 8, 9 

 

Organizational Design Objective 

A reason to pursue OD is to address decisions on organizational complexity, formalization, and 

centralization (Galpin et al., 2007). Recall that complexity in OD refers to the degree of 

differentiation/integration. Addressing these decisions allows establishing clear ways to operate an 

enterprise. Also, it allows reducing organizational variability in the sense of avoiding subjective decision 

making (Overbeek, Frank, and Köhling, 2015). Another purpose of OD is to support strategic 

management (Pinheiro de Lima, Gouvea da Costa, and Angelis, 2009), which aligns to envisioning the 
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future of the enterprise (Murray, 2006) and long-term value generation (Madni and Moini, 2007). OD is 

also undertaken to promote learning from internal factors and external influences, and to boost innovation 

and transformation (Murray, 2006; Madni and Moini, 2007; Pinheiro de Lima et al., 2009). 

 

Performance Measurement Objective in OD 

Performance measurement as a multidimensional construct is used to bring together the socio-

technical components of the enterprise around the achievement of goals (Giachetti, 2009; Brooks, Carroll, 

and Beard, 2011). Those goals are contingent on the people, systems and infrastructure systems. 

Performance measurement is also coined as a mechanism to inform decisions (Pinheiro de Lima et al., 

2009; Lehtinen and Ahola, 2010; Strecker, 2012). These decisions have historically pertained to design 

decisions related to complexity, formalization and centralization, but a new shift toward socio-technical 

component integration is gaining momentum (e.g., Giachetti, 2009; Brooks et al., 2011). No publication 

uses the EM paradigm for performance measurement purposes. 

 

Performance Measurement Drivers in OD 

The notion of enterprise architecture as a means to capture the interrelationships of the socio-

technical components of the enterprise is discussed as a driver for performance measurement (Giachetti, 

2009; Aier, 2014; Overbeek et al., 2015). The use of the concept of enterprise architecture is related to the 

representation of the enterprise through performance measures (Giachetti, 2009; Pinheiro de Lima et al., 

2009; Strecker, 2012; Overbeek et al., 2015). Furthermore, organizational modeling is accounted as a 

driver for performance measurement since multiple perspectives, processes, variables, and techniques 

need to be integrated for evaluating organizational performance (Murray, 2006; Brooks et al., 2011; 

Strecker, 2012; Aier, 2014; Overbeek et al., 2015). 

 

4.3 Enterprise Systems Engineering (ESE) Insights on Enterprise Design and Performance 

The insights on design decisions, from the 20 publications on ESE, are categorized into the 

groups described in Section 3.2. Table 3 consolidates the groups and insights. 

 

Table 3. Main Insights from the ESE Literature  

 

Groups/Insights 
Number of Publications 

Referencing the Insight 

Publication (See index in Table 

B3 -Appendix B) 

A. Enterprise systems engineering design objective 

1. Engineering the enterprise 1 1 

2. Integration of socio-technical components 7 1, 2, 4, 13, 14, 19, 20 

3. Optimization and improvement 3 1, 5, 17 

B. Performance measurement objective in ESE design 

1. Informing decisions  3 5, 7, 15  

2. Risk management 1 11 

C. Performance measurement drivers in ESE design 

1. Enterprise architecture 6 7, 9, 10, 12, 14, 18 

2. Enterprise modeling 6 5, 6, 7, 10, 15, 16 

3. Multidimensional analysis 7 1, 3, 5, 8, 13, 14, 20 

 

Enterprise Systems Engineering Design Objective 

One of the reasons for ESE design is to engineer the enterprise (Joannou, 2007). This means to 

decompose, analyze, integrate and ‘optimize’ the socio-technical components of the enterprise to 

maximize the enterprise success (Ottens et al., 2006; Joannou, 2007; Herder, Bouwmans, Dijkema, 

Stikkelman, and Weijnen, 2008; Alter, 2010; Kappelman and Zachman, 2013). As opposed to domain-

specific technical systems, engineering the enterprise implies an interdisciplinary approach (Hansman et 

al., 2006; Joannou, 2007; Fradinho, 2014; Alter, 2010). The result of integrating socio-technical 
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components leads to the optimization and improvement of operations, which account as reasons for ESE 

design (Mertins and Jochem, 2005; Joannou, 2007; Han, Choi, Kang, and Lee, 2010). 

 

Performance Measurement Objective in ESE Design 

An objective for performance measurement in ESE design is to inform decision making (Mertins 

and Jochem, 2005; McGinnis, 2007; Bi et al., 2014). Design decisions in ESE pertain to which strategies 

to implement, how to allocate resources, how to shift operating patterns, how to boost coordination 

among enterprises, etc. These decisions are made in order to ensure the survivability of the enterprise (Bi 

et al., 2014), and to pursue risk management to maximize success and value (Ganguly and Mansouri, 

2011). No publication uses the EM paradigm for performance measurement purposes. 

 

Performance Measurement Drivers in ESE Design 

The concept of enterprise architecture is used as a driver for measuring the performance of the 

enterprise (Benade, 2004; Hoogervorst, 2010; Kappelman and Zachman, 2013). Enterprise architecture is 

defined as a high-level representation of the interrelationships between the socio-technical components of 

the enterprise. Alter (2010) and Koppenjan and Groenewegen (2005) point at the use of OD and 

engineering principles to come up with the enterprise architecture. Other authors pay attention to 

enterprise architectures related to software platforms or also called ‘enterprise systems’ (Rashid et al., 

2009; Kappelman and Zachman, 2013; Bi et al., 2014). Enterprise modeling is also accounted as a driver 

for performance measurement. Modeling implies the operationalization of physical, informational and 

behavioral realities into mathematical representations to measure outputs/outcomes, which will in turn 

inform decision making (Benade, 2004; Junwei et al., 2005; Mertins and Jochem, 2005; Rabelo, Helal, 

Jones, and Min, 2005; McGinnis, 2007; Bi et al., 2014). The analysis of multiple dimensions of the 

enterprise in terms of stakeholders, systems, processes and inter-temporal dynamics is also accounted as a 

driver for measuring performance in ESE design (Vernadat, 2003; Mertins and Jochem, 2005; Ottens et 

al., 2006; Joannou, 2007; Herder et al., 2008; Harrell and Sage, 2010; Kappelman and Zachman, 2013). 

 

4.4 Discussion of the Results from the Literature 

We encounter that both the objectives and drivers of the EM paradigm map, to some extent, into 

the OD and ESE’s design objectives, performance measurement objectives, and performance 

measurement drivers. Tables 4, 5, and 6 show the relationships among the EM, OD, and ESE insights 

presented in Tables 1, 2, and 3. In Tables 4, 5 and 6, ‘PM’ stands for Performance Measurement. The 

insights are codified based on the alpha-numeric format from Tables 1, 2, and 3. 

 

Table 4. Mapping between EM and OD Insights  

 

Table 5. Mapping between EM and ESE Insights  
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Table 6. Mapping between OD and ESE Insights 
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EM & OD: 

 In Table 4, the first two rows highlighted in red correspond to insights from EM and OD that do 

not interrelate based on the review. In OD neither the design objective, performance measurement 

objective nor the performance measurement drivers focus on product/service or process/engineering 

design (insights A1 and A2 from EM). This reinforces the higher-level nature of OD. When the objective 

of design in EM moves toward enterprise design (insight A3), such an objective aligns to the OD 

objective of addressing complexity, formalization, and centralization. Several authors propose EM as a 

means to inform reconfiguration decisions of enterprises working in network arrangements (Narasimhana 

et al., 2005; Park and Shin, 2012; Trinh and Kachitvichyanukul, 2013), which relate to centralization 

issues discussed in OD. A direct relationship between EM and OD performance measurement objectives 

is noticed between insights B1 from EM and B2 from OD. Both insights look at informing decisions (e.g., 

Narasimhana et al., 2005; Pinheiro de Lima et al., 2009; Lehtinen and Ahola, 2010; Park and Shin, 2012; 

Strecker, 2012; Amado et al., 2013; Trinh and Kachitvichyanukul, 2013). Regarding the insights B2 and 

B3 from EM, they are not mapped into other insights from OD. EM is not used either as a decision 

support approach (i.e., acting in combination with other approaches) or a decision making tool (i.e., acting 

as an exclusive approach for decision making).  

Comparability relates to some extent to the OD objective of addressing organizational complexity 

and centralization when dealing with enterprises networks, i.e., insight C1 from EM (Narasimhana et al., 

2005; Park and Shin, 2012; Trinh and Kachitvichyanukul, 2013). When looking at singular enterprises, 

this mapping might not hold since processes within the enterprise might not be similar. In the case of 

insight C2 from EM, the multidimensional driver of EM to measure performance has a close relationship 

to the performance measurement objective in OD of integrating the multiple socio-technical components 

of the enterprise (Giachetti, 2009; Al-Refaie, 2010; Tsai et al., 2010; Brooks et al., 2011; Shu and Zhong, 

2012), and moreover, to the performance measurement driver in OD of pursuing organizational modeling 

while accounting for integrated socio-technical components (Murray, 2006; Brooks et al., 2011; Strecker, 

2012; Aier, 2014; Overbeek et al., 2015). EM proposes capturing dimensions that include multiple inputs 

and outputs/outcomes (Charnes et al., 1978), levels of enterprise disaggregation (e.g., enterprise, system, 

process viewpoints) (Kao, 2014), and periods of time (Tone and Tsutsui, 2014). The driver of indirect 

causation and representation of a problem from EM (insight C3) relates to the notion of enterprise 

architecture used in OD (i.e., insight C1 from OD). Both represent a situation under study (e.g., 

enterprise) based on key interrelationships, stakeholders, goals, etc., (Giachetti, 2009; Pinheiro de Lima et 

al., 2009; Strecker, 2012; Aier, 2014; Overbeek et al., 2015). EM provides an alternative representation 

based on metrics of performance and driven by efficiency. The driver of moving from an evaluation-to-

rank toward and evaluation-to-design way of thinking in EM maps both the strategic management and 

learning, innovation, and transformation purposes in OD. The challenge is how to boost ex-ante views of 

the world as opposed to only focus on description of the past (Wei and Chang, 2011; Amado et al., 2013). 
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EM & ESE: 

 In Table 5 the first two rows highlighted in red correspond to insights from EM and ESE that do 

not map based on the review. In ESE neither the design objective, performance measurement objective 

nor the performance measurement drivers focuses on product/service or process/engineering design 

(insights A1 and A2 from EM). This also points at the higher-level nature of ESE. When the EM design 

objective moves toward enterprise design (A3 from EM), it aligns to the ESE design objective of 

engineering the enterprise and boosting optimization and improvement (Mertins and Jochem, 2005; 

Joannou, 2007; Han et al., 2010). EM is in itself an optimization technique that delivers information on 

possible paths to follow for improvements (Charnes et al., 1978). From Table 5 it is also noticeable that a 

direct mapping between the EM and ESE purposes is established with respect to informing decisions. 

Such a purpose from EM is also related, to some extent, to the risk management purpose of performance 

measurement in ESE design (Ganguly and Mansouri, 2011). Since design, as an activity in general, is 

used to minimize risks and maximize opportunities, one of the benefits of EM is that it can be used as a 

mechanism to better inform decisions, and hence, minimizing risks while maximizing opportunities for 

the enterprise. Regarding the insights B2 and B3 from EM, they are not mapped with other insights from 

ESE because we do not find any application of EM in ESE design. In ESE design performance 

measurement has borrowed from SE the focus on singular performance metrics (Giachetti, 2010). 

Comparability relates to some extent into the ESE objective of engineering the enterprise 

(Joannou, 2007), i.e., insight C1 from EM. Such a mapping holds better for enterprise networks. In the 

case of insight C2 from EM, the multidimensional driver of EM to measure performance has a close 

relationship to the ESE design objective of integrating the multiple socio-technical components of the 

enterprise (Hansman et al., 2006; Ottens et al., 2006; Joannou, 2007; Herder, et al., 2008; Alter, 2010; Al-

Refaie, 2010; Tsai et al., 2010; Shu and Zhong, 2012; Kappelman and Zachman, 2013; Fradinho, 2014), 

and the performance measurement drivers in ESE design related to pursuing enterprise modeling and 

integrating socio-technical components (Mertins and Jochem, 2005; Hansman et al., 2006; Ottens et al., 

2006; Joannou, 2007; Herder, et al., 2008; Alter, 2010; Kappelman and Zachman, 2013; Bi et al., 2014; 

Fradinho, 2014). EM captures multiple inputs and outputs/outcomes, levels of disaggregation, and/or 

periods of time. Thus, the driver of indirect causation and representation from EM (insight C3) relates to 

the notion of enterprise architecture used in ESE (insight C1 from ESE). Both represent a situation under 

study (e.g., enterprise) with respect to key interrelationships, stakeholders, goals, etc., (Benade, 2004; 

Koppenjan and Groenewegen, 2005; Rashid et al., 2009; Hoogervorst, 2010; Kappelman and Zachman, 

2013; Bi et al., 2014). The driver of moving from an evaluation-to-rank toward and evaluation-to-design 

way of thinking in EM maps the ESE design purpose of engineering the enterprise. Enterprise engineering 

design looks at providing the means to anticipate the performance of an enterprise; therefore, it focus on 

an ex-ante perspective (Joannou, 2007; Wei and Chang, 2011; Amado et al., 2013). 

 

OD & ESE: 

In Table 6, the insights from OD and ESE, in terms of design objectives, performance 

measurement objectives and drivers, map into each other in different ways. The OD objective of 

addressing organizational complexity, formalization and centralization along with the strategic 

management of the enterprise (insights A1 and A2 from OD) map into the ESE design objective of 

engineering the enterprise (insight A1 from ESE) (Murray, 2006; Madni and Moini, 2007; Galpin et al., 

2007; Joannou, 2007; Pinheiro de Lima et al., 2009; Overbeek et al., 2015;). The OD objective of 

pursuing organizational learning, innovation and transformation (insight A3 from OD) maps into the ESE 

design objective of optimizing and improving the enterprise as a whole entity through its socio-technical 

components (insight A3 from ESE) (Mertins and Jochem, 2005; Murray, 2006; Joannou, 2007; Madni 

and Moini, 2007; Pinheiro de Lima et al., 2009; Han, et al., 2010). In OD, performance measurement 

looks for measuring integrated socio-technical components (insight B1 from OD). This maps into the ESE 

design objective of integrating the socio-technical components of the enterprise (insight A2 from ESE) 

(Hansman et al., 2006; Ottens et al., 2006; Joannou, 2007; Herder, et al., 2008; Giachetti, 2009; Alter, 

2010; Brooks et al., 2011; Kappelman and Zachman, 2013; Fradinho, 2014).  
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The insight B1 from OD also relates to the multidimensional analysis driver in ESE (insight C3 

from ESE). This is because the integration of socio-technical components of the enterprise requires 

acknowledging multiple stakeholders, systems, processes, inputs and outputs/outcomes (Vernadat, 2003; 

Ottens et al., 2006, Joannou, 2007; Mertins and Jochem, 2005; Herder, et al., 2008; Giachetti, 2009; 

Harrell and Sage, 2010; Brooks et al., 2011; Kappelman and Zachman, 2013). A direct mapping between 

performance measurement objectives in OD and ESE is noticed through informing decisions (insights B2 

from OD and B1 from ESE). Performance measurement is considered a vehicle to deliver information to 

take further actions (Mertins and Jochem, 2005; McGinnis, 2007; Pinheiro de Lima et al., 2009; Lehtinen 

and Ahola, 2010; Strecker, 2012; Bi et al., 2014). That information should, of course, allow for risk 

management (Al-Refaie, 2010). The direct mapping between the notions of enterprise architecture from 

both OD and ESE (insight C1 from OD and C1 from ESE), and the conceptualization of organizational 

and enterprise modeling from both fields (insight C2 from OD and C2 from ESE) is evident. 

 

EM for Evaluating Enterprise Performance and Informing Design Decisions 

The previous mapping allows us to address the research question early stated in this paper. Figure 

3 depicts the insights from EM that support (see text highlighted in red) the connections between OD and 

ESE (see black, gray and white arrows). Based on Figure 3 and from a theoretical viewpoint, the 

efficiency performance measurement paradigm can be used to address enterprise design by (1) providing 

a representation (i.e., framing and mathematical formulation) of the enterprise where the indirect 

causation between the inputs and output/outcomes consumed/generated by the socio-technical 

components of the enterprise is considered, (2) providing a multidimensional perspective for analysis 

where multiple stakeholders, systems, processes, inputs and outputs/outcomes are considered as part of 

enterprise design decisions, (3) informing design decisions based on integrated conceptual and 

mathematical insights coming from modeling the enterprise, and (4) moving toward an evaluation-to-

design way of thinking where framing and mathematical formulation capabilities are used to address 

enterprise design decisions. In an attempt to operationalize the theoretical connections between OD and 

ESE into general steps to explore the use of EM through empirical studies, we propose five steps that are 

defined in Table 7. These steps are used to describe three empirical studies in Section 5 where the EM 

paradigm is used to address enterprise design decisions.     

 

 
 

Figure 3. EM Insights supporting OD and ESE Connections 
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Table 7. Steps to Explore EM for Evaluating Enterprise Performance and Informing Design Decisions 

 

OD and ESE connections  Proposed Steps 

(1) Strategic management/engineering the 

enterprise 

 
(1)  Identification and analysis of needs for design 

(2) Enterprise architecture 
 (2)  Identification and analysis of the enterprise 

components. 

(3) Integration of socio-technical 

components/multidimensional analysis 

 (3)  Identification and analysis of interactions 

among components 
(4) Organizational modeling/enterprise 

modeling 

 (4)  Modeling and evaluation of enterprise 

efficiency performance 
(5) Informing decisions and risk 

management 

 

(5)  Informing enterprise design (6) Learning, innovation & 

transformation/optimization & 

improvement 

 

5. Empirical Studies: Efficiency-driven Enterprise Design 

Three different enterprises along with their nuances and singularities are studied. The enterprises 

are: evacuation management (non-conventional enterprise), a network of retail bank branches 

(conventional enterprise), and a network of power plants (conventional enterprise). For each enterprise 

different evaluation and design needs are identified, making the exploration, application and analysis of 

EM quite different in each case. The detailed results related to the enterprises are presented in Chapters 2, 

3, and 4 of this dissertation, respectively. The body of the previous chapters addresses each step from 

Table 7, but it does not include labels as the ones proposed in Table 7. This is because of the multiple 

audiences the studies are targeted for. 

 

Empirical Study #1: Evacuation Management 

Background: The study considers evacuation strategies as part of a temporary evacuation 

management enterprise, in which multiple stakeholder perspectives, systems, and processes take place to 

carry out an evacuation. The purpose of an evacuation strategy is to provide the means and guidance to 

evacuate as many people as possible during a certain period of time given the occurrence of a natural or 

man-made disaster. 

(1) Identification and analysis of needs for design. To implement evacuation strategies, planning 

is required. Planning in evacuation aims to define what to do, what to use, how and when to evacuate 

people given certain threats. Thus, planning might be equivalent to design since a goal is defined (i.e., to 

evacuate people) and alternatives are proposed (what to do, what to use, how and when). Designing 

evacuation management as an enterprise should address answers to questions such as: What is a good 

evacuation? Who or what decides what good evacuation means? How do we satisfy evacuation 

stakeholder goals? The contention of the study is that by conducting multidimensional efficiency 

performance measurement, we can inform and complement current views on what makes a good or bad 

evacuation, and hence, inform the design of evacuation strategies. Multidimensionality implies that it is 

neither appropriate to use a single performance measure nor to consider only a single point of view. 

Therefore, evacuation management is explored as an enterprise where multiple socio-technical 

components, stakeholders and goals converge. 

(2) Identification and analysis of the enterprise components. Several research tasks are 

undertaken: identifying two stakeholder perspectives: the agency and household; recognizing and 

understanding the interactions between the transportation infrastructure system and social system 

represented by households; and acknowledging that systems are composed of multiple processes fulfilling 

evacuation-related outputs and outcomes, and then picking one from each system for explorative 
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purposes: transportation management and protective behavioral response. The transportation management 

process plays a key role in emergencies by providing outputs/outcomes related to traffic, roadway 

capacity, routes, and destinations, and other critical information used by agencies and households. The 

protective behavioral response process includes all the choices households engage in after they have made 

a choice to or not to take action. In this setting, the agency perspective looks at the transportation 

management process as a means to fulfill its system objectives (e.g., minimize clearance time). 

Meanwhile, the household perspective looks at the protective behavioral response process as a means to 

achieve its individual objectives (e.g., minimize travel time). To contextualize these 

perspectives/systems/processes, ramp closure is used as an example of a traffic management strategy 

implemented during an evacuation. A transportation network is used to illustrate an example and three 

scenarios for strategy are proposed: leaving all ramps open and closing ramps at two different locations. 

(3) Identification and analysis of interactions among components. Based on the transportation 

engineering and social science literatures, key performance metrics related to the processes and the 

evacuation strategy under study are mapped. As a result, a network for performance measurement is 

constructed. The network representation is evolved into a dynamic one, where the perception toward 

evacuation is identified, affected by both the agency and the household, as a carry-over resulting from 

period t and affecting the household in period t+1. By using a dynamic representation, insights on how to 

maximize/minimize desirable/undesirable output/outcomes and controllable inputs over time is provided.  

(4) Modeling and evaluation of enterprise efficiency performance. To measure evacuation 

performance over time at the system (evacuation as a whole) and sub-system level (perspectives), the 

Slack-based measure-SBM dynamic network DEA model proposed by Tone and Tsutsui (2014) is used. 

The households are defined as the units of analysis. To obtain the data to run the model, the Cell 

Transmission (CTM) Model proposed by Daganzo (1994) to simulate an evacuation of 5,368 households 

affected by a no-notice disaster is used. A no-notice threat is an adverse event of unexpected occurrence 

(Hsu and Peeta, 2013), as for example, chemical spill. The results were complemented with artificial 

household behavioral data, of which a sample of 600 households was chosen. Two periods of time are 

evaluated using the DEA model. Data distributions of the overall system (evacuation as a whole) 

efficiency scores are obtained per ramp closure scenario. 

(5) Informing enterprise design. The results allows for the discovery of efficiency 

interdependencies among perspectives, which might provide information and insights for the future 

design of evacuation strategies. The overall efficiency distributions of each scenario depict how both 

households and the agency perspectives perform together under each ramp closure scenario. From the 

application of the CTM model, closing the on-ramps at a specific location yields the best results regarding 

average trip time. However, the results also show that due to ramp closures, the agency is not able to 

evacuate some households quickly. This situation affects the households’ performance with respect to 

departure time and perception. The coupled effects represented by the distributions indicate that the 

approach captures the differentiated effects that an evacuation strategy has on multiple perspectives. This 

result is interesting since it supports the idea that both technical performance (i.e., agency perspective) 

and household efficiency performance are required to evaluate evacuation strategies, so that one has a 

more holistic and valid information for the evaluation of evacuation strategies. The illustrative example is 

used to propose how the dynamic network efficiency performance measurement structure provides 

insights of the determinants of efficiency performance for the agency and households. These insights can 

be used for evacuation strategy design. 

 

Empirical Study #2: Network of Bank Branches 

Background: Retail banks provide financial products and services, and perform financial 

intermediation and risk management (Mukherjee, Nath, and Nath, 2002). They typically operate in a 

network fashion through branches, which might have similar portfolios, but they might differ in terms of 

size, market orientation, and operating environments (Paradi and Zhu, 2013). A bank branch network as 

an enterprise has diverse socio-technical components such as social systems composed of customers, 

employees, and surrounding operating environments; infrastructure systems composed of processes (e.g., 
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ATMs) to provide financial products and services; and multiple stakeholders (e.g., branch managers, 

network managers) who expect both operational and profit efficiency from branches and the network. 

Operational efficiency focuses on the provision of financial products and services while minimizing 

operational inputs (e.g., employees) and maintaining/maximizing the products/services volume (e.g., 

number of transactions). Profit efficiency relates to the intermediation and risk management operation, 

maximizing profits coming from the difference between interest revenues and interest costs. 

(1) Identification and analysis of needs for design. The rapid adoption of new banking channels 

supported by internet-based and mobile technologies have promoted an increased trend of unprofitable 

and inefficient bank branches (Canadian Bankers Association, 2014). This situation has made evident the 

need for network re-configuration decisions looking for increasing business efficiency. Those decisions 

typically involve branch closures and/or re-thinking of traditional branch operations (e.g., substitution 

with self-service technologies, changes on business orientation, etc.). Design decisions are expected to be 

based on systematic, reliable, and consistent analysis of performance in terms of operational and profit 

efficiency. The analysis should address criteria of fair comparability and relative efficiency so that the 

design decisions are better informed. 

(2) Identification and analysis of the enterprise components. A large Canadian Bank with 966 

branches from research conducted by Paradi, Zhu, and Edelstein (2012) is studied. Branches composing 

the bank network are spread across the country; follow the same process of provision of financial 

products/services; and each one is exposed to different cultural and socio-demographic conditions (i.e., 

operating environments). The available information includes three operational inputs and four operational 

outputs. The inputs are: Full-time equivalent (FTE) service, sales, and management employees. The 

outputs relate to the number of new account openings and transactions: day-to-day (personal/small 

business accounts), investment (personal/small business terms; money market funds; fixed income and 

wealth accounts), borrowing (mortgages; personal/small business loans; lines of credit and credit cards), 

and over-the-counter transactions (bill payments; deposits; withdrawals). Multiple stakeholders also exist, 

e.g., bank customers, regulatory agencies, branch managers, and the network managers. Given the 

availability of data, insights for managerial stakeholders (branch and network managers) in relation to 

ways to characterize the operational efficiency of bank branches for further network design are provided. 

(3) Identification and analysis of interactions among components. A production approach is 

considered where financial products and services are provided given certain resources (i.e., FTE 

employees). Financial products and services include the four type of outputs described above. The 

ultimate goal is then to minimize the use of resources while maximizing or maintaining product and 

service volumes while accounting for the effects of influential branches on efficiency performance (i.e., 

branches showing extreme behaviors regarding inputs/outputs). The provision of financial products and 

services is conditioned by the operating environments surrounding the bank branches. In other words, the 

interactions between operating environments and branches influence the operational performance of the 

latter. These interactions are captured by building and expanding on previous research (Triantis, Seaver, 

and Sarayia, 2010) and proposing a multi-step procedure to evaluate and characterize the influential 

behavior of bank branches; group and characterize branches into robust clusters, and explore to which 

extent the resulting characterizations (i.e., profiles) can be used to inform design decisions. 

(4) Modeling and evaluation of enterprise efficiency performance. The proposed approach 

classifies and characterizes influential branches into four categories: bad leverage, good leverage, 

orthogonal, and regular branches. Each category tells a different story as far as the composition of 

operational inputs and outputs consumed or generated by branches. The approach cluster bank branches 

to account for the interaction between operating environments and branches. The approach also compare 

and contrast branch operational efficiency when following a meta-frontier approach (i.e., evaluating 

operational performance of each branch in the whole network, see O'Donnell, Prasada Rao, and Battese 

(2008)) and a cluster-frontier approach (i.e., evaluating operational performance of each branch within its 

cluster). The Slack-based measure-SBM DEA model proposed by Tone (2001) is used. 

(5) Informing enterprise design. The results obtained from the analysis provide insighfult tools 

and information for enterprise design. Managerial stakeholders are able to characterize each individual 
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branch in relation to: its branch type (bad leverage, good leverage, orthogonal, regular); its operating 

pattern (cluster allocation); its efficiency designation (efficient/inefficient) for both the bank network 

(meta-frontier) and its cluster; and its closest and most appropriate peer. This characterization provides a 

level of detail that is not usually encountered in efficiency studies, delivering much knowledge that is 

extracted from available data. Individual information allows for pattern aggregation. Managerial 

stakeholders are provided with two kinds of profiles: Type of branch profiles leading to the understanding 

of what bad leverage, good leverage, orthogonal, and regular branches mean based on the determinants of 

efficiency performance (i.e., key inputs and outputs). Bank networks might use these profiles as guidance 

for the identification of best practices. The other type of profile is the Cluster profile, which aims to 

identify the input focus and output orientation (operating pattern) of each cluster. In the study it is found 

that one cluster contains branches generating more sales-related outputs using more sales FTEs. By 

combining individual and aggregate information, managerial stakeholders might get a better understating 

of bank branch performance and might inform better redesign decision making. Managerial stakeholders 

thinking of redesigning certain branches, e.g., re-structuring by changing their output orientation, might 

use the branches’ current cluster profiles to determine the feasibility of future changes (e.g., degree of 

adaptation to other operating pattern(s), costs, and time). Aggregate information would also allow for the 

discovery of measurement issues. No reasonable contribution of management FTEs on the efficiency 

branch performance was found. This is probably due to the difficulty of obtaining appropriate 

measurements for this variable. This is an example of an opportunity to investigate how performance is 

measured based on specific metrics and methods, and how it affects further redesign decision making. 

 

Empirical Study #3: Network of Power Plants 

Background: Power plants (i.e., enterprises) transform fuel, labor, and capital into electricity. 

How to achieve technical efficiency by adopting managerial policies that boost coordination among 

enterprises is of interest. Managerial policies are considered as enterprise design decisions. Coordination 

implies connectivity, feedback and adaption, features that are usually neglected in the efficiency 

performance measurement literature
22

. The contention is that the adoption of managerial policies that 

boost coordination among enterprises enables emergent network behaviors of technical efficiency that 

might be useful for enterprise design. To support this contention, the study analyzes the significance and 

directionality of the effects that the managerial policies of interest have on technical efficiency over time.  

(1) Identification and analysis of needs for design. Managerial policies are defined to guide 

enterprises toward the achievement of goals, e.g., profit generation. Enterprises operating in networks, 

e.g., power plants, might benefit of implementing managerial policies to coordinate enterprises toward 

achieving common goals. Those managerial policies relate to: (1) Line-up capacity.  Capacity of an 

enterprise to line up its individual decision making to collective decisions made by other enterprises in the 

network, while pursuing a common goal and based on information sharing about resource allocation and 

output generation; (2) learning capacity. Capacity of an enterprise to learn best practices from other 

enterprises in the network with respect to technical efficiency; and (3) autonomy in decision making: 

autonomy of an enterprise with respect to decision making on resource allocation and output generation 

based (or not) on the decisions made by other enterprises in the network, while recognizing their 

contextual conditions. The complex adaptive systems -CAS literature studies natural ecosystem behaviors 

of coordinated motion. Those behaviors are used as proxies to analyze enterprise coordination and its 

impact on technical efficiency performance at the network and enterprise level.  

(2) Identification and analysis of the enterprise components. The network of power plants as an 

enterprise is composed of multiple socio-technical components: the individual power plants, the network 

as a whole, the social systems composed of employees and customers, and the managerial stakeholders at 

the network and individual plant level. To interact, the power plants follow managerial policies. The 

power plants operate in an environment that provides the requisite inputs to generate electricity, and 

                                                           
22

EM treats each DMU as a potential role model or follower, but it does not capture the influence that DMUs can have on each other. 



104 

 

moreover, allows them to interact with other power plants to make decisions based on their managerial 

policies. The study focuses on the individual power plants and their interactions. 

(3) Identification and analysis of interactions among components. There exists an open 

communication and interaction among power plants. This is possible due to the definition and 

implementation of managerial policies. Those managerial policies propose interactions based on 

information sharing to line-up (or not) individual decisions to collective actions, learning from best 

practices among outperformer and underperformer enterprises, and the degree of autonomy in decision 

making of an enterprise based on the decisions made by other enterprises. These interactions occur 

continuously and influence the individual and collective achievement of technical efficiency. By 

expanding on previous research (Dougherty et al., 2016); the study investigates the effect of enterprise 

interactions on technical efficiency performance by proposing a simulation approach, which uses agent-

based modeling and natural ecosystem behaviors of flocking.   

(4) Modeling and evaluation of enterprise efficiency performance. To explore ‘when’ and ‘how’ 

managerial policies that boost coordination among enterprises, the proposed simulation approach uses 

full-factorial experimental design. The experimental design includes 82 power plants over 168 months 

representing 14 years, and allows for the exploration of the significance (related to ‘when’) and 

directionality (related to ‘how’) of the effects that the managerial policies under study and their 

interactions have on technical efficiency over time. Experimental design is used as a technique to analyze 

the behavior of the technical efficiency due to variations of controllable managerial policies, 

uncontrollable decisions made on managerial policies by others (i.e., collective influences), and their 

interactions. The agent-based model proposed by Dougherty et al. (2016) is used as the platform to 

conduct the experimentation. 

(5) Informing enterprise design. The study starts with the contention that the results from the 

simulation approach can potentially inform enterprise network design with respect to the definition of 

managerial policies to (i) guide the enterprise actions, and hence, the interaction among its socio-technical 

components; (ii) promoting coordination among enterprises and maintaining autonomy at the enterprise 

level; (iii) and advising when and how managerial policies increase/decrease technical efficiency. The 

results provide insights on which managerial policies and collective influences are significant, when they 

are significant, and how they increase or decrease technical efficiency. These results also show that the 

technical efficiency at the network level follows an emergent goal seeking behavior. The analysis of this 

behavior allows informing enterprise design in terms of which managerial policies should be adopted, 

why and when they should be adopted (i.e., based on significance), and how they should be implemented 

(i.e., high or low capacity). The results also allow for understanding the benefits and challenges of using 

nature-inspired behaviors as proxies for managerial policies. 

 

6. Conclusions 

We concentrated in exploring how the efficiency performance measurement paradigm could be 

used as an ex-ante mechanism to evaluate enterprise performance and inform enterprise decisions. By 

conducting a literature review on the efficiency performance measurement (EM), organizational design 

(OD), and enterprise systems engineering (ESE) literatures, we highlight core insights from each field 

when looking at enterprise design. Those results allow identifying insights from EM that support the 

connections between OD and ESE design. We propose five steps, which mimic the connections between 

OD and ESE, to describe the application of the EM paradigm in three different enterprises. Based on both 

the theoretical and empirical results obtained, we frame our conclusions through facts supporting the use 

of EM as an ex-ante mechanism for enterprise evaluation and design, and facts challenging (i.e., 

facilitating/impeding) the articulation of EM with enterprise design decisions. 

 

Supporting Facts 

The literature review shows that performance measurement objectives and drivers in EM can be 

framed into performance measurement objectives and drivers in both OD and ESE (see Section 4.4). The 

three empirical studies exemplify such a framing. For instance, in the evacuation management enterprise, 
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the study presents a theoretical representation of an evacuation management enterprise through the 

lenses of the dynamic network DEA approach of Tone and Tsutsui (2014). The representation is built 

based on a theoretical and integrated conceptual framework that includes multiple stakeholder 

perspectives, systems, processes and their interrelationships. Moreover, the evacuation management study 

relates the results from the measurement approach to the design of evacuation management strategies. In 

the case of the bank branch network enterprise, the study shows that the proposed EM multi-step 

approach to evaluate bank branch performance might be used for bank network design. This means that 

both clustering and efficiency performance analyses can inform ex-ante interventions. This contrasts with 

the historical ex-post approach encountered in the EM literature. To address bank branch evaluation and 

inform design decisions, the study looks at: multidimensional operational performance of branches; 

fairer comparability among branches; individual and aggregate information of branches regarding 

managerial clusters and efficiency performance; and information on the influence that influential branches 

exert on other branches in terms of grouping and efficiency performance. In the final empirical study, the 

implementation of managerial rules that boost coordination among enterprises working in a network 

fashion is of interest. The impact of those managerial rules on the network and individual enterprise 

efficiency performance is studied through EM representations and design of experiments over time. The 

implementation of the managerial rules implies design decisions with respect to the coordination among 

enterprises, which relate to the OD discussion on centralization. The results from the study inform 

enterprise network design with respect to the definition of managerial policies to guide the enterprise 

actions, and hence, the interaction among its socio-technical components; promoting coordination 

among enterprises while maintaining autonomy at the enterprise level; and advising when and how 

managerial policies increase or decrease technical efficiency. 

 

Challenging Facts 

Our contribution to managerial stakeholders is that EM can be not only used to answer how well 

the enterprise did, but also how well it could do if certain design decisions are taken. This essay 

stimulates future work on enterprise design and evaluation. It also points at conceptual and 

methodological challenges that facilitate and/or impede making progress in this field. Those challenges 

need to be considered and addressed to ensure that the EM paradigm moves from an evaluation-to-rank 

toward an evaluation-to-design way of thinking. These challenges are discussed below and are also 

accounted as future research directions. As a final thought, this essay might serve as translational platform 

for future generalizations of enterprise performance measurement, and to integrate the literature on the 

topic of interest so that the synthesis of theoretical and empirical insights is augmented. 

(1) Assumptions, decisions and data availability: The articulation of the EM paradigm with 

enterprise design decisions require of assumptions regarding the way inputs, outputs and outcomes relate 

to each other, and the comparability among the enterprises, systems or processes under analysis. It also 

requires making decisions on the unit of analysis used for comparison purposes (e.g., strategies, 

branches), and the integration of other supporting techniques (e.g., multivariate statistical analysis). These 

assumptions and decisions need to be made by the analyst(s) considering the nature of the enterprise 

under study and the specific need(s) for design. In the empirical studies, we see how the majority of 

assumptions and decisions made are grounded in a theoretical understanding of the underlying processes 

taking place within the enterprises. In general, the challenge for EM to handle enterprise design is to 

ensure that assumptions and decisions are logical and mimic as much as possible what happens in reality. 

(2) Data treatment: Data treatment is not really addressed in the literature reviewed in this essay. 

That discussion is critical when looking at the empirical studies previously discussed. Data treatment for 

aggregation of results, accountability of influential observations, and estimation is a challenge that needs 

to be addressed and defined in the efficiency performance measurement literature. For instance, in the 

evacuation management study, data from individual households is obtained to inform decisions at the 

agency level. The challenge then is to come up with sound and reliable ways to aggregate data through, 

for example, statistical techniques or utility functions. 
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(3) Interdisciplinary research: Enterprise design cannot be undertaken from a singular field of 

knowledge. The integration of socio-technical components require of professionals from diverse fields. 

The interdisciplinary exercise has been fruitful for the three empirical studies presented in this research. 

The joint work of social scientists, statisticians, transportation engineers, and industrial and systems 

engineers has allowed for representations of enterprise design realities that have not been captured before 

through the lenses of the EM paradigm. Despite these positive yet empirical applications, executing 

interdisciplinary research is not an easy endeavor. It requires of extensive work on: arriving at a 

consensus for different and sometimes conflicting perspectives of the world, defining holistic approaches 

while taking care of technical issues (e.g., data collection and measurement), revising and refining mental 

models and domain-related biases, evaluating the suitability of conceptual and mathematical models to 

capture enterprise interactions, and being patient enough about time, conflict resolution, consensus 

building, and technical articulation. 

(4) Translational research: The theoretical EM insights supporting the connections between OD 

and ESE design need to be used in more empirical applications allowing for the ‘conceptualization’ of 

enterprise design through the EM paradigm, and the ‘operationalization’ of the EM theory through more 

enterprise design applications. Two challenges for this are: to identify enterprises willing to adopt EM for 

enterprise design and to establish validation mechanisms so that the reinforcing loop between theory and 

practice takes form. In the empirical studies, validation is discussed from a theoretical point of view given 

the absence of historical data (e.g., evacuation management), or face-validation with managerial 

stakeholders (e.g., bank branch and power plant networks). 

(5) Technical capabilities: The EM paradigm does not act alone with regard to modeling the 

enterprise. It provides framing and decision making support capabilities that complement other technical 

models in order to retrieve data of interest for performance measurement (e.g., transportation simulation 

models, multivariate statistical techniques, agent-based models). As a consequence, any improvement of 

the capabilities of additional technical models that deliver information for performance measurement will 

greatly impact the insights that the EM paradigm provide for enterprise evaluation and design. Also, 

improvements of EM models can be achieved by capturing other dynamics, as for example delays. This 

will prove useful when dealing with enterprise design issues that involve changes over time. More details 

on technical improvements are discussed in Chapters 2, 3, and 4. 

 

References 
Aier, Stephan. "The role of organizational culture for grounding, management, guidance and effectiveness of 

enterprise architecture principles." Information Systems and e-Business Management, 2014: 12, 1, 43-70. 

Aigner, D.J., C.A.K. Lovell, and P. Schmidt. "Formulation and estimation of stochastic frontier production 

functions." Journal of Econometrics, 1977: Vol 6, 21–37. 

Al-Refaie, Abbas. "Super-Efficiency DEA Approach for Optimizing Multiple Quality Characteristics in Parameter 

Design." International Journal of Artificial Life Research, 2010: 1, 2, 58-71. 

Alter, Steven. "Work systems as the core of the design space for organisational design and engineering." 

International Journal of Organisational Design and Engineering, 2010: 1, 1-2, 5-28. 

Amado, Carla A.F., Sérgio P. Santos, and João F.C. Sequeira. "Using Data Envelopment Analysis to support the 

design of process improvement interventions in electricity distribution." European Journal of Operational 

Research, 2013: 228, 1, 226-235. 

Azadeha, A., M. Rezaei-Maleka, F. Evazabadiana, and M. Sheikhalishahia. "Improved design of CMS by 

considering operators decision-making styles." International Journal of Production Research, 2015: 53, 11, 

3276-3287. 

Banker, R., A. Charnes, and W. Cooper. "Some models for estimating technical and scale inefficiencies in data 

envelopment analysis." Management Science, 1984: 30, 1078–1092. 

Battese, G.E., and G.S. Corra. "Estimation of a production frontier model: with application to the pastoral zone of 

eastern Australia." Australian Journal of Agricultural and Resource Economics, 1977: 21, 169–179. 

Bedeian, C., and R.F. Zammuto. Organizations: Theory and Design. Chicago, IL: Dryden, 1991. 

Benade, S. J. "The application of systems engineering principles on organisational level." IEEE, 2004. 879 - 884. 

Bi, Zhuming, Li Da Xu, and Chengen Wang. "Internet of Things for Enterprise Systems of Modern Manufacturing." 

IEEE Transactions on Industrial Informatics, 2014: 10, 2, 1537 - 1546. 



107 

 

Blanchard, Benjamin S., and Wolter J. Fabrycky. Systems Engineering and Analysis. Prentice Hall, 2010. 

Brooks, JoAnn M., John S. Carroll, and Jon W. Beard. "Dueling Stakeholders and Dual-Hatted Systems Engineers: 

Engineering Challenges, Capabilities, and Skills in Government Infrastructure Technology Projects." IEEE 

Transactions on Engineering Management, 2011: 58, 3, 589 - 601. 

Canadian Bankers Association. "Statistics." Canadian Bankers Association. 2014. 

http://www.cba.ca/en/component/content/publication/69-statistics (accessed 2014). 

Cariaga, I., T. El-Diraby, and H. Osman. "Integrating Value Analysis and Quality Function Deployment for 

Evaluating Design Alternatives." Journal of Construction Engineering and Management, 2007: 133, 10, 

761-770. 

Chandler, A.D. The Visible Hand the Managerial Revolution in American Business. Cambridge, MA.: Belknap, 

1977. 

Chang, Dong-Shang, and Kuo‐Lung Sun. "Applying DEA to enhance assessment capability of FMEA." 

International Journal of Quality & Reliability Management, 2009: 26, 6, 629-643. 

Charnes, A., W. W. Cooper, and E. Rhodes. "Measuring the efficiency of decision making units." European Journal 

of Operational Research, 1978: vol. 2, no. 6, pp. 429–444. 

Chen, C.L., J. Zhu, J.Y. Yu, and H. Noori. "A new methodology for evaluating sustainable product design 

performance with two-stage network data envelopment analysis." European Journal of Operational 

Research, 2012: 221, 2, 348 - 359. 

Cobb, C. W., and P. H. Douglas. "A Theory of Production." American Economic Review, 1928: 18, 139–165. 

Cook, W.D., L. Liang, and J. Zhu. "Measuring performance of two-stage network structures by DEA: a review and 

future perspective." Omega, 2010: 38, 423-430. 

Cross, K.F., and R.L. Lynch. "The SMART way to define and sustain success." National Productivity Review, 1989: 

8, 1, 23-33. 

Daganzo, F. C. "The cell transmission model: A dynamic representation of highway traffic consistent with the 

hydrodynamic theory." Transportation Research, Part B: Methodology, 1994: 28(4), 269–287. 

Dougherty, F., N. Ambler, and K. Triantis. "A complex adaptive systems approach for productive efficiency 

analysis: building blocks and associative inferences." Annals of Operations Research, 2016: 09 February 

2016, 1-19. 

Elsevier B.V. Ei Compendex. 2016. https://www.elsevier.com/solutions/engineering-village/content/compendex 

(accessed 03 07, 2016). 

Emrouznejad, A., B.R. Parker, and G. Tavares. "Evaluation of research in efficiency and productivity: a survey and 

analysis of the first 30 years of scholarly literature in DEA." Socio-Economic Planning Sciences, 2010: 42, 

3, 151-157. 

Ertay, Tijen, Da Ruan, and Umut Rıfat Tuzkaya. "Integrating data envelopment analysis and analytic hierarchy for 

the facility layout design in manufacturing systems." Information Sciences, 2006: 176, 3, 237–262. 

Fallah-Fini, S., K. Triantis, J. de la Garza, and B. Seaver. "Measuring the Efficiency of Highway Maintenance 

Contracting Strategies: A Bootstrapped Non-parametric Meta-frontier Approach." European Journal of 

Operational Research, 2012: 219, 1, 134–145. 

Fradinho, J. "Towards high performing hospital enterprise systems: an empirical and literature based design 

framework." Enterprise Information Systems, 2014: 8, 3, 355-390. 

Galpin, T., R. Hilpirt, and B. Evans. "The connected enterprise: Beyond division of labor." Journal of Business 

Strategy, 2007: 28, 2, 38-47. 

Ganguly, Anirban, and Mo Mansouri. "Evaluating risks associated with Extended Enterprise Systems (EES)." IEEE, 

2011. 422 - 427. 

Garcia, P.A.A., R. Schirru, and P.F. Frutuoso. "A fuzzy data envelopment analysis approach for FMEA." Progress 

in Nuclear Energy, 2005: 46, 3-4, 359-373. 

Garfield, E. "Citation indexing for studying science." Nature, 1970: 227, 669-671. 

Geng, Xiuli, Xuening Chu, Deyi Xue, and Zaifang Zhang. "An integrated approach for rating engineering 

characteristics’ final importance in product-service system development." Computers & Industrial 

Engineering, 2010: 59, 4, 585-594. 

Giachetti, R.E. "Design for the Entire Business." Industrial Engineer, 2009: 41, 6, 39-46. 

Giachetti, Ronald. Design of Enterprise Systems. Boca Raton, FL: CRC Press, 2010. 

Globerson, S. "Issues in developing a performance criteria system for an organization." International Journal of 

Production Research, 1985: 23, 4, 639-646. 

Gutiérrez, Ester, and Sebastián Lozano. "Data Envelopment Analysis of multiple response experiments." Applied 

Mathematical Modelling, 2010: 34, 5, 1139-1148. 



108 

 

Han, Kwan Hee, Sang Hyun Choi, Jin Gu Kang, and Geon Lee. "Business activity monitoring system design 

framework integrated with process-based performance measurement model." WSEAS Transactions on 

Information Science and Applications, 2010: 7, 3, 443-452 . 

Hansman, R. John, Christopher Magee, Richard De Neufville, Renee Robins, and Daniel Roos. "Research agenda 

for an integrated approach to infrastructure planning, design and management." International Journal of 

Critical Infrastructures, 2006: 2, 2-3, 146 - 159. 

Harrell, J.M., and A.P. Sage. "Extending the Friedman-Sage systems engineering case study framework for 

enterprise architecture case study research." Information Knowledge Systems Management, 2010: 9, 3-4, 

239-257. 

Hatami-Marbini, A., A. Emrouznejad, and M. Tavana. "A Taxonomy and Review of the Fuzzy DEA Literature: 

Two Decades in the Making." European Journal of Operational Research, 2011: 214, 3, 457–472. 

Hendrick, Hal W., and Brian M. Kleiner. Macroergonomics: an introduction to work system design. Santa Monica, 

CA: Human Factors and Ergonomics Society, 2001. 

Herder, P.M., Ivo Bouwmans, Gerard P.J. Dijkema, Rob M. Stikkelman, and Margot P.C. Weijnen. "Designing 

infrastructures using a complex systems perspective." Journal of Design Research, 2008: 7, 1, 17 - 34. 

Hoogervorst, Jan. "Framework for enterprise engineering." International Journal of Internet and Enterprise 

Management, 2010: 7, 1, 5-40 . 

Hsu, Yu-Ting, and Srinivas Peeta. "An aggregate approach to model evacuee behavior for no-notice evacuation 

operations." Transportation, 2013: 40:671–696. 

Jacobson, I., M. Ericsson, and A. Jacobson. The Object Advantage. Reading, MA: Addison-Wesley, 1994. 

Joannou, Paul. "Enterprise, Systems, and Software Engineering-The Need for Integration." EEE Computer Society, 

2007: 40, 103-105. 

Junwei, Y., Y. Yang, and W. Jian. "A model-based evaluation system of enterprise." High Technology Letters, 2005: 

175-178. 

Kamiyama, Noriaki. "Designing Network Topology using Data Envelopment Analysis." Journal of the Operations 

Research Society of Japan, 2013: 199–220. 

Kao, C. "Network data envelopment analysis: A review." European Journal of Operation Research, 2014: 239, 1-

16. 

Kaplan, R.S. "The evolution of management accounting." The Accounting Review, 1984: 59, 3, 390-418. 

Kaplan, R.S., and D.P. Norton. "The balanced scorecard – measures that drive performance." Harvard Business 

Review, 1992: 70, 1, 71-79. 

Kaplan, R.S., and D.P. Norton. "Using the balanced scorecard as a strategic management system." Harvard Business 

Review, 1996: 74, 1, 75-85. 

Kappelman, Leon A., and John A. Zachman. "The Enterprise and its Architecture: Ontology & Challenges." Journal 

of Computer Information Systems, 2013: 53, 4, 87-95. 

Keegan, D.P., R.G. Eiler, and C.R. Jones. "Are your performance measures obsolete?" Management Accounting, 

1989: 70, 12, 45-50. 

Koppenjan, Joop, and John Groenewegen. "Institutional design for complex technological systems." International 

Journal of Technology Policy and Management, 2005: 5, 3, 240 - 257. 

Lehtinen, Jussi, and Tuomas Ahola. "Is performance measurement suitable for an extended enterprise?" 

International Journal of Operations & Production Management, 2010: 181-204. 

Madni, Azad M., and Assad Moini. "Viewing enterprises as systems-of-systems (SOS): Implications for SOS 

research." Journal of Integrated Design & Process Science, 2007: 11, 2, 3-13. 

Masakazu, Kobayashi, Tomoyuki Miyashita, Hiroshi Yamakawa, and Masataka Yoshimura. "Collaboration Support 

System Based on the Assessment of Created Ideas Using Data Envelopment Analysis." Transactions of the 

Japan Society of Mechanical Engineers Part C, 2008: 74, 738, 459-466. 

McGinnis, Leon F. "Enterprise modeling and enterprise transformation." Information-Knowledge-Systems 

Management - Work, Workflow, Information Systems and Enterprise Transformation, 2007: 123-143. 

Meeusen, W., and J. van den Broeck. "Efficiency Estimation from Cobb-Douglas Production Functions with 

Composed Error." International Economic Review, 1977: 18, 2, 435-44. 

Mertins, K., and R. Jochem. "Architectures, methods and tools for enterprise engineering." International Journal of 

Production Economics, 2005: 98, 2, 179-188. 

Montanari, J.R. An expanded theroy of structural determinism: An empirical investigation of the impact of 

managerial discretion on organizational structure. Doctoral dissertation, Boulder, CO: University of 

Colorado, 1976. 



109 

 

Mukherjee, A., P. Nath, and M. Nath Pal. "Performance benchmarking and strategic homogeneity of Indian banks." 

International Journal of Bank Marketing, 2002: 20/3, 122-139. 

Murray, Arthur J. "A research agenda for the enterprise of the future." VINE Journal of Information and Knowledge 

Management Systems , 2006: 36, 2, 119-124. 

Narasimhana, R., S. Talluri, J. Sarkisb, and A. Rossa. "Efficient service location design in government services: A 

decision support system framework." Journal of Operations Management, 2005: 23, 2, 163–178. 

Neely, A.D., C. Adams, and P. Crowe. "The performance prism in practice." Measuring Business Excellence, 2001: 

5, 2, 6-11. 

O'Donnell, C. J., Prasada Rao, D. S., and Battese, G. E. "Metafrontier frameworks for the study of firm-level 

efficiencies and technology ratios." Empirical Economics, 2008: vol 34, no. 2, 231–255. 

Ottens, Maarten, Maarten Franssen, Peter Kroes, and Ibo Van De Poel. "Modelling infrastructures as socio-technical 

systems." International Journal of Critical Infrastructure, 2006: 2, 2-3, 133 - 145. 

Overbeek, Sietse, Ulrich Frank, and Christian Köhling. "A language for multi-perspective goal modelling: 

Challenges, requirements and solutions." Computer Standards & Interfaces, 2015: 38, 1-16. 

Oxford University Press. Oxford Learner's Dictionaries. 2016. 

http://www.oxfordlearnersdictionaries.com/us/definition/english/performance (accessed 03 06, 2016). 

Pal, Ranjan, Jeebak Mitra, and Manabendra N. Pal. "Evaluation of relative performance of product designs: a fuzzy 

DEA approach to quality function deployment." Opsearch, 2007: 44, 4, 322-336. 

Paradi, J. C., and H. Zhu. "A survey on bank branch efficiency and performance research with data envelopment 

analysis." Omega, 2013: 41, 61-79. 

Paradi, J. C., H. Zhu, and B. Eldestein. "Identifying managerial groups in a large Canadian bank branch network 

with a DEA approach." European Journal of Operation Research, 2012. 

Park, K., and Dong Shin. "Interactive multiobjective optimization approach to the input–output design of opening 

new branches." European Journal of Operational Research, 2012: 220, 2, 530–538. 

Pinheiro de Lima, Edson, Sergio Gouvea da Costa, and Jannis Angelis. "Strategic performance measurement 

systems: a discussion about their roles." Measuring Business Excellence, 2009: 13, 3, 39-48. 

Rabelo, Luis, Magdy Helal, Albert Jones, and Hyeung-Sik Min. "Enterprise simulation: a hybrid system approach." 

International Journal of Computer Integrated Manufacturing, 2005: 18, 6, 498-508. 

Ramanathan, Ramakrishnan, and Jiang Yunfeng. "Incorporating cost and environmental factors in quality function 

deployment using data envelopment analysis." Omega, 2009: 37, 3, 711-723. 

Rashid, S., Tariq Masood, and R.H. Weston. "Unified modelling in support of organization design and change." 

Journal of Engineering Manufacture, 2009: 223, 8, 1055-1079. 

Rebovich, George, and Brian White. Enterprise Systems Engineering. Boca Raton, FL: CRC Press, 2011. 

Ridgway, V.F. "Dysfunctional consequences of performance measurements." Administration Science, 1956: 1, 2, 

240-247. 

Robbins, S.R. Organizational Theory: The Structure and Design of Organizations. Englewood Cliffs, NJ: Prentice-

Hall, 1983. 

Saenz, Oscar, Chin-Sheng Chen, Martha Centeno, and Ronald Giachetti. "Defining Enterprise Systems 

Engineering." International Journal of Industrial and Systems Engineering, 2009: Vol 4(5), 484-501. 

Satoh, D., M. Kobayashi, and T. Miyashita. "A study on idea generation method for concept design using data 

envelopment analysis." Transactions of the Japan Society of Mechanical Engineers, Part C, 2009: 75, 760, 

3355-3363. 

Shu, Tian Jia, and Xiao Qiang Zhong. "Evaluation Model of Product Manufacturability for Rapid Response 

Design." Advanced Materials Research, 2012: 542-543, 281-284. 

Simons, H.A. "On the concept of organizational goal." Administration Science (Prentice Hall), 1964: 9, 1, 1-22. 

Stevenson, W.B. "Organizational Design." In Handbook of Organizational Behavior, by R.T. Golembiewski, 141-

168. New York, NY: Marcel Dekker, 1993. 

Strecker, Stefan. "MetricM: a modeling method in support of the reflective design and use of performance 

measurement systems." Information Systems and e-Business Management, 2012: 10, 2, 241-276. 

The Open Group. TOGAF version 9—The Open Group Architecture Framework (TOGAF). Technical Report, The 

Open Group, 2009. 

Tone, K, and M Tsutsui. "Dynamic DEA with network structure: A slacks-based measure approach." Omega, The 

International Journal of Management Science, 2014: 42, 124-131. 

Tone, K. "A slacks-based measure of efficiency in data envelopment analysis." European Journal of Operational 

Research, 2001: Vol. 130, Issue 3, 498–509. 



110 

 

Tong, Lee-Ing, Chung-Ho Wang, and Chih-Wei Tsai. "Robust design for multiple dynamic quality characteristics 

using data envelopment analysis." Quality and Reliability Engineering International, 2008: 24, 5, 557-571. 

Triantis, K. "Engineering design and performance measurement: issues and future research opportunities." 

International Journal of Data Envelopment Analysis, 2015: 1, 2, 81-112. 

Triantis, K., B. Seaver, and D. Sarayia. "Using Multivariate Methods to Incorporate Environmental Variables for 

Local and Global Efficiency Performance Analysis." Informational Systems and Operational Research, 

2010: Vol. 48, No. 1, pp. 39-52. 

Trinh, T., and V. Kachitvichyanukul. "An analytical framework for the design of service delivery systems: a co-

production approach." International Journal of Operational Research, 2013: 17, 1, 125 - 144. 

Tsai, Chih-Wei, Lee-Ing Tong, and Chung-Ho Wang. "Optimization of Multiple Responses Using Data 

Envelopment Analysis and Response Surface Methodology." Tamkang Journal of Science and 

Engineering, 2010: 13, 2, 197-203. 

Vernadat, Francois B. "Enterprise Modelling and Integration: From Fact Modelling to Enterprise Interoperability." 

In Enterprise Inter- and Intra-Organizational Integration, by Kurt Kosanke, Roland Jochem, James G. Nell 

and Angel Ortiz Bas, 25-33. New York, NY: Springer US, 2003. 

Wei, Quanling, and Tsung-Sheng Chang. "Optimal profit-maximizing system design data envelopment analysis 

models." Computers & Industrial Engineering, 2011: 61, 4, 275–1284. 

Xue, M., G.R. Hein, and P.T. Harker. "Consumer and co-producer roles in e-service: analysing efficiency and 

effectiveness of e-service designs." International Journal of Electronic Business , 2005: 3, 2, 174 - 197. 

Zhang, H.C., Y.F. Yang, A. M. Yang, and L.N. Shi. "Data Envelopment Analysis Model of Mechanical Product 

Design." Applied Mechanics and Materials, 2014: 443, 58-61. 

Zhang, X., G.H. Huang, Q. Lin, and H. Yua. "Petroleum-contaminated groundwater remediation systems design: A 

data envelopment analysis based approach." Expert Systems with Applications, 2009: 36, 3, 5666–5672. 

Zhao, Y., K. Triantis, P. Murray-Tuite, and P. Edara. "Performance measurement of a transportation network with a 

downtown space reservation system: A network-DEA approach." Transportation Research Part E, 2011: v 

47, pp. 1140-1159. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

Appendix A 
 

A.1 Overview 

This appendix provides details about the illustrative example used in in Section 4 of Chapter 2. 

The intention is to clarify how the assumptions and information of the example are used in the evacuation 

traffic model. Section A.2 provides a summary of the assumptions in Section A.2. In Section A.3, it 

explains the transportation network used in the Cell Transmission Model -CTM (Liu, Lai, and Chang, 

2006). The resulting network is translated into a CTM formulation in Section A.4. To clarify where the 

data used in the CTM come from, Section A.5 provides details on background traffic, departure time, and 

route choice. Finally, Section A.6 provides a discussion on the limitations of the current approach as well 

as a discussion on opportunities for improvement.  

 

A.2 Summary of Assumptions 

 

Assumptions and Decisions Pertaining to the Illustrative Example 

 Disaster Type: Chlorine Spill. It is a non-notice disaster. It cannot be monitored in advance. 

 Magnitude: Large spill, i.e., greater or equal than 52.83 gallons (Centers for Disease Control and 

Prevention, 2014). We assume a spill of 22 tons (i.e. average capacity of a freight truck tank).  

 Threat trigger: A truck transporting chlorine crashes and its tank gets broken. 

 Where: Urban area of Blacksburg, VA on the intersection between North/South Main and Prices Fork.  

 Day and Time: Households are together at the moment of the evacuation notification. A weekday 

would not hold that assumption, the disaster occurrence is assumed to be on a weekend day.  

 Evacuation notification: Issued right after the disaster is noticed. 

 Notification awareness: Households are aware of the evacuation notification.  

 Distance to safety: Since it is a large spill, it is recommended to evacuate within a 0.7 and 1 mile ratio 

from the disaster location. We assume 1 mile ratio.  

 Number of households to evacuate: The households originate from (U.S. Census Bureau, 2010): 

 

Table A.1 Households to Evacuate 

 
Source Neighborhood Population Avg.  Household Size # Households 

1 McBryde            2,695  2.37                 1,137  

2 Kabrich            3,313  2.37                 1,398  

3 Patrick Henry            1,325  2.37                    559  

4 Bennet Hill                706  2.37                    298  

5 University            3,268  2.37                 1,379  

6 Downtown            1,415  2.37                   597  

Total          12,722   2.37                 5,368  

 

 Destination selection: Three sinks located away from the disaster area are defined as destinations. 

Sinks are seen as locations to quantify the number of households that evacuate. They do not 

correspond to shelters for a real evacuation. Households follow the shortest path toward safety. 

 Evacuation route choice: Households that evacuate choose one out of two routes (closest) based on 

their location. The selection might change if a route is not available. In choosing a route, getting to the 

route must not include crossing other routes. The route selected must not cross the disaster area.  

 Background traffic: The transportation network is not empty at the moment the disaster. The vehicles 

on the network will evacuate. The traffic is assumed off-peak since it is a weekend day. 

 Evacuation routes: Arterials. North Main -NM, South Main -SM, Prices Fork, Toms Creek Road. 

Freeway. Interstate I-460 from intersection with NM to intersection with SM. 

 Average household size: For Blacksburg, VA is 2.37 people (U.S. Census Bureau, 2010). 
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 Transportation mode: Households have a car to evacuate. One household is represented by one car. 

 Resource availability: Households have access to fuel, monetary resources and traffic information. 

 Departure time: Households decide when to evacuate. Departure time decisions are discussed later.  

 Evacuation strategy to be implemented: Ramp closure. The intuition behind the its selection is that 

the average speed on I-460 might get reduced due to a surge of vehicles entering to the freeway at both 

Prices Fork and Toms Creek ramps. The I-460 might be an important road for evacuation purposes. 

Keeping or increasing the average speed on it is of interest. I-460 is the only freeway that provides a 

quick exit from town. Theoretically, a ramp closure strategy looks for improving traffic flow on 

freeways while reducing incidents, bottlenecks and conflicts at merging points, i.e., ramps.  

 Number of ramps to be included: Two locations have ramps. The first located at Toms Creek road 

intersection with I-460, and the second at Prices Fork intersection with I-460.  

 Operational resources and scenarios: The budget of the agency in charge of the evacuation allows 

closing one set of ramps. It contemplates the deployment of personnel, variable message signs, and/or 

barriers on the points of closure. Three scenarios are proposed: Scenario 1 - All ramps open (do 

nothing); Scenario 2 - Prices Fork Ramps closed; and Scenario 3 - Toms Creek Ramps closed. 

 Closure duration: Equal to the time horizon set for the CTM. See details in the following section.   

 

Assumptions and Decisions Pertaining to the Cell Transmission Model -CTM 

 Model used: Revised Cell Transmission Model by Liu et al. (2006).  

 Model conceptualization: Network nodes represent cells (road segments), and arcs represent 

connectors (joints). Cells and connectors have finite capacity and hold vehicle flows per unit of time.  

 Objective function: Minimize the traffic flows in the network, i.e., minimizing the average trip time.  

 Behavioral assumptions: Human behaviors are reduced to traffic flows, i.e., vehicles.   

 Capacity assumptions: Saturation rate is 1900 veh/hr-lane, jam density is 190 veh/mile-lane. 

 Free flow speed assumptions: Free flow speeds are equal to the speed limits. 

 Unit time interval: Based on the transportation network under study (see Table A.2 in Section A.3), 

the unit time interval is equal to 0.003 hours. The unit time interval is used to convert the lengths of 

road segments into cell sizes, e.g., a cell size equal to 10 means that 10 unit time intervals are required 

to traverse the cell. The unit time interval is used to update the CTM at each time step (every 0.003 

hrs). 

 Time horizon of modeling: Four hours are modeled (i.e., 1,400 unit time intervals).  

 Departure time of households: The departure time (loading) takes place within the first hour. The 

exposure to the disaster is desired to be minimized. 20% of the households depart during the first 15 

minutes, 40% during the second quarter, 30% during the third quarter, and 10% during the fourth 

quarter. The departures are updated every minute, i.e., every 6 unit time intervals.  

 Traffic assignment procedure: Households from sources are loaded to one of the two closest 

evacuation routes (see Section A5 for details). The shortest path (in terms of time) that does not cross 

the threat epicenter when going toward a sink. The selection of the sink is contingent of the model, 

which looks for the shortest path based on the evacuation road initially taken. The shortest path is 

influenced by the congestion of the cells composing the paths toward the sinks.  

 

A.3 The Cell Transmission Model-CTM: Network 

Considering Figure 3 in Chapter 2, the transportation network is translated into a CTM network. 

The inputs required to do so are the length of the roads, their speed limit, jam density and saturation flow. 

Table A.2 shows those inputs and Table A3 shows the correspondences between the road segments and 

the calculated CTM cells. A color code is included to relate the road segments to the routes depicted in 

Figure 3, which are divided into several segments in Table A.2 and A.3. This is because some segments 

of the routes have different number of lanes or arterial roads connected to them. 
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Table A.2 Inputs for CTM Network 

 

Road Segment 
Length 

(mi) 

# 

Lanes 

Speed Limit 

(mi/hr) 

Saturation flow 

rate (veh/hr/lane) 

Jam density 

(veh/mi/lane) 

460-NM segment A-1 lane  1.1 1 35                       1,900  190 

460-NM segment B-1 lane  0.4 1 35                       1,900  190 

460-NM segment C- 2  lanes  1.2 2 35                       1,900  190 

460-SM segment A-1  lane  0.5 1 35                       1,900  190 

460-SM segment B-1  lane  0.1 1 35                       1,900  190 

460-SM segment C-1  lane  0.2 1 35                       1,900  190 

460-SM segment D-2  lanes  2.5 2 35                       1,900  190 

Toms Creek Road segment A-1 lane  0.9 1 35                       1,900  190 

412-Prices Fork segment B- 2 lanes  0.2 2 45                       1,900  190 

412-Prices Fork segment C- 2 lanes  0.8 2 45                       1,900  190 

I-460-North A- 2 lanes  1.9 2 65                       1,900  190 

I-460-North B- 2 lanes  1.6 2 65                       1,900  190 

I-460-South A- 2 lanes  1.6 2 65                       1,900  190 

I-460-South B- 2 lanes  3 2 65                       1,900  190 

 

Table A.3 Correspondences between Road Segments and CTM Cells 

 
Road Segment CTM Cell Index Cell Size 

460-NM segment A-1 lane  1 12 

460-NM segment B-1 lane  2 5 

460-NM segment C- 2  lanes  3 13 

460-SM segment A-1  lane  4 6 

460-SM segment B-1  lane  5 2 

460-SM segment C-1  lane  6 3 

460-SM segment D-2  lanes  7 26 

Toms Creek Road segment A-1 lane  8 10 

412-Prices Fork segment B- 2 lanes  9 3 

412-Prices Fork segment C- 2 lanes  10 7 

I-460-North A- 2 lanes  11 11 

I-460-North B- 2 lanes  12 10 

I-460-South A- 2 lanes  13 10 

I-460-South B- 2 lanes  14 17 

 

To draw the CTM network, we consider three ramp closure scenarios, six sources linked to the 

closest routes, and three sinks connected to routes. The routing options are shown in Table A.4. The 

previous color code is kept. Considering the cells in Table A3 and the routing options in Table A4, Figure 

A1 depicts the CTM network which also keeps the color code. The numbers in parentheses are cell sizes. 

 

Table A.4 Routing Options 

 

Source Neighborhood 
Scenario 1-All Ramps 

Open 

Scenario 2-Prices Fork 

Ramps Closed 

Scenario 3-Toms Creek 

Ramps Closed 

1 McBryde 

Option: Toms Creek I-460 

North Sink 1 

Option: Toms Creek I-460 
South Sink 3 

Option: Prices ForkI-460 
NorthSink 1 

Option: Prices ForkI-460 

SouthSink 2 
Option: Prices Fork Sink 3 

Option: Toms Creek I-460 
North Sink 1 

Option: Toms Creek I-460 
South Sink 3 

Option: South Main Sink 2 

Option: North Main Sink 1 

Option: Prices ForkI-460 

NorthSink 1 
Option: Prices ForkI-460 

SouthSink 2 
Option: Prices Fork Sink 3 
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2 Kabrich 

Option: Toms Creek I-460 

North Sink 1 
Option: Toms Creek I-460 

South Sink 3 

Option: North Main Sink 1 
 

Option: Toms Creek I-460 

North Sink 1 
Option: Toms Creek I-460 

South Sink 3 

Option: North Main Sink 1 
 

Option: North Main Sink 1 

Option: Prices ForkI-460 
NorthSink 1 

Option: Prices ForkI-460 

SouthSink 2 
Option: Prices Fork Sink 3 

3 Patrick Henry 
Option: North Main Sink 1 

Option: South Main Sink 2 

Option: North Main Sink 1 

Option: South Main Sink 2 

Option: North Main Sink 1 

Option: South Main Sink 2 

4 Bennet Hill 
Option: North Main Sink 1 
Option: South Main Sink 2 

Option: North Main Sink 1 
Option: South Main Sink 2 

Option: North Main Sink 1 
Option: South Main Sink 2 

5 University 

Option: South Main Sink 2 

Option: Prices ForkI-460 

NorthSink 1 
Option: Prices ForkI-460 

SouthSink 2 

Option: Prices Fork Sink 3 

Option: Toms Creek I-460 
North Sink 1 

Option: Toms Creek I-460 

South Sink 3 
Option: South Main Sink 2 

Option: South Main Sink 2 

Option: Prices ForkI-460 

NorthSink 1 
Option: Prices ForkI-460 

SouthSink 2 

Option: Prices Fork Sink 3 

6 Downtown 

Option: South Main Sink 2 

Option: Prices ForkI-460 

NorthSink 1 

Option: Prices ForkI-460 

SouthSink 2 

Option: Prices Fork Sink 3 

Option: Toms Creek I-460 
North Sink 1 

Option: Toms Creek I-460 

South Sink 3 
Option: South Main Sink 2 

Option: South Main Sink 2 

Option: Prices ForkI-460 

NorthSink 1 

Option: Prices ForkI-460 

SouthSink 2 

Option: Prices Fork Sink 3 

 

 

 
 

Figure A.1 CTM Network for All Scenarios 

 

A.4 The Cell Transmission Model-CTM: Mathematical Formulation 

Based on the network in Figure A.1, the formulation of the CTM is as follows:  

 

General Notation: 
𝑖: Index for the period of time i, i=0,…,1400. 

𝑗: Index for the source j where the households that evacuate come from, j=1,…,6. 

𝑘: Index for the cell k composing a route taken to evacuate, k=1,…,14. In some cases 𝑙 is used as equivalent to k.  

𝑟: Index for the route r chosen to evacuate from the sources, r=1,…,4; r=1 represents Toms Creek, r=2 represents 

Prices Fork, r=3 represents North Main, and r=4 represents South Main. 

𝑁𝑗,𝑖: Number of households ready to evacuate from source j in period i. 

𝐷𝑗,𝑖: Number of households to evacuate from source j in period i. 

Cell 1 (12)

Source 3

Sink 1

Source 2 Cell 2 (5)Cell 8 (10)

Source 1 Cell 9 (3)

Cell 10 (7)

Source 4

Cell 3 (13) Cell 4 (6)

Source 5

Sink 3

Cell 5 (2) Cell 6 (3) Cell 7 (26)

Source 6 Sink 2

Cell 11 (11)

Cell 13 (10) Cell 14 (17)

Cell 12 (10)

Scenario 1 - All ramps open 

Available routes for:

Scenario 2 - Prices Fork closed

Scenario 3 – Toms Creek closed
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𝜎(𝑗): Set of cells downstream source j. 

𝑃𝑗,𝑟: Proportion of households to be loaded from source j to route r. 

𝛤−1
(𝑘): Set of cells upstream cell k. 

𝛼−1
(𝑘): Set of sources upstream cell k. 

𝛤(𝑘): Set of cells downstream cell k. 

𝜆(𝑘): Set of sinks downstream cell k. 

𝑄𝑘: Saturation flow of cell k per unit time interval (vehicles). 

𝑁𝑘: Jam density of cell k per unit cell size (vehicles). 

𝑐𝑘: Size of cell k. 

 

Decision Variables: 
𝑧𝑗,𝑘,𝑖: Number of households going from source j to cell k in period i. 

𝑥𝑘,𝑖: Number of households in cell k in period i. 

𝑦𝑘,𝑙,𝑖: Number of households going from cell k to l in period i, where k≠l. It follows the same logic for 𝑦𝑙,𝑘,𝑖. 

𝑆𝑘,𝑚,𝑖: Number of households going from cell k to sink m in period i. 

𝐵𝑝: Binary variable to open/close ramps at Prices Fork, 𝐵𝑝 = 1 leaves the ramps open, and 𝐵𝑝 = 0 closes the ramps.  

𝐵𝑡: Binary variable to open/close ramps at Toms Creek, 𝐵𝑡 = 1 leaves the ramps open, and 𝐵𝑡 = 0 closes the ramps.  

 

Objective Function:  

𝑀𝑖𝑛 𝑧 =  ∑ (∑ 𝑁𝑗,𝑖

6

𝑗=1

+ ∑ 𝑥𝑘,𝑖

14

𝑘=1

)

1400

𝑖=1

   Minimize the average trip time in the network                                      (𝟏)  

 

Constraints: 

Six categories are included: Balance of sources. It relates to the balance of households ready to 

evacuate from the sources. It includes a constraint that allows to direct households to evacuation routes 

according to their choice (see Section A5 for details); Balance of cells. It corresponds to the number of 

households on a cell; Inflows. It relates to the number of household coming from a source or cell to other 

cell. Inflows are subject to the capacity of the receptor cell, which is expressed in terms of both the 

saturation flow and the jam density; Outflows. It relates to the number of households going from one cell 

to other cell or sink. The outflows are also bounded by the capacity of the cell where the outflows are 

originated; Conservation flow. It relates to the conservation of the households loaded to the network and 

the ones getting to the sinks; Non-negativity. It relates to the non-negativity of the decision variables. 

 

Balance of Sources 

𝑁𝑗,𝑖 =  𝑁𝑗,𝑖−1 + 𝐷𝑗,𝑖−1 − ∑ 𝑧𝑗,𝑘,𝑖−1

𝑘∈𝜎(𝑗)

    (𝑗 = 1, … ,6;  𝑖 = 1, … ,1400)                                                                                (𝟐) 

𝑧𝑗,𝑘∈𝜎(𝑗),𝑖−1

∑ 𝑧𝑗,𝑘,𝑖−1𝑘∈𝜎(𝑗)

=  
𝑃𝑗,𝑟|𝑘∈𝜎(𝑗)

∑ 𝑃𝑗,𝑟|𝑘∈𝜎(𝑗)
4
𝑟=1

   (𝑗 = 1, … ,6;  𝑖 = 1, … ,1400)                                                                                         (𝟑) 

 
𝝈(𝒋) Sets: 

𝜎(1) = {2|𝐵𝑡 = 0, 3|𝐵𝑝 = 0,8|𝐵𝑡 = 1, 9|𝐵𝑝 = 1} 

𝜎(2) = {2, 8|𝐵𝑡 = 1, 9|𝐵𝑡 = 0} 

𝜎(3) = {1, 3} 

𝜎(4) = {1, 3} 

𝜎(5) = {4, 8|𝐵𝑝 = 0, 10|𝐵𝑝 = 1} 

𝜎(6) = {5, 8|𝐵𝑝 = 0, 10|𝐵𝑝 = 1} 

 

Balance of Cells 

𝑥𝑘,𝑖 =  𝑥𝑘,𝑖−1 + ∑ 𝑦𝑙,𝑘,𝑖−1

𝑙∈𝛤−1
(𝑘)

+ ∑ 𝑧𝑗,𝑘,𝑖−1

𝑗∈𝛼−1
(𝑘)

− ∑ 𝑦𝑘,𝑙,𝑖−1

𝑙∈𝛤(𝑘)

− ∑ 𝑆𝑘,𝑚,𝑖−1

𝑚∈𝜆(𝑘)

(𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)(𝟒) 

 
𝜞−𝟏

(𝒌) Sets: 

𝛤−1
(1) = {2} 

𝜶−𝟏
(𝒌) Sets: 

𝛼−1
(1) = {3, 4} 

𝜞(𝒌) Sets: 
𝛤(1) = {∅} 

𝝀(𝒌) Sets: 
𝜆(1) = {1} 
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𝛤−1
(2) = {∅} 

𝛤−1
(3) = {∅} 

𝛤−1
(4) = {3} 

𝛤−1
(5) = {4} 

𝛤−1
(6) = {5} 

𝛤−1
(7) = {6} 

𝛤−1
(8) = {∅} 

𝛤−1
(9) = {∅} 

𝛤−1
(10) = {9|𝐵𝑝 = 1} 

𝛤−1
(11) = {8|𝐵𝑡 = 1, 12|𝐵𝑝 = 1} 

𝛤−1
(12) = {10|𝐵𝑝 = 1} 

𝛤−1
(13) = {8|𝐵𝑡 = 1} 

𝛤−1
(14) = {10|𝐵𝑝 = 1} 

𝛼−1
(2) = {1|𝐵𝑡 = 0, 2} 

𝛼−1
(3) = {1|𝐵𝑝 = 0, 3,4} 

𝛼−1
(4) = {5} 

𝛼−1
(5) = {6} 

𝛼−1
(6) = {∅} 

𝛼−1
(7) = {∅} 

𝛼−1
(8) = {1|𝐵𝑡 = 1, 2|𝐵𝑡 = 1, 5|𝐵𝑝 = 0,6|𝐵𝑝 = 0, } 

𝛼−1
(9) = {1|𝐵𝑝 = 1, 2|𝐵𝑡 = 0} 

𝛼−1
(10) = {5|𝐵𝑝 = 1, 6|𝐵𝑝 = 1} 

𝛼−1
(11) = {∅} 

𝛼−1
(12) = {∅} 

𝛼−1
(13) = {∅} 

𝛼−1
(14) = {∅} 

𝛤(2) = {1} 

𝛤(3) = {4} 

𝛤(4) = {5} 

𝛤(5) = {6} 

𝛤(6) = {7} 

𝛤(7) = {∅} 

𝛤(8) = {11|𝐵𝑡 = 1, 13|𝐵𝑡 = 1} 

𝛤(9) = {10|𝐵𝑝 = 1} 

𝛤(10) = {12|𝐵𝑝 = 1, 14|𝐵𝑝 = 1} 

𝛤(11) = {∅} 

𝛤(12) = {11|𝐵𝑝 = 1} 

𝛤(13) = {∅} 

𝛤(14) = {∅} 

𝜆(2) = {∅} 

𝜆(3) = {∅} 

𝜆(4) = {∅} 

𝜆(5) = {∅} 

𝜆(6) = {∅} 

𝜆(7) = {2} 

𝜆(8) = {∅} 

𝜆(9) = {∅} 

𝜆(10) = {3|𝐵𝑝 = 1} 

𝜆(11) = {1|𝐵𝑡 = 1} 

𝜆(12) = {∅} 

𝜆(13) = {3|𝐵𝑡 = 1} 

𝜆(14) = {2|𝐵𝑝 = 1} 

 

Inflows    

∑ 𝑦𝑙,𝑘,𝑖

𝑙∈𝛤−1
(𝑘)

+ ∑ 𝑧𝑗,𝑘,𝑖

𝑗∈𝛼−1
(𝑘)

≤  𝑄𝑘      (𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)                                                                                 (𝟓) 

∑ 𝑦𝑙,𝑘,𝑖

𝑙∈𝛤−1
(𝑘)

+ ∑ 𝑧𝑗,𝑘,𝑖

𝑗∈𝛼−1
(𝑘)

≤  
𝑁𝑘

𝑐𝑘

     (𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)                                                                                (𝟔) 

∑ 𝑦𝑙,𝑘,𝑖

𝑙∈𝛤−1
(𝑘)

+ ∑ 𝑧𝑗,𝑘,𝑖

𝑗∈𝛼−1
(𝑘)

≤  𝑁𝑘 − 𝑥𝑘,𝑖      (𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)                                                                     (𝟕) 

 

Outflows 

∑ 𝑦𝑘,𝑙,𝑖

𝑙∈𝛤(𝑘)

+ ∑ 𝑆𝑘,𝑚,𝑖

𝑚∈𝜆(𝑘)

≤  𝑄𝑘    (𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)                                                                                        (𝟖) 

∑ 𝑦𝑘,𝑙,𝑖

𝑙∈𝛤(𝑘)

+ ∑ 𝑆𝑘,𝑚,𝑖

𝑚∈𝜆(𝑘)

≤  
𝑁𝑘

𝑐𝑘

  (𝑘 = 1, … , 14;  𝑖 = 1, … ,1400)                                                                                        (𝟗) 

∑ 𝑦𝑘,𝑙,𝑖

𝑙∈𝛤(𝑘)

+ ∑ 𝑆𝑘,𝑚,𝑖

𝑚∈𝜆(𝑘)

≤ 𝑥𝑘,𝑖−𝑐𝑘+1 − ∑ ( ∑ 𝑦𝑘,𝑙,𝑡

𝑙∈𝛤(𝑘)

+ ∑ 𝑆𝑘,𝑚,𝑡

𝑚∈𝜆(𝑘)

  )

𝑖−1

𝑡=𝑖−𝑐𝑘+1

(𝑘 = 1, … , 14;  𝑖 = 𝑐𝑘 , … ,1400)(𝟏𝟎) 

 

Conservation Flow 

∑ ∑ ∑ 𝑆𝑘,𝑚,𝑖

𝑚∈𝜆(𝑘)

14

𝑘=1

1400

𝑖=1

≤  ∑ ∑ 𝐷𝑗,𝑖

6

𝑗=1

1400

𝑖=1

                                                                                                                                         (𝟏𝟏) 

 

Non-Negativity 
𝑧𝑗,𝑘,𝑖 ≥ 0              (𝑗 = 1, … , 6; 𝑘 = 1, … ,14;  𝑖 = 0, … ,1400)                                                                                              (𝟏𝟐) 

𝑥𝑘,𝑖 ≥ 0               (𝑘 = 1, … , 14;  𝑖 = 0, … ,1400)                                                                                                                    (𝟏𝟑) 
𝑦𝑘,𝑙,𝑖 ≥ 0              (𝑘 𝑎𝑛𝑑 𝑙 = 1, … ,14, 𝑤ℎ𝑒𝑟𝑒 𝑘 ≠ 𝑙;  𝑖 = 0, … ,1400)                                                                               (𝟏𝟒) 
𝑆𝑘,𝑚 ≥ 0              (𝑘 = 1, … ,14; 𝑚 = 1,2,3)                                                                                                                            (𝟏𝟓) 
 

External Data: 
 

Input Data: 𝐷𝑗,𝑖 

 𝐷𝑗,𝑖 yields 8,400 entries (i.e., 1,400x6). A sample of the first 24 unit time intervals is presented 

below. Households are loaded every minute. Six unit time intervals approximately constitute a minute. 

Section A.5 explains how the loading distribution of households over time.  
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Table A.5 Sample of Input Data for 𝐷𝑗,𝑖 

 

 

𝑫𝟏,𝒊 𝑫𝟐,𝒊 𝑫𝟑,𝒊 𝑫𝟒,𝒊 𝑫𝟓,𝒊 𝑫𝟔,𝒊   𝑫𝟏,𝒊 𝑫𝟐,𝒊 𝑫𝟑,𝒊 𝑫𝟒,𝒊 𝑫𝟓,𝒊 𝑫𝟔,𝒊 

i=1 0 0 0 0 0 0  i=13 0 0 0 0 0 0 

i=2 0 0 0 0 0 0  i=14 0 0 0 0 0 0 

i=3 0 0 0 0 0 0  i=15 0 0 0 0 0 0 

i=4 0 0 0 0 0 0  i=16 0 0 0 0 0 0 

i=5 0 0 0 0 0 0  i=17 0 0 0 0 0 0 

i=6 9 11 4 2 11 5  i=18 9 11 4 2 11 5 

i=7 0 0 0 0 0 0  i=19 0 0 0 0 0 0 

i=8 0 0 0 0 0 0  i=20 0 0 0 0 0 0 

i=9 0 0 0 0 0 0  i=21 0 0 0 0 0 0 

i=10 0 0 0 0 0 0  i=22 0 0 0 0 0 0 

i=11 0 0 0 0 0 0  i=23 0 0 0 0 0 0 

i=12 9 11 4 2 11 5  i=24 9 11 4 2 11 5 

 

Input Data: 𝑃𝑗,𝑟 

𝑃𝑗,𝑟 depends on each ramp closure scenario, see Section A.5 for details on route choice.  

 

Table A.6 Input Data for 𝑃𝑗,𝑟  

 

𝑷𝒋,𝒓 Scenario 

Source Route 1 – All Ramps Open 2-Prices Fork Ramps Closed -Toms Creek Ramps Closed 

j=1 

r=1 0 0 0 

r=2 1 0 0.5 

r=3 0 0 0.5 

r=4 0 1 0 

j=2 

r=1 1 0.5 0 

r=2 0 0 1 

r=3 0 0.5 0 

r=4 0 0 0 

j=3 

r=1 0 0 0 

r=2 0 0 0 

r=3 1 0.5 1 

r=4 0 0.5 0 

j=4 

r=1 0 0 0 

r=2 0 0 0 

r=3 0 0 1 

r=4 1 1 0 

j=5 

r=1 0 0 0 

r=2 0.5 0 0.5 

r=3 0 0 0 

r=4 0.5 1 0.5 

j=6 

r=1 0 0 0 

r=2 0 0 0 

r=3 0 0 0 

r=4 1 1 1 

 

Input Data: 𝑁𝑗,0 and 𝑧𝑗,𝑘,0;  𝑗 ∈ 𝛼−1
(𝑘) 

Section A.5 explains how the inputs below were calculated. 
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Table A.7 Input Data for 𝑁𝑗,0  

 

Source 𝑵𝒋,𝟎 

j=1 4 

j=2 4 

j=3 4 

j=4 4 

j=5 4 

j=6 4 
 

Table A.8 Input Data for 𝑧𝑗,𝑘,0 

 
Cell Source 𝒛𝒋,𝒌,𝟎 

 
Cell Source 𝒛𝒋,𝒌,𝟎 

k=2 j=1 4 
 

k=1 j=4 4 

k=3 j=1 8 
 

k=3 j=4 8 

k=8 j=1 4 
 

k=4 j=5 4 

k=9 j=1 8 
 

k=8 j=5 4 

k=2 j=2 4 
 

k=10 j=5 8 

k=8 j=2 4 
 

k=5 j=6 4 

k=9 j=2 8 
 

k=8 j=6 4 

k=1 j=3 4 
 

k=10 j=6 8 
k=3 j=3 8 

 

 

 

Input Data: 𝑦𝑘,𝑙,0; 𝑙 ∈ 𝛤(𝑘);  𝑘 ≠ 𝑙 and 𝑆𝑘,𝑚,0;  𝑚 ∈ 𝜆(𝑘) 

Section A.5 explains how the inputs below were calculated. 
 

Table A.9 Input Data for  𝑦𝑘,𝑙,0 

 
Cell 𝒚𝒌,𝒍,𝟎  Cell 𝒚𝒌,𝒍,𝟎 

k=2 l=1 4  k=8 l=13 8 

k=3 l=4 8  k=9 l=10 8 

k=4 l=5 4  k=10 l=12 8 

k=5 l=6 4  k=10 l=14 8 

k=6 l=7 8  
k=12 l=11 8 

k=8 l=11 8  
 

Table A.10 Input Data for 𝑆𝑘,𝑚,0 

 
Cell Sink 𝑺𝒌,𝒎,𝟎  Cell Sink 𝑺𝒌,𝒎,𝟎 

k=1 m=1 4  k=14 m=2 8 

k=11 m=1 8  k=10 m=3 8 

k=7 m=2 8  k=13 m=3 8 
 

 

Input Data: 𝑥𝑘,0 

Section A.5 explains how the inputs below were calculated. 
 

Table A.10 Input Data for 𝑥𝑘,0 

 

Cell 𝒙𝒌,𝟎  Cell 𝒙𝒌,𝟎 

k=1 20  k=8 34 

k=2 8  k=9 15 

k=3 46  k=10 30 

k=4 20  k=11 72 

k=5 2  k=12 61 

k=6 4  k=13 60 

k=7 95  k=14 114 
 

Input Data: 𝑄𝑘; 𝑁𝑘;  𝑐𝑘     

These inputs come from assumptions made in Section A.2 and calculations in Section A.3. 
 

Table A.11 Input Data for 𝑄𝑘 

 
Cell 𝑸𝒌  Cell 𝑸𝒌 

k=1  5.43   k=8 5.43  

k=2 5.43   k=9 10.86  

k=3 10.86   k=10 10.86  

k=4 5.43   k=11 10.86  

k=5 5.43   k=12 10.86  

k=6 5.43   k=13 10.86  

k=7 10.86   k=14 10.86  
 

Table A.12 Input Data for 𝑁𝑘 

 
Cell 𝑵𝒌  Cell 𝑵𝒌 

k=1 209  k=8 171 

k=2 76  k=9 76 

k=3 456  k=10 304 

k=4 95  k=11 722 

k=5 19  k=12 608 

k=6 38  k=13 608 

k=7 950  k=14 1,140 
 

Table A.13 Input Data for 𝑐𝑘 

 
Cell 𝒄𝒌  Cell 𝒄𝒌 

k=1 12  k=8 10 

k=2 5  k=9 3 

k=3 13  k=10 7 

k=4 6  k=11 11 

k=5 2  k=12 10 

k=6 3  k=13 10 

k=7 26  k=14 17 
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A.5 Background Traffic, Departure Time and Route Selection 

   

Background Traffic 

The transportation network is non-empty at the moment the disaster. The vehicles on the network 

are assumed to evacuate. The number of households acting as background traffic is presented in the tables 

below. The tables describe the calculations made to obtain the background traffic.  

 

Table A.14 Background Traffic at Time i=0 in Sources, i.e., 𝑁𝑗,0 

 

𝑵𝒋,𝟎 
A= Jam Density 

(veh/mi) 

B= Assumed  

Link Length 

(mi) 

C= A*B 

Jam Density 

(veh) 

D= % of road utilization in 

off-peak period
23

 

E=C*D 

Background 

Traffic (veh) 

𝑁1,0 190 0.2 38 10% 4 

𝑁2,0 190 0.2 38 10% 4 

𝑁3,0 190 0.2 38 10% 4 

𝑁4,0 190 0.2 38 10% 4 

𝑁5,0 190 0.2 38 10% 4 

𝑁6,0 190 0.2 38 10% 4 

Sub-total 24 

 

Table A.15 Background Traffic at Time i=0 in Cells, i.e., 𝑥𝑘,0 

 

𝒙𝒌,𝟎 
A= Jam Density 

(veh/mi) 

B= Assumed  

Link Length 

(mi) 

C= A*B 

Jam Density 

(veh) 

D= % of road utilization in 

off-peak period 

E=C*D 

Background 

Traffic (veh) 

𝑥1,0 190 1.1 209 10% 20 

𝑥2,0 190 0.4 76 10% 8 

𝑥3,0 380 1.2 456 10% 46 

𝑥4,0 380 0.5 190 10% 20 

𝑥5,0 190 0.1 19 10% 2 

𝑥6,0 190 0.2 38 10% 4 

𝑥7,0 380 2.5 950 10% 95 

𝑥8,0 380 0.9 342 10% 34 

𝑥9,0 380 0.4 152 10% 15 

𝑥10,0 380 0.8 304 10% 30 

𝑥11,0 380 1.9 722 10% 72 

𝑥12,0 380 1.6 608 10% 61 

𝑥13,0 380 1.6 608 10% 60 

𝑥14,0 380 3.0 1140 10% 114 

Sub-total 581 

 

Table A.16 Background Traffic at Time i=0 going from Sources to Cells, i.e., 𝑧𝑗,𝑘,0 

 

𝒛𝒋,𝒌,𝟎 
A= Jam Density 

(veh/mi) 

B= Assumed  

Link Length 

(mi) 

C= A*B 

Jam Density 

(veh) 

D= % of road utilization in 

off-peak period 

E=C*D 

Background 

Traffic (veh) 

𝑧1,2,0 190 0.2 38 10% 4 

𝑧1,3,0 380 0.2 76 10% 8 

𝑧1,8,0 190 0.2 38 10% 4 

                                                           
23 The traffic is assumed off-peak since it is a weekend. A 10% of road capacity utilization was assumed.  
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𝑧1,9,0 380 0.2 76 10% 8 

𝑧2,2,0 190 0.2 38 10% 4 

𝑧2,8,0 190 0.2 38 10% 4 

𝑧2,9,0 380 0.2 76 10% 8 

𝑧3,1,0 190 0.2 38 10% 4 

𝑧3,3,0 380 0.2 76 10% 8 

𝑧4,1,0 190 0.2 38 10% 4 

𝑧4,3,0 380 0.2 76 10% 8 

𝑧5,4,0 190 0.2 38 10% 4 

𝑧5,8,0 190 0.2 38 10% 4 

𝑧5,10,0 380 0.2 76 10% 8 

𝑧6,5,0 190 0.2 38 10% 4 

𝑧6,8,0 190 0.2 38 10% 4 

𝑧6,10,0 380 0.2 76 10% 8 

Sub-total 96 

 

Table A.17 Background Traffic at Time i=0 going from Cells to Cells, i.e., 𝑦𝑘,𝑙,0 
 

𝒚𝒌,𝒍,𝟎 
A= Jam Density 

(veh/mi) 

B= Assumed 

Link Length 

(mi) 

C= A*B 

Jam Density 

(veh) 

D= % of road utilization in 

off-peak period 

E=C*D 

Background 

Traffic (veh) 

𝑦2,1,0 190 0.2 38 10% 4 

𝑦3,4,0 380 0.2 76 10% 8 

𝑦4,5,0 190 0.2 38 10% 4 

𝑦5,6,0 190 0.2 38 10% 4 

𝑦6,7,0 380 0.2 76 10% 8 

𝑦8,11,0 380 0.2 76 10% 8 

𝑦8,13,0 380 0.2 76 10% 8 

𝑦9,10,0 380 0.2 76 10% 8 

𝑦10,12,0 380 0.2 76 10% 8 

𝑦10,14,0 380 0.2 76 10% 8 

𝑦12,11,0 380 0.2 76 10% 8 

Sub-total 76 

 

Table A.18 Background Traffic at Time i=0 going from Cells to Sinks, i.e., 𝑆𝑘,𝑚,0 

 

𝑺𝒌,𝒎,𝟎 
A= Jam Density 

(veh/mi) 

B= Assumed  

Link Length 

(mi) 

C= A*B 

Jam Density 

(veh) 

D= % of road utilization in 

off-peak period 

E=C*D 

Background 

Traffic (veh) 

𝑆1,1,0 190 0.2 38 10% 4 

𝑆11,1,0 380 0.2 76 10% 8 

𝑆7,2,0 380 0.2 76 10% 8 

𝑆14,2,0 380 0.2 76 10% 8 

𝑆10,3,0 380 0.2 76 10% 8 

𝑆13,3,0 380 0.2 76 10% 8 

Sub-total 44 

 

 The total background traffic is equal to 821 households, i.e., 15.3% of the households to evacuate 

(821/5,368). The households in Table A18 go to the sinks at time 0. They achieve safety quicker than 

others. Figure 5 (Chapter 2) captures this at the beginning of the evacuation in the evacuation curves.  
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Departure Time 

Based on the background traffic, the households to evacuate from the sources are calculated as follows:  

 

Table A.19 Household to be Evacuated from Sources 

 

From 

A=Total 

Households to 

Evacuate 

B= % Background 

Traffic out of Total 

Households 

C=A*B 

Background 

Traffic from 

Sources 

D=A-C 

Total Households 

to Evacuate from 

Sources 

% Households to 

Evacuate from 

Sources 

Source 1 1,137 15.3% 174 963 21.2% 

Source 2 1,398 15.3% 214 1,184 26.0% 

Source 3 559 15.3% 86 473 10.4% 

Source 4 298 15.3% 45 252 5.6% 

Source 5 1,379 15.3% 211 1,168 25.7% 

Source 6 597 15.3% 91 506 11.1% 

Total 5,368 15.3% 821 4,547 100% 

 

The departures of households are loaded during the first hour and updated every minute. The 

loading distribution assumes that 20% of them depart during the first 15 min, 40% during the second 

quarter, 30% during the third quarter, and 10% during the last quarter. The distribution is applied to the 

households to evacuate from the sources (fourth column of Table A.19). The resulting loadings are: 

 

Table A.20 Loading Distribution per Period 

 
 Period % of Households to be Loaded Households to be Loaded from Sources 

0-15 minutes 20% 909 

15-30 minutes 40% 1,819 

30-45 minutes 30% 1,364 

45-60 minutes 10% 455 

Total 100% 4,547 

 

The previous loadings assume that all households are willing to evacuate. We need to account for 

the effect of the commitment to evacuate on the loadings (see Section 4.4 of Chapter 2). To do so, a 

spreadsheet was created to randomize which households decide (or not) to evacuate. A household 

evacuate if its commitment to evacuate is greater or equal than 0.6. The commitment is assumed as a 

uniformly distributed random number between 0 and 1. The intuition is that the closer the variable is to 1; 

the more committed the household is about evacuating. Random drawings were made for ach artificial 

household with respect to period 0-15 minutes; 627 households were identified as evacuees and 282 

households do not evacuate. To assign the origin of the households to the six sources, we use the 

percentages of the last column of Table A.19. The results are:  

 

 Table A.21 Households to be Loaded from Sources in Period 0-15 min 

 

 From 
% Households to 

Evacuate from Sources 

Households to be Loaded 

in Period 0-15 min 

Households to be Loaded 

per min 

Source 1 21.2% 133 9 

Source 2 26.0% 163 11 

Source 3 10.4% 65 4 

Source 4 5.6% 35 2 

Source 5 25.7% 161 11 

Source 6 11.1% 70 5 

Total 100% 627 42 
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The households that do not evacuate in period 0-15 min could do it later on. The total number of 

households that can evacuate in period 15-30 min is equal to 2,101 households, i.e., 1,819 for period 15-

30 min (from Table A.20) plus 282 from period 0-15 min. By applying the random drawings for the 

commitment to evacuate, 993 households are identified as evacuees, and 1,108 households do not 

evacuate. By distributing 993 households into the six sources, the results are: 

 

Table A.22 Households to be Loaded from Sources in Period 15-30 min 

 

 From 
% Households to Evacuate 

from Sources 

Households to be Loaded 

in Period 15-30 min 

Households to be 

Loaded per min 

Source 1 21.2% 211 14 

Source 2 26.0% 258 17 

Source 3 10.4% 103 7 

Source 4 5.6% 56 4 

Source 5 25.7% 255 17 

Source 6 11.1% 110 7 

Total 100% 993 67 

 

The number of households that can evacuate in period 30-45 min is equal to 2,472 households, 

i.e., 1,364 for period 30-45 min (from Table A.20) plus 1,108 from period 15-30 min. By applying the 

random drawings for the commitment to evacuate, 1,471 households are identified as evacuees, and 1,001 

households do not evacuate. By distributing the 1,471 households into the six sources, the results are: 

 

Table A.23 Households to be Loaded from Sources in Period 30-45 min 

 

 From 
% Households to 

Evacuate from Sources 

Households to be Loaded 

in Period 30-45 min 

Households to be 

Loaded per min 

Source 1 21.2% 312 21 

Source 2 26.0% 388 26 

Source 3 10.4% 153 10 

Source 4 5.6% 82 6 

Source 5 25.7% 378 25 

Source 6 11.1% 163 11 

Total 100% 1,471 99 

 

The number of households that can evacuate in period 45-30 min is 1,456 households, i.e., 455 

for period 45-60 min (from Table A.20) plus 1,001 from period 30-45 min. By adjusting for the 

commitment to evacuate, 408 households are identified as evacuees, and 1,048 do not evacuate. By 

distributing the 408 households into the six sources, the results are: 

 

Table A.24 Household to be Loaded from Sources in Period 30-45 min 

 

 From 
% Households to 

Evacuate from Sources 

Households to be Loaded 

in Period 45-60 min 

Households to be 

Loaded per min 

Source 1 21.2% 86 6 

Source 2 26.0% 106 7 

Source 3 10.4% 42 3 

Source 4 5.6% 23 2 

Source 5 25.7% 105 7 

Source 6 11.1% 45 3 

Total 100% 408 27 
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A total of 1,048 households do not evacuate within an hour. They represent people that prefer to 

stay home at their own risk. A summary of the loadings over time is presented in Table A.25. Figure 5 in 

Chapter 2 depicts the loading and evacuation curves of the 4,320 households that evacuate (100% in the 

figure). Although in Figure 5 the households evacuate in less than four hours, the time horizon of four 

hours was define in advance to model the evacuation. The cumulative percentages of evacuees per period 

of time, in Table A.25, resemble the behavior of the loading curve in Figure 5. This clarifies the 

differentiation between the initial loading distribution and the one resulting after adjusting by the 

commitment to evacuate and background traffic. The latter accounts for households that do not evacuate, 

but it does not account for households reversing their decision to evacuate. The conceptualization of the 

performance network approach discusses the reversing option, but at this point, there is little research 

about reasons motivating that decision. Also, the CTM is not designed at this point to allow households 

reversing their decisions. Future research might address this issue.   

 

Table A.25 Adjusted Loading Distribution per Period  

 

Period 
Households 

to Evacuate 

Households 

that Evacuate 

% Households that 

Evacuate 

Cumulative 

% 

Background Traffic (i=0) 821 821 19.0% 19.0% 

0-15 minutes 909 627 14.5% 33.5% 

15-30 minutes 1,819 993 23.0% 56.5% 

30-45 minutes 1,364 1,471 34.1% 90.6% 

45-60 minutes 455 408 9.4% 100% 

Total 5,368 4,320 100% 100% 

 

Route Choice 

Table A.26 shows the distribution of households that evacuate from the sources. The approach to 

assign those households to the routing options in Table A.4 is described below. The routing options in 

Table A.4 are summarized in Table A.27 based on the closest roads a household that evacuate can take 

based its location, i.e., source. Those roads hold the assumptions made in Section A.2 about route choice.  

 

Table A.26 Adjusted Loading Distribution per Source 

 

From 

A= % Households to 

Evacuate from 

Sources 

B=A*4,320 Total 

Households that 

Evacuate  

C= Background 

Traffic from Sources 

D=B-C Households 

that Evacuate from 

Sources 

Source 1 21.2% 916 174 742 

Source 2 26.0% 1,123 214 910 

Source 3 10.4% 449 86 363 

Source 4 5.6% 242 45 197 

Source 5 25.7% 1,110 211 899 

Source 6 11.1% 480 91 388 

Total 100% 4,320 821 3,499 

 

  Table A.27 Closest Evacuation Options per Source and Ramp Closure Scenario 

 
  Closest Evacuation Routes 

Source 
# Households 

that Evacuate  

Scenario 1-All Ramps 

Open 

Scenario 2-Prices 

Fork Ramps Closed 

Scenario 3-Toms 

Creek Ramps Closed 

1 742 
Option 1: Toms Creek 

Option 2: Prices Fork 

Option 1: Toms Creek 

Option 2: South Main 

Option 1: North Main 

Option 2: Prices Fork 

2 910 
Option 1: Toms Creek 

Option 2: North Main 

Option 1: Toms Creek 

Option 2: North Main 

Option 1: North Main 

Option 2: Prices Fork 
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3 363 
Option 1: North Main 

Option 2: South Main 

Option 1: North Main 

Option 2: South Main 

Option 1: North Main 

Option 2: South Main 

4 197 
Option 1: North Main 

Option 2: South Main 

Option 1: North Main 

Option 2: South Main 

Option 1: North Main 

Option 2: South Main 

5 899 
Option 1: Prices Fork 

Option 2: South Main 

Option 1: Toms Creek 

Option 2: South Main 

Option 1: South Main 

Option 2: Prices Fork 

6 388 
Option 1: South Main 

Option 2: Prices Fork 

Option 1: Toms Creek 

Option 2: South Main 

Option 1: South Main 

Option 2: Prices Fork 

 

No historical information about route selection was available. The calculation of the proportion of 

households choosing a certain route (i.e. 𝑃𝑗,𝑟) was explored through a heuristic. The heuristic assumed two 

possible random results. The first result considers that 100% of the households that evacuate from a 

source take one route out of the two available options in each scenario. For example, 100% of the 

households that evacuate from Source 1 select Toms Creek in Scenario 1. The second result considers that 

50% of the households that evacuate from a source take one route, while the other 50% take the other 

route. To discern which type of result is applied to each source per each scenario, uniform random 

drawings were used. If a generated uniform random drawing goes above 0.5, 100% of the households that 

evacuate from a source are assigned to the first route option related to the source in Table A.27. 

Otherwise, 50% is assigned to the first option, and 50% to the second option. The heuristic was applied 

once to all sources and ramp closure scenarios. The results are shown in Tables A.28 and A.29. Since the 

execution of ramp closures imply changes routing options (e.g., source 1 when comparing scenarios 1, 2, 

and 3), the intuition behind the heuristic was that households preferences about route choice might change 

based on changes on the routes. This has conceptual limitations and they are discussed in the next section. 

 

Table A.28 Proportion of Household choosing Routes 

 
  Closest Evacuation Routes 

Source 
# Households 

that Evacuate  

Scenario 1-All Ramps 

Open 

Scenario 2-Prices 

Fork Ramps Closed 

Scenario 3-Toms 

Creek Ramps Closed 

1 742 
Toms Creek: 0% 

Prices Fork: 100% 

Toms Creek: 0% 

South Main: 100% 

North Main: 50% 

Prices Fork: 50% 

2 910 
Toms Creek: 100% 

North Main: 0% 

Toms Creek: 50% 

North Main: 50% 

North Main: 100% 

Prices Fork: 0% 

3 363 
North Main: 100% 

South Main: 0% 

North Main: 50% 

South Main: 50% 

North Main: 100% 

South Main: 0% 

4 197 
North Main: 0% 

South Main: 100% 

North Main: 0% 

South Main: 100% 

North Main: 100% 

South Main: 0% 

5 899 
Prices Fork: 50% 

South Main: 50% 

Toms Creek: 0% 

South Main: 100% 

Prices Fork: 50% 

South Main: 50% 

6 388 
South Main: 100% 

Prices Fork: 0% 

South Main: 100% 

Toms Creek: 0% 

South Main: 100% 

Prices Fork: 0% 

 

Table A.29 Households per Evacuation Route per Ramp Closure Scenario 

 

Road 
Scenario 1-All 

Ramps Open 

Scenario 2-Prices Fork 

Ramps Closed 

Scenario 3-Toms Creek 

Ramps Closed 

North Main 363 637 (↑) 1,841 (↑) 

South Main 1,035 2,407 (↑) 838 (↓) 

Prices Fork 1,191 Not taken due to closure 820 (↓) 

Toms Creek 910 455 (↓) Not taken due to closure 

Total 3,499 3,499 3,499 
(↑) the number of households is larger than in Scenario 1; (↓) the number of households is lower than in Scenario 1 
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A.6 Limitations of the Current Approach and Opportunities for Improvement 

Limitation #1: General Assumptions. Assumptions as full awareness about notifications and 

resource availability, selecting one out of two roads to evacuate, and the allocation of operational 

resources only at the point of closure, among others, capture very oversimplified evacuation realities. The 

intention of the example was to operationalize the dynamic network performance measurement approach, 

and hence, the assumptions were taken as valid. Also, the macroscopic analytical model used to recreate 

the evacuation does not allow capturing detailed information of households. Consequently, the 

assumptions and decisions made on evacuees’ behavior and transportation technicalities do not match 

complex evacuation settings. They provide a starting point to refine future modeling efforts in which we 

envision the use of simulation models based on dynamic traffic assignment (e.g., using DynusT). These 

models can capture details at micro (e.g., households) and macro (i.e., network) levels. We need to 

undertake a deeper exploration and characterization of evacuees’ behaviors/decisions along with a 

thorough identification of the operational resources required for scenario deployment. Focus groups with 

households and transportation/emergency agencies as well as household survey data would help in 

addressing such a need.  

Limitation #2: Strategy Selection and CTM. Ramp closure was used as an exploratory strategy for 

the transportation network of Blacksburg, VA. No historical data on previous ramp closure 

implementations was available. Based on the results from our model, the implementation of the strategy 

seems to achieve its purpose in improving traffic flow on I-460. However, the improvement is achieved 

by basically neglecting the use of the highway. This contradicts the initial intuition about the highway 

playing a key role during the evacuation. This is caused by the shortest path criterion enforced by the 

CTM model in conjunction with the allocation of households to routes but not destinations. To overcome 

these limitations, historical evacuation records of the network under analysis can provide valid insights on 

the suitability of other strategies beyond ramp closure. If no historical records are available, information 

from other places could work as benchmark. Furthermore, the inclusion of origin-destination (O-D) 

matrices into the traffic model might avoid the enforcement of shortest path as the only criterion of 

destination selection. Under an O-D environment, households select the destination first and then the 

route that represents the shortest path toward the destination. In our approach, the household selects the 

route first, but the model directs the households toward a destination that represents the shortest path. 

This implies that a household does not make the decision about where to go. 

Limitation #3: Allocation of households to routes. Assumptions on background traffic are made 

based on maximum capacity of road segments. This should be refined by following historical traffic 

records. Also, the departure of households is assumed based on changes in the proportion of households 

within periods of 15 min during one hour. Those households are uniformly loaded to the network within 

the 15 minutes period. This assumption works for an exploratory exercise, but if the intention is to mimic 

a real evacuation setting, historical evacuation data should be analyzed to define the time for departures as 

well as the time horizon for the evacuation. Regarding the heuristic used to assign households to routes, it 

presents an important conceptual limitation: The number of households assigned to an evacuation route 

from a source changes drastically across scenarios. This means that fairer comparison is not ensured. For 

example, in Table A.28 the potential routes for the households from Source 3 are North Main and South 

Main in all three scenarios. By applying the heuristic, 100% of the households from Source 3 are assigned 

to North Main in Scenario 1, 50% in Scenario 2, and 100% in Scenario 3. This result does not allow for 

fairer comparability among scenarios. The available routes are the same for all scenarios, but they are 

being loaded with different proportions of households. This affects the average trip time on the routes.  

The idea behind the heuristic was that differentiated proportions across scenarios capture the 

variability of households’ decision making regarding route choice under the ramp closures. For instance, 

under a scenario where all ramps are open a household might think on choosing certain route, but if a 

ramp is closed the household might select other route. Although it can occur, the reality is that our 

approach needs to refine the allocation criteria considering the sources directly affected by the closures, 

e.g., Source 1, Source 2. Also, only one out of the many combinations from the heuristic was explored. 

Thinking of exploring all combinations is mathematically interesting, but in a real evacuation setting not 
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all combinations make sense. In summary, the way the households are currently loaded to the routes 

confounds the effect of the ramp closures with the effect of the loadings. 

To overcome the limitations above, several opportunities for improvement are identified: 

 Opportunity #1: Balance the allocated proportions. This option aims to achieve fairer 

comparability among scenarios. This is intended by trying to keep the same proportions of households 

loaded to the roads across scenarios. Table A.30 presents a more balanced allocation of households. The 

sections highlighted in green correspond to the proportions that are kept equal across scenarios. The ones 

in red are the ones that change due to ramp closures. The results of Table A.30 are summarized in terms 

of number of households in Table A.31. The load variability is reduced, but not eliminated. This approach 

would require using judgement to keep the proportions as balanced as possible. However, the selection of 

the safe destination is still contingent of the model, generating underutilization of the I-460 highway.  

 

Table A.30 Balanced Proportions for Allocation of Households to Evacuation Roads 

 

Source 
# Households 

that Evacuate  

Scenario 1-All Ramps 

Open 

Scenario 2-Prices 

Fork Ramps Closed 

Scenario 3-Toms 

Creek Ramps Closed 

1 742 
Toms Creek: 0% 

Prices Fork: 100% 

Toms Creek: 0% 

South Main: 100% 

North Main: 0% 

Prices Fork: 100% 

2 910 
Toms Creek: 100% 

North Main: 0% 

Toms Creek: 100% 

North Main: 0% 

North Main: 0% 

Prices Fork: 100% 

3 363 
North Main: 100% 

South Main: 0% 

North Main: 100% 

South Main: 0% 

North Main: 100% 

South Main: 0% 

4 197 
North Main: 0% 

South Main: 100% 

North Main: 0% 

South Main: 100% 

North Main: 0% 

South Main: 100% 

5 899 
Prices Fork: 50% 

South Main: 50% 

Toms Creek: 50% 

South Main: 50% 

South Main: 50% 

Prices Fork: 50% 

6 388 
South Main: 100% 

Prices Fork: 0% 

Toms Creek: 0% 

South Main: 100% 

South Main: 100% 

Prices Fork: 0% 

 

Table A.31 Household per Evacuation Road per Ramp Closure Scenario using Balanced Proportions 

 

Road 
Scenario 1-All 

Ramps Open 

Scenario 2-Prices Fork 

Ramps Closed 

Scenario 3-Toms Creek 

Ramps Closed 

North Main 363 363 (=) 363 (=) 

South Main 1,034 1,777 (↑) 1,034  (=) 

Prices Fork 1,192 Not taken due to closure 2,102 (↑) 

Toms Creek 910 1,359 (↑) Not taken due to closure 

Total 3,499 3,499 3,499 
(↑) the households loaded is larger than in Scenario 1, (=) the households loaded is equal than in Scenario 1 

 

Opportunity #2: Origin-Destination matrix inclusion. The specification of origins and 

destinations for households is recommended. In our example, households might go to one out of three 

safe destinations. The safe destination is reached based on the shortest path, which is contingent of both 

the selection of an evacuation route and the traffic conditions in the network. The route selection is done 

through the heuristic approach, and then the CTM model enforces the households to take the shortest path 

toward the safe destination. The safe destination is not defined by the households.  

An alternative to improve the current approach is to include an Origin-Destination (O-D) matrix. 

It would define the number of households going from sources to sinks. The quantification of the number 

of households can be supported by historical records, or by using population distribution models as for 

example gravity models (Wilson, 1967). In the first case, historical records might be easy (or not) to 

obtain. Regarding gravity models, they are widely used for trip distribution in traffic forecasting. The 

main concepts used in gravity models are: productions, attractions, O-D matrix, and impedance (Kumar-
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Modali, 2005). In evacuation, productions are the number of households to evacuate from specific zones. 

The attractions represent safe destinations. The O-D matrix captures the number of households going 

from productions to attractions. Cheng (2010) states that households during an evacuation will try to 

maximize the utility of their evacuation experience by choosing the most attractive safe destination. That 

decision is influenced by previous experiences, family, friends, media, traffic info, etc. To simplify the 

decision, impedance factors, as for example travel time, are used (Cheng, 2010). In its simplest form a 

gravity model can be expresses as 𝑇𝑖𝑗 = 𝑂𝑖 ∗ 𝑃𝑖𝑗, where 𝑇𝑖𝑗 is the number of vehicles/trips traveling from 

origin i to destination j; 𝑂𝑖 is the number of vehicles/trips made from origin i, and 𝑃𝑖𝑗 is the probability of 

traveling from origin i to destination j. The probability 𝑃𝑖𝑗 is contingent of the attractiveness of the safe 

destination and the impedance between the origin i and destination j. It is basically expressed as 𝑃𝑖𝑗 =

𝑊𝑗 ∗ 𝑓(𝑐𝑖𝑗), where 𝑊𝑗 is a measure of the potential attraction exerted by the safe destination j, and 𝑓(𝑐𝑖𝑗) 

is a function of the travel time impedance from origin i to destination j. The latter is typically calibrated 

using power, exponential or discrete functions (Cheng, 2010). Other impedance factors can be distance, 

costs, or composites of various factors. The use of gravity models poses some disadvantages: the use of 

power functions for impedance modeling might provide invalid results for very long/short trips; the 

method depends on observed trip planning, which makes normal urban conditions unsuitable for 

evacuation planning; and (3) it requires calibration based on historical data  (Kumar-Modali, 2005).   

Considering the simplest form of gravity models, we have information on 𝑂𝑖 and could certainly 

build the function 𝑓(𝑐𝑖𝑗) based on, for example, free-flow travel time. The only element we would need 

to assume is  𝑊𝑗 since no historical information is available. The inclusion of O-D information would 

remove from the approach the need of the heuristic to allocate households to roads. It would also enforce 

some households to take the I-460, which is not highly used in the current approach. This will allow 

improving our understanding on the benefits of implementing a ramp closure strategy. The O-D matrix 

inclusion implies changes in the CTM formulation. These changes can be addressed in future research. 

Opportunity #3: Exploring simulation capabilities. The use of CTM constituted an exploratory 

exercise, but not by any means the only one suggested for future research. By considering the award 

granted by the National Science Foundation –NSF in August 2015, this research has the opportunity of 

moving forward beyond the CTM formulation. We have the opportunity of exploring modeling 

techniques able to capture O-D relationships and executing dynamic traffic assignment. Those techniques 

require a better estimation of the likelihood to evacuate, route choice, mode choice, and destination 

choice, among others, based on socio-demographic and economic characteristics, day/time preferences, 

previous evacuation experiences, and the impacts of implementing certain evacuation strategies.  

Opportunity #4: Improved on performance measurement. The performance measurement of an 

evacuation under certain traffic strategy depends on both transportation and households’ data. Any 

improvement achieved in those sources will improve our capacity of discerning which scenario of the 

strategy is more efficient at aggregate (overall evacuation) and disaggregate (agency and household 

perspectives) levels. Fairer comparability among evacuation scenarios would allow establishing more 

accurate guidelines for improvement in terms of resource allocation for the agency, and decisions for the 

households. The definition, structure and application of guidelines for improvement configure a challenge 

to be investigated through the execution of the proposal awarded by NSF. 
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Appendix B 
 

Table B.1 Efficiency Performance Measurement References  

 
# Publication First Author, Title and Year

24
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Table B.2 Organizational Design References  
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24

 The complete references are presented in the References section of Chapter 5.  
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