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Abstract 

Modeling and simulation (M&S) can be used as a green 

technology by, e.g., conducting experiments with severe 

environmental impact as simulation in computers, or by 

evaluation of potential environmental impacts in detail in 

simulations before engineering solutions are realized. It is 

the task of engineering simulation management to ensure 

that simulation is applied appropriately and the results are 

interpreted correctly. This paper gives an introduction to 

important challenges the engineering management profes-

sional must be aware of when working with simulation as 

a green technology. Modeling paradigms, methods, and 

domains are introduced and evaluated regarding what 

knowledge the engineering simulation managers needs to 

be able to fulfill his tasks. Finally, the paper gives some 

examples of green M&S applications. As a result, the 

possibility and necessity to establish the profession of an 

engineering simulation manager is discussed. 

 

Key Words 

Conceptualization, Engineering Simulation Management, 

Green Technology, Modeling and Simulation, Modeling 

Paradigms 

 

Introduction 

The use of modeling and simulation (M&S) within engi-

neering is well recognized. Simulation technology be-

longs to the tool set of engineers of all application do-

mains and has been included into the body of knowledge 

of engineering management. M&S has already helped to 

reduce costs and increase the quality of products and sys-

tems and lessons learned are documented and archived. 

 

 However, M&S is a discipline on its own. Its many 

application domains often lead to the assumption that 

M&S is pure application. This is not the case and needs to 

be recognized by engineering management experts who 

want to use M&S as a Green Technology, which simula-

tion without doubt is. What else is more advantageous for 

the environment than conducting test and experiments for 

new products in the virtual environment of a simulation? 

To ensure that the results of simulation are applicable to 

the real world the engineering manager must understand 

assumptions, conceptualizations, and implementation 

constraints of this emerging field. 

 

Within this paper, the author tries to initially address 

the specific engineering management challenges that our 

community has to face when we become serious about 

applying simulation as a green technology. The focus lies 

on simulation support of systems engineering and the dif-

ferent roles that simulation can play that the engineering 

manager has to be aware of. The underlying idea is that 

whatever can be done by reliable and efficient simulation 

is going to not only avoid hazardous prototypes, but will 

also improve the overall quality and environment friend-

liness of the final system. Nonetheless, it requires pro-

found understanding of what simulation can and cannot 

do in various phases of a project. This is the pivotal role 

of engineering simulation management. 

 

Technically, simulation is well accepted. The 2006 

National Science Foundation (NSF) Report on “Simula-

tion-based Engineering Science” showed the potential of 

using simulation technology and methods to revolutionize 

the engineering science, including the discipline of engi-

neering management. Among the reasons for the steadily 

increasing interest in simulation applications are the fol-

lowing: 

 

 Using simulations is – as a rule – cheaper and sa-

fer than conducting experiments with a prototype 

of the real thing. One of the biggest computers 

worldwide is currently designed in order to si-

mulate the detonation of nuclear devices and 

their effects in order to support better prepared-

ness in the event of a nuclear explosion. Similar 

efforts are conducted to simulate hurricanes and 

other natural catastrophes. 

 Simulations can often be even more realistic than 

traditional experiments, as they allow the free 

configuration of environment parameters found 

in the operational application field of the final 

product. Examples are supporting deep water op-

eration of the US Navy or the simulating the sur-

face of neighbored planets in preparation of 

NASA missions. 

 Simulations can often be conducted faster than 

real time. This allows using them for efficient if-

then-else analyses of different alternatives, in 

particular when the necessary data to initialize 

the simulation can easily be obtained from opera-

tional data. This use of simulation adds decision 

support simulation systems to the tool box of 

traditional decision support systems. 

 Simulations allow setting up a coherent synthetic 

environment that allows for integration of simu-

lated systems in the early analysis phase via 
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mixed virtual systems with first prototypical 

components to a virtual test environment for the 

final system. If managed correctly, the environ-

ment can be migrated from the development and 

test domain to the training and education domain 

in follow-on life cycle phases for the systems 

(including the option to train and optimize a vir-

tual twin of the real system under realistic con-

straints even before first components are being 

built). 

 

Simulation technologies are therefore another wel-

comed tool that engineering managers can use in order to 

fulfill their role of bridging the realm of managers and 

engineers. The case has been made repeatedly that simu-

lation became the third pillar of scientific work: theory, 

experimentation, and simulation. It was therefore a logical 

step to integrate simulation education into the into the 

Body of Knowledge of Engineering Management (Tolk, 

2007; Tolk, Rabadi, Merino, 2009). 

 

The author posits that M&S is a new way of under-

standing the interaction among parts of a system and the 

systems as a whole and therefore allows engineers to dy-

namically change design decisions and immediately see 

the consequences. They can evaluate alternatives and op-

tions without creating risks or expensive prototypes, mak-

ing simulation technologies not only financially attractive, 

but also very environment friendly, if the promises are 

kept and the resulting system is as good as expected. If 

this is the case, the level of understanding of complex sys-

tems supported by M&S surpasses other disciplines. The 

U.S. Congress recognized the contribution of M&S tech-

nology to the security and prosperity of the United States 

and recognized M&S as a National Critical Technology in 

its House Resolution 487 in July 2007.  

 

 However, simulation is more than just an application 

tool. Simulation is part of the new emerging discipline of 

Modeling and Simulation (M&S). The next section of this 

paper will introduce the main terms and definitions for the 

discipline of M&S as introduced in recent textbooks, such 

as by Sokolowski and Banks (2008) and Yilmaz and Ören 

(2009). 

 

As the engineering manager is responsible for re-

commending the best available engineering solutions, the 

one section will introduce the modeling paradigms and 

how they can be applied in support of engineering tasks. 

Another section will apply the same question from the 

perspective of what application domains are relevant fo-

cusing on those that support engineers as a green technol-

ogy. From both viewpoints, the relevant tasks needed to 

be conducted by Engineering M&S Management are de-

rived in the last section of this paper. 

Modeling And Simulation 

The emerging discipline of M&S is based on develop-

ments in diverse computer science areas as well as influ-

enced by developments in System Theories, Systems En-

gineering, Software Engineering, Artificial Intelligence, 

and more. This foundation is as diverse as that of engi-

neering management and brings elements of art, engineer-

ing, and science together in a complex and unique way 

that requires domain experts to enable appropriate deci-

sions when it comes application or development of M&S 

technology in the context of this paper. The diversity and 

application-oriented nature of this new discipline some-

times results in the challenge, that the supported applica-

tion domains themselves already have vocabularies in 

place that are not necessarily aligned between disjunctive 

domains. A comprehensive and concise representation of 

concepts, terms, and activities is needed that make up a 

professional Body of Knowledge for the M&S discipline. 

Due to the broad variety of contributors, this process is 

still ongoing (Ören, 2007). 

 

 Although the terms “modeling” and “simulation” are 

often used as synonyms within disciplines applying M&S 

exclusively as a tool, within the discipline of M&S both 

are treated as individual and equally important concepts. 

Modeling is understood is the purposeful abstraction of 

reality, resulting in the formal specification of a concep-

tualization and underlying assumptions and constraints. 

M&S is in particular interested in models that are used to 

support the implementation of an executable version on a 

computer. The execution of a model over time is unders-

tood as the simulation. While modeling targets the con-

ceptualization, simulation challenges mainly focus on im-

plementation, in other words, modeling resides on the 

abstraction level, whereas simulation resides on the im-

plementation level. 

 

 The observant reader will have noticed that the title 

of this section is “Modeling And Simulation” and may 

have asked him/herself: why is “And” capitalized? The 

reason is that conceptualization and implementation – 

modeling and simulation – are two activities that are mu-

tually dependent, but can nonetheless be conducted by 

separate individuals. Management and engineering know-

ledge and guidelines are needed to ensure that they are 

well connected. Like an engineering management profes-

sional in systems engineering needs to make sure that the 

systems design captured in a systems architecture is 

aligned with the systems development, this task needs to 

be conducted with the same level of professionalism for 

the model that has to be implemented as well. 

 

 In summary, three activities have to be conducted and 

orchestrated to ensure success: a model must be produced 

that captures formally the conceptualization, a simulation 
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must implement this model, and management processes 

must ensure that model and simulation are interconnected 

and on the current state (which means that normally the 

model needs to be updated in case the simulation is 

changed as well). The engineering simulation manager 

must therefore be an expert in modeling and the formal 

representation of conceptualization, in particular using 

mathematical means, including new options, such as on-

tology. He also must understand the computational limits 

and numerical constraints in general and regarding simu-

lations as executions of models in particular. 

 

Modeling Paradigms and Methods 

One of the reasons the terms modeling and simulation are 

often used interchangeably is that many simulation tools 

support the modeling process, and some modeling tools 

support executing a simulation based on their artifacts. 

Examples are modeling support for integrated simulation 

development environments, such as Arena (Kelton, Sa-

dowski, Sturrock, 2007), or the system engineering soft-

ware package CORE developed by Vitech Corporation. In 

both cases, developing a conceptualization as an abstrac-

tion of reality and the execution thereof in form of a simu-

lation are merged. While such an approach ensures that 

conceptualization, implementation, and alignment are op-

timally orchestrated, the decision to use such an a priori  

integrated approach should be an informed one. Which 

model paradigm to use may easily become a decisive fac-

tor for the success of applying simulation technology 

within a project. The reason is that not everything can be 

expressed with every modeling paradigm. Choosing a 

modeling paradigm – explicitly or implicitly by choosing 

a tool that is based on such a paradigm – therefore limits 

the expressiveness available to the model developer. Each 

paradigm in general, and each implementing tool in par-

ticular, limits by its syntactical and semantic constraints 

the options for models. As Buede (2009) describes, it is 

necessary for the engineering manager to understand that 

every modeling technique is a language that is used to 

represent some part of reality. Each symbol has a prede-

fined meaning (semantics), and the rules on how to com-

bine these symbols define the syntax. If, e.g., the model-

ing technique is limited to capture sequential processes, it 

is not possible to describe parallel execution within this 

technique. If a modeling technique assume discrete 

events, it is not possible to use this for continuous de-

scriptions without numerically make them discrete. 

 

 For engineering managers, this observation is not 

new. There is a strong relation to model-based systems 

engineering (MBSE). A survey of MBSE methodologies 

(Estefan, 2007) looking at advantages and disadvantages 

of modeling methods designed to support design of sys-

tems – such as the Object-Process Methodology (Dori, 

2002) or the System Markup Language (OMG, 2006) – 

made the same observations regarding the enabling or 

hindering effects of syntax and semantics of tool- and me-

thod-supported modeling. However, while traditional ap-

plications focus on models of real systems trying to mim-

ic them as virtual representations, this is not a limit for 

M&S applications. Looking at the advantages of simula-

tion-based engineering enumerated earlier in this paper it 

is in particular the domain of systems that are not models 

of an existing real system that is of interest (as it is the 

case in the design phase of new systems as well). There-

fore, it is of critical importance that the engineering man-

ager knows the advantages and limitations of possible 

modeling paradigms. 

 

 Within the discipline of M&S, three modeling para-

digms are distinguished: Monte-Carlo simulation, discrete 

event simulation, and continuous simulation. Although 

agent-directed simulation is not necessarily a model-

paradigm on its own, as it is a metaphor applicable in con-

junction with other paradigms, it is often addressed as the 

fourth paradigm. Hester and Tolk (2010) furthermore in-

clude pure mathematical analysis as well as systems dy-

namics to describe the spectrum of applicable M&S me-

thods supporting complex system engineering. 

 

Analytical Mathematical Models 

For engineering managers, analytical mathematical mod-

els often directly translate into Operational Research 

(OR). Generally, if a problem can be solved analytically, 

it should be done. If such a solution is feasible, the use of 

simulation would be counterproductive. However, many 

methods, such as heuristic optimization for domains like 

inventory and storage, are based on limiting assumptions. 

In this case, instead of looking for a closed solution, the 

use of a simulation may be of benefit. Another example is 

game theory. Although as a stand-alone method only of 

limited use, the ideas are often used to improve other ap-

proaches. Parsons, Gmytrasiewicz, and Wooldridge 

(2002) describe, e.g., how game theory and decision 

theory has been successfully applied within agent-based 

systems. 

 

 This idea of using mathematics as the foundation for 

other solutions must in fact be generalized. What is often 

not perceived is that at the heart of every simulation are 

algorithms that are based on analytical mathematical 

models. Every process within a simulation system is a 

computable function, and as such is governed by the find-

ings of computational mathematics. As such, the engi-

neering manager needs to have a basic understanding of 

problems like decidability and computational complexity. 

 

Continuous Simulation 

Whenever a system‟s description relies on differential eq-

uations, like it is often the case when dealing with physi-
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cal system with mechanical components, electrical cir-

cuits, thermal effects, hydraulic elements, etc., continuous 

simulation may be the method to choose in support of the 

system engineer. In continuous simulation, the state va-

riables describing the characteristics of the system change 

continuously with time. 

 

 One of the particular challenges the engineering 

manager has to be aware of when using digital computers 

implementing continuous simulation is the fact that digital 

computers do not operate using continuous time. Instead, 

all digital operations are triggered in discrete time steps. 

As a result, numerical approximations are needed to solve 

differential equations underlying this modeling paradigm. 

The problem is that with each approximation an error is 

introduced: the numerical solutions is close to the real be-

havior, but not necessarily the same. In fact, it is nearly 

certain that some variation will occur. The engineering 

manager must be aware of such numerically introduced 

errors and what they mean for the reliability of simula-

tion-based decisions. In particular when a system is high-

ly dependent on the initial states and small variations can 

result in enormous differences in the result – such as it is 

the case when systems are close to or within chaotic be-

havior (Devaney, 1989) – such concerns can become pi-

votal for the success of the supported system engineering 

task.  

 

System Dynamics 

A M&S method based on the principals of continuous si-

mulation design to model sustainability and stability in 

dynamic systems was developed by Jay Forrester at the 

Massachusetts Institute of technology (MIT). The objec-

tive of this effort was to help decision makers to better 

understand dynamic behavior structures of complex sys-

tems. In other words, this paradigm captures dynamics of 

complex systems, frames the problem, displays the com-

ponents and relations, and helps to discuss alternatives, 

effects, etc. 

 

 System dynamics uses only few building blocks, 

namely cumulative variables (stocks), derivative variables 

measuring the change (flows), directed associations con-

nection these variables (causal loops). All these building 

blocks have well define meanings and are easy to com-

municate with stakeholders and customers even if they do 

not have a strong engineering background, which makes 

system dynamics a beneficial tool for communications. It 

also allows to directly connect the model with executable 

code segments. Forrester used this approach to educate 

people in systems thinking, in particular how things with-

in such a system change over time. In his own words: 

“System dynamics combines the theory, methods, and 

philosophy needed to analyze the behavior of systems not 

only in management, but also in environmental change, 

politics, economic behavior, medicine, engineering, and 

other fields.” (Forrester, 1991). 

System dynamics assumes cause-effect-loops be-

tween system variables on the macro-level of a system 

and even allows to model the context or environment as 

part of the approach. The use is normally to gain insight 

into the general behavior of the system and identify if 

chaos or catastrophes can emerge within a complex sys-

tem. One of the main contributions of system dynamics is 

the visualization of the effects of multiple non-linear con-

nections between variables that can create often counter-

intuitive results in the system following control decisions 

of system engineers. 

 

Monte-Carlo Simulation 

Within the standard Monte-Carlo simulation a determinis-

tic simulation model maps input parameters to output pa-

rameters without modeling time explicitly. The simulation 

model is used to iteratively evaluate the model by feeding 

random variables and evaluate the resulting outputs ap-

plying statistical analysis. Many applications do not re-

quire a time-driven approach to support the what-if ana-

lyses required to support management decisions. Often, 

the time aspect is either not known or considered to be ir-

relevant for the decision. In particular in connection with 

spread sheet programs, this paradigm is often applied in 

practice, see e.g. (Barreto and Howland, 2005). In order to 

apply this paradigm, a profound knowledge in statistics in 

necessary. 

 

Discrete Event Simulation 

Besides system dynamics, discrete event simulation is one 

of the most important paradigms in practice. It models a 

system as it evolves over time as a series of system states 

that are triggered by events at discrete times and that 

change the state instantly. Events and resulting state 

changes are simulated in chronological order. In order to 

be able to do so, the events must be stored and delivered 

in the right order, which is normally accomplished by the 

use of event lists. Furthermore, a simulation clock 

representing the time within the simulation, as well as an 

appropriate time advance algorithm are needed. 

 

In particular when discrete event simulations are ex-

ecuted in a distributed environment, the synchronization 

of time advance and governed event lists is a very chal-

lenging task, leading to many orchestration efforts the en-

gineering simulation manager must be aware of: synchro-

nization of parallel time events, avoidance of handling 

events between simulations that are in their logical past, 

dealing with different scope, resolution, and structure of 

simulated entities in different participating simulations, 

and more. 
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The Discrete Event System Specification (DEVS) 

formalism specified in (Zeigler, Kim, Praehofer, 2000) 

was developed to support solving these tasks. It is well 

established and frequently used in academic organiza-

tions, but there are even more discrete event simulation 

systems used in practice that are and have been developed 

with such a formalism supporting them. Two IEEE stan-

dards support interoperability between discrete event si-

mulation systems: IEEE 1278 Standard for Distributed 

Interactive Simulation (DIS) and IEEE 1516 Standard for 

Modeling and Simulation (M&S) High Level Architecture 

(HLA). An introduction would go beyond the scope of 

this paper, but the engineering simulation manager should 

be aware of both standards, their application domain, and 

respective assumptions and constraints. 

 

Agent-directed Simulation 

The agent metaphor was developed and applied in parallel 

in a multitude of application domains in very different 

disciplines, such as social sciences, biology, cognitive 

psychology, computer science, and more. Therefore, there 

exist many – often  insufficiently aligned – viewpoints as 

well as definitions. In Yilmaz and Ören (2009), an ap-

proach was made to give definitions in support of systems 

engineering. These definitions are used in this paper as 

well. The agent metaphor uses agents that are interacting 

in a situated environment. Agents perceive the environ-

ment and other agents and act within the environment. 

They should be autonomous (acting with human input), 

flexible (learning to react appropriately), and exhibit so-

cial capabilities (act with or against other agents or agent 

populations). 

 

 Agents are not an alternative to non-agent models but 

are often combined with other modeling paradigms (Yil-

maz and Ören, 2009). To emphasize the association of 

agents and simulation, the agent-directed simulation 

(ADS) community distinguishes between the following 

distinct yet interrelated areas: 

 

 First, simulation for agents – or agent simulation 

–, that is simulation of systems that can be mod-

eled by agents in engineering, human and social 

dynamics, military applications, and so on. 

 Second, agents for simulation can be grouped 

under two sub-categories, namely (a) agent-

based simulation, which focuses on the use of 

agents for the generation of model behavior in a 

simulation study, and (b) agent-supported simu-

lation, which deals with the use of agents as a 

support facility to enable computer assistance by 

enhancing cognitive capabilities in problem spe-

cification and solving. 

 

Agents are often used in connection with other model 

paradigms, e.g., they can use Monte-Carlo approaches in-

ternally to support their decision making process, or they 

can be embedded into a discrete event simulation and 

maybe even take the place of a human decision maker in 

advanced training environments. They are also often seen 

as the most effective way to embed social components in-

to simulations otherwise dominated by physical 

processes. However, as they may introduce emerging ef-

fects to simulations, they are also posing new challenges 

for engineering simulation managers when it comes to va-

lidity and trust, as will be addressed later in the paper. 

 

Mixed or Heterogeneous Approaches 

Hester and Tolk (2010) emphasize the need to identify the 

appropriate M&S method for a certain phase and the ne-

cessity to align the approaches between the different 

phases. They use the example of traffic simulation in sup-

port of the Virginia Department of Transportation 

(VDOT), which decided to assess six identified alterna-

tives that may have the capability of managing congestion 

at the Hampton Roads Bridge Tunnel (HRBT) supported 

by simulation-based studies conducted by the Virginia 

Modeling Analysis and Simulation Center (VMASC). 

Hester and Tolk show how to use system dynamics on the 

macroscopic level to gain insight into the patterns of traf-

fic flow, applying discrete event models on the meso level 

to identify bottlenecks and areas of particular interest, and 

finally using agents on the micro level to better under-

stand the influence of individual behavior of traffic partic-

ipants in „hot spots‟ of particular interest, such as toll 

booths or entry/exit ramps, or in certain situations, such as 

accidents, construction areas, traffic lights, etc. 

 

The engineering simulation manager must know the 

advantages and disadvantages of the different paradigms. 

He must bridge the gap between the conceptualists and 

the implementers and must also ensure the knowledge 

transfer between the phases. As a lot of knowledge is cap-

tured in the various models and simulations used in the 

phases, he must also ensure that results, assumptions, and 

constraints are effectively communicated and potentially 

supported by standards. 

 

Domains of Simulation 

While the focus in the last section laid in the syntactical 

and semantic constraints of what simulations can do by 

evaluating the modeling paradigms in some detail, this 

section will look at the pragmatics of simulation applica-

tions: what are the simulation systems being used for? 

 

In principal, simulation systems are used for two pur-

poses: (a) to better understand a phenomenon of a system 

or the environment the system will perform in, or (b) to 

represent the knowledge about how a system or the envi-
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ronment thereof performs in an executable way. These are 

not mutually exclusive purposes. Actually, the role of the 

simulation will likely change over the lifecycle of its sup-

port. In early phases of a project, it will be likely neces-

sary to gain a better understanding of the system and its 

environment. In later phases, this understanding will be 

used to improve the models used as well as the imple-

menting simulation to provide these insights to train new 

engineers, to support decisions of system managers, to 

provide reliable testing environments, and to solve other 

problems regarding the system that require such know-

ledge. It is the role of the engineering simulation manager 

to understand these relations and their constraints and 

recognize when the simulation is used properly. In partic-

ular when the system constraints change, it may be neces-

sary to reenter the understanding phase, which requires 

another use of the simulation support than using it in the 

problem solving phase of applied knowledge. 

  

Similarly, it is necessary to distinguish if the simula-

tion is used for (a) exploration of options or (b) analysis 

of alternatives. While exploration evaluates feasibility of 

options, analysis compares them. Both approaches use 

metrics, but while for feasibility evaluations only simple 

success metrics are needed, the analysis option requires to 

measure the success leading to comparable results, which 

as a rule requires multi-criteria utility approaches. Fur-

thermore, the engineering simulation manager needs to 

understand and apply the principles of good experimenta-

tion, such as observability and traceability of effects, re-

peatability of the experiment, and control over the input 

parameters. In particular when the simulation experiment 

is mixed with human inputs, this task can become very 

challenging. 

  

As stated before, systems engineering is concerned 

with the whole life cycle of a system, from the first idea 

to the retirement. The consistent use of simulation and the 

transferability of results and assumptions becomes key to 

success. As an example, the different metrics used in var-

ious phases need to be aligned. Tolk, Litwin, and Kewley 

(2008) give an example from the military domain: simula-

tion is often used in the design phase for exploration of 

options. The desirable options are analyzed in the early 

stages of the procurement phase, again supported by si-

mulation. Once the system is built, it is tested in a live and 

virtual-constructive environment, which means that simu-

lation is a standard technology to stimulate the system 

under test. Finally, soldiers are trained to use the system, 

often starting with simulators that mimic the system under 

development before the real system is built. The engineer-

ing simulation manager must ensure that aligned metrics 

are used and the constraints and assumptions are commu-

nicated. He must also understand that system components, 

systems, or the environment representing context and ex-

ternal systems can be simulated in support of systems en-

gineering. It is, e.g., possible to simulate a future compo-

nent, integrate this virtual functionality into a real sys-

tems, and use a simulated virtual environment as well. In 

this case, the engineering simulation manager must or-

chestrate both integration efforts – virtual functionality 

into the real system, and real system into the virtual envi-

ronment – as well as metrics and assumptions and con-

straints of the supporting simulation systems. 

 

 Finally, the engineering simulation manager must 

understand that M&S enables more knowledge processing 

than applied computational activities, i.e., executing a si-

mulation system with given input parameters to produce 

predefined output parameters or provide an environment 

for training. Ören (2007) envisions M&S as systemic ac-

tivities and system theory-based simulation to support 

analysis, design, and control as well as M&S as a model-

based activity. This drives M&S towards knowledge gen-

eration and knowledge processing. A recent PhD thesis by 

Padilla (2010) applied M&S to discover new theory from 

existing theory regarding understanding. While a concrete 

application of these ideas for green simulation technolo-

gies is not obvious it can be hypothesized that progress in 

this field will benefit simulation as a green technology as 

well. New environmental impact connections may be dis-

covered using M&S as a systemic activity, or the commu-

nication of knowledge being captured as executable simu-

lation components that can be reused by different projects 

are enabled based on knowledge generation and know-

ledge processing applications. 

 

Consequently, it must be one of the task of the  engi-

neering simulation manager to observe – and where poss-

ible actively participate in –  these emerging and new de-

velopments, as they will influence the use of simulation in 

the engineering management domain significantly. 

 

Credibility of Simulation 

One of the central roles of engineering managers in gen-

eral is to mediate between customers, managers, and en-

gineers. When simulations are used within engineering 

solutions, it is necessary that all stakeholders and team 

members use them assured that a particular simulation 

this is the best option available. If simulation systems are 

used to solve problems by representing the knowledge 

about how a system or the environment thereof performs, 

it is necessary to show that the model represents the cor-

rect systems, interactions, and phenomena of interest, and 

that the simulation system implements this model correct-

ly. To fulfill these requirements, validation and verifica-

tion are conducted to increase the credibility of a simula-

tion based solution.  
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According to Balci and Sargent (1984), a model is 

considered valid if its response accuracy is within accept-

able range for its intended purpose within respective ex-

periments. In other words, the to prove validity, the accu-

racy of  modeling needs to be evaluated. As such, 

validation answers the question: Are we building the right 

thing? Verification evaluates the transformation accuracy 

from the valid model to its correct implementation. The 

question answered by verification is therefore: Are we 

building the thing right? The engineering simulation man-

ager must become the broker for a fair comparison of real 

systems, modeled systems, and simulated systems. Sar-

gent (2000) explained these relations between system to 

be model, conceptual model, and simulation using exhibit 

1 and introduced special terms to facilitate the discussion 

on validation and verification. 

 

Exhibit 1. Modeling, Validation and Verification 

 

 
 

Furthermore, the engineering simulation manager 

must ensure that the terms fidelity, resolution, and credi-

bility are not confused within the team. Fidelity of a simu-

lation is the accuracy of the representation when com-

pared to the real world system. The resolution of a 

simulation is the degree of detail and precision used in the 

representation of real world system. Credibility is the lev-

el of trust in a simulation. In particular when visualization 

is used to better communicate simulation results, some 

customers tend to assume that higher resolution of the 

presentation equals higher credibility of the results. This 

is not the case, as Roman (2005) pointed out for training 

simulation. It is possible that a very low resolution model 

that aggregates many values is highly trusted. It is often 

the role of the engineering simulation manager to educate 

all stakeholder and team members accordingly. 

 

In particular within the US Department of Defense, 

validation and verification is often followed by accredita-

tion, which is a formal process to officially recognize the 

applicability of a simulation systems for the use in a cer-

tain domain with a given intent. It should be recognized 

that this is impossible when simulation is used for explo-

ration. If simulation is used to better understand the poss-

ible behavior of a system, accreditation makes only li-

mited sense. It is necessary, however, to evaluate if the 

system to be explored is modeled correctly, and that the 

model is correctly transformed into a simulation.  

 

The engineering simulation manager must ensure that 

simulation based results can be and will be trusted. He 

must understand the principles of validation and verifica-

tion. 

 

Examples of Green Applications 

To avoid the impression that applying simulation is a pure 

academic idea without any reference implementation, this 

section gives some examples of relevant simulation stu-

dies and even ongoing ideas for standard developments. 

The selection of examples has been conducted on the ba-

sis of awareness by the authors and is by no means in-

tended to be exclusive. 

 

Immersive Engineering within Procurement 

The Armament Research, Development & Engineering 

Center of the US Army is evaluating product and systems 

designs before they are accepted for the army. It is well 

known that within the last decade the use of computers in 

engineering design increased significantly. In parallel to 

designing, evaluating these product designs using com-

puters rather than building prototypes has significant po-

tential not only to increase efficiency but also to reduce 

environmental effects. Kleis (2010) describes an immer-

sive engineering process that is based on system engineer-

ing tools as well as Six Sigma management tools. Using 

virtual environments and manufacturing, products and 

system designs are used to build virtual representations 

thereof. These artifacts allow engineers, managers, and 

decision makers with their staff to „see, feel, and smell‟ 

the product when evaluating it. The reduction of negative 

environmental effects are obvious: no resources are 

wasted for the production of prototypes that exhibit flaws 

or design mistakes, no prototypes need to be retired and 

recycled, no production and storage space is wasted, etc. 

As in addition to planning and decision cycle following 

(Kleis, 2010) is reduced down to 35%, the remaining en-

vironmental impact is reduced furthermore. 

 

High Occupancy Vehicle Lane Planning 

The use of simulation for traffic planning is described in 

Hester and Tolk (2010) as an example for better systems 

engineering supported by various M&S methods. How to 

extend these ideas and effectively include environmental 

impact factors into performance assessments is presented 
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by Sisiopiku and colleagues (2010) in more detail. The 

research presented in their paper was conducted in sup-

port of the Regional Planning Commission of Greater 

Birmingham in Alabama. The question to be evaluated 

was the assessment of high occupancy vehicle (HOV) 

lanes to the main interstates around Birmingham, AL. At 

hand was the decision whether to convert lanes to become 

HOV lanes, to add new HOV lanes, or not to add any 

HOV capability. Using a commercial simulation tool, Si-

siopiku and colleagues conducted several simulation ex-

periments with the objective (a) to determine the impacts 

of various HOV strategies on traffic operations especially 

as they related to mobility and the environment, and (b) to 

quantify the project costs and user benefits from potential 

implementation and identify strategies with the highest 

potential return for the investment. Of particular interest 

for this paper on applying simulation as a green technolo-

gy are the environmental impact factors. The following 

metrics were used to look at these impact,  (see Sisiopiku 

et al., 2010, p. 5): 

 

 Total HC emissions (grams/mile) 

 Total CO emissions (grams/mile) 

 Total NO emissions (grams/mile) 

 Total fuel consumption (gallons) 

 

 This study conducted by Sisiopiku and colleagues is 

a first step. To be improved, it needs among others to take 

into account that building new HOV lanes require space, 

it may require new satellite parking places to support their 

use, and other factors. However, the contribution regard-

ing use of simulation to take environmental factors into 

account are trend setting. 

 

Simulation for Sustainable Manufacturing 

The last example given in this paper shows that the idea 

of applying simulation as a green technology is taken se-

riously by industry and government. In support of using 

simulation in manufacturing, industry partners and gov-

ernment, represented in particular by the Manufacturing 

Simulation and Modeling Group within the National Insti-

tute of Standards and Technology (NIST), are currently 

developing the Core Manufacturing Simulation Data 

(CMSD) specification as a standard under the guidelines, 

policies, and procedures of the Simulation Interoperability 

Standards Organization (SISO), see (Leong, Lee, Riddick, 

2006). The draft for this standard is expected to pass the 

balloting process before the end of 2010. 

 

The Department of Commerce recently identified 

sustainable manufacturing as one of its high-priority per-

formance goals, and defined sustainable manufacturing as 

the creation of manufactured products that use processes 

that minimize negative environmental impacts, conserve 

energy and natural resources, are safe for employees, 

communities, and consumers and are economically sound 

(Shao, Bengtsson, Johansson, 2010, p. 159). Therefore, 

the life cycle assessment must be improved to support 

better evaluation of environmental impacts. Extending the 

CMSD to capture sustainable manufacturing data, includ-

ing factors and metrics, is one option. 

 

However, engineering managers are well aware that a 

full life cycle approach including all phases is necessary 

to truly understand the environmental impact of decisions 

and to trade-off alternatives. The emission of a producing 

factory, e.g., is an important factor, but if the transporta-

tion of all components to the best factory results in higher 

negative environmental impacts due to transportation, this 

is not the right approach. If risk is included and some of 

the components to be transported are high environmental 

risks in case of an accident, this must be taken into ac-

count. Simulation application supporting the engineering 

manager are therefore needed, point solutions are neces-

sary contribution, but not sufficient. The engineering si-

mulation manager must therefore be aware of such re-

quirements as well as of the resulting need to compose or 

federate supporting simulation solutions, which is particu-

larly challenging if the simulation was not designed to 

support distributed execution as described earlier in this 

paper.  

 

Another application example for such connected 

problems and how to use M&S in support of their solution 

in the domain of logistics is given by Bruzzone and col-

leagues (2009). In general, many potential applications of 

simulations exists to decrease negative impacts on the en-

vironment already. It is the role of the engineering simula-

tion manager to ensure that the correct models and simu-

lations are identified and applied correctly. 

 

Engineering Simulation Management 

The observations made in this paper may raise the possi-

bility that engineering simulation management may be-

come a significant contribution of engineering manage-

ment in the future. This paper showed that the simulation 

knowledge described in (Tolk, Rabadi, Merino, 2009) is 

necessary, but not sufficient. In particular a profound un-

derstanding of modeling and supporting modeling para-

digms and the resulting challenges for the execution the-

reof in simulations is needed. The engineering simulation 

manager must therefore understand the conceptual phase 

of modeling, the engineering phase of mapping, and the 

technical phase of execution, including numerical approx-

imation constraints and challenges for distributions, in-

cluding conceptual and technical orchestration of execu-

tables. He should know supporting standards and current 

developments thereof.  
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Exhibit 2. Checklist for Engineering Simulation Management Experts 

 

Domain Level of Experience Domain Level of Experience 

Modeling Understands modeling as con-

ceptualization 

Operations Research Knows and can apply analytical 

tools and methods 

Simulation Understands simulation as im-

plementation and execution 

Model Paradigms Knows when to apply Monte 

Carlo, continuous and discrete 

simulation 

Numeric Is aware of discrete nature of 

computation and possible errors  

Agent-directed simulation Knows advantages of all three 

agent-directed concepts 

Model Spectrum Understand the options of M&S 

methods and can recommend 

appropriate solutions 

Simulation Standards Knows which standards are 

available to support mixed and 

heterogeneous support 

Model Domains Understands the difference be-

tween exploration and optimiza-

tion applications 

Credibility and Validation Knows the difference between 

credibility, resolution, and fidel-

ity and knows how they relate to 

validation and verification 

EM BOK Simulation Knows and can apply the Engi-

neering Management Body of 

Knowledge 

Green Simulation Understand all aspects of simu-

lation sufficiently to recommend 

applicable and correct support 

This list is neither complete nor exclusive. 

 

 

If these skills are mastered, he will be able to play a 

pivotal role in applying simulation as a green technology, 

as the amount of prototypes will be reduced, the environ-

mental impact of decisions will be better understood, and 

systems will perform more environmental friendly from 

their early conception to late retirement. Exhibit 2 offers a 

tentative checklist regarding the necessary experience and 

education for engineering simulation management ex-

perts. 

 

Summary 

The American Society for Engineering Management un-

derstands engineering management as the art and science 

of planning, organizing, allocating resources, and direct-

ing and controlling activities that have a technological 

component. This paper shows that and how simulation 

can support this role and understanding in general and as 

a green technology in particular. 

 

To be able to do this, a sufficient knowledge in the 

domain of modeling and simulation is needed. Kossiakoff 

and Sweet (2002) define the role of a systems engineer in 

major system development projects as bringing specialist 

together that are characterized by different fields and dis-

ciplines with their own languages, experiences, and 

knowledge bases. The systems engineer needs to ensure 

that these diverse track converge in support of developing 

and producing a new system. The role of the engineering 

simulation manager is similar: he has to bridge the virtual 

worlds of M&S and the engineering world to allow suc-

cessful application of modeling approaches and simula-

tion systems to minimize negative environmental effects, 

either by avoiding unnecessary experiments and proto-

types that could be supported by virtual systems (Kleis, 

2010), or by decision supports for the real system under 

development by clearly analyzing and communicating en-

vironmental challenges (Sisiopiku et al., 2010). 

 

References 

Balci, Osman, and Robert G. Sargent (1984). A Biblio-

graphy on the Credibility Assessment and Validation 

of Simulation and Mathematical Models. Simuletter 

15(3):15-27 

Barreto, Humberto, and Frank Howland (2005). Introduc-

tory Econometrics: Using Monte Carlo Simulation 

with Microsoft Excel. Cambridge University Press 

Buede, Dennis M. (2009). The Engineering Design of 

Systems, Models and Methods, 2
nd

 Edition. Wiley: 

Hoboken, NJ 

Bruzzone, Agostino B., Alberto Tremori, Marina Massei, 

and Federico Tarone (2009). Modeling Green Logis-

tics. Proceedings of the Asia International Confe-

rence on Modelling and Simulation. 25-29 May, 

Bandung, Bali, Indonesia. IEEE Computer Society 

2009, ISBN 978-0-7695-3648-4, pp. 543-548 

Devaney, Robert L. (1989). An Introduction to Chaotic 

Dynamical Systems. Addison-Wesley, New York, 

NY 

Dori, Dov (2002). Object-Process Methodology: A Holis-

tic Systems Paradigm. Springer-Verlag: Berlin Hei-

delberg, Germany 

Estefan, Jeff A. (2007). Survey of Model-Based Systems 

Engineering (MBSE) Methodologies. INCOSE 

MBSE Focus Group, download available at 

http://www.omgsysml.org/MBSE_Methodology_Sur

vey_RevB.pdf (Cited April 24, 2010) 

http://www.informatik.uni-trier.de/~ley/db/indices/a-tree/t/Tremori:Alberto.html
http://www.informatik.uni-trier.de/~ley/db/indices/a-tree/m/Massei:Marina.html
http://www.informatik.uni-trier.de/~ley/db/indices/a-tree/t/Tarone:Federico.html
http://www.informatik.uni-trier.de/~ley/db/conf/asiams/ams2009.html#BruzzoneTMT09
http://www.informatik.uni-trier.de/~ley/db/conf/asiams/ams2009.html#BruzzoneTMT09
http://www.omgsysml.org/MBSE_Methodology_Survey_RevB.pdf
http://www.omgsysml.org/MBSE_Methodology_Survey_RevB.pdf


10 

 

Forrester J.W. (1991) System Dynamics and the Lessons 

of 35 Years. Report D-4224-4, MIT Press, Boston, 

MA 

Hester, Patrick T., and Andreas Tolk (2010). Applying 

Methods of the M&S Spectrum for Complex Systems 

Engineering. Proceedings of the Emerging M&S Ap-

plications in Industry and Academia (EAIA) Sympo-

sium, (Orlando, Florida, April 11-15). Spring Simula-

tion Multiconference, ISBN: 1-56555-342-X, Society 

for Computer Simulation International, San Diego, 

CA, pp. 17-24 

IEEE 1278 Standard for Distributed Interactive Simula-

tion (DIS), obtainable via http://www.ieee.org (Cited 

April 24, 2010) 

IEEE 1516 Standard for Modeling and Simulation (M&S) 

High Level Architecture (HLA), obtainable via 

http://www.ieee.org (Cited April 24, 2010) 

Kossiakoff, Alexander, and William N. Sweet. (2002). 

Systems Engineering Principles and Practice. Wiley 

Interscience, Hoboken, NJ 

Kelton, David, Randall Sadowski, and David Sturrock 

(2007). Simulation with Arena. McGraw-Hill 

Science/Engineering/Math 

Kleis, Joe (2010). Immersive Engineering. Proceedings of 

the Emerging M&S Applications in Industry and 

Academia (EAIA) Symposium, (Orlando, Florida, 

April 11-15). Spring Simulation Multiconference, 

ISBN: 1-56555-342-X, Society for Computer Simu-

lation International, San Diego, CA, pp. 125-131 

Leong, Swee, Yung-Tsun Lee, and Frank Riddick (2006). 

A Core Manufacturing Simulation Data Information 

Model for Manufacturing Applications. Proceedings 

of the Fall Simulation Interoperability Workshop, Or-

lando, FL, download available at 

http://www.mel.nist.gov/msidlibrary/doc/sim_model.

pdf (Cited April 24, 2010) 

National Science Foundation (NSF) Blue Ribbon Panel 

(2006). Report on Simulation-Based Engineering 

Science: Revolutionizing Engineering Science 

through Simulation. NSF Press, May 

Object Management Group (2006). OMG SysML Specifi-

cation, OMG Adopted Specification. OMG document 

ptc/06-05-04, Needham, MA, May 

Ören, Tuncer I. (2007). The importance of a comprehen-

sive and integrative view of modeling and simulation. 

Proceedings of the 2007 Summer Computer Simula-

tion Conference (San Diego, California, July 16 - 19). 

Summer Computer Simulation Conference. Society 

for Computer Simulation International, San Diego, 

CA, 996-1006. 

Padilla, Jose (2010). Towards a Theory of Understanding 

Within Problem Situations. Doctoral Thesis at Old 

Dominion University, Norfolk, VA, May 

Parsons, Simon, Piotr Gmytrasiewicz, and Michael 

Wooldridge (Editors) (2002). Game Theory and De-

cision Theory in Agent-based Systems. Kluwer Aca-

demic Publishers, Boston, Dordrecht, London 

Roman, Paul A. (2005) Garbage in, Hollywood out! Pro-

ceedings of SimtecT, 2-6 May, Sydney Australia, 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=1

0.1.1.86.1015&rep=rep1&type=pdf (Cited April 24, 

2010) 

Sargent, Robert G. (2000). Verification, Validation, and 

Accreditation of Simulation Models. Proceedings of 

the Winter Simulation Conference, ACM/IEEE/SCS, 

pp. 50-59  

Shao, Guodong, Nils Bengtsson, and Björn Johansson 

(2010).Interoperability for Simulation of Sustainable 

Manufacturing. Proceedings of the Emerging M&S 

Applications in Industry and Academia (EAIA) Sym-

posium, (Orlando, Florida, April 11-15). Spring Si-

mulation Multiconference, ISBN: 1-56555-342-X, 

Society for Computer Simulation International, San 

Diego, CA, pp. 159-166 

Sisiopiku, Virginia P., Ozge Cavusoglu, and Saiyid Has-

san Sikder (2010). High Occupancy Vehicle Lane 

Performance Assessment through Operational, Envi-

ronmental Impacts and Cost-Benefit Analyses. Pro-

ceedings of the Emerging M&S Applications in In-

dustry and Academia (EAIA) Symposium, (Orlando, 

Florida, April 11-15). Spring Simulation Multiconfe-

rence, ISBN: 1-56555-342-X, Society for Computer 

Simulation International, San Diego, CA, pp. 3-10 

Sokolowski, John, and Catherine Banks (Editors) (2008) 

Principles of Modeling and Simulation: A Multidis-

ciplinary Approach. John Wiley & Sons 

Tolk, Andreas (2007). Simulation. Engineering Manage-

ment Body of Knowledge. American Society of En-

gineering Management, V. 1.1, November 

Tolk, Andreas, Thomas G. Litwin, and Robert H. Kewley 

(2008). A Systems Engineering Process Supporting 

the Development of Operational Requirements Dri-

ven Federations. Proceedings of the Winter Simula-

tion Conference, ACM/IEEE, pp. 1296-1304 

Tolk, Andreas, Ghaith A. Rabadi, , and Donald N. Merino 

(2009). Embedding simulation education into the en-

gineering management body of knowledge. Simula-

tion and Process Modelling 5(1):14–19 

Zeigler, Bernard, Tag Gon Kim, and Herbert Praehofer 

(2000). Theory of Modeling and Simulation (second 

ed.). Academic Press, New York, NY 

Yilmaz, Levent, and Tuncer I. Ören (Editors) (2009). 

Agent-Directed Simulation and Systems Engineering. 

John Wiley & Sons 

 

About the Author 

Andreas Tolk is Associate Professor for Engineering 

Management and Systems Engineering at Old Dominion 

University, Norfolk, Virginia. He holds a M.S. in Com-

puter Science (1988) and a Ph.D. in Computer Science 

and Applied Operations Research (1995), both from the 

University of the Federal Armed Forces of Germany in 

Munich. He is a member of ASEM, ACM, IEEE, SCS, 

SISO, MORS, and NDIA. 

http://www.ieee.org/
http://www.ieee.org/
http://www.mel.nist.gov/msidlibrary/doc/sim_model.pdf
http://www.mel.nist.gov/msidlibrary/doc/sim_model.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.86.1015&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.86.1015&rep=rep1&type=pdf

