
An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

An Introduction to the Use of

Modeling and Simulation

Throughout the Systems Engineering Process

Prepared and Presented by:

James E. Coolahan, Ph.D.

James.Coolahan@jhuapl.edu

443-778-5155 (office)

© 2009, 2010 Johns Hopkins University Whiting School of Engineering 

and James E. Coolahan



An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

Learning Objective and Tutorial Outline

¸ Learning Objective: The student should be able to explain basic modeling 

and simulation (M&S) concepts, and how models and simulations are used in 

the systems engineering process.

¸ Tutorial Outline

ïOverview of Modeling and Simulation

ïSystems Engineering Process Model for This Tutorial

ïM&S Use in System Needs Analysis

ïM&S Use in Concept Exploration and Evaluation

ïM&S Use in Design and Development

ïM&S Use in Integration and Test & Evaluation

ïM&S Use in Production and Sustainment

ïSelected Detailed Examples (as time permits)
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Overview of

Modeling and Simulation

3



An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

4

Module Objective and Outline

Module Objective: To provide an overview of modeling and simulation (M&S), to 

provide fundamental information and context for subsequent modules.

Module Outline

¸ Definitions and Distinguishing Characteristics

¸ Views and Categories of Models and Simulations

¸ Resolution, Aggregation, and Fidelity

¸ Overview of the Model/Simulation Development Process

¸ Important M&S-Related Processes

¸ M&S as a Professional Discipline

¸ Summary
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Key Modeling and Simulation Definitions

¸ Model:  A physical, mathematical, or otherwise logical representation of a 

system, entity, phenomenon, or process. [1]

¸ Simulation:  A method for implementing a model over time. [1]

¸ Modeling and simulation:  The discipline that comprises the development 

and/or use of models and simulations. [2]

Sources: (1)  DoD 5000.59-M, DoD Modeling and Simulation (M&S) Glossary, January 1998

(2)  DoD 5000.59, DoD Modeling and Simulation (M&S) Management, August 2007

There are a number of definitions of models, simulations, and modeling and 

simulation (M&S).  For the purposes of this course, we will adopt the definitions 

published by the U.S. Department of Defense (DoD), below.
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Distinguishing Between Models, Simulations,

and M&S-Related Tools

¸ Models

ïNeed not be computer-based

ïRepresent something in the real world

ïAre ñstaticò representations

¸ Simulations

ïNeed not be computer-based

ïRepresent something in the real world

ïAre ñdynamicò representations (of models)

¸ M&S-Related Tools

ïAre typically computer-based

ïDo not, by themselves, represent something in the real world

ïCan be used to create (computer-based) models and simulations

¸ Examples

ïMicrosoft Excel is a ñtoolò (not a model), but can be used to create a 
ñcost modelò of a system

ïAnyLogic is a modeling tool that can be used to create a ñprocess 
simulationò
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Different ñViewsò of Models and Simulations

Application Domain

Resolution Level

Role Technique
All Models and 

Simulations

Air warfare     C4ISR      Information operations

Missile defense      Surface warfare

Space warfare    Strike warfare

Undersea warfare

Space science & engineering

Biomedicine

Theater/campaign     Unit

Mission                  System

Engagement        Component

Engineering                          Organ

Phenomenological                    Cellular

Acquisition

Analysis

Test and evaluation

Experimentation

Training

Cost

Math model

Static/dynamic

Deterministic/

stochastic

Discrete/continuous

Hardware/software-

in-the-loop

Seminar wargame

Distributed

Visualization

Stimulator

Application Domain
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Role Technique
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Simulations
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Space warfare    Strike warfare

Undersea warfare

Space science & engineering
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Mission                  System
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Acquisition

Analysis

Test and evaluation

Experimentation

Training

Cost

Math model

Static/dynamic

Deterministic/

stochastic

Discrete/continuous

Hardware/software-

in-the-loop

Seminar wargame

Distributed

Visualization

Stimulator
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Selected Major Modeling & Simulation

Application Domains

¸ Military systems

ï Air and missile defense

ï Strike warfare

ï Undersea warfare

¸ Civilian systems

ï Aerospace

ï Automotive

ï Electronics

¸ Homeland security

ï Airborne hazard dispersion

ï Disease spread

ï Traffic evacuation

¸ Medicine

ï Drug discovery

ï Health care

ï Surgery simulation
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Selected Major Modeling & Simulation Roles

¸ Planning and analysis

ïñHow many of system X do I need?ò  ñWhich alternative is best?ò

¸ Experimentation

ïñHow could we use this better?ò ñWhat might happen if we tried this?ò

¸ Systems engineering and acquisition

ïPrincipal focus of this course

¸ Test and evaluation (T&E)

ïñDoes the system work as expected?ò ñWill it help in the real world?ò

¸ Training

ïñHow can we ensure the system is used correctly?ò ñHow can we prepare 

pilots for rare emergency situations?ò

¸ Cost estimation

ïñHow much will this cost?ò  ñHow can we reduce cost?ò 
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Modeling and Simulation Techniques

¸ Technique decisions to be made, based on application

ïStatic vs. dynamic

ïDeterministic vs. stochastic (ñMonte Carloò)

ïDiscrete vs. continuous

ïDiscrete-event vs. time-stepped

ïStandalone vs. embedded (ñin the loopò)

ïUnitary vs. distributed

ï Live vs. virtual vs. constructive (more to follow on next slide)

¸ Other technique decisions

ïVisualization needs

ïStimulation of real systems
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Categorizing Simulations by the Way in Which

Humans Interact with Them

¸ Live simulation:  A simulation involving real 

people operating real systems

ïExamples: exercises, operational tests

¸ Virtual simulation:  A simulation involving 

real people operating simulated systems

ïExamples: cockpit simulator, driving 

simulator

¸ Constructive simulation:  A simulation 

involving simulated people (or no people) 

operating simulated systems

ïExamples:  crash test facilities, missile 

6-degree-of-freedom simulations
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Question:  What would you call a simulation involving simulated people 

operating real systems?  If the system were an airplane, would you fly on it?
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Categorizing Models and Simulations

by Levels of Resolution

Most M&S application domains have a hierarchical means of categorizing 

models and simulations in that domain, by resolution level.

Engineering

Mission

Campaign

Engagement

Military Simulation Pyramid Human Body M&S Pyramid

Molecule

System

Human

Cell

PATRIOT-centric 

example

Cardiac-centric 

example

Gulf War

Air defense

Missile 

intercept

Terminal 

guidance

Whole body

Cardio-

vascular

Heart

Ca++

Myocyte

Organ

More aggregation

Shorter run time

Less aggregation

Longer run time
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Relative Run-times of

Live, Virtual and Constructive Simulations 

Faster than real time

Real time

Slower than real time

Live

Virtual

C

o

n

s

t

r

u

c

t

i

v

e

Å



An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

14

Resolution, Aggregation, and Fidelity

¸ Resolution:  The degree of detail and precision used in the representation of 

real world aspects in a model or simulation

ïModels and simulations at lower levels of M&S ñpyramidò tend to exhibit 

more resolution; this does not necessarily imply more accuracy

¸ Aggregation: The ability to group entities while preserving the effects of entity 

behavior and interaction while grouped

ïñCampaign-levelò simulations often aggregate military entities into larger 

groups (e.g., brigades vs. battalions)

¸ Fidelity:  The accuracy of the representation when compared to the real 

world

ïGreater fidelity does not imply greater resolution

Source of definitions:  DoD 5000.59-M, DoD Modeling and Simulation (M&S) Glossary, January 1998
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The Model/Simulation Development Process

¸ Developing a model or simulation is, in itself, a type of ñsystems engineeringò 

process

¸ Although shown below as a ñwaterfall,ò various forms of iteration are 

possible.

Requirements 

definition

Conceptual 

analysis

Design and 

development

Integration 

and testing

Execution and 

evaluation

Sequence

Iteration
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Important M&S-Related Processes:

Configuration Management

¸ Configuration management is just as important for M&S as it is for systems 

and software engineering.

¸ Issues in model and simulation configuration management

ïIdentifying the ñcurrent versionò during development

ïMaintaining a copy of each ñreleaseò

ï Tracking defects and their correction

ïMaintaining records of recipients of each version

ïManaging multiple ñbranchesò for multiple users

ïManaging co-developed versions if source is distributed

ï Incorporating externally-made changes in a ñbaselineò version

ïRegression testing of new versions
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Important M&S-Related Processes:

Verification, Validation, and Accreditation (VV&A)

¸ Verification - The process of determining that a model or simulation 

implementation and its associated data accurately represent the developer's 

conceptual description and specifications

ïDid we build the model right?

¸ Validation - The process of determining the degree to which a model or 

simulation and its associated data are an accurate representation of the real 

world from the perspective of the intended uses of the model

ïDid we build the right model?

¸ Accreditation - The official certification that a model or simulation and its 

associated data are acceptable for use for a specific purpose

ï Is this the right model to use for this purpose?

Source:  DoD Instruction (DoDI) 5000.61 DoD Modeling and Simulation (M&S) 

Verification, Validation, and Accreditation (VV&A), December 9, 2009
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Interoperable Simulation:

The High Level Architecture (HLA)

ÅArchitecture calls for a 
federation of 
simulations

ÅArchitecture specifies
- Ten Rules which define 

relationships among 
federation components

- An Object Model 
Template which 
specifies the form
in which simulation 
elements are described

- An Interface 
Specification which 
describes the way 
simulations interact 
during operation

Live

Participants

Support 

Utilities

Interface

Interfaces to

Live Players

Runtime Infrastructure (RTI)

Simulations

Federation Management Declaration Management
Object Management                    Ownership Management
Time Management             Data Distribution Management

C++
Ada 95
CORBA IDL
Java

The HLA was originally developed by DoD.  It is now IEEE standard 1516.
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Modeling and Simulation

as a Professional Discipline

¸ Modeling & Simulation is multi-disciplinary, requiring

ïSubject matter expertise in a specific application area

ïSoftware/hardware development/engineering skills

ï Technical communications skills

¸ Very few Universities offer Modeling & Simulation as an academic discipline 

with a degree program

¸ Many M&S professionals have dual degrees, such as a B.S. in engineering 

or physical sciences and an M.S. in computer science

¸ Professional certification in M&S is available

ïOriginated by the National Training and Simulation Association (NTSA)

ï Initially focused on military training simulation, but being broadened

ïSee web site: http://www.simprofessional.org

Å
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Module Summary

¸ A model is a physical, mathematical, or otherwise logical representation of a 

system, entity, phenomenon, or process.  A simulation is a method for 

implementing a model over time. 

¸ Models and simulations can be categorized by their application domains, 

roles, levels of resolution, and implementation techniques.

¸ Developing a model or simulation is, in itself, a type of systems engineering  

process.

¸ Configuration management and VV&A are two important M&S processes.

¸ Simulations may be made to interoperate with one another using various 

techniques, including the HLA (IEEE 1516).

¸ M&S has not emerged as a separate academic discipline, but is beginning to 

be recognized as a professional discipline.
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The ñVò Model of Systems Engineering
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The Defense Acquisition Management System

 Legend: CDR ï Critical Design Review FOC ï Final Operational Capability 
 FRP ï Full-Rate Production IOC ï Initial Operational Capability 
 IOT&E ï Initial Operational Test and Evaluation LRIP ï Low-Rate Initial Production 

 PDR ï Preliminary Design Review 

Source: DoD Instruction 5000.2, Operation of the Defense Acquisition System, 2008 
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A Representative Six-Stage System Life Cycle

 

Source:  ISO/IEC TR 19760, Systems engineering ð A guide for the application of ISO/IEC 15288 

(System life cycle processes), 2003 
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A Reference Model of the

Systems Engineering Process for this Tutorial

¸ System Needs and Opportunities Analysis

ï defining and validating needs, and determining feasibility. 

¸ Concept Exploration and Evaluation

ï exploring and evaluating system concepts, refining required performance 

characteristics and required effectiveness in representative operational 

environments, and performing analysis of alternative concepts.

¸ Design and Development

ï designing and prototyping the system, providing for human-system 

integration refining performance estimates, and production planning.

¸ Integration and Test & Evaluation (T&E)

ï integrating the system components, and testing/evaluating the system in 

representative environments. 

¸ Production and Sustainment

ïProducing and sustaining the system, including providing for reliability, 

availability, logistics, and training 

Å
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Modeling and Simulation in

System Needs and Opportunities Analysis
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Module Objectives and Outline

Module Objective:

¸ To describe the use of modeling and simulation in the system needs 

and opportunities analysis phase of the systems engineering 

process.

Module Outline

¸ Needs vs. Opportunities for New or Improved Systems

¸ The U.S. Military Process for Capabilities-Based Assessment

¸ Commercial System Processes

¸ M&S Use in Operational Analysis

¸ M&S Use in Functional Analysis

¸ M&S Use in Feasibility Determination

¸ Summary
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Needs vs. Opportunities for New or Improved Systems

¸ New or improved systems can be initiated

ï As the result of the need for a new or improved capability; or

ï To take advantage of an opportunity

¸ For military systems

ï A need can result from the emergence of a new threat

ï An opportunity can arise because of a technology breakthrough

¸ For commercial systems

ï A need can result from a new legal or regulatory requirement

ï An opportunity can arise from a new demand in the marketplace or 

financial incentives to provide an improved capability (e.g., hybrid autos)

¸ M&S can be used to

ï Explore the effectiveness or utility of a new concept

ï Estimate the cost of envisioned alternatives

ï Aid in determining feasibility of a new or improved system
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Capabilities-Based Assessment (CBA) Process in the U.S. 

Joint Capabilities Integration and Development System

CDD ïCapability Development Document CPD ïCapability Production Document

ICD ïInitial Capabilities Document JCD ïJoint Capabilities Document

DOTMLPF ïDoctrine, Organization, Training, Materiel, Leadership and education, Personnel, and Facilities

DCR ïDOTMLPF Change Recommendation
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Capabilities-Based Assessment (CBA) Analysis Areas

¸ Functional Area Analysis (FAA) ïidentifies the mission area or military 

problem to be assessed, the concepts to be examined, the timeframe in 

which the problem is being assessed, and the scope of the assessment

¸ Functional Needs Analysis (FNA) ïassesses the capabilities of the current 

and programmed force to meet the relevant military objectives of the 

scenarios chosen in the FAA using doctrinal approaches

¸ Functional Solution Analysis (FSA) ïa joint assessment of potential 

DOTMLPF and policy approaches to solving, or at least mitigating, one or 

more of the capability gaps identified in the FNA

ïApproaches identified should include the broadest possible range of joint 

possibilities for addressing the capability gaps

ï For each approach, the range of potential sustainment alternatives must 

be identified and evaluated as part of determining which approaches are 

viable

Source: CJCSM 3170.01C, Operation of the Joint Capabilities 

Integration and Development System, 1 May 2007
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Commercial Processes for Identifying and Analyzing

Needs and Opportunities

¸ Commercial processes can vary depending on the industry and the individual 

company

¸ In general, there is a fairly continual operational analysis process, which 

periodically triggers a functional analysis based on a set of operational 

objectives, followed by a feasibility determination resulting in operational  

requirements for a new or improved system

Operational

Analysis

Functional

Analysis

Feasibility

Determination

Recognized

Deficiencies

Operational

Objectives

Preliminary

Functional

Breakdown

Operational

Requirements

Technology

Improvements

Feasibility

Criteria

Measures of

Effectiveness

Legacy / Similar System Information

Simplified Needs and Opportunities Analysis Diagram

Å
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Modeling and Simulation Use

in Operational Analysis (1 of 3)

¸ Simulations of (Relative) Performance

ïAlthough the absolute performance of a system will generally not 

decrease over time (and will often increase through upgrades), its 

relative performance eventually degrades

ÁA new missile threat may have capabilities outside the 

performance envelope of an air defense system

ÁCompeting products may incorporate new technology (e.g., 

cell phone decreasing size and weight, longer battery life)

ïSimulations of the threat or competitive environment must be 

continually executed to predict system obsolescence
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Modeling and Simulation Use

in Operational Analysis (2 of 3)

¸ Models of Total Ownership Cost

ïChanging costs for operations and maintenance labor or 

consumables may impact how much a user must pay to own the 

product

ÁAt certain thresholds of the price of gasoline, ownership of 

vehicles with higher gasoline consumption can become 

unaffordable

ïModels of all ownership costs must be developed and maintained

¸ Models of Sustainability

ïAt some point in time, parts for a given system implementation 

may no longer be available, at any cost

ïModels of parts availability must be developed and maintained
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Modeling and Simulation Use

in Operational Analysis (3 of 3)

¸ Value Modeling Tools

ïSome value attributes of systems defy quantitative engineering 

measurement

ÁñIntelligence estimatesò of the performance and fielding date of 

future threats are dependent on judgment of subject matter 

experts (SMEs)

ÁñStylishnessò of new cars is in the eyes of the beholders

ïModels of value using multiple unrelated measures need to be 

constructed

ÁValue attributes must be identified

ÁMeasures for collecting valid opinions and quantifying them 

must be devised

ÁA ñweighting schemeò must be applied in the model
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Illustration of M&S Use in Operational Analysis

¸ Simulation of System Operations through Games 

ïCan be a structured ñwar gameò with blue, red, white, green cells

ïCan be a ñseminarò game with subject matter experts in various fields 

working collaboratively

ïCan be used to explore concepts of operations for proposed systems

ïThe term ñserious gamesò has come into vogue to describe these

Seminar Game Example:

ÅHow would I use the existing system 

in this scenario?

ÅWhat technology improvements 

could be made?

ÅIf I had a system with this capability, 

what would I do now in this 

situation?
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Modeling and Simulation Use

in Functional Analysis

¸ Functional analysis needs to translate operational system objectives 

into system functions

ïEssentially, a feasible concept must be able to be ñenvisionedò

ïIn a need-driven process, some system functions might be 

relatively well-known from legacy systems

¸ Deriving a functional structure contains elements of art / architecting

¸ Modeling tools can be used to develop a system functional 

breakdown

ïCan start with a relatively simple block diagram (e.g., Microsoft 

Visio or PowerPoint could be used to generate a top-level ñmodelò 

of a system)

ïMore formal notations can be used to ensure inputs and outputs 

are properly considered (e.g., IDEF0 diagrams or Unified 

Modeling Language (UML) diagrams)
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Modeling and Simulation Use

in Feasibility Determination (1 of 3)

¸ Simulations of System Operational Effectiveness ïInput Needs

ïEstimates of the performance of an envisioned system implementation, 

at a less-detailed level, such as

ÁProbability of detection as a function of target cross-section and 

range (in various environments) for a radar system

ÁMiles per gallon as a function of fuel octane, temperature, and 

pressure for an automobile

ïSimilar estimates for systems with which the envisioned system must 

interact collaboratively or cooperatively

ï For systems with competitive adversary systems, similar estimates for 

each adversary system 

ïRepresentations of the natural environment (land, sea, and/or air), often 

time-varying

ïA model of one or more representative scenarios of use of the system, 

including such things as geographic location, environmental conditions, 

time of day, system behaviors, etc.
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Modeling and Simulation Use

in Feasibility Determination (2 of 3)

¸ Models of Total Ownership Cost

ïSimilar to those used during operational analysis

¸ Models of Sustainability

ïReliability models (at a relatively high level, unless data on similar 

legacy system components are available)

ïAvailability models (percentage of time the system will be ready 

when called upon)

ïMaintainability models (e.g., time to repair)

ïLogistics support simulations
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Modeling and Simulation Use

in Feasibility Determination (3 of 3)

¸ For systems that are improvements to existing systems and/or use 

legacy components, models and simulations of those systems / 

components can be used as a starting point

¸ The outputs of models and simulations in the feasibility determination 

phase are generally various estimated measures of effectiveness for 

a particular envisioned system implementation
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Illustration of M&S Use in Feasibility Determination

¸ Campaign-level Simulations

ïUse Measures of Performance (MoPs) of systems as inputs

ïSimulate system operation in a computer-based operational environment

ïProduce Measures of Effectiveness (MoEs) as outputs

ïCan be used to answer ñso whatò questions for proposed new systems
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Module Summary

¸ New or improved systems can be initiated as the result of the need for a new or 

improved capability, or to take advantage of an opportunity

¸ For both military capabilities and commercial systems, there are somewhat similar 

approaches to needs/opportunities analysis, but using different terminology

¸ Value modeling tools are often useful during operational analysis to help quantify 

SME opinions

¸ Formal modeling notations and tools are useful in adding rigor to system functional 

breakdowns

¸ Operational effectiveness simulations are important in performing

ï Ongoing operational analysis to determine operational objectives for new or 

improved systems

ï Analysis of envisioned system implementations to determine feasibility

¸ Cost models must consider the total ownership cost of systems, not just the 

development cost

¸ Sustainability (reliability, availability, maintainability, logistics) models and simulations 

are also of significant importance in operational analysis and feasibility determination 



An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

Modeling and Simulation

in Concept Exploration and Evaluation

42
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Module Objective and Outline

Module Objective: To describe the use of modeling and simulation in the 

concept exploration and evaluation phase of the systems engineering 

process.

Module Outline

¸ Scope of Concept Exploration and Evaluation

¸ A Simplified Process Model for Concept Exploration and Evaluation

¸ Effectiveness Simulations

ïComponents of Effectiveness Simulations

¸ Analyses of Alternatives

ïSystem Effectiveness Simulation

ïCost Modeling

¸ Ensuring a ñLevel Playing Fieldò

¸ Summary
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Scope of Concept Exploration and Evaluation

(1 of 2)

¸ Concept Exploration

ïInvolves translating the operational requirements for the system 

into engineering-oriented performance requirements for the 

system

Áinterpret, but do not replace, the operational requirements

ïSeveral alternative candidate system concepts are envisioned, 

and their performance characteristics established

ïCan sometimes be relatively limited, to only particular functions or 

portions of a legacy system

ïFor new systems, a more creative, non-prescriptive method is 

indicated that is akin to systems architecting

44
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Scope of Concept Exploration and Evaluation

(2 of 2)

¸ Concept Evaluation

ïInvolves taking the alternative concepts produced during concept 

exploration, defining them even further, and evaluating them 

ïMay be done by a single organization or, in the case of a major 

system development by separate organizations in a competitive 

environment, with an independent organization evaluating those 

concepts

ïResults in a selected system concept and a set of system 

functional specifications suitable to enter development

45
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A Simplified Process Model for

Concept Exploration and Evaluation

Performance 
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Use of Legacy / Similar System Information and 

M&S Tools

¸ Reuse of models/simulations is usually cost-effective

ïUsually require some adaptation

ïNeed subject matter experts & M&S professionals familiar with tools

ï Less experienced teams can make use of M&S repositories / registries to 

assist in discovery process

¸ Issues to be aware of

ï Lack of awareness of existing M&S tools

ïñNot invented hereò (NIH) syndrome

ï Force-fit of familiar tools (ñweôve always used this oneò)

¸ Best to do selection based on objective set of requirements / criteria

¸ Availability of authoritative data can be an issue

ïAuthoritative data on military threat systems may be hard to obtain

ïAuthoritative data on ñfriendlyò systems may require time-consuming 

release approval

47



An Introduction to the Use of Modeling and Simulation Throughout the Systems Engineering Process

Effectiveness Simulations

¸ Typically at the ñmission levelò of the military simulation pyramid

¸ Generally use parameterized system performance data generated by 

performance simulations

¸ Major components of effectiveness simulations

ï The system representation (in performance terms)

ïThe systemôs concept of operations

ï The representation of threats and friendly systems

ï The representation of the natural and man-made environment

ï The scenario

¸ Supporting elements of effectiveness simulations

ïUser interface

ïData input mechanisms

ïResults output mechanisms

ïSimulation time management
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Effectiveness Simulations ï

Representing the System

¸ During concept exploration and evaluation

ïOnly early estimates of system performance may be available

ïSystems based on legacy components typically have more credible 

representations than those based on new technology

¸ Can sometimes use effectiveness simulations for screening

ïñIf we could build a system with this performance, would it make a 

difference?ò

ïDoes achieving desired performance require unrealistic operational 

conditions?

¸ System performance typically represented parametrically

ïUsing equations

ïUsing tables of two or more dimensions
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Effectiveness Simulations ï

Concept of Operations

¸ Need to represent how the system is employed in practice

ïConcept of operations (CONOPS) can affect system performance

¸ Examples of CONOPS effects on performance

ïSubmarine towed array system performance affected by dynamic 

movement during submarine maneuvers

ïGround-based system may not be activated until cued by a surveillance 

system

ïAutomotive system may only be activated when commanded by the 

driver

ï Flight performance of aircraft affected by formation flying

ÁWhy do ducks fly in a V formation?
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Effectiveness Simulations ï

Threats and Friendly Systems

¸ Virtually every system, whether commercial or military, will need to interact 

with other systems

ïNeed to represent other systems to the degree that their performance 

could impact the systemôs effectiveness

ï For commercial systems, most are cooperative, or at least neutral

ï For military systems, must take into account the performance of:

ÁThreat (ñredò) systems

ÁCooperating (friendly, or ñblueò) systems

ÁNeutral (ñgreenò) systems (important in ñirregular warfareò)

¸ Level of detail at which such systems need to be represented depends on 

nature of potential interactions with system being studied

ïIf neutral systems are only ñclutter,ò can be modeled simply

ïSome cooperative systems may only need to be modeled as a source of 

communication messages, with a probability of successful delivery

ïBut some threat systems need detail commensurate with system being 

studied (e.g., threat aircraft in a ñdogfightò scenario) 
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Effectiveness Simulations ï

The Natural and Man-Made Environment (1 of 2)

¸ The effectiveness of virtually all systems is dependent on the effects of the 

natural and the man-made environments that it encounters during operation

ïSome effects are well known and tolerable (e.g., automobile radio or 

Global Positioning System (GPS) reception in middle of two-mile tunnel; 

cell phone performance in urban canyons)

ïSome effects are not tolerable (e.g., automobile engine overheating in 

Death Valley)

¸ Environmental conditions are typically more important for military (and law 

enforcement, and other government) systems, which are needed to operate 

with high reliability in more stressful environments than commercial systems

ïDust storms for ground vehicles, jamming environments for 

communication systems, and supersonic airflows for aircraft

ï In other cases, some degradation of performance can be tolerated, but 

needs to be quantified (e.g., sonar performance)

¸ Effectiveness simulations must model environmental conditions with fidelity 

commensurate with their effects on the system).
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Effectiveness Simulations ï

The Natural and Man-Made Environment (2 of 2)

¸ Models of the natural environment include

ïAtmospheric characteristics, such as temperature, pressure, humidity, 

and wind speed ïfor airborne systems and electromagnetic propagation

ïGround terrain characteristics, such as height vs. position and soil 

properties ïfor ground-based systems and line-of-sight calculations

ïOcean characteristics, such as depth, sound velocity profile, and wave 

height ïfor maritime systems

ïSpace characteristics, such as solar flares and sun spots ïfor satellite 

reliability/availability and electromagnetic propagation.

¸ Models of the man-made environment include

ïBuilding sizes and shapes ïfor line-of-sight calculations, and urban wind 

velocity / contaminant propagation

ïRoad networks ïfor transportation modeling

ïElectromagnetic emissions ïfor electromagnetic interference 

calculations
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Effectiveness Simulations ï

Scenarios

¸ Scenarios often start out as high-level text descriptions,

ïBut must be quantified to be used in effectiveness simulations

¸ Scenarios for a military simulation will typically include

ï The numbers and types of each friendly, threat, and neutral system 

involved

ïSystem concepts of operation, and the way in which entities move (either 

scripted, or in some reactive way)

ïLocation and extent of the ñplay box(es)ò

ï Instantiations of the natural and/or man-made environment, sometimes in 

great detail (e.g., Digital Terrain Elevation Data (DTED) terrain files)

ïA time of year (important for choosing appropriate atmospheric and 

maritime data)

ïA duration, which could range from as little as seconds for a missile 

intercept to days or weeks for an extended ground battle
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Effectiveness Simulations ï

Use of Interoperable Simulations

¸ During the past 20 years, interoperable simulations, or a set of interacting 

simulations (often referred to as a federation), have emerged

¸ Started in the training community with the DARPA SIMNET program in the 

late 1980s

¸ Use of interoperable simulations can be beneficial when there are existing 

credible standalone simulations of specific systems (or missions), but a 

simulation must be performed that involves several such systems (or 

missions)

¸ Examples of interoperable simulation standards:

ïDistributed Interactive Simulation (DIS)

ÁDesigned for real-time operation; no guaranteed message delivery or 

ordering

ï High Level Architecture (HLA)

Á Includes time management, five other services

ï Test and Training Enabling Architecture (TENA)

Á Designed for real-time operation only; DoD-centric business model
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Analyses of Alternatives

¸ An Analysis of Alternatives (AoA) is an analytical comparison of the 

operational effectiveness, suitability, and life-cycle cost (or total ownership 

cost, if applicable) of alternatives that satisfy established capability needs.

¸ Involves performing

ïSelection of alternatives

ïDetermination of effectiveness measures

ïEffectiveness analysis

ïCost analysis

ïCost-effectiveness comparisons
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Relationship of AoAs to the Defense Acquisition Process
Source:  Defense Acquisition Guidebook
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Analyses of Alternatives ï

System Effectiveness Simulation
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Analyses of Alternatives ï

Cost Modeling

¸ Need to consider all elements of system cost:

ïDevelopment cost

ïProduction cost

ïSupport (repairs, logistics, training, etc.) cost

ïDisposal cost

¸ Development cost modeling

ïNeed to assess development risk, cost uncertainty

¸ Production cost modeling

ïNeed to account for manufacturing systems development cost, number 

of units

¸ Support cost modeling

ïSupport cost is usually the largest element of total cost (~50%)

ïNeed to consider life of system, number of operators, logistics system

¸ Disposal cost modeling

ïOften neglected; need to consider hazardous materials
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Analyses of Alternatives ï

Ensuring a ñLevel Playing Fieldò

¸ When comparing system alternatives, need to ensure that each system is 

modeled ñfairlyò with respect to other systems

¸ Need to model systems themselves at similar levels of resolution

¸ Need to take into account key concepts of operation for each system

ï For example, energy management for some radar systems

¸ Need to model aspects of environment at appropriate levels of detail

ï For example, line of sight for ground-based weapon systems
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Module Summary

¸ Concept exploration and evaluation devises and evaluates a number of 

alternative system concepts

¸ Reuse of existing models and system effectiveness simulation tools, and of 

data on legacy systems, can often be useful in this phase

¸ Effectiveness simulations include

ï The system representation (in performance terms)

ïThe systemôs concept of operations

ïRepresentations of threats, friendly systems, and the natural and man-

made environment

ïScenarios of system use

¸ An analysis of alternatives (AoA) is typically performed for major defense 

systems, and employs both system effectiveness simulations and cost 

models

¸ When used to compare the effectiveness of alternative systems, simulations 

must ensure a ñlevel playing fieldò for all of the systems
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Modeling and Simulation

in Design and Development
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Module Objective and Outline

Module Objective: To describe the use of modeling and simulation in the design 

and development phase of the systems engineering process; to give 

examples of models and simulations from different engineering disciplines; 

and to introduce concepts of simulation interoperability.

Module Outline

¸ Scope of Design and Development

¸ A Simplified Process Model for Design and Development

¸ Distinguishing Characteristics of M&S Use in Design and Development

¸ Range of Engineering Disciplines Needed for System Design and 

Development Simulations

¸ Typical Applications and Example Models and Simulations for Design and 

Development, in Various Disciplines

¸ Methods of Integrating Engineering-Level Simulations

¸ Time Management in Simulations Interacting at Run-Time

¸ Summary
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Scope of Design and Development

¸ The design and development phase of systems engineering, as discussed in 

this course, refers to the combination of the following in the Kossiakoff and 

Sweet textbook:

ïAdvanced Development

ïEngineering Design

¸ Design and development takes a system concept as input, and transforms it 

into a set of realized system components that are ready for system 

integration and testing
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A Simplified Process Model for

Design and Development
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Distinguishing Characteristics of M&S Use in 

Design and Development

¸ Most of the simulations used during design and development fall within the 

ñengineeringò level of the four-level (military) simulation pyramid

ï They usually model individual components of the system

ï They often execute slower (or much slower) than real time

ï In many cases, they need to interface with one another to represent a 

subsystem or the system as a whole

ï They produce data useful as input for engagement-level simulations

¸ Whereas the earlier phases of the systems engineering process may utilize a 

relatively small number of models and simulations, in Design and 

Development, there is typically a large number of rather diverse models and 

simulations that are employed.

¸ Just as a systems engineer typically needs broad expertise to ñask the right 

questionsò across a range of engineering disciplines during Design and 

Development, a systems engineer responsible for M&S needs to have a 

broad view of M&S tools that can be applied in a range of disciplines during 

this phase.
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Range of Engineering Disciplines Needed for 

System Design and Development Simulations

¸ Structural mechanics/dynamics

¸ Fluid dynamics

¸ Thermodynamics and heat transfer

¸ Propulsion

¸ Materials engineering

¸ Circuit design

¸ Electrical power design and distribution

¸ Guidance, navigation and control

¸ Acoustic propagation

¸ Electromagnetic propagation

¸ Optical device engineering

¸ Communication systems engineering

¸ Computer network engineering

¸ Software engineering

¸ Human-systems integration

¸ Manufacturing processes

Example M&S tools for many 

of these areas are cited in the 

next section.  Mention of a 

specific M&S tool does not 

imply endorsement.

Å
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Structural Mechanics/Dynamics Simulations

¸ Typical Applications:

ï Finite element analysis

ïDynamic load analysis

¸ Examples:

ïNASTRAN (originally from ñNASA Structural Analysisò in the late 1960s)

ï LS-DYNA® (Livermore Software Technology Corp.)
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MSC Nastran result (source: Wikipedia)

LS-DYNA result of explosive rupture of railcar 

(source: Florida A&M University)
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Fluid Dynamics Simulations

¸ Typical Applications:

ïAir flow around solid shapes

ïHydrodynamic analysis

¸ Examples:

ïANSYS (www.ansys.com)

ïHYB-3D (University of Alabama at Birmingham)
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Flow around the Space Shuttle (source: NASA)

4 hours after 

release

Chlorine spill dispersion in an urban area (source: UAB)
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Thermodynamics and Heat Transfer Simulations

¸ Typical Applications:

ïDynamic heating analysis of surfaces

ïDesign of cooling systems for electronic devices

¸ Examples:

ïWinTherm (ThermoAnalytics)
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Materials Engineering Models

¸ Typical Application:

ïPredicting fatigue crack growth in structures

¸ Example:

ïAFGROW (Air Force Growth)
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Example of crankshaft fatigue (source: Wikipedia)
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Circuit Design Simulations

¸ Typical Applications:

ïSimulation of electrical circuit board behavior during design

¸ Examples:

ïSPICE (Simulation Program with Integrated Circuit Emphasis)

Á1973 Cal Berkeley, open source, spawned commercial variants

ï Logisim (digital circuits only, open source, student audience)
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Screen shot of Logisim 2.3.4, released April 1, 

2010 (source: Hendrix College web site)
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Electric Power Design and Distribution System 

Simulations

¸ Typical Applications:

ïSimulation of power systems for buildings and communities

ïSimulation of a regional or national electric power grid

¸ Examples:

ï eMEGAsim ïOPAL-RT Technologies

ïRTDS® (Real Time Digital Simulator) ïRTDS Technologies
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M/S

Acoustic Propagation Models

¸ Typical Applications:

ïDetermination of detection ranges for underwater sound sources

ïDetermination of sound speed based on environmental features

¸ Examples:

ïAutomated Signal-Excess Prediction System (ASEPS) Transmission 

Loss (ASTRAL) 

ïModular Ocean Data Assimilation System (MODAS)
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ASTRAL transmission loss curves (source: 

Biondo & Mandelberg ïMIV project)

MODAS surface sound speed (source: Biondo, 

Mandelberg et al ïJWARS-MIV project)
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Electromagnetic Propagation Models

¸ Typical Application:

ïDetermination of atmospheric detection ranges for electromagnetic 

sources

¸ Example:

ï Tropospheric Electromagnetic Parabolic Equation Routine (TEMPER)
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Source: Awadallah, et al, Radar Propagation in 3D Environments, 2004
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Computer Network Engineering Simulations

¸ Typical Applications:

ïDesign and performance evaluation of computer networks

ïSimulation of natural and man-made network disruptions

¸ Examples:

ïOPNET Modeler

ï Joint Communication Simulation System (JCSS) [formerly NETWARS]
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Manufacturing Process Models

¸ Typical Applications:

ïDetermining and optimizing production rates

ïDetermining bottlenecks in planned production lines

¸ Examples:

ïExtendSim

ïArena

76

Source: Strickland, Discrete Event Simulation Using Extend, 2009
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Integrating Engineering-Level Simulations

¸ The process of integrating engineering-level simulations is similar to the 

process of integrating a system

ïEach simulation acts as a component of the integrated simulation (often 

referred to as a ñfederationò of simulations)

ïData interchange agreements for simulations are like interface control 

documents for systems

¸ Engineering-level simulations can be integrated with one another

ï Through sequential passing of data from one simulation to the next

ÁPossible if there are no significant ñfeedbackò paths

ÁCan be done through automation, or manually (a.k.a. ñsneaker netò)

ï Through run-time interoperability (e.g., using the High Level Architecture 

for simulation interoperability, IEEE 1516)

ÁRequires pre-execution agreements as to which simulations ñpublishò 

and ñsubscribe toò data elements

ÁRequires a run-time infrastructure to manage execution
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Integrating Engineering-Level Simulations

Through Sequential Data Passing

¸ Need to establish that a given simulation produces outputs that are 

compatible with inputs required by the next simulation in the sequence, either 

directly, or by some well-defined transformation

ïñPost-processingò and/or ñpre-processingò steps may be required to 

ensure output-input compatibility

¸ ñSyntacticò interoperability ïrefers to ensuring that the (post-processed) data 

outputs are the same data element and are in the same units of measure as 

the (pre-processed) data inputs

¸ ñSemanticò (or ñsubstantiveò) interoperability ïrefers to ensuring that the 

(post-processed) data outputs and (pre-processed)  data inputs have the 

same meaning in both simulations

ïFor example, if a simulation generating ñspeedò data assumes over-the-

ground speed and the data-receiving simulation assumes through-the-air 

speed, there is no semantic interoperability

¸ Both syntactic and semantic interoperability are needed for two simulations 

to be ñcomposableò
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Integrating Engineering-Level Simulations

Through Run-Time Interoperability

¸ Most engineering-level simulations require

ïCausality: The effects of an action are observed after the action occurs

ïRepeatability: The simulation gives the same result if executed twice

¸ Ensuring causality and repeatability requires a method for maintaining ñevent 

orderingò at run-time

ï This is a non-trivial problem when executing several simulations 

interactively across a network, in which packets may arrive in a different 

order from the order in which they were generated

¸ Other issues for simulations interacting at run-time

ïMaintaining a consistent environment (terrain, weather) over time

ïDeciding which simulation should have control of an entity at a given time

ïManaging the number of interactions required (e.g., having a maximum 

range for a sensor so not every sensor-target pair needs to be evaluated)

ïDetecting that another simulation has stopped executing
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Time Management in Simulations

Interoperating at Run-Time ïTime Definitions

¸ Wallclock time - The actual time of day during a simulation execution (e.g., 

today from 4 pm to 6 pm)

¸ Physical time - The time in the physical system being modeled being 

modeled by the simulation (e.g., from midnight to 6 pm on December 7, 

1941)

¸ Simulation time (logical time) -The simulationôs representation of physical 

time (e.g., double-precision floating point number between 0 and 18, where a 

simulation time unit represents an hour of physical time)

¸ Federate time - The logical (simulation) time within a particular simulation 

federate at any instant during a distributed simulation execution
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A Logical View of Time Management

(from the High Level Architecture)
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Module Summary

¸ A broad range of engineering disciplines are involved in design and 

development, thus requiring a broad range of models and simulations, 

primarily at the engineering level.

¸ A systems engineer responsible for M&S needs to have a broad view of M&S 

tools that can be applied in a range of disciplines during this phase.

¸ The process of integrating engineering-level simulations is similar to the 

process of integrating a system

¸ Engineering-level simulations can be integrated with one another

ï Through sequential passing of data from one simulation to the next

ï Through run-time interoperability

¸ Both syntactic and semantic interoperability are needed for two simulations 

to be composable

¸ Most engineering-level simulations require causality and repeatability

¸ Event ordering and time management are important for engineering-level 

simulations with run-time interoperability requirements
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Modeling and Simulation

in Integration and Test & Evaluation
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