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1. Project Introduction 

U.S. waterborne foreign trade has increased over the past 20 years (MARAD, 2016), and 

increases in maritime trade and infrastructure utilization are projected in the coming years 

(Howard, 2019).  Maritime managers must be prepared to meet the future demand with a 

maritime and multimodal infrastructure that is sustainable, resilient, and efficient.   Asset 

management of maritime and multimodal infrastructure involves many stakeholders and difficult 

trade-offs between operations, monitoring, maintenance, replacement of existing assets and 

development of new assets with a limited budget.  Multiple Objective Decision Analysis 

(MODA) with Value-Focused Thinking (VFT) combined with Optimization provides a decision 

support methodology to provide trade-off insights for infrastructure asset management decision 

makers.  However, examination of educational opportunities for practicing professionals reveals 

a lack of online graduate courses that teach these trade-off analysis techniques. Informing 

practicing professionals in the use of trade-off analytics will assist them in making infrastructure 

development, management, and preservation decisions that will provide increased U.S. maritime 

and multimodal infrastructure capabilities. 

2. Project Description 

The project objective was to develop an online course to be taught to the maritime and 

multimodal infrastructure community including: transportation planners, maritime planners, 

infrastructure managers, Civil Engineers, and Industrial Engineers, on the use of trade-off 

analytics as a tool to assist them in their infrastructure development, management and 

preservation decision-making.  Modules of this course can also be packaged into online webinars 

for practicing professionals. This course was developed using existing trade-off analytics 

resources and maritime case studies developed for the course.  The course uses Multiple 

Objective Decision Analysis (MODA) with Value-Focused Thinking (VFT) and Optimization 

and to structure complex program asset management decisions requiring trade-offs between 

conflicting stakeholder objectives. The course focuses on framing decisions, identifying 

stakeholders, developing objectives and value measures, generating alternatives, developing a 

value model, developing a cost model, evaluating alternatives, identifying uncertainties, 

analyzing uncertainties, and making meaningful trade-offs between cost, value, and risk. The 

case studies and examples focus on maritime and multimodal infrastructures.  The course was 

developed and taught in an online program, the University of Arkansas M.S. in Engineering 

Management in Fall of 2019.  The complete set of course material are available through the 

MarTREC website for use by instructors at other universities and continuing education 

programs. 

3. Trade-Off Analytics for Asset Management 

Any complex  asset management program with multiple stakeholders has multiple competing 

objectives.  Before any meaningful evaluation of alternatives, we must first determine the 

objectives of the infrastructure owners, operators, and stakeholders.  Infrastructure assets and 

preservation projects often have many objectives: obtaining asset condition information, 
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improving capabilities, increasing capacity, increasing resilience, minimizing the adverse impact 

to the community, minimizing the impact to the environment, and minimizing the costs to users 

and infrastructure owners.  There is also the added difficulty of choosing between multiple 

projects due to constrained budgets, multiple sources of funds, and complex government 

approval processes. 

 

Trade-off analytics provides a framework to understand the use of data analytics in asset 

management.  There are three levels in the Trade-off Analytics Hierarchy (figure 1). The first 

level is descriptive analytics. Descriptive analytics uses asset data that answers the question, 

“what is?”  This describes all of the known information about the assets in the infrastructure 

system, e.g., location, size, operating characteristics, capability, capacity, age, condition, and 

maintenance schedule. The second level is predictive analytics.  Predictive analytics is the 

examination of what could be using modeling and simulation.  Based on a fundamental 

understanding of the asset and the infrastructure, the condition of the assets being considered can 

be predicted under different scenarios (including no action).  The sophistication of these 

predictive methods can vary greatly based on the complexity of the assets, roles of the asset in 

the infrastructure, and the maturity of the asset.  A linear regression model is sometimes 

sufficient, or multiple integrated simulations using engineering models incorporating uncertainty 

may be necessary for more complex decisions.  Descriptive and predictive analytics provide data 

to the third level of the trade-off analytics hierarchy which is prescriptive analytics.  Prescriptive 

analytics answers the question “What should be done?” This includes the high level objectives 

associated with cost, value, and risk of the asset alternatives.  This is where the trade-offs 

become evident: what is the cost of increasing infrastructure capacity?  What is the impact on  

infrastructure capability during an asset upgrade?  What is the risk of not properly maintaining 

an asset? The designers and analysts can use this data to improve the decision options and 

decision makers can then use the information to choose the alternative that best meets the needs 

of their stakeholders.   

 

 

Figure 1: Trade-Off Analytics Hierarchy 
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4. Methodological Approach 

The following sequence of tasks were performed to systematically develop the trade-off analytics 

course (EMGT 5053) in the Department of Industrial Engineering’s Master of Science in 

Engineering Management program. 

Phase 1.   We began by assessing stakeholder needs to define course objectives and establish a 

course outline. While an outline was developed in this phase, later developmental aid from 

Global Campus at the University of Arkansas resulted in redevelopment and refining of the 

course objectives and course outline. 

Phase 2.  Next, we reviewed the available potential textbooks for our course. We conducted a 

literature review of Multi-criteria Decision Making techniques. While techniques such as the 

Analytic Hierarchy Process (AHP) and Multiple Objective programming are discussed in current 

texts, such as Multi-Criteria Decision Making in Maritime Studies and Logistics (Lee & Yang, 

2017), there was not a focus on Multiple Objective Decision Analysis (MODA) with Value-

Focused Thinking and Trade-off Analytics.   

Phase 3.  We developed the maritime and multimodal infrastructure examples and case studies. 

These examples were selected to support the course objectives, illustrating trade-off analysis 

concepts in practical, real-world maritime and multimodal transportation problems. The goal was 

to develop case studies would feature both regional and national decision perspectives. 

Phase 4.  Next, we developed the course in Blackboard (a common learning management 

system). We selected a text, identified reading assignments, prepared PowerPoint presentations, 

recorded videos explaining the PowerPoints, designed course projects, and developed 

assessments including reading comprehension, homework, and exams.  All materials were posted 

on the Blackboard course pages. Based on input from Global Campus, the course objectives and 

course outline were refined to ensure better course content delivery. 

Phase 5.  In this final phase, the full implementation of the course was completed. The first 

offering was a three graduate credit offering in the second 8-week session in the Fall of 2019. 

Course feedback will be used for the next course offering in Spring 2020.  This course will be 

offered online through the Graduate Institute of the U.S. Army Engineering Research and 

Development Center.  

5. Project Deliverables 

The project deliverables include the course objectives, the schedule, the syllabus, the case 

studies, and all of the course materials. 

5.1   Course Objectives 

This course begins with an introduction to trade-off analytics and decision analysis as well as a 

brief introduction to maritime and multimodal infrastructure. The course then explores the use of 

trade-off analytics as a tool to assist with infrastructure development and preservation efforts, 
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with integrated examples of maritime and multimodal infrastructure decision-making. (While the 

course examples will be on infrastructure, course projects can include any engineering 

management domain.) Next, the course presents a sound methodology to identify stakeholders, 

stakeholder objectives, and measures of performance for infrastructure improvement programs. 

The course uses case studies to demonstrate the application of descriptive, predictive, and 

prescriptive analytics to evaluate current infrastructure status and identify potential affordable 

improvements. Development and implementation of an ExcelTM based decision support tools to 

provide trade-off analytics insights and assess best value-per-dollar infrastructure decisions are 

presented. Required coursework for students includes projects where they apply some of the 

tools and techniques to an engineering management problem of their choosing (with instructor 

approval).  

 

The following course objectives were developed. Upon completion of the course the student 

will be able to: 

 

1. Examine the role of trade-off analyses to support system decisions in each stage of the 

maritime and multimodal infrastructure life cycle. 

2. Identify and define a decision opportunity that requires a trade-off analysis. 

3. Explain the advantages and disadvantages of tradespace exploration techniques for trade-off 

analysis of concepts, architectures, designs, operations, and retirement. 

4. Recognize and avoid the mistakes of omission and commission in trade-off analysis. 

5. Identify and structure stakeholder objectives and develop single objective and multi-objective 

decision analysis models to evaluate alternatives. 

6. Describe the advantages and disadvantages of common engineering approaches used to 

generate and evaluate system alternatives.  

7. Determine the sources of uncertainty in the life cycle and be able to assess and model 

uncertainty using probability. 

8. Use decision analysis as the mathematical foundation for trade-off analysis. 

9. Develop an integrated decision model using Model-Based Engineering that incorporates 

system performance, value, cost, and risk.  

10. Perform a trade-off analysis using both deterministic and probabilistic techniques. 

11. Communicate the insights of an analysis and the important trade-offs to senior stakeholders 

and decision makers.  

5.2   Course Schedule 

The three credit graduate course was developed and offered in an eight week session. The course 

was organized into twelve modules.  The course also had weekly homework assignments, two 

class projects, and two exams.  The course schedule is provided in figure 2. 
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Figure 2 Three Graduate Credit, Eight Week Course Outline 

The objectives of the modules and submodules (lectures) were developed using Bloom’s 

Taxonomy. Bloom’s Taxonomy is a hierarchical framework that uses six levels of learning: 

remembering, understanding, applying, analyzing, evaluating, and creating. Using Bloom’s 

Taxonomy, the coursework was developed to allow students to recall information from their 

previous work or academic life, integrate this with an understanding of trade-off analytics 

concepts, apply this knowledge to solve infrastructure related problems, analyze and evaluate the 

results of these studies, and, finally, to create their own trade-off related study of an engineering 

management problem. 
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Figure 3 Vanderbilt University Center for Teaching, “Bloom’s Taxonomy”.  

September 6, 2016 via Flickr, Creative Commons Attribution. 

URL: https://cft.vanderbilt.edu/guides-sub-pages/blooms-taxonomy/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess student knowledge, the course integrates cumulative mid-term and final exams as 

well as two student projects.  The first project allows students to perform a trade-off analysis for 

an engineering management decision problem using deterministic modeling techniques. This 

project requires the development of either: (1) a net-present value (NPV), (2) a benefit-cost 

analysis, or (3) a multiple objective decision analysis (MODA) and cost model. Further, each 

student gives a presentation covering their study’s objectives, relevant deterministic modeling 

techniques, and the recommendations that result from their analysis. The second course project 

requires the deterministic analysis and an uncertainty analysis, integrating value and cost models. 

In addition to a presentation, the student must write an executive summary of their project. 

 

5.3   Course Overview: Weekly Content and Assignments 

The online course was developed using Blackboard as the Learning Management System.  

Figure 4 presents a screen shot of the opening page in Blackboard.  

 

 

 

 

 

 

 

 

Figure 4.  Screen Capture of Course Opening Page in Blackboard 
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Figure 5.  Screen Capture of Module Content Layout in Blackboard 

 

Content barriers were used to ensure online students actively engage with the course material. 

For example, to access the next module the student must first do the reading assignment for the 

current module and receive a sufficient score on the corresponding reading quiz. The quizzes 

were developed to be automatically graded for the student, and multiple quiz attempts are 

allowed since questions are dynamically generated using question pools. The homework 

assignments are manually graded so only a single attempt is allowed.  

 

 

 

 

 

 

 

 

 

 

 

5.4   Case Studies 

To provide illustrative examples of trade-off analysis techniques, case studies were developed 

and integrated into the course.  Examples include: an optimization of the United States Army 

Corps of Engineers (USACE) budget allocations, the Arkansas River navigation study, a benefit-

cost analysis of the USACE Mississippi River shipping channel development, a maritime 

security system, and the design of a lift boat. Brief case study summaries are provided below. 

5.4.1   An Optimization of the United States Army Corps of Engineers Budget Allocation 

George E. Gallarno (Developed for presentation in this trade-off analytics course) 

Project conference presentation included in  Appendix C. 

 

This case study describes the use of Multiple Objective Decision Analysis (MODA) with 

Value-Focused Thinking (VFT) for asset portfolio optimization.  First, the organizational values 

were determined using the U.S. Army Corps of Engineers (USACE) Civil Works Strategic Plan 

2014 -2018. This “Gold Standard” document discusses the USACE organizational objectives as 

well as value measures used to evaluate each objectives progress towards the ideal value. The 

document was used to develop 29 values measure (and value curves) to assess asset management 
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Figure 6. Cost v. Value of Strategies at Percentage of Current Budget 

 

strategies. The asset management strategies used six budget allocation categories are identified in 

the USACE strategic plan: navigation, flood risk management, recreation, hydropower, 

environmental stewardship, and water supply. To generate a specific strategy, each budget 

category’s funds are determined using a percentage of the current fiscal years allocations. 

Additionally, the budget of each strategy does not exceed what is given for the current fiscal 

year. The budget strategies were named by their primary emphasis: commerce, civilian, disaster 

mitigation, conservation, and a balanced. 

 

Two sources of systemic uncertainty were introduced into the MODA model to evaluate their 

effects on asset management strategy selection: (1) budget reduction and (2) flooding. First, 

when a budget reduction occurs, the preference ranking of the alternatives remains the same 

(figure 6). Next, the impact of flooding upon strategy selection was examined with Monte Carlo 

Simulation.  Disaster mitigation achieved the highest expected value, but does not stochastically 

dominate the other strategies (figure 7). This case study enhances knowledge of how to properly 

frame asset management models using MODA, optimization, and Monte Carlo Simulation. 
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Figure 7. S-curves of Asset Strategies Resulting from Monte Carlo Simulation of Flooding 

 

 

 

 

 

 

 

 

5.4.2   The Arkansas River Navigation Study 

United States Army Corps of Engineers, Little Rock District and Tulsa District. "Final 

Feasibility Report: Arkansas River Navigation Study - Arkansas and Oklahoma McClellan-Kerr 

Arkansas River Navigation System." August 2005. 

 

Coal and industrial chemical traffic on the McClellan-Kerr Arkansas River Navigation 

System (MKARNS) is growing at an annual rate of 1.5% or higher, petroleum products growing 

0.6%-0.7% annually, and all other commodities growing at a rate between 0.9% and 1.2%. Due 

to this increased use, the state of Arkansas must identify valuable alternatives to enhance the 

navigation system, improve navigation efficiency, and accommodate traffic grow. Three key 

factors were considered to improve the MKARNS: navigation channel depth maintenance, flow 

management, and navigation channel deepening. By examining the impacts of minimally and 

maximally engaging the factors, various strategies were generated and evaluated against each 

other using benefit-cost analysis. This study increases comprehension of benefit-cost analysis for 

complex systems with uncertainty. 

  

5.4.3   Mississippi River Shipping Channel Development 

United States Army Corps of Engineers, Integrated General Reevaluation Report & Supplement 

III to the Final Environmental Impact Statement, Mississippi River Ship Channel, Baton Rouge 

to the Gulf, Louisiana Project. April 2018.  

 

This study examined whether deepening existing channels along the Mississippi river would 

be in the best interest of the federal government. Existing and future conditions were examined 

and potential alternatives were generated to address these conditions. Alternatives were 

evaluated by assessing the feasibility, cost, and benefits of each alternative. Additionally, 

uncertainty analysis was performed to determine the environmental impact of the alternatives. 

Multiple constraints were considered to generate initial alternatives. Subsequent alternatives 
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(including hybrid alternatives) were iteratively defined based on feasibility of alternatives under 

consideration. The suggested alternative was chosen based on net excess benefits. This study 

enhanced understanding of how benefit-cost analysis can be used to assist in iterative generation 

of alternatives. 

 

5.4.4   Maritime Security System 

Madni, A. and A. Ross, “Exploring Concept Trade-Offs,” Trade-off Analytics: Creating and 

Evaluating the Tradespace, G. Parnell, Editor, Wiley & Sons, 2016. 

 

The goal of this case study was to develop a maritime security system for a particular littoral 

area of interest (AOI). The system is required to detect suspicious boats, identify suspicious 

boats, board suspicious boats, and conduct search and rescue missions. Multi-attribute 

Tradespace Exploration (MATE) is used to explore the design space and generate alternatives. 

Better alternatives were located along the Pareto frontier, determined by evaluating alternative 

multi-attribute utility (MAU) versus alternative cost. Next, simulation was used to evaluate the 

leading alternatives within a stochastic environment. This study illustrated how concept trade-off 

analysis is a key activity in the conceptual system design phase, and is part of the overall systems 

engineering trade-offs analysis process. 

 

5.4.5   Lift boat Design 

Whitcomb, C. and P. Beery, “Exploring the Design Space,” Trade-off Analytics: Creating and 

Evaluating the Tradespace, G. Parnell, Editor, Wiley & Sons, 2016. 

 

Lift boats are self-elevating, self-propelled vessels - commonly equipped with a  crane and an 

open-space multi-use deck – that are used for oil platform maintenance, fracking, sand blasting, 

pipe-laying, etc. The deeper that the lift boat can operate, the more profit that can be earned; 

therefore, longer lift boat legs are needed for increased operator profitability. An issue is that 

longer legs are heavier, reducing the lifting capacity of the vessels as well as reducing the 

stability of the vessel during both transport and operation. This case study explores possible 

design variations using fractional factorial design of experiments. The results of the design of 

experiments are examined using regression analysis techniques. This case study demonstrates the 

use of design of experiment techniques to explore the design space. 

 

The above five case studies are provided in the course materials developed for this course 

and provide to MarTREC.  

6.    Results 

This research developed a trade-off analytics course focused on maritime and intermodal 

infrastructure asset management. The first offering was in the second 8-week term of the Fall 

2019 within the University of Arkansas Engineering Management program. The online course 
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used Blackboard with prerecorded video lectures augmented by reading and content review 

quizzes. The course development process met all of the project objectives outlined within the 

original project proposal. First, the coursework provides an overview of a decision analysis 

methodology used to identify stakeholders, stakeholder objectives, and measures of performance 

for infrastructure improvement programs. Techniques presented include: vision statements, 

decision hierarchies, stakeholder issue identification matrix, Value-Focused Thinking, value 

hierarchies, and value models. Next, descriptive, predictive, and prescriptive analytic techniques 

are presented in the context of evaluating current infrastructure status and potential 

improvements. Both deterministic and probabilistic models are introduced, as well as asset 

management optimization, within the context of single objective and multiple objective decision 

analysis. Value-Focused Thinking is also used to evaluate alternatives, considering 

organizational value versus cost. Lastly, Microsoft ExcelTM and the Probability Management 

SIPmath modeling tool are used to help students learn to develop decision support tools to 

provide trade-off analytics insights to decision makers and stakeholders with the best value per 

dollar infrastructure improvement programs. Examples of these tools are provided within the 

course material and students develop their own models, under instructor guidance, in two course 

projects. All course materials are available thorough MarTREC.  

 

7.    Impacts 

The course development has resulted in several impacts. First, after discussions with leadership 

at the United States Army Engineering Research and Development Center (ERDC), they agreed 

to offer this course in their Graduate Institute. Subsequently, an agreement has been approved by 

University of Arkansas and ERDC to offer all University of Arkansas M.S. in Operations 

Management and M.S. in Engineering Management program courses through the ERDC 

Graduate Institute. Second, continuing work includes pursuing funding for an asset management 

research proposal with ERDC. Third, using material developed for this project, we have worked 

with Ms. Patricia J. Gaynor, Marine Structural Engineer, Ports Infrastructure Development 

Program, Office of Ports and Waterways Planning, U.S. Maritime Administration, to develop a 

MARAD Decision Support Tool to support their selection of best Port Infrastructure 

Development Program grants (funded at $278M per year). 

8.    Conclusions 

This project achieved its two objectives: create a trade-off analytics course for the Master of 

Science in Engineering Management program and provide a course in the ERDC Graduate 

Institute. While examples for this course come primarily from maritime and multimodal 

transportation, students who take this course gain an understanding of trade-off analysis 

techniques and their applications to solving other domain specific problems. Future work 

includes improving existing techniques and applying them to maritime and multimodal 

transportation infrastructure asset management for MARAD and ERDC. 
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A. Sample Trade-Off Analytics Course Syllabus 

B.      General Project Presentation Slides (Used for Student Presentations and Poster) 

C.     Slides from Case Study Presented at the 2019 National Conference of the Institute for     

   Industrial and Systems Engineering (IISE). 
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	1. Project Introduction 
	U.S. waterborne foreign trade has increased over the past 20 years (MARAD, 2016), and increases in maritime trade and infrastructure utilization are projected in the coming years (Howard, 2019).  Maritime managers must be prepared to meet the future demand with a maritime and multimodal infrastructure that is sustainable, resilient, and efficient.   Asset management of maritime and multimodal infrastructure involves many stakeholders and difficult trade-offs between operations, monitoring, maintenance, repl
	2. Project Description 
	The project objective was to develop an online course to be taught to the maritime and multimodal infrastructure community including: transportation planners, maritime planners, infrastructure managers, Civil Engineers, and Industrial Engineers, on the use of trade-off analytics as a tool to assist them in their infrastructure development, management and preservation decision-making.  Modules of this course can also be packaged into online webinars for practicing professionals. This course was developed usi
	3. Trade-Off Analytics for Asset Management 
	Any complex  asset management program with multiple stakeholders has multiple competing objectives.  Before any meaningful evaluation of alternatives, we must first determine the objectives of the infrastructure owners, operators, and stakeholders.  Infrastructure assets and preservation projects often have many objectives: obtaining asset condition information, 
	improving capabilities, increasing capacity, increasing resilience, minimizing the adverse impact to the community, minimizing the impact to the environment, and minimizing the costs to users and infrastructure owners.  There is also the added difficulty of choosing between multiple projects due to constrained budgets, multiple sources of funds, and complex government approval processes. 
	 
	Trade-off analytics provides a framework to understand the use of data analytics in asset management.  There are three levels in the Trade-off Analytics Hierarchy (figure 1). The first level is descriptive analytics. Descriptive analytics uses asset data that answers the question, “what is?”  This describes all of the known information about the assets in the infrastructure system, e.g., location, size, operating characteristics, capability, capacity, age, condition, and maintenance schedule. The second lev
	 
	 
	Figure
	Figure 1: Trade-Off Analytics Hierarchy 
	 
	4. Methodological Approach 
	The following sequence of tasks were performed to systematically develop the trade-off analytics course (EMGT 5053) in the Department of Industrial Engineering’s Master of Science in Engineering Management program. 
	Phase 1.   We began by assessing stakeholder needs to define course objectives and establish a course outline. While an outline was developed in this phase, later developmental aid from Global Campus at the University of Arkansas resulted in redevelopment and refining of the course objectives and course outline. 
	Phase 2.  Next, we reviewed the available potential textbooks for our course. We conducted a literature review of Multi-criteria Decision Making techniques. While techniques such as the Analytic Hierarchy Process (AHP) and Multiple Objective programming are discussed in current texts, such as Multi-Criteria Decision Making in Maritime Studies and Logistics (Lee & Yang, 2017), there was not a focus on Multiple Objective Decision Analysis (MODA) with Value-Focused Thinking and Trade-off Analytics.   
	Phase 3.  We developed the maritime and multimodal infrastructure examples and case studies. These examples were selected to support the course objectives, illustrating trade-off analysis concepts in practical, real-world maritime and multimodal transportation problems. The goal was to develop case studies would feature both regional and national decision perspectives. 
	Phase 4.  Next, we developed the course in Blackboard (a common learning management system). We selected a text, identified reading assignments, prepared PowerPoint presentations, recorded videos explaining the PowerPoints, designed course projects, and developed assessments including reading comprehension, homework, and exams.  All materials were posted on the Blackboard course pages. Based on input from Global Campus, the course objectives and course outline were refined to ensure better course content de
	Phase 5.  In this final phase, the full implementation of the course was completed. The first offering was a three graduate credit offering in the second 8-week session in the Fall of 2019. Course feedback will be used for the next course offering in Spring 2020.  This course will be offered online through the Graduate Institute of the U.S. Army Engineering Research and Development Center.  
	5. Project Deliverables 
	The project deliverables include the course objectives, the schedule, the syllabus, the case studies, and all of the course materials. 
	5.1   Course Objectives 
	This course begins with an introduction to trade-off analytics and decision analysis as well as a brief introduction to maritime and multimodal infrastructure. The course then explores the use of trade-off analytics as a tool to assist with infrastructure development and preservation efforts, 
	with integrated examples of maritime and multimodal infrastructure decision-making. (While the course examples will be on infrastructure, course projects can include any engineering management domain.) Next, the course presents a sound methodology to identify stakeholders, stakeholder objectives, and measures of performance for infrastructure improvement programs. The course uses case studies to demonstrate the application of descriptive, predictive, and prescriptive analytics to evaluate current infrastruc
	 
	The following course objectives were developed. Upon completion of the course the student will be able to: 
	 
	1. Examine the role of trade-off analyses to support system decisions in each stage of the maritime and multimodal infrastructure life cycle. 
	1. Examine the role of trade-off analyses to support system decisions in each stage of the maritime and multimodal infrastructure life cycle. 
	1. Examine the role of trade-off analyses to support system decisions in each stage of the maritime and multimodal infrastructure life cycle. 

	2. Identify and define a decision opportunity that requires a trade-off analysis. 
	2. Identify and define a decision opportunity that requires a trade-off analysis. 

	3. Explain the advantages and disadvantages of tradespace exploration techniques for trade-off analysis of concepts, architectures, designs, operations, and retirement. 
	3. Explain the advantages and disadvantages of tradespace exploration techniques for trade-off analysis of concepts, architectures, designs, operations, and retirement. 

	4. Recognize and avoid the mistakes of omission and commission in trade-off analysis. 
	4. Recognize and avoid the mistakes of omission and commission in trade-off analysis. 

	5. Identify and structure stakeholder objectives and develop single objective and multi-objective decision analysis models to evaluate alternatives. 
	5. Identify and structure stakeholder objectives and develop single objective and multi-objective decision analysis models to evaluate alternatives. 

	6. Describe the advantages and disadvantages of common engineering approaches used to generate and evaluate system alternatives.  
	6. Describe the advantages and disadvantages of common engineering approaches used to generate and evaluate system alternatives.  

	7. Determine the sources of uncertainty in the life cycle and be able to assess and model uncertainty using probability. 
	7. Determine the sources of uncertainty in the life cycle and be able to assess and model uncertainty using probability. 

	8. Use decision analysis as the mathematical foundation for trade-off analysis. 
	8. Use decision analysis as the mathematical foundation for trade-off analysis. 

	9. Develop an integrated decision model using Model-Based Engineering that incorporates system performance, value, cost, and risk.  
	9. Develop an integrated decision model using Model-Based Engineering that incorporates system performance, value, cost, and risk.  

	10. Perform a trade-off analysis using both deterministic and probabilistic techniques. 
	10. Perform a trade-off analysis using both deterministic and probabilistic techniques. 

	11. Communicate the insights of an analysis and the important trade-offs to senior stakeholders and decision makers.  
	11. Communicate the insights of an analysis and the important trade-offs to senior stakeholders and decision makers.  


	5.2   Course Schedule 
	The three credit graduate course was developed and offered in an eight week session. The course was organized into twelve modules.  The course also had weekly homework assignments, two class projects, and two exams.  The course schedule is provided in figure 2. 
	 
	Figure
	Figure 2 Three Graduate Credit, Eight Week Course Outline 
	The objectives of the modules and submodules (lectures) were developed using Bloom’s Taxonomy. Bloom’s Taxonomy is a hierarchical framework that uses six levels of learning: remembering, understanding, applying, analyzing, evaluating, and creating. Using Bloom’s Taxonomy, the coursework was developed to allow students to recall information from their previous work or academic life, integrate this with an understanding of trade-off analytics concepts, apply this knowledge to solve infrastructure related prob
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	Figure 3 Vanderbilt University Center for Teaching, “Bloom’s Taxonomy”.  
	Figure 3 Vanderbilt University Center for Teaching, “Bloom’s Taxonomy”.  
	September 6, 2016 via Flickr, Creative Commons Attribution. 
	URL: https://cft.vanderbilt.edu/guides-sub-pages/blooms-taxonomy/ 
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	To assess student knowledge, the course integrates cumulative mid-term and final exams as well as two student projects.  The first project allows students to perform a trade-off analysis for an engineering management decision problem using deterministic modeling techniques. This project requires the development of either: (1) a net-present value (NPV), (2) a benefit-cost analysis, or (3) a multiple objective decision analysis (MODA) and cost model. Further, each student gives a presentation covering their s
	 
	5.3   Course Overview: Weekly Content and Assignments 
	The online course was developed using Blackboard as the Learning Management System.  Figure 4 presents a screen shot of the opening page in Blackboard.  
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	Figure 4.  Screen Capture of Course Opening Page in Blackboard 
	 
	Content barriers were used to ensure online students actively engage with the course material. For example, to access the next module the student must first do the reading assignment for the current module and receive a sufficient score on the corresponding reading quiz. The quizzes were developed to be automatically graded for the student, and multiple quiz attempts are allowed since questions are dynamically generated using question pools. The homework assignments are manually graded so only a single atte
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	Figure 5.  Screen Capture of Module Content Layout in Blackboard 
	Figure 5.  Screen Capture of Module Content Layout in Blackboard 
	Figure

	 
	 
	 
	 
	5.4   Case Studies 
	To provide illustrative examples of trade-off analysis techniques, case studies were developed and integrated into the course.  Examples include: an optimization of the United States Army Corps of Engineers (USACE) budget allocations, the Arkansas River navigation study, a benefit-cost analysis of the USACE Mississippi River shipping channel development, a maritime security system, and the design of a lift boat. Brief case study summaries are provided below. 
	5.4.1   An Optimization of the United States Army Corps of Engineers Budget Allocation 
	George E. Gallarno (Developed for presentation in this trade-off analytics course) 
	Project conference presentation included in  Appendix C. 
	 
	This case study describes the use of Multiple Objective Decision Analysis (MODA) with Value-Focused Thinking (VFT) for asset portfolio optimization.  First, the organizational values were determined using the U.S. Army Corps of Engineers (USACE) Civil Works Strategic Plan 2014 -2018. This “Gold Standard” document discusses the USACE organizational objectives as well as value measures used to evaluate each objectives progress towards the ideal value. The document was used to develop 29 values measure (and va
	strategies. The asset management strategies used six budget allocation categories are identified in the USACE strategic plan: navigation, flood risk management, recreation, hydropower, environmental stewardship, and water supply. To generate a specific strategy, each budget category’s funds are determined using a percentage of the current fiscal years allocations. Additionally, the budget of each strategy does not exceed what is given for the current fiscal year. The budget strategies were named by their pr
	 
	Two sources of systemic uncertainty were introduced into the MODA model to evaluate their effects on asset management strategy selection: (1) budget reduction and (2) flooding. First, when a budget reduction occurs, the preference ranking of the alternatives remains the same (figure 6). Next, the impact of flooding upon strategy selection was examined with Monte Carlo Simulation.  Disaster mitigation achieved the highest expected value, but does not stochastically dominate the other strategies (figure 7). T
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	Figure 6. Cost v. Value of Strategies at Percentage of Current Budget 
	Figure 6. Cost v. Value of Strategies at Percentage of Current Budget 
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	Figure 7. S-curves of Asset Strategies Resulting from Monte Carlo Simulation of Flooding 
	Figure 7. S-curves of Asset Strategies Resulting from Monte Carlo Simulation of Flooding 
	Figure

	 
	 
	5.4.2   The Arkansas River Navigation Study 
	United States Army Corps of Engineers, Little Rock District and Tulsa District. "Final Feasibility Report: Arkansas River Navigation Study - Arkansas and Oklahoma McClellan-Kerr Arkansas River Navigation System." August 2005. 
	 
	Coal and industrial chemical traffic on the McClellan-Kerr Arkansas River Navigation System (MKARNS) is growing at an annual rate of 1.5% or higher, petroleum products growing 0.6%-0.7% annually, and all other commodities growing at a rate between 0.9% and 1.2%. Due to this increased use, the state of Arkansas must identify valuable alternatives to enhance the navigation system, improve navigation efficiency, and accommodate traffic grow. Three key factors were considered to improve the MKARNS: navigation c
	  
	5.4.3   Mississippi River Shipping Channel Development 
	United States Army Corps of Engineers, Integrated General Reevaluation Report & Supplement III to the Final Environmental Impact Statement, Mississippi River Ship Channel, Baton Rouge to the Gulf, Louisiana Project. April 2018.  
	 
	This study examined whether deepening existing channels along the Mississippi river would be in the best interest of the federal government. Existing and future conditions were examined and potential alternatives were generated to address these conditions. Alternatives were evaluated by assessing the feasibility, cost, and benefits of each alternative. Additionally, uncertainty analysis was performed to determine the environmental impact of the alternatives. Multiple constraints were considered to generate 
	(including hybrid alternatives) were iteratively defined based on feasibility of alternatives under consideration. The suggested alternative was chosen based on net excess benefits. This study enhanced understanding of how benefit-cost analysis can be used to assist in iterative generation of alternatives. 
	 
	5.4.4   Maritime Security System 
	Madni, A. and A. Ross, “Exploring Concept Trade-Offs,” Trade-off Analytics: Creating and Evaluating the Tradespace, G. Parnell, Editor, Wiley & Sons, 2016. 
	 
	The goal of this case study was to develop a maritime security system for a particular littoral area of interest (AOI). The system is required to detect suspicious boats, identify suspicious boats, board suspicious boats, and conduct search and rescue missions. Multi-attribute Tradespace Exploration (MATE) is used to explore the design space and generate alternatives. Better alternatives were located along the Pareto frontier, determined by evaluating alternative multi-attribute utility (MAU) versus alterna
	 
	5.4.5   Lift boat Design 
	Whitcomb, C. and P. Beery, “Exploring the Design Space,” Trade-off Analytics: Creating and Evaluating the Tradespace, G. Parnell, Editor, Wiley & Sons, 2016. 
	 
	Lift boats are self-elevating, self-propelled vessels - commonly equipped with a  crane and an open-space multi-use deck – that are used for oil platform maintenance, fracking, sand blasting, pipe-laying, etc. The deeper that the lift boat can operate, the more profit that can be earned; therefore, longer lift boat legs are needed for increased operator profitability. An issue is that longer legs are heavier, reducing the lifting capacity of the vessels as well as reducing the stability of the vessel during
	 
	The above five case studies are provided in the course materials developed for this course and provide to MarTREC.  
	6.    Results 
	This research developed a trade-off analytics course focused on maritime and intermodal infrastructure asset management. The first offering was in the second 8-week term of the Fall 2019 within the University of Arkansas Engineering Management program. The online course 
	used Blackboard with prerecorded video lectures augmented by reading and content review quizzes. The course development process met all of the project objectives outlined within the original project proposal. First, the coursework provides an overview of a decision analysis methodology used to identify stakeholders, stakeholder objectives, and measures of performance for infrastructure improvement programs. Techniques presented include: vision statements, decision hierarchies, stakeholder issue identificati
	 
	7.    Impacts 
	The course development has resulted in several impacts. First, after discussions with leadership at the United States Army Engineering Research and Development Center (ERDC), they agreed to offer this course in their Graduate Institute. Subsequently, an agreement has been approved by University of Arkansas and ERDC to offer all University of Arkansas M.S. in Operations Management and M.S. in Engineering Management program courses through the ERDC Graduate Institute. Second, continuing work includes pursuing
	8.    Conclusions 
	This project achieved its two objectives: create a trade-off analytics course for the Master of Science in Engineering Management program and provide a course in the ERDC Graduate Institute. While examples for this course come primarily from maritime and multimodal transportation, students who take this course gain an understanding of trade-off analysis techniques and their applications to solving other domain specific problems. Future work includes improving existing techniques and applying them to maritim
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