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The Bait

• Systems engineering provides a method 
for examining alternatives. Mr. King will 
discuss the application of technological 
forecasting, engineering, ship design, cost 
analysis, and operations research analysis 
to examine alternative approaches to 
solving naval problems. We will show 
examples of integrated analysis.



The Switch

• Systems engineering provides a method for 
examining alternatives. Mr. King will discuss the 
fundamentals of systems engineering and the 
implications for technology and application of 
technological forecasting, engineering, ship 
design, cost analysis, and operations research 
analysis to examine alternative approaches to 
solving naval problems. He will show an
example of integrated analysis. He will present 
current challenges.



Outline

• The Principles of Systems Engineering
– Implications for Technology

• The Dimensions of Technology Selection
– Some Methods of Technology Selection

• Cost-Benefit Analysis

• The Role of Probability
• Risk
• Current Challenges



PRINCIPLES OF SYSTEMS 
ENGINEERING

• THE FUNDAMENTAL PRINCIPLE OF 
SYSTEMS ENGINEERING

Maximize the Expected Value

• THE PRINCIPLE OF EVENTS OF LOW 
PRIORITY

The fundamental missions of the system 
should not be jeopardized, nor its fundamental 
objectives significantly compromised, in order to 
accommodate events of low probability.

Systems Engineering Handbook
Robert E. Machol
McGraw-Hill



Principles (Cont’d)
• THE PRINCIPLE OF CENTRALIZATION

Centralization of authority and decision-
making, that is, the centralization of information 
as distinguished from material.

• THE PRINCIPLE OF SUBOPTIMIZATION
The optimization of each subsystem 

independently will not, in general, lead to a 
system optimum and, more strongly, 
improvement of a particular subsystem may 
actually worsen the overall system.



Some Methods of Technology 
Selection



Why is Technology A Concern

• Cannot afford everything
– Not everything in basic research can be 

applied
– Not everything can be implemented

• Choices
• A Systems Engineering problem

– Cannot view each thing independently

So, how do we decide?



The Big Lie

If you say something 
often enough, and with 
enough enthusiasm,
it becomes fact



New York Floor

In the New York 
state legislature, 
who gets the floor?



New York Floor

In the New York 
state legislator, 
who gets the floor?

The one who yells 
the loudest.



Friends in High Places



Analytical Hierarchy Process

Goal

Objectives

Sub-Objectives

Alternatives



Variants

• Pareto Analysis
• Pain Analysis
• Pair wise Comparisons
• etc



Strengths

• Organized
• Transparent
• Repeatable
• Sensitivity Analysis

What Is the Key Weakness?



Opinion



Another Approach:
Cost-Benefit Analysis



Design, Cost, and 
Effectiveness Impacts

of
Surface Combatant
Topside Signature 

Reduction
in

Littoral Environments
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Presenter
Presentation Notes
As part of Navy's surface ship exploratory development program,we were tasked to identify signature control R&D needs.
To identify needs, we must identify performance goals.



Purpose

• Traditionally, goals based on threat 
weapon performance

• Go beyond:
– Impact of signature control on combat system
– Impact of signature control measures on ship 

design
– Cost drivers

• Evaluate signature control in  littoral 
warfare

Presenter
Presentation Notes
Traditionally, signature goals have been established by defining the levels needed to defeat the expected performance of threat weapon systems.
Because we believed that signature control can open up new opportunities in combat system design and effectiveness, we wanted to assess signature control and combat system design mutually.
This involved:
• Impact of Signature Control on Combat System
• Impact of Signature Control Measures on Ship Design
• Cost Drivers
Previously, the interaction between signature control and combat system design had been studied in global war scenarios but ship design impacts and cost were never assessed. We wanted to do a more complete job, and do it in a littoral warfare environment.
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Presenter
Presentation Notes
In this figure, we illustrate the process which we followed in the study. In the FORMULATION phase, we adopted a baseline from an ongoing study, and adopted accepted Navy scenarios, and threats from a recent study. We identified the conceptual approaches to signature control and made preliminary signature performance estimates. By comparing signature performance to the threats we identified combat system alternatives. Then, we defined ship variants based on the signatures and the combat system alternatives.
The COMPUTATION phase was the most time consuming. We found the specific impacts of the signature control measures on the ship and developed ten ship concepts based on them. Simultaneously, we performed the operational effectiveness analysis. Then, finally, our cost specialist estimated the cost of each of the concepts, based on the signature control measures, combat system, and their ship impacts.
In the DETERMINATION phase, we made decisions based on the results of the computations. We compared the effectiveness and cost to evaluate the cost-effectiveness of the alternatives, identified signature goals, and R&D needs.
The activities in GREEN are those which were done by the experts in signature control; these are the steps which would traditionally be taken to establish signature goals. Those in BLUE are those which would normally be performed by our naval architect. Those in YELLOW are those which are performed by operations research analysts. 
In our case, we had a lot of cooperation among our participants. For instance, the combat systems alternatives were identified jointly by all members of the team. We also had a cost specialist estimate the cost of all of the alternatives. The interaction among the disciplines was key to the success of the project. As you will see, the results are much more comprehensive than those which would have been formulated by signatures experts working alone in the traditional manner. The naval architect provided extensive insight into the impacts and potential for incorporating signature control measures into a ship. The operations research analyst had the opportunity of working with "real" signature control measures, ship designs, and cost, and moderated signature and combat system alternatives with the reality of  how combat systems would be applied in the scenarios.



Ship Variants
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Presenter
Presentation Notes
Signatures were reduced successively from a baseline, which had typical modern signature control, to Signature Alternative 4 which aggressively reduced signatures. In alternative 4, radar cross-section was reduced by ____dB and infrared contrast was reduced by ____ dB.

Combat system A is a typical AEGIS area defense system, with SPY-1, SPG-62, SM-2, and ESSM. Advanced radar and IR decoys were also provided. 

In combat system B, we complemented the AEGIS system with extensive passive sensors for threat warning and detection. The active AAW system would be used only when engaged. In alternative 3, we replaced the SPG-62 with a conformal X-band radar to complement the lower signatures.

Combat system C eliminates the area AAW capability. It relies on the ESSM missiles and replaces the SPY-1 with a multifunction X-band radar. This retains the passive cueing capability proposed for combat system B.

In combat system D, we replaced the ESSM with a conceptual autonomous ESSM. This replaces the ESSM semi-active radar with a fully autonomous active or passive seeker. This avoids vulnerable illuminator emissions and prevents illuminator saturation.

We eliminated some alternatives because the particular combinations of  combat systems and signatures did not seem effective. This allowed us to save money and time.



Candidate Ships

A0, A1, A2, B2

B3

C0, C1, C2

C3, D3

C4, D4

Presenter
Presentation Notes
Ships were designed to each combination studied. Our naval architect used a design synthesis program called ASSET.
Lengths varied from 148 m to 175 m, the length to beam ratio ranged from about 8.5 to about 10. Displacements ranged from about 7900 tonnes to about 9000 tonnes.



Mission Analysis
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Presenter
Presentation Notes
Our study chose 7 representative mission areas
• Stress various ship capabilities
• Different impacts of signature reduction: detection, classification, targeting, and especially soft-kill
• Strong littoral emphasis
• MOEs cover range from tactical or engagement outcomes to longer-term operational impacts
• Different tactical constraints, such as EMCON or support by friendly assets
• Rules of engagement

This presentation will look at only a sampling of these scenarios, because of time constraints.




Mission Effectiveness
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Presenter
Presentation Notes
This “stoplight” chart is a summary of all the mission areas we looked at.

We’ve had to make judgments about what constitutes “good,” “fair,” and “poor,” and we’ve had to do some averaging of results as well, so this chart is somewhat subjective. Still, it shows some interesting trends.

We were not surprised that the low-signature ships did well in several mission areas. What did surprise us, though, is that the reduced combat system ships did as well as they did even in some scenarios that we though would require area-AAW capability, though our overall force mix still included a large number of Aegis ships.



Cost
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Presentation Notes
Now, in addition to the operational effectiveness analysis, we performed a cost analysis on our twelve ship variants.

As you might expect, the reduced combat system ships enjoy substantial savings compared to the high-end ships, on the order of about $200 million, or about 20 percent.

Signature reduction, on the other hand, is relatively cheap: even the most advanced measures we considered added only about 5 percent to the acquisition cost.

Now we have some idea of both the cost and operational effectiveness of our ship variants, so we can try to combine them and look at their cost-effectiveness...



Cost-Effectiveness
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Presenter
Presentation Notes
...to do this, we’d like to show a sample of a cost-effectiveness display we’ve found useful in this study.

The horizontal axis is the acquisition cost, representing the reality that cost is an “independent variable” that is driving our ship acquisition process. We could do similar plots using life-cycle or total ownership costs.

The vertical axis can be any measure of effectiveness – there might be many plots like this, each showing a different MOE. For this example we’ve combined the results for our seven mission areas into one overall “score.”

Even when we allow for the subjective nature of the “score,” the results are dramatic. This kind of plot can quickly show which variants are contenders and which are not. The lowest-cost, most-effective ships will be these in the upper-left-hand corner; these C3 and C4 and D3 and D4 variants are clearly preferable to the A and B ships.



Conclusions
• Study conclusions

– The combination of signature control and appropriate 
combat systems yields cost-effective ship options

– Increased cost of signature control is easily 
outweighed by decreased combat system cost

– For some missions, signature control is vital to 
success

– Future focus will be on the technologies appropriate 
to signature level 3

• Process conclusions
– Small team, focused on limited missions and 

scenarios
– Effective model for future studies

Presenter
Presentation Notes
If signature control and combat system design are considered mutually, very effective and affordable ship designs can result.
The increased cost of signature control is easily outweighed by the reduced cost of the combat system. Furthermore, the combat system's effectiveness can be improved dramatically by signature control. This does not imply that area defense is unnecessary; only that a combination of  area defense and self defense ships is more cost-effective.

For some missions, and against some threats, signature control is vital to success. 

The signature control performance results of this study have been adopted as goals for the Navy's ship exploratory development program and R&D needs are under development. The work needs refinement; the future focus will be on the technologies appropriate to Signature Level 3.

In our project, we were a small team, focused on limited missions and scenarios. The small size of the team and its limited objectives contributed to its success. We think that this is an effective model for future technology tradeoff studies.



What are the Weaknesses of 
This Approach?



An Idea: A Hybrid Approach
Goal
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Hybrid Approach

• Use AHP, or a similar approach, to identify 
and weigh objectives

• Use rigorous cost-benefit analysis to 
evaluate alternative technology systems
for achieving the objectives.

• Evaluate the alternative systems using 
AHP

• Guide investment decisions. 



What is the Fundamental 
Principle of Systems 

Engineering?



What is the Fundamental 
Principle of Systems 

Engineering?

Maximize the Expected Value

What is Implied?



The Role of Probability

• Remember, Maximize the Expected Value
– Performance
– Cost
– Weight
– Risk
– Etc

• Expected value implies probabilistic 
assessment.

• Results are rarely expressed this way



The Two Sides to Risk



Risk
Risk Management 
Assessment Event Probability
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Event 
Consequence
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The Risk of Action



Risk

• But what about The Risk of Inaction?
– Adversary development
– Program delay
– Increased cost
– Technology abandonment
– Etc.

This should be considered!



Technology Risk
vs Potential
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The Challenge



Current Challenges

• What is desired?
– A fact-based technology evaluation system

• Recognize uncertainty
• Identify uncertainty

– Balance risk of action and risk of inaction
– Effective and efficient cost analysis

• Suited to the immaturity and uncertainty of 
technology



Current Challenges

• Technology Solutions
– Systems-based

• Alternate technical system approaches
• Use mixes of technologies that makes sense

– Maximize expected value
– Catch the revolutionary technology

• Institutionalize systems engineering 
approach to technology selection
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Discussion

James H. King

Office of Naval Research
800 N. Quincy Street
Arlington, VA 22217-5660
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E-mail: kingj@onr.navy.mil
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