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If you are close to one of these programs, you will probably think that we were unkind or too kind to that program. But the information contained in this book was gathered from the open literature. We used only the open literature for all cases, so our comparisons are valid. If we had used insider information for any of these airplanes, then our comparisons would not be valid.

Evaluation interval

Some metrics are evaluated at one point in time. The metrics in our book were usually evaluated at the time the first production unit was delivered to the customer, for example


Percent cost overrun

Percent schedule overdue

Other metrics are evaluated continually. Most Boeing metrics are evaluated daily, weekly or monthly. They are usually used to chart the progress or effectiveness of a process, e. g.,

Number of lines of code completed


Number of changes identified

Some metrics are converted into Technical Performance Measures (TPM) and are used to mitigate risk.
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Components of Technical Performance Measures

Each TPM should query
· What is the purpose of the TPM?

· How should it be used?
· What should it be measured?
· How often should it be measured?
· During which project phase should it be measured?
· How should it be displayed?
· Who should it be presented to?
· What is the threshold for action?
· What action should be performed?
· Who should perform this action?
Technical Performance Measures should be

Meaningful

Manageable

Documented

Used the same way by all

Tailored for the project!

The five top-level metrics

· Design difficulty: six metrics addressing technical complexity

· Resources: cost, time and infrastructure

· Performance: technical, cost and schedule

· Systems engineering fundamentals: eleven crucial principles that should be considered for any development

· Development environment: metrics supporting successful system development

The aircraft case studies

Boeing 777 Commercial Airplane

Lockheed F-117 Stealth Fighter

Northrop B-2 Stealth Bomber

McDonnell Douglas C-17 Military Transport

Learjet Model 60 Business Jet

McDonnell Douglas MD-11 Commercial Airplane

Design difficulty scores

	Metric
	777
	F-117
	B-2
	C-17
	Learjet
	MD-11

	Design Type
	9
	13
	13
	9
	3
	4

	Knowledge Complexity
	6
	8
	8
	6
	4
	5

	Steps
	9
	8
	9
	9
	6
	9

	Quality
	9
	7
	8
	6
	5
	6

	Process Design
	4
	4
	5
	4
	3
	4

	Aggressive Selling Price
	4
	1
	1
	2
	4
	4

	Total
	41
	41
	44
	36
	25
	32
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Cost is an independent input

Often Management sets the cost goal and Engineering designs to it. (I am not saying that this is the way it should be.) The cost goal affects risk and robustness, as is shown in this slide.

Resources scores

	Metric
	777
	F-117
	B-2
	C-17
	Learjet
	MD-11

	Cost
	12
	9
	12
	10
	9
	10

	Time
	7
	7
	8
	8
	5
	6

	Infrastructure
	8
	8
	8
	8
	6
	7

	Total
	27
	24
	28
	26
	20
	23


The B2

At two billion dollars each, the B-2 is worth its weight in gold.

Design difficulty versus resources
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Performance

Performance is composed of four submetrics used to assess the degree of success of the overall development process of the system.

· Technical performance – initial

· Technical performance -- mature

· Cost performance

· Schedule performance

Technical performance -- initial

Compliance with customer performance requirements and overall customer satisfaction at time of initial system delivery
7-10 points for a highly successful system that achieves nearly all key technical performance requirements at the time of initial system delivery

4-6 points for a moderately successful system that meets a majority of key technical performance requirements. However, operational performance of some subsystems is less than expected.

0-3 points for an unsuccessful system that fails to meet significant technical performance requirements at the time of initial system delivery, rendering it unusable by the customer as originally intended

Technical performance -- mature

Compliance with customer performance requirements and overall customer satisfaction, one to two years after system delivery

Point values are the same as for Technical Performance -- Initial.

Cost performance

How close the full-scale engineering development (FSED) effort meets the budget, production costs are not considered. This is measured using percentage cost overrun of the original FSED baseline estimate. This measure is from the point of view of the funding source.

9-10 points for an effort with less than 5 percent cost overrun

7-8 points for an effort with 5 to 15 percent cost overrun

5-6 points for an effort with 15 to 35 percent cost overrun

3-4 points for an effort with 35 to 75 percent cost overrun

0-2 points for an effort with more than 75 percent cost overrun

Note: You could implement this metric with a graph.




Schedule performance

The percentage of time that the FSED effort is overdue, defined from the start of FSED to the delivery to the customer of the first production unit.

9-10 points for less than 3 percent overdue

7-8 points for 3 to 10 percent overdue

5-6 points for 10 to 20 percent overdue

3-4 points for 20 to 50 percent overdue

0-2 points for 50 percent or more overdue

Note: You could implement this with an equation, e. g.,
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Performance scores

	Metric
	777
	F-117
	B-2
	C-17
	Learjet
	MD-11

	Technical Performance -- Initial
	8
	8
	8
	3
	9
	3

	Technical Performance -- Mature
	10
	10
	9
	9
	10
	10

	Cost Performance
	8
	4
	3
	6
	2
	5

	Schedule Performance
	10
	4
	4
	5
	4
	4

	Total
	36
	26
	24
	23
	25
	22


Systems engineering fundamentals

· Requirements development

· Incipient system design

· Evaluating alternative concepts

· Make-reuse-buy decision

· Validation of requirements

· Verification and integrated testing.

· Configuration management.

· Manufacturing considerations

· System integration

· Life cycle considerations

· Program management

Requirements development

Understanding customer needs, stating the problem, and specifying the requirements.

7-10 points for accurate and thorough understanding and documentation

4-6 points for reasonably accurate and thorough understanding and documentation

0-3 points for inaccurate and incomplete understanding and documentation

Incipient system design

Defining system architecture, describing alternative designs, functional decomposition, designing interfaces, physical decomposition, and allocating functions to physical components
7-10 points for clearly defined top-level system concept models that are decomposed into functions and components, with well-defined interfaces and detailed requirements allocations to the decomposed items

4-6 points for marginal definitions

0-3 points for inadequate top-level modeling of the system concept, insufficient or inappropriate interface definitions, and poor requirements allocation, or the failure to adequately complete activities before FSED

Evaluating alternative concepts

The relative merit of alternative concepts should be evaluated using a tradeoff methodology that uses results of analyses, simulations, and physical testing.

7-10 points for thoughtful evaluations and analyses

4-6 points for limited consideration and analysis of alternative concepts

0-3 points for little or no consideration and analysis of alternative concepts

Make-reuse-buy decision

Determining whether a subsystem should be made in house, made from reused items or bought from an outside source

10 points for making formal make-reuse-buy decisions and rewarding project managers for designing for reuse

7-9 points for performing formal make-reuse-buy evaluations for a majority of the subsystems

4-6 points for performing informal make-reuse-buy evaluations for some subsystems

0-3 points for little or no consideration of the tradeoffs between developing subsystems in-house, reusing parts of existing systems or purchasing them from outside sources

Validation

Validating requirements to ensure they are consistent with the customers' needs and that a real world solution can be built and tested to prove that it satisfies the requirements

7-10 points for a methodical process involving direct interaction with the customer

4-6 points for ensuring the requirements are consistent with the true needs of the customer through indirect methods, such as referencing marketing surveys, and for determining that a real world solution can be built and tested

0-3 points if the requirements were not reviewed with customer or if there was no attempt to prove that a real world solution exists

Verification and integrated testing

Proving that the design complies with the requirements, writing a test and evaluation master plan early in development, conducting the tests and taking appropriate follow up action
7-10 points for a complete job of verifying compliance with specifications, clearly identifying testing in a comprehensive test plan, conducting the tests and evaluating the results

4-6 points for partial verification and integrated testing

0-3 points for incomplete verification and integrated testing

Configuration management

Establishing and maintaining the status of the design configuration and interfaces, controlling changes to the configuration and maintaining the tractability of the configuration

7-10 points for effectively controlling the design configuration through a formal system of review, approval, and update

4-6 points for reasonable configuration management

0-3 points for inadequately controlling interface changes, failing to maintain accurate status of the design configuration, inadequately controlling configuration changes, or not maintaining tractability of the configuration

Manufacturing considerations

Manufacturing considerations should be addressed early in system development to (1) give Manufacturing adequate time to prepare for production and (2) let manufacturing considerations influence the design of the system

7-10 points for developing manufacturing processes concurrent with the system design, and allowing the design to be significantly influenced by Manufacturing

4-6 points for involving manufacturing personnel early in development, but not allowing the design to be significantly influenced by them

0-3 points for placing low emphasis on manufacturing issues during system design

System integration and technical management

System integration: bringing subsystems together and ensuring that the subsystems interact to satisfy the customers' needs. Technical management: (1) identifying how the development will be managed, (2) integrating activities of the development team, (3) balancing the influence of required design specialties, (4) resolving design conflicts, (5) ensuring compatibility of all physical, functional, and program interfaces, and (6) managing technical risk
7-10 points for good system integration and technical management

4-6 points for reasonable system integration and technical management

0-3 points for poor system integration and technical management

Note: This should have been broken up into two metrics.

Life cycle considerations

Giving priority to long-term issues, such as supportability (maintainability, reliability, training, etc.) and total life cycle costs.

7-10 points for fully addressing supportability and life cycle cost requirements early in development

4-6 points for minimally addressing supportability and life cycle cost requirements early in development

0-3 points for not adequately recognizing and addressing supportability and life cycle cost requirements

Program management

Planning, tracking, and coordinating activities performed by all elements of the development team. Evidence of strong program management includes an integrated master scheduling system, an efficient cost accounting system that provides management visibility into development activities in a timely manner, life cycle cost estimates, risk analyses, and conducting regular program reviews involving all the key stakeholders.

7-10 points for strong program management

4-6 points for medium strength program management

0-3 points for weak program management

Systems engineering fundamentals scores

	Metric
	777
	F-117
	B-2
	C-17
	Learjet
	MD-11

	Requirements Development
	20
	18
	16
	16
	2
	4

	Incipient System Design
	18
	18
	16
	14
	14
	10

	Evaluating Alternative Concepts
	10
	10
	10
	8
	6
	6

	Make-Reuse-Buy Decision
	10
	10
	9
	9
	8
	8

	Validation
	9
	9
	9
	8
	5
	6

	Verification and Integrated Testing
	10
	8
	10
	8
	8
	7

	Configuration Management
	10
	9
	7
	3
	7
	4

	Manufacturing Considerations
	9
	6
	9
	6
	5
	6

	System Integration and Technical Management
	10
	10
	7
	4
	7
	5

	Life Cycle Considerations
	10
	6
	10
	8
	7
	7

	Program Management
	10
	9
	7
	3
	6
	3

	Total
	126
	113
	110
	87
	75
	66


Note: Requirements Development and Incipient System Design have a range of 0-20, because we weighted them more heavily.

Development environment

The development environment is a crucial factor for success. Even expertly performed systems engineering practices can be overcome by negative environmental factors. However, a positive environment cannot make up for inadequate or poorly performed systems engineering.

Some elements of the development environment are beyond the direct control of the systems engineer, the chief engineer and the program manager. However, if these elements are favorable, they can enhance the effectiveness of systems engineering practices and contribute to development success.

Development environment

· Emphasis on the customer

· Stability of requirements and configuration

· Funding and workforce-level stability

· Strong support

· Continuity of core development team

· Stability of organizational structure

· Cooperation among stakeholders

· Effective communication

· Responsibility and authority
· Workforce qualifications

· Accountability for system performance

Emphasis on the customer

The customers’ needs should be the primary design drivers and user input during the entire development process should be accepted and encouraged.

7-10 points for a high emphasis on receiving and positively responding to direct or indirect customer involvement throughout development

4-6 points for a moderate emphasis on the customer

0-3 points for little or no emphasis on the customer

Stability of requirements and configuration

The customer requirements should not undergo a series of major changes after the start of FSED, and the system configuration should not undergo numerous alterations, whether they are driven by customer requirement changes or correction of design deficiencies.

7-10 points for minor changes in customer requirements and few configuration changes during FSED

4-6 points for moderate changes in customer requirements and moderate configuration changes during FSED

0-3 points for major changes in customer requirements or large number of major configuration changes during FSED

Funding and workforce-level stability

The development effort follows a multi-year budget that should not change significantly from original plan. Furthermore, the workforce-level throughout FSED should follow a long-term plan.

7-10 points for no unplanned, major dips or spikes in funding amounts and workforce-levels throughout FSED

4-6 points for moderate funding and workforce- level deviations

0-3 points for major funding and workforce-level deviations

Strong support

During concept development and FSED a project needs strong support within the company (referring to commercial programs) or within the government, public and media (referring to government programs).

7-10 points for strong support with no significant controversy threatening viability of the effort

4-6 points for moderate or inconsistent support due to significant controversy that moderately threatens the viability of the effort

0-3 points for little or no support, which seriously threatens the viability of the program

Continuity of the core development team

A core team of designers and managers should remain throughout development; there should be minimal turnover of key personnel.

7-10 points for little or no turnover of key designers and managers during concept development and FSED

4-6 points for a moderate turnover of key personnel

0-3 points for no continuity of key personnel

Stability of organizational structure

The system development organization should not go through major reorganizations during the development of the system.

7-10 points if the development group did not go through a major reorganization during FSED

4-6 points if the development group went through a moderate reorganization

0-3 points if the development group went through a major reorganization

Cooperation among stakeholders

There should be positive, non-confrontational working relationships among the team members and between the team members and the customer(s). Furthermore, there should be no major hidden agendas in conflict with program and customer objectives.

7-10 points for positive, non-confrontational working relationships among program participants during FSED

4-6 points for generally positive working relationships among program participants

0-3 points for negative working relationships

Labor unions

Labor unions are definitely stakeholders.

A major labor strike in the middle of design would produce 0 points for this category.

Effective communication

The members of the development team (including subcontractors and customers) should communicate with each other. This is evidenced by adequate mechanisms for communication, such as close physical proximity of the workers or the existence and use of communication mechanisms such as telephones, fax machines, computer aided design and manufacturing systems, and computer networks. Communication is also influenced by the organizational structure, the management philosophy, and cultural factors of the organization.

7-10 points for effective communication between the development team members and between them and the customers

4-6 points for moderately effective communication

0-3 points for ineffective communication

Responsibility and authority
The ability to implement design changes quickly, so that you are not hindered by organizational or procedural roadblocks. Responsibility and authority are evidenced by fast and efficient design change mechanisms and by the absence of bureaucratic micromanagement of development activities.

7-10 points for the ability to make decisions and implement design changes quickly without procedural roadblocks or bureaucratic micromanagement

4-6 points for a moderate degree of procedural impediments to quick decision-making

0-3 points for significant procedural impediments to quick decision-making

Workforce qualifications

Development personnel should have appropriate education and experience to successfully develop the system.

7-10 points if most development team members have education and experience in appropriate areas

4-6 points if a moderate number of development team members’ lack appropriate education or experience

0-3 points for a severe lack of appropriate education and experience

Accountability for system performance

The system developer should be held accountable for the performance of the system as evidenced by the existence of warranties and total system performance responsibility provisions. The reputation of the developer is important. The developer is responsible to his funding source for the way the effort is conducted, as evidenced by award fee and incentive fee structures for cost type government contracts and bonus programs for commercial efforts.

7-10 points for strong warranties, award fees and strong motivation to maintain company reputation

4-6 points for week warranties and minimal award fees

0-3 points for no warranties or award fees

Development environment scores

	Metric
	777
	F-117
	B-2
	C-17
	Learjet
	MD-11

	Emphasis on the Customer
	10
	9
	9
	7
	6
	6

	Stability of Requirements and Configuration
	8
	7
	3
	2
	3
	4

	Funding and Workforce-Level Stability
	9
	10
	9
	2
	8
	6

	Strong Support
	10
	10
	6
	3
	8
	6

	Continuity of Core Development Team
	9
	10
	8
	2
	10
	5

	Stability of Organizational Structure
	9
	9
	9
	1
	9
	2

	Cooperation Among Stakeholders
	9
	9
	9
	3
	8
	5

	Effective Communication
	9
	8
	7
	4
	5
	5

	Responsibility and authority
	7
	8
	7
	5
	8
	6

	Workforce Qualifications
	8
	9
	8
	5
	8
	5

	Accountability for System Performance
	8
	8
	7
	8
	6
	8

	Total
	96
	97
	82
	42
	79
	58
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SUMMARY OUTPUT

Regression Statistics

Multiple R

0.9978619011635133

R Square

0.9957283737936611

Adjusted R Square

0.9914567475873222

Standard Error

2.9907833883572468

Observations

3.0

ANOVA

df

SS

MS

F

Significance F

Regression

1.0

2085.0552147239264

2085.0552147239264

233.10288065843528

0.04163767011379942

Residual

1.0

8.944785276073656

8.944785276073656

Total

Coefficients

Standard Error

t Stat

P-value

Lower 95%

Upper 95%

Lower 95.000%

Upper 95.000%

Intercept

-32.19018404907974

8.123322590219876

-3.962686904473707

0.15736794390859474

-135.40634182230397

71.02597372414448

-135.40634182230397

71.02597372414448

X Variable 1

4.380368098159509

0.2869041214991399

15.267707118570064

0.04163767011379944

0.7349212084722229

8.025814987846795

0.7349212084722229

8.025814987846795

Military

SE

Performance

Commercial

SE

Performance

F-117

Learjet

B-2

MD-11

C-17


