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Abstract.  Considerable confusion continues relative to development methods, development strategies, and delivery strategies. This confusion is prevalent in routine engineering discussions and in recent textbooks. Method models such as the Waterfall, Spiral, Vee, Vee+, and Vee++ offer a variety of software and system development approaches each with a specific emphasis. Each of these models can be applied to an incremental or evolutionary strategy according to the nature of the project and each of these in turn can be produced in single or multiple deliveries. 
This paper addresses the choosing of a technical development strategy, which consists of selecting and implementing a combination of the most appropriate development method, a development strategy, and a delivery strategy.  

RELEVANT DEFINITIONS:

Waterfall Model – A software development method authored by Dr. Win Royce in 1969 to promote a sequentially phased software development process. The model promotes knowing the requirements before designing and designing before coding, etc. The objective was to provide a repeatable process to the then undisciplined (generally ad hoc) software development environment. Although developed for the software profession the model is also applicable to hardware development.

Spiral Model - A software development method authored by Dr. Barry Boehm in 1980 to promote the management of risk prior to attempting traditional phased software development. The model promotes resolving requirements and feasibility risk prior to proceeding with traditional phases of the waterfall approach. The objective was to involve users and stakeholders in resolving the critical development issues in the earliest phases of the software development cycle. Although developed for the software profession the model is also applicable to hardware development.

Vee Model – A software development method authored by NASA and adapted in NASA’s Software Management and Assurance Program in 1987 to promote a sequentially phased development process that stresses the relationship of decomposition to integration and adds the concept of incremental delivery. The Vee model adds to the waterfall model the vertical dimension association to levels of decomposition and integration and as a result the waterfall shape transitions to a Vee shape. The objective was to improve the waterfall’s depiction by representing decomposition, integration, and incremental delivery.

Vee+ Model – A system development method authored by Dr. Kevin Forsberg and Hal Mooz in 1990 to promote user/stakeholder involved phased system development, concurrent opportunity and risk management, and verification problem resolution. The objective was to integrate user-involved opportunity and risk management, in-process user validation, and problem resolution into the Vee model. (Forsberg and Mooz had independently developed the basic Vee model in 1989 without knowledge of the parallel development of the    NASA Vee.)

Vee++ Model - A system development method authored by Dr. Kevin Forsberg and Hal Mooz in 1991 that adds to the Vee+ method the intersecting processes of decomposition analysis and resolution and verification analysis and resolution. The objective was to provide a comprehensive model representative of the integrated processes normally associated with system development.

Incremental Development – Staged development of solution capability.

Evolutionary Development – Successive improvement of solution versions based on experience with prior version results.

Single Delivery – One fully functional delivery

Multiple Deliveries - Delivery of successive increments or versions

Technical Strategy = Development Method + Development Strategy + Delivery Strategy

METHODS, MODELS, AND STRATEGIES:
Understanding the Waterfall Method/Model

The Waterfall Model (Figure 1) is a two dimensional sequential model that depicts the successive logical phases of the software development method. The phases are presented displaced vertically and horizontally and are either shown not overlapped or slightly overlapped to illustrate the start of succeeding phase work prior to previous phase work completion. (Figure 2) The waterfall rectangles illustrate phased work content and baseline maturity. The downward arrows depict the flow-down of both [image: image1.png]Waterfall Model - 1969
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Figure 1. Waterfall Model – 1969 
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Figure 2. Waterfall Model – Sashimi Version

requirements and solutions and the upward arrows depict the backward adjustment of the baseline as discoveries are made    that influence the baseline. In some waterfall model descriptions this activity is called rework. Time is not a dimension of this model since backward iteration is allowed to implement changes to the baseline and negative time is not possible. The third dimension, normal to the plane of the model, is not used. The basic waterfall model does not illustrate the system development aspects of user involvement, verification and validation planning, opportunity and risk management, trade-off analysis and verification problem solving.

Although not described by the original author (Royce) incremental development using the waterfall method is illustrated in Figure 3 with multiple deliveries and in Figure 4 with single delivery. Evolutionary development using the waterfall method with either single or multiple deliveries is illustrated in Figure 5.
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Figure 3. Waterfall Model – Incremental Development Strategy – Multiple Delivery
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Figure 4. Waterfall Model – Incremental Development Strategy – Single Delivery 
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Figure 5. Waterfall Model – Evolutionary Strategy – Multiple Deliveries

Understanding the Spiral Method/Model

The Spiral Model (Figure 6) is a two dimensional sequential model that depicts the successive phases of a logical, risk driven, software development method. Early phases, with users and stakeholders involved, [image: image6.png]Spiral Model - Dr. Barry Boehm, 1983
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Figure 6. Spiral Model – Dr. Barry Boehm, 1983

address requirements understanding, technical feasibility, and operational concepts followed by traditional waterfall phases of development and verification. The spiral method is illustrated pictorially by the sequential phases wrapping around the center point of a spiral. Each turn represents a specific risk mitigation challenge (requirements understanding, technical feasibility, etc) and the sequence when repeated for each identified risk, should result in increased understanding of both the development problems and the solutions. The spiral turns repeat until the requirements, the solution, and the solution operation (System CONOPS) are well enough understood to warrant traditional waterfall development as illustrated in the concluding wrap of the spiral model. The actual products built or coded during the early risk mitigation spirals may or may not be incorporated into the final product. The dimension normal to the plane of the model is not used to depict any of the process. Not illustrated by this model are decomposition, verification and validation planning, opportunity management, trade-off analysis, and verification problem solving.

Although not described by the model author (Boehm) incremental development using the spiral model is illustrated in our Figure 7 with single delivery and Figure 8 with multiple deliveries. Evolutionary development using the spiral is illustrated in Figure 9.
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Figure 7. Spiral Model – Incremental Strategy – Single Delivery 
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Figure 8. Spiral Model – Incremental Strategy – Multiple Deliveries
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Figure 9. Spiral Model – Evolutionary Strategy – Single and Multiple Deliveries

If the spiral model is illustrated against a traditional horizontal time base and a vertical dimension is added to depict levels of decomposition with the user requirements at the highest level, a sidewinder illustration results as risks are addressed at the detail level and coordination with the user/stakeholders is accomplished at the user level. 

Understanding the NASA Vee Method/Model

The NASA Vee Model (Figure 10) is a three dimensional sequential model that depicts the phases of a software development method.
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Figure 10. NASA Vee Model – Multiple Deliveries

When compared to the waterfall it adds the levels of decomposition in the left leg and corresponding levels of integration in the right leg and the maturity of the approved baseline by horizontal progression to the right.

The NASA Vee model is essentially a waterfall model folded in half at the lowest level of system decomposition. The vertical dimension depicts the levels of decomposition of any system from system level to lowest detail or component/unit/part. The more complex the system, the deeper the Vee. The dimension normal to the plane of the Vee depicts the units associated with multiple deliveries. Time is depicted in two axes, from left to right and also into the plane of the model.

Understanding the Vee + Method/Model

The Vee + Model (Figures 11, 12, and 13) is a three dimensional sequential model rooted in the Vee Model that is applicable to system development irrespective of hardware and software content.
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Figure 11. Vee+ Model Core
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Figure 12. Opportunity and Risk Management addressed by the Vee+ Model
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Figure 13. Integration and Verification Management addressed by the Vee+ Model

Vee+ adds user involvement, in parallel opportunity and risk management, and the quantity of entities at each decomposition level (instead of NASA’s number of unit deliveries) to the third dimension of the Vee model.

The upward off Vee+ core activity depicts user communication and on-going approval of decisions relative to opportunities and risks, and decisions to the baseline (in-process user validation). Users should remain involved until the decisions being made are transparent and of no interest to the user. In comparison, the spiral model stresses user involvement during risk reduction activities only and the waterfall is silent with regard to user participation.

The downward off Vee+ core activity on the left leg represents opportunity and risk investigation that are carried out to whatever level is necessary to resolve the issue (glue, parts, or code for example). Results and recommendations are advanced upward as evidence to substantiate the baseline under consideration at the Vee core and to gain user approval of the baseline.

The downward right leg off-Vee core activity represents verification anomaly solving to the level necessary to resolve the issue. This could be coding errors, a cold solder joint, a test procedure error or other cause. If the anomaly cannot be resolved and is proven to be a design characteristic, the evidence is carried upward to the user for acceptance of the as-tested performance and baseline modification approval. Neither the waterfall model nor the spiral models illustrate this essential user-involved verification approval process.

Since the vertical dimension of the Vee depicts the level of decomposition, the Vee+ truncates for COTS and PDP software objects since the lower Vee+ levels of development and fabrication are not required. (Figure 14) Neither the waterfall nor the spiral models are able to vividly illustrate the integration of COTS.
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Figure 14. System “Vee” for a System of COTS

A family of integrated Vees can represent technical development and delivery strategies. Some project entities may use a single thread development method represented by a single Vee. However, if the project is incrementally developed, with multiple segments, the representative project model will be a group of displaced Vees with either multiple deliveries or a single delivery. (Figure 15, and 16) If some of the segments are composed of COTS then the COTS Vees will be truncated. 
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Figure 15. Vee+ Model – Incremental Development Strategy – Single Delivery
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Figure 16. Vee+ Model – Incremental Development Strategy – Multiple Deliveries

If the development strategy is evolutionary then a series of linked Vees (daisy chain) is the appropriate representation. Adjusting the vertical representation of the delivery strategy easily depicts both single and multiple deliveries. (Figure 17) 
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Figure 17. Vee+ Model – Evolutionary Development Strategy – Single and/or Multiple Deliveries

The Vee+ model depiction facilitates portrayal of any desired development strategy. Neither the waterfall nor the spiral models are able to clearly illustrate these development strategies.

Understanding the Vee ++ Method/Model

The Vee + + Model (Figure 18) is a three dimensional sequential system development model that adds the intersecting processes of Decomposition Analysis and Resolution (DA&R) and Verification Analysis and Resolution (VA&R) to the Vee+ model.
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Figure 18. Vee++ Model

The application of the Decomposition Analysis and Resolution Process (Figure 19) is essential to navigating the left leg of the Vee. 
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Figure 19. Decomposition Analysis and Resolution Process

Application of this process to the Vee+ method first results in the system architecture and then structured decomposition of the solution. The process includes analytical trade-off analysis used in selecting the best of options at each level of decomposition. To illustrate the application of DA&R process to the Vee+ method, the process is positioned normal to and intersecting the left Vee leg and is then moved both into and down the left leg as the system entities are progressively evolved and baselined at each level of decomposition. (Figure 20)
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Figure 20. Decomposition Analysis and Resolution Process applied to the Vee++ Model

Neither the waterfall nor the spiral models are able to illustrate the relationship of these processes.

The Verification Analysis and Resolution Process (VA&R) (Figure 21) is essential to navigating the right leg of the Vee. 
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Figure 21. Verification Analysis and Resolution Process

Application of this process to the Vee+ method results in the successive integration and verification of system entities and includes problem resolution and the securing of user approved baseline modification if required. To illustrate the application of the VA&R process to the Vee+ method, the process is positioned normal to and intersecting the lower right Vee leg and is then moved both into and up as the system entities are progressively integrated and verified. (Figure 22) 
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Figure 22. Verification Analysis and Resolution Process applied to the Vee++ Model

Neither the waterfall nor the spiral models are able to illustrate the relationship of these processes.

Spiral – Vee Correlation

The spiral method is based on addressing project risks before pursuing normal development placing these actions serially within the project’s critical path. The vee method allows opportunities and risks to be pursued either serially or in parallel to development since they are located external to the evolving baseline. This advantage provides the project manager with added flexibility in determining the tactical approach to achieving the project outcome. The correlation of the spiral method to the vee is illustrated in Figure 23.
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Figure 23. Spiral to Vee Correlation

Summary  
Technical strategy for a project can be defined and communicated by identifying the Method Model, the Development Strategy, and the Delivery Strategy. Two examples are: Spiral Method, Incremental Development, Single Delivery; or Vee++ Method, Evolutionary Development, Multiple Deliveries. These important decisions will affect all aspects of planning but especially the project network logic and hence the critical path.

Reference list.  

Boehm, Barry W., A Spiral Model of Software Development, in Tutorial: Software Engineering Project Management, edited by R. H. Thayer and M. Dorfman, IEEE Computer Society Press, Washington D.C., 1988 pp. 128-142

Buede, D., The Engineering Design of Systems – Models and Methods, John Wiley & Sons, 2000
Forsberg, Kevin and Hal Mooz, Application of the Vee to Incremental and Evolutionary Development, Proceedings of the International Council on Systems Engineering (INCOSE) Conference, St. Louis, MO, July 1995 

Forsberg, Kevin and Hal Mooz, Risk and Opportunity Management, Proceedings of the International Council on Systems Engineering (INCOSE) Conference, St. Louis, MO, July 1995

Forsberg, Kevin and Hal Mooz, with Howard Cotterman, Visualizing Project Management, J. Wiley & Sons, Inc., New York, NY, 1996

Forsberg, Kevin and Hal Mooz PMP, and Howard Cotterman, Visualizing Project Management, Second Edition, J. Wiley & Sons, Inc., New York, NY, 2000

Redmill, Felix Software Projects : Evolutionary Vs. Big-Bang Delivery (Wiley Series in Software Engineering) J. Wiley & Sons, Inc., New York, NY, 1997 

Royce, Winston W., Managing the Development of Large Software Systems, Proceedings, IEEE WESCON, August 1970, pp. 1-9. Reprinted in Tutorial: Software Engineering Project Management, edited by R. H. Thayer, IEEE Computer Society Press, Washington, D.C., 1988.
Biographies

Hal Mooz PMP Co-founder of the Center for Systems Management, which serves international clients in project management, system engineering, and systems management. Experienced practitioner and consultant to government agencies and industry. Co-author Visualizing Project Management, J. Wiley & Sons, Inc., New York, NY, 1996. Co-author Visualizing Project Management, Second Edition, J. Wiley & Sons, Inc., New York, NY, 2000. Recipient of the CIA Seal Medallion for significant contribution and pioneering efforts in project management. Co-founder of the Certificate in Project Management at the University of California. M.E. Degree from Stevens Institute of Technology.
Kevin Forsberg, Ph.D., Co-founder of the Center for Systems Management, which serves international clients in project management, system engineering, and systems management. Experienced in applied research, systems engineering, and project management. Co-author Visualizing Project Management, J. Wiley & Sons, Inc., New York, NY, 1996. Co-author Visualizing Project Management, Second Edition, J. Wiley & Sons, Inc., New York, NY, 2000. Recipient of the NASA Public Service Medal for contributions to the Space Shuttle program and the CIA Seal Medallion for significant contribution and pioneering efforts in project management. B.S. from Massachusetts Institute of Technology and Ph.D. from Stanford University.


_1049261712.ppt
Fig. *

2001 CSM 



Spiral Model – Evolutionary Strategy – Single and Multiple Deliveries



CSM’s Interpretation

Version 3

Version 1













Version 2

















l\l\\‘
‘ll“‘









.


Commitment 


Partition


Review


Progress Through Steps


Cumulative Cost


Evaluate Alternatives;


Identify, Resolve Risks


Plan Next Phases


Develop, verify


Next-Level Product


Determine Objectives, 


Alternatives, Constraints 


Integration


and Test


Plan


Develop-


ment Plan


Reqmts


Plan 


Life Cycle


Plan


Simulations, Models, Benchmarks


Concept of


Operation


Software


Reqmts


Software


Product


Design 


Detailed


Design 


Unit


Test 


Code


Integration


and Test 


Acceptance


Test 


Implement-


ation


Requirements


Validation 


Design Validation and


Verification


Risk Analysis


RA


Proto-


type 1


Prototype 2


Risk Analysis


Risk Analysis


Prototype 3


Operational


Prototype 


UNKNOWN-0.unknown



UNKNOWN-1.unknown



UNKNOWN-2.unknown






_1049273105.ppt
Fig. *

2001 CSM 



The Spiral Model Overlayed on the “Vee+”
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