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1.  Introduction

The complexity of large-scale systems requires cost estimation models that can capture the complexity of the job required to develop them.  Many useful models have been developed to estimate software development effort.  A recent need to estimate large scale efforts such as the Army’s Future Combat System – a system-of-systems (SoS) – has called for the development of a model that can characterize the effort required to integrate large software systems into a cohesive system.  Other efforts to develop a model for systems engineering effort estimation have been supported by International Council of System Engineering (INCOSE) and the Center for Software Engineering (CSE) corporate affiliates.  Both efforts are leveraging off the popularity of the COCOMO II model and applying its best practices. 

The existence of these three categories of models (for software development, systems engineering, and system-of-systems) has created the need for a clear definition of the scope of the models and their interrelationships and overlaps.  Currently, estimates for software development can be performed using the Constructive Cost Model (COCOMO II).  In the future, estimates for systems engineering will be done with the Constructive Systems Engineering Cost Model (COSYSMO), and system-of-systems architecture definition and integration estimation will be done with the Constructive System-of-Systems Integration Cost Model (COSOSIMO).  Numerous complications can arise when any two of these models are used in parallel since each of the models was initially developed as an independent entity.  Moreover, there is a need to integrate multiple models to develop comprehensive estimates of large-scale development efforts, which may involve software, systems, and systems of systems.

In this light, we present a number of questions that arise when considering the complexities introduced by the combinations of these cost models:
· What is a useful unified model development framework/vision?
· Which models in the COCOMO suite should be included in the unified version?

· How should the unified model evolve?

· When current models are used separately:

· What is the scope of the resulting effort?

· What is missed for the larger development effort?

· What is double-counted?

· How should parameters for the various aspects of the software intensive systems be specified?  At what level? 
· What framework constructs are needed to support extensions that may apply to only parts of the effort to be estimated?
Rather than providing comprehensive answers, this paper attempts to identify the key issues that must be worked out and proposes an approach for resolving these issues and developing a framework to support the unification of the three cost models:

· The second section provides the motivation and the desired goals for a unified COCOMO suite of tools.  

· The third section contains a general description of the three primary cost models, their assumptions, and scope.  

· The fourth section provides the most significant issues identified in COCOMO unification meetings and workshops held to date.  

· The fifth section provides some preliminary analysis of current model relationships and possible overlap between models.

· The sixth section provides some recommendations for addressing key unification issues and defining a framework for unification.  
2.  Unification Motivation and Goals

Figure 1 shows the variety of cost models that have been developed at the USC CSE to support the planning and estimation of software-intensive systems as the technologies and approaches have evolved since the development of the original COCOMO in 1981.  The Appendix contains all the definitions for the models in Figure 1.
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Figure 1.  Overview of Current COCOMO Cost Models.
Just as the process model community has found that software engineering, software development, system engineering, and other activities are integrated, have dependencies, and cannot be adequately performed and optimized independently of each other, the estimation community has also found that these activities cannot be estimated independently for many of the larger software-intensive systems and system-of-systems.  Activities need to be planned and estimated at a program or project level.  Feedback from current COCOMO model users [ARR 2004] indicates that users would like a single tool in which they can:

· Identify system and software components comprising the software system of interest
· Easily evaluate various development approaches and alternatives and their impacts to cost and schedule

· Understand the overlaps between models, if any.
To help illustrate the larger system-of-systems environment and to better understand what the model users are requesting, an emergency communications systems example has been developed that contains typical software-intensive systems and hardware components (see Figure 2).  Note that the system components in Figure 2 have been modified to protect the proprietary information of the actual system itself and to facilitate the description of the concepts of interest.

Efforts have been initiated at the USC CSE to develop a framework in which the key cost models can be integrated to provide a comprehensive software-system development effort to users.  Once the models that are most likely to be used together are integrated, efforts will focus on the integration of other more specialized models.  We will also begin with the models that have a high degree of maturity. 
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Figure 2. Cost Model Unification Example.

The purpose of this unification effort is similar to that of the individual cost models [Boehm, et. al., 2000], that is, to help software-intensive system and SoS developers “reason” about the cost and schedule implications of their:  

· Development decisions

· Investment decisions

· Established project budget and schedules

· Client negotiations and requested changes

· Cost, schedule, performance, and functionality tradeoffs

· Risk management decisions
· Process improvement decisions.

Key to our approach is distinguishing between an “integrated” set of models versus a truly “unified” model.  When a set of models is “integrated”, typically each model becomes an entity in the integrated set with inputs into one model creating outputs that are then fed into subsequent models.  However, when a unified model is developed, there is a re-engineering of the set of models to come up with an architecture where the whole of the unified set is greater than the sum of the parts.  Developing a unified COCOMO model will support the goals to minimize or eliminate overlap between the models, provide a relatively comprehensive coverage of the SoS, system engineering, and software development activities, and develop a relatively simple interface for specifying inputs as well as a well-integrated set of outputs.
3.  The Three Primary Cost Models

The Center for Software Engineering has developed a suite of cost models to estimate effort related to software development, systems engineering, rapid application development, COTS software integration, software quality, security engineering, incremental development, and most recently, system of systems integration.  These models capture different attributes of system development and form part of the Model-Based System Architecting and Software Engineering (MBASE) framework [Boehm & Port 1999].  Most of these cost models were developed to estimate additional effort associated with specific software or software process characteristics (e.g., COTS integration, security).  Three of the cost models, however, span the full software system life cycle:  COCOMO II, COSYSMO, and COSOSIMO. This paper focuses on the cost model integration issues associated with these three primary models.  Future work will look at the integration of the other specialty models.  Figure 3 illustrates the high-level relationships between the three cost models of interest.
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Figure 3. Key Relationships Between Cost Models.

3.1 COCOMO II:  COCOMO II is the earliest, most well understood, and best calibrated of the COCOMO models.  COCOMO II is designed to help users estimate software engineering effort for requirements analysis, design, construction, and verification and validation at the software configuration item level.  There are two models within COCOMO II:  the Early Design model that supports estimation when little is known about the software design and is used to explore alternatives and the Post Architecture model that provides more detailed estimates after the software architecture is specified.  The main driver for both of the COCOMO II models is software size.  Additional parameters are used to characterize the software, software development environment and constraints, and the software development team. COCOMO II also supports three different software development process models for the Early Design and Post Architecture models:  a risk-driven Waterfall process, the MBASE/Rational Unified Process (MBASE/RUP), and incremental development.  [Boehm, et. al., 2000]

3.2 COSYSMO:  COSYSMO is a more recent addition to the COCOMO suite of models.  The goal of COSYSMO is to estimate the time and effort associated with performing the system engineering tasks defined by EIA/ANSI 632 Processes for Engineering a System.  The system engineering activities covered by this cost model were defined in the context of the ISO/IEC 15288 Phases: Conceptualize, Development, Test & Evaluation, Transition to Operation, Maintenance, and Retirement. COSYSMO is concerned with the system engineering activities associated with the specification, design, and verification of a single system and its component parts.  System size is determined by four size drivers (requirements, interfaces, algorithms, and operational scenarios).  Fourteen cost drivers are used as context parameters to characterize the environment, application, and team working on the system.  [Valerdi, et. al., 2003]
3.3 COSOSIMO:  COSOSIMO is the newest addition to the COCOMO suite.  To understand the SoS model, one can view the system-of systems as a set of systems, with the systems at each level comprised of some combination of other systems and system elements, as shown in Figure 4 below.  This is similar in concept to the System-of-Interest defined in ISO/IEC 15288 [ISO 2002].
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Figure 4. System-of-Systems Diagram [Lane 2004]
Much of the total development effort for this type of system can be estimated using current system engineering and software development models.  However, what is not covered by these models is the effort often performed by an organization referred to as the Lead System Integrator (LSI) [Gupta 2004] to define the SoS architecture, conduct the solicitation and procurement activities necessary to develop the required SoS components, and then to integrate the various SoS components into the overall SoS architecture [Lane 2004].  COSOSIMO is a cost model designed to estimate the effort associated with these LSI activities that are typically performed at Level 0 shown in Figure 4.

3.4 Summary of Cost Model Properties:  As mentioned above, the various COCOMO models form part of the MBASE framework.  Figure 5 illustrates the MBASE framework, showing the phases of development and the activities typically performed in those phases.    
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Figure 5.  MBASE Phases and Related Activities [Boehm, et. al., 2000]

The MBASE framework also is consistent with the ISO/IEC 15288 phases of conceptualization, development, production, utilization, support, and retirement.  In order to investigate the potential overlap of the primary cost most models, it is important to understand the activities and phases currently addressed by each of these cost models.

Table 1 summarizes the properties of the three primary models that are key to the proposed unification activities.  These include a description of what each model estimates, the life cycle phases that are covered by the each estimate, the size unit(s) used by each model, and a summary of each model’s inputs.

Table 1. Primary Cost Model Properties

	Aspect
	COCOMO II
	COSYSMO
	COSOSIMO

	Estimates
	Software development
	Systems engineering
	System-of-systems  integration of software-intensive systems

	Life cycle phases included in estimates
	MBASE/RUP Elaboration and Construction Phases
	ISO/IEC 15288 Conceptualize, Development, Test & Evaluation, Transition to Operation, Maintenance, and Retirement Phases 
	Pre and Post COCOMO II and COSYSMO development effort

	Estimates size via
	· Software size (software lines of code,  function points, or application points)
	· # requirements

· # interfaces 

· # algorithms

· # operational scenarios
	· Effective software size associated with interfaces 

· #  interfaces

· # components

· # operational scenarios

	Form of the model
	1 size factor, 5 scale factors, and 18 effort multipliers
	4 size factors, 14 effort multiplier
	4 potential size factors, 6 scale factors


4.  Key Unification Issues

In August 2004, the CSE held an internal workshop to identify key issues for model unification.  The outcome of the workshop was the identification of five areas of focus for unification:  (1) identification of models that must be unified to support various types of development, (2) the overlap of these models, (3) schedule estimation relationships between the various models, (4) missing activities not covered by any of the current models, and (5) how to specify the required parameters and outputs for the related models in a user-friendly, consistent, and usable manner.  The following sections describe some of the more detailed issues identified as part of the five focus areas.

4. 1 Model Selection:  Which models are most appropriate for large software-intensive systems?  Many of today’s large software-intensive systems integrate legacy capabilities, with new Commercial Off-the-Shelf (COTS) software products, as well as new custom software subsystems.  No single COCOMO model covers the full life cycle effort for the development of these types of systems.  The new software development effort is easily estimated using COCOMO II.  COTS customization effort might be estimated using another COCOMO model, COCOTS.  COSYSMO would typically be used to estimate the system-level engineering activities such as such as feasibility analysis to support the integration concept, functional analysis of the new requirements, trade-off studies, prototyping, performance evaluation, synthesis, and system verification and validation activities. And finally, COSOSIMO might be used to estimate the effort associated with the integration of the legacy system with the COTS system and the new custom software system.  CSE Corporate Affiliates have identified potential combinations of cost models that would be of value to them including COCOMO/COSYSMO/COCOTS [Jordano 2004] and COCOMO/COSYSMO/COSOSIMO [Thomas 2004].
4.2 Model Overlap:  Further analysis is required to determine the extent of any overlap between the various COCOMO models. Potential overlap issues were identified with respect to various combinations of the primary cost models as well as with respect to the general integration of software and system components.

4.2.1 COCOMO II and COSYSMO Model Overlap:  What activities are double counted when COCOMO II and COSYSMO are used?  Currently, COCOMO II is designed to estimate the software effort associated with the analysis of software requirements and the design, implementation, and test of software.  COSYSMO estimates the system engineering effort associated with the development of the software system concept, overall software system design, implementation and test.  Key to understanding the overlap is deciding which activities are considered “system engineering” and which are considered “software engineering/development” and how each estimation model handles these activities.
4.2.2 COSYSMO and COSOSIMO Model Overlap:  What is the overlap between COSOSIMO and COSYSMO?  The answer to the question depends on how the “system” is viewed.  Is it viewed as a single system?  Or is it the integration of a set of systems?  COSOSIMO aims to estimate the effort associated with the architecture definition of a “system of systems” as well as the effort associated with the integration of the highest level system-of-systems components.  On the other hand, COSYSMO estimates are done in the context of a single system and include the effort needed to define a single system-level architecture, the design of the system components, and the integration of those components.  COSYSMO also includes the effort required for the system development to support the integration of the system component in the target environment.  Further work is required to understand the subtleties of these models and exact extent of any overlap between these models.
4.2.3 Integration Overlap:  What is the integration scope that is covered by COSOSIMO?  As indicated above, many SoS development efforts designate a lead organization, often referred to LSI.  The intent of the COSOSIMO model is to estimate the integration effort needed for the LSI to integrate and test the SoS components that are typically developed or provided by other vendors or organizations.  However, it is often the case that the LSI is responsible for the development of some of the SoS components.  In these cases, it is important to distinguish between the development/integration of a single SoS component from the integration of multiple SoS components.
4.3 Integrated Schedule:  What happens to the overall schedule when these models are combined?  How do the various activities overlap?  How much can schedule be compressed when viewing the SoS definition/integration, system engineering, and software development?  

4.4 Missing Activities:  Are there any key activities missing when the key models are viewed together?  How are specialty engineering tasks for secure or sensitive systems handled?  How are non-software system development tasks handled?  What about logistics planning for operational support?  Can effort from activities not supported by any current COCOMO model be easily integrated?
4.5 “Common” Parameters:  How should the unified model handle parameters that are similar across the models to be incorporated?  For example, TEAM is a parameter in COCOMO II, COSYSMO, and COSOSIMO.  However, TEAM is specific to the context of each model.  In the unified world, does one want one team parameter that applies to the personnel at all levels, or is it important to have different values at each level?
4.6 Effort Outputs:  What granularity should be provided?  One effort value?  An effort value for each of the key models?  By software component?  By system component?  By engineering category (e.g., software, systems engineering, LSI)?  By phase/stage of development?
5.  Key Engineering Relationships and Current Cost Model Coverage

To begin to understand these issues better and to start developing a candidate approach for the unified COCOMO model, efforts were initiated to better understand

· Current model boundaries

· How the current models are typically used today

· The activities associated with software development, system engineering, and system-of-systems integration work performed by LSIs

· What activities are included in each of the current primary cost models.

5.1 Current Model Boundaries and Usage:  To address this first aspect, we developed a table to indicate when each model (or set of models) is typically used (Table 2).  As part of this effort, we developed descriptions that tried to capture information about the current boundaries of each models and how those boundaries expand as the current models are used in an integrated manner.

Table 2.  How Current Primary Cost Models are Typically Used.

	Use…
	When scope of work to be performed  is…

	COCOMO II
	Development of software components (software development)

	COSYSMO
	Design, specification, and validation of system components for a single system (system engineering)

	COSOSIMO
	Specification, procurement, and integration of two or more software-intensive systems

	COSYSMO & COCOMO II
	System engineering and software development for a single system with software-intensive components

	COSYSMO & COSOSIMO
	System engineering and integration of the multiple systems 

	COCOMO II, COSYSMO, and COSYSIMO
	System engineering, software development, and integration of multiple software-intensive systems 


Most of these cases would apply to the example system described in Figure 2.  The police vehicle, for example, can have effort associated with systems engineering and software development.  In this case, COSYSMO and COCOMO would be used together to estimate the development of that component.

5.2 Types of Effort Estimated:  The next step was to identify a comprehensive set of high level, software-intensive system life cycle activities and then to look at the types of effort estimated by each of the primary cost models with respect to the life cycle activities.  The results of this effort are shown in Table 3.

Some activities, such as management and support, involve several organizations at different layers of the system.  Extreme care needs to be taken when developing models that cover activities that have shared responsibilities with hardware, software, and other players.

The identification of such activities is the first step in identifying possible overlaps between models.  Further difficulties arise when dealing with different organizations that use customized Work Breakdown Structures (WBS).  These, among with the aforementioned challenges, will continue to be addressed as the model development efforts continue at the CSE.
6.  Conclusions, Recommendations, and Future Work

As seen from the discussions above, there is still much work to be done in order to support the unification of the COCOMO models.  These include:

1. Develop a more complete description of activities covered by each model.  These descriptions will allow us to identify, minimize, or eliminate any overlap between the models and identify software system-related activities not covered by any of the models. 

2. Determine more precisely how traditional phase activities and MBASE/RUP phases map to cost model activities and how these phases are integrated at the SoS, system, and software levels.

3. Refine counting rules/definitions for model inputs and outputs and then determine how they can be combined into an efficient, user-friendly unified model.

4. Determine typical distribution profiles for effort across all of the activities/phases in a unified environment.

Table 3.  Life Cycle Activities
.
	Activity
	Responsibilities

	
	Software Development
	Hardware Development
	System Engineering
	Lead System Integrator (LSI)

	Management
	Primary for Software Level
	Primary for HW  Level
	Primary for System Level
	Primary for SoS Level

	Support Activities (e.g., Configuration Management and Quality Assurance)
	Software Level
	Hardware Level
	System Level 
	SoS  Component Level

	SoS Definition
	 
	 
	SoS Component
	SoS Level

	Source Selection and SoS Component Procurement
	
	
	
	Lead

	Subsystem Requirements
	 Review
	 Review
	Lead
	 Review

	System/Subsystem Design
	 Support
	 Support
	Lead
	 

	Specialty Engineering Activities (e.g., security, logistics, EMC/EMI, TEMPEST, and human factors engineering)
	
	Support
	Lead
	

	Hardware/Firmware Development
	
	Lead
	
	

	Software Requirements Analysis
	Elaboration Lead
	
	Inception  Lead
	 

	Software Product Design
	Lead
	
	Review
	 

	Software Implementation/Programming
	Lead
	
	Support
	 

	Software Test Planning
	Lead
	
	Review/Support
	 

	Software Verification and Validation
	Lead
	
	Review/Support
	

	System Integration/Test
	Support 
	Support 
	Lead
	Review

	System Acceptance Test
	Support 
	Support 
	Lead
	Review

	SoS Integration/Test
	Support 
	Support 
	Review/Support
	Lead

	SoS Acceptance Test
	 Support
	 Support
	Review/Support
	Lead

	Manuals (user’s, operator’s, maintenance)
	Software Lead
	Hardware Lead
	System Lead
	SoS Level Lead

	Transition (Deploy and Maintain)
	Support
	Support
	Lead
	


The goal of this effort is to initially develop a unified COCOMO model that includes COCOMO II, COSYSMO, and COSOSIMO, as shown in Figure 6.  

[image: image7.png][E Microsoft PowerPoint - [COCOMO suite]
@) Fle Edt vew Dnen Fomat Dok Sideshow Wndow Hep Type acuestonfor heln =
D@ @ o 8o -5 .BZUS § A - Hveson Ttiewsie .

Model has been calibrated with historical project data <>
Model is derived from calibrated models Y
Model has been calibrated with expert (Delphi) data  ——

“includes Risk Analyzer, Monte Carlo, Security, Agile, and Incremental versions
Aincludes Early version

Click to add notes

29 0| 5
B | autoshepes = \ N [ O 40ER > L-A-S=E00.

i 1 of 1 Default Design Englsh (U5,
[Cick here to beain g olsh (U.5.)

V7 start . Inbox- Mier ipping @ jmodelunfica... | G C





Figure 6.  Early Unification Goal
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This initial unification effort will help establish a comprehensive framework and define the context for the evolution of the unified model into something that eventually includes all of the relatively mature COCOMO models, as shown in Figure 7.


Figure 7.  Long Term Unification Goal
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APPENDIX:  GLOSSARY OF TERMS

	COCOMO
	Constructive Cost Model

	COCOTS
	Constructive COTS

	COPLIMO
	Constructive Product Line Investment Model

	COPROMO
	Constructive Productivity-Improvement Model

	COPSEMO
	Constructive Phased Schedule & Effort Model

	COQUALMO
	Constructive Quality Model

	CORADMO
	Constructive Rapid Application Development Model

	COSOSIMO
	Constructive System of Systems Integration Cost Model

	COSYSMO
	Constructive Systems Engineering Cost Model

	COTS
	Commercial Off-the-Shelf

	EMC
	Electromagnetic Compatibility

	EMI
	Electro Magnetic Interference

	iDAVE
	Information Dependability Attribute Value Estimation

	MBASE
	Model Based (System) Architecting and Software Engineering

	RUP
	Rational Unified Process

	TEMPEST
	Transient Electro Magnetic Pulse Emanation Standard
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Emergency Communications System of Systems:  A commonly understood system that is important in everyday life is the 9-1-1 emergency communications system.  In the case of an emergency the system can be used to request police, fire, or paramedic assistance.  The 9-1-1 system can be considered an SoS because of the multiple systems that operate to make it work.  The following level 1 operational view, or OV-1, DoD Architecture Framework (DODAF) diagram for the communications system illustrates the example communications SoS.  





















































The communications SoS is composed of five major systems:


9-1-1 Dispatch Center.  This is where the call is received and attended to by a live operator that assesses the situation and dispatches the appropriate service.  These centers are usually located at police stations.


Telephone network.  Also referred to as the Public Switched Telephone Network (PSTN), which handles the routing of the call and provides information on the source of the call to determine its exact location.  This is a legacy network maintained by the local telephone company.


GPS system.  The government-provided Global Positioning System that provides location and time reference for the network and its subscribers.  This system is provided by the US Air Force.


Emergency resource.  Could be a police, fire, or ambulance unit that responds to the call via the dispatcher’s instructions.  These resources could be within or outside of the police departments.  Many ambulance companies are operated by private companies.


PSTN subscriber.  Any phone user who places the emergency call from their phone provider who has forwarded the call to the 9-1-1 dispatch center.  This call can be initiated from the PSTN or a wireless cell phone network.


Also included in the OV-1 diagram are the different cost models that could be used to estimate the amount of effort for different aspects of each system component and the entire system as a whole.  For example, the 9-1-1 dispatch center can involve software effort estimated by COCOMO as well as systems engineering effort estimated by COSYSMO.  The same is true for the other system components.  The integration of these components into a larger SoS can be estimated by COSOSIMO.
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� Legend:  COCOMO II     COSYSMO     COSOSIMO
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