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1.0 Introduction

This document is intended to serve as a brief overview of COCOTS, which is the commercial-off-the-shelf (COTS) software component modeling extension of COCOMO II.  It is called an “extension” because it extends the ability of COCOMO to model all elements of a software COTS-based system (CBS). COCOMO will model the effort needed to create those parts of a software CBS that are being constructed using code written from scratch, as well as with reused or adapted code (COTS components for which access to the original source code is available are considered to be forms of adapted code).  COCOTS models the effort needed to create those parts of the CBS that are being constructed using COTS components for which access to the original source code is not possible, i.e., black box components.

This document does not go deep into the theory of either COCOMO II or COCOTS. (Go to the USC-CSE website at http://cse.usc.edu for more documentation along those lines.) It does, however, provide the basic modeling equations underlying the two models as well as definitions of their respective modeling parameters. It also illustrates how the two models are related.

It must be stressed that COCOTS is still experimental, addresses only the initial CBS development phase at this time, and does not yet have the same fidelity as COCOMO II. As more calibration data is collected, the confidence that might be reasonably afforded to effort estimates provided by COCOTS is expected to improve. However, even at its current level of reliability, COCOTS does provide good insight into how a CBS estimation activity might be structured. It can tell you as an estimator what questions you should be asking, what activities need to be accounted for during the building of your COTS-based system, regardless of whether you use COCOTS or some other method to generate estimates for the effort associated with those identified activities. 

Finally, this document is intended to serve as a companion to both the COCOTS Data Collection Survey and the Users’ Manual that has been created for the USC COCOTS.2002.1 spreadsheet tool. This tool provides a combined implementation of COCOMO II and COCOTS, with the intersection of the two models occurring in the COCOMO schedule model. It is also important to note that USC COCOTS.2002.1 incorporates the COCOMO II.2000 calibration parameters.  

2.0 Description of COCOMO II.2000

COCOMO II has three forms (Application Composition, Early Design, Post-Architecture), providing ever more modeling detail. It is the Post-Architecture model that has the most direct connection to COCOTS. As such, it is this model that is described here. 
2.1 Effort Estimation

To begin, COCOMO II builds upon the basic modeling equation shown below as equation 2.1. This is a standard form followed by many parametric software estimation models. 


Effort = A (Size)B                                                                                                                       Eq. 2.1
where


Effort  = software development effort (usually given in person-months).


Size = size of the software system under development (typically indicated in source lines of code
 
 
 but other measures are sometimes used—e.g., function points, object points, etc.).


A = a multiplicative conversion constant relating software program size to development effort.


B = an exponential factor that accounts for nonlinear economies or diseconomies of scale that may accrue as software increases in size. (As a rule, software tends to exhibit diseconomies of scale due to the exponentially increasing number of interfaces that must be managed as components are added to the system, as well as the increased overhead that goes along with managing more workers and the communication between them.
) 

The Post-Architecture model of COCOMO II refines the basic equation shown above as follows: 
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EffortCOC = ACOC (EsizeCOC)ECOC       EMCOC(i)                                                        Eq. 2.2a
where


EsizeCOC = SizeCOC ∙ (1 + REVL/100)                                                 Eq. 2.2b

and
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ECOC = BCOC + 0.01      SFCOC(j)                                                                                          Eq. 2.2c

and


EffortCOC  = software development effort (usually given in person-months).


EsizeCOC = effective size of the software system under development after adjusting for rework that must be done as a result of changes in requirements.



SizeCOC = absolute size of the software system under development (either in source lines of code or function points).

REVL = estimated percentage of code that must be reworked during development due to changes or evolution in requirements or COTS component volatility but explicitly not as a result of programmer error. 


ACOC = a multiplicative conversion constant relating software program size to development effort, now representing the productivity that typically obtains when project conditions allow all seventeen linear "effort multiplier" parameters EMCOC(i) in the model to be assigned their baseline "nominal" ratings, thus reducing their collective impact to nil.


EMCOC(i) = "effort multipliers" that either increase or decrease the nominal effort estimate given by the equation based upon characterizations of the 
environmental conditions that exist while the system is under development; their nominal value is 1.0.


ECOC = an exponential factor that accounts for nonlinear economies or diseconomies of scale that may accrue as software increases in size and which in turn is now a function of a constant BCOC and five "scale factors" SFCOC(j).


BCOC = a constant appearing in the exponential term that represents the costs or savings that still obtain even when project conditions allow the absolute best possible ratings to be assigned each of the scale factors SFCOC(j), reducing their collective impact to nil; the 2000 calibration of COCOMO II currently assigns a value of 0.91 to BCOC, which implies that under the best possible system-wide conditions, economies of scale become evident as software increases in size, which is the 



   inverse of what more typically has proven to be the case. 


SFCOC(j) = "scale factors" characterizing project conditions that have been shown to have 
nonlinear impacts on software development effort determining whether economies or diseconomies of scale will likely present during the development.

In broad terms, the seventeen effort multipliers EMCOC(i) new to this equation address a) characteristics of the software product itself; b) the virtual platform (meaning both the hardware and the infrastructure software upon which the system is being developed and ultimately expected to perform); c) the personnel who are developing the software system; and d) project development conditions in terms of the use of automated tools to aid in the software development, co-location (or lack thereof) of the development team, and any requested acceleration in the development schedule.

The five scale factors SFCOC(j) impacting economies or diseconomies of scale resulting from a given project size address a) whether or not a software project is similar to projects performed by the developing organization in the past; b) how rigidly the final software product must adhere to the originally specified project requirements; c) how many of the known significant risks to a successful project outcome have been addressed by the choice of system architecture and design; d) how well all the stakeholders to the project (users, developers, funders, procurers, etc.) work together and share common objectives; and e) the maturity of the development processes that will be applied during the life of the software project.

The basic form of the COCOMO II Post-Architecture model, including the effort multipliers and scale factors, have influenced the current form of parts of COCOTS. As such, the definitions for COCOMO II Post-Architecture scale factors and effort multipliers are presented here:

Exponential scale factors SFCOC(j):
· Precedentedness (PREC):  If the product is similar to several that have been developed before then the precedentedness is high.

· Development Flexibility (FLEX):  Captures the amount of constraints the product has to meet.  The more flexible the requirements, schedules, interfaces, etc., the higher the rating.

· Architecture/Risk Resolution (RESL):  Captures the thoroughness of definition and freedom from risk of the software architecture used for the product.

· Team Cohesion (TEAM):  Accounts for the sources of project turbulence and extra effort due to difficulties in synchronizing the project’s stakeholders: users, customers, developers, maintainers, interfacers, others.

· Process Maturity (PMAT):  Based upon the SEI’s Capability Maturity Model (CMM) ratings of organization-wide software development process maturity.
 

Effort multipliers EMCOC(i):
Product Drivers
· Required Software Reliability (RELY):  Measure of the extent to which the software must perform its intended function over a period of time.

· Database Size (DATA):  Measure of the affect large data requirements has on product development. 

· Product Complexity (CPLX):  Measures complexity of software under development in five areas: control operations, computational operations, device-dependent operations, data management operations, and user interface management operations.

· Required Reusability (RUSE):  Accounts for the additional effort needed to construct components intended for reuse on the current or future projects.

· Documentation Match to Life Cycle Needs (DOCU):  Measures the suitability of the project’s documentation to its life cycle needs.

Platform Drivers
· Execution Time Constraint (TIME):  Measure of the execution time constraint imposed upon a software system.
· Main Storage Constraint (STOR):  Measures the degree of main storage constraint imposed on a software system or subsystem.
· Platform Volatility (PVOL):  Measure of the degree of volatility/rate of change in the complex of hardware and software (operating system, DBMS, etc.) that the product under development calls upon to perform its tasks.
Personnel Drivers
· Analyst Capability (ACAP):  Analysts are personnel that work on requirements, high level design, and detailed design.
· Programmer Capability (PCAP):  Measure of the capability of the programmers as a team rather than as individuals, and considers ability, efficiency, thoroughness, and the ability to communicate and cooperate. 

· Personnel Continuity (PCON):  Measure of the development project’s annual personnel turnover rate.
· Applications Experience (APEX):  Measure of the project team’s overall level of experience building the current type of product under development.
· Platform Experience (PLEX):  Measures the project team’s experience with modern and powerful platforms, including more graphic user interface, database, networking, and distributed middleware capabilities.
· Language and Tool Experience (LTEX):  Measure of the level of programming language and software tool experience of the project team.
Project Drivers
· Use of Software Tools (TOOL):  Measure of the extent advanced software development tools are used during development.
· Multi-site Development (SITE):  Measure of the nature of project development site locations (from fully collocated to international distribution), and communication support between those sites (from surface mail and phone access to full interactive multimedia).
· Required Development Schedule (SCED):  Measure of the schedule constraint imposed on the project; defined in terms of the percentage schedule stretch-out or acceleration with respect to a nominal schedule for a project requiring a given amount of effort.  
In practical terms, the application of each of the scale factors and effort multipliers described above requires an estimator using COCOMO II to rate each parameter on a scale from extra low to extra high, based upon unique sets of criteria that have been determined for each item (see end reference #5, Software Cost Estimation with COCOMO II for a complete description of these rating criteria). These ratings correspond to specific numerical factors that are then applied in the model to derive the final estimated software development effort. 

Table 2.1 shows the corresponding numeric parameter values for each of those ratings for the 2000 calibration of COCOMO II based on 161 historical project data points. Finally, table 2.2 indicates the percentage of projects in the data that had their effort and schedule estimates (schedule modeling is discussed in the following

	Table 2.1 - COCOMO II.2000 Scale Factor and Effort Multiplier Numeric Values


	Driver
	Symbol
	XL
	VL
	L
	N
	H
	VH
	XH
	Productivity

Range1,2

	Scale Factors

	PREC
	SF1
	
	6.20
	4.96
	3.72
	2.48
	1.24
	0.00
	1.33

	FLEX
	SF2
	
	5.07
	4.05
	3.04
	2.03
	1.01
	0.00
	1.26

	RESL
	SF3
	
	7.07
	5.65
	4.24
	2.83
	1.41
	0.00
	1.39

	TEAM
	SF4
	
	5.48
	4.38
	3.29
	2.19
	1.10
	0.00
	1.29

	PMAT
	SF5
	
	7.80
	6.24
	4.68
	3.12
	1.56
	0.00
	1.43

	Post-Architecture Effort Multipliers

	RELY
	EM1
	
	0.82
	0.92
	1.00
	1.10
	1.26
	
	1.54

	DATA
	EM2
	
	
	0.90
	1.00
	1.14
	1.28
	
	1.42

	CPLX
	EM3
	
	0.73
	0.87
	1.00
	1.17
	1.34
	1.74
	2.38

	RUSE
	EM4
	
	
	0.95
	1.00
	1.07
	1.15
	1.24
	1.31

	DOCU
	EM5
	
	0.81
	0.91
	1.00
	1.11
	1.23
	
	1.52

	TIME
	EM6
	
	
	
	1.00
	1.11
	1.29
	1.63
	1.63

	STOR
	EM7
	
	
	
	1.00
	1.05
	1.17
	1.46
	1.46

	PVOL
	EM8
	
	
	0.87
	1.00
	1.15
	1.30
	
	1.49

	ACAP
	EM9
	
	1.42
	1.19
	1.00
	0.85
	0.71
	
	2.00

	PCAP
	EM10
	
	1.34
	1.15
	1.00
	0.88
	0.76
	
	1.76

	PCON
	EM11
	
	1.29
	1.12
	1.00
	0.90
	0.81
	
	1.59

	APEX
	EM12
	
	1.22
	1.10
	1.00
	0.88
	0.81
	
	1.51

	PLEX
	EM13
	
	1.19
	1.09
	1.00
	0.91
	0.85
	
	1.40

	LTEX
	EM14
	
	1.20
	1.09
	1.00
	0.91
	0.84
	
	1.43

	TOOL
	EM15
	
	1.17
	1.09
	1.00
	0.90
	0.78
	
	1.50

	SITE
	EM16
	
	1.22
	1.09
	1.00
	0.93
	0.86
	0.80
	1.53

	SCED
	EM17
	
	1.43
	1.14
	1.00
	1.00
	1.00
	
	1.43

	For Effort Calculations:

Multiplicative constant A = 2.94;

Exponential constant B = 0.91
	For Schedule Calculations:

Multiplicative constant C = 3.67;

Exponential constant D = 0.28
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	Table 2.2 - Predictive Accuracy of COCOMO II.2000


	Prediction Accuracy Level

	Before Stratification
 
 
 

	After Stratification

	Effort Estimation

	PRED (.20)
	63%
	70%

	PRED (.25)
	68%
	76%

	PRED (.30)
	75%
	80%

	Schedule Estimation

	PRED (.20)
	50%
	50%

	PRED (.25)
	55%
	67%

	PRED (.30)
	64%
	75%


section) come within the indicated percentage (i.e., PRED level) of their actual reported values after calibration.

2.2 Schedule Estimation

Effort estimation is only half of what COCOMO does. Of equal importance is the schedule estimation capability it provides. As with the effort model, the COCOMO II schedule model builds on a standard form: 


Schedule = C (Effort)D                                                                                                    Eq. 2.3
where


Schedule = software development calendar duration (usually given in months).


Effort  = estimated software development effort (usually given in person-months).

C = a multiplicative conversion constant relating software development effort to development schedule.

D = an exponential constant usually < 1 that reflects the fact that development schedule (unlike effort) does generally exhibit nonlinear economies of scale (e.g., doubling the development effort will less than double the schedule).

 The COCOMO II Post-Architecture schedule model makes the following adjustments: 


ScheduleCOC = CCOC (EffortCOC-NS)FCOC ∙ (SCED%∕100)                       Eq. 2.4a
where
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FCOC = DCOC + 0.2 ∙ (0.01      SFCOC(j))                                                Eq. 2.4b

and


ScheduleCOC = software development calendar duration (in months).


EffortCOC-NS = COCOMO II estimated software development effort (in person-months) with the schedule effort multiplier (EMCOC(17): SCED) set to nominal (meaning a numerical value of 1.0)


SCED% = required percentage of schedule compression relative to a nominal schedule (maximum compression allowed is down to 75% of a nominal schedule).

CCOC = a multiplicative conversion constant relating software development effort to development schedule.


FCOC = an exponential factor that accounts for the fact that development schedule does generally exhibit nonlinear economies of scale and which in turn is now a function of a constant DCOC and the five scale factors SFCOC(j). 


SFCOC(j) = the same five "scale factors" used in the Post-Architecture effort model characterizing project conditions and that have been shown to also have nonlinear impacts on software development calendar duration just as with development effort; in this case, however, they determine not whether economies of scale will likely present during the development with regard to calendar schedule, but rather how large those economies of scale will likely be.

The 2000 calibration of COCOMO II currently assigns a value of 3.67 to CCOC and 0.28 to DCOC (see table 2.1). Look again at table 2.2 showing the predictive accuracy achieved by the 2000 calibration. Note that the accuracy achieved by COCOMO II.2000 for schedule prediction is slightly less than that achieved for effort prediction, which means there are probably either hidden issues yet unresolved with respect to the conditioning of the data used to calibrate the model, or perhaps equally likely there are other factors impacting schedule not yet being captured by the schedule model as currently formulated.

To put these numbers in perspective, however, and to complete this review of COCOMO II, it should be noted that software estimation models that consistently come within 30% of actual reported values 70% of the time are generally considered by the professional estimation community to be good models performing about as well as can be expected within this field.
 

3.0. Description of COCOTS.2002
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Figure 3.1 – COCOTS estimation model as of October 2002.

As illustrated in figure 3.1, the October 2002 version of COCOTS represents a moderate restructuring of the COTS estimation model compared to versions of COCOTS published previously. The biggest single change is the elimination of what was known as the volatility submodel. 

The system volatility submodel was problematic. It dealt with the impact of COTS volatility (the frequency with which vendors release new versions of their products combined with the degree to which those products change with each new version) on the newly developed code being modeled by COCOMO II. (The impact of COTS product volatility on the COTS glue code and tailoring activities are captured directly in those submodels themselves.) Though the concept of COTS volatility potentially requiring rework effort in the custom coded portions of a CBS is easy to grasp, the proposed equations modeling that effort were admittedly difficult to understand. From a practical point of view, it is also hard to separate out rework effort in the custom code related solely to COTS volatility from rework that is caused by changes in project requirements. This made collection of calibration data for this submodel a difficult task as well.

Fortunately, there was a straightforward solution. It turns out that the REVL term in COCOMO II had already been redefined from its COCOMO 81 counterpart called “BREAKAGE” to include rework in the custom code as a result of COTS volatility in addition to rework in the custom code due to requirements change (just as does CREVL in the glue code submodel). This eliminates the need for the system volatility submodel altogether—in fact requires it to avoid double counting of that effort. This also has the advantage of restoring the accounting for all custom code effort to COCOMO II, which conceptually seems cleaner. The current version of COCOTS is thus focused strictly on the effort directly associated with the integration and maintenance of the COTS products alone.

The other significant change from earlier versions of COCOTS was the redefinition of the glue code scale factor AAREN. It is more reasonable for this parameter to explicitly adopt the same definition and rating scale as the COCOMO II scale factor RESL (see section 2.1) since both parameters attempt to model essentially the same concept. It also seems likely that it would be an unusual circumstance for the two parameters to warrant different ratings during a given CBS development since they both attempt to characterize the overall architecting process applied to the CBS. Due to differences in the specific formulas in which they are used, however, they would both probably still require their own unique numerical parameter values.

The mathematical form for each of the remaining submodels is shown below. 

Assessment

The assessment submodel is formulated as follows:

EffortA = IFE + DAE






Eq. 3.1a
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IFE =      (CCFi ∙ MIFEi)                                                                     Eq. 3.1b
and


DAE =      (CCDj ∙ MDAEj)                                                                Eq. 3.1c

and


EffortA = total COTS product assessment effort for the project.


IFE = total initial filtering effort.


DAE = total detailed assessment effort.


M = number of different classes of COTS products going through initial filtering.


N = number of different classes of COTS products going through detailed assessment.


CCFi = number of candidate COTS products within a given class of products going through initial filtering. 


CCDj = number of candidate COTS products within a given class of products going through detailed assessment. 


MIFEi = mean initial filtering effort for a given class of COTS products.


MDAEj = mean detailed assessment effort for a given class of COTS products.

The total COTS product assessment activity on a project then becomes the combination of the two kinds of effort, represented by equation 3.1a.

Tailoring
The tailoring submodel takes on this mathematical form: 



EffortT =      (NCTi ∙ MTEi ∙ TCQi)                                                           Eq. 3.2
where


EffortT = total COTS product tailoring effort for the project.


M = number of different classes of COTS products being tailored.


NCTi = number of COTS products within a given class of products being tailored. 


MTEi = mean tailoring effort for a given class of COTS products.

TCQi = tailoring complexity qualifier; a linear multiplier that either increases or decreases the nominal tailoring effort for the given class of products based upon characterizations of the complexity of the tailoring required (the nominal value is 1.0).

The formulation of the tailoring submodel presumes that the expected difficulty of the tailoring work that is going to be required to get a given COTS product integrated into a system can be characterized by standardized rating criteria, represented by the parameter TCQ in equation 3.2 and which is rated on a five point scale (see the separate COCOTS Data Collection Survey document).

The total COTS tailoring effort for a project then becomes a function of the number of COTS products within a class being tailored for that project, the average tailoring effort per component within that class of products and at the given level of complexity, and the total number of COTS classes represented 

Glue Code

The glue code submodel takes on this mathematical form:



EffortGC = AGC (EsizeGC)EGC      EMGC(i)                                                                      Eq. 3.3a
where


EsizeGC = SizeGC ∙ (1 + CREVL/100)                                                  Eq. 3.3b

and


EGC = BGC + (0.04 ∙ SFGC)                                                                    Eq. 3.3c

and


EffortGC  = glue code development effort in person-months.


EsizeGC = effective size of the glue code under development after adjusting for rework that must be done as a result of changes in requirements or volatility in the COTS products for which the glue code is being written.


SizeGC = absolute size of the glue code under development in source lines of code.

AGC = a multiplicative conversion constant relating glue code size to development effort, now representing the productivity that typically obtains when project conditions allow all thirteen “effort multiplier” parameters EMGC(i) in the model to be assigned their baseline "nominal" ratings, thus reducing their collective impact to nil.


EMGC(i) = "effort multipliers" that either increase or decrease the nominal effort estimate given by the equation based upon characterizations of the environmental conditions that exist while the system is under development (nominal = 1.0).


CREVL = estimated percentage of glue code that must be reworked during

                       development due to changes or evolution in requirements or release of an updated COTS product but explicitly not as a result of programmer error. 


EGC = an exponential factor that accounts for nonlinear economies or diseconomies of scale that may accrue as glue code increases in size and which in turn is now a function of a constant BGC and a single scale factor SFGC

BGC= a constant appearing in the exponential factor that represents the costs or savings that still obtain even when project conditions allow the absolute best possible ratings to be assigned to the scale factor SFGC reducing its impact to nil; until data is available to more precisely calibrate this parameter, set = 1 in the current glue code submodel to reflect the commonly held wisdom that even under the best possible system-wide conditions, economies of scale will not become evident as glue code increases in size. 


SFGC = a "scale factor" characterizing project conditions that have been shown to have nonlinear impacts on software development effort determining whether 
economies or diseconomies of scale will likely present during the development. 

The thirteen multiplicative cost drivers EMGC(i) and one scale factor SFGC defined for the glue code submodel are summarized in table 3.1, again followed by their definitions.

	Table 3.1 – Glue Code Submodel Parameters

	Exponential Scale Factor

	      AAREN  - Application Architectural Engineering

	Effort Multipliers - Personnel Drivers

	  1) ACIEP - COTS Integrator Experience with Product

	  2) ACIPC - COTS Integrator Personnel Capability

	  3) AXCIP – Integrator Experience with COTS Integration Processes

	  4) APCON - Integrator Personnel Continuity

	Effort Multipliers - COTS Component Drivers

	  5) ACPMT - COTS Product Maturity

	  6) ACSEW - COTS Supplier Product Extension Willingness

	  7) APCPX - COTS Product Interface Complexity

	  8) ACPPS - COTS Supplier Product Support 

	  9) ACPTD - COTS Supplier Provided Training and Documentation

	Effort Multipliers - Application/System Drivers

	10) ACREL - Constraints on Application System/Subsystem Reliability

	11) AACPX - Application Interface Complexity

	12) ACPER - Constraints on COTS Technical Performance

	13) ASPRT - Application System Portability


The definitions for these drivers are as follows:

Exponential scale factor SFGC:

· Application Architectural Engineering (AAREN):  the percentage of module interfaces specified in the architecture, subjectively averaged with the percentage of known significant risks mitigated through the system architecting process.

Effort multipliers EMGC(i):

Personnel Drivers

· COTS/NDI Integrator Experience with Product (ACIEP):  How much experience did/does the development staff have with running, integrating, and maintaining the COTS/NDI products?

· COTS/NDI Integrator Personnel Capability (ACIPC):  What were/are the overall software development skills and abilities which your team as a whole on average brought/bring to the product integration tasks AS WELL AS experience with the specific tools, languages, platforms, and operating systems used/being used in the integration tasks?

· Integrator Experience with COTS/NDI Integration Processes (AXCIP):  Does a formal and validated COTS/NDI integration process exist within your organization and how experienced was/is the development staff in that formal process?

· Integrator Personnel Continuity (APCON):  How stable was/is your integration team? Are the same people staying around for the duration of the tasks, or must you keep bringing in new people and familiarizing them with the particulars of the project because experienced personnel leave? 
COTS Component Drivers

· COTS/NDI Product Maturity (ACPMT):  How many copies have been sold or used previously of the major versions (as opposed to release of those versions) of the COTS/NDI components you integrated or intend to integrate?  How long have the versions been on the market or available for use? How large are the versions’ market shares or installed user bases? How thoroughly have the versions been used by others in the manner you used or intend to use them? 
· COTS/NDI Supplier Product Extension Willingness (ACSEW):  How willing were/are the suppliers of the COTS/NDI products to modify the design of their software to meet your specific needs, either by adding or removing functionality or by changing the way it operates?  In the case of COTS components, this refers to changes that would appear in market releases of the product. In the case of NDI components, this refers to changes that would appear in copies being distributed to all users of the component.  This does NOT include specialty changes in the COTS/NDI component that would appear in your copy only.

· COTS/NDI Product Interface Complexity (APCPX):  What are the nature of the interfaces between the COTS/NDI components and the glue code connecting them to the main application? Are there difficult synchronization issues? Must the interfaces balance conflicting criteria (e.g., security, safety, accuracy, ease of use, speed)?

· COTS/NDI Supplier Product Support (ACPPS):  What is the nature of the technical support for the COTS/NDI components that was/is available AND PROCURED for the integration team during the development, either directly from the component suppliers or through third parties?

· COTS/NDI Supplier Provided Training and Documentation (ACPTD):  How much training and/or documentation for the COTS/NDI components was/is available AND PROCURED for the integration team during the development, either directly from the component suppliers or through third parties?

Application/System Drivers

· Constraints on System/Subsystem Reliability (ACREL):  How severe are the overall reliability constraints on the system or subsystem into which the COTS/NDI components was/is being integrated? What are the potential consequences if the components fail to perform as required in any given time frame? (Note that availability is considered an issue different than reliability and is NOT addressed in this cost driver.)

· Application Interface Complexity (AACPX):  What are the nature of the interfaces between the main application system or subsystem and the glue code used to connect the system to the COTS/NDI components? Are there difficult synchronization issues? Must the interface balance conflicting criteria (e.g., security, safety, accuracy, ease of use, speed)? 

· Constraints on System/subsystem Technical Performance (ACPER):  How severe were/are the technical performance constraints (e.g., storage, memory, reserve, flow through capacity, etc.) on the application system or subsystem that the COTS/NDI components needed to/must meet?   

· System Portability (ASPRT):  What were/are the overall system or subsystem portability requirements that the COTS/NDI component needed to/must meet?

And again, the details of the five point rating scale criteria for the above drivers can be found in the separate COCOTS Data Collection survey document. The actual COCOTS.2002 calibrated parameter values can be found in tables 3.2 and 3.3.

Table 3.2 – 2002 Assessment and Tailoring Submodel Parameters 

Table 3.3 – 2002 Glue Code Submodel Parameters 

Total CBS Effort Estimate

An estimate for the total COTS related effort required in the development of a CBS is then the sum of the effort estimated by the three individual COCOTS submodels:

EffortCOT = EffortA  +  EffortT + EffortGC  



Eq. 3.4

Finally, an estimate for the grand total effort required to develop a COTS-based software system that incorporates both custom, reuse and off-the-shelf elements thus becomes the combination of the COCOMO II and COCOTS derived portions, keeping in mind that volatility effects on the custom code are now accounted for in COCOMO itself:

EffortCBS = EffortCOC + EffortCOT




Eq. 3.5

Equations 3.4 and 3.5 must still be used with caution, however. For simplicity and as an approximation, the various terms in these two equations are treated as simple linear sums. The reality is likely more complicated. There is probably still some overlap in the effort modeled by the various COCOTS submodels, and between COCOTS and COCOMO II. This is a case perhaps where the whole really is slightly less than the sum of its parts. Future refinements of the model will be required if this proves to be the case.

Also, there is a known potential discrepancy between the COCOMO II and COCOTS terms in equation 3.5 that becomes an issue if a project is being estimated with schedule compression. COCOMO II has a linear parameter called SCED (see section 2.1) that will inflate estimated effort accordingly if a project is to be subject to a highly constrained schedule requirement. COCOTS as currently formulated contains no such variable. It seems unlikely that if a CBS is to be developed under a compressed schedule, only the custom code elements would suffer a cost in increased effort. A way to resolve this discrepancy might be to apply the SCED term to the combined sum of the terms in equation 3.5 as opposed to just the COCOMO II-derived effort alone. Mathematically, this would have no effect on the COCOMO II estimate but would adjust the COCOTS portion accordingly.

A more serious issue affecting equation 3.5 is the misalignment of COCOTS and COCOMO II due to the fact that system requirements definition cannot be separated from the COTS assessment and selection activities. Thus, while system requirements definition activities remain outside the formal scope of COCOMO II, they do fall within the scope of COCOTS. (This misalignment is illustrated in figure 3.1 by the leading edge of the assessment block.) The COCOTS estimate from equation 3.4 covers a broader portion of the entire project development life cycle than does the estimate from COCOMO II, so adding them together in equation 3.5 is like adding apples and oranges. Essentially the assessment portion of the COCOTS estimate in equation 3.4 needs to be reduced somewhat in a logically consistent manner to account for the fact that COCOMO II does not cover requirements definition while the COCOTS assessment submodel does. Unfortunately, an appropriate reduction factor has yet to be determined, though work is being done to address this issue. For the time being, just keep in mind again the caution that with regard to equation 3.5, the whole should be slightly less than the sum of its parts. 

Given the caveats discussed above, an idealized grand total CBS effort estimation model might look like this:

EffortCBS-I = (EffortCOC-NS + EffortCOT-Realigned) ∙ SCED


Eq. 3.6

 where 




EffortCBS-I = grand total CBS development effort from the idealized model.


EffortCOC-NS = custom code development effort excluding the impact of the linear schedule compression parameter SCED.


EffortCOT-Realigned  = COTS development effort after adjusting the assessment portion to eliminate requirements definition effort.


SCED = the COCOMO II effort multiplier accounting for schedule compression. 

Calendar Schedule Estimate

The calendar schedule is currently determined using the existing COCOMO II schedule model as shown in equation 2.4a, but substituting the variable EffortCOC-NS as it appears in that equation with the new variable EffortCBS-NS as defined below in equation 3.7 which includes the COTS effort EffortCOT from equation 3.4.

EffortCBS-NS = EffortCOC-NS + EffortCOT




Eq. 3.7

COCOTS.2002 Calibration Results

The three submodels were calibrated using 20 historical CBS project data points available for calibration (due to non-disclosure agreements with the contributing organizations, this data cannot be published directly within this report).

For the assessment submodel, this meant using the data to determine simple average values for the parameters MIFE and MDAE. For the tailoring submodel, the data was used to determine a simple average value for the parameter MTE while the values needed for TCQ remained based on expert opinion. For the glue code submodel, the data was used to determine the conversion parameter A via simple linear regression, while the scale factor parameter SF and effort multipliers EM also retained their values based on Delphi-derived expert opinion results. 

Keeping in mind that with just 20 data points there was insufficient data to keep a reasonable control set in reserve for independent validation, the latest calibration produced the results for effort modeling shown below.

	Submodel
	Pred (.30) Value

	Assessment
	40%

	Tailoring
	47%

	Glue Code (unrestricted sloc size)
	53%

	Glue Code (restricted between 2k and 100k)
	62%


4.0 Discussion and Conclusions

This model description document has been a brief summary of an effort to develop as an extension of COCOMO II an estimation model suitable for predicting the likely effort required to create large software systems using commercial off-the-shelf components. Specifically, the original hypothesis statement formulated when beginning this effort asked whether it was possible to formulate and calibrate such a model to the same predictive fidelity as COCOMO II.1997, which was the first calibrated version of the updated COCOMO model. For COCOMO II.1997, Pred(.30) = 52%. In other words, on average estimates produced by that model come within 30% of actuals 52% of the time.

 The glue code results for the latest version of the COCOTS model do appear to satisfy the hypothesis, though the other two submodels clearly have yet to meet that standard.  The issue may be one of form. Though simpler than the glue code model, the assessment and tailoring models do not have the same mathematical form as COCOMO II, whereas the glue code submodel does. As such, these other models may require significantly more data for calibration than the glue code model to reach a comparable level of fidelity. The other possibility is that their forms are too simple, making them poor predictors unable to accommodate a wide range in the specific environmental conditions encountered by varying CBS development projects. The other thing is to not read too much into the apparent “success” of the glue code model. This model was calibrated to about a fourth of the number of data points that were available for calibrating COCOMO II.1997, so its numbers, while seemingly encouraging, may not be particularly robust, particularly since the validation was done against the same dataset as was used for calibration. A validation against independent data would strengthen one’s confidence in the results.

Regardless of the actual numerical results currently produced by the model, the key point to keep in mind is that the most valuable contribution COCOTS offers is not in the specific estimates it generates, but rather in the structure it brings to the CBS development problem as a whole. No matter what methods a project manager may use to come up with his or her CBS project estimates—whether using COCOTS or not—the model at least now provides a blue print for what needs to be estimated. It describes systematically the kinds of activities likely to be associated with a given CBS development. This may give a manager insight into the kinds of skills that may be required of personnel hired to work on the project. Simply reviewing the parameters that appear in the model may also suggest areas of project risk that would not have occurred to the project manager otherwise.

So again, the most important contribution of COCOTS is not in the numbers it produces but rather in the improved understanding it facilitates of the COTS-based systems approach to software development.
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� Source lines of code (SLOC) has been the traditional method for sizing software projects for nearly a half-century. The popularity of this metric stems from the fact that a line of code is an easy concept to grasp—more often than not it is the thing which is actually being produced by a programmer as he does his work; automated tools exist that can count the exact number of lines of a code in a software product after it is completed; and other sizing methods (e.g., function points) are difficult to learn to apply properly. However, even given all these positives, sizing in SLOC has drawbacks, foremost of which is that deciding just what exactly constitutes "a line of code" is not always so straightforward. In the days when computer programs were still created using 80 character paper punch cards, you typically just counted the number of cards in your completed stack, sometimes excluding comment cards from your final count. These days, however, code is written using real-time editors on a monitor screen, using structured formats (see end reference #1 for a discussion of structured software design) that can cause the same line of executable code written by two different people to extend and wrap across the screen in completely different ways depending on the formatting scheme each programmer uses. The choice of computer language itself (e.g., FORTRAN vs. C++ vs. LISP) also can make a huge difference in the definition of "a line of code." For these reasons, COCOMO uses a SEI-developed standard (see end reference #2) defining SLOC in terms of executable, non-comment, logical lines of code as opposed to commented, physical SLOC, to compensate for lack of uniformity in program formatting practice.





Another drawback to estimating software size in SLOC is that to do it reasonably accurately, you need to know a lot of detail regarding the final structure of the program, down to the lowest levels. This makes SLOC sizing problematic to apply in early proposal stages of most software projects.





And finally, SLOC counts these days often simply don't apply, as for example in the case of software based on object oriented design. 





Even with all these drawbacks, however, sizing in SLOC is still the most commonly used software sizing method.


� The SEI Capability Maturity Model (CMM) describes a framework for characterizing an organization’s processes for developing and maintaining software via a five level classification scheme. A Level 1 organization is considered operating in chaos, with a Level 5 organization considered a highly tuned operation. Among US Government and particularly US Defense Department contractors the model has been widely implemented over the past decade due to government procurement mandates. It is less commonly followed in the commercial software sector, though it has made some inroads there as well. See end reference #4 for details.





� "Prediction Accuracy Level" refers to the percentage of estimates produced by the model during validation that came within (+/-) 20% of actual reported values—PRED (.20); within (+/-) 25% of actuals—PRED (.25); and within (+/-) 30% of actuals—PRED (.30); note that this is NOT the same concept as an χ% confidence interval built around a given point estimate based upon a standard deviation, but this is the industry accepted convention for discussing the "accuracy" of software estimation models. Also, it should be noted that the results reported in table 2.3 are based upon control or validation data that was also included as part of the calibration data (another common though statistically undesirable practice when building these kinds of models, but often necessitated by the difficulty in collecting large quantities of acceptable historical software project data—see end reference #98); when validated against a randomly chosen independent data set NOT included as part of the calibration data, COCOMO II.2000 produced a PRED (.30) result of 69% as opposed to the 75% reported above before stratification, but which is still considered a good result for these kinds of models (see end reference #6, p. 173). 


 


� "Before Stratification" refers to how well the model did when testing control data against the generic calibration that included all 161 available historical project data points. "After Stratification" refers to how well the model did when testing subsets of the control data against calibrations that were performed only against data that came from the same organization as a given control data set. In other words, table 2.3 supports the long held notion (see end references #9 and #10) that models calibrated against an organization's own internal data will usually perform better for that organization than models calibrated to a generic set of data coming from many different organizations (though there is at least one recent study that strongly contests this belief—see end reference #12); and again, keep in mind that the control data spoken of here used for validation was included among the data used for calibration both before and after stratification (see the preceding footnote above). 


� As a broad rule of thumb, software development projects using standard—as opposed to, for example, rapid application development or "RAD" development techniques—tend to follow a cube root rule when relating effort to schedule (see Boehm, B., Software Engineering Economics, Prentice Hall, Upper Saddle River, NJ, 1981, pp. 88-89).


� This may come as a surprise to some readers who are used to dealing with engineering precisions of much tighter tolerance, particularly as typically found in the hardware or electronic worlds. Designing software, however, is different. Even with the drive to construct new software systems out of commercially available pre-built components, major software systems to a large degree are still “one off” kinds of things, with very high levels of internal complexity. This makes it very difficult to establish quantifiable standards for the amount of effort it will likely take to produce a given amount of software functionality. Thus the software community lives with estimation accuracies as noted above because there are no better alternatives. 
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