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Abstract 

Since the inception of the field some fifty years ago, the way in which computer 

software is developed has remained fluid, continually evolving new techniques in the 

never ending quest to produce software more quickly, more cheaply, and of ever 

higher quality. A consequence of this continual evolution in software development 

techniques is that estimation models devised to predict the effort and schedule likely 

needed to build software systems grow less reliable and useful if the assumptions 

about the development practices upon which these models are formulated are not 

themselves updated. 

This dissertation discusses changes in software development practice that have 

occurred since the 1970s. In particular, the focus is on the rise of the "off-the-shelf' 

approach whereby large software systems are constructed out of a mix of original 

code and adapted code as well as pre-existing "black box" components for which the 

developer has no access to the source code. While certainly used prior to 1980, this 

technique of using black ox elements has taken on greatly increased importance in 

recent years as one way to manage development risks as the overall complexity of 

software has grown. 

Software estimation models, however, have generally not kept apace with off- 

the-shelf techniques. This includes the widely-used COCOMO software estimation 

model. While recently updated as the COCOMO estimation model to reflect other 



changes in software development since its original publication in 1981, it still is 

unable to accommodate the use of black box off-the-shelf components in its 

estimation framework. 

The focus of this dissertation then is the investigation of a potential extension of 

COCOMO II that is intended to provide an estimation capability for any off-the-shelf 

elements being designed into a software system. It begins with an exploration of how 

development activities differ when using off-the-shelf components as opposed to 

developing system components as original code. This serves as a basis for the 

formulation of an off-the-shelf estimation model called COCOTS that is carried 

through several iterations, each intended to improve upon its predecessor. The 

dissertation concludes with a comparison of the fidelity of COCOTS with COCOMO 

II, limitations of available project data that impacted the calibration of COCOTS, 

and suggestions for further investigation that might improve the fidelity of COCOTS 

itself and also expand and deepen the general understanding of the benefits and risks 

of using off-the-shelf components in software system development. 



1. Introduction 

1.1 COCOMO and the Evolution of Modern Software Development Practice 

In the field of software engineering, cost estimation models that attempt to 

predict the effort and schedule that will be required to build new software systems 

are used for a variety of purposes.' The most obvious of these are budgeting and 

scheduling, but these are far from their only utility. An equally important use would 

include aiding in software investment decisions-for example, whether to develop 

needed software functionality from scratch, or by reusing or modifying existing 

software to achieve that same functionality, or even perhaps to purchase the needed 

functionality outright from a commercial vendor. Still other uses for software cost 

estimation models include working out software cost vs. completion schedule vs. 

quality vs. functionality tradeoffs; performing analyses of software project risks and 

their attendant mitigation strategies; doing analyses of investment in software 

development process improvement; and even making capital equipment maintenance 

and replacement decisions where "capital equipment" in this case refers to 

software-for example, Enterprise Resource Planning (ERP) systems, which are 

large scale computing systems typically used corporate-wide and which demand 

significant capital investments. 

In short, the purpose of these models is "to help people reason about the cost and 

schedule implications of their software  decision^."^ 



COCOMO (acronym for COnstructive Cost Model) is one such software cost 

estimation model. Specifically, it is a planning aid that allows one to estimate the 

cost, effort, and schedule associated with a given software system design (or 

designs), both during the initial stages of a new software development activity as 

well as during the latter life of such a system after it has gone into maintenance. 

Originally published in 198 1 ,3 it was one of the first such empirically-based models 

to appear in the literature, and eventually became (and still remains) one of the most 

widely-used parametric cost estimation models in the software industry. One of the 

reasons for this is its completely transparent nature, with its internal equations and 

parameter values openly published and available to all. (This is why it's called a 

"constructive" model, because you can see explicitly how its estimate is developed, 

helping you to better understand how all the pieces of the software job to be done fit 

together-in other words, it offers constructive insight into the task at hand.) 

COCOMO 81 (as the original model is now officially known, but which is also 

on occasion referred to by some as COCOMO I) was developed during the latter half 

of the 1970s, and naturally reflected the software development practices of the day. 

Software during this period was typically built from scratch, using the tried and true 

"waterfall" process approach long used by architects, civil engineers, and hardware 

designers.4 This process carries an engineering project through a clearly defined and 

distinct sequence of phases, from requirements definition through design, 

development, subcomponent integration, test and ultimately to final system delivery 



or completion (see figure 1.1). The approach is lock-step, with one phase not 

beginning until the preceding phase is completed or nearly so, and there is typically 

little feedback between and iteration on the various steps and phases. It is well-suited 

to situations where system requirements are well-understood early on, not subject to 

much revision or modification as the project progresses, and where development 

environment resources are significant, predictable and assured. 

Plans & 

Detailed Design I A 
Integration '-1 a y  a ,  
1 Delivery 

Figure 1.1 - a traditional wate 11 engineering development process model. 

Much has changed, however, in the two decades that have passed since 

COCOMO's first release. The environmental conditions described above and deemed 

desirable for a successful waterfall-based software system development frequently 

no longer obtain (if they ever did). 

These days, even high level requirements are often unknown or at least fluid 

well into a software development, and can change significantly and rapidly before 

coding is complete in response to outside forces (e.g., the release of a competing 



system or product by a market rival, either of yourself or of a vendor of any off-the- 

shelf components that may be part of your system). Moreover, resources committed 

to a development may be nowhere near as constant and assured as was once the case. 

As just one example, project personnel turnover rates are much higher than in past 

years due to the great demand for experienced software professionals in the high- 

tech industry today (the recent dot "gone" experience notwithstanding). 

These factors along with others have led to dramatic changes in the way 

software is developed today compared to twenty years ago. Among the more 

significant innovations are the following: 

a move away from mainframe overnight batch processing towards desktop- 

based real-time turnaround. 

a greatly increased emphasis on reusing existing software and building new 

systems using off-the-shelf software components. 

spending as much effort to design and manage the software development 

process as was once spent creating the software product. 

Additionally, the near monolithic hold of the waterfall process model on 

software system development has given way to a multitude of alternative 

development approaches: reuse-driven, legacy-driven, demonstration-driven, design 

to cost or schedule, incremental, evolutionary, and various hybrid combinations 

t h e r e ~ f . ~  Among these newer approaches, one of the more widely encompassing is 



the risk-driven "spiral"6 model of system development (see figure 1.2), of which 

many of the other approaches can be considered special cases. 

Figure 1.2 - a spiral engineering 



The spiral approach differs from the waterfall approach in that it is cyclical 

rather than linear, iterating a system development through increasingly more 

elaborate prototypes of a proposed software system until the desired end-product is 

realized. It requires during each iteration a concurrent rather than sequential 

determination of project artifacts traditionally produced at the completion of 

schedule milestones. These include such items as requirements specifications, high 

level and detailed designs, software source code, integration test plans, roll out and 

delivery plans, etc. The key feature of this process model, however, is that a risk 

assessment done at the beginning of each prototyping cycle determines the mix of 

development activities and how effort and resources are to be allocated during that 

next cycle, repeating until the final cycle is completed and the desired product 

achieved. 

The spiral approach is far more adaptable than the waterfall approach to 

situations where the initial understanding of system requirements is low and likely to 

change greatly before the completed system is ultimately fielded, and where it is 

desirable to see at least some form of the working product early on. t can also bring 

resources to bear in a timely fashion against unforeseen difficulties that arise during 

a given development in a way the waterfall approach cannot. This is because the risk 

analyses required before the start of each development cycle provide repeated and 

early opportunities for identifying and responding to such problems as they arise. 

Using the waterfall approach, sans a cyclic risk analysis, a flaw in the original 



requirements specifications might not manifest itself until you've gotten all the way 

to the integration and test phase, at which point it will be much more difficult and 

expensive to address. While the same kind of requirements flaw might go unnoticed 

using the spiral approach, there will be more opportunities for catching it earlier 

rather than later during the course of the development. For this same reason the spiral 

approach is better suited than the waterfall approach to situations where there are a 

lot of unknowns or ambiguities at the start of system development beyond just the 

definition of the requirements. 

Which brings us back to COCOMO. All these changes since the 1970s in 

technology and process, technique and practice, began to make applying the original 

COCOMO model problematic. It was having more and more difficulty reliably 

estimating effort and schedule for software created using these newer process 

approaches. The only solution to this growing problem was to reinvent COCOMO 

for the 21" century. Thus was born in 1994 the COCOMO research project in the 

Center for Software ~ n ~ i n e e r i n ~ '  at USC. The goal of this new research effort was to 

examine how best to address issues of non-sequential or spiral development process 

models, rapid application development (RAD) process models, software 

reengineering and reuse-driven approaches, object oriented development, off-the- 

shelf development approaches, quality issues, etc., within the context of parametric 

predictive models. One of the prime results of this research to date has been the 

creation of The COC 0 Suite, a collection of several COCOMO-related 



estimation models in various stages of development. These models are 

complimentary in nature, attempting to estimate software system development costs, 

development schedule, system engineering costs, and even return on technology 

investment in light of the broad variety of software development approaches and 

techniques described above.g 

The premier achievement of this research to date, however, is COCOMO I1 

itself. First described in preliminary form in 1995," it was finally published in 2000 

in toto." With this new model, the problems that had become manifest over time 

with COCOMO 81 due to the evolution in software development techniques since its 

initial publication are resolved. And while it still allows you to estimate the cost, 

effort, and schedule associated with a software system constructed using new and 

reuse components, it does so at three levels of increasing fidelity, depending on how 

far along you are in the project planning and design process. Listed in increasing 

fidelity, the COCOMO I1 submodels that offer this capability are called the 

Applications Composition, Early Design, and Post-architecture models. 

The Application Composition model is used to estimate effort and schedule on 

projects that typically use Integrated Computer Aided Software Engineering 

(ICASE) tools for rapid application development. rojects of this nature can be 

highly varied in terms of their domains but share the characteristic of being 

sufficiently simple to be rapidly composed from interoperable components. 

components typically are items such as Graphical User terface (Gun builders, 



database or objects managers, middleware for distributed processing or transaction 

processing, and domain-specific components such as financial, medical or industrial 

process control packages.12 

The Early Design model involves the exploration of alternative system 

architectures and concepts of operation. At this stage of project planning, there is 

usually not enough information to make a detailed effort and schedule estimate, but 

you do have some idea as to likely environmental project conditions. 

The Post-Architecture model is used when top level design is complete and the 

software architecture is well defined and established. At this stage of project 

planning, there is now enough known about the project to attempt a detailed effort 

and schedule estimate. 

The Post-Architecture model is the most elaborate of the three COCOMO II 

submodels (see section 2.4) and to date has been calibrated using a Bayesian 

statistical approach to a database of 161 historical industrial software development 

projects. l3 These projects were collected from a mix of commercial, aerospace, 

government and non-profit organizations. Across all data points, the Post- 

Architecture model as currently calibrated consistently provides effort estimates 

within 30% of actual reported effort about 75% of the time. After segregating the 

data by reporting organization, the results improve to being within 30% of actuals 

some 80% of the time. 



The current calibration for the Early Design model was obtained by aggregating 

calibration numbers determined for the Post-Architecture model, but sufficient Early 

Design historical project data has yet to be collected to produce statistically 

meaningful independent measures of the Early Design model's accuracy.14 

Meanwhile, the Application Composition model has been calibrated to data 

published by Robert Kauffman and Rachna Kumar, but the results were such (within 

30% of reported actuals less than 50% of the time) that this model is still considered 

e~perimental. '~ 

For all that it does, however, and all the calibration data that has been collected, 

what COCOMO 11 does not model is the situation in which some parts of a new 

software system are to be composed using black box off-the-shelf components. Since 

this approach is becoming more and more the norm when developing new systems, 

the inability to model this scenario represents a serious gap in the capability offered 

by COCOMO 11. 

Filling in this gap provided the fundamental motivation for the doctoral research 

presented in this report. 

1.2 The COTS-based System (CBS) Approach to Software Development 

One of the more significant changes in the software development field over the 

past twenty years is the greatly increased emphasis being placed on building systems 



incorporating pre-existing software, with special emphasis being placed upon the use 

of commercial-off-the-shelf (COTS) software components.* This is especially true 

with respect to software systems being purchased by the United States federal 

government, most notably within the Department of Defense. In the 1990s, new DoD 

procurement policies increasingly called for mandated levels of COTS component 

1993, the U.S. Navy supposedly even went so far as to establish a policy 

stating that the selection of a government in-house or procured software solution and 

not a COTS-based solution was to be taken as a rejection of a comparable COTS 

solution. This shift in policy meant that Navy procurers now had to justify why they 

were not using COTS software as part of the design of new systems. 

The rationale typically given for building COTS-based systems is the belief that 

they will involve less development time by taking advantage of existing, market 

proven, vendor supported products, thereby reducing overall system development 

costs. But there are two defining characteristics of COTS software that impact the 

strength or weakness of this assertion in any given case-indeed, so much so that 

they drive the whole COTS usage process: 

* 
There are many flavors of "off-the-shelf' (OTS) components: COTS (commercial OTS), GOTS 

(government OTS), ROTS ("research" OTS), GFE (government furnished equipment), NDI (non- 
developmental item); from a technical point-of-view (baning specific procurement and licensing 
issues), the term "COTS" generally can be considered to encompass all of these as long as a given 
item is acquired from a third party or outside organization, was not designed specifically for your use, 
and you have no control over how that item will evolve in the future. 



* 
the COTS product source code is not available to the application developer. 

the future evolution of the COTS product is not under the control of the 

application developer. 

Because of these characteristics, there is a trade-off in using the COTS approach 

in that new software development time can indeed be reduced, but generally at the 

cost of an increase in software component test and integration work. The long term 

cost implications of adopting the COTS approach are even more profound, because 

from the moment you start considering COTS components for your new system up 

until the day you finally retire that system, you are in fact adopting a new way of 

doing business. Whether you realize it or not, for every unique vendor from whom 

you acquire COTS components, you've added a new business partner-moreover, a 

partner over whom you may have little influence and whose business success model 

may or may not coincide with your own. This is because COTS software is not static, 

it continually evolves in response to the vendor's market, and your business may 

represent only a small fraction of that market. You as the system developer must 

therefore adopt new methodologies not applicable to traditional system 

* 
In some cases, vendors do supply COTS software as uncompiled source code. For the purposes of 

the estimation modeling effort being outlined in this report, however, if a developer does anything to 
that code other than compile it unexamined and unchanged into his own code, such COTS 
components will largely lie outside the scope of this effort. This is because such items can be treated 
as white box reuse components and their usage modeled as adapted code within COCOMO 11 itself. 



developments but that nonetheless cost-effectively manage the use of these evolving 

components and the vendors who supply them. 

The truth is that using COTS software brings with it a host of unique risks quite 

different from those associated with software developed in-house. Included among 

those factors that should be examined when determining the true cost of integrating a 

COTS software component into a larger system are these: 

the traditional costs associated with new software development such as the 

cost of requirements definition, design, code, test, and software maintenance. 

a plus the COTS unique costs of licensing and redistribution rights, royalties, 

effort needed to understand the COTS software, pre-integration assessment 

and evaluation, post-integration certification of compliance with mission 

critical or safety critical requirements, indemnification against faults or 

damage caused by vendor supplied components, and costs incurred due to 

incompatibilities with other needed software andlor hardware. 

Table 1.1 further su arizes some of the more significant factors that represent 

possible trade-offs that may need to be considered when using COTS cpmponents. 

Because of the unique risks identified under the second bullet on the previous 

page and the trade-offs identified in table 1.1, using COTS components in the 



development of new systems is not the universal solution to reducing cost and 

schedule while maintaining desired quality and functionality. However, if these risks 

can be managed, using COTS components can frequently be the right solution, 

offering the most cost-effective, shortest schedule approach to assembling major 

software systems. 

Table 1.1 - COTS Advantages and ~isadvantages" 

Advantages Disadvantages 

procurement delays 

I efficiency 
Frequent upgrades often anticipate I No control over upgrades and 

Avoids expensive maintenance Recurring maintenance fees 

organization's needs 
Dedicated support organization 

COTS components are the right solution when they lie at the intersection (see 

figure 1.3) of the thee determinants of feasibility-technical, economic, and 

strategic constraints-and do so in a way demonstrably better than if a new system 

maintenance 
Dependence on vendor 

Hardwarelsoftware independence 

Tracks technology needs 

were to be constructed entirely out of original software.'' The key to success in using 

Integration not always trivial; 
incompatibilities among vendors 
Synchronizing multiple-vendor 
upgrades 



COTS components is being able to identify whether they fit the current procurement 

situation-technically, economically, and strategically. Technically, they have to be 

able to supply the desired functionality at the required level of reliability. 

Economically, they have to be able to be incorporated and maintained in the new 

system within the available budget and schedule. Strategically, they have to meet the 

needs of the system operating environment-which includes technical, political, and 

legal considerations-now, and as that environment is expected to evolve in the 

future. 

Technical and strategic feasibility is determined during the candidate assessment 

phase of procuring COTS products, which occurs at the start of a COTS integration 

activity. How to determine the viability of a COTS product in either of these two 

dimensions is not a trivial question, and will remain for most part (though not 

entirely) outside the scope of this research. It is the third dimension of determining 

economic feasibility that is the primary focus here. 



Figure 1.3 - the determinants of a feasible COTS-based system so~ution.'~ 

To answer the question of economic feasibility, cost estimation models* exist 

which capture the traditional costs noted above that are associated with new software 

development, COCOMO itself being among the most prominent of these models. A 

review of the literature, however, both in traditional publications and on the internet, 

suggests that to date, very few estimation models have been developed which try to 

capture those other costs unique to using COTS components in a software system 

development. The number of COTS-oriented cost models available in the public 

domain is even fewer. Hence the effort undertaken to extend COCOMO II to cover 

* 
Examples of software estimation models other than COCOMO include Checkpoint, SLIM, PRICE- 

S, SEER-SEM, Estimacs, Softcost; there are others, including a host of models derived from 
COCOMO itself: CoCoPro, COCOMOID, COSTMODL, COST*XPERT, REVIC, and COSTAR. 
Information on most of these models can be found by doing searches on the internet, but a couple of 
them (SLIM, PRICE-S, SEER-SEM) will be discussed later in this report. 



the development of COTS-based systems was expected to provide a valuable 

contribution to the field. 

1.3 Thesis Topic: Extending COCOMO II to Model a CBS Development Process 
(COCOTS) 

As indicated above, COCOMO I1 creates effort and schedule estimates for 

software systems built either from scratch (that is, new code), or from pre-existing 

source code that is modified or adapted to the current purpose (reuse code). The key 

word in the preceding sentence is source. Even though you are not building the reuse 

component from scratch, you still have access to the component's source code and 

can rewrite or modify it specifically to suit your needs. 

What COCOMO II currently does not model is that case in which you do not 

have access to a pre-existing component's source code. You have to take the 

component as is, working only with its executable file, and at most are able to build a 

software shell around the component to adapt its functionality to your needs. 

This is where the new cost model being described here comes in. It is not being 

proposed necessarily to stand on its own so much as to serve as a complimentary 

extension of the existing COCOMO II model. Moreover, in keeping with precedent 

and to highlight that complimentary relationship to its parent model, the proposed 

new extension model is being dubbed COCOTS, short for COnstructive COTS 

model. 



The ultimate goal is to have a single unified tool implementing algorithms that 

allow you to estimate cost and schedule for the modem COTS-based system. In the 

typical contemporary CBS, the new software system is constructed out of a mix of 

components: new code modules, white box reuse or adapted code modules, and 

black box off-the-shelf modules. At the moment, COCOMO can handle the first two 

items. The new extension, is intended to add the capability to model the third kind of 

item. 

There are challenges to doing this, however. COCOMO I1 already has a well- 

established credibility within industry. Any extension must do nothing to diminish 

faith in what the model can do currently. To avoid this risk, the existing COCOMO 

effort modeling algorithms are thus being treated as sacrosanct. The new COCOTS 

effort modeling algorithms were developed independently from the main model, but 

will be used in conjunction with what is already there (see section 2.4.1). The 

intersection of the two effort models will (eventually) occur in the COCOMO I1 

schedule algorithm (see section 2.4.2). The schedule algorithm currently takes as its 

primary input the effort estimate produced by COCOMO. However, this only covers 

system elements built from scratch or from reuse components. To determine a 

completion schedule for the entire CBS in which off-the-shelf elements are added to 

the mix, COCOTS effort estimates will in the future need to be combined in some 

fashion with COCOMO effort estimates to get a unfled schedule algorithm. 



T h s  then becomes the central hypothesis to be investigated with this thesis: 

Is it possible to create an expanded COCOMO-based 
parametric model that will estimate the initial development 
efSOrt for softurare systems composed of a mix of original, 
adapted, and 08-the-shelf elements to the same fidelity as 
COCOMO 11.1997' estimates the initial development effort for 
software systems composed of original and adapted software 
elements alone? 

1.4 Organizations Supporting this Research 

It was stated in section 1.2 that the US federal government places much 

importance in the ever-increasing role of COTS components in the software systems 

currently being procured by the military and other government departments. As a 

measure of that consensus, it is useful to note that several government organizations 

have already supplied significant funding to support t h s  research into CBS 

modeling. 

The first grant came from the USAF Electronics Systems Center at Hanscom 

AFB in Massachusetts, whch funded my preliminary COTS modeling efforts 

described in a COTS modeling study concluded in 1997 (see chapter endnote #18). 

Subsequent to that, the Federal Aviation A ) provided funding 

for the next phase of the research, which allowed a refinement of the first CBS 

model described in the 1997 study, and the initiation of a new round of CBS data 

* 
The established naming convention for COCOMO I1 identifies a specific calibration, thus 

COCOMO 11.1 997 refers to the 1997 calibration based on 83 historical data points while COCOMO 
11.2000 refers to the 2000 calibration based on 161 data points. 



About the same time the FAA support was realized, the Office of Naval Research 

(ONR) also provided funding for this research, which helped with yet another, even 

more significant revision of the model2'. 

As of this writing the FAA support is still ongoing, and that organization is 

continuing to provide significant assistance in the collection of CBS data for 

modeling purposes. 

Finally, as affiliates of the USC Center for Software Engineering (the university 

research unit out of which I have been conducting these studies), the companies and 

organizations listed below have also provided important support for this effort, not 

only in terms of funding, but also by their willingness to make available their 

resident CBS experts for consultation and participation in certain aspects of this 

work. 

Aerospace Corp. 
Automobile Club of Southern California 
Boeing Corp. 
C-Bridge 
Chung - Ang University, Korea 
Draper Labs 
Electronic Data Systems 
Federal Aviation Administration 
Fidelity 
GDE Systems 
Group Systems. Com 
Hughes Aircraj? Company 
IBM, Inc. 
Institute for Defense Analysis 
Jet Propulsion Laboratory 
Litton Data Systems 
Lockheed Martin Corp. 

Lucent 
Microsoft 
Motorola 
Northrop Grumman Corp. 
Rational, Inc. 
RaytheodEast 
Raytheoflest  
Science Applications International Corp. 
Sofrware Engineering Institute 
Sofrware Productivity Consortium 
Sun Microsystems 
Telcordia 
TR W 
U.S. Air Force Rome Laboratory 
U.S. A m y  Research Laboratory 
U.S. A m y  TACOM 
Xerox 
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ground and Related Wor 

2.1 State of the Art vs. State of the Practice 

An examination of the public literature reveals an interesting phenomenon. There 

has been much discussion in recent years about the topic of COTS integration, but 

most of it has been restricted to framing the issue in qualitative terms. Quantitative 

COTS integration models available for review in the public domain are almost non- 

existent. However, in terms of the former, several good offerings help to define key 

issues of concern pertaining to COTS integration, flagging risks in using COTS 

software and suggesting strategies for avoiding or mitigating those risks. 

In the interests of keeping my thesis topic bounded, discussions along these lines 

have remained largely (though again not entirely) outside of the scope of the 

empirical research being described here. An understanding of these issues, however, 

is important in the larger context of successfully applying any CBS cost model that 

might be developed, whether it be COCOTS or some other model. The reason is that 

no parametric software development cost model exists in a vacuum. To intelligently 

interpret any estimates such a model might provide demands an understanding of I) 

the assumptions underlying the structure and inputs to the model, 2) the forces that 

impact the design and evolution of the software system under consideration, and 3) 

the choices available to project leaders in response to what any given estimate might 

suggest about the current state of those aforementioned forces affecting the 

development project. In light of this, some representative sources of qualitative 
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information regarding the use of COTS components in software systems are offered 

below. 

The COTS-Based Systems Initiative1 sponsored by the Software Engineering 

Institute (SEI) at Carnegie Mellon University is a very significant resource for those 

interested in learning about the issues surrounding the use of COTS components. In 

particular they offer a series of monographs addressing the following areas:2 

finding and selecting appropriate commercial products.* 

identifying decision criteria for migrating to new or emerging COTS 

technologies. 

understanding the ramifications of the CBS approach on system architecture. 

developing testing strategies for systems incorporating COTS components. 

None of the SEI monographs directly broach the topic of CBS cost estimation, 

but cost considerations certainly play a role in each of the areas noted above. 

roductivity consortium4 (S C) headquartered in Herndon, 

Virginia also offers a well thought-out process for COTS software component 

evaluation and selection to both its member companies and organizations as well as 

to industry at large. eir process addresses the following:5 



scoping COTS component evaluation efforts. 

searching and screening candidate COTS components. 

defining the appropriate criteria for evaluating COTS components. 

gathering evaluation data on various alternative COTS components. 

analyzing the results of the evaluation data gathering activities. 

Another source of highly useful qualitative information on building software 

systems with COTS products is the growing body of "lessons learned" reports and 

briefings that are slowly becoming available as existing CBS developments mature 

and move from the initial development to the long term maintenance phase. Again, 

these documents rarely dwell on specific cost estimation techniques. Rather, they 

tend to provide insight into good CBS acquisition practice as well as guidance 

regarding effective strategies to employ in order to mitigate many of the unique 

COTS-specific risks (see section 1.2) that can threaten the success of a CBS 

development. A constructive CBS parametric cost model would go a long way to 

furthering the successful implementation of many of these practices and risk 

fitigation strategies. Examples of four such "lessons learned" documents are the 

following: 

* 
It should be noted that in this area in particular, the SEI has worked in cooperation with the National 

Research Council Canada (NRC) to define an extensive process for evaluation and selection of COTS 
products (see chapter endnote #3). 
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a Federal Aviation Administration (FAA) report6 that is based directly on 

findings derived from more than 200 hours of data collection interviews 

already conducted to date by myself and another researche; in support of this 

COTS modeling effort; it provides in simple language a distillation of quotes 

and insights gathered from across twenty recent large CBS developments 

residing mostly (though not exclusively) in the aviation domain (see end 

reference #27). 

a Department of Defense (DoD) report7 prepared by the SEI that focuses on 

the areas of commercial business practices, the evaluation and selection of 

COTS products, managing relationships with COTS vendors, and CBS 

design practices conducive to long term life cycle support; it has a DoD 

acquisition officer bias but still provides many useful insights into managing 

a CBS development. 

a Lockheed Martin briefing8 outlining a specific CBS acquisition, COTS 

product selection and COTS component integration and life cycle support 

process based on experiences with at least a half-dozen large CBS 

developments in the aerospace domain; it offers extensive guidance on 

* 
Dr. Elizabeth (Betsy) Clark of Software Metrics, Inc., Haymarket, VA, has been my partner in 

lining up data collection opportunities for this research and in refining certain aspects of the proposed 
COCOTS model. Her assistance has been invaluable with regard to ensuring the empirical 
foundations of this research. 



implementing a successful CBS development process as well as detailed 

rationale for assertions made regarding learned good practice. 

another SEI monograph9 focusing on areas of general COTS precepts, CBS 

requirements, COTS product evaluation and CBS design, CBS maintenance, 

COTS vendor and procurer business processes, CBS testing and correction, 

and the role of Integrated Product Teams (IPTs) in the context of a CBS 

development; it takes a whimsical yet informative approach to the subject 

matter, presented in a format mimicking Mao Tse-tung's famous Little Red 

Book. 

The above items should not be construed as exhaustive, only representative of the 

kind of "best practices" information that is slowly becoming available regarding CBS 

developments, knowledge that is helping to inform both the development and 

application of COCOTS. 

Now that the state of available qualitative COTS related information has been 

discussed, the next two sections of this document will focus on two topics more 

directly related to the development of a CBS cost estimation model. The first to 

estimation methodologies that have been employed previously on traditional, non- 

COTS-based software system development~. The second topic is a review of the 

(very) few extant CBS cost estimation models found in the literature. 



2.2 Overview of Software Cost Estimation ~ e t h o d o l o ~ i e s *  

The history of empirically supported reasoning in software cost estimation goes 

back some 35 years, beginning with a Systems Development Corporation (SDC) 

Case Studies 

Opinion 
Top Down & 
Bottom Up 

Statistical 
Software Project 

Regression Estimation Techniques 

Parametric 
Bayesian 

Modeling 
Analysis 

Dynamic 
Networks Simulation 

of software-relate 

study in 1966 of the attributes characterizing nearly 170 software development 

projects.'0 Over 1 project attributes were identified by this study, leading to some 

simple estimation models used in the late 1960s and early 1970s. 

* 
This section is adapted and expanded from chapter 1 endnote #12, "Software Development Cost 

Estimation Approaches - A Survey," by Boehm, Abts, & Chulani, and Chapter 22 of chapter I 
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But the general history of software estimation methodologies goes back even 

further, to the birth of software as an industry in the 1950s. In those early days, 

software project estimates were based mainly on the expertise of senior individuals 

who had seen it all and done it all before. This was all well and good, and even today 

is still certainly a valid way to generate an estimate. However, the drawback to this 

technique is that your estimate is only as good as your expert, and that's assuming he 

isn't having an off day when he ventures his opinion. For this reason, attempts have 

been made over the ensuing half-century to develop alternative techniques less 

dependent upon the subjective judgments of individuals and more on independently 

verifiable objective criteria and data. The result of those efforts is the spectrum of 

estimation techniques illustrated in figure 2.1, sequenced in roughly the order they 

came on the scene. Each technique will be discussed in the following sections. 

2.2.1 Expert Opinion 

Expert opinion is useful in the absence of quantified, empirical data. It captures 

the knowledge and experience of practitioners seasoned within a domain of interest, 

providing estimates based upon a synthesis of the known outcomes of all the past 

projects to which the expert is privy or in which he participated. 

above, the obvious drawback to this method is that an estimate is only as good as the 

expert's opinion, and there is no way usually to test that opinion until it is too late to 

correct the damage if that opinion proves wrong. Also, years of experience do not 

endnote # 1 ,  Software Engineering Economics by Boehm. 
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necessarily translate into high levels of competency. Moreover, even the most highly 

competent of individuals will sometimes simply guess wrong. 

One estimation method that has been used to capture expert opinion while at the 

same time trying to mitigate the risk that the judgment of any one expert will be off 

is called the Delphi technique." Originally applied nearly 50 years ago, Delphi in its 

most fundamental form is essentially a structured methodology for capturing and 

blending the judgements of a group of well-informed individuals regarding some 

issue or question, ultimately with the purpose of driving towards a consensus of 

opinion regarding the issue at hand. 

The origins of the Delphi method are rooted in the early days of the Cold War. In 

the early 1950s, the RAND corporationI2 in Santa Monica, CA (a nonprofit research 

and development institution and the first entity to be called a "think tank"), was 

running a series of war gaming scenarios, attempting to predict industrial 

installations within the United States likely to be targeted by a Soviet strategic 

nuclear attack.13 As part of these studies, in 1953, two RAND scientists, Olaf Helmer 

and Norman Dalkey, first developed their technique for statistically aggregating 

expert opinion for use in forecasting the likelihood of future events. (Hence the name 

Delphi, after the future-telling Greek oracle of antiquity whose temple was to be 

found at the village of Delphi on the southern flank of Mt. Parnassos-a name, by 

the way, apparently provided by others and with which reportedly neither Helmer 

nor Dalkey was particularly pleased,'4 due to the image it invoked of some mystical 

being making vague and hard to interpret prognostications, the exact opposite of the 
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clarity and mathematical formality they were attempting to bring to the forecasting 

process.) 

The novel contribution of the technique to group decision-making processes is 

the way that it addresses two contrasting realities of group dynamics: 1) predictions 

made by persons together are more likely to be correct than predications made by the 

same persons individually (the so-called "MacGregor Effect," after the researcher 

who first identified the phenomenon in 193615), and 2) useful interchange at group 

meetings can be hampered by the presence of one or more dominating personalities, 

as well as with the tendency of group discussions to wander off-topic or get bogged 

down in minutiae.16 

The Delphi technique in its purest form has the following  characteristic^:^^ 

Anonymity - participants in a decision making panel submit their responses 

to a given question (or questions) independently via survey or questionnaire. 

0 Feedback and teration - first round responses to the questionnaire are 

summarized by the Delphi facilitator using averages, median values, standard 

deviations, etc., as appropriate; the tabulated results are then returned to the 

participants, who are asked to revise their responses (again independently) to 

the questions in light of knowledge of the other participants' original 

responses. 
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Final Consensus - the second round results are again aggregated using 

statistical measures as appropriate to give the final group answer to the 

questions posed. 

Ideally, over the course of the two rounds, the group will have tended to 

converge toward a consistent set of responses. The above procedure offers the 

benefit of the group-derived "MacGregor Effect" while avoiding the drawbacks that 

can be associated with face-to-face group interaction. The technique is particularly 

appropriate in the face of little empirical data or a generally accepted theory. The 

main pitfall to the technique, of course, is the same as that of all expert opinion, 

namely, the final group judgement can be no better than the totality of the 

information and expertise available within the group. As noted, however, due to the 

MacGregor Effect, results still tend to be more reasonable than what might be 

achievable from experts working on their own. 

In the half-century since its first appearance, the technique has gone through 

much evolution and been adapted for use in a variety of fields, from medicine to 

business to social policy, so much so that the name Delphi is often applied to 

methodologies that bear little resemblance to the original technique envisioned by 

Helmer and Dalkey. (In fact, the moniker has been abused to the point that in the 

eyes of at least some, the very name Delphi unfortunately has taken on a sinister 

connotation, invoking Orwellian visions of an "unethical" methodology used to 

manipulate groups into accepting pre-ordained outcomes.18) 
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However, when applied as originally intended-as a neutral consensus-taking 

technique-a variation of the method called Wideband Delphi that allows in-person 

group interaction between rounds has been found to be very useful in the field of 

software cost estimation when there is a need to rely on expert judgement.19 

(Wideband Delphi will be discussed in section 4.2.2 of this report as part of my 

overall modeling methodology.) 

2.2.2 Case Studies & Analogy 

Case studies represent an inductive process, whereby estimators and planners try 

to learn useful general lessons and estimation heuristics by extrapolation from 

specific examples. They examine in detail elaborate studies describing the 

environmental conditions and constraints that obtained during the development of 

previous software projects, the technical and managerial decisions that were made, 

and the final successes or failures that resulted. They try to root out from these cases 

the underlying links between cause and effect that can be applied in other contexts. 

Ideally they look for cases describing projects similar to the project for which they 

will be attempting to develop estimates, applying the rule of analogy that says 

similar projects are likely to be subject to similar costs and schedules. The source of 

case studies can be either internal or external to the estimators' own organizations. 

"Homegrown" cases are likely to be more useful for the purposes of estimation 

because they will reflect the specific engineering and business practices likely to be 



34 

applied to an organization's projects in the future, but well-documented case studies 

from other organizations doing similar kinds of work can also prove very useful. 

Shepperd and Schofield did a study2' comparing the use of analogy against 

prediction models based upon stepwise regression. They did an analysis on nine data 

sets (a total of 275 projects), interestingly yielding higher accuracies for estimation 

by analogy (see section 2.2.4 on statistical regression for possible indications as to 

why this was the case.) From these experiments they developed a five-step process 

for estimation by analogy (section 4 of this report discusses a similar but more 

elaborate stepwise methodology being used as my overall modeling approach): 

identify the data or features to collect 

agree on data definitions and collection mechanisms 

populate the case base 

tune the estimation method 

estimate the effort for a new project 

The steps outlined above are easy to list, but each represents a significant effort. 

oreover, the early data definition and collection steps will be subject to negotiation 

and comprise as a balance is sought between what the estimator would ideally like to 

collect and what is feasible from both an economic and technical standpoint. While 

every estimator wants his estimate to be as good as possible, a point will be reached 

beyond which the economic utility of the estimate will not be worth the additional 
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cost of gathering the information required to ensure the estimate exceeds a given 

level of fidelity. ( s could be said of any estimation technique, not just case studies 

& analogy.) 

The important thing to keep in mind is the strengths and weaknesses of the 

estimation by case study & analogy approach. The primary strength of the technique 

is that the estimate is based on experience with actual projects. With careful study, 

the differences between the new project under consideration and the previous 

projects can be determined, and thus also the cost adjustments (either up or down) 

likely to be required for the new project due to those differences. The primary 

weakness of the technique is that the past projects to which you have access may not 

be particularly representative of the technical and environmental conditions that will 

apply during the new project.21 

2.2.3 Top Down & Bottom Up 

Top Down & Bottom Up are complimentary approaches that for thoroughness 

would ideally be used simultaneously to help generate a project estimate, though this 

isn't always possible. They can also be used with any of the other estimation 

techniques discussed in this section as a means of structuring the estimation problem. 

With Top Down estimating, an aggregate estimate for the cost of a project in its 

totality is determined based upon the overall features of the software, using previous 

similar projects as a starting point (i.e., analogy). Once a total cost is derived, that 

number is then divided up among the various components of the system to get cost 
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estimates for the individual system elements. e main advantage of this approach is 

its ability to capture system level effort such as that associated with component 

integration and configuration management. It can often also be done fairly quickly. 

The major drawback is that Top Down estimating can easily miss low level 

components that nonetheless can be significant cost drivers, either due to technical 

complexity or shear number. It also does not offer a detailed breakdown and thus a 

clearly visible justification for the total overall cost. 

Bottom Up estimating takes the reverse approach. It begins with the lowest level 

components in the system, estimating the cost of each such element individually. 

individual component estimates are then summed together to get an estimate for the 

overall project cost. The advantage of the Bottom Up approach is that the individual 

component estimates are typically provided by the person (or persons) who will be 

responsible for doing the work on that component. This means that the estimate is 

usually based on a very good understanding of the task at hand. The major 

disadvantage to the method is that it takes longer than and can easily miss the system 

level costs captured by the Top Down approach. The effect of the latter is that 

Bottom Up estimates frequently come in too 

The way to minimize the risk of not adequately accounting for system level 

engineering costs is to use the Bottom Up approach in conjunction with a formal 

work breakdown structure (WBS). Long a standard of engineering practice in the 

development of both hardware and software, the WBS is a way of organizing project 

elements into a hierarchy that simplifies the tasks of budget estimation and control. 
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helps determine just exactly what costs are being estimated. Moreover, if 

probabilities are assigned to the costs associated with each individual element of the 

hierarchy, an overall expected value can be determined from the bottom up for total 

project development Expertise comes into play with this method in the 

determination of the most useful specification of the components within the structure 

and of those probabilities associated with each component. 

A software WBS actually consists of two hierarchies, one representing the 

software product itself, and the other representing the activities needed to build that 

product. The product hierarchy (figure 2.2) describes the fundamental structure of 

the software, showing how the various software components fit into the overall 

system. The activity hierarchy (figure 2.3) indicates the activities that may be 

associated with a given software component. 

Aside from helping with estimation, the other major use of the WBS is cost 

accounting and reporting. Each element of the WBS can be assigned its own budget 

and cost control number, allowing staff to report the amount of time they have spent 

working on any given project task or component, information that can then be 

summarized for management budget control purposes. 

Finally, if an organization consistently uses a standard 

projects, over time it will accrue a very valuable database reflecting its software cost 

distributions. This data can be used to develop a software cost estimation model 

tailored to the organization's own experience and practices.24 
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2.2.4 Statistical Regression 

Statistical regression techniques bring a mathematical formalism to software cost 

estimation not present in most of the estimation approaches discussed so far. They 

also feed directly into the parametric modeling techniques that will be discussed in 

the section following. Their main advantage is that they can remove much of the 
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subjectivity from the cost estimation process (i.e., two independent estimators 

applying the same regression methodology on the same data should be able to come 

up with similar estimates for a given project-not always the case with some of the 

other techniques). Their main disadvantage is that they usually require a lot of 

historical project data, and can be easily biased by data that is incomplete, 

inconsistent or just plain bad. 

There are several methods falling under the name "statistical regression," but 

almost all are variations on the classical approach of general linear regression using 

least squares. The Ordinary Least Squares (OLS) method is discussed in many 

books, two good examples being Judge et a125 and ~ e i s b e r ~ . ~ ~  The reasons for its 

popularity include its ease of applicationf and mathematical simplicity. 

A model using the OLS method can be written27 as 

where 

y, = the response variable for the tth observation. 

x,z .. . xtk = predictor (or regressor) variables for the th observation. 

PI = an intercept parameter. 

P2 ... ,OK= response coefficients. 

el = a random error variable (usually normally distributed). 

Eq. 2.1 

* 
OLS modeling is a standard feature available in commercial statistical modeling software such as 

Minitab (http://www.minitab.com), S-Plus (http://www.insightful.com), and SPSS 
(http://www.spss.com). 
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The OLS method operates by estimating the response coefficients and the 

intercept parameter by minimizing the least squares error term which is the sum 

across all observations of < where Ti is the difference between the observed response 

and the model predicted response for the ith observation. The result is a line drawn 

through a set of data that minimizes the difference between the predicted value of an 

output variable as found on the line and the actual value of that same variable as 

found in the data, for any given input value found in the data, averaged across all the 

data available (see figure 2.4). 

Xi 
2 

Figure 2.4 - a regression line fitte so as to minimize Ti across all 
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This means that all observations have a proportional influence on the model 

equation. Therefore, if there is an outlier (i-e., an atypical value) in the observations 

then it will have an undesirable impact on the model, skewing the resulting line in a 

direction that increases the error between the predicted and actual values of the 

output variable that are most typically found in order to reduce the error between the 

predicted and actual values of that single atypical observation. The result is that 

while trying to compensate for that unusual case, the model will have weakened its 

ability to provide a good estimate under the conditions that are most usually 

encountered (see figure 2.5, where the thick dashed line indicates the regression line 

in figure 2.4 before the value of yi(actuaL) was shifted-note that this new model in 

most cases now tends to overestimate more frequently and by a much wider margin 

than it underestimates whereas the original model tended to over and underestimate 

with about the same frequency and by about the same margin). 

The conditions under which the OLS method is appropriate to use (along with 

comments about how these conditions are nonetheless frequently violated in the 

development and application of statistically-based software cost estimation models) 

are listed below. The OLS method is appropriate2' when 

a lot of data are available. This indicates that there are many degrees of 

freedom available and the number of observations is many more than the 

number of variables to be predicted. (Collecting data is one of the biggest 

challenges in the software field for several reasons, including lack of 
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commitment by higher management, coexistence of several development 

processes, lack of proper interpretation of the process, and budget concerns to 

name just a few.) 

........................................... Outlier 

Figure 2.5 - a regression line skewed by an extreme outlier. 
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0 no data items are missing. (Software data with missing information is often 

reported when there is limited time and budget for the data collection activity, 

or when there is a lack of understanding of the data being requested.) 

0 there are no outliers. (Extreme cases are very often reported in software 

engineering data due to misunderstandings or lack of precision in the data 

collection process, or due to the use of different software development 

processes.) 

0 the predictor variables are not correlated. (Most of the existing parametric 

software cost estimation models have parameters that are at least somewhat 

correlated to each other. Eliminating these correlations in software data to the 

level that would be desirable is often very difficult.) 

0 the predictor variables have an easy interpretation when used in the model. 

(This is very difficult to achieve because it is not easy to make valid 

assumptions about the form of the functional relationships between 

and their probability distributions.) 

0 the predictor variables are either all continuous (e.g. database size) or all 

discrete (e-g., the software development process is either waterfall or spiral). 
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(Parametric software cost models typically must include both continuous and 

discrete input parameters if they are to reflect the real-world factors that are 

known to impact software development costs.) 

The main difficulty in using regression techniques for software cost estimation is 

that software data is notorious for being noisy, correlated and incomplete, which 

violates at least three of the conditions noted above. As such any software data used 

for statistically-based modeling must undergo a certain amount of "conditioning," 

which will be described in section 4.2.3 while discussing my overall research 

approach. 

2.2.5 Parametric Modeling 

Parametric software cost estimation models generate estimates based on 

mathematical relationships between dependent variables (typically effort and/or 

schedule) and one or more independent variables or parameters (e.g., size of the job, 

job complexity, personnel capabilities, design characteristics, etc.). The input 

parameters will normally characterize the nature of the software job to be done, 

the environmental conditions under which the work will be performed and delivered. 

As an output parameter, effort is usually substituted as a proxy for cost,* allowing the 

There are two reasons for this: 1) financial data is usually held very close to the vest by 
corporations, and even with the guarantee of a non-disclosure agreement between company and 
independent data collector, businesses are generally unwilling to release actual cost information to 
outside modelers; 2) effort is a more fundamental quantity for interpretation that can be more readily 
normalized across diverse organizations-it also does not need to take into account the time value of 
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individual estimator to apply whatever currency-unit per person-month conversion 

factor is appropriate in his or her situation. 

The definition of the mathematical relationships noted above between the input 

and output parameters is the heart of parametric modeling. These relationships are 

usually based upon statistical analyses of large amounts of software engineering 

development data. Regression models as described in the previous section are used to 

tease out appropriate numeric values for constants and finite, discrete-valued 

variables that capture mathematically the design and development conditions as 

described by the input parameters and relate these in linear or nonlinear equations to 

the output parameters. Using statistical regression and other mathematical 

techniques, the constants, variables, and forms of the equations are ideally all 

optimized to minimize the difference between cost estimates derived from the 

parametric model and what eventually winds up being the true cost of developing 

given software systems. 

Parametric software cost models typically can be applied at either the overall 

system level, or at any lower software component level that can be bounded or 

described as a distinct work unit or design element. Some parametric models also 

allow their estimated overall costs to be partitioned temporally among the various 

phases of the software development life cycle (i.e., requirements definition, design, 

money (though periodic model recalibrations become necessary as technological innovations over 
time improve productivity). 



programming, test, etc.-again, see the project activities listed in figure 1.1). This 

ability aids in the planning for necessary project personnel loading levels over time. 

The advantages of parametric estimation models once validated are that they are 

fast and easy to use, they (generally) require little detailed information, and-if 

designed properly-they can capture total system or component-level costs, 

including costs related to integration activities. Moreover, in addition to the speed 

and ease with which they can be applied, well-designed parametric models can be as 

accurate as other estimating techniques, if not more so.29 

The major disadvantages of these kinds of models is that they are difficult and 

time consuming to develop, and they suffer all the drawbacks of any statistically- 

based models in that they require a lot of clean, complete, uncorrelated data to be 

properly validated. 

Despite these problems, their utility in terms of their potential speed and 

accuracy is so great, many such parametric software cost estimation models have 

been developed over the years, COCOMO itself being among the earliest and most 

widely accepted of these models. eing an extension of COCO O Il, COCOTS is 

also being developed as a parametric model. 

To illustrate the utility of these kinds of models, figure 2.6 presents a version of a 

classic Norden-Rayleigh curve distribution of engineering project labor over time." 

" (This model has provided the foundations for several subsequent parametric 

estimation models, including  SLIM,^' SEER-SEM (see section 2.3.5), and the 
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estimated labor loading by project phase of COCOMO II. This makes it  a useful 

example for discussion here.) 

to Time t 

e Norden-Rayleigh distribution of labor over the software project life cycle. 

The Norden-Rayleigh model suggests that the number of people hired onto a 

software project at any given time during its development cycle follows a somewhat 

modified bell-shaped distribution with a long tail to the right, indicating that workers 

tend to join a project more rapidly in its early stages than they leave the project in its 

latter stages. In the curve shown in figure 2.6, if t~ represents the point in time at 

which the project is expected to attain its peak labor loading, then the fraction of that 
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peak personnel loading that nominally could be expected to be needed on the project 

at any given time t can be estimated by 

[(to2 - t2)/2tD2] 
% Max PPL = (t/tD) e Eq. 2.2 

where 

% Max PPL = percentage of the maximum project personnel loading. 

tD = the point in time at which the maximum project personnel loading is 
reached.* 

t = time. 

The specific shape of the curve in figure 2.6 can be affected by environmental 

conditions (e.g., project difficulty, project domain) represented by parameters not 

indicated in equation 2.2. However, Putnam has shown that in general, Rayleigh- 

based models can provide good approximations to the labor distribution on software 

projects.33 

Descriptions of several more of the more prominent parametric software cost 

models that address traditional software development methods (Putnam's SLIM 

model, the Jensen Model, Checkpoint, etc.) are available in Boehm et a134 and the 

DoD Parametric  andb book.^^ Five existing parametric models that specifically 

address the use of COTS software components are discussed in section 2.3 of this 

dissertation. Finally, an overview of COCOMO II more detailed than that given in 
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section 1.1 is provided in section 2.4. This will help to further illuminate the 

relationship between COCOMO and COCOTS. 

2.2.6 Neural Networks 

According to Gray and ~ c ~ o n e l l , ~ ~  neural networks is the most common 

software estimation modeling technique used as an alternative to Ordinary Least 

Squares regression (I believe they class parametric models among OLS regression 

techniques). Neural Nets are estimation models that can be "trained" using historical 

data to produce ever better results by automatically adjusting their algorithmic 

parameter values to reduce the difference between known actual cost numbers and 

model predictions. Gray and McDonell go on to describe the most common form of a 

neural network used in the context of software estimation, a "back-propagation 

trained feed-fonvard" network (see figure 2.7). 

* 
As a practical matter, tD is often assumed to occur at the midpoint of a project development schedule 

if that schedule is determined by means that relate estimated development schedule to estimated total 
project development effort. 



Data Inputs 

n Estimation Algorit 

Figure 2.7- a neural network estimation model. 

The development of such a neural model is begun by first developing an 

appropriate layout of "neurons," or connections between network nodes. This 

includes defining the number of layers of neurons, the number of neurons within 

each layer, and the manner in which they are all linked. The weighted estimating 

functions between the nodes and the specific training algorithm to be used must also 

be determined. Once the network has been built, the model must be trained by 

providing it with a set of historical project data inputs and the corresponding known 

actual values for project schedule andlor cost. The model then iterates on its training 

algorithm, automatically adjusting the parameters of its estimation functions until the 

model estimate and the actual values are within some pre-specified delta. The 
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specification of a delta value is important. Without it, a model could theoretically 

become overtrained to the known historical data, adjusting its estimation algorithms 

until it is very good at predicting results for the training data set, but weakening the 

applicability of those estimation algorithms to a broader set of more general data. 

 itt ti^'^ has reported accuracies of within 10% for a model of this type when 

used to estimate software development effort, but caution must be exercised when 

using these models as they are often subject to the same kinds of statistical problems 

with the training data as are the standard regression techniques used to calibrate more 

traditional models. In particular, extremely large data sets are needed to accurately 

train neural networks with intermediate structures of any complexity. Also, for 

negotiation and sensitivity analysis, the neural networks provide little intuitive 

support for understanding the sensitivity relationships between cost driver 

parameters and model results. They encounter similar difficulties for use in planning 

and control. 

2.2.7 Dynamic Simulation 

Dynamic simulation techniques explicitly acknowledge that software project 

effort or cost factors change over the duration of the system development; that is, 

they are dynamic rather than static over time. This is a significant departure from the 

other techniques highlighted in this report, which tend to rely on static models and 

predictions based upon snapshots of a development situation at a particular moment 

in time. However, factors like deadlines, staffing levels, design requirements, 
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training needs, budget, etc., all fluctuate over the course of development and cause 

corresponding fluctuations in the productivity of project personnel. This in turn has 

consequences for the likelihood of a project coming in on schedule and within 

budget-usually negative. The most prominent dynamic techniques are based upon 

the system dynamics approach to modeling originated by Jay Forrester nearly forty 

years ago.38 

System dynamics is a continuous simulation modeling methodology whereby 

model results and behavior are displayed as graphs of information that change over 

time. Models are represented as networks modified with positive and negative 

feedback loops. Elements within the models are expressed as dynamically changing 

levels or accumulations (the nodes), rates or flows between the levels (the lines 

connecting the nodes), and information relative to the system that changes over time 

and dynamically affects the flow rates between the levels (the feedback loops). 

Figure 2.8 taken from ~ a d a c h g ~  shows an example of a system dynamics model 

demonstrating the famous (in software circles) Brooks7 ~ a w , ~ '  which states that 

"adding manpower to a late software project makes it later." Brooks' rationale is that 

not only does effort have to be reallocated to train the new people, but the 

corresponding increase in communication and coordination overhead grows 

exponentially as people are added. 

The dynamic model as shown in the figure illustrates Brooks7 concept based on 

the following assumptions: 
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New people need to be trained by experienced people to improve their 

productivity. 

Increasing staff on a project increases the coordination and communication 

overhead. 

People who have been working on a project for a while are more productive 

than newly added people. 

Figure 2.8 - Madac 



54 

As can be seen in figure 2.8, the model shows two flow chains representing 

software development and personnel. The software chain (seen at the top of the 

figure) begins with a level of requirements that need to be converted into an 

accumulation of developed software. The rate at which this happens depends on the 

number of trained personnel working on the project. The number of trained 

personnel in turn is a function of the personnel flow chain (seen at the bottom of the 

figure). New people are assigned to the project according to the personnel allocation 

rate, and then converted to experienced personnel according to the assimilation rate. 

The other items shown in the figure (nominal productivity, communication overhead, 

experienced personnel needed for training, and training overhead) are examples of 

auxiliary variables that also affect the software development rate. 

Mathematically, system dynamics simulation models are represented by a set of 

first-order differential equations:41 

where 

xf(t) = the incremental rate of change of the levels (states) in the model at 
time t. 

x = a vector describing the levels (states) in the model. 

p = a set of model parameters. 



f = a nonlinear vector function dependent on time t. 

t = time. 

Within the last ten years this technique has been applied successfully in the 

context of software engineering estimation models. Abdel-Harnid and Madnick have 

built models that will predict changes in project cost, staffing needs and schedules 

over time, as long as the initial proper values of project development are available to 

the estimator. 42 43 45 They have has also applied the technique in the context of 

software reuse, demonstrating an interesting result. They found that there is an initial 

beneficial relationship between the reuse of software components and project 

personnel productivity, since less effort is being spent developing new code. 

However, over time this benefit diminishes if older reuse components are retired and 

no replacement components have been written, thus forcing the abandonment of the 

reuse strategy until enough new reusable components have been created, or unless 

they can be acquired from an outside source (e.g., a COTS product vend01-1.~~ 

adachy used system dynamics to model an inspection-based 

software life cycle process.47 Me was able to show that performing software 

inspections during development slightly increases programming effort, but decreases 

later effort and schedule during testing and integration. Whether there is an overall 

savings in project effort resulting from that trade-off is a function of development 

phase software error injection rates, the level of effort required to fix errors found 

during testing, and the efficiency of the inspection process. For typical industrial 
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values of these parameters, the savings due to inspections considerably outweigh the 

costs. 

Dynamics-based techniques are particularly good for planning and control, but 

are also particularly difficult to calibrate. 

2.2.8 Bayesian Analysis 

Named after the 1 8 ' ~  century English mathematician and clergyman the Reverend 

Thomas Bayes who first proposed the technique in the 1760s,~' Bayesian analysis is 

a mode of inductive reasoning that takes into account our ability to learn new 

information about a given matter or event of concern. In particular, it offers ways of 

quantifying our subjective "degree of belief' about some assertion or event, given 

what we have observed regarding some related assertion or subsequent event. 

More specifically, Reverend Bayes developed a formula for determining the 

probability that some prior event occurred or unobserved state of nature exists, given 

that a subsequent event or other state is definitively known to have occurred or been 

positively observed. It is important to understand, however, that the "probability" 

being discussed here is a characterization of one's subjective belief in the certainty of 

something rather than an objective measure of the frequency with which that 

something is likely to occur or be true. 49 ( is latter interpretation is the classical 

definition of "probability" underlying traditional statistical theory.) 

To use Bayesian analysis, you must be able to assign a subjective probability 

density to the event or state under question that reflects your belief in the certainty 



57 

that the event has occurred or the state of nature exists, prior to sampling any data 

that might offer more clues about the situation. If we call that event or state P, then 

the probability density function f (D) that reflects your level of certainty about the 

occurrence or value of p before any additional information about P is collected, is 

called the unconditional prior distribution of p. The more certain you are about the 

true value of p prior to any sampling, then f (p) should be chosen with a 

proportionally smaller variance. The converse is also true; the less certain you are 

about p, then an f (D) with a wider variance should be selected. 

After additional information has been gathered, your belief in the certainty of p 

may change. If we call that new information Y, then the probability density function f 

(Dl Y) that reflects your new level of certainty about p given that has Y has been 

observed is called the conditional posterior distribution of p. In other words, this is 

the new conditional probability distribution of Y, reflecting your changed belief in 

the likelihood that P is true or has occurred given that you know for a certainty that Y 

is true or has occurred. 

The probability density function f (d p) is the probability that Y will be observed 

or is true given that p is known to have occurred or be true. 

The probability density function f (Y) is the probability that Y will be observed or 

is true regardless of whether P is true or false; that is, f (Y) is the probability that Y is 

true given that /3 is true summed with the probability that Y is true given that /? is 

false. 
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The conditional posterior density of p is then calculated as follows: 

Eq. 2.4 

where 

f (PI Y) = the conditional probability of p given Y. 

f ( f l  p) = the conditional probability of Y given P. 

f (P) = the probability of p independent of Y. 

f (Y) = the probability of Y independent of P. 

The above is known as Bayes' theorem and says that the probability of p having 

occurred given that Y is known to have occurred, is equal to the probability of Y 

having occurred given that P is known to have occurred multiplied by the prior 

unconditional probability of p having occurred before Y is known, all divided by the 

probability that Y will occur regardless of whether P ever occurred.50 

In terms of how Bayesian analysis can be applied to software cost estimation, it 

allows empirically sampled cost estimation data to be combined with intuitive expert 

opinion and other informally gathered information in a logically consistent manner 

useful for making inferences. In this context, estimates based solely on expert 

opinion represent the prior distribution while revised estimates incorporating 

empirical information with that expert judgement represent the conditional posterior 

distribution. The combined revised estimates are produced using B-ayes' theorem to 
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create a "post-data" or posterior distribution for estimates. The posterior distribution 

is determined by the variances of the prior and sample or empirical information. If 

the variance of the estimates produced by prior expert judgement is smaller than the 

variance of the estimates derived from empirically sampled data, then a higher 

weight is assigned to the expert opinion (Case 1 in figure 2.9). On the other hand, if 

the variance of the sample information is smaller than the variance of the prior 

information, then a higher weight is assigned to the sample data causing the posterior 

estimate to be influenced more by the empirical data (Case 2 in figure 2.9)." 

(Typically, what happens during the course of developing an estimation model 

using Bayesian techniques is that in the beginning, you find yourself in a situation 

akin to Case 1. This is because at this stage expert opinion is usually all you have to 

go on. But ideally, over time, as your model building efforts continue, you gather 

sufficient empirical information for calibration purposes to swing your model from a 

predominately opinion-based construct to one anchored firmly on an empirical 

footing as illustrated in Case 2.) 

ayesian analysis has all the advantages of classical linear regression based on 

observed empirical data plus the ability to include the subjective prior knowledge of 

experts. It attempts to balance the risks associated with imperfect data gathering 

against those risks associated with relying exclusively on expert judgement. As much 

as hard empirical data is prized, the reality is that empirically-based software 

engineering data is typically scarce and incomplete. However, much good subjective 

information based on years of personal experience with software processes and the 
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study of the factors that most affect software development effort, cost, schedule, and 

product quality is often available from experts within a software development 

organization. But data of this kind doesn't easily lend itself to analysis with classical 

statistical techniques. Bayesian techniques allow this information to be used along 

with collected sample data in the cost estimation process. 

2.3 Existing Parametric COTS-related Cost Estimation Models 

One of the key assertions justifying the research being discussed in this report is 

that empirically-based cost estimation models that address CBS design are few in 

number. This next section will discuss five such models known to exist and which 

have helped to inform the development of COCOTS. (The seeming brevity of some 

of these discussions simply reflects how little information has been openly published 

about these models, sometimes because of proprietary concerns, and sometimes 

because no work beyond what is described herein was apparently ever pursued.) 

2.3.1 Stutzke Model 

Of the few CBS models out there, an interesting one has been proposed by 

Richard Stutzke of S A I C . ~ ~  It is still bare bones, but it is centered on the issue of 

COTS volatility, that is, the frequency with which a COTS vendor releases new 

versions of its so are, and the extent of the changes the vendor makes in the 

product with each new release. His model suggests a way of quantifying the added 

cost associated with using a COTS product that has significant volatility. 



Stutzke proposes the following formula: 

ECV=CV.AC.IS . (CS+CC)  Eq. 2.5 

where 

ECV = extra CBS cost due to volatility of the given COTS component. 

CV = component volatility (number of new releases of the COTS component 
over life of the project). 

AC = architectural coupling (number of other components which interface 
with the given COTS component). 

IS = apparent interface size in terms of the number of entry points, 
procedures, functions or other methods used to access the COTS 
component, weighted by the number of arguments passed. 

CS = cost of screening the COTS component and all the other components 
with which it interfaces to determine the impact of a new release. 

CC = cost of making changes to impacted components. 

As of this writing no attempt has yet been made to implement this model. It also 

addresses only one aspect associated with integrating COTS software, the issue of 

COTS component volatility, but it is an important aspect. 

2.3.2 Alternate SAIC Model 

Still another approach to modeling COTS integration costs has been taken at 

S A I C . ~ ~  This second model addresses a few of the development costs, but focuses 

more on the end user costs of adopting a particular COTS software component: 

COTS IC = (LC. NL) + TC + GC Eq. 2.6 

where 



COTS IC = COTS product integration cost. 

LC = cost of COTS product license. 

NL = number of COTS product licenses required. 

TC = COTS product training cost. 

GC = COTS interface or glue code cost. 

Again, this model highlights some important sources of cost associated with the 

use of COTS software, but ignores the details of determining the last term, the cost 

of developing the glue code needed to integrate the COTS product into the larger 

system being built. It also ignores the cost of assessing and selecting which COTS 

products to use. 

2.3.3 Ellis Model 

A CBS model that attempts to address the issue of estimating the cost of 

developing COTS interface or glue code has been described by Tim ~ l l i s ~ ~  of what 

was then Loral Federal Systems (now Lockheed Martin Federal Systems, and before 

Federal Systems). is model was implemented and calibrated to a 

number of internal Loral COTS integration projects, but active development of the 

model apparently stopped after a few years.* However, as of ay 1995, an accuracy 

of (+/-) 15% was being claimed for its effort predictions against the database of 

internal Loral projects. 

* 
Personal conversation between myself and a former Loral employee while I was giving a COTS 

modeling seminar at the offices of the Software Productivity Consortium in Herndon, VA, April 2000. 



The details are proprietary, but Ellis describes the model in these general terms: 

COTS GC = WU . PR 

where 

WU = f (Size, Drivers) 

Eq. 2.7a 

Eq. 2.7b 

PR = EFtWU Eq. 2 . 7 ~  

and 

COTS GC = effort to create interface or glue code for a COTS product. 

WU = internally defined Loral "work units." 

Size = the size of the COTS interface or glue code in function points.* 55 

Drivers = a set of seventeen COTS integration cost drivers. 

f = a Loral proprietary function that relates the amount of glue to be written 
and the ratings of individual glue code cost drivers to a given number of 
work units. 

PR = productivity in terms of the effort required to produce one work unit. 

EF = effort in labor-months. 

Of the five CBS-oriented cost models that are being discussed in this section, the 

Ellis model has definitely had the greatest influence on the current form of 

COCOTS. As detailed in my preliminary COTS modeling study (again, see chapter 1 

endote #18), the seventeen cost drivers appearing in the Ellis model served as one of 

* 
Function point counting is a technique for sizing a given software development job alternatively to 

the traditional sizing technique of counting source lines of code. It tries via a set of objectively 
defined measures to quantify directly the functionality being delivered by the software as opposed to 
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the starting points in the definition of the cost drivers for the initial COTS model 

resulting from that first effort. As such, the Ellis drivers are presented here: 

Product Maturity: Measures the length of time the product has been in the 

marketplace, existence of extensive alphaibeta testing programs, size of the 

market segment, number of bug fixes per release, and adherence to industry 

standards. 

Vendor Maturity: Measures the length of time the vendor has been in the 

business, vendor reputation, and size of product line. 

Confiwrabilitv/Customization: Number of configuration options, and effort 

needed to customize the product. 

Installation Ease: Effort needed for product installation. 

Ease to Upgrade: Measures the level of difficulty to upgrade the COTS 

software from one release to the next and the impact to the applications being 

developed. 

Vendor Cooperation: Represents willingness of vendors to modify their 

product based on suggestions or enhancements recommended by the user. 

The more cooperative the vendor, the more functionality is provided thus 

reducing new development and glue code. 

quantifying the number of lines of code in the software required to provide that functionality. See 
chapter endnote #55 for a detailed discussion of function points and their application. 
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Product Sup~ort  Services: Types of services offered by the vendor to support 

the product (e.g., 24-hour hotline, seminars, trouble ticketing, etc.). 

Product Support Quality: Responsiveness of the vendor to user questions. 

User. Administrator, & Installation Documentation: Quality of 

documentation offered. 

Ease of Use for End User: How intuitive is the product for the end user? 

Ease of Use for Administrator: How intuitive is the product for the 

administrator? 

End User & Administrative Training: Types and quality of training 

available. 

Administrative Effort: Amount of time spent by system administrator to 

regularly maintain the system. 

Portability: Portability of the product between platforms. 

Previous Product Experience: Amount of experience that personnel have had 

developing/using/integrating the product. 

Expected Release Fresuencv: Amount of time between product upgrades an 

releases. For every product upgrade, testing must be performed to ensure that 

no new incompatibilities have been introduced. This is a key cost driver that 

can adversely affect the integration phases of COTS products. 

Application or System COTS Package: Is the COTS software an application 

or is it a system levellinfrastructure type of product? 
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2.3.4 PRICE-S 

An antecedent of the PRICE-S cost model ("S" for software) was originally 

developed at RCA Corp. for use internally on software projects during the era of the 

Apollo moon program. However, motivated by the success of their commercially 

offered parametric engineering hardware cost model PRICE-H ("H" for hardware), 

RCA decided in the mid-1970s to develop their internal software cost model into a 

related commercial product. PRICE Systems was thus born in 1975 as an RCA 

subsidiary and now-after having gone through a series of acquisitions during the 

aerospace industry consolidations of the 1990s-is an independent, privately held 

company, offering a variety of related estimation models for both hardware and 

software.56 Their software model, PRICE-S, developed from that initial internal RCA 

software model, was first offered to the general public in 1977. Since then, it has 

been used for estimations on many US Government software projects, including 

several within the DoD and in particular on projects within NASA. 

Being proprietary, the deep details of the model's equations have never been 

released in the public domain, although an overall description of the model's central 

algorithms was published in 1 9 8 8 . ~ ~  In general, PRICE-S consists of three submodels 

that enable estimating costs and schedules addressing a variety of software 

development activities: 

The Acquisition submodel~forecasts software development costs and schedules. 

It is calibrated to most of the major software domains, including business systems, 

communications, command and control, avionics, and space systems. 
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current software development practices such as reengineering, automated code 

generation, spiral development, rapid development, rapid prototyping, object- 

oriented development, as well as supporting software productivity measurement 

activities. 

The Sizing submodel estimates the size or amount of software to be developed. 

Sizing can be done in source lines of code, function points or Predictive Object 

points.* 58 59 60 

The Life Cycle Cost submodel is used for rapid and early costing of the 

maintenance and support phase of a large software project. It is used in conjunction 

with the Acquisition submodel, which provides the development costs and original 

design parameters. 

The current version of PRICE-S addresses COTS modeling in the Acquisition 

and Life Cycle submodels as up-front and continuing line item cost elements, 

respectively, though the details of that modeling remain proprietary. 

2.3.5 SEER-SEM 

SEER-SEM (standing for System Evaluation and Estimation of Resources - 

Software Estimation Model) is a product offered by Galorath, ~ n c . ~ '  (which like 

PRICE Systems offers a suite of related hardware and software estimation tools) and 

is based on a model originally published by Randall  ense en^^ (which in turn is related 

* 
Like function points, Predictive Object Point counting is a more recent alternative to sizing software 

in source lines of code. It is a technique intended for sizing software being built using newer object 
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through Putnam's SLIM model to the Norden-Rayleigh curves discussed in section 

2.2.5). On the market some 15 years, during that time SEER-SEM has evolved into a 

sophisticated tool supporting top-down and bottom-up estimation methodologies. Its 

modeling equations are proprietary, but take a parametric approach to estimation. 

The scope of the model is wide. It covers all phases of the project life cycle, from 

early specification through design, development, delivery and maintenance. It 

handles a variety of software system configurations, from stand-alone to client-server 

to distributed. It models the most widely used development methods and languages. 

Development modes covered include object oriented, reuse, COTS, spiral, waterfall, 

prototype and incremental development. Languages covered are third and fourth 

generation languages (C++, FORTRAN, COBOL, Ada, etc.), as well as application 

generators.* It allows staff capability, required design and process standards, and 

levels of acceptable development risk to be input as constraints. 

oriented (00) methodologies in which the concept of lines of code does not apply. See chapter 
endnotes #58 through #60 for details. 

* Application Generators (AG) are high level programming tools that allow developers to build 
software applications by specifying the needed software functionality for which the AG will then 
automatically generate the appropriate computer source code. 



Outputs Inputs 
Size Effort 

Personnel 

Schedule 

Environment +I SEER-SEM I 

Constraints Reliability 

Figure 2.10 - SEER-SEM inputs and outputs. 

Figure 2.10 is adapted from a Galorath illustration and shows gross categories of 

model inputs and outputs, but each of these represents dozens of specific input and 

output possibilities and parameters. The reports available from the model--covering 

all aspects of input and output summaries and analyses-number in the hundreds. 

Features of SEER-SEM include the following: 

Allows probability level of estimates, staffing and schedule constraints to be 

input as independent variables. 

Facilitates extensive sensitivity and trade-off analyses on model input 

parameters. 
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Organizes project elements into work breakdown structures for convenient 

planning and control. 

Displays project cost drivers. 

Allows the interactive scheduling of project elements on Gantt charts. 

Builds estimates upon a sizable knowledge base of existing projects. 

Model specifications include these: 

Parameters: size, personnel, complexity, environment and constraints (each with 

many individual parameters); knowledge base categories for platform and 

application, development and acquisition method, applicable standards, plus a user- 

customizable knowledge base. 

Predictions: effort, schedule, staffing, defects and cost estimates; estimates can 

be schedule or effort driven; constraints can be specified on schedule and staffing. 

Risk Analysis: sensitivity analysis available on all smallestfmost likelyflargest 

values of output parameters; probability settings for individual WBS elements 

adjustable, allowing for sorting of estimates by degree of S element criticality. 

Sizing Methods: function points, both UG* 63 sanctioned plus an augmented 

set; lines of code, both new and existing. 

* 
International Function Point Users Group, which is the recognized governing body maintaining the 

standards and practices of function point metrics. 
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Outputs and Interfaces: many capability metrics, plus hundreds of reports and 

charts; trade-off analyses with side-by-side comparison of alternatives; integration 

with other MicrosoftTM Windows applications plus user custornizable interfaces. 

Again, as with the PRICE-S model, the details of the COTS related cost 

estimation algorithms within SEER-SEM remain proprietary, but this model also 

appears to handle COTS-related costs as line item elements. 

2.4 Description of COCOMO II 

An overview of COCOMO II was first presented in section 1.1. Of the three 

COCOMO I1 submodels discussed there (Application Composition, Early Design, 

Post-Architecture), it is the Post-Architecture model which is the most detailed. It is 

also the model with the most direct connection to COCOTS. As such, it is this model 

that is elaborated upon here. 

2.4.1 Effort Estimation 

To begin, COCOMO II builds upon the basic modeling equation shown below as 

equation 2.8. This is a standard form followed by many of the parametric software 

estimation models mentioned previously. 

Eq. 2.8 Effort = A (sizelB 

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 * 64 65 but other measures are sometimes used as 
has been indicated previously+.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.66) 

* 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 graspmore  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 chapter endnote #64 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 chapter endnote #65) 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 in the example given earlier of 
software based on object oriented design (see footnote page 68). 

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




































































































































































































































































































































































































