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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 box 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 II 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 Il 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.l 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 decisions."



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 1981,? 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 1) 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.* 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 &
Requirements
Preliminary Design %
Detailed Design %
Development %
Integration
& Test

Delivery

Figure 1.1 - a traditional waterfall 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-
shélf components that may be part of your system). Moreover, resources committed
tb 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:

e a move away from mainframe overnight batch processing towards desktop-
based real-time turnaround.

e 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

thereof.> Among these newer approaches, one of the more widely encompassing is



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

many of the other approaches can be considered special cases.
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Figure 1.2 - a spiral engineering development process model.



The spiral approach differs from the waterfall approach in that it is cyclical
rather than linear, iteratihg 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. Thesé 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. It can also bring
résources 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, af which point it will be much more difficult and
expensive to address. While the séme 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 Engineering® 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 COCOMOQO 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 cbsts, and even return on technology
investment in light of the broad variety of software development approaches and
techniques described above.’

The premier achievement of this research to date, however, is COCOMO I
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 II 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 uée Integrated Computer Aided Software Engineering
(ICASE) tools for rapid application development. Projects 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. These

components typically are items such as Graphical User Interface (GUI) builders,



database or objects managers, middleware for distributed processing or transaction
processing, and domain-specific components such as ﬁn_.élncial, 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.13 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 caiibrated 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.






































































































































































































































































































































































































































































































































































































































































































































































































