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Preface

In this volume, the 62nd volume in the Advances in Computers series, we present
seven chapters that survey the ever-changing face of software development. Subtitled
“Advances in Software Engineering,” this volume describes new methods that are
now being used to help improve the quality of software products and the efficiency
of the process to produce it.

Chapter 1, entitled “An introduction to agile methods” by David Cohen, Mikael
Lindvall and Patricia Costa, surveys the emerging field of agile methods. For years
software development has been modeled on complex processes, such as the “wa-
terfall model” or the “spiral model,” which were expensive and time-consuming
activities. The advent of the World Wide Web and the ever shortening of software
development time have required companies to produce products on an ever decreas-
ing development cycle. Companies now are required to be nimble and “agile.” Along
with this agility are a series of processes now known under the general term “agile
methods.” This chapter surveys the agile landscape.

Pankaj Jalote, Aveejeet Palit, and Priya Kurien in Chapter 2 “The Timeboxing
process model for iterative software development” discuss Timeboxing. This is a
process that addresses the same problem addressed by the agile methods of Chap-
ter 1. Often development is late due to increasing and changing requirements that
causes each development activity to take an increasing length of time. With Time-
boxing, new software features are scheduled as part of multiple releases. Schedules
are fixed with requirements for each software release being the dependent variable.
This provides a way to schedule releases in a timelier manner.

Testing of software has always been the most time consuming (and expensive) ac-
tivity in software development. Slicing is a technique developed about 20 years ago
that simplifies some of these testing activities by subdividing the source program into
just those statements that can affect the location of a programming error. In Chap-
ter 3, David Binkley and Mark Harman survey the current slicing scene in “A survey
of empirical results on program slicing.”

Today, just about everything is electronic and computer controlled—from your au-
tomobile, microwave oven, television, to probably your toothbrush. Computers are
ubiquitous. What sort of interface will users need for all of these devices? Chapter 4,

xiii
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“Challenges in design and software infrastructure for ubiquitous computing applica-
tions” by Guruduth Banavar and Abraham Bernstein discusses how computers (and
their software) may evolve in the future, as this ubiquity becomes part of the every-
day social landscape of society.

In Chapter 5, “Introduction to MBASE (Model-Based [System] Architecting and
Software Engineering)” by David Klappholtz and Daniel Port, the authors describe a
process for again tackling some of the problems with waterfall or spiral development
that were described in Chapters 1 and 2. One consistent problem is that different
stakeholders (e.g., customer, developer, user) of a system have a different view of the
system, which results in “model clashes” among these stakeholders. These clashes
show up as incorrect specifications, design and coding defects, and testing problems.
MBASE is a process for identifying such model clashes and a series of activities that
clearly delineates such problems for their elimination.

Chapter 6, “Software quality estimation with case-based reasoning” by Tahgi
Khoshgoftaar and Naeem Seliya looks at the problem of estimating software quality
using a case-based reasoning approach. Case-based reasoning (CBR) develops a so-
lution to a problem based upon knowledge of past cases kept in a knowledge base.
In this chapter, several clustering models are used to predict the occurrence of faults
in software, and CBR is used to identify the better approaches.

A data warehouse contains data consolidated, from multiple databases, over long
periods of time. In the final chapter, “Data management technology for decision sup-
port systems,” Surajit Chaudhuri, Umeshwar Dayal and Venkatesh Ganti survey the
various components—tools to consolidate data into the data warehouse, systems
to store and manage a large data warehouse, analytical tools leveraging the data
warehouse—that a successful decision support system must contain. They briefly
discuss the key issues underlying each one of these components, current research on
these issues, and the support provided by commercial database and data warehousing
systems.

The Advances in Computers has been published continuously since 1960, and each
year from 1 to 3 volumes are published that contain some of the latest advances in
the information technology area. I hope that you find the chapters in this book of
interest and of value in your work or studies. If you have any suggestions of topics
for future chapters, or if you wish to contribute such a chapter, I can be reached at
mvz@cs.umd.edu.

Marvin Zelkowitz
University of Maryland,
College Park, MD, USA



An Introduction to Agile Methods

DAVID COHEN, MIKAEL LINDVALL, AND
PATRICIA COSTA

Fraunhofer Center for Experimental Software Engineering
4321 Hartwick rd, Suite 500
College Park, MD 20742
USA
dcohen@fc-md.umd.edu
mlindvall@fc-md.umd.edu
pcosta@fc-md.umd.edu

Abstract
Agile Methods are creating a buzz in the software development community,
drawing their fair share of advocates and opponents. While some people con-
sider agile methods the best thing that has happened to software development in
recent years, other people view them as a backlash to software engineering and
compare them to hacking.

The aim of this chapter is to introduce the reader to agile methods allowing
him/her to judge whether or not agile methods could be useful in modern soft-
ware development. The chapter discusses the history behind agile methods as
well as the agile manifesto, a statement from the leaders of the agile movement.
It looks at what it means to be agile, discusses the role of management, describes
and compares some of the more popular agile methods, provides a guide for
deciding where an agile approach is applicable, and lists common criticisms. It
summarizes empirical studies, anecdotal reports, and lessons learned from ap-
plying agile methods and concludes with an analysis of various agile methods.

The target audiences for this chapter include practitioners, who will be in-
terested in the discussion of the different methods and their applications, re-
searchers who may want to focus on the empirical studies and lessons learned,
and educators looking to teach and learn more about agile methods.
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1. Introduction

The pace of life is more frantic than ever. Computers get faster every day. Start-
ups rise and fall in the blink of an eye. And we stay connected day and night with
our cable modems, cell phones, and Palm Pilots. Just as the world is changing, so
too is the art of software engineering as practitioners attempt to keep in step with the
turbulent times, creating processes that not only respond to change but embrace it.

These so-called Agile Methods are creating a buzz in the software development
community, drawing their fair share of advocates and opponents. The purpose of this
report is to address this interest and provide a comprehensive overview of the cur-
rent State-of-the-Art, as well as State-of-the-Practice, for Agile Methods. As there is
already much written about the motivations and aspirations of Agile Methods (e.g.,
[1]), we will emphasize the latter. Section 1 discusses the history behind the trend,
as well as the Agile Manifesto, a statement from the leaders of the Agile movement
[12]. Section 2 represents the State-of-the-Art and examines what it means to be Ag-
ile, discusses the role of management, describes and compares some of the more pop-
ular methods, provides a guide for deciding where an Agile approach is applicable,
and lists common criticisms of Agile techniques. Section 3 represents State-of-the-
Practice and summarizes empirical studies, anecdotal reports, and lessons learned.
The report concludes with an Appendix A that includes a detailed analysis of vari-
ous Agile Methods for the interested reader.
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It is interesting to note that there is a lack of literature describing projects where
Agile Methods failed to produce good results. There are a number of studies report-
ing poor projects due to a negligent implementation of an Agile method, but none
where practitioners felt they executed properly but the method failed to deliver on
its promise. This may be a result of a reluctance to publish papers on unsuccessful
projects, or it may in fact be an indication that, when implemented correctly, Agile
Methods work.

1.1 History

Agile Methods are a reaction to traditional ways of developing software and ac-
knowledge the “need for an alternative to documentation driven, heavyweight soft-
ware development processes” [12]. In the implementation of traditional methods,
work begins with the elicitation and documentation of a “complete” set of require-
ments, followed by architectural and high-level design, development, and inspection.
Beginning in the mid-1990s, some practitioners found these initial development steps
frustrating and, perhaps, impossible [28]. The industry and technology move too fast,
requirements “change at rates that swamp traditional methods” [31], and customers
have become increasingly unable to definitively state their needs up front while, at
the same time, expecting more from their software. As a result, several consultants
have independently developed methods and practices to respond to the inevitable
change they were experiencing. These Agile Methods are actually a collection of
different techniques (or practices) that share the same values and basic principles.
Many are, for example, based on iterative enhancement, a technique that was intro-
duced in 1975 [9].

In fact, most of the Agile practices are nothing new [19]. It is instead the focus and
values behind Agile Methods that differentiate them from more traditional methods.
Software process improvement is an evolution in which newer processes build on
the failures and successes of the ones before them, so to truly understand the Agile
movement, we need to examine the methods that came before it.

According to Beck, the Waterfall Model [48] came first, as a way in which to as-
sess and build for the users’ needs. It began with a complete analysis of user require-
ments. Through months of intense interaction with users and customers, engineers
would establish a definitive and exhaustive set of features, functional requirements,
and non-functional requirements. This information is well-documented for the next
stage, design, where engineers collaborate with others, such as database and data
structure experts, to create the optimal architecture for the system. Next, program-
mers implement the well-documented design, and finally, the complete, perfectly
designed system is tested and shipped [10].
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This process sounds good in theory, but in practice it did not always work as
well as advertised. Firstly, users changed their minds. After months, or even years,
of collecting requirements and building mockups and diagrams, users still were not
sure of what they wanted—all they knew was that what they saw in production was
not quite “it.” Secondly, requirements tend to change mid-development and when
requirements are changed, it is difficult to stop the momentum of the project to ac-
commodate the change. The traditional methods may well start to pose difficulties
when change rates are still relatively low [14] because programmers, architects, and
managers need to meet, and copious amounts of documentation need to be kept up to
date to accommodate even small changes [13]. The Waterfall model was supposed to
fix the problem of changing requirements once and for all by freezing requirements
and not allowing any change, but practitioners found that requirements just could not
be pinned down in one fell swoop as they had anticipated [10].

Incremental and iterative techniques focusing on breaking the development cy-
cle into pieces evolved from the Waterfall model [10], taking the process behind
Waterfall and repeating it throughout the development lifecycle. Incremental devel-
opment aimed to reduce development time by breaking the project into overlapping
increments. As with the Waterfall model, all requirements are analyzed before devel-
opment begins; however, the requirements are then broken into increments of stand-
alone functionality. Development of each increment may be overlapped, thus saving
time through concurrent “multitasking” across the project.

While incremental development looked to offer time savings, evolutionary meth-
ods like iterative development and the Spiral Model [13] aimed to better handle
changing requirements and manage risk. These models assess critical factors in a
structured and planned way at multiple points in the process rather than trying to
mitigate them as they appear in the project.

Iterative development breaks the project into iterations of variable length, each
producing a complete deliverable and building on the code and documentation pro-
duced before it. The first iteration starts with the most basic deliverable, and each
subsequent iteration adds the next logical set of features. Each piece is its own water-
fall process beginning with analysis, followed by design, implementation, and finally
testing. Iterative development deals well with change, as the only complete require-
ments necessary are for the current iteration. Although tentative requirements need
to exist for the next iteration, they do not need to be set in stone until the next analy-
sis phase. This approach allows for changing technology or the customer to change
their mind with minimal impact on the project’s momentum.

Similarly, the Spiral Model avoids detailing and defining the entire system upfront.
Unlike iterative development, however, where the system is built piece by piece pri-
oritized by functionality, Spiral prioritizes requirements by risk. Spiral and iterative
development offered a great leap in agility over the Waterfall process, but some prac-
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titioners believed that they still did not respond to change as nimbly as necessary in
the evolving business world. Lengthy planning and analysis phases, as well as a sus-
tained emphasis on extensive documentation, kept projects using iterative techniques
from being truly Agile, in comparison with today’s methods.

Another important model to take into account in these discussions is the Capability
Maturity Model (CMM)1 [43], “a five-level model that describes good engineering
and management practices and prescribes improvement priorities for software orga-
nizations” [41]. The model defines 18 key process areas and 52 goals for an organiza-
tion to become a level 5 organization. Most software organizations’ maturity level is
‘Chaotic’ (CMM level one) and only a few are ‘Optimized’ (CMM level five). CMM
focuses mainly on large projects and large organizations, but can be tailored to fit
small as well as large projects due to the fact that it is formulated in a very general
way that fits diverse organizations’ needs. The goals of CMM are to achieve process
consistency, predictability, and reliability ([41]).

Ken Schwaber was one practitioner looking to better understand the CMM-based
traditional development methods. He approached the scientists at the DuPont Chemi-
cal’s Advanced Research Facility posing the question: “Why do the defined processes
advocated by CMM not measurably deliver?” [52]. After analyzing the development
processes, they returned to Schwaber with some surprising conclusions. Although
CMM focuses on turning software development into repeatable, defined, and pre-
dictable processes, the scientists found that many of them were, in fact, largely un-
predictable and unrepeatable because [52]:

• Applicable first principles are not present.

• The process is only beginning to be understood.

• The process is complex.

• The process is changing and unpredictable.

Schwaber, who would go on to develop Scrum, realized that to be truly Agile, a
process needs to accept change rather than stress predictability [52]. Practitioners
came to realize that methods that would respond to change as quickly as it arose
were necessary [56], and that in a dynamic environment, “creativity, not voluminous
written rules, is the only way to manage complex software development problems”
[19].

Practitioners like Mary Poppendieck and Bob Charette2 also began to look to other
engineering disciplines for process inspiration, turning to one of the more innovate

1We use the terms CMM and SW-CMM interchangeably to denote the Software CMM from the Soft-
ware Engineering Institute (SEI).

2Bob Charette’s “Lean Development” method will be discussed later.
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industry trends at the time, Lean Manufacturing. Started after World War II by Toy-
oda Sakichi, its counter-intuitive practices did not gain popularity in the United States
until the early 1980s. While manufacturing plants in the United States ran production
machines at 100% and kept giant inventories of both products and supplies, Toyoda
kept only enough supplies on hand to run the plant for one day, and only produced
enough products to fill current orders. Toyoda also tightly integrated Dr. W. Edwards
Deming’s Total Quality Management philosophy with his process. Deming believed
that people inherently want to do a good job, and that managers needed to allow
workers on the floor to make decisions and solve problems, build trust with suppli-
ers, and support a “culture of continuous improvement of both process and products”
[45]. Deming taught that quality was a management issue and while Japanese man-
ufacturers were creating better and cheaper products, United States manufacturers
were blaming quality issues on their workforce [45].

Poppendieck lists the 10 basic practices which make Lean Manufacturing so suc-
cessful, and their application to software development [45]:

(1) Eliminate waste—eliminate or optimize consumables such as diagrams and
models that do not add value to the final deliverable.

(2) Minimize inventory—minimize intermediate artifacts such as requirements
and design documents.

(3) Maximize flow—use iterative development to reduce development time.
(4) Pull from demand—support flexible requirements.
(5) Empower workers—generalize intermediate documents, “tell developers

what needs to be done, not how to do it.”
(6) Meet customer requirements—work closely with the customer, allowing

them to change their minds.
(7) Do it right the first time—test early and refactor when necessary.
(8) Abolish local optimization—flexibly manage scope.
(9) Partner with suppliers—avoid adversarial relationships, work towards devel-

oping the best software.
(10) Create a culture of continuous improvement—allow the process to improve,

learn from mistakes and successes.

Independently, Kent Beck rediscovered many of these values in the late 1990s
when he was hired by Chrysler to save their failing payroll project, Chrysler Com-
prehensive Compensation (C3). The project was started in the early 1990s as an
attempt to unify three existing payroll systems ([55]) and had been declared a failure
when Beck arrived. Beck, working with Ron Jeffries [31], decided to scrap all the
existing code and start the project over from scratch. A little over a year later, a ver-
sion of C3 was in use and paying employees. Beck and Jeffries were able to take a
project that had been failing for years and turn it around 180 degrees. The C3 project
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became the first project to use eXtreme Programming [31] (discussed in detail later),
relying on the same values for success as Poppendiek’s Lean Programming.

Similar stories echo throughout the development world. In the early 1990s, the
IBM Consulting Group hired Alistair Cockburn to develop an object-oriented devel-
opment method [31]. Cockburn decided to interview IBM development teams and
build a process out of best practices and lessons learned. He found that “team after
successful team ‘apologized’ for not following a formal process, for not using high-
tech [tools], for ‘merely’ sitting close to each other and discussing while they went,”
while teams that had failed followed formal processes and were confused why it
hadn’t worked, stating “maybe they hadn’t followed it well enough” [31]. Cockburn
used what he learned at IBM to develop the Crystal Methods (discussed in detail
later).

The development world was changing and, while traditional methods were hardly
falling out of fashion, it was obvious that they did not always work as intended in
all situations. Practitioners recognized that new practices were necessary to better
cope with changing requirements. And these new practices must be people-oriented
and flexible, offering “generative rules” over “inclusive rules” which break down
quickly in a dynamic environment [19]. Cockburn and Highsmith summarize the
new challenges facing the traditional methods:

• Satisfying the customer has taken precedence over conforming to original plans.

• Change will happen—the focus is not how to prevent it but how to better cope
with it and reduce the cost of change throughout the development process.

• “Eliminating change early means being unresponsive to business conditions—
in other words, business failure.”

• “The market demands and expects innovative, high quality software that meets
its needs—and soon.”

1.2 The Agile Manifesto

“[A] bigger gathering of organizational anarchists would be hard to find” Beck
stated [12] when seventeen of the Agile proponents came together in early 2001
to discuss the new software developments methods. “What emerged was the Ag-
ile ‘Software Development’ Manifesto. Representatives from Extreme Programming
(XP), SCRUM, DSDM, Adaptive Software Development, Crystal, Feature-Driven
Development, Pragmatic Programming, and others sympathetic to the need for an
alternative to documentation driven, heavyweight software development processes
convened” [12]. They summarized their viewpoint, saying that “the Agile movement
is not anti-methodology, in fact, many of us want to restore credibility to the word
methodology. We want to restore a balance. We embrace modeling, but not in order



8 D. COHEN ET AL.

to file some diagram in a dusty corporate repository. We embrace documentation,
but not hundreds of pages of never-maintained and rarely used tomes. We plan, but
recognize the limits of planning in a turbulent environment” [12]. The Manifesto
itself reads as follows [12]:

We are uncovering better ways of developing software by doing it and helping
others do it. Through this work we have come to value:

• Individuals and interaction over process and tools,

• Working software over comprehensive documentation,

• Customer collaboration over contract negotiation,

• Responding to change over following a plan.

That is, while there is a value in the items on the right, we value the items on the
left more.

The Manifesto has become an important piece of the Agile Movement, in that it
characterizes the values of Agile methods and how Agile distinguishes itself from
traditional methods. Glass amalgamates the best of the Agile and traditional ap-
proaches by analyzing the Agile manifesto and comparing it with traditional values
[25].

On individuals and interaction over process and tools: Glass believes that the
Agile community is right on this point: “Traditional software engineering has gotten
too caught up in its emphasis on process” [25]. At the same time “most practitioners
already know that people matter more than process” [25].

On working software over comprehensive documentation: Glass agrees with the
Agile community on this point too, although with some caveat: “It is important to
remember that the ultimate result of building software is product. Documentation
matters . . . but over the years, the traditionalists made a fetish of documentation. It
became the prime goal of the document-driven lifecycle” [25].

On customer collaboration over contract negotiation: Glass sympathizes with
both sides regarding this statement: “I deeply believe in customer collaboration, and
. . . without it nothing is going to go well. I also believe in contracts, and I would not
undertake any significant collaborative effort without it” [25].

On responding to change over following a plan: Both sides are right regarding this
statement, according to Glass: “Over the years, we have learned two contradictory
lessons: (1) [C]ustomers and users do not always know what they want at the outset
of a software project, and we must be open to change during project execution” and
(2) Requirement change was one of the most common causes of software project
failure” [25].

This view, that both camps can learn from each other, is commonly held, as we
will see in the next section.
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1.3 Agile and CMM(I)

As mentioned above, Agile is a reaction against traditional methodologies, also
known as rigorous or plan-driven methodologies [14]. One of the models often used
to represent traditional methodologies is the Capability Maturity Model (CMM)3

[43] and its replacement4 CMMI, an extension of CMM based on the same values.5

Not much has been written about CMMI yet, but we believe that for this discussion,
what is valid for CMM is also valid for CMMI.6

As mentioned above, the goals of CMM are to achieve process consistency, pre-
dictability, and reliability. Its proponents claim that it can be tailored to also fit the
needs of small projects even though it was designed for large projects and large or-
ganizations [41].

Most Agile proponents do not, however, believe CMM fits their needs at all. “If
one were to ask a typical software engineer whether the Capability Maturity Model
for Software and process improvement were applicable to Agile Methods, the re-
sponse would most likely range from a blank stare to a hysterical laughter” [57].
One reason is that “CMM is a belief in software development as a defined process
. . . [that] can be defined in detail, [that] algorithms can be defined, [that] results
can be accurately measured, and [that] measured variations can be used to refine the
processes until they are repeatable within very close tolerances” [29]. “For projects
with any degree of exploration at all, Agile developers just do not believe these as-
sumptions are valid. This is a deep fundamental divide—and not one that can be
reconciled to some comforting middle ground” [29].

Many Agile proponents also dislike CMM because of its focus on documentation
instead of code. A “typical” example is the company that spent two years working
(not using CMM though) on a project until they finally declared it a failure. Two
years of working resulted in “3500 pages of use cases, an object model with hundreds
of classes, thousands of attributes (but no methods), and, of course, no code” [29].
The same document-centric approach resulting in “documentary bloat that is now
endemic in our field” [23] is also reported by many others.

While Agile proponents see a deep divide between Agile and traditional methods,
this is not the case for proponents of traditional methods. Mark Paulk, the man behind
CMM, is surprisingly positive about Agile Methods and claims that “Agile Methods
address many CMM level 2 and 3 practices” [42]. XP,7 for example, addresses most

3We use the terms CMM and SW-CMM interchangeably to denote the Software CMM from the Soft-
ware Engineering Institute (SEI).

4CMM will be replaced by CMMI; see “How Will Sunsetting of the Software CMM® Be Conducted”
at http://www.sei.cmu.edu/cmmi/adoption/sunset.html.

5The Personal Software Process (PSP) [33] is closely related to the CMM.
6E-mail conversation with Sandra Shrum, SEI.
7As XP is the most documented method, it often is used as a representative sample of Agile Methods.
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level 28 and 39 practices, but not level 4 and 5 [41]. As a matter of fact, “most XP
projects that truly follow the XP rules and practices could easily be assessed at CMM
level 2 if they could demonstrate having processes for the following:” [26]

• Ensuring that the XP Rules and Practices are taught to new developers on the
project.

• Ensuring that the XP Rules and Practices are followed by everyone.

• Escalating to decision makers when the XP Rules and Practices are not followed
and not resolved within the project.

• Measuring the effectiveness of the XP Rules and Practices.

• Providing visibility to management via appropriate metrics from prior project
QA experience.

• Knowing when the XP Rules and Practices need to be adjusted.

• Having an independent person doing the above.

Glazer adds, “with a little work on the organizational level, CMM level 3 is not far
off” [26].

So according to some, XP and CMM can live together [26], at least in theory. One
reason is that we can view XP as a software development methodology and CMM
as a software management methodology. CMM tells us what to do, while XP tells us
how to do it.

Others agree that there is no conflict. Siemens, for example, does not see CMM
and Agility as a contradiction. Agility has become a necessity with increasing market
pressure, “but should be built on top of an appropriately mature process foundation,
not instead of it” [40]. Many make a distinction between “turbulent” environments
and “placid” environments, and conclude that CMM is not applicable to the “tur-
bulent” environments. These claims are based on misconceptions. “In fact, working
under time pressure in the age of agility requires even better organization of the work
than before!” [40].

Regarding the criticism about heavy documentation in CMM projects, Paulk
replies: “over-documentation is a pernicious problem in the software industry, espe-
cially in the Department of Defense (DoD) projects” [42]. “[P]lan-driven method-
ologists must acknowledge that keeping documentation to a minimum useful set

8XP supports the following level 2 practices according to [41]: requirements management, software
project planning, software project tracking and oversight, software quality assurance, and software con-
figuration management, but not software subcontract management.

9XP supports the following level 3 practices according to [41]: organization process focus, organization
process definition, software product engineering, inter-group coordination, and peer reviews. XP does not
support the level 3 practices training program and integrated software management.
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is necessary. At the same time, “practices that rely on tacit knowledge10 . . . may
break down in larger teams . . .” [42]. Others claim that “CMM does not require
piles of process or project documentation” and there are “various organizations that
successfully can manage and maintain their process with a very limited amount of
paper” [40].

CMMI is the latest effort to build maturity models and consists of Process Areas
(PA) and Generic Practices (GP). CMMI is similar to CMM, but more extensive in
that it covers the discipline of system engineering. In an attempt to compare Agile
and CMMI, Turner analyzed their values and concluded that their incompatibilities
are overstated and that their strengths and weaknesses complement each other [57].

While many tired of traditional development techniques are quick to show support
for the Agile movement, often as a reaction against CMM, others are more skepti-
cal. A common criticism, voiced by Steven Rakitin, views Agile as a step backwards
from traditional engineering practices, a disorderly “attempt to legitimize the hacker
process” [46]. Where processes such as Waterfall and Spiral stress lengthy upfront
planning phases and extensive documentation, Agile Methods tend to shift these pri-
orities elsewhere. XP, for example, holds brief iteration planning meetings in the
Planning Game to prioritize and select requirements, but generally leaves the system
design to evolve over iterations through refactoring, resulting in hacking [46]. This
accusation of Agile of being no more than hacking is frenetically fought [15] and
in response to this criticism, Beck states: “Refactoring, design patterns, comprehen-
sive unit testing, pair programming—these are not the tools of hackers. These are
the tools of developers who are exploring new ways to meet the difficult goals of
rapid product delivery, low defect levels, and flexibility” [31]. Beck says, “the only
possible values are ‘excellent’ and ‘insanely excellent’ depending on whether lives
are at stake or not . . . You might accuse XP practitioners of being delusional, but not
of being poor-quality-oriented hackers” [31]. “Those who would brand proponents
of XP or SCRUM or any of the other Agile Methodologies as ‘hackers’ are ignorant
of both the methodologies and the original definition of the term hacker” [12]. In
response to the speculation that applying XP would result in a Chaotic development
process (CMM level 1), one of the Agile proponents even concluded that “XP is in
some ways a ‘vertical’ slice through the levels 2 through 5” [34].

The question whether Agile is hacking is probably less important than whether
Agile and CMM(I) can co-exist. This is due to the fact that many organizations need
both to be Agile and show that they are mature enough to take on certain contracts.
A model that fills that need and truly combines the Agile practices and the CMM key
processes has not, that we are aware of, been developed yet.

10Agile Methods rely on undocumented (tacit) knowledge and avoid documentation.



12 D. COHEN ET AL.

2. State-of-the-Art

This section discusses what it means to be Agile, describes a selected set of Agile
Methods, and concludes with a discussion on whether an organization is ready to
adopt Agile Methods.

2.1 What Does It Mean to be Agile?

The goal of Agile Methods is to allow an organization to be agile, but what
does it mean to be Agile? Jim Highsmith says that being Agile means being able
to “Deliver quickly. Change quickly. Change often” [31]. While Agile techniques
vary in practices and emphasis, they share common characteristics, including itera-
tive development and a focus on interaction, communication, and the reduction of
resource-intensive intermediate artifacts. Developing in iterations allows the devel-
opment team to adapt quickly to changing requirements. Working in close location
and focusing on communication means teams can make decisions and act on them
immediately, rather than wait on correspondence. Reducing intermediate artifacts
that do not add value to the final deliverable means more resources can be devoted to
the development of the product itself and it can be completed sooner. “A great deal
of the Agile movement is about what I would call ‘programmer power”’ [25]. These
characteristics add maneuverability to the process [18], whereby an Agile project
can identify and respond to changes more quickly than a project using a traditional
approach.

Cockburn and Highsmith discuss the Agile “world view,” explaining “what is new
about Agile Methods is not the practices they use, but their recognition of people as
the primary drivers of project success, coupled with an intense focus on effectiveness
and maneuverability” [19]. Practitioners agree that being Agile involves more than
simply following guidelines that are supposed to make a project Agile. True agility
is more than a collection of practices; it’s a frame of mind. Andrea Branca states,
“other processes may look Agile, but they won’t feel Agile” [18].

2.2 A Selection of Agile Methods

Agile Methods have much in common, such as what they value, but they also
differ in the practices they suggest. In order to characterize different methods, we
will examine the following Agile Methods: Extreme Programming, Scrum, Crystal
Methods, Feature Driven Development, Lean Development, and Dynamic Systems
Development Methodology. We will attempt to keep the depth and breadth of our
discussion consistent for each method, though it will naturally be limited by the
amount of material available. XP is well-documented and has a wealth of available
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case studies and reports, while DSDM is subscription-based, making it much more
difficult to find information. The other methods lie somewhere in between. See also
Appendix A, in which we attempt to further analyze these methods.

2.2.1 Extreme Programming

Extreme Programming is undoubtedly the hottest Agile Method to emerge in re-
cent years. Introduced by Beck, Jeffries, et al., in 1998 [55] and further popularized
by Beck’s Extreme Programming Explained: Embrace Change in 1999 and numer-
ous articles since, XP owes much of its popularity to developers disenchanted with
traditional methods [28] looking for something new, something extreme.

The 12 rules of Extreme Programming, true to the nature of the method itself, are
concise and to the point. In fact, you could almost implement XP without reading a
page of Beck’s book.

• The planning game: At the start of each iteration, customers, managers, and
developers meet to flesh out, estimate, and prioritize requirements for the next
release. The requirements are called “user stories” and are captured on “story
cards” in a language understandable by all parties.

• Small releases: An initial version of the system is put into production after the
first few iterations. Subsequently, working versions are put into production any-
where from every few days to every few weeks.

• Metaphor: Customers, managers, and developers construct a metaphor, or set
of metaphors after which to model the system.

• Simple design: Developers are urged to keep design as simple as possible, “say
everything once and only once” [10].

• Tests: Developers work test-first; that is, they write acceptance tests for their
code before they write the code itself. Customers write functional tests for each
iteration and at the end of each iteration, all tests should run.

• Refactoring: As developers work, the design should be evolved to keep it as
simple as possible.

• Pair programming: Two developers sitting at the same machine write all code.

• Continuous integration: Developers integrate new code into the system as often
as possible. All functional tests must still pass after integration or the new code
is discarded.

• Collective ownership: The code is owned by all developers, and they may make
changes anywhere in the code at anytime they feel necessary.
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• On-site customer: A customer works with the development team at all times
to answer questions, perform acceptance tests, and ensure that development is
progressing as expected.

• 40-hour weeks: Requirements should be selected for each iteration such that
developers do not need to put in overtime.

• Open workspace: Developers work in a common workspace set up with indi-
vidual workstations around the periphery and common development machines
in the center.

Practitioners tend to agree that the strength of Extreme Programming does not
result from each of the 12 practices alone, but from the emergent properties arising
from their combination. Highsmith lists five key principles of XP, all of which are
enhanced by its practices: communication, simplicity, feedback, courage, and quality
work [28].

Practitioners of XP clearly state where the model works and where it does not.

Team size: Because the development team needs to be co-located, team size is
limited to the number of people that can fit in a single room, generally agreed to be
from 2 to 10.

Iteration length: XP has the shortest recommended iteration length of the Agile
Methods under consideration, 2 weeks.

Support for distributed teams: Because of XP’s focus on community and co-
location, distributed teams are not supported.

System criticality: XP is not necessarily geared for one system or another. How-
ever, most agree that there is nothing in XP itself that should limit its applicability.

2.2.2 Scrum

Scrum, along with XP, is one of the more widely used Agile Methods. Ken
Schwaber first described Scrum in 1996 [52] as a process that “accepts that the devel-
opment process is unpredictable,” formalizing the “do what it takes” mentality, and
has found success with numerous independent software vendors. The term is bor-
rowed from Rugby: “[A] Scrum occurs when players from each team huddle closely
together . . . in an attempt to advance down the playing field” [28].

Figure 1 depicts the Scrum lifecycle. Scrum projects are split into iterations
(sprints) consisting of the following:

Pre-sprint planning: All work to be done on the system is kept in what is called
the “release backlog.” During the pre-sprint planning, features and functionality are
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FIG. 1. The Scrum Lifecycle (from http://www.controlchaos.com).

selected from the release backlog and placed into the “sprint backlog,” or a priori-
tized collection of tasks to be completed during the next sprint. Since the tasks in
the backlog are generally at a higher level of abstraction, pre-sprint planning also
identifies a Sprint Goal reminding developers why the tasks are being performed and
at which level of detail to implement them [28].

Sprint: Upon completion of the pre-sprint planning, teams are handed their
sprint backlog and “told to sprint to achieve their objectives” [52]. At this point,
tasks in the sprint backlog are frozen and remain unchangeable for the duration of
the sprint. Team members choose the tasks they want to work on and begin develop-
ment. Short daily meetings are critical to the success of Scrum. Scrum meetings are
held every morning to enhance communication and inform customers, developers,
and managers on the status of the project, identify any problems encountered, and
keep the entire team focused on a common goal.

Post-sprint meeting: After every sprint, a post-sprint meeting is held to analyze
project progress and demonstrate the current system.

Schwaber summarizes the key principles of Scrum [52]:

• Small working teams that maximize communication, minimize overhead, and
maximize sharing of tacit, informal knowledge.

• Adaptability to technical or marketplace (user/customer) changes to ensure the
best possible product is produced.
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• Frequent ‘builds,’ or construction of executables, that can be inspected, ad-
justed, tested, documented, and built on.

• Partitioning of work and team assignments into clean, low coupling partitions,
or packets.

• Constant testing and documentation of a product as it is built.

• Ability to declare a product ‘done’ whenever required (because the competition
just shipped, because the company needs the cash, because the user/customer
needs the functions, because that was when it was promised . . . ).

Team size: Development personnel are split into teams of up to seven people.
A complete team should at least include a developer, quality assurance engineer, and
a documenter.

Iteration length: While Schwaber originally suggested sprint lengths from 1 to
6 weeks ([52]), durations are commonly held at 4 weeks [28].

Support for distributed teams: While Scrum’s prescription does not explicitly
mention distributed teams or provide built-in support; a project may consist of mul-
tiple teams that could easily be distributed.

System criticality: Scrum does not explicitly address the issue of criticality.

2.2.3 The Crystal Methods

The Crystal Methods were developed by Alistair Cockburn in the early 1990s.
He believed that one of the major obstacles facing product development was poor
communication and modeled the Crystal Methods to address these needs. Cockburn
explains his philosophy. “To the extent that you can replace written documentation
with face-to-face interactions, you can reduce the reliance on written work products
and improve the likelihood of delivering the system. The more frequently you can
deliver running, tested slices of the system, the more you can reduce the reliance
on written ‘promissory’ notes and improve the likelihood of delivering the system”
[31]. Highsmith adds: “[Crystal] focuses on people, interaction, community, skills,
talents, and communication as first order effects on performance. Process remains
important, but secondary” [28].

Cockburn’s methods are named “crystal” to represent a gemstone, i.e., each facet
is another version of the process, all arranged around an identical core [28]. As such,
the different methods are assigned colors arranged in ascending opacity. The most
Agile version is Crystal Clear, followed by Crystal Yellow, Crystal Orange, Crystal
Red, etc. The version of crystal you use depends on the number of people involved,
which translates into a different degree of emphasis on communication.
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FIG. 2. Crystal Methods Framework (from http://www.crystalmethodologies.org).

As you add people to the project, you translate right on the graph in Fig. 2 to more
opaque versions of crystal. As project criticality increases, the methods “harden”
and you move upwards on the graph. The methods can also be altered to fit other
priorities, such as productivity or legal liability.

All Crystal methods begin with a core set of roles, work products, techniques, and
notations, and this initial set is expanded as the team grows or the method hardens.
As a necessary effect, more restraints leads to a less Agile method, but Highsmith
stresses that they are Agile nonetheless because of a common mindset [28].

Team size: The Crystal Family accommodates any team size; however, Cockburn
puts a premium on premium people.

Iteration length: Up to 4 months for large, highly critical projects.

Support for distributed teams: Crystal Methodologies have built in support for
distributed teams.

System criticality: Crystal supports 4 basic criticalities: failure resulting in loss
of comfort, discretionary money, essential money, and life.



18 D. COHEN ET AL.

2.2.4 Feature Driven Development

Feature Driven Development arose in the late 1990s from a collaboration between
Jeff DeLuca and Peter Coad. Their flagship project, like XP’s C3 Project, was the
Singapore Project. DeLuca was contracted to save a failing, highly complicated
lending system. The previous contractor had spent two years producing over 3500
pages of documentation, but no code [28]. DeLuca started from the beginning and
hired Coad to assist with the object modeling. Combining their previous experiences,
they developed the feature-oriented development approach that came to be known as
FDD.

Highsmith explains FDD’s core values [28]:

• A system for building systems is necessary in order to scale to larger projects.

• A simple, well-defined process works best.

• Process steps should be logical and their worth immediately obvious to each
team member.

• ‘Process pride’ can keep the real work from happening.

• Good processes move to the background so the team members can focus on
results.

• Short, iterative, feature-driven life cycles are best.

Develop an overall model: As depicted in Fig. 3, the FDD process begins with
developing a model. Team members and experts work together to create a “walk-
through” version of the system.

FIG. 3. FDD Process (from http://www.togethercommunity.com).
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Build a features list: Next, the team identifies a collection of features represent-
ing the system. Features are small items useful in the eyes of the client. They are
similar to XP story cards written in a language understandable by all parties. Fea-
tures should take up to 10 days to develop [28]. Features requiring more time than
10 days are broken down into subfeatures.

Plan by feature: The collected feature list is then prioritized into subsections
called “design packages.” The design packages are assigned to a chief programmer,
who in turn assigns class ownership and responsibility to the other developers.

Design by feature & build by feature: After design packages are assigned, the
iterative portion of the process begins. The chief programmer chooses a subset of
features that will take 1 to 2 weeks to implement. These features are then planned in
more detail, built, tested, and integrated.

Team size: Team size varies depending on the complexity of the feature at hand.
DeLuca stresses the importance of premium people, especially modeling experts.

Iteration length: Up to two weeks.

Support for distributed teams: FDD is designed for multiple teams and, while it
does not have built-in support for distributed environments, it should be adaptable.

Criticality: The FDD prescription does not specifically address project critical-
ity.

2.2.5 Lean Development

Lean Development (LD), started by Bob Charette, draws on the success Lean
Manufacturing found in the automotive industry in the 1980s. While other Agile
Methods look to change the development process, Charette believes that to be truly
Agile you need to change how companies work from the top down. Lean Develop-
ment’s 12 principles focus on management strategies [28]:

(1) Satisfying the customer is the highest priority.
(2) Always provide the best value for the money.
(3) Success depends on active customer participation.
(4) Every LD project is a team effort.
(5) Everything is changeable.
(6) Domain, not point, solutions.
(7) Complete, do not construct.
(8) An 80 percent solution today instead of 100 percent solution tomorrow.
(9) Minimalism is essential.

(10) Needs determine technology.
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(11) Product growth is feature growth, not size growth.
(12) Never push LD beyond its limits.

Because LD is more of a management philosophy than a development process, team
size, iteration length, team distribution, and system criticality are not directly ad-
dressed.

2.2.6 Dynamic Systems Development Method

Dynamic Systems Development Method (DSDM), according to their website,11

is not so much a method as it is a framework. Arising in the early 1990s, DSDM
is actually a formalization of RAD practices [28]. As depicted in Fig. 4, the DSDM
lifecycle has six stages: Pre-project, Feasibility Study, Business Study, Functional
Model Iteration, Design and Build Iteration, Implementation, and Post-project.

Pre-project: The pre-project phase establishes that the project is ready to begin,
funding is available, and that everything is in place to commence a successful project.

Feasibility study: DSDM stresses that the feasibility study should be short, no
more than a few weeks [54]. Along with the usual feasibility activities, this phase
should determine whether DSDM is the right approach for the project.

Business study: The business study phase is “strongly collaborative, using a se-
ries of facilitated workshops attended by knowledgeable and empowered staff who
can quickly pool their knowledge and gain consensus as to the priorities of the de-
velopment” (http://www.dsdm.org). The result of this phase is the Business Area
Definition, which identifies users, markets, and business processes affected by the
system.

Functional model iteration: The functional model iteration aims to build on
the high-level requirements identified in the business study. The DSDM framework
works by building a number of prototypes based on risk and evolves these prototypes
into the complete system. This phase and the design and build phase have a common
process:

(1) Identify what is to be produced.
(2) Agree how and when to do it.
(3) Create the product.
(4) Check that it has been produced correctly (by reviewing documents, demon-

strating a prototype or testing part of the system).12

11http://www.dsdm.org.
12http://www.dsdm.org.
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FIG. 4. The DSDM Lifecycle (from http://www.dsdm.org).
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Design and build iteration: The prototypes from the functional model iteration
are completed, combined, and tested and a working system is delivered to the users.

Implementation: During this phase, the system is transitioned into use. An In-
crement Review Document is created during implementation that discusses the state
of the system. Either the system is found to meet all requirements and can be consid-
ered complete, or there is missing functionality (due to omission or time concerns).
If there is still work to be done on the system, the functional model, design and build,
and implementation phases are repeated until the system is complete.

Post-project: This phase includes normal post-project clean-up, as well as on-
going maintenance.

Because of DSDM’s framework nature, it does not specifically address team size,
exact iteration lengths, distribution, or system criticality.

2.2.7 Agile Modeling

Agile Modeling (AM) is proposed by Scott Ambler [2]. It is a method based on
values, principles and practices that focus on modeling and documentation of soft-
ware. AM recognizes that modeling is a critical activity for a project success and
addresses how to model in an effective and Agile manner [3].

The three main goals of AM are [3]:

(1) To define and show how to put into practice a collection of values, principles
and practices that lead to effective and lightweight modeling.

(2) To address the issue on how to apply modeling techniques on Agile software
development processes.

(3) To address how you can apply effective modeling techniques independently
of the software process in use.

AM is not a complete software development method. Instead, it focuses only on doc-
umentation and modeling and can be used with any software development process.
You start with a base process and tailor it to use AM. Ambler illustrates, for example,
how to use AM with both XP and Unified Process (UP) [2].

The values of AM include those of XP—communication, simplicity, feedback and
courage—and also include humility. It is critical for project success that you have
effective communication in your team and also with the stakeholder of the project.
You should strive to develop the simplest solution that meets your needs and to get
feedback often and early. You should also have the courage to make and stick to your
decisions and also have the humility to admit that you may not know everything and
that others may add value to your project efforts.

Following is a summary of the principles of AM [2]:
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(1) Assume simplicity: Assume that the simplest solution is the best solution.
(2) Content is more important than representation: You can use “post it” notes,

whiteboard or a formal document. What matters is the content.
(3) Embrace change: Accept the fact that change happens.
(4) Enabling your next effort is your secondary goal: Your project can still be a

failure if you deliver it and it is not robust enough to be extended.
(5) Everyone can learn from everyone else: Recognize that you can never truly

master something. There is always an opportunity to learn from others.
(6) Incremental change: Change your system a small portion at a time, instead

of trying to get everything accomplished in one big release.
(7) Know your models: You need to know the strengths and weaknesses of mod-

els to use them effectively.
(8) Local adaptation: You can modify AM to adapt to your environment.
(9) Maximize stakeholder investment: Stakeholders have the right to decide how

to invest their money and they should have a final say on how those resources
are invested.

(10) Model with a purpose: If you cannot identify why you are doing something,
why bother?

(11) Multiple models: You have a variety of modeling artifacts (e.g., UML dia-
grams, data models, user interface models, etc.).

(12) Open and honest communication: Open and honest communications enable
people to make better decisions.

(13) Quality work: You should invest effort into making permanent artifacts (e.g.,
code, documentation) of sufficient quality.

(14) Rapid feedback: Prefer rapid feedback to delayed feedback whenever possi-
ble.

(15) Software is your primary goal: The primary goal is to produce high-quality
software that meets stakeholders’ needs.

(16) Travel light: Create just enough models and documents to get by.
(17) Work with people’s instincts: Your instincts can offer input into your model-

ing efforts.

Here is a summary of the AM practices [2]:

(1) Active stakeholder participation: Project success requires a significant level
of stakeholder involvement.

(2) Apply modeling standards: Developers should agree and follow a common
set of modeling standards on a software project.

(3) Apply the right artifact(s): Modeling artifacts (UML diagram, use case, data
flow diagram, source code) have different strengths and weaknesses. Make
sure you use the appropriate one for your situation.



24 D. COHEN ET AL.

(4) Collective ownership: Everyone can modify any model and artifact they need
to.

(5) Consider testability: When modeling, always ask the question: “how are we
going to test this?”

(6) Create several models in parallel: By creating several models you can iterate
between them and select the best model that suits your needs.

(7) Create simple content: You should not add additional aspects to your artifacts
unless they are justifiable.

(8) Depict models simply: Use a subset of the modeling notation available to
you, creating a simple model that shows the key features you are trying to
understand.

(9) Discard temporary models: Discard working models created if they no longer
add value to your project.

(10) Display models publicly: Make your models accessible for the entire team.
(11) Formalize contract models: A contract model is always required when you

are working with an external group that controls an information resource
(e.g., a database) required by your system.

(12) Iterate to another artifact: Whenever you get “stuck” working on an artifact
(if you are working with a use case and you are struggling to describe the
business logic), iterate with another artifact.

(13) Model in small increments: Model a little, code a little, test a little and deliver
a little.

(14) Model to communicate: One of the reasons to model is to communicate with
the team or to create a contract model.

(15) Model to understand: The main reasons for modeling is to understand the
system you are building, consider approaches and choose the best one.

(16) Model with others: It is very dangerous to model alone.
(17) Prove it with code: To determine if your model will actually work, validate

your model by writing the corresponding code.
(18) Reuse existing resources: There is a lot of information available that model-

ers can reuse to their benefit.
(19) Update only when it hurts: Only update a model or artifact when you ab-

solutely need to.
(20) Use the simplest tools: Use the simplest tool that works in your case: a nap-

kin, a whiteboard and even CASE tools if they are the most effective for your
situation.

Since AM is not a complete software process development method and should be
used with other development methods, the team size, exact iteration lengths, distrib-
ution and system criticality will depend on the development process being used.
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TABLE I
PRESCRIPTIVE CHARACTERISTICS

XP Scrum Crystal FDD LD DSDM AM
Team size 2–10 1–7 Variable Variable
Iteration length 2 weeks 4 weeks < 4 months < 2 weeks N/A
Distributed support No Adaptable Yes Adaptable
System criticality Adaptable Adaptable All types Adaptable

2.3 Characteristics of Selected Agile Methods

Table I presents the collected prescriptive characteristics of the discussed methods.
As we have seen, different Agile Methods have different characteristics. A brief

comparison of Crystal Clear and XP resulted, for example, in the following [31]:

• XP pursues greater productivity through increased discipline, but it is harder for
a team to follow.

• Crystal Clear permits greater individuality within the team and more relaxed
work habits in exchange for some loss in productivity.

• Crystal Clear may be easier for a team to adopt, but XP produces better results
if the team can follow it.

• A team can start with Crystal Clear and move to XP; a team that fails with XP
can move to Crystal Clear.

2.4 Is Your Organization Ready for Agile Methods?

As we have seen, there are many Agile Methods to select from, each bringing
practices that will change the daily work of the organization. Before an organization
selects and implements an Agile Method, it should ponder whether or not it is ready
for Agile or not. Scott Ambler discusses factors affecting successful adoption in his
article “When Does(n’t) Agile Modeling Make Sense?” [7]. Number one on his list,
“Agile adoption, will be most successful when there is a conceptual fit between the
organization and the Agile view. Also important for adoption are your project and
business characteristics. Is your team already working incrementally? What is the
team’s motivation? What kind of support can the team expect?” [7]. Are there ade-
quate resources available? How volatile are the project requirements? Barry Boehm
suggests using traditional methods for projects where requirements change less than
1% per month [14].

Ambler also suggests the importance of an Agile champion—someone to tackle
the team’s challenges so they can work easily [7]. Boehm stresses the importance
of having well-trained developers, since Agile processes tend to place a high degree
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of reliance on a developer’s tacit knowledge [14]. The customer also needs to be
devoted to the project, and must be able to make decisions. “Poor customers result
in poor systems” [19]. Boehm adds, “Unless customer participants are committed,
knowledgeable, collaborative, representative, and empowered, the developed prod-
ucts typically do not transition into use successfully, even though they may satisfy
the customer” [14].

Alistair Cockburn lists a few caveats when adopting an Agile process:

• As the number of people on a project grows, there is an increased strain on
communications.

• As system criticality increases, there is decreased “tolerance for personal styl-
istic variations.”

If Agile Methods do not seem to be a good fit for your project or organization right
off the bat, Ambler suggests partial adoption [7]. Look at your current develop-
ment process, identify the areas that need the most improvement, and adopt Agile
techniques that specifically address your target areas. After successful adoption of
the chosen practices and, even better, a demonstrated improvement to your over-
all process, continue selecting and implementing Agile techniques until you have
adopted the entire process.

3. State-of-the-Practice

Agile Methods are gaining popularity in industry, although they comprise a mix
of accepted and controversial software engineering practices. In recent years, there
have been many stories and anecdotes of industrial teams experiencing success with
Agile Methods. There is, however, an urgent need to empirically assess the applica-
bility of these methods, in a structured manner, in order to build an experience
base for better decision-making. In order to reach their goals, software develop-
ment teams need, for example, to understand and choose the right models and tech-
niques to support their projects. They must consider key questions such as “What
is the best life-cycle model to choose for a particular project? What is an appropri-
ate balance of effort between documenting the work and getting the product imple-
mented? When does it pay off to spend major efforts on planning in advance and
avoid change, and when is it more beneficial to plan less rigorously and embrace
change?”

While previous sections of this report discussed Agile Methods from a state-of-
the-art perspective, this section addresses these questions and captures the state-of-
the-practice and the experiences from applying Agile Methods in different settings.
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The section starts with results from an eWorkshop on Agile Methods followed by
other empirical studies.

3.1 eWorkshop on Agile Methods

The goal of the Center for Empirically-Based Software Engineering (CeBASE)
is to collect and disseminate knowledge on software engineering. A central activ-
ity toward achieving this goal has been the running of “eWorkshops” (or on-line
meetings). The CeBASE project defined the eWorkshop [8] and has, for example,
used it to collect empirical evidence on defect reduction and COTS [53]. This sec-
tion is based on a paper that discusses the findings of an eWorkshop in which ex-
periences and knowledge were gathered from, and shared between, Agile experts
located throughout the world [36]. The names of these 18 participants are listed in
the acknowledgments of this report.

3.1.1 Seeding the eDiscussion

For this eWorkshop, Barry Boehm’s January 2002 IEEE Computer article [14],
Highsmith and Cockburn’s articles [30,20], and the Agile Manifesto13 served as
background material, together with material defining Agile Methods such as Extreme
Programming (XP) [11], Scrum [52], Feature Driven Development (FDD) [16], Dy-
namic Systems Development Method (DSDM) [54], Crystal [17], and Agile Model-
ing [2].

Boehm brings up a number of different characteristics regarding Agile Methods
compared to what he calls “Plan-Driven Methods,” the more traditional Waterfall, in-
cremental or Spiral methods. Boehm contends that Agile, as described by Highsmith
and Cockburn [30], emphasizes several critical people-factors, such as amicability,
talent, skill, and communication, at the same time noting that 49.99% of the world’s
software developers are below average in these areas. While Agile does not require
uniformly highly capable people, it relies on tacit knowledge to a higher degree than
plan-driven projects that emphasize documentation. Boehm argues that there is a
risk that this situation leads to architectural mistakes that cannot be easily detected
by external reviewers due to the lack of documentation [14].

Boehm also notes that Cockburn and Highsmith conclude that “Agile development
is more difficult for larger teams” and that plan-driven organizations scale-up better
[30]. At the same time, the bureaucracy created by plan-driven processes does not
fit small projects either. This, again, ties back to the question of selecting the right
practices for the task at hand [14].

13http://www.agileAlliance.org.
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Boehm questions the applicability of the Agile emphasis on simplicity. XP’s phi-
losophy of YAGNI (You Aren’t Going to Need It) [11] is a symbol of the recom-
mended simplicity that emphasizes eliminating architectural features that do not
support the current version. Boehm feels this approach fits situations where future
requirements are unknown. In cases where future requirements are known, the risk
is, however, that the lack of architectural support could cause severe architectural
problems later. This raises questions like “What is the right balance between creating
a grandiose architecture up-front and adding features as they are needed?” Boehm
contends that plan-driven processes are most needed in high-assurance software [14].
Traditional goals of plan-driven processes such as predictability, repeatability and
optimization are often characteristics of reliable safety critical software development.
Knowing for what kind of applications different practices (traditional or Agile) are
most beneficial is crucial, especially for safety critical applications where human
lives can be at stake if the software fails.

Based on background material, the following issues were discussed:

(1) The definition of Agile.
(2) Selecting projects suitable for Agile.
(3) Introducing the method.
(4) Managing the project.

Each of these will be discussed in the following section. The full discussion summary
can be found on the FC-MD web site (http://fc-md.umd.edu).

3.1.2 Definition
The eWorkshop began with a discussion regarding the definition of Agile and its

characteristics, resulting in the following working definition.
Agile Methods are:

• Iterative: Delivers a full system at the very beginning and then changes the
functionality of each subsystem with each new release.

• Incremental: The system as specified in the requirements is partitioned into
small subsystems by functionality. New functionality is added with each new
release.

• Self-organizing: The team has the autonomy to organize itself to best complete
the work items.

• Emergent: Technology and requirements are “allowed” to emerge through the
product development cycle.

All Agile Methods follow the four values and twelve principles of the Agile Mani-
festo.
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3.1.3 Selecting Projects Suitable for Agile Methods
The most important factor that determines when Agile is applicable is probably

project size. From the discussion it became clear that there is [28]:

• Plenty of experience of teams with up to 12 people.

• Some descriptions of teams of approximately 25 people.

• A few data points regarding teams of up to 100 people, e.g., 45 and 90-person
teams.

• Isolated descriptions of teams larger than 100 people. (e.g., teams of 150 and
800 people were mentioned and documented in.

Many participants felt that any team could be Agile, regardless of its size. Alis-
tair Cockburn argued that size is an issue. As size grows, coordinating interfaces
becomes a dominant issue. Face-to-face communication breaks down and becomes
more difficult and complex past 20–40 people. Most participants agreed, but think
that this statement is true for any development process. Past 20–40 people, some kind
of scale-up strategies must be applied.

One scale-up strategy that was mentioned was the organization of large projects
into teams of teams. On one occasion, an 800-person team was organized using
“scrums of scrums” [51]. Each team was staffed with members from multiple prod-
uct lines in order to create a widespread understanding of the project as a whole.
Regular, but short, meetings of cross-project sub-teams (senior people or common
technical areas) were held regularly to coordinate the project and its many teams of
teams. It was pointed out that a core team responsible for architecture and standards
(also referred to as glue) is needed in order for this configuration to work. These
people work actively with the sub-teams and coordinate the work.

Effective ways of coordinating multiple teams include yearly holding conferences
to align interfaces, rotation of people between teams in 3-month internships, and
shared test case results. Examples of strategies for coping with larger teams are doc-
umented in Jim Highsmith’s Agile Software Development Ecosystems [28], in which
the 800-person team is described.

There is an ongoing debate about whether or not Agile requires “good people” to
be effective. This is an important argument to counter since “good people” can make
just about anything happen and that specific practices are not important when you
work with good people. This suggests that perhaps the success of Agile Methods
could be attributed to the teams of good folks, rather than practices and principles.
On the other hand, participants argued that Agile Methods are intrinsically valuable.
Participants agreed that a certain percentage of experienced people are needed for
a successful Agile project. There was some consensus that 25%–33% of the project
personnel must be “competent and experienced.”
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“Competent” in this context means:

• Possess real-world experience in the technology domain.

• Have built similar systems in the past.

• Possess good people and communication skills.

It was noted that experience with actually building systems is much more important
than experience with Agile development methods. The level of experience might
even be as low as 10% if the teams practice pair programming [59] and if the makeup
of the specific programmers in each pair is fairly dynamic over the project cycle
(termed “pair rotation”). Programmers on teams that practice pair rotation have an
enhanced environment for mentoring and for learning from each other.

One of the most widespread criticisms of Agile Methods is that they do not work
for systems that have criticality, reliability and safety requirements. There was some
disagreement about suitability for these types of projects. Some participants felt that
Agile Methods work if performance requirements are made explicit early, and if
proper levels of testing can be planned for. Others argue that Agile best fits applica-
tions that can be built “bare bones” very quickly, especially applications that spend
most of their lifetime in maintenance.

There was also some disagreement about the best Agile Methods for critical
projects. A consensus seemed to form that the Agile emphasis on testing, particu-
larly the test-driven development practice of XP, is the key to working with these
projects. Since all tests have to be passed before release, projects developed with XP
can adhere to strict (or safety) requirements. Customers can write acceptance tests
that measure nonfunctional requirements, but they are more difficult and may require
more sophisticated environments than Unit tests.

Many participants felt that Agile Methods render it easier to address critical issues
since the customer gives requirements, makes important issues explicit early and
provides continual input. The phrase “responsibly responding to change” implies
that there is a need to investigate the source of the change and adjust the solution
accordingly, not just respond and move on. When applied right, “test first” satisfies
this requirement.

3.1.4 Introducing Agile Methods: Training Requirements

An important issue is how to introduce Agile Methods in an organization and how
much formal training is required before a team can start using it. A majority (though
not all) of the participants felt that Agile Methods require less formal training than
traditional methods. For example, pair programming helps minimize what is needed
in terms of training, because people mentor each other. This kind of mentoring (by
some referred to as tacit knowledge transfer) is argued to be more important than
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explicit training. The emphasis is rather on skill development, not on learning Agile
Methods. Training on how to apply Agile Methods can many times occur as self-
training. Some participants have seen teams train themselves successfully. The par-
ticipants concluded that there should be enough training material available for XP,
Crystal, Scrum, and FDD.

3.1.5 Project Management: Success Factors and Warning
Signs

One of the most effective ways to learn from previous experience is to analyze past
projects from the perspective of success factors. The three most important success
factors identified among the participants were culture, people, and communication.

To be Agile is a cultural matter. If the culture is not right, then the organization
cannot be Agile. In addition, teams need some amount of local control. They must
have the ability to adapt working practices as they feel appropriate. The culture must
also be supportive of negotiation, as negotiation forms a large part of Agile culture.

As discussed above, it is important to have competent team members. Organi-
zations using Agile use fewer, but more competent people. These people must be
trusted, and the organization must be willing to live with the decisions developers
make, not consistently second-guess their decisions.

Organizations that want to be agile need to have an environment that facilitates
rapid communication between team members. Examples are physically co-located
teams and pair programming.

It was pointed out that organizations need to carefully implement these success
factors in order for them to happen. The participants concluded that Agile Meth-
ods are most appropriate when requirements are emergent and rapidly changing (and
there is always some technical uncertainty!). Fast feedback from the customer is an-
other factor that is critical for success. In fact, Agile is based on close interaction
with the customer and expects that the customer will be on-site to provide the quick-
est possible feedback, a critical success factor.

A critical part of project management is recognizing early warning signs that in-
dicate that something has gone wrong. The question posed to participants was “How
can management know when to take corrective action to minimize risks?”

Participants concluded that the daily meetings provide a useful way of measuring
problems. As a result of the general openness of the project and because discussions
of these issues are encouraged during the daily meeting, people will bring up prob-
lems. Low morale expressed by the people in the daily meeting will also reveal that
something has gone wrong that the project manager must deal with. Another indi-
cator is when “useless documentation” is produced, even though it can be hard to
determine what useless documentation is. Probably the most important warning sign
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is when the team is falling behind on planned iterations. As a result, having frequent
iterations is very important to monitor for this warning sign.

A key tenet of Agile Methods (especially in XP) is refactoring. Refactoring means
improving the design of existing code without changing the functionality of the sys-
tem. The different forms of refactoring involve simplifying complex statements, ab-
stracting common solutions into reusable code, and the removal of duplicate code.

Not all participants were comfortable with refactoring the architecture of a system
because refactoring would affect all internal and external stakeholders. Instead, fre-
quent refactoring of reasonably-sized code, and minimizing its scope to keep changes
more local, were recommended. Most participants felt that large-scale refactoring is
not a problem, since it is frequently necessary and more feasible using Agile Meth-
ods. Participants strongly felt that traditional “Big Design Up Front (BDUF)” is
rarely on target, and its lack of applicability is often not fed back to the team that
created the BDUF, making it impossible for them to learn from experience. It was
again emphasized that testing is the major issue in Agile. Big architectural changes
do not need to be risky, for example, if a set of automated tests is provided as a
“safety net.”

Product and project documentation is a topic that has drawn much attention in dis-
cussions about Agile. Is any documentation necessary at all? If so, how do you deter-
mine how much is needed? Scott Ambler commented that documentation becomes
out of date and should be updated only “when it hurts.” Documentation is a poor form
of communication, but is sometimes necessary in order to retain critical information.
Many organizations demand more documentation than is needed. The organizations’
goal should be to communicate effectively, and documentation should be one of the
last options to fulfill that goal. Barry Boehm mentioned that project documentation
makes it easier for an outside expert to diagnose problems. Kent Beck disagreed, say-
ing that, as an outside expert who spends a large percentage of his time diagnosing
projects, he is looking for people “stuff” (like quiet asides) and not technical details.
Bil Kleb said that with Agile Methods, documentation is assigned a cost and its ex-
tent is determined by the customer (excepting internal documentation). Scott Ambler
suggested his Agile Documentation essay as good reference for this topic [4].

3.2 Lessons Learned

Several lessons can be learned from this discussion that should prove to be use-
ful to those considering applying Agile Methods in their organization. These lessons
should be carefully examined and challenged by future projects to identify the cir-
cumstances in which they hold and when they are not applicable.

Any team could be Agile, regardless of the team size, but should be considered
because greater numbers of people make communication more difficult. Much has
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been written about small teams, but less information is available regarding larger
teams, for which scale-up strategies are necessary.

• Experience is important for an Agile project to succeed, but experience with
actually building systems is much more important than experience with Ag-
ile Methods. It was estimated that 25%–33% of the project personnel must be
“competent and experienced,” but the necessary percentage might even be as
low as 10% if the teams practice pair programming due to the fact that they
mentor each other.

• Agile Methods require less formal training than traditional methods. Pair pro-
gramming helps minimize what is needed in terms of training, because people
mentor each other. Mentoring is more important than regular training that can
many times be completed as self-training. Training material is available in par-
ticular for XP, Crystal, Scrum, and FDD.

• Reliable and safety-critical projects can be conducted using Agile Methods. Per-
formance requirements must be made explicit early, and proper levels of testing
must be planned. It is easier to address critical issues using Agile Methods since
the customer gives requirements, sets explicit priorities early and provides con-
tinual input.

• The three most important success factors are culture, people, and communi-
cation. Agile Methods need cultural support, otherwise they will not succeed.
Competent team members are crucial. Agile Methods use fewer, but more com-
petent, people. Physically co-located teams and pair programming support rapid
communication. Close interaction with the customer and frequent customer
feedback are critical success factors.

• Early warning signs can be spotted in Agile projects, e.g., low morale expressed
during the daily meeting. Other signs are production of “useless documentation”
and delays of planned iterations.

• Refactoring should be done frequently and of reasonably-sized code, keeping
the scope down and local. Large-scale refactoring is not a problem, and is
more feasible using Agile Methods. Traditional “BDUF” is a waste of time
and doesn’t lead to a learning experience. Big architectural changes do not need
to be risky if a set of automated tests is maintained.

• Documentation should be assigned a cost and its extent be determined by the
customer. Many organizations demand more than is needed. The goal should be
to communicate effectively and documentation should be the last option.

In another eWorkshop, the following experiences were reported regarding Agile and
CMM:
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• At Boeing, XP was used before CMM was implemented and they were able to
implement the spirit of the CMM without making large changes to their soft-
ware processes. They used XP successfully, and CMM helped introduce the
Project Management Discipline.

• Asea Brown Boveri (ABB) is introducing XP while transitioning from CMM to
CMMI worldwide. They are in the opposite position from Boeing: CMM(I) was
introduced several years before XP, which is true for their corporate research
centers as well as for business units.

• NASA Langley Research Center reported a better match with CMM and Agile
when the CMM part is worded generally, as in “follow a practice of choice,”
and not delving into specifics such as, “must have spec sheet 5 pages long.”

• ABB added that their organization has adopted the CMMI framework and they
are incorporating Agile practices into the evolutionary development lifecycle
model. They believe that there is a clear distinction between life cycle mod-
els and continuous process improvement models such as CMMI and both are
not incompatible. No incompatibilities between Agile and CMM were reported
[37].

3.3 Case Studies

Another important source of empirical data is case studies. In this section, we
report from a selected number of case studies on different aspects of applying Agile
Methods.

3.3.1 Introducing XP

Karlström reports on a project at Online Telemarketing in Lund, Sweden, where
XP was applied [35]. The report is based both on observation and interviews with
the team that applied XP. The project was a success despite the fact that the customer
had a very poor idea of the system at the beginning of the project. All XP practices
were practically introduced. The ones that worked the best were: planning game,
collective ownership, and customer on site. They found small releases and testing
difficult to introduce.

Online Telemarketing is a small company specializing in telephone-based sales
of third party goods. It had recently been expanded internationally and management
realized that a new sales support system would be required. COTS alternatives were
investigated and discarded because they were expensive, and incorporating desired
functionality was difficult. The lack of detailed requirements specifications from
management, and the lack of a similar system, motivated the use of XP.
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The system was developed in Visual Basic, and it had 10K lines of code. The
development started in December 2000 and the first functional system was launched
in April 2001. The product has been in operation since August 2001.

The senior management at Online Telemarketing assumed the role of a customer.
Configuration management started without a tool and developers were supposed to
copy the files to a directory. This worked when they had two developers. When the
team grew, they added a text file to manage copies to checkout directory. This so-
lution still presented problems when the developers were out or working different
schedules. Once the communication issues were resolved the solution worked.

The following experiences were reported:

(1) The planning game: In total, 150 stories were implemented. Stories were
added during the whole project. In the beginning, time estimates were inac-
curate, but became better after a few weeks passed. Breaking the stories into
tasks was hard for the developers, causing them to create too detailed stories.
It was hard to set a common level of detail for the stories. In the end, this
practice proved to be one of the greatest successes.

(2) Small releases: The first iteration took too long because of the lack of ex-
perience with XP. Once a complete bare system was implemented, it was
easier to implement small releases. During the long initial release, they tried
to maintain the communication between the developers and the customer, to
avoid mistakes in development.

(3) Metaphor: They used a document that was an attempt at a requirements doc-
ument, before they decided to use XP and their metaphor. As the project
progressed, the document was not updated.

(4) Simple design: The development team stressed implementing the simplest
possible solution at all times. They thought that this practice saved them time
when a much larger solution would be implemented, avoiding unnecessary
code.

(5) Testing: Test-first was difficult to implement at first and VBUnit was hard to
learn and set up. When the time pressure increased, the developers started to
ignore test-first. Although they saw the benefits, it involved too much work.
Since it was hard to write tests for the GUI and the team thought that mas-
tering a GUI testing tool would take too long, they decided to test the GUI
manually. The customer tested the functionality of the system before each
release, and when a problem was found a correction card was created.

(6) Refactoring: No tools for refactoring were used, and the team performed
minor refactoring continuously. No major refactoring of the code was per-
formed.

(7) Pair programming: They used pair programming at all times. At first the
developers were not comfortable, but later they started to work naturally and
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efficiently in pairs. The developers were inexperienced, which might be why
they felt uncomfortable. The lead developer thought that they produced code
faster in pairs than they would have if working alone.

(8) Collective ownership: This practice worked well. The developers avoided ir-
ritations by thinking of bugs as group issues instead of as someone’s defect.
The configuration management, however, was not very effective and some-
times developers were afraid to change code if not in direct contact with
others.

(9) Continuous integration: This practice was natural in the development envi-
ronment. As soon as the code was finished, it was integrated.

(10) 40-hour week: Since the developers were part-time, this practice was ad-
justed and followed.

(11) On site-customer: This practice worked well, despite some schedule conflicts
because the developers were part-time and the customer was played by busy
senior managers.

(12) Coding standards: A coding standard document was developed in the begin-
ning of the project and updated when needed. Over time, developers became
a little relaxed in following the standards, but once this was identified as an
issue, it was reinforced.

3.3.2 Launching XP at a Process-Intensive Company

Grenning reports experiences from the introduction of an adaptation of XP in an
organization with a large formal software development process [27]. The task was
to build a new system to replace an existing safety-critical legacy system. The new
system was an embedded-systems application running on Windows NT.

The system was divided into subsystems developed by different units. The author
was called to help one of these units. The author was very enthusiastic about XP and
decided to convince the team to apply some of the techniques.

The company already had a process in place that added a lot of overhead to the
development because requirements were partially defined and deadlines were tight.

Recognizing that the organization culture believed in up-front requirements and
designs followed by reviews and approvals, the team decided to “choose their bat-
tles” and introduce the practices that would be most beneficial for the project. One
major issue was documentation. How much documentation was sufficient? The team
would be developing a piece that was supposed to work with pieces being developed
by other teams using the standard process at the organization. They identified that
they needed enough documentation to define the product requirements, sustain tech-
nical reviews and support the system’s maintainers. Clean and understandable source
code and some form of interface documentation was necessary due to the need to
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collaborate with other teams. XP recognizes that documentation has a cost and that
incomplete documentation might be cost-effective, but choosing not to create any
documentation would be unacceptable in this environment.

When proposing the new approach to management, story cards appeared unac-
ceptable and the team decided to use cases instead of story cards. The management
was concerned with future maintenance of the system; if the system was transitioned
to another team, more than readable code would be needed. After some discussions,
the team decided to create high-level documentation at the end of the project, in-
stead of documenting in the beginning followed by updates during the project. The
management, however, still wanted to be able to review the design. The proposed
solution was to document the design decisions and have them reviewed at the end of
every month. This removed the review from the critical path of the project.

Despite compromising on a few issues, the team got permission to apply test-first,
pair programming, short iterations, continuous integration, refactoring, planning, and
team membership for the customer.

According to Grenning, at the project’s conclusion, the programmers were happy
with their creation. After the fourth iteration the project manager was satisfied. The
reason is that they already had working code at a point when their regular process
would have produced only three documents. The project manager also recognized
that dependencies between the features were almost non-existent since they followed
the customer’s priorities and not the priorities dictated by a big design up front. The
team was Agile and able to adapt to other subsystems’ changing needs.

Grenning points out the importance of including senior team members because
they “spread the wealth of knowledge, and both they (senior people) and their pair
partners learn” [27]. Despite the fact that the project was terminated due to changes
in the market, the management was very pleased with results and two other pilot
projects were started.

At the end of the report, the author gives advice to management and developers
willing to try XP. For managers, it is important to try XP on a team with open-minded
leaders, encourage XP practices, and recruit a team that wants to try XP instead of
forcing a team to use XP. For developers, the advice is to identify the problems that
they might solve, develop a sales pitch and do a pilot project [27].

3.3.3 Using XP in a Maintenance Environment
Poole and Huisman report their experience with introducing XP in Iona Technolo-

gies [44]. Because of its rapid growth and time-to-market pressures, the engineering
team often ignored engineering practices. As a result, they ended up with a degener-
ated code that was salvaged in reengineering efforts that led to XP.

As part of the improvement effort, they used a bug-tracking tool to identify prob-
lem areas of the code. The code was cleaned through the elimination of used code
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and the introduction of patterns that made it easier to test, maintain and understand
the code. As part of this effort, one lead engineer promoted stronger engineering
practices making engineers constantly consider how they could improve the quality
of their code. Testing of the whole system was also automated. After all these trans-
formations, the company saw a lot of improvement. Despite their progress, however,
they still had issues to resolve regarding testing, visibility, morale and personal work
practices. They already had a maintenance process in place that had a lot in common
with XP practices, so they decided to apply XP in order to solve the remaining issues.

All bugs reported by customers, enhancement requirements, and new functional
requirements are documented. That documentation is accessible by both customers
and the team. They do not use index cards for the requirements and the requirements
are not in the form of user stories yet. Index cards are used to track tasks and those
tasks are added to storyboards. The developers estimate the tasks, and the customers
prioritize them. When the tasks are finished, they are removed from the storyboard,
recorded in a spreadsheet and the cards are archived in the task log. They also intro-
duced daily stand-up meetings to increase visibility and also stimulate communica-
tion among the team members.

They automated their whole testing process, making it possible to test the whole
system with the click of a button. All engineers are supposed to test the whole system
after changes are made to ensure nothing was broken.

They report that convincing programmers to do pair programming is extremely
difficult. Luckily, their pair programming experience came to them by accident. In
2000, a customer engineer working with them paired with the developers. The expe-
rience was good, the team felt that they worked more effectively, the overall produc-
tivity was high and morale improved. They are now trying to formally introduce pair
programming.

Increments are kept short and they continuously produce small releases. Refac-
toring has also been extensively applied, which can be seen in the code reviews.
Engineers are encouraged to identify areas of the code that are candidates for refac-
toring, and they follow up after delivery with a refactoring task in the storyboard.
In order to improve communications, they also changed the workspace to make pair
programming easier and facilitate discussions of their ideas on whiteboards.

The effort seemed to pay off and the productivity increase is noticeable. In their
point of view the greatest benefit to the team has been the increase in visibility. The
storyboards let people see what others are doing and help management track progress
and plan.

They conclude the paper pointing out that the application of pair programming
and collection of metrics can improve their process. They believe that improving the
pair programming initiative can improve their lack of cross-training among the code
base’s many modules. The metrics are critical to the planning game, since estimating
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how long a story will take requires finding a similar story in the past and researching
how long it took. Currently they are tracking estimates and actuals on a spreadsheet
and are working to integrate this into their defect tracking system.

3.3.4 XP’s “Bad Smells”
In an attempt to provide early warning signals (“bad smells”) when applying XP,

Elssamadisy and Schalliol analyzed a three-year project involving 30 developers (50
in total) that produced about 500,000 lines of executable code [24]. The project
switched to XP due to previous experiences with ineffective traditional methods.
The lessons learned from the experience of applying XP can be useful to others:

• Customers are typically happy during early iterations but later begin to com-
plain about many things from all iterations. The customer needs to be coached
to provide early and honest feedback. Elssamadisy and Schalliol suggest they
think like buying a tailored suit in which you cannot just have measurements
taken at the beginning.

• Programmers are typically not sure of how functionality works together. Large
complex systems require a good metaphor or overview.

• Everyone claims the story cards are finished, yet it requires weeks of full-time
development to deliver a quality application. The solution is to create a precise
list of tasks that must be completed before a story is finished, and make sure
programmers adhere to the rules: Acknowledge poorly estimated stories and
reprioritize. Do not rush to complete them and cut corners with refactoring or
testing.

The authors concluded pointing out that the team needs to be conscious of the process
the whole time, and that laziness will affect the whole team.

3.3.5 Introducing Scrum in Organizations
Cohn and Ford [22] have successfully introduced Scrum to seven organizations

over a period of four years. They discuss their lessons learned, as well as mistakes.
In several cases they encountered resistance from developers who preferred to

develop non-code artifacts and from those who “valued their contribution to a project
by the number of meetings attended in a given day” [22]. Some even tried to put
more documentation back into the process. The solution used by the authors is to not
intervene and instead let peers decide whether to adopt suggestions or not.

The authors were surprised to find that many developers view Agile Methods as
micromanagement. In traditional projects, developers meet the project manager once
a week, but in an Agile environment they meet daily. To change developers’ per-
ceptions, the project manager has to show that he is there to remove obstacles, not
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to complain about missed deadlines and must not be judgmental when developers
report that they will be delayed with their tasks.

Distributed development has been successful, and the authors believe that meth-
ods other than Scrum can also be used in distributed environments. They propose
waiting two or three months until developers get used to Agile development before
implementing distributed development. In order for distributed development to work,
many people must be brought together for the first few weeks of the project.

Experience shows that Agile Methods require good developers and that “produc-
tivity difference matters most when two programmers are writing code . . . [it is]
irrelevant during those times when both are, for example, trapped in an unnecessary
meeting” [22]. When fully engaged, a team will move quickly. If there are too many
slow people, the whole team will slow down or move forward without them.

One team was overly zealous and did not anticipate productivity decrease during
transition and did not use forethought well enough. The conclusion is that “this team
did not have the discipline required for XP and, while paying lip service to XP, they
were actually doing nothing more than hacking” [22].

The authors’ experience is that testers are even more prone to view Agile as mi-
cromanagement. In typical organizations, testers do not receive much attention from
managers and are not used to the extra attention they get in Agile processes. Involv-
ing testers in the daily routine as soon as possible poses one solution, but they should
not write code or unit tests for programmers.

A common experience is that managers are reluctant to give up the feeling of
control they get from documents typically generated by document-driven method-
ologies. The solution is to show where past commitments have been incorrect
(time/date/cost/functionality), so that management can be convinced to try Agile
Methods.

A surprising experience is that the Human Resource (HR) department can be in-
volved in a project adopting Agile processes. The authors experienced several cases
where HR received complaints by developers who did not like the process. For ex-
ample, they received specific complaints regarding pair programming. Working with
and informing HR beforehand so that they are prepared to deal with issues that might
appear, can prevent this situation.

3.3.6 Lessons in Agility from Internet-Based Development

Scott Ambler describes two different approaches for developing software in two
successful Internet startups that provided insights to what later became Agile Mod-
eling [6].

The two companies were growing and needed to redesign their systems. They
wanted to use an accredited software development process like Rational Unified
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Process (RUP) to gain the trust of investors, while at the same time they wanted
a process that would not impose a lot of bureaucracy that might slow them down.
In both organizations, management and some members of the development team
wanted more modeling; others thought it was a waste of time. Ambler calls the com-
panies XYZ and PQR.

XYZ used an approach of modeling in teams. The team would design by white-
boarding. In the beginning, they were uncomfortable with whiteboarding and tried to
use CASE tools instead, but they later discovered that whiteboarding was more effi-
cient because a modeling language did not limit them and they could more quickly
express their ideas.

PQR decided to hire a chief architect. The architect talked to members of the team,
and designed privately. Later he published his results on the web and members of the
team gave him feedback.

Both organizations developed in a highly interactive manner and released incre-
mentally in short cycles. Both generated documentation in HTML and learned that
design and documentation are separate activities. XYZ’s architecture was developed
more quickly, since lots of people worked in parallel. XYZ’s architecture found
greater acceptance since the development team participated in the architectural team.
PQR’s approach led to lower costs, since the chief architect worked alone. The chief
architect also provided a single source control that sometimes caused a bottleneck in
the process. Both approaches resulted in scalable architecture that met the needs of
the organization, and both approaches worked well within a RUP environment.

Ambler shares the lessons learned from these approaches:

• People matter and were key to the success, in accordance with the Agile Mani-
festo: “value of individuals over processes and tools” [12].

• You do not need as much documentation as you think. Both organizations cre-
ated only documentation that was useful and needed.

• Communication is critical. Less documentation led to greater communication.

• Modeling tools are not as useful as you think. The organizations tried to use
UML modeling tools, but the tools generated more documentation than needed
and were limited to the UML language. White boards and flipcharts, on the
other hand, were very useful.

• You need a variety of modeling techniques in your toolkit. Since UML was
not sufficient, both companies needed to perform process-, user interface- and
data-modeling.

• Big up-front design is not required. Both organizations quickly began work
without waiting months for detailed modeling and documentation before they
started.
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• Reuse the wheel, do not reinvent it. At XYZ, they took advantage of open source
whenever possible.

3.3.7 Agile Modeling and the Unified Process

Ambler presents a case study of the introduction of a combination of Agile Model-
ing and Rational Unified Process [5]. The method was introduced in a small project.
Failure would be noticeable, but would not jeopardize the whole organization. Am-
bler points out the importance of the organization’s will to change in the success of
the introduction.

Different people on the team with different backgrounds had various reactions to
the method. For example, one member of the team was used to Big Design Up Front
and had a hard time doing an incremental design and development. Others felt more
comfortable. Management was involved and interested in the effort and satisfied to
see constant progress in the project.

While whiteboards made sense to the team members, they were not comfortable
with index cards and post it notes. They needed a document using the appropriate
tools (Together/J, Microsoft Visio, etc.). In Ambler’s opinion, the team produced too
much documentation. This is, however, not necessarily negative since documenting
increased their comfort level during the transition.

3.4 Other Empirical Studies

In this section we discuss a selected set of experiments and surveys on Agile Meth-
ods.

3.4.1 XP in a Business-to-Business (B2B) Start-up

In the paper “Extreme adoption experiences of a B2B start-up” [32], the authors
report from a case study in which two nearly identical projects used XP and non-XP
practices. The XP-project delivered the same amount of functionality during a shorter
period of time and required considerably less effort than the non-XP project. The
XP project also increased code quality with test-first, resulting in a 70% reduction
in bugs and increased architectural quality. The value of the study is questionable,
however, as the non-XP project was stopped 20 months into the project “because
of excessive costs of ownership” [32] and the XP project “was suspended after nine
months of development” [32]. The conclusions are thus based on extrapolations of
the unfinished projects and not on complete projects.
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3.4.2 Empirical Experiments with XP

In order to compare XP and traditional methodologies, the authors ran a pilot XP
experiment [39]. The study involved eighty 2nd year undergraduate students as part
of a project for real clients. The students were divided into fifteen teams working
for three clients. During five weeks, each of the three clients described what their
software needs were. After that, the software was developed. Some teams used XP
while others did not. At the end of the semester, five versions of the system that each
of the clients had specified were produced. The clients evaluated the quality of the
systems without knowing which systems were developed using XP and which ones
were not.

This experiment demonstrated that the XP teams generated more useful documen-
tation and better manuals than the other teams. Two of the three clients found that
the best external factors were in the products produced by the XP teams. The lectur-
ers concluded that the products delivered by the XP teams possessed better internal
qualities.

3.4.3 Survey Conducted by Cutter Consortium

Cockburn and Highsmith mention results from a survey conducted by the Cutter
Consortium in 2001. Two hundred people from organizations all over the world re-
sponded to the survey [20]. The findings pointed out by Cockburn and Highsmith
are:

• Compared to a similar study in 2000, many more organizations were using at
least one Agile Method.

• In terms of business performance, customer satisfaction and quality, Agile
Methods showed slightly better results than traditional methods.

• Agile Methods lead to better employee morale.

3.4.4 Quantitative Survey on XP Projects

Rumpe and Schröder report the results of a survey conducted in 2001 [49]. Forty-
five participants involved in XP projects from companies of various sizes and differ-
ent international locations completed the survey. Respondents had different levels of
experience and participated in finished and in-progress projects using XP.

The main results of the survey indicate that most projects were successful and all
of the developers would use XP on the next project if appropriate. The results also
indicate that most problems are related to resistance to change: developers refused to
do pair programming and managers were skeptical, etc. Common code ownership,
testing and continuous integration were the most useful practices. Less used and most
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difficult to apply were metaphor and on-site customer. The success factors most often
mentioned were testing, pair programming and the focus of XP on the right goals.

The authors point out potential problems with the survey. XP might be deemed
successful due to the fact that the respondents were happy with XP. Others that had
bad experiences with XP might not have been reached or did not answer. Also, early
adopters tend to be highly motivated, which may be responsible for projects’ success.

Interestingly, the results showed that there are larger projects that use XP. From
the total of responses:

• 35.6% teams had up to 5 people,

• 48.9% teams had up to 10 people,

• 11.1% teams had up to 15 people, and

• 4.4% teams had up to 40 people.

The survey asked respondents to rate project progress and results relative to tradi-
tional approaches on a scale from 5 (much better) to −5 (much worse). On average,
respondents rated the cost of late changes, the quality of results, the fun factor of
work, and on-time delivery higher than a three on this scale. No negative ratings were
given. The authors divided the results between the finished and ongoing projects. It is
interesting to note that both the cost of change and quality were deemed less positive
by the finished projects than the ongoing ones. The authors suggest that this sustains
the fact that changes in later phases still have higher costs.

3.4.5 How to Get the Most Out of XP and Agile Methods

Reifer reports the results of a survey of thirty-one projects that used XP/Agile
Methods practices [47]. The goals of the survey were to identify the practices be-
ing used, their scope and conditions, the costs and benefits of their use and lessons
learned.

Most projects were characterized by small teams (less than ten participants), with
the exception of one project that had thirty engineers. All projects were low-risk and
lasted one-year or less. The primary reason for applying XP/Agile Methods was to
decrease time-to-market.

Startup seemed most difficult for the majority of the organizations: Enthusiastic
staff that wanted to try new techniques needed to convince management. Practices
introduced in pilot projects represented low-risk to the organization.

The projects noticed an average gain of 15%–23% in productivity, 5%–7% cost
reduction on average and 25%–50% reduction in time to market.

The paper also points out 4 success factors:
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• Proper domain fit: XP/Agile Methods have been recognized as working best on
small projects, where systems being developed are precedent, requirements are
stable and architecture is well established.

• Suitable state of organizational readiness: XP/Agile requires a cultural change.
Make sure the workforce is well trained and educated.

• Process focus: Adapt and refine instead of throwing away what you have. Agile
projects work best when integrated into an existing framework.

• Appropriate practice set: Do not be afraid to put new practices in place when
they are needed to get the job done.

3.4.6 Costs and Benefits of Pair Programming

Pair Programming, one of the key practices of XP, marks a radical departure from
traditional methods and has been the focus of some controversy. Pair programming
has been argued to improve quality of software and improve successes of projects
by increasing communication in the teams. Others, however, are skeptical because
it seems to take two people to do the work of one, and some developers do not
feel comfortable working in pairs. Pros and cons, as well as main concepts, best
practices, and practical advice to successfully apply Pair Programming, are discussed
in a paper based on an experiment at the University of Utah where one third of the
class developed the projects individually and the rest developed in pairs. The results
were analyzed from the point of views of economics, satisfaction, and design quality
[21].

• Economics: The results showed that the pairs only spent 15% more time to
program than the individuals and the code produced by pairs had 15% fewer
defects. Thus, pair programming can be justified purely on economic grounds
since the cost of fixing defects is high.

• Satisfaction: Results from interviews with individuals who tried pair program-
ming were analyzed. Although some were skeptical and did not feel comfort-
able at first, most programmers enjoyed the experience.

• Design quality: In the Utah study, the pairs not only completed their projects
with better quality but also implemented the same functionality in fewer lines
of code. This is an indication of better design.

Other benefits of pair programming are continuous reviews, problem solving,
learning, and staff and project management [21]:

• Continuous reviews: Pair programming serves as a continual design and code
review that helps the removal of defects.
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• Problem solving: The teams found that, by developing in pairs, they had the
ability to solve problems faster.

• Learning: The teams emphasized how much they learned from each other by do-
ing pair programming. Pair programmers often mention that they also learned to
discuss and work together, improving team communications and effectiveness.

• Staff and project management: From the staff and project management point
of view, since people are familiar with each piece of code, staff-loss risks are
reduced.

Pair programming is further discussed in a new book by Williams and Kessler [58].

4. Conclusions

Agile Methods are here to stay, no doubt about it. Agile Methods will probably
not “win” over traditional methods but live in symbiosis with them. While many Ag-
ile proponents see a gap between Agile and traditional methods, many practitioners
believe this narrow gap can be bridged. Glass even thinks that “[t]raditionalists have
a lot to learn from the Agile folks” and that “traditional software engineering can be
enriched by paying attention to new ideas springing up from the field” [25].

Why will Agile Methods not rule out traditional methods?
Agile Methods will not out rule traditional methods because diverse processes

for software engineering are still needed. Developing software for a space shuttle
is not the same as developing software for a toaster [38]. Not to mention that the
need to maintain software, typically a much bigger concern than development, also
differs according to the circumstances [50]. Software maintenance is, however, not
an issue discussed in Agile circles yet, probably because it is too early to draw any
conclusions on how Agile Methods might impact software maintenance.

So what is it that governs what method to use?
One important factor when selecting a development method is the number of peo-

ple involved, i.e., project size. The more people involved in the project, the more rig-
orous communication mechanisms need to be. According to Alistair Cockburn, there
is one method for each project size, starting with Crystal Clear for small projects and,
as the project grows larger, the less Agile the methods become [17].

Other factors that have an impact on the rigor of the development methods are
application domain, criticality, and innovativeness [25]. Applications that may en-
danger human life, like manned space missions, must, for example, undergo much
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stricter quality control than less critical applications. At the same time, a traditional
method might kill projects that need to be highly innovative and are extremely sen-
sitive to changes in market needs.

In conclusion, the selection of a method for a specific project must be very careful,
taking into consideration many different factors, including those mentioned above.
In many cases, being both Agile and stable at the same time will be necessary. A con-
tradictory combination, it seems, and therefore extra challenging, but not impossible.
As Siemens states, “We firmly believe that agility is necessary, but that it should be
built on top of an appropriately mature process foundation, not instead of it” [40].

Where is Agile going?

Agile is currently an umbrella concept encompassing many different methods. XP
is the most well known Agile Method. While there may always be many small meth-
ods due to the fact that their proponents are consultants who need a method to guide
their work, we expect to see some consolidation in the near future. We compare the
situation to events in the object-oriented world in the 1990s, where many different
gurus promoted their own methodology. In a few years, Rational, with Grady Booch,
became the main player on the method market by recruiting two of the main gurus:
James Rumbaugh (OMT) and Ivar Jacobsson (Objectory). Quickly the “three ami-
gos” abandoned the endless debates regarding whose method was superior, which
mainly came down to whether objects are best depicted as clouds (Booch), rectan-
gles (OMT), or circles (Objectory), and instead formed a unified alliance to quickly
become the undisputed market leader for object-oriented methods. We speculate that
the same can happen to the Agile Methods, based, for example, on the market-leader
XP. Even if the Agile consolidation is slow or non-existent, what most likely will
happen, independent of debates defining what is and is not Agile, practitioners will
select and apply the most beneficial Agile practices. They will do so simply because
Agile has proven that there is much to gain from using their approaches and because
of the need of the software industry to deliver better software, faster and cheaper.
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Appendix A: An Analysis of Agile Methods

‘Agile’ has become a buzzword in the software industry. Many methods and
processes are referred to as ‘Agile,’ making it difficult to distinguish between one
and the next. There is a lack of literature on techniques with which to compare soft-
ware development methods, so we have developed processes through which to draw
this comparison. This technique will not be the focus of this section, nor do we guar-
antee its comprehensiveness, but we found it adequate for our analysis, which we
will discuss in detail below.

While conducting our research, we found it difficult to distinguish between meth-
ods in respect to which aspect of software development each method targeted. To
help with our own understanding, we decided to examine each method in terms of
what activities it supports, and to what extent. All methods, whether traditional or
Agile, address the following project aspects to varying degrees: development sup-
port, management support, communications support, and decision-making support.
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Although critics may find more project areas missing from this list, these are the four
we felt were most critical for Agile Methods.

The next obstacle was to find a basis for comparison between methods. For this,
we decided to use each method’s core practices or rules. This method for comparison
does have its drawbacks:

• Some methods, like XP, have a discrete collection of practices while others, like
Scrum, are not as clearly delineated.

• Processes such as Lean Development (LD) present more principles than prac-
tices. LD’s “Satisfying the customer is the highest priority” principle, for in-
stance, is stated at a much more abstract level than Scrum’s Constant Testing
practice.

• Relying on a method’s stated core practices naturally leaves a lot of the method
behind. Daily standup meetings practiced in XP are not explicitly stated in the
12 practices but, nonetheless, emphasize XP’s attention to communication.

Despite these acknowledged limitations, we feel each method’s core practices or
principles provide a good representation of the method’s focus. Researchers inter-
ested in pursuing further this line of analysis may want to explore how to adequately
represent and compare methods and processes.

We began by breaking the support groups (development, management, com-
munication, decision-making) into smaller subsections for easier analysis. Devel-
opment was redefined as requirements collection/analysis, design, coding, test-
ing/integration, and maintenance. Management was clarified as project manage-
ment. Communication was split into developer-customer, developer-manager, and
developer-developer communication. Decision-making was separated into release
planning, design & development, and project management.

A survey was conducted asking five experts to classify the core practices of XP,
Scrum, Lean Development, FDD, and DSDM. The results were averaged and color-
coded in an attempt to create easily readable results. Support agreement of more than
60% is black, 0–59% is white, and 0% (all experts agreed there is no support) is gray.
A brief explanation of well-supported (black) aspects follows each chart.

A.1 Extreme Programming
XP was the method best understood by our experts; all five responded. XP’s

practices are abbreviated as: The Planning Game (PG), Small Releases (SR), The
Metaphor (M), Simple Design (SD), Test-First Development (TF), Refactoring (R),
Pair Programming (PP), Continuous Integration (CI), Collective Code Ownership
(CO), On-Site Customer (OC), 40-Hour Work Week (WW), and Open Workspace
(OW).
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TABLE II
XP DEVELOPMENT SUPPORT

PG: The Planning Game is used for Requirements collection and clarification
at the beginning of each iteration and is also employed to address Mainte-
nance issues between iterations.

SR: Small Releases force developers to Design-in components and Test after
each release.

M: Interestingly, our experts found Metaphor, the oft-cited least understood
practice, to provide support for all phases of development. By creating one
or a set of metaphors to represent the system, decisions involving Require-
ments, Design, Coding, Testing/Integration, and Maintenance can be easily
evaluated for relevance and priority.

SD: Simple Design helps a developer choose their Design, tells them how to
Code sections when presented with multiple alternatives, and makes Main-
tenance easier than a complicated design.

TF: Test-First is a way of Coding as well as a Testing approach, and makes
Maintenance easier by providing a test suite against which modifications
can be checked.

R: Refactoring tells a developer to simplify the Design when she sees the op-
tion, affects Coding in the same way, and facilitates Maintenance by keep-
ing the design simple.

PP: Pair Programming has two developers code at the same computer, and lets
them collaborate with Designing and Coding. Maintenance is affected be-
cause two developers working together will usually produce less, and better
written code than a single developer working alone.

CI: Continuous Integration is an approach to Coding, and obviously effects
how and when developers Integrate new code.

CCO: Collective Code Ownership is a way for developers to program, giving
them the option to modify other’s Code.

OSC: On-Site Customer impacts Requirements because developers may discuss
and clarify requirements at any time.
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OW: Open Workspace allows all developers, even those beyond the pair pro-
gramming team, to collaborate with Coding and Integration.

TABLE III
XP MANAGEMENT SUPPORT

PG: The Planning Game allows the project manager to meet with all the project
stakeholders to plan the next iteration.

SR: Small Releases tell the manager how often to iterate.

CI: Continuous Integration allows the project manager (PM) to see the current
state of the system at any point in time.

OSC: On-Site Customer enables the manager to better interact with the customer
than she would be able to with an offsite customer.

WW: The 40 hour Work Week provides a philosophy on how to manage people.

OW: Open Workspace tells the PM how the work environment should be set up.

TABLE IV
XP COMMUNICATION SUPPORT

PG: The Planning Game helps the Developers communicate with the Customer,
the Manager, and other Developers, in the beginning of each iteration.

SR: Small Releases provide instant project progress assessment for Customers,
Managers, and Developers between iterations.

M: Using a Metaphor or a set of metaphors allows Customers, Managers, and
Developers to communicate in a common, non-technical language.

SD: Simple Design encourages Developers to communicate their ideas as sim-
ply as possible.

TF: Test-First allows Developers to communicate the purpose of code before it
is even developed.

R: Refactoring encourages Developers to simplify code, making the design
simpler and easier to understand.
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PP: Pair Programming allow sets of Developers to communicate intensely
while coding.

CI: Continuous Integration allows the Managers and Developers to check the
current state of the system at any time.

CCO: Collective Code Ownership allows Developers to communicate through
code, comments, and documentation.

OSC: On-Site Customer facilitates quick communication between the Customer
and the Developers.

OW: Open Workspace enables Developers and Managers to communicate
quickly and freely.

TABLE V
XP DECISION-MAKING SUPPORT

PG: The Planning Game assists decision making for Releases and helps Project
Managers plan the project.

SR: Small Releases dictates how often to iterate which affects Release Planning
and Project Management.

M: Metaphor guides Design decisions based on how well the design fits the
metaphor.

SD: Simple Design guides Design decisions when presented with multiple
choices.

TF: Test-First tells the developer that before he Designs and Develops any new
code, he must first write the test.

PP: Pair Programming lets programmers collaborate on Design and Develop-
ment decisions.

CI: Continuous Integration instructs the programmers to integrate on a regular
basis, which affects how Design and Development is conducted.

CCO: Collective Code Ownership encourages developers to make changes to
parts of the code that they did not author instead of waiting for the original
developer to get around to it, and affects how Design and Development is
conducted.
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OSC: On-Site Customer allows the customer and PM to interact frequently, en-
abling quick decision-making.

A.2 Scrum

Only three experts felt comfortable answering about Scrum. The core practices are
abbreviated: Small Teams (ST), Frequent Builds (FB), Low-Coupling Packets (LCP),
Constant Testing (CT), Constant Documentation (CD), Iterative Controls (IC), Abil-
ity to declare the project done at any time (DPD).

TABLE VI
SCRUM DEVELOPMENT SUPPORT

ST: Breaking the development group into Small Teams affects how the system
is Designed and distributed between teams.

FB: Frequent Builds affects Coding practices and means that new code needs to
be Integrated on a regular basis. Maintenance is also affected, as a current
version of the system is always available for testing, catching errors earlier.

LCP: Low-Coupling Packets influences the system Design and Coding practices.
Testing, Integration, and Maintenance should be made easier due to relative
component independence.

CT: Constant Testing changes the way developers need to Code, Test and Inte-
grate, and should make Maintenance easier by catching more bugs during
development.

CD: Constant Documentation affects the way Requirements, Design, and Cod-
ing are conducted. The presence of up-to-date documentation should facil-
itate testing and maintenance.

IC: Iterative Controls help prioritize and guide Requirements collection and
Design. They also affect how Coding, and Testing and Integration are con-
ducted.

DPD: The ability to declare a project done at any time has far reaching conse-
quences; every step in the development process should be treated as if it
were in the last iteration.
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TABLE VII
SCRUM MANAGEMENT SUPPORT

ST: Small Teams means Managers have to manage and distribute work between
teams and team leaders.

FB: Frequent Builds allows Managers to see the state of the system at any given
time to track progress.

LCP: Low Coupling Packets influences how Managers distribute work.

CT: Constant Testing provides the Manager with a system he can demo or ship
at any time.

CD: Constant Documentation provides an up-to-date snapshot of the system and
its progress, which can be used by the Manager for tracking or for bringing
new people up to speed.

IC: Iterative Controls help the Manager gauge requirements, functionality, risk,
and plan iterations.

DPD: The ability to declare a product done at any time is a Management philoso-
phy placing emphasis on usability and correctness of the system rather than
strict feature growth.

TABLE VIII
SCRUM COMMUNICATION SUPPORT

ST: Small Teams help break down communications barriers, allowing easy, in-
formal communication between all parties in the teams.

FB: Frequent Builds enables Developers to communicate the status of the sys-
tem with other Developers and Managers at any time.

LCP: Low Coupling Packets reduce the need for technical communications be-
tween Developers.

CT: Constant Testing allows Developers to know the current state of the system
at any point in time.
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CD: By providing comprehensive up-to-date documentation, any stakeholder
can learn about their respective interests in the system.

IC: Iterative Controls provide a means through which Customers, Management,
and Developers collaborate to plan iterations.

TABLE IX
SCRUM DECISION MAKING SUPPORT

ST: Small Teams make all levels of decision-making easier by involving a
smaller number of individuals on lower level decisions.

FB: Frequent Builds help Managers plan and monitor Releases and Develop-
ment.

LCP: Low-Coupling Packets help guide Design decisions.

CT: Constant Testing tells developers to test as they Code.

CD: Constant Documentation dictates that documentation should be produced
and kept up to date not only for code but also for Requirements and Release
Planning. The produced documentation helps guide the PM.

IC: Iterative Controls help guide the PM with respect to Release Planning de-
cisions.

DPD: The ability to declare a project done at any time affects what kind of fea-
tures or fixes are incorporated into the next Release, and also affects the
mentality with which the PM Manages the Project.

A.3 Lean Development

The 12 principles of LD are abbreviated as: Satisfying the Customer is the highest
priority (SC), always provide the Best Value for the money (BV), success depends on
active Customer Participation (CP), every LD project is a Team Effort (TE), Every-
thing is Changeable (EC), Domain not point Solutions (DS), Complete do not con-
struct (C), an 80 percent solution today instead of 100 percent solution tomorrow
(80%), Minimalism is Essential (ME), Needs Determine Technology (NDT), prod-
uct growth is Feature Growth not size growth (FG), and Never Push LD beyond its
limits (NP). 3 experts contributed to the LD survey.
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TABLE X
LEAN DEVELOPMENT SUPPORT

BV: Always provide the Best Value for the money means that during require-
ments analysis, easy-to-implement features that provide a quick win are im-
plemented, rather than hard to implement features that do not provide imme-
diate value. Similarly, this affects Coding and Design. They should be done
with optimal trade-off between quality and time.

CP: Requirements collection and analysis works best with active Customer Par-
ticipation.

TE: Every phase of development is a Team Effort.

DS: By focusing on Domain Solutions, Design and Coding should look to cre-
ate reusable components. Domain solutions will be pre-tested and should be
easier to Integrate and Maintain than brand new code.

C: When Designing to Construct a new system, LD teams look to purchase parts
of the system that may already be commercially available. By doing so, Test-
ing and Integration should be easier, as the shrink-wrapped portion is, ideally,
bug-free.

TABLE XI
LEAN DEVELOPMENT MANAGEMENT SUPPORT

SC: The PM needs to change her frame of mind to make Customer Satisfaction
the highest priority, as opposed to budget, politics, and other concerns.

BV: The PM also needs to manage the project with the goal to build and priori-
tize the system to provide the Best Value for the money.

CP: It becomes the PM’s responsibility to keep the Customer Participating in
the project.

TE: The PM needs to include the entire Team in decision-making processes.

80%: Instead of making everything perfect, the PM should focus on providing the
best system she can at the moment.
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ME: The PM should focus on keeping team size, code size, documentation, and
budget as small as necessary for a successful project.

TABLE XII
LEAN DEVELOPMENT COMMUNICATIONS SUPPORT

SC: Ensuring Customer Satisfaction entails enhanced communication between
the Developers and Customers.

CP: Active Customer Participation gives Customers more incentive to work with
the Developers.

TE: The ‘everything is a Team Effort’ philosophy encourages communication be-
tween all members of the team.

TABLE XIII
LEAN DEVELOPMENT DECISION MAKING SUPPORT

SC: Prioritizing Customer Satisfaction means that during Release Planning, De-
sign and Development, and Project Management, the interest of the cus-
tomer may have to be put before that of the team.

BV: Providing the Best Value for the money is a management philosophy, af-
fecting mostly what requirements get prioritized for what release.

CP: Active Customer Participation provides decision support for PM’s, and is
also instrumental in prioritizing Release features.

EC: Having the ability to Change Everything means that Release and Design de-
cisions are not set in stone, letting them be made more quickly and changed
later if necessary.

C: An emphasis on Constructing based on already-built components has a large
effect on Design decisions.
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80%: Having an 80% solution today means that, from a Release, Design, and PM
perspective, adding a new feature today is a better decision than completing
an old one.

ME: Minimalism helps a PM decide what artifacts to produce during develop-
ment.

NDT: The Needs Determine Technology philosophy helps the PM and designers
decide on an appropriate solution rather than a high-tech solution for high-
tech’s sake.

FG: By emphasizing Feature Growth, Releases and PM’s tend to push features
more than other requirements.

A.4 Feature Driven Development

The core practices of FDD are abbreviated: problem domain Object Model-
ing (OM), Feature Development (FD), Component/class Ownership (CO), Feature
Teams (FT), Inspections (I), Configuration Management (CM), Regular Builds (RB),
and Visibility of progress and results (V). Only 2 experts felt comfortable enough
with FDD to complete the survey.

TABLE XIV
FEATURE DRIVEN DEVELOPMENT SUPPORT

OM: Object Modeling provides a different approach to Design.

FD: Feature Development provides a development methodology that effects the
way Design, Coding, and Integration are approached. Maintenance is also
affected as the system is considered as a collection of features rather than
lines of code.

CO: Individual Code Ownership means that Design, Coding, and Integration be-
come individual efforts.

FT: Feature Teams means that the feature as a whole becomes a team effort.

I: Inspections are a testing technique that should produce better and more bug-
free code that is easier to Maintain.
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CM: Configuration Management is established for support of Testing, Integration,
and Maintenance.

RB: Regular Builds affect coding procedures, help to integrate testing and inte-
gration during the development process, and make maintenance easier with
more bug-free code.

TABLE XV
FEATURE DRIVEN DEVELOPMENT MANAGEMENT SUPPORT

FD: Feature Development allows the PM to manage teams by easily separating
development workload.

CO: Code Ownership gives the PM a point of contact about any piece of the
system.

FT: Feature Teams allow the PM to break the team effort into more easily man-
ageable sections.

RB: Regular Builds give the PM a snapshot of the system at any point in time.

V: Visibility of progress allows easy tracking of the project.

TABLE XVI
FEATURE DRIVEN DEVELOPMENT COMMUNICATION SUPPORT

OM: Object Modeling allows Developers to communicate with Managers and
other Developers specifically, and in detail, about small components of the
system.

FD: Feature Development allows the Developer to prototype and display working
units of the system to Managers and Customers.

CO: Code Ownership gives Managers and other Developers a point of contact
about specific sections of code in the system.

FT: Feature Teams allow easy collaboration and communication between Devel-
opers and Managers.

I: Inspections allow Developers to read, explain and understand the code.
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CM: Configuration Management provides a vehicle for communication for De-
velopers and Managers.

RB: Regular Builds let Developers and Managers see the current state of the sys-
tem.

V: Progress Visibility allows the Customer to track the project with ease.

TABLE XVII
FEATURE DRIVEN DEVELOPMENT DECISION MAKING SUPPORT

OM: Object Modeling allows for a flexible framework for Design.

FD: Feature Development allows for easy distribution of features in releases. Pro-
totyped features can be tested, designed, and developed, and Project Man-
agers can manage the system as a set of features.

CO: Code Ownership gives PM’s a point of contact for specific pieces of code.

FT: By building a small team to handle Features, decision-making for release,
design and development is delegated to the group. It also guides the PM’s
resource allocation.

I: Inspections correct and reshape design and code.

CM: Configuration Management provides a resource and reference for PM’s.

RB: Regular Builds provide feedback during Development.

V: Visibility allows the project manager to track the project and make changes
when necessary.

A.5 Dynamic Systems Development Methodology

Only one expert felt comfortable enough with DSDM to complete the survey.
DSDM’s principles are abbreviated: Active User Involvement is imperative (AUI),
DSDM teams must be Empowered to make decisions (E), focus is on Delivery Of
Products (DOP), Fitness for business purpose is the essential criterion for acceptance
of deliverables (F), Iterative and incremental development is necessary to converge
on an accurate business solution (I), all changes during development are Reversible
(R), requirements are baselines at a High Level (HL), Testing is Integrated through-
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out the life cycle (TI), and a Collaborative and Cooperative approach between all
stakeholders is essential (CC).

TABLE XVIII
DYNAMIC SYSTEMS DEVELOPMENT METHODOLOGY DEVELOPMENT SUPPORT

AUI: Active User Involvement is important for good Requirements collection.

E: Team Empowerment allows developers to make the right decisions during
Design and Coding.

DOP: Frequent Delivery Of Products gives the customer a system they can Test
while it is still under development.

I: Incremental development affects the entire development process, breaking
Requirements collection, Design, Coding, Testing, Integration, and Mainte-
nance into short cycles.

R: Reversible decisions means developers can feel freer to commit to decisions
during Design and Coding. During Testing or Integration these decisions
can be reversed, if necessary.

HL: High Level requirements keep Requirements collection at an abstraction
high enough for participation from all stakeholders.

TI: Constant Testing and Integration allows bugs to be caught and fixed earlier
in the development lifecycle.

CC: A Collaborative approach between stakeholders will assist in accurate Re-
quirements collection.

TABLE XIX
DYNAMIC SYSTEMS DEVELOPMENT METHODOLOGY MANAGEMENT SUPPORT

AUI: The Project Manager needs to manage collaboration between users and the
Customer and Developers.

E: Empowering teams means Management has to be more flexible.

DOP: Focus on the Delivery Of Products is a Management mindset.

F: Management needs to consider Fitness for purpose over other factors.
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I: Iterative development breaks Management into smaller, more intense cy-
cles.

R: The project manager needs to feel free to make decisions without worrying
about irReversible consequences.

CC: Managers need to facilitate Collaboration between stakeholders.

TABLE XX
DYNAMIC SYSTEMS DEVELOPMENT METHODOLOGY COMMUNICATION SUPPORT

AUI: Active User Involvement ensures good communication between Develop-
ers and the Customer.

DOP: Frequent Delivery Of Products allows Managers and Customers to keep
up-to-date on the status of the system.

I: Incremental development gives Developers, Managers, and Customers fre-
quent opportunities to interact.

HL: High Level requirements provide Developers with a vehicle for non-
technical requirements communication with Managers and Customers.

TI: Integrated Testing allows Developers and Managers to see the state of the
system at any point in time.

CC: A Collaborative approach keeps the Customer actively involved.

TABLE XXI
DYNAMIC SYSTEMS DEVELOPMENT METHODOLOGY DECISION MAKING SUPPORT

AUI: Management needs to keep users actively involved.

E: Teams can feel free to make design and development decisions as they see
fit.
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DOP: Management philosophy needs to reflect the frequent delivery of products
and plan releases accordingly.

F: Management needs to evaluate decisions on fitness for the business pur-
pose.

I: Iterative development makes decision-making cycles shorter and deals with
smaller, more frequent decisions.

R: Reversible decisions means that decision making does not have to be 100%
complete or hold up the process until made.

TI: Developers learn to test frequently during development.
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Abstract
In today’s business where speed is of essence, an iterative development approach
that allows the functionality to be delivered in parts has become a necessity and
an effective way to manage risks. In an iterative process, the development of a
software system is done in increments, each increment forming of an iteration
and resulting in a working system. A common iterative approach is to decide
what should be developed in an iteration and then plan the iteration accordingly.
A somewhat different iterative approach is to time box different iterations. In
this approach, the length of an iteration is fixed and what should be developed
in an iteration is adjusted to fit the time box. Generally, the time boxed itera-
tions are executed in sequence, with some overlap where feasible. In this paper
we propose the timeboxing process model that takes the concept of time boxed
iterations further by adding pipelining concepts to it for permitting overlapped
execution of different iterations. In the timeboxing process model, each time
boxed iteration is divided into equal length stages, each stage having a defined
function and resulting in a clear work product that is handed over to the next
stage. With this division into stages, pipelining concepts are employed to have
multiple time boxes executing concurrently, leading to a reduction in the deliv-
ery time for product releases. We illustrate the use of this process model through

ADVANCES IN COMPUTERS, VOL. 62 67 Copyright © 2004 Elsevier Inc.
ISSN: 0065-2458/DOI 10.1016/S0065-2458(03)62002-4 All rights reserved.



68 P. JALOTE ET AL.

an example of a commercial project that was successfully executed using the
proposed model.
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1. Introduction

The main objective of a software project can be stated as follows—deliver a high
quality software product within schedule and within budget. A successful project
is the one that satisfies the constraints on all the three fronts of cost, schedule, and
quality (we are including functionality or features as part of quality, though they
could be treated as another driver). Consequently, when planning and executing a
software project, the decisions are mostly taken with a view to ultimately reduce the
cost or the cycle time, or for improving the quality.

A software project has to execute a number of engineering and management
tasks for delivering a software product that satisfies the user requirements. Software
projects utilize a process to organize the execution of the tasks to achieve the goals
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on the cost, schedule, and quality fronts. A process typically specifies the tasks that
should be performed and the order in which they should be performed. Processes
so utilized frequently conform to a process model—a general process structure for
the lifecycle of software development. A process model generally specifies the set of
stages in which a project should be divided, the order in which the stages should be
executed, and any other constraints and conditions on the execution of stages.

The basic premise behind any process model is that, in the situations for which the
model is applicable, using the process model for a project will lead to low cost, high
quality, or reduced cycle time. In other words, a process is a means to reach the goals
of high quality, low cost, and low cycle time, and a process model provides generic
guidelines for developing a suitable process for a project.

Software development is a large and complex task. As with any complex problem,
the solution approach relies on the “divide and conquer” strategy. For software it
means that this complex problem of developing software should be divided into parts
that can be solved separately. At the top level, this division is typically done by
breaking the overall project into key phases, with each phase focusing on a separate
task. In other words, phases help in “separation of concerns.” This partitioning of the
whole problem into a set of phases is typically what a process model does. A process
model specifies the phases such that this set of phases executed in the specified order
leads to a successful execution of the project.

It should be pointed out that typically within each phase also methodologies or
mini-processes are used to further apply the divide-and-conquer approach. However,
process models usually focus only on the top level, phase-wise organization. Fre-
quently, the major phases are requirements analysis and specification, design, build,
and test. Process models specify how these tasks are partitioned and organized, keep-
ing in view the project constraints.

The most influential process model is the waterfall model, in which the different
phases of requirements specification, design, coding, and testing are performed in
sequence. In this process model, the overall task of developing software is broken
into a few phases, with a phase getting initiated when the previous phase ended. The
linear organization of phases in this model requires that the requirements be frozen
early in the requirements phase.

Due to the current scenario of changing requirements and need for shortening the
cycle time, iterative process models have now become more common. In an iterative
model, the software is developed in a series of iterations, with each iteration acting
like a “mini-waterfall” and delivering some software. In a typical iterative develop-
ment project, the first iteration builds some core system and subsequent iterations add
new features and functionality on the existing software. A different shade of iterative
development is to have time boxed iterations in which each iteration is fixed in time
and the functionality to be developed in an iteration is adjusted to fit the time box.
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In an iterative development, generally the different iterations are executed in se-
quence. This form of iterative development does not directly help reduce the cycle
time. However, iterative development also opens the possibility of executing differ-
ent iterations in parallel and thereby reducing the average cycle time of an iteration.
To exploit this potential of parallel execution of iterations, suitable process models
are needed to structure the execution of different tasks in different iterations. In this
chapter we describe the timeboxing process model that enhances the time boxed it-
erations by concepts of pipelining, thereby allowing parallel execution of iterations
in a structured manner, resulting in a reduction in the cycle time for deliveries.

The chapter is organized as follows. In the next section we discuss the iterative de-
velopment approaches in general and see how the timeboxing model relates to them.
In Section 3, we describe the timeboxing process model in more detail, execution
of a project using this process model, and issues like team size and impact of un-
equal stages or exceptions on the execution. In Section 4, we discuss some aspects
of applying the process model on projects—the nature of projects for which this is
suitable, how changes are handled, project management issues, etc. In Section 5 we
discuss a real commercial project in which we applied this model, and discuss how
we dealt with some of the constraints that the project presented. The chapter ends
with conclusions.

2. Iterative Development Models

One cannot discuss the iterative models without first discussing the waterfall
model, as it is the shortcomings of this model that lead to the development of the
iterative models. The waterfall model for software development was first proposed
by Royce [26] to suggest that there should be many distinct stages in a project exe-
cution. Though the waterfall model suggests a linear execution of stages, Royce had
in fact suggested that, in practice, there is a need for feedback from testing to design
and from design to early stages of requirements. In any case, waterfall model as a
linear sequence of stages became the most influential process model—it was concep-
tually simple and was contractually somewhat easier to administer (e.g., each stage
can be defined as a milestone at which some output is obtained and some payment is
made.)

Waterfall model has some well known limitations [7]. The biggest drawback with
the waterfall model is that it assumes that requirements are stable and known at the
start of the project. Unchanging requirements, unfortunately, do not exist in real-
ity, and requirements do change and evolve. In order to accommodate requirement
changes while executing the project in the waterfall model, organizations typically
define a change management process which handles the change requests. Another
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key limitation is that it follows the “big bang” approach—the entire software is de-
livered in one shot at the end. This entails heavy risks, as the users do not know
till the very end what they are getting. These two key limitations can be alleviated
through the use of an iterative development model.

In an iterative development, software is built and delivered (either for production
use or for feedback) in iterations—each iteration delivering a working software sys-
tem that is generally an increment to the previous delivery. The concept of iteratively
developing software has been around for a long time and for a history of iterative
development, the reader is referred to the paper by Larman and Basili [21].

Iterative enhancement [1] and spiral [6] are two well-known early process models
that support iterative development. In iterative enhancement, in each iteration soft-
ware is delivered and feedback from using the software is a key input in deciding
what to build in the next iteration. In the spiral model, what is to be built in an iter-
ation is influenced heavily by the risk perception at that stage, and activities of the
iteration also help mitigate or better understand the risks.

More recently, agile methods [10] and XP [4] also promote iterative development—
iterative development is a part of the agile manifesto and small iterations is a key
practice in the XP methodology. Iterative development is also a foundation for
methodologies like RUP [19] and DSDM [27]. In most of these, small iterations are
recommended, along the lines of the “daily build” concept utilized in organizations
like Microsoft. In this approach, the entire system is built almost daily, and much
of the testing is then done with the built system. In other words, all the code that is
ready to be incorporated in the system is checked in during the day and at the end of
the day, a new version of the software is created. In this model, the development and
software build are separated—a new software build is created daily incorporating
whatever software modules have been delivered. The software development, on the
other hand, proceeds separately and teams developing different modules make their
modules available for a build as and when they are ready.

With iterative development, the release cycle becomes shorter, which reduces
some of the risks associated with the “big bang” approach. Requirements need not be
completely understood and specified at the start of the project—they can evolve over
time and can be incorporated in the system in any iteration. Incorporating change re-
quests is also easy as any new requirements or change requests can be simply passed
on to a future iteration. Overall, iterative development is able to handle some of the
key shortcomings of the waterfall model, and is well suited for the rapidly chang-
ing business world, despite having some of its own drawbacks. (E.g., it is hard to
preserve the simplicity and integrity of the architecture and the design.)

The commonly used iterative development approach is organized as a sequence of
iterations, with each of the iterations delivering parts of the functionality. Features to
be built in an iteration are decided in the start and then the iteration is planned for
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delivering them (an approach called feature boxing in [22]). Though the overall de-
livered functionality is delivered in parts, the total development time is not reduced.
In fact, it can be argued that if the requirements are known then for the same amount
of functionality, iterative development might take more time than a waterfall model-
based development. Furthermore, for each iteration, the risk of over-committing and
not being able to deliver in time is still there, though it is reduced as the scope of
each iteration is smaller.

One approach to alleviate the schedule risk is to time box the iterations. With time
boxing of each iteration, the duration of each iteration, and hence the delivery time,
is fixed. The functionality that can be delivered in a time box is what is negotiated
for an iteration while keeping the delivery time fixed. In contrast, in feature boxing,
the functionality is selected and then the time to deliver is determined. Time boxing
changes the perspective of development and makes the schedule as a non-negotiable
and a high priority commitment. As the delivery date is sacrosanct, this approach
also helps sharpen the focus on important requirements since only limited require-
ments can be accommodated and there is no flexibility to increase them. Time boxed
development is a natural extension of an iterative development approach and has
been proposed for use in RUP [20], in DSDM [27], and is a key strategy for rapid
application development [18,23].

Even with time boxed development, the total time of development remains the
same, if different iterations are executed in sequence. Time boxing helps in reducing
development time by better managing the schedule risk and the risk of “gold plating,”
which is a major cause of cost and schedule overruns.

To reduce the total development time, one approach is to use components and em-
ploy reuse—a technique that is employed frequently. With components and reuse,
time to build an application is reduced as less software is being developed to deliver
the desired functionality by leveraging existing software. However, components and
reuse can be employed to reduce the delivery time even if the underlying develop-
ment process model is waterfall-like and is not iterative.

Another natural approach to speed up development that is applicable only when
iterative development process is used, is to employ parallelism between the different
iterations. That is, a new iteration commences before the system produced by the
current iteration is released, and hence development of a new release happens in
parallel with the development of the current release. By starting an iteration before
the previous iteration has completed, it is possible to reduce the delivery time for
successive iterations (after the first iteration). The Rational Unified Process (RUP)
uses this approach by suggesting that the final stages of an iteration may overlap
with the initial stages of the next [19]. In practice, many products evolve this way—
the development of the next version starts well before the development of the earlier
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version has completed. However, this type of overlapping of iterations is unstructured
and is not systematic.

In this chapter, we discus in detail the timeboxing process model that takes the con-
cept of parallelism between different iterations further and structures it by using the
pipelining concepts [13]. In this model, iterative development is done in a set of fixed
duration time boxes. Each time box is divided into stages/phases of approximately
equal duration, and the work of each stage is done by a dedicated team. Multiple
iterations are executed concurrently by employing pipelining—as the first stage of
the first time box completes, the team for that stage starts its activities for the next
time box, while the team for the next stage carries on with the execution of the first
time box. This model ensures that deliveries are made with a much greater frequency
than once every time box, thereby substantially reducing the cycle time for each de-
livery. How execution of a project proceeds when using the waterfall, iterative, or the
timeboxing process model proceed is shown in Fig. 1.

As mentioned above, the concept of using time boxes for iterations has been
around for quite some time, though mostly for predefining the delivery times and
deriving the benefits that come from it. Overlapping of iterations also has been
talked about and has been used in practice by many product vendors. The timebox-
ing process model formalizes this concept of overlapping iterations by structuring
the iterations to facilitate the use of pipelining concepts to reduce software delivery
time. It provides a conceptual framework that is grounded in the pipelining concepts
developed to speed up execution of instructions in processors. The discussion of the
timeboxing model is based on our earlier paper [16].

Note that this overlapping is different from the overlapping of different phases
within an iteration, as is proposed in RUP [19]. Overlapping the different phases
means that an earlier phase in an iteration does not have to completely finish be-
fore the next phase of that iteration starts. This overlapping of phases avoids the
hard “hand-over” from one phase to another and allows, for example, requirements
to evolve even while design is being done. Though this approach for overlapping
has clear practical benefits in handling evolving requirements it, however, does not
provide any direct benefit in reducing the delivery time.

Note that the concept of pipelining the execution of different iterations in a soft-
ware development is also quite different from the concept of software pipelines [13].
Software pipelines are used to apply some techniques to the source code of a pro-
gram such that the transformed program is better suited for pipelined execution of
the instructions in the hardware.

We believe that the timeboxing process model is a viable approach for executing
projects when there is a strong business need to deliver working systems quickly. Due
to the constraints the model imposes, this model is likely to work well for medium
sized projects which have a stable architecture and have a lot of feature requirements
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FIG. 1. Waterfall, iterative, and timeboxing process models.
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that are not fully known and which evolve and change with time. Application of the
model is eased if there is flexibility in grouping the requirements for the purpose of
delivering meaningful systems that provide value to the users. The model is not likely
to work well for projects where flexible grouping of requirements for the purpose of
delivery is not possible. It is also not likely to work well where development within
an iteration cannot be easily divided into clearly defined stages, each of which ending
with some work product that form the main basis for the next stage.

3. The Timeboxing Process Model

In the timeboxing model, as in other iterative development approaches, some soft-
ware is developed and a working system is delivered after each iteration. However,
in timeboxing, each iteration is of equal duration, which is the length of the time
box. In this section we discuss the various conceptual issues relating to this process
model.

3.1 A Time Box and Stages

In the timeboxing process model, the basic unit of development is a time box,
which is of fixed duration. Within this time box all activities that need to be per-
formed to successfully release the next version are executed. Since the duration is
fixed, a key factor in selecting the requirements or features to be built in a time box
is what can be “fit” into the time box.

Each time box is divided into a sequence of stages, like in the waterfall model.
Each stage performs some clearly defined task of the iteration and produces a clearly
defined output. The output from one stage is the only input from this stage to the
next stage, and it is assumed that this input is sufficient for performing the task of the
next stage. When the output of one stage is given to the next stage, the development
activity is handed over to the next stage, and for this time box, the activity shifts to
the next stage. Note that handing over will require some artifacts to be created by a
stage which provide all the information that is needed to perform the next stage.

The model also requires that the duration of each stage, that is, the time it takes
to complete the task of that stage, is approximately the same. (Impact of exceptions
to this are discussed later.) Such a time box with equal stages in which the task is
handed over from one stage to the next is shown in Fig. 2. In the figure, the time
box is the outer box, and stages are represented by boxes within the time box. In
this figure, we have explicitly shown the handing over from one stage to another
by showing an output of a stage which forms the input to the next. Later, we will
dispense with this and just show a time box divided into stages.
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FIG. 2. A time box with equal stages.

There is a dedicated team for each stage. That is, the team for a stage performs
only tasks of that stage—tasks for other stages are performed by their respective
teams. With dedicated teams, when an iteration is handed over from one stage to
the next as shown in Fig. 2, in effect, the responsibility for further development of
that iteration is being handed over to another team. This is quite different from most
other models where the implicit assumption is that the same team performs all the
different tasks of the project or the iteration. In such resource models where the same
team performs the entire task, the phases in the development process are logical tasks
that are performed by the same team and completion of a task ending with a work
product is primarily for review and control purposes. There is really no handing over
to another resource group as the development moves from stage to stage.

As pipelining is to be employed, the stages must be carefully chosen. Each stage
performs some logical activity which may be communication intensive—that is, the
team performing the task of that stage needs to communicate and meet regularly.
However, the stage should be such that its output is all that is needed from this stage
by the team performing the task of the next stage. In other words, the output should
be such that when the iteration is handed over from one stage to another, the team
to which the iteration has been handed over needs to communicate minimally with
the previous stage team for performing their task. Note that it does not mean that the
team for a stage cannot seek clarifications with teams of earlier stages—all it means is
that the communication needs between teams of different stages are so low that their
communication has no significant effect on the work of any of the teams. However,
this approach disallows parallelism between the different stages within a time box—
it is assumed that when a stage finishes, its task for this iteration is completely done
and only when a stage finishes its task, the activity of the next stage starts.

3.2 Pipelined Execution
Having time boxed iterations with stages of equal duration and having dedicated

teams renders itself to pipelining of different iterations. Pipelining is one of the most
powerful concepts for making faster CPUs and is now used in almost all proces-
sors [13]. Pipelining is like an assembly line in which different pipe-segments exe-
cute different parts of an instruction. The different segments execute in parallel, each
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working on a different instruction. The segments are connected to form a pipe—
new instructions enter one end of the pipe and completed instructions exit from the
other end. If each segment takes one clock cycle to complete its task, then in a steady
state, one instruction will exit in each clock cycle from the pipeline, leading to the in-
creased throughput and speedup of instruction execution. We refer the reader to [13]
for further details on the concepts of pipelining in hardware.

In timeboxing, each iteration can be viewed like one instruction whose execution
is divided into a sequence of fixed duration stages, a stage being executed after the
completion of the previous stage. In general, let us consider a time box with duration
T and consisting of n stages—S1, S2, . . . , Sn. As stated above, each stage Si is exe-
cuted by a dedicated team (similar to having dedicated segment for executing a stage
in an instruction).

The team of each stage has T/n time available to finish their task for a time box,
that is, the duration of each stage is T/n. When the team of a stage i completes the
tasks for that stage for a time box k, it then passes the output of the time box to
the team executing the stage i + 1, and then starts executing its stage for the next
time box k + 1. Using the output given by the team for Si , the team for Si+1 starts
its activity for this time box. By the time the first time box is nearing completion,
there are n − 1 different time boxes in different stages of execution. And though the
first output comes after time T , each subsequent delivery happens after T/n time
interval, delivering software that has been developed in time T .

Another way to view it is to consider the basic time unit as the duration of a stage.
Suppose that a stage takes one stage-time-unit (STU) to complete. Then a n-stage
time box will take n STUs to complete. However, after the completion of the first
iteration, an iteration will complete after each STU. Once an STU is chosen, the
time box will have to be divided into stages such that each stage takes only one STU
to complete. With pipelining, if all the stages are properly balanced, in the steady
state, on an average it will take one STU to complete an iteration.

As an example, consider a time box consisting of three stages: requirement spec-
ification, build, and deployment. The requirement stage is executed by its team of
analysts and ends with a prioritized list of requirements to be built in this iteration.
The requirements document is the main input for the build team, which designs and
develops the code for implementing these requirements, and performs the testing.
The tested code is then handed over to the deployment team, which performs pre-
deployment tests, and then installs the system for production use.

These three stages are such that in a typical short-cycle development, they can
be of equal duration (though the effort consumed is not the same, as the manpower
deployed in the different stages is different.) Also, as the boundary between these
stages is somewhat soft (e.g., high level design can be made a part of the first stage
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FIG. 3. Executing the timeboxing process model.

or the second), the duration of the different stages can be made approximately equal
by suitably distributing the activities that lie at the boundary of two adjacent stages.

With a time box of three stages, the project proceeds as follows. When the require-
ment team has finished requirements for timebox-1, the requirements are given to the
build-team for building the software. Meanwhile, the requirement team goes on and
starts preparing the requirements for timebox-2. When the build for the timebox-1
is completed, the code is handed over to the deployment team, and the build team
moves on to build code for requirements for timebox-2, and the requirements team
moves on to doing requirements for timebox-3. This pipelined execution of the time-
boxing process is shown in Fig. 3.

With a three-stage time box, at most three iterations can be concurrently in
progress. If the time box is of size T days, then the first software delivery will occur
after T days. The subsequent deliveries, however, will take place after every T/3
days. For example, if the time box duration T is 9 weeks (and each stage duration is
3 weeks), the first delivery is made 9 weeks after the start of the project. The second
delivery is made after 12 weeks, the third after 15 weeks, and so on. Contrast this
with a linear execution of iterations, in which the first delivery will be made after 9
weeks, the second will be made after 18 weeks, the third after 27 weeks, and so on.

3.3 Time, Effort and Team Size

It should be clear that the duration of each iteration has not been reduced—in fact
it may even increase slightly as the formality of handing over between stages may re-
quire extra overhead that may not be needed if the strict partitioning in stages was not
there. The total work done in a time box also remains the same—the same amount of
software is delivered at the end of each iteration as the time box undergoes the same
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stages. However, the delivery time to the end client (after the first iteration) reduces
by a factor of n with an n-stage time box if pipelining is employed. As in hardware,
let us define the speedup of this process model as the ratio of the number of stage-
time-units it takes to deliver one time box output if development is done without
overlapping with the number of stage-time-units it takes on an average to deliver one
time box output when pipelining is used. It is clear that, in ideal conditions, with a
n-stage time box, the speedup is n. In other words, the development is n times faster
with this model as compared to the model where the iterations are executed serially.

We can also view it in terms of throughput. Let us define the throughput as the
amount of software delivered per unit time. Note that throughput is different from
productivity—in productivity we compute the output per unit effort while in through-
put we are interested in the output per unit time. We can clearly see that in steady
state, the throughput of a project using timeboxing is n times more than what is
achieved if serial iterations were employed. In other words, n times more functional-
ity is being delivered per unit time. If in an iteration the team can develop S size units
(in lines of code, function points, or some other unit) and the duration of the time box
is T , then the throughput of a process in which the iterations are executed serially
will be S/T size units per unit time. With the timeboxing process model, however,
the throughput is n ∗ S/T . That is, the throughput also increases by a factor of n.

If the size of the team executing the stage Si is Ri , then the effort spent in the stage
Si is

E(Si) = Ri ∗ T/n.

Note that the model only requires that the duration of the stages be approximately
the same, which is T/n in this case (or one stage-time-unit.) It does not imply that
the amount of effort spent in a stage is same. The effort consumed in a stage Si also
depends on Ri , the size of the team for that stage. And there is no constraint from
the model that the different Ris should be the same.

The total effort consumed in an iteration, i.e., in a time box, is

E(TB) =
n∑

i=1

E(Si).

This effort is no different than if the iterations were executed serially—the total effort
for an iteration is the sum of the effort for its stages. In other words, the total effort
for an iteration remains the same in timeboxing as in serial execution of iterations.
Note also that the productivity of the timeboxing process model (assuming no extra
overhead) is same as without pipelining of iterations. In each of the cases, if S is the
output in each iteration, the productivity is S/E(TB) size units per person-day (or
whatever unit of effort we choose.)
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FIG. 4. Tasks of different teams.

If the same effort and time is spent in each iteration and the productivity also
remains the same, then what is the cost of reducing the delivery time? The real cost
of this increased throughput is in the resources used in this model. With timeboxing,
there are dedicated teams for different stages. Each team is executing the task for that
stage for a different iteration. This is the main difference from the situation where
there is a single team which performs all the stages and the entire team works on
the same iteration. With timeboxing process model, different teams are working on
different iterations and the total team size for the project is

∑n
i=1 Ri . The team-wise

activity for the 3-stage pipeline discussed above is shown in Fig. 4.
Let us compare the team size of a project using timeboxing with another project

that executes iterations serially. In a serial execution of iterations, it is implicitly
assumed that the same team performs all the activities of the iteration, that is, they
perform all the stages of the iteration. For sake of illustration, let us assume that the
team size is fixed throughout the iteration, and that the team has R resources. So, the
same R people perform the different stages—first they perform the tasks of stage 1,
then of stage 2, and so on. Assuming that even with dedicated resources for a stage,
the same number of resources are required for a stage as in the linear execution of
stages, the team size for each stage will be R. Consequently, the total project team
size when the time box has n stages is n ∗ R. That is, the team size in timeboxing is
n times the size of the team in serial execution of iterations.

For example, consider an iterative development with three stages, as discussed
above. Suppose that it takes 2 people 2 weeks to do the requirements for an iteration,
it takes 4 people 2 weeks to do the build for the iteration, and it takes 3 people 2
weeks to test and deploy. If the iterations are serially executed, then the team for the
project will be 4 people (the maximum size needed for a stage)—in the first 2 weeks
two people will primarily do the requirements, then all the four people will do the
task of build, and then 3 people will do the deployment. That is, the team size is
likely to be the peak team size, that is, four people. If the resources are allocated to
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the project as and when needed (that is, there is a resource ramp-up in the start and
ramp-down in the end), the average team size is (2 + 4 + 3)/3 = 3 persons.

If this project is executed using the timeboxing process model, there will be three
separate teams—the requirements team of size 2, the build team of size 4, and the
deployment team of size 3. So, the total team size for the project is (2 + 4 + 3) = 9
persons. This is three times the average team size if iterations are executed serially. It
is due to this increase in team size that the throughput is also 3 times the throughput
in serial-iterations.

Hence, in a sense, the timeboxing provides an approach for utilizing additional
manpower to reduce the delivery time. It is well known that with standard methods
of executing projects, we cannot compress the cycle time of a project substantially
by adding more manpower [8]. This principle holds here also within a time box—we
cannot reduce the size of a time box by adding more manpower. However, through
the timeboxing model, we can use more manpower in a manner such that by parallel
execution of different stages we are able to deliver software quicker. In other words, it
provides a way of shortening delivery times through the use of additional manpower.

The above example can be used to illustrate another usefulness of the timebox-
ing model. We know that in a project, typically the manpower requirement follows
a Rayaleigh curve [2], which means that in the start and end, the project typically
requires less resources (even if there are more resources available, it can gainfully
consume only the required number), and the peak is reached somewhere in the mid-
dle. This poses a challenge for staffing in a project—if the team size is fixed, then it
means that in the start and the end, they may be underutilized (or in the middle, the
progress is slower than it could be as not enough resources are available). To avoid
this underutilization, resources can be ramped-up on a need basis in the start and then
ramped-down towards the end.

The same sort of resource requirement can be expected within an iteration, as an
iteration is essentially a small project. However, though in a waterfall process model
adding the resources slowly and then slowly removing them from the project can be
done relatively easily, this ramp-up and ramp-down will not be always feasible in an
iterative development as it will have to be done for each iteration, which can make
resource management very difficult. Furthermore, as iterations may not be very large,
the benefit of allocating resources when needed and freeing them when they are not
needed might not be worth the effort as the slack time may be of short durations.
Overall, optimum resource allocation in serial iterations is difficult and is likely to
result in underutilization of resources.

The situation with the timeboxing process model is different. The team sizes for
the different stages need not be same—in fact, they should be of the size needed to
complete the task in the specified duration. Hence, we can allocate the “right” team
size for the different phases, which generally will mean smaller team size for the
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initial and end phases and larger team size for the middle phases. These resources
are “permanently” allocated to the project, which simplifies resource allocation and
management. And the resources have, in the ideal case, a 100% utilization.

3.4 Unequal Stages

Clearly, the reality will rarely present itself in such a clean manner such that it-
erations can be fit in a time box and can be broken into stages of equal duration.
There will be scenarios where these requirements will not hold. And the first possi-
bility of a non-ideal situation is where the duration of the different stages is not the
same—different stages take different time to complete.

As the pipelining concepts from hardware tell us [13], in such a situation the output
is determined by the slowest stage, that is, the stage that takes the longest time.
With unequal stages, each stage effectively becomes equal to the longest stage and
therefore the frequency of output is once every time period of the slowest stage. In
other words, the stage-time-unit is now equal to the duration of the longest stage, and
the output is delivered once for each of this stage-time-unit. As each stage effectively
becomes equal to the longest stage, the team for smaller stages will have slack times,
resulting in resource under-utilization in these stages while the team with longest
stage will be fully occupied.

As an example, let us consider a 3-stage pipeline of the type discussed above in
which the different stages are 2 weeks, 3 weeks, and 4 weeks—that is, the duration
of the time box is 9 weeks. For pipelined execution, such an iteration will first be
transformed into an iteration of 12 weeks and 3 stages, each stage taking 4 weeks.
Then, the iterations will be executed in parallel. The execution of different iterations
from the perspective of different teams is shown in Fig. 5 (W represents “work” and
S represents “slack”).

Note, however, that even with the output frequency being determined by the slow-
est stage, a considerable speedup is possible. In a serial iterative development, soft-
ware will be delivered once every 9 weeks. With the timeboxing model, the slowest
stage will determine the speed of execution, and hence the deliveries are done every
4 weeks. This delivery time is still less than half the delivery time of serial iterations!

However, there is a cost if the stages are unequal. As the longest stage determines
the speed, each stage effectively becomes equal to the slowest stage. In this example,
as shown in Fig. 4, it means that the first and second stages will also get 4 weeks
each, even though their work requires only 2 and 3 weeks. In other words, it will
result in “slack time” for the teams for the first and the third stage, resulting in under
utilization of resources. So, the resource utilization, which is 100% when all the
stages are of equal duration, will reduce resulting in underutilization of resources.
Of course, this wastage can easily be reduced by reducing the size of the teams
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FIG. 5. Execution with unequal stages.

for the slower stages to a level that they take approximately the same time as the
slowest stage. Note that elongating the cycle time by reducing manpower is generally
possible, even though the reverse is not possible.

3.5 Exceptions
What happens if an exceptional condition arises during the execution of a stage of

some time box? The most common exception is likely to be that a stage in an iteration
finishes either before or after its time. If a stage of an iteration completes before time,
there is no problem—the team for the stage will have to wait for the remaining period
(or till the previous stage of the next iteration finishes). In other words, if the team for
a stage I of an iteration K finishes �T time before its completion time, then in the
worst case it will wait for this amount of time without any work (assuming that other
stages do not slip.) Of course, if the stage I − 1 of the iteration K + 1 also completes
before its time and is able to handover the work to the team for the stage I , then
this team can start working and will have �T extra time to complete the task for the
iteration K + 1.

If the stage completes late, then there can be a cascade effect on other stages
leading to each of the future stages getting delayed. Suppose that the stage I is late
by �T . This means that the team for stage I + 1 will have to wait for �T without
any work, assuming that it finished its task for the earlier iteration in time. If the team
for stage I + 1 can complete the task in this reduced time, then there is no further
effect on the execution. In other words, if one team is late, it can be compensated by
the next team (or the next few teams) doing their tasks in lesser time.

If, however, each team continues to work for their fully allotted time, then there
will be a cascading effect. The team for each stage, after completing its task for the
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previous iteration, will have to wait for �T to get the work for this iteration. This
cascades to the last stage also, which starts and completes �T late. In other words,
the net effect of the exception is that the delivery of this iteration is late by �T . After
the delayed iteration, all future deliveries will come after every T/n time units (for
a n-stage time box of T duration.) The effect on team utilization is that all the teams
for stages subsequent to where the exception occurred have to wait without work for
�T time, leading to reduced utilization of resources.

The timeboxing process model assumes that the resources for the different stages
are separate, so there is no resource contention. In fact, as discussed above, this is one
of the key features of this model—most other models share the resources in different
stages. Situations can arise in which two concurrently executing iterations, each in
a different stage, require some common resources. For example, for the requirement
analysis of one iteration and deployment of another iteration, the same resources may
be required. If timeboxing is to be used, such a situation should be avoided. However,
in some exceptional conditions, this situation might arise.

If the shared resource that has caused this “conflict” is only a part of one team, then
the net result of this sharing will be that the stage will be left with fewer resources and
hence may take a longer time to complete. The effect of this we have discussed above.
However, if the conflicting resources form the complete team of a stage, then we
have a peculiar situation—there is no resource to execute the stage for the iteration.
This case will finally translate to a “null” iteration being executed—this iteration
consumes the time but no resources and produces no output. The effect of such a
null iteration is that there will be no output when this null iteration completes. Also,
the null iteration will cause the other teams which were not being shared or which
had no conflicts to waste their time for this null iteration.

Other exceptional conditions must be possible. In each such case, one has to ex-
amine and see how to deal with it within the timeboxing framework. Note, however,
all such exceptional situations will lead to some loss in terms of output or benefits.
Consequently, if the exception is likely to occur very frequently—a situation imply-
ing that the process model was probably not suitable for the problem at hand—it may
be worthwhile considering a different process model for the problem.

4. Applying the Model

Effective use of the timeboxing model, as in any other process model, will require
many practical issues to be addressed. In this section we discuss some other issues
relating to deploying the model on projects.
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4.1 Scope of Applicability
Like any other process model, the timeboxing model will be suitable only for

some types of projects and some business contexts. The first clear requirement is
that the business context should be such that there is a strong need for delivering a
large number of features within a relatively short span of time. In other words, time
to deliver is very important and is sought even if it implies that the team size will
be large and there may be some wastage of manpower (due to slack times that may
come in different situations).

As for any iterative development approach, the model should be applied for
projects where the requirements are such that some initial wish list is known to the
users/clients, but there are many aspects that are dynamic and change with the com-
petitive and business landscape. (If all requirements are clearly known in the start
then the waterfall model will be most suitable and economic.)

Timeboxing is well suited for projects that require a large number of features to
be developed in a short time around a stable architecture using stable technologies.
These features should be such that there is some flexibility in grouping them for
building a meaningful system that provides value to the users. Such a situation is fre-
quently present in many commercial projects where a system already exists and the
purpose of the project is to augment the existing system with new features for it. An-
other example of projects that satisfy this are many web-site development projects—
generally some architecture is fixed early, and then the set of features to be added
iteratively is decided depending on what the competition is providing and the per-
ceived needs of the customer (which change with time).

To apply timeboxing, there should be a good feature-based estimation method,
such as the bottom-up estimation technique described in [14]. With a good feature-
based estimation model, the set of features that can be built in an iteration can be
decided. As technology churn and unstable architecture make it harder to do feature-
based estimation, projects where technology and architecture changes are frequent
and likely are not suitable candidates for this process model.

The team size and composition is another critical parameter for a project using
timeboxing. Clearly the overall project team should be large enough that it can be
divided into sub-teams that are dedicated for performing the tasks of the different
stages. However, to keep the management complexity under control, it is desirable
that the team be not so large that coordination between different sub-teams and dif-
ferent time boxes become too hard to manage.

There is a side benefit of having separate teams for different stages. As the teams
are separate, they need not be collocated. This means that the different stages of an
iteration need not be done in one location—something that must happen if the same
team is to work on all stages. Having different stages being executed by different
teams permits outsourcing of different stages to different teams in different locations,
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thereby allowing the possibility of leveraging the global delivery models of modern
multinational enterprises.

The model is not suitable for projects where it is difficult to partition the overall
development into multiple iterations of approximately equal duration. It is also not
suitable for projects where different iterations may require different stages, and for
projects whose features are such that there is no flexibility to combine them into
meaningful deliveries. Such a situation may arise, for example, if only a few features
are to be built, one (or a couple) in each iteration, each tied to some business need.
In this case, as there is only one feature to be built in an iteration, that feature will
determine the duration of the iteration.

4.2 Project Planning

One of the key activities in planning each time box will be selecting requirements
that should be built in a time box. Remember, one dimension of planning does not
exist anymore—the project manager does not have to do scheduling of the iteration
or its stages as they are given to him. Also, in general, the effort and team sizes are
also fixed. The quality requirement also remain the same. This means, that out of the
four variables in a project, namely time, cost, quality, and scope [4], the only variable
that is free for a time box is scope. Hence, the key planning activity for a time box is
what requirements to build.

As discussed above, this can be achieved if there is a good feature-based estima-
tion model, and there is some flexibility in grouping the features to be delivered.
This assumes that the processes being used for each iteration are stable and repeat-
able and that the effort distribution of each iteration among the different stages is
approximately the same. With a stable and repeatable process, if we have a feature
based estimation, we can estimate the impact of each feature on the effort needed
and the schedule. If we have some flexibility in grouping the features to be built in
an iteration, we can select the set that can together be built in a time box, as we know
the total effort available in a time box.

In the project commencement stage, the key planning activity with this model is
the design of the time box to be used. That is, the duration of the time box, the
number and definition of the stages, and the teams for the different stages. Having
a large duration of the time box will minimize the benefits of iterative development.
And having too small a time box may imply too little functionality getting developed
to the customer. Hence, the size of the time box is likely to be of the order of a few
weeks to a few months. Frequently, the exact duration will be determined by business
considerations.

The next obvious issue is how many stages should be there in a time box. The
answer to this will clearly depend on the nature of the project. However, as too many
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parallel executions can make it difficult to manage the project, it is most likely that
the model will be used with a few stages, perhaps between two and four. It may be
pointed out that substantial benefit accrues even with two stages—the delivery time
(after the first delivery) is reduced by half. At Infosys, we suggest a 3-stage time box,
as discussed in the example above.

The team sizes for the different stages need to be carefully selected so that the
resource utilization is high. We know that effort distribution among different stages
is not uniform and that number of resources that can be utilized effectively is also
not uniform [2,3]. Generally, in a project, few resources are required in the start and
the end and maximum resources are required in the middle. Within a time box, the
same pattern should be expected. This means, that the team size for the first and the
last stage should be small, while the size of the team for the middle stages should
be the largest. The actual number, of course, will depend on the nature of the project
and the delivery commitments. However, the team sizes should be such that the effort
distribution among the different stages is reasonable.

A heuristic that can be used for selecting the team sizes for the different stages,
once the time box duration and the stages are fixed, is given below. This heuristic
tries to keep the resource utilization high, while preserving the timeboxing process
model property of having approximately equal stages. It assumes that in the start,
the project manger has a good idea of the effort estimate of each of the stages for a
typical iteration.

(1) Select the stage that is likely to take the longest in an iteration. Often, this may
be the build phase. Estimate the effort needed to complete the work for this
stage in a typical iteration.

(2) Fix a stage duration from the time box duration and the number of iterations.
(3) Using the effort estimate and the stage duration, determine the team size

needed to complete this stage. Check that the team size and the duration are
feasible. If not, adjust the time box duration and/or the team size.

(4) From the finally selected time box duration and the finally selected team size
for the stage, determine the total effort for that stage. Using the expected dis-
tribution of effort among different stages, determine the effort estimates for
other stages.

(5) For the remaining stages, use the effort estimate of a stage and the stage dura-
tion to estimate the size of the team needed for that stage.

This heuristic is essentially trying to ensure that the different stages are of equal
length and that the team size and duration of the key-stage is manageable. Note also,
as we first fix the critical stage which potentially takes the longest time, it means
that for the other stages, we are basically elongating the stage length to make it
equal to the longest stage, and then suitably allocating the resources so the resource
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utilization is high. Note also that increasing the duration of a task by reducing the
number of resources is possible even though the reverse (that is, reducing the time by
increasing the resources) is not always possible. With this heuristic, the duration of
the stage is determined by the “slowest” stage, which becomes the “rate determining
step.” Resources are then adjusted accordingly.

A challenge that project managers could face is determining the relationship be-
tween the effort estimates as determined from the estimation model and the cost
model of the project. This problem is more acute in timeboxing as the different
teams may not be collocated and hence may have different cost-basis. Such an is-
sue can slow down negotiation and may result in features for an iteration not being
finalized in time. One possible solution to this is to ensure that there is agreement
between the customer and the supplier before-hand about the estimation model and
how a feature is considered to be of a particular cost. Tying the feature estimate to
cost also provides the cost visibility of different requirements groupings.

4.3 Project Monitoring and Control

Monitoring and controlling a project which employs timeboxing is clearly going
to be more complex than a serial iterative development. There are a few clear reasons
for it. First, as discussed above, the team size has become larger and the division of
resources stricter. This makes resource management within the project harder. There
are other issues also relating to project resources—for example the HR impact of
having one team performing the same type of activity continuously.

Second, monitoring is now more intense as multiple iterations are concurrently
active, each having some internal milestones (at the very least, completion of each
stage will be a milestone). Generally, milestones are important points for monitoring
the health of a project (for some example of analysis at milestones, the user is referred
to [14,15]). In a timeboxing project, the frequency of milestones is more and hence
considerably more effort needs to be spent in these analysis. Furthermore, project
management also requires more regular monitoring and making local corrections
to plans depending on the situation in the project. Due to the tight synchronization
among stages of different iterations, making these local corrections is much more
challenging as it can have an impact that will go beyond this iteration to other time
boxes as well.

The project will require tight configuration management as many teams are work-
ing concurrently. A basic CM challenge is to ensure that a common consistent source
code is made available to the teams for the different stages. Daily Build and Smoke
Test [24] is a technique that can be used for ensuring a common consistent source
code. With this technique, a software product is completely built very frequently
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(every day or every few days) and then put through a series of tests. These tests typ-
ically include compiling all files, linking all files, ensuring that there are no show-
stopper bugs, and that the code passes the smoke test. The smoke test are typically
test scripts that exercise the key functionality of the entire system. The test should
be thorough enough that if the build passes the smoke test, it should mean that it is
sufficiently stable and that changes made did not affect the functionality of any other
portion of the system.

Despite frequent synchronization, there will be situations where multiple simul-
taneous changes are done to the same file. This is quite likely to happen between
the build and deployment stages as the bugs found during deployment are typically
fixed by the deployment team (though in consultation with the build team.) To handle
this situation, the reconciliation procedures (i.e., procedures that are used to recon-
cile two changes if they are done concurrently [14]) need to be solid and applied
regularly.

Another CM requirement is the need to have multiple areas whose access is strictly
controlled. Typically these areas can be:

• Test—the software that has been put through various tests and is ready for inte-
gration and system testing.

• Preproduction—a copy of the production system to be used for testing.

• Production—the actual area where the software is running when in use.

Typically only the executable version and not the source code is available in either
Preproduction or production environments. With multiple time boxes occurring at
the same point in time, there is a necessity to ensure that the test, preproduction, and
production environments are “clean” and strictly controlled. A lack of discipline in
access control, which may be acceptable in non-parallel development, would result
in confusion and rework and because multiple timeboxes are involved.

Overall, with timeboxing, the project management needs to be very proactive and
tight. This can sometimes lead to decisions being taken that can have adverse impact.
For example, a project manager, in order to complete in a time box might compro-
mise on the quality of the delivery. This also implies that a project using timebox-
ing requires an experienced project manager—an inexperienced project manager can
throw the synchronization out of gear leading to loss in productivity and quality, and
delayed deliveries.

4.4 Handling Changes
We know that requirements change and that such changes can be quite disrup-

tive [5,17]. Changes can vary from being very minor, such as a change to an er-
ror message being displayed in the system, to a significant requirement, such as to
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change the architecture or design. Major change requests could have a detrimental
impact on the project by making work that was done in the past redundant and add
new work that requires significant effort. Thus changes tend to be one of the major
risks for any project on a tight schedule. Hence, most development processes add a
change management process for accepting a change request, analyzing it, and then
implementing it, if approved. Such a process is necessary if the process is not intrin-
sically capable of allowing change, as is the case with the waterfall model. A change
management process is needed to ensure that changes do not have a very detrimen-
tal impact on the project. One such process works as follows [14]. When a change
request arrives, it is logged into a system. It is then analyzed for its impact, that is,
what will be the impact on the project if the change is implemented. Such an impact
analysis will typically detail out the scope of the change, what are the risks, and what
is the impact on the cost and schedule for implementing the change. Based on the
impact analysis, a decision is taken whether to incorporate the change or not.

With timeboxing, requirement change requests can be handled in a somewhat dif-
ferent manner—unless a request is extremely critical, the change request is passed on
to the next possible time box. That is, the change request comes as a new requirement
in a future time box. Since the time boxes are likely to be relatively short, deferring
the requirement change request to the next time box does not cause inordinate delay.

The same can be done for the defects that are found after deployment. Such defects
are viewed as change requests. If the defect is such that it is hurting the business of the
organization and whose repair cannot be delayed, then it is fixed as soon as possible.
Otherwise, its fixing is treated like a change request and is fixed in the next possible
iteration.

There is thus a significant benefit that a timebox can be executed without hav-
ing to invest time and effort in incorporating modifications that arise due to change
requests.

However, with timeboxing ensuring that related documents like design and test
cases are updated and maintained under the face of changes becomes even more crit-
ical than in other process models because with overlaps and multiple teams, things
can get outdated very quickly resulting in incorrect specifications, design or test cases
that will directly impact the quality. The rework because of the lack of maintenance
of documentation can also have a much harder impact on the timelines of a stage
or time box. It is therefore necessary to have tighter management and control of
requirements, design and test documentation. Frequent baselining, supported by a
traceability matrix that ensures that a requirement can be traced from the require-
ments document to a test document and vice versa, a change matrix in all documen-
tation that clearly identifies the changes that were made and ties it to the specific
change request are steps that can help.
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4.5 Localized Adjustments in Time Boxes

We have been assuming that the team for each stage is fixed. However, the basic
requirement for the model to operate smoothly is that each stage should finish in its
allotted time. If the number of resources in the sub-team of a stage changes across
time boxes, there is no problem as far as the model is concerned (though the resource
management may become harder). Clearly then, for some time boxes, additional
resources can be added in some stages, if desired. This type of adjustment might be
considered when, for example, the system “core” is to be developed, or some large
feature is to be developed that requires more work than what a time box can provide,
etc. This adjustment can also be used to first start the project with fewer resources and
then when the project picks up and there is experience with the model, the resources
for the different stages are increased while preserving the time box structure.

Similarly, if some time box has less work to be done, some resources can be freed
for that time box. However, in practice, if the work is less, the chances are that the
team composition will not be changed for temporary changes in work (it is very hard
to find temporary work in other projects), and the adjustment will be made by putting
in more or less hours.

Local adjustment of stages is also possible. For example, in some time box, the
team of a stage can finish its work in less time and “contribute” the remaining time
towards the next stage, effectively shortening one stage and correspondingly length-
ening the other one. This local adjustment also has no impact on the functioning
of the model and may be used to handle special iterations where the work in some
stages is lesser.

4.6 Refactoring

Any iterative development, due to the fact that design develops incrementally, can
eventually lead to systems whose architecture and designs are more complex than
necessary. This problem can be handled by techniques used for refactoring, wherein
code from the previous iterations are redesigned without changing functionality, but
paves the way for extensibility and better design for the future iterations. Martin
Fowler defines refactoring as “Refactoring is a process of changing a software sys-
tem in such a way that it does not alter the external behavior of the code, yet alters
its internal structure” [12]. The goal of refactoring is therefore to pave the way for
software to be extended and modified more easily without adding any new function-
ality. An iteratively developed system should undergo some refactoring otherwise it
may become too complex to easily enhance in future. Some methodologies, like the
XP, explicitly plan for refactoring. In XP, for example, refactoring can be done at any
time.
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Refactoring provides a catalog of techniques, such as using “wrapper classes,” to
reuse code previously written while still improving the design of the system. The
refactoring process can be viewed like a development process except that the activity
in the different stages is different—the analysis is largely a “discovery” of redesign
opportunities in the existing code, the design is actually “re-design” of the code for
the purpose of improved design to reduce complexity and enhance extensibility, the
coding is mostly “code transformation,” and the testing is really “re-testing” for the
same functionality that was originally intended.

Though refactoring suggests that it is a process of evolution of the quality of the
code and therefore a continuous process, in the timeboxing model the most natural
way to perform refactoring will be to consider it as the goal of one of the time boxes.
That is, in some time box, the basic objective is to do refactoring and not to add
new features (or minimal features). In this time box, refactoring undergoes the same
process as developing new features—i.e., through its stages, except, as discussed
above, the activity within each stage will be performed differently. So, if the pipeline
has the three stages given earlier, then in the time box in which refactoring is done,
first the requirements for refactoring will be decided. The team for requirements will
analyze the system to decide what part of the system can and should be refactored,
their priorities, and what parts of the system will be refactored in this time box, etc.
In the build stage, the refactoring will actually be done and tested, and in the last
stage, the new system will be deployed. So, for all practical purposes, refactoring is
just another iteration being done in a time box, except that at the end of this iteration
no new (or very little) functionality is delivered—the system that is delivered has the
same functionality but is simpler (and perhaps smaller).

5. An Example

In this section we discuss a real commercial project on which this process model
was successfully applied. We first give the background about the project and the
commercial and other constraints on it and then describe how these constraints were
accommodated within this process model. We also discuss the metrics data collected.

5.1 Background

A US-based e-store (the customer), specializing in selling sporting good, ap-
proached Infosys, for further developing its site. They already had a desired list of
about 100 features that they wanted their site to have in the next 6 months, and had
another set of features that they felt that they would need about a year down the road.
This list was constantly evolving with new features getting added and some getting
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dropped depending on what the competitors were doing and how the trends were
changing.

As many of the features were small additions, and as the list of features was very
dynamic, Infosys proposed to use the timeboxing model, with a 3-stage time box (of
the type discussed above). To keep the costs low, it was decided that the offshore
model for development will be used. In this model, the team in India will do the
development, while analysis and deployment will be done by teams at the customer’s
site. Furthermore, to reduce costs further, it was decided that total effort of the first
and the third stages would be minimized, while passing most of the work on to the
build stage.

After studying the nature of the project and detailed processes for the three stages,
the actual duration chosen for the stages was as follows: 2 weeks for requirements,
3 weeks for build, and 1 week for deployment. The initial team size for the three
stages was selected as 2 persons, 6 persons, and 2 persons respectively. It was felt
that these times and team sizes are sufficient for the tasks of the different stages.
(With these durations and team sizes, the effort distribution between requirements,
build, and deployment is 4 : 18 : 2, which is consistent with what Infosys has seen in
many similar offshore based development projects.)

The work was also classified using the matrix shown in Fig. 6. As shown in the
figure, features were classified on the dimensions of their complexity and business
payoff, and for each dimension they were classified as “high” or “low.” Features in
the top left quadrant, which represent those that have the maximum business payoff
with the least technology complexity were taken up for development in the earlier
iterations. In subsequent iterations, the features in the other quadrants were chosen.

On at least one occasion, one feature was too big to be completed within one iter-
ation. This feature was split into two sub-features and executed across two consec-

FIG. 6. Prioritizing the features.
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utive iterations. However, the formal deployment of the two sub-features was done
together.

5.2 Process Design

In this project, the size of the different stages is not equal. As discussed above,
with unequal stages, the delivery frequency is determined by the longest stage. In
other words, with these durations, by using the timeboxing model in this project,
delivery will be done (except for the first one) after every 3 weeks, as this is the
duration of the build stage which is the slowest stage in the time box. We have also
seen that unequal stages result in slack times for the dedicated teams of the shorter
stages. In this project, the slack times for the requirements team will be 1 week and
the slack time for the deployment team will be 2 weeks. Obviously, this resource
wastage has to be minimized.

So, we have a 3-stage pipeline, each stage effectively of 3-week duration. The
execution of the different time boxes is shown in Fig. 7. The resource planning was
done such that the requirements team executed its task in the 2nd and the 3rd weeks
of its stage (with the 1st one as the slack), and the deployment team executed its task
in the 1st week (with the 2nd and 3rd as the slack.)

Figure 7 shows four different time boxes—R refers to the requirements activity,
B to the build activity, and D to the deployment activity. The boundaries of the dif-
ferent stages are shown, with each stage being of 3 weeks. The activity of each week
is shown in the diagram. F is used to represent that the team is free—i.e., to show the
slack time. The first delivery takes place 6 weeks after actually starting the iteration.
(Note that this made possible by organizing the slack times of the first stage in the

FIG. 7. Time boxed execution of the project.
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start and the last stage towards the end). All subsequent deliveries take 3 weeks, that
is, deliveries are made after 6 weeks, after 9 weeks, after 12 weeks, and so on.

As mentioned above, this execution will lead to a slack time of 1 week in the first
stage and 2 weeks in the third stage. This resource wastage was reduced in the project
by properly organizing the resources in the teams. First we notice that the first and
the last stage are both done on-site, that is, the same location (while the second stage
is done in a different location). In this project as the slack time of the first stage is
equal to the duration of the third stage, and the team size requirement of both stages
is the same, a natural way to reduce waste is to have the same team perform both
the stages. By doing this, the slack time is eliminated. It is towards this end that the
slack time of the first stage was kept in the start and the slack time of the 3rd stage
was kept at the end. With this organization, the slack time of the 1st stage matches
exactly with the activity time of the third stage. Hence, it is possible to have the same
team perform the activities of the two stages in a dedicated manner—for 1 week the
team is dedicated for deployment and for 2 weeks it is dedicated for requirements.

With this, we now have two teams—on-site team that performs the requirements
stage and the deployment stage, and the off-shore team that performs the build stage.
The process worked as follows. The offshore team, in a 3-week period, would build
the software for which the requirements would be given by the on-site team. In the
same period, the on-site team would deploy the software built by the offshore team
in an earlier time box in the 1st week, and then do the requirements analysis for this
time box for the remaining 2 weeks. The activity of the two teams is shown in Fig. 8.
As is shown, after the initial time boxes, there is no slack time.

We can also view this in another manner. We can say that the number of resources
in the sub-team for the requirements stage is 4/3 and the number of resources in
the sub-team for the deployment stage is 2/3 (or that two resources working 2/3rd
of their time for requirements and 1/3rd for deployment.) With these team sizes,
to perform the work of the stages which has been specified as 2 × 2 = 4 person-

FIG. 8. Tasks of the on-site and offshore teams.
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weeks for requirements and 2 × 1 = 2 person-weeks for deployment, full 3 weeks
are required for these stages. In other words, with team sizes of 4/3, 6, and 2/3,
respectively for the three stages, we now have a time box with three stages of 3
weeks each. That is, by dividing the on-site team into “dedicated” resources for the
two stages, we have the ideal time box with each stage requiring 3 weeks.

It should be added that the team size was gradually ramped up while preserving
the basic structure of the time boxes. Starting with a team size of 6 (in offshore) in
Iteration 1, the team was ramped up to 8 persons in Iteration II and to 12 persons by
Iteration V. Consequently the number of features handled per Iteration also increased
from 3 to 12 between Iteration I and Iteration V.

5.3 Project Management

As discussed earlier, once the basic structure of the timeboxing process model is
fixed, one of the key issues is to have a proper estimation procedure that can permit
feature-to-cost mapping. In this project, the standard bottom-up effort estimation
process of Infosys was used [14]. In this approach, estimation starts with identifying
the main features to be built and classifying them as simple, medium, or complex
based on some defined criteria. When the number of different types of features is
known, using some baseline cost which is determined from data from past projects,
the total effort for coding and unit testing is determined. Then from this effort, the
effort for other phases is determined as a percentage of coding cost.

In this project there are only three major phases, unlike the standard process used
at Infosys. Hence, the percentages were suitably combined to determine the distribu-
tion among these three stages. This distribution was then used to determine the effort
for the other two stages from the build stage (the build stage is approximately the
same as the coding and unit testing stage of the standard process).

For applying the estimation model, every feature was broken down in terms
of the pages and components that needed to be created or changed. The simple,
medium, and complex classification was clearly specified, using experience with
similar projects in the past. The first few iterations were consciously underestimated
to account for the learning-curve and to reduce the risks. However, a systematic ad-
justment was done for the subsequent iterations which corrected this bias. At the end
of every iteration, effort consumed is compared with the estimates on the project,
and the Adjustment Factor (AF) for an iteration computed as the ratio of the actual
effort to the estimated effort. We arrive at the weighted adjustment factor for estima-
tion for the N th iteration by using the formula 0.5 ∗ AF[N − 1] + 0.30AF[N − 2] +
0.20AF[N − 3]. This adjustment factor was applied in the N th iteration estimate.
This ensured that errors in the estimation methodology were addressed in the subse-
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quent Iterations. Interestingly, the value of Adjustment Factors for the later iterations
was pretty close to 1.

The number of people offshore on the project varied between 8 to 15 for different
iterations. This change was made on the basis of the estimate done for every iteration.
However, the time box schedule remained the same. This ability to ramp up/down
the amount of resources without compromising the delivery dates was very critical
to the success of the project. As resource allocation cannot be arbitrarily expanded or
shrunk without affecting the schedule, it was agreed with the client that a minimum
offshore-team size of 6 would be maintained, and continuity of the key players will
also be maintained across iterations. While increasing the team size so as to build
more features, a sanity check was made whether the features that are being planned
can be built within the build effort available for the stage.

For the project to proceed smoothly, since two different sites are involved, an on-
site coordinator for the project was assigned. The main tasks for the coordinator
were to coordinate with the users and other teams in the user organization and be
the contact point for the project and the main communication channel between the
teams in the two locations. He was also the point-person for reporting and escalation
management. This position considerably helped in keeping the coordination smooth
and keep the pipeline going.

Risk management and its planning is another key activity in a project. It is quite
possible that a project using the timeboxing approach will experience different types
of risks. The risk management approach followed in the project was also the standard
organization approach (more details on this are given in [14,15]). In this approach,
the risks to the project are first enumerated. They are then ranked for their probabil-
ity of occurrence and the impact on a scale. The project generally focuses on high
probability and high to medium impact risks for mitigation. The top few risks and
their mitigation approach is shown in Table I.

As we can see, the top risk is changes in requirements as it can derail the process
easily. The mitigation approach is to do an impact analysis for each change request
with a special focus on its impact on the schedule. Then based on the impact analysis,
a decision will be taken whether to include it in this iteration or include it in the next
one(s). Notice that completing requirements within the time allocated for that stage
is also a risk to the project. Interestingly, one of the risk mitigation strategies for this
also leverages the iterative development approach with short delivery times—if some
clarifications were holding up specification of some requirement, that requirement
was shifted to the next time box. Code reconciliation is also a risk—handling of this
we have discussed earlier in the chapter.
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TABLE I
TOP RISKS AND THEIR RISK MITIGATION PLAN

Risk Prob. Impact Mitigation

Changes in requirements High High Impact analysis will be done based on impact on sched-
ule. A decision will be taken to accommodate in the cur-
rent or the next iteration.

New technology Med High Training of team members in the technologies used.
Identified integration issues as part of the requirements
stage and work with product vendors to find a solution.
Additionally specify the integration pattern early.

To complete requirements
in time for build

Med Med Freeze requirements up-front; Have tight escalation
rules for requirements clarifications; Keep a close inter-
action with the customer’s representative; If answers not
provided within specified timeslots, shift features to sub-
sequent iterations.

Code reconciliation Med Med Daily build and smoke test; strictly follow the CM pro-
cedures; frequent reconciliations.

5.4 Configuration Management

The primary purpose of configuration management (CM) in a project is to manage
the evolving configuration of the various parts of the system like source files, docu-
mentation, plans, etc. A proper CM in a project will keep track of latest versions and
state of different documents, allow for updates to be undone, prevent unauthorized
changes, collect all sources related to a release, etc. Traditionally, the main mecha-
nisms used to support CM are naming conventions, version control, and access con-
trol. In the project, as multiple iterations are simultaneously active, it was realized
that the CM procedures will have to be enhanced and that versions and baselines will
have to be handled carefully.

To allow the timeboxing model to work smoothly, at any given time the project
supported a minimum of three baselines—production support baseline, acceptance
test baseline, and the development baseline. The development baseline represents
the state of the current development—it goes through a series of versions till it is
ready for release, i.e., when the development team (i.e., the offshore team) is ready
to release it for acceptance testing and deployment. The released version is taken as
the starting baseline for acceptance testing. The acceptance test team (i.e., the onsite
team) runs the acceptance tests and makes changes to the acceptance test baseline lo-
cally, creating a series of versions of this baseline. When all the defects are fixed and
the software is ready for production release, the acceptance test baseline becomes the
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FIG. 9. Baselining process.

starting baseline for production. The deployment team (i.e., the onsite team) works
with the production baseline and may make local changes to the production baseline,
if needed, creating newer versions.

Besides the migration of baselines from development to acceptance testing to pro-
duction, there is a reverse movement also—the starting baseline for any iteration is
the latest production baseline. Due to the relationship between the three baselines,
it is clear that the changes being done to a baseline will affect other baselines. To
ensure that changes are not lost, changes made to the production baseline and the
acceptance test baseline is regularly propagated to the development baseline. This
process is shown in Fig. 9.

In the CM plan of the project, a clearly defined directory structure for manag-
ing the program assets was also planned. A baseline audit was done regularly, and
before any release. A quality control check about the configuration procedures was
performed once a month. At the start of every iteration, a synchronization of the
complete development baseline was done with the production baseline. This syn-
chronization is done to ensure that any changes made in other applications and mod-
ules (which may have been developed by a different team or a different vendor)
on which this project depends are reflected in the sources used by the development
team.

Requirement changes were handled as per the model—unless urgent, they were
pushed to the next available time box. As the time boxes are small, there were no
problems in doing this. For bug fixes also this was done. Unless the bug required
immediate attention (in which case, it was corrected within 24 hours), the bug report
was logged and scheduled as a part of the requirements for the next time box.
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5.5 Data Collection and Analysis

As mentioned above, with the timeboxing process model, a project has to be very
tightly monitored and controlled. For having an objective assessment of the health
of a project, measurements are necessary. The basic measurements needed for mon-
itoring a project are size, effort, schedule, and defects [25]. At Infosys, there are
defined standards for collecting this data on projects. For effort, there is a weekly ac-
tivity report system in which effort is logged in a project against different activities.
For defects, there is a defect control system in which defects are logged along with
their origin, severity, status and other properties. The reader is referred to [14,15] for
further details on how these measurements are recorded in Infosys.

Even though this project used a different process model than was generally used, it
followed the same measurements and analysis approach, and the standard tools were
used. One main difference was that effort and defects were also tied to an iteration,
not just to a project.

The data was analyzed at milestones using the standard milestone analysis tem-
plate of the organization. In this analysis, an actual vs estimated analysis is done for
effort and schedule, and customer complaints and change requests are examined. In
this project, for an iteration there are only two milestones. In the project, the purpose
of the milestone analysis is to properly control the execution of the iteration under
progress. As the weekly status reporting mechanism was providing sufficient visibil-
ity and since the duration of an iteration was short, later on the milestone analysis
was stopped.

At the end of each time box, an analysis of the time box was done, much in the
same way a postmortem analysis is done for a project [3,9,11]. In general, a post-
mortem analysis is done to collect data and lessons learned that will benefit future
projects and enhance the knowledge base of an organization. However, in an iterative
development, the postmortem of one iteration can benefit the remaining iterations of
the project itself. In this project, the standard postmortem analysis of the organiza-
tion was followed [14]. The results were reviewed at the start of the next iteration. In
this project, the analysis showed that the estimation approach being used was quite
accurate and the process design was stable and the project was able to meet the com-
mitments in each of the iterations.

6. Conclusions

Iterative software development is now a necessity, given the velocity of business
and the need for more effective ways to manage risks. The commonly used approach
for iterative development is to decide the functionality of each iteration in the start
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of the iteration and then plan the effort and schedule for delivering the functionality
in that iteration.

In the timeboxing model, the development is done in a series of fixed duration time
boxes—the functionality to be developed in an iteration is selected in a manner that
it can “fit” into the time box. Furthermore, each time box is divided into a sequence
of approximately equal duration stages. There is a dedicated team for each stage,
and as a team completes its task for a time box, it hands over the development of the
iteration to the team for the next stage, and starts working on its task for the next time
box (which is handed over to it by the team of the previous stage). The teams for the
different stages all work concurrently, though each team works on a different itera-
tion. And in a n-stage time box, n different iterations are simultaneously executing.
The timeboxing model essentially emulates the pipelined execution of instructions
in hardware which is now almost universally used.

Due to parallelism in the execution of different iterations, the turnaround time for
each release is reduced substantially—for a n-stage time box, the average turnaround
time for a time box of T time units duration will be T/n. That is, instead of each
iteration completing after T time units, which is the case if the iterations are exe-
cuted serially, with timeboxing, iterations complete, on an average, after every T/n

time units. The execution speeds up by a factor of n, under ideal circumstances. The
throughput, that is the amount of software delivered per unit time, also increases by
a factor of n.

The total effort for each iteration, however, remains the same, and so does the
productivity (total output per unit effort.) This compression of average delivery time
without any increase in productivity comes as the total team size in the timeboxing
model is larger. If the size of the team for each stage is the same, then the team size
with a n-stage time box will be n times the team size needed if the same team is to ex-
ecute all stages of an iteration, as is generally the case when iterations are performed
serially. Hence, the timeboxing provides a structured approach of utilizing additional
manpower in a project for reducing the software delivery times—something that is
not generally possible.

We have discussed the impact of unequal stages and exceptions on the execution of
this model, and have shown that even if the situation is not ideal with all stages fully
balanced, a considerable speedup is still possible, but with a reduction in resource
utilization. The model allows easy handling of change requests and in some ways
simplifies the resource allocation issues by eliminating the need of resource ramp-up
and ramp-down. Refactoring, which is needed in an iterative development, is treated
as an iteration in its own right.

An example of applying the process model to a commercial project was also dis-
cussed. In the project, the duration of the three stages was set at 2 weeks, 3 weeks,
and 1 week respectively. The initial size of the teams for these stages was 2 persons,
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6 persons, and 2 persons. The first and the third stage were done at the customer’s
site while the second stage was done off-shore. With this time box, the first delivery
was done after 6 weeks; subsequent deliveries were done after every 3 weeks. To
minimize the slack time in the first and third stage, the same team performed the
two stages—the resource requirements of these stages are such that it eliminated the
slack times.

The timeboxing process model is applicable in situations where it is possible to
construct approximately equal sized iterations, and where the nature of work in each
iteration is quite repeatable. The development process for each iteration should also
be such that it can be partitioned into clean stages with work of a stage requiring little
interaction with people who perform the other stages. However, this process model
makes the task of project monitoring and control more difficult and challenging.
Consequently, it may not be well suited for projects with large teams.

So far the experience in using the model is very positive. However, further experi-
ence is needed to develop better guidelines for applying this model on real projects.
There are many issues relating to project planning and project monitoring that need
to be further studied. Experience is also needed to better understand the scope of ap-
plicability as well as the nature of exceptions that might occur, how to handle them,
and the impact of such exceptions on the performance of this process model.

ACKNOWLEDGEMENTS

The authors greatly acknowledge the help provided by V.T. Peetamber, who was
the project manager for the case study, and Shanmuganathan N., who was the project
coordinator, for providing valuable inputs for improving this chapter.

REFERENCES

[1] Basili V.R., Turner A., “Iterative enhancement, a practical technique for software devel-
opment”, IEEE Transactions on Software Engrg. 1 (4) (1975) 390–396.

[2] Basili V.R. (Ed.), Tutorial on Models and Metrics for Software Management and Engi-
neering, IEEE Press, 1980.

[3] Basili V.R., Rombach H.D., “The experience factory”, The Encyclopedia of Software
Engineering, John Wiley and Sons, 1994.

[4] Beck K., Extreme Programming Explained, Addison–Wesley, 2000.
[5] Boehm B.W., “Improving software productivity”, IEEE Computer (1987) 43–57.
[6] Boehm B.W., “A spiral model of software development and enhancement”, IEEE Com-

puter (May 1988) 61–72.
[7] Boehm B.W., Software Engineering Economics, Prentice Hall, Englewood Cliffs, NJ,

1981.



THE TIMEBOXING PROCESS MODEL 103

[8] Brooks F.P., The Mythical Man Month, Addison–Wesley, Reading, MA, 1975.
[9] Chikofsky E.J., “Changing your endgame strategy”, IEEE Software (1990) 87, 112.

[10] Cockburn A., Agile Software Development, Addison–Wesley, 2001.
[11] Collier B., DeMarco T., Fearey P., “A defined process for project postmortem review”,

IEEE Software (1996) 65–72.
[12] Fowler M., Beck K., Brant J., Opdyke W., Roberts D., Refactoring: Improving the Design

of Existing Code, Addison–Wesley, Reading, MA, 1999.
[13] Hennessy J.L., Patterson D.A., Computer Architecture—A Quantitative Approach, sec-

ond ed., Morgan Kaufmann, 1996.
[14] Jalote P., CMM in Practice—Processes for Executing Software Projects at Infosys, in:

SEI Series on Software Engineering, Addison–Wesley, 2000.
[15] Jalote P., Software Project Management in Practice, Addison–Wesley, 2002.
[16] Jalote P., et al., “Timeboxing: A process model for iterative software development”,

J. Systems and Software 70 (1–2) (2004) 117–127.
[17] Jones C., “Strategies for managing requirements creep”, IEEE Computer 29 (7) (1996)

92–94.
[18] Kerr J., Hunter R., Inside RAD—How to Build Fully Functional Computer Systems in 90

Days or Less, McGraw–Hill, 1994.
[19] Kruchten P., The Rational Unified Process—An Introduction, Addison–Wesley, 2000.
[20] Larman C., Applying UML and Patterns, second ed., Pearson Education, 2002.
[21] Larman C., Basili V.R., “Iterative and incremental development: A brief history”, IEEE

Computer (2003).
[22] Malotaux N., “Evolutionary project management methods”, www.malotaux.nl/nrm/

pdf/MxEvo.pdf.
[23] Martin J., Rapid Application Development, Macmillan Co., 1991.
[24] McConnell S., Rapid Development: Taming Wild Software Schedules, Microsoft Press,

1996.
[25] Putnam L.H., Myers W., Industrial Strength Software—Effective Management Using

Measurement, IEEE Comput. Soc., 1997.
[26] Royce W.W., “Managing the development of large software systems”, IEEE Wescon,

Aug. 1970, reprinted in: Proc. 9th Int. Conf. on Software Engineering (ICSE-9),
IEEE/ACM, 1987, pp. 328–338.

[27] Stapleton J. (Ed.), DSDM—Business Focused Development, Addison–Wesley, 2003.



This  Page  Intentionally  Left  Blank



A Survey of Empirical Results
on Program Slicing

DAVID BINKLEY

Loyola College
Baltimore, MD 21210-2699
USA
binkley@cs.loyola.edu

MARK HARMAN

Brunel University
Uxbridge, Middlesex UB8 3PH
UK
Mark.Harman@brunel.ac.uk

Abstract
A program slice extracts a semantically meaningful portion of a program, based
upon a user-selected slicing criterion. As the study of program slicing has ma-
tured, a growing body of empirical data has been gathered on the size of slices,
slicing tools and techniques, the applications of slicing, and the beneficial psy-
chological effects of slices on the programmers who use them. Empirical work
on these topics is surveyed, highlighting trends and areas where additional empir-
ical investigation is desirable, either because of contradictory findings or scarcity
of results in the existing body of empirical knowledge.
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1. Introduction

The utility and power of program slicing comes from its ability to assist in te-
dious and error-prone tasks such as program debugging, testing, parallelization, in-
tegration, software safety, understanding, software maintenance, and software met-
rics [15,83]. Slicing does this by extracting a computation that is potentially scattered
throughout a program from intervening irrelevant statements. Consequently, it is eas-
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ier for a programmer interested in a subset of the program’s behavior to understand
the slice.

Slicing has been proposed for use in many areas of software analysis such as de-
bugging [69], comprehension [37,54,56,57], testing [12,16,44], and software main-
tenance, reverse engineering, and evolution [21,22,33,40,86]. For example, software
maintenance includes refactoring, a realistic technique for managing rapid software
development. Refactoring naturally suggests slicing, both as a means of identifying
candidates for re-factoring and also in extracting the code to be refactored [51,53,
62]. Furthermore, new applications of slicing continue to be proposed. For exam-
ple, it has been recently proposed that slicing and transformation could be used to
assist in identification of metamorphic and polymorphic viruses [63]. These viruses
are immune to simplistic signature-based anti-virus systems, and demand a more
semantically based analysis approach. Slicing and transformation are ideal tools to
attack this problem.

An important part of transferring proposed uses to actual practice is empirical evi-
dence that demonstrates a technique’s effectiveness. Empirical evidence from slicing
tools supports the wider ‘real world’ use of slicing techniques. It has been argued [93]
that such empirical evidence is an important prerequisite for facilitating of technol-
ogy transfer. Empirical research also encourages and stimulates the research com-
munity to continue to develop less mature areas within slicing research. The recent
development of industrial strength slicing tools has led to a notable increase in pub-
lication of empirical results concerning slicing over the past five years. There now
exists sufficient empirical evidence, from over 30 publications concerning slicing, to
make possible a detailed survey of empirical results.

This chapter presents a survey of empirical results related to program slicing.
These include empirical investigations of slicing’s impact on clone detection [52],
semantic differences [14], semantic equivalence [32]. Empirical studies are also pre-
sented that investigate the impact of slicing on programmers. For example, studies
have considered slice-based debugging tools [66], the effectiveness of slicers versus
non-slicers [30,31], the fault localization ability of slice-aware programmers [30,31],
and aiding programmers in the identification of unwanted ripple effects [14].

The remainder of this chapter is organized into eight sections. Section 2 provides
background material to make the chapter self-contained, while Section 8 concludes
with suggested directions for further empirical study. The middle five sections divide
empirical work results on slicing into five broad categories:

• One of the most fundamental questions about slicing, is ‘how big is a typical
slice?’ Section 3 summarizes results which attempt to answer this question.
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• The size of a slice (and the speed at which it can be constructed) depend upon
the quality of supporting analyses. Section 4 considers the impact of supporting
analyses on slicing.

• Section 5 considers results concerning slicing tools and techniques.

• Section 6 presents experiments with applications of slicing.

• Section 7 presents results concerning the effect of slicing on human compre-
hension.

Finally, note that this chapter excludes work on slicing that does not include sig-
nificant empirical data. As a result the chapter focuses on the more established forms
of slicing, such as static and dynamic slicing, rather than newer variants such as
conditioned slicing [20,28]. Existing surveys consider slicing techniques and appli-
cations [15,83], slicing tools [46] and forms of slicing [24,41] that lack empirical
results.

2. Background

This section provides background information that makes the chapter self con-
tained. It briefly reviews the variety of slicing formulations: static, dynamic, and
amorphous, and then algorithms for constructing them. Finally, information useful
in interpreting the statistical results that accompany many empirical studies and ter-
minological definitions are provided.

2.1 Static Program Slicing

Weiser’s original formulation of a slice was a static one [87,88,90]. A static slice
is taken with respect to a slicing criterion that specifies a program location and a
variable of interest. Weiser’s slices are now referred to as backward static slices.
Backward because of the direction edges are traversed when a slice is computed us-
ing a dependence graph and static because they are computed as the solution to a
static analysis problem (i.e., without considering the program’s input). For exam-
ple, Fig. 1 shows a simple backward static slice, which captures the computation of
variable i while excluding the computation of sum.

Weiser’s original slicing algorithm was data-flow based [90]. An alternative algo-
rithm first suggested by Ottenstein and Ottenstein et al. [27,76] computes backward
static slices using the program dependence graph as an intermediate representation
by traversing the dependence edges backwards (from target to source). This approach
was pursued by Horwitz et al. [47,49,77,78], who introduced the notion of forward
slicing. Informally, a forward slice answers the question “What statements are af-
fected by the value of variable v at statement s?”
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Original program Slice on “print i”

int main()
{

sum = 0
i = 1
while i � 10

sum = add(sum, i)

i = add(i,1)

print sum
print i

}

int add(a, b)

{
return a + b

}

int main()
{

i = 1
while i � 10

i = add(i,1)

print i

}

int add(a, b)

{
return a + b

}

FIG. 1. A simple slice computed with respect to the value of i at the statement “print i.”

2.2 Dynamic Program Slicing

Korel and Laski introduced the notion of dynamic slicing [55]: a slice computed
for a particular fixed input. The availability of run-time information makes dynamic
slices smaller than static slices, but limits their applicability to that particular in-
put. As with Weiser’s algorithm, Korel and Laski’s algorithm was data-flow based.
Agrawal and Horgan later presented a program dependence graph based dynamic
slicing algorithm [3].

2.3 Amorphous Slicing

The definition of program slicing places a semantic constraint on the slice; it re-
quires the slice to have a certain behavior. In his original definition, Weiser also
placed a syntactic constraint on a slice: a slice is determined by deleting statements
from a program [90]. If this syntactic requirement is relaxed, the result is an amor-
phous program slice [36,37], which allows arbitrary transformation to be combined
with statement deletion to reduce the size of the slice.

For example, the amorphous slice of the program show in Fig. 1 is simply “print
11.” A second example is given in Fig. 2, which compares the syntax-preserving slice
and an amorphous slice of a short program.
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Original program Traditional slice Amorphous slice
base = 2;
count = 0;
for(i=0;i<N;i++) for(i=0;i<N;i++)
{ {
if (A[i] % base == 0)
count++;
R[N-i-1] = A[i]; R[N-i-1] = A[i];
} }
b = (A[0]==R[0]); b = (A[0]==R[0]); b = (A[0]==A[N-1]);

FIG. 2. The traditional and amorphous slice taken with respect to b at the final statement.

2.4 Computing Static Slices

This section describes the computation of a slice first as the solution to a data-flow
problem over the control-flow graph (CFG) [29] and then as a graph reachability
problem over a dependence graph [48,76]. The data-flow algorithm presented herein
applies to a simple block structured imperative language and is intended to convey
the intuition only. Scaling up, for example to a C slicer, requires considerable ma-
chinery [5,67,68,88,89], but does not change the intuition behind the algorithm.

An intraprocedural slice can be computed by the Function IntraProcedu-
ralDataFlowSlice shown in Fig. 3. This function makes use of four data-flow

Function IntraProceduralDataFlowSlice (CFG G, criterion C)
Returns NodeSet
Let (node n and set of variables v) = C

Initialize all relevant sets to the empty set
relevant(n) = {v}
mark(n) = true
while no changes

foreach node m in G

let R = ⋃
n∈suce(m) relevant(n)

if def(m) ∩ R �= ∅
mark(m) = true
relevant(m) = (R − def(m)) ∪ ref(m)

foreach u ∈ control(m)

call IntraProceduralDataFlowSlice (G,u, ref(u))

return the set of all marked vertices

FIG. 3. Function IntraProceduralDataFlowSlice.
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sets: def, ref, control, and relevant, defined as follows: The set def(n) includes all
variables defined at node n [29]. The set ref(n) includes all variables referenced
(used) at node n [29]. The set control(n) contains those statements that directly de-
termine whether the node n executes. For a structured program, this is the single
loop or predicate that directly controls the execution of n, or the empty set if n is
a “top level” statement. For unstructured programs, the computation of this set is
significantly more complex [2,7,23,38,60].

The set relevant(n) is computed as the solution to a backwards-flow problem [29].
It contains the variables whose values (transitively) affect the computation of v right
before n. For the slice taken with respect to node n and variable v, relevant(n) is
initialized to {v}. Other relevant sets are computed as slicing proceeds. As shown
in Fig. 3 at CFG join points (where two nodes have the same predecessor), the rel-
evant set contains the union of the relevant sets of the two nodes. For example, in
Fig. 4, relevant(5) contains the union of relevant(6) and relevant(9). Slicing a pro-
gram whose CFG contains loops involves iterating the propagation of relevant sets
until a fixed-point is reached.

Example. Figure 4 shows the data necessary to calculate the slice with respect
to a at line 13. Working backwards from line 13, since def(12) ∩ relevant(13) �= ∅,
line 12 is included in the slice (mark(12) = true) and its relevant set is assigned
(({a}− {a})∪ {b, c}) = {b, c}. No change occurs at line 11, or 10. Line 9 is included
in the slice because def(9) ∩ relevant(10) �= ∅; Furthermore, as control(9) = {8}, the
slice with respect to ref(8) = ∅ at line 8 is included. Line 8’s control set includes

n Statement ref def control relevant
1 b = 1 b ∅
2 c = 2 c b

3 d = 3 d b, c

4 a = d d a b, c, d

5 if (a) then a a, b, c, d

6 d = b + d b, d d 5 b, d

7 c = b + d b, d c 5 b, d

8 else
9 b = b + 1 b b 8 b, c

10 d = b + 1 b d 8 b, c

11 endif
12 a = b + c b, c a b, c

13 print a a a

FIG. 4. Example data-flow slice computation for the slice taken with respect to a at line 13.
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line 5; thus, the slice with respect to ref(5) = {a} at line 5 is also included. The
algorithm continues in this manner until a fixed point is reached. At this point, only
line 10 is not in the final slice.

Slicing across procedure boundaries complicates the situation due to the neces-
sity of translating and passing slicing criteria into and out of procedures. To slice
down into a procedure, Weiser defined the set of criteria DOWN0(C). This set is
constructed by mapping the variables relevant at a call to the name space of the
called procedure (primarily by replacing actual parameter names with formal para-
meter names). All slices are taken from the final node of the called procedure’s CFG.
The set UP0(C) performs the inverse mapping and is used to map criteria from the
entry of a called procedure back to a call site. The sets DOWN0(C) and UP0(C) are
mapped to functions from criteria to criteria:

DOWN(CC) =
⋃

C∈CC

DOWN0(C)

UP(CC) =
⋃

C∈CC

UP0(C)

Finally, the transitive closure (DOWN ∪ UP)∗(C) is used to identify the complete
set of criteria required for an interprocedural slice. This closure is used in Fig. 5 by
Function InterProceduralDataFlowSlice. Note that the use of transitive
closure introduces an imprecision: the approach fails to account for calling context.
That is, when a slice descends into a called procedure it does not record the call-site
from which it descends. Upon completion of the slice of the called procedure, the
slice ascends (“returns”) to all call-sites rather than the specific call-site it originated
from. Though safe, this imprecision has the potential to dramatically increase slice
size. For example, this approach unnecessarily includes the computation of sum in
the slice shown in Fig. 1.

The other method for computing slices that has been empirically studied uses a de-
pendence graph to essentially cache the data-flow information gathered by Weiser’s
algorithm. Three dependence graphs are considered herein:

• A Procedure Dependence Graph (PDG) represents a single procedure [48,76].

• A System Dependence Graph (SDG) represents a program containing proce-
dures and procedure calls and includes transitive dependence edges at call sites,
called summary edges [49].

• A Interprocedural Procedure Dependence Graph (IPDG) is a simplification of
the SDG that lacks summary edges [1,58].
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Function InterProceduralDataFlowSlice (CFG G, criterion c0)
Returns NodeSet
let CallCriterion be the set of all criterion for call nodes

in IntraProceduralDataFlowSlice(G, c0)

while CallCriterion is not empty
c = RemoveElement(CallCriterion)
C′ = (DOWN ∪ UP)∗(c)
foreach criterion c′ in C′

add to CallCriterion all the criterion in
IntraProceduralDataFlowSlice(G, c′)

return all nodes marked by IntraProceduralDataFlowSlice

FIG. 5. Function InterProceduralDataFlowSlice.

The PDG for program P is a directed graph whose vertices represent the as-
signment statements and control predicates that occur in program P . The vertices
are connected by several kinds of edge that represent dependences among program
components. An edge represents either a control dependence or a flow dependence.
A control dependence edge from vertex u to vertex v, means that during execution,
the predicate represented by u controls the execution of v. For structured languages,
control dependences reflect the program’s nesting structure. A PDG contains a flow
dependence edge from vertex u defining variable x to vertex v that uses x if con-
trol can reach v after u via an execution path along which there is no intervening
definition of x .

An SDG is a collection of procedure dependence graphs connected at call-sites by
interprocedural control- and flow-dependence edges. In an SDG, a call statement is
represented using a call vertex; parameter passing is represented using four kinds of
parameter vertices: on the calling side, parameter passing is represented by actual-in
and actual-out vertices, which are control dependent on the call vertex; in the called
procedure, parameter passing is represented by formal-in and formal-out vertices,
which are control dependent on the called procedure’s entry vertex.

The SDG contains four additional kinds of edges not found in the PDG: a call edge
connects a call-site vertex to the corresponding procedure-entry vertex; a parameter-
in edge connects an actual-in vertex to the corresponding formal-in vertex in the
called procedure; and a parameter-out edge connects a formal-out vertex to the cor-
responding actual-out vertex at each call site [49]. To tackle the calling-context prob-
lem, the SDG contains transitive dependence edges called summary edges, which
connect actual-in vertices to actual-out vertices [49,77]. A summary edge is added
from an actual-in vertex to an actual-out vertex at a call-site if a path of control, flow,
and summary edges exists in the called procedure from the corresponding formal-in
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vertex to the corresponding formal-out vertex provided that this path is a same-level
realizable path as defined below.

In the IPDG, which lacks summary edges, calling-context must be explicitly
tracked. This tracking can be achieved using call strings [58]. In essence, these
strings are built by labeling the call and return for call-site ci with unique terminal
symbols (e.g., “(i” and “)i”) and then ensuring that the string of symbols produced
by a graph traversal belongs to a specified context-free language [77] (e.g., each
“(i” is matched with “)i”). Reps et al. [77] formalize this notion in the definition of
same-level realizable path:

Definition (same-level realizable path). Let each call vertex in SDG
G be given a unique index from 1 to k. For each call site ci , label the outgoing
parameter-in edges and the incoming parameter-out edges with the symbols “(i”
and “)i”, respectively; label the outgoing call edge with “(i”. A path in G is a same-
level realizable path iff the sequence of symbols labeling the parameter-in, parameter
out, and call edges in the path is a string in the language of balanced parentheses
generated from nonterminal matched by the following context-free grammar:

matched → matched (i matched )i for 1 � i � k.

| ε

Several algorithms for slicing dependence graphs are now considered. First, Fig. 6
shows an algorithm for computing intraprocedural slices using the PDG. To com-
pute an intraprocedural slice, Function ContextInsensitiveSlice simply
floods backwards across dependence edges marking the vertices encountered. The
slice consists of the set of statements corresponding to marked vertices. Context in-
sensitive interprocedural slices, which ignore calling context, can be computed with
the algorithm from Fig. 6 and the SDG (or IPDG) by treating interprocedural edges
as intraprocedural edges. The precision is equivalent to that of Weiser’s interproce-
dural slicing algorithm.

More precise, context sensitive, interprocedural slices can be computed from the
SDG using Function ContextSensitiveSlice shown in Fig. 7. The presence
of summary edges allows a slice to be computed in linear time by first only as-
cending into calling procedures (here summary edges are used to “skip past” called
procedures), and then only descending into called procedures [49]. The two passes
can be performed “together” using two separate marks that represent ascending and
descending (named Up and Down in Fig. 7). The two-mark version is conceptually
more complex. It is used herein because it facilitates the comparison with later algo-
rithms for dealing with calling context.

This same precision can be achieved in the IPDG, but requires explicit context
tracking. Function ContextTrackingSlice shown in Fig. 8, which computes
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Function ContextInsensitiveSlice (PDG G = (V,E), Vertex v)
Returns VertexSet
Worklist W = {v}
mark(v) = true
while W is not empty

let w = RemoveElement(W )
foreach edge v → w ∈ E

if not mark(v)

W = W ∪ {v}
mark(v) = true

return the set of all marked vertices

FIG. 6. Function ContextInsensitiveSlice.

Function ContextSensitiveSlice (SDG G = (V,E), Vertex s)
Returns VertexSet
Worklist W = {s}
mark(s) = Up
while W is not empty do
w = RemoveElement(W)

foreach edge v → w ∈ E do
if mark(v) �= Up
switch EdgeKind(v → w)

case parameter-in edge:
case call edge:
if mark(w) �= Down
W = W ∪ {v}
mark(v) = Up

case parameter-out edge:
if mark(v) �= Down
W = W ∪ {v}
mark(v) = Down

default:
if mark(w) �= mark(v)

W = W ∪ {v}
mark(v) = mark(w)

return the set of all marked (Up or Down) vertices

FIG. 7. Function ContextSensitiveSlice.
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Function ContextTrackingSlice (SDG G = (V,E), Vertex s)
Returns VertexSet
Worklist W = {(s, ε)}
while W is not empty do

Let (w, c) = RemoveElement(W)

foreach edge v → w ∈ E do
if mark(v) does not include a context c′ for which match(c, c′) holds
switch EdgeKind(v → w)

case parameter-in edge:
case call-edge:
Let sv be the call site associated with v

if c = ε ∨ head(c) = sv
c′ = up(c)

W = W ∪ {(v, c′)}
mark(v) = mark(v) ∪ c′

case parameter-out edge:
Let sw be the call site associated with w

c′ = down(c, sw)

W = W ∪ {(v, c′)}
mark(v) = mark(v) ∪ c′

default:
W = W ∪ {(v, c)}
mark(v) = mark(v) ∪ c

return the set of all vertices marked with a calling context

FIG. 8. Function ContextTrackingSlice.

such slices, is parameterized by three functions: down, up, and match:

down(c, s) → cons(s, c)
up(c) → tail(c) if c �= ε,

ε if c = ε,

match(c1, c2) → c1 = c2

Function ContextTrackingSlice replaces the two simple marks Up and
Down of Function ContextSensitiveSlicewith “marks” that represent con-
text (made up of call strings). One implication of this is that each vertex may be
processed multiple times (once for each unique context). Functions Context-
TrackingSlice and ContextSensitiveSlice are equivalent in terms of
slice precision with one caveat: in the presence of recursion, neither the set of call
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strings nor the call strings themselves are finite. Thus, the naïve implementation of
ContextTrackingSlicewill not terminate in the presence of recursion.

Agrawal and Guo propose a method for limiting the infinite number and length of
call strings by removing cycles [1]. To do so, they replace down with the following

down(c, s) →
{

cons(c, s) if c = s1s2 · · · sk ∧ ∀si | s �= si ,

si · · · sk if c = s1s2 · · · sk ∧ s = si .

Unfortunately, as shown by Krinke [58] this new definition removes too much infor-
mation and the algorithm can fail to include vertices that rightly belong in a slice.

Krinke solved this problem by first identifying strongly connected components
(SCCs) in the call graph. All (mutually) recursive functions are part of the same
SCC. When entering a (mutually) recursive function, two entries are added to the
main worklist. The first leads the algorithm to capture the program components when
“leaving” the SCC, while the second leads the algorithm to capture the program
components from within the SCC. Post SCC formation, Function FoldedCon-
textSensitiveSlice (Fig. 9) uses the original definitions of up, down, and
match.

2.5 Computing Amorphous Slices

Function AmorphousSlice (Fig. 10) computes static amorphous slices using
Function ContextSensitiveSlice and the function Transform, which ap-
plies transformations to the graph. Many transformations are essentially graph based
compiler optimizations such as constant propagation, procedure in-lining, and pro-
cedure specialization [26,27]. Other transformation are domain specific [13,42,43].

Example. The amorphous slice of the program show in Fig. 1 is simply “print
11.” Transformations such as loop unrolling, a version of strength reduction, and
constant propagation were used to obtain this slice.

2.6 Statistics

Many of the results summarized in the following sections provide some measure
of statistical significance. For example, a common test is a (one or two sided) t-test
involving the difference of two means. Here the null hypothesis is μ1 − μ2 = 0 and
the alternative hypothesis, for a one sided test, is μ1 − μ2 < 0 (i.e., the experimental
group has a better mean score). For a two sided t-test the alternative hypothesis is
μ1 �= μ2.

When available, the p-value, the common standard deviation and the degrees of
freedom (d.f.) are included in the summaries of papers surveyed. The p-value can
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Function FoldedContextSensitiveSlice (SDG G = (V,E), Vertex s)
Returns VertexSet
W = {(s, ε)}
while W is not empty
let (w, c) = RemoveElement(W)

foreach v → w ∈ E

if mark(v) does not include a context c′ for which match(c, c′) holds
switch EdgeKind(v → w)

case parameter-in edge:
case call-edge:
Let sv be the call site of v

if c = ε ∨ head(c) = sv
if sv is marked as recursive and v has not been marked with a context c′
for which match(c, c′) holds
W = W ∪ {(v, c)}
mark(v) = mark(v) ∪ {c}

c′′ = up(c)

W = W ∪ {(v, c′′)}
mark(v) = mark(v) ∪ {c′′}

case parameter-out edge:
Let sw be the call site of w

if sw is marked as recursive
and car(c) = sw
W = W ∪ {(v, c)}
mark(v) = mark(v) ∪ {c}

else
c′ = down(c, sw)

W = W ∪ {(v, c′)}
mark(v) = mark(v) ∪ {c′}

default:
W = W ∪ {(v, c)}
mark(v) = mark(v) ∪ {c}

return the set of all nodes marked with a calling context

FIG. 9. Function FoldedContextSensitiveSlice.

be loosely interpreted as follows: values less than 0.01 are highly significant, values
less than 0.05 are significant, and values less than 0.10 are weakly significant. In the
sequel, p-values associated with a result are stated parenthetically.
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Function AmorphousSlice(SDG G, VertexSet V ) Returns SDG
SDG Gsliced = ContextSensitiveSlice(G,V )

SDG Gtransformed = Transform(Gsliced)

if (G = Gtransformed)

return Gsliced — guaranteed to be the smallest of G, Gsliced, and Gtransformed
else

return smaller(AmorphousSlice(Gtransformed,V ),Gsliced)

FIG. 10. Function AmorphousSlice.

There is some concern in the empirical software engineering community about
the statistical power of the techniques applied. For example, there has been criti-
cism of the application of techniques and quoted p-values where there is no accom-
panying assessment of the impact of the size on the effect being measured [70].
However, these methodological issues are beyond the scope of the present sur-
vey.

2.7 Terminology

The following terminology is used throughout this chapter:

• When unqualified, the term “node” is used to refer to the nodes of a CFG.

• The term “vertex” is used to refer to the vertices of a dependence graph (PDG,
IPDG, SDG).

• LOC abbreviates Lines Of Code.

• NC-LOC abbreviates Non-Comment Lines Of Code.

• NB-LOC abbreviates Non-Blank Lines Of Code.

• The term “slice” when unqualified refers to a static backward program
slice [15].

• An “executable” slice is an executable program that behaves identically to the
original program with respect to the slicing criterion [11].

• A “closure” slice includes all the components that might affect a given compu-
tation, but is not, itself, necessarily an executable program [11].

• HRB stands for the Horwitz, Reps, and Binkley interprocedural slicing algo-
rithm [49].

The next five sections divide results on program slicing into five principal areas:
The size of slices, the impact of supporting analysis, slicing tools and algorithms,
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applications of slicing, and finally, the impact of slicing on programmer comprehen-
sion.

3. Slice Size

All applications of slicing depend crucially upon the size of the slices constructed,
because all applications rely upon the way in which slicing removes parts of the
program which have nothing to do with the slicing criterion. The more that can be
(safely) removed the better. This section considers the fundamental question “How
big is a slice?” Four different kinds of slices are considered; thus, this question is
considered four times. The first deals with static slice size, which is following by
dynamic slice size, and then two static-dynamic hybrids: call-mark slice size, and
finally union slice size.

3.1 Static Slice Size

Three studies of static slice size are reported in chronological order. They are fol-
lowed by studies that have considered the impact of calling-context sensitivity on
static slice size. The first study is the Unravel report [68], which considered a
commercial sample of safety-related code and the Unravel source itself. Table I
presents the sizes of these two programs in lines of code (LOC) as reported by
wc -l, LOC post CPP (this is the actual input Unravel sees), and finally NB-NC-
LOC post CPP (perhaps the most reasonable measure of input size). The objective of
this evaluation is to determine whether “program slices are sufficiently smaller than
the original program to be useful to a software reviewer [68].”

To evaluate Unravel, slicing criteria were automatically generated to slice on the
last statement of the main procedure for each global variable and on the last statement
of each procedure for each local variable declared in the procedure. Table II presents
a breakdown of slice sizes for the commercial code. The sizes are clustered in terms
of number of statements in a slice relative to the total program size. Slices of the
source code for the Unravel program itself were similar.

TABLE I
UNRAVEL TEST PROGRAMS

File LOC CPP LOC NB-NC-LOC

Commercial code 4,032 9,006 3,709
Unravel 19,656 112,191 55,095
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In the second study, Krinke analyzed the 14 programs shown in Table III, which
includes LOC (measured using wc -l) and the number of procedures, vertices and
edges in each SDG [58]. The column labeled “slice count” shows the number of
slices taken (following Agrawal and Guo [1], Krinke sliced on every formal-in ver-
tex in the graph in Table III). The final two columns include average slice size and
the percentage of the original graph that this average represents. The average slice
size ranges from 7.3% (for bison) to 46.4% (for gnugo) with an overall average
of 26.9%.

TABLE II
UNRAVEL SLICE SIZE ANALYSIS

Slices Percent of
Cluster in cluster total slices

Size � 1% 155 37%
1% < Size � 25% 135 32%

25% < Size � 50% 129 31%
50% < Size 0 0%

Sum 419 100%

TABLE III
DETAILS OF KRINKE’S TEST PROGRAMS

Procedure Vertex Slice Edge Average slice size
Program LOC count count count count (Vertices) Percent

gnugo 3,305 38 3,875 281 10,657 1,798 46.4%
ansitape 1,744 76 6,733 1,082 18,083 1,645 24.4%
assembler 3,178 685 13,393 2,401 97,908 4,286 32.0%
cdecl 3,879 53 5,992 697 17,322 880 14.7%
ctags 2,933 101 10,042 1,621 24,854 2,010 20.0%
simulator 4,476 283 9,143 1,019 22,138 3,212 35.1%
rolo 5,717 170 37,839 6,540 264,922 7,766 20.5%
compiler 2,402 49 15,195 1,017 45,631 6,731 44.3%
football 2,261 73 8,850 818 30,474 2,593 29.3%
agrep 3,968 90 11,922 1,403 35,713 3,183 26.7%
bison 8,313 161 25,485 3,744 84,794 1,859 7.3%
patch 7,998 166 20,484 3,099 104,266 7,965 38.9%
diff 13,188 181 46,990 10,130 471,395 6,172 13.1%
flex 7,640 121 38,508 5,191 235,687 9,179 23.8%

Sum 71,002 2,247 254,451 39,043 1,463,844 59,279
Average 5,072 161 18,175 2,789 104,560 4,234 26.9%



122 D. BINKLEY AND M. HARMAN

The third study by Binkley and Harman [17] was a large-scale study of the 43 C
programs shown in Table IV. This study constructed the forward and backward slice
for every executable statement. In total 2,353,598 slices were constructed. As seen in
the results shown at the bottom of columns 4 and 6 in Table V, the average backward
slice size was 30.2% of the program, while the average forward slice size was 28.0%
of the program. The range of the average slice size is striking. For example, the
smallest average size for backward slices is 7.5% (for acct-6.3) and the largest
is 62.2% (for go). It is reasonable to conclude that the nature of the program itself
has a crucial impact upon the size of typical slices constructed from it. This may
suggest the possibility of using slicing to ‘characterize’ a program. (The final four
columns of Table V summarize slices computed from SDGs built with structure files
expanded. This option is explored in Section 4.1.)

Finally, it is interesting to note that the programs wpst and csurf-pkgs, which
are part of the CodeSurfer tool itself [34] (and thus written by “slicing aware”
programmers) have comparatively small slices (although they were not written with
slice-ability in mind). Program wpst, which performs the pointer analysis, has an
average slice size of about 11%, while csurf-pkgs, which is an ADT repository
for CodeSurfer, has an average slice size of about 15%. It is difficult to evaluate
whether these averages, which are half the average across all programs, are influ-
enced by programmer familiarity with program slicing.

This section concludes with the presentation of several studies dealing with the
impact of context sensitivity. Slice computation cost is largely impacted by the ap-
proach to slicing (data flow or graph reachability). The impact is considerably higher
for data-flow techniques. The reason for this is that tracking context without sum-
mary edges is expensive. Thus, techniques that do not use summary edges normally
run faster when ignoring context than when tracking calling context, because sim-
ple vertex-marks are sufficient. In contrast, when using summary edges, context-
insensitive slices often take longer to compute because they are larger and simply
require traversing more of the program. Simply put, summary edges remove the over-
head from tracking calling-context.

Three studies have focused on calling context as a simple “yes” or “no” question.
A discussion of these is followed by Krinke’s consideration of the depth of con-
text sensitivity. To begin with, Agrawal and Guo evaluated the additional costs as-
sociated with computing context-sensitive slices as compared to computing context-
insensitive slices and measured the relative precision achieved by the two slicing
techniques [6]. Unlike the other studies in this section (which concerned C pro-
grams), Agrawal and Guo slice Java byte code as they were studying maintenance
of programs in byte-code form. While program source sizes are not given for the 10
program studied, based on the graph sizes, it can be estimated that the input programs
ranged up to about 3,000 LOC.
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TABLE IV
BINKLEY AND HARMAN SUBJECT PROGRAMS (SORTED BY NUMBER OF VERTICES)

Binkley and Harman subject programs

Size Slices Time Slicing pace
Program (LOC) Vertices Edges taken (s) (KLOC/s)

replace 563 1,097 3,500 867 0.02 9,417
time-1.7 6,033 4,583 14,092 1,049 0.03 14,922
which 4,880 4,666 13,327 1,156 0.06 16,337
compress 1,234 5,211 14,749 1,085 0.06 2,805
wdiff.0.5 5,958 7,213 21,793 2,421 0.12 12,916
termutils 6,697 8,869 27,442 3,096 0.40 12,424
barcode 5,562 10,916 35,796 3,824 1.47 5,315
bc 14,609 14,903 49,523 5,105 7.29 6,169
acct-6.3 9,536 18,531 80,584 7,222 0.97 6,783
gcc.cpp 4,079 19,095 89,513 7,354 12.47 1,272
space 9,126 20,018 64,537 10,311 13.63 2,240
prepro 14,328 20,578 65,353 10,779 13.50 3,471
oracolo2 14,326 20,654 65,734 10,846 14.38 3,329
EPWIC-1 8,631 22,217 79,026 12,447 2.45 5,267
gnubg-0.0 7,229 25,138 80,922 9,447 20.88 1,239
indent-1.10.0 6,100 25,737 582,728 6,602 14.64 1,511
findutils 16,891 30,322 170,697 14,320 25.21 3,215
byacc 6,337 34,019 114,377 10,150 16.75 1,098
diffutils 18,374 36,079 195,348 16,622 28.63 2,802
flex2-4-7 15,143 39,037 186,523 11,104 30.69 1,756
cadp 11,068 42,212 122,478 15,672 13.42 1,451
copia 1,170 43,513 126,943 4,680 22.08 74
ed 12,493 44,387 222,858 16,368 85.59 1,662
gnuchess 16,659 44,957 163,465 15,069 73.50 1,701
wpst 17,321 54,658 209,465 20,667 50.52 1,316
flex2-5-4 20,252 55,019 386,413 14,114 46.76 1,108
ftpd 15,914 56,981 366,095 24,820 157.22 1,225
tile-forth-2.1 3,717 59,247 215,288 11,940 142.44 157
ijpeg 24,822 62,698 265,650 23,954 193.84 1,390
userv-0.95.0 7,150 70,796 272,726 12,511 141.41 270
espresso 22,050 93,326 467,165 29,044 351.29 793
go 28,547 111,246 416,404 35,594 785.72 1,071
ctags 16,946 120,014 422,034 20,313 360.34 581
ntpd 45,647 204,420 804,652 39,573 1,452.69 600
gnugo 15,217 278,766 1,044,525 58,373 3,145.85 147
csurf-pkgs 36,593 295,220 973,703 42,777 1,363.73 261
a2ps 53,900 417,513 6,303,686 58,009 3,835.59 463
empire 53,895 496,033 2,022,295 105,918 7,664.52 505
li 6,916 889,260 3,762,858 13,521 5,181.00 14
sendmail 75,156 1,111,054 37,774,280 46,889 53,917.14 48

(continued to next page)
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TABLE IV — (Continued from previous page)

Binkley and Harman subject programs

Size Slices Time Slicing pace
Program (LOC) Vertices Edges taken (s) (KLOC/s)

named 103,670 1,326,070 21,824,057 104,567 100,196.17 81
spice 149,050 1,774,846 31,308,396 213,625 425,938.17 36
cvs 93,309 6,219,909 28,981,757 102,353 280,298.17 27

Sum 1,007,098 14,241,028 140,412,757 1,176,158 885,620.81
Average 23,421 331,187 3,265,413 27,353 20,595.83 3,006

For the context-insensitive algorithm they used Function ContextInsensi-
tiveSlice (Fig. 6). For the context-sensitive algorithm they did not use the SDG
(with its summary edges), but, instead tackled the calling context problem by ex-
plicitly propagating calling-contexts as in Function ContextTrackingSlice
(Fig. 8).

In summary, Agrawal and Guo found that ignoring context caused an 86% in-
crease in slice size and a 42% reduction in slice time (context-insensitive slices take
less time to compute in their approach as they adopt an expensive approach to han-
dling context). They report mixed results related to precision. For 53% of the 2,464
slices, the context-insensitive technique was just as precise as the context-sensitive
technique. However, in one case, it led to a slice with 35 times more vertices. On av-
erage, context-insensitive slices were twice as large as their context-sensitive coun-
terparts.

Unfortunately, as later shown by Krinke [58], the context sensitive algorithm im-
plemented by Agrawal and Guo contains an error that caused it to omit vertices that
should have been included in context-sensitive slices. Correcting for this would re-
duce the 86% figure for the increase in slice size by an unknown amount.

Similar studies have since been performed by Krinke [58] and Binkley and Har-
man [17]. Krinke compared the slices computed by Function ContextInsen-
sitiveSlice and Function ContextSensitiveSlice. Following Agrawal
and Guo, Krinke sliced on every formal-in vertex in the graph. Unlike Agrawal and
Guo, he used the SDG, and therefore took advantage of the summary edges. The
final four columns of Table VI compare context-sensitive and context-insensitive
slice size. In summary, ignoring context caused a 68% increase in slice size and a
40% increase in slice time. However, there is a high degree of variance: the average
context-insensitive slice is between 3 and 300% larger than the average context-
sensitive slice.
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TABLE V
BACKWARD AND FORWARD SLICES SIZES WITH BOTH COLLAPSED AND EXPANDED STRUCTURE FIELDS

Structure fields collapsed Structure fields expanded

Program Ave backward Ave forward Ave backward Ave forward
size slice size slice size slice size slice size

Program (LOC) (LOC) Percent (LOC) Percent (LOC) Percent (LOC) Percent
replace 563 122 21.6% 122 21.7% 122 21.6% 122 21.7%
copia 1,170 266 22.7% 192 16.4% 266 22.7% 192 16.4%
compress 1,234 307 24.9% 279 22.6% 307 24.9% 279 22.6%
tile-forth-2 3,717 1,959 52.7% 1,795 48.3% 1,929 51.9% 1,773 47.7%
gcc.cpp 4,079 1,938 47.5% 1,787 43.8% 1,868 45.8% 1,713 42.0%
which 4,880 1,464 30.0% 1,337 27.4% 1,449 29.7% 1,322 27.1%
barcode 5,562 1,763 31.7% 1,652 29.7% 1,696 30.5% 1,596 28.7%
wdiff.0.5 5,958 608 10.2% 572 9.6% 608 10.2% 572 9.6%
time-1.7 6,033 519 8.6% 392 6.5% 501 8.3% 386 6.4%
indent-1.10. 6,100 2,830 46.4% 2,580 42.3% 2,672 43.8% 2,446 40.1%
byacc 6,337 1,147 18.1% 1,039 16.4% 1,147 18.1% 1,039 16.4%
termutils 6,697 1,694 25.3% 1,560 23.3% 1,681 25.1% 1,547 23.1%
li 6,916 2,690 38.9% 2,607 37.7% 2,649 38.3% 2,580 37.3%
userv-0.95.0 7,150 1,480 20.7% 1,337 18.7% 1,387 19.4% 1,258 17.6%
gnubg-0.0 7,229 2,082 28.8% 1,981 27.4% 1,612 22.3% 1,482 20.5%
epwic-1 8,631 1,010 11.7% 967 11.2% 975 11.3% 932 10.8%
space 9,126 1,935 21.2% 1,944 21.3% 1,177 12.9% 1,205 13.2%
acct-6.3 9,536 715 7.5% 687 7.2% 706 7.4% 687 7.2%
cadp 11,068 919 8.3% 797 7.2% 863 7.8% 742 6.7%
ed 12,493 6,759 54.1% 6,059 48.5% 6,659 53.3% 5,984 47.9%
oracolo2 14,326 2,822 19.7% 2,822 19.7% 1,690 11.8% 1,748 12.2%
prepro 14,328 2,780 19.4% 2,765 19.3% 1,662 11.6% 1,719 12.0%
bc 14,609 7,173 49.1% 6,793 46.5% 7,129 48.8% 6,764 46.3%
flex2-4-7 15,143 3,755 24.8% 3,377 22.3% 3,755 24.8% 3,362 22.2%
gnugo 15,217 5,995 39.4% 5,402 35.5% 5,296 34.8% 4,306 28.3%

(continued to next page)
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Structure fields collapsed Structure fields expanded

Program Ave backward Ave forward Ave backward Ave forward
size slice size slice size slice size slice size

Program (LOC) (LOC) Percent (LOC) Percent (LOC) Percent (LOC) Percent

ftpd 15,914 5,634 35.4% 5,061 31.8% 5,554 34.9% 4,981 31.3%
gnuchess 16,659 7,230 43.4% 6,780 40.7% 7,163 43.0% 6,714 40.3%
findutils 16,891 4,763 28.2% 4,307 25.5% 4,645 27.5% 4,206 24.9%
ctags 16,946 7,405 43.7% 6,982 41.2% 7,050 41.6% 6,660 39.3%
wpst 17,321 1,923 11.1% 1,836 10.6% 1,905 11.0% 1,836 10.6%
diffutils 18,374 4,355 23.7% 4,024 21.9% 4,153 22.6% 3,859 21.0%
flex2-5-4 20,252 4,759 23.5% 4,354 21.5% 4,233 20.9% 3,706 18.3%
espresso 22,050 7,012 31.8% 6,813 30.9% 6,791 30.8% 6,593 29.9%
ijpeg 24,822 7,769 31.3% 7,521 30.3% 7,695 31.0% 7,447 30.0%
go 28,547 17,756 62.2% 17,157 60.1% 17,613 61.7% 16,957 59.4%
csurf-pkgs 36,593 5,745 15.7% 5,489 15.0% 5,709 15.6% 5,452 14.9%
ntpd 45,647 11,777 25.8% 10,316 22.6% 12,279 26.9% 10,773 23.6%
empire 53,895 22,528 41.8% 18,971 35.2% 17,785 33.0% 15,198 28.2%
a2ps 53,900 17,140 31.8% 16,008 29.7% 16,547 30.7% 15,577 28.9%
sendmail 75,156 25,328 33.7% 23,073 30.7% 25,027 33.3% 22,772 30.3%
cvs 93,309 43,295 46.4% 40,869 43.8% 43,202 46.3% 41,149 44.1%
named 103,670 40,120 38.7% 36,907 35.6% 38,876 37.5% 35,973 34.7%
spice 149,050 41,287 27.7% 39,051 26.2% 32,493 21.8% 31,748 21.3%

Sum 1,007,098 339,140 314,673 308,527 295,574
Minimum 7.5% 6.5% 7.4% 6.4%
Maximum 62.2% 60.1% 61.7.4% 59.4%
Average 23,421 7,877 30.2% 7,318 28.0% 7,715 28.1% 6,874 26.3%
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TABLE VI
KRINKE’S CONTEXT SENSITIVITY EXPERIMENT

Summary edge Average slice size (vertices)

Program LOC Count Time (s) Context-insensitive Context-sensitive

gnugo 3,305 2,064 0.03 1,861 48.0% 1,798 46.4%
ansitape 1,744 12,746 0.15 2,909 43.2% 1,645 24.4%
assembler 3,178 114,629 3.58 6,458 48.2% 4,286 32.0%
cdecl 3,879 9,089 0.08 1,039 17.3% 880 14.7%
ctags 2,933 20,483 0.24 3,207 31.9% 2,010 20.0%
simulator 4,476 5,022 0.06 5,455 59.7% 3,212 35.1%
rolo 5,717 170,108 5.53 12,819 33.9% 7,766 20.5%
compiler 2,402 58,240 0.80 7,474 49.2% 6,731 44.3%
football 2,261 17,605 0.35 3,081 34.8% 2,593 29.3%
agrep 3,968 12,343 0.19 3,521 29.5% 3,183 26.7%
bison 8,313 29,739 0.72 7,215 28.3% 1,859 7.3%
patch 7,998 83,597 4.39 9,680 47.3% 7,965 38.9%
diff 13,188 612,484 28.20 14,558 31.0% 6,172 13.1%
flex 7,640 144,496 4.19 19,641 51.0% 9,179 23.8%

Sum 71,002 1,292,645 48.51 98,918 59,279
Average 7,640 92,331 3.47 7,065 39.5% 4,234 26.9%

Finally, Table VII shows Binkley and Harman’s comparison of context-sensitive
and context-insensitive slicing using the 43 programs shown in Table IV. Overall,
the average slice-size increase is 50% and ranges from 0.17% for copia (rounded
to 0% in the figure) to 330% for acct. Slicing time increases an average 77%. One
cause for the difference when compared with Krinke’s results may be the particular
subset using criteria from which slices were taken.

Binkley and Harman note that for most programs, the size increase when ignoring
calling context has the dominant effect on slice time. The most dramatic example of
this is acct, whose backward slicing time more than quintuples and whose average
slice size more than quadruples. However, with seven of the programs, the overhead
of tracking calling context dominates and the slicing time decreases, even though the
resulting slices are larger (these examples show negative ‘increases’ in Table VII).
Program li had the largest: a 29% reduction in computation time.

Thus far, context sensitivity has been treated as a “yes” or “no” question. Krinke
took a more refined approach, summarized in the remainder of this section. Krinke’s
study includes the effects of k-limiting call strings (context information is only kept
to depth k) [58]. Thus, it provides a series of more precise (i.e., more context sensi-
tive) slices.
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TABLE VII
THE EFFECT OF CALLING CONTEXT ON

SLICE SIZE AND COMPUTATION TIME

Percent increase in

average backward forward
slice slicing slicing

Program size time time

a2ps 29% 69% 51%
acct 330% 418% 301%
barcode 36% 21% 19%
bc 1% 8% −4%
byacc 60% 132% 160%
cadp 152% 248% 231%
compress 6% −25% 0%
copia 0% −5% 6%
csurf-pkgs 58% 76% 59%
ctags 21% 116% 85%
cvs 11% 23% −13%
diffutils 113% 194% 141%
ed 1% 19% 15%
empire 17% 101% 52%
EPWIC-1 193% 258% 242%
espresso 56% 124% 103%
findutils 87% 169% 118%
flex2-4-7 34% 98% 68%
flex2-5-4 39% 81% 53%
ftpd 10% 59% 42%
gcc.cpp 11% 6% −1%
gnubg-0.0 38% 76% 58%
gnuchess 13% 56% 49%
gnugo 9% 56% 55%
go 0% 40% 37%
ijpeg 16% 14% −6%
indent-1.10 21% −7% 35%
li 0% −29% −29%
named 6% −12% −7%
ntpd 18% 60% 49%
oracolo2 74% 120% 152%
prepro 75% 123% 156%
replace 19% 0% −50%
sendmail 6% −28% −24%
space 76% 120% 160%
spice 16% 4% −9%
termutils 82% 73% 38%
tile-forth 1% −1% 3%

(continued on next page)
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TABLE VII — (Continued from previous page)

Percent increase in

average backward forward
slice slicing slicing

Program size time time

time-1.7 15% 0% −67%
userv-0.95. 63% 99% 96%
wdiff.0.5 146% 100% 113%
which 40% 0% −20%
wpst 139% 274% 304%

Average 50% 77% 66%

TABLE VIII
PRECISION OF KCTS AND KFCS

1CTS 2CTS 3CTS 4CTS 5CTS 1FCS 2FCS 3FCS 4FCS 5FCS

gnugo 100 100 100 100 100 100 100 100 100 100
ansitape 7 74 74 74 74 7 74 74 74 74
assembler 48 48 48 100 100 48 48 48 100 100
cdecl 99 99 100 100 100 99 99 100 100 100
ctags 100 100 100 100 100 100 100 100 100 100
simulator 83 83 100 100 100 83 83 100 100 100
rolo 46 57 84 92 92 46 57 84 92 92
compiler 22 26 26 26 26 22 30 32 46 73
football 100 100 100 100 100 100 100 100 100 100
agrep 41 49 59 100 100 41 49 59 100 100
bison 74 96 96 97 97 74 96 96 98 100
patch 92 99 99 100 100 92 99 99 100 100
diff 29 29 29 29 29 29 30 30 32 98
flex 88 98 98 98 98 88 98 99 99 100

Average 64 74 78 86 86 64 74 79 88 95

Table VIII compares the precision of Function ContextTrackingSlice (la-
beled CTS) and Function FoldedContextSensitiveSlice (labeled FCS)
for various depths (values of k shown preceding the labels). Precision is measured
with context-insensitive slicing as 0% precision and slicing with summary edges as
100% precision. Many programs show high precision for small values of k.

Krinke concludes that, when computable, the use of summary information is the
best solution. It is both precise and fast. If summary edges cannot be used, the k-
limited version of Function FoldedContextSensitiveSlice is the function
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of choice, because it does not suffer from combinatorial explosion due to recursion.
In some cases, the k-limited version of Function ContextTrackingSlice is
also more precise, but it may lead to higher run times.

3.2 Dynamic Slice Size

Venkatesh was one of the first to construct a large scale study of slicing that in-
volved slicing programs at every possible slicing criterion and the results remain
interesting today [85]. The study considered executable and closure backward and
forward dynamic slices. Its primary goal was to determine the size and computation
time for dynamic slices (only the results relating to slice size are presented herein).

Venkatesh constructed slices for nine programs, ranging from 49 to 7,500 LOC
(see Table IX). The smaller programs were publicly available utilities, while the
larger programs were used in-house at Bellcore. Because the study was of dynamic
slicing, it was important to have good quality test data. For each slicing criterion,
at least three test cases (which gave reasonable coverage) were used. Inputs which
led to unusually large repetitions of sections of code were ignored in order to keep
the size of traces to a manageable size. The study of slice sizes found, inter alia, the
following interesting results:

(1) Slice size is not correlated to program size.
(2) Forward slices tend to be larger than backward slices. (Binkley and Harman

find the opposite for static slicing—see Table V).

TABLE IX
VENKATESH’S NINE PROGRAMS

Program LOC Description

Public programs

sum 49 arithmetic
uniq 143 find adjacent duplicates
comm 167 find lines in common
cal 201 calendar program
join 215 relational database operator

Bellcore programs

flex93 800 medical insurance cost estimation
spiff 4,700 smart file comparison utility
dq 2,700 database query client program
atac 7,500 testing and coverage measurement tool
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(3) The average backward slice is 50% of the executed nodes (less than 20% of
the program).

(4) The average forward slice was 65% of the executed nodes (less than 25% of
the program).

(5) An executable slice is typically much larger than its corresponding closure
slice. The scaling factor was 2–3 for backward slices and 5–10 for forward
slices.

A subsidiary study, which concerned the distribution of slices, revealed a bi-modal
distribution, with the smaller slices corresponding to trivial slicing criteria—those
which identified a superfluous variable that played little part in the main compu-
tation(s) of the program. The larger slices, as one would expect, tended to capture
variables which participated in the principal computations of the program. For some
programs, several peaks were noticed, and these indicated programs which had sev-
eral distinct computations. This suggests that slicing may be used to measure cohe-
siveness in the manner first suggested by Bieman and Ott [10] and could be used to
isolate and identify portions of the program which perform relatively self-contained
computations.

3.3 Hybrid Static–Dynamic Slice Size
This section summarizes two results concerning the size of slices that are static–

dynamic hybrids. First, Nishimatsu et al. study call-mark slicing, a compromise be-
tween static and dynamic slicing that computes a slice using both static and dynamic
information [73]. The motivation for this approach is that dynamic slice computa-
tion has a large time and space overhead from the size of the execution trace and the
time taken to traverse large numbers of dynamic dependencies. On the other hand,
conservative static data-flow analysis leads to imprecision.

The compromise collects dynamic information concerning whether a procedure
is called (these are “marked” as called). This addresses the space issue. Dynamic
data dependencies are not collected. Rather static dependencies are used. This ad-
dresses the space and time to handle the large quantity of dynamic dependencies.
The approach leads to the computation of a dynamic slice which is less precise than
a traditional dynamic slice, but which potentially can be computed with reduced time
and space.

The principal focus of this work is the concept of call-mark slicing, its definition,
algorithms and implementation in the Osaka program slicing system. The included
study is small, consisting of three programs: a calendar program (88 LOC) and two
different versions of a inventory control system (387 and 941 LOC). The three pro-
grams were sliced once each using a single slicing criterion derived from the authors’
experience of ‘typical criteria.’
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TABLE X
CALL-MARK SLICE COMPARISONS (IN THE COLUMN HEADINGS, SS = STATIC SLICE,

DS = DYNAMIC SLICE, AND CM = CALL-MARK SLICE)

Program Slice sizes vs. Comparative reductions
size LOC in original program (from → to)

Program (LOC) SS DS CM SS DS CM SS→DS SS→CM CM→DS

cal 88 27 14 22 31% 16% 25% 48% 19% 36%
inv1 387 175 139 156 45% 36% 40% 21% 11% 11%
inv2 941 324 50 166 34% 5% 18% 85% 49% 70%

Average 472 175 68 115 37% 19% 28% 51% 26% 39%

Table X summarizes the results. The sizes follow the expected trend from static
slices being the largest, then the call-mark slices, and finally the dynamic slices be-
ing the smallest. The figure also includes the comparative reductions showing, for
example, that with program inv2 the call-mark slice was 49% smaller than the cor-
responding static slice.

The second hybrid is the ‘union slice’ introduced by Beszédes et al. [9]. Remi-
niscent of Hall’s work [35], a union slice is the union of dynamic slices, each con-
structed for the same criteria, but a different input. As more and more inputs are
considered, the size of the union slice approaches that of the static slice. Indeed,
since the static slice will inevitably include statements because of unrealisable de-
pendences (e.g., due to infeasible paths), the union of dynamic slices, is never larger
than the corresponding static slice. It may however, provide a better approximation to
the (undecidable) minimal slice. Of course, care is required in reading too much into
union slicing as a technique for constructing precise static slices. As Hall [35] and
De Lucia et al. [25] showed, unions of dynamic slices may not be valid (executable)
slices. Indeed, in some cases, unions of static slices are not slices [25].

Beszédes et al. [9] implemented a union slicing tool and used it to compare the
sizes of union slices with the static slices of CodeSurfer. The study consisted
of three programs ranging in size from 4,495 to 21,489 LOC (see Table XI). For
each program, the authors selected a set of slicing criteria that they considered to be
interesting and a set of test data (the size of the test-data sets, and the coverage they
provide, is given in Table XI). Though the coverage (45% to 68%) is not high, it was
not possible to achieve higher coverage without resorting to the use of a test-data
generation tool.

The results showed that for bzip, the union slices constructed were about half
the size of the static slices. For the other two programs, the size of their static slices
is often very large (even as large as the entire program) making the result of union
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TABLE XI
UNION SLICING RESULTS

Executable Statement
Program LOC LOC Criteria Executions coverage

bzip 4,495 1,595 154 18 68%
bc 11,555 3,220 57 49 63%
less 21,489 5,400 50 14 45%

Sum 37,539 10,215 261 81
Average 12,513 3,405 87 27 59%

slicing proportionately much smaller. For these two programs, the union slices are
typically 20–30% of the program.

4. The Impact of Supporting Analyses

The previous section concerned the question of slice size. Slice size is depen-
dent, among other things, on the precision of supporting analyses used to compute
the dependences from which slices are constructed. Three supporting analyses are
considered in this section. By far the most important and the most studied concerns
pointer analysis. Here empirically data has been both contradictory and surprising.
The other two analyses considered are the handling of structure fields and the way in
which data dependences are computed. Of key importance in these techniques is their
“down stream” impact on slice size. Present studies indicate that large improvements
in supporting analyses do not necessarily translate into large reductions in slice size.

4.1 The Impact of Pointer Analysis

The first supporting analysis considered is pointer analysis. A slice that includes
the dereference of pointer p must also include all statements that potentially define
the variables that p points to. Thus, the precision of points-to information is cru-
cial. Unfortunately, computing precise points-to sets is hard [45,74,92] and tradeoffs
between time, space, and precision must be made.

In practice, pointer analysis algorithms fall into one of four categories, depending
on whether the analysis is flow-sensitive or flow-insensitive, and context-sensitive
or context-insensitive. With increased sensitivity comes increased cost. All but the
flow-sensitive, context-insensitive option have been experimented with. Further-
more, within the most common category of context- and flow-insensitive pointer
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analyses, there is a spectrum of precision ranging from Steensgaard’s technique to
Andersen’s [79]. Three experiments on the “down stream” effect on slices of pointer
analyses are now considered.

First, Liang and Harrold compare slice size using four points-to analyses: Steens-
gaard’s, Andersen’s, Landi and Ryder’s (a flow- and context- sensitive analysis), and
one developed by Liang and Harrold themselves [65]. The results are shown in Ta-
ble XII. For all but lharc the difference in slice size is less than 2%. For lharc
slice size varies from 488 to 562 LOC (a 14% difference). Note that for the three
larger programs, larn, bison and mpegplay, it was impossible to run Landi and
Ryder’s points-to analysis, due to time constraints.

Liang and Harrold later consider a flow-insensitive, context-sensitive points-to
analysis (hereafter referred to as LH-FICS) [64]. Their aim is to provide a com-
promise between Andersen’s and Steensgaard’s algorithms which are both flow- and
context-insensitive and the flow- and context-sensitive approach of Landi and Ryder.
As might be expected, the flow- and context-sensitive Landi and Ryder algorithm
is more precise than any of the others. Interesting, for program loader (see Ta-
ble XIII), Landi and Ryder’s algorithm gives a slightly larger result [65].

In this experiment, slices are taken of the programs in Table XIII, which range
in size from 1,132 to 17,263 LOC. For the seven smaller programs (less than 4,075
LOC), slices were constructed for every executable statement, while for the 6 larger
programs only a single slice was constructed. The size of the resulting SDG was
found to be reduced when using the LH-FICS, Landi and Ryder, and Andersen algo-
rithms when compared to the least precise (Steensgaard) algorithm. This reduction
in SDG size manifests itself primarily as a reduction in number of summary edges.
The LH-FICS and Andersen algorithms have similar precision.

Interestingly, the reductions (primarily in numbers of summary edges) do not feed
through to slice size. That is, though the more precise points-to analysis algorithms
tended to produce fewer summary edges, the reduction in slice size was not dramatic.
For the six programs where it was possible to slice on every statement and use all
four pointer-analyses, the average slice size ranged from 86.5% to 100% of the size
produced using Steensgaard’s points-to analysis.

The second pointer analysis experiment was considered by Mock et al. [71]. They
attempted to discover what kinds of program features combine with points-to analy-
sis to yield an increase in program slice size when points-to information is imprecise.
The slices concerned are computed by the data-flow slicer Sprite and are (for the
most part) context insensitive.

The points-to information considered comes from both static and dynamic sources.
The static source is Steensgaard’s fast but imprecise algorithm. The dynamic points-
to data is collected using the Tumi instrumentation tool [72] to record the sets of
objects actually pointed to by particular pointer.
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TABLE XII
EFFECT OF IMPROVED RECURSION HANDLING AND

POINTER ANALYSIS

Program Aliasing algorithm Slice size

Steensgaard 237
loader Liang–Harrold 196

Andersen 196
Landi–Ryder 197

Steensgaard 290
ansi- Liang–Harrold 284
tape Andersen 277

Landi–Ryder 300

Steensgaard 633
dixie Liang–Harrold 632

Andersen 632
Landi–Ryder 628

Steensgaard 807
unzip Liang–Harrold 806

Andersen 805
Landi–Ryder 803

Steensgaard 562
lharc Liang–Harrold 489

Andersen 488
Landi–Ryder 587

Steensgaard 1871
flex Liang–Harrold 1865

Andersen 1863
Landi–Ryder 1864

Steensgaard 2362
bison Liang–Harrold 2362

Andersen 2306

Steensgaard 4484
larn Liang–Harrold 4427

Andersen 4383

Steensgaard 5708
mpegplay Liang–Harrold 3935

Andersen 3935

Based on previous work (summarized at the end of this section), structure fields
were not expanded. In addition, based on the prior work of Horwitz et al. [50] and
Liang and Harrold [64], Mock et al. claim that context sensitivity in slice construc-
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TABLE XIII
COMPARISON OF LH-FICS POINTS-TO PRECISION EFFECT ON SLICE SIZE (S—STEENSGAARD,

A—ANDERSEN, LR—LANDI AND RYDER)

Slice sizes Percent of Steensgaard

Program S LH-FICS A LR LH-FICS A LR

loader 207 192 192 194 93.0% 93.0% 93.8%
ansitape 290 284 277 300 98.1% 95.7% 103.5%
dixie 705 704 704 699 99.9% 99.9% 99.2%
learn 442 442 442 440 100.0% 99.9% 99.3%
unzip 808 807 807 805 99.9% 99.8% 99.6%
smail 739 637 635 – 86.3% 86.1% –
simulator 1258 1087 1087 1151 86.4% 86.4% 91.5%

flex 2025 2019 2019 2002 99.7% 99.7% 98.9%
space 2234 1936 1936 2086 86.7% 86.7% 93.4%
bison 2394 2394 2338 – 100.0% 97.7% –
larn 6626 6602 6592 – 99.6% 99.5% –
mpegplay 5708 3935 3935 – 68.9% 68.9% –
espresso 6298 6291 6264 – 99.9% 99.5% –

tion is unimportant with regard to slice size. That is, ignoring the procedure calling
context problem has little impact upon the size of slices constructed. Caution is re-
quired here, because several, recent, large-scale studies (summarized in Section 3.1),
have shown that context sensitivity has a dramatic effect on slice size.

The study concerns 18 programs (see Table XIV) ranging in size from 1,270 to
59,482 LOC. The programs were collected from the SPEC 2000 benchmark suite
and from free software (principally GNU application programs and utilities). Impor-
tantly, five of the largest programs made heavy use of function pointers (these are the
last five programs listed in Table XIV).

Dynamic points-to analysis, which reduced points-to sets size from 1.4 to 700
times, was used to experiment with the impact of points-to sets precision on slice
size. Interestingly, as shown by the results in Table XV, the impact was bi-modal
depending upon whether or not a subject program made heavy use of function point-
ers. The programs that use function pointers showed a marked improvement, while
the ‘non function pointer’ programs showed little, if any, improvement. In summary,
improved pointer analysis reduces the number of functions considered via function
pointers but, otherwise, has little effect on slice size. As this result was produced
using dynamic information it, in effect, places a bound on any static analysis.

Two related experiments are worth summarizing. First, one possible explanation
for why certain programs did not increase in precision, was context sensitivity. Per-
haps the slices remain imprecise when points-to information is more precise be-



A SURVEY OF EMPIRICAL RESULTS ON PROGRAM SLICING 137

TABLE XIV
PROGRAMS STUDIED IN TABLE XV

Source Executable Reachable Slicing
Program lines functions functions Executed criteria Description

art 1,270 545 22 18 837 ANN for image recognition
equake 1,513 670 24 19 1,111 seismic simulator
mcf 1,909 635 24 21 880 combinatorial optimization
bzip2 4,639 1,246 63 21 1,579 compression
gzip 7,757 1,864 62 26 1,546 compression
ispell 8,020 2,742 107 33 1,617 spell checking
parser 10,924 4,414 297 230 6,223 word processing
diff 11,755 3,285 110 27 2,110 file comparison
ammp 13,263 5,614 161 46 5,146 molecular dynamics
vpr 16,973 5,954 255 163 7,993 placement and routing
less 18,305 4,371 328 117 1,879 text file viewing
twolf 19,748 11,304 167 104 3,816 placement and routing
vortex 52,633 23,245 643 518 1,324 object-oriented database

grep 13,084 3,674 108 39 3,520 pattern matching
find 13,122 3,004 96 37 740 file system searching
mesa 49,701 21,069 770 130 7,270 graphics
burlap 49,845 16,608 189 123 5,293 finite element solver
gap 59,482 19,998 826 356 5,245 group theory interpreter

Sum 353,943 130,242 4252 2028 58,126
Average 19,664 7,236 236 113 3,229

cause of the imprecision in calling context? To answer this question, the authors
increased calling context where possible. However, they were, for most programs,
only able to increase calling-context sensitivity up to a depth of 2 (for smaller pro-
grams greater increases were possible). The authors report that slices based on static
points-to analysis and those based on dynamic points-to analysis decreased in size in
a similar manner when calling context was enabled. Given the limited context depth,
this result is inconclusive at best. An experiment with (fully) context-sensitive slices
is called for.

An interesting possibility, suggested by Mock et al., is that the smaller reduction
in slice size was due to the fact that the statements in a typical slice were ‘in there’
simply due to direct data dependence. That is, data dependence that is not induced
through a pointer. Therefore, the addition of more precise points to information could
not ‘take these statements out.’ For non-function pointers, this suspicion was borne
out by the data. The authors cite here a modification of Amdahl’s law:
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TABLE XV
POINT-TO ALGORITHM’S EFFECT ON AVERAGE SLICE SIZE

Average slice size and percent reduction for

dynamic dynamic
Program static flow insensitive flow sensitive

art 59.6 57.1 4.2% 57.1 4.2%
equake 168.4 164.8 2.1% 164.8 2.1%
mcf 56.8 45.3 20.2% 45.3 20.2%
bzip2 73.0 58.5 19.9% 58.5 19.9%
gzip 54.0 42.0 22.2% 42.0 22.2%
ispell 242.2 185.5 23.4% 185.5 23.4%
parser 195.9 186.9 4.6% 186.7 4.7%
diff 228.3 171.2 25.0% 171.2 25.0%
ammp 339.0 247.0 27.1% 247.0 27.1%
vpr 117.0 100.5 14.1% 100.3 14.3%
less 536.9 394.3 26.6% 393.8 26.7%
twolf 335.6 237.9 29.1% 237.9 29.1%
vortex 3449.3 3240.3 6.1% 3240.3 6.1%

grep 527.8 183.2 65.3% 183.2 65.3%
find 460.8 47.4 89.7% 45.7 90.1%
mesa 3267.3 288.3 91.2% 288.3 91.2%
burlap 5291.6 369.6 93.0% 369.4 93.0%
gap 7758.1 3133.5 59.6% 3006.7 61.2%

Sum 23161.8 9153.3 9023.7
Average 1286.8 508.5 34.6% 501.3 34.8%

If only the faction f of the slice is due to pointer induced data dependence, then
the size of the slice can only be improved by a factor of up to 1/(1 − f ) when
the points-to information is improved.

The second related experiment considered if it really was the presence of function
pointers that accounted for the improved size of slices for those that contained func-
tion pointers. For a single program, points-to data was computed in two formats. In
the first, dynamic points-to data was used for function pointers, while static points-
to information was used for non-function pointers. The second format reversed the
use of static and dynamic points-to data. The first format was found to account for
between 48% and 91% of the improvement using dynamic points to information for
all pointers. By contrast, the second format led to little improvement.

Empirical data appears to support the notion that, in general, as long as points-to
sets are of at least a certain ‘basic’ precision, additional precision in pointer analy-
sis does not lead to much knock-on reduction is slice size. Steensgaard’s algorithm
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seems to be the low end of the necessary quality with some data suggesting that
more precise approaches are of little help and others suggesting that a little more
precision is necessary. Improvement in the precision of function pointers appears to
be particularly significant.

The previous study with dynamic points-to sets illustrates that better points-to sets
are useful in reducing slice size when they reduce the number of functions poten-
tially called at an indirect call site. Unfortunately, the use of dynamic information
makes these results specific to a particular execution of the program. Atkinson and
Griswold [6] performed a followup study that looked at purely static methods to re-
ducing point-to set sizes. The impact of the four techniques they studied reinforces
the belief that function pointers are the dominant issue. Starting with the points-to
sets computed by Steensgaard’s algorithm, the following four techniques were con-
sidered (the names are those used in Table XVI).

prototypes. Function prototyping uses the signature of the function (its prototype)
to determine its type. This allows certain potential function points-to members

TABLE XVI
ATKINSON AND GRISWOLD’S RESULTS FOR EFFECTS OF POINTS-TO PRECISION IMPROVEMENTS

ON SLICE SIZE

Program Points-to Time Slice Statements
(slicing criterion) option (min) size examined

gcc basic 49.44 236,366 282,192
(c-decl.c:2298,{b}) arrays 39.11 230,306 282,192

prototypes 43.66 235,037 235,037

gcc basic 42.32 236,354 282,192
(unroll.c:3085,{const0_rtx}) mallocs 48.20 236,351 282,192

arrays 32.41 230,305 282,192
prototypes 0.46 9,702 13,281
combined 0.42 9,702 13,281

burlap basic 1.29 40,135 51,863
(arith.c:145,{type_error}) arrays 1.04 40,204 51,863

structs 1.72 40,883 53,535
prototypes 0.20 8,849 12,195
combined 0.23 8,661 12,319

burlap basic 1.29 40,135 51,863
(matrixfunc.c:767,{status}) arrays 1.07 40,204 51,863

structs 1.62 40,858 53,535
prototypes 0.22 9,332 12,764
combined 0.25 9,144 12,890
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to be eliminated from points-to sets because they are not the right type. This is
safe for ANSI C style function declarations, but unsafe for other versions of C, in
which function prototypes are un-enforced.

mallocs. The private memory allocator distinction allows a user to tell the tool that
certain functions are used as ‘private’ (that is, user-defined) memory allocation
functions. Calls to these functions should be treated like calls to the standard mem-
ory allocator malloc. Private de-allocators are treated in a similar fashion.

structs. Many analysis techniques treat all members of a structure as a single entity.
Distinguishing member fields of structures represents each field by a unique entity.
This may improve points-to precision, but it may not be worth the additional cost
in space and time in all cases. (Based on the data presented at the beginning of
Section 4.2, this option is expected to have little impact.)

arrays. This option, determines whether arrays are treated as a single entity, or as
separate independent elements.

The authors present two studies. The second is slicing related. It concerns the
impact of points-to precision upon slice size. Slicing criteria were chosen to be ‘typ-
ical’ by the authors and results were recorded for the largest slices that resulted. The
three programs studied were emacs (99,439 LOC), burlap (49,601 LOC) and
gcc (217,675 LOC).

Table XVI shows two slices for each of the programs gcc and burlap. For
emacs there was no combination of techniques that caused any substantial improve-
ment in slice size. As is clear from the data in Table XVI, the improvements from
arrays, structs and mallocs were small (at most 3%). In contrast, the pro-
totype technique had a dramatic impact on slice size. This is because it reduces the
collection of functions potentially called at an indirect call site.

Finally, Orso et al. [74,75] consider the way pointer assignments give rise to
different forms of the def-use associations (DUA). They studied the effect of these
different kinds of DUA on slice size. Twenty-four types of DUA are identified as
follows. First, observe that, in the presence of pointers, a variable may be definitely
defined (there is only a single lvalue in the points-to set of the left-hand side of the
assignment) as well as possibly defined (there is more than one lvalue in the points-to
set of the left-hand side of the assignment). Similarly, a variable may be definitely
used as well as possibly used. This gives four “path end point” combinations.

Next, consider the set of paths from def, a definition of v, to use, a use of v. Each
path from this set must contain either a killing definition of v, a possible definition
of v, or no definition of v. These three options yield eight possibilities for each set,
two of which are uninteresting:

A All paths from def to use contain killing definitions. In this case def does not
reach ref.
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B The absence of a killing definition, a possible definition, and no definition pro-
duces a contradiction: It implies that there is no path from def to ref, which
contradicts the assumption that the definition at def reaches the use at use.

The remaining six possible path set kinds are

C At least one path is definite def-clear, no path is possible def-clear, and no path
is definite-killing.

D At least one path is definite def-clear, no path is possible def-clear, and at least
one path is definite-killing.

E At least one path is definite def-clear, at least one path is possible def-clear, and
no path is definite-killing.

F At least one path is definite def-clear, at least one path is possible def-clear, and
at least one path is definite-killing.

G No path is definite def-clear, at least one path is possible def-clear, and no path
is definite-killing.

H No path is definite def-clear, at least one path is possible def-clear, and at least
one path is definite-killing.

The product of the six path types and the four path end point combinations yields 24
possible kinds of DUA.

Sinha et al. analyzed the frequency of the 24 def-use association types and their
effect slice size. The study used seven C programs, ranging from 477 to 11,320
LOC. The distribution of def-use association is sparse. Four association types did
not occur at all and 19 association types accounted for only 0.6% of the total number
of associations. The top four forms of association in descending order of occurrence
are

(1) Definite definition and definite use connected by path set Kind D. Here the
choice of path followed determines whether def reaches use.

(2) Definite definition and definite use connected by path set Kind C. Here def is
guaranteed to reach use.

(3) Possible definition and possible use connected by path set Kind C. Here if def
and use refer to the same variable, then def is guaranteed to reach use.

(4) Possible definition and possible use connected by path set Kind E. Here if def
and use refer to the same variable then def might reach use via a definition-
clear path or it might be killed, but only when the possible definition defines
the same variable as def.

Two experiments are of interest. The first considers 1,861 slices of the 2,906 line
program unzip [74]. (The authors do not say how the slicing criteria were chosen.)
“Slices” were computed in three incremental steps. The first increment included only
DUA Type 1 (the second most common type). In the second increment, DUA Types 2
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and 3 were added, this principally adds the most common type (Type 3). In the third
increment, all other types of DUA are added. Note that only the third increment
computes safe slices. The other two fail to include statements reachable by DUA
types not considered.

For the first increment each slice contains fewer than 20% of the program state-
ments. For the second increment, 45% of the slices contains between 20% and 40%
of the program’s statements, and in the final increment, over 73% of the slices con-
tained between 40% and 60% of the program statements. These results suggest that
the size of the slice is sensitive to the type of define-use association considered. How-
ever, the results only concern a single program and so more work will be needed to
see if these results generalize to other systems.

In the second experiment, slices were taken at every executable statement in each
of the seven programs [75]. Four or five sets of slices using increasingly larger sets
of define-use associations, were computed from each program. The first set is always
a singleton consisting only of DUA Type 1, while the last is always inclusive of all
DUA types and is thus computes ‘normal’ (correct) slices. The results show that slice
sizes increased by between 1% and 19%.

4.2 Impact of Structure Fields

The potential effect of structure-field expansion on slice size [91] is best under-
stood by way of example. Consider the following C code:

struct file_ops
{

int (*write_fn)();
int (*read_fn)();

} file1;

Assume write_fn potentially points to the functions write_ext2 and
write_nfs, and read_fn potentially points to the functions read_ext2 and
read_nfs. With structure fields expanded, the function call (*file1.readfn)
(. . .) potentially calls read_ext2 and read_nfs. With structure fields col-
lapsed, all structure fields are treated as a single variable and the call (*file1.
readfn)(. . .) potentially calls write_ext2 and write_nfs in addition to
read_ext2 and read_nfs. For programs with structures that contain point-
ers, and especially function pointers, this collapse can significantly increase slice
size.

Experiments with both the SDG-based CodeSurfer and the data-flow based
Sprite have considered the impact of expanding and collapsing structure fields.
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Both conclude that expanding structure fields yields little reduction in slice size.
However, one important difficulty in studying supporting analyses is that benefits
which accrue from improvement in one analysis may be masked by other poor quality
analyses. In other words, it is possible for imprecise points-to analysis to mask gains
from expanding structure fields.

First, consider the results presented in Table V, which compare slice sizes com-
puted from SDGs built with structure fields collapsed and then expanded. In terms of
the SDG, the total number of vertices and edges in all graphs when structure fields
are collapsed are 14 and 140 million, respectively. The corresponding totals when
structure fields are expanded are 16 and 68 million. Here, a mild increase in vertex
count accompanies a dramatic reduction in edge count. Summing edges and vertices,
this represents a 45% reduction in total SDG size. For backward slicing, expanding
structure fields reduced total slicing time by 41%.

As can be seen in Table V, expanding structure fields reduces the overall average
backward slice size from 30.2% of the program to 28.1% and the average forward
slice from 28.0% to 26.3%. This is a 7% reduction for backwards slicing and a 6%
reduction for forward slicing. This pattern is not atypical in this section: a dramatic
improvement in a supporting analysis does not “show through” to similar reductions
in slice size. In this case, a 45% reduction in SDG size and a 41% reduction in
computation time led to only a 6% to 7% reduction is slice size.

Bent et al. [8] conduct a similar experiment with the data-flow slicer Sprite and
found that expanding structure fields had essentially no effect on slice sizes. They
speculate that this is due to the low quality of the points-to information. Note the
Sprite uses Steensgaard’s rather imprecise pointer analysis and computes context-
insensitive slices. On the other hand, the similar results for CodeSurfer are per-
haps more interesting (and surprising) as CodeSurfer uses Andersen’s pointer
analysis and computes context-sensitive slices.

4.3 Flow Sensitivity of Data Dependence

Krinke [59] reports on an experiment designed to evaluate the effect of replacing
the flow-sensitive data dependence analysis, used to build the SDG, with a flow-
insensitive analysis. The experiment took 1,000 slices from 1,000 evenly distributed
vertices in the SDG for each program shown in Table XVII. The results show that
flow-sensitivity in data-dependence construction has a dramatic impact on the preci-
sion of slices.
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TABLE XVII
EFFECT OF FLOW-SENSITIVE AND FLOW-INSENSITIVE

DATA DEPENDENCE

Average slice size when
data flow edge computation is

Program flow-sensitive flow-insensitive Percent
increase

agrep 47% 56% 19%
ansitape 24% 45% 88%
assembler 34% 43% 26%
bison 11% 17% 55%
cdecl 32% 34% 6%
compiler 44% 48% 9%
ctags 24% 25% 4%
diff 33% 50% 52%
flex 31% 52% 68%
football 25% 26% 4%
gnugo 59% 70% 19%
lex315 26% 47% 81%
loader 22% 26% 18%
patch 47% 49% 4%
plot2fig 23% 24% 4%
rolo 25% 30% 20%
simulator 47% 54% 15%

Average 33% 41% 29%

5. Slicing Tools and Techniques

This section presents research on the refinement and extension of slicing algo-
rithms. Typically, the improvements are aimed at reducing slice size, or the time and
space required to compute slices. Such work accompanied by significant empirical
data is presented.

5.1 Better switch Slicing

Kumar and Horwitz introduce a refined definition for control dependence and a
refined slicing algorithm for programs that contain C-style switch statements [60].
The algorithm has essentially the same complexity as the HRB algorithm and is more
precise.

Slice sizes of the C programs shown in Table XVIII were used to compare the
new algorithm with HRB. Slices were taken from all of the vertices that could be
reached by following one control-dependence edge forward from a switch case,
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TABLE XVIII
BETTER SWITCH HANDLING AFFECTS SLICE SIZE

Modified Number Average slice size

Program LOC SDG size of slices Old alg New alg

gcc.cpp 4,079 16,784 1,932 11,693 11,670
byacc 6,626 21,239 468 2,119 2,110
CADP 12,930 35,965 499 7,921 7,905
flex 16,236 31,354 1,716 8,150 8,082

Sum 39,871 105,342 4,615 29,883 29,767
Average 9,968 26,335 1,154 7,471 7,441

and then following five data-dependence edges forward. This ensured that every slice
would include a switch, but avoided, for example, slices that would include only
switch cases and breaks.

Experimental results show that, while in most cases, slice sizes are reduced by
no more than 5%, there are examples of reductions of up to 35%. In more de-
tail, for 99.6% of the slices, the new algorithm produced smaller slices than its
predecessor. Although 96% of these were only 5% reductions, there were some
cases (2.4%) where the new algorithm provided reductions of more than 15%, and
some cases (1.6%) where it provided reductions of more than 30%.

5.2 Better Interprocedural Control Flow Slicing

Sinha et al. [80] consider potentially non-returning call sites; a problem where
control flow is not only unstructured, but also interprocedural. The particular state-
ment of concern in this work was the C exit() statement, which causes control to
drop out of the procedure without returning to the call site. They report finding such
statements in 65% of a set of 70 C programs and try–throw statements in 31% of
a set of 1,650 Java programs.

The experiment compares the standard SDG [49] with a slightly modified ver-
sion that takes into account arbitrary interprocedural control flow. Five C programs
(armenu, dejavu1, dejavu2, mpegplayer and space), ranging in size from
4,385 to 11,474 LOC were sliced at every executable statement, producing a total of
68,272 slices. Sinha et al. use Landi and Ryder’s flow-sensitive and context-sensitive
points-to analysis.

Three of the programs studied containedexit statements at the beginning of their
entry procedures and therefore, perhaps unsurprisingly, more than 90% of the slices
of these three programs differed between the two versions of the slicer. For the other
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two programs, the results indicated that approximately 60% of the slices differed.
These programs were versions of the same system and so produced similar results.
Detailed results concerning the size of the differences in slices are not presented,
but the Sinha et al. do note that for the two programs with fewest differing slices,
the slices constructed without accounting for arbitrary interprocedural control flow
failed to identify up to 20% of the statements which rightly belonged in the slices.

5.3 Improved Summary Edge Computation

Reps et al. [49] present an improved algorithm for slicing the SDG [77] that is as-
ymptotically faster than the original HRB algorithm. In particular, the new algorithm
includes an improved approach for computing summary edges. The basic idea is to
find, for every procedure P , all same-level realizable paths (as defined in Section 2.4)
connecting one of P ’s formal-in vertices to one of its formal-out vertices. Such paths
induce summary edges between the corresponding actual-in and actual-out vertices
at all call sites on P .

The improved algorithm accomplishes this by first “asserting” that there is a same-
level realizable path (hereafter simply a “path”) from every formal-out vertex to it-
self; these paths are placed on the worklist. Then, the algorithm extends paths by
repeatedly choosing a path from the worklist and extending it (backwards) by one
edge, placing new paths on the worklist. When an edge is processed whose source
is a formal-in vertex, corresponding summary edges are added. These new summary
edges may, in turn, induce new paths: if there is a summary edge x → y , then there
is a same-level realizable path x →+ a for every formal-out vertex a such that there
is a same-level realizable path y →+ a.

A preliminary performance study was carried out to measure how much faster in-
terprocedural slicing is when summary edges are computed using the new algorithm.
The slicing algorithms were implemented in C and tested on a Sun SPARCstation 10
Model 30 with 32 MB of RAM. Tests were carried out for three example programs
(written in a small research language): recdes is a recursive-descent parser for
lists of assignment statements; calculator is a simple arithmetic calculator;
and format is a text-formatting program. Table XIX gives some statistics about
the SDGs of the three test programs. The experiment actually implemented three
different slicing algorithms:

(A) The HRB slicing algorithm.

(B) The slicing algorithm with the improved method for computing summary
edges.

(C) The “dual” of Algorithm B. (Algorithm C is just like Algorithm B, except that
the computation of summary edges involves finding all same-level realizable
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TABLE XIX
EFFECT OF IMPROVED SUMMARY EDGE COMPUTATION

Slice size Times (s) for Speedup

Program LOC Vertices Edges Vertices % A B C A→B A→C

recdes 348 838 1465 413 49% 2.08 0.35 0.39 5.4 4.8
calculator 433 841 1443 484 58% 3.06 0.46 0.45 6.3 6.5
format 757 1844 3276 1327 72% 6.64 0.98 1.09 6.1 5.4

Sum 1538 3523 6184 2224 11.78 1.79 1.93
Average 513 1174 2961 741 60% 3.92 0.60 0.64 5.93 5.67

paths from formal-in vertices (rather than to formal-out vertices), and paths are
extended forwards rather than backwards.)

Table XIX compares the performance of the three algorithms for a representative
slice of each program. The time for the final step of computing slices is not shown
separately. This step takes 3% or less of the total runtime. As shown in final two
columns, Algorithms B and C are clearly superior to Algorithm A, exhibiting 4.8
to 6.5-fold speedup. Algorithm B appears to be marginally better than Algorithm C.
The authors believe that this is because procedures have fewer formal-out vertices
than formal-in vertices.

5.4 Dynamic Data Dependence

Zhang et al. [94] study the trade-offs between space and time in the computation of
dynamic data dependence. There are two possible extremes to computing dynamic
data dependence, which parallel exhaustive data-flow analysis and demand-driven
data-flow analysis respectively: complete pre-processing and no pre-processing.
Complete pre-processing, once done, yields fast tools, but requires a great deal of
space. In contrast, no pre-processing is space-efficient, but may require a great deal
of slicing time.

The study used five programs from the Specint92 and Specint95 suite, ranging in
size from, 7,741 to 207,483 LOC. The experiments, based on the Trimaran system for
C programs, were conducted on a 2.2 GHz Pentium 4 Linux workstation with 1 Gb
RAM and 1 Gb swap. Execution traces were collected for three different executions
of each program. For each execution trace, 25 slices were computed from the end of
the program and 25 from the mid-point of the program.

Four dynamic slicing algorithms are studied: FP (Full Pre-processing), LP (Lim-
ited Pre-processing), which does no caching, NPwoC (No Pre-processing without
caching of previously computed data dependencies), and NPwC (No Pre-processing
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with caching of previously computed data dependencies). The first finding was that
the FP algorithm is impractical because it runs out of space on many of the slices
considered.

The LP algorithm was found to grow more slowly in slice computation time, com-
pared to the no pre-processing versions of the algorithm. The execution times for LP
are typically 1 to 3 times lower than those of the no pre-processing versions. In addi-
tion, LP performed well compared to the Agrawal and Horgan’s second (imprecise)
dynamic slicing algorithm [3]. The effect of caching on the speed of slice computa-
tion for the two versions of the ‘no pre-processing’ appeared to be rather mixed. For
some programs the number of cache hits was found to be low and therefore the over-
head of maintaining the cache dominated, making the version with a cache slower
than the version with no caching.

5.5 Graph Reachability Optimizations

Binkley and Harman [18] present a study of techniques to improve graph-based
program analysis. Interprocedural program slicing is used to illustrate the impact
of these techniques. Data collected from five different slicers, when applied to the
programs shown in Table IV, is used to quantify the improvement of the following
four optimization techniques:

std The standard implementation, which computes slices using the HRB al-
gorithm [49].

SCC The second version adds SCC formation. The two key insights here are
that all vertices in an SCC will have the same slice, and any slice that
includes a vertex from an SCC must, by definition, include all the vertices
of the SCC. Thus, SCCs can be collapsed into a single representative
node.

+Pack The third version incorporates data structure changes that reduce the size
of a vertex and reorder structure fields to exploit cache behavior.

+TS The fourth version sorts the vertices of each procedure into topological
order to improve memory access patterns.

+Tran The final version removes transitive edges. For slicing, transitive edges in
the SDG have no exploitable pattern; therefore, they represent only extra
work for the slicer.

Combined, these techniques increase the size of the problem that can be effectively
handled by more than a factor of three. To avoid any slice-selection bias, the slice
on every executable statement was taken. The results are shown in Table XX, where
times are scaled so that std’s run-time is 1.00 for each program. This was done
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TABLE XX
GRAPH REACHABILITY OPTIMIZATIONS EFFECT ON SLICING (SCALED TO STD = 1.00)

Version

Program Std SCC +Pack +TS +Tran

a2ps 1.00 3.33 4.59 6.64 7.13
acct-6.3 1.00 1.54 2.74 4.35 5.70
barcode 1.00 0.99 2.15 3.62 5.51
bc 1.00 1.06 1.84 3.10 3.88
byacc 1.00 1.38 2.08 3.28 3.58
cadp 1.00 1.14 1.63 2.94 3.28
compress 1.00 1.25 1.67 1.67 1.67
copia 1.00 0.88 1.18 1.43 1.50
csurf-pkgs 1.00 0.82 1.11 1.39 1.47
ctags 1.00 1.17 1.60 2.36 2.57
cvs 1.00 0.86 1.07 1.56 1.73
diffutils 1.00 1.80 2.68 3.93 4.43
ed 1.00 1.83 2.62 3.72 4.20
empire 1.00 1.32 1.82 2.57 2.79
epwic-1 1.00 1.14 2.32 5.32 7.36
espresso 1.00 1.18 1.59 2.25 2.48
findutils 1.00 1.56 2.48 3.94 4.56
flex2-4-7 1.00 1.63 2.29 3.16 3.37
flex2-5-4 1.00 2.34 3.23 4.66 5.29
ftpd 1.00 1.79 2.44 3.24 3.44
gcc.cpp 1.00 1.48 2.37 3.89 4.62
gnubg-0.0 1.00 1.00 1.52 2.31 2.64
gnuchess 1.00 1.34 1.91 2.79 3.25
gnugo 1.00 0.93 1.32 1.73 1.84
go 1.00 1.13 1.87 2.37 2.63
ijpeg 1.00 1.18 1.79 2.22 2.57
indent 1.00 5.40 7.85 11.59 14.01
li 1.00 0.90 1.20 1.62 1.77
named 1.00 1.35 1.66 2.16 2.25
ntpd 1.00 1.10 1.49 1.90 2.13
oracolo2 1.00 0.87 1.43 2.19 2.51
prepro 1.00 0.89 1.43 2.44 2.65
replace 1.00 1.67 2.50 2.50 2.50
sendmail 1.00 1.67 1.82 2.33 2.36
space 1.00 0.89 1.50 2.38 2.69
spice 1.00 1.02 1.52 1.80 1.80
termutils 1.00 1.09 3.15 4.31 5.28
tile-forth 1.00 1.00 1.41 1.80 1.97
time-1.7 1.00 1.25 2.50 1.67 1.67
userv-0.95.0 1.00 1.02 1.44 1.91 2.06
wdiff.0.5 1.00 1.56 1.87 1.87 2.33

(continued to next page)
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TABLE XX — (Continued from previous page)

Version

Program Std SCC +Pack +TS +Tran

which 1.00 1.33 1.50 1.71 2.00
wpst 1.00 1.19 1.72 2.45 2.75

Sum 43.00 60.28 89.91 127.07 146.24
Average 1.00 1.40 2.09 2.96 3.40
Cumulative reduction 29% 52% 66% 71%

because the raw times range from 0.05 seconds to 768,391 seconds, which makes
summary statistics such as averages meaningless. The last three rows of Table XX,
show the sum, average, and the cumulative run-time reduction. Combining all four
techniques produces an average 71% time reduction (and a 64% reduction in memory
usage).

Some details on individual versions prove interesting. To begin with, a total of
2,651,991 vertices in 73,292 SCCs gives an average of 36 vertices per SCC. The
naïve implementation in the SCC version increases the vertex size. The true effect
of SCC formation can be seen using a constant vertex size. Doing so, the average
speedup is 1.92 (versus 1.40 in the SCC column of Table XX). Finally, +Tran re-
moves an average of 25% of the intraprocedural edges, an led to a 15% run-time
improvement.

5.6 Three Data-Flow Slice Enabling Techniques

Atkinson and Griswold implemented techniques to reduce the time and space re-
quired to compute dataflow information [5]. This information is useful in many static
analyses, one of which is program slicing. The primary motivations for their work is
to scale dataflow based slicing to large size programs. Their tool, Sprite is able to
slice programs of the order of a hundred thousand lines.

However, the results focus on context-insensitive slices (see Section 4.1). Clearly,
for programs where context sensitivity makes a large difference to slice size, this
may not be appropriate and it remains unclear whether the data flow approach can be
scaled to large programs when calling context must be correctly accounted for.

Atkinson and Griswold considered three approaches to reducing Sprite’s space
or time requirements: factorization of dataflow information, data flow set reclama-
tion, and improving block visitation order. Factoring of data-flow sets can greatly
improve set operation performance. For instance, a temporary is seldom the target
of a pointer, so a special class is used to factor out temporaries. Similarly, the set
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of non-local, automatic variables does not change throughout the slice construction
for a given function. Fixing these values allows a very compact factored bit sets
representation of dataflow information. For example, factorization reduces the space
required for the points-to sets of gcc from 10 Gb to 60 Mb.

The second technique saves space by selective dataflow set reclamation. The
observation behind optimization is that, once the neighbors of a node have been
processed, the dataflow set of the node is no longer needed. This works because the
analysis is monotonic; thus, all that is required is the size of the old set (to test for
changes (i.e., growth)).

Finally, a hybrid approach to visitation order is shown to reduce computation time.
Here, every block is visited at most once per iteration (retaining the global ‘fairness’
of an iterative approach), but a block is only processed if data flow information of its
neighbors has been updated (retaining the selective update of a worklist approach).

The study was based on an implementation of the three data flow optimization
techniques to determine the effect on slice computation time and space requirements
for the Sprite dataflow slicer. Seven programs were used in the study, ranging in
size from 437 to 57,004 LOC. For each program a ‘typical’ slice was constructed.
The authors chose the slicing criterion using their own expert knowledge to deter-
mine what constituted a ‘typical’ slice.

Results of this study are summarized in Table XXI. Timing data comes from the
execution on a 440 MHz Sun UltraSparc 10 running Solaris 2.8 with 256 MB of
physical memory and 1.6 GB swap space. Slices were computed using dataflow set
factorization, with strong prototype filtering (see Section 4.1) enabled.

The authors note that the average reduction in space due to reclamation is 40%.
However, this average is very much dependent upon the algorithm for node visitation
order. For the hybrid algorithm, the reduction was only 17% on average, whereas for
the worklist approach, the reduction was 40% of the iterative search approach it
was 60%.

The hybrid approach to node visitation order results in about a 20% reduction
in block visits compared to the traditional iterative algorithm, but large slices have
fewer reclaimable blocks, reducing the impact of reclaimable blocks. The worklist
algorithm performs too slowly to be practical for large slices.

When context sensitivity is disabled, the iterative search outperforms the worklist
approach significantly. This points to the importance of the interplay between the
question of whether context sensitivity is important for precise slice computation
and the question of how slicing can be efficiently computed.

Finally, an interesting artifact of the slicer’s calling context insensitivity is that, for
some examples, the worklist algorithm produces smaller slices. The average differ-
ence is small, about a 1%, but it is interesting because, at first glance, one would ex-
pect all three visitation orders to produce identical slices. The difference is attributed
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TABLE XXI
ATKINSON AND GRISWOLD’S RESULTS FOR EFFECTS OF SPACE AND TIME SAVING TECHNIQUES FOR DATA-FLOW BASED SLICING

Program Slice size Reclaim Iterative search Hybrid search Worklist

(Slicing criterion) (LOC) sets? Time Space Time Space Time Space
wc (wc.c:364: 437 no 0.22 0.34 0.19 0.34 0.21 0.31
totallines) yes 0.27 0.25 0.22 0.30 0.33 0.29

diff (diff.c:1071: 1,976 no 2.17 2.54 1.82 2.54 3.46 2.45
val) yes 2.68 1.55 2.09 2.29 4.93 1.92

gcc (unroll.c:3085: 2,617 no 11.13 8.33 10.36 8.33 17.76 8.12
const_rtx) yes 11.18 2.88 10.40 6.87 19.33 5.31

BURLAP (matrixfunc.c: 2,709 no 6.48 6.04 5.58 6.02 18.33 5.92
767:status) yes 6.70 2.94 6.13 5.11 23.93 4.40

BURLAP (apply.c:243: 12,336 no 34.83 23.78 32.47 23.78 67.96 22.80
result) yes 30.71 10.40 36.75 18.85 90.12 14.73

emacs (alloc.c:1936: 34,386 no 1793.68 208.42 1703.42 208.42 2596.02 188.71
gc_cons_threshold) yes 347.39 64.69 815.66 163.37 1886.61 115.89

gcc (sched.c:4964: 57,004 no 10103.60 316.04 6657.77 316.04 10625.77 299.40
reg_n_calls_crossed) yes 622.50 84.70 8679.52 253.68 14933.10 181.25
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to the worklist algorithm being more localized during data-flow computation; thus,
allowing it to be more precise.

5.7 The Slices of Sprite and CodeSurfer

There has been one direct comparison of the dataflow based slicing approach and
the dependence graph-based slicing approach [8]. Of course, such a comparison, at
best, compares two tools, rather than the two approaches. The study is also highly
sensitive to the other issues of pointer analysis and context sensitivity which are
handled differently in the two tools considered.

This study considers the slices of the tools CodeSurfer and Sprite. The two
primary differences between the slicing tools are the treatment of context and the
precision of the points-to sets. Sprite was configured to favor performance: It uses
Steensgaard’s almost linear points-to analysis [82] and performed context insensitiv-
ity slices (Sprite’s context-sensitivity is provided by k-limiting). CodeSurfer
was configured to favor precision: It used Andersen’s cubic time pointer analysis [4],
which is more precise than Steensgaard’s, and provides infinite context sensitivity
through the use of summary edges.

Three slices, each of six benchmark programs were taken. An attempt was made to
select slicing criteria such that both are dissimilar from each other and might be cho-
sen by programmers in practice. One goal for this selection is to increase the external
validity of the study. Of course, this collection of slicing criteria does not represent a
typical, average, or complete profile, which must be considered when drawing con-
clusions from the data. All slices were computed on a 440 MHz UltraSparc 10 with
640 MB of real memory and 1.1 GB of virtual memory running Solaris.

For the purposes of comparison, the study used the intersection of corresponding
slices returned by Sprite and CodeSurfer, called the intersected slice. The rel-
ative precision margin (PM) of a slice is the size of the slice divided by the size of the
intersected slice. The precision margin provides a measure of the relative quality of a
tool’s slice. The results for all 18 slices are presented in Table XXII. Neither slicer’s
results are consistently contained within the other. However, on average Sprite
was less precise.

Given CodeSurfer’s more precise data dependence and points-to algorithms, it
is expected to produce more precise slices. This turned out to be the case; the average
Sprite slice is 4,200% larger than the average CodeSurfer slice. Omitting three
outliers, the average Sprite slice is 53% larger than the average CodeSurfer
slice. There are three factors that account for this difference (note that they are not
additive): first, Sprite uses the less precise Steensgaard points-to sets, which, at
least for function pointers, can have a significant impact. Second, Sprite’s slices
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TABLE XXII
SPRITE AND CODESURFER SLICE SIZE COMPARISON

Sizes

NB-NC Intersection Sprite CodeSurfer

Program LOC Lines % Lines PM Lines PM

compress 842 13 0.02 13 1.00 13 1.00
842 122 0.14 123 1.01 123 1.01
842 261 0.31 287 1.10 261 1.00

wally 1,519 173 0.11 241 1.39 208 1.20
1,519 492 0.32 492 1.00 502 1.02
1,519 77 0.05 197 2.56 78 1.01

ispell 5,794 9 0.00 1,595 177.22 9 1.00
5,794 334 0.06 492 1.47 341 1.02
5,794 79 0.01 464 5.87 79 1.00

ed 7,084 127 0.02 142 1.12 129 1.02
7,084 2,500 0.35 2,539 1.02 2,538 1.02
7,084 168 0.02 180 1.07 2,214 13.18

diff 8,584 1,065 0.12 1,191 1.12 1,071 1.01
8,584 5 0.00 2,859 571.80 5 1.00
8,584 1,837 0.21 1,911 1.04 1,844 1.00

enscript 14,554 3,269 0.22 3,410 1.04 3,274 1.00
14,554 327 0.02 504 1.54 338 1.03
14,554 2,045 0.14 2,142 1.05 2,047 1.00

Sum 115,131 12,903 18,782 15,074
Average 6,396 717 11.78 1,043 42.97 837 1.70

are context insensitive. Krinke, and Binkley and Harman report that ignoring con-
text sensitivity in CodeSurfer increases slice size by 50–68% [18,58]. Third, it
was discovered that CodeSurfer’s libraries (that model libc.c) produce more
precise slices.

Bent et al. [8] experiment with two of these factors. Using CodeSurfer’s li-
braries and infinite context sensitivity brought all Sprite slices to within a preci-
sion margin of 1.50. The remaining difference might be accounted for by the dif-
ference in pointer analysis or slicing approach. The paper provides details for the
impact of these two factors on three example slices is shown in Table XXIII.

Two remarks are relevant. First, two causes for concern with this study are the
average slice size of 11.78% and the maximum slice size of 35%. These values are
considerably smaller than those reported by other static slice size studies appearing
in this chapter. The likely cause for this is the small number of slices used, which
introduces significant selection bias into the results. Unfortunately, Sprite’s slic-
ing speed makes a large-scale study, including all slices on executable statements,
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TABLE XXIII

w/ Infinite w/ CodeSurfer
Slice Original Context libraries Combined

wally 1 241 241 180 174
ispell 2 492 467 489 419
ispell 3 464 271 261 80

Sum 1197 979 930 673
Average 399 326 310 224

presently impractical. The particular implication of this bias is that the reported re-
sults need to be taken “with a pinch of salt.” On the other hand, as the 18 slices were
chosen by experienced programmers as representative, the smaller average slice size
may be an encouraging sign.

Second, in comparison, CodeSurfer’s slice time is incredibly small (of-
ten 0.00). It pays for this during the pre-computation of dependence edges. It is
possible to compute the “break-even” point at which the pre-computation pays for
itself in faster slice times and thus all future slices are essentially “free.” Using the
average slice time of the three slices time for each program shown in Table XXII,
the break-even point ranges from 2 to 34 (for compress and enscript, respec-
tively), and has an average of 7.6. Two important caveats in this computation require
mentioning. First, slice times, which are proportional to slice size, were inflated by
a factor of 3 to account for the uncharacteristically small average slice size of 11%
versus 30% [18,58]. Second, Sprite’s times are for are context-insensitive slices;
full context sensitivity is expensive as implemented in Sprite (i.e., without pre-
computing summary edges); thus, the break-even point would be lower if comparable
slices were computed.

6. Applications of Slices

Traditionally slicing has been applied to program comprehension activities (like
supporting code understanding, fault localization, and debugging). This section con-
siders four empirical studies of these applications. The next section considers the
empirical studies into the way slicing supports human comprehension.

6.1 Clone Detection
In the first application, Komondoor and Horwitz apply program slicing to clone

detection [52]. The major benefit of a slicing-based approach is the ability to find pos-
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sibly non-contiguous, reordered, and intertwined clones that involve possible vari-
able renaming. Such clones are missed by other approaches. Their technique has
three steps:

Step 1: Find pairs of clones (two isomorphic PDG subgraphs) as follows. PDG
vertices are first partitioned into equivalence classes based on the syn-
tactic structure of the code represented by the vertex. Two vertices in the
same class are called matching vertices. For each pair of matching vertices
(v1, v2), a “lock-step” backward slice starting from v1 and v2 is used to
identify two isomorphic PDG subgraphs. Lock-step slicing includes a pre-
decessor vertex in one slice iff there is a corresponding, matching prede-
cessor in the other PDG. Furthermore, whenever a pair of matching loop
or predicate vertices is added, one step of the forward slice from these
vertices is used to add matching control-dependent successors to the two
slices.

Step 2: Remove subsumed clone pairs. The pair (S1, S2) is subsumed if there
exists a clone pair (S1′, S2′) such that S1 ⊂ S1′ and S2 ⊂ S2′.

Step 3: Combine clone pairs into clone groups using a kind of transitive closure.
For example, clone pairs (S1, S2), (S1, S3), and (S2, S3) would be com-
bined into the clone group (S1, S2, S3).

Komondoor and Horwitz implemented a tool based on CodeSurfer for finding
clones in C programs. The tool was then run on three Unix utilities, bison, sort,
and tail, and four files from a graph-layout program used in-house by IBM. Ta-
ble XXIV presents the program sizes and running times for the three steps of the
algorithm. Table XXV presents the sizes of the discovered clones which are divided
into eight size ranges. Clones with fewer than five PDG vertices were deemed too

TABLE XXIV
PROGRAM SEARCHED FOR CLONES AND THE TOOLS RUNNING TIME

Program size Running times (elapsed time)
PDG Find clone Eliminate subsumed Create clone

Program LOC vertices pairs clone pairs clone

bison 11,540 28,548 1 : 33 h 15 s 50 s
sort 2,445 5,820 10 min 5 s 2 s
tail 1,569 2,580 40 s 1 s 2 s

IBM 1 1,677 2,235 1 : 02 min For the IBM programs, total times were not broken
IBM 2 2,621 4,006 7 : 49 min down by step. Finding clone pairs was reported
IBM 3 3,343 6,761 5 : 15 min to take 90% of the time.
IBM 4 3,419 4,845 13 : 00 min



A SURVEY OF EMPIRICAL RESULTS ON PROGRAM SLICING 157

TABLE XXV
CLONES DETECTED

Clone size ranges (PDG vertices)

Program 5–9 10–19 20–29 30–39 40–49 50–59 60–69 70+

bison clone groups identified 513 164 34 16 9 9 6 49
max clones in a group 61 26 11 2 2 2 2 4
mean clones in a group 3.7 2.8 3.3 2 2 2 2 2.1

sort clone groups identified 105 57 30 9 14
max clones in a group 17 8 6 3 2
mean clones in a group 3.0 2.8 2.4 2.1 2

tail clone groups identified 21 4 0 0 4 1 0 2
max clones in a group 12 8 3 2 2
mean clones in a group 3.2 3.5 2.3 2 2

small to be good candidates for extraction and were ignored. This work includes
several examples of the interesting clones including intertwined clones.

To further evaluate the tool, several studies are described that relate tool-
discovered clones with clones extracted by hand. For example, lex.c (from
bison) was examined by hand and found to contain four ideal clone groups. The
tool identified 43 clone groups. Nineteen of these were variants of one of the ideal
clone groups, while the other 24 were uninteresting (13 of the 24 contained clones
with fewer than 7 vertices). Another example study examined all 25 clone groups
found in bison in the size range 30-49 (an intermediate clone size). All but one
were variants of the 9 ideal clone groups (i.e., only one of them was uninteresting).

Finally, from the IBM code, 250 larger clones found by the tool were exam-
ined. They were used to manually identify 77 ideal clones (17 of which were non-
contiguous). The 77 clones belonged to 30 clone groups, which included 2 that in-
volved reordering of matching statements and 2 that involved intertwined clones.
Most of these clones involved renamed variables. Identified clone groups were man-
ually extracted and replaced with C pre-processor macros. The reduction in code
size ranged, on a per program basis, from 1.9% to 4.9% and, on a per function bases,
from 4.4% to 12.4% of a function that included at least one clone.

6.2 Semantic Differences
Binkley et al. [14] studied the semantic differences between two versions of a

program. Their implementation takes, as input, two C programs: old and new, and
outputs a third program differences that captures the semantic (rather then syn-
tactic) changes from old to new. Program differences is computed by first
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building the SDGs of old and new. The algorithm then gathers a series of slices of
new’s SDG starting with a set of points called the directly affected points, which are
points known to have different behavior in old and new [12].

At a low level this study investigates the time taken to compute differences
and, more importantly, the size of differences relative to the size of new. At
a high level, the study seeks to illustrate the value of semantic differencing, which
is useful in a variety of tasks. For example, the authors discuss the application of
semantic differencing to testing and impact analysis.

The experiment considers two groups of programs. The first group includes mul-
tiple versions of 7 programs ranging in size from 145 to 514 LOC. Consecutive ver-
sions were used as old and new. SDG build time ranged from 0.24 to 0.80 seconds
and the computation of differences took no measurable time. Thus, the entire
computation of differences took less than one second for each run. The size of
differences ranged from 9% to 95% of new with an average reduction of 26%.

The second group of programs consists of ten larger programs (ranging in size
from 3000 to 22,000 lines of code). The second experiment was exhaustive. For
each program, differences was computed for each executable statement in the
program.

The results, summarized in Table XXVI, include the “pace” in LOC processed
per second on a 450 MHz Pentium II with 256 Mb of memory. On average this is
about 250 lines per second, or 25% to 50% of the speed of gcc with full optimiza-
tion. The most important information presented in Table XXVI relates to the size
of differences as shown in the final three columns. This includes its mean and
median size and the mean percentage reduction. Over all programs, the average re-
duction was 37.70%. Weighting the reduction of each program by its size produces
a weighted average of 36.58%. It is interesting to note that this is an improvement
over the 26% average reduction obtained with smaller programs.

Binkley et al. observe that the ten subject programs exhibit five distinct patterns.
These range from programs where most of the time differences include essen-
tially all of the input program to those that include a wide variety of sizes. A further
breakdown of two of the largest programs shows that they represent two extremes in
the effectiveness of computing differences.

For the program acct, about 75% of the executions of differences include
less than half of the program. In contrast, for the program ed over 70% of the exe-
cutions of differences include over 90% of the program. It is clear from these
numbers that ed is a tightly knit program while acct is not. These sorts of obser-
vation led to Bieman an Ott suggesting slicing as a means of assessing the level of
functional cohesion in a program [10].
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TABLE XXVI
SEMANTIC DIFFERENCING DATA AND THE SIZE OF DIFFERENCES

SDG Vertices SDG build Mean
size per time pace differences time (s) differences size (vertices) percent

Program LOC (vertices) LOC (s) (LOC/s) average max mean median reduction
a2s 22,068 57,922 2.62 106 208 0.94 2.26 30,161 31,873 47.93%
acct 10,182 110,860 10.89 99 103 0.89 5.07 29,830 28,298 73.09%
barcode 5,848 19,562 3.35 17 344 0.16 0.26 13,209 15,646 32.48%
bc 8,364 70,502 8.43 64 131 2.34 3.59 64,909 67,990 7.93%
copia 3,488 46,130 13.23 9 388 0.72 1.87 29,404 22,295 36.26%
ed 13,578 98,479 7.25 243 56 4.29 7.76 79,823 90,721 18.94%
flex 21,543 53,418 2.48 120 180 0.72 2.24 29,660 37,875 44.48%
oracolo2 14,382 92,200 6.41 44 327 1.17 3.54 65,918 82,028 28.51%
prepro 14,330 95,757 6.68 44 326 1.22 3.60 68,321 85,225 28.65%
termutils 7,006 10,161 1.45 15 467 0.05 0.11 4,192 5,120 58.74%

Average 12,079 65,499 6.28 76 253 1.25 3.00 41,543 46,707 37.70%
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6.3 Semantic Equivalence
Gallagher and O’Brien [32] examine the impact of decomposition slice equiva-

lence. A decomposition slice [33] is the union of the slices on a particular variable.
It captures the relevant computations involving a variable without regard for location
(i.e., starting statement).

Table XXVII summarizes the data collected, which includes the size of the pro-
grams in LOC (as reported by wc -l) and the initial number of decomposition slices
computed. This reflects the number of variables and enumeration values declared
in the program. The value includes all variables declared in header files including
struct fields. Many of these variables (in particular those from header files) go
unused in the program. Columns 4 and 5 show the number of decomposition slices
when empty slices are ignored along with the percent reduction. Finally, the last 3
columns show the reduction obtained by forming equivalence classes based upon
decomposition slice equivalence. This includes the percent reduction from both the
original graph and the graph without empty slices.

Gallagher and O’Brien consider two applications of this reduction. First, it can
simplify other operations. For example, the reduction has an impact on testing. In the
case of P1 and P2, some 200 variables include the same computation, any testing
criterion that tests one of these tests them all.

The second application forms a decomposition slice graph using the partial order
induced by proper subset inclusion on sets of equivalent decomposition slices. These
graphs provide a visualization of the complexity of a piece of software. Viewing the
graph after collapsing equivalent slices provides insights into how many variables
share the same core computation and thus the complexity of analyzing the program.

TABLE XXVII
REDUCTION FROM EQUIVALENT DECOMPOSITION SLICES

Initial w/o empty slices Decomp. Reduction

decomp. decomp. slice equiv. from from w/o
Program LOC slices slices Reduction partitions original empty

dif 767 95 66 31% 34 62% 48%
lattice 1,625 168 104 38% 83 51% 20%
unravel 803 482 281 42% 129 73% 54%
analyzer 1,287 817 327 59% 198 76% 39%
parser 6,314 788 470 40% 201 75% 57%
P1 2,678 344 267 22% 76 78% 72%
P2 4,539 315 279 11% 61 81% 78%

Sum 18,013 3,009 1,794 782
Average 2,573 430 256 35% 112 71% 53%
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6.4 Concept Lattice of Decomposition Slices

Tonella [84] considered using the theory of formal concept assignment [81] to
organize decomposition slices. This led to the formulation the concept lattice of de-
composition slices, which differs from the decomposition slice graph in that it is a
complete lattice, and, perhaps more importantly, it contains additional ‘interference’
nodes not found in the decomposition slice graph. The concept lattice is formed us-
ing standard set operations applied to the sets of statements in the decomposition
slices.

Since the principal difference between the decomposition slice graph and the lat-
tice of decomposition slices lies in the presence of interference nodes, it is important
to ask how many additional nodes are present. If such nodes occur only occasionally,
then perhaps the phenomenon is not worthy of study. On the other hand, if they are
frequent, then they will make any analysis rather difficult and therefore, potentially,
impractical.

TABLE XXVIII
FREQUENCY OF INTERFERENCE NODES

Program Nodes in lattice Interference nodes

cat 32 11
chgrp 16 3
chmod 16 5
cmp 37 20
cp 11 1
date 34 9
df 30 5
du 13 1
ln 11 3
mt 25 7
rm 12 1
strip 11 1
stty 50 18
su 22 4
tee 9 2
time 14 4
wall 21 2
who 16 4
whoami 7 0
write 25 7

Sum 412 108
Average 20.6 5.4
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Tonella studied this problem looking to see if it occurred in practice. The study
consisted of 20 BSD Unix programs consisting of 20 to 2,000 LOC, with the typi-
cal size of approximately 1,000 LOC. For each program, a lattice of decomposition
slices was constructed and the number of nodes in the lattice and the number of
interference nodes was recorded.

As seen in Table XXVIII, only whoami has no interference nodes and yet, for
a few programs, interference nodes account for more than 50% of the total number
of nodes. This indicates that interference nodes are sufficiently prevalent to warrant
analysis and study, while they are not so numerous as to prohibit effective analysis
by humans using the lattice of decomposition slices as a guide to impact analysis and
other comprehension tasks.

7. Human Comprehension Studies

This section considers empirical studies that have investigated the psychological
effects slices have on the programmers. This was the original motivation for slic-
ing [87] and has remained a dominant application area for all forms of program
slices.

This section describes eight experiments involving programmers and (some form
of) program slicing. Each study seeks to ascertain the relationship between pro-
gram slicing and some aspect of programmer comprehension. The first two were
performed by Weiser, and Weiser and Lyle as they sought to formulate a basic un-
derstanding of slicing as used by programmers during debugging. Next, Francel and
Rugaber conducted an experiment that compared the comprehension of slicers and
non-slicers. The same two authors also experimented with the fault localization abili-
ties of slice-aware programmers. The fifth experiment revisits fault localization. The
sixth experiment explores the comprehension of programmers aided by an amor-
phous slice called a safety slice. The seventh experiment investigates the impact of
semantic differencing on programmer comprehension, and the final experiment in-
vestigates the impact of semantic differencing on uncovering unwanted ripple effects.

7.1 Programmers Use Slicing While Debugging

Mark Weiser conjectured that experienced programmers compute slices when de-
bugging code. Specifically, his research hypothesis was “debugging programmers,
working backwards from the variable and statement of a bug’s appearance, use that
variable and statement as a slicing criterion to construct mentally the corresponding
program slice [89].”
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Weiser administered an experiment designed to test this hypothesis. The exper-
iment involved 21 experienced programmers who each debugged three programs.
After debugging (and a short break), each participant was asked to identify several
code fragments. (Participants were not asked to reconstruct slices as this would have
required an explanation of slicing and thus biased the results.) Five categories of
code fragments were shown to each participant:

Relevant slice A set of statements necessary for understanding the bug
taken from the slice on the variable and the print statement
whose execution first caused an error to appear in the out-
put.

Relevant contiguous A region of contiguous code overlapping the relevant slice
fragment.

Irrelevant contiguous A region of contiguous code not overlapping the relevant
contiguous or relevant slice fragments.

Irrelevant slice A set of statements near the faulty statement taken from a
slice on a variable not directly related to the bug.

Jumble Every third of fourth statement in the program, minimally
modified to display reasonable syntax.

Participants were shown the fragments and asked to rate their initial impression
on the following scale:

(1) almost certainly used,
(2) probably used,
(3) probably not used, or
(4) almost certainly not used.

The ratings given to the relevant slice fragments were then compared to those of other
fragments. The relevant slice was recognized 54% of the time, while the irrelevant
slice and the jumble were recognized less often only 28% and 20% of the time,
respectively (p = 0.03, and p = 0.005, respectively).

There are no significant differences between the participant’s recognition of the
relevant slice and the relevant contiguous fragments. Because each relevant slice
overlaps with a relevant contiguous fragment, the experiment gives no absolute as-
surance that the relevant slices are not being recognized only because of that overlap.
However, the irrelevant slice has almost the same percentage overlap with the rele-
vant contiguous fragment as the relevant slice and its percentage recognition is far
lower.
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7.2 Slice-Based Debugging Tools

Lyle and Wiser consider program dicing as an aid to debuggers [66]. A dice is
the intersection of two or more slices. The central hypothesis use in this study is
that “programmers using the dicing information find faults faster than programmers
using traditional methods.”

Subjects consisted of 20 graduate students and System Center staff from the Com-
puter Science Department at the University of Maryland. After answering back-
ground questions and undertaking a practice treatment, the control group was told
that the experimenter was collecting data on how programmers debug and that the
subject should explain what he was doing and thinking as he goes. The experimental
group also received an explanation of slicing and dicing and had dices highlighted
in the code they received. Lyle and Wiser found a significant difference between the
time taken by the two groups (p = 0.025) on two of three seeded faults. Thus, they
concluded that dicing provides assistance.

7.3 Slicers Versus Non-Slicers

Francel and Rugaber compared the comprehension of programmers who were nat-
ural slicers with those who were not [30,31]. Their research hypothesis was that
“slicers have a better understanding of program code after debugging than non-slicers
do.” Seventeen fourth-year undergraduate computer science majors took part in this
experiment, which involved debugging a 200 line Pascal program. Each subject went
through three phases: instructions and practice, program debugging, and subprogram
re-construction.

While debugging, participants marked each statement considered as they worked.
Those who stayed mostly within the slice taken with respect to the incorrect output
variable were considered slicers; everyone else was considered a non-slicer. Results
indicate that on the average non-slicers examined a larger average number of state-
ments (12 versus 0) from outside the slice (p = 0.001). Surprisingly, non-slicers also
examined a larger average number of statements (14 versus 9) from within the slice
(p = 0.0025). Finally, slicers took less time to debug the code (an average of 15
versus 33 minutes) than non-slicers (p = 0.045).

Post debugging, participants were asked to re-construct the minimal subprogram
that produced the incorrect output. Using the accuracy of reconstruction as a mea-
sure of understanding, slicers had better understanding of the code after debugging
(p = 0.02); thus, a relationship between slicing while debugging and program un-
derstanding exists. It is interesting to note that, while not statistically significant, on
the average slicers took more time (24 versus 11 minutes) to construct the subpro-
gram (p = 0.16). A potential explanation for this unexpected result is what Binkley
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et al. labeled “throwing in the towel” (discussed in Section 7.7); in other words,
non-slicers took less time because they simply gave up.

The authors conclude that slicers have higher comprehension than non-slicers.
However, this study does not demonstrate that slicing leads to or causes either im-
proved debugging or understanding. Further experimentation is needed to determine
if the relationship between slicing while debugging and program understanding is
caused by slicing or by some other influence.

7.4 Fault Localization Ability of Slice-Aware Programmers

Francel and Rugaber compared the fault localization abilities of slice-aware pro-
grammers with those who were slice unaware [30,31]. Their research hypothesis is
“debuggers are better able to localize [a] program fault area when using slicing while
debugging than while debugging without slicing.” Where “better able” was defined
as “took less time.” Twenty undergraduate students from a standard first program-
ming course took part in this experiment.

Subjects were divided into two groups, a control group and an experimental group.
Both groups were asked to debug two programs, recording the program statements
they examined as they worked. Between debugging the first and second programs,
the experimental group received training on how to use slicing in debugging.

Results from this experiment indicate that slicing improves the fault localization
abilities of debuggers. While there was no difference (p = 0.343) in the average
time taken (19 versus 31 minutes) for the first program, the experimental group is
significantly faster (p = 0.019) in debugging the second program (taking only 30
versus 65 minutes for the control group).

Finally, it is interesting to note that participants had computer access during the
experiment. The authors observed that some participants used program execution
to obtain crude dynamic slices. This suggests a study on how much static versus
dynamic slicing debuggers employ.

7.5 Slicing Assists in Fault Localization

Kusumoto et al. [61] studied the effect of slicing on human fault localization abil-
ity. The aim was to determine whether a debugger augmented with a slicing tool
could lend practical assistance to the task of localizing a fault. Their research hy-
pothesis was that access to slices would reduce the time taken to correctly localize
fault.

The experiment used a debugger for a variant of Pascal that lacked pointers. This
debugger provided standard features, such as single step execution, break points and
variable look-up and a graphical front-end to a slicer. The study had two halves: first
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a few subjects were given a complex fault-localization task and second more subjects
were given a less complex fault-localization task.

The first half used a cross-over design with two programs (of the order of hundreds
of LOC). Program 1 contained eight seeded faults while Program 2 contained nine
seeded faults. There were six subjects (students of Osaka University), split (at ran-
dom) into two groups of three. The first group used the full debugging tool (including
slicing ability) with Program 1 and then only the traditional debugging features with
Program 2. The second group used only the traditional debugging features with Pro-
gram 1 and then the slice-enabled version with Program 2. The authors report that
the time taken to localize the faults was reduced when the students were using the
slice-enabled debugger. However, no statistical confidence can be placed in these
results, due to the small number of subjects involved.

In the second half of the study, 34 subjects (also students at Osaka University)
considered six smaller programs, ranging in size from 25 to 51 LOC. In each program
a single fault was seeded. Once again, the groups with the slice-enabled debugger
took less time taken to localize faults. In this case a Welch test indicates that the
results are statistically significant [61].

7.6 Safety Slices

Amorphous slicing relaxes the syntactic constraint of traditional slicing and can
therefore produce considerably smaller slices [36]. This simplification power can
be used to answer questions a software engineer might have about a program by first
augmenting the program to make the question explicit and then slicing out an answer.
One benefit of this technique is that the answer is in the form of a program and thus,
in a language that the software engineer understands well [39].

Array safety is a problem to which this technique has been applied [19]. Experi-
ments were conducted to determine whether the resulting safety slice was an effective
aid to an engineer. In the simplest case, such a slice is one of the following

print true // the original program has no array bounds errors
or

print false // the original program always causes an array bounds error

In the more general case, the safety slice is a program that computes the safety
of the original program. The experiment was designed to test the general hypothesis
that a safety slice assists in program comprehension. Specifically, two hypotheses
were under test:

Hypothesis I. Safety slices make human debugging of array safety more accu-
rate.
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Hypothesis II. Safety slices make human debugging of array safety more efficient.

Seventy nine subjects, all students half way through the first, second, or third years
of study at Loyola College, took part in the study. Students from each year were
divided into a control group and an experimental group. Both groups were given the
definition of an array bounds violation, a worked example, and a brief 15 minute
lecture on array bounds violations. In order to train the subjects in the use of safety
slices, the lecture included an explanation of safety slicing and how to use the safety
slice in searching for array bounds violations.

All groups were then given seven programs containing array subscript violations.
In addition, experimental groups received the safety slice for each program. Fol-
lowing the seven programs was a questionnaire, which asked participants subjec-
tively to rate their performance, confidence, and the difficulty of the problems. Each
group was then given the remainder of the lecture period to find array subscript vio-
lations.

The data related to Hypothesis I for all six groups is summarized in Table XXIX.
Note that mean scores increase with experience and with access to the safety
slice.

Taking all subjects together, safety slicing improves the debugging of array ac-
cess safety (p = 0.016, s = 1.57, d.f. = 67). Considering only the more advanced
second and third year students safety slicing is quite effective (p = 0.008, s = 1.04,
d.f. = 37).

The data related to Hypothesis II was only meaningful for the second-year stu-
dents. For different reasons the first and third-year students didn’t produce mean-
ingful timing numbers [19]. Subjectively, the experimental groups finished faster or
completed more of the problems in the time alloted. This result was not statistically
significant.

TABLE XXIX

Hypothesis I—results summary

Group x̄ s n

First-year control 4.64 1.92 22
First-year experimental 5.00 1.85 8

Second-year control 5.27 1.35 11
Second-year experimental 6.33 0.87 9

Third-year control 6.00 0.89 11
Third-year experimental 6.50 0.93 8
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7.7 Semantic Differencing

The sixth experiment investigates the impact of semantic differencing on compre-
hension [14]. The semantic difference between two programs is computed by taking
a collection of backwards and forward slices. The resulting program captures all
changed computations from an old version of the program to a new version of the
same program. The experiment tests the general hypothesis that access to semantic
differences aids in program comprehension. Specifically, two hypotheses are under
test:

Hypothesis I. access to semantic differences makes programmers more efficient
(faster) at tasks that require program comprehension, and

Hypothesis II. access to semantic differences makes programmers more accurate
at tasks that require program comprehension.

Sixty-three subjects participated in two controlled experiments. The subjects in-
cluded undergraduate students half-way through the second, third and fourth years
of study at Loyola College. Each experiment was administered in a fifty minute class
period. It began with ten minutes of instructions and practice. The remaining forty
minutes were alloted to complete the problems. Subjects were divided into a control
group and an experimental group. The only difference between the two groups was
that the experimental group had semantic differences highlighted in the programs
they were given.

Subjects were asked to debug two C programs: a small 50 line version of word
count, and a 500 line version of the CP/M disk utility wash. Subjects were asked
to identify the statements they considered during their initial study of the program
and those relevant to the fault in the program after answering the questions (without
looking back at the original marked code). Note that two factors potentially influence
these hypotheses: the group (experiential vs. control) and the class (second year or
underclassmen vs. third and fourth year, or upperclassmen).

For Program 1, word count, a two-way ANOVA (see Table XXX) indicates that
there is no evidence of interaction between the two factors with regard to the times
for Program 1 (p = 0.39). Thus, the two factors can be considered separately. In
support of Hypothesis I, the experimental group is significantly faster (p = 0.023).

TABLE XXX
TWO-WAY ANOVA p VALUES

Time (minutes) Interaction Group Class

Program 1 0.39 0.023 0.53
Program 2 0.041 0.013 0.28
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Next consider the correctness data related to Hypothesis II. Over half (52%) of
the statements considered by the experimental group were affected by the change. In
contrast, over half (57%) of the statements considered by the control group were not
part of the semantic difference at all. Overall, the experimental group gave a higher
percentage of correct answers (85% versus 68%). However, this result is not statisti-
cally significant (χ2 = 2.07, p = 0.15—because the data is essentially binary, a χ2

test was used). It is worth noting that additional questions show that the control group
had higher comprehension of unrelated parts of the program. Thus, highlighting that
semantic differences helped focus participants on the relevant parts of the code.

For Program 2, wash, the experimental subjects appear to take longer. This is the
opposite of the expected result. The results of the two-way ANOVA related to Hy-
pothesis I (Table XXX) show significant evidence of interaction between the group
and class-year factors (p = 0.041); thus, it is impossible to consider the two fac-
tors independently. Instead, Tukey’s pairwise comparison among means was applied.
This test shows that the mean for the experimental upperclassmen is not statistically
different from that of the experimental underclassman (Tukey simultaneous pairwise
comparison adjusted p-score 0.14). Nor is it different from the upperclassmen con-
trol, but just barely (adjusted p-score 0.051). Finally, it is statistically different from
the control underclassmen (adjusted p-score 0.0075). All other pairwise compar-
isons showed no significant difference. Thus, the experimental upperclassmen took
significantly longer than the control underclassmen. It is impossible to isolate the
cause of this effect.

The interaction between factors and the inversion from the expected completion
time, are potentially explained by what might be called the “throwing in the towel”
effect. For example, a number of control group subjects finished in three minutes or
fewer, which is clearly insufficient time to understand 500 lines of code.

The results related to Hypothesis II follow the expected trend with experience and
the treatment appearing to improve the percent correct. Of the 54 subjects, seven
correctly identified the fault: one control group subject (an upperclassman) and six
experimental group subjects (including one underclassman). Here the χ2 test reports
a p score of 0.033. However, since the sample size is small (violating an assumption
of the χ2 test), Fisher’s exact test was also used. The result is statistically signifi-
cant (p = 0.047). Given they binary nature of the data, this result indicates a strong
pattern.

In summary, for Program 1, the experimental group is significantly faster, but not
significantly more accurate, while, for Program 2, the experimental group is more
accurate, but can not be shown to be faster. Combined there is evidence that the
experimental group, which had access to semantic differences, performed signifi-
cantly faster (p = 0.023) and more accurately (p = 0.047) than the control group.
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The study thus provides empirical support to the assertion that semantic information
assists in program comprehension.

7.8 Ripple Effects

The final experiment investigates the value of semantic differencing in uncovering
unwanted ripple effects [14]. Nine subjects participated in this experiment. Each was
given a 200 line C program that computes parking fees, and asked if a proposed
modification correctly implemented a change in the program’s specification. While
not explicitly stated in the instructions, the problem was designed to test semantic
differencing’s ability to assist in the identification of unwanted ripple effects, which
the proposed modification introduced.

With only four control subjects and five experimental subjects, there are no statisti-
cally significant results from this experiment. Informally, the following observations
are of interest: first, one of the four control subjects and two of the five experimental
subjects correctly discovered the (unwanted) ripple effect. Second, there was some
evidence that the control group was again giving up (throwing in the towel) on the
problem as their average time of 8:15 was less than the experimental group’s average
time of 10:24.

8. Conclusion and Future Work

This survey has presented empirical work involving program slicing of relatively
large scale programs (ranging from a few thousand lines of code to tens and even
hundreds of thousands of lines of code). The results concern questions about the effi-
cacy of slicing, its applications, the nature of the slices themselves, and the interplay
between slicing and other source code analyses. Results from over thirty papers, that
contain empirical results are included. Some general trends in the results reported
are evident and also some directions for future work emerge:

(1) Slice size. In two separate studies with two different static slicing tools and
two different ways of determining slicing criteria, it was reported that a typical
static slice was approximately one third of the size of the program from which
it was constructed. There has only been a single study of dynamic slice size
and the results indicate that the typical slice size is approximately one fifth of
the size of the program from which it is constructed. There also appears to be a
small (perhaps not significant) difference in forward and backward slice size.
Finally, there is disagreement in the empirical literature as to whether calling
context makes a difference in slice size with some studies finding little impact



A SURVEY OF EMPIRICAL RESULTS ON PROGRAM SLICING 171

and others significant impact. More work is needed in this area to clear up this
important issue.

(2) The impact of supporting analyses. It has been shown that a variety of sup-
porting analyses and algorithms used for tuning slice construction have an
impact upon slice size. However, one of the striking aspects of the empirical
results on supporting analyses is the way in which a dramatic increase in pre-
cision of some supporting analyses do not lead to a commensurate decrease in
slice size. Pointer analysis is a prime example. This phenomenon is worthy of
further investigation.

(3) Slicing tools and techniques. This chapter has reported several areas of work
which show how the standard approaches to slicing have been improved upon.
The primary observation which emerges is that this continues to be a worth-
while area of research and where there are, as yet undiscovered, techniques
for improving slicing. Therefore, the results for slice sizes should be regarded
as upper bounds, rather than limits. Finally, more work is required to better
understand the pros and cons of the essentially demand driven, data flow slic-
ing techniques as compared to the caching graph reachability based slicing
techniques.

(4) Applications of slices. The growing body of empirical evidence for applica-
tions of slices and in particular what might be termed the ‘non-traditional’
applications is encouraging. Though slicing was original deemed to be an end
in itself, more recent work has used slicing as a part of an overall approach or
as a way of solving problems for which it was not originally intended (such
as clone detection). These results are encouraging, because they indicate that
slicing has many applications beyond those originally envisaged.

(5) Human comprehension studies. The application of program slicing to aid hu-
man comprehension has shown that slicing does, indeed, assist programmers
when performing comprehension-intensive activities such as debugging, fault
localization, and impact analysis. Furthermore, there is evidence to suggest
that slicing-aware programmers work differently than non-slicing aware pro-
grammers. In many ways the surface has only been scratched: the studies
concern primarily static slicing. There are some indications that more recent
forms of slicing, such as amorphous and conditioned slicing [20,28] may offer
even greater benefits in programmer comprehension activities.

In conclusion, there is now a large body of evidence to suggest that slicing is prac-
tical and effective. New application areas and improvements to slice computation
techniques are being regularly introduced, and results regarding the existing tech-
niques and applications are encouraging.
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Abstract
In traditional computing environments, users actively choose to interact with
computers. Ubiquitous computing applications are likely to be different—they
will be embedded in the users’ physical environment and integrate seamlessly
with their everyday tasks. This vision leads to a set of defining characteristics,
requirements, and research challenges for ubiquitous applications. This chapter
identifies some of the key characteristics via a scenario and derives the impor-
tant application design and software infrastructure challenges that need to be
addressed by the computing research community.
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1. Scenario: A Day in the Life of a CIO

Jane is the Chief Information Officer (CIO) of an organization that relies heavily
on computer services. She is attending an important meeting in her organization’s
headquarters in New York City. She is in a conference room with three co-workers
and two remote participants who have joined via a computer-based video conferenc-
ing system. The system allows her team to see and hear the remote participants as
well as use a shared white-board space to jointly edit documents and explore data.
As the meeting progresses, Jane’s friend calls about their weekend social—the sys-
tem routes the call to her voice mail, noting that she cannot be interrupted from this
important meeting.

Unfortunately, Jane has to leave the meeting early, as she has to catch a plane to
visit a supplier in Paris. Luckily, she can continue participating in the meeting, via
her smart Personal Digital Assistant (PDA). As soon as her PDA detects that she
left the conference room, it routes the audio-part of the meeting to her mobile smart
phone. As she enters the Limousine that is taking her to the airport, the car detects
who she is and adjusts the seat, the screen and keyboard, and customizes the voice
recognition software to her voice settings. The screen built into the back of the driver
seat displays the video stream of the meeting, including both the people as well
as the shared white-board space. Furthermore, the audio portion of the meeting is
transferred to the in-car speakerphone system. As the car starts to move the video is
adapted automatically to changing network quality by changing its resolution. When
one of the meeting participants starts showing a PowerPoint slide, which is marked
as confidential, the car’s sound is automatically muted and a pop-up window appears
pointing out to Jane that the following part of the meeting seems to be confidential
and might be overheard by the driver. The car’s built in system then offers her to
either continue the remote meeting using headphones or by having the Limousine’s
divider windows raised in order to ensure the needed privacy. Given the car’s security
certification Jane can be at ease about spying software in the car’s security system
that might record the conversation for later analysis.
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As the meeting progresses, an instant message pops up on the screen alerting her
of a fire accident in her organization’s data center in Colorado Springs. She taps the
message on the touch-sensitive screen in order to dial the sender’s phone-number.
Her personal software agent, noticing that Jane is going into crisis handling mode,
notifies the meeting attendees that Jane is in a situation that urgently needs her atten-
tion, and that she has to excuse herself from the meeting. The sender of the instant
message, the data center manager, reports to Jane that the fire in the data center
severely damaged some important servers. He was alerted to the fire and its location
by the building management system, which had sensed a fall in pressure in the sprin-
kler system. The building management system deduced that there might be a fire
(or a breach in one of the pipes) and decided to close all fire doors in the facility. It
had then localized the source of the fire by tapping into the heating/air-conditioning
thermostats which were reporting high temperatures in the server room before going
off-line. Thanks to the automated fire-management system, much of the data center
had been saved. For those servers that were damaged, the backups were luckily safe
off-site.

Jane decides to change her plans and fly to Colorado Springs immediately to help
with the repairs. She asks the data center manager to send her a detailed damage
report in order to plan the repair. She activates her software personal agent using the
in-car keyboard and tells it to change her flight reservations from Paris to Colorado
Springs. She also requests that all the files regarding the data center configuration
be transferred to her PDA as soon as the required network bandwidth is available.
The agent rebooks the flights. In addition, it infers that she will not be able to fulfill
her appointments in Paris. So it cancels the hotel room reservation using the hotel’s
on-line services and the meetings with the supplier and sends the appropriate emails.
As Jane leaves the limo, the personal agent “hops” from the car’s computer to the
PDA and scans the area for a better network connection. As she enters the airport
terminal, the agent detects a high-capacity wireless LAN to which it authenticates
itself and starts downloading the requested data about the data center.

While waiting at the terminal, Jane calls the data center manager to get the latest
update. Meanwhile her Smart phone-agent registers her nervousness as expressed
by the resistance of her skin and her increased heart rate (as sensed through the
sensors on the phone’s earpiece that touches her skin). Therefore, the agent reroutes
all non-essential phone calls to her voice mail. Her plane is delayed a bit, and as she
continues waiting, she spots a business associate, Mark, who happens to be flying
on the same plane. She explains the situation to Mark and shares from her PDA the
photos, videos, and the data sheets related to the warehouse fire. Mark views the
information on his larger screen tablet computer, and suggests that he can help by
contacting an insurance evaluator for a field inspection. Jane is relieved to accept
the help, and the two of them decide to share all their information and computing
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tasks related to the fire as they travel together to Colorado Springs. They set up their
computing devices so that each of them is able to see the progress the other has made
in resolving the issues they’re collaborating on.

Once she boards the plane, her PDA again scans for possible services in her en-
vironment and detects that it can connect to the screen and keyboard built into the
plane’s seat using an in-airplane wireless network. It displays Jane’s desktop envi-
ronment on the screen and highlights the data center information. After the plane
takes off, Jane carefully plans the necessary repairs, and shares this information with
Mark who concurrently sets up the insurance evaluation. Jane puts in express orders
for the needed parts, and enters requests for freelancers with the appropriate skills to
relieve her own employees who are working around the clock. The PDA’s personal
agent automatically prioritizes her requests and transfers some files over the slower
airplane network. As she lands in Colorado Springs, it can transfer the remaining files
using the terminal’s wireless LAN. By the time she arrives at the data center, the first
bids by freelancers have already arrived, and the computer equipment providers have
received the orders for the replacement parts.

2. Ubiquitous Computing Characteristics

The above scenario illustrates many aspects of ubiquitous computing, of which we
highlight three major characteristics below—social factors, task factors, and technol-
ogy factors.

2.1 Computing in a Social Environment

Privacy

One major characteristic of ubiquitous computing technology is that it has a sig-
nificant impact on the social environments in which it is used. Any introduction of a
ubiquitous computing environment implies the introduction of sensors, which irrev-
ocably causes an impact on the social structure no matter how unobtrusive it seems
to be. Imagine, for example, that your apartment is outfitted with all kinds of sensors
to feed a ubiquitous computing system. As described in the scenario these sensors
could help you to manage life threatening situations, such as fires. They could also
help to improve general quality of life issues by adjusting temperatures and lighting
to people’s preferences, etc. However, a big concern would be about how the col-
lected data is used: Would you want your neighborhood police station to be able to
monitor in which room you are currently residing (as indicated by the alarm system’s
motion detectors) and how much alcohol you are consuming (as inferred from your
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food inventory system)? How about your thermometer: Would you like it to share in-
formation about your temperature with your employer? What about your physician?

Gathering data of any kind irrevocably leads to privacy concerns. Where should
the data be stored and what boundaries shouldn’t it cross? Who should have access
to it and who doesn’t? These questions aren’t new to ubiquitous computing. But
the pervasiveness of these sensors adds a new layer of complexity to understanding
and managing all the possible data streams. Can one subpoena the data collected
by ubiquitous computing systems? As the answer is probably yes, there might be
a demand for ubiquitous computing systems where the raw sensor data cannot be
accessed at all, but only processed inferences from the data, like “burglar entry,” can.

Perpetual, Pervasive Observation

Apart from the legal/privacy implications the ubiquity of sensors may also lead to
psychological unease on the part of users. As Zuboff [28] describes it, people don’t
like to be observed all the time. In Zuboff’s book, a manager in a computerized plant
says: “. . . this computer is like X-Ray vision. It makes the people who operate the
process very unfriendly . . .” (p. 316). Or in the words of an employee in that same
plant (p. 343): “. . . we don’t want them to second-guess our minute-to-minute deci-
sions. . . . our concern is that they will be on our backs and we will all end up with
ulcers.” For that reason, Zuboff compares such environments where people feel con-
stantly observed to a jailhouse design by the moral philosopher Jeremy Bentham,
which he calls the Panopticon, that (as cited by Zuboff [28, p. 321]) “. . . induces
on the inmate a state of conscious and permanent visibility that assures the auto-
matic functioning of power . . .” and thus perfect control of the inmates. The constant
feeling of observability, as it can be generated by the perpetual presence of certain
sensors can, hence, lead to undesirable psychological feelings and unease about the
sensor-laden environment.

As Grudin [9] mentions, even sensors that are highly desirable by all participants
may have socially unacceptable implications. He points out the example of a meet-
ing, where one participant is late. In the physical world, it is not uncommon to joke
at the latecomer’s expense in order to diffuse frustration. Having the same meeting
in a phone teleconference situation might, however, make the jokes look rather awk-
ward, since the late arriver might check the prerecorded bits in order to catch up
on things already discussed. Unfortunately, sensors typically record only one aspect
of an occurrence and, thus, decontextualize the sensory data. Social interpretability,
however, requires exactly this contextual information leading to undesirable effects
and misinterpretations.

These social issues are going to become a major non-technical issue when devel-
oping ubiquitous computing applications. They are going to shape their acceptance,
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which will in turn decide their success. It is going to be a major challenge to convince
privacy advocates who already argue that ubiquitous computing will lead to “small,
usually invisibly sensors that will be everywhere, including food and clothing, to
gather data about people that can be used [for marketing purposes]” (paraphrased
from [12]).

HCI, CSCW, and Ubiquitous Devices

Jane’s smooth use of the ubiquitous technology as pictured in the scenario is rather
optimistic, in that it assumes that Jane knows how to use all the different user inter-
faces she is confronted with. For most of us, it is complicated enough to navigate
one user interface environment like MS Windows or Apple’s Aqua. Only stringent
user interface guidelines ensuring consistency will allow us to use programs that we
haven’t seen before. But imagine what would happen when those programs have
a variety of different interfaces due to the different capabilities of the devices on
which they are used? When the video-conferencing application that Jane was using
hopped from her Laptop to her cell-phone to the car, it had to adapt not only to
changing technological capabilities like bandwidth, but also to different input/output
modalities, and hence, human computer interaction models. This opens a plethora of
questions—e.g., what does it mean to have a consistent interface across platforms?

One approach, taken by Microsoft, is to make all user interfaces from the PC to
the PDA and cell phone look (seemingly) the same. Unfortunately, this approach
isn’t necessarily successful, because this seeming sameness suggests similar capa-
bilities, which cannot be assumed for devices with various limitations. This leads
to, for example, serious confusions by the users of PDA versions of Word, Excel,
and PowerPoint, which seemingly look like their big brother but sometimes behaved
annoyingly differently.

Another approach would be to accept the different look and feel of the user in-
terfaces (after all it is difficult to type on the back of a car seat), but adhere to the
same interaction logic (i.e., sequence of user actions) across devices. Nokia has been
employing this approach in their phones with great success. If you have gotten used
to one of the Nokia phone models, then you can use other models in more or less the
same manner. This approach ensures logical consistency, but does not allow user in-
terfaces to take advantage of unique options available on certain devices, like gesture
recognition or touch sensitiveness.

The above discussion is intended to point out that the problem of writing cross-
platform adaptive and intuitive user interfaces is a major challenge for user interface
research. It gets aggravated by the problem that ubiquitous devices are often used in
social environments where multiple people may either be present or even collaborate.
When Jane walks into the airport terminal, it might not be socially acceptable for
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her to issue hand gesture commands (as some of the people in the terminal might
think that she has behavioral problems). On the other hand, social acceptability may
change as we see with cell phones, where we consider it (somewhat) acceptable for
people to walk alone on the street and have a conversation in public with others using
a hands-free mobile phone (an activity which might have earned one an admission to
a psychiatric ward just half a century ago).

2.2 Task Dynamism

Dimensions of Dynamism

The history of work is full of attempts to optimize our work processes and take
out all traces of exceptions. This process-oriented approach was formally started by
Frederick Winslow Taylor [23] in industrial environments and was passed on to the
office floor at Citibank [19]. Consequently, most computer systems so far have been
introduced in environments that have been made as static as possible in order to
ensure efficiency. Ubiquitous computing applications, by virtue of being available
everywhere at all times, will have to adapt to conditions that have not been engi-
neered to be constant and predictable. People have to cope with dynamic environ-
ments that change in sometimes unpredictable ways, and the applications supporting
them will have to help them do so. In our scenario, for example, the fire in the data-
center is clearly an unpredictable event. Jane’s PDA helped her to cope with the
newly arising situation by changing her hotel reservations and re-routing her calls.

A second characteristic of such uncontrolled environments is that they are at least
partially inaccessible to sensory monitoring. A vast amount of occurrences happen
outside the perceptual range of any application. Therefore, applications have to be
written bearing in mind that they act in an open environment [13], where any type
of closed world assumption is wrong. In our scenario the building management sys-
tem had to infer that there was probably a fire given that the water-pressure in the
sprinkler system had gone down, and it did not have direct access to fire-sensors (or
smoke detectors).

A third characteristic of such environments is their non-deterministic behavior.
It is not always the case that actions will have the same results each time, since
their outcome may be dependent on the action of others and unforeseeably changing
constraints. Jane’s plan to relieve her workers with free-lancers will only work if
there are actually free-lancers available to help out. While this is a fair assumption
if the fire is limited to Jane’s facility, it would seem highly unlikely in the case of a
large scale bush-fire in Colorado, when all free-lancers would be booked.

We can, hence, infer that people using ubiquitous devices will act in environments
that are dynamic, at least partially inaccessible, and non-deterministic. Such envi-
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ronments are not amenable to traditional planning of tasks and their subsequent ex-
ecution, as the basic assumptions and constraints on which the plan is based might
change during execution requiring a different course of action. Looking at the so-
cial science literature (as excellently summarized and extended in [22]) we find that
people in such environments don’t really rely on plans as fixed instructions, but use
them as a resource for action just as much as any other resource. They may serendip-
itously change their goals or adapt their actions to a changing environment [22].
Consider for, example, arriving in Boston Logan airport and getting instructions on
how to drive to MIT. These instructions would probably include where to turn and
what bridges/tunnels/roads to take. However, when a road is closed due to construc-
tion (and this has happened rather often in Boston during the last few years), those
instructions would be problematic. They could serve as a resource up until the point
where they would become just another input on finding MIT. One could, for exam-
ple, show the instructions to a by-passer and ask her what other path there would be
to MIT, leading to change in the plan of how to get to MIT. Our scenario illustrates
a second type of change. When new information about the data center fire arrived
unexpectedly, Jane changed the destination she wanted to go to: rather than chang-
ing the combination of tasks to lead to a goal, the scenario shows a situation where
changing circumstances warrant changing the goal itself.

Task Dynamism and Task Support

Bernstein [3] extends this understanding of people acting in dynamic environ-
ments to find the support types that might be needed. He finds that it is useful to
focus on the specificity of the task as a guideline for how much a system can rely
on existing plans to guide the user. For highly specific tasks, plans might be used
to inform a workflow management like system. For highly unspecific tasks plans
serve just as yet another input for a human actor to decide what to do next. The sys-
tem might just be able to extract possible constraints for the plan and make the user
aware of them. During execution, tasks might become more or less specific depend-
ing on occurrences beyond the reach of the system such as exceptions occurring (as
the fire in the scenario) or new information arriving that further specifies the task.

To succeed in such fluid environments, one will thus have to leverage the human
ability to act and reason with incomplete information based on hunches and vast
experience as well as the ubiquitous computing system’s ability to meticulously ex-
ecute and observe large amounts of well structured tasks and data. Sometimes the
user might actively reconfigure the system to adapt to the new task settings (relying
on information that might be inaccessible to the system); at other times the system
might have to infer from its sensory input that the user changed his or her mind (such
as when the agent cancels Jane’s hotel reservation based on the flight changes). In
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order to allow the user to follow any reasoning the system might have made, ap-
plications will have to be able to explain why they inferred those task-changes and
learn from their right and wrong inferences. In summary, human and machine actors
will have to cooperate, each bringing its strengths to bear in truly mixed-initiative
collaborations [7,26,6,3].

2.3 Devices and Their Characteristics

Devices That Users Interact With

A primary goal of ubiquitous computing is to ensure that users have access to their
applications and data anywhere and on any device. The conventional way of achiev-
ing this is to directly install applications on devices that users can carry around with
them. Devices such as PDAs, mobile phones, smart watches, flash-memory devices,
etc. typically provide some storage for a user’s personal data and applications, some
computational power to perform essential functions, as well as some level of network
connectivity for interacting with other devices. These are a critical part of the ubiq-
uitous computing vision, since they provide an easy way for users to carry personal
data and applications in a manner that is secure and available at all times.

However, this is not practical for all applications—you probably do not want to
do your email on your watch’s GUI. Nor is it necessarily desirable, since you may
want to, for example, share the data on your calendar with others. In many cases,
it is more effective to think of devices as “portals” into a personal application and
data space [1]. With this perspective, users can use devices that they may carry with
them (for ease of use, familiarity), or they can use devices that are installed in the
environment. In our scenario, Jane was using her smart phone and smart PDA as well
as the devices available in the car and the airplane. In either case, the user should be
able to access the applications and data they need. This, of course, is only possible
when there is a suitable networking environment and a secure way to communicate
with other devices. (When this is not possible, we fall back on the conventional
computing environment of the previous paragraph.)

One consequence of this perspective is that applications have to adapt to changing
technological capabilities in their environment. If the device itself is mobile (follow-
ing the user or being carried around by him/her) then it usually has some constraints
in terms of physical dimensions. These physical constraints limit resources such as
battery power, screen size, networking bandwidth, etc. A PDA, for example, has rel-
atively little screen real estate and limited battery power, a cell-phone has an even
smaller screen size but typically a longer battery life and is at least connected to a net-
work, etc. These limitations impose various requirements on application adaptability.
Screen real estate, and more generally, the input and output interface modalities of a
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device have a major impact on the design of applications, which in turn has a major
impact on the usability and satisfaction of a user on that device. As a result, an ap-
plication should be fine-tuned for, or at least satisfactorily usable, for each device it
is intended to execute on. Battery power is a precious resource for mobile devices,
since the growth in mobile power levels is far slower than the growth in other aspects
of computing such as processor power, memory, etc. Applications should be aware
of and adapt to the available power on a device. It is also necessary for the device to
orchestrate the suite of applications being run, based on the power availability and
application need based on user’s priorities.

Furthermore, applications might also experience variability in the availability of
resources, as demonstrated in our scenario. There may be varying levels of con-
nectivity from a given device, ranging from full network availability to intermittent
connectivity, to lower bandwidth connections, to no connections at all. An applica-
tion should be able to gracefully provide useful and usable functions in all of these
environments. In fact, it is important to note that application adaptability is necessary
not only for supporting user mobility but also for supporting failure and recovery of
pieces of the ubiquitous computing infrastructure. Lack of networking availability
is equivalent to the failure of the networking subsystem; lack of a large screen is
equivalent to the failure of an existing large screen, and so forth.

Another aspect of mobility is having the application following the user and mov-
ing seamlessly between devices. Applications will thus have to adapt to changing
hardware capabilities (mice, pens, jog-dials, keyboards, network types, etc.) and
variability in the available software services. In our scenario, Jane moved from the
office (with a rich multimedia environment for a conferencing application) to the
street (where the only available modality was a voice device) to the car (with a more
limited handheld and in-car computer and speakers), with different user interface and
networking capabilities in these two locations. Some resources might even become
completely unavailable, as the limo might not have any printer. The meeting software
will have to dynamically adapt to changing technological capabilities by adapting the
compression rate and size of transmitted pictures or determining an alternative out-
put to a printout. Obviously these considerations also influence the development of
applications and their capabilities.

Devices Embedded in the Environment

A second category of devices—sensors and actuators—are critical in enabling
ubiquitous computing applications. There are many examples of sensors in our sce-
nario: The PDA subsystem that tracks and discovers other devices, the car interior
that recognizes that a specific person entered the car, the smart phone that recognizes
that Jane is stressed, the fire sensors in the warehouse, etc. These devices collect
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data about the real world and pass it on to the computing infrastructure for enabling
decision-making. On the other hand, the isolation device in the warehouse in our
scenario is an example of an actuator. Actuators are devices that allow a computing
environment to affect changes in the real world.

Sensors and actuators come in a wide variety of capabilities. The size of sensors
can vary from “smart dust” [15] to cell phones to even larger devices. Sensors may
track using electromagnetic, chemical, or other means. Some sensors need power,
whereas others do not. Due to their limited capability, sensors will need to network
with other devices to become an effective part of a computing system. In some sce-
narios, sensors can communicate with centralized aggregators of information via a
fixed network infrastructure. In other scenarios (e.g., deep sea or military applica-
tions), it may be necessary for sensors to network among themselves to realize an
effective application.

A major implication of using large number of sensors in the environment is that
there will be a tremendous amount of data that will be generated. Data generated by
sensors is often dynamic and not “persistent”—for example, the fact that my car is
currently at a particular location may not necessarily be useful after a few minutes.
Furthermore, it should be possible to derive useful information from “raw” sensor
data. The fact that the light was off, the computer was off, and my office door locked
is not useful information by themselves, but the combination of these which implies
that I was not in my office at that time is perhaps useful to an application.

3. Research Challenges

Given the above characteristics, we identify a number of challenges for the com-
puting research community, organized into four broad categories—semantic mod-
eling, developing and configuring applications, building the software infrastructure,
and validating the user experience.

3.1 Semantic Modeling

A fundamental necessity for an adaptable and composable computing environment
is the ability to describe the preferences of users and the relevant characteristics of
computing components using a high-level semantic model. For example, if we have
information that a user prefers aisle seats on an airplane and that the user’s device
can support voice interaction, then a travel application can ask the user whether they
would like to have an aisle seat as usual. Ontologies [8] can be used to describe the
user’s task-environments as well as their goals, to enable reasoning about the user’s
need and therefore to dynamically adapt to changes.
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Modeling Device and Service Capabilities

The effort around the semantic web [2] is partially aiming at developing languages
to specify, in a logically sound manner, the capability of devices and the requirements
of services for their execution. Furthermore, descriptions of the device capabilities
and their appropriate use will allow applications to reason about how to best support
users in any given context. For example, the system could down-sample pictures
when network bandwidth decreases on a device. The changing bandwidth availabili-
ties that Jane encounters when going from the facility (with presumably a wired giga-
bit Ethernet and 54 MBit WLAN) to the car (with a hopefully roughly 100 KBit 3G
connection) to the airport terminal (with presumably 10 MBit WLAN), and finally
to the plane (with a low bandwidth wireless connection through satellites) require
her software agent to constantly adapt to changing capabilities. One way to deal with
this problem is to model each network in the form of an instance in an ontology
describing all attributes of the service (such as bandwidth, latency, etc.). When an
application, such as the video-conferencing tool that Jane is using at the beginning
of the scenario is looking for a service such as a network, it could provide a de-
scription of the required network capabilities, again in the form of an instance of an
ontology describing the desired properties of such a connection. The agent will now
be able to take the required capabilities as well as the available services and match
using the ontologies that define the two. When the bandwidth changes (for example,
when Jane exits the building and enters the car) the agent will try to re-match the re-
quired capabilities and, when a match is found, inform the application of the changed
circumstances (i.e., reduced bandwidth) which will result in the video-conferencing
software requesting a different (i.e., lower bandwidth) video-stream.

Modeling the User’s Task Environment

A good ubiquitous computing application should determine how to most appropri-
ately interact with users given a social context by, for example, deciding not to ring
on the arrival of a new message during an opera but only vibrate. Again, imagine a
semantic description of the user’s context with its appropriate interruption methods
(such as vibrating, just flashing the message on the screen of the phone or watch,
vibrating, or ringing) and the importance of a message will help an agent to deter-
mine what method to use given the specific context. Jane’s agent, for example, was
able to determine that the message about the fire was important enough to interrupt
the videoconference she was engaged in. A call from a colleague about a possible
lunch-meeting in a few weeks, however, could have been deemed less important and
been routed to her voice-mail for later attention. Such message filtering approaches
could be extended with machine learning methods for determining interruptibility
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and importance of the message (as used in Mozilla mail for SPAM filtering), which
may include approaches such as relevance feedback to improve their performance.

Extending Existing Semantic Modeling Techniques for
Knowledge Interchange and Reasoning

The research challenges in semantic modeling include developing a modeling lan-
guage to express the rich and complex nature of ontologies, developing and validat-
ing ontologies for various domains of user activity, and finally, agreeing on shared
ontology parts or translations for each application domain (see also [2]). While the
semantic web-effort has resulted in a standard language for expressing ontologies
called OWL (Ontology Web Language) [25], this language “only” enables the syn-
tactical exchange but not the translation between ontologies. OWL’s XML descen-
dant mark-up language allows different tools to exchange ontologies using a common
format. Different applications (and organizations) are still highly likely to develop
different ontologies. Just imagine the network ontology for end users (typically only
encountering a small selection of protocols and physical connectors) compared to
the ontology a network engineer at a large telecom might encounter (encompassing a
large variety of standards). One would, therefore, have to use some translation proce-
dure when reasoning about items specified in different ontologies. For open systems,
where the mapping might not be straightforward, this is still an open problem.

Another issue is the inherent limitation of the OWL language due to its basis
in description logic. This limited logic is incapable of describing certain kinds of
relationships [10] and in return benefits from reduced computational complexity. One
example is OWL’s inability to describe non-monotonic knowledge, i.e., features that
are “un-inherited” from a more general concept. This could be particularly important
as end users (as opposed to software developers) oftentimes prefer non-monotonic
systems [16].

Validating Semantics

Finally, there is the issue of validating the semantic markup. Almost any semantic
specification of items existing in the socially accessible world is bound to cause dis-
agreement. Semantic markup attempts to capture meaning, which is philosophically
difficult to track. Depending on the research tradition the meaning of items is either
well defined (as for example words are in the French language by a committee) or
by its use (as Habermas [11] asserts). Obviously, computer scientists developing ap-
plications in the ubiquitous computing domain do not want to get entangled in such
philosophical issues. Nevertheless they will have to understand that any specifica-
tion of meaning will eventually entangle them in such problems [18]. It is, therefore,
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imperative to validate any ontology with which users will have contact with repre-
sentatives of that same user community.

3.2 Developing and Configuring Applications

There are three stages in the lifecycle of applications: At design-time, a developer
creates, maintains and enhances an application. At load-time, that is when the user
invokes the application, the system adapts the application to the user’s context and
delivers it. Run-time is when the user actually uses an application for its intended pur-
pose. This subsection discusses the issues at design-time, and the following section
discusses the research issues at delivery-time and runtime.

To understand the issues involved in developing applications, it is necessary to first
understand a model of applications. An application is structured into two parts: inter-
action logic and application logic. Interaction logic defines the interchange between
a user and the system, regardless of the “context” of the user, including the device
being used and the user’s particular preferences. The application logic is organized
into reusable software modules, which encapsulate a packaging of computation and
data, perhaps to expose the information interface of physical artifacts. The current
trend in the software industry is for providers to encapsulate these reusable functions
via application components called services.

Within this application model, building applications involves specifying the right
composition of services, building the interaction logic, and orchestrating the data
flow among the various components. For example, an application to book a hotel
room consists of composing a hotel search service, a hotel reservation service, the
user’s credit card service, and the user’s calendar service, and creating the right user
interface to provide the necessary information for these services to collaborate and
complete the task.

Building the Application Logic

Building the application logic as reusable services in a ubiquitous computing en-
vironment has several challenges. First, these services need to be described using
standard ontologies as described in the previous subsection. Such semantic descrip-
tions are needed to enable automatic composition of services, which in turn enables
an infrastructure that dynamically adapts to tasks.

Second, not only will services encapsulate business logic and data, but also “in-
formation interfaces” to physical artifacts such as sensors and actuators. Due to the
extensive heterogeneity of these devices, it is important that the service interaction
interface is standardized. However, the implementation of these services will be inti-
mately tied to the underlying functionality of the device. For example, a temperature
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sensor will provide a programmable function for reading the temperature, and the
function could be exposed as a method of a web service.

Third, configuring services so that they can be easily and reliably reused by other
developers and composed into applications will be a major challenge. In addition to
describing the interface of the service, it is necessary to register them in the right
registries which are available to service discovery services. The service discovery
algorithms, which in turn depend on the ontologies, should be complete enough to
reliably discover the most appropriate services. Furthermore, the registry and the
discovery infrastructure should be scalable to support massive numbers of services.

Building the Interaction Logic

The requirements of ubiquitous computing impose a significant shift in the devel-
oper’s mindset while building the interaction logic of applications [1]. Applications
are not pieces of software targeted to a particular device or a particular environment,
but rather, they are high-level descriptions of the task that a user needs to perform.
The goal is to be able to specify the interaction logic at an “intent-level,” and the
application’s requirements on data and computation. An intent-level specification
describes the user’s task at a logical level, e.g., this task gathers a customer’s contact
information (as defined by a schema), rather than at a concrete presentation level,
e.g., this screen requires the customer to enter their street address, city, and phone
number using input fields of length 20. This kind of abstract, intent-level, specifica-
tion allows the infrastructure to adapt the application to heterogeneous devices with
constrained resources. This leads to several research challenges:

First, the interaction logic specified at the intent level, or at a generic level, has
to be transformed to concrete device-specific applications. If this transformation is
completely automated, the risk is that the generated user interface code may fall short
of hand-written interface code, making the application not very usable and aesthetic.
As a result, one approach is to make the transformation semi-automatic, meaning that
the application developer provides some extra information to help the transformation
engine make the right choices. Furthermore, the developer should be able to modify
the generated code to add style elements to increase the aesthetics and UI uniformity
of the generated code. This kind of intermixing of manual input with automated
transformation raises several challenges in the development methodology.

Second, it may be desirable to convert existing, concrete, device-specific applica-
tions into intent-level applications so that they can be re-targeted to other devices.
In addition, user-interface designers may prefer to build the UI in concrete device-
specific terms rather than an abstract intent-level. There are many technical chal-
lenges in addressing this problem, for which guidance can be obtained from the area
of programming by demonstration.
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Incorporating Context into Applications

Ubiquitous applications of the future will be context-aware, in the sense that they
will have information about the environment and activities of the user (thanks to sen-
sors), and they can choose to adapt their behavior based on the user’s circumstances.
As a simple example, a message notification application may choose to deliver a
message by email or by voice (telephone) depending on the current state of the user
(Is the user in a meeting? Handling a crisis? Etc.). Consider the issues that an appli-
cation developer faces in writing an application of this nature.

Writing context aware applications can be extremely complex. At a minimum, the
application developer should have an easy way to specify the actions an applica-
tion should take under specific conditions. This requires a high-level programming
model, preferably a declarative programming model that is easy to specify and de-
bug.

As the number of context sources increase, however, this poses an enormous prob-
lem. The developer cannot possibly hand-code the way in which an application
should react to each possible user circumstance, since there can be an unbounded
number of complex situations. In these situations, it becomes important for the sys-
tem to support additional automation in determining the most useful combination
of context data that can be relevant to particular applications. A more sophisticated
approach would be to support some level of automated learning based on patterns
of past context [20,21]. For example, the learning system can recognize that when
Jane’s calendar has a meeting, and her current position is outside of her office, and her
PDA has sufficient bandwidth and power, the meeting stream should be re-directed
to her PDA. Learning algorithms, however, are complex to develop, and require a
significant amount of fine-tuning to make them friendly to end-users.

3.3 Building the Software Infrastructure

The software infrastructure needed to support the kinds of applications envisioned
in our scenario is extensive and complex. Such an infrastructure must be able to
support task dynamism as well as heterogeneous and resource constrained devices.

The hardware infrastructure consists of end-user devices, sensors and actuators,
interconnecting networks (both wired and wireless), as well as the server computers
that are used to collect data from, analyze, and control the devices. For the purposes
of this chapter, we assume that these devices already contain the low-level operat-
ing systems and the drivers needed to interconnect with other devices, and to allow
other software applications access to their functions. Thus, we think of the software
infrastructure necessary for ubiquitous computing as the pre-existing software that
is embedded within the devices and the network (servers) to enable the ubiquitous
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computing applications. In this section, we cover the various aspects of software
infrastructure in turn.

Composing and Instantiating Applications

An effective software infrastructure for running ubiquitous applications must be
capable of dynamically creating a customized application by composing the right
components based on the user’s context. The infrastructure must be able to (1) de-
termine, (2) synthesize, and (3) deliver the application to the user’s computing envi-
ronment, i.e., the collection of devices that the user prefers to work with. Semantic
models for users, applications, tasks, and computing environments will be used for
this purpose. Let us consider each of these steps in turn.

The first step is to determine which user tasks are most relevant to a user in a par-
ticular context. For example, in our scenario, when Jane hears about the warehouse
fire and switches into crisis mode, her software personal agent infers that she needs
to pay attention to the crisis as opposed to the meeting, and helps with the social pro-
tocol to end her meeting attendance (e.g., notifying others that Jane needs to handle
a crisis). These tasks may be determined based on history, on preferences, or other
knowledge of the user’s behavior and the environmental conditions. In general, this
problem is also heavily based on the semantic models and the context-enablement
discussed earlier.

The second step, once the user has selected the task, is to create an application to
suit the user’s task by finding and composing the appropriate components and ser-
vices. For example, in our scenario, consider the application that cancels Jane’s trip
to Paris. This application consists of a flight reservation service, a hotel reservation
service, Jane’s financial accounting service, the calendar services of multiple people
(for canceling the meetings), an email service (for notifying participants of Jane’s
status), and finally, a user interface to inform Jane and to get confirmation from her
for the different steps. In our envisioned future world, such applications cannot be
composed a priori, since not every combination of services can be foreseen in ad-
vance. As a result, there is a need to translate the user’s intent (e.g., to cancel a trip)
to an application that performs the necessary sub-steps. The challenge here is to de-
termine which aspects of the application are pre-defined, and which aspects are built
and composed on the fly.

The third step, once the application is created, is to deliver the application by
potentially partitioning the application among various devices to take advantage of
the relative strengths. For example, in our scenario, the meeting application may
be partitioned in one way in Jane’s office, e.g., with an audio/video decoder, and
renderer on the room’s computer, and a mixer and demultiplexer on the backend
server. The application may be partitioned very differently in the case when she is
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walking to the Limo with her SmartPDA, e.g., only audio components such as a
decompressor, decoder, decrypter (for security purposes), and renderer may be on
the device. The challenge here is for the software infrastructure to understand the
user’s computing environment, i.e., the devices, networks, UI modalities, etc., as
well as the user’s preferences, to appropriately partition and deploy the application
components onto different devices. Note that the partitioning may be dynamically
changed, that is, the software infrastructure must be capable of monitoring the user’s
computing environment and dynamically modify the application partitioning based
on changes in the environment.

In the last step above, it is clear that the software infrastructure spans the devices
as well as the network server infrastructure. The device software infrastructure helps
determine the device capabilities, negotiate with the server infrastructure, provide
an execution environment for the application, and helps monitor and adapt the ap-
plication as necessary. The network server infrastructure, on the other hand, may
typically be responsible for the other steps above, such as the context collection, ap-
plication determination, application composition and delivery. However, in general,
these functions can occur either in the network server infrastructure or the device
software infrastructure.

Seamless Migration Among Devices

Once instantiated, applications may have to move seamlessly from one device to
another and from one environment to another, based on the user’s activity. In our sce-
nario, the meeting application moved from the office environment, to Jane’s personal
computing environment, to the car. Later in the scenario, the task analysis application
Jane uses moves from the car to the airport to the airplane, etc. In each of these cases,
there is a need for dynamic monitoring of the user and task context, and the ability
to migrate the application as the usage context changes. This entails suspending the
application, refactoring the application based on the new target environment, and
restoring the application in the new environment. These are all non-trivial technical
challenges for which there are no widely accepted solutions.

Applications must provide reasonable function even when network connectivity is
intermittent or unavailable, and must recover graciously from failures. The above dis-
cussion assumed constant and full network connectivity, but in general, connectivity
can be anywhere from unavailable, to intermittent, to available at various bandwidth
levels. Even in a future world where the network infrastructure is ubiquitous, factors
such as cost, security, and responsiveness, may require that the software infrastruc-
ture be aware of the network connectivity level and adapt itself accordingly. In our
scenario, when Jane asked her PDA to download the schematics of the data center,
the PDA deferred the request until a higher-capacity network could be found. When
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Jane puts in requests for bids during her airplane trip, the infrastructure, recognizing
that network connectivity is low capacity, queues up the transfer of larger data files,
but still allows her to continue her work in the weakly connected environment.

Aggregation and Analysis of Data

As alluded to in the discussion above, one of the key challenges in ubiquitous
computing is the computing machinery required to collect and analyze data from a
large number of data sources like sensors, databases, web services, etc. There are
two main challenges here—dynamic binding to data sources and rich composition
of heterogeneous data. Dynamic binding is the notion that an application should not
be rigidly bound to a data resource, but instead capable of re-binding to the most ap-
propriate resource based on the current conditions of the application execution. For
example, in our scenario, Jane’s meeting application should not be rigidly bound to
a particular audio receiver (microphone) on a PC, but rather should be able to rebind
itself to the audio receiver in the office, or on the PDA, or in the car, etc. The appli-
cation requires audio data from Jane—regardless of where Jane is and which device
she is using. Application developers should be able to easily specify this type of dy-
namic composition, rather than having to explicitly specify the manner in which an
application should bind to each type of audio receiver in each environment. Multiple
research projects are ongoing to address this issue (e.g., UDDI [24], Jini (see Table I
accompanying Section 4 of this article), and iQueue [4]).

The other challenge is that of rich composition of heterogeneous data. Information
coming from data sources is typically low-level, in the sense that information from
each source may only give a low degree of confidence of an event meaningful to
applications. For example, in our scenario, the fact that a meeting is going on in
Jane’s boardroom is determined by sensors that detect that there are multiple people
in the room, and there are voices being heard, and there are devices and programs
that are active, and so forth. Similarly, when Jane is waiting at the airport, her PDA
detects that she is nervous by sensing her skin resistance (due to sweating) and her
elevated heart rate, and perhaps also taking into account that she is reacting to a
crisis (based on semantic information about her activity). The software infrastructure
should enable rich and flexible composition of data from multiple sources such as in
these examples. The programming model for specifying these compositions is non-
trivial, and is currently being developed in ongoing research projects [5].

In many cases, it is very difficult, if not impossible, for a human application de-
veloper to explicitly specify the particular combination of low-level context data that
should be composed into a high-level event. For example, in our scenario, the fact
that Jane is “handling a crisis” is a piece of high-level context information, based on
which several kinds of useful applications can be built—to help end non-essential
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activities, to re-route non-essential phone calls to her voice mail, to re-schedule non-
essential events on her calendar, etc. However, an application developer will find it
very difficult to enumerate a priori which combination of events should result in the
state “in a crisis.” It may be more feasible for the user to help the infrastructure to
“learn” what constitutes a crisis, perhaps by initially providing explicit manual in-
put, but also to let the infrastructure learn that a combination of a particular history
of events and the current state of the environment should result in a state of crisis.
If the infrastructure is able to reliably come to these kinds of conclusions, the appli-
cation developer can then provide the computational logic that reacts to these states
and takes actions to assist the user.

Scalability
Finally, the software infrastructure must be scalable to support the huge numbers

of devices and applications that ubiquitous applications will enable. The world of the
future is likely to consist of trillions of devices, most of which will be sensors and
actuators of various kinds, and some of which will be end-user devices. Data from
these devices must be collected and processed in useful ways to enable the kinds
of applications discussed above. On the other hand, the world of the future will also
consist of millions of application software components that will need to be composed
and coordinated for creating the applications discussed above. Furthermore, both the
devices and the application components need to be managed through their lifecycle,
e.g., for installing, configuring, upgrading, fixing, and replacing.

3.4 Validating the User Experience
As argued earlier, ubiquitous computing has the potential to fundamentally change

the way in which people use computing devices to perform their tasks. The utility
of some computing advancements cannot be evaluated without performing signifi-
cant user studies and in some cases, widely deploying it. For example, the meeting
application in our scenario is rife with usability issues—Will it be possible and rea-
sonable for users to be able to continue meeting with a group of people while moving
from one environ to another? How effective can they be? How will the other meeting
participants react? How will the other people around them (e.g., if Jane was tak-
ing a train ride) react? As a second example, Jane is performing tasks that are quite
complex—how can the user interface for such complex tasks be built to perform
well on a variety of device form factors? On different modalities, e.g., voice, GUI,
handwriting, etc.? What kinds of complex tasks will she be able to perform while
on the move and while within public environments with distractions? What are the
privacy and the security considerations for these applications in these environments
(a separate paper can be written on this subject)?
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Consequently, the development of effective methods of testing and evaluating the
usage scenarios enabled by ubiquitous applications is an important area that needs
more attention from researchers. The dynamic nature of some of these usage situa-
tions, the device heterogeneity with its varying resource availability, and the widely
varying social environments in which mobile computing solutions are being used are,
however, complicating the development of such evaluation methods (see the article
on “Beyond Prototypes” in [14]). Traditional laboratory experiments might not work
in many cases, as they don’t capture the rich essence of the usage environments.
This will force researchers to use more complicated approaches such as field-based
quasi-experiments or ethnographies.

4. Ongoing Projects

There are several ongoing projects that deal with various challenges mentioned
above. A sampling of projects is given in Table I.

TABLE I

Project Vision/Goals Challenges
addressed

Aware home To develop the requisite technologies
to create a home environment that can
both perceive and assist its occupants.

User experience
enhancement and
validation

(Georgia Tech.)
http://www.cc.gatech.edu/fce/ahri

Aura To fundamentally rethink system
design to address the problem of
reduced user effectiveness due to
explicit and implicit distraction from
computers. To provide each user with
an invisible halo of computing and
information services that persists
regardless of location.

Software infrastructure;
Service construction
and composition; and
User experience
validation

(CMU)
http://www.cs.cmu.edu/~aura/

Cooltown Cooltown’s vision is of a technology
future where people, places, and things
are first class citizens of the connected
world, wired and wireless—a place
where e-services meet the physical
world, where humans are mobile,
devices and services are federated and
context-aware, and everything has a
web presence.

Service construction
and composition; User
experience
enhancement and
validation

(HP)
http://www.cooltown.hp.com

(continued on next page)
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TABLE I — (Continued from previous page)

Project Vision/Goals Challenges
addressed

Jini™ Jini network technology is an open
architecture that enables developers to
create network-centric
services—whether implemented in
hardware or software—that are highly
adaptive to change.

Context-based
adaptation(Sun)

http://www.sun.com/jini

Oxygen The Oxygen system aims to bring an
abundance of computation and
communication to users through
natural spoken and visual interfaces,
making it easy for them to collaborate,
access knowledge, and automate
repetitive tasks.

User experience
enhancement and
validation

(MIT)
http://oxygen.lcs.mit.edu/

Pervasive Computing at
IBM Research

A collection of projects that aim to
build the software infrastructure and
tools for building pervasive computing
applications, as well as to validate this
infrastructure in concrete usage
environments.

Software infrastructure;
Application
development tools;
Context-aware
computing; User
interaction

http://www.research.ibm.com/
compsci/mobile/

Portolano The Portolano project seeks to create a
testbed for investigation into
ubiquitous task-specific computing
devices, which are so highly optimized
to particular tasks that they blend into
the world and require little technical
knowledge on the part of their users.

Software infrastructure;
Service construction
and composition; User
experience
enhancement and
validation

(University of Washington)
http://portolano.cs.washington.
edu/

Semantic Web The Semantic Web is an extension of
the current web in which information
is given well-defined meaning, better
enabling computers and people to
work in cooperation.

Semantic modeling
(W3C)
http://www.semanticweb.org/

5. Conclusion

As Mark Weiser described in his seminal article [27], ubiquitous computing is
about interconnected hardware and software that are so ubiquitous that no one will
notice their presence. This will enable people to focus on their tasks and on inter-
acting with other people. This far-reaching vision is still far from our reach [14,17],
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and will require fundamental advances in semantic modeling, context-aware soft-
ware infrastructure, application modeling and tools, and user experience validation.
Going back to our scenario, in order to help Jane manage the fire, we need major
advances in each of the challenge areas we identified (as well as in others we have
not mentioned). Most importantly, all these advances will have to be integrated in a
seamless manner into Jane’s life so that she can use it without worrying about either
its mechanics or its social appropriateness.

REFERENCES

[1] Banavar G., Beck J., Gluzberg E., Munson J., Sussman J., Zukowski D., “Challenges:
An application model for pervasive computing”, in: Proceedings of the ACM Conference
on Mobile Computing and Communications (Mobicom), Boston, August 2000.

[2] Berners-Lee T., Hendler J., Lassila O., “The Semantic Web”, Scientific American (May
2001).

[3] Bernstein A., “How can cooperative work tools support dynamic group processes?
Bridging the specificity frontier”, in: Proceedings of the Computer Supported Coop-
erative Work, ACM Press, Philadelphia, PA, December 2000.

[4] Cohen N.H., Purakayastha A., Wong L., Yeh D.L., “iQueue: A pervasive data-
composition framework”, in: 3rd International Conference on Data Management, Sin-
gapore, January 8–11, 2002, pp. 146–153.

[5] Cohen N.H., Lei H., Castro P., Davis J.S. II, Purakayastha A., “Composing Pervasive
Data Using iQL”, in: Proceedings of 4th IEEE Workshop on Mobile Computing Systems
and Applications (WMCSA 2002), Callicoon, New York, June 20–21, 2002, pp. 94–104.

[6] Cox M.T., Veloso M.M., “Supporting combined human and machine planning: an in-
terface for planning by analogical reasoning”, in: Second International Conference on
Case Based Reasoning, ICCBR, Springer-Verlag, 1997, pp. 531–540.

[7] Ferguson G., Allen J., Miller B., “TRAINS-95: Towards a mixed-initiatve planning as-
sistant”, in: 3rd International Conference on Artificial Intelligence Planning Systems,
AAAI Press, 1996, pp. 70–77.

[8] Gruber T.R., “A translation approach to portable ontologies”, Knowledge Acquisi-
tion 5 (2) (1993) 199–220.

[9] Grudin J., “Groupware and social dynamics: Eight challenges for developers”, Commu-
nication of the ACM 45 (2002) 72–78.

[10] Grosof B., Horrocks I., Volz R., Decker S., “Description logic programs: Combining
logic programs with description logic”, in: Proceedings of World Wide Web (WWW-
2003), Budapest, Hungary, 2003.

[11] Habermas J., On the Pragmatics of Communication, MIT Press, Cambridge, MA, 1998,
p. 454.

[12] Heise, “Schweizer Datenschutzbeauftragter übt harte Kritik an den USA”, Heise onLine
http://www.heise.de/newsticker/data/anm-01.07.03-000/, 2003.



202 G. BANAVAR AND A. BERNSTEIN

[13] Hewitt C., “Office are open systems”, ACM Transactions on Information Systems 4 (3)
(1986) 271–287.

[14] IEEE Pervasive Computing, “Reaching for Weiser’s vision”, IEEE Pervasive Computing
Magazine 1 (1) (January–March 2002).

[15] Kahn J.M., Katz R.H., Pister K.S.J., “Next Century Challenges: Mobile networking for
“smart dust” ”, in: Proceedings of ACM Mobicom 1999, Seattle, Washington, August
1999, pp. 271–278.

[16] MacLean A., Carter K., Lövstrand L., Moran T., “User-tailorable systems: Pressing the
issues with buttons”, in: Proceedings of Human Factors in Computing Systems, ACM-
SIGCHI, Seattle, Washington, 1990.

[17] “Mobicom Challenges”, Challenges papers in Proceedings of the ACM Conference on
Mobile Computing and Communications (Mobicom), 1999, 2000, 2001.

[18] Orlikowski W.J., “The duality of technology: Rethinking the concept of technology in
organizations”, Organization Science 3 (3) (1992) 398–427.

[19] Seeger J.A., Lorsch J.W., Gibson C.F., First National City Bank Operating Group (A),
474-165, Case, Harvard Business School, Boston, MA, 1975, p. 11.

[20] Sow D.M., Olshefski D.P., Beigi M., Banavar G.S., “Prefetching based on web usage
mining”, in: IFIP/ACM/USENIX Middleware Conference 2003, 2003, pp. 262–281.

[21] Ranganathan A., Campbell R.H., “A middleware for context-aware agents in ubiquitous
computing environments”, in: IFIP/ACM/USENIX Middleware Conference 2003, 2003,
pp. 143–161.

[22] Suchman L.A., Plans and Situated Actions: The Problem of Human–Machine Commu-
nication, Cambridge Univ. Press, Cambridge, UK, 1987.

[23] Taylor F.W., The Principles of Scientific Management, Harper & brothers, New York,
London, 1911, p. 144.

[24] UDDI.org., “UDDI Technical White Paper”, 2000, pp. 12, http://www.uddi.org.
[25] Van Harmelen F., Hendler J., Horrocks I., McGuinness D., Patel-Schneider P., Stein L.A.,

“OWL web ontology language reference”, WD-owl-ref-20030331, W3C working draft,
World Wide Web Consortium, Cambridge, MA, 2003.

[26] Veloso M.M., “Toward mixed-initiative rationale-supported planning”, in: A. Tate (Ed.),
Advanced Planning Technology: Technological Achievements of the ARPA/Rome Labo-
ratory Planning Initiative, AAAI Press, Menlo Park, CA, 1996, pp. 277–282.

[27] Weiser M., “The computer for the twenty-first century”, Scientific American (September
1991).

[28] Zuboff S., In the Age of the Smart Machine: The Future of Work and Power, Basic Books,
New York, NY, 1998, 468.



Introduction to MBASE
(Model-Based (System) Architecting
and Software Engineering)

DAVID KLAPPHOLZ

Department of Computer Science
Stevens Institute of Technology
USA
d.klappholz@worldnet.att.net

DANIEL PORT

Information Technology Management
University of Hawaii, Manoa
USA
dport@hawaii.edu

Abstract
Even when sophisticated software development process is used, e.g., the Stake-
holder Win Win Risk-Driven Spiral Process, software development projects of-
ten fail. A prime reason for this failure is unresolved, often undetected, differ-
ences among stakeholders’ sets of assumptions—their “models”—of various as-
pects of the project. MBASE is an approach to identifying “model clashes” so
that their risks can be dealt with. Although it was originally developed as an
extension to plan-driven development processes like the Stakeholder Win Win
Risk-Driven Spiral Process, it can be adapted for use with any type of devel-
opment process from Agile to Plan-driven. We discuss the notion of a “model,”
the various types of “model clashes” and their consequences, and the MBASE
approach to dealing with them.
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1. Introduction

MBASE [8,9] is a framework that can be used with any type of software develop-
ment process, from Agile to Plan-driven [10], to deal with “model clashes,” a type
of problem that has sabotaged many development projects and that had not, to the
authors’ knowledge, been dealt with systematically before MBASE’s introduction
in 1998 [8].

In Section 1.1 we discuss the notion of models in software development, and, in
Section 1.2 model clashes, and their potentially severe consequences. In Section 2,
we discuss retrospective methods for dealing with model clashes, show that their use
is infeasible, except in the case of very small projects, and introduce the notion of
dealing with model clashes during model construction—the foundation of MBASE.
In Section 3 we define and elaborate the MBASE approach and in Section 4 we
discuss MBASE and experiences in its application.

1.1 Software Engineering Models

Stakeholders in a software development project typically include customers, end
users, developers, and maintainers. Additional stakeholders may include marketers,
venture capitalists, proprietors of collaboratively-developed interoperating products,
and others, specific ones depending upon the project’s specific circumstances. In the
case of safety-critical systems such as automobiles and medical systems, the general
public are also stakeholders.

When an individual becomes a stakeholder in a new or ongoing software de-
velopment project, s/he usually approaches it with some assumptions about how it
will/should proceed and what its outcome will/should be. Even a customer who has
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never before participated in a software development project comes to it with assump-
tions:

– at the very least, assumptions about the organizational objective for engaging in
the project, and the benefits to be realized;

– possibly, assumptions about the cost of developing the software;

– possibly, some idea—perhaps incorrect—about the way customers and devel-
opers interact during a development project;

– perhaps, assumptions—often erroneous—concerning what developers know
about the way organizations involved in the customer’s line of business oper-
ate.

The naive customer is also likely to be lacking assumptions that might avoid later
disappointment, e.g., assumptions about the need for maintenance and its cost, or, to
put it differently, the naive customer is likely to tacitly assume that the only cost will
be that of developing the software product.

Developers coming to a new project are likely to have assumptions about: which
software development process will be used, say Waterfall, because their computer
science education emphasized it; their demands on customer and end-user time dur-
ing the course of the project; the amount of cost and schedule slippage that the cus-
tomer should be willing to tolerate; etc.

Different stakeholders may have assumptions on related issues; some of their as-
sumptions on a given issue may be consistent with one another, and some may not.
Different types of stakeholder are also likely to have assumptions on different sets
of issues. In what follows we will term a set of assumptions on a specific issue a
“model.”

While stakeholders often come to a development project with some general mod-
els, most of the detailed models involved in a project are developed as the project
progresses. The developer’s models include representations that s/he has created of
various aspects of the ultimate product and of the process whereby it will be de-
veloped. These models typically include such artifacts as UML diagrams, Entity-
Relationship Diagrams, etc. They also include such artifacts as Gantt charts, Pert
charts, and cost/effort/schedule estimates. The ultimate representation/model is the
software itself.

An important property of those models is that they are likely to change, some only
slightly, but some drastically, as a project progresses, for example, as prototypes
cause end users and/or customers to realize that developers aren’t envisioning details
of operation in the “right” way, as business cases clarify the relative importance of
different features, etc.

In a project that uses a Plan-driven development process, developers document
models, not just their own, but, also those of other stakeholders, in writing. In large
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development organizations or in organizations subject to industry or government
standards, the precise titles and the nature of the content of each of the mandated
documents is strictly specified, either by company policy or by the relevant indus-
try or government standards. In an agile project, models are, naturally, developed,
and are discussed by relevant stakeholders, but far less emphasis is placed on writ-
ing them down, or on preserving those that are; rather, a document is produced and
preserved only when its continuing value to the project or users can be demonstrated.

Regardless of the process used in a development project and regardless of whether
that process requires that models be discussed only verbally or written down to either
loose or tight specifications, it is clear that the developers must create models in the
following product- and process-related areas:

– Operational Concept: product’s objectives and relation to organization objec-
tives; product’s scope; people and other software with which the product will
interact; operational scenarios; perhaps, the direction in which the objectives
are likely to evolve over time.

– Requirements: product’s detailed functions, perhaps prioritized; details of prod-
uct’s interfaces; necessary quality attribute (reliability, availability, maintain-
ability, etc.) levels.

– Architecture/Design: logical and physical elements/components that will con-
stitute the product, and their relationships.

– Development Plan: the development process to be used; schedules and mile-
stones; individual developers’ responsibilities.

– Business Case: project rationale, including costs, value-added and return on
investment estimates; process rationale, requirements satisfaction; project risk
assessment.

It is easy to see that a project runs most smoothly when the following is true of all
stakeholders’ models:

– Each model is internally consistent. That is, in no model is there a set of as-
sumptions that contradict one another, nor is there a set of assumptions, whose
logical consequences contradict one another;

– An individual stakeholder’s models—on different issues—are consistent with
one another;

– Different stakeholders’ models on the same aspect of the product/project are
consistent with one another.

Plan-driven software development processes [10,16] typically require inter-
document (traceability) references that can be viewed as a small first step toward
verifying certain aspects of consistency; some [18,17] require that a document, with
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a title like “Feasibility Rationale,” be prepared in which aspects of consistency are
explicitly demonstrated.

1.1.1 Model Types
Recall that earlier in Section 1.1 we have defined a “model” to be a set of assump-

tions, on a specific issue, held by a stakeholder of a software development process.
The developers of MBASE have found it useful to classify models used in software
development projects into four categories: success models, product models, process
models, and property models. The following are definitions of the four model types
together with examples of possible members of each:

• A success model consists of assumptions that must be satisfied in order for the
stakeholder to consider the product and project to be a success. Examples of success
model assumptions, each annotated by the type of stakeholder who might have it in
his/her success model, are:

– the product shall pay for itself within eighteen months of installation (cus-
tomer);

– the product, or, at least, a significant set of end-to-end core capabilities, shall be
running in time for the product to be shown at the next Comdex show (marketing
director);

– I won’t know what the system’s precise behavior should be until I see a proto-
type that looks right to me (end user);

– I will get a 5% share of profits from all sales of the product over $100,000
(developer);

– the DBMS used in the product will be either Oracle or Sybase (maintainer).

• A product model is a set of assumptions about the details of the product, e.g.: the
product’s operational concept; the product’s scope; the product’s environment, i.e.,
people and other hardware/software with which the product will/should interface; the
product’s requirements, the product’s architecture/design; etc. Examples of product
model assumptions, each annotated by the type of stakeholder who might have it in
one of his/her product models, are:

– The product will be a web site that enables customers from around the world to
buy books from Smith’s Fine & Rare Book Company (customer and developer);

– Records of books for sale and sold will be maintained by a COTS database
management system, i.e., the DBMS design and implementation is not part of
the present project (developer and customer);

– Because of security concerns, payment for books ordered will be done via an
online credit card company rather than directly by the product (customer);
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– The product’s behavior will be as described in the set of use case diagrams in
the design document (developer);

– The DBMS used in the product will be either Oracle or Sybase (maintainer).

• A process model is a set of assumptions about the way the product will be
developed and put into operation, i.e., about the way the project will be run/managed.
Examples of process model assumptions, each annotated by the type of stakeholder
who might have it in his/her process model, are:

– The product will be developed using Extreme Programming [11] (developer);

– The product will be developed using a Risk-Driven Spiral Process [3] (devel-
oper);

– A demonstration must be ready in nine months, so the product will be developed
using a Schedule As Independent Variable (SAIV [5]) process (developer and
marketing manager);

– The requirements won’t be fixed until I see a prototype that’s easy to use (end-
user);

– Anticipated changes in government regulations make it necessary that require-
ments remain somewhat flexible until next January (customer);

– The manual system will run in parallel with the new product for three months
before a full-cutover decision is made (operations manager).

• A property model is a set of assumptions about such aspects of the product
or process as cost, schedule, performance, and “ilities” such as reliability, porta-
bility, extensibility, maintainability, security, etc., i.e., properties whose extents can
be placed on either absolute or relative scales. Examples of property model assump-
tions, each annotated by the type of stakeholder who might have it in his/her property
model, are:

– The product shall be developed, in three months (customer);

– The product shall be developed at a cost not to exceed $500,000 (developer);

– On average, the product shall not fail more than once every two years, and shall
take no longer than four hours to bring back up (maintainer);

– The product shall be designed and implemented in such way as to be able to
be re-worked to handle any change in internet sales tax law in no longer than a
week (customer);

– The product shall be able to support at least 100 concurrent users (customer).

When a project starts, most stakeholder assumptions are members of the stake-
holders’ success models, and, in fact, some stakeholders may initially have no mod-
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els other than success models. As a project proceeds, most stakeholders mentally
create and populate models of the other three types—product, project, and prop-
erty. Some of a stakeholder’s original success model assumptions may gain (addi-
tional) membership in one or more of that stakeholder’s other models. An assump-
tion can, thus, be a member of multiple different models. For example, as is sug-
gested above, a nine-month delivery constraint or a $2,000,000 budget constraint
might start as assumptions in a customer’s success model, and may later be incorpo-
rated into developers’ property models. Elaborations on success model assumptions
and/or on ways of achieving them also often become parts of other-than-success
models.

In a software development project, some stakeholders’ initial models are re-
vealed during early project meetings. Particular assumptions or entire models are
often revealed to their holder, who didn’t previously realize that s/he had assump-
tions on various topics, at the same time as they are revealed to other stakehold-
ers. Often, inconsistencies, or “clashes,” between or among stakeholder models,
are uncovered and are discussed at project meetings; some are resolved and some
may be temporarily tabled, to be revisited later. As a project proceeds, dropped
assumptions, changed assumptions, and new assumptions are often recognized
and discussed, and new inconsistencies are often revealed, and either resolved or
tabled.

Product-product model clashes, being the most obvious, have been recognized and
discussed [13] in the past; with few exceptions, however, most other types of clash
(product-process, product-property, process-property, process-process, etc.) received
little or no attention before the introduction of MBASE [8].

1.1.2 Common Models

The following table illustrates common clusters of generic success model assump-
tions of the four major types of stakeholder:

• Users:

– The product shall include a sizeable number of features.

– I want to be free to require additional features as I think of them over the course
of the project.

– Requirements shall remain changeable for as long as possible into the project.

– The product shall be compatible with as many as possible, preferably all, of the
products that I currently use.

– I want to be involved in the decision as to whether the new software product is
needed, in who should be engaged to do the development, and, should there be
go/no-go decisions along the way, in those decisions as well.
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– The development contract shall be flexible so that changes to aspects of both
the project and the product that affect me can be made as late as I want.

– The product shall be ready at a very early date.

• Maintainers:

– Transition of the product into production use shall require a minimum amount
of my, and my staff’s, time.

– Maintenance of the product shall require a minimum amount of my, and my
staff’s, time—by being developed using languages and COTS products with
which I am familiar.

– The product shall be compatible with most or all of the products that I already
maintain.

– I want to be involved in the decision as to whether a new software product is
needed, in who should be engaged to do the development, and, should there be
go/no-go decisions along the way, in those decisions as well.

• Acquirers (Customers):

– The product shall produce a significant return on investment and/or other sig-
nificant benefits related to my organization’s business objectives (and my own
personal objectives).

– The product shall be built at a low cost and shall be ready at an early date.

– The product shall comply with all potentially relevant government standards.

– The product’s GUI shall not be perceived to be offensive to people of either
gender or to members of any ethnic group.

– I shall get credit within my organization for initiating the project and shall have
ultimate control over its course.

– The development contract shall tie down the developers to the greatest extent
possible (and shall tie me down to the least extent possible).

• Developers:

– The development contract should tie me down to the least extent possible.

– The budget and schedule should have sufficient slack for me to be able to finish
the job regardless of what problems I run into; furthermore both budget and
schedule should always remain negotiable as the project proceeds.

– The requirements should be fixed as early as possible, and should change as
little as possible.
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– The development team should be free to choose any development process we
like, and should be free to program in the language(s) that we prefer.

– The development team will be formed by common agreement of potential
members—and its members will decide on later additions, should any become
necessary.

– The development team should be free to choose which COTS products will be
incorporated into the product.

Less obvious models used by software developers, but ones that can have critical
effects on software development projects, are the sets of assumptions—and their
consequences—underlying:

– each software development process, e.g., RUP, XP, SCRUM, other agile, RAD,
JAD, Risk-Driven Spiral, etc.;

– each complexity/cost/schedule estimation method, e.g., function points, feature
points, COCOMOII [4], etc.;

– software analysis, design and implementation methods such as OO;

– analysis and design notations such as the various types of UML diagram; etc.;

– choices of equipment, infrastructure software, programming languages, etc.

As an example, the following constitute a simple version of the key assumptions
underlying the Waterfall model:

(1) Participants can determine all requirements in advance of implementation.
(2) Requirements have no unresolved, high-risk implications such as

– risks associated with commercial-off-the shelf software choices;

– consequences of cost, schedule, performance, security, user interface,
and organizational issues.

(3) Participants understand the right architecture for implementing the require-
ments.

(4) Stated requirements match the expectations of all the system’s key stakehold-
ers.

(5) The requirements’ nature will change little during development and evolution.
(6) Deadlines allow enough calendar time to proceed sequentially through design,

implementation, testing, and deployment.

Knowing what model assumptions are being made is often a vital element in man-
aging or avoiding potentially risky situations. For example, assumption (1) stipulates
that participants can determine requirements in advance of implementation. Project
staff that believes this or that collect progress payments by delivering a complete
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requirements specification under a Waterfall-Process contract may formalize user-
interface formats and behaviors as ironclad requirements specifications, and then
build the system to those specifications. This can easily result in a delivered sys-
tem with a GUI that fails the user’s IKIWISI1 success model test. Inevitably, the
client either rejects the system or demands a major rework effort that is both ex-
pensive and time-consuming. Assumptions (2), (3), and (4) frequently conflict with
property-model assumptions if a software acquisition hastily locks the project into
unrealizable property-level contract requirements. We now take a closer look at how
model assumptions may conflict and their potential consequences.

1.2 Model Clashes

A model clash is an inconsistency between/among different models of a single
stakeholder or between/among same or different models of different stakeholders.
If one model belonging to a single stakeholder contains inconsistent assumptions,
then, formally speaking, that model is “unsound,” i.e., it can’t properly be called
“a model.” In the present discussion we will ignore this fine point and will use
the term “model clash” to include the situation in which a single “model” is un-
sound as well as the case in which two different models are inconsistent with one
another.

The simplest type of model-clash creating inconsistency is between an assumption
and its negation, e.g., between one developer’s process model assumption of “a wa-
terfall process will be used to develop the product” and another developer’s process
model assumption of “a waterfall process will not be used to develop the product.”
Some model clashes result from assumptions whose contradiction is slightly less
immediate, but which any literate person would catch, e.g., between a customer’s
property model assumption that “the product will be delivered in six months” and a
developer’s property model assumption that “the product will be delivered in twelve
months.”

Many model clashes, though, exist between assumptions that only an experienced
software developer, or software development customer, would understand to have
contradictory consequences, e.g.,

• between a customer’s success model assumption that “requirements will have
to remain somewhat flexible until well into the product’s development” and a
developer’s process model assumption that “a Waterfall Process will be used to
develop the product,”

1In modern software development projects, the customer and users often don’t know precisely what
precise functionality and precise interface they want/need until they see it in a prototype that is developed
iteratively with their participation; hence the term IKIWISI: I’ll Know It When I See It.
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• between a developer’s process model assumption that “Extreme Programming
will be used to develop the project” and a customer’s success model assump-
tion that “we are so understaffed, that we will meet with developers during the
project’s first week, and will not meet with developers again until the product is
ready to be installed.”

• between:
– a development manager’s process model assumption of “the product has to

be ready by Comdex or we’ll lose too much market share to stay afloat, so
we’ll work on all the product’s features and I’ll move additional developers
from some other project into this one in the last two weeks if it doesn’t look
like we’ll make it,”

– and the customer’s success model assumption of “better a reduced set of end-
to-end core capabilities by Comdex than a complete product delivered the
day after Comdex.”

How do model clashes occur? There are many situations that lead to model
clashes. Many of them are completely “innocent” in that stakeholders involved are
following accepted (or perhaps even mandated) practice. Some common model clash
situations that may lead to serious project risk happen when:

• An inexperienced stakeholder doesn’t realize that two of his/her assumptions
are inconsistent, e.g., the process model assumption that a Waterfall Process
will be used and the success model or product model assumption that product
will be largely or completely constructed from COTS products.

• One or more stakeholders change their assumptions on a particular issue over
time so that previously consistent assumptions become inconsistent; e.g., stake-
holders agree that requirements should be fixed, and, subsequently, one realizes
that there are critical requirements that must be changed.

• An apparently reasonable assumption turns out to be false, e.g., a developer’s
property model contains an assumption that a particular COTS product will
perform at a given level, and testing proves him/her wrong.

• A stakeholder accidentally forgets to articulate a critical assumption; e.g., the
customer forgets to indicate that the product’s financial success depends on its
availability on multiple platforms, and the developer assumes that the product
need run on only one—the most popular—platform.

• A stakeholder doesn’t bother to articulate a critical assumption because “every-
one knows that . . . ;” e.g., a customer neglects to describe a project- or product-
critical aspect of the way his/her business operates, and the developers, having
no previous experience in the customer’s field, aren’t among the “everyone”
who knows that the customer’s business operates that way.
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1.2.1 Model Clash Patterns

Figure 1 shows common model clashes that occur between product, process, and
property models of the common clusters of generic success model assumptions for
the four major types of stakeholder as described previously in Section 1.1.2.

Although it may not be entirely obvious, clashes can occur between models of
every pair of the four types, as is exemplified in Table I.

1.2.2 Consequences of Model Clashes

Consequences of model clashes can be:

• insignificant in the case of clashes whose negative effects on the project or prod-
uct are easily reversed. An example would be two (different stakeholders’) prod-
uct models that include different ways of approaching the graphical design of
web pages;

• time- and resource-consuming in the case of a clash resulting from:
– a developer’s (success model) desire to be free to start a more interesting

project in a month, and, as a consequence, a product model incorporating a
quick-to-implement but inflexible architecture;

– a customer’s (success model) need for the product to be extensible;

• catastrophic in the case of:
– an inexperienced development manager’s process model in which the devel-

opment team will proceed apace on all the product’s features, with the idea
of doubling the team’s size if progress hasn’t been sufficient a month before
the scheduled delivery date;

– a marketing manager’s success model requiring that the product be shown at
Comdex two days after the scheduled delivery date;

The MasterNet project, described in [14] is one of many important software devel-
opment projects that turned into catastrophes because of undetected model clashes
and/or detected but unresolved model clashes, and/or detected but badly resolved
model clashes. The MasterNet project was to develop a system that would update
and automate the online generation of monthly statements for Bank of America’s
trust accounts. The project began in the early 1980s with a $22 million budget and a
two-year completion schedule.

Project contractor/developer Premier Systems tried to build MasterNet by scaling
up a small existing trust system. Their misguided effort took five years, cost $80
million, and delivered a system that Bank of America rejected. Worse yet, the project
tarnished Bank of America’s reputation, causing some of its major customers to lose
confidence in the bank. The total number of institutional accounts dropped from 800
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FIG. 1. Common model clashes (MasterNet).
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TABLE I
MODEL CLASHES

Product model Process model Property model Success model

Product
model

• Structure clasha • COTS-driven
product vs. Waterfall
(requirements-driven)
process

• Interdependent
multiprocessor
product vs. linear
performance
scalability model

• 4GL-based
product vs. low
development cost
and performance
scalability

• Traceability clashb

• Architecture style
clashc

Process
model

• Multi-increment
development process
vs. single-increment
support tools

• Evolutionary
development process
vs. Rayleigh-curve
cost model

• Waterfall
process model vs.
“I’ll know it when
I see it” (IKIWISI)
prototyping
success model

Property
model

Minimize cost and
schedule vs.
maximize quality
(“Quality is free”)

Fixed-price
contract vs. easy-
to-change, volatile
requirements

Success
model

Golden Rule
vs. stakeholder
win-win

aStructure clashes between a project’s input and output structures [15].
bTraceability clashes among a product’s requirements, design and code [17]; and architectural style.
cClashes in integrating commercial off-the-shelf (COTS) or other reusable software components [13].

to 700, while managed assets shrank from $38 billion to $34 billion. The MasterNet
project suffered from the following model clashes:

– Product-Property. The MasterNet users’ (product model) desire of many fea-
tures resulted in 3.5 million lines of code, which conflicted with Bank of Amer-
ica’s, i.e., the customers’ (property model of) limited budget and schedule. This
conflict led to a large overrun in budget and schedule.

– Property-Product. The customer’s budget and schedule (property) models as-
sumed stable requirements, but the users’ and developer’s (product) model of
frequent feature changes also contributed to the large overrun.

– Product-Product. The developer’s (product) model of users’ needs provided fea-
tures, such as full customer access, that matched poorly with real users’ (product
model) needs such as accurate and timely reports.
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– Product-Property. The developer’s (product) model of server to be used—one
manufactured by Prime, Inc.—offered inadequate performance and reliability
to meet users’ desired level of service (property) models. Even after several up-
grades, the Prime system suffered repeated performance overloads and crashes.

– Product-Success. The developer’s (product) model of server to be used also
conflicted with the users’ and maintainers’ applications- compatibility (success)
model, as Bank of America had relied exclusively on IBM hardware and soft-
ware up to that point.

– Process-Property. The maintainers’ tightly scheduled transition (process) model
conflicted with the testing delays brought on by the customer’s limited develop-
ment budget and schedule (property) model.

The clashes shown with solid lines in Fig. 1 are among those that occurred in the
MasterNet project.

2. Dealing With Model Clashes

The first step in dealing with model clashes is identifying them. In the present sec-
tion, we discuss two retrospective approaches to model-clash identification, i.e., two
approaches to identifying model clashes after models have been constructed. In Sec-
tion 3 we discuss MBASE’s prospective approach to dealing with model clashes, i.e.,
an approach in which clashes are identified and resolved as models are constructed.

2.1 Retrospective Approaches

The most obvious way to identify model clashes is to write down all assumptions
in all stakeholders’ models, and to perform pair-wise consistency analysis. If each
individual stakeholder’s model is already known to be sound, a bit of organizational
help can be had by first sorting assumptions by stakeholder and organizing them
as in the “spider web” diagram of the sort shown in Fig. 1. This seat-of-the-pants
approach is extremely time consuming for a project of more than minimal size, and
relies entirely on the developer’s experience and talent.

A second retrospective method based on [1], one that provides the developer with
substantive aid in finding clashes, starts with:

(1) a list/table of areas for which models must exist in any software development
project;

(2) for each model area, a list/table of critical issues that a model must address;
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(3) for each major software development method/process, a list/table of that
method’s/process’ assumptions on each major issue on which it makes as-
sumptions (see below and [1] for examples);

(4) An “inverted” version of the lists/tables in item (3) that can be used to deter-
mine if a method/process chosen by the development team is consistent with
stakeholder assumptions regarding the project at hand.

Examples of instances of the various lists are, respectively:

(1) The model areas shown in the middle column of the “Model Assumptions
Identification Taxonomy” of Fig. 2. (The model areas are: Requirements; Ar-
chitecture & Design; Coding–Testing–Integration–Transition; Maintenance;
Environment; Developer(s); and Customer(s).)

(2) For each model area, the critical issues, shown in the right-most column of
Fig. 2, that must be addressed by the model(s) in that area. For example, a
requirements model for a project must address the issues of:

– when requirements are likely to be complete, i.e., whether they are com-
plete at the project’s start or must evolve over time;

– the stability of requirements, i.e., the likelihood that requirements already
agreed upon will have to be changed during the course of the project;

– whether it is a foregone conclusion that requirements can be met, or
whether meeting the requirements is a challenge (risk issue);

– how clearly requirements must be specified, i.e., how much leeway de-
velopers have in deciding their fine points;

– the detail with which requirements are/must be documented.

(3) The waterfall process model assumptions and the COTS development model
assumptions (see [1] for details on this).

(4) The model clash tables of [1], a small excerpt from which is shown in Table II.

3. MBASE

MBASE is founded upon pro-active, rather than retrospective, model “integra-
tion.” In a retrospective approach, models are first created and then checked for
model clashes. In MBASE’s prospective approach, model clashes are identified and
dealt with during the construction of models. But attempting to integrate every
model, during its construction, with every other, partially-developed or completed,
model would be implausibly time consuming if there were no further aid/direction.
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FIG. 2. Model assumptions identification taxonomy.

An approach to this is to boil-down to the essentials what is required in order to
enact effective model-clash identification and avoidance through model integration.
Through years of refinement and empirical study a set of essentials has been estab-
lished that if incorporated into a development process, will substantially reduce the
risk of model-clashes [1]. These essentials define MBASE and any approach that in-
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TABLE II
EXAMPLE OF MODEL-CLASH IDENTIFICATION

Model Assumption Completeness
before design

Clash

Waterfall
Developer defines and documents a complete
set of requirements for each system capability
before starting the system detail design

Yes

COTS

System requirements and architectures are of-
ten driven by the capabilities and structures of
the final set of COTS components selected for
integration

No

corporates them is deemed an MBASE approach. These essentials will be introduced
and subsequently elaborated.

3.1 MBASE Model Integration Framework

The first essential comes from extensive empirical studies of model usage in large
numbers of projects and analysis of their model-clash patterns. These studies reveal
that the highest-risk model clashes are those that violate one or more of the relation-
ships, shown in Fig. 3, among the four model types: success, product, process, and
property.

FIG. 3. Element integration.
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The five relationships shown in Fig. 3, with examples, are as follows:
Success → Product: A product must satisfy the success criteria agreed upon

among critical stakeholders. Another way of looking at this is that the agreed upon
success models imply evaluation criteria for the product. Looked at this way, product
models must represent a product that satisfies the evaluation criteria established by
the success models. For example:

– An organization is developing a new hardware/software system; the organiza-
tion has a strategic partnership with a specific hardware vendor; one element
of the organization’s success model will, therefore be the continued use of the
vendor’s products. Use of the vendor’s products thus becomes an evaluation
criterion for the product; it is violated by a developer’s product model in which
the new system incorporates COTS products that do not run on the vendor’s
platforms.

– A university service department is having an outside team develop an enhance-
ment of its web site; the budget is reasonably low. One desired, but not ab-
solutely required, feature is the ability to receive payment for services by credit
card, as opposed to just by mail. The development team designs and implements
a system that uses Paypal. Because of the low budget, the designers decide to
use mySQL as the database engine. Because of the development team’s technol-
ogy preferences, and the members’ backgrounds, they decide to use PHP as the
scripting language. The developers do an excellent job of eliciting the client’s
functional requirements, but fail to elicit the client’s success model elements to
the effect that:
– the head of the department is not willing to take on personal financial liability

for departmental activities;

– the web site must be hosted by the university’s IT department.
The university doesn’t have a Paypal account, so the department head would

have to open one and assume personal liability. The university’s IT department
does not support mySQL or PHP. As a result, the product fails to meet critical
success criteria and, though implemented and tested extremely well, cannot be
made operational.

– A research department of a high-tech company is having a team develop a sys-
tem for posting of papers and research results for use by its members. A product
model includes universal posting rights as well as universal access. The cus-
tomer’s success model naturally includes avoiding legal liability. The product
model violates the implied evaluation criterion of allowing only legal postings
by not vetting posts and, thereby, allowing users to post copyrighted material
without appropriate compensation to copyright holders.
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– A software company is developing a product, on speculation, with the intention
of demonstrating it at Comdex in nine months. The project staff consists of two
developers and there is no budget for hiring additional staff. The product models
include full maintenance and user documentation, an impossibility given the
time to Comdex.

Success → Process: A software development process is defined by a set of activ-
ities and conditions, or criteria, for beginning and finishing—entering and exiting—
each activity. (In this context, “process” refers not just to the overall process to be
used to execute the project—XP, waterfall, spiral, etc.—but, rather, includes the re-
sult of applying the high-level process’s approach to the details of a particular soft-
ware development project. It thus includes individual activities, dependencies among
them, etc.) Success models must provide or, at least, be consistent with, entry and exit
criteria for process.—Each milestone review in the process needs to use the agreed-
on success models as pass/fail criteria. For example:

– A client’s IKIWISI success model is consistent with an overall process consist-
ing of the construction of a prototype followed by evolutionary development.

– A project with a success model of extending a successful family of software
products to meet developing market trends is consistent with a waterfall devel-
opment process. In fact, the success model likely dictates a waterfall process as
the least costly so long as the market trends are not changing too fast.

– A marketing manager’s success model of presenting a product at the next
Comdex is inconsistent with a developer’s process model of performing beta
testing before product release or of proving correctness before release.

– The stakeholders of a project that is developing a system on which lives may
depend has the, extremely obvious, success model of no loss of life after
the system goes operational. This success model is consistent with—probably
dictates—that a testing method such as “clean room” be used or that formal
techniques be used to prove correctness (exit criteria for testing).

Process ↔ Product: Process models must provide plans and control for product
model development (and product models must supply milestone content for process
models). For example:

– In general, the schedule (process model) of any project must include tasks/
activities covering all the architectural (product model), class diagram (prod-
uct model), etc. elements; it must also address the question of which elements
will be developed by which developer(s), and when; it must also conform to
product element dependencies.
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– In general, the process model of any development project must include (control)
details for the validation and verification of developed product (model) compo-
nents, for the review of product (model) components, for the pace (control) and
adjustment of pace of development of product (model) components.

– A very short schedule requires a product architecture (model) architected for
ease of shedding lower-priority features.

Property → Process & Property → Product: Cost and schedule (property) models
are used to evaluate and analyze the consistency of product, process, and success (not
shown in diagram) models. In general:

– In any software development project, a cost-schedule (property model) estimate
would determine whether implementation of the proposed (product model) de-
sign/architecture following the proposed (process model) schedule would result
in software with the required (product model) capabilities and levels of service
in the proposed (success model) time and within the proposed (success model)
budget.

3.2 MBASE Process Integration Framework

The Model Integration Framework shows a static picture of inter-model consis-
tencies that must be achieved for project success. Moreover, as indicated earlier,
these are the very consistency patterns that are most frequently violated in actual
projects, and, in fact, whose violations are among those most frequently respon-
sible for project failure. Because it shows only a static picture, the Model Inte-
gration Framework doesn’t completely describe the MBASE notion of integrating
models, to eliminate risky clashes, during the construction of models. This latter,
dynamic, function is served by the Process Integration framework shown in Fig. 4.
This dynamic integration framework dictates how particular model-integration activ-
ities must relate to each other. In contrast to model-element integration which deals
chiefly with the relationships between values contained within models as discussed in
Section 3.1, process integration indicates what model development and stakeholder
activities must be present between the models focus on high-risk model identification
and avoidance. As to be expected, these integration activities are highly dependent
on the model-element integrations, but are not equivalent to them. A concrete exam-
ple of how the two integration frameworks collaborate is illustrated in detail within
the extend example of Section 3.5.
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FIG. 4. MBASE process integration.

3.3 MBASE Anchor Points

The idea of standardized milestones, or “anchor points,” that divide software de-
velopment projects into phases is at least as old as the Waterfall Process, whose an-
chor points are: completion of system requirements, completion of software require-
ments, completion of preliminary design, completion of detailed design, completion
of implementation (coding), completion of unit testing, completion of software ac-
ceptance testing, and completion of system acceptance testing.

Where Waterfall is not used, developers still need well-defined anchor points to
plan, organize, monitor, and control a project. A critical reason for using anchor
points is to allow critical stakeholders to periodically—at important phase change
points—determine if a project is proceeding satisfactorily and whether it pays to
continue its execution. In [2], Boehm suggests three anchor points for use with any
software development process, spiral or other. The three anchor points are called
Life Cycle Objectives (LCO), Life Cycle Architecture (LCA), and Initial Operational
Capability (IOC). In very simple terms, a project reaches LCO when developers have
produced a first cut at: objectives to be achieved for the sponsoring organization; a
design/architecture; a project plan; and a demonstration of the feasibility of achieving
the objectives through implementation of the design/architecture using the project
plan.
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TABLE III
LCO, LCA, IOC SUCCESS CRITERIA

LCO LCA IOC

For at least one architecture, a
system built to that architecture
will:

For a specific detailed architec-
ture, a system built to that ar-
chitecture will:

An implemented architecture,
an operational system that has:

– Support the core Opera-
tional Concept.

– Satisfy the core Require-
ments.

– Be faithful to the Proto-
type(s).

– Be buildable within the
budgets and schedules in
the plan.

– Show a viable business
case.

– Have its key stakehold-
ers committed to support
the Elaboration Phase (to
LCA).

– Support the elaborated
Operational Concept.

– Satisfy the elaborated Re-
quirements.

– Be faithful to the Proto-
type(s).

– Be buildable within the
budgets and schedules in
the plan.

– Have all major risks re-
solved or covered by a
risk management plan.

– Have its key stakeholders
committed to support the
full life cycle.

– Realized the Operational
Concept.

– Implemented the initial
Operational Require-
ments.

– Prepared a system opera-
tion and support plan.

– Prepared the initial site(s)
in which the system will
be deployed for transi-
tion.

– Prepared the users, oper-
ators, and maintainers to
assume their operational
roles.

In similarly simple terms, a project reaches LCA when developers have produced a
detailed/mature version: of objectives to be achieved for the sponsoring organization;
of a design/architecture; of a project plan; and of a demonstration of the feasibility
of achieving the objectives through implementation of the design/architecture using
the project plan.

A slightly more detailed description of the definitions of LCO, LCA, and IOC may
be found in Table III.

The precise definition of each of the three milestones is in terms of a specific set
of models, the degree of development that each must have attained, and the types of
consistency that must be demonstrated between/among them in order for a project to
attain that milestone. These naturally vary depending upon the specific development
process being used.

3.4 MBASE Risk Management and Stakeholder (Win-Win)
Involvement

For the first few decades of software development, the Waterfall process—
requirements definition, followed by analysis and design, followed by implemen-
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tation, testing, and deployment in that order—was the most commonly used devel-
opment process. Developers working in later phases of a Waterfall project regularly
recognized that errors had been made in earlier phases, and performed the rework
necessary to correct them, though doing so violated the strict definition of Waterfall
Process. Unfortunately, neither commercial nor governmental contracting practices
caught up with these realities quickly enough and, as a result, many Waterfall projects
ran into devastating technical and legal problems.

The worst problem with Waterfall Process is that early fixing of requirements
doesn’t allow the developer the flexibility to deal reasonably with a project’s high-
risk aspects if there are any.2 For example, it is often difficult to know in advance
how expensive it might be for a proposed new system to achieve a specified response
time—or even if current technology can support the response time. The Waterfall
Process, however, dictates that some response time must be fixed in the requirements
phase. A more prudent approach, but one inconsistent with strict Waterfall Process
would be to:

– recognize that demanding the proposed response time is risky;

– buy information about the risk by doing a partial design and implementation of
the response-time-related parts of the proposed system and measuring response
times attainable using one or more available technologies;

– finalize an attainable response time requirement based upon tests performed—
or cancel the system’s development because the response time initially proposed
is critical to the system’s success, but is not attainable, at an acceptable cost,
using current technology.

These days an equally important reason for doing risk-driven software develop-
ment is that much software development is COTS-based [6]. Among the risks that
arise from the incorporation of COTS products into a new software product are that:

– a COTS product may not have precisely the functionality promised in vendor
literature;

– a COTS product may not live up to quality attribute levels promised in vendor
literature;

– a new release of a COTS product may not support the same interfaces as previ-
ous versions; i.e., it may not integrate with other components of the new product
as did earlier versions;

2Waterfall Process works perfectly well in many types of highly-precedented project, for example: in
the re-implementation, for a new platform, of a software product that has been successful on an older
platform; in an implementation of the next member of a successful family of software products, where the
new product’s extensions of the old one have been gleaned from years of experience with the old product.
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– a new release of a COTS product may not have precisely the same functionality
and/or may not support the same quality attribute levels as did earlier versions;

– a COTS vendor may go bankrupt and no longer support periodically required
increases in quality attribute levels.

It was for reasons like these that Boehm proposed [2] the Risk-Driven Spiral
process for software development. While MBASE doesn’t, by any means, require
that the basic development process be the Spiral Process, every process can be
viewed as having phases of some sort; the notion of being risk-driven in MBASE
simply means:

– Establishing, for each phase:
– product and project objectives;

– constraints affecting both the product and the project;

– alternative courses of action that can be taken to meet the objectives and
satisfy the constraints;

– Evaluating the relative merits of the various alternatives, and their associated
risks.

– Deciding upon the specific course of action (from among the possible alterna-
tives) to be followed during the next phase.

– Validating the chosen course of action.

– Reviewing the validated choice and commencing the next phase.

MBASE’s borrowing is, thus, not the notion of spirals/iterations, but, rather, the
notion of:

– recognizing those aspects of a software development project that present high
risks;

– buying information needed to resolve, mitigate or live with the risks, by what-
ever means is reasonable, e.g., various types of prototyping;

– committing to a course of action based upon the results of the above.

A recurring theme is the need to reconcile the key stakeholders’ success models.
Thus, a stakeholder win-win negotiation process becomes a key step in each spiral
cycle of the MBASE approach, as shown in Fig. 5.

In the COMDEX application discussed previously (Section 3.1), for example, the
initial spiral cycle would focus on evaluating COTS products and scoping the overall
system to be buildable in nine months. In a subsequent spiral cycle, the next-level
stakeholders would include representative users of the e-commerce system, and the
reconciliation of their win conditions would include prototyping of the user interface
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FIG. 5. The WinWin spiral with MBASE milestones.

to eliminate the risk of showing up at COMDEX with an unfriendly user interface.
The MBASE tool support includes a groupware system called Easy WinWin, which
enables distributed stakeholders to enter their win conditions and to negotiate mutu-
ally satisfactory (win-win) agreements with other stakeholders [7].

The WinWin spiral model in Fig. 5 provides another view of how risk consid-
erations are used to reconcile stakeholder success conditions in terms of product,
process, and property models. A complementary view was shown in Fig. 4 (see Sec-
tion 3.2), which also identifies the win-win spiral model’s role in guiding the early
feedback cycles involved in defining and reconciling the system’s domain, product,
process, and property models.

3.5 MBASE Integration Example

The elements described above all work in concert to help identify and avoid poten-
tially high-risk model clashes. The particular integration elements and activities are
driven by the MBASE spiral (which incorporates the risk-driven stakeholder win-win
approach) to deliver a comprehensive integrated model. To illustrate the synergistic
application of MBASE elements, we consider the following example taken from an
actual project. A USC Librarian presented the following problem statement for a
multi-media information system:
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I am interested in the problem of scanning medieval manuscripts in such a way
that a researcher would be able to both read the content, but also study the
scribe’s hand, special markings, etc. A related issue is that of transmitting such
images over the network.

We now describe how the model-integration steps within MBASE elements might
be performed within the Medieval Manuscript (MM) project throughout one full
MBASE spiral cycle. The initial goal here is to develop models that will satisfy the
LCO success criteria (i.e., identify at least one feasible architecture). That is, pass
the first anchor point milestone (as described in Section 3.3).

Spiral step 1: Identify initial stakeholders. The primary stakeholders for the MM
are the librarian Mrs. W. who is an authority on the archival of medieval manu-
scripts and will serve as domain expert in addition to customer, and Mr. Z. a grad-
uate student in Software Engineering who is leading the development team. Hence
the initial stakeholder set for this step is Mrs. W. and Mr. Z. The Process Integration
framework dictates that these stakeholder must work together to “describe the enter-
prise context” for the domain of the MM project. In this case, the enterprise context
is “Multimedia Library Services” and the domain is “Multimedia Information Ser-
vices.” A Domain model was developed by making use of a domain description from
a previous Multimedia Archive Library project. This step is illustrated graphically
for this instance in Fig. 6.

Spiral step 2: Identify stakeholder win conditions. This step dictates that Mrs. W.
and Mr. Z. converge on an initial set of mutually satisfactory win-conditions for the
MM project. Aside from the functionally elements (e.g., main application functions,

FIG. 6. MM project spiral step 1.
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Humanized I/O, etc.), Mrs. W. wanted to ensure that development and operational
costs did not outweigh the value MM could provide in a short amount of time (high
return on her investment). As this project originated within a 2-semester software
engineering course project, the project must be completed within 12 months. The
win-conditions establish the initial Success and the Basic and Main capabilities that
were negotiated to provide the candidate Product models (whose context was ob-
tained from the Domain model created previously). (See Fig. 7.)

Spiral step 3: Reconcile win-conditions; establish objective, constraints, and alter-
natives. This is a major step in the model-integration process. Here the process inte-
gration framework dictates that Mrs. W. and Mr. Z. need to agree on what constitutes
a mutually satisfactory starting and ending point for the project. In this case, “suc-
cess” has been defined so that the MM product will have a high return on investment
and be completed within 12 months. It was agreed that a high return on investment
was likely to be achieved if enough “valuable” features were implemented. Here
“enough” meant that there was a high-value for relatively little effort (i.e., “high-
payoff”). The features were ordered according to development dependencies and
value to the Librarians (in terms of time saved, lower staffing requirements, customer
satisfaction, etc.). The “exit” point for the development was now defined as “build
enough valuable features in order to obtain at least 80% of the overall expected value
of the MM system.” This is what is meant by the “high payoff” range. The model-
integration framework dictates that this must be used to evaluate the Basic and Main
features described in the Product models. In addition, Mr. W. had to choose a Process
model that would likely develop the product into the high-payoff range and satisfy

FIG. 7. MM project spiral step 2.
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the 12-month schedule constraint. A Design to Schedule model was chosen to be
compatible with this. (See Fig. 8.)

Spiral step 4: Evaluate product and process alternatives. In this step, the integration
and process frameworks dictate that the Product models be evaluated with respect to
their possible size and used to estimate the overall effort. A Function Point (FP) esti-
mate was made for the Basic capabilities and used as the size input for a COCOMO II
effort estimate. Again, as dictated by the MBASE integration framework, this effort
estimate must reconcile with the 12-month development constraint within a design
to schedule to deliver the high-payoff features. If it does not reconcile, then the de-
velopment parameters must be adjusted (more staff, extra tools, buy COTS, etc.) or
a different Process model must be considered. As a last resort, the high-payoff fea-
ture set can be re-negotiated. In the case of MM, some re-negotiation of the Basic
Capabilities was needed. Specifically, it was agreed that a COTS package would be
used to enable the user to navigate a manuscript image (zoom, move to a location,
etc.) within a web browser. This increased the project cost and modified the specifics
of some of the Basic Capability requirements. It will have to be verified that these
changes do not reduce the value outside the high-payoff range. (See Fig. 9.)

Spiral step 5: Define next Product and Process elements and activities. At this
point the Product models are refined into basic designs. The integration framework
dictates that these designs must be used as input (“milestone content”) to the Design
to Schedule process. This must result in an explicit plan within the Design to Sched-
ule process to implement the Basic Capabilities (however, the Design to Schedule
process can and likely will include other plans). The high-risk potential due to the
use of an unknown COTS package indicate that the development plan should include
some prototyping of the COTS package under consideration and draft web-page im-
plementations. (See Fig. 10.)

Spiral step 6: Validate product and process definitions. As per the process inte-
gration framework, Mr. Z. now verifies that the new effort estimate satisfies the 12-
month development constraint and can be used as an explicit measure (preliminary)
of likely success of the project. A problem occurred in that the COCOMO II effort
estimate cannot adequately account for use of the COTS package now under consid-
eration. This Property model now clashes with the new Product model (COTS). With
this model clash identified, Mr. Z. chose to undertake some initial prototyping with
the COTS package to determine what the COTS effort might be. After this, Mr. Z,
was able to make a confident COTS integration effort estimate and add it to the CO-
COMO II effort predicted for implementing the Basic Capabilities outside of what
the COTS package handles. (See Fig. 11.)

Spiral step 7: Review commitments. Now with slightly re-negotiated Basic Capa-
bilities, verify that they still are compatible with the Success, Process, and Property
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models. That is, buy the COTS package to implement the image navigation capabil-
ities and custom build the remainder of the Basic Capabilities. (See Fig. 12.)

Our tour through one MBASE cycle has illustrated how the integration frame-
works work together to drive a project towards the LCO anchor point while either
avoiding model clashes as a matter of course (though judicious model choice or
explicit sharing of information) or identifying potentially risky model clashes by ex-
plicitly verifying model element compatibility. While we did not explicit describe
what particular activities evolved the project towards LCO, these are somewhat self
evident given the definition of the integration frameworks. For example, develop-
ing the Success models and Product models contribute to the Operational Concept
elements of the LCO.

3.6 MBASE Invariants
MBASE is intentionally very broad in order to encompass a broad spectrum of

projects both large and small. Within the MBASE superset, there are five elements,
the model integration guidelines, that are universal for all MBASE projects. These
elements are called invariants. Additionally, there are elements of MBASE and of
the process and method guidelines, which are categorized as variants, and can be ad-
justed according to particular project parameters (team size, application scope, etc.).
Through use of the invariants and particular choices of these variants MBASE be-
comes a development process add-on framework/adjunct that can be used with any
software development process, from agile to Plan-driven, for identifying and dealing
with model clashes. For example, MBASE model integration, MBASE process inte-
gration, and the three other attributes that define MBASE can be attached/adjoined to
XP, or SCRUM, or Waterfall, or Risk-Driven Spiral to form MBASE-XP, MBASE-
SCRUM, MBASE-Waterfall, or MBASE-Risk-Driven Spiral.

There are five “MBASE invariants” based on the essentials described in Sections
3.1–3.4 that define MBASE. If X is a software development model, then X-BASE is
the extended version of X in which:

(i) the model integration framework (discussed in Section 3.1) and
(ii) the process integration framework (discussed in Section 3.2) have been added

to X;
(iii) the developers use the Life Cycle Objectives (LCO), Life Cycle Architecture

(LCA), and Initial Operational Capability (IOC) milestones/anchor points
(defined in Section 3.3) as stakeholder commitment points for proceeding
from stage to stage of the project. (Note that [18] LCO is the milestone at the
end of the Inception phase of a project, LCA is the milestone at the end of the
Elaboration Phase, and IOC is the milestone at the end of the Construction
phase.)
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(iv) a stakeholder win-win relationship (defined in Section 3.4) is defined and sus-
tained, in a fashion compatible with X, for the purpose of dealing with model
clashes, throughout the project’s life-cycle. This means that periodically:

– success-critical stakeholders are identified;

– each stakeholder participates in the integration of models relevant to
him/her;

– models are modified, as required;

– all critical stakeholders come to an agreement on the latest, updated
models to be used to further pursue the project.

(v) model integration activities are risk-driven as are contents of all artifacts pro-
duced during model integration (discussed further in Section 3.4). That is,
such details as:

– the number of times that stakeholders meet between anchor points

– the specific issues/models dealt with in developing project artifacts other
than LCO-, LCA-, and IOC-mandated issues/models (see below)

– the detail with which each issue/model is addressed

– and the total amount of time spent on model integration

be decided through an evaluation of their risk-reduction value.

The invariants impose a significant amount of structure on a process used to inte-
grate models, yet they leave room to accommodate a number of important project-
related choices. In fact, the invariants imply that certain choices must be “tailor”
made per project. These are called MBASE “variants,” i.e., choices of project details
that are not dictated. Some of these include:

– The development process used to execute the project—XP, Scrum, RAD, wa-
terfall, spiral, RUP, incremental, etc.

– The methods used to construct, or notations used to represent, specific models.

– The amount of development effort between anchor points.

– The staffing levels of the various, MBASE and non-MBASE project activities.

Table IV summarizes the MBASE invariants and variants which will be further
elaborated in the subsequent sections.

3.7 Plan-Driven MBASE
As indicated previously, MBASE is intended for use with any software de-

velopment process. Up to this point it has been used mainly with more “Plan-
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TABLE IV
MBASE INVARIANTS AND VARIANTS

Invariants Variants

(1) Defining and sustaining a stakeholder win-
win relationship through the system’s life-
cycle.

(2) Using the MBASE Model Integration
Framework.

(3) Using the MBASE Process Integration
Framework.

(4) Using the LCO and LCA Anchor Point
milestones.

(5) Ensuring that the content of MBASE arti-
facts and activities is risk-driven.

(1) Use of particular success, process, product,
or property models.

(2) Choice of process or product representa-
tion.

(3) Degree of detail of process, product, prop-
erty, or success modeling.

(4) Number of spiral cycles or builds between
anchor points.

(5) Mapping of activities onto Inception–
Elaboration–Construction–Transition
phases.

(6) Mapping of staff levels onto activities.

driven” or “heavier weight” development processes—variants of Stakeholder Win-
Win Spiral Process. One such variant of MBASE has been used by over 1000 de-
velopers, on about 200 projects, in Barry Boehm’s USC CS577, a two-semester
graduate-level Introduction to Software Engineering. Other variants have been used
by XEROX and the U.S. Army. Agile variants of MBASE are currently under devel-
opment.

Few of the over-1000 MBASE developers were, however, sufficiently skilled and
sufficiently experienced to be able to use MBASE given no more than its definition
in Sections 3.1–3.5 above. The intended use of MBASE is, thus, via incorporation
into software development guidelines, different ones for different types of project.
That is, each set of MBASE guidelines specifies particular models to be constructed
as well as methods for constructing them in such way that the five MBASE invariants
are followed in their construction.

For example, in CS577 students execute real software development projects for
real clients, mostly USC faculty and staff, but occasionally for outsiders—non-profit
organizations and, less frequently, small businesses. Development teams typically
consist of five people, and projects run for two semesters. As a result, the devel-
opment process used is usually Schedule As Independent Variable [5], a process
in which the inception and elaboration phases are run as Stakeholder Win-Win,
Risk-Driven Spiral projects, and the Implementation phase is run either as a Wa-
terfall project or as one type or another of Incremental project—depending upon the
project’s circumstances, and decided upon, with guidance, by the teams themselves.



240 D. KLAPPHOLZ AND D. PORT

The purpose of CS577 is, however, two-fold. One purpose is to guide students
through an actual project in which five people work, part time, over a period of
approximately 24 weeks, with product delivery and transition required by the end
of the twenty-fourth week. A second purpose is to educate students in developing
larger scale software products. The CS577 MBASE guidelines [12] are therefore,
designed to elicit somewhat more documentation than is actually required for the ex-
ecution of the project. Industry/government MBASE guidelines have been developed
for specific types of larger projects. We are currently developing a set of minimal
MBASE—referred to as minBASE—guidelines that can be tailored upward for use
with any development process from agile to “Plan-Driven.”

In the CS577 version of the MBASE guidelines, the models to be created are or-
ganized under artifacts named Operational Concept Definition (OCD), System and
Software Requirements Definition (SSRD), System and Software Architecture Defi-
nition (SSAD), Life Cycle Plan (LCP), and Feasibility Rationale Description (FRD).
As an example, Table V below shows the components of the LCO (Life Cycle Ob-
jectives) version of the OCD. Appendix A shows the components of all LCO, LCA
(Life Cycle Architecture) and IOC (Initial Operational Capability) versions of CS577
MBASE artifacts.

TABLE V

LCO Milestone Elements

Operational Concept
Definition (OCD)

• Top level system objectives and scope

– system boundary (i.e., what are the developers responsible for develop-
ing and what in the system’s environment may they assume is either
being developed by someone else or already exists);

– environment parameters and assumptions (i.e., key parameters and as-
sumptions about the nature of the system’s users, data volume and con-
sistency, workload levels, interoperating systems, etc., both at initial op-
erating levels and in terms of likely evolution);

– evolution parameters.

• Operational Concept

– operations and maintenance scenarios and parameters. (These many in-
volve prototypes, screen layouts, UML diagrams, and other relevant rep-
resentations. They should include scenarios for off-nominal situations if
important and for system maintenance, including which organizations
are responsible for funding and performing the various functions.)

– organizational (stakeholders’) life-cycle responsibilities.
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The guidelines specify traceability and consistency requirements, as well as re-
quired FRD (Feasibility Rationale Description) arguments which, together, guaran-
tee, to the extent possible, the consistency of all project models.

Table VI shows some of these consistency traces.
Given the relatively Plan-Driven nature of the MBASE guidelines variant de-

scribed above, it might be unclear what a more agile version of MBASE might look
like. The first point to note in this regard is that the following proviso is included in
every section of more Plan-Driven MBASE guidelines:

If it’s risky to document something, because doing so expends stakeholder time
and other resources, but doesn’t likely contribute significantly to the success of
the project, then it should not be documented; if its risky not to document some-
thing, because the risk exposure arising from not documenting it exceeds the
cost, in time and other resources, of documenting it, then it should be docu-
mented.

Agile methods take this one step further [11] by starting from a baseline of pro-
ducing an artifact to be archived only when stakeholders agree that the cost of doing
so is outweighed by the long-term value of the artifact, or, in other words, if the
risk exposure of not producing the document is greater than the cost of producing it.
In terms of other agile-process details, MBASE, by virtue of its variants (see Sec-
tion 3.6 above) holds no brief for or against such practices as pair programming,

TABLE VI
COVERAGE/TRACEABILITY OF MBASE PRODUCT MODELS∗
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XP-style low-detail-upfront architecture, user stories vs. UML use cases, short, e.g.,
weekly, incremental cycles, or, for that matter, most other aspects of XP, SCRUM,
and other agile processes.

A project is perfectly in consonance with the definition of MBASE if, in the most
extreme case, stakeholders can, in face-to-face conversations, however short or long
in duration:

– agree on a set of models to construct;

– sketch out those models without preserving any written documentation of them;

– refine the models, using informal versions of the MBASE model and process
integration guidelines;

– agree on the consistency of all models, except, possibly, those whose clashes
present low risk to the project;

– at suitable points in time, agree that LCO, LCA, and IOC milestone require-
ments have been met.

It is with this in mind that we are developing a minimal, upwardly-tailorable, set
of MBASE guidelines.

As important as is model-clash elimination to the success of software develop-
ment projects, not all projects are candidates for the use of MBASE—at least not
full-scale MBASE. For one thing, MBASE comes with a certain amount of overhead
that is justified only when it is outweighed by a sufficiently large reduction in risk
exposure. As an example, consider a project whose goal is to port a successful prod-
uct to a new platform or one whose goal is to implement relatively small incremental
extensions to a successful product family. In both these cases, the small reduction
in risk exposure provided by the use of MBASE is not likely to be justified by the
added overhead.

Finally, some of the work dictated by MBASE to be done during one project phase,
say elaboration, is for use in a later phase, say implementation. For example, the LCA
(end-of-elaboration phase) LCP (Life Cycle Plan) in the CS577 MBASE guidelines
must contain a detailed schedule for the implementation phase. A project whose
goal is the production of a prototype to possibly be implemented at a later date, is
therefore not a candidate to be an MBASE project.

4. MBASE Usage Experience

For the past seven years, USC has used and refined MBASE extensively within its
two-semester graduate software-engineering course. The students work on a Web-
based electronic services project for a real USC client (frequently a digital library
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application for the university information services division) from initial system defi-
nition through transition, utilizing a specialized form of MBASE. This specialization
includes particular tools and models such as Easy WinWin, Rational Rose, MSPro-
ject, and elements of the Rational Unified Process. More than 200 real-client projects
have used MBASE, and over 90 percent have delivered highly satisfactory products
on very short fixed schedules. The annual lessons learned have been organized into an
extensive set of usage guidelines and an Electronic Process Guide [12], all accessible
at http://sunset.usc.edu/research/MBASE. In the spring of 1999, MBASE was used
in both the undergraduate and graduate software engineering courses at Columbia
University. Although these are single semester courses, MBASE was successfully
adapted to help student teams complete a full project life cycle for real clients.

Within industry, Xerox has adopted many elements of MBASE to form its time-
to-market process, including the use of the LCO and LCA anchor points as syn-
chronization points for the hardware and software portions of their printer product
definitions.

Rational has adopted the LCO, LCA, and IOC anchor points within their Ra-
tional Unified Process while MBASE adopted Rational’s Inception–Elaboration–
Construction–Transition phase definitions.

C-Bridge has mapped their define, design, develop, deploy rapid development
methodology for e-commerce systems to the MBASE spiral model.

The Internet startup company Media Connex adopted MBASE and used Easy Win-
Win to establish win-win relationships among their key stakeholders. Each of these
companies converged on different balances of discipline and flexibility to satisfy
their stakeholders’ success models.

Additionally, there are numerous companies and organizations directly making use
of MBASE elements within their project development efforts. For example, the U.S.
Army Tank and Automotive Command has used Easy WinWin and other MBASE
elements to reconcile its software technology organizations’ process and product
strategies.
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Appendix A: LCO, LCA, and IOC Artifacts

Tables A.1–A.5 show detail of the models, and their degrees of completion that
define attainment of the LCO milestone.

Table A.6 shows detail of the models, and their degrees of completion that define
attainment of the LCA milestone.

TABLE A.1

LCO Milestone Elements

Operational Concept
Definition (OCD)

• Top level system objectives and scope

– system boundary (i.e., what are the developers responsible for developing
and what in the system’s environment may they assume is either being
developed by someone else or already exists);

– environment parameters and assumptions (i.e., key parameters and as-
sumptions about the nature of the system’s users, data volume and con-
sistency, workload levels, interoperating systems, etc., both at initial op-
erating levels and in terms of likely evolution);

– evolution parameters.

• Operational Concept

– operations and maintenance scenarios and parameters. (These many in-
volve prototypes, screen layouts, UML diagrams, and other relevant rep-
resentations. They should include scenarios for off-nominal situations if
important and for system maintenance, including which organizations are
responsible for funding and performing the various functions);

– organizational (stakeholders’) life-cycle responsibilities.

TABLE A.2

LCO Milestone Elements

System & Software
Requirements Defini-
tion (SSRD)

• Top level functions, interfaces, and quality attribute levels, including

– priorities;

– growth vectors.
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TABLE A.3

LCO Milestone Elements

System & Software Archi-
tecture Definition (SSAD)

• Top level definition of at least one feasible architecture, including:

– logical and physical elements and their relationships;

– choices of COTS products and other reusable software compo-
nents.

Note that:

– At this (LCO) stage, it is acceptable to still be considering mul-
tiple feasible architectures, e.g., two feasible alternative COTS
choices—with different architectural implications—for one or
more critical components.

– If no feasible architecture can be developed, then the project
should be canceled or its requirements, scope, and objectives
should be changed.

• Identification of infeasible architecture options (in order to prevent
wasted time resulting from later re-consideration of alternatives already
ruled out).

TABLE A.4

LCO Milestone Elements

Life Cycle Plan (LCP) • Identification of life-cycle stakeholders, e.g., customers, users, developers,
maintainers, inter-operators, general public, etc.
• Identification of life-cycle process model.
• Top level WWWWWHH (Why, What, When, Who, Where, How, and
How Much) by stage. The WWWWWHH principle organizes the plan into:

– Objectives: Why is the system being developed?

– Milestones and Schedules: What will be done by When?

– Responsibilities: Who is responsible for a function? Where are they
organizationally located?

– Approach: How will the job be done, technically and managerially?

– Resources: How much of each resource is necessary?

The key elements of the IOC anchor point are:

– Software preparation, including both operational and support software with ap-
propriate commentary and documentation; data preparation or conversion; the
necessary licenses and rights for COTS and reused software, and appropriate
operational readiness testing.



246 D. KLAPPHOLZ AND D. PORT

TABLE A.5

LCO Milestone Elements

Feasibility Rationale
Definition (FRD)

• Assurance of consistency among above-listed milestone elements

– via analysis, measurement, prototyping, simulation, etc. (with the
purpose of demonstrating that adherence to the LCP in the imple-
mentation of the design in the SSAD will result in a product that
satisfies the requirements in the SSRD);

– via business case analysis for requirements and feasible architec-
tures (with the purpose of showing that implementing the require-
ments in the SSRD will accomplish the objectives in the OCD and
will create enough value to justify the investment).

TABLE A.6

LCA Milestone Elements

Operational Concept • Elaboration of system objectives and scope.
Definition • Elaboration of operational concept.

System & Software
Requirements Definition

• Elaboration of functions, interfaces, and quality attribute levels including
identifications of TBD’s (items To Be Determined).
• Prioritization of Concerns.

System & Software
Architecture Definition

• Choice of architecture and elaboration of:

– logical and physical components, connectors, configurations, and con-
straints;

– COTS and other software reuse choices;

– Domain architecture and architectural style choices;

• Architecture evolution parameters.

Life Cycle Plan • Elaboration of WWWWWHH for Initial Operational Capability (IOC),
including partial identification And elaboration of key TBD’s.

Feasibility Rationale
Definition

• Assurance of consistency among all (OCD, SSRD SSAD, and LCP) LCA
milestone elements.
• Resolution or coverage, by risk management plan, of all major risks.

– Site preparation, including facilities, equipment, supplies, and COTS vendor
support arrangements.

– User, operator and maintainer preparation, including selection, team building,
training and other qualification for familiarization usage, operations, and main-
tenance.
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Abstract
The software quality team of a software project often strives to predict the op-
erational quality of software modules prior to software deployment. A timely
software quality prediction can be used for enacting any preventive actions so
as to reduce software faults from occurring during system operations. This is es-
pecially important for high-assurance systems where software reliability is very
critical. The two most commonly used models for software quality estimation
are, software fault prediction and software quality classification. Generally, such
models use software metrics as predictors of a software module’s quality, which
is either represented by the expected number of faults or a class membership
to quality-based groups. This study presents a comprehensive methodology for
building software quality estimation models with case-based reasoning (CBR), a
computational intelligence technique that is suited for experience-based analysis.
A CBR system is a practical option for software quality modeling, because it uses
an organization’s previous experience with its software development process to
estimate the quality of a currently under-development software project. In the
context of software metrics and quality data collected from a high-assurance soft-
ware system, software fault prediction and software quality classification models
are built. The former predicts the number of faults in software modules, while the
latter predicts the class membership of the modules into the fault-prone and not
fault-prone groups. This study presents in-depth details for the CBR models so as
to facilitate a comprehensive understanding of the CBR technology as applied to
software quality estimation.
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1. Introduction

In software engineering practice, software quality enhancement activities may in-
volve additional software design and code reviews, automated test case generation
for extensive software testing, verification and validation, and re-engineering of low-
quality software modules. However, generally the resources allocated for software
quality enhancements are usually only a small fraction of the total budget allocated
for the software project. Therefore, it is of practical importance that the software
quality team utilize the limited resources allocated for software quality improvement
in the best possible way. An effective way to do so is to identify (prior to system
operations) software modules that are likely to have more faults, and subsequently,
expend the limited software quality improvement resources toward those modules.
A software module is the lowest level of software for which we have data.

Software measurements [5,12,51] have been shown to be good indicators of soft-
ware quality, which for a software module is usually represented by a quality factor,
such as the expected number of faults in the module, or a class membership into
quality-based groups. Software metrics which represent the software product and its
process can be collected relatively earlier than the software quality factor. Hence,
for a currently under-development project the software metrics data may be known,
but its software quality data is not known. The aim of a software quality estimation
model is to predict the software quality factor based on the known software met-



SOFTWARE QUALITY ESTIMATION WITH CASE-BASED REASONING 251

rics. Generally, a software quality estimation model is built using a previously devel-
oped project for which the software metrics and software quality data is known. The
software metrics are the independent variables that are used to predict the software
quality factor, which is the dependent variable. Subsequently, the software quality
model can be applied to estimate the software quality of the modules in the currently
under-development software project.

Generally speaking, two types of metric-based software quality estimation models
are used for a targeted software quality improvement. They are software fault pre-
diction and software quality classification models. The former is a quantitative esti-
mation model which is used to predict the number of faults (or any other quantitative
software quality factor) a software module is likely to have [13,62], whereas, the
latter is a qualitative estimation model that is used to predict the class-membership
of a module into quality-based groups such as fault-prone (fp) and not fault-prone
(nfp) [9,40,41]. In related literature, various techniques have been explored for build-
ing software quality estimation models, such as decision trees [14,29,30,57], dis-
criminant analysis [42], logistic regression [20,50], fuzzy logic [48,55,61], artificial
neural networks [27,43,45], and genetic programming [10,37]. The aim of this study
is to present a comprehensive understanding of building software quality estimation
models with the case-based reasoning (CBR) technique, which is part of the compu-
tational intelligence field.

Software fault prediction models are desired by the software quality team when
they are interested in quantifying the quality of a software module. Such a model is
of importance from a practical software quality improvement point of view, because
based on such a prediction the software quality team can simply prioritize their en-
hancement efforts starting with the most faulty modules. Consequently, according to
the allocated software quality improvement resources, a set of the most faulty mod-
ules can be subjected to enhancements. In contrast, a software quality classification
model that classifies modules as fp and nfp, may be desired when the software qual-
ity team is only interested in knowing (according to the quality improvement goals
of the project) which modules need to be targeted for quality inspections and en-
hancements. Hence, based on a software quality classification model all the modules
predicted as fp will be subjected to quality improvements, regardless of their relative
quality. The choice between the two types of software quality models is dependent
on the discretion of the project management team and their specific needs.

A case-based reasoning system can be viewed as an automated reasoning approach
which obtains (in the specified problem domain) a solution for a current case based
on the knowledge of instances of past cases. The known knowledge of the past cases
is stored in a case library, and represents the experience of the organization within
the problem domain. For example, in the context of software quality estimation, the
known software metrics and software quality information (of a previously developed
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project) that will be used for analysis is stored in the case library. In addition, a cur-
rent case represents a software module whose software measurement data is known,
but its quality factor is unknown. The CBR methodology has been explored for var-
ious prediction problems in the software engineering field, including software cost
estimation [6,16,17,19,53], software reuse [47], software design [2,3,54], software
quality [13,18,31], and software help desk [35]. In addition to the software engi-
neering domain, the CBR methodology has also been applied to other fields, such as
weather prediction [1] and path prediction for autonomous underwater vehicles [58].
A CBR prediction system has noticeable practical advantages, such as:

• It can be designed to alert users when a new case is outside the bounds of cur-
rent experience. A solution of “I don’t know” is more practical than a guess.
In contrast, a typical prediction model always provides some kind of decisive
solution.

• As new information becomes available, cases can be added to, or deleted from,
the case library of the CBR system without the hassle of building a new model
to track the new information.

• It is scalable to very large case libraries with fast retrieval, even as the case
library scales up.

• Users of CBR systems can be easily convinced that the solution was derived in
a reasonable way, i.e., they are not “black boxes”, and hence, the CBR system
lends itself to user acceptance.

• They are attractive because they are modeled with the premise of human intu-
ition in mind in that we use our past experiences to analyze and resolve current
problems.

A CBR system is typically built with a working hypothesis of how the past cases
are to be used for the prediction problem. For example, CBR systems developed for
the software cost/effort estimation problem are based on the hypothesis that the cost
of developing a new software project (with known cost drivers) will be similar to
that of previously developed software projects with similar cost drivers [16,17]. In
the case of the CBR models presented in this study for software quality estimation,
the working hypothesis is that a software module currently under-development will
be as faulty as the previously developed (in the case library) software modules with
similar software metrics. The similarity or distance between the current and previ-
ously developed modules is evaluated by a similarity function. Subsequently, a so-
lution algorithm is used to predict the software quality factor of the current module.
There are different types of similarity functions and solution algorithms, as shown in
Section 2.
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In our previous studies [13,26,56], we have performed extensive empirical inves-
tigations of building the two types of software quality estimation models based on
CBR. However, each study focussed either on software fault prediction or software
quality classification. The aim of this study is to present the complete methodology in
one place as a guidance to practitioners in developing CBR models for software qual-
ity estimation. In addition, since the two types of models share some commonality in
their modeling processes, this study is useful from a pedagogical point of view. We
review our empirical results obtained from our recent studies [31,56]. In the context
of software metrics and fault data collected from a large-scale legacy telecommuni-
cations system, the two types of software quality models are built and evaluated. In
the case of the software fault prediction models, three types of similarity functions
and two types of solution algorithms were considered. In the case of the software
quality classification models, three types (same as the software fault prediction) of
similarity functions and two types of solution algorithms were considered.

The rest of this study is structured as follows: Section 2 discusses the theoretical
details of the two CBR models; Section 3 presents a detailed stepwise procedure of
our CBR modeling methodology; Section 4 presents the case study description of the
legacy telecommunications system; Section 5 discusses the empirical results; and
Section 6 summarizes our work and provides directions for future research.

2. Software Quality Estimation with CBR

Case-based reasoning is an analysis and reasoning approach that allows problem
solving based on previous experiences with the same or similar situation [34]. The
applicability of CBR principles is largely beneficial to problem situations that are
likely to recur with some or no variation. This is because intuitively speaking, the
more similar a new case is to a previously encountered case, the more precisely can
we determine its solution. The problem of understanding a new problem in terms of
old experiences generally consists of two parts: (1) retrieving old experiences and
(2) analyzing the new situation in terms of the retrieved experiences.

The old cases and their solutions are collectively known as a case library, because
they serve as a reference to the CBR system when it needs to obtain a solution for
a new case. The problem of retrieving the specific old cases that are “similar” to
the new case is often called as the indexing problem. The case retrieval problem is
resolved by incorporating similarity functions to determine which of the old cases
are the closest match. However, since no (usually) old case is precisely the same
as the new case, it is necessary for a CBR system to “adapt an old solution to fit a
new situation” [34], i.e., case-adaptation. Thus, CBR can be viewed as meeting the
requirements of new demands by adapting from old solutions. The case adaptation



254 T.M. KHOSHGOFTAAR AND N. SELIYA

feature of CBR refers to the second part mentioned in the previous paragraph. In
summary, a CBR prediction system generally consists of a case library (with the cases
of previous experiences), a solution algorithm (for case-adaptation), and a similarity
function (for case retrieval) [34,36].

We now present a very simple (hypothetical) example of how the basic CBR princi-
ples can be used for reasoning in a prediction system. Consider two previously devel-
oped software projects A and B, each expressed in terms of their total lines of code.
Assume that for the lines of code, Project A has 15 000 and Project B has 12 000.
In addition, assume Project A was completed in 12 months and Project B was com-
pleted in 9 months. Thus, a software project is a case in the case library, lines of code
is the project attribute (independent variable) that will be used to estimate the project
completion time (dependent variable). The values of the independent and dependent
variables are known for the cases in the case library. Now consider a new software
project (Project C, similar to Projects A and B) that is under development and is
estimated to have 14 000 lines of code. Intuitively speaking, in order to estimate the
completion time for the new project a CBR system will evaluate the proximity of its
lines of code with those of Projects A and B. Thus, we reason by analogy that since
Project A is closer (than Project B) to Project C, the completion time of Project C
will be closer to 12 months (of Project A) than 9 months (of Project B). Thus, a
prediction of 11 months for Project C is a likely solution. The hypothetical example
presented above is a very simple (by no means a practical scenario) example, and
was meant to illustrate the intuitive nature of a CBR system. In a real-world CBR ap-
plication, such as the one presented in this chapter, a case is usually represented by
multiple attributes, and the case library can generally have several cases.

In the context of software quality estimation, the case library consists of well-
known project data from previously developed system release or similar projects,
and contains all relevant information pertaining to each case (software module). In
the context of software metrics-based quality prediction, such cases are composed of
a set of software metrics or independent variables (xi ), and a response or dependent
variable (yi). In the case of software fault prediction modeling, yi represents the
number of faults in module i . In the case of software quality classification modeling,
yi represents the quality class, i.e., fp or nfp, of module i . The cases in the case
library can be added, deleted, or updated by the analyst according to the needs of the
estimation problem. The software metrics collected during the software development
process are often measured in varying ways and could contain a variety of ranges
and scales. Therefore, before using the data for modeling purposes, it should be
standardized (or normalized) [4].

A solution algorithm uses a similarity function to estimate the relationship or dis-
tance between the target case (whose dependent variable is to be estimated) and each
case in the case library. Subsequently, the algorithm retrieves relevant cases and de-
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termines a solution to the new problem, i.e., it predicts the yi value of the target case.
In the case of the two types of software quality estimation models, the same similar-
ity function can be used because it only computes the distances between the target
case and those in the case library. However, a different solution algorithm is needed
for the two types of models. This is because for a fault prediction model we are in-
terested in a quantitative estimation, whereas for a software classification model we
are interested in a qualitative estimation. In our study, we considered three types of
similarity functions for computing the respective distances. Moreover, for each of
the two types of models, we considered two solution algorithms. We now discuss the
different similarity functions and solution algorithms used in our study.

A similarity function determines, for a given case, the most similar cases from the
case library ( fit or training data). The function computes the distance dij , between
the current (or target) case xi , and every case cj in the case library. The three types
of similarity functions considered in this study are: City Block distance, Euclidean
distance, and Mahalanobis distance. The cases with the smallest possible distances
are of primary interest, and the set of similar cases forms the set of nearest neigh-
bors, N . The CBR model parameter nN , represents the number of the best (most
similar to current or target case) cases selected from N for further analysis. The pa-
rameter nN can be varied during model calibration to obtain different models. Once
nN is selected, a solution algorithm (quantitative or qualitative) is used to predict the
dependent variable. In the case of software fault prediction modeling, we used the
unweighted average and inverse distance weighted average solution algorithms. In
the case of software quality classification modeling, we used the majority voting and
data clustering solution algorithms.

2.1 Similarity Functions

2.1.1 City Block Distance
This similarity function is also known as Absolute distance or Manhattan distance.

It is computed by taking the weighted sum of the absolute value of the difference in
independent variables between the current case and a past case. The weight asso-
ciated with each independent variable is provided by the user or the analyst. This
distance function is primarily used for numeric attributes, and is given by:

(1)dij =
m∑

k=1

wk|xik − cjk|

where, m is the number of independent variables, and wk is the weight of the kth in-
dependent variable. In our study, wk = 1 for the City Block distance and the Euclid-
ean distance similarity measures.
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2.1.2 Euclidean Distance

This similarity function views the independent variables as dimensions within an
m-dimensional space, with m being the number of independent variables. A current
case is represented as a point within this space. The distance is calculated by taking
the weighted distance between the current case and a past case within this space.
This distance function is also commonly used when the data set contains quantitative
attributes, and is given by:

(2)dij =
√√√√ m∑

k=1

(
wk(xik − cjk)

)2
.

2.1.3 Mahalanobis Distance

This distance measure is an alternative to the Euclidean distance. It is used when
the independent variables are highly correlated. The Mahalanobis distance is a very
attractive similarity function to implement because it can explicitly account for the
correlation among the attributes [25], and the independent variables do not need to
be standardized or normalized. It is given by [8]:

(3)dij = (cj − xi )
′S−1(cj − xi )

where, (′) implies transpose, S is the variance-covariance matrix of the independent
variables over the entire case library, while S−1 is its inverse.

2.2 Quantitative Solution Algorithms

In the context of the software fault prediction problem, a CBR system estimates
the number of faults in a program module based on attributes of similar modules that
were previously developed. The two solution algorithms that are used in our study to
estimate the number of faults in a module are described in the next two subsections.

2.2.1 Unweighted Average

This algorithm estimates the dependent variable, ŷi , by calculating the average of
the number of faults of the most similar modules, i.e., nN , from the case library. The
predicted value is therefore given by:

(4)ŷi = 1

nN

∑
j∈N

yj .
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2.2.2 Inverse Distance Weighted Average

The dependent variable is estimated using the distance measures for the nN closest
cases as weights in a weighted average. Since smaller distances indicate a closer
match, each case is weighted by a normalized inverse distance. The case most similar
to the target module has the largest weight, thus playing a major role in the obtained
fault prediction.

(5)δij = 1/dij∑
j∈N 1/dij

,

(6)ŷi =
∑
j∈N

δij yj .

2.3 Qualitative Solution Algorithms

In the case of software quality classification, a good solution algorithm is the one
that provides (during pre-operations) a module class assignment which turns out to
be correct after (during operations) all the fault data is known. The definition of
whether a module is fp or nfp depends on the pre-set threshold value of the quality
factor, which, in our studies, is the number of faults. If each case in the library has
known attributes and class membership, then given a target case with an unknown
class, we predict its class to be the same as the class of the most similar case(s) in
the case library.

The characteristics of software quality metrics and fault data can make accurate
software quality classification difficult. In the case of high-assurance software sys-
tems, the number of fp modules is a small fraction (< 10%) of all the modules.
Common classification methods are often unsuited to model such a small percentage
of faulty modules, and are vulnerable to producing high misclassification rates for
the fault-prone group. This negates the purpose of the classification models, because
many fp modules may remain undetected. Furthermore, practically speaking the cost
of a Type II error (when a fp module is misclassified as nfp, indicating a missed op-
portunity to detect a faulty module) is much greater than that of a Type I error (when
a nfp module is misclassified as fp). Type II errors are more expensive and involve
severe consequences, such as repairs at remote sites and damaging an organization’s
reputation. On the other hand, Type I errors are relatively less expensive, and may
involve in-effective reviews and testing.

A classification model may be sensitive to the ratio of the costs of the Type I and
Type II misclassifications. This is because, in practice, actual costs of the two mis-
classifications (CI and CII) are not known during the modeling period. And because
the two costs are not similar, the use of equal costs for CI and CII during model
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calibration is not realistic. Moreover, other factors besides cost ratio may determine
the best balance between the Type I and Type II error rates. For example, when the
proportion of fp modules (as compared to nfp modules) is very small, and Type II
misclassifications have relatively higher consequences, one may prefer equal mis-
classification rates, with Type II being as low as possible. The preferred balance
between the two error rates depends on the domain of the software system and the
project management team. For example, a safety-critical or medical software system
may desire a very low Type II error rates, because missing a faulty module may lead
to compromising the safety of the system users.

In many software projects, costs of misclassifications are very difficult to estimate,
and similarly, prior probabilities of membership to the fp and nfp classes might be
unknown or difficult to estimate. In such cases, the classification rule that minimizes
the expected cost of misclassification, presented in [21] may be impractical. Thus, in
the context of CBR, a generalized classification rule that does not require the knowl-
edge of the misclassification costs and prior probabilities is needed. In our recent
study [31], we introduced (in the context of software quality classification with CBR)
generalized software quality classification rules that address the above mentioned is-
sues related to the characteristics of software quality data and the unbalanced costs of
the two misclassification error rates. The two generalized classification techniques,
shown in the next subsections, facilitate customizing the preferred balance between
the two misclassification error rates.

2.3.1 Majority Voting Classification Rule

The cases from the nearest neighbor set, N , are polled to determine the classifica-
tion of the current case. The probability of a module being classified as either fp or
nfp, depends on the percentage of cases within nN that are fp and nfp, respectively.
However, as pointed out earlier a generalized classification rule is needed to obtain
the desired balance between the two misclassification error rates. The generalized
majority voting classification rule in the context of CBR is given by:

(7)Class(xi ) =
{

nfp, if
Pfp
Pnfp

< ζ,

fp, otherwise,

where, Class(xi ) is the predicted risk class for module i , Pnfp and Pfp are the proba-
bilities of the target case being nfp and fp, respectively, and ζ is a variable modeling
parameter. The value of ‘ζ ’ can be chosen empirically (as shown in Sections 3 and 5)
to suit the needs of a given case study or project. Therefore, the classification of the
current case would then depend on whether the chosen value of ζ , exceeds the ratio
Pfp
Pnfp

.
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2.3.2 Data Clustering Classification Rule

In this classification method, the case library is partitioned into two clusters, fp
and nfp, according to the class of each case in the fit data set (case library). For a
currently unclassified case xi , dnfp(xi ) is the average distance (based on a similarity
function) to the nearest nfp neighbor cases, and dfp(xi ) is the average distance to the
nearest fp neighbor cases. The number of nearest neighbor cases, i.e., nN , to be used
for analysis, can be varied as a model calibration parameter.

Once the average distances to the nearest neighbor cases are computed, the gener-
alized data clustering classification rule is then used to estimate the class, Class(xi ),
of the unclassified case. The classification rule is given by:

(8)Class(xi ) =
{

nfp, if
dnfp(xi)

dfp(xi )
< c,

fp, otherwise.

The right hand side of the inequality, c, is the modeling cost ratio parameter, CI
CII

,
where CI is the cost of a Type I misclassification, and CII is the cost of a Type II
misclassification. It should be noted that c does not represent (for a given software
project) the actual cost ratio, which is unknown at the time of modeling. The actual
misclassification costs are not known until very late in the software life cycle. The
parameter, c, can be empirically varied as per the needs of the given case study or
project. Therefore, the classification of the current case or module would then depend

on whether the ratio,
dnfp(xi )

dfp(xi)
, is lower than the chosen value of c.

3. Modeling Methodology

The complete CBR modeling process for building software fault prediction and
software quality classification models has been implemented and automated in an
empirical software quality modeling tool, the Software Measurement Analysis and
Reliability Toolkit (SMART) [24,46]. The tool, developed by our research team at
the Empirical Software Engineering Laboratory, Florida Atlantic University, is a
Windows©-based application implemented in Visual C++© and has a user-friendly
graphical interface. The modeling capability of the current version of SMART in-
cludes building and evaluating CBR models for software fault prediction and software
quality classification. The latter includes both two-group [31] and three-group [32]
software quality classification models. In addition, the tool also supports building
module-order models, a software quality modeling approach that predicts and evalu-
ates the relative ranking of the software modules [23].
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FIG. 1. Modeling procedure for software fault prediction.

The model building, selection, and evaluation procedure for the CBR-based soft-
ware fault prediction and software quality classification models are respectively sum-
marized in Figs. 1 and 2. The aim of including the figures is to facilitate analysts and
practitioners who wish to repeat our empirical efforts for their respective use. The
modeling methodology for the two CBR-based software quality models is discussed
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FIG. 2. Modeling procedure for software quality classification.

below. In addition, the performance metrics used for model selection and evaluation
of the respective software quality models are presented at the end of this section.

3.1 Case-Based Reasoning Modeling Process

(1) Case Library: A fit (or training) data set is selected as the case library. For the
case study presented later (Section 4), Release 1 is used as the training data
set. In the case of the software fault prediction study, the software metrics
in the case library consists of the 24 product and 4 execution metrics of the
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modules in Release 1. In the case of the software quality classification study,
the software metrics in the case library consists of all 42 software metrics
presented in Section 4.

(2) Target Data: A test (or target) data set is selected for evaluating the perfor-
mance of the CBR models. The software modules of Releases 2, 3, and 4 are
used as target data sets for the case study.

(3) Similarity Function and Solution Algorithm: The desired similarity function,
i.e., City Block, Euclidean, or Mahalanobis, is selected for modeling. In the
case of software fault prediction modeling, one of the two quantitative solu-
tion algorithms (i.e., unweighted average or inverse distance weighted aver-
age) is selected. In the case of software quality classification modeling, one
of the two qualitative solution algorithms (i.e., generalized majority voting or
generalized data clustering) is selected.

(4) Parameter nN : The number of cases to be selected from the nearest neigh-
bor set, N , for analysis is a model parameter that is varied (for both types of
software quality models) to yield different models. A broad spectrum of val-
ues of nN (a maximum of the number of modules in the case library) were
considered during our empirical studies.

(5) Parameter ζ or c: This step only applies to the software quality classification
modeling study. For the majority voting classification models, the parameter
ζ was varied from 0.01 to 1.00. For the data clustering classification models,
the parameter c was varied from 0.0001 to 5.0. Other values of c and ζ were
considered at the time of modeling, but did not yield better empirical results.
The variation of these parameters allows the selection of a classification model
with the desired (preferred) misclassification error rates. This is an important
feature of the generalized classification rules, because it facilitates the soft-
ware quality team to select a classification model that best suits their software
quality improvement goals.

(6) Model Fitting: The respective software quality models are built using the
leave-one-out (LOO) cross-validation technique, which is described as fol-
lows. Assume a fit data set, i.e., case library, with p cases. During each it-
eration one case is removed and the model is trained using the p − 1 cases.
The trained model is then used to predict the dependent variable (number of
faults or class membership) for the removed case, which acts as the test case.
Hence, p iterations are performed such that the dependent variable estimation
of a case, v, is based on a model that is trained using all the cases in the case
library, except v.

In the case of software fault prediction modeling, at the end of p iterations
of the LOO technique, a number of faults estimation for all the cases in the fit
data set is obtained. The average absolute error (AAE) and average relative
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error (ARE) of the fault prediction models (see Section 3.2) for a given nN are
computed. Subsequently, the nN is varied to obtain different fault prediction
models.

In the case of software quality classification modeling, at the end of p it-
erations of the LOO technique, a class ( fp or nfp) estimation for all the cases
in the fit data set is obtained. The Type I and Type II misclassification error
rates of the classification model for a given nN and c (or ζ ) are computed.
Subsequently, the nN and c (or ζ ) are varied to obtain different classification
models.

(7) Model Selection: In the case of software fault prediction modeling, our model
selection strategy was such that among all (by varying nN ) the trained models,
a model which had the lowest AAE was selected as the final fault prediction
model. However, in order to relate to the works of other researchers, we also
computed the ARE values of all the prediction models. The error values used
for model selection are based on the LOO technique.

In the case of software quality classification modeling, for a given similar-
ity function and generalized classification rules, our model selection strategy
was such that among all (by varying nN , and for each nN varying c or ζ ) the
trained models, the preferred classification model had approximately equal
misclassification error rates with the Type II error rate being as low as pos-
sible. This model selection strategy is reflective of our discussions with the
project management team of the legacy system, as discussed in Section 3.3.
Once again, the error values used for model selection are based on the LOO

technique.
(8) Model Validation: The test data sets are used to validate the prediction accu-

racy of the models trained using the fit data set. The respective performance
metrics for the two software quality models are computed for the test data
sets. The obtained performance metrics are then compared with those of the
fit data set. A stable software quality model should exhibit minimal variation
in its performance across the training and test data sets.

3.2 Performance Evaluation for Software Fault Prediction

The prediction accuracy of the software fault prediction models is determined by
computing the two commonly used performance measures, i.e., AAE (average ab-
solute error) and ARE (average relative error). The AAE and ARE performance met-
rics are given by,

(9)AAE = 1

n

n∑
i=1

|yi − ŷi |,
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(10)ARE = 1

n

n∑
i=1

∣∣∣∣yi − ŷi

yi + 1

∣∣∣∣
where, n is the number of modules in the given data set. The denominator in ARE has
a ‘1’ added to avoid division by zero. We have presented and utilized both measures,
because the comparative study of AAE and ARE as performance metrics is out of
scope for this chapter. Moreover, there is no consensus in the literature as to which
of those two metrics is a better performance evaluator for a quantitative prediction
model. Among the competing software fault prediction models, the one with the
lowest AAE (or ARE) is selected as the final model.

3.3 Performance Evaluation for Software Quality Classification

The accuracy of a classification model is usually measured in terms of it’s Type I
and Type II misclassification error rates. A Type I error occurs when a nfp module
is misclassified as fp, while a Type II error occurs when a fp module is misclassi-
fied as nfp. Thus, the accuracy of a software quality classification model is indicated
by how well the class predictions for software modules are realized later in the life
cycle, i.e., during testing or operations. The classification accuracy is especially im-
portant because the cost of misclassifying a fp module is invariably greater than the
cost of misclassifying a nfp module. Furthermore, the obtained balance between the
two error rates may affect the usefulness of a two-group software quality classifi-
cation model. In the context of a two-group software quality classification model,
for a given classification technique the Type I and Type II error rates are inversely
proportional.

Recent research has indicated that published software quality classification mod-
eling methods may not consistently produce a useful balance between the Type I
and Type II error rates [22]. If either type of misclassification error rate is high, the
model is generally not useful to guide software quality improvement efforts. In the
case when the Type I error rate is high, then targeting of enhancement efforts will be
inefficient because many of the modules classified as fp are actually nfp. On the other
hand, if the Type II error rate is very high, then many faulty modules will not be de-
tected for enhancements prior to system operations. Therefore, a preferred balance,
as per the quality needs of the project, between the two types of misclassifications
is desired. This is especially important for high-assurance systems in which the cost
of correcting a Type II error is relatively much higher than that for a Type I error,
and the proportion of the fp modules is a small fraction of the total number of mod-
ules. Therefore, a practical classification rule(s) that allows the analyst to obtain the
desired balance between the error rates is more useful [21].
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In our study, the model-selection strategy for the software quality classification
models is such that the Type I and Type II error rates (for the fit data set) are ap-
proximately equal with the Type II error rate being as low as possible. The model
selection strategy was determined based upon discussions with our industry partner,
i.e., the management team of the legacy telecommunications system. According to
their software quality improvement needs, such a strategy yielded useful classifica-
tion models from a practical point of view. However, we note that another software
project may consider a different model-selection strategy that is reflective of their
software quality needs.

4. Case Study Description

The software metrics and fault data for this case study (denoted as LLTS) was
collected over four historical releases from a very large legacy telecommunications
system. The software system is written in a high-level language, using the procedural
paradigm, and maintained by professional programmers in a large organization. The
telecommunications system had significantly over ten million lines of code and in-
cluded numerous finite-state machines and interfaces to various kinds of equipment.
We labeled the four system releases, 1 through 4. These releases were the last four
releases of the legacy system. The modules of Release 1 were used are as the fit data
set for training the software quality estimation models. The respective modules of
Releases 2, 3, and 4 are used as the three test data sets for evaluating the predictive
performances of the models.

A software module was considered as a set of functionally related source-code files
according to the system’s architecture. Fault data, collected at the module-level by
the problem reporting system, consisted of faults discovered during post unit testing
phases, and were recorded before and after the product was released to customers.
The software faults discovered by customers were recorded only when their discov-
ery resulted in a change in the source code. Faults in deployed telecommunications
systems are extremely expensive because, in addition to down-time due to failures,
visits to remote sites are usually necessary to repair them.

The number of modules associated with faults discovered by customers were very
few as compared to modules with no faults. This is reflective of the nature of the
system being modeled, i.e., a high-assurance system. Two clusters of modules were
identified: unchanged and updated. The updated modules consisted of those that were
either new or had at least one update to their source code since the prior release.
Configuration management data analysis identified software modules that were un-
changed from the prior release. Among the unchanged modules, almost all of them
had no faults. Consequently, in our studies we only considered modules that were
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new, or had at least one source code update since the prior release. The system had
several million lines of code in a few thousand modules per release. Each release
had approximately 3500 to 4000 updated or new software modules. The number of
modules considered in Releases 1, 2, 3, and 4 were 3649, 3981, 3541, and 3978
respectively.

The set of available software metrics is usually determined by pragmatic consid-
erations. A data mining approach is preferred in exploiting software metrics data
[11], by which a broad set of metrics are analyzed rather than limiting data collec-
tion according to a predetermined set of research questions. Data collection for this
case study involved extracting source code from the configuration management sys-
tem. The available data collection tools determined the number and selection of the
software metrics. Software measurements were recorded using the EMERALD (En-
hanced Measurement for Early Risk Assessment of Latent Defects) software metrics
analysis tool, which includes software-measurement facilities and software quality
models [15].

Preliminary data analysis selected metrics (aggregated to the module level) that
were appropriate for our modeling purposes. The software metrics considered in our
studies included 24 product metrics, 14 process metrics, and 4 execution metrics. As
we will see later in this section, that the 14 process metrics are not used while build-
ing the software fault prediction modeling. In contrast, while building the software
quality classification models all 42 metrics are used. It should be noted that the sets
of software metrics used for the legacy system may not be universally appropriate
for all software systems. Another project might collect (depending on availability)
and use a different set of software metrics [7,44,39].

The software product metrics in Table I are based on call graph, control flow graph,
and statement metrics. A module’s call graph depicts the calling relationships among
procedures. A module’s control flow graph consists of nodes and arcs depicting the
flow of control of the program. Statement metrics are measurements of the program
statements without expressing the meaning or logic of the statements. The process
metrics in Table II may be associated with either the likelihood of inserting a fault
during development, or the likelihood of discovering and fixing a fault prior to prod-
uct release. The configuration management systems tracked each change to source
code files, including identity of the designer and the reason of the change, e.g., a
change to fix a problem or to implement a new requirement. The execution met-
rics listed in Table III are associated with the likelihood of executing a module, i.e.,
operational use. The proportion of installations that had a module, USAGE, was ap-
proximated by deployment data on a prior release. Execution times were measured
in a laboratory setting with different simulated workloads.

In the case of software fault prediction with CBR, the models were built based
upon 28 software metrics, which included the 24 product metrics and the 4 execution
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TABLE I
SOFTWARE PRODUCT METRICS

Symbol Description

Call graph metrics

CALUNQ Number of distinct procedure calls to others.
CAL2 Number of second and following calls to others.

CAL2 = CAL − CALUNQ where CAL is the total number of calls.

Control flow graph metrics

CNDNOT Number of arcs that are not conditional arcs.
IFTH Number of non-loop conditional arcs, i.e., if–then constructs.
LOP Number of loop constructs.
CNDSPNSM Total span of branches of conditional arcs. The unit of measure is arcs.
CNDSPNMX Maximum span of branches of conditional arcs.
CTRNSTMX Maximum control structure nesting.
KNT Number of knots. A “knot” in a control flow graph is where arcs cross due to a violation

of structured programming principles.
NDSINT Number of internal nodes (i.e., not an entry, exit, or pending node).
NDSENT Number of entry nodes.
NDSEXT Number of exit nodes.
NDSPND Number of pending nodes, i.e., dead code segments.
LGPATH Base 2 logarithm of the number of independent paths.

Statement metrics

FILINCUQ Number of distinct include files.
LOC Number of lines of code.
STMCTL Number of control statements.
STMDEC Number of declarative statements.
STMEXE Number of executable statements.
VARGLBUS Number of global variables used.
VARSPNSM Total span of variables.
VARSPNMX Maximum span of variables.
VARUSDUQ Number of distinct variables used.
VARUSD2 Number of second and following uses of variables.

VARUSD2 = VARUSD − VARUSDUQ where VARUSD is the total number of variable
uses.

metrics. Hence, those 28 metrics are used to predict the dependent variable of the
prediction model, i.e., faults. The fault data used for fault prediction consisted of
the software faults discovered during the post-unit testing phases, including those
discovered by customers. In the case of software quality classification with CBR, the
models were built based upon all 42 software metrics. Hence, the 42 metrics are used
to predict the dependent variable of the classification model, i.e., class. The fault data
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TABLE II
SOFTWARE PROCESS METRICS

Symbol Description

DES_PR Number of problems found by designers.
BETA_PR Number of problems found during beta testing.
DES_FIX Number of problems fixed that were found by designers.
BETA_FIX Number of problems fixed that were found by beta testing in the prior release.
CUST_FIX Number of problems fixed that were found by customers in the prior release.
REQ_UPD Number of changes to the code due to new requirements.
TOT_UPD Total number of changes to the code for any reason.
REQ Number of distinct requirements that caused changes to the module.
SRC_GRO Net increase in lines of code.
SRC_MOD Net new and changed lines of code.
UNQ_DES Number of different designers making changes.
VLO_UPD Number of updates to this module by designers who had 10 or less total updates in entire

company career.
LO_UPD Number of updates to this module by designers who had between 11 and 20 total updates

in entire company career.
UPD_CAR Number of updates that designers had in their company careers.

TABLE III
SOFTWARE EXECUTION METRICS

Symbol Description

USAGE Deployment percentage of the module.
RESCPU Execution time (microseconds) of an average transaction on a system serving consumers.
BUSCPU Execution time (microseconds) of an average transaction on a system serving businesses.
TANCPU Execution time (microseconds) of an average transaction on a tandem system.

used for classification modeling reflect the software faults discovered by customers
during system operations. We note that the two software quality models are built to
reflect software quality estimation at different stages in the software development life
cycle. The software fault prediction models are built right after the coding (including
unit testing) phase. The software quality classification models are built just prior to
releasing the software system for operations.

A module was considered fp if any faults were discovered during operations, and
nfp otherwise. Therefore, all the modules in the case library (for software quality
classification) and the test data sets that had one or more customer-discovered faults
were classified as fp, and nfp otherwise. This threshold value was determined as per
the modeling requirements of the legacy telecommunications system. The distribu-
tion of the customer-discovered faults for the updated modules of the four system
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TABLE IV
LLTS FAULT DISTRIBUTION

Faults Percentage of updated modules
Release 1 Release 2 Release 3 Release 4

0 93.7% 95.3% 98.7% 97.7%
1 5.1% 3.9% 1.0% 2.1%
2 0.7% 0.7% 0.2% 0.2%
3 0.3% 0.1% 0.1% 0.1%
4 0.1% a

6 a

9 a

aOne module.

releases is presented in Table IV. The numbers of fp and nfp modules for the four
releases are as follows: Releases 1 through 4 have 229, 189, 47, and 92 fp mod-
ules, and 3420, 3792, 3494, and 3886 nfp modules, respectively. The proportion of
modules with no customer-discovered faults among the updated modules of the first
release (fit data set) was πnfp = 0.937, and the proportion with at least one fault
was πfp = 0.063. Such a small set of faulty modules is often difficult for a software
quality modeling technique to identify. Therefore, a need for the generalized (in the
context of CBR) classification rules as presented earlier was highly desired.

5. Results and Analysis

5.1 Software Fault Prediction Results

In the case of software fault prediction modeling, we present the results of the
models based on all combinations of the three similarity functions and the two quan-
titative solution algorithms. The number of nearest neighbor cases (nN) used by the
CBR system for obtaining the software fault prediction is a variable that can affect
the prediction accuracy. Determining the optimum value of nN is dependent on the
characteristics of the fit data set, and hence, requires an empirical approach. Given
a similarity function and a solution algorithm, the trained model whose nN yields
the minimum AAE or ARE using the LOO technique is selected as the preferred CBR

fault prediction model. The software fault prediction models were built using the 24
product and 4 execution metrics described earlier.

The performances of the different prediction models (by varying nN ) based on
the three similarity functions are shown in Tables V, VI, and VII. We note that the
empirical results from all (odd and even) values of nN we have considered are not
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TABLE V
OPTIMUM nN WITH EUCLIDEAN DISTANCE

Unweighted Weighted
nN AAE ARE AAE ARE

1 1.152 0.560 1.152 0.560
3 1.081 0.548 1.022 0.509
5 1.042 0.538 0.983 0.496
7 1.024 0.534 0.966 0.492
9 1.016 0.531 0.953 0.486

11 1.011 0.532 0.947 0.485
13 1.009 0.534 0.945 0.486
15 1.002 0.532 0.938 0.484
17 1.000 0.532 0.935 0.483
19 0.995 0.530 0.930 0.481
21 0.995 0.530 0.929 0.480
23 0.998 0.531 0.931 0.481
25 0.996 0.530 0.929 0.480
27 0.996 0.531 0.928 0.480
29 0.996 0.531 0.928 0.479
31 0.996 0.531 0.928 0.479
33 1.057 0.607 0.927 0.479
35 1.057 0.607 0.928 0.479
37 1.057 0.607 0.928 0.479
39 1.057 0.607 0.928 0.479
41 1.057 0.607 0.928 0.479
43 1.057 0.607 0.928 0.479
45 1.057 0.607 0.928 0.479
47 1.057 0.607 0.929 0.474

presented. The tables report only some of the odd values that were considered for nN .
However, we have presented a good spectrum (from either end) of values covering
the selected nN . The prediction models based on other values of nN are not shown
because their inclusion would not impart any additional empirical information.

Table V presents the AAE and ARE values when the unweighted average and in-
verse distance weighted average (abbreviated as “weighted” in the table) solution
algorithms are used in combination with the Euclidean distance similarity function.
Similarly, Tables VI and VII respectively present the AAE and ARE values when
the City Block and Mahalanobis distance similarity functions are used. We observe
a trend in the AAE values with respect to nN . As nN is increased, the AAE value
decreases until a particular nN is reached, after which it starts to increase. Conse-
quently, the nN corresponding to the minimum AAE is chosen as the optimum nN .
The respective selected models are highlighted in bold.
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TABLE VI
OPTIMUM nN WITH CITY BLOCK DISTANCE

Unweighted Weighted
nN AAE ARE AAE ARE

1 1.147 0.554 1.147 0.554
3 1.060 0.538 1.008 0.503
5 1.031 0.530 0.971 0.488
7 1.015 0.527 0.951 0.483
9 1.011 0.530 0.945 0.483

11 1.012 0.532 0.944 0.484
13 1.004 0.529 0.938 0.481
15 1.000 0.527 0.934 0.480
17 0.994 0.526 0.928 0.478
19 0.999 0.528 0.930 0.479
21 0.994 0.525 0.926 0.476
23 0.991 0.523 0.925 0.475
25 1.055 0.600 0.924 0.474
27 1.055 0.600 0.924 0.474
29 1.054 0.599 0.924 0.474
31 1.053 0.599 0.924 0.474
33 1.051 0.598 0.923 0.473
35 1.049 0.597 0.922 0.473
37 1.051 0.598 0.923 0.473
39 1.049 0.598 0.924 0.474
41 1.057 0.607 0.924 0.474
43 1.057 0.607 0.925 0.474
45 1.057 0.607 0.925 0.474
47 1.057 0.607 0.926 0.475

Table VIII summarizes the AAE and ARE values (and their standard deviations) of
the CBR models across the different system releases. Among the models calibrated by
using different similarity functions and solution algorithms, the ones with the lowest
AAE values are shown in the table. The error values (AAE and ARE) for Release 1
are based on the LOO cross-validation technique. The selected model is then applied
to the test data sets, i.e., Releases 2, 3, and 4, and the respective error statistics are
computed. It is observed that for this case study, the Mahalanobis distance measure
has the lowest AAE (with both solution algorithms). This suggests that it will yield
a better fault prediction as compared to the Euclidean and City Block distance mea-
sures. Furthermore, for almost all (11 out of 12) the cases shown in Table VIII, the
inverse distance weighted average solution algorithm yielded a lower AAE value.

Our empirical results demonstrated that among the fault prediction models built
using the different similarity functions, those based on the Mahalanobis distance
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TABLE VII
OPTIMUM nN WITH MAHALANOBIS

DISTANCE

Unweighted Weighted
nN AAE ARE AAE ARE

1 1.010 0.455 1.010 .455
3 0.984 0.452 0.936 0.42
5 0.959 0.444 0.905 0.406
7 0.962 0.446 0.902 0.404
9 0.960 0.445 0.900 0.403

11 0.958 0.446 0.897 0.402
13 0.961 0.449 0.896 0.402
15 0.963 0.449 0.895 0.401
17 0.965 0.450 0.897 0.402
19 0.964 0.448 0.896 0.400
21 0.965 0.448 0.896 0.399
23 0.966 0.448 0.899 0.400
25 0.966 0.446 0.899 0.399
27 0.967 0.446 0.900 0.398
29 0.967 0.445 0.900 0.398
31 0.968 0.446 0.900 0.398
33 0.968 0.445 0.901 0.398
35 0.968 0.445 0.901 0.397

yielded better prediction accuracies than the models based on the City Block and
Euclidean distances. In addition, it is also observed that the inverse distance weighted
average technique when used as a solution algorithm yielded better results (with
all similarity functions) than the models based on the unweighted average solution
algorithm. However, evaluating the respective performances based solely on the AAE

and ARE values does not provide statistical verification.
In order to investigate whether the difference observed between the respective sim-

ilarity measures and the respective solution algorithms is of statistical significance,
we performed two-way ANOVA tests [4] as described in Appendix A. The similarity
function was considered as factor A, whereas the solution algorithm was consid-
ered as factor B . Prior to the ANOVA tests, a log transformation was performed on
the performance metrics data, i.e., absolute error and relative error. This is because,
the error values encompassed a wide range and the ratio of the maximum value to
the minimum value of the errors was large. The results from these tests are tabu-
lated, as shown in Tables IX–XVI. In these tables SS denotes the sum of squares, df

represents the degree of freedom, MS denotes the mean square of factor, and MSE
represents the mean square of error. In the above mentioned tables, AB indicates
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TABLE VIII
FAULT PREDICTION MODEL

Unweighted average Weighted average

Data set Similarity function AAE SDAEa ARE SDREb AAE SDAE ARE SDRE
Release 1c Euclidean 0.995 1.618 0.530 0.537 0.927 1.635 0.479 0.513
Release 1 CityBlock 0.991 1.619 0.523 0.520 0.922 1.642 0.473 0.514
Release 1 Mahalanobis 0.958 1.745 0.446 0.394 0.896 1.762 0.399 0.345

Release 2 Euclidean 0.904 1.019 0.595 0.589 0.884 1.100 0.585 0.562
Release 2 CityBlock 0.898 1.020 0.590 0.580 0.885 0.994 0.584 0.556
Release 2 Mahalanobis 0.824 1.048 0.490 0.425 0.879 0.980 0.528 0.551

Release 3 Euclidean 0.955 1.142 0.598 0.633 0.926 1.100 0.581 0.572
Release 3 CityBlock 0.950 1.135 0.594 0.616 0.927 1.090 0.581 0.568
Release 3 Mahalanobis 0.869 1.153 0.495 0.418 0.861 1.119 0.499 0.456

Release 4 Euclidean 0.944 1.030 0.588 0.607 0.925 0.998 0.576 0.571
Release 4 CityBlock 0.943 1.037 0.588 0.620 0.925 1.091 0.581 0.568
Release 4 Mahalanobis 0.846 1.002 0.502 0.473 0.831 0.981 0.492 0.426

aSDAE denotes standard deviation of absolute error.
bSDRE denotes standard deviation of relative error.
cRelease 1 was fit data set.
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TABLE IX
ANOVA FOR RELEASE 1: ABSOLUTE ERROR

SS df MS MS/MSE

A 69.940 2 34.968 34.942
B 470.492 1 470.493 470.144
AB 15.551 3 7.776 7.770
Error 21904.266 21888 1.001

Total 22460.249 21894

TABLE X
ANOVA FOR RELEASE 1: RELATIVE ERROR

SS df MS MS/MSE

A 68.308 2 34.154 39.307
B 435.911 1 435.911 501.68
AB 14.805 3 7.402 8.519
Error 19018.35 21888 0.869

Total 19537.374 21894

TABLE XI
ANOVA FOR RELEASE 2: ABSOLUTE ERROR

SS df MS MS/MSE

A 96.863 2 48.431 150.050
B 14.201 1 14.201 43.999
AB 8.740 3 4.370 13.538
Error 7707.683 23880 0.323

Total 7827.487 23886

whether an interaction exists between the two factors, i.e., similarity function and
solution algorithm.

The tables also indicate the significance of an F -test (for the absolute and relative
errors) for each factor. We observe that a significant effect exists (large F values)
due to factor A, i.e., similarity function. The observed difference among the sim-
ilarity functions is at a 1% (or lower) significance level for all four releases. This
suggests that for this case study, the Mahalanobis distance measure performs sig-
nificantly better than the other two similarity measures. In addition, a significant
effect also exists (very large F values) due to factor B , i.e., solution algorithm, sug-
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TABLE XII
ANOVA FOR RELEASE 2: RELATIVE ERROR

SS df MS MS/MSE

A 95.559 2 47.780 160.478
B 12.865 1 12.865 43.208
AB 8.351 3 4.176 14.025
Error 7109.891 23880 0.298

Total 7226.666 23886

TABLE XIII
ANOVA FOR RELEASE 3: ABSOLUTE ERROR

SS df MS MS/MSE

A 19.049 2 9.525 28.746
B 17.064 1 17.064 51.501
AB 39.738 3 19.869 59.966
Error 7037.596 21246 0.331

Total 7113.447 21252

TABLE XIV
ANOVA FOR RELEASE 3: RELATIVE ERROR

SS df MS MS/MSE

A 49.870 2 24.935 82.268
B 14.164 1 14.164 46.731
AB 8.471 3 4.236 13.975
Error 6437.701 21246 0.303

Total 6510.206 21252

TABLE XV
ANOVA FOR RELEASE 4: ABSOLUTE ERROR

SS df MS MS/MSE

A 45.186 2 22.593 74.664
B 16.184 1 16.184 53.484
AB 6.857 3 3.429 11.331
Error 7220.605 23868 0.303

Total 7288.832 23874
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TABLE XVI
ANOVA FOR RELEASE 4: RELATIVE ERROR

SS df MS MS/MSE

A 43.612 2 21.806 77.121
B 14.274 1 14.274 50.482
AB 6.253 3 3.126 11.057
Error 6746.984 23868 0.283

Total 6811.123 23874

gesting that the inverse distance weighted average algorithm provided significantly
better results when compared to the unweighted average algorithm. Once again, for
all four releases the observed improvement is at a 1% (or lower) significance level.
Regarding the interaction between the two factors, we observe that in addition to the
individual similarity functions and solution algorithms, their combination may also
yield significantly different fault predictions.

5.2 Software Quality Classification Results

The three similarity functions, for each of the two generalized classification rules,
were used to compute the set of nearest neighbor cases. However, for the case
study presented, similar empirical results were obtained for all three similarity func-
tions [49]. Consequently, we only present the results of classification models built
using the Mahalanobis distance similarity function. It is not claimed that the Ma-
halanobis distance is better than the City Block and Euclidean distances for soft-
ware quality classification modeling. However, it is more attractive since it explicitly
accounts for the correlation among the software metrics, and requires no data pre-
processing, i.e., normalization and standardization. In the next two subsections, we
present and discuss our empirical results obtained by the software quality classifica-
tion models built using CBR. The classification models are built using all 42 software
metrics.

5.2.1 Majority Voting-Based Classification Model

The model parameters, nN and ζ , are varied for fitting and evaluating different
classification models using the majority voting generalized classification rule. Recall,
the goal of varying the model parameters is to calibrate a classification model with
the preferred balance (equality) between the Type I and Type II error rates, with
the latter being as low as possible. Therefore, the final classification model selected
would have the optimum values for nN and ζ .
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For a given value of nN , the parameter ζ was varied. Subsequently, among the
respective calibrated models for the given nN , a model with the preferred balance is
selected. A similar process was followed for different values of nN . The best models
for the different values of nN are listed in Table XVII. Among these, the selected pre-
ferred classification model is illustrated in bold. The table shows only a few combina-
tions of nN and ζ from those that were considered, because the other combinations
did not yield better results for the Type I and Type II errors. The misclassification
error rates shown in Table XVII are those obtained from the LOO cross-validation
technique. The values shown are for Release 1, which was used to fit different mod-
els. As shown in the table, the selected model has the best possible preferred balance
between the two error rates. Thus, the preferred model based on the generalized ma-
jority voting classification rule using the Mahalanobis distance function, has nN = 16
and ζ = 0.04.

Table XVIII presents the effect of varying the parameter ζ (for nN = 16) on the
balance between the misclassification error rates for Release 1. As observed in the
table, there is a tradeoff between the Type I and Type II misclassification error rates,
with respect to ζ . For ζ = 1.00 all software modules of the fit data set are classified

TABLE XVII
MAJORITY VOTING & MAHALANOBIS:

MODEL SELECTION

nN ζ Type I Type II

1 0.10 3.860% 85.590%
3 0.10 9.678% 69.869%
5 0.10 14.094% 58.952%
7 0.10 17.924% 48.908%
9 0.10 21.170% 44.978%

11 0.09 24.064% 40.611%
13 0.08 26.696% 35.808%
15 0.07 28.743% 31.878%
16 0.04 29.854% 29.258%
17 0.06 31.053% 28.384%
19 0.05 33.743% 24.454%
21 0.04 35.643% 24.107%
23 0.04 37.544% 22.271%
25 0.04 39.649% 19.651%
27 0.03 40.906% 17.467%
29 0.03 42.398% 16.157%
31 0.04 22.601% 41.048%
33 0.04 23.860% 39.301%
35 0.04 24.854% 37.991%
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TABLE XVIII
MAJORITY VOTING & MAHALANOBIS:

ERROR RATES VS. ζ

nN = 16

ζ Type I Type II

0.01 29.854% 29.258%
0.02 29.854% 29.258%
0.03 29.854% 29.258%
0.04 29.854% 29.258%
0.05 29.854% 29.258%
0.06 29.854% 29.258%
0.07 11.550% 57.642%
0.08 11.550% 57.642%
0.09 11.550% 57.642%
0.10 11.550% 57.642%
0.20 4.269% 79.039%
0.30 1.257% 89.083%
0.40 0.439% 93.886%
0.50 0.088% 97.380%
0.60 0.029% 99.127%
0.70 0.029% 99.127%
0.80 0.000% 99.563%
0.90 0.000% 99.563%
1.00 0.000% 99.563%

as nfp. Such a model is useless because it does not classify any of the modules as
fp. However, as ζ decreases the Type II error rate decreases and the Type I error
rates increases. It is observed that the absolute difference between the Type I and
Type II errors reduces with the decrease in the ζ value. This difference between
the two error rates does not change with the decrease in ζ below 0.06. Therefore,
we selected our preferred classification model (for nN = 16) that corresponds to a
median value of ζ from 0.06 to 0.01. We can thus observe how the ζ value has a
strong influence on the preferred balance between the misclassification rates. The
generalized majority voting classification rule can therefore facilitate the selection
of a classification model with the preferred error rates.

5.2.2 Data Clustering-Based Classification Model
Classification models using the data clustering generalized classification rule are

identified by their model parameters, nN and c. For a given nN , different models are
built by varying the parameter c, and among these, the model with the preferred bal-
ance between the error rates is selected. The best classification models for different
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nN values are presented in Table XIX, where the final classification model (based
on data clustering) selected for the case study is illustrated in bold. The misclassi-
fication error rates shown (Release 1) in the table are those obtained from the LOO

cross-validation technique. The error rate values shown in the table are those of the
training data set. The table shows only a few combinations of nN and c from those
that were considered, because the other combinations did not yield better results for
the Type I and Type II errors.

The variation of misclassification rates for a given nN with respect to c, is demon-
strated in Table XX which represents the case when nN = 7. For a given nN , as c is
increased, the Type I error rate decreases, whereas the Type II error rate increases.
Therefore, the preferred balance between the error rates can be obtained by selecting
an appropriate value of c, for the given nN . If we consider the model with c = 0.1,
we note that though the model has a perfect classification for all the 229 fp mod-
ules of Release 1, it misclassifies 3084 out of the 3420 nfp modules as fp, i.e., over
90% of the nfp modules are misclassified. If such a model is selected, then the cost
of inspection will be very high, primarily because most of predicted fp modules are

TABLE XIX
DATA CLUSTERING & MAHALANOBIS:

MODEL SELECTION

nN c Type I Type II

1 .960 26.491% 26.638%
3 .920 26.404% 25.328%
5 .940 24.064% 24.454%
6 .945 23.684% 23.144%
7 .950 23.158% 23.144%
8 .950 23.129% 23.581%
9 .950 23.041% 23.581%

11 .940 23.772% 23.581%
13 .930 24.035% 23.144%
15 .930 23.713% 23.581%
17 .920 24.240% 23.581%
19 .920 23.830% 24.017%
21 .910 24.327% 24.017%
23 .905 24.327% 24.017%
25 .905 24.211% 24.017%
27 .905 23.977% 24.017%
29 .905 23.830% 24.017%
31 .900 24.064% 24.017%
33 .900 23.772% 24.017%
35 .890 24.327% 23.581%
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TABLE XX
DATA CLUSTERING &

MAHALONOBIS: ERROR RATES VS. c

nN = 7

c Type I error Type II error

0.10 90.175% 0.000%
0.20 81.287% 0.873%
0.30 73.655% 1.310%
0.40 66.257% 2.620%
0.50 58.041% 4.803%
0.60 50.760% 8.734%
0.70 42.310% 12.227%
0.80 34.181% 17.904%
0.90 26.754% 21.834%
0.91 26.053% 22.271%
0.92 25.322% 22.271%
0.93 24.561% 22.271%
0.94 23.860% 22.271%
0.95 23.158% 23.144%
0.96 22.427% 24.454%
0.97 21.988% 24.891%
0.98 21.579% 25.328%
0.99 20.936% 26.201%
1.00 20.526% 27.948%

actually nfp. Though such a classification model may be justifiable for safety-critical
and medical software systems, it is not practical for most software systems.

In the case of the modeling cost ratio parameter, c, values other than those shown
in Table XX were also considered. However, they did not yield better results and
hence, are not presented. The case when c = 0.95 represents the value for the selected
classification model for nN = 7. The row highlighted in bold is the model with the
preferred balance between the Type I and Type II errors. Let us consider the case of
c = 1.00 in Table XX. This value of c implies equal modeling costs for the two types
of misclassification errors. The balance between the Type I and Type II errors is not
the best, as seen in the table. Upon comparing the error rates of the selected model
and the model for c = 1, we observe that the Type II error of the latter is relatively
higher while its Type I error is relatively lower. This suggests that the c = 1 model,
as compared to the c = 0.95 model, will detect fewer (about 4%) faulty modules, and
slightly more (about 3%) non-faulty modules. Since the actual costs of rectifying the
two misclassification errors are not equal (Type II being more serious), the gain of



SOFTWARE QUALITY ESTIMATION WITH CASE-BASED REASONING 281

detecting 4% of the fp modules clearly outweighs the loss of not detecting 3% of the
nfp modules.

5.2.3 Majority Voting vs. Data Clustering

In this section we present a brief comparison of classification models based on
the two generalized classification rules. The models are compared with respect to
performance measures such as, classification accuracy, model over-fitting, stability,
and robustness. Classification accuracy is measured with respect to the performance
metrics, Type I and Type II errors rates. Over-fitting is observed when the model
performs, relatively much better (error rates) for the training data set than for the test
data sets [38]. Stability is observed when the classification model maintains a good
balance between the Type I and Type II error rates across the different data sets, i.e.,
system releases. Robustness is observed when the classification model maintains a
good classification accuracy (relative to the training data set) across the different data
sets. A further detailed empirical and statistical comparison of these two analogy-
based classification techniques (using different similarity functions) is part of our
related future research work.

The selected classification models and their classification accuracies across the
multiple releases of the telecommunications system are presented in Tables XXI
and XXII, respectively. For ease in comparison, lets denote the model based on the
data clustering generalized classification rule, as Model A. Along the same lines,
the model based on the majority voting generalized classification rule is denoted as
Model B. A quick look at the quality-of-fit (performance for the fit data set) of the
two classification models, indicates that Model A has lower misclassification rates
(over 6% improvement) as compared to those of Model B. For Release 1, the Type I
error rate of Model A is 23.158% as compared to 29.854% for Model B. This implies
that Model A misclassifies 792 out of the 3420 nfp modules of Release 1 as fp, while
for the same release Model B misclassifies 1021 nfp modules as fp. Along the same

TABLE XXI
MODEL BASED ON DATA CLUSTERING

& MAHALANOBIS

nN = 7, c = 0.95

Data set Type I error Type II error

Release 1 23.158% 23.144%
Release 2 25.132% 26.984%
Release 3 28.792% 27.660%
Release 4 28.667% 25.000%

TABLE XXII
MODEL BASED ON MAJORITY VOTING

& MAHALANOBIS

nN = 16, ζ = 0.04

Data set Type I error Type II error

Release 1 29.854% 29.258%
Release 2 31.276% 26.984%
Release 3 32.799% 25.532%
Release 4 30.957% 29.348%
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lines, the Type II error for Model A is 23.144% (53 out of the 229 fp modules are
misclassified) as compared to 29.258% (67 out of the 229 fp modules are misclassi-
fied) for Model B. Similarly, the misclassification numbers of the other releases can
be obtained.

Recall that the error rates for Release 1 are computed using the cross validation
technique discussed earlier. The tables also indicate that the predictive capability
(performance for the test data sets) of Model A is generally better than that of Model
B. All the Type I error rates of Model A are lower than those of Model B. Moreover,
all (except for Release 3) the Type II error rates of Model A are lower than or similar
to those of Model B. As compared to Model B, Model A is more practical for a
cost effective usage of quality improvement resources. This is because considering
the proximity of their Type II error rates, the Type I error rates of Model A are lower
than those of Model B. This implies that among the (respective) modules predicted as
fp, Model A will have fewer nfp modules than Model B. Since Model B would lead
to a greater waste of the limited software quality improvement resources, it is not
attractive from a software engineering point of view. The software quality assurance
team would prefer to expend its allocated resources toward software modules that
are actually fp.

The total numbers of predicted fp and nfp modules according to both Model A
and Model B are summarized in Table XXIII. As compared to the actual fp and
nfp modules for each release, both preferred models predict a surplus number of
modules as fp and a deficit number of modules as nfp. We note that this is reflective
of the adopted model selection strategy for the legacy telecommunications system
being studied, i.e., balancing the two error rates with the Type II error rate being as
low as possible.

When comparing the models based on their degree of over-fitting, both Model
A and Model B show a very low degree of model over-fitting. However, a relative
comparison between the two indicates that the latter has a slightly lower degree of
over-fitting. Model A shows a maximum variation (for its error rates) across the sys-

TABLE XXIII
ACTUAL VS. PREDICTED NUMBERS OF MODULES

Actual Model A Model B
fp nfp fp nfp fp nfp

Release 1 229 3420 968 2681 1183 2466
Release 2 189 3792 1091 2890 1324 2657
Release 3 47 3494 1040 2501 1181 2360
Release 4 92 3886 1183 2795 1268 2710
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tem releases, of about 5%, whereas Model B shows a maximum variation of about
less than 4%. It is also observed from Tables XXI and XXII that Model A reflects
good stability as compared to Model B. Stability is an important performance mea-
sure for classification models, because if the preferred balance, i.e., equality in our
case, between the two error rates fluctuates considerably, it may affect the usefulness
of the classification model [33].

The two CBR software quality classification models depict good robustness in their
classification accuracy across different releases. This is because the maximum varia-
tion (across releases) of the misclassification error rates is only about 5%. However,
relative to each other Model A shows poor robustness than Model B. Its Type I er-
ror varies (generally increases) from 23.158% (Release 1) to 28.792% (Release 3),
i.e., 5.634%. Furthermore, its Type II error fluctuates, across the different system
releases, from 23.144% to 27.660%, i.e., 4.516%. In contrast, the Type I error of
Model B varies from 29.854% to 32.799%, i.e., 2.945%, whereas its Type II error
varies from 25.532% to 29.348%, i.e., 3.726%.

The overall conclusion for the classification modeling study is that the classifica-
tion model based on the data clustering classification rule are better than the model
based on the majority voting classification rule. The observed classification accuracy
and usefulness of software quality estimation models, based on the proposed gener-
alized classification rules, have been explored by our empirical investigations with
other case studies [28,49]. Empirical results and conclusions obtained from those
case studies further validate the effectiveness and applicability of the classification
methodologies presented in this chapter.

As mentioned earlier, the very low number of fp modules (as compared to nfp)
for a software system such as LLTS make software quality modeling very difficult.
We note that the misclassification rates obtained by the two generalized (for CBR)
classification rules (Tables XXI and XXII) are very useful for the system being mod-
eled. Furthermore, our empirical investigations (with CBR) with case studies of other
software systems have reported the two misclassification rates lower than 10% [28].
A similar approach of model calibration and application, can be universally adopted
for software engineering of other systems.

5.3 Threats to Validity

In an empirical software engineering task it is important to consider the threats
to validity of the obtained results and conclusions [60]. We consider three types of
threats to validity for the case study presented earlier. They include: threats to internal
validity, threats to external validity, and threats to conclusion validity.

Threats to internal validity are unaccounted influences that may affect case study
results. Internal validity is the ability to show that results obtained were due to the
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manipulation of the experimental treatment variables. In the context of this study,
poor estimates (fault prediction or quality classification) can be caused by a wide
variety of factors, including measurement errors while collecting and recording soft-
ware metrics; modeling errors due to the unskilled use of software applications; er-
rors in model-selection during the modeling process; and the presence of noise in
the training data set. Measurement errors are inherent to the software data collec-
tion effort, which is usually specific to the system under consideration. In our study
with CBR-based software quality estimation modeling, a common model-building
and model-selection approach have been adopted for each combination of the sim-
ilarity function and solution algorithm. Moreover, the modeling, experimental, and
statistical analysis was performed by only one skilled person (one for each of the two
types of software quality estimation models) in order to keep modeling errors to a
minimum.

External validity is concerned with generalization of the obtained results outside
the experimental setting. Therefore, threats to external validity are conditions that
limit generalization of case study results. To be credible, the software engineering
community demands that the subject of an empirical study be a system with the
following characteristics [59]: (1) developed by a group, rather than an individual;
(2) developed by professionals, rather than students; (3) developed in an industrial
environment, rather than an artificial setting; and (4) large enough to be comparable
to real industry projects. The software system investigated in this study meets all
these requirements.

However, it is known in the software engineering field that a given software
metrics-based prediction system is likely to be affected by (among other issues)
the characteristics of the data and the application domain of the system under con-
sideration [52]. The results and conclusion of this chapter are based on the case
study presented, and cannot be generalized for another software system, because it
may: have different software data characteristics; utilize different software metrics;
and have different software quality improvement objectives. However, the respective
CBR-based software quality estimation modeling procedures can certainly be applied
to other systems.

Conclusion validity is concerned with the statistical relationship between the treat-
ment and the outcome. It is sometimes also referred to as statistical conclusion va-
lidity, i.e., is the relationship between the treatment and the outcome satisfiable for a
given significance level. Threats to conclusion validity are issues that affect the abil-
ity to draw the correct inferences. In this study the discussions related to performance
comparisons of the software fault prediction models based on the different combi-
nations of similarity functions and solution algorithms were based on the obtained
two-way ANOVA modeling results.
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6. Conclusion

In this study we have presented a comprehensive methodology for building soft-
ware quality estimation models with case-based reasoning, which is part of the
computational intelligence field. More specifically, the CBR modeling procedures
for building software fault prediction and software quality classification models are
presented. The aim of building such software quality estimation models is to allow
a targeted software quality improvement effort. A targeted software improvement
provides a better utilization of the limited resources allocated for software quality
improvement.

The simplicity, ease in modeling, and user-acceptance of the CBR-based software
quality estimation models demonstrates their practical and application attractiveness.
Since the CBR-based software quality estimation models are based on past experi-
ence with similar instances, they are easier to understand and interpret as compared
to black-box software quality models such as artificial neural networks. The CBR-
based software fault prediction and software quality classification methodologies are
demonstrated through a case study of software metrics and software fault data col-
lected over four successive releases of a legacy telecommunications system. In other
related studies we have also applied the respective CBR-based modeling procedures
to case studies of other software systems [28]. In addition, various studies were per-
formed (for the LLTS case study) to investigate the effect of building software quality
models based on reduced set of software metrics [49,56]. However, in the context of
CBR-based software quality modeling, the software metric selection is an open re-
search issue.

In the case of the CBR-based software fault prediction models, we performed a sta-
tistical verification of the effects of using different similarity functions and solution
process algorithms to obtain the final fault predictions. It was observed that among
all the combinations of the different similarity functions and solution process algo-
rithms, the software fault prediction models based on the Mahalanobis distance sim-
ilarity measure and the inverse distance weighted average solution algorithm yielded
the best models in terms of the AAE and ARE performance metrics. In the case of the
CBR-based software quality classification models, we performed a relative compari-
son of the two qualitative solution process algorithms, i.e., majority voting and data
clustering. It was observed that the classification models based on our previously
proposed generalized data clustering classification rule yielded better classification
accuracy.

Our future work related to CBR-based software quality estimation will include in-
vestigating the feature subset selection problem. We have initiated preliminary stud-
ies related to the software metrics selection problem. In addition, since CBR predic-
tion systems are usually affected by the presence of data noise or outliers in the case
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library, our future studies will focus on the feature subset selection problem in the
context of the CBR prediction systems.
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Appendix A: Two-Way Analysis of Variance Models

In our empirical study of building CBR models for software fault prediction, we
investigate whether the fault prediction models based on a particular similarity func-
tion or solution process algorithm yielded significantly better results than models
based on the other similarity functions and solution process algorithm. The statisti-
cal analysis is done by building two-way analysis of variance (ANOVA) models. We
recall that the similarity functions studied include the Euclidean, City Block, and Ma-
halanobis distance measures, whereas the solution process algorithm studied include
the unweighted average and inverse distance weighted average algorithms. Hence,
we have six unique combinations of a similarity function and a solution process al-
gorithm. The two-way ANOVA models will assess if the difference in the predictions,
i.e., AAE and ARE, obtained by each of the six combinations are of statistical sig-
nificance. A two-way ANOVA model with replication is used [4], and the response
variable for the statistical test is the error value: absolute error or relative error. The
ANOVA test, models the response variable as,

(A.1)yijk = μ + Aj + Bi + ABij + eijk

where yijk is the response variable for the kth replication of the experiment with the
j th level of the similarity function and ith solution process algorithm, μ is the mean
response, Aj is the effect of the j th level of similarity function, Bi is the effect of the
ith level of solution process algorithm, ABij is the effect of the interaction between
similarity function and solution process algorithm and eijk is the experimental error.

The statistical test is performed with the null hypothesis that there is no significant
difference between the performance of factors (as defined above). The ratios of mean
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squares of factors to mean squared error are distributed according to F -distributions.
The null hypothesis is rejected if the computed ratio is greater than the selected value
from the F -distribution, concluding that the factor is statistically significant at that
level of significance.
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1. Introduction

On-line transaction processing (OLTP) systems have enabled organizations to col-
lect large volumes of point-of-sales data during their daily business activity. The abil-
ity to analyze and explore the data thus collected has gained prominence in the recent
past because of the consequent business gains that can be had by making the right
business decisions, say, for managing inventory and for coordinating a mail order
campaign.

Data is collected at various independent touch points in a business. Enabling ana-
lytical tools to take advantage of such data requires that data be consolidated into a
single location—called the data warehouse. A data warehouse is a “subject-oriented,



DATA MANAGEMENT TECHNOLOGY FOR DECISION SUPPORT SYSTEMS 295

integrated, time-varying, non-volatile collection of data that is used primarily in or-
ganizational decision making [28].” Typically, the data warehouse is maintained sep-
arately from the organization’s operational databases because the functional and per-
formance requirements of analytical applications are quite different from those of
OLTP applications traditionally supported by operational databases.

OLTP applications typically automate data processing tasks such as order entry
and banking transactions that are the bread-and-butter day-to-day operations of an
organization. These tasks are structured and repetitive, and consist of short, atomic,
isolated transactions. The transactions require detailed, up-to-date data, and read or
update a few (tens of) records accessed typically on their primary keys.

Data warehouses, in contrast, are targeted for decision support applications. His-
torical, summarized and consolidated data is more important for analysis than de-
tailed, individual records. Data warehouses contain data consolidated, from several
operational databases, over potentially long periods of time. Hence, they tend to be
orders of magnitude larger than operational databases; enterprise data warehouses
are projected to hundreds of gigabytes to terabytes in size. The workloads consist
of mostly ad hoc, complex queries that can access millions of records and perform
a lot of scans, joins, and aggregates. Query response times are more important than
transaction throughput.

In this chapter, we survey the various components—tools to consolidate data into
the data warehouse, systems to store and manage a large data warehouse, analyti-
cal tools leveraging the data warehouse—that a successful decision support system
must contain. However, we do not intend to provide comprehensive descriptions of
all products in every category. We encourage the interested reader to look at recent
issues of trade magazines2 and vendors’ web sites for more details of commercial
products, white papers, and case studies.

2. Decision Support System: Overview

We now introduce a running example, which we will use to illustrate the various
components required for building and maintaining a decision support system. First,
we introduce the setting of the example database and then describe a set of canonical
tasks that a decision support system can accomplish for such a company.

Consider a company called the Footwear Sellers Company (FSC) that manufac-
tures and sells footwear to end-customers directly as well as through resellers. Each
sales transaction involves the participation of several entities—a customer, a sales
person, a product, an order, the date when the transaction happened, and the city

2E.g., Databased Advisor, Database Programming and Design, Datamation, and DBMS Magazine.
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where it happened. Besides, each transaction is also associated with a set of mea-
sure attributes: the number of units sold and the total amount paid by the customer.
Informally, data warehouses and analytical tools are targeted towards exploring and
modeling the distribution of measure attributes with other entities. Also, some enti-
ties are associated with hierarchies. A hierarchy is a multi-level grouping where each
level consists of a disjoint grouping of the values in the level immediately below it.
For instance, all products can be grouped into a disjoint set of categories, which are
themselves grouped into a disjoint set of families.

FSC’s marketing executives must be able to perform the following tasks after the
data warehouse has been built.

(1) List the 5 states that reported the highest increases in sales of product cate-
gories released for the youth in the last year.

(2) Chart by product family the total footwear sales in New York City within the
last month.

(3) Find the 50 cities with the highest number of unique customers.
(4) Identify a million customers who are most likely to buy the new “Walk-on-air”

model of shoes.

To accomplish the above tasks, we have to resolve the following three fundamental
issues. First, what data do we gather and how do we conceptually model the data
and manage its storage? Second, how do we analyze data? Third, how do we load
data frequently coming in from several independent sources? We now present the
architecture of a decision support system before discussing each of these issues in
detail.

2.1 Architecture

A decision support system has three broad components. First, the data is stored
and maintained in a main data warehouse server. In addition to the main warehouse,
there may be several departmental data marts, which provide a partial view of the
data warehouse. Second, a variety of tools like online analytical processing (OLAP)
or data mining sit on top of the data warehouse or data marts enabling sophisticated
data analysis. The third component consists of the back end tools (extraction, trans-
formation, load tools) for populating the data warehouse from several independent
external data sources. Figure 1 presents the architecture of a decision support system.
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FIG. 1. Architecture of a decision support system.
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3. Data Warehouse Servers

All decision support tasks such as the ones outlined in the previous section have to
be accomplished using the data gathered by an organization during its daily operation
or from other external sources. So, the first issue to address is what information do
we gather? The second issue is that of storing and managing it.

Most data warehouses leverage the robust, reliable, and efficient relational data-
base technology for storing and managing large volumes of data. We now discuss the
flavor of the logical and the physical schema designs typical of data warehouses that
use a relational database management system.

3.1 Logical Database Design

Consider the tasks to be accomplished in our FSC example in Section 2. All of
them require that we record information about each sales transaction. In this section,
we discuss the nature of appropriate schema for representing the sales transactions
that would facilitate analytical tasks.

Schemas for data warehouses often follow the so-called star schema design. The
database consists of a fact table that describes all (sales) transactions that ever hap-
pened and a dimension table for each entity. Each tuple in the fact table consists of
a pointer3 to each of the entities that participate in a transaction, and also consists of
the numeric measures associated with the transaction (e.g., sales, profit, etc.). Each
dimension table consists of columns that correspond to attributes of the correspond-
ing entity. Computing the join between a fact table and a set of dimension tables is
much more efficient than computing a join among arbitrary relations.

Star schemas, however, do not explicitly provide support for attribute hierarchies.
Snowflake schemas provide a refinement of star schemas where a dimensional hier-
archy is explicitly represented by normalizing the dimension tables. Figure 2 depicts
a snowflake schema for the FSC data warehouse.

3.2 Physical Database Design

Data warehouses may contain large volumes of data. Therefore, efficiently answer-
ing complex queries requires the right data access methods and query processing
techniques. For efficient query processing, database systems use redundant struc-
tures such as indices and materialized views. A challenge here is to effectively use
existing indices and materialized views to answer queries, e.g., [15,20]. While for
data-selective queries, index lookups and scans may be very effective, data-intensive

3Such a pointer represents a foreign key that often uses a generated key for efficiency.
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FIG. 2. Star schema for FSC.
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queries may require sequential scans of an entire relation or vertical partitions of
a relation. Thus, improving the efficiency of table scans is very important. Finally,
parallelism has to be exploited to reduce query response times. We will now briefly
touch upon the current technology within each of these issues.

Index Structures and Their Usage
Query processing techniques in current commercial database systems rely heavily

on indexes to efficiently answer queries involving predicates that are very selective.
For instance, an index on Customer.CustomerName can be used to efficiently answer
a query requiring all customers in Seattle whose name is ‘John Smith.’ Further, ad-
vanced query processing techniques even exploit indexes through index intersection
and union to answer queries on multiple predicates. In particular, the selectivities
of multiple conditions can be exploited through index intersection. These index op-
erations can significantly reduce, and in many cases, eliminate the need to access
base tables if all projection columns are available via index scans. For example, if
we have a query of the form column1 = d & column2 = d ′, then we can identify the
qualifying records by taking the AND of the indexes on column1 and column2.

In addition to indices on single tables, the specialized nature of star schemas makes
master-detail join indices especially attractive for decision support. While tradition-
ally indices map the value in a column to a list of rows with that value, a join index
maintains the relationship between a foreign key with its matching primary keys.
In the context of a star schema, a join index can relate the values of one or more
attributes of a dimension table to matching rows in the fact table. For example, con-
sider the schema of Fig. 2. There can be a join index on City that maintains, for each
city, a list of RIDs of all sales tuples in the Sales table that correspond to sales in
that city. Essentially, this join index precomputes a binary join, i.e., a join between
two relations (Customer and Sales), and indexes it. Multikey join indices generalize
binary join indexes by precomputing n-way joins and indexing them.

Finally, data warehouses contain a significant amount of descriptive text, and so
indices to support text search are useful as well. The full text search feature of Mi-
crosoft SQL Server, the IBM Text Extender, and Oracle InterMedia are examples of
systems that provide this functionality.

The Index Selection Problem
As discussed earlier, appropriate indexes can be used to significantly speed up

query answering. However, indexes require significant additional storage space and
incur maintenance overhead whenever base tables are updated. Therefore, building
too many indexes is in fact detrimental because of excessive costs of maintaining a
number of indexes for each update. The natural question then is which set of indexes
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do we build? The space of indexes from which we have to select the right set of
indexes is very large. For example, the number of indexes over a relation with n in-
dexable attributes is n!. And, if we consider join indexes then the space is even larger.
Consequently, determining a small set of appropriate indexes is a very important and
a challenging aspect of the physical database design problem.

We now briefly discuss the intuition behind current approaches for solving the au-
tomatic index selection problem [3]. The index selection problem can be formalized
as that of identifying the optimal set of indexes which would occupy no more than an
allotted amount of space and which would most reduce the running time of queries
that the database system is expected to process—typically characterized by a query
workload. Update queries in the workload would force the solution to trade the gain
in efficiency from building indexes with the cost of maintaining them under updates.

Solutions to the index selection problem search through the space of indexes eval-
uating candidate sets of indexes, also called index configurations, against a workload
for identifying the optimal set. However, a naïve methodology of evaluating a candi-
date index configuration would require us to actually build the indexes and process a
set of queries. For instance, evaluating the benefit of indexes on Product.ProdName,
Customer.City, and Sales.DateKey on our FSC database may require these indexes to
be built. However, actually building a large number of candidate indexes and evaluat-
ing them is undesirable because of the inordinately long time and large disk space it
would take for building all indexes. Therefore, a significant challenge in developing
an efficient and scalable solution to the index selection problem is to the evaluation
of candidate indexes without actually building them.

A general approach (first described in [3]) for evaluating index configurations
without actually building them is based upon the insight of using what-if indexes.
What-if indexes exploit the query optimizer in a database system to evaluate index
configurations without building them. Recall that the goal of a query optimizer is to
produce the best execution strategy for any query and for a given physical database
design. Therefore, an effective way of evaluating an index configuration (and other
aspects of the physical database design), which is also the intuition behind what-if
indexes, is to simulate the existence of these indexes for the query optimizer. That is,
the query optimizer is led to believe that these indexes exist even when they are not
actually present. What-if indexes effectively answer the following fundamental index
evaluation question: will the optimizer use a set of indexes if we were to build them?
Once we are able to evaluate an index configuration without building indexes we can
in principle efficiently search the space of all indexes using standard search strate-
gies. The architecture of this general index selection approach based upon what-if
indexes is shown in Fig. 3.
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FIG. 3. A general architecture for index selection.

Among popular commercial database systems, the Index Tuning Wizard in Mi-
crosoft SQL Server, the Index Tuning Wizard in Oracle, and DB2 Advisor provide
the functionality of automatically choosing indices.

Materialized Views and Usage

Many queries over data warehouses require summary data and, therefore, use ag-
gregates. Hence, in addition to indices, materializing summary data can help accel-
erate many common queries. In our FSC example from Section 2, two views (1) the
total sales grouped by (product families, city) and (2) the total number of customers
grouped by city can be used to efficiently answer Tasks 1, 2, and 3 listed in Section 2.

The challenges in exploiting materialized views are not unlike those in exploiting
indices: (a) identify the views to materialize, (b) exploit the materialized views to
answer queries, and (c) efficiently update the materialized views during load and
refresh. Since the space of materialized views is extremely large, currently adopted
industrial solutions to these problems only consider materializing a restricted class
of structurally simple views. Relational database systems like IBM DB2, Microsoft
SQL Server, and Oracle support materialized views.
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Materialized View Selection

The problem of automatically selecting a best set of views for answering queries is
similar to that of the index selection problem. The goal is to identify the best of views
to materialize that would most reduce the query answering time for a given set of
workload queries. However, the space of views to search over is much larger than the
space of indexes due to the rich view definition structure, which can have selection
predicates and group by clauses over attributes in a relation as well as over joins
of relations. In fact, an index can logically be viewed as a single-table, projection-
only materialized view over the relation on which the index was built. However, the
equivalent materialized view has to be indexed before it can be effectively searched.
Thus the space of all materialized views is much larger than the space of all indexes.
Furthermore, the interaction between the choices of views and indexes to build has a
significant bearing on the quality of the overall physical design.

The solutions for the view selection problem can be classified into two categories.
The first category of solutions addresses the view selection problem in isolation in-
dependent of the choice of indexes to build, e.g., [23,26]. The second category of
solutions recognizes the interaction between the index selection and the view selec-
tion problems and develops a unified solution, e.g., [3]. The index tuning wizard in
Microsoft SQL Query takes the unified approach of recommending the right indexes
and views to build for a given workload of queries.

Data Marts

Many organizations want to implement an integrated enterprise warehouse that
collects information about all subjects (e.g., customers, products, sales, assets, per-
sonnel) spanning the whole organization. However, building an enterprise warehouse
is a long and complex process, requiring extensive business modeling, and may take
many years to succeed. Some organizations are settling for data marts instead, which
are departmental subsets focused on selected subjects (e.g., a marketing data mart
may include customer, product, and sales information) present in the warehouse.
These data marts enable faster roll out, since they do not require enterprise-wide
consensus, but they may lead to complex integration problems in the long run.

Usually, such data marts are independently managed, developed, and deployed.
When new data are added to these data marts, it is possible that the conventions of
data flow and quality assurance followed within any data mart may evolve to be dif-
ferent from those across the rest of the organization. When this happens, it becomes
very difficult to share or re-integrate data across data marts without an expensive ef-
fort. Therefore, it is better to put in a unified and complete business process model
while developing and maintaining data marts.
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4. OLAP

Consider the Task 1 in our FSC example in Section 2. The query asks for a set
of interesting aggregate measures over the sales transactions accumulated in the last
year. Note that “state” and “year” are ancestors of the city and date entities, respec-
tively. Such a query aggregating a numeric measure at higher levels in the dimen-
sional hierarchies is typical of online analytical applications (OLAP).

In the context of our FSC data warehouse, a typical OLAP session of an analyst
understanding the regional sales of athletic shoes in the last quarter may proceed as
follows. The analyst starts by viewing the distribution of sales of athletic shoes in the
last quarter across all countries (by issuing a “select sum(sales) group by country”
query). After isolating a country (say, the country with the highest or the lowest total
sales value relative to the market size), the analyst issues another query to compute
the total sales within each state of that country so as to understand the reason for its
exceptional behavior. It may be that a particular state or set of states may be associ-
ated with really high (or really low) sales values. If so, the analyst repeats the process
on this small set of states. Thus the analyst traverses down the hierarchy associated
with the city dimension. Such a downward traversal of the hierarchy from the most
summarized to the most detailed level is often called drill-down. Occasionally, the
analyst may prefer to go one level upwards (say, from the state level to the country
level) in a dimensional hierarchy. Such an operation is called rollup. OLAP analysis
may also involve more complex statistical calculations like moving averages, per-
centage change of an aggregate within a certain period over that of a different time
period.

In the rest of the section, we discuss three issues: the conceptual data model
exposed by OLAP tools, server architectures for enabling OLAP analysis, and a
few common approaches for improving the functionality and performance of such
servers.

4.1 The OLAP Conceptual Data Model

We now discuss a popular aggregation-centric conceptual data model called the
multidimensional model (Fig. 4), exposed to analysts by OLAP tools. In this data
model, there is a set of numeric measures (similar to the measure attributes in a
star schema) that are the objects of analysis. Examples of such measures are sales,
profit, budget, cost, inventory, etc. Each of the numeric measures depends on a set
of dimensions (similar to the dimension tables in a star schema). The dimensions
describe the entities involved in a (sales) transaction. For example, the dimensions
associated with a sale amount in our FSC example are the customer, the salesperson,
the city, the product name, and the date when the sale was made. The dimensions
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FIG. 4. Multidimensional data.

together are assumed to uniquely determine the measure. Thus, the multidimensional
data model treats a measure as a value in the multidimensional space of dimensions.

As in the case of the star schema, each dimension is described by a set of attributes.
For example, the Product dimension may consist of four attributes: the product name,
category, the family of the product, and the average profit margin. For example, the
product “running shoe 2000” may belong to the category athletics and the family
“shoe,” may have been introduced in the year 2000, and may have an average profit
margin of 80%. The attributes of a dimension may be related via a hierarchy of
relationships. In our example, the product name is related to its category and the
family attribute through such a hierarchical relationship.

Given the multidimensional view of the data, drill-down and rollup operations
can logically be viewed as operations on the cube. Other popular operations include
comparing two measures (e.g., sales and budget) aggregated by the same dimensions.

Time is a dimension that is of particular significance to decision support (e.g.,
trend analysis). Often, it is desirable to have built-in knowledge of calendars and
other aspects of the time dimension and its special sequential characteristics. Knowl-
edge of the sequential characteristics may be used to perform sophisticated trend
analysis. For example, market analysts may want to discover periodic patterns or
spikes in sales of a class of athletic shoes before or after certain major national ath-
letic meets. A list of other such operations on the multidimensional cube has been
defined [7].
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4.2 Server Architectures for OLAP

Traditional relational servers were not geared towards processing complex OLAP
queries and other requirements for supporting multidimensional views of data. How-
ever, all relational DBMS vendors have now moved rapidly to support these addi-
tional requirements. In addition to traditional relational servers, there are three other
categories of servers that were developed specifically for decision support.

MOLAP Servers

MOLAP servers directly support a multidimensional view of data through a mul-
tidimensional storage engine. This makes it possible to implement multidimensional
queries on the storage layer through direct mapping. An example of such a server is
Hyperion Essbase. Such an approach has the advantage of excellent indexing prop-
erties, but provides poor storage utilization, especially when the data is sparse. Many
MOLAP servers adopt a 2-level storage representation to adapt to sparse datasets
and use compression extensively. In the two-level storage representation, a set of one
or two dimensional sub-arrays that are likely to be dense are identified, through the
use of design tools or by user input, and are represented in the array format. Tra-
ditional indexing structures are then used to index these “smaller” arrays. Many of
the techniques that were devised for statistical databases appear to be relevant for
MOLAP servers. Even though MOLAP servers offer really good performance and
good functionality, they do not scale very well for extremely large data sizes.

ROLAP Servers

These are middleware servers that sit between a relational back end server (where
the data in the warehouse is stored) and client front-end tools. Microstrategy is an
example of such servers. They extend traditional relational servers with specialized
middleware to efficiently support multidimensional OLAP queries, and they typi-
cally optimize for specific back end relational servers. They identify the views that
are to be materialized, rephrase given user queries in terms of the appropriate mate-
rialized views, and generate multi-statement SQL for the back end server. They also
provide additional services such as scheduling of queries and resource assignment
(e.g., to prevent runaway queries). The main strength of ROLAP servers is that they
exploit the scalability and the transactional features of relational systems. However,
intrinsic mismatches between OLAP-style querying and SQL can become perfor-
mance bottlenecks for OLAP servers. On the other hand, the gap is decreasing with
the inclusion of OLAP-specific extensions (like the window construct) into standard
SQL.
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HOLAP Servers
These servers take the best-of-both-worlds approach, and combine ROLAP and

MOLAP technologies. Microsoft Analysis Services is an example of this class of
servers. ROLAP servers are better when the data is extremely sparse, while MOLAP
servers are better when the data is reasonably dense. The hybrid HOLAP servers
identify sparse and dense regions of the multidimensional space and take the RO-
LAP approach for sparse regions and the MOLAP approach for dense regions. Given
a query, the HOLAP servers split it into multiple queries and issue them against the
relevant portions of the data, combine them, and then present it to the user. Other
issues about selective view materialization, selective index building, query and re-
source scheduling remain similar to the MOLAP and ROLAP counterparts.

4.3 Performance Enhancement Techniques

We now discuss two popular approaches for enhancing the performance and func-
tionality of OLAP servers.

4.3.1 SQL Extensions
Several extensions to SQL that facilitate the expression and processing of OLAP

queries have been implemented in relational servers, such as Oracle, IBM DB2, and
Microsoft SQL Server. Some of these extensions, like the window construct, have
been included in the SQL-99 standard.

The family of aggregate functions has been extended with functions like median,
mode, rank, and percentile. Features like aggregate computation over moving win-
dows, running totals, and breakpoints aimed at enhancing the support for reporting
applications have also been added. These aggregate functions when applied in con-
junction with appropriate group by clauses can be used to express a wide variety of
analysis queries. Further, operators for easily succinctly expressing several group by
clauses together have also been introduced.

Multiple Group-By: Multidimensional spreadsheets require aggregating the same
measure attribute and aggregation function over different sets of attributes. Recently,
two new operators, Rollup and Cube, have been proposed to augment SQL to ad-
dress this requirement [21]. Their semantics are illustrated by the following exam-
ples. Rollup of the list of dimensions (Product, Year, City) over a dataset results in
multiple answer sets with the following applications of group by keeping the aggre-
gation function and the measure attribute constant: (a) group by (Product, Year, City)
(b) group by (Product, Year), and (c) group by Product. On the other hand, given a
list of k dimensions, the Cube operator provides a group-by for each of the 2k com-
binations of dimensions. Such aggregate measures are useful for generating reports
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and analyzing an aggregate measure (say, total sales) across one or more dimen-
sions. Such multiple group-by operations can be executed efficiently by recognizing
commonalties among them [9,14].

4.3.2 Pre-computation
Independent of what category the underlying OLAP server belongs to, the process-

ing of OLAP queries may benefit from pre-computing several aggregate measures
and materializing them as views. For instance, Task 2 of our FSC example can be
efficiently answered if we materialize the number of customers per city. However,
different types of queries (say, total sales per product family in the month of June)
require different aggregate measures to be pre-computed, and the number of such
aggregates can be very large. Hence, it is not usually possible to pre-compute and
maintain all possible aggregate measures. The challenge therefore is to identify the
right set of aggregate measures to pre-compute such that a broad class of OLAP
queries may be answered efficiently. This is similar to the materialized view selec-
tion problem except that the classes of queries here are ad hoc OLAP-style queries
useful for (exploratory) data analysis. Further, due to the adhocness of queries, it is
usually not possible to assume that a workload of queries upon which most material-
ized view selection approaches rely is given. Significant amount of research focused
on the task of identifying the best aggregate measures, which can be stored within a
given amount of disk space.

The fundamental idea guiding most approaches for identifying a subset of ag-
gregates to pre-compute is that many aggregate queries can be answered using the
results of other aggregate queries [26]. For example, a query “select City, Year,
sum(TotalPrice) from R group by City, Year” asking for the total sales per city per
year can be answered if we have the result of the query “select ProductNo, City,
Year, sum(TotalPrice) from R group by ProductNo, City, Year” where R is the join
of the fact table with all dimensional tables. The latter query result can also be used
to answer other queries, say, “select sum(TotalPrice) from R.” In general, the set of
aggregate queries in the data cube where two queries are related if one of them can
be computed from the result of the second forms a lattice. Figure 5 shows an ex-
ample lattice where we only consider three dimensions: Customer (C), Product (P),
and Date (D). A node labeled by a set S of attributes in Fig. 5 denotes the result of
grouping the join R of the fact table and the dimensional tables on S and computing
the aggregate function f on the measure attribute M over each group. That is, each
node denotes the result of the query “select S, f (M) from R group by S.” A query on
the node labeled {C} can be answered from the result of {C, P, D}, {C, P}, and {C}
itself. And, the directed edges between these nodes denote these relationships. For
clarity, we did not include self edges and edges that can be deduced by the transitivity
of the answered-by relationship in Fig. 5.
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FIG. 5. A lattice of aggregate queries.

Observe that the query at {C, P, D} returns the base relation, the join of the fact
table with all dimension tables, which is already available. As we would expect all
nodes in the lattice can be answered by the result of this node. The query at node
{C} can be answered using either the result of the node {C, P} or the node {C, P, D}.
However, it is more efficient to use the result of {C, P} because the size of the result
{C, P} is less than the size of the result {C, P, D}. Thus, the additional benefit of
materializing the result of {C, P} is that we are able to answer queries on its descen-
dants more efficiently than using the base data {C, P, D}. Therefore, pre-computing
and materializing the result of a query in the lattice has a cost—the disk space for
storing the result—and a benefit—the reduction in cost of answering queries on itself
and its descendants. Therefore, the goal of the problem of pre-computing the best set
of aggregate measures is to identify a set of nodes in the lattice with the best benefit
whose total storage cost is less than the available disk space. This problem has been
shown to be NP-hard [26]. However, the good news is that several good approximate
solutions to this problem have been developed [26,30].

Most commercial OLAP engines provide support for selectively materializing
views for improving the efficiency of answering queries over the data cube. In addi-
tion, Microsoft SQL Server can select a set of views to materialize for an arbitrary
workload of SQL queries.

While materializing such pre-computed views, OLAP servers may leverage sup-
port that the backend data warehouse server may provide for materialized views. For
example, warehouse servers (like Microsoft SQL Server, IBM DB2, and Oracle) are
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able to generate query plans that exploit materialized views within the server. Con-
sequently, an OLAP server might actually store a view within the warehouse server.
Since the warehouse server’s query optimization engine is able to exploit such views
then the ROLAP server does not need to split an incoming query into parts that can
exploit existing views.

5. Data Mining

Suppose FSC wants to launch a catalog mailing campaign subject to the constraint
that the overall campaign cost is less than a million dollars. Given this constraint,
we want to identify the best set of customers who are likely to respond to and buy
from the catalog. This goal corresponds to the Task 4 listed in Section 2. Data min-
ing tools provide such advanced predictive, analytical functionality. In general, data
mining assists analysts in discovering distribution patterns and characteristic behav-
iors within data to achieve a specific goal, say, that of understanding which type of
customers buy a specific class of products.

The end-to-end process of specifying and achieving a goal through an iterative
data mining process—sometimes called the knowledge discovery process—typically
consists of three phases: data preparation, model building and evaluation, and model
deployment. For example, SAS Enterprise Miner allows users to create such a staged
iterative exploratory process flow.

5.1 Data Preparation

In the data preparation phase, an analyst prepares a dataset that has enough in-
formation for building accurate models in subsequent phases. Considering Task 4 in
Section 2, we want to prepare a dataset so that we can build an accurate model for
predicting whether a customer is likely to buy products advertised in a new catalog.
Since potential factors influencing purchases of customers are their demographic in-
formation and their past response history, an example of such a dataset is: the set of
all customers who responded to mailed catalogs in the last three years, their demo-
graphic information, the set of 10 most expensive products each customer purchased
during this period, and the information about the catalog each of them responded to.

Support for Executing Complex Queries

Data preparation may involve very complex queries with large result sizes. For
instance, the preparation of the dataset in the above example involves joins between
the customer relation and the sales relation as well as identifying the top 10 products



DATA MANAGEMENT TECHNOLOGY FOR DECISION SUPPORT SYSTEMS 311

for each customer. All the issues discussed in the context of efficiently processing
decision support queries are equally relevant in this context as well. In fact, data
mining platforms (e.g., Microsoft Analysis Services) use OLAP or relational servers
to serve their data preparation requirements.

Support for sampling

Data mining process typically involves iteratively building models on a prepared
dataset before an analyst finally decides to deploy one or more models. Since model
building on large datasets can be expensive, analysts often work with samples of the
prepared dataset. Only after deciding on the model to be deployed, a model is built
on the entire prepared dataset rather on a sample. Thus, data mining platforms need
to provide support for computing samples over data and over complex queries.

5.2 Building and Evaluating Mining Models

The model building phase involves building models on the prepared dataset. The
goal of a model is to identify patterns that determine a target attribute. An example of
a target attribute in the prepared FSC dataset mentioned above is whether a customer
purchased at least one product from the catalog mailed to her. Several classes of
models have been proposed in the literature to predict both explicitly specified and
hidden attributes. The accuracy of the model and the efficiency of the algorithm
for constructing it over large datasets are two important issues while choosing an
appropriate mining model.

5.2.1 Variety of Models

Several classes of mining models—in the Statistics and the Machine Learning
literature—have been proposed and studied. We now briefly and informally describe
a few classes of mining models without describing how they are constructed. For a
survey of several popular data mining models and their construction algorithms, we
refer the reader to books and surveys [25,17,19].

Classification Models. Classification models are predictive models, which
when given a new tuple, predict whether the tuple belongs to one among a set of
target classes. For example, in our FSC catalog mailing application, a classifica-
tion model determines whether a customer purchases or does not purchase from the
catalog before mailing a catalog to her. Many classification models have been devel-
oped. We briefly illustrate, through an example, the decision tree models which are
a popular class of classification models—because of their ease of understandability
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FIG. 6. Sample decision tree for catalog mailing.

arising from their intuitive representation, classification accuracy, and availability of
scalable model building algorithms—in Fig. 6, which is perhaps useful for deciding
whether or not to mail a catalog to a customer.

A decision tree model is a tree-structured model. Each internal node of a decision
tree is labeled with a predicate called the splitting predicate and each leaf node is
labeled with a target class label. The number of edges originating out of an internal
node is equal to the range size of the splitting predicate. In the sample decision tree
(as in several common decision tree models), the range size is equal to 2 for all
internal nodes. The splitting predicates have the property that any record will take a
unique path from the root to exactly one leaf node.

Regression Models. Consider the catalog mailing task that FSC wants to
launch and the sample decision tree in Fig. 6. The first attribute required to evalu-
ate whether a particular customer needs to be mailed a catalog or not is the Salary
attribute. And, if the salary information is missing for a specific customer then the
decision tree cannot predict whether she is a good target for sending out a catalog.
In such scenarios where we need to predict numeric attributes regression models can
be employed.

Models that predict numeric attributes like salary or age are called regression
models. Regression tree models [cart] are an example class of regression models.
Like decision tree models, they also have a tree structure where internal nodes are
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FIG. 7. Sample regression tree for predicting salary.

associated with splitting predicates. However, the leaf nodes in regression tree mod-
els are labeled with functions which take the input tuple, e.g., customer, and predict a
value for the target attribute, e.g., the customer’s salary. An example regression tree
model which predicts the salary of customers is shown in Fig. 7. The predicted salary
values can presumably be used for deciding via the decision tree in Fig. 6 whether or
not to send a catalog to the customer in question.

Clustering Models. In some applications, we do not explicitly know the set
of target classes, and hence consider them to be hidden. In these scenarios, we have
to determine the appropriate set of classes and then classify a new tuple into one
of these discovered classes. Clustering models achieve this goal by grouping tuples
such that “similar” tuples are placed in the same groups, called clusters. The notion
of “similarity” between tuples is quantified by similarity functions or distance func-
tions. An example of a commonly used function is the Euclidean distance function.
Informally, clustering models partition the input data tuples into “compact” clusters
such that a tuple is more similar to tuples in its own cluster than to those in other
clusters. The notion of compactness or quality of clustering is usually quantified by
a criterion function, e.g., sum of mean squared distances over all clusters. The goal
of any clustering algorithm is to identify a partitioning of the input relation into K—
usually user-specified—clusters that optimizes the criterion function. The clustering
problem has been studied in many fields, including machine learning, statistics, bi-
ology, and with an additional emphasis on scalability in data mining.
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Association Rule Models. In some other applications, we may be interested
in exploring whether the purchase of a certain set of footwear products is indicative,
with some degree of confidence, of a purchase of another product or set of products.
The large collection of individual customer transactions involving FSC products at
various retail FSC outlets can be effectively used to achieve this goal by mining as-
sociation rules models [10]. An example of an association rule, which indicates that
people who buy Nike shoes and t-shirts are also likely to buy Nike socks, is [Nike
shoes, Nike t-shirt] → [Nike socks]. Such a rule is considered significant if a rea-
sonably large percentage of transactions in the database containing Nike shoes and
t-shirt purchases also contain purchases of Nike socks. The percentage of transac-
tions that contain all items or products (Nike shoes, Nike t-shirts, and Nike socks)
participating in the rule is often called the support of the rule or the set of items. The
ratio of the support, support({Nike shoes, Nike t-shirts, Nike socks}), of the set of all
items participating in the rule with the support, support({Nike shoes, Nike t-shirts}),
of the rule is called the confidence. An association rule model over a dataset con-
sists of all association rules whose support and confidence are above user-specified
constants, called the support and confidence thresholds. Several efficient algorithms
for discovering such significant association rules have been proposed. The Apriori
algorithm provided an early solution, which subsequent algorithms built upon [11].

The Apriori algorithm mines for association rules in two phases. In the first phase,
it discovers the set, called the set of frequent itemsets, of all sets of items whose
supports are above the support threshold. That is, each of these sets is contained by
at least a certain number of customer transactions. Apriori exploits the monotonicity
property that the support of a set of items is above a threshold only if supports of
all its subsets are also above the threshold. For example, if the support of a set of
items {Nike shoes, Nike t-shirts, Nike socks} is above the support threshold then
the supports of all subsets {Nike shoes}, {Nike t-shirts}, {Nike socks}, etc. are also
above the threshold. Alternatively, if the support of {Nike shoes, Nike t-shirts, Nike
socks} is below the threshold, then the supports of all its supersets are below the
threshold. Thus, whenever Apriori discovers that the support of a set S of items
is below the threshold, it prunes away all supersets of S and does not count their
supports. In the second phase, Apriori uses the set of all frequent itemsets to discover
association rules whose support and confidence are above the required thresholds.

5.2.2 Scalability

Even though data analysts may build models over random samples in the ex-
ploratory phase of model building, they ultimately want to build the final model on
the entire dataset. This is because statistically it is well known that the accuracy of
most models improves with the amount of data used. Therefore, it is imperative that
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algorithms for inducing mining models are very efficient and scalable to process very
large datasets within a reasonable amount of time. Surveys on scalable data mining
exist, e.g., [19]. Considerable amount of research went into scaling up algorithms for
constructing popular classes of models like decision trees, cluster models, and as-
sociation rules. Most of these algorithms just involve scanning the prepared dataset
multiple times.

5.2.3 Extensibility & APIs for User-Defined Models

Data mining platforms support the construction of several classes of models so
that analysts can evaluate several models. Data mining platforms like the SAS Enter-
prise Miner, IBM Intelligent Miner, Epiphany E5, Microsoft Analysis Services, and
Oracle allow users to create multiple classes of models. Even though data mining
platforms provide support for constructing a wide variety of models, it is quite likely
that some applications require custom models which are not provided by the plat-
form. Suppose an analyst exploring the FSC data warehouse wants to build her own
correlation model, which is not supported by the data mining platform. To handle
such requirements, mining platforms must support extensibility. Microsoft Analysis
Services, which publishes an open API, OLE DB for DM, and Oracle, which pub-
lishes a Java-based API are examples of such extensible platforms.

5.3 Mining Model Deployment

In the third model deployment phase, we apply these models on datasets for which
we want to predict the target attribute whose value is unknown. Considering our
FSC example, for each of the current set of customers, we want to predict whether
they will purchase a product from the new catalog. The result of the deployment of
a model on an input dataset may be another dataset (a subset or partitioning of the
input dataset) that the analyst can act upon. In the context of FSC example, the model
deployment phase leads to identifying a subset of customers each of whom will be
mailed a catalog.

Efficiency

Depending on the application, the time required to deploy a model on each tu-
ple of the input dataset may have to be limited. In an application of a model that
personalizes the placement of advertisement banners when a user visits a website,
we want the deployment time to be as short as possible. Also, in the case when an
input dataset is extremely large (say, the set of all customers in a data warehouse),
we want the deployment strategy to be very efficient. In such cases strategies to filter
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(using indexes on the input relation) out tuples that will not be in the result of the de-
ployment may be very important. However, such strategies require tighter integration
between database systems and model deployment.

Mining Model Interoperability. Many commercial products build models
for specific domains (e.g., IBM Intelligent Miner for Text). However, the actual data-
base on which this model needs to be deployed may be in a different database system.
Either the model or the target database needs to be moved to the other’s location.
Since mining models are typically much smaller than the datasets on which they are
being deployed, it is much more efficient to transfer the model to the database plat-
form which holds the target dataset. Therefore, there is a strong requirement for data
mining platforms and database servers to interchange models between them.

Data Mining Group [4] has recently proposed an XML-based standard, called
PMML (predictive model markup language), for interchanging several popular
classes of predictive models. The idea is that any model described in this standard
can be imported and deployed by any database vendor that supports the standard.
For example, IBM Intelligent Miner Scoring, which is an add-on to IBM Intelligent
Miner, enables DB2 to import and execute several classes of predictive models that
conform to the PMML standard.

6. OLAP and Data Mining: Other Issues

We now briefly discuss other issues that are important in the context of OLAP and
data mining technology.

6.1 Reporting Tools

Several analysts repeatedly evaluate the same set of queries to periodically assess
sales performance of a product. (E.g., “select sum(sales) from FactTable group by
state, product category where state = ‘New York’ ”.) Consequently, routine but so-
phisticated functionality like moving averages, comparison of aggregates in a time
period with the same aggregate over a different time period, and similar specialized
temporal analysis may be provided by canned, parameterized queries. Reporting
tools focus on the development of such queries. Typically, reports have easy-to-use
user interfaces for specifying input parameters (like the value “New York” in the
above example) as well as explanatory visual charts depicting a clear comparison
of the results. The key features of a good reporting tool are the high-level OLAP
functionality it encapsulates, the user interface, and the visualization front-end for
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displaying the reports. Crystal Reports from Crystal Decisions is an example of such
a reporting tool.

6.2 Packaged Applications

Developing a complete analysis solution either in the OLAP space or in the data
mining space requires a series of complex queries and/or building, tuning, and de-
ploying complex data mining models.

Several commercial tools try to bridge this gap between the actual solution require-
ments for well-understood domains and the support from any given OLAP or data
mining platform. By exploiting the knowledge of a vertical domain, packaged appli-
cations and reporting tools can make it much easier for end users to develop complete
solutions by providing them higher-level domain-specific abstractions. Oracle Finan-
cials, PeopleSoft Budgeting, BlueMartini Commerce, Crystal Reports, and Epiphany
Campaign Management are some examples of solutions for vertical domains. Com-
prehensive lists of domain-specific solutions are provided by data warehousing in-
formation center [5] and KDD Nuggets [6].

Businesses like FSC can now purchase solutions instead of developing home-
grown analysis solutions. Solutions developed for a vertical domain are limited by
the feature set of the particular solution. Hence, there is always a downside that a
solution’s feature set may not satisfy all the analysis needs of a business as it grows.

6.3 Platform APIs and the Impact of XML

In order to enable solution-providers, several OLAP and data mining platforms
(e.g., Microsoft Analysis Services, DB2 OLAP, and DB2 Intelligent Miner) provide
APIs to enable custom solutions to be built. Microsoft Analysis Services provides
OLE DB for OLAP and OLE DB for DM APIs for building OLAP and data mining
solutions, respectively. Similarly, Oracle provides Java-based APIs for OLAP and
data mining. IBM provides the Essbase API for OLAP.

Solution-providers (ISVs) typically have to program against a variety of OLAP or
data mining engines in order to provide an engine-independent solution. The advent
of web-based services through XML is driving the scenario to a point where it is
possible for all OLAP engines to agree on a common XML-based interface, which
can be used by solution providers. Recently, Microsoft and Hyperion published XML
for Analysis [8], which is a Simple Object Access Protocol (SOAP)-based XML API,
designed specifically for standardizing the data access interaction between a client
application and an analytical data provider (OLAP and Data Mining) working over
the Web. ISVs can now program using a single XML API instead of multiple vendor-
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specific APIs. Such an open API enables ISVs to enhance the functionality (say,
support for time-series and temporal analysis) of any OLAP engine easily.

In the context of data mining models, PMML is emerging as the potential standard
for interchanging classes of predictive models.

6.4 Approximate Query Processing

Processing complex aggregate queries typically require accessing large portions
of the data warehouse. For example, computing the average sales of FSC across
all cities requires the entire data in the warehouse to be scanned. However, many
times a reasonably accurate approximate answer could be computed very fast. The
basic idea is to summarize the underlying data as concisely as possible and then an-
swering aggregate queries using the summary instead of the actual data (e.g., [1,2]).
Several approaches have been proposed for summarizing large relations. Sampling,
wavelets, and histograms are a few among them. However, there is no clear verdict
yet on which approach is better for any given domain or dataset. Another important
outstanding issue is that of measuring the quality of an approximate answer for an ar-
bitrary SQL query. How does the answer computed from the summary compare with
the exact answer? The challenge here is that quality measures have to be calculated
without computing the exact answer.

6.5 OLAP and Data Mining Integration

As discussed earlier, OLAP tools help analysts in determining the interesting por-
tions of the data. Mining models may be used to effectively enhance such functional-
ity. For example, if the increase in sales of FSC products does not meet the targeted
rates, then we want to discover the anomalous regions and categories of products,
which resulted in not meeting the target. To help such an exploratory analysis for
discovering anomalies, we require a technique that marks an aggregate measure at
a higher level in a dimensional hierarchy with an anomaly score that computes the
overall deviation of the actual aggregate values from corresponding “expected” val-
ues over all its descendants [29,24]. Data mining models (like regression models)
can be used to compute expected values.

6.6 Web Mining

Nowadays, almost all major businesses have created a web presence where cus-
tomers can browse, enquire, and purchase products. Since each customer has a “one-
on-one” contact with the business through the web site, it is possible to personalize
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her experience on the web site. For example, the web site may recommend products,
services, or articles belonging to the category of interest to the particular customer.
Amazon.com has been a pioneer in deploying such personalization systems. Blue
Martini Commerce is an example of a personalization solution. Developing and de-
ploying such personalization systems requires the two issues of data collection and
personalization techniques.

Customers visiting business websites leave a trail of their activities. Businesses can
collect such trails, called web logs. Demographic information about customers may
also be collected when they register. Since web log data is collected automatically, it
can be cleaner than manually entered demographic data. However, several customers
accessing the website from the same ISP or from behind a firewall may share the
same IP address preventing precise customer identification using IP addresses.

Web log data may be analyzed for determining typical behavioral patterns, e.g.,
users who purchase athletic shoes also purchase socks. Therefore, if a customer pur-
chased an athletic shoe, then the business may also offer her a deal on socks. Such
patterns can also be used to personalize web pages shown to a particular user with
the goal of increasing sales (or other target metrics) by placing appropriate prod-
uct advertisements. Data mining models discussed earlier may be used to discover
such patterns. Over a period of time, a large community of users may develop. In
such cases, behavioral patterns of a user in conjunction with those of “similar” users
can be used for recommending products to the user. For instance, if Lisa is similar
in behavior to Anita, then products that Anita purchased may be recommended to
Lisa. Once again, data mining models may be used to identify such similar classes
of users.

7. Tools for Populating a Data Warehouse

Until now, we discussed solutions for data warehouse management and decision
support tools that sit on top of data warehouses. We now discuss the technology
required for building such large data warehouses by consolidating data from various
operational databases and other independent data sources.

Building a large data warehouse from independent data sources requires the ex-
traction of data from each source, transforming it to conform to the warehouse
schema, cleaning, and then loading into the warehouse. This sequence of operations
is often called ETL (extract, transform, load) process. Two fundamental problems
have to be addressed in the ETL process. First, the schema of the data sources is
typically different from the target schema. Hence, the conversion needs to be well
defined and automated. Second, since we are consolidating data from several data
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sources, the same customer may be reported by two or more sources. Due to differ-
ences in conventions followed within data sources and due to data entry errors, the
attribute values corresponding to duplicate customer records may not match exactly
across different data sources. Reconciling such differences is the second problem.

Data warehousing systems use a variety of ETL tools. Pure Extract and Pure Inte-
grate from Oracle, Data Transformation Services from Microsoft, DB2 Data Joiner
from IBM are just a few examples of tools for addressing parts of the ETL process.
The data warehousing information center provides a fairly comprehensive list of such
tools [5].

7.1 Extraction and Transformation

Suppose a distributor of FSC reports sales transactions as a flat file of records
where each record describes all entities, besides the number of units, involved in the
transaction. Also suppose the distributor splits each customer’s name into first name,
middle initial, and last name. When incorporating sales information into the FSC
data warehouse with the schema shown in Fig. 2, we first have to extract records,
and then for each record transform all three name-related source columns to derive a
value for the “customer name” attribute.

The goal of the data extraction step is to bring data from sources into a database
that can be modified so that data may be incorporated into the data warehouse. Data
from operational OLTP databases or from flat files within the organization may be ex-
tracted through bulk copy operations or through functions provided by the relational
database system. Data extraction from “foreign” sources is usually implemented via
gateways and standard interfaces, most notably ODBC. The goal of the subsequent
data transformation step is to address discrepancies in schema and attribute value
conventions. Transforming data from an input schema to the destination schema is
typically specified through a set of rules and scripts. Most of the ETL tools men-
tioned at the beginning of this section can be used for this task.

7.2 Data Cleansing

Consider Task 3 listed in Section 2. It is possible that due to data entry errors and
differences in schema conventions that a customer may have several tuples corre-
sponding to her in the Customer dimension table. Such errors can result in incorrect
answers to tasks such as Task 3, and may also cause incorrect mining models to be
built. For example, if each of several customers in New York City is recorded with
multiple tuples in the Customer table, then New York City may incorrectly appear
in the list of top 5 cities with the highest number of unique customers. Such a result
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is not desirable if the analyst goes on to use the results for a direct mailing cam-
paign. Data mining models that predict the importance of a customer based on the
amount of money they spent on FSC products may not give accurate results because
the total amount spent by a single customer may be split among several records
corresponding to her. Therefore, tools that help detect data anomalies and correct
them can have a high payoff. Data cleaning also becomes necessary when the input
sources share inconsistent field lengths, inconsistent descriptions, inconsistent value
assignments, missing entries, and violation of integrity constraints. Not surprisingly,
optional fields in data entry forms are significant sources of inconsistent data.

Several domain-specific commercial solutions, especially for the domain of names
and addresses, have been developed. PureIntegrate from Oracle, Integrity from Val-
ity, ETI*DataCleanse from ETI, and Centrus from Sagent are just a few of the many
tools for the address cleansing domain. Recent research focused on the problems of
duplicate elimination (e.g., [27]) and data cleaning frameworks (e.g., [18]).

7.3 Loading

After extracting and transforming, data must be loaded into the warehouse. Ad-
ditional preprocessing may still be required: checking integrity constraints; sorting;
summarization, aggregation and other computation to build the derived tables stored
in the warehouse; building indices and other access paths. Typically, batch load util-
ities are used for this purpose. In addition to populating the warehouse, a load utility
must allow the system administrator to monitor status, to cancel, suspend and resume
a load, and to restart after failure with no loss of data integrity.

The load utilities for data warehouses have to deal with much larger data volumes
than for operational databases. Hence, pipelined and partitioned parallelism is typi-
cally exploited [12]. Performing a full load has the advantage that it can be treated
as a long batch transaction building up a new database. While it is in progress, the
current database can still support queries; when the load transaction commits, the
current database is replaced with the new one. Using periodic checkpoints ensures
that if a failure occurs during the load, the process can restart from the last check-
point.

Many database vendors enhance SQL with additional operations that can be lever-
aged by the load process. For instance, Oracle provides multi-table inserts and up-
serts (in-place updates), which can be used to avoid multiple SQL update queries for
each input tuple.
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7.4 Refresh

In our FSC example, distributors of FSCs footwear products periodically (say,
every week) report all the transactions that were generated by the sale of FSCs prod-
ucts. Therefore, we have to periodically refresh the data warehouse with new data
during the typically small nightly downtime windows. Refreshing a warehouse con-
sists of propagating updates on source data to correspondingly update the base tables
and derived data—materialized views and indexes—stored in the warehouse. There
are two sets of issues to consider: when to refresh, and how to refresh.

The warehouse is refreshed periodically (e.g., daily or weekly). Only if some
OLAP queries need current data (e.g., up to the minute stock quotes), it is necessary
to propagate every update. The refresh policy is set by the warehouse administra-
tor, depending on user needs and traffic, and may be different for different sources.
The refresh cycles have to be properly chosen so that the volume of data does not
overwhelm the incremental load utility.

Most commercial utilities (e.g., Change Data Capture from Oracle) use incremen-
tal loading during refresh to reduce the volume of data that has to be incorporated
into the warehouse. Only the updated tuples are inserted if the data sources support
extracting relevant portions of data. However, the load process now is harder to man-
age because the incremental update has to be coordinated with ongoing transactions.
The incremental load may conflict with ongoing queries, so it is treated as a sequence
of shorter transactions (which commit periodically, e.g., after every 1000 records or
every few seconds), but now this sequence of transactions has to be coordinated to
ensure consistency of derived data and indices with the base data.

Refresh techniques may also depend on the characteristics of the source and the
capabilities of the database servers. Extracting an entire source file or database is
usually too expensive, but may be the only choice for legacy data sources. Most
contemporary database systems provide replication servers that support incremental
techniques for propagating updates from a primary database to one or more replicas.
Such replication servers can be used to incrementally refresh a warehouse when the
sources change.

In addition to propagating changes to the base data in the warehouse, the derived
data also has to be updated correspondingly. The problem of constructing logically
correct updates for incrementally updating derived data (materialized views) has
been the subject of much research [13,22,31,16]. For data warehousing, the most
significant classes of derived data are summary tables, single-table indices, and join
indices.
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8. Metadata Management

Creating and managing a warehousing system is hard because a data warehouse re-
flects the business model of an enterprise. Any information required for managing the
data warehouse is called metadata. An essential element of a warehousing architec-
ture is metadata management. Many different kinds of metadata have to be managed.
Administrative metadata includes all of the information necessary for setting up and
using a warehouse. Business metadata includes business terms and definitions, own-
ership of the data, and charging policies. Operational metadata includes information
that is collected during the operation of the warehouse: the lineage of migrated and
transformed data; the currency of data in the warehouse (active, archived or purged);
and monitoring information such as usage statistics, error reports, and audit trails.

Often, a metadata repository is used to store and manage all the metadata asso-
ciated with the warehouse. The repository enables the sharing of metadata among
tools and processes for designing, setting up, using, operating, and administering a
warehouse. Commercial examples include Microsoft Repository, Platinum Reposi-
tory and Prism Directory Manager.

Many different classes of tools are available to facilitate different aspects of meta-
data management. Development tools are used to design and edit schemas, views,
scripts, rules, queries, and reports. Planning and analysis tools are used for what-
if scenarios such as understanding the impact of schema changes or refresh rates,
and for doing capacity planning. Warehouse management tools (e.g., HP Intelligent
Warehouse Advisor, IBM Data Hub, Prism Warehouse Manager) are used for moni-
toring a warehouse, reporting statistics and making suggestions to the administrator:
usage of partitions and summary tables, query execution times, types and frequencies
of drill downs or rollups, which users or groups request which data, peak and aver-
age workloads over time, exception reporting, detecting runaway queries, and other
quality of service metrics. System and network management tools (e.g., HP Open-
View, IBM NetView, Tivoli) are used to measure traffic between clients and servers,
between warehouse servers and operational databases, and so on.

9. Conclusions and Future Directions

Decision support systems form the core of the IT infrastructure of businesses be-
cause of the business gains from the information that can potentially be extracted
from them. Creating, populating, maintaining, and analyzing a large data warehouse
is a mammoth task and involves substantial technical challenges.

Substantial technological progress has been made due to concerted efforts of the
industry as well as the academia. The efforts are reflected in the number of commer-
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cial tools that exist for each of the three major tasks: populating the data warehouse
from independent operational databases, storing and managing the data warehouse,
and analyzing the data to make intelligent business decisions. Good sources of ref-
erences on data warehousing technology as well as standardization efforts are the
OLAP Council [7] and the Data Warehousing Information Center [5]. The data min-
ing group [4] and KDD nuggets [6] are similar sources of information for data mining
tools and technology.

Despite the plethora of commercial tools, there are still several interesting avenues
for research. We will only touch on a few of these here. Data cleaning is a problem
that is reminiscent of heterogeneous data integration, a problem that has been studied
for many years. But here the emphasis is on data inconsistencies instead of schema
inconsistencies. Though there is some recent work on data cleaning, much more
work needs to be done before domain independent tools that can solve a variety of
data cleaning problems faced during data warehouse development are available.

Most research in data mining has focused on developing algorithms for either
building more accurate models or for building equally accurate models faster. The
other two stages of the knowledge discovery process—data preparation and model
deployment—have been ignored to a large extent. Both these stages have several
outstanding problems. When pointed to a data warehouse and given a specific goal,
how does an analyst prepare a “good” dataset to achieve the application’s goals?
What is an efficient way to deploy models over the results of arbitrary SQL queries?
Addressing these issues requires a tighter integration between database systems and
data mining technology.
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