                                                                    Building Know ledge through Families of Software Studies:

An Experience Report

1

Victor Basili, Forrest Shull, and Filippo Lanubile

Abstract

Experimentation in so ftware engineering is difficult. One reaso n is that there are a large numb er of context

variables, and so creating a cohesive understanding of experimental results requires a mechanism for

mo tivating studies and integrating results. It requires a co mmunity of researchers that can replicate studies,

var y context variables, and build abstract models that represent the co mmo n observations about the

discipline. T his paper discusses the experience of the authors, based upon a collection o f experiments, in

ter ms of a high level framework for organizing sets of related studies. With such a framewor k, experiments

can be viewed as part of co mmo n families o f studies, rather than being isolated events. Commo n families

of studies can contribute to higher level hypotheses that no individual experiment could achieve. T hen the

replication of experiments within a family of studies can act as the cornerstone for building kno wledge in

an incremental manner. A mechanism is suggested that motivates, records, and integrates individ ual

experiments within a family for analysis b y the co mmunity at large.

T o support the framewor k, this paper discusses the experiences o f the authors in carr ying out empirical

studies, with specific emphasis on persistent problems enco untered in experimental design, threats to

validity, criteria for evaluation, and execution of experiments in the do main o f software engineering.

1. Introduction

Carr ying out empirical work is co mplex and time consuming; this is especially true for software

engineering. Unlike manufacturing, we do not build the same product, over and over, to meet a particular

set of specifications. Soft ware is developed and each product is different fro m the last. So, so ftware

artifacts do not provide us with a large set of data points permitting sufficient statistical power for

confir ming or rejecting a hypothesis. Unlike physics, most of the technolo gies and theories in soft ware

engineering are human based and so variation in human ability tends to obscure experimental effects.

Human factors tend to increase the costs of experimentation while making it more difficult to achieve

statistical significance. As a result, in so ftware engineering and more generally in co mputer science, the

balance between evaluation of results and develop ment of new theories or technologies is still skewed in

favor of unverified proposals [38, 39]. So, empirical research may appear in the so ftware engineering field

as a side topic instead of being a standard way to validate claims, as in other scientific disciplines.

Surely empirical so ftware engineering research is not free of flaws. T he measurements are not always

appropriate to the goals of the experiment, the design does not always avoid alternative explanations of the

experimental findings, and the findings are so metimes generalized to a population that is different fro m the

experimental sample [17]. Empirical investigators are challenged to design the best stud y that the

circumstances make possible, tr ying to rule out all the alter native explanations of the results and generalize

those results to the setting of interest. Although the investigators may not get the "perfect" stud y (assuming

there is a perfect one), they have to report the stud y in such a way that others can verify the conclusio ns and

be aware of the biases that can make the conclusions more equivocal.

T he authors have had var ying experiences in r unning a number of empirical studies in software engineering

for over twenty years. Most recently, we have wor ked together to explore and test hypotheses on ho w

software engineers use documents when constructing and analyzing so ftware.  While planning, designing,

executing, and analyzing our experiments, we have experienced directly ho w hard it is to run valid studies

that provide empirically based conclusions and who se implications are still felt important for software

engineers. In this paper, our goal is to (1) discuss the experience of the authors while carr ying out empirical

1
      T his work was supported by UMI ACS and b y NSF grant CCR9706151.

studies in the do main of so ftware engineering, and (2) suggest ho w to package this experience in a for m
that supports multiple replication studies around co mmo n questions of interest.

For the purpose of this paper, we use the definitio ns o f so me key ter ms fro m [1].  An empirical stud y, in a
broad sense, is an act or operation for the purpose of discovering so mething unkno wn or of testing a
hypothesis, involving an investigator gathering data and perfor ming analysis to deter mine what the data
mean.  T his covers various forms of research strategies, including all for ms of experiments, qualitative
studies, sur veys, and archival analyses. An experiment is a for m o f empirical stud y where the researcher
has control over so me of the conditions in which the stud y takes place and control over the independent
variables being studied; an operation carried out under controlled conditions in order to discover an
unkno wn effect or law, to test or establish a hypothesis, or to illustrate a kno wn law. T his ter m thus
includes quasi-experiments and pre-experimental designs. A co ntrolled experiment is a specific for m of
experiment in which the subjects are randomly assigned to experimental conditio ns, the researcher
manipulates independent variables, and the subjects in different experimental conditions are treated
similarly with regard to all variables except the independent variables.

One reason experimentatio n in so ftware engineering is so hard is that the results of almo st any process
depend to a large degree on a potentially large number of relevant context variables.  Because of this, we
cannot a priori  assume that the results of any stud y apply outside the specific enviro nment in which it was
run. Unfortunately, in software engineering, too many studies tend to be isolated and are not replicated,
either b y the same researchers or b y others.  For these isolated studies, even if they are themselves well-run,
it is difficult to understand how widely applicable the results are, and thus to assess the true contrib ution to
the field.

As an example, consider the follo wing stud y:

·

       Basili/ Reiter .  T his stud y was undertaken in 1976 in order to characterize and evaluate the

                         develop ment processes of develop ment teams using a disciplined methodology.  T he effects of the

                         team methodology were contrasted with control groups made up of develop ment teams using an "ad

                         hoc" development strategy, and with individual developers (also "ad hoc"). High-level hypotheses

                         were proposed: that (BR1) a disciplined approach should reduce the average cost and co mplexity

                         (faults and rework) of the process and (BR2) the disciplined team should behave more like an

                         individ ual than a team in ter ms o f the resulting product. T he stud y addressed these high-level

                         hypotheses b y evaluating particular methods (such as chief programmer teams, top down design, and

                         reviews) as they were applied in a classroo m setting. [7]

T his was a rigorous stud y, but unfortunately never led to a larger body of wor k on this subject.  T he
specific experiment was not replicated, and the high-level hypotheses were not studied. T hus it was never
investigated whether the results hold:

·

       for software developers at different levels of experience (the original experiment used univer sity

                         students);

·

       if develop ment teams are co mposed differently (the original experiment used only 3-person teams) ;

·

       if another disciplined methodology had been used (i.e., were the benefits observed due to the particular

                         methodology used in the experiment, or wo uld they be observed for any disciplined methodology?).

T he above bullets are examples o f "choice points" in the design o f the experiment.  T hat is, each of the
above bullets represents a specific decision that was made about ho w the experiment wo uld address the
high-level hypotheses.  T o rigorously test the high-level hypotheses, it wo uld be necessar y to run further
studies that made different decisions at the choice points.  If this can be done systematically, then a body of
kno wled ge can be built up that represents a real understanding o f so me aspect of so ftware engineering.  In
this way, high-level hypotheses can serve as a means of organizing a set of related empirical studies.

T he careful replication of experiments within such a set of studies is the cornerstone to building kno wledge
in an incremental manner.  An experiment can be repeated as strictly as possible (i.e. using all of the same
decisions as the original) just to confir m the previous findings.  T his increases confidence that the original
experiment was correctly r un and properly reported, and that the results are repeatable.  T he design itself
can be changed to refute so me rival hypothesis or make up for so me threat to validity in the earlier stud y.

T he context in which the experiment is run can be changed to investigate the necessar y conditio ns for the

occurrence of the findings, tr ying to ans wer "in which situatio ns does this technology work?" Replications

can be performed b y the same researcher s to increase their personal confidence in the results or the

statistical po wer of the stud y. But, mo st important, replications can be perfor med by independent

investigators with the goal to check and improve the results of previous researchers. Facilitating the

spreading of replications of emp irical studies is a prerequisite to building a credible body of kno wledge in

this field.

Of course, the difficulty is that the choice points need to be made explicit, so that researchers can

understand ho w much coverage has alread y been provided in this area, and what still remains to be done

before the high-level hypotheses have been adequately tested.  It is necessar y to avoid identifying both too

many choice points, so that providing a significant amo unt of coverage beco mes neither cost-effective nor

interesting, and too few choice points, so that interpretation is still difficult because important variables

have not yet been identified. Multiple schemes for identifying and organizing choice points in individ ual

experiments have alread y been proposed in the literature.  For example:

·
       [10] proposed an organizational frame wor k that co nsisted of fo ur categories corresponding to phases

                         of experimentatio n: definitio n, planning, operation, and interpretation. For each phase, categories of

                         choices were identified which had to be explicitly answered. T his framework is most co ncerned with

                         allo wing researchers to define the purpose of the experiment and the object of stud y. For example,

                         under experimental definition, the researcher was asked to identify the purpose for the study

                         (characterization, evaluatio n, prediction, motivation), classify the object of stud y (product, process,

                         model, metric, or theor y), and deter mine the scope of the stud y ( whether single project, multi-project,

                         replicated project, or blocked subject-project). [25] proposed a similar frame wor k but provided

                         different values for the dimensions of the classification, reflecting co mmo n concerns for

                         experimenters.  For example, the researcher was asked to specify whether the concrete object of stud y

                         in the experiment was a product technology or a process technology; whether the purpose of the

                         experiment was to evaluate the outco me of a process versus the process itself; and whether the stud y

                         was focused on a single, specific object of stud y or on multiple objects.

·
       [28] presented a framework that placed additional emphasis o n experimental variables.  For examp le,

                         under the topic of "subjects" researchers were asked to explicitly report the selection criteria used; the

                         experience, training, and backgro und of the subjects; ho w ethical issues (such as the right to withdraw

                         fro m the stud y) were handled; and ho w many subjects are required based on the po wer of the statistical

                         analysis procedure.

·
       [17] present a list of questions b y which empirical studies sho uld be evaluated.  T hese questio ns in turn

                         suggest a framework for researchers to use in specifying their experiments, since suitable infor mation

                         should be reported to answer each of the questions.  T he questions concern: whether the research is

                         based on empirical evaluation and data, whether the experiment was designed correctly, whether the

                         stud y is based on a to y or real situatio n, whether appropriate measures were used, and whether the

                         stud y was run for a long eno ugh time.

Our intentio n here is not to rate or recommend the proposed experimental framewor ks.  Rather, we note

that the important co mmo n characteristic of all o f these frameworks is that they document the key choices

made during experimental design, along with their rationales.  T his allo ws other experimenters to

understand where different choices could have been made, and raise questio ns as to the likely outco me of

other choices.  Because these frame wor ks provide a mechanis m b y which different studies can be

compared, they help to organize related studies and to tease out the tr ue effects of both the process being

studied and the environmental variables.

T his mechanism allo ws the primar y questio n of an experiment to shift fro m "Is a particular process

effective?" to "What are the factors that make a particular process effective or ineffective?"  T his shift gives

us more insight into the field of so ftware engineering as a whole.  T he real objects of stud y are no longer (a

potentially infinite number of) processes, but (a presumably finite set of) process, product, and

enviro nmental factors.  Having infor mation at this level paves the way for the "continual improvement"

described in [8]: When a particular process is only assessed as being effective or not, it remains a black

box.  When we identify important factors that relate to its effectiveness, we can use this knowled ge as the

basis for improving the process (if it is effective) or for creating a new process better suited to the needs o f
the environment (if the original process tur ns o ut to be ineffective).

T he above discussio n leads us to propose that the follo wing criteria are necessar y before we can begin to
build up co mprehensive bodies of kno wledge in areas of so ftware engineering:

1.  Sets of high level hypotheses that are of interest to the software engineering co mmunity, that provide

                         choice points for the selectio n of detailed hypotheses;

2.  Detailed hypotheses written in a context that allo w for a well defined experiment;

3.  Context variables, suggested by the hypotheses, that can be changed to allo w for variatio n of the

                         experimental design (to make up for validity threats) and the specifics of the process context;

4.  A sufficient amo unt of infor mation so that the experiment can be replicated and built upon; and

5.  A co mmunity o f researchers that understand experimentation, the need for replication, and are willing

                         to collaborate and replicate.

With respect to the Basili/Reiter stud y introduced above, we can note that while it satisfied criteria 1, 2 and

4, it failed with respect to criteria 3 and 5. It was not suggested b y the authors that other researchers might
var y the design or manipulate the processes or criteria used for evaluation although the analysis o f the data
was varied in a later stud y [6]). Nor was there a community o f researchers willing to analyze the
hypotheses even if suggestio ns for replication had been made.

T he high-level hypotheses and the organizatio nal framework selected sho uld be used to choose a focus: i.e.,
help deter mine the decisio ns that should be made at the choice points to define an experiment o f interest.

T he objective is to define a stud y that contrib utes to building kno wledge in the "big picture," represented by
the high-level framework, but in which the specific object of stud y is still practical and useful for the
researcher’s o wn enviro nment. At each choice point, we must be careful to assure ourselves that the
problem remains interesting to the software engineering co mmunity, i.e., we must pick processes that are of
interest and value, and criteria that are meaningful and measurable.

T he remainder of this paper is organized according to the five criteria of the organizatio nal framework. We
will refer to the studies we have run (as well as other s) in order to illustrate what we have learned over time
about building kno wledge from carefully planned individual studies.  As we proceed, we will also use our
remarks in this paper to suggest guidelines for lab packages: that is, packages that collect not only
experimental artifacts but also experimental experiences for the purpose of encouraging and facilitating
carefully planned replications.

2. Formulating High Level Hypotheses and an Experimental

Framew ork

As an example of using high-level hypotheses and an experimental frame wor k to motivate specific,
individ ual studies, we present our wor k in the field of reading techniques.  Reading techniques are
procedural techniques, each aimed at a specific develop ment task, which software developers can follo w in
order to obtain the infor mation they need to acco mplish that task effectively [2, 3].  We were interested in
stud ying them in order to determine if beneficial experience and wor k practices could be distilled into
procedural form, and used effectively on real projects.

In order to effectively investigate reading techniques, we needed so me way of identifying and organizing
important factors that might influence the execution and effectiveness of reading techniq ues.  For examp le,
because reading techniques are each aimed at a specific develop ment task, we wanted so me way of
identifying important categories of develop ment tasks.  We reasoned that this wo uld later allo w us to
identify attrib utes of the tasks themselves that effected the reading techniques we created for them.

Because reading techniques are also concerned with obtaining the relevant infor mation from a particular
source, we wanted to identify pertinent attributes of the software artifacts that wo uld be used in this way.

We developed a tree-structured framewor k that described the problem space with which we intended to
deal [3], and have evolved it as new experiments have been attempted. Figure 1 represents the current

version o f that framewor k. T he top of the frame wor k represents the problem space and the botto m leaves

represent the existing techniq ues built for empirical stud y.

At the top most level, we divided the set of all reading techniques into two groups, depending on whether

the task for which they were used was an analysis task ( verifying that a so ftware document possessed

certain characteristics) or construction task (using a so ftware document to construct a new system).  At the

next level, we grouped reading techniq ues according to the specific objective to be achieved within that

overall goal, e.g., finding anomalies in the so ftware or making a maintenance modification.  Another

variable is the document to which the task is applied.  So me of these objectives may be applied in different

for ms to documents at different phases of the lifecycle; e. g., we may undertake ano maly detection in both

requirements documents and code, which wo uld require ver y different techniques.  We can also think o f

so me objectives that apply to documents fro m multiple phases o f the lifecycle; e. g., an Object-Oriented

framewor k is an artifact that is advertised to support reuse of both design and code.  Finally, the last level

of the taxono my addresses the ver y specific notation in which the document is wr itten.  For example,

requirements can be written in a natural language, or translated into a for mal notation for requirements such

as SCR [21].

T he advantage of the tree str ucture is that mo re and more detail is specified, as we make more choices and

mo ve lo wer in the tree.  T his structure allo ws other researchers to go do wn the same tree path or branch off

at a higher level.  T his tree structure frame wor k allo ws us to define classes of experiments and co mbine

them back to high-level hypotheses.  So me of these hypotheses are associated with the root of the tree, i.e.,

with all the techniq ues at the leaves of the tree. Example root level hypotheses include:

·
       We can effectively design and stud y techniques that are procedurally defined, document and notation

                         specific, goal driven, and empirically validated for use.

·
       We can demo nstrate that a procedural approach to a software engineering task could be more effective

                         than a less procedural one.

Other hypotheses can be associated with various branches in the tree. For example, associated with the

analysis branch of the tree is the hypothesis that we can create families o f related reading techniq ues such

that multiple reviewers can each concentrate on analyzing a specific aspect of the document; the different

techniques in the family will together cover all aspects of interest in the entire document. Associated with

the constructio n branch of the tree is the hypothesis that we can create techniques for understanding the

document that do not require coverage o f the entire software artifact but will be sufficient for the required

task goal.

T hus we can define a variety of sub -hypotheses associated with the tree framework. Altho ugh each reading

technique b y necessity is applied to a particular task and document, we can gain confidence in our stud y o f

a hypothesis o nly as we stud y reading techniq ues for multiple types o f tasks and multiple types of

documents.  T hus all experiments that fit in the context of this tree can be used to test the hypotheses that

procedural techniques for understanding particular documents can be defined and studied and that

procedural guidance for reading techniques can be more effective than nonsystematic or ad hoc approaches.

Also, each particular experiment can identify specific hypotheses relevant for that experiment, allo wing us

to build new sets of hypotheses that can be added to the various branches of the framework.

Relating hypotheses through a tree structure helps keep the relevant co ntext variables organized and thus

helps in assessing the contribution o f a particular experiment.  B y tracing do wn the branches of the tree that

describe an experiment, the relevant process factors and environmental variables can be easily identified.

T he tree structure also serves as a basis for co mparing experiments, since the locatio n in the tree highlights

whether the decisio ns at the choice points were the same or different for any two experiments.  Finally, the

tree summarizes the amount of experimentation in an area and illustrates the degree of ^co verage~ by

sho wing for which branches experiments have alread y been run, and which still require investigation.

Various techniq ues have been developed for stud y and are represented by the roots of the framework in

Figure 1. T hese have been the basis of sets o f experiments, representing var ying levels of maturity and

replication.  A subset of the particular experiment set will be used as the basis for discussion in this paper.

             Reading Technology

                                                                                  Construction          Analysis High Level Goal

                                                                           Reuse     Maintenance   Defect  Detection     Traceability     Usability      Specific Goal

                  Test Plan   Code   Design              Requirements   Design           User Interface    Document

            (Software Artifacts)

          Project  Code    White Box   Black Box               Screen Shot   Notation/Form

          Source  Library Framework  Framework

          Code

                                                                         Scope Based      Defect Based        Perspective Based    Usability Based     Family

                    Expert  Novice  Error

          System       Task          Inconsistent   Incorrect  Omission   Tester  User  Developer         Technique

            Wide    Oriented           Ambiguity

             PROBLEM

                         SPACE

          SOLUTION

                       SPACE

                                             . . .

SCR English

                                                                 Figure 1: Partial problem space addressed by software reading techniques.

T he set of experiments that were suggested b y this tree structure include:

·

       Defect-Based Reading ( DBR ): T his was the fir st family of scenario -based reading to be investigated,

                         and focused on defect detection in requirements, where the requirements were expressed a state

                         machine notation, called SCR. T here are three reading techniq ues in the DB R family, each providing  a

                         procedure and set of questions aimed at unco vering a specific class o f defects in the SCR notation.  In

                         this stud y, defect-based reading, ad hoc reading and checklist-based reading were evaluated and

                         compared with respect to their effect on fault detection effectiveness in the context o f an inspection

                         team. T his addressed root-level hypotheses such as whether we can effectively design and stud y

                         reading techniq ues and whether a procedural approach to a software engineering task could be more

                         effective than a less procedural one. It also addressed analysis branch hypotheses such as whether we

                         can effectively define a family of techniques, each with a different focus, but who se union provided

                         reasonable coverage of the artifact.  A more specific hypothesis was whether DBR represented a more

                         effective way to review SCR-notatio n requirements than other co mmon techniques. T he stud y was

                         originally run twice in 1993 using graduate students at the University of Mar yland [32], and replicated

                         several times, including a study in 1995 using undergraduate students at the Univer sity o f Bari [19].

·

       Perspective-Based Reading ( PBR ): T his set of experiments also focused on defect detection in

                         requirements, but for requirements expressed in natural language. Again, there are three reading

                         techniques in the PBR family. Each procedure was based upon the perspective of a particular custo mer

                         of the document, e.g., the user, the designer, the tester. In the experiments run at of NASA Goddard

                         Space Flight Center in 1994 and 1995, perspective based reading was evaluated and co mpared with the

                         nonsystematic defect detection technique that the subjects already had experience in the organizatio n.

                         Evaluation was with respect to fault detection effectiveness. T hese studies addressed  the same root-

                         level and analysis level hypotheses as DBR but had different specific experimental hypotheses. T he

                         stud y was originally run twice at NASA and has been replicated several times, including the

                         replication conducted b y the Fraunho fer Institute for Experimental Software Engineering using

                         professional developers during a pre-project training course.  [4, 24]

·
       Use-Based Reading ( UBR ): T his experiment focused on anomaly detection in user inter faces. It is a

                         family o f analysis techniques based on three system user perspectives (expert, novice, error handling).

                         In the experiment run at the Bureau of Census, UBR was compared against the usability inspection

                         technique. Specific hypotheses included the effectiveness of the specific techniq ues to identify certain

                         classes o f ano malies.  [40]

·
       Second Version of PBR ( PBR2 ): Based on experiences with the previous PBR studies, new versions of

                         the PBR techniques were created. T hese new techniq ues were more procedurally oriented versions o f

                         the earlier set of PBR techniques. In particular, we made the techniq ues more specific in all of their

                         steps.  T hey were aimed at testing the root level hypotheses about procedurally defined techniques

                         even more, as well as providing a better opportunity for checking process confor mance. In addition, we

                         augmented the technique with additional steps that asked revie wers to reason more deeply about the

                         types of defects they had alread y found, and whether further defects o f that type existed in the

                         requirements.  Specific hypotheses had to do with the ability of the techniq ues to be effective in

                         detecting errors as well as faults and the ability of multiple readers to extract a co mmo n set o f errors.

                         T he new version was evaluated in an experiment at Mar yland in 1997. [27]

·
       Scope-Based Reading ( SBR ): T he only experiment so far in testing the constructio n branch o f the tree

                         is the stud y of scope-based reading. Unlike the analysis branch the hypotheses here are related to

                         finding a particular technique that allo ws the user to better understand the document for use in

                         constructing another document. T wo reading techniques here were developed for learning about an

                         Object-Oriented framewor k in order to reuse it. T he two techniq ues, one hierarchically based and the

                         other example based, were compared with respect to their ability to support the building of a new

                         system using the framework. Specific hypotheses included whether either of the techniques was more

                         effective for new versus experienced developers. T he techniques were observed during use, and

                         hypotheses as to important characteristics of each were built up.  [11, 36]

3. Choosing a Specific Focus from the Experimental

Framew ork

As may be noted fro m the experimental descriptions above, any experiment will investigate ver y specific

hypotheses in addition to the high-level ones.  Altho ugh the high-level hypotheses and experimental

framewor k may help determine what broad area of the problem do main will be investigated, a specific

object of stud y will have to be selected, a specific context will have to be chosen in which to run the stud y,

and specific metrics will have to be chosen for collection and stud y.

Choosing the proper specific focus is perhaps the mo st difficult part of experimentation.  Many researcher s

realize that it can be difficult to experiment when the object of stud y is not a physical object that can be

observed and studied directly, but a relatively nebulo us concept such as ^process~ that can only be studied

indirectly, through being executed by the experimental subjects.  Because our primar y object of stud y is

being observed only indirectly, there are many considerations that can affect the validity of our

experiments.  So me examples:

·
       How do we define/specify the process?

                         T his is one of the most critical issues in the stud y o f any process. What is the level of detail in the

                         guidance? Should it var y with the experience of the user of the process? Besides a description of what

                         yo u should do, should there be a description of what yo u should not do?

                         In an earlier experiment [9] , processes were defined for use, e.g., reading by stepwise abstraction,

                         equivalence partitioning boundary value testing, structured testing. Although the procedures may not

                         have been followed directly, the fact that each subject for each technique was given only the particular

                         items needed for the activity, e.g., specification and source code for reading, specification and

                         executables for functional testing, did restrict the subject’s ability to perform one process when they

                         were supposed to be performing another.

                         It is not difficult to provide a step-b y-step process specified in great detail.  Ho wever, this gives no

                         assurance that this is actually what is done when subjects are asked to execute the process.  In [22], the

                         of defect detection is to repair the requirements document so as to eliminate misunderstandings of the

                         problem or potential defects in the system . Faults may be too detailed, too specific, too dependent on

                         the reviewer’s point of view, and not provide sufficient insight to be well-suited as a basis for repairing

                         requirements.  Dealing with a higher level of abstraction (errors) might allow reviewers to identify the

                         really fundamental misconceptions in a document for repair.  In the initial analysis of the PBR2 study,

                         subjects reported that errors seemed to convey better information for correcting the document, helped

                         focus reviewers on important areas of the document, and gave a better understanding of the real

                         problems in the requirements.

4. Designing Experiments

In prior sections we have tried to illustrate a frame wor k for designing related families o f experiments, and
raise relevant issues. Section 2 discussed how a framewor k relating factors of interest suggests high-level
hypotheses.  In section 3 we dealt with ho w these hypotheses and the framework help to deter mine the
particular object and environment of stud y, and ho w the object and environment in turn determine the
detailed hypotheses that are investigated.

In this sectio n we discuss ho w unique attrib utes of experimentatio n in software engineering deter mine,
so metimes in unexpected ways, the manner in which we are able to explore the hypotheses selected. As
examples, we illustrate so me of the design decisio ns we have been faced with in our o wn experiments, and
ho w these decisions have effected the experimental designs and thus the credibility of co nclusions.

4.1.  Subject Pool and Experimental Context

A particularly challenging aspect of so ftware engineering research is obtaining subjects for
experimentatio n.  Unlike so me other fields that stud y human behavior, empirical software engineering is
constrained b y the fact that o nly a relatively small percentage of the human populatio n has the requisite
skills to usefully perfor m software develop ment processes for stud y and is available for experimentation.

For the most representative results, experimental subjects need to be taken fro m that small percentage.

T hus one of the important dimensio ns describing subjects is that of experience . T he experience of subjects
in skills that are relevant to the object of stud y must match that of the population to which we want to
generalize. Ho wever, it is not easy to identify the relevant skills or to measure experience in a way that is
meaningful.

In the PBR study, we measured subject experience by asking how many years the reviewer had spent in
each of the PBR roles (designer, tester, user). Data analysis revealed that there was a weak relationship
between experience and number of defects found, that is, reviewers with more qualification years did not
tend to find more defects than reviewers with less or no qualification.

T he ideal case of experienced software professionals as experimental subjects is difficult to achieve.

Subjects have to be borrowed fro m a develop ment organization. Because of cost and co mpany co nstraints,
we cannot expect to find as many subjects as we would need to achieve enough statistical po wer for testing
group differences (see [12, 29] for a discussion on statistical po wer in soft ware engineering experiments).

In the PBR study, in which subjects were software developers from the NASA SEL environment, we
estimated the cost per individual would be at least $500 per day and the maximum number of people who
might be able to participate in the experiment was 18 subjects.  Given these constraints, we minimized the
effect of limited experimental subjects by designing a within-subject experiment (subjects were observed
multiple times across all the treatments) so that the number of available data points was a multiple of the
number of available subjects.

T o address the difficulty of obtaining professional subjects, we often use students fro m so ftware
engineering co urses.  Experiments on students are well-suited to investigating certain issues that do not
requirements. A particular failure may be caused b y several faults and so me faults may never cause a
failure. We will use the ter m defect  as a generic ter m, to refer to an error, fault, or failure.

require high levels of industrial experience, e.g. the lear ning curve associated with training in a new

technolo gy. Also, at many universities even undergraduates have relevant ind ustrial experience.  Even

when the experience level is limited, we can use student experiments to debug experimental protocols

before applying the treatment to more expensive, experimental subjects.

Another important dimension is the experi mental context , especially as it affects subject motivation. I n

software engineering process studies, we are tr ying to assess the impact of a technique on real work

practices, and we need subjects to perfor m at a level that is representative of their professional wor k.

Ideally we wo uld like to create an experimental setting for software developers that either reflects their

organizatio nal setting or that allo ws them to see so me professional benefit fro m the activities. T his wo uld

mo tivate them to put more effort and thought into activities.

Motivation is a problem when subjects are asked to wor k on "toy" problems, are given unrealistic

processes, or see some other disconnection between the experiment and their professio nal experience.  For

our purposes, we group all of these factors under the broad heading of ^experimental context~. T hese

problems often occur when studies are perfor med in a ^graded classroo m setting~

4
, where the mo tivation is

course grade, rather than professio nal need or professional develop ment.  T he ideal situation wo uld be a

training sessio n for a project where the subjects need to learn and build skills in the process for the project

they are about to undertake.

Under nor mal circumstances in classroom experiments, we mi ght expect less process confor mance o n the

part of our subjects, making the results less representative of real develop ment enviro nments.  T his is

especially problematic in cases in which new technologies involve a steep learning cur ve, since subjects in

classroo m experiments are typically unlikely to have the motivation to persevere and overco me the lear ning

curve; thus the experiment is unable to measure the benefits of the new technology.

One strategy for improving classroo m experiments is to grade the subjects on process confor mance rather

than results. Although this introduces many problems of its own, we feel that these problems can be

identified and overco me in order to yield more representative results. Unfortunately we have not yet found

a reliable way to measure process confor mance without taking results into account.  We have fo und that

subjects, in a graded situation, more likely disregard the experimental protocols if they think it will hinder

their chances o f being evaluated highly.

In the PBR2 study, we had anticipated investigating whether the type of technique used (PBR or ad hoc)

when reviewing requirements affected the number of false positives (i.e. items reported by the reviewer that

were not actually defects) that reviewers reported.  This was an important question for study, since in ^real

life~ false positives have to be investigated and are then either rejected, or an attempt is made to fix

something that wasn´t incorrect to begin with.  Thus large numbers of false positives imply large amounts

of wasted effort.  However, it was determined from post-hoc interviews with our subjects that many of them

had anticipated that their grade for the assignment would be based on the number of correct defects they

found.  In order to maximize this number, they reported many questionable defects that ordinarily would

not have been included.  However, more than anything else this practice increased the number of false

positives, and therefore we cannot assume that the count of false positives in this experiment is

representative of normal patterns or, indeed, has anything to do with the particular review techniques used.

T here are some issues that apply to all types of subjects.  For example, even in the ideal case where

subjects have high levels of relevant experience and are well-mo tivated b y a professional context, there is

the problem o f the lar ge degrees of variability a mong subjects .  Experienced programmers, even with

similar background, greatly var y with respect to their abilities. (We can expect that this is also true for

students, if not more so.)  Past studies have measured differences in programming perfor mances with high

ability subjects who outperform lo w ability subjects fro m 4 to 25 times [13].  Considering that in so ftware

4
      T he terminology ^classroo m setting~ is troubleso me in that it implies that graded classroom experiments

and studies on inexperienced student subjects are synonymous.  T his is not actually the case, as

professionals are often students in university cour ses.

engineering there are no treatments that produce such dramatic effects, high subject differences can easily
hide treatment effects with the result of failing to obtain statistically significant effects.

A final issue that affects all types of subjects is that it is ver y difficult to have a control gro up.  If we have
to rely on volunteers, we have to provide so me benefit to the subjects and the organization that supports
their participation. In cases in which our subjects are students in a class, we have a responsibility to provide
so me educatio nal benefit to the students as part of their participation.  Usually this benefit is provided in
ter ms of training in a ne w approach. T he new approach is the experimental treatment that is being
compared to a usual approach, corresponding to the absence o f the treatment. Since all subjects must get
so mething out of the participation to the experiment, it is hard to justify having a group that learns nothing
new and is asked just to perform as they nor mally do.

In the PBR experiment, professional software engineers were expecting to learn a new way to review their
requirements documents. Therefore it would have been unrealistic to expect to have a control group of
subjects who learned nothing new and were used only for comparison purposes.

4.2.  Ordering of Events and Activities

Experiments in so ftware engineering are often co ncerned with assessing effectiveness: Ho w useful so me
process, notation, or tool will be to software develop ment.  Because of a lack of analytical models that
describe ho w people use so ftware processes, assessing an object of stud y in absolute  ter ms is almo st never
feasible.  We lack subjective kno wledge as to what are the best metrics to measure, what range of values
for these metrics sho uld be considered ^good~, and what kind of tradeoffs are necessar y if we desire to
maximize a particular metric, possibly at the expense of others.

T he alternative, which is adopted in many so ftware engineering experiments, is to assess effectiveness of a
software develop ment technique in co mparison to a similar one.  Of course, the co mparison technique
needs to be representative of currently accepted techniques, so that the basis o f co mparison is well
understood.

In an ideal situatio n, this leads to an experimental design similar to that seen in the Basili/Selb y experiment

[9], illustrated in Figure 2.  Each experimental treatment is perfor med b y each of the subjects.  Such a
within-subjects design addresses so me of the concerns about experimental subjects raised in the preceding
section: because each subject effectively serves as his or her o wn control (i.e. we can measure any
improvement for a subject against the baseline of his or her own previous perfor mance) the lack of a
control group is mitigated.  For the same reaso n, the variability amo ng subjects´ skills is less likely to affect
the results.  Also, because each subject provides multiple data points we make the best use of the subjects
that we do obtain.  We can also var y the order in which subjects enco unter the treatments so that if there is
a learning cur ve (i.e. subjects get more savvy at applying processes in the experiment regardless of the type
of process applied) then later processes do not look more effective than they actually are.

Group 1 Group 2 Group 3

                                                                                                           Code Reading Pgm 1 / Day 1 Pgm 2 / Day 2 Pgm 3 / Day 3

                                                                                              Functional T esting Pgm 3 / Day 3 Pgm 1 / Day 1 Pgm 2 / Day 2

                                                                                                 Structural T esting Pgm 2 / Day 2 Pgm 3 / Day 3 Pgm 1 / Day 1

Figure 2:  Basili/Selb y experimental design

Unfortunately, such a clean design is not always possible.  T he above design could be used in Basili/Selb y
because each process examined required certain support artifacts, without which it could not be executed.

T hus the experimenters could control when procedures were applied by the availability o f support

documents.  In contrast, let us consider cases in which the lear ning of o ne process could actually impact the

later executio n of other processes, and this interactio n cannot be explicitly controlled b y the experimenters:

In the PBR study, we wanted to evaluate a systematic technique (PBR) against a nonsystematic one.

However, we were afraid that teaching the subjects a new and systematic technique would bias later

performance on the nonsystematic comparison technique.  That is, we did not feel it possible to give

subjects guidance and then ask them to forget it and not use it later, when they were given some freedom to

use their own techniques.  Especially since the comparison technique was nonsystematic, we considered it

likely that some ideas from the new technique might find their way into the application of the comparison

technique.

A systematic techniq ue such as PBR, which provides instr uctions for what actions have to be carried out,

might distort the later use of non-systematic techniques in which reviewer s are free to find their o wn way to

accomplish the required task. Since it cannot be ruled out that subjects wo uld have continued to use so me

of the earlier directions even though a different technique was later assigned, the inspection order should

confor m to an increasing scale of prescriptiveness. T hat is, teams are not given the chance to apply less

prescriptive techniques of their o wn after learning a more prescriptive technique, such as PBR.  T his

prevents the less prescriptive techniques fro m incorporating guidance fro m the more prescriptive ones.

Group 1 Group 2

Nonsystematic

technique

Doc 1 Doc 2 Day 1

PBR technique Doc 2 Doc 1 Day 2

Figure 3. T he experimental design of the PBR experiment.

One potential problem with the PBR design is that it assumes that subjects do not share knowledge about

the documents.  (A more co mplete discussio n of this design appears in the next section.)  For examp le,

ever y team in Group 1 reviews document 2 on the second day; if team members receive infor matio n about

the document fro m a team who reviewed it on day 1, they would presumably perfor m more effectively with

the techniq ue used on day 2 than they wo uld have nor mally.  T his is primarily a concern in classroo m

experiments; as discussed in sectio n 4.1, the motivation of subjects in this case is so mewhat different than

that of so ftware professionals, especially when they are being graded on their participation.  We address

this problem b y using unique documents for each treatment in the experiment (see Figure 4 which sho ws

the design of the PBR2 stud y). In this way, subjects cannot learn any infor mation about a document fro m

each other before encountering it in the experiment, and results are not biased in this way.  Ho wever, to

avoid carryover effects fro m systematic to nonsystematic techniq ues, we had all subjects review the

document with the ad hoc techniq ue on the first day and with the PBR techniq ue on the second day.

All subjects

Ad Hoc

technique

Doc 1 Day 1

PBR

technique

Doc 2 Day 2

Figure 4 . T he experimental design of the PBR2 experiment.

4.3. Resulting T hreats to Validit y

In sections 4.1 and 4.2, we have discussed what we see as the ver y real constraints imposed b y the nature of
the so ftware engineering discipline and empirical work.  Subjects may not see any benefits for their
participation and apply little effort, or may tr y to maximize their perfor mance in ways not expected by the
experimenters.  T he teaching of new techniques may influence subjects´ o wn ways of doing things.

We have also discussed what we have found to be the most useful and feasible responses on the part of the
experimental design to those constraints.  We take the view that, at least for the foreseeable future, these are
constraints which we as experimentalists will have to live with.  Of co urse, the changes these constraints
cause to our experimental designs are not witho ut price.  Each of the designs introduced in the last 2
sections has so me associated threats to internal validity (i.e. alternative explanations for any differences
observed in the process under stud y).  We sub mit that these threats are not the result of sloppy experimental
design, but of constraints unique to the stud y o f human perfor mance in general and so ftware engineering in
particular.  We have fo und that our best strategy is to plan related sets of studies which, taken as a whole,
can increase co nfidence that the object of stud y and not the threats to validity are responsible for any
changes observed.

T he Basili/Selb y design introduced in the last section is one of the fe w designs with no serious threats to
validity b ut unfortunately is hard to achieve in practice.  As we introduce variations o n this design we tend
to obtain more realistically useful designs at the cost of introducing additional threats.  For examp le, the

PBR design (Figure 3) solves the practical problem o f co mbining the execution o f systematic and
nonsystematic processes in one experiment.  Ho wever, it introduces a threat since any effect d ue to time is
completely confo unded with the effect due to the technique used.  We could imagine a learning effect , that
is reviewers get more adept at finding defects in requirements, no matter what techniq ue is used, and thus
do better than nor mal on the seco nd day, resulting in o verestimating the effect due to PBR.  Alternately we
could imagine a boredom or tiredness effect , where reviewers beco me bored or tired with the experiment
over time, and expend less effort on the seco nd day, resulting in underestimating the effect.  T he point is
that these hypotheses, and any number of analogous ones, cannot be dismissed, and exist as potential
explanatio ns for any effect seen.  (Many o f these threats could be avoided, or at least better measured,
simply b y including a control group that uses PBR both days.  Ho wever, given the constraints on o ur
subject pool discussed in section 4.1 ˘ namely that volunteer or student subjects expect to gain so mething
of benefit fro m the experiment in a relatively limited time ˘ we do not accept this as a feasible alternative.)

We argue, ho wever, that the existence o f these explanations can be mitigated by taking steps that make
them less likely.  We can mitigate the existence of a lear ning curve that increases reviewer effectiveness
over time b y providing training sessio ns before the actual treatments o f the experiment.  In this way, we
give subjects the chance to overco me their lear ning curve during the training sessio ns rather than the actual
experiment.

In the PBR study, the subjects received no feedback regarding their actual defect detection success during
the experiment, so that it would presumably be difficult for them to discover whether aspects of their
performance were in fact improving their detection rate or not. Furthermore, the documents were
dissimilar enough that there little to be learned from the first document that could be transferred to the
second.

Similarly, we can overco me so me of the other potential effects of time, such as boredom, by scheduling the
experiment to give subjects a day off in between the two days o f the experiment.  T his helps prevent
subjects fro m feeling over whelmed because they must go through the treatments consecutively, and helps
avoid the pressures of missing two consecutive days of work.

T he design sho wn in Figure 4 might be viewed as a more difficult case.  In this design, not only effects due
to time but also effects due to the particular document are confounded with the effect due to the review
technique, which is the effect of primar y interest.  Here, ho wever, there is not so much we can do to
mitigate the damage caused by these effects. T he primar y concer n is that documents must be used for
which so me historical baseline exists so that we have so me objective basis for measuring the relative
performance of both techniques on the specific document.

A between-subject design that deals with these issues is shown in figure 5. It represents the design in the

DBR stud y. It has the advantage that it allo ws us to isolate the potential learning effects using a control

group but has the problems that one entire group does not get any training in the new process, it requires a

larger pool of subjects, and still does not measure the effects of using the systematic process before the

non-systematic process.

Day 1 Day 2

Nonsystematic

technique

Doc 1/

Groups 1 & 3

Doc 2/

Group 1

DBR

technique

Doc 1/

Group 2

Doc 2/

Groups 2 & 3

                                                   Figure 5:  Experimental design o f DBR with reading technique var ying between subjects.

T he subjects used in an experiment tend to introduce their own threats, altho ugh these are mainly related to

external  validity, i.e. threats concer ning ho w representative the experimental results are of the larger

population of software developers.  In section 4.2, we have alread y discussed those threats that co me fro m

subjects in classroo m experiments, and ho w we have dealt with them.  Studies that use inexperienced

reviewers may also face so me threats, since it is difficult to say ho w applicable results on inexperienced

subjects are unless the point of the stud y involves training issues.

We have enco untered one final threat to internal validity primarily when working with ver y experienced

reviewers: interaction of experience and treat ment .  In this case, prior experience can inter fere with the

process that reviewers are asked to execute, so that the process that the experimenters assume is being

executed may in fact not be the process that is being applied in reality.  For example,

In the PBR experiment, we asked reviewers to apply the PBR technique to documents from both inside and

outside their work domain.  An improvement due to PBR was seen on the documents from outside the work

domain, but not on the ones the subjects were used to working with.  The indication from post-hoc

interviews with subjects is that this difference may be due to the fact that subjects who had experience

reviewing documents in this work domain had built up their own, personal techniques for reviewing such

documents.  Thus, when experienced reviewers found themselves facing familiar documents the temptation

was to revert to their accustomed techniques rather than learning the new technique presented by the

experimenters.  This tendency was further reinforced by the fact that the experiment had a time limit.

Another for m of such interference b y preexisting kno wledge has been the spo ntaneous migration of

subjects across treat ments .

In the SBR study, we taught our subjects two different approaches to use a new OO framework so that the

strengths and weaknesses of the approaches could be compared. We randomly assigned one half of the

class to one approach (Hierarchy-Based), and the remaining half to the other approach (Example-Based).

However, we could not prevent the students from using effective work practices that they already knew, or

discovered during the project. As a result, we observed that all of the subjects moved away from the

Hierarchy-Based approach to some form of Example-Based approach that was found better suited for the

problem.

T his threat can be mitigated by using checks o n process confor mance, as discussed in section 3.

5. Replicating Experiments

In preceding sectio ns of this paper, we have tried to raise several reasons why families of replicated
experiments are necessar y.  I n this sectio n, we discuss replications in more detail and look at the practical
considerations that result.  Our primar y strategy for supporting replications in practice has been the creation
of lab packages, which collect infor mation on an experiment such as the experimental design, the artifacts
and processes used in the experiment, the methods used during the experimental analysis, and the
mo tivation behind the key design decisio ns.  Our hope has been that the existence o f such packages wo uld
simplify the process of replicating an experiment and hence encourage more replications in the discipline.

Several replications have been carried out in this manner and have provided us with a gro wing body of
kno wled ge on reading techniques.  We discuss so me o f these replications in more detail belo w.

5.1. T ypes of Replications

Since we consider that replications may be undertaken for various reasons, we have fo und it useful to
enumerate the various reasons, each of which has its o wn requirements for the lab package.  In our view the
types of replications that need to be supported can be grouped into 3 major categories:

1.  Replications that do not vary any research hypothesis

                         1.1.  Strict replications (i.e. replications that duplicate as accurately as possible the original

                                                       experiment).  T hese replications are necessar y to increase confidence in the validity o f the

                                                       experiment.  T hey demonstrate that the results fro m the original experiment are repeatable, and

                                                       have been reported accurately b y the original experimenters.

                         1.2.  Replications that vary the manner in which the experiment is run.   T hese studies seek to

                                                       increase our confidence in experimental results b y addressing the same problem as previo us

                                                       experiments, but altering the details of the experiment so that certain threats to validity are

                                                       addressed.

                                                       Due to the relatively small number of subjects and time constraints involved, the PBR study

                                                       simulated the number of defects that would be found by teams composed of one member using

                                                       each of the different PBR techniques.  A replication was undertaken [15]  that varied the

                                                       experimental design by assigning team members to specific teams and requiring that they meet to

                                                       agree on a common list of defects.  The ^simulated~ and ^real~ teams in each of the experiments

                                                       were used to measure the same thing, but the replication allowed comparison of results between

                                                       the two methods to provide some confidence in the statistical simulation.

2.  Replications that vary the detailed hypotheses.

                         2.1.  Replications that vary variables intrinsic to the proposed solution.   T hese replications

                                                       investigate what aspects o f the process are important b y systematically var ying intrinsic

                                                       properties of the process and examining the results.

                                                       The version of the requirements review techniques used in the PBR2 study attempted to be as

                                                       close as possible to the version used in the original experiment, with the exception of the level of

                                                       detail used.  The PBR2 techniques were much more specific, and attempted to constrain the

                                                       subjects to proven techniques for creating models of the system rather than allowing them to rely

                                                       on their own techniques.  Comparison of the PBR2 results to those from the original experiment

                                                       (both in terms of defect detection effectiveness and reviewer satisfaction with the technique) will

                                                       allow us to understand the importance of the level of detail in reading techniques.

                                                       T his type of experiment requires the process and artifacts to be supplied in sufficient detail that

                                                       changes can be made.  T his implies that the original experimenters must provide the rationales for

                                                       the design decisio ns made as well as the finished product.

                         2.2.  Replications that vary variables in the environment in which the solution is evaluated.

                                                       T hese studies can identify potentially important environmental factors that can affect the results

                                                       of the process under investigatio n.

                                                       The DBR studies have been independently replicated, so far, in five different contexts.  Table 1

                                                       summarizes the environmental variables and reports whether the study findings supported the

                                                       research hypothesis that DBR is more effective than ad hoc reading techniques.  Some

                                                       replications used software practitioners, while others used undergraduates or graduate students,

                                                       and obtained different results.  These studies, when put together, allow us to hypothesize that user

                                                       experience plays a role. Indications are that DBR is too sophisticated to be successfully applied

                                                       by undergraduate students (DBR requires the ability to model some aspects of the system being

                                                       reviewed ). The one replication using practitioners allows us to hypothesize that practitioners, as

                                                       previously discussed in section 4.3, may revert back to the techniques with which they are more

                                                       familiar. These conditions appear not to hold with graduate students, because they satisfy the

                                                       skill prerequisites for the reading technique and are not biased by daily working practices.

3.  Replications that vary the high-level hypotheses. T hese replications help deter mine the limits to the

                         effectiveness of a process, b y manip ulating the process and/or experimental co ntext variables to see if

                         basic principles still hold.

                         The PBR and DBR studies both found somewhat similar results, in that in both cases a family of

                         prescriptive analysis techniques, each based on a particular focus, was found to be more effective than

                         less prescriptive techniques at finding defects in requirements.  The similarity in results gave us more

                         confidence as to the effectiveness of focused reading techniques for finding defects in requirements,

                         and showed that the positive effects of such reading techniques were not limited to requirements in a

                         formal notation (DBR) but could be applied to natural language documents (PBR) as well.

                         The SBR study is another example.  We had also created a family of reading techniques for this

                         problem domain (reuse of functionality from an OO framework) but found that, in this case, the

                         techniques did not complement each other as in the PBR and DBR families.  This allowed us to

                         hypothesize about some differences between techniques for analysis tasks and techniques for

                         construction tasks.

                                                        Site No. of Runs Subjects Results Reference:

University of Mar yland 2 Graduate students Positive evidence [32]

Lucent T echnolo gies 1 Practitioners Positive evidence [31]

University of Bari 1 Undergraduate

students

No evidence [19]

University of

Strathclyde

2 Undergraduate

students

No evidence [30]

University of

Linkoeping

1 Undergraduate

students

No evidence [33]

Table 1 . Status of replications of DBR studies

5.2. Implications for Lab Package Design

T o date, much of the discussion of reuse between experiments has been focused on the reuse of p hysical

artifacts and concrete processes. T his is indeed a useful beginning. T he cost of an experiment is greatly

increased if the preparation of multiple artifacts is necessar y.  Creating artifacts which are representative of

those used in real develop ment projects is difficult and time consuming. Reusing artifacts can thus reduce

the time and cost needed for experimentation. A more significant benefit is that reuse allo ws the

opportunity to build up kno wledge about the actual use of particular, no n-trivial artifacts in practice.  T hus

replications (and experimentation in general) could be facilitated if there were repositories of reusable

20

Acknow ledgements

T he authors wo uld like to thank Michael Fredericks and Shari Lawrence Pfleeger for their valuable
comments on this paper.

References

[ 1] V. R. Basili, "The role of experimentation i n software engineering: past, current and future", in Proc.

                                      of the 18th Int. Conf. on Software Engineering , Berlin, Germany, pp. 442-449, 1996.

[2] V. R. Basili, "Evolving and packaging reading technologies", Journal of Systems and Software , vol.

                                      38, no. 1, pp.3-12, July 1997.

[3] V. Basili, G. Caldiera, F. Lanubile, and F. Shull, "Studies on reading techniq ues", Proc. of the

                                      Twenty-First Annual Software Engineering Workshop , SEL-96-002, Goddard Space Flight Center,

                                      Greenbelt, Mar yland, December 1996, pp.59-65

[4] V. R. Basili, S. Green, O. Laitenberger, F. Lanubile, F. Shull, S. Soerumgaard, M. Zelko witz, ^T he

                                      empirical investigation of perspective-based reading~; Empirical Software Engineering Journal , vol.

                                      1, no. 2, 1996.

[5] V. R. Basili, S. Green , O. L aitenbur ger, F. Lanubile, F. Shull, S. Sørumgård, and M. Zelkowitz,

                                      "Packaging researcher experience to assist replication o f experiments", Proc. of the ISERN meeting

                                      1996 , Syd ney, Australia, 1996.

[6] V. R. Basili, and D. H. Hutchens, "An empirical stud y o f a syntactic metric family", IEEE

                                      Transactions on Software Engineering , vol. SE-9, pp.664-672, November 1983.

[7] V. R. Basili, and R. W. Reiter, "A controlled experiment quantitatively co mparing software

                                      develop ment approaches", IEEE Transactions on Software Engineering , vol. SE-7, no. 3, pp.299-

                                      320, May 1981.

[8] V. R. Basili, and H. D. Ro mbach, "T he T AME project: T owards improvement-oriented software

                                      enviro nments", IEEE Transactions on Software Engineering , vol. SE-14, no. 6, June 1988.

[9] V. R. Basil i, R. Selb y, ^Co mparing the effectiveness o f software testing strategies~, IEEE

                                      Transactions on Software Engineering , vol. SE-13, no. 12, pp.1278-1296, December 1987.

[10] V. R. Basili, R. W. Selb y, and D. H. Hutchens, ^Experimentation in software engineer ing~, IEEE

                                      Transactions on Software Engineering , vol. SE-12, no. 7, pp. 733-743, July 1986.

[11] V. Basili, F. Lanubile, F. Shull, "Investigating maintenance processes in a frame wor k-based

                                      enviro nment", Proc. of the Int. Conf. on Software Maintenance , Bethesda, Maryland, 1998 (to

                                      appear).

[12] L. Briand, K. El E mam, and S. Morasca, "On the application of measurement theor y in software

                                      engineering", Empirical Software Engineering Journal , vol. 1, no. 1, pp.61-88, 1996.

[13] R. Brooks, "Studying programmer behavior experimentally: T he problems of proper methodology",

                                      Communications of the ACM , vol. 23, no. 4, pp. 207-213, 1980.

[14] D. T . Campbell, and J. C. Stanley, Experimental and Quasi-Experimental Designs for Research ,

                                      Boston: Houghto n Mifflin Co, 1963.

[15] M. Ciolko wski, C. Differding, O. Laitenberger, and J. Munch, "Empirical investigatio n of

                                      perspective-based reading: a replicated experiment", Technical Report ISERN-97-13 , International

                                      Software Engineering Research Net wor k, 1997.

[16] Co mposable Systems Group, "Model Problems", http://www.cs.cmu.edu/~Co mpose/html/ModProb/,

                                      1995.

[17] N. Fenton, S. L. Pfleeger, and R. Glass, "Science and sub stance: A challenge to software engineers",

                                      IEEE Software , pp. 86-95, July 1994.

[18] N. Fenton, and S. L. Pfleeger, Software Metrics; A Rigorous and Practical Approach, 2nd edition ,

                                      Internatio nal T ho mson Co mputer Press, London, UK, 1997.

[19] P. Fusaro, F. Lanubile, and G. Visaggio, "A replicated experiment to assess requirements ins pectio ns

                                      techniques", Empirical Software Engineering Journal , vol.2, no.1, pp.39-57, 1997.

21

[20] J. Gilgun.  ^Definitio ns, Methodologies, and Methods in Qualitative Family Research~.  In J. Gilgun,

                                      K. Daly, G. Handel, editors, Qualitative Methods in Family Research.  Sage Publications, 1992.

[21] K. L. Heninger, "Specifying software requirements for complex systems: new techniques and their

                                      application", IEEE Transactions on Software Engineering , vol. SE-6, no. 1, pp. 2-13, 1980.

[22] G. Hidding, ^Reinventin g Methodology~, Communications of the ACM , vol. 40, no. 11, pp. 102-109,

                                      1997.

[23] IEEE. Software Engineering Standards. IEEE Co mputer Society Press, 1987.

[24] O. Laitenberger, and J. M. DeBaud, "Perspective-based reading o f code documents at Robert Bosc h

                                      GmbH", Journal of Information and Software Technology , 39, pp.781-791, 1997.

[25] F. Lanubile, "E mpirical evaluation o f software maintenance technologies", Empirical Software

                                      Engineering Journal , vol.2, no.2, pp.95-106, 1997.

[26] F. Lanubile, "Report on  the results of the parallel project meeting reading techniq ues",

                                      http://seldi2.uniba.it:1025/isern97/readwg/index. htm , October 1997.

[27] F. Lanubile, F. Shull, V. Basili, "Experimenting with error abstraction in requirements documents",

                                      Proc. of the 5th Int. Symposium on Software Metrics , Bethesda, Mar yland, 1998 (to appear).

[28] C. M. Lott, and H. D. Ro mbach, "Repeatable software engineering experiments for co mparing

                                      defect-detectio n techniq ues", Empirical Software Engineering Journal , vol.1, no.3, pp.241-277,

                                      1996.

[29] J. Miller, J. Daly, M. Wood, M. Roper, and A. Brooks, "Statistical po wer and its subco mponents -

                                      missing and misunderstood concepts in so ftware engineering emp irical research", Journal of

                                      Information and Software Technology , 39, pp.285-295, 1997.

[30] J. Miller, M. Wood, and M. Roper, "Further experiences with scenarios and checklists", Empirical

                                      Software Engineering Journal , vol.3, no.1, pp.37-64, 1998.

[31] A. Porter, and L. Votta, " Comparing detection methods for software requirement s inspections: a

                                      replicated experiment using professio nal subjects", Empirical Software Engineering Journal , 1997

                                      (under review).

[32] A. Porter, L. Votta, V. Basili, ^Co mparing detection methods for software requirements inspections:

                                      a replicated experiment~, IEEE Transactions on Software Engineering , vol. 21, no. 6, pp. 563-575,

                                      1995.

[33] K. Sandahl, J. Karlsson, K. Krysander, M. Lind vall, and N. Ohlsso n, "A cross-cultural replication of

                                      an experiment for assessing methods for software requirements inspectio ns", Empirical Software

                                      Engineering Journal , 1997 (under review).

[34] Co mmunication and Organization: An E mpirical Stud y of Discussio n in I nspection Meetings.

                                      Carolyn B. Seaman and Victor R. Basili, IEEE T ransactions on Software Engineering, 24(6), June

                                      1998.

[35] B. A. Sheil, ^T he psychological stud y of programming~, ACM Computing Surveys , 13:1, 101-120,

                                      1981.

[36] F. Shull, F. Lanubile, and V. R. Basili, "Investigating Reading T echniques for Frame wor k

                                      Learning", Technical Report CS-TR-3896 , UMCP Dept. of Co mputer Science, UMIA CS-TR-98-26 ,

                                      UMCP Institute for Ad vanced Co mp uter Studies, ISERN-98-16 , International Software E ngineering

                                      Research Networ k, May 1998.

[37] S. Sørumgård, "An empirical stud y of process confor mance", Proc. of the Twenty-First Annual

                                      Software Engineering Workshop , SEL-96-002, Goddard Space Flight Center, Greenbelt, Mar yland,

                                      December 1996, pp.115-124.

[38] W. F. T ichy, P. Luko wicz, L. Prechelt, and E. A. Heinz, ^Experimental evaluatio n in co mputer

                                      science: a quantitative stud y~, The Journal of Systems and Software , 28, pp. 9-18, 1995.

[39] M. V. Zelko witz, and D. R. Wallace, "Experimental models for validating technology", Computer ,

                                      pp. 23-31, May 1998.

[40] Z. Zhang, V. Basili, and B. Shneider man, ^An E mpirical Stud y o f Perspective-based Usability

                                      Inspection~, accepted at Human Factors and Ergono mics Society Conference ´98.