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Abstract

Experimentation in software engineeing is difficult. One reason is that there ae alarge number of context
variables, and so creaing a whesive understanding of experimental results requires a mechanism for
motivating studies and integrating results. It requires a ommunity of researchers that can replicate studies,
vary context variables, and build abstrad models that represent the ammmon ohbservations about the
discipline. This paper discusses the experience of the authors, based upon a wlledion of experiments, in
terms of ahighlevel framework for organizing sets of related studies. With such a framework, experiments
can be viewed as part of common famili es of studies, rather than being isolated events. Common families
of studies can contribute to higher level hypotheses that no individual experiment could achieve. Then the
replication of experiments within afamily of studies can ad asthe arnerstone for building knowledge in
an incremental manner. A mechanism is suggested that motivates, records, and integrates individual
experiments within a family for analysis by the coommunity at large.

To suppart the framework, this paper discusses the experiences of the authorsin carrying out empirica
studies, with spedfic emphasis on persistent problems encountered in experimental design, threasto
validity, criteriafor evaluation, and exeaution of experimentsin the domain of software engineeaing.

1. Introduction

Carrying out empiricd work iscomplex and time consuming; thisis espedally true for software
engineaing. Unlike manufacuring, we do not build the same product, over and over, to med a particular
set of spedfications. Software is developed and ead product is different from the last. So, software
artifads do not provide us with alarge set of data points permitting sufficient statistical power for
confirming or rejeding a hypathesis. Unlike physics, most of the technologies and theories in software
engineaing are human based and so variation in human abili ty tends to olscure experimental effeds.
Human fadors tend to increase the @sts of experimentation while making it more difficult to achieve
statistica significance Asaresult, in software engineaing and more generally in computer science, the
balance between evaluation of results and development of new theories or technologiesis gill skewed in
favor of unverified propasals[38, 39]. So, empiricd reseach may appea in the software engineaingfield
asasidetopic instead of being a standard way to validate daims, asin other scientific disciplines.

Surely empiricd software engineeing reseach is not freeof flaws. The 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 sometimes generalized to a population that is different from the
experimental sample [17]. Empiricd investigators are challenged to design the best study that the
circumstances make possible, trying to rule out al the dternative explanations of the results and generalize
those results to the setting of interest. Although the investigators may not get the "perfed” study (assuming
there isa perfed one), they have to report the study in such away that others can verify the mnclusions and
be aware of the biases that can make the conclusions more equivocd.

The authors have had varying experiences in running a number of empirica studiesin software engineaing
for over twenty yeas. Most recently, we have worked together to explore and test hypotheses on how
software engineea's use documents when constructing and analyzing software. Whil e planning, designing,
exeauting, and analyzing our experiments, we have experienced dredly how hard it isto run valid studies
that provide empiricaly based conclusions and whose impli cations are till felt important for software
engineas. In this paper, our goal isto (1) discussthe experience of the aithors while carying out empirica
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studies in the domain of software engineeing, and (2) suggest how to padkage this experiencein aform
that supparts multi ple repli caion studies around common questions of interest.

For the purpaose of this paper, we use the definitions of some key terms from[1]. An empiricd study, ina
broad sense, isan ad or operation for the purpose of discovering something unknown or of testing a
hypothesis, involving an investigator gathering data and performing analysisto determine what the data
mean. This covers various forms of research strategies, including all forms of experiments, qualitative
studies, surveys, and archival analyses. An experiment is aform of empiricd study where the reseacher
has control over some of the anditions in which the study takes place &d control over the independent
variables being studied; an operation carried out under controll ed conditionsin order to discover an
unknown effed or law, to test or establish a hypaothesis, or to ill ustrate aknown law. Thisterm thus
includes quasi-experiments and pre-experimental designs. A controll ed experiment is a spedfic form of
experiment in which the subjeds are randomly assigned to experimental conditions, the researcher

mani pulates independent variables, and the subjeds in different experimental conditions are treaed
similarly with regard to all variables except the independent variables.

One reason experimentation in software engineaing is © hard isthat the results of almost any process
depend to alarge degreeon a potentially large number of relevant context variables. Because of this, we
cannot a priori assume that the results of any study apply outside the spedfic environment in which it was
run. Unfortunately, in software engineeing, too many studiestend to beisolated and are not replicated,
either by the same reseachers or by others. For these isolated studies, even if they are themselves well -run,
it is difficult to understand how widely appli cable the results are, and thus to assessthe true contribution to
thefield.

As an example, consider the foll owing study:

» Badli/Reiter. This dudy was undertaken in 1976in order to charaderize and evaluate the
development processes of development teams using a disciplined methoddogy. The dfeds of the
team methoddogy were contrasted with control groups made up of development 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 reducethe average mst and complexity
(faults and rework) of the processand (BR2) the disciplined team should behave more like an
individual than ateam in terms of the resulting product. The study addressed these high-level
hypatheses by evaluating particular methods (such as chief programmer teams, top dawvn design, and
reviews) asthey were gplied in a dasgoom setting. [7]

Thiswas arigorous gudy, but unfortunately never led to alarger body of work on this subjed. The

spedfic experiment was not repli cated, and the high-level hypotheses were not studied. Thusit was never

investigated whether the results hold:

» for software developers at different levels of experience (the original experiment used university
students);

» if development teams are ompased differently (the original experiment used only 3-person teams);

» if another disciplined methoddogy had been used (i.e., were the benefits observed due to the particular
methoddogy used in the experiment, or would they be observed for any disciplined methoddogy?).

The aove bullets are examples of "choice paints' in the design of the experiment. That is, ead of the
above bull ets represents a spedfic dedsion that was made aout how the experiment would addressthe
high-level hypatheses. To rigoroudly test the high-level hypaotheses, it would be necessary to run further
studies that made different dedsions at the choicepoints. If this can be done systematicdly, then abody of
knowledge can be built up that represents ared understanding of some asped of software engineaing. In
this way, high-level hypotheses can serve & a means of organizing a set of related empirica studies.

The caeful replicaion of experiments within such a set of studiesisthe mrnerstone to buil ding knowledge
in an incremental manner. An experiment can be repeaed as grictly as possble (i.e. using all of the same
dedsions asthe original) just to confirm the previous findings. Thisincreases confidencethat the original
experiment was corredly runand properly reported, and that the results are repeaable. The designitself
can be dhanged to refute somerival hypothesis or make up for some threa to validity in the ealier study.



The context in which the experiment is run can be changed to investigate the necessary conditions for the
occurrence of the findings, trying to answer "in which situations does this technology work?" Replications
can be performed by the same reseachers to increase their personal confidencein the results or the
statisticd power of the study. But, most important, repli caions can be performed by independent
investigators with the goal to check and improve the results of previous reseachers. Fadlitating the
spreading of replicaions of empiricd studiesis a prerequisite to building a aedible body of knowledgein
thisfield.

Of course, the difficulty isthat the choice paints need to be made explicit, so that reseachers can
understand how much coverage has already been provided in this areg and what still remainsto be done
before the high-level hypotheses have been adequately tested. It is necessary to avoid identifying both too
many choice paints, so that providing a significant amount of coverage becomes neither cost-effective nor
interesting, and too few choice paints, so that interpretation is gill difficult because important variables
have not yet been identified. Multiple schemes for identifying and organizing choice pointsin individual
experiments have drealy been proposed in the literature. For example:

* [10Q] proposed an organizational framework that consisted of four categories corresponding to phases
of experimentation: definition, planning, operation, and interpretation. For eat phase, categories of
choices were identified which had to be explicitly answered. This framework is most concerned with
allowing researchersto define the purpose of the experiment and the objea of study. For example,
under experimental definition, the reseacher was asked to identify the purpose for the study
(charaderizaion, evaluation, prediction, motivation), classify the objed of study (product, process
model, metric, or theory), and determine the scope of the study (whether single projed, multi-projed,
replicaed projed, or blocked subjed-projea). [25] proposed a similar framework but provided
different values for the dimensions of the dassificaion, refleding common concerns for
experimenters. For example, the researcher was asked to spedfy whether the mncrete objed of study
in the experiment was a product technology or a processtechnology; whether the purpose of the
experiment was to eval uate the outcome of a processversus the processitself; and whether the study
was focused on asingle, spedfic objed of study or on multiple objeds.

* [28] presented a framework that placed additional emphasis on experimental variables. For example,
under the topic of "subjeds" reseachers were asked to explicitly report the seledion criteria used; the
experience, training, and badkground of the subjeds; how ethica issues (such as the right to withdraw
from the study) were handled; and how many subjeds are required based on the power of the statisticad
analysis procedure.

e [17] present alist of questions by which empiricd studies $ould be evaluated. These questionsin turn
suggest aframework for reseachersto usein spedfying their experiments, since suitable information
should be reported to answer ead of the questions. The questions concern: whether theresearch is
based on empiricd evaluation and data, whether the experiment was designed corredly, whether the
study isbased on atoy or red situation, whether appropriate measures were used, and whether the
study was run for along enough time.

Our intention hereis not to rate or recommend the propcsed experimental frameworks. Rather, we note
that the important common charaderistic of all of these frameworks is that they document the key choices
made during experimental design, along with their rationales. This allows other experimenters to
understand where diff erent choices could have been made, and raise questions as to the likely outcome of
other choices. Because these frameworks provide amechanism by which different studies can be
compared, they help to arganizerelated studies and to tease out the true dfeds of both the processbeing
studied and the environmental variables.

This mechanism all ows the primary question of an experiment to shift from "lsaparticular process
effective?' to "What are the fadors that make aparticular processeffective or ineffedive?' This dift gives
us more insight into the field of software engineaing asawhole. Thered objeds of study are no longer (a
potentially infinite number of) processes, but (a presumably finite set of) process product, and
environmental fadors. Having information at this level paves the way for the "continual improvement”
described in [8]: When a particular processis only assessed as being effedive or not, it remains a black

box. When we identify important factors that relate to its eff ediveness, we can use this knowledge asthe



basis for improving the process(if it is effedive) or for creaing a new processbetter suited to the needs of
the ewironment (if the original processturns out to be ineffedive).

The aove discusson leads us to propose that the foll owing criteria ae necessary before we ca begin to

buil d up comprehensive bodes of knowledge in areas of software engine&ing:

1. Setsof highlevel hypotheses that are of interest to the software engineaing community, that provide
choice points for the seledion of detail ed hypotheses;

2. Detailed hypotheses written in a context that allow for awell defined experiment;

3. Context variables, suggested by the hypatheses, that can be changed to allow for variation of the
experimental design (to make up for validity threas) and the spedfics of the processcontext;

4. A sufficient amount of information so that the experiment can be replicated and built upon; and

5. A community of reseachers that understand experimentation, the need for replication, and are willing
to collaborate and replicate.

With resped to the Basili/Reiter study introduced above, we @an rnote that while it satisfied criteria 1, 2 and
4, it failed with resped to criteria 3 and 5. It was not suggested by the authors that other researchers might
vary the design or manipulate the processes or criteria used for evaluation although the analysis of the data
was varied in alater study [6]). Nor was there a ommunity of reseachers willingto analyzethe
hypotheses even if suggestions for replication had been made.

The high-level hypotheses and the organizational framework seleded should be used to choose afocus: i.e.,
help determine the dedsions that should be made & the choice pointsto define an experiment of interest.
The objedive isto define astudy that contributes to buil ding knowledge in the "big picture,” represented by
the high-level framework, but in which the spedfic objed of study is gill pradicad and useful for the
reseacher's own environment. At each choice point, we must be caeful to assure ourselves that the
problem remains interesting to the software engineeing community, i.e., we must pick processes that are of
interest and value, and criteria that are meaningful and measurable.

The remainder of this paper is organized acording to the five aiteria of the organizational framework. We
will refer to the studies we have run (as well as others) in order to ill ustrate what we have leaned over time
about building knowledge from carefully planned individual studies. Aswe proceed, we will also use our
remarks in this paper to suggest guidelines for lab padkages: that is, pacages that colled not only
experimental artifads but also experimental experiences for the purpose of encouraging and fadlit ating
caefully planned replicaions.

2. Formulating High Level Hypotheses and an Experimental
Framework

As an example of using high-level hypotheses and an experimental framework to motivate spedfic,
individual studies, we present our work in the field of reading techniques. Realing techniques are
procedural techniques, ead aimed at a spedfic development task, which software developers can follow in
order to oltain the information they need to acamplish that task effedively [2, 3]. We were interested in
studying them in order to determine if beneficial experienceand work pradices could be distill ed into
procedural form, and used effedively onred projeds.

In order to effedively investigate reading techniques, we needed some way of identifying and organizing
important facdors that might influence the exeaution and effedivenessof reading techniques. For example,
because reading techniques are eat aimed at a spedfic development task, we wanted some way of
identifying important caegories of development tasks. We reasoned that this would later al ow usto
identify attributes of the tasks themselves that effeded the reading techniques we aeaed for them.
Because reading techniques are dso concerned with obtaining the relevant information from a particular
source, we wanted to identify pertinent attributes of the software atifads that would be used in this way.

We developed atreestructured framework that described the problem spacewith which we intended to
ded [3], and have evolved it as new experiments have been attempted. Figure 1 represents the arrent



version of that framework. The top d the framework represents the problem space ad the bottom leaves
represent the existing techniques built for empiricd study.

At the topmost level, we divided the set of al reading techniques into two groups, depending on whether
the task for which they were used was an analysis task (verifying that a software document possessed
certain charaderistics) or construction task (using a software document to construct a new system). At the
next level, we grouped reading techniques acarding to the spedfic objedive to be adieved within that
overall goal, e.g., finding anomali esin the software or making a maintenance modification. Another
variable is the document to which the task is applied. Some of these objedives may be gplied in different
formsto dacuments at different phases of the lifecycle; e.g., we may undertake anomaly detedion in bath
requirements documents and code, which would require very different techniques. We can also think of
some ohjedives that apply to documents from multiple phases of the lifecycle; e.g., an Objea-Oriented
framework is an artifad that is advertised to suppart reuse of both design and code. Finally, the last level
of the taxonomy addresses the very spedfic notation in which the document is written. For example,
reguirements can be written in a natural language, or trandated into aformal notation for requirements gich
as SCR[21].

The advantage of the treestructure is that more and more detail i s edfied, as we make more dhoices and

move lower inthetree This gructure dlows other researchersto go down the same treepath or branch off

at ahigher level. Thistreestructure framework allows usto define dasses of experiments and combine

them back to high-level hypotheses. Some of these hypotheses are associated with the roct of the treg i.e.,

with all the techniques at the leaves of the tree Example roat level hypathesesinclude:

*  We can effectively design and study techniques that are procedurally defined, document and notation
spedfic, goal driven, and empirically validated for use.

e We can demonstrate that a procedural approach to a software engineeing task could be more dfedive
than alessprocedural one.

Other hypotheses can be associated with various branches in the tree For example, associated with the
analysis branch of the treeis the hypothesis that we can creae famili es of related reading techniques such
that multiple reviewers can ead concentrate on analyzing a spedfic asped of the document; the diff erent
techniques in the family will together cover all aspeds of interest in the entire document. Associated with
the construction branch of the treeis the hypathesis that we @an creae techniques for understanding the
document that do not require coverage of the entire software atifad but will be sufficient for the required
task goal.

Thuswe can define avariety of sub-hypotheses associated with the treeframework. Although ead reading
technique by necessity is applied to a particular task and dacument, we @an gain confidencein our study of
ahypothesis only as we study reading techniques for multiple types of tasks and multi ple types of
documents. Thus all experiments that fit in the cntext of thistree ca be used to test the hypotheses that
procedural techniques for understanding particular documents can be defined and studied and that
procedural guidancefor reading techniques can be more effedive than nonsystematic or ad hoc gpproacdes.
Also, eat particular experiment can identify spedfic hypotheses relevant for that experiment, alowing s
to build new sets of hypaotheses that can be added to the various branches of the framework.

Relating hypotheses through a treestructure helps keep the relevant context variables organized and thus
helps in assesdng the contribution of a particular experiment. By tradng down the branches of the treethat
describe an experiment, the relevant processfadors and environmental variables can be eaily identified.
The treestructure dso serves as a basis for comparing experiments, sincethe location in the treehighlights
whether the dedsions at the dhoice paints were the same or different for any two experiments. Finaly, the
treesummarizes the amount of experimentation in an area and il lustrates the degreeof “coverage” by
showing for which branches experiments have drealy been run, and which still require investigation.

Various tedhniques have been devel oped for study and are represented by the roots of the framework in
Figure 1. These have been the basis of sets of experiments, representing varying levels of maturity and
replicaion. A subset of the particular experiment set will be used as the basis for discusson in this paper.
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Figure 1: Partial problem space addressed by software reading techniques.

The set of experiments that were suggested by this treestructure include:

Defed-Based Reading (DBR): Thiswas the first family of scenario-based readingto be investigated,
and focused on defed detedion in requirements, where the requirements were expressed a state
madhine notation, cdled SCR. There ae threereadingtechniquesin the DBR family, eat providing a
procedure and set of questions aimed at uncovering a spedfic dassof defedsin the SCR notation. In
this gudy, defed-based realing, ad hoc reading and checklist-based reading were evaluated and
compared with resped to their effed on fault detedion eff ectivenessin the context of an inspedion
team. This addressed roat-level hypaotheses such as whether we @an effedively designand study
reading techniques and whether a procedural approach to a software engineeing task could be more
eff ective than alessprocedura one. It also addressed analysis branch hypotheses such as whether we
can effedively define afamily of techniques, eat with a different focus, but whose union provided
reassonable mverage of the atifact. A more spedfic hypothesis was whether DBR represented a more
eff ective way to review SCR-notation regquirements than other common techniques. The study was
originaly run twicein 1993using graduate students at the University of Maryland [32], and replicated
several times, including a study in 1995using undergraduate students at the University of Bari [19].
Perspedive-Based Realing (PBR): This st of experiments also focused on defed detedion in
requirements, but for requirements expressed in netural language. Again, there ae threereading
techniques in the PBR family. Each procedure was based upon the perspedive of a particular customer
of the document, e.g., the user, the designer, the tester. In the experiments run at of NASA Goddard
SpaceFlight Center in 1994and 1995, perspedive based reading was evaluated and compared with the
nonsystematic defed detedion technique that the subjeds already had experiencein the organizaion.
Evaluation was with resped to fault detedion effediveness. These studies addressed the same root-
level and analysis level hypatheses as DBR but had different spedfic experimental hypotheses. The
study was originally run twice @ NASA and has been repli cated several times, including the

repli cation conducted by the Fraunhofer Institute for Experimental Software Engineaing using
professonal developers during apre-projed training course. [4, 24]



» Use-Based Reading (UBR): This experiment focused on anomaly detedion in user interfaces. It isa
family of analysis techniques based on threesystem user perspedives (expert, novice, error handling).
In the experiment run at the Bureau of Census, UBR was compared against the usabili ty inspedion
technique. Spedfic hypatheses included the effedivenessof the spedfic techniquesto identify certain
classes of anomalies. [40]

» Seoond Version of PBR (PBR2): Based on experiences with the previous PBR studies, new versions of
the PBR techniques were aeaed. These new techniques were more procedurally oriented versions of
the ealier set of PBR tedhniques. In particular, we made the techniques more spedfic in all of their
steps. They were amed at testing the roat level hypotheses about procedurally defined techniques
even more, as well as providing a better oppatunity for cheding processconformance In addition, we
augmented the technique with additional steps that asked reviewers to reason more deeply about the
types of defectsthey had aready found, and whether further defeds of that type existed in the
requirements. Spedfic hypotheses had to dowith the aility of the techniquesto be dfedivein
deteding errors as well as faults and the abili ty of multi ple readers to extrad a @mmon set of errors.
The new version was evaluated in an experiment at Maryland in 1997 [27]

»  Scope-Based Reading (SBR): The only experiment so far in testing the cnstruction branch of the tree
isthe study of scope-based reading. Unlike the analysis branch the hypotheses here ae related to
finding a particular technique that all ows the user to better understand the document for usein
constructing another document. Two reading techniques here were developed for leaning about an
Objea-Oriented framework in order to reuse it. The two techniques, one hierarchicdly based and the
other example based, were mmpared with resped to their abili ty to suppart the buil ding of a new
system using the framework. Spedfic hypotheses included whether either of the techniques was more
eff ective for new versus experienced developers. The techniques were observed during use, and
hypotheses as to important charaderistics of ead were built up. [11, 36]

3. Choosing a Specific Focus from the Experimental
Framework

As may be noted from the experimental descriptions above, any experiment will investigate very spedfic
hypotheses in addition to the high-level ones. Although the high-level hypotheses and experimental
framework may help determine what broad areaof the problem domain will be investigated, a spedfic
objed of study will haveto be seleded, a spedfic context will have to be chosen in which to run the study,
and spedfic metrics will haveto be chosen for colledion and study.

Choosing the proper spedfic focus is perhaps the most difficult part of experimentation. Many reseachers
redizethat it can be difficult to experiment when the objed of study is not a physicd objed that can be
observed and studied dredly, but arelatively nebulous concept such as “process’ that can only be studied
indiredly, through being exeauted hy the experimental subjeds. Becaise our primary objea of study is
being observed only indiredly, there ae many considerations that can affed the validity of our
experiments. Some examples:

* How do we define/specify the process?
Thisisone of the most criticd issuesin the study of any process What isthe level of detail inthe
guidance? Should it vary with the experience of the user of the process? Besides a description of what
you should dg should there be adescription of what you 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 diredly, the fact that each subjed for each technique was given only the particular
items needed for the activity, e.g., spedfication and source @de for reading, spedfication and
exeaitables for functional testing, did restrict the subjed's ahility to perform one processwhen they
were suppased to be performing another.

It isnot difficult to provide astep-by-step process pedfied in gred detail. However, this gives no
assurancethat thisis adually what is done when subjeds are asked to execute the process In[22], the



experimenters undertook a study of how people foll ow processes and determined that users rarely
follow even detailed processes tep-by-step. Instead, they may “internalize” or foll ow their own
interpretation of the process and augment the processwith information from other sourcesin order to
tail or the processto a given situation. Moreover, we have found in our own experiments that the level
of detail at which a processisfollowed dces make adifference

In the BBR study, subjeds were given aprocessfor reusing functiondity from example appli cations.
There were characteristic differences between subjeas who foll owed the process $rictly andthose
who wsed amodified form of it. Both advantages and dsadvantages were noted. For example,
subjeds who foll owed the process srictly seaemed lesslikdy to augment the processwhen necessary
(theywere lesslikely to implement functiondity when they could not use the processto findit in an
example appli cation, whereas other subjeds were able to implement the functiondlity on their own).
Strict foll owers of the process however, also seamed lesslikdy to waste time on unrecessary activities
(theywere lesslikely to get involved in “ gold plating” the new system).

One posshble mechanism for helping to get the user to foll ow the processas defined isto get them to
verbali ze the processwhil e performing it. One way of doing this might be to have the process
performed in pairs, i.e., one person can guide the other.

In afollow up to the original UBR study, we naticed that giving the processto two people to perform
asateam, i.e., onereading the rules and recording results, andthe other performing the process may
have been more dfedivein finding anomali es because the processwas more rigorously performed.

*  What subjectsare performing the process? In order to have auseful answer to this question, we
need to be aleto dfferentiate subjeds based on their important charaderistics. In order to do this, we
have found it useful to employ amix of qualitative? and quantitative methods. Qualitative methodsin
particular are useful for identifying what the subjeds themselves feel may be important experiences or
skillsthat affeded their successusing the process The use of methods that elicit subjed perspedives
are espedally important sincethe experimenters do not always have the rred intuition about what is
going on within the subjed when a processis applied. The subjeds themselves do not always have
corred knowledge in thisregard, but their intuition and concerns can be atremendous help in
identifying red issues.

Once potential measures of subjed experience have been colleded (perhaps via questionnaires or
interviews) then quantitative methods can be used to test whether a correlation does exist between any
of the experience measures and the dfedivenesswith which the processis applied. For example:

While performing PBR subjeds are asked to adopt the point of view of a user of the requirements:
either a designer, tester, or user for the system being constructed. Therefore, we expeded that the
subjeds’ previous experiencein these roleswould be an important factor affedingtheir effediveness
when using PBR Howeve, quartitativeanalysis showed that it was not role exerience but simply
the amourt of experiencewith requirements documents, that provided the most important
characterization o our subjeds. Subjedswho had been applying their usual review technique for the
longest amount of time found it hard to switch to the new technique, espedally for a famili ar type of
document.

While important, charaderizing subjeds is also a difficult task, thanks largely to the large variations
seen in human performance[13, 35]. Clea demonstrations of statisticdly significant relationships
between subjed charaderistics and resulting performance ae hard to come by.

* How doweaccount for process confor mance? Aside from charaderizing the subjeds, another
feaure that neadsto be caefully charaderized isthe execution of the technique itself. It should not be

2 Qualitative datais information represented as words and pictures, not numbers [20]. Quadlitative analysis
methods are those designed to analyze qudlitative data. Quantitative data, on the other hand, is represented
numericaly or on some other discrete finite scde (i.e. yes/no o true/false) [34)].



assumed that subjeds are gplyingthe expeded processin the expeded way. Subjeds are not

mali cious, but will sometimes concentrate on successully acammplishing what they see & the goal,
even if it means graying from the processasggned. In other cases, the behavior of subjedswill be

aff ected by their typicd work habits or by techniques with which they have more famili arity, which are
not acounted for in the processassigned. Thus experimenters need to worry about process
conformance, by pladng some bounds on the expeded behavior of the subjeds applying the process
(Thisisdifferent from the first bull et which worries about whether the subjed can and dces perform
the processas defined. Thisis about whether the experimenter knows whether it has been applied, and
the level of application). There ae multiple gproaches for deding with this: (1) explicitly monitoring
the adiviti es of the subjeds ourselves, (2) asking subjedsto turn in intermediate atifadsthey produce
asthey apply the process and (3) asking subjedsto demonstrate (after the faa) skills they shoud have
gained if they performed the processas expeded. Some of these methods have been applied
successfully in our previous experiments:

In the SBBR study, we built the evaluation of processconformanceinto the experiment. Because there
was not much previous work in the domain of reuse in ojed-oriented frameworks, we taugtt the
reading techniquesto our subjeds but did na require their use. Instead, we spent a lot of time and
effort monitoring what the subjeds did. In thisway, we gathered a lot of information abou when the
techniques were andwere not useful, what diffi culties were experienced in their use, andwhat other
proceses sibjedsfound wseful for augmenting the tedhniques.

In the PBR2 study, we built the exaluation of processconformanceinto the process In this
experiment, we were more confident in the techniques based on previous experiments. One of our
motivations for increasing the leve of detail i n the techniques was that we could then better assess
processconformance. The subjeds were required to create intermediate artifacts whil e foll owing the
techniques, which we later colleded and studied for insight into how the processwas exeaited. \We
also asked subjedsto crossreference the defeds theyfoundwith the spedfic steps of the technique
that had been most useful in their discovery.

Of coursg, it isimportant to ke in mind that the processunder study and the experiment themselves
aff ect processconformance. For instance, we (as experimenters) might want the subjedsto use avery
spedfic processand record many intermediate results, so that we can assessprocessconformance d a
very detailed level. However, if the processistoo cetail ed and requires a high amount of bodkkeeping
overhead, the processwould be tedious and unpleasant for the subjeds. The pradicd usefulnessof
such atechnique should be questioned.

« How doweselect good criteriafor effectiveness? The goal of most studies on processhasto dowith
whether or not the processhas a positive dfed (the intended effed) on the product. But how do we
define the intended effed and how do we measure it? Is the intended effed reduction in cost,
improvement in quality? Do we define it diredly or by some metric that is easy to measure? A
common problem is that we might not fully understand the intended effed or cannot define it
sufficiently well to measure it. Therefore we indiredly measure using some metric that we fed
confident captures what we mean by effediveness[18]. A common mistake isto choose ametric that
isinredity not aswell correlated with our intended effed aswe assume. It is necessary therefore to
rigorously analyze whether experimental metrics redly cgpture the dtributes of interest. An example
of this concern occurred in our initial study of PBR:

Our initial PBRexperiment measured the dfedivenessof the defed detedion processes by means of
the number of faults® that reviewers discovered. Howeve, is thisthe crred metric? The ultimate aim

3 We use the foll owing terms in a very spedfic way in this paper, based on the |EEE standard terminology
[23]. Anerror isadefed in the human thought processmade whil e trying to understand given information,
to solve problems, or to use methods and toals. In the context of software requirements pedfications, an
error is a basic misconception of the atual needs of auser or customer. A fault isa concrete manifestation
of an error within the software. One aror may cause several faults and various errors may cause identica
faults. A failureis a departure of the operational software system behavior from user expeded



of defed detedionisto repair the requirements document so as to eliminate misunderstandngs of the
problemor potential defedsin the system . Faults may be too detail ed, too spedfic, too dependent on
the reviewer's point of view, and nd provide sufficient insight to be well-suited as a basis for repairing
requirements. Dealingwith a Hgher leve of abstraction (errors) might all ow reviewer s to identify the
really fundamental misconceptionsin adocument for repair. In theinitial analysis of the PBR2 study,
subjeds reported that errors seemed to conveybetter information for correding the document, hel ped
focus reviewers onimportant areas of the document, and gave a better understandng of the real
problems in the requirements.

4. Designing Experiments

In prior sedions we have tried to ill ustrate aframework for designing related famili es of experiments, and
raise relevant issues. Section 2 discussed how a framework relating factors of interest suggests high-level
hypotheses. In sedion 3 we dedt with how these hypotheses and the framework help to determine the
particular objea and environment of study, and how the objed and environment in turn determine the
detail ed hypotheses that are investigated.

In this ®dion we discusshow unique dtributes of experimentation in software engineaing determine,
sometimes in urexpeded ways, the manner in which we ae ale to explore the hypotheses seleded. As
examples, we il lustrate some of the design dedsions we have been faced with in our own experiments, and
how these dedsions have dfeded the experimental designs and thus the aedibili ty of conclusions.

4.1. Subject Pool and Experimental Context

A particularly challenging asped of software engineaing research is obtaining subjeds for
experimentation. Unlike some other fields that study human behavior, empiricd software engineeingis
constrained by the fad that only arelatively small percentage of the human population has the requisite
skillsto usefully perform software devel opment processes for study and is avail able for experimentation.
For the most representative results, experimental subjeds need to be taken from that small percentage.
Thus one of the important dimensions describing subjedsis that of experience. The experience of subjeds
in skillsthat are relevant to the objed of study must match that of the population to which we want to
generalize However, it is not easy to identify the relevant skills or to measure experiencein away that is
meaningful.

In the PBR study, we measured subjed experience by asking how many years the reviewer had spent in
each dof the PBRroles (designer, tester, user). Data andysis revealed that there was a weak relationship
between experienceand number of defeds found, that is, reviewers with more quadlifi cation years did na
tend to find more defeds thanreviewers with lessor no qudifi cation.

Theided case of experienced software professionals as experimental subjeds is difficult to achieve.
Subjeds have to be borrowed from a devel opment organization. Because of cost and company constraints,
we annot exped to find as many subjeds as we would need to achieve enough statisticd power for testing
group dfferences (see[12, 29| for adiscussion on statisticd power in software engineering experiments).

In the PBR study, in which subjeds were software devdopers from the NASA SEL environment, we
estimated the st per individud would be at least $500 per day and the maximum number of people who
might be able to participate in the exeriment was 18 subjeds. Given these cnstraints, we minimized the
effed of limited experimental subjeds by designing a within-subjed experiment (subjeds were observed
multi ple times acrossall the treatments) so that the number of avail able data pdnts was a multi ple of the
number of available subjeds.

To addressthe difficulty of obtaining professional subjeds, we often use students from software
engineaing courses. Experiments on students are well-suited to investigating certain issues that do not

requirements. A particular failure may be caused by several faults and some faults may never cause a
failure. We will use the term defed as a generic term, to refer to an error, fault, or failure.
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require high levels of industrial experience, e.g. the leaning curve asociated with training in a new
technology. Also, at many universiti es even undergraduates have relevant industrial experience Even
when the experiencelevel islimited, we can use student experimentsto debug experimental protocols
before gplying the treament to more expensive, experimental subjeds.

Another important dimension is the experimental context, espedally asit affeds subjed motivation. In
software engine&ing process sudies, we ae trying to assess the impad of a technique on red work
pradices, and we need subjedsto perform at alevel that is representative of their professonal work.
Idedly we would like to creae an experimental setting for software developersthat either refleds their
organizaional setting or that all ows them to seesome professional benefit from the adivities. This would
motivate them to put more effort and thought into adivities.

Motivation is a problem when subjeds are aked to work on "toy" problems, are given unredistic
processes, or seesome other disconnedion between the experiment and their professonal experience. For
our purpases, we group al of these factors under the broad heading of “experimental context”. These
problems often occur when studies are performed in a“ graded classoom setting’#, where the motivation is
course grade, rather than professonal nead or professonal development. Theided situation would be a
training sesson for a projed where the subjeds need to lean and build skillsin the processfor the projea
they are eout to undertake.

Under normal circumstances in classroom experiments, we might exped less processconformance on the
part of our subjeds, making the results less representative of red development environments. Thisis
espedally problematic in cases in which new technologies involve astegp leaning curve, sincesubjedsin
clasgoom experiments are typicdly unlikely to have the motivation to persevere and overcome the learning
curve; thus the experiment is unable to measure the benefits of the new technology.

One strategy for improving clasgoom experimentsis to grade the subjeds on processconformance rather
than results. Although this introduces many problems of its own, we fed that these problems can be
identified and overcome in order to yield more representative results. Unfortunately we have not yet found
areliable way to measure processconformance without taking results into acount. We have found that
subjeds, in agraded situation, more likely disregard the experimental protocolsif they think it will hinder
their chances of being evaluated highly.

In the PBR2 study, we had anticipated investigating whether the type of technique used (PBRor ad hac)
when revewing requirements affeded the number of false positives (i.e. items reported by the reviewer that
were not actually defeds) that reviewers reported. Thiswas animportant question for study, sincein “real
life" false positives haveto be investigated and are then either rejeded, or an atempt is made to fix
something that wasn’t incorread to begin with. Thus large numbers of false positives imply large amourts
of wasted effort. However, it was determined from post-hoc interviews with our subjeds that many of them
hadanticipated that their grade for the assgnment would be based onthe number of corred defeds they
found In order to maximize this number, theyreported many questionable defeds that ordinarily would
not have been included. Howeve, more than arything else this practiceincreased the number of false
positives, andtherefore we caannd assume that the count of false positivesin this experiment is
representative of normal patterns or, indeed, has anything to do with the particular review techniques used.

There ae someissues that apply to al types of subjeds. For example, even in theided case where
subjeds have high levels of relevant experience and are well-motivated by a professional context, thereis
the problem of the large degrees of variability among subjects. Experienced programmers, even with
similar badkground, grealy vary with resped to their abiliti es. (We car exped that thisis also true for
students, if not more s0.) Past studies have measured diff erences in programming performances with high
abili ty subjeds who outperform low ability subjeds from 4 to 25times[13]. Considering that in software

* The terminology “classoom setting” is troublesome in that it implies that graded classoom experiments
and studies on inexperienced student subjeds are synonymous. Thisisnot acually the case, as
professonals are often studentsin uriversity courses.
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engineaingthere ae no treaments that produce such dramatic effeds, high subjed differences can easily
hide treament effeds with the result of failingto oltain statistically significant effeds.

A final issue that affects all types of subjedsisthat it is very difficult to have a ontrol group. If we have
to rely on voluntee's, we have to provide some benefit to the subjeds and the organizaion that supparts
their participation. In cases in which our subjeds are studentsin a dass, we have aresponsibility to provide
some alucational benefit to the students as part of their participation. Usually this benefit is provided in
terms of training in a new approach. The new approad is the experimental treament that is being
compared to ausua approach, correspondingto the absence of the treament. Since dl subjeds must get
something 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 normally do.

In the PBR experiment, professond software enginees were exedingto learn a rew way to review their
requirements documents. Therefore it would have been urrealistic to exped to havea control group d
subjeds who learned nahing rew and were used orly for comparison purposes.

4.2. Ordering of Events and Activities

Experiments in software engineaing are often concerned with assessng effediveness. How useful some
process notation, or tod will be to software development. Because of alack of analytica models that
describe how people use software processes, asessng an objed of study in absolute termsis almost never
feasible. Welad subjedive knowledge & to what are the best metrics to measure, what range of values
for these metrics sould be considered “good’, and what kind of tradeoffs are necessary if we desire to
maximize aparticular metric, posshly at the expense of others.

The dternative, which is adopted in many software engineaing experiments, isto assess effediveness of a
software development technique in comparison to asimilar one. Of course, the mmparison technique
needs to be representative of currently accepted techniques, so that the basis of comparison is well
understood

Inanided situation, thisleads to an experimental design similar to that seen in the Basili/Selby experiment
[9], illustrated in Figure 2. Each experimental treament is performed by ead of the subjeds. Such a
within-subjeds design addresses ome of the ancerns about experimental subjeds raised in the precaling
sedion: because eab subjed effectively serves as his or her own control (i.e. we can measure ayy
improvement for a subjed against the baseline of his or her own previous performance) the lack of a
control group is mitigated. For the same reason, the variabili ty among subjeds’ skillsislesslikely to affed
theresults. Also, because eat subjed provides multiple data points we make the best use of the subjeds
that we do oltain. We can also vary the order in which subjeds encounter the treadments  that if thereis
aleaning curve (i.e. subjeds get more savvy at applying processesin the experiment regardless of the type
of processapplied) then later processes do not look more €f ective than they acually are.

Group 1 Group 2 Group 3

Code Reaing Pgm1l/Dayl | Pgm2/Day2 | Pgm3/Day 3

Functional Testing | Pgm3/Day3 | Pgm1/Day1l | Pgm2/Day 2

Structural Testing | Pgm?2/Day2 | Pgm3/Day3 | Pgm1/Day 1

Figure 2: Basili/ Selby experimental design
Unfortunately, such a dean design is not always passble. The @ove design could be used in Basili /Selby

becaise eat processexamined required certain suppart artifads, without which it could not be executed.
Thus the experimenters could control when procedures were gplied by the avail ability of suppart
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documents. In contrast, et us consider casesin which the learning of one processcould adually impact the
later exeaution of other processes, and thisinteradion cannot be explicitly controll ed by the experimenters:

In the PBR study, we wanted to evaluate a systematic technique (PBR) aganst a nonsystematic one.
Howeve, we were afraid that teaching the subjeds a new and systematic technique would bias later
performance on the norsystematic comparisontechnique. That is, we did not fed it possbleto give
subjeds guidanceand then ask themto forget it and not use it later, when theywere given some freedomto
use their own techniques. Espedally since the comparison tedchnique was nonsystematic, we considered it
likdy that some ideas from the new technique might find their way into the appli cation of the comparison
technique.

A systematic technique such as PBR, which provides instructions for what adions have to be caried out,
might distort the later use of non-systematic techniques in which reviewers are freeto find their own way to
acomplish the required task. Sinceit cannot be ruled out that subjeds would have @ntinued to use some
of the ealier diredions even thoudh a different technique was later assgned, the inspedion order should
conform to an increasing scae of prescriptiveness That is, teams are not given the chanceto apply less
prescriptive techniques of their own after leaning a more prescriptive technique, such as PBR. This
prevents the less prescriptive techniques from incorporating guidance from the more prescriptive ones.

Group 1 Group 2

Nonsystematic Doc1 Doc 2 Day 1
tedchnique
PBR technique Doc 2 Doc 1 Day 2

Figure 3. The experimental design of the PBR experiment.

One poatential problem with the PBR designisthat it assumes that subjeds do not share knowledge about
the documents. (A more complete discusson of this design appeasin the next sedion.) For example,
every team in Group 1reviews document 2 on the second day; if team members receve information about
the document from a team who reviewed it on day 1, they would presumably perform more dfedively with
the technique used on day 2 than they would have normally. Thisis primarily a concern in classroom
experiments; as discussed in sedion 4.1, the motivation of subjedsin this caseis mewhat different than
that of software professionals, espedally when they are being graded on their participation. We aldress
this problem by using unique documents for ead treament in the experiment (seeFigure 4 which shows
the design of the PBR2 study). In this way, subjeds cannot learn any information about a document from
ead other before encounteringit in the experiment, and results are not biased in thisway. However, to
avoid carryover effeds from systematic to nonsystematic techniques, we had all subjeds review the
document with the a hoc technique on the first day and with the PBR technique on the second day.

All subjeds
Ad Hoc Doc 1 Day 1
technique
PBR Doc 2 Day 2
technique

Figure 4. The experimental design of the PBR2 experiment.
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4.3. Resulting Threats to Validity

Insedions 4.1 and 4.2, we have discussed what we seeas the very red constraints imposed by the nature of
the software engineeing discipline and empirica work. Subjeds may not seeany benefits for their
participation and apply little fort, or may try to maximizetheir performancein ways not expected by the
experimenters. The teading of new techniques may influence subjeas own ways of doing things.

We have dso discussed what we have found to be the most useful and feasible responses on the part of the
experimental designto those mnstraints. We take the view that, at least for the foreseedle future, these ae
congtraints which we a experimentali sts will have to live with. Of course, the changes these constraints
cause to our experimental designs are not without price. Each of the designs introduced in the last 2
sedions has ome associated threasto internal validity (i.e. alternative explanations for any differences
observed in the processunder study). We submit that these threas are not the result of sloppy experimental
design, but of constraints unique to the study of human performancein genera and software engineeing in
particular. We have found that our best strategy isto plan related sets of studies which, taken as awhole,
canincrease onfidencethat the objed of study and not the threasto validity are responsible for any
changes observed.

The Basili/ Selby designintroduced in the last sedion is one of the few designs with no serious thredsto
validity but unfortunately is hard to achieve in pradice. Aswe introduce variations on this design we tend
to oktain more redisticdly useful designs at the st of introducing additional threas. For example, the
PBR design (Figure 3) solvesthe pradicd problem of combining the execution of systematic and
nonsystematic procesesin one experiment. However, it introduces athrea since ay effed dueto timeis
completely confounded with the effed due to the technique used. We ould imagine alearning effed, that
isreviewers get more alept at finding defeds in requirements, no matter what technique is used, and thus
do ketter than normal on the second day, resulting in overestimating the effect due to PBR. Alternately we
could imagine aboredom or tirednesseffed, where reviewers become bored or tired with the experiment
over time, and expend lesseffort on the second day, resulting in underestimating the effed. The point is
that these hypaotheses, and any number of analogous ones, cannot be dismissed, and exist as potential
explanations for any effed seen. (Many of these threas could be avoided, or at least better measured,
simply by including a antrol group that uses PBR bath days. However, given the mnstraints on our
subjed pod discussed in sedion 4.1 —namely that voluntee or student subjeds exped to gain something
of benefit from the experiment in arelatively limited time —we do not accept this as afeasible dternative.)

We ague, however, that the existence of these explanations can be mitigated by taking steps that make
them lesslikely. We can miti gate the existence of aleaning curve that increases reviewer effediveness
over time by providing training sessons before the adual treaments of the experiment. In thisway, we
give subjeds the chanceto overcome their learning curve during the training sessons rather than the adual
experiment.

In the PBR study, the subjeds receved nofeedback regarding their actual defea detedtion successduring
the exyperiment, so that it would presumably be diffi cult for them to dscover whether aspeds of their
performancewere in fact improving their detedion rate or not. Furthermore, the documents were
dissmilar enoughthat there littl e to be learned from the first document that could be transferred to the
seoond

Similarly, we can overcome some of the other potential effeds of time, such as boredom, by scheduling the
experiment to give subjeds a day off in between the two days of the experiment. This helps prevent
subjeds from feding overwhelmed because they must go through the treaments consecutively, and helps
avoid the pressures of missing two conseautive days of work.

The design shown in Figure 4 might be viewed as a more difficult case. In this design, not only effeds due
to time but also effeds due to the particular document are awnfounded with the €fed due to the review
technique, which isthe effed of primary interest. Here, however, there is not so much we car doto
mitigate the damage caused by these dfeds. The primary concern is that documents must be used for
which some historicd baseline exists 9 that we have some objedive basis for measuring the relative
performance of both techniques on the spedfic document.
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A between-subjed design that deds with these issuesis shown in figure 5. It represents the design in the
DBR study. It has the advantage that it allows us to isolate the potential learning effeds using a ntrol
group but has the problems that one entire group daes not get any training in the new process it requires a
larger pod of subjeds, and still does not measure the dfeds of using the systematic processbefore the
non-systematic process

Day 1 Day 2
Nonsystematic Doc 1/ Doc 2/
technique Groups1& 3 Group 1
DBR Doc / Doc 2/
tedchnique Group 2 Groups2 & 3

Figure5: Experimental design of DBR with reading technique varying between subjeds.

The subjeds used in an experiment tend to introducetheir own threds, athough these ae mainly related to
exernal validity, i.e. threas concerning how representative the experimental results are of the larger
population of software developers. In sedion 4.2, we have drealy discussed those threas that come from
subjeds in clasgoom experiments, and how we have dedt with them. Studies that use inexperienced
reviewers may aso facesome threas, sinceit is difficult to say how appli cable results on inexperienced
subjeds are unlessthe point of the study involves training issues.

We have encountered one final threa to internal validity primarily when working with very experienced
reviewers: interaction of experience and treatment. Inthiscase, prior experience ca interfere with the
processthat reviewers are asked to exeaute, so that the processthat the experimenters assume is being
exeauted may in fad not be the processthat is being applied inredity. For example,

In the PBR experiment, we asked reviewers to apgy the PBRtechnique to documents from both inside and
outside their work domain. An improvement due to PBRwas e on the documents from outside the work
domain, but not on the ones the subjeds were used to working with. The indication from post-hoc
interviews with subjeds isthat this difference may be due to the fact that subjeds who had experience
reMewing daumentsin thiswork domain had built up their own, persond techniques for reviewing such
documents. Thus, when experienced revewers foundthemselves facing famili ar documents the temptation
wasto revet to their accustomed techniques rather thanlearning the new technique presented by the
experimenters. This tendency was further reinforced by the fact that the experiment had a time limit.

Another form of such interference by preexisting knowledge has been the spontaneous migration of
subj ects acr oss tr eatments.

In the SBR study, we taught our subjeds two dfferent approachesto use a new OO framework so that the
strengths and weaknesses of the approaches could be compared. We randamly assgned ore half of the
classto ore approach (Hierarchy-Based), andthe remaining hdf to the other approach (Example-Based).
Howeve, we could na prevent the students from using effedive work practices that theyalready knew, or
discovered duringthe projed. As a result, we observed that all of the subjeds moved away from the
Hierarchy-Based appoach to some form of Example-Based approach that was found letter suited for the
problem.

Thisthrea can be mitigated by using checks on processconformance, as discussed in sedion 3.

5. Replicating Experiments
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In precaling sedions of this paper, we have tried to raise several reasons why families of replicaed
experiments are neecessary. Inthis edion, we discussreplicationsin more detail and look at the pradicd
considerations that result. Our primary strategy for supparting replications in pradice has been the aedion
of lab padckages, which colled information on an experiment such asthe experimental design, the atifads
and processes used in the experiment, the methods used during the experimental analysis, and the
motivation behind the key design dedsions. Our hope has been that the existence of such padkages would
simplify the processof replicating an experiment and hence encourage more repli cations in the discipline.
Several replicdions have been carried out in this manner and have provided us with a growing bod/ of
knowledge on reading techniques. We discuss ome of these repli cations in more detail below.

5.1. Types of Replications

Sincewe @nsider that replicaions may be undertaken for various reasons, we have found it useful to
enumerate the various reasons, ead of which has its own requirements for the lab padkage. In our view the
types of replications that need to be supparted can be grouped into 3major caegories:

1. Replicationsthat do not vary any resear ch hypothesis
1.1. Strict replications (i.e. replications that duplicate & acairately as possble the original
experiment). These replicaions are necessary to increase mnfidencein the validity of the
experiment. They demonstrate that the results from the original experiment are repeaable, and
have been reported acarrately by the original experimenters.

1.2. Replicationsthat vary the manner in which the experiment isrun. These studies sek to
increase our confidencein experimental results by addressng the same problem as previous
experiments, but altering the details of the experiment so that certain threasto validity are
addres=d.

Due to therelativey small number of subjeds and time cnstraintsinvolved, the PBRstudy
simulated the number of defeds that would be found by teams composed of one member using
each of the different PBRtechniques. A replication was undertaken [15] that varied the
experimental design by assgning team nembers to spedfic teams andrequiring that they mee to
agreeon acomnon list of defeds. The“ simulated” and*“ real” teamsin each of the experiments
were used to measure the same thing, but the replication dlowed comparison d results between
the two methods to provide some confidencein the statistical simulation.

2. Replicationsthat vary the detailed hypotheses.
2.1. Replicationsthat vary variablesintrinsic to the proposed solution. These replicdions
investigate what aspeds of the processare important by systematicdly varying intrinsic
properties of the processand examining the results.

The vesion d the requirements review techniques used in the PBR2 study attempted to be as
close as possble to the vession used in the original experiment, with the excetion o the leve of
detail used. The PBR2 techniques were much more spedfic, and atempted to constrain the
subjedsto proven techniques for creating models of the systemrather than dlowing themto rely
ontheir own techniques. Comparison d the PBR2 results to those from the original experiment
(bath in terms of defed detedion effedivenessandreviewer satisfaction with the technique) will
allow usto understandthe importance of the leve of detail in reading techniques.

This type of experiment requires the processand artifadsto be supplied in sufficient detail that
changes can be made. Thisimpliesthat the original experimenters must provide the rationales for
the design dedsions made a well as the finished product.

2.2. Replicationsthat vary variablesin the environment in which the solution is evaluated.
These studies can identify potentially important environmental fadors that can aff ect the results
of the processunder investigation.

The DBR studies have been independently repli cated, so far, in fivedifferent contexts. Table 1
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sumrmarizes the environmental variables and reports whether the study findings supported the
research hypothesisthat DBRis more dfedivethan adhoc reading techniques. Same

repli cations used software practiti oners, whil e others used undergraduaes or graduate students,
andaobtained dfferent results. These studies, when pu together, allow usto hypothesize that user
experienceplays a role. Indications are that DBRis too sophisticated to be successully applied
by undergraduae students (DBRrequires the ahility to model some aspeds of the system being
revewed). The one replication wsing practitioners allows us to hypothesize that practitioners, as
previously discussed in sedion 43, may revet back to the techniques with which theyare more
famili ar. These cndtions appear not to hdd with graduate students, because they satisfy the
skill prerequisites for the reading technique and are not biased by daily working practices.

3. Replicationsthat vary the high-level hypotheses. These replications help determine the limits to the
eff ectivenessof a process by manipulating the processand/or experimental context variablesto seeif
basic principles gill hold.

The PBRand DBR studies both found somewhat similar results, in that in both cases a family of
prescriptiveandysis techniques, each based ona particular focus, was foundto be more dfedivethan
lessprescriptivetechniques at finding defedsin requirements. The similarity in results gave us more
confidenceas to the dfedivenessof focused reading techniques for finding defeds in requirements,
and showed that the positive dfeds of such reading techniques were naot limited to requirementsin a
formal notation (DBR) but could be applied to natural language documents (PBR) as well.

The SBRstudy is another example. We had dso created afamily of reading techniques for this
problem domain (reuse of functiondity froman OO framework) but foundthat, in this case, the
techniques did na complement each ather asin the PBRand DBRfamilies. Thisallowed usto
hypaothesize about some differences between techniques for analysis tasks and techniques for
construction tasks.

Site No. of Runs Subjeds Results Reference:
University of Maryland 2 Graduate students  Positive evidence  [32]
Lucent Technologies 1 Praditi oners Positive evidence  [31]]
University of Bari 1 Undergraduate No evidence [19
students
University of 2 Undergraduate No evidence [30]
Strathclyde students
University of 1 Undergraduate No evidence [33
Linkoeping students

Table 1. Status of replicaions of DBR studies

5.2. Implications for Lab Package Design

To date, much of the discussion of reuse between experiments has been focused on the reuse of physica
artifads and concrete processs. Thisisindeal a useful beginning. The mst of an experiment is grealy
increased if the preparation of multiple atifadsis necessary. Creaing artifads which are representative of
those used in red development projedsis difficult and time @mnsuming. Reusing artifads can thus reduce
the time and cost needed for experimentation. A more significant benefit is that reuse dlowsthe
opportunity to build up knowledge aout the adual use of particular, non-trivial artifadsin pradice Thus
replications (and experimentation in general) could be fadlit ated if there were repositories of reusable
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artifads of different types (e.g. requirements) which have ahistory of reuse and which, therefore, are well
understood (A model for such repositories could be the repository of system architecures[16], where the
relevant attributes of ead design in the repaository are known and described.)

A first step towards this goal isthe mnstruction of web-based laboratory padkages. At the most basic level,
these padkages allow an independent experimenter to download experimental materials, either for reuse or
for better understanding. In this way, these padkages suppart strict replications (as defined in sedion 5.1),
which require that the processes and artifads used in the origina experiment be made avail able to
independent reseachers.

However, web-based lab padkages ould be designed to suppart more sophisticated types of replications
aswell. For example, padages should assst other experimentersin understanding and addressng the
threasto validity in order to suppart replications that vary some aspeds of the experimental setup. Many
of the examples in this paper have tried to demonstrate that, due to the constraints imposed by the setting in
which software engineering reseach is conducted, it isamost never possble to rule out every single threa
to validity. Choosingthe “least bad” set of threds given the goal of the experiment is necessary. Lab
padkages neal to adknowledge this fad and make the analysis of the mnstraints and the threas to validity
explicit, so that other studies may use different experimental designs (that may have other threas to validity
of their own) to rule out these threds.

Replications that seek to vary the detail ed hypotheses have alditional requirementsif the lab padkageisto
suppat them aswell. For example, in order for other experimentersto effedively vary attributes of the
objed of study, the origina processmust be explained in sufficient detail that other researchers can draw
their own conclusions about key variables. Sinceit is unreasonable to exped the original experimentersto
determine dl of the key variables a priori, lab padages must provide rationales for key experimental
context dedsions  that other experimentalists can determine feasible points of variation of interest to
themselves. Similarly, lab padkages must spedfy context variables in sufficient detail that feasible changes
to the ewvironment can be identified and hypotheses made about their effeds on the results.

Finally, for supparting the investigation of high-level hypotheses, reseachers should know which
experiments have been run that offer results related to the hypotheses. Therefore, lab packages for related
experiments sould be linked, in order to coll ea diff erent experiments that addressdifferent areas of the
problem space and contribute to answering higher-level questions. The web is an ided medium for such
padkages sncelinks can be alded dynamicdly, pointingto new, related lab padkages as they become
available. Thusit isto be hoped that lab padkages are “living documents” that are changed and updated to
refled our current understanding of the experiments they describe.

Lab padkages have been our preferred method for feading results and experiences from well-designed
studies badk to the high-level framework (discussed in sedion 2. Interested readers are referred to existing
examples of lab padkages: [5, 28].By colleding detail ed information and results on spedfic experiments,
they summarize our knowledge eout spedfic processes. They recrd the design and analysis methods
used and may suggest new ones. Additionally, by linking related studies they can help experimenters
understand what facors do a do not impaa effediveness

5.3. The Experimental Community

A group of reseachers, from both industry and acalemia, has been organized since 1993for the purpose of
fadlit ating the repli caion of experiments. The group is cdled ISERN, the International Software
Engineeing Research Network, and includes membersin North America, Europe, Asia, and Australia.
ISERN members publish common technicd reports, exchange visitors, and organize aanual medings to
share experiences on software engineaing experimentation’. They have begun repli cating experiments to
better understanding the success fadors of inspedion and reading.

®> More information is avail able & the URL http://wwwagse.informatik.uni-kl.de/l SERN/isern.html
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The Empirical Sdtware Engineeaing journal has also helped build an experimental community by
providing aforum for publishing descriptions of empirical studies and their replicaions. An espedally
noteworthy asped of the journal isthat it is open to publishing replicated studies that, whil e rigorously
planned and analyzed, yield unexpeded results that did not confirm the original study. Althoudh it has
traditionally been difficult to publish such “unsuccessful” studiesin the software engineaing literature, this
knowledge must be made available if the community isto build a cmplete and unbiased body of
knowledge mncerning software technologies.

Finally we must note that this community has undertaken families of repli cations which have been very
successful at thiskind of knowledge-building. One exampleisthe family of DBR studies simmarized in
Table 1, which have investigated the DBR techniquesin avariety of contexts and with a variety of types of
subjeds. A seamnd exampleisthe series of empiricd studiesinto PBR.

The original study at the University of Maryland ha been replicated at the University of Kaiserslautern,
Germany, in astudy that used a different designto dredly study the dfeds of PBRon reviewer teams|[15].
A secondreplication was performed at the University of Trondheim, Norway, which used avery similar
design bu altered the PBRtedniquesin order to study processconformanceisaues[37]. Althoughthis
experiment did na seethe expeded effeds, the ideas raised were vey influential in aredesign d the PBR
techniques, again a Maryland, in order to addressprocessconformance. Thisversion d the techniques
was the basis for the PBR2 experiment, which has been, or is being, replicated a the University of Bari,
Italy; Drexéd University, U.SA.; Universidade de Sao Paulo, Brazl; and Lund University, Sweden.

6. Conclusions

It is our contention that high-level hypotheses can be investigated effectively if empiricd work is organized

in the form of experiment famili es. In this paper, we have raised several reasons why famili es of related

experiments are necessry:

* Toinvestigate the eff ects of alternative dedsions at different high-level “choicepoints’ (sedion 2);

* To vary the strategy with which detailed hypotheses are investigated (sedion 3);

e Tomake up for certain threasto validity that often arise in redisticdly designed experiments (sedion
4).

The set of experiments on reading, discussed in aworking goup at the 1997annua meding of ISERN
[2€], is an example that we have built up abody of knowledge by independent researchers working on
different parts of the problem and expaosing their conclusions to dfferent plausible rival hypotheses. We
have shown in this paper that experimental constraints in software engineaing reseach make very difficult,
and even impassible, to design a perfed single study. In order to rule out the threds to validity, it is more
redistic to rely on the "parsimony” concept rather than being frustrated becaiuse of trying to completely
remove them. This apped to parsimony is based on the asumption that the evidencefor an experimental
effect ismore aedible if that effed can be observed in numerous and independent experiments ead with
different threasto validity [14].

A seand conclusionisthat empiricd research must be a ollaborative adivity becaise of the huge number
of problems, variables, and issues to consider. This complexity can be faced with extensive brainstorming,
caefully designing complementary studies that provide average of the problem and solution space and
redprocd verification.

Discusdon within the experimental community is also nealed to addressother issues, such as what
congtitutes an “acceptable” level of confidencein the hypotheses that we aldressas a community. By
running carefully designed replicdions, we can addressthreas to validity in spedfic experiments and
acamulate evidence dout high-level hypotheses. However, we ae unaware of any useful and spedfic
guidelines that concern the amournt of evidence that must be acamulated before anclusions can
confidently be drawn from a set of related experiments, in spite of the eistence of spedfic threas. More
discussion within the empiricd software engineeing community as to what constitutes a sufficient body of
credible knowledge would be of benefit.
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