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Abstract

Software bugs are an ever-increasing societal pnolals computers become more
prevalent in our homes and workplaces and progams in size and complexity. In response,
many in the software engineering community haveoadted a paradigm shift in the way
programs are written: away from procedural or pik@-code (e.g., Pascal, Fortran) and toward
more declarative and map-like Object-Oriented (©@Je (e.g., C++, Java). A central claim is
that declarative, map-like code allows developersdtter deploy their prior knowledge of the
problem domain (what the code is ‘about’) than dareeedural code, which typically appears as
one succinct and specialized plan for solving a@i@aar problem (a ‘recipe’ or ‘directions to a
destination’ rather than map of the problem domain)

To evaluate this claim, we conducted an experimpeggenting participants with
procedural and OO code isomorphs of the same absigorithm, and crossed this manipulation
with whether participants were primed on the cotecpeoblem solved by the algorithm (scoring
ten-pin bowling). In direct contrast to the clainfshe OO community, our findings instead
revealed that priming background knowledge reletathe problem domain actually helped
those presented with procedural, rather than O@g.dm their first programming task (code
modification), the procedural group whose bowliogring knowledge was primed created
significantly fewer bugs, while priming the OO gpoled to, if anything, even slightly more
bugs. We interpret this finding to suggest thatemwkwvorking with abstractly represented
problems, familiarity with the problem domain is radeneficial for those modifying highly
specialized and compact solutions (e.g. detailegttions to a destination) than for those

modifying more descriptive, declarative solutioagy( a map to a destination).



The understanding and modification of procedural @bject-Oriented programs — when does
knowledge help?

Imagine that you are trying to direct your frieldat place to meet you where he has
never been. You have two choices: you could gimethe route traced out on a map or just a
list of turns to make. What factors might influengur decision?

A map might help your friend more if he makes amwgéurn or would like to find an
alternative route to avoid traffic. The map ddsesi the surroundings and potentially provides
information about distance. But a list of turngyhtitake up less space on a page and provide a
more succinct description of the actual route toaben. While preoccupied with driving, it
might be easier to just glance at a list to finel lext turn than to look for one’s current location
on the map and trace out the next turn.

Another factor that might influence your decisisrhow well your friend knows the
surrounding area. If you decided to give yourrfdex map, knowing the surrounding area might
help a little, but likely not a lot. Even if yofnrend knew the area well, he would still have to
trace through the map’s path to find the routédhodestination. Or he might trace the entire path
out on the map and then remember only the listiofst If you decided to give your friend
directions and he didn’t know the area, he miglktlgaget lost after making a wrong turn. If he
already knew the area, directions might be a mongenient way to remember where to go to.
Your might decide to be safe and give your friendap if you were afraid he might get lost and
just give him directions otherwise.

Software developers face similar decisions eveyy ddhen building a program, a
developer must choose between different represensathat describe the same system but make

some subsequent tasks easier or harder. Oneypantydmportant decision is directly



analogous to the directions / map distinction. eL&kmap, Object-Oriented (OO) code provides a
survey of the domain by structuring the solutiom foroblem (finding a location) in terms of the
domain (the city). Like directions, procedural eatirectly and succinctly describes a plan (list
of turns) to accomplish a goal. While most progsaare a combination of both and the
distinction is idealized, a developer must stiboke whether particular functionality will be
represented in a procedural or OO fashion. A feegelaim of OO proponents is that it is a
better representation for those with domain knogteith that its structure better facilitates
deploying domain knowledge to understand the smutiThis thesis first considers how
grouping program structure affects developer paréorce and then experimentally tests this
claim.

The function of code

Code is computationally precise and efficient reprgation of a system for a human developer
and a compiler program. Code is a text writtea programming language that a developer
reads and writes to describe a system. A comibitar translates code into a program to be used
by a user. Normative models of programs, like raiime models in general, are ultimately
about cost and benefit — what is the cost of tlggam, and what benefits does it provide to its
user? Programs provide value to a customer bsfgaiy requirements. A requirementis a
particular feature, usually described in the teotugy of the domain, that the customer would
like the program to provide. A bowling lane owmaght have a requirement that given the
number of pins knocked down on each roll, he waikielto know the score of the game. This is
a feature and requirement of a desired systendsitaterms of the domain, bowling. This
system takes a list of bowling rolls and outputsghore of the game. A developer then writes

code that implements this system which the compigrsforms into a program for the bowling



lane owner. The bowling lane owner can then pthsplays on each bowling lane depicting
each bowler’s score. This provides value to theling lane owner by increasing the number of
bowlers interested in paying to use the bowlinglan

The utility of code can be divided into two partthe utility of the corresponding
program to the customer and the modification costfdeveloper to change the code to provide
marginal utility to the customer. In essence, libthsystem the code represents and the
representation of the system have value. Themsydieectly has some utility for the customer.
A representation has indirect utility by reducihg tost of adding new features that have
marginal utility. Modern models of software comstion (e.g. Extreme Programming — Beck,
1999) view the process of building software asrmnamental process in which features are
added to a program one at a time. The customeisgétem may choose to deploy the program
after any number of features have been completegdybuld then like to be able to add features
in the future.

One consequence of code’s large expressive powes@norphs, pieces of code that all
describe the same system. Two pieces of code manap not be isomorphic depending on the
user’s requirements of the system. While code @pirs of the same system provide the same
value to the customer, they may have vastly diffecests for a developer to add a particular
feature. While writing code, a developer must d®between these potential isomorphs by
making design decisions. A developer would likent@ke decisions that result in code that
meets all of the requirements and that makes dtladures cheap to write.

What must a developer do to add a feature to arano® Before the system can be
changed to add a new feature, relevant portiotiseo§ystem and the corresponding code must

first be understood. A developer builds a mentadleh of the system and code by forming



hypotheses and seeking evidence in the code tmsuppreject these hypotheses (e.g. Vans,
Mayrhauser, & Somlo, 1999). This requires firgidiag the relevant code and then being able
to understand the meaning of the code. Then thelalger must make the actual changes to the
code by finding the relevant code and modifyingtéhd. Adding a feature to a program thus
involves a developer first understanding code &ed modifying code.

From the customer’s perspective, having a develoyelify code to add a feature has
two costs. The developer must be paid commenswitiiedhe length of the task. Yet, the
resulting program may not meet all of the requirets@nd changes could result in the program
no longer satisfying requirements that it usedAdding support for a second bowler might
result in the program no longer producing the adrseore. This happens because developers
make mistakes while understanding and modifyingeqd & Myers, 2003). Developers may
have incorrect or insufficient knowledge about ¢tbele. They may not correctly allocate their
limited attentional resources to the correct sestiof the code. And they may not correctly
foresee how a particular piece of code translatesthe actual system. These mistakes lead to
breakdowns, where the developer’s mental moddi@tode is different from the actual code.
Breakdowns may then result in a developer makingeorrect change, or bug. If the developer
and compiler both fail to detect this incorrectrofp@, the program delivered to the customer then
fails to meet all the requirements. A bug miglstulein the program crashing or might result in
something more subtle, such as not producing theconformation, such as occasionally
producing an incorrect bowling score. Detecting aarrecting bugs requires a significant
amount of developer time, increasing the custonearss.

The difficulty understanding and changing codefisrocalled the complexity of the

code (Brooks, 1987). Part of this complexity corftem the requirements themselves — any



isomorph that correctly represents the system gwghin this essential complexity. But one
isomorph may be more complicated than other isohgrand this additional complexity is not
essential but rather accidental in that it doegmiwgre in the program requirements themselves,
but instead, results from the choice of represemta©ne goal of software engineering is thus to
minimize this added, accidental, and unnecessanplaxity.

In summary, particular code isomorphs of a systeay be more or less complicated for
a developer to use. Less complicated isomorphgau@ble to the customer in reducing the
time to add a new feature and the chance thatlib&iincorrect and contain bugs. This reduces
the cost that the customer must pay for the progmthincreases the likelihood that the program
satisfies its requirements.
The structure of code
Modern programs have hundreds of thousands toofemdlions of lines of code — Microsoft
Windows XP is about 50 million lines (Salkever, 3D0At 50 lines per page and 1000 pages per
book, 50 million lines is equivalent to 1000 book#ithout sufficient structure and
organization, such programs become a Big Ball ofiNfoote & Yoder, 1997) and may be
nearly impossible to understand and modify. Thusentral problem for software engineering
has been to devise programming language constadtsorms for their use which structure
code to make it easier to understand and changde €an be viewed as a collection of
hierarchically grouped statements. A statemeatpsogramming language construct but is often
the same as a line of code. Grouping construdgs jeocedures, classes, modules, packages,
namespaces, aspects) decompose code by organimtmgroups. As developers modify code
to add new functionality, they are constantly faeeith grouping decisions about which

functionality to group together and which to keeparate.



Like a library’s Dewey decimal system and organtaral schemes in general, code
grouping norms state that functionality that isdionally similar, in that it is used together,
should be grouped together. Groups determinepthtas locality of code - what code appears
together on the same screen or otherwise spatialbe in the same file that a developer is
looking at. As programs become larger, this becmereasingly important. Developers, being
human, do not actually read 50 million lines of €odh central task a developer faces is being
able to find and view the code relevant to the &tdkand without being swamped by irrelevant
code, while having confidence that other code tsafso relevant.

Grouped code has a number of distinct consequdactse cost of understanding and
modifying code. When a developer is testing a fiypsis or is trying to build a mental model of
some functionality, grouped code is more likelypeoexamined at the same time by the
developer. Thus, a developer must look at less daall of the code for a particular feature of
interest is all in the same place. The same &s\ruen the developer wishes to modify code.
Less code must be searched through and understalbdfithe code that must be changed or
might possibly be affected by a change is spatlatigl. If code that should always be the same
is duplicated in two different places, one copyh# code may be changed and the other missed.
This results in a bug. Groups also help to insutaide in the group from code outside the
group. This decreases the chance that a particigarge will then result in other dependent
code elsewhere also needing to be changed. Fimalgature completely implemented in a
single group may be able to be reused when wrdaingw feature, making new features faster
and shorter to write.

A recent emphasis in the software engineeringditee has been that useful groups

change over time as new features are requirechedsfunctionality and code are added,



developers may need to change grouping decisi@ishitby have made in the past to keep their
code cheap to understand and modify. The taskslalger perform over time may change,
resulting in locality benefits for different group€hanging grouping decisions results in a
refactoring (Fowler, 2000) which transforms onamsoph into another isomorph.
Object-Oriented vs. procedural code

As programming languages providing object-oriergedstructs (e.g. C++, Java, C#) have
eclipsed older procedural languages (e.g. For@am the mainstream, the tradeoffs between
object-oriented and procedural code have beendrgtyuconsidered. The central grouping
construct in procedural languages is a proceddrprocedure describes a plan, algorithm, or
function that takes some information as an inpudt@roduces other information as an output. A
“SIN” procedure would take an angle and output3ireof the angle. Object-oriented
languages still have procedures but also introéucew central grouping construct — the class.
A class groups features and procedures togetHerroa type of entity. Individual instances of
the class are objects. A bird object might hawe likathers, a nest, and might have a procedure
that chirps.

While OO has become the dominant paradigm and QRsabound, there has been
little consensus and clarity into exactly why OMeneficial. In particular, two camps have
emerged. The Scandinavian view (Johnson, Balaguéfei, 2004) is that OO code is more
natural because people think in objects. Rattaar thodel the world as sequential plans, this
view argues that people naturally model the wodiohg objects. Objects, as entities rather than
plans, can be anthropomorphized. Objects, akagemts, can be viewed as committing to a

responsibility and then collaborating with othejealts to carry it out (Wirfs-Brock & McKean,



2003). Procedures then become descriptions ofdmabject interacts with its collaborators to
carry out its responsibilities.

Bolstering the claims that objects are naturahértsimilarity to a popular knowledge
representation model for human memory — categéeigs Medin, 1989). Both categories and
objects have a type / token distinction. Categoai® a type and individual instances of the type
are exemplars. Classes are a type, and individstnces of a class are objects. A robin sitting
on the tree outside is an instance of the classtegory of bird. Both also have inheritance and
compositional relationships. A bird is subtypdlod more general category of animal. A bird
object is a composite of parts such as feet, degk, and wings. Both use these hierarchical
relationships to minimize the amount of informatgiored in a particular type. Asked if a bird
has a heart, its supertype, animal, would be ctedtd answer yes. Yet it is not clear that this
similarity is important. Code is an external reggnetation and categories are a representation for
memory. Each serves a very different purpose.

A second view is that OO code is better than pro@dode simply by providing an
additional grouping construct in the programmingplaage. Parnas (1972) proposed that a
module, a type of group, exists to hide a diffiariikely-to-change design decision. This
makes the design decision easier to change irutheefby keeping any changes within the
module. Classes are a programming language cohstrumplement groups and bring with
them mechanisms for hiding some information insideclass. This promotes modularity by
allow the hidden information to change without neiepg other classes to also be changed.

Thus, there are two distinct stories for why OOecbds a greater utility than procedural
code. According to the Scandinavian view, groumagisions should always be made to help

the developer better understand the system. Actptd the modularity view, grouping



decisions should be made to minimize the cost ahghng code. While these are not necessarily
mutually exclusive, extreme emphasis on one oother may result in very different choices for
what objects and classes are created by the OQogeve
Evidence for domain / code mapping
A more specific claim about the naturalness of @@ecis that it allows the developer to
understand the code in terms of the domain (Ro&salpert, 1990; Evans, 2003). To
understand the intent of code, a developer muableeto trace a particular piece of code back to
the requirements and features that generatechié. shme piece of code may or may not be
correct depending on what requirements it impleseithe mapping view of OO’s benefits
claims that OO code allows developers to betteramsiedeploy their domain knowledge for
these understanding tasks.

A number of studies have provided evidence thatld@ers working with OO code
make extensive use of the domain when understamndittg. This has often been viewed as a
distinction between top down and bottom up. Towmoanderstanding involves reading code to
test specific hypotheses and then iteratively geimey more specific hypotheses. The domain
provides reasonable hypotheses about the codeéorBoip understanding involves reading
contiguous code and then slowly building a mordrabsmodel of the code. Given novel code
to read, developers initially spend more time tegtiypotheses on OO code than procedural
code (Corritore & Wiedenbeck, 2001). Developeesineg OO code initially have more domain
knowledge and less specific knowledge about code the more balanced developers reading
procedural code, but OO developers became moradedaver the course of a modification

task (Corritore & Wiedenbeck, 1999). Developenag®©O code may also spend more time
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considering and refining their model of the domtian developers working with procedural
code as they attempt to implement a correspondengjon in code (Rosson & Gold, 1989).

Yet, making use of the domain may not always beeeial. Using objects that are
natural to describe the domain as grouping constifioc code may make writing the code more
difficult. In one study (Kim, Lerch, & Simon, 199%articipants were first given a problem
statement describing one of two isomorphs to theeFaf Hanoi problem. Objects in each
isomorph had slightly different rules about howitloperations worked. Participants were then
asked to write an OO program to solve the Towetlafoi problem. Participants initially used
their model of the domain to build their solutionéet, participants in the harder isomorph
condition were unable to write the code to soheefloblem and were forced to change their
model to the other isomorph condition.

Questions and hypotheses

The central claim of the mapping view of OO’s nataess is that developers should perform
better with OO code than procedural code becausedd® allows them to make better use of
their domain knowledge. Yet, directly comparingeleper performance on OO and procedural
code is fraught with peril. Confounded with diteces in the ability to deploy domain
knowledge are a host of other proposed and possilsks and benefits of a particular grouping
of code. Direct comparison of OO and procedurdigomance makes it difficult to claim that
domain knowledge is truly the cause of any benefis to distinguish the mapping view from a
modularity view of OO’s benefits.

A more testable implication of the mapping viewhat domain knowledge should
benefit OO performance more than procedural pedoca. If OO code allows a developer to

make better use of domain knowledge, providing dorkaowledge should benefit developers
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using OO code more than developers using procedadd. Rather than qualitatively interpret
developer behavior, it is now possible to direettk: does domain knowledge provide greater
benefit for OO code than procedural code for (IJarstanding code, (2) time to modify code, or
(3) bugs created modifying code.

Method
Design
The design was a factorial, two (bowling or no hag/ldomain knowledge primed) by two (OO
or procedural code isomorph) between subjects dedtgrticipants were randomly assigned to
one of the four conditions. All participants wemresented with a description of a fictitious
algorithm called the Simon function. Participamtshe bowling knowledge condition were then
primed with the information that the Simon functicem be used to score bowling. Participants
in the no priming condition did not receive thisomation. As all participants had already been
screened for bowling knowledge, this manipulatiaswlesigned to prime participants in the
bowling knowledge condition to deploy their exigfidomain knowledge to complete the
following tasks, not to teach bowling. Rather tmaanipulate the presence of domain
knowledge, only the perceived relevance of the buydlomain knowledge was manipulated.
To ensure that participants did not spontaneowslifze that the Simon function algorithm or
code isomorphs were really the rules to score bmylihe Simon function algorithm and code
isomorphs were changed such that the maximum nuailgns that could be knocked down in
a frame was 17 instead of 10. Additionally, intbobde isomorphs, all comments, variables,
and functions named in terms of bowling were reréhtneuse Simon function terminology. For
example, Strike, Spare, and Open frames becamdtetigtion, Mediumlteration, and

Lowlteration, respectively. For a selected listefiamed terminology, see Table 1. The code
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isomorphs are shown in Appendices A and B. Theesgof this manipulation was measured
by how many participants reported realizing that&mon function could be used to score
bowling on a questionnaire at the conclusion ofekigeriment.

Participants performance with each code isomorphagaessed with measures from
three tasks. Participants initial understandinthefcode was assessed by a quiz about how the
code scores bowling. Participants in both codm@ph groups were given the same ten
qguestion quiz, shown in Appendix E. Correct answer all but one question were the same for
both groups. Both the responses and the totalfamghe quiz were recorded. In the second
and third task, participants then modified the ctwdadd two features. The time for each task
was recorded. To measure the correctness of drggels, automated tests (unit tests) were run
on the modified code. The procedural unit testsshilown in Appendix E and the OO unit tests
in Appendix F. Some of these unit tests were froadified tests from the original articles to
ensure that features still worked correctly. Tést vere constructed to test the required
modifications. For the third task, half of the agpre came from being judges as being an
incremental implementation by saving and reusisgae after every invocation. To assess the
amount of code required for the changes, the rme¢ase in the number of statements in the
program was recorded. This was measured by thiacrease in statement ending semicolons,
not including semicolons in for loop conditionals.

Materials

Rather than construct artificial examples of obmoented and procedural code, an object-
oriented (Jeffries, 2003a) and a procedural (&Hfr2003b) code isomorph were used from
articles extensively discussed by expert softwanebtbpers on a software engineering mailing

list (Jeffries, 2003c). Both isomorphs score a g@aihAmerican 10-pins bowling. The author’s
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purpose was to show that choosing class respaitis®ilrom the domain before writing code
leads to a much longer object-oriented solution @msents discovery of the shorter procedural
solution.

To adapt these isomorphs for this experiment, taanges were made to both, and one
change was made to the OO code. Both were originaitten in C# and were translated to
Java to increase the number of potential parti¢gogamiliar with the programming language.
The original two implementations from the artickesre not completely isomorphic. The OO
code had methods which added data a frame at artirageas the procedural implementation
added data a roll at a time. To make the impleatemts completely isomorphic, a new method,
Buildlterations, was added to the OO code. Thithoettakes a list of rolls and builds the
corresponding frame objects. The third changetaasplace all the bowling terminology in
both implementations with Simon function termingjog
Participants
Sixteen University of lllinois computer sciencenpgauter engineering, and electrical and
computer engineering majors were recruited by eraalewsgroup posting, and fliers for an
approximately one hour session. Participants Westesent a screening survey by email which
gathered information about their programming exg@ere. Participants ranged from juniors to
third year graduate student and reported beingqgeot in from two to nine programming
languages with a mean of 4.6. Participants refddréving three to eighteen years programming
experience with a mean of 8.5. Participants regbspending an average of 15.9 hours per week
programming over the past year with a range ob £0tand reported spending an average of
13.2 hours per week programming over the pastyldges with a range of 2 to 40. Participants

who did not report having used Java for at leastpnoject were excluded from the experiment.
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Additionally, participants were asked to rate theirel of familiarity with the rules of six
different common sports including bowling on a fp@nt scale. To ensure the success of the
bowling knowledge manipulation, all participantsautiid not report that they at least “Know
most of the rules” to bowling, the middle respongere excluded from the experiment.

All participants received $8 for their participatiand were informed that they would be
competing with up to five other participants fd8%0 prize. Four prizes were awarded, one for
each condition. Participants were instructed th@y would receive points for three different
measures on each of the two modification taskse rlites were designed to increase motivation
and establish specific goals for the participantgarforming their tasks. Participants were
encouraged to use their time efficiently by reaggvone point for every unused minute of their
allotted modification task times. Participants &encouraged to correctly complete the task by
receiving three points for every passing unit té&ssing a unit test corresponds to correctly
making some portion of the requested modificatiBrarticipants were encouraged to think
deeply about what the given code was doing by beéraglized one point for every statement
added. Shorter solutions were possible if thei@pants make effective use of the existing code
and wrote less new code.

Procedure

All participants first read a document describimgadstract mathematical function called the
Simon function, shown in Appendix A. Participaintshe bowling condition were then primed
to view the Simon function as bowling by readinghart text that explained how the Simon
function, suitably parameterized, can be intergreie essentially identical to the algorithm for

scoring ten pins bowling. This text is shown in &pdix D.
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All participants then completed a table to calculdte value of an 11-valued vector input
to the Simon function, resulting in five iteratioosthe Simon function. Performing this
computation is equivalent to scoring the first fiv@mes of a game of bowling, consisting of 11
balls rolled. Completing this table required untmging the equivalent rules for both “strikes”
and “spares”. Next, participants read the instomst for the code comprehension and
modification tasks. Any errors made by were themfed out to the participant, and participants
were asked to correct any mistakes that were ngtlsiarithmetic mistakes. The number of
times required to perform this task to criteriorswacorded.

All participants then began the code comprehensi@se. Participants were instructed
that they would first have ten minutes to readdb@e and would then take a short quiz.
Participants in the OO condition were given the ©@norph and participants in the procedural
condition were given the procedural isomorph. rtheo to minimize the effects of individual
differences in familiarity and expertise with edgpthe code was presented on a computer using
a simple text editor, Notepad. All participantsreavencouraged to modify variable and function
identifiers and add any comments to help them battderstand the code. Participants were
stopped after ten minutes, but others finished @xiagnthe code earlier. The time that all
participants spent looking at the code was recordéde text editor was then closed, any papers
removed, and the participant given the ten quesiion.

All participants next began the code modificatiaskis. Participants were instructed that
they would have 15 minutes to work on each of twamlification tasks. Notepad was then
reopened with the appropriate code isomorph. ¢haatts were shown how to compile the
program from the command line to ensure that it syeactically correct. To control for

differences in debugging strategy and expertiseiggaants were not allowed to run or debug
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the program. The first modification task askedipgrants to write code to perform error
checking on the input vector. The second task apketitipants to implement incremental
scoring. Both code isomorphs correctly producedsitore only for a complete game of
bowling. Incremental scoring required the codbéanodified to produce the score after any
sequence of rolls. The task also asked that thgatation not recalculate any frame scores
previously calculated but to resume calculatingst@re using the total score from the frame
previously completed. Participants were stoppéela¥ did not finish after 15 minutes.

Finally, all participants were asked to rate tlp&rceived performance on each of the
modification tasks and their overall understandhthe code on a five point scale. Due to the
confidence scale being in the opposite directigreeted, many participants inverted their
responses. Participants who responded that treegdrae well when they did not finish or
poorly when they did finish had all of their corditte responses coded as flips. Flips were
confirmed by subjective impressions during the oi#ioig. All members of the no-bowling
condition were specifically asked if they spontarstp made any connection between the Simon
function and bowling.

Results

Bowling knowledge manipulation
Confirming the success of the bowling knowledge imaation, all participants in the no
bowling knowledge condition responded that theyrditrealize that the Simon function could
be used to score bowling. Moreover, many partitipaxpressed noticeable surprise upon
making this realization.

Main effect of code isomorph
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Participants with the OO code performed worse fheaticipants with the procedural code on
most of the measures. Participants spent signilicégonger looking at the code before the quiz,
F(1, 12) = 5.59, p < .05, and made significantly enaristakes on the quig(1, 12) = 20.25, p <
.01. Participants reported less confidence irr tinailerstanding of OO code with a difference
that approached significand&(l, 12) = 4.24, p < .1, and reported less confidendheir second
modification task performance with a differencet lygproached significancg(1l, 12) = 4.45, p
<.1. Participants with OO code wrote significgntiore statements on the first taBkl, 12) =
4.94, p < .05. The remaining main effects of cstdenorph were not significant.
Code under standing
None of the interaction effects for time spent lingkat code, number of mistakes on the quiz,
time spent on the quiz, or confidence understanttiagode were significant.
Modification time
Modification time differences for both modificatidasks failed to reach significance.
Bug creation
The interaction effect for modification task 1 bugsed to reach significanc€&(1, 12) = 2.99,
NS. But considered separately, bowling knowledgeiicantly decreased bugs written using
procedural code from a mean of 3.5 bugs to 0.3,li(&)s= 2.67, p <.05. Bowling knowledge
increased the number of bugs written using OO ¢ame 1 bug to 2.8 bugs, but the difference
failed to reach significancg6) = .67, NS. A table of means of all measuresfioconditions
can be found in Table 2.
Discussion
The central claim of the mapping view of OO’s bésdat that OO code is more natural

than procedural code by enhancing the developbifityao use his or her domain knowledge in
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understanding and modifying code. Thus, domainkeadge should benefit developers using
OO0 code more than developers using procedural cdbe.present experimental results do not
support this claim. Moreover, the one relevantsneashowing a significant benefit associated
with priming domain knowledge, the number of magition task 1 bugs introduced, actually
showed that those using procedural, rather tharc@@ benefited by this manipulation.
Participants using OO code did not appear to bebgfhaving domain knowledge primed,
although this result should be viewed cautiously tluthe low number of participants studied. It
would be hasty to conclude from this study that donknowledge does not benefit OO code
developers.

One interpretation of these findings is that depets benefit more from domain
knowledge when the solution they are interactinpwa a succinct, procedural plan (e.g.,
driving directions to a destination) as opposethém those interacting with a more declarative
problem solution (directions sketched on a maptofan). This interpretation makes sense in
that procedural solutions tend to be fragile andhaionecessarily provide resources for how they
should or could be amended to account for unforesgeations.

Only the chef with good cooking domain knowledgalie to effectively substitute
novel, available ingredients for unavailable onéemwfollowing a recipe (a procedural problem
solution), and only the driver with good domaingtal) knowledge of a town is able to
effectively detour around road construction whdédwing list-like, procedural directions to a
destination. In contrast, those faced with the tHgkodifying problem solutions that are
represented in a more declarative, map-like foray trenefit less from domain knowledge
because the external representation itself cam pitevide at least some of this information. If a

driver following map-based directions to a destorahad to detour around road construction, he
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or she may be able to do so reasonably well regssdif whether he or she had familiarity with
the town. The map, as an external source of dokRrewledge, may compensate for a lack of
internal domain knowledge. We suspect that onlyofarprocedural code, rather than our OO
code, did participants benefit from domain knowlkedlgy similar reasons.

OO0 and code length

The numerous significant main effects of code isgh clearly indicate that participants
were less successful using OO code than procedodal However, this does not necessarily
indicate that the OO code is actually better thenprocedural code. One particularly glaring
confound is code length. The OO code was 191 loweg while the procedural code was a mere
38 lines.

Thus, it is not at all surprising that participaspent a longer amount of time looking at
the OO code than the procedural code and thatdigeworse on the quiz. Participants reading
OO0 code simply had more text to read and compreh¥ied, while other studies comparing
procedural and OO code have been plagued by siprilddiems (e.g. Boehm-Davis, Holt, &
Schultz), it is not the case that OO code is necggdonger than procedural code for the more
common larger programs. Although overall code flervgpuld have to be significantly increased
beyond the lengths used in the present experirtteéatfact does open doors for future
experimentation in which the code length confouodl@ be eliminated.

Task limitations

One of the goals of the second and more ambiticadifroation task was to find a task
complicated enough for OO code to show benefit pvecedural code. The results indicate this
was not the case. Moreover, the task was suftigieomplicated that five of the eight OO

participants used all of their time. Much of theop performance of OO participants on this task
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may have arisen from not having sufficient timeoonplete the task with the OO code. Both
code modifications tasks essentially tested perémice with code that was novel to all
participants. After a developer has had more tionigecome more familiar with code, the
benefits of OO might begin to emerge. While a dgyer on a large program may constantly be
exposed to novel code, it does not seem likelyithattypical of an actual software engineering
environment for a developer to only spend 15 misuigh a piece of code.

Terminology

Another proposed benefit of OO code is that itdyedtlows a “ubiquitous language” (Evans,
2003) to be shared between code and the domaithislexperiment, participants were forced to
map from the Simon functionality terminology baokiiowling to make use of the given

bowling knowledge. This was necessary to proviseesame code to participants whether or not
they had been primed to use bowling knowledge. sTparticipants did not benefit from
ubiquitous language shared between the code andidormBeing forced to map all of the
terminology may have even made domain knowledge lpgrformance. Mapping between the
two sets of terminology might have been more diffithan just determining what the code was
doing directly from the code. The results suggiest any benefits of OO code in allowing
domain knowledge to be better utilized may requirguitous language. Again, however, doors
are open to further experimentation in which thejuibous language issue is addressed, by
including conditions in which both procedural an® ©ode is written using the terminology of
the domain knowledge.

Conclusion

We have interpreted our finding that domain knogkedenefits developers with procedural

code and not with OO code and have proposed amatiee and novel explanation for code’s
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naturalness. We contrasted the often fragile eatficompact, procedural problem solutions
(e.g., cooking recipes; list-like driving direct®no the often more robust and informative
nature of declarative problem solutions (e.g.,idgwirections presented in map-like form;
assembly instructions including diagrams as welba# lieu of, a series of textual steps). When
trying to amend or tweak often succinct, procedaaddlitions in response to unforeseen events
(substituting items in a recipe, routing arouncesodr, improvising a replacement for a missing
part during assembly), domain knowledge would stebe of paramount importance, since the
procedure provides only one potentially fragileusioin and little additional information. In
contrast, when performing similar tasks with a deative problem solution such as a map, the
map itself may mitigate the need for internal damlaowledge, since it provides an external
representation of the problem domain that may caorsgte for any lack of such knowledge.

We have also discussed a number of features @bperimental design that may have
unintentionally stacked the deck against the OQ@igjants including a code-length confound,
the use of code completely novel to participantsl, the “whitewashing” of the code
terminology to eliminate any reference to the ceteeproblem domain of bowling. We have,
however, also discussed prospects for future relahat could possibly address each of these
issues, and thus may deepen our understanding @irtiblem solving activities involved in the

extremely important and highly consequential afesofiware engineering.
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Table 1

Selected Smon function and bowling terminology relationships

Bowling term Simon function term
Strike Highlteration

Spare Mediumlteration
OpenFrame Lowlteration

Score Compute

FrameSize IterationSize
Throws X

Frames Iterations

firstThrow firstX

BonusRoll ExtraX




Table 2
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Group means for all conditions on all measures. All times arein minutes, and higher confidence

numbers reflect greater confidence.

Measure Procedural OO0

No bowling  Bowling No bowling Bowling
Code comprehension time 6.57 5.3 8.74 9.73
Quiz number correct 9 9 7 6.5
Quiz time 4.07 4.76 3.33 3.69
Code understanding 8.25 7.5 6.5 6.25
confidence
Modification task 1 time 7.29 10.22 9.15 12.48
Modification task 1 bugs 3.5 0.3 1 2.8
Modification task 1 confidence 7.75 8.5 7.5 5.75
Modification task 2 time 11.9 13.6 13 13.9
Modification task 2 bugs 3 4 3.5 4.8
Modification task 2 confidence 6.8 7 4.3 4




Appendix A
Procedural code isomorph

i mport java.util.*;

public class SinonFunction

{

17)

public static void main(String[] args) {}

private ArrayList X = new ArrayList();

public void Append(int nunber)

{
X. add(new | nt eger (nunber));

public int Conpute()

{
int xlndex = 0;
int S=0;
for (int i =0; i < 10; i++, xlndex += PopNumber (x| ndex))
{

S += XAt (xl ndex) + XAt(xlndex + 1);

if (XAt(xlIndex) == 17 || XAt(xlndex) + XAt(xIndex + 1)

S += XAt (xl ndex + 2);

}

return S;
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private int PopNumber(int xlndex)

{
if (XAt(xlIndex) == 17) return 1;

return 2;

private int XAt(int index)

{

return ((Integer) X get(index)).intValue();
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Appendix B
OO code isomorph

i mport java.util.*;

public class SinonFunction

{

public static void main(String[] args)

{
}

private ArraylList X;

private ArraylList iterations;

public SinmonFunction()

{
X = new Arraylist();

iterations = new Arraylist();

public void Buildlterations(ArrayLi st

{

int index = 0;

whil e (index < numbers.size())

{
i f (ListAt(nunbers, index)

{

Hi ghlteration();

nunber s)

== 17)
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i ndex++;

}
else if (index + 1 >= nunbers.size())
{
return;
}
el se if (ListAt(nunmbers, index) + ListAt(nunbers, index +
1) == 17)
{
Medi uml t erati on(Li st At (nunbers, index),
Li st At (nunmbers, index + 1));
i ndex += 2;
}
el se
{
Lowi teration(ListAt(nunbers, index),
Li st At (nunmbers, index + 1));
i ndex += 2;
}
}
}

private int ListAt(ArrayList list, int index)

{

return ((Integer) list.get(index)).intValue();

public void Lowmteration(int firstX, int secondX)



iterations.add(new Lowteration(X, firstX, secondX));

public void Mediumteration(int firstX, int secondX)

{

iterations.add(new Mediumteration(X, firstX, secondX));

public void Highlteration()
{

iterations.add(new Hi ghlteration(X));

public void ExtraX(int anX)

{

iterations.add(new ExtraX(X, anX));

public int Conpute()
{

int total = 0O;

for (int i =0; i < 10; i++)

{

total += ((Ilteration) iterations.get(i)).Conpute();

return total;

31
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abstract private class Iteration

{
public ArrayList X

protected int startingX;

public Iteration(ArrayList X)

{
this. X = X;
this.startingX = X size();

}

abstract public int Conpute();

abstract protected int IterationSize();

protected int FirstBonusX()

{

return ((Integer) X get(startingX + IterationSize())).intValue();

protected int SecondBonusX()

{

return ((Integer) X get(startingX + IterationSize() +

1)).intVal ue();

}

private class Lowlteration extends Iteration

{



public Lowteration(ArrayList X, int firstX

{
super ( X);
X. add(new I nteger(firstX));
X. add(new | nt eger (secondX));
}

public int Conpute()
{

i nt secondX)

return ((Integer) super.X. get(startingX)).intValue()

+ ((Integer) super. X get(startingX + 1)).intValue();

protected int IterationSize()

{

return 2;

class Mediumteration extends lteration

{

public Mediumteration(ArrayList X

{
super ( X);
X. add(new I nteger(firstX));
X. add(new I nt eger (secondX));
}

public int Conpute()

int firstX

i nt secondX)
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return 17 + FirstBonusX();

protected int lterationSize()

{

return 2;

private class Highlteration extends Iteration

{

public Hi ghlteration(ArrayList X

{
super ( X) ;

X. add(new I nteger(17));

public int Conpute()
{

return 17 + FirstBonusX() + SecondBonusX();

protected int IterationSize()

{

return 1;
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class ExtraX extends Iteration

{
public ExtraX(ArraylList X, int firstX)
{
super ( X);
X. add(new I nteger(firstX));
}
public int Conpute()
{
return O;
}
protected int IterationSize()
{
return O;
}
}

35
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Appendix C
Simon function description

The Simon function, $X) : ZA" => Z, where k is a constant, is highly usefuldescribing
processes in both physical and human systemsexXamnple, $ maps an n dimensional vector

X to an integer as follows:

While more numbers iX

Let x1, x2, x3 be the first 3 numbers on the k&;may be null

Leth& 1iff (x1 =17) or (x1 + x2 =17)

Let h < 0 otherwise
S+=x1+x2+h*x3
If x1 =17

Pop one from the head of the list
Else

Pop two from the head of the list

Return S



37

Appendix D
Bowling priming

One particular use of a Simon function is to s¢aaditional 10 pins bowling, the type
played in most American bowling alleys. In bowlimgultiple players roll a ball to earn points
knocking down pinsX is a list of the number of pins knocked down bgheeoll. Each player’s
turn is called a frame, equivalent to an iteratbthe Simon function S10 . The maximum
number of pins that can be knocked down per fraari®j as opposed to the 17 in the Simon
function example. If a player does not knock d@irof the pins on the first roll of a frame, the
player receives a second roll.

To score a frame of bowling, the score for allrd tolls in the frame is first summed. If
all of the pins were knocked down on the first,rtiie frame is called a strike, and the next two
rolls are added to the score. If all of the piresevknocked down on the first two rolls, the frame
is called a spare, and the next roll is addeddcstiore. If all of the pins are not knocked down

in a frame, the frame is open, and no additionaltgare added.

SIMON FUNCTION S;; BOWLING (Syp)

Loop iteration Frame

17 10

h=1 Strike or spare

X List of number knocked down pins
S after ith iteration Total score after ith frame
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Appendix E
Code quiz

An asterisk precedes the correct answer for eaebtiqun except for question four, where the

correct answer for each code isomoprh is denotearately.

Please circle the best answer. Each questionrighwaoe point. There is no penalty for

guessing.

1. How many times does the for loop in SimonFunmc@mmpute() iterate?
a.4

b. 6

*c. 10

d. 14

2. Each iteration of the loop in SimonFunction.Corte)
*a. goes to the next Simon function iteration

b. goes to the next numberXn

C. goes to the next number with an odd indeX in

d. goes to the next number with an even indeX in

3. What is the type of?
a. Array

b. Vector
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*c. ArrayList

d. LinkedList

4. What is thaninimum number of values of referenced by code called from each iteration of
the loop in SimonFunction.Compute()?

a.o

b. 1 [correct answer for OO isomorph]

c. 2 [correct answer for procedural isomorph]

d.3

5. What is thenaximum number of values of referenced by code called from each iteration of
the loop in SimonFunction.Compute()?

a.l

b. 2

*c. 3

d. 4

6. For a given execution of SimonFunction.Computagyv many times will it call Append()?
*a. 0

b.1

C.2

d. It varies
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7. If the SimonFunction class has datarfar e iterations than 10 it will
*a. Ignore the extra data

b. Use the extra data and correctly calculate thms function

c. Throw an exception

d. Return a special value indicating it has exatad

8. If the SimonFunction class has dataffaver iterations than 10 it will
a. Correctly compute the Simon function for theat®ns it has data for
b. Incorrectly compute the Simon function

*c. Throw an exception

d. It depends on exactly what data it has

9. Which of the following is the name of a memherdtion of the SimonFunction class?
a. Remove()

*b. main()

c. Prepend()

d. Reset()

10. Which of the following is the import statemanthe top?
a. import java.math.*;

*b. import java.util.*;



c. import java.util. ArrayList;

d. import java.text.*,
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Appendix F
Unit tests

Modification task 1 procedural isomorph unit tests

i mport junit.framework. Test Case;

public class SinonFunctionTest extends Test Case

{

protected void setUp()

{

si monFunction = new Si nonFuncti on();

public void Roll Many(int count, int roll)

{
for (int i = 0; i < count; i++)

si monFunct i on. Append(roll);

public void testGutterBalls()

{
Rol | Many(20, 0);

assert Equal s(0, sinmonFunction. Compute());

public void testThrees()

{
Rol | Many(20, 3);



assert Equal s(60, sinmonFunction. Conpute());

public void testSpare()

{

si monFuncti on. Append(7);
si monFunct i on. Append(10) ;
si monFunct i on. Append(5);
si monFunct i on. Append( 3);

Rol | Many(16, 0);

assert Equal s(30, sinmonFunction. Conpute());

public void testStrike()

{

si monFunct i on. Append(17);
si monFunct i on. Append(5);
si monFuncti on. Append( 3);
si monFunct i on. Append( 2);
si monFuncti on. Append(1);

Rol | Many(14, 0);

assert Equal s(36, sinmonFunction. Conpute());

public void testPerfect()

{

Rol | Many(12, 17);

43



assert Equal s(510, sinobnFunction. Conpute());

public void test XG eat er Than()
{
si monFunct i on. Append(18);
si monFunct i on. Append(7);
si monFunct i on. Append(5);
si monFunct i on. Append( 3);

Rol | Many(16, 0);

assert Equal s(-1, sinmonFunction. Conpute());

public void testSecondXG eat er Than()
{

si monFunct i on. Append(7);

si monFunct i on. Append(18);

si monFunct i on. Append(5);

si monFunct i on. Append( 3) ;

Rol | Many (16, 0);

assert Equal s(-1, sinmonFunction. Conpute());

public void testXLessThan()

{

si monFunct i on. Append(-1);

si monFunct i on. Append(7);
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si monFunct i on. Append(5);
si monFunct i on. Append( 3) ;

Rol | Many (16, 0);

assert Equal s(-1, sinmonFunction. Conpute());

public void testSecondXLessThan()

{

si monFunct i on. Append(7);
si monFuncti on. Append(-1);
si monFunct i on. Append(5);
si monFunct i on. Append( 3);

Rol | Many (16, 0);

assert Equal s(-1, sinmonFunction. Conpute());

public void testConboG eater Than()

{

si monFunct i on. Append(7);
si monFunct i on. Append(16) ;
si monFunct i on. Append(5);
si monFunct i on. Append( 3);

Rol | Many(16, 0);

assert Equal s(-1, sinmonFunction. Conpute());
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private SinonFunction sinonFunction

Modification task 2 procedural isomorph unit tests

i mport junit.framework. Test Case;

public class SinonFunctionTask2Test extends Test Case

{

protected void setUp()

{

si monFunction = new Si nonFunction();

public void Roll Many(int count, int roll)

{

for (int i = 0; i < count; i++)

si monFunct i on. Append(roll);

public void testlncremental 1()

{

si monFunct i on. Append(7);
si monFunct i on. Append(9);
si monFunct i on. Append(5);
si monFunct i on. Append( 3);

si monFunct i on. Append(14);

assert Equal s(24, sinmonFunction. Conputelncrenental ());
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public void testGutterBallslncrenmental ()

{

Rol | Many(2, 0);

assert Equal s(0, sinonFunction. Computel ncremental ());

public void testThreesl ncrenmental ()

{

Rol | Many(8, 3);

assert Equal s(24, sinmonFunction. Conputelncrenental ());

public void testSparelncrenental ()

{

si monFuncti on. Append(7);
si monFunct i on. Append(10) ;
si monFunct i on. Append(5);

si monFunct i on. Append( 3) ;

assert Equal s(30, sinmonFunction. Conputelncrenental ());

public void testStrikelncremental ()

{

si monFunct i on. Append(17);
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si monFunct i on. Append(5);
si monFunct i on. Append( 3) ;
si monFunct i on. Append( 2);

si monFuncti on. Append(1);

assert Equal s(36, sinmonFunction. Conputelncrenental ());

private SinonFunction sinonFunction

Modification task 1 OO isomorph unit tests

i mport junit.framework. Test Case;

i mport java.util.*;

public class SinonFunctionTest extends Test Case

{
protected void setUp()
{
si monFunction = new Si nonFunction();
rolls = new ArraylList();
}

private void AppendRol | (i nt nunber)
{

rol | s. add(new | nt eger (nunber));
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public void Roll Many(int count, int roll)

{
for (int i =0; i < count; i++)

AppendRol | (rol 1) ;

public void testGutterBalls()

{
Rol | Many (20, 0);
si monFunction. Buildlterations(rolls);
assert Equal s(0, sinmonFunction. Compute());
}

public void testThrees()

{
Rol | Many( 20, 3);
si monFunction. Buildlterations(rolls);
assert Equal s(60, sinmonFunction. Conpute());
}

public void testSpare()
{
AppendRol | (7);
AppendRol | (10);
AppendRol | (5);
AppendRol | (3);

Rol | Many (16, 0);
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si monFunction. Buildlterations(rolls);

assert Equal s(30, sinmonFunction. Conpute());

public void testStrike()

{

AppendRol | (17);

AppendRol | (5);

AppendRol | (3);

AppendRol | (2);

AppendRol | (1);

Rol | Many (14, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(36, sinmonFunction. Conpute());
}

public void testPerfect()

{
Rol | Many(12, 17);
si monFunction. Buildlterations(rolls);
assert Equal s(510, sinonFunction. Conpute());
}

public void test XG eat er Than()
{
AppendRol | (18);

AppendRol | (7);
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AppendRol | (5);
AppendRol | (3);
Rol | Many(16, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(-1, sinmonFunction. Conpute());

public void testSecondXG eat er Than()

{

AppendRol | (7);
AppendRol | (18);
AppendRol | (5);
AppendRol | (3);
Rol | Many(16, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(-1, sinmonFunction. Conpute());

public void testXLessThan()

{

AppendRol | (-1);
AppendRol | (7);
AppendRol | (5);
AppendRol | (3);
Rol | Many(16, 0);

si monFunction. Buildlterations(rolls);
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assert Equal s(-1, sinmonFunction. Conpute());

public void testSecondXLessThan()

{

AppendRol | (7);

AppendRol | (-1);

AppendRol | (5);

AppendRol | (3);

Rol | Many(16, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(-1, sinmonFunction. Conpute());
}

public void testConboG eater Than()

{

AppendRol | (7);

AppendRol | (16);

AppendRol | (5);

AppendRol | (3);

Rol | Many(16, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(-1, sinmonFunction. Conpute());
}

private SinonFunction sinonFunction

private ArraylList rolls;
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Modification task 2 OO isomorph unit tests

i mport junit.framework. Test Case;

i mport java.util.*;

public class SinonFunctionTest extends Test Case

{
protected void setUp()
{
si monFunction = new Si nonFunction();
rolls = new ArraylList();
}

private void AppendRol |l (i nt nunber)
{

rol |l s.add(new | nt eger (nunber));

public void Roll Many(int count, int roll)

{
for (int i =0; i < count; i++)

AppendRol | (rol 1) ;

public void testlncrenmental 1()

{
AppendRol | (7);
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AppendRol | (9);
AppendRol | (5);
AppendRol | (3);
AppendRol | (14);

si monFunction. Buildlterations(rolls);

assert Equal s(24, sinmonFunction. Conput el ncremental ());

public void testGutterBallslncremental ()

{

Rol | Many(2, 0);

si monFunction. Buildlterations(rolls);

assert Equal s(0, sinonFunction. Computel ncremental ());
}

public void testThreeslncrenental ()

{

Rol | Many(8, 3);

si monFunction. Buildlterations(rolls);

assert Equal s(24, sinmonFunction. Conputelncrenental ());
}

public void testSparelncrenental ()
{
AppendRol | (7);

AppendRol | (10);
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AppendRol | (5);
AppendRol | (3);

si monFunction. Buildlterations(rolls);

assert Equal s(30, sinmonFunction. Conputel ncremental ());

public void testStrikelncrenental ()

{

AppendRol | (17);

AppendRol | (5);

AppendRol | (3);

AppendRol | (2);

AppendRol | (1);

si monFunction. Buildlterations(rolls);

assert Equal s(36, sinmonFunction. Conputel ncremental ());
}

private SinonFunction sinonFunction

private ArraylList rolls;
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