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Abstract

Several important questions still need to be answered regarding the maintainability of

object-oriented design documents. This paper focuses on the following issues: are object-

oriented design documents easier to understand and modify than structured design docu-

ments? Do they need to comply with quality guidelines such as the ones provided by Coad

and Yourdon? What is the impact of such quality standards on the understandability and

modi�ability of design documents? Answers can be based on informed opinion or empirical

evidence. Since software technology investments are substantial and there exist contradictory

opinions regarding design strategies, performing experimental studies on these topics is a

relevant research activity.

This paper presents a controlled experiment performed with computer science students

as subjects. Results strongly suggest that quality guidelines based on Coad and Yourdon

principles have a bene�cial e�ect on the maintainability of object-oriented design documents.

However, there is no strong evidence regarding the alleged higher maintainability of object-

oriented design documents over structured design documents. Furthermore, results suggest

that object-oriented design documents are more sensitive to poor design practices, in part

because their cognitive complexity becomes increasingly unmanageable. However, because our

ability to generalise these results is limited, they should be considered as preliminary, i.e.,

it is very likely that they can only be generalised to programmers with little object-oriented

training and programming experience. Such programmers can, however, be commonly found

on maintenance projects. As well as additional research, external replications of this study

are required to con�rm the results and achieve con�dence in these �ndings.
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1 Introduction

Object-oriented techniques have become increasingly popular as a methodology for developing

new software systems. Unfortunately, this occurred mainly as a result of opinion and anecdotal

evidence, and not as a result of empirical evidence demonstrating that these techniques o�er

signi�cant advantages over other di�erent techniques. Jones [15], for example, identi�ed several

areas where a distinct lack of empirical evidence exists to support the assertions of gains in

productivity and quality, reduction in defect potential and improvement in defect removal, and

reuse of software components.

More empirical research has been performed since Jones' position, but the evidence does

not support the claim that object-oriented development techniques always provide the many

bene�ts accredited them, as has been suggested by advocates in the past. For example, positive

results have been provided by Basili et al. [1] who found that for their study object-oriented

techniques provided signi�cant bene�ts from reuse in terms of reduced defect density and rework

as well as increased productivity. Similarly, the NASA SEL showed that, after having introduced

and tailored an object-oriented design method into their development environment and providing

substantial training to their developers, bene�ts could be obtained from reuse in terms of reduced

defect density and increased productivity [3]. Not so favourable empirical evidence was provided

by van Hillergersberg et al. [25] who investigated the performance and strategies of programmers

new to object-oriented techniques and concluded that object-oriented concepts were not easy

to learn and use quickly. Daly et al. [10] provide evidence which suggests that inheritance

depth and conceptual entropy of class hierarchies can cause programmers di�culty maintaining

object-oriented software.

Clearly more empirical research is needed to investigate when object-oriented techniques

provide signi�cant advantages over other techniques and when they do not. One particular area

which warrants immediate investigation is maintainability of object-oriented software | time

and again, object-oriented development techniques have been promised to increase maintain-

ability. If true, an organisation switching to object-oriented techniques would be likely to save

large amounts of money throughout the lifetime of an object-oriented system.

This paper presents an empirical study which investigates two important components of

design maintainability, namely its understandability and modi�ability, by comparing the e�ect

of (a) di�erent design techniques and (b) design principles perceived to be `good' and `bad'

practice, on these attributes. We view this study as exploratory | we intend to identify and

re�ne important hypotheses and investigate them further. The paper is partitioned as follows.

Section 2 presents the experimental details of the study. Section 3 summarizes the results

of the data analysis and presents important details which help to explain them. Section 4

discusses the various threats to the validity of the study. The collected data shows that subjects
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with little training do not greatly bene�t, in terms of understanding and modifying design

documents, from object-oriented development techniques. In contrast, the data shows with

statistical signi�cance that adherence to good object-oriented design principles is required if

promised object-oriented bene�ts are to be realised | if not, there is further statistical evidence

to suggest that object-oriented design documents are more di�cult to understand and modify

than appropriate structured design documents.

2 Description of the experiment

The study was conducted to investigate two separate e�ects and their interaction. First, do

object-oriented techniques increase the understandability and ease of modi�cation of the result-

ing design documents over the use of structured techniques? Second, does the use of perceived

`good' and `bad' design principles have any inuence on the understandability and ease of mod-

i�cation of these design documents? Coad and Yourdon identify a set of design principles which

they advocate, if adhered to, will result in a better object-oriented design [6], [7]. The applicable

design principles they identify include guidelines on

Coupling. First, interaction coupling between classes should be kept low, something which can

be achieved by reducing the complexity of message connection and simplifying the number

of messages that can be sent and received by an individual object. Second, inheritance

coupling between classes should be high, achievable by ensuring that each specialisation

class is indeed a specialisation of its generalisation class.

Cohesion. First, a service should carry out one, and only one, function. Second, the attributes

and services should be highly cohesive, i.e., all attributes and services should be referenced

and used and they should all be descriptive of the responsibility of the class. Third, a

specialisation should actually portray a sensible specialisation | it should not be some

arbitrary choice which is out of place within the hierarchy creating a less cohesive class.

Clarity of design. First, use of a consistent vocabulary is important | the names in the

model should closely correspond to the names of the concepts being modeled. Second,

the responsibilities of a class should be clearly de�ned and adhered to. Furthermore, the

responsibilities of any class should be limited.

Generalisation-Specialisation depth. It is important not to create specialisation classes just

for the sake of it. Rather an inheritance hierarchy should attempt to model part of the

problem. The rule is to specialise only if X (the specialisation class) is-a Y (the generali-

sation class).

3



Keeping objects and classes simple. First, avoid excessive numbers of attributes in a class

| an average of one or two attributes for each service in a class is usually all that is

required. Second, \fuzzy" class de�nitions should be avoided. All de�nitions should be

clear, concise, and comprehensive.

Of course, these design principles are not operationally de�ned and their application requires a

certain degree of subjective interpretation.

2.1 Hypotheses

To be able to test the hypotheses below, four di�erent design documents were required, two

object-oriented and two structured. The two object-oriented design documents were designed

according to the above design principles, the `good' system being designed to adhere as best as

possible to the design principles and the `bad' system being changed to prevent the principles

being adhered to | the OMT methodology of Rumbaugh et al. [23] was used to represent the

designs. As a result, the `bad' design, which did not obey the design principles of Coad and

Yourdon, had additional coupling between classes, specialisation levels which were not fully

appropriate, less cohesive classes, e.g., by concatenating two classes into a single one, classes

with unneeded, although sensible, methods and attributes, and classes which had an inconsistent

vocabulary and inconsistent use of method names and messages. Similarly, the two structured

design documents were designed in the same manner, where the relevant Coad and Yourdon

object-oriented design principles were adapted to apply to structured designs | MIL/MDL

based on DeRemer and Kron [13] was used to represent the designs. Di�erences between the

`good' and `bad' structured design documents were similar to the di�erences between the object-

oriented design documents, the exception being additional specialisation | here the procedure

calling hierarchy was made deeper by one or two levels. (See section 2.3 for details of the di�erent

application domains used).

Of interest are the concepts of understandability and modi�ability (see Section 2.6). Both

concepts are di�cult to measure fully | in this study understanding is captured via means

of asking questions about the components of the system designs. Modi�ability is captured by

means of subjects performing impact analyses on the design documents (but not making the

changes identi�ed). Standard signi�cance testing was used to clearly specify the two e�ects

identi�ed | for the sake of brevity, we have supplied only one null hypothesis and have included

both understandability and modi�ability in each alternative hypothesis instead of creating a

single one for each. The null hypothesis is stated as

H0 |There is no di�erence between design documents, in terms of ease of understandability and

modi�ability, developed by the use of object-oriented or structured techniques regardless

of any `good' or `bad' design principles applied.
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The alternative hypotheses, i.e., what was expected to occur, were then stated as

H1 | `Good' object-oriented design is easier to understand and modify than `good' structured

design.

H2 | `Good' object-oriented design is easier to understand and modify than `bad' object-

oriented design.

H3 | `Good' structured design is easier to understand and modify than `bad' object-oriented

design.

H4 | `Good' structured design is easier to understand and modify than `bad' structured design.

H5 | `Bad' structured design is easier to understand and modify than `bad' object-oriented

design.

We now explain our reasoning behind these alternative hypotheses. H1 is stated because it is a

commonly held belief by many in the software engineering community. H2, H3, andH4 are stated

on the basis that when sensible design principles are applied they will aid the understandability

and modi�ability of the resulting design documents. H5 is stated in this direction because of

research conducted by Daly et al. [12]. In their survey it was discovered that many software

practitioners were of the opinion that if object-oriented software was badly designed it would

be more di�cult to maintain than a poorly structured designed equivalent. The reasoning is

that object-oriented concepts when abused, cause many more di�culties to maintainers than

structured concepts do.

2.2 Subjects

The participants of the study were computer science students at the University of Kaiserslautern,

Germany, who were enrolled in the basic software engineering class lasting a semester. During

the lectures the students were taught the basic software engineering principles as well as being

introduced to object-oriented and structured development techniques. The lectures were sup-

plemented by practical sessions where the students had the opportunity to make use of what

they had learned through completion of various software development exercises.

During the course, subjects were asked if they would be interested in participating in, what

was described as, further practical exercises, i.e., they were not asked if they would participate

in an experiment. Twenty students expressed their interest in participation. These subjects

were then given extra practical sessions where they received intensive training on how to read

design documents and how to perform impact analysis on the documents, prior to participation

in the experiment (see section 2.4 for full details of the training).
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As the German system allows students to take di�erent classes at di�erent times during their

studies, the students were of varying degrees of experience, although the majority of the students

who volunteered had their Vordiplom.1 In general, the subjects had little knowledge of struc-

tured development techniques and very little or no knowledge of object-oriented development

techniques.2

2.3 Experimental materials

To test the hypotheses stated in section 2.1 four separate software designs were required: a `good'

and `bad' object-oriented design and a `good' and `bad' structured design. The documentation

accompanying each design was approximately thirty pages and included the system description,

the customer requirements, the developer requirements documents, and the design documents.

The documentation used for the study was intended to be as similar as possible in terms of

the information content they contained, i.e., a serious attempt was made to keep the di�erences

between the four design documents to those caused by (a) the design techniques used, (b) the

design principles applied, and (c) and di�erent application domains. The application domains

used for the four designs were (i) a temperature controlling system (`good' object-oriented), (ii)

an automatic teller machine (`bad' object-oriented), (iii) a software measurement tool (`good'

structured), and (iv) a scheduling software system (`bad' structured). Of course, some domains

are better suited to an object-oriented solution than to a structured one and vice versa. We

discuss the impact of this as a threat to internal validity in Section 4.2.

For each of these designs there were two sets of tasks to be performed. First, subjects had

to read the documents and then had to complete a questionnaire which asked various questions

about (i) their overall understanding of the design, (ii) the structure of the design, and (iii) more

speci�c questions which were answerable from the design documentation provided. The second

task required two separate impact analyses to be performed. First, impact analysis had to be

performed on both the system description document and the design documents as a result of

a change in customer requirements. Second, impact analysis had to be performed on both the

system description document and the design documents, this time as a result of an enhancement

of system functionality.

The tasks were created for each design independently but in such a way that comparison

between subject performances could be made. However, it is almost an impossible task to design

potential modi�cations which required exactly the same number of places to be changed in a

1The Vordiplom is the initial set of exams which students have to pass after (at least) two years at University.

The quali�cation requires passes in theoretical, technical, and practical computer science, mathematics, and a

�fth elective class.
2This information was captured by asking each subject to complete a questionnaire which characterized their

background in terms of experience, quali�cations, knowledge of structured and object-oriented techniques, etc.
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design. As a result the number of places to be identi�ed in each design ranged between 22 and

33 places. Of course, the di�erence may also be due in part to the nature of object-oriented

systems which tend to have their functionality distributed more widely [26], [19]. To be sure the

tasks were comparable, an expert in both object-oriented and structured techniques was timed

while performing the tasks. It was found that for each task the time required was approximately

the same. Similarly, to answer all questions in each questionnaire a comparable amount of time

was required.

After completion of the tasks subjects were given a debrie�ng questionnaire. This question-

naire captured opinions with respect to (i) their performance, e.g., how much of the understand-

ing questionnaire did they estimate they had answered correctly, how accurate and complete

did they think their impact analyses were, (ii) their motivation for participation, and (iii) the

experiment itself, e.g., realism of tasks, was there enough time given?

2.4 Experimental procedure

Before the experimental study took place, in addition to the software engineering course, subjects

received some intensive training. The training began with additional teaching where the students

were taught how to e�ciently perform impact analyses. A practical session then followed which

was essentially a dry run of the experiment proper | students had to answer information

questionnaires and perform impact analyses on design documents similar to the real experimental

tasks. The practical session was conducted interactively so subjects were able to ask about

anything they did not understand.

The experiment was then performed over two separate days with each subject receiving

di�erent design documents each day (see section 2.5 for details of subject allocation). Each

experimental run took place in a class room where the subjects had plenty of space to examine

all the design documents. Each subject sat next to a subject who was examining di�erent

design documents | this was performed to reduce plagiarism, although this was by no means

a signi�cant worry. Subjects were told verbally that there were di�erent designs being worked

upon, but were not told anything about the nature of the study, e.g., what hypothesis were being

tested, what type of design document they were working with. The subjects were then given

a maximum of two hours to complete all the tasks. During this time subjects were told not to

talk between themselves, but to direct any questions they had to the three monitors. Questions

directed towards the monitors were not answered if thought to assist subjects' performance.

After completing their tasks, each subject was given a debrie�ng questionnaire which they were

asked to complete before leaving.
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Figure 1: Group allocation to the di�erent types of design documents

2.5 Experimental design

A 2 x 2 factorial design in two blocks of size two was employed [21]. The two independent vari-

ables being the design technique used (object-oriented or structured) and the design principles

applied (`good' or `bad'). This design assumes that these variables are fully independent. If this

were not the case the design would be nested, not factorial, and comparison of subjects' perfor-

mance could not be made across factors, only within them. In particular, one argument might

be that the design principles applied are not the same across the design techniques, i.e., design

principles are confounded with design technique, and comparison can be only made between

good and bad object-oriented and good and bad structured. This argument does not consider

the following facts. First, although design principles are implemented in a manner which is

determined by the design technique used, the design principles of Coad and Yourdon apply to

the same internal attributes of a design regardless of the design technique used, e.g., coupling,

cohesion, decomposition structure. Second, although the design principles can be violated in

very di�erent ways according to which design technique is used, this is a reection of reality

and should, therefore, not threaten the validity of our design. For example, considering the

decomposition structure of the software, in structured designs lower level functions are encap-

sulated in higher level functions whereas in object-oriented designs classes are specialized into

more speci�c classes via inheritance. As a result, a decomposition error in the former case can

result in inappropriate calls in the higher levels of the call graph whereas, in the latter case,

it can result in inappropriate specializations/generalizations of classes. We believe this does

not cause a problem for our experimental study because it represents, in a realistic manner,

violations of what is perceived as good design practice for a given design technique. If these

violations turn out to be more costly for a particular design technique then that is something we

should be interested in. Third, if we use a nested design then it makes it impossible to compare
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maintainability of object-oriented and structured designs while controlling for their di�erences in

terms of adherence to Coad and Yourdon principles. It then becomes di�cult to provide precise

answers to our questions. Consequently, we feel justi�ed in using a factorial design rather than

a nested one.

For educational purposes there was a requirement that each subject had to have exposure

to an object-oriented design and a structured design as well as exposure to a design which had

adhered to `good' and `bad' design principles.3 This meant that repeated measures analysis

could only be performed for one of our hypotheses (H3). Figure 1 illustrates this constraint

through the allocation of groups to the di�erent designs, where Groups A and D form one block

and Groups B and C form the second block. For example, Group A performed the experimental

tasks for the `good' object-oriented design �rst and then the experimental tasks for the `bad'

structured design. Group D did the opposite of Group A. Note that this procedure is known as

counter-balancing, one method which should eliminate any ordering e�ects caused by the tasks

as well as any learning and fatigue e�ects.

Subjects were then randomly assigned to one of these four groups. This was achieved by

asking each subject to draw a number from a hat. Before the numbers were drawn the numbers

had been allocated to groups sequentially, numbers 1 to 5 for group A, numbers 6 to 10 group

B, and so on. Once a subject drew their number, allocation to a group became clear.

2.6 Data collection procedures and dependent variables

As stated previously, subjects' understanding of the designs was measured based on their accu-

racy of completing the task questionnaire. Data for each impact analysis was collected in two

ways: (i) subjects had to mark on the system description and design documents exactly where

they thought modi�cations would have to be made and (ii) subjects then had to complete a data

collection form to summarise the places identi�ed. This allowed the accuracy of the form to be

cross checked by the researchers. The time to complete the tasks was also recorded. From this

data three sensible dependent variables are derived. Que %, which represents the percentage of

questions that were answered correctly | as the questionnaire was used to gauge the subjects'

understanding of the design, it is reasonable to use the percentage of correct answers as a measure

of this understanding. Mod %, which represents the percentage of places to be changed during

the impact analysis that were correctly found | it is reasonable to measure the e�ectiveness of a

modi�cation by the relative amount of places to be changed found. Mod Rate, which represents

the modi�cation rate, calculated by dividing the number of correct places found by the total

time taken | it is reasonable to measure the e�ciency of a modi�cation by the number correct

3This requirement was necessary because the researchers promised to provide subjects experience with di�erent

types of design techniques as well as experience with designs constructed by practices perceived to be `good' and

`bad'. The e�ect this would have on the experimental design was overlooked at the time.
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places found per time unit. We are con�dent that our dependent variables are valid measures of

the understandability and modi�ability of the system documents. It is important to note that

modi�ability is expressed only in terms of impact analysis | where changes were required was

identi�ed, but the changes themselves were not implemented.

2.7 Data analysis procedure

Data was collected for thirteen subjects over the two experimental runs. Therefore, twenty six

data points were available for analysis | six data points for the `good' object-oriented design,

seven data points for `bad' object-oriented, seven data points for `good' structured,4 and six

data points for `bad' structured (see section 4.2 for details of subject loss as a threat to internal

validity).

As discussed in section 2.5, repeated measures analysis could not be applied because of the

constraint placed upon the design; therefore, the appropriate test to use was a single factor, one

way ANOVA test [14]. The exception to this though was for H3 | the data collected for this

hypothesis is within-subjects and consequently a repeated measures test is applicable; we use

the paired t-test in this instance. (Note that for each parametric test applied and reported in

Section 3, an alternative non-parametric test was also applied and obtained similar results). To

proceed with the analysis, we have to preset a level of signi�cance, i.e., the � level, at which we

will be working for this study. Several factors have to be considered when setting �. First, the

implications of committing a Type I error, i.e., incorrectly rejecting the true null hypothesis, have

to be determined. In our application context, that would mean the cost of using a new design

technique without achieving any bene�cial e�ect, using a less than optimal design technique, or

applying useless design principles. Second, the goals of the study have to be taken into account.

This can be discussed from two perspectives:

A scienti�c perspective: identify cause-e�ect relationships between design techniques, qual-

ity standards, and maintainability, with a high level of con�dence.

A practical perspective: which design technique is more likely to perform better with respect

to maintainability? Are we more likely to signi�cantly bene�t from introducing standards

regarding structural properties of design than by not introducing them?

We regard this empirical study as exploratory research whose goal is twofold: �rst, we want to

identify potentially interesting and practically signi�cant trends to focus future studies. Second,

we wish to gain initial insights into what might be the consequences of using object-oriented

design, `good' design principles, and their interaction. Therefore, we should not adopt a too

4Note, however, that one subject did not attempt the impact analysis tasks for the `good' structured design

| consequently, there are only six data points for the variables Mod % and Mod Rate.

10



stringent � level | this might result in overlooking potential areas of further investigation. In

addition, from a practical perspective, we are in a situation where a decision has to be made

regarding the selection of a design technique or `good' design principles. In that context, we are

more interested in what is the most likely optimal decision than in absolute scienti�c statements.

An � as high as 0.2, or more, might be considered good enough to make a decision, even though

the empirical evidence is not strong enough to make a scienti�c statement with a high degree

of con�dence. In our study, we use � = 0.1, which can be seen as an acceptable compromise

between the di�erent perspectives above and considering the exploratory nature of our work. In

addition, we will provide p-values up to 0.2 (i.e., exact probabilities of committing an error of

Type I) resulting from ANOVA | this allows the reader to make their own decisions regarding

the trends observed.

Another factor a�ecting the analysis procedure is that while there is a large enough number

of data points to apply the statistical tests, the small sample sizes are likely to have an adverse

e�ect on the power of these methods, i.e., the chance that if an e�ect exists it will be found;

for details see [18], [20]. For example, a power value of 0.4 means that if an experiment is run

ten times, an existing e�ect will be discovered only four times out of the ten experimental runs.

Power of a statistical test is dependent on three di�erent components: �, the size of the e�ect

being investigated, and the number of subjects.5 Given the e�ect size and number of subjects

are constant, increasing � is the only option for increasing the power of the test applied [20].6

This provides further justi�cation for our decision to set � to 0.1 instead of the 0.05 level which

is more commonly used in software engineering. Low power will have to be considered when

interpreting non signi�cant results. It is for this reason that practical (or clinical) signi�cance

also needs to be considered [24], [22]. Practical signi�cance is concerned with whether the e�ect

being investigated impacts upon the dependent variable(s) in a manner that can be considered

practically meaningful, i.e., the e�ect is large enough to be of interest. To determine if this

is the case we will calculate the observed e�ect size () detected for each dependent variable

for each hypothesis. This measure is expressed as the di�erence between the means of the

two samples divided by the root mean square of the variances of the two samples [20]. We

intend to discuss all practically signi�cant results and not constrain ourselves to discussing only

statistically signi�cant results. For this exploratory study we consider e�ects where  � 0:6 to

be of practical signi�cance (the unit is one standard deviation). We make this decision on the

basis of e�ect size indices proposed by Cohen [8].

5Power calculations are also performed to help researchers estimate how many subjects are required to have a

reasonable chance (usually 0.8) of achieving a statistically signi�cant result for a given e�ect.
6Whether the test is repeated-measures or not also a�ects the power of the test. This option is directly

dependent on the experimental design being within-subjects; so it is not a component which can be manipulated

in the same way as �.
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Object-Oriented Structured

�xGood ~mGood sGood �xBad ~mBad sBad �xGood ~mGood sGood �xBad ~mBad sBad

Que % 98.1 100 4.5 82.9 80.0 13.8 85.7 100 24.7 96.7 100 8.2

Mod % 69.8 68.8 23.9 53.9 54.5 28.4 67.4 76.1 34.0 52.2 52.2 26.4

Mod Rate 0.70 0.78 0.22 0.36 0.30 0.24 0.49 0.54 0.28 0.41 0.39 0.21

Table 1: Summary descriptive statistics for each system

3 Experimental results

Table 1 presents a descriptive summary of the data collected for each of the four software designs.

The columns represent the mean (�x), median ( ~m), and standard deviation (s) for each di�erent

software system | for ease of comparison they are grouped together by design technique. The

rows provide this data for each of the dependent variables, Que %, Mod %, and Mod Rate. The

sections below detail the results of the analysis for each stated hypothesis. Before discussing

these results, we examine anomalies discovered in the data set.

3.1 Anomalies in the data set

Thorough examination of Table 1 shows two anomalies in the data set | in software engineering

experiments, because of the varying degrees in subjects' ability [5], [9], it is to be expected

that anomalies in the data set occur; when working with small samples sizes the importance

of debrie�ng questionnaires to help explain such occurrences must be stressed. First, notice

that for Que %, structured �xBad is greater than structured �xGood. This occurs as a result of

a relatively low average performance by the `good' structured block, i.e., groups B and C, as

well as a relatively high average performance by the `bad' structured block, i.e., groups A and

D. Examination of the raw data found that two subjects from in the `good' block did not do

particularly well thereby reducing the mean score | as can be seen in Table 1 ~mGood is actually

100% whereas �xGood is only 85.7%. In contrast, all subjects in the `bad' block did particularly

well. Subjects' debrie�ng questionnaires were examined to facilitate an explanation. Little was

found to explain the high �xBad, but some explanatory comments were provided by the two

subjects who had a poor performance with the `good' system helping to explain the low �xGood.

The �rst subject commented that their English was not of a high standard. Subsequently, they

took longer to study the document that the other subjects (their time taken was the longest of

all structured performances). The subject also mentioned that they had di�culties as a result

of not enough time being available. In contrast, the second subject provided the quickest of

all structured performances. This subject stated afterwards they had not read the document

fully and this is supported by their very quick time. This is the likely cause for their poor

score. Therefore, the performance di�erence between the `good' and `bad' structured groups
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for Que % is somewhat explainable, although we are unable to provide explanations for the

excellent performance of the `bad' group.

Second, notice that for Mod %, object-oriented �xBad is greater than structured �xBad, again

going against the direction predicted in the hypothesis. The distributions for these data sets

are similarly with almost equal quartiles, medians, and maximums. No data was uncovered to

suggest any alternative interpretations so it appears there is a very small e�ect of no practical

signi�cance in the opposite direction we predicted.

3.2 H1 | `Good' object-oriented design versus `good' structured design

Table 2 presents a summary of the results of the statistical tests for the three dependent variables

with respect to H1. Column one represents the dependent variable, column two the size of the

e�ect detected, column three the degrees of freedom, column four the F value of the ANOVA

Variable  df F Crit. F0:90 p-value

Que % 0.70 12 1.46 3.23

Mod % 0.54 11 0.02 3.29

Mod Rate 0.84 11 2.10 3.29 p = 0:18

Table 2: ANOVA results for `good' OO versus `good' structured

test, column �ve the critical value for � = 0:10 which F has to exceed to be signi�cant, and

column six provides the p value if it is below 0.20. By examining columns four and �ve it is

obvious that only Mod Rate is close to being signi�cant | H1 cannot be accepted. It is worth

noting though that the values for each of the three dependent variables support the direction of

this hypothesis, although only Que % and Mod Rate show an e�ect size of practical signi�cance

(remember practical signi�cance is deemed to have been achieved when  � 0.6). For replication

purposes we have calculated the minimum number of subjects necessary to have a reasonable

chance of achieving statistical signi�cance, i.e., one where the power of the test is approximately

0.8. For Que %, even with � set at 0.1, 56 subjects will be required to to provide the test with

a power of 0.8. In Section 3.1 the performance of the `good' structured block was found to be

unduly inuenced by two outliers. On this basis, we cannot be sure if the number of subjects

required may be even larger. For Mod Rate, again with � at 0.1, 37 subjects are required.

3.3 H2 | `Good' object-oriented design versus `bad' object-oriented design

Table 3 presents a summary in the same format as Table 2 of the results of the statistical tests

for the three dependent variables with respect to H2. Even with the small sample sizes used

in this study signi�cant e�ects have been detected | signi�cant results are achieved for Que %

and Mod Rate. We regard this as su�cient evidence to accept H2. The e�ect on Mod %, while
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Variable  df F Crit. F0:90 p-value

Que % 1.48 12 6.67 3.23 p = 0:03

Mod % 0.61 12 1.16 3.23

Mod Rate 1.48 12 7.34 3.23 p = 0:02

Table 3: ANOVA results for god OO versus `bad' OO

not signi�cant, was also in the direction supporting the hypothesis and has an e�ect size deemed

to be of practical signi�cance. For replication purposes, we performed the power calculation and

found, with � = 0.10, at least 70 subjects are required for a power of 0.8.

3.4 H3 | `Good' structured design versus `bad' object-oriented design

Table 4 presents a summary of the results of the statistical tests for the three dependent variables

with respect to H3 in the usual format. The results of this repeated analysis are surprising

Variable  df t-ratio Crit. t0:90 p-value

Que % 0.59 5 0.82 1.48

Mod % 0.99 4 2.21 1.53 p = 0.05

Mod Rate 0.90 4 2.87 1.53 p = 0.02

Table 4: ANOVA results for `good' structured versus `bad' OO

with respect to the variable Que % | it was hypothesized that object-oriented concepts would

cause understanding di�culties when badly designed yet the test does not indicate statistical

signi�cance, although it can be argued the e�ect size shows practical meaningfulness. The

�ndings of Section 3.1 help explain this result | it is clear that the mean structured `good'

value of Que % was lower than might otherwise be expected because of outliers. Consequently,

this has a�ected our ability to detect a signi�cant e�ect. For the two dependent variables

concerned with the impact analysis, both achieve statistical and practical signi�cance. Hence

we accept the part of H3 documenting that `good' structured designs are easier to modify than

`bad' object-oriented designs. Note that the paired t-test eliminated some data points because

of missing values | consequently,  has been calculated from the data points which the test

used.

3.5 H4 | `Good' structured design versus `bad' structured design

Table 5 presents a summary of the results of the statistical tests for the three dependent variables

with respect to H4. The results of this analysis are rather perplexing. Most striking, is that for

Que % the mean score for the `bad' structured block is higher than that of the `good' structured

block | indicated by an * because it is in the opposite direction of the stated hypothesis. We
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Variable  df F Crit. F0:90 p-value

Que % * 12 1.06 3.23

Mod % 0.50 11 0.75 3.29

Mod Rate 0.32 11 0.37 3.29

Table 5: ANOVA results for `good' structured versus `bad' structured

have partially explained the reasons for this in Section 3.1. For the other two variables, there

are no obvious explanations for the fact that the performance on the `good' structured system

was not signi�cantly better than for the `bad' structured system other than that, for this study,

the e�ect was quite small.

3.6 H5 | `Bad' structured design versus `bad' object-oriented design

Table 6 presents a summary of the results of the statistical tests for the three dependent vari-

ables with respect to H5. A signi�cant result is achieved for Que %, indicating that subjects

Variable  df F Crit. F0:90 p-value

Que % 1.22 12 4.59 3.23 p = 0:06

Mod % * 12 0.01 3.23

Mod Rate 0.22 12 0.15 3.23

Table 6: ANOVA results for `bad' structured versus `bad' OO

had a better understanding of the `bad' structured design documents than of the `bad' object-

oriented design documents. The �rst point to be raised is the apparent inconsistency between

this result and the result of Section 3.4 with respect to the variable Que %. By deduction, if

poorly designed structured systems are easier to understand than badly designed object-oriented

systems, it should hold that well designed structured systems are too. We have explained that

this inconsistency occurred partly as a result of two low score outliers which unduly inuenced

the mean score for the `good' structured block | subsequently, statistical signi�cance was not

achieved for Que % for H3. Here, on the other hand, statistical signi�cance has been achieved.

Hence, it is reasonable to assume that a practically signi�cant e�ect also exists for this part of

H3.

Mod % is the second anomaly noted in Section 3.1 as it is in the opposite direction of the

hypothesis stated. However, the di�erence between the two means is almost negligible. There

is also little of interest for variable Mod Rate. Consequently, it seems there is little or no e�ect

visible for modi�ability.
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3.7 Analysis summary

We briey summarise and review the results of the analyses in terms of evidence to support our

hypotheses. We categorise this support into the following: strong support, i.e., the data shows

statistical signi�cance (at � level 0.10) and practical signi�cance ( � 0:6), weak support, i.e.,

the data shows practical signi�cance but no statistical signi�cance, and no support, i.e., the

data has neither statistical nor practical signi�cance.

Strong support. Statistical and practical signi�cance was obtained for two of the dependent

variables in support of H2 | `Good' object-oriented design is easier to understand and

modify than `bad' object-oriented design. This result is consistent with the results of a

correlational study by Basili et al. [2]. We also found signi�cant and practical signi�cance

for ease of modi�cation documented in H3 | `Good' structured design is easier to modify

than `bad' object-oriented design. In addition, signi�cant and practical signi�cance was

discovered for ease of understanding documented in H5 | `Bad' structured design is easier

to understand than `bad' object-oriented design. An anomaly was discovered and explained

for ease of understanding documented in H3. By deduction, support is also provided for

this part of H3. These results are consistent with the opinions expressed by practitioners

in [12].

Weak support. Practical signi�cance was discovered forH1 | `Good' object-oriented design is

easier to understand and modify than `good' structured design. Care must be taken when

interpreting this result in terms of ease of understanding because the anomaly discovered

in the data suggests the e�ect size may actually be smaller than has been observed, i.e.,

the data is biased in the direction of object-oriented understanding.

No support. We found no practical signi�cance to support either H4 | `Good' structured de-

sign is easier to understand and modify than `bad' structured design, or ease of modi�cation

documented inH5 | `Bad' structured design is easier to modify than `bad' object-oriented

design.

4 Threats to validity

This section discusses the various threats to validity of the study.

4.1 Construct validity

Construct validity is the degree to which the independent and dependent variables accurately

measure the concepts they purport to measure. The following possible threats have been iden-

ti�ed:
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1. Understandability and modi�ability are di�cult concepts to measure. We argue that the

dependent variables used here are intuitively reasonable measures. Of course, there are

several other dimensions of each concept, e.g., performing impact analysis is not the only

important dimension of modi�ability | making the actual changes it just as important. In

a single controlled experiment, however, it is unlikely that all the di�erent dimensions of a

concept can be captured; the researcher must focus on what can be realistically achieved.

Additional studies are required to investigate the other dimensions of modi�ability. In

future research, we also intend to supplement the dependent variables used with additional

ones, e.g., accuracy of impact analysis.

2. There is no general consensus on what constitutes a `good' and `bad' object-oriented design

and, therefore, the system designs used in this study may not be representative of these.

On the other hand, recent empirical work tends to support the design principles which

were used, e.g., [2], [10]. Therefore, our choice of design principles seems to be more than

reasonable.

4.2 Internal validity

Internal validity is the degree to which conclusions can be drawn about the causal e�ect of

independent variables on the dependent variable. The following possible threats have been

identi�ed: selection e�ects, non-random subject loss, interaction e�ect between problem domain

and design technique, instrumentation e�ect, and maturation e�ect.

1. A selection e�ect occurs as a result of di�erences of ability between the groups of subjects.

As random assignment was employed a selection e�ect would not normally be considered a

threat to validity, but when the number of subjects is relatively small random assignment

can become less e�ective. A selection e�ect might therefore explain the anomaly that

occurred for understanding performance di�erences between `good' and `bad' structured.

On the other hand, to create this di�erence of understanding, any selection e�ect would

have to be quite large and therefore unlikely. If a large selection e�ect did exist it would

be expected to inuence other results in our study, i.e., H1 and H5. Our results do not

suggest that this occurred.

2. Subjects dropping out from a study non-randomly can create di�erences in groups designed

or intended to be equivalent. Of the twenty subjects who expressed an interest in the

further practical exercises only thirteen subjects actually turned up to participate. The

threat to this study arises from the fact that the randomisation plans included all twenty

subjects; because subject loss was non-random this left the groups A, B, C, and D with

2, 5, 2, and 4 subjects respectively. This of course could have meant the groups were no
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longer equivalent in terms of ability to perform the tasks, although having checked the

debrie�ng questionnaires we found no evidence to suggest di�erences between the groups

in terms of motivation and quali�cations. However, we are uncertain of the e�ect this

subject loss had on the outcome of the study.

3. An interaction e�ect between design method and problem domain would mean that sub-

jects' performance was a�ected by both these variables. This might occur because the

problem domains used are more or less suited to an object-oriented solution than a struc-

tured one, e.g., object-oriented design is not thought to be very useful for solving problems

which mainly involve complex mathematical calculations because it is di�cult to identify

entities in the problem domain which represent real world objects. To counter this threat,

the problem domains we used for OO were taken from examples in books detailing OO

design methodology; as such, these domains were deemed to be amenable to an object-

oriented design. If an interaction e�ect did exist, it does not explain why only small

di�erences were found between the object-oriented and structured designs.

To fully address this threat requires four di�erent system designs for each domain | it

could then be determined if such an interaction threat existed. However, this solution is

hampered by two new problems: (i) the high cost involved developing 16 di�erent designs

and (ii) the number of subjects required to provide su�cient data points in each cell of

the design, e.g., as with our design, if each subject were to participate twice, to obtain six

data points per cell would require 48 subjects.

4. An instrumentation e�ect may result from di�erences in the experimental materials em-

ployed. The threat to this study was that possible di�erences between the four software

systems other than those controlled (i.e., technique used to design them and design prin-

ciples employed) were causing performance di�erences. As previously stated, a serious

attempt was made to control for such a threat by ensuring that the same information was

contained within each system documentation.

5. A maturation e�ect is caused by subjects learning as an experiment proceeds. The threat

to this study was that subjects learned enough from the �rst experimental run to bias

their performance in the second experimental run. The design controlled this confounding

variable across the subjects, but in software engineering experiments it is usually stated

as a potential threat. We have no evidence to suggest that this occurred.

The non-random subject loss threat is the most critical threat to this study. The lesson learned

is that when designing randomisation plans, ensure the subjects included in the plans are going

to participate | in this study this would have meant drawing up the randomisation plans once

the subjects had arrived for the �rst experimental run. If we had performed this then there
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would not have been a threat to validity. Threats four and �ve are common to almost every

software engineering controlled experiment and can rarely be completely controlled for | we

made a serious attempt to eliminate them as best as possible.

4.3 External validity

External validity is the degree to which the results of the research can be generalised to the

population under study and other research settings. The following possible threats have been

identi�ed: subject representativeness and the materials used.

1. The subjects who participated in this study are unlikely to be representative of software

professionals and therefore it is impossible to generalise the results to that population.

However, it is argued that student based experiments can provide useful results for several

reasons. First, they can be used to focus weak hypothesis on phenomena which appear

to be important. These hypothesis can then be tested in more realistic settings with a

better chance of important and interesting �ndings. Second, they can be used as a basis

for deciding whether a hypothesis is worth investigating further in, e.g., an industrial case

study. And third, they provide con�rmatory power for any �ndings that are replicated in

such a case study.

2. The materials used in this study, i.e., the software systems and tasks subjects were asked

to complete, may not be representative in terms of their size and complexity.

We would emphasize the point that this research is regarded as exploratory and we are in the

process of building upon it. While these two threats limit generalisation of this research it does

not limit the results being used as the basis of future studies. It is also important to point

out that weaknesses imposed by these two threats can be addressed if similar results can be

obtained by using di�erent empirical techniques | the idea is that the weaknesses of one study

can be addressed by the strengths of another; see, e.g., [11], [17]. For example, when the NASA

SEL investigated the bene�ts of introducing OOD in their development process, they found that

bene�ts were not immediate [3]. Indeed, it took investments in training programmes, tailoring

of OOD, and reuse before tangible bene�ts were gained over previous structured development

practices. This NASA SEL �eld study has a strong external validity given the research setting

and developers investigated; it tends to support the �ndings of this controlled experiment with

respect to inexperienced developers not being provided with immediate bene�ts from using

object-oriented technology. On the other hand, such a �eld study has weak internal validity in

the sense that it is di�cult to determine what factor(s) actually provided most of the bene�ts

received, e.g., would similar bene�ts have been obtained without investment in object-oriented

reuse?
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5 Conclusion

This study has investigated two di�erent e�ects with respect to understandability and modi�-

ability of system design documents, two essential components of maintainability. First, it has

compared designs developed by means of object-oriented and structured techniques. And sec-

ond, it has investigated the use of perceived `good' and `bad' design principles from Coad and

Yourdon and their inuence on the resulting system design documents.

An interpretation of the results based solely in terms of the stated hypotheses, however, is

not possible for the following reasons. One, the power of the statistical tests applied seem to be

too low to detect all existing e�ects at the set � level, even though our data did show several

interesting trends. Two, the various threats to external validity limit our ability to generalise

the results | in this instance, we plan to use the results of this student based experiment to

facilitate further investigation. However, our data do support some plausible interpretations.

First, we found little evidence (i.e., some practical signi�cance was identi�ed but statistical sig-

ni�cance was not achieved) to suggest that maintainers with little experience gain great bene�t

maintaining object-oriented designs over structured designs. This implies that when an organisa-

tion introduces object-oriented design techniques into their development process, proper training

would appear to be a crucial activity if signi�cant maintenance bene�ts are to be achieved; and

the learning curve must be completed, i.e., the maintainers are no longer inexperienced, be-

fore any real bene�ts can be achieved. Second, our results suggest (with statistical signi�cance)

that adherence to `good' object-oriented design principles will provide ease of understanding and

modi�cation for the resulting design when compared to an object-oriented design to which to the

principles have not been adhered to. And third, we found signi�cant evidence to suggest that an

object-oriented design which did not adhere to quality design principles is likely to cause more

understanding and modi�cation di�culties than an appropriate structured design, i.e., abuse of

object-oriented concepts apparently adds signi�cantly to cognitive complexity. Consequently, it

may be even more important to follow stringent quality standards when using object-oriented

design techniques. In addition, this result suggests that switching developers pro�cient in struc-

tured techniques to object-oriented techniques may, in relative terms, actually have negative

e�ects on the designs they produce until they become as pro�cient with the object-oriented

techniques.

In software engineering, to answer the type of questions we are addressing here, we usu-

ally expect to have work with small sample sizes | it is common to work with a sample of

convenience, e.g., students in a programming class or with professional programmers during a

training session. It is quite di�cult and expensive to obtain large subject samples, something

which can usually only be achieved through su�cient motivation to participate as well as suf-

�cient funds. Consequently, we conclude that the power of statistical tests is an important
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factor when interpreting non signi�cant results. Performing power analysis as well as external

replications are necessary to achieve signi�cant, reliable and generalisable results. In addition,

it is likely that consistent data will have to be collected from di�erent studies and integrated

to allow meta-analyses to be performed [16], [22] | for smaller e�ect sizes it may be extremely

di�cult for an individual experiment to obtain the required number of data points to achieve

signi�cance. To be plausible, collaboration between di�erent research groups is necessary, an

objective of research networks such as ISERN (International Software Engineering Research

Network). Finally, we would stress the importance of debrie�ng subjects | the information

gained can help explain anomalies in the data as well as support the quantitative results or aid

alternative interpretations.

Further research planned as a result of this empirical research includes investigation into

what constitutes a `good' and `bad' object-oriented design and identi�cation of other variables

which are valid measures of the concepts of understandability and modi�ability.
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A Debrie�ng questionnaire (translated)

The debrie�ng questionnaire used here has several weaknesses, namely the lack of detailed

questions and the limited response categories provided, which restricted the usefulness of the

data we collected. We point the reader to second study [4] where substantial e�ort was spent

de�ning a more thorough debrie�ng questionnaire | this questionnaire is of more use to those

considering performing a replication.

Questionnaire after each experimental run

Characterisation

1. Estimate the completeness of your answers and modi�cations (in %).

If you could not complete every task, is the reason because of

� A time Shortage

� A lack of understanding

� An uninteresting task?
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2. Please estimate your motivation for participation:

0 - none; 1 - little; 2 - more than little; 3 - average; 4 - good; 5 - excellent

3. Do you have experience of working with structured system designs?

Yes / No

If yes how many?

4. Do you have experience of working with object-oriented system designs?

Yes / No

If yes how many?

5. Do you have your "Informatik vordiplom"?

Yes / No

6. Do you have any additional comments?

Performance

1. Please estimate your understanding of the tasks.

Good / Average / Poor

2. Please estimate your understanding of the system.

Good / Average / Poor

3. Please estimate the ease of the impact analyses.

Di�cult / Average / Easy

4. Please estimate how the structured or object-oriented concepts were of help to

(a) Answer the questions: Useful / Average / Not useful

(b) Perform the impact analysis: Useful / Average / Not useful

5. Do you have any additional comments?

Questionnaire after both experimental runs completed

1. Do you agree that object-oriented designs are better than structured designs in terms of

� Understanding: Agree / Undecided / Disagree

� Performing impact analysis: Agree / Undecided / Disagree
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2. How appropriate was the size of the systems used?

(a) Object-Oriented: Too small / About right / Too large

(b) Structured: Too small / About right / Too large

3. How appropriate was the complexity of the systems used?

(a) Object-Oriented: Too simple / About right / Too complex

(b) Structured?: Too simple / About right / Too complex

4. Do you have any additional comments?
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