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Abstract: Good object-oriented design is crucial for a suc-

cessful software product. Metric-based approaches and

the identification of design smells are established con-

cepts for identifying design flaws and deriving design im-

provements thereof. Nevertheless, metrics are difficult to

use for improvements as they provide only weak guidance

and are difficult to interpret. Thus, this paper proposes a

novel design quality model (DQM) based on fundamen-

tal object-oriented design principles and best practices. In

course of discussing DQM, the paper provides a contribu-

tion in three directions: (1) it shows how to measure de-

sign principles automatically, (2) then the measuring re-

sult is used to assess the degree of fulfilling object-oriented

design principles, (3) and finally design improvements of

identified design flaws in object-oriented software are de-

rived. Additionally, the paper provides an overview of the

research area by explaining terms used to describe design-

related aspects and by depicting the result of a survey on

the importance of object-oriented design principles. The

underlying concepts of the DQM are explained before it is

applied on two open-source projects in the format of a case

study. The qualitative discussion of its application shows

the advantages of the automated design assessment that

can be used for guiding design improvements.
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1 Introduction and Research
Method

Approaches for measuring and assessing object-oriented

design have receivedmuch attention since Chidamber and

Kemerer proposed a metrics suite that measures essential

properties of object-oriented design [1]. A number of ap-

proaches have adapted and extended this set of metrics

to understand the characteristics of a particular object-

oriented design. Besides measuring and assessing, deci-

sions for refactoring can be identified and design improve-

ments can be driven. However, it has been recognized that

using metrics and considering them in isolation does not

provide enough insight to address improvements [2].

A second way to assess design and to guide improve-

ments is to detect design flaws referred to as bad smells
[3]. For example, the approaches of Marinescu et al. [2] or

Moha et al. [4] show that it is useful to identify and poten-

tially fix these bad smells.

The first approach is still metric-centric and the sec-

ond can be applied for the Java programming language

only. A more recent approach has been published by

Samarthyam et al., who pick up the idea of measuring

design principles as one part of a design assessment [5].

Nonetheless, this approach refers to skills and knowledge

of experts who manually assess the compliance of design

principles. In conclusion, the authors point out that the

community lacks a reference model for design quality [5].

This paper addresses the gap of the missing quality

model and discusses three contributions for the commu-

nity. (1) We propose a design quality model (DQM) based

on the established concept of design principles, where the

measurement of the design principles is not based onmet-

rics, but on the adherence to the implementation of de-

sign best practices. Each design best practice has an im-

pact on a specific object-oriented design principle and typ-

ically a set of design best practices is necessary to mea-

sure a single design principle. (2) The second contribu-

tion is a static code analysis tool that allows automatically
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identifying violations of the above mentioned design best

practices directly from the source code. These measured

violations represent the input for the DQM. The way the

measurement result determines the design assessment is

qualitatively discussed in this paper based on the compar-

ison of the two open-source projects jEdit and TuxGuitar.

(3) As a third contribution we show that our DQM is ca-

pable to identifying design flaws since the data provided

by our tool can be systematically used to derive sound

improvements of the object-oriented design. Deriving im-

provements is presented for jEdit since we stay in touch

with one of the main developers of this community; a con-

tact to TuxGuitar could not be established. Going beyond

the assessment of design and suggesting design improve-

ments is a major distinguishing feature of our DQM.

Kläs et al. argue the importance of classifying qual-

ity models to support quality managers in selecting and

adapting quality models that are relevant for them [6]. For

a classification, the authors differ between the underlying

conceptual constructs of quality models as result of their

specific application and measuring purposes. The differ-

ent application purposes, for example, are the specifica-

tion, measurement, assessment, improvement, manage-

ment and prediction of quality. From the viewpoint of ap-

plication purposes, our DQM supports specifying,measur-

ing, assessing and improving design quality. This paper

concentrates on the aspects of specifying, assessing and

improving object-oriented design quality.

In order to close the gap of a missing design quality

model, the research method of this work follows a three

step approach reflecting the structure of the article. How-

ever, before discussing the main contributions and find-

ings, Section 2 shows relatedworks and clarifies basic con-

cepts used for measuring object-oriented software design.

Moreover, it provides an overview of qualitymodels in this

area. Section 3 deals with the identification of design prin-

ciples which was the starting point for building the DQM.

In Section 4, the concepts behind the design qualitymodel

are explained and an overview of the quality model devel-

opment process is given. We applied our quality model on

the two open source projects jEdit andTuxGuitar in the for-

mat of a case study described in Section 5. This gives in-

sights into using the model and especially into improving

design aspects. The latter is shown by collaborationwith a

jEdit developer who provided feedback on the usefulness.

Lastly, Section 6 discusses threats to validity and Section

7 highlights an avenue for future work.

Figure 1: Ontology for Design Measurement Terms

2 Design Concepts and Related
Work

Due to the importance of design principles in this work,

this section first concentrates on clarifying terms for as-

sessing object-oriented design. Then, it presents related

work about design quality models.

2.1 Design Concepts for Measuring Design
Quality

The research area of design assessment is multifaceted

and can be considered from various viewpoints that might

cause confusion when terms are not properly defined. A

promising attempt to clarify the terminology is anontology

that shows the relationships between the different terms.

Figure 1 depicts this ontology, which is basically derived

from fundamental work in this research area we identified

in a literature study and is referenced in the subsequent

subsections. As highlighted in the figure, the ontology dif-

fers between the design principle view and bad smell view

that are finally linked. In the following paragraphs each

entity of the ontology is discussed to illustrate their direct

or indirect connection to design principles.

2.1.1 Design Principle View

Initially, there is the first challenge that even the term de-

sign principle is not precisely defined and is used on dif-

ferent abstraction levels. According to Coad and Yourdon,
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a design principle is one of the four essential traits of good

object-oriented design, i.e., low coupling, high cohesion,

moderate complexity, and proper encapsulation [7]. As we

distinguish different levels of design principleswe call this

type of principles coarse-grained design principles [5].
Coupling is a measure of the relationship between en-

tities in contrast to cohesion that measures the extent to

which all elements of an entity belong together. Thus, it is

reasonable to strive for low coupling and high cohesion for

sake of mainly independent software entities. While cou-

pling and cohesion can be expressed through quantitative

values [8],moderate complexity andproper encapsulation

can only be captured qualitatively. The reason therefore

is that there is no defined or agreed measure for express-

ingmoderateness and properness. At this point, we do not

want to clarify the measurement of complexity or encap-

sulation, but we want to highlight that they influence soft-

ware design considerably.

Design principles such as Single Responsibility Princi-
ple, Separation of Concerns Principle, Information Hiding,
Open Closed Principle, and Don’t Repeat Yourself Princi-
ple are more specific and provide good guidance for build-

ing high-quality software design [9, 10]. Besides, they are

used to organize and to arrange structural components

of the (object-oriented) software design, to build up com-

mon consents about design knowledge and to support be-

ginners in avoiding traps and pitfalls. Since these design

principles are more concrete than the coarse-grained de-
sign principles mentioned above and to distinguish them

from the others, they are considered as fine-grained design
principles [5]. Although fine-grained design principles are
breaking down design aspects, they are probably still too

abstract to be applied in practice.

To guide a software designer and engineer with more

concrete guidelines, design best practices can be used

since they pertain to the use of general knowledge gained

by experience. According to Riel, who refers to heuristics

or rules of thumbs when talking about design best prac-

tices, these guidelines are not rules that must be strictly

followed [11]. Instead, they should act as a warning sign

when they are violated. Consequently, violations need to

be investigated for initiating a design change if necessary.

All in all, design best practices (aka heuristics) ensure the

adherence of fine-grained design principles when taken

into consideration and appropriately applied.

Appropriately applying a design best practice more or

less depends on skills and experience of the software en-

gineer or on a cheat sheet sticking next to the monitor. As

a result, there must be means to actually check the com-

pliance of best practices. A fundamental work, which ad-

dresses this challenge, was published by Chidamber and

Kemerer who proposed a metrics suite for object-oriented

design [1]. Without discussing the entire suite, measuring

metrics can verify certain aspects of good-oriented design.

For example, theDepth of InheritanceTree (DIT)metric can

provide an indicator for unpredictable behavior of meth-

ods since it becomes more difficult to predict method be-

havior the deeper it is located within the inheritance tree.

Although the field of object-oriented metrics is ex-

tended with various versions of metrics, there are still

somedesign concerns that cannot be expressed by a single

metric value. For instance, when a superclass calls meth-

ods of a subclass, a single value does not make sense. In-

stead, it is more useful to actually see where a class calls

methods of its subclasses. Therefore, rules are the imple-

mentations of these design best practices that provide the

functionality to show the violation in the source code.

2.1.2 Bad Smell View

While the terms from the design principles view are ad-

dressed in the discussions above, the bad smell view of

the ontology is not touched so far. Starting with AntiPat-
tern, it is the literary form of a commonly occurring design

problem solution that has negative consequences on the

software quality [12]. It uses a predefined template to de-

scribe the general form, the root causes that led to the gen-

eral form, symptoms for recognizing it, the consequences

of the general form, and refactoring solutions for changing

the AntiPattern to a solution with fewer or non-negative

consequences. According to Brown et al., there are three

different perspectives on AntiPatterns that are: develop-
ment, architectural, and managerial [12]. In the context of

measuring and assessing object-oriented design, manage-

rialAntiPatterns concerning software development and or-

ganizational issues are less important. Consequently, ar-

chitectural and mostly development AntiPatterns are con-
sidered since they discuss technical and structural prob-

lems encountered by software engineers.

In contrast to it, a design flaw is an unstructured and

non-formalized description of a design implementation

that causes problems. Sometimes the term is used as syn-

onym forAntiPatterns because it relates to the same type of

problem (improper solution to a problem) but with a less

stringent description. These improper solutionsmay result

from applying design patterns (e.g., design patterns pro-

posed by Gamma et al. [13]) incorrectly, i.e., in the wrong

context, without experience in solving a particular type

of problem, or from just knowing no better solution [12].

Since the term design flaw does not designate a particular
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design issues, it is used when talking about design issues

in a general sense.

As previously mentioned, AntiPatterns are recognized
by symptoms that are metaphorically known as bad

smells. Bad smells, or just smells, were published by

Fowler et al. [3]. In this work the authors aim to provide

suggestions for refactoring by investigating certain struc-

tures in the source code. In fact, they proposed a list of

22 concrete bad smells discussed in a more informal way

compared to AntiPatterns [3]. Subsequently, researchers
have added other bad smells to the original list, which fol-

low the common understanding that a smell is not a strict

rule but rather an indicator that needs to be investigated.

As shown in Figure 1, both code smell and design

smell are derived from bad smell, meaning that they share

the same characteristics but are more specific in a certain

concern. More precisely, a code smell is a bad smell that

manifests in the source code and can be observed there

directly. For example, if a method contains if-statements

with empty branches this simply is a correctness-related

coding problem. In contrast, a design smell is inferred

from the implementation of a problem solution. For in-

stance, a subclass that does not use any methods offered

by its superclass might falsely use the inheritance feature

as there is no real is-a relationship between the subclass

and its superclass. As a conclusion, a code smell can be de-

tected on the syntactical code level whereas a design smell

requires a more comprehensive semantic interpretation.

In the previous examples for explaining code and de-

sign smells, the object-oriented language features of poly-

morphismand inheritance are used. Actually, there are the

two additional object-oriented language features encapsu-

lation and abstraction. These four features together are the

technical foundation for good design. In other words, ab-

straction, encapsulation, inheritance, and polymorphism

are tools for software designers to satisfy software qual-

ity aspects. Without an understanding of these four tech-

niques, bad smells are introduced anddesign principles as

well as design best practices are violated.

2.1.3 Connecting the Principle and Smell View

At this point of explaining the ontology, there is one im-

portant connection pair missing, which shows the rela-

tionship between bad smells and fine-grained design prin-

ciples as well as the opposite direction from design best

practices to bad smells. To our understanding, bad smells

are not symptoms of fine-grained design principles since

they have a negative attitude compared to design princi-

ples, which follow a positivistic view on design. Instead,

we argue that bad smells threaten fine-grained design

principles – and indirectly coarse-grained design princi-

ples –when found in the source code or on a sematic level.

Additionally, we think that design best practices can help

to prevent bad smells as these rules of thumb address cer-

tain smell characteristics.

Next to the connection pair between bad smells and

design principles, design patterns, which cannot be ig-

nored when discussing software design, connect both

sides as well. By definition, design patterns provide a gen-

eral reusable solution to a commonly occurring problem

[13]. Therefore, the context of the problem within the soft-

ware design must be considered to avoid an inappropri-

ate implementation.Many concepts of design patterns rest

upon fine or coarse-grained design principles on the one

hand. However, when they are applied in the wrong con-

text or because they are not fully understood then the in-

correct implementation can cause a design flaw on the

other hand. Consequently, design patterns do not exclu-

sively fit in one of both views since they have relations to

elements of both sides whywe place them right in themid-

dle of Figure 1.

While design patterns are important when building

software, we exclude them from the research area of de-

sign assessment. This decision is based on our opinion

that the judgement whether design patterns are properly

applied, heavily relies on the semantic context. Confor-

mance of the application of patterns with the specification

of patterns, as described in Muraki & Saeki [14], is not in

our focus.

According to our understanding of these terms and

their use within the domain of measuring and assessing

object-oriented design, we place our DQM into the area of

verifying the compliance of fine-grained design principles

based on violations of design best practices (aka heuris-

tics). In the further discourse of themodel, we refer to fine-

grained design principles when talking about design prin-

ciples or just principles.

2.2 Related Work about Quality Models for
Object-Oriented Design

Besides design quality as focused in this work, it is impor-

tant to understand the conceptual approach of express-

ing software quality by using quality models. For several

decades, these kinds of models have been a research topic

resulting in a large number thereof [6]. First insights in this

field were shown by Boehm et al. who described quality

characteristics and their decomposition in the late 1970s

[15]. Based on that understanding of modeling quality, the
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need for custom quality models and the integration of tool

support arose. As a result thereof, the quality models sim-

ply decomposed the concept of quality in more tangible

quality attributes. The decomposition of quality attributes

further enhanced by introducing the distinction between

product components as quality carrying properties and ex-

ternally visible quality attributes [16].

Due to pressure from practitioner and based on the

quality models from the late 80s, the ISO 9126 standard

was defined in 1991. While this was the first attempt to

standardize software quality, concerns regarding the am-

biguous decomposition principles for quality attributes

were discussed [17]. Moreover, the resulting quality at-

tributes are too abstract to be directly measurable [17]. Be-

cause of these problems, the ISO 25010 as successor of ISO

9126 has been published but addresses just minor issues

why the overall critique is still valid. Regardless of the ISO

standards, the resulting quality models from the late 90s

did not specify how the quality attributes should be mea-

suredandhow thesemeasuring results contribute to agen-

eral quality assessment of the investigating software.

Comprehensive approaches that address these weak-

nesses are, e.g., Squale [18] and Quamoco [19]. The re-

search team of Squale first developed an explicit quality

model describing a hierarchical decomposition of the ISO

9126 quality attributes and extended the model with for-

mulas to aggregate and normalize measuring results. For

operationalizing this model, a tool set including the mea-

sures is accompanied. The Quamoco approach – more ex-

tensively discussed in Section 4 – addresses the above

mentionedweaknesses as well, but in contrast to Squale it

structures quality attributes by using a product model. Be-

sides, Quamoco provides a modeling environment that al-

lows to integrate measuring tools. Given this quality mod-

els, approaches for measuring, assessing and improving

software quality has established. Nevertheless, the more

focused research area of software design quality has still

open challenges.

With a focus on design quality, Bansiya and Davis

made one of the first attempts to establish a quality model

therefore [20]. This quality model for object oriented de-

sign (QMOOD) is structured on four levels. On the first

level, the model consists of six design quality attributes

that are derived from the ISO 9126 standard [21]. As men-

tioned by Bansiya and Davis, these attributes are not di-

rectly observable and there is no approach for their oper-

ationalization. Consequently, they introduced the layer of

object-oriented design properties. Encapsulation and Cou-
pling are examples of these design properties in QMOOD.

Although design properties are a more specific way of ex-

pressing quality, there is still the problem that neither

quality attributes nor properties aremeasurable. Thus, the

third level of QMOOD specifies one (!) design metric for

each design property. Lastly, the fourth layer of QMOOD

represents the object-oriented design components that are

objects, classes, and the relationships between these ele-

ments.

The idea of decomposing a quality or design aspect

into more fine-grained properties is applied in our DQM

as well. Furthermore, DQM distinguishes more clearly be-

tween the quality-carrying properties used for measure-

ment (following the work of Dromey [16] andWagner et al.

[22]) and the impact of these properties on object oriented

design principles. Although QMOOD tries to structure the

assessment systematically, it still lacks a consideration of

design properties from a broader view. For example, the

measurement of the design property Encapsulation with

one metric is neither sufficient to assess the compliance

of this design aspect nor is it helpful for guiding improve-

ments. Contrary, our DQM defines eight best practices for

the design property Encapsulation that are measured us-

ing static analysis techniques.

Another attempt to address the assessment of object-

oriented design is proposed by Marinescu and Ratiu [2].

According to these authors, real design issues often cannot

be directly identified when single metrics are considered

in isolation. Thus, they propose an approach to detect de-

sign flaws, referred to as bad smells [3], by using so called

detection strategies. A detection strategy relies onmeasur-

ing different aspects of object-oriented design bymeans of

metrics and combining them toonemetric-based rule. This

combination of metrics allows reaching a higher abstrac-

tion level in working with metrics and expressing design

flaws in a quantifiable manner.

The approach from Marinescu and Ratiu [2] can be

used to indicate the problem source that causes a design

flaw. Our DQM is designed with the same intent, as one of

its measurement purposes is the improvement of the cur-

rent design. Compared to QMOOD, the approach of Mari-

nescu and Ratiu leads to better founded assessment re-

sults as different metrics are combined. For guiding im-

provements, there remains the obstacle of using metrics

that are difficult to derive hints for design enhancements.

While our DQMcombines different design best practices to

one overall result, the concentration on design best prac-

tices better guides improvement processes. Contrary to our

approach, Marinescu and Ratiu do not provide a compre-

hensive quality model but focus on measuring a set of de-

sign and code smells.

A recently published work picks up the idea of check-

ing the compliance of design principles [5]. The approach,

which is known as MIDAS, is an expert based design as-
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sessmentmethod following a three viewmodel: the design

principles view, a project-specific constraints view, and

an “ility”-based quality model view. The MIDAS approach

emphasizes project-specific objectives and relies on man-

ual measures assessed by experts.

MIDAS provides a design quality model with different

views on design but does not provide support for auto-

matic assessment or support for guiding improvements.

This is a major difference to our work. In addition, the au-

thors of MIDAS point out that a reference quality model

for design would be desirable as general purpose quality

models like ISO 9126 [21] are not specific enough to capture

design quality. With this paper and the first presentation

of the DQM, we are filling the gap of the missing reference

model that is based on design principles measured by the

compliance of associated design best practices.

3 Identification of Design
Principles

This paper is based on fine-grained design principles since
we are eager to use our design quality model for measur-

ing, assessing and improving the compliance of a software

product with these design principles. Unfortunately, there

is no systematicwork that collects these principles that are

discussed in the literature and applied in practice. Thus,

we first identified potential candidates in the literature,

which were then used in a survey to get at least an under-

standing about their importance.

This surveywas available fromMarch 16

th

to April 20

th

2015 and during this time 104 participants completed the

questionnaire. Participants have been acquired by emails

to senior developers or architects known to us in develop-

ment organizations worldwide (with a focus on Europe).

Moreover, partners were encouraged to re-distribute our

call for achieving a higher distribution andwe placed calls

in ResearchGate and in design-oriented discussion groups

on LinkedIn.

Analyzing the demographic aspects of the partici-

pants shows that more than 50% of the participants are

employed in companies with more than 1.000 employees.

Table 1 depicts the actual distribution.

The question regarding the current job role indicates

that many software architects and developers partici-

pated. The distribution looks as follows: 12 project man-

agers, 4 quality managers, 37 software architects, 62 soft-

ware developers, 7 software testers, 2 software support

engineer, 22 consultants, and 12 scientists completed the

questionnaire (multiple job roles were allowed). Finally,

Table 1: Distribution of Participants

# of Participants Company Size or Organization
2 < 10 employees

13 < 50 employees
12 < 250 employees
12 < 1.000 employees
54 > 1.000 employees
11 Academic organization

Table 2: Ranking of Design Principles

Design Principle Weighted
Rank

Single Responsibility Principle (SRP) 695
Separation of Concern Principle (SOC) 647

Information Hiding Principle (IHI) 611
Don’t Repeat Yourself Principle (DRY) 535

Open Closed Principle (OCP) 459
Acyclic Dependency Principle (ADP) 384
Interface Segregation Principle (ISP) 378

Liskov Substitution Principle 365
Self-Documentation Principle (SDOP) 332

Favor Composition over Inheritance (FCOI) 326
Interface Separability (ISE) 326

Stable Dependencies Principle 326
Law of Demeter 326

Command Query Separation (CCS) 326
Common Closure Principle (CCP) 326

the analysis of the engineering domains highlights a suit-

able distribution, with the exception of mobile systems

with only one participant. All in all, 23 participants are

working on web/service oriented systems, 14 on embed-

ded systems, 17 on development tools, 25 on business in-

formation systems, 1 on mobile systems, 8 on expert and

knowledge-based systems, and 16 on a system from an-

other (unspecified) domain.

In fact, the questionnaire had just one major question

– in addition to the demographical ones –which asked the

participant to rank 10 out of 15 pre-selected design prin-

ciples according to their importance. With 104 rankings

of 15 design principles, we were than able to identify im-

portant ones by weighting their rank from 10 to 1. In other

words, when a design principle was ranked in first place,

ten points were added to its weighted rank; nine points

were added for rank two, eight points for rank three, and

so forth. Table 2 shows the final rank of all opinions reflect-

ing the practical importance of fine-grained design princi-
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ples. The fivemost important principles are explained next

since they are used in the case study.

Single Responsibility Principle (SRP)

To follow the single responsibility principle, “a class

shouldhave only one reason to change [23]”. The samedef-

inition is used for specifying the term responsibility since

responsibility is a reason for a change [23]. In other words,

when a class could be changed depending on two or more

reasons, it is likely that it contains two or more responsi-

bilities.

Separation of Concern Principle (SOC)

One of the first statements regarding the separation of con-

cern principle was made by Edsger W. Dijkstra in his essay

titled “On the role of scientific thought [24]”. Although the

thoughts of Dijkstra are not primarily targeted to the soft-

ware engineering discipline but rather on the characteris-

tics of intelligent thinking in general, he states that study-

ing one aspect of a subject matter in isolation supports the

consistency of the person. This cannot be achieved when

various aspects are considered simultaneously. Thus, Di-

jkstra first coined the term “the separation of concerns”

for supporting the idea of effectively ordering someone’s

thoughts to focus the attention on just one aspect. Mapped

to the software engineering discipline, SOC stands for sep-

arating a software into distinct sections such as each sec-

tion addresses a particular concern [25].

Information Hiding Principle (IHI)

Not only did Parnas introduce the concept of modulariza-

tion, he also discussed the idea of the information hiding

principle [26]. He argued that each model should be de-

signed in a way that hides critical design decisions from

other modules. This ensures that clients do not require in-

timate knowledge of the design to use the module what

keeps clients less fragile against design changes of their

dependent modules.

Don’t Repeat Yourself Principle (DRY)

In a software development process, code duplicates can be

introduced due to various situations. For example, time

pressure of a release deadline can force an engineer to

copy code instead of changing the design as well as mis-

takes in the design can also lead to duplicated segments.

Having the same functionality spread across a software

system, makes it difficult to maintain the software; es-

pecially, when requirements change frequently. Conse-

quently, the don’t repeat yourself principle defines that

each piece of knowledge must have a single, unambigu-

ous, and authoritative representation within a software

system [27], e.g., no duplicated data structures or code, no
meaningless source code documentation, or no flaws in

the source code documentation.

Open Closed Principle (OCP)

According to Martin [23], the open closed principle is at

the heart of object-oriented design and says that “software

entities (classes, modules, functions, etc.) should be open

for extension, but closed formodification”. In otherwords,

the behavior of a type should be changed by extending it

instead of modifying old code that already works. Symp-

toms indicating violations of this principle can be recog-

nized when further changes of a type cause a cascade of

changes or additional types are needed to ensure an oper-

ative solution. Thus, the design embodies a lack of aware-

ness for changing concerns and inflexibility to adapt new

requirements.

About the definition of openness and closeness, for-

mer relates to the ability to change thebehavior of a typeby

extending it according to new requirements [23]. Closeness

means that the extension of behavior does not change the

source code of a type or binary code of a module [23]. Now

someone could claim that it is not possible to change the

behavior of a typewithout touching its source code. This is

true when the object-oriented feature of abstraction is not

or inappropriately applied. In fact, abstraction is the key to

ensure the compliance of both the openness and closeness

of a type or module.

Additional Design Principles

In addition to the task of ranking the principles, the sur-

vey asked about missing design principles by means of an

open question. The following three design principles were

selected as important ones that were missing:

– Dependency Inversion Principle (DIP): 13 answers re-
ferred to the DIP as one of the five SOLID princi-

ples. Many participants emphasize the power of DIP

for breaking cyclic dependencies and fostering a

loose coupling of software modules. Consequently,
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it supports software development in reusing soft-

ware components and optimizing modularity.

– Keep It Simple and Stupid Principle (KISS): In eight

surveys the KISS principle was mentioned as miss-

ing. KISS concentrates on reducing complexity and

building software that is as simple as possible, but

still meets the requirements of stakeholders. By re-

ducing complex constructs, it is possible to create a

common code ownership that supports the develop-

ment of comprehensive solutions.

– You Ain’t Gonna Need It Principle (YAGNI): The third
principle is YAGNI that is referenced in six answers.

YAGNI has a similar goal to KISS in that it focuses

on building solutions, which are not overloaded by

unnecessary functionality.

4 The Design Quality Model (DQM)
This section presents our DQM. Therefore, the first part

concentrates on the underlying concept and the meta

model of the quality model followed by the evaluation

functions that are required to express the compliance of

design principles. Finally, the applied process for defining

the rules and the current content of the model is summa-

rized.

4.1 Aspect and Factor Hierarchy

DQM structures design quality using the Quamoco ap-

proach proposed by Wagner et al. [22]. Authors of this

paper were part of the Quamoco development team and

already developed Quamoco-based quality models for

embedded systems [28], safety critical systems [29] and

for software documentation quality [30]. Quamoco-based

quality models rely on the basic idea of using product fac-

tors for expressing a quality property of an entity. In con-

text of this work, an entity is a source code element like

package, class, interface ormethod,while a (quality) prop-

erty is a quality characteristic of an entity; encapsulation is

an example of a property for the entity class. Design prin-

ciples are a special view on the product factors called de-

sign quality aspects. The relation between product factors

and design quality aspects is modelled with impacts from

product factors to design quality aspects, e.g., the product
factor Encapsulation @Class has a negative impact on the

designprinciple (modelled as adesignaspect) information

hiding.

Figure 2: Quality Aspect and Product Factory Hierarchy of DQM

As shown in Figure 2, the design aspect and product

factors can be refined into sub-aspects and sub-factors, re-

spectively. Design aspects express abstract design goals on

the top level, but they are broken down into design princi-

ples on the next lower level. For example, the general de-

sign aspect of abstraction comprises the three design prin-

ciples: Command Query Separation, Interface Separability,
and Single Responsibility.

Product factors are attributes of parts of the product

(design) refined into fine-grained factors, e.g., on the level
of methods, interfaces, or source code. Compared with the

design aspect hierarchy, the product factory hierarchy is

broader and deeper, resulting in a larger factor tree. In ad-

dition, the leaves of the product factor tree have a special

role because they can be measured. For instance, a leaf

node is the design best practice AvoidPublicInstanceVari-
ables that is part of the product factorDeficient Encapsula-
tion @Class. In the further course of this paper, these leaf
nodes, i.e., design best practices, are referred to as rules

that can be automatically derived from source code using

static analysis.

The separation of design aspects and product factors

supports bridging the gap between abstract notions of de-

sign and concrete implementations. For linking both ab-

stractions, an impact can be defined. In fact, impacts are

a key element in this model since they define which prod-

uct factor affects which design aspect. Such an impact can

have a positive or negative effect and the degree of the im-

pact can be specified. Not every product factor has an im-

pact on a design aspect because some of them are used for

structuring purposes only.

Since the design quality assessment is relying onmea-

sureable product factors, themodel assigns an instrument

to each rule.Wehave developed such anmeasuring instru-

ment that is called MUSE [31]. MUSE contains implemen-



DQM – Design Quality Model | 195

tations of 67 rules like the one used above –AvoidPublicIn-
stanceVariables – and it can identify violations thereof in

source code written in the programming languages Java,

C# and C++.

4.2 Meta-Model

The underlying meta-model of the DQM is derived from

the Quamoco approach [22]. Figure 3 provides an overview

of the meta-model elements in a simplified UML class no-

tation. The central element is the factor as the abstract

form of a design aspect or product factor. Both design as-

pect and product factor can be refined into sub-aspects

or sub-factors, respectively. Nevertheless, just product fac-

tors consist of rules that are linked to a measuring instru-

ment (MUSE). For completing the right side of the meta-

model, an impact is modeled as many-to-many relation-
ship from product factor to design aspect.

Figure 3:Meta-model of DQM in simplified UML notation

The left side of Figure 3 shows that a factor has an as-

sociated entity. This entity can be in an is-a or a part-of
relationship within the hierarchy. For instance, the entity

method is part-of the entity class and the entity method

is-a source code. For expressing this is-a relationship, the
name of the entity becomes important because it depicts

the relationship by adding, e.g., @Class, @Method, or
@Source Code to the entity name. Next to the entity, an

evaluation is assigned to a factor. This is used to evaluate

and assess the factor composed of evaluation results from

sub-factors or actual rules; the latter just works in case of

product factors.

4.3 Content of the DQM

The DQM is a comprehensive selection of design aspects,

product factors, and rules relevant for the design qual-

ity assessment. DQM was built from ground up by us and

comprises 19 design aspects and 105 product factors in to-

tal. Since some factors are used for structuring purposes

rather than design assessment, 14 design aspects (i.e., de-
signprinciples) and 66product factorswith 67 rules imple-

mented in our tool MUSE build the operational core of the

DQM. In this paper we concentrate on the five most impor-

tant design principles – according to the survey in Section

3 – that are operationalized by 18 product factors and 28

rules.

In more detail, the design aspect hierarchy is com-

posed of 19 aspects with five aspects used for structur-

ing purposes. The remaining 14 aspects capture the design

principles, as shown in Table 2 but without Liskov Substi-
tution Principle, Stable Dependencies Principle, and Law of
Demeter. Additionally, the design principle hierarchy con-
tains the principle Program to an Interface, not an Imple-
mentation, which is neither listed in Table 2 normentioned

as an additional one.

The product factor hierarchy contains 105 entities and

67 rules on the leaves. Due to somemodeling constraints, a

number of factors are used for structuring the model with-

out containing rules. Thirty-five product factors contain

rules, i.e., design best practices provided by MUSE.
To illustrate the measuring of a product factor and

how it influences a design aspect, the following example

showsaproduct factor including its rules on the leaves and

impacts to design principles. The product factor Duplicate
Abstraction @Type addresses the problem that there may

exist two or more types that are similar within a software

design. Therefore, these types share commonalities that

have not yet been properly captured in the design. The fol-

lowing characteristics can indicate such an issue:

– Identical name:Thenames of the types are the same.

– Identical public interface: The types have methods

with the same signature in their public interface.

– Identical implementation: Logically the classes have
similar implementation.

For measuring this product factor, the DQM has the

following three design best practices assigned to it, which

address three characteristics of the design issue:

– AvoidSimilarAbstraction: Entities of the same type

should not represent similar structure or behavior.

– AvoidSimilarNamesOnDifferentAbstractionLevels:
Entities of entity types on different abstraction lev-

els (e.g., namespace, class) should not have similar

names.

– AvoidSimilarNamesOnSameAbstractionLevel: Enti-

ties of entity types on the same abstraction level

should not have similar names.
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These rules are provided by our tool MUSE that identi-

fies violations thereof [31]. A high number of violations in

a project is an indicator that the software contains abstrac-

tion related design flaws. Moreover, it is interesting to un-

derstand which design principles are threatened by these

violations. This can be easily examined by following the

impacts of the product factors on design aspects. In this

particular case, the product factor Duplicate Abstraction
@Type has a negative impact on the Don’t Repeat Yourself
Principle and on the Separation of Concern Principle.

In order to support the understanding of the entire

quality model, we refer to Section 5 and the appendix of

this article. Both sections show the 14 design principles

and the impacts of their assigned product factors in tabu-

lar format. Additionally, the tables contain measuring re-

sults obtained from the evaluation functions behind the

model. The way of reading the measurement is explained

next.

4.4 Design Quality Evaluations

The underlying Quamoco meta-model provides support

for specifying evaluation functions to calculate a quality

index for a object-oriented software system. In order to bet-

ter understand the evaluation capabilities of the DQM, we

describe this step by step.

Product factors have one or multiple rules assigned.

Consequently, the evaluation function for each product

factor defines a specification for each assigned rule. This

is necessary as each rule has a different valuewith a differ-

ent semantic. In this first evaluation step, each measured

value is normalized with a size entity and transposed into

the range [0..1] in order to be able to aggregate the results

of distinct rules later. Below is an example of a typical eval-

uation specification:

MUSE;ACIQ;#METHODS,0.0;0.5;1

The first part of the specification defines the tool

that provides the rule, i.e., MUSE. This is followed by

an abbreviation of the rule name and a size entity of

the project. In this example ACIQ stands for AvoidCom-
mandsInQueryMethods. The size entity is used to normal-

ize the number of findings with the number of methods.

Obviously, it makes a difference whether five methods out

of 500 (for a small project) or fivemethods out of 5,000 (for

a medium-sized project) do not adhere to this design best

practice. The next two elements of the specification define

the slope of a linear function that returns a value between

0 and 1.

To facilitate the understanding of design assessments

discussed in the next section, the outcome of the lin-

ear function must be explained. As mentioned above,

the function calculates a value ranging from 0 and 1.

This value depends on the number of normalized findings

whereas 0 is returned when there are no findings and 1 is

returnedwhen the normalized number of findings exceeds

a defined threshold. Consequently, the following reminder

holds: the lower the value, the better the assessment. In

the example above, a source code where 50% or more of

the methods violate the best practice is considered to be

very bad. For the evaluation of a product factor, the results

of multiple rules – design best practices – have to be com-

bined. The last element in our above evaluation specifica-

tion defines the weight of the rule.

To distinguish between the evaluation results on rule

level and on the product factor level, the values on the

product factor level are expressed in the range of 0 to 100.

To calculate the values on product factor level, the results

of their weighted rules are summed up. Thus, they can be

interpreted like rule assessments.

Next to evaluation functions on the level of product

factors, design aspects (in our case the design principles)

also have evaluations assigned. These evaluations depend

on the impacts of product factors to design aspects and are

specified as follows:

Deficient Encapsulation @Class;1

These specifications just define the product factor and

its weight expressed by the last number. To aggregate the

product factors to a single value for the design aspect as-

sessment, we suggest forming relevance rankings based

on available data or expert opinion.Weuse theRank-Order
Centroid method [32] to calculate the weights automati-

cally from the relevance ranking according to the Swing
approach [33]. This function returns a value between0 and

10 that needs to be read differently compared with the pre-

vious evaluation results. Hence, this value can be inter-

preted as points gained for a good design so that a good

design – with few findings – earns almost 10 points. Con-

sequently, the reminder on this level must be flipped: the

higher the points, the better the assessment.

4.5 Development of the DQM

The entire development of theDQMwas carried out by four

researchers (two from academia and two from Siemens

corporate research). In the first step, we tried to find and to

specify design best practices for each design principle in-
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dependent of any product factors of a quality model. This

was driven by the definitions anddiscussions of the design

principles in the extant literature. After specifying the de-

sign best practices, each researcher independently voted

on the importance of each best practice. The only design

best practices that were then included in the DQM were

the ones where a majority of the researchers identified a

contribution to the design principle.

In a second step, we jointly built the product factor

hierarchy, i.e., assigned the design best practices to the

product factors. This was a joint work effort by the four re-

searchers, who were guided by some principles of how to

structure the product factor hierarchy. Thus, it is not pos-

sible to define an impact from a leaf in the product factor

hierarchy to a quality attribute [19, 22]. Investigating these

design properties led to the identification of additional de-

sign best practices. At the end of the process we identified

85 design best practices used to measure (partially) 13 de-

sign principles.

During building this model, we followed a practice

oriented approach and iteratively discussed our status of

the DQM with practitioners from industry. Parallel to the

model development, MUSE – the measuring instrument –

has been implemented. Industry partners used MUSE in

their projects and they provided feedbackwe incorporated

in our model. With feedback from partners about the DQM

and MUSE, we could also reflect on the completeness of

measuring each design principle by (1) assigning a per-

centage of coverage by the underlying design best prac-

tices and by (2) explicitly specifying what is missing. A

more formal validation of the completeness of our DQM is

still pending and out of scope of this article.

Specifying the design quality evaluations was chal-

lenging and was carried out by the four researchers. For

the evaluation specification of each rule (i.e., design best

practice) we had to define (1) the normalization value,

(2) the importance of that rule, and (3) the an appropri-

ate threshold. The normalization value (e.g., number of

classes, or lines of code) could be systematically derived

from the specification of the rule. For the definition of the

rule importance, we relied on knowledge gained from the

constructionphase of theDQMcore and reused this knowl-

edge to provide proper weights.

Defining the thresholds for each rule was a more com-

plex task and was based on previous work. More specif-

ically, we used a benchmark suite consisting of 26 Java

projects that has proven to represent a comparable base;

especially, for Java [34]. The entire list of projects is shown

in the appendix with additional details about the release

version and the number of logical lines of code. Using the

benchmark suite, we derived thresholds that define the

upper boundary of evaluation functions, i.e., when the

number of rule violations exceed this threshold the eval-

uation function returns the worst assessment for this par-

ticular design best practice.

Lastly, we had to specify the weights for all product

factors that contribute to the evaluation of a design princi-

ple, i.e., the weights of impacts as shown in Figure 2. This

was carried out as a joint effort with lots of discussions;

interestingly, we hardly had any different opinions on the

weights.

5 Case Study
This presented case study concentrates on a qualitative

discussion of evaluation results and on suggestions of de-

sign improvements after applying our DQM on jEdit and

TuxGuitar. More specifically, we use our measuring tool

MUSE to identify rule violations that represent the raw

data of the DQM. With the number of rule violations, the

assessments of design properties are calculated and the

impact on design principles is derived. Finally, we select

the top five design principles – according to the survey in

Section 3 – to discuss different characteristics of the eval-

uation, to compare the design assessment, and to show

improvement examples. The latter were discussed with a

developer of jEdit who can justify our suggestions.

5.1 Systems of Study

This case study uses the source code of two open-source

projects as shown inTable 3. Theyhavebeen selected since

both are desktop applications with a similar application

domain. Furthermore, the size of the projects expressed

by their logical lines of code is within a comparable range,

which also fits to the benchmark base of the DQMand sup-

ports the understanding of the normalization step men-

tioned later on.

It is important to understand that there was no infor-

mation on the design of the software products before ap-

plying the DQM. We just hoped that we could identify sig-

nificant differences in the assessments where the differ-

ences can be discussed and justified in a systematic way.

The emphasis of this case study is on the discussion of

measured differences in the object-oriented design qual-

ity and on judging whether the differences in the assess-

ments are justified. We cannot compare our results with

other validated external design quality evaluations, which

of course would be even more interesting.
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Table 3: Projects of Study

Project Version LLOC # of Classes Application Domain
jEdit 5.3 112,474 1,277 Text Editor

TuxGuitar 1.3.0 81,953 1,816 Graphic Editor

5.2 Discussion of SRP Assessment

To read a measurement as shown in Table 4, the white

rows, which depict the rule name, number of rule viola-

tions, and evaluation on rule level, need to be investigated

first. The aggregation to the next higher level is shown in

the light gray rows with the property name and the aggre-

gated value computed by all assigned rules. Finally, the

second top row of the table shows the assessment of the

design principle impacted by the design properties.

According to this approach of reading a measuring re-

sult, the SRP assessment for both projects consists of two

rules. The first rule AvoidPartiallyUsedMethodInterfaces
determines the product factor LargeAbstraction @Class
whereas the second rule AvoidNonCohesiveImplementa-
tion determines the second product factor Non-Cohesive
Structure @Class. Lastly, the two product factors are re-

sponsible for assessing SRP of jEdit and TuxGuitar with

8.13 and 7.11, respectively. As a result, jEdit scores better

for this design principle what is a valid statement as they

are compared against the same benchmark base used for

building the DQM.

The first characteristic of the evaluation discussed in

this section is the normalization applied in the evaluation

functions. It is not shown in Table 4, but the evaluation

functions for both rules use the number of classes to nor-

malize the absolute number of rule violations. Thus, the

number of violations is normalized with 1,277 classes for

jEdit on the one hand and with 1,816 classes for TuxGuitar

on the other hand.

Without considering normalization, one would as-

sume that a similar number of findings leads to similar

evaluations. In the case of AvoidNonCohesiveImplementa-
tion, doubling the number of findings for jEdit leads to a

similar number of findings for TuxGuitar (356 for jEdit vs.

Table 4:Measuring Result of SPR for jEdit and TuxGuitar

jEdit TuxGuitar
Single Responsibility Principle 8.13 7.11
LargeAbstraction @Class 5.38 12.55

AvoidPartiallyUsedMethodInterface 18 0.05 57 0.12
Non-Cohesive Structure @Class 27.87 36.78

AvoidNonCohesiveImplementation 178 0.27 334 0.36

334 for TuxGuitar). Consequently, one would expect that

jEdit gets an evaluation of 0.55 which is far away from the

value for TuxGuitar (which is 0.36). The reason therefore

is the normalization used forAvoidNonCohesiveImplemen-
tation. All in all, the evaluations can use the entity sizes

of packages, classes, methods, members, static fields, and

logical lines of code to achieve comparability ofmeasuring

results across different projects.

Suggestions for Improvement

For showing an improvement regarding SRP, a violation of

AvoidNonCohesiveImplemenation is considered. This rule

violations refers to the class Mode, which consists of two

independent parts that could be separated into two ab-

stractions. In fact, themain part of the class deals with the

intendedbehavior ofMode compared to the part that could

be factored out that obviously adds an additional respon-

sibility to the class. Namely, it is used to differ between a

“normal”Mode object and a “user”Mode object and con-
sists of the methods isUserMode and setUserMode as well
as the property isUserMode.

Instead of managing this responsibility within the

Mode class, it makes sense to define an additional ab-

straction UserMode that is derived from Mode and deals

with the user mode specific requirements. A client –Mod-
eProvider – that is actually dealing withMode objects and
needs the distinction between normal and user Mode ob-
jects could benefit from this improvement by requesting

the data type of anymode object at runtime. Moreover, the

design with an additional abstraction instead of an over-

loaded Mode class is more robust against changes in re-

gard to user mode objects.

This suggestionhas beenpresented to the developer of

jEdit. After a thorough discussion, we draw the conclusion

that this suggestion is an example for good object-oriented

design. However, the developer did not submit a change

request on this issue because the behavior of theMode ob-
ject will not change in future and no additional sub-type

will be expected.
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5.3 Discussion of IHI Assessment

Compared to the assessment of SRP, where (currently) two

rules are used to derive the compliance of the design prin-

ciple, the assessment of IHI ismoremultifarious including

eight rules. Although more rules are part of this assess-

ment, which also shows an irregular distribution of find-

ings, both projects arrive at a similar result with approxi-

mately 5.9 points. The reason therefore is that rules as well

as properties are weighted differently as another charac-

teristic of the design assessment.

A good example for demonstrating the different

weighting is the property aggregation with the values in

Table 5. In this particular case, TuxGuitar is better than

jEdit at Deficient Encapsulation @Class with 34.77 com-

pared to 47.22 points. Although TuxGuitar is performing

worse for the product factor Weak Encapsulation @Class
(59.47 compared to 21.92 points), this does not have a large

effect as the contributing weight of this product factor in

the overall calculation of the information hiding princi-

ple is just half of the weight of Deficient Encapsulation
@Class. Consequently, the weighted sum is almost equal

and responsible for the 5.9 points. In our understanding

the different weights are justified, as Deficient Encapsu-
lation @Class depicts massive violations of the principle

while Weak Encapsulation @Class can be more easily ac-

cepted.

Suggestions for Improvement

One of the design flaws that violates the compliance of

IHI is identified by the rule UseInterfaceAsReturnType. As
shown in Listing 1, the class JEditPropertyManager im-

plements the interface IPropertyManager. However, the
method getPropertyManger in jEdit returns the concrete

Table 5:Measuring Result of IHI for jEdit and TuxGuitar

jEdit TuxGuitar
Information Hiding Principle 5.91 5.90
Deficient Encapsulation @Class 47.22 34.77

AvoidProtectedInstanceVariables 115 0.36 189 0.70
AvoidPublicInstanceVariables 185 1.00 1 0.01
AvoidSettersForHeavilyUsedAtt.1 16 0.05 6 0.02
CheckParametersOfSetters 132 0.34 462 1.00
DontReturnCollectionsOrArrays 59 0.15 71 0.15
UseInterfaceAsReturnType 315 0.82 228 0.50
Weak Encapsulation @Class 21.92 59.47

AvoidExcessiveUserOfGetters 17 0.26 84 0.92
AvoidExcessiveUserOfSetters 13 0.20 44 0.48
1

AvoidSettersForHeavilyUsedAttributes

data type instead of the interface that would function

at this point and would make jEdit more robust against

changes. The reason therefore is that normally there are

less changes of interface since they are well defined.

Even though the class jEdit plays a crucial role in the

software, the developer will verify whether changing the

return type from a concrete class to an interface is possi-

ble. He argues that it is likely to work since the class JEd-
itPropertyManager just implements the interface and does

not contain additional behavior.

Listing 1: Violation of UseInterfaceAsReturnType

publ ic i n t e r f a c e IPropertyManager {

S t r i ng ge tP roper ty ( S t r i ng name) ;

}

publ ic c l a s s JEdi tProper tyManager implements

IPropertyManager {

. . .

@Override

publ ic S t r i ng ge tP roper ty ( S t r i ng name) {

re tu rn J Ed i t . ge tP roper ty (name) ;

}

}

j E d i t . j ava − Line 2396

publ ic JEdi tProper tyManager getPropertyManager ( )

{ . . . }

Another enhancement is recommended based on the

rule violation of DontReturnCollectionsOrArrays. Listing 2
shows this design flaw on the class ColumnBook that re-
turns a vector, which is then modified by the client Elas-
ticTabStopBufferListener. In fact, the client removes all

elements from the collection and changes the Column-
Block object without any notification. To control the ex-

ternal modification of the internal class property, it is rec-

ommended to avoid returning the collection children but

rather provide a method, e.g. removeAllChildren(), that
implements the functionality of emptying the collection

within the class ColumnBook.

Listing 2: Violation of DontReturnCollectionsOrArrays

publ ic c l a s s ColumnBlock implements Node {

. . .

publ i c Vector <Node> ge tCh i ld ren ( ) {

r e tu rn t h i s . ch i ld ren ;

}

}

E l a s t i c TabS t opBu f f e r L i s t ene r . java − Line 145 f f

ColumnBlock innerParent = ( ColumnBlock )

innerConta in ingBlock . ge tParent ( ) ;

innerParent . ge tCh i ld ren ( ) . removeAllElements ( ) ;
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The developer responded to this suggestion by accept-

ing the violation of the particular design best practice.

He argues that exposing the collection to the client (Elas-
ticTabStopBufferListener) is an intended extension point

in this particular case.However, hementions that the team

is normally concerned about returning internal data.

5.4 Discussion of DRY Assessment

In contrast to the assessment of IHI, the assessment of DRY

does not weight properties differently. Not even rules on

thebottom level have aweight assigned so that thenumber

of findings determines the compliance of DRY for jEdit and

TuxGuitar.

When calculating the evaluations, jEdit achievesmore

points compared to TuxGuitar. This results from many

rule violations at the TuxGuitar project as discussed with

the following examples and shown in Table 6. First, 995

public classes are undocumented in the TuxGuitar project

whereas jEdit has just 37 undocumented classes. This high

number of rule violations for TuxGuitar causes the worst

evaluation with 100 points at the property level. In con-

trast, jEdit has a much lower value with 11.59 points there.

The same applies for the rule that check undocumented

interfaces and code duplicates. This definitely reflects our

understanding of documentation quality.

The properties Documentation Disintegrity @Methods
and Duplicate Abstraction @Type are composed of mul-

tiple rules, which is why their property evaluation is an

Table 6:Measuring Result of DRY for jEdit and TuxGuitar

jEdit TuxGuitar
Don’t Repeat Yourself Principle 7.20 2.07
Documentation Disintegrity 11.59 100.0
@Class

DocumentYourPublicClasses 37 0.11 995 1.00
Documentation Disintegrity 31.11 100.0
@Interf.

AvoidUndocumentedInterfaces 35 0.33 248 1.00
Duplication @SourceCode 37.97 99.70

AvoidDuplicates 299 0.38 572 0.99
Documentation Disintegrity 17.50 50.83
@Method

AvoidMassiveCommentsInCode 82 0.04 38 0.01
DocumentYourPublicMethods 583 0.31 5k 1.00
Duplicate Abstraction @Type 44.89 66.66

AvoidSimilarAbstrations 32 0.50 240 1.00
AvoidSimilarNamesOnDiff.Ab.L.1 6 0.09 0 0.00
AvoidSimilarNamesOnSameAb.L.2 48 0.75 666 1.00
1

AvoidSimilarNamesOnDifferentAbstractionLevels

2

AvoidSimilarNamesOnSameAbstractionLevel

aggregated value. When investigating the Documentation
Disintegrity @Methods property, it can be identified that

the 50.83 points are the result of a low number of findings

(38) for the first rule on the one hand and a very high num-

ber of findings (5,876) on the other hand. The same applies

for the property Duplicate Abstraction @Type, where two
rules report a very high number of violations so that Tux-

Guitar gets a worse property evaluation with 66.66 points

comparedwith 44.89 points for jEdit. This design principle

is measured without specific weightings (on either aggre-

gation level) and the normalized valuesmore or less reflect

the perceived difference in quality.

Suggestions for Improvement

Obviously, the most important rule for checking DRY is

AvoidDuplicates that actually found design flaws next to

many code quality issues. Latter are mostly simple copy

paste code snippets that could be factored out into a single

method. However, duplicates along an inheritance hierar-

chy and duplicates in class siblings are those issues that

address design concerns. Actually,we could find examples

thereof.

For instance, both ToolBarOptionPane and Status-
BarOptionPane – that are siblings due to their base class

AbstractOptionPane – contain the identical method up-
dateButtons. Consequently, the design improvement has

to concentrate on moving the implementation of update-
Buttons to the base class for eliminating the duplicates in

the siblings.

Next to that, the rule found a design flawwhere a child

class implements functionality that is already available in

the base class. In more detail, the class JEditTextArea that
is derived from TextArea should call handlePopupTriger of
its base class instead of duplicating the implementation.

These two design flaws caught the interest of the jEdit

developer because he constructively discussed the conse-

quences resulting from code duplicates. Next to the code

quality issues resulting from copy paste snippets, he de-

fined a change request for the second suggestion. The rea-

son therefore is that there is no need for the redundant

method and themethod in the base class can be called. For

the sake of completeness, the first suggestion for improve-

ment will not be fixed as he is concerned about possible

side effects.
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5.5 Discussion of OCP Assessment

Theprevious discussion focused onunderstanding the im-

pact of findings on the final assessment of the design prin-

ciple. However, a closer look at the evaluation approach

can raise two concerns. First, when one rule is part of a set

of rules for a property evaluation, the rule can be underes-

timated. For instance, the rule CheckParametersOfSetters
in Table 7 counts three times more findings for TuxGuitar

than for jEdit but determines the property evaluation with

just a sixth. In order to deal with this issue of under- or

overweighting rules, an impact factor is assigned to a rule

that determines the influence on the property evaluation.

Consequently, the evaluations of the DQM are customiz-

able depending on the requirements of a quality manager

or the application domain of the project.

The second concern that can positively or negatively

impact an assessment is the use of thresholds in the evalu-

ation function. To discuss this aspect, the ruleUseAbstrac-
tion at the Incomplete Abstraction @Package property in

Table 7 is selected. Based on the underlying evaluation for

this property, 19 findings cause a 95 point assessment of

the property for jEdit and 160findings cause a 100point as-

sessment for TuxGuitar. Thus, there are just five points be-

tween both assessments while TuxGuitar has many more

findings. In other words, a project cannot get worse when

it reaches the defined threshold. This results in a better as-

sessment as the real state reflects.

While the effect of improper thresholds is minor when

comparing multiple versions of the same project, a com-

parison of different projects can cause an inaccurate per-

ception. For dealingwith this issue and for deriving appro-

priate threshold values, we used a benchmark suite based

on multiple and similar projects as shown in Section 4.5

Table 7:Measuring Result of OCP for jEdit and TuxGuitar

jEdit TuxGuitar
Open Closed Principle 8.13 7.11
Deficient Encapsulation @Class 47.32 34.77

AvoidProtectedInstanceVariables 115 0.36 189 0.70
AvoidPublicInstanceVariables 185 1.00 1 0.007
AvoidSettersForHeavilyUsedAtt.1 16 0.05 6 0.02
CheckParametersOfSetters 132 0.34 462 1.00
DontReturnCollectionsOrArrays 59 0.15 71 0.15
UseInterfaceAsReturnType 315 0.82 228 0.50
Deficient Encapsulation @Compo. 55.41 6.18

AvoidPublicStaticVariables 43 0.55 11 0.06
Incomplete Abstraction @Package 95.00 100.0

UseAbstraction 19 0.95 160 1.00
Unexploited Hierarchy @Class 100.0 100.0

AvoidRuntimeTypeIdentification 539 1.00 74 1.00
1

AvoidSettersForHeavilyUsedAttributes

and the appendix. Since jEdit and TuxGuitar fit within the

benchmark suite due to similar characteristics, the com-

parison with this set is valid [34, 35]. Moreover, it is legiti-

mate to draw the claim that one project is better than the

other because both are compared against the same bench-

mark base.

Suggestions for Improvement

A rule that is a good indicator for identifying design

flaws regarding OCP is AvoidRuntimeTypeIdentification.
jEdit has 539 violations of this rule that need to be further

investigated to find a real design problem. For doing so, it

is important to focus on code fragments that showanaccu-

mulation of these violations. In fact, there is one class con-

taining a method with six type identifications in it. This is

the method showPopupMenu that has the general purpose
of building a popup menu item depending on a selected

tree node item.

When reading the source code for understanding the

functionality, it is obvious that four different abstrac-

tions determine the composition of the popup menu item.

Therefore, the method showPopupMenu contains various

if-statements with type identifications to differ the compi-

lation of the menu item. Assuming a new type of tree node

is added to the design, the method must be extended to

support the new abstraction. Consequently, this design is

not open for extension without modifying existing code.

In order to complywithOCP, the functionality of build-

ing the popup menu item must get closer to the abstrac-

tions that know how to extend the item. Thus, the four

abstractions – HyperSearchFileNode, HyperSearchResult,
HyperSearchFolderNode, and HyperSearchOperationNode
– must implement the same interface or must be derived

from the same base class. Since there is already a joint in-

terface for HyperSearchFileNode and HyperSearchResult it
makes sense to use it for this improvement by introducing

an additional method, e.g., buildPopupMenu.
Given this interface extension, the four abstractions of

search node must implement the functionality of build-

ing the popup menu item with content depending on

their own requirements. Consequently, the logic that is im-

plemented in the showPopupMenu method moves to the

classes that should be responsible therefore. Additionally,

the amount of code in showPopupMenu reduces dramati-

cally because it just has to create a popup menu item that

is handed over to the tree node abstractions by using the

method buildPopupMenu defined in their interface. Then

the popup menu needs to be returned from the buildPop-
upMenu to get displayed by showPopupMenu. All in all,
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this significantly increases the design in order to support

additional tree node abstractions and for enhancingmain-

tainability.

Following the OCP is at the heart of good object-

oriented design and urges foresight for extensions. Thus,

we discussed this suggestion with the developer of jEdit

from the viewpoints of refactoring the current implemen-

tation and supporting upcoming abstractions in this hi-

erarchy tree. While he argues that it is worth to address

the improvement, there is no need to support additional

node elements. Further, the change would affect multiple

classeswhat keepshimcautious in submitting a change re-

quest. Nevertheless, the developer agrees that the general

design would enhance when introducing the additional

abstraction level as base type of all node elements.

5.6 Discussion of SOC Assessment

Finally, the last design principle assessment focuses on

SOC that is multifaceted and includes various rules. Since

there are different rules involved, this discussionwill sum-

marize the evaluation characteristics mentioned above.

Thus, the approach of normalizing findings with differ-

ent entity sizes can be observed at different rules. For in-

stance, the rulesAvoidLongParameterLists andAvoidLong-
Methods are working onmethods level, which is why their

number of violations is divided by the number ofmethods.

In contrast, the rule AvoidDuplicates is normalized based

on logical lines of code because it is the only meaningfully

size entity that works on the source code level.

When considering the rule AvoidDuplicates in more

detail, it can be identified that the characteristics of the

two projects are represented by the benchmark suite from

which the threshold for the evaluation function is derived.

The reason therefore is that TuxGuitar, which has themost

findings at this rule, is neither under- nor overestimated.

In other words, the 572 findings of TuxGuitar define the

upper threshold and cause an assessment of 99.70 points

while the 37.97 points of jEdit are relative to the 572 find-

ings of TuxGuitar. All in all, the low number of duplicates

is also one reason for the better principle assessment of

jEdit over TuxGuitar based on the same benchmark base.

Despite the high number of duplicates, there are two

further deviations that causemore points for jEdit than for

TuxGuitar. First, the Duplicate Abstraction @Type prop-

erty, which also impacts DRY as already discussed in the

previous section, gets a better assessment for jEdit com-

pared with TuxGuitar based on fewer findings. Second,

jEdit profits from a lower property weight for Complex
Structure @Method. In fact, the 47 long methods are in-

Table 8:Measuring Result of SOC for jEdit and TuxGuitar

jEdit TuxGuitar
Separation of Concern Principle 5.96 4.66
Abstraction @Method 3.07 7.33

AvoidLongParameterLists 7 0.03 20 0.07
Abstraction-Deficient Hier. @Pkg 25.00 50.00

AvoidRepetitionOfPkgNamesOnPath 0 0.00 0 0.00
CheckSameTermsOnDifferentPkgL.1 2 0.50 35 1.00
Complex Hierarchy @Package 50.00 39.21

AvoidHighNumberOfSubpackages 1 0.50 4 0.39
Complex Structure @Method 20.61 7.70

AvoidLongMethods 47 0.20 21 0.07
Degraded Hierarchy @Package 50.00 29.41

CheckDegradedDecompo.OfPkg2 1 0.50 3 0.29
Duplicate Abstraction @Type 44.89 66.66

AvoidSimilarAbstractions 32 0.50 240 1.00
AvoidSimilarNamesOnDiffAbs.L.3 6 0.09 0 0.00
AvoidSimilarNamesOnSameAbs.L.4 48 0.75 666 1.00
Duplication @SourceCode 37.97 99.70

AvoidDuplicates 299 0.38 572 0.99
Ill-suited Abstraction @Class 0.78 1.10
AvoidManyTinyMethods 1 0.01 2 0.01
1

CheckSameTermsOnDifferentPackageLevels

2

CheckDegradedDecompositionOfPackages

3

AvoidSimilarNamesOnDifferentAbstractionLevels

4

AvoidSimilarNamesOnSameAbstractionLevel

fluencing the design principle assessment with half of the

weight compared to others since we (currently) consider

this aspect as less important for assessing SOC.

Suggestions for Improvement

By analyzing the AvoidLongParameterLists rule, we found
two problem areas that both deal with imprecise abstrac-

tions. The required details for one of these problem areas

are shown in Listing 3. According to this listing, the inter-

face FoldPainter defines three methods and both Triangle-
FoldPainter and ShapedFoldPainter implement this inter-

face. When further analyzing the classes, it can be seen

that just a subset of the interface is needed, e.g., Triangle-
FoldPainter does not provide an implementation for paint-
FoldMiddle.

The second design problem concerns the parameter

list of paintFoldStart which is too specific. In other words,
the implementations in the classes donot needall parame-

ters such as screenLine, physicalLine, and buffer. To fix this
design issue, the interface must be reduced to those meth-

ods and parameters that are needed by the sub-types.

Listing 3: Violation of AvoidLongParameterLists

publ ic i n t e r f a c e Fo ldPa in te r {
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void pa in tFo ldS t a r t ( Gut te r gut te r , Graphics2D

gfx , i n t screenLine , i n t phys ica lL ine ,

boolean nex tL ineV i s ib l e , i n t y , i n t

l ineHeight , J E d i t Bu f f e r bu f f e r ) ;

void paintFoldEnd ( Gut te r gut te r , Graphics2D

gfx , i n t screenLine , i n t phys ica lL ine ,

i n t y , i n t l ineHeight , J E d i t Bu f f e r

bu f f e r ) ;

void paintFoldMiddle ( Gut te r gut te r , Graphics2D

gfx , i n t screenLine , i n t phys ica lL ine ,

i n t y , i n t l ineHeight , J E d i t Bu f f e r

bu f f e r ) ;

}

publ ic c l a s s T r i ang l eFo ldPa in t e r implements

Fo ldPa in te r

publ ic ab s t r a c t c l a s s ShapedFoldPainter

implements Fo ldPa in te r

The design flaw and suggestion for improvement have

been shown to the developer of jEdit. He responded with

accepting the current implementation and not addressing

the design flaw. His reason therefore is that he does not

want change the interface – FoldPainter – as there are de-
pending components.

6 Threats to Validity
This section presents potential threats to validity for the

derived DQM and its application in the case study. Specif-

ically, it focuses on threats to internal, external, and con-

struct validity. Threats to internal validity concern the se-

lection of the projects, tools, and the analysis method that

may introduce confounding variables [36]. Threats to ex-

ternal validity refer to the possibility of generalizing the

findings and construct validity threats concern the mean-

ingfulness of measurements and the relation between the-

ory and observation [36].

6.1 Internal Validity

For the presented case study we chose jEdit and TuxGui-

tar as systems for study. Despite two independent devel-

opment teams with different engineering skills, we tried

to control this threat by choosing projects with a similar

size and application domain.Moreover, both projects have

multiple versions meaning that they have been further de-

veloped and refactored over a longer period of time. Based

on these project characteristics, the internal threat of va-

lidity concerning the selection of projects is addressed by

having two projects that are basically comparable.

MUSE is used as measuring tool and poses threats to

internal validity aswell. Inmore detail, MUSE relies on the

commercial tool Understand that is used to extract meta-

information from the source code [31]. This information is

then used by rules implementations to verify the compli-

ance of design best practices. Although the querying and

processing of the meta-information is complex, excessive

tests and applications of MUSE – without DQM – in vari-

ous industrial projects do not report performance or mea-

suring problems.

Another threat to internal validity is the use of thresh-

olds in evaluation functions. The discussion in Section 5.5

focuses on this concern and mentions that the thresholds

are derived from a benchmark suite. At this point it is im-

portant to highlight that these thresholds must be used

carefully; especially, when the target project addresses

another application domain compared to the benchmark

base.

In Section 3, a survey about the importance of design

principles is presented, which contains a threat to the in-

ternal validity of its result. The reason is that the partici-

pants had to rank a list of pre-selected design principles.

Consequently, the participants were biased based on our

selection. Nevertheless, we accept this threat to validity as

this survey aimed to get a sense of the importance of prin-

ciples instead of addressing the completeness of the list.

Furthermore, the pre-selected designprincipleswere iden-

tified systematically from the research literature.

6.2 External Validity

Regarding the threats to external validity it must be no-

ticed that the case study compares only two systems. These

systems have a specific architecture and are developed by

different teamswhichmay have their specific design rules.

Thus, we cannot – and do not want to – claim that our

current DQMfits the design requirements for every project.

For generalizing results, further validationworkmust con-

sider different systems with different teams, sizes, and ap-

plication domains. However, we know that our DQM sup-

ports the assessment of various projects since it provides

regulators for adjusting it.

Next to the internal threat to validity of the survey, it

also has an external threat reflecting the generalization of

the final ranking. To control this threat, we tried to dis-

tribute the questionnaire as far as possible. The analysis

of the demographic data shows that the questionnaire has

been completedbyparticipants fromdifferent software en-
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gineering domains and engineering roles. This minimizes

this threat and gives us the chance to generalize the result.

6.3 Construct Validity

As themain goal and theory behind the DQM is the assess-

ment of design principles based on violations of design

best practices, it is important to comment on this idea. We

know that the DQM is not yet complete and contains white

spots that need to be filled by future work. Nevertheless,

for the first presentation of this approach and the discus-

sion of the assessment characteristics of DQM in this paper

it is considered as mature enough.

7 Conclusion and Future Work
While established approaches concentrate on metrics for

assessing design quality, this work provides support for

better understanding object-oriented design issues and to

provide a path to improve the design. For placing this

novel idea of the DQM into the right corner within the re-

search area, the paper reflects on related and fundamental

work. The result is an ontology that describes the relation-

ship between terms used by the research community and

helps to properly place the DQM.

As the discussion of the DQM in the case study of this

paper shows, it is a comprehensive model and leads to

traceable results as problematic design is identified by the

violations of design best practices. These violations give

(1) more detailed information on design flaws compared to

single metrics and (2) cover design aspects (e.g., encapsu-
lation / information hiding principles) more comprehen-

sively.

The DQM presented in this article is a step towards a

comprehensive qualitymodel as its content is derived from

a systematic analysis (see Section 4.5 for details on the de-

velopment process of DQM) of well-known design princi-

ples. Our survey on object-oriented design principles con-

vinces us that following this path could lead to a more

comprehensive model. The emphasis of this article – at

least for the case study – was on the assessment of object-

orienteddesignquality.Wehavenot yet validated the com-

pleteness of our model, i.e., whether our design principles
are properly and sufficiently covered by the specified de-

sign best practices.

In general, quality models can serve different applica-

tion purposes, such as specifying, measuring, assessing,

improving, managing and predicting quality [6]. While

this article focus on the benefits of the DQM for assess-

ing and improving design, the discussion of applyingDQM

to two software products strengthens our confidence that

it contributes to a better understanding and characteriza-

tion of design principles. This goes beyond the conceptual

discussions of principles and is more focused on which

(measurable) design best practices capture design princi-

ples technically.

From the discussions with the jEdit developer we

learnt that it is difficult to refactor a running system even

though design quality would improve. One reason there-

fore is that developers are averse of changing source code

that does not contain an obvious bug. Thus, we propose

to continuously measure, assess and improve the design

quality of the software product and to consider the quality

management process as part of the software development

process. Consequently, design flaws are addressed before

the product will be deployed and further changes become

difficult to implement.

Our DQM and the underlying measuring tool MUSE

support the quality management process combined with

the software development process sinceMUSE can be inte-

grated into the build process of a system [31]. Besides, the

assessments of DQM can be uploaded to a qualitymanage-

ment environment (SonarQube ¹) for discussing upcoming

decisions and for controlling enhancements. This alsopro-

vides the possibility to discuss the quality of the software

from various viewpoints such as from the view of, e.g., the
project manager, product owner, quality manager, etc.

This paper does not touch the application purposes of

design quality management and prediction while future

work will address these aspects specifically. Therefore, we

plan to apply the DQM within an industrial setting and in

cooperation with open source communities. Furthermore,

we are interested in understanding the evolution of design

best practices over a long time period and whether shifts

in the design can be recognized and predicted. For under-

standing the importance of a design assessment and how

well the derived improvements fit within the software de-

velopment process, we are cooperatingwith local partners

and guide their projects.
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Appendix

Benchmark Suite

The following table shows the entire list of open-source

projects representing the benchmark suite for our DQM.

More specifically, thresholds derived from this suite are

used for the evaluation functions.

Table A.1: Projects in Benchmark Suite

Name Version Logical Lines of
Code

Ant 1.7.0 113,291
ArgoUML 0.24 185,897
Azureus 3.0.4.2 456,113
FreeMind 0.8.1 79,812

GanttProject 2.0.6 56,944
hsqldb 1.8.0.9 69,302

JasperReports 2.0.5 145,561
jDictionary 1.8 5,967

jEdit 4.2 81,754
jFreeChart 1.0.9 131,456

jose 1.4.4 110,735
junit 4.4 5,476
Lucene 2.3.1 34,939
Maven 2.0.7 36,093

OpenCMS 7.0.3 260,891
OpenJGraph 0.9.2 13,107
OurTunes 1.3.3 16,303
Pentaho 1.6.0 70,911
PMD 4.1 51,819
Risk 1.0.9.7 30,637
Spring 2.5 127,118
Tomcat 6.0.16 207,733
TuxGuitar 0.9.1 45,390
Weka 3.5.7 287,803
XDoclet 1.2.3 9,259
XWiki 1.3 80,339

Additional Principle Assessments

In addition to the measuring results shown and discussed

in Section 5, the next tables provide measuring results for

further design principles listed in Table 1. This should re-

flect the compressibility and variety of design aspects cov-

ered by the DQM.

Table A.2:Measuring Result of ADP for jEdit and TuxGuitar

jEdit TuxGuitar
Acyclic Dependency Principle 0.00 0.00
Cyclic Dependency @Package 100 100

MaxStronglyConnectedComponents 1 1.00 1 1.00

Table A.3:Measuring Result of CCP for jEdit and TuxGuitar

jEdit TuxGuitar
Common Closure Principle 2.08 2.97
Behavioral Disintegrity @Method 87.50 94.60

AbstratPkgShouldNotRelyOnOPkg.1 3 0.75 16 0.78
AvoidStronglyCoupledPackageImpl.2 27 1.00 163 1.00
ConcretePkgAreNotUsedFromOPkg.3 3 0.75 134 1.00
PackageShouldUseMoreStablePkg.4 15 1.00 54 1.00
Non-Cohesive Structure @Package 70.90 45.88

AvoidNonCohesivePkgImpl.5 11 0.709 68 0.459
1

AbstratPackagesShouldNotRelyOnOtherPackages

2

AvoidStronglyCoupledPackageImplementation

3

ConcretePackagesAreNotUsedFromOtherPackages

4

PackageShouldUseMoreStablePackages

5

AvoidNonCohesivePackageImplementation

Table A.4:Measuring Result of CQS for jEdit and TuxGuitar

jEdit TuxGuitar
Command-Query Separation 8.29 9.34
Coupled Structure @Package 17.00 6.54

AvoidCommandInQueryMethods 83 0.10 58 0.06
AvoidReturningDataFromComm.1 615 0.80 271 0.29
DontReturnUninv.DataFromComm.2 54 0.07 8 0.01
1

AvoidReturningDataFromCommands

2

DontReturnUninvolvedDataFromCommands

Table A.5:Measuring Result of FCOI for jEdit and TuxGuitar

jEdit TuxGuitar
Favour Composition Over Inheritance 5.75 9.03
Abused Hierarchy @Class 42.41 9.63

CheckUnusedSupertypes 90 0.47 27 0.09
UseCompositionNotInheritance 55 0.28 24 0.08
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Table A.6:Measuring Result of ISE for jEdit and TuxGuitar

jEdit TuxGuitar
Interface Separability 6.55 8.22
Coupled Structure @Class 26.30 51.33

AvoidMultipleImpl.Instantiations 70 0.21 69 0.15
CheckExistenceImpl.ClassesAsStr.1 18 0.16 1 0.01
DontInstantiateImpl.InClient2 374 0.33 1k 1.00
Cyclic Hierarchy @Class 3.13 0.0

AvoidUsingSubtypesInSupertypes 2 0.00 0 0.00
Overlooked Abstraction @Class 8.21 12.91

ProvideInterfaceForClass 66 0.10 219 0.24
UseInterfaceIfPossible 686 0.06 140 0.01
Polygonal Hierarchy @Class 100.0 6.60

AvoidDiamondInh.StructuresInter.3 584 1.00 30 0.06
1

CheckExistenceImplementationClassesAsString

2

DontInstantiateImplementationsInClient

3

AvoidDiamondInheritanceStructuresInterfaces

Table A.7:Measuring Result of ISP for jEdit and TuxGuitar

jEdit TuxGuitar
Interface Segregation Principle 9.06 7.90
Large Abstraction @Class 9.39 20.92

AvoidPartiallyUsedMethodInterfaces 18 0.09 57 0.20

Table A.8:Measuring Result of PINI for jEdit and TuxGuitar

jEdit TuxGuitar
Program to an Interface, 9.17 8.70
not an Implementation
Overlooked Abstraction @Class 8.21 12.91

ProvideInterfaceForClass 66 0.10 219 0.24
UseInterfaceIfPossible 686 0.06 140 0.01

Table A.9:Measuring Result of SDOP for jEdit and TuxGuitar

jEdit TuxGuitar
Self-Documentation Principle 8.38 2.39
Document Disintegrity @Class 11.59 100

DocumentYourPublicClasses 37 0.11 995 1.00
Document Disintegrity @Method 20.74 52.09

AvoidMassiveCommentsInCode 82 0.10 38 0.42
DocumentYourPublicMethods 583 0.30 5k 1.00

Table A.10:Measuring Result of YAGNI for jEdit and TuxGuitar

jEdit TuxGuitar
You Ain’t Gonna Need It 5.89 8.13
Trivial Abstraction @Class 18.79 12.11

AvoidAbstractClassesWithOneExt.1 12 0.18 11 0.12
Unitilized Abstraction @Class 43.16 25.27

AvoidUnusedClasses 34 0.26 44 0.24
AvoidUnimplementedInterfaces 8 0.59 4 0.26
1

AvoidAbstractClassesWithOneExtension
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