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Abstract The goal of any modeling activity is a complete and accurate understanding of

the real-world domain, within the bounds of the problem at hand and keeping in mind the

goals of the stakeholders involved. High-quality representations are critical to that

understanding. This paper proposes a comprehensive Conceptual Modeling Quality

Framework, bringing together two well-known quality frameworks: the framework of

Lindland, Sindre, and Sølvberg (LSS) and that of Wand and Weber based on Bunge’s

ontology (BWW). This framework builds upon the strengths of the LSS and BWW

frameworks, bringing together and organizing the various quality cornerstones and then

defining the many quality dimensions that connect one to another. It presents a unified

view of conceptual modeling quality that can benefit both researchers and practitioners.
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1 Introduction

Accurate representations are critical for understanding the highly complex problem

domains that exist in today’s organizations. Conceptual modeling creates representations,
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abstractions that have much of the complexity found in real-world problem domains

removed. The result is a representation that contains the critical information that is needed

for designing and applying effective organizational strategies, process and knowledge

management, and a necessary foundation for constructing an organization’s databases and

information systems. The discipline of conceptual modeling is gaining more relevance with

the emergence of Model Driven Architecture (MDA) that promotes the use of models at all

steps of a software development project from initial planning through the delivery of the

software on a given platform (Wagelaar and Van Der Straeten 2007).

Despite the importance of having accurate representations, the notion of quality in

conceptual modeling is still immature and is a rapidly evolving concept. Early research

simply lists desirable properties that can be found in ‘‘good’’ conceptual representations

(Batini et al. 1991). Definitions, when given, are vague and complicated, and there is no

underlying structure that helps to understand how the properties relate to one another. The

result is a set of ad hoc evaluations of representations, and little agreement about what

makes a representation ‘‘good’’ (Moody et al. 1998).

There are many frameworks that attempt to bring order and enlightenment to the quality

of conceptual modeling representations and to the quality of the conceptual modeling

process. These range from rigorous theory-based frameworks to speculative frameworks.

Two frameworks stand out from the mass: the first is a framework introduced by Lindland,

Sindre, and Sølvberg (LSS) (Lindland et al. 1994) based on Morris’ semiotics theory, and

the second is a framework developed by Wand and Weber based on Bunge’s ontological

theory (the Bunge–Wand–Weber representational model: BWW) (Wand and Weber

1990a). Although both frameworks have solid theoretical foundations, they look at quality

in conceptual modeling from two different perspectives. The LSS framework focuses on

the product of conceptual modeling whereas the BWW framework focuses on the process

of conceptual modeling. Significant empirical research has been conducted using both of

these frameworks, but the results obtained are fragmentary and hard to integrate. Proposals

made to improve the quality of conceptual representations involve (somehow) changes

made to the conceptual modeling process. Vice versa, proposals made to improve the

conceptual modeling process should be ultimately evaluated by their effect on the end

result, i.e., the conceptual representation. To further guide research on conceptual mod-

eling quality, a framework is needed to better understand how the modeled domain,

conceptual model, and conceptual representation interact with the modelers involved in

conceptual modeling and the process they follow, and how this all relates ultimately to

representation quality.

In this paper, we propose a Conceptual Modeling Quality Framework (CMQF). This

framework is useful for evaluating not only the end result of the conceptual modeling

process, the conceptual representation, but also the quality of the modeling process itself.

This comprehensive and unified framework integrates the LSS and the BWW frameworks

and can serve as a guide for both researchers and practitioners. For example, many studies

focus on the quality of the conceptual model (such as the Entity-Relationship Model) or the

quality of the conceptual representation (such as an Entity-Relationship diagram that

represents a specific situation in a problem domain). Relatively few studies examine the

quality of the modelers’ knowledge of the conceptual model or representation. Fewer still

examine the quality of the process of conceptual modeling and focus exclusively on

product quality.

The CMQF is, at this point, a theoretical framework. However, it can serve as a

theoretical basis and an organizing framework for to ground future research on quality in

conceptual modeling. In addition, it can serve as a base for developing quality assessment
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tools and techniques. This foundation may assist practitioners in developing quality

improvement and assessment programs.

The remainder of the paper is arranged as follows. The next section lays the foundation

for the CMQF with an examination of the LSS and the BWW quality frameworks. This is

followed by a discussion of the combined and enhanced framework cornerstones and their

interrelationships. We then describe the layers and quality dimensions of the CMQF,

followed by an example of the use of the CMQF. We finish with our conclusions and

suggestions for further research.

2 Foundations

One of the earliest complete frameworks for exploring conceptual representation quality

was developed by Lindland et al. (1994) and subsequently underwent numerous extensions

and refinements (Krogstie and Sølvberg 2003). For instance, in Krogstie et al. 2006, it was

extended to include evaluations of the appropriateness of modeling languages. The

framework, shown in Fig. 1, is based on the assumption that the modeling domain, the

model externalization, the modeler’s knowledge, and so on can be considered as sets of

statements (or facts) in a language. Under that assumption, quality is defined as a com-

parison between these sets. For example, semantic quality is determined by comparing the

set of statements of the modeling domain to the set of statements in the model

externalization.

Fig. 1 The LSS conceptual representation quality framework (Krogstie 2003)
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The sets of statements that form the cornerstones of the LSS quality framework are

defined as follows (Krogstie et al. 2006): The Modeling Domain is the set of statements

that are correct and relevant about the situation at hand. It can be considered as the

content that must be captured in a conceptual representation. The Goals of Modeling are

the normally organizationally motivated goals of the modeling task. They answer the

question why conceptual modeling is undertaken. The Language Extension is the set of

all statements that are possible to make given the modeling language’s syntax. The

Model Externalization is the conceptual representation defined as the set of all state-

ments that are made given someone’s view (perceived reality, shaped by the organi-

zational goals of the modeling process) of the modeling domain and made using

statements in the language extension. The Social Actor Knowledge is the relevant

knowledge of the modeling domain of all the stakeholders who are involved in some

way in the modeling process. The Modeler Knowledge is the relevant knowledge of the

modeling domain of those modelers who are actively involved in the modeling process,

so modeler knowledge is a subset of social actor knowledge. The Social Actor Inter-
pretation contains the statements in the conceptual representation as understood by all

the stakeholders involved in modeling. The Technical Actor Interpretation contains the

statements in the conceptual representation that can be interpreted by the modeling tools

used in modeling.

The various quality dimensions of the LSS framework have their foundations in the

theory of semiotics. Semiotics itself consists of a theory of codes and a theory of sign

production that is used to convey meaning about things or states of things in the world.

Stamper (Stamper 1992; Stamper et al. 2000) used semiotic theory to develop a six-layer

framework to help classify and understand the impact of information technology: the

social, pragmatic, semantic, syntactic, empiric, and physical layers. The LSS quality

framework is based on these six layers.

In the LSS framework, conceptual modeling quality is defined through equations on

pairs of sets of statements, defined above (Moody et al. 2003). Given two cornerstone sets

A and B, the quality of B can be defined in relation to A. If there are statements in A that are

correct and relevant for B, but not contained in B, then B is incomplete with respect to

those statements. The statements in B that are not contained in A are invalid (i.e., incorrect

or irrelevant statements). If B is complete and valid with respect to A, then B can be said to

be of high quality. Alternatively, if B is complete and valid with respect to A, then the

quality of B is assured.

For example, the syntactic quality of the conceptual representation (Model Exter-

nalization M) is assessed by comparing the set of statements in the representation to the

set of statements in the Language Extension L which is the set of all statements that are

allowable given a modeling language’s vocabulary and grammar. The representation is

syntactically valid if all statements in the representation are in the language extension.

Those statements in the representation that are not in the language extension are syn-

tactically invalid. However, not all statements in the language extension should be

contained in the model externalization; only those that are relevant and correct for the

model externalization. Which language extension statements are relevant and correct for

the model externalization cannot be determined without referring to other framework

cornerstones. Other conceptual modeling quality dimensions explicitly defined in the

LSS framework are organizational quality, social quality, (social and technical) prag-

matic quality, semantic and perceived semantic quality, empirical quality and physical

quality, as described below.
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• Syntactic quality: How well the representation corresponds to the language extension.

• Semantic quality: How well the representation corresponds to the domain. There are

two semantic goals; validity which means that all statements made in the model

externalization are correct and relevant to the domain, and completeness which means

that the model externalization contains all the statements that would be correct and

relevant about the domain.

• Perceived semantic quality is the similar correspondence between the audience

interpretation of a model externalization and their knowledge of the domain.

• Pragmatic quality is the correspondence between the audience interpretation and the

model externalization itself. Social pragmatic quality represents how well the

stakeholders understand the conceptual representation. Technical pragmatic quality

captures the degree to which modeling tools can interpret the representation. Feasibility

is also defined for pragmatic quality.

• Social quality: The agreement among participant interpretations.

• Physical quality: The degree to which modelers were able to externalize their domain

knowledge. How well the conceptual representation expresses the tacit domain

knowledge of the modelers.

• Empirical quality: The ‘‘readability’’ of a representation defined as the range of errors

that occur across many readings of the same representation or errors across many

different ways of representing the same model externalization.

To further understand and analyze the LSS framework, its cornerstones can be rear-

ranged based on Searle’s (1995) distinction between physical and social reality. This is

embodied in two propositions: there is a physical ‘‘real world’’ that is composed of things

and those things have properties by which they are known (Russell 1903), and there is a

separate cognitive representation of the real world constructed by our perceptions (John-

son-Laird 1983). This splits the LSS framework into those cornerstones that exist in the

real world and those that exist in the mind, as shown below in Fig. 2. The Modeling

Domain, Language Extension, and the Model Externalization are all artifacts that exist in

the real world. Social Actor Knowledge, Modeler Knowledge, Technical Actor Interpre-

tation, and Social Actor Interpretation all exist in the mind as social or institutional

knowledge. While the goals of modeling also exist in the mind, they actually form the

context that all other cornerstones exist within (and therefore this cornerstone is not

explicitly shown in Fig. 2). The distinction between ‘‘real world’’ and ‘‘in the mind’’

cornerstones indicates that there are different types of quality dimensions. Some dimen-

sions like syntactic quality are a physical reality, others like social quality are a social

reality, whereas still others like pragmatic quality are defined in relation to concepts in

different worlds. We will discuss the implication of these distinctions in a subsequent

section, where our CMQF framework is presented.

Although the LSS framework has been updated and extended several times, it remains a

relatively product-focused view, focusing on the quality of the conceptual representation

rather than the process of conceptual modeling (Krogstie et al. 2006). Wand and Weber

(1988, 1990a, 1995), Wand and Wang (1996) took a process-oriented approach and created an

alternative quality framework based on Bunge’s (1977) ontology. Known as the Bunge–

Wand–Weber (BWW) framework, it considers the process of conceptual modeling as it

moves from the real world through a number of transformations, eventually arriving at a

conceptual modeling script: the information system. An information system, in the BWW

framework, is ‘‘an artifactual representation of a real-world system, as perceived by some-

one’’ (Wand and Weber 1990b, p. 62). The ontological framework is shown below in Fig. 3.
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The BWW framework begins with the Application Domain, also known as the real-

world system (Wand and Wang 1996). Analysts perceive the application domain and from

that perception use the representation/conceptual modeling process to create the Infor-
mation System. The Information System is a conceptual modeling script, the end product of

the modeling process (Wand and Weber 2002). The modeling process uses the Modeling
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Grammar, a set of modeling language constructs derived from or mapped onto ontological

constructs, and an associated set of rules that show how to combine these constructs into

representations of the real world (Wand and Weber 2002). The Ontological Construct is

the philosophical basis for modeling things in the real world (Wand and Weber 1990b). A

system of ontological constructs (e.g., events, actions, states, and so on) can be used to

categorize the basic things in the real world that could be in the representation.

The intended users of the information system use the direct observation process on the

application domain to produce the User’s View of Domain. This view is filtered by the

user’s particular domain needs, requirements, and so on and is a representation of known

aspects of real-world system, as perceived by users (Wand and Wang 1996). Although not

explicitly shown in Fig. 3, analysts may perceive an application domain via the users’ view

of the domain, e.g., through interviewing users. Once the information system is made

accessible, users also use the interpretation process to create the User’s View as Inferred
from the Information System (Wand and Wang 1996). The BWW framework has two

conceptual modeling quality checks: the ontological expressiveness of the modeling

method and grammar, and the possible data deficiencies found by comparing the user’s

view of the application domain to their view of the domain as represented by the infor-

mation system.

Similar to the LSS framework, the BWW framework has elements that exist in the real

world and elements that exist in the mind. Rearranging the elements according to Searle

(1995) produces Fig. 4, below.

The BWW framework has many of the same cornerstones as the LSS framework with

some very important differences. The LSS Language Extension is the set of all statements

that can be made using the language syntax. For most languages, this is an infinite number

of statements (Lindland et al. 1994). The BWW framework has this as the modeling

grammar: the set of rules from which the set of modeling statements can be made.

However, it also contains the modeling method and the ontological construct. Ontological

constructs provide a theoretical basis for modeling languages. Separating Ontological
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Construct and Modeling Grammar allows a single ontology to serve as the basis for a

number of different modeling languages. Similarly, there can be multiple methods that

guide the application of a modeling grammar.

Searle’s distinction between physical and social reality provided the first ‘‘vertical’’

organizing method for the quality cornerstones. A second ‘‘horizontal’’ organizing method

can be seen in the BWW framework and is described by Bunge (Bunge 1977). Physical

reality, and by extension cognitive/social reality, can be divided into the domain, reference

framework (or ontology), modeling language, and resulting model (i.e., the conceptual

representation of the domain) (Recker et al. 2007). By rearranging both the LSS and the

BWW frameworks vertically and horizontally, we can see that they have similar corner-

stones. BWW seems to be more complete than LSS as it has a cornerstone for the reference

framework in the physical reality (i.e., Ontological Construct). Both frameworks miss

cornerstones for the reference framework and modeling language in the social reality, as

shown in Fig. 5.

The LSS framework, focusing on the product of conceptual modeling, and the BWW

framework, focusing on the process of conceptual modeling, each have elements that are

important to include in any attempt to describe conceptual modeling quality. A combined

framework with the extensive relationships and semiotic foundation of the LSS framework

and the additional Ontological Construct cornerstone and ontological foundation of the

BWW framework should have considerable utility for informing research about conceptual

modeling quality: where research has been already conducted and where there are gaps in

important quality dimensions that have yet to be explored. The next section presents a

combined and extended set of quality cornerstones, combining cornerstones that are similar

and filling the empty cells of Fig. 5 (i.e., where cornerstones were missing in both LSS and

BWW).
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3 Quality cornerstones

Rearranging the combined LSS and the BWW frameworks ‘‘vertically’’ (i.e., distin-

guishing physical and social reality) and ‘‘horizontally’’ (i.e., distinguishing domain, ref-

erence framework, modeling language and conceptual representation) gives eight possible

cornerstones. These cornerstones can be thought of as either sets of statements that con-

stitute physical artifacts or represent cognitive artifacts used in or resulting from con-

ceptual modeling (as in the LSS framework) or as sets of states of the conceptual modeling

process (as in the BWW framework). The complete framework and all relationships are

shown in Fig. 6 and explained below.

Physical Domain. The physical domain is the real-world universe of discourse, meaning

all of the things and/or phenomena that are of interest to the users and the conceptual

modelers. It corresponds to the LSS modeling domain. It is the real world in the BWW

framework (Wand and Weber 1990b).

Domain Knowledge. The domain knowledge is the understanding of the real-world

universe of discourse by both users and modelers involved in the process. It corresponds

to the social actor’s knowledge and its subset, and the modeler’s knowledge (LSS)

created by their perception of the application domain (BWW). This view consists of

those elements shaped by the user’s and/or modeler’s context that they consider

meaningful to the situation at hand.

Physical Model. A model can be thought of as a ‘‘lens for the mind.’’ It filters and shapes

the way the world is seen. A model focuses on the things that are important to the

problem at hand and to discard those things that have nothing to do with the problem.

The model is the Ontological Construct in the BWW framework but is not present in the
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Fig. 6 Complete framework of conceptual modeling quality cornerstones
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LSS framework. This model is preferably explicated and possibly formalized using first-

order logic axioms that define the domain ontology.

Model Knowledge. This is the model as understood by the users and modelers who are

involved in the modeling process. It is their mental model as shaped by the physical

model. It is the ‘‘lens of the mind.’’ There is no corresponding element in the BWW

framework nor does it exist in the LSS framework.

Physical Language. The language consists of the grammar and the vocabulary that are

used in combination with the model. This cornerstone corresponds to the Modeling

Method and Grammar construct of the BWW framework and to the Language Extension

element of the LSS framework.

Language Knowledge. This is the language as understood by those modelers who are

actively involved in the modeling process. It is not included in the LSS and BWW

frameworks.

Physical Representation. The physical representation corresponds to the LSS Model

Externalization or the BWW Information System. It is the user’s description rendered

into a formalized (data flow diagram, ER diagram, UML diagram, or coded information

system) model-based representation. A representation is built for use by the user whose

view of the application domain is captured in the design (Wand and Wang 1996).

Representation Knowledge. This is the users’ cognitive interpretation of the physical

representation. It corresponds to the LSS Social Actors’ Interpretation or the BWW

Users’ View of the Information System.

The cornerstones identified in Fig. 6 contain (in one form or another) all of the elements

of the LSS and the BWW frameworks. Three LSS elements that are explicit in their

framework are found implicitly in the CMQF. The LSS Goal of Modeling element is part

of the overall context of the modeling exercise and helps to determine what is interesting,

useful, economical, and so on. It is related to the Domain, to the Model, and to the

Language framework cornerstones. The LSS framework also has a Technical Actor

Interpretation element, which is included, if needed, in the Representation Knowledge

element. The LSS Modeler Knowledge is a subset of the Social Actor Knowledge, hence

included in the Domain Knowledge cornerstone.

4 The conceptual modeling quality framework

The framework cornerstones discussed above form the foundation of the Conceptual

Modeling Quality Framework (CMQF) that we propose here and provide the grounding for

the discussion of the conceptual modeling quality layers and quality dimensions that

follows. The CMQF is a combination and an extension of both the LSS and the BWW

quality frameworks. The similarities and differences are noted and help clarify the quality

dimensions.

Conceptual modeling quality in the LSS framework is achieved through a correspon-

dence between two framework elements with the goal being completeness and validity.

With the elements being defined as sets of statements, completeness is achieved if (for

example) the physical representation contains all the statements about the physical domain

that are correct and relevant (Lindland et al. 1994). Relevance is critical, since it is clear

that the physical domain will contain far more statements than the physical representation.

It is the context of the modeling exercise (or the Goal of Modeling in LSS) that determines
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what is relevant or not. The representation is an abstraction of the relevant part of the

domain with its purpose being clarity and understanding.

Conceptual modeling quality in the BWW framework is also achieved through a cor-

respondence between two framework elements. The elements are considered to be state

spaces, where the state of an element is the set of all values of all of its attributes as

allowed by the set of laws defined in the ontological construct (Wand and Wang 1996).

Quality is achieved by mapping between these state spaces. For example, for the physical

domain to be properly represented by the physical representation, every lawful state (a

state allowed by the ontology) in the physical domain should be mapped to at least one

lawful state in the physical representation. Every lawful state in the physical representation

should, in principle, be mapped back to a lawful state in the physical domain. In this way, a

representation will be complete, unambiguous, meaningful, and correct.

The eight elements and their associated quality types are split into four ‘‘layers’’ that

roughly follow the conceptual modeling process. These layers are the physical layer,

knowledge layer, learning layer, and development layer. These layers are shown in Fig. 7,

outlined in Table 1, and described in detail below. In Table 1, Quality Type (for example,

Semantic Quality) is the name given to the Conceptual Modeling Quality Framework

quality dimensions. Quality Type is defined as a relationship between the Quality Refer-

ence and the Object of Interest. The Object of Interest is the quality framework cornerstone

that is being examined across the quality dimensions. The Quality Reference is the quality

framework cornerstone to which the Object of Interest is being compared for completeness

and validity. For example, the Physical Model (the object of interest) can be said to have

Semantic Quality if it is complete and valid relative to the Physical Domain (the quality

reference) within the defined conceptual modeling context, following the goals of the

organization (or individual or group of individuals) performing the modeling process.

4.1 The physical layer

The first of the five layers is the physical layer. This layer contains the physical, observable

elements of the quality framework, distinct from their cognitive counterparts. It is the

explicated and shared layer elements of the framework rather than the tacit and individual
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knowledge layer elements. The physical layer plays a central role in the conceptual

modeling process as the process transforms concepts from the physical domain to the final

physical representation. The physical elements, the artifacts, are learned, analyzed, and

manipulated by the modelers as they try to understand the domain. The Physical Layer has

seven quality types, described below.

P1: Model-Domain Appropriateness. The physical model must be appropriate to the

domain being modeled and for the ultimate use of the physical representation. For

example, the Entity-Relationship Model is appropriate for conceptualizing a data-

oriented domain but is not appropriate for a more process-oriented domain where a

workflow model (Georgakopoulos et al. 1995) would be used

P2: Ontological Quality. The physical, external language (the grammar and the

vocabulary of the language) must be appropriate for expressing the concepts of

the physical model and for ultimately encoding the concepts in the physical

representation (St. Amant et al. 2006)

P3: Syntactic Quality. All of the elements in the final physical representation must be

able to be derived from the vocabulary and the grammar of the physical language

(Lindland et al. 1994)

Table 1 Quality types and their associated quality cornerstones

Label Quality type Quality reference Object of interest

P1 Model-domain appropriateness Physical domain Physical model

P2 Ontological quality Physical model Physical language

P3 Syntactic quality Physical language Physical representation

P4 Semantic quality Physical domain Physical representation

P5 Language-domain appropriateness Physical domain Physical language

P6 Intensional quality Physical model Physical representation

P7 Empirical quality Physical representation Physical representation

K1 Perceived model-domain appropriateness Domain knowledge Model knowledge

K2 Perceived ontological quality Model knowledge Language knowledge

K3 Perceived syntactic quality Language knowledge Representation knowledge

K4 Perceived semantic quality Domain knowledge Representation knowledge

K5 Perceived language-domain appropriateness Domain knowledge Language knowledge

K6 Perceived intensional quality Model knowledge Representation knowledge

K7 Perceived empirical quality Representation knowledge Representation knowledge

L1 View quality Physical domain Domain knowledge

L2 Pedagogical quality Physical model Model knowledge

L3 Linguistic quality Physical language Language knowledge

L4 Pragmatic quality Physical representation Representation knowledge

D1 Applied domain—model appropriateness Domain knowledge Physical model

D2 Applied domain—language appropriateness Domain knowledge Physical language

D3 Applied domain knowledge quality Domain knowledge Physical representation

D4 Applied model—language appropriateness Model knowledge Physical language

D5 Applied model knowledge quality Model knowledge Physical representation

D6 Applied language knowledge quality Language knowledge Physical representation
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P4: Semantic Quality. The final representation must accurately and completely capture

the meaning of the physical domain, within the constraints of the modeling task at

hand (Moody and Shanks 2003)

P5: Language-Domain Appropriateness. The language must be powerful enough to

parsimoniously express anything in the physical domain (Krogstie 2003; Wand and

Weber 1993). The language must allow users to create a faithful representation of

the physical domain with a minimum of resources (Wand and Weber 2002)

P6: Intensional Quality. The physical representation should remain true to the mindset

and the meanings defined by the physical model. For example, the ontological

foundations for the use of relationships, and what a relationship really is, are found

in the physical model (Wand et al. 1999)

P7: Empirical Quality. This is a measure of the readability of a conceptual

representation (Krogstie et al. 2006). The physical representation is both object of

interest and quality reference. The empirical quality of physical representation (e.g.,

a UML class diagram) X is determined by comparing the representation to some

‘‘ideal’’ physical representation Y. In this case, ‘‘ideal’’ means that the two

representations are informationally equivalent, but the reference representation has

optimal readability. For example, X and Y are representations of the same UML

class diagram, without line crossings (Batini et al. 1991) and with symbols of the

same size)

4.2 The knowledge layer

The knowledge layer of quality types parallels the physical layer of quality types. How-

ever, where the physical layer exists in the ‘‘real world,’’ the knowledge layer exists only

cognitively, in the minds of the stakeholders involved in the conceptual modeling process

and in the process of using the final representation. Knowledge layer quality types refer to

the quality of the model, language, and representation, but not to the quality of the

knowledge itself (for which there are the learning layer quality types). Whereas the

physical layer quality types of model, language, and representation quality are defined

objectively, i.e., independent from the stakeholder involved in evaluating quality, the

corresponding knowledge layer quality types recognize a ‘‘subjective’’ notion of quality,

i.e., quality as perceived by the user or modeler. When an objective measurement of some

physical layer quality type is not possible, the corresponding knowledge layer quality type

may be assessed as an approximation.

A difficulty in exploring the various quality types in the knowledge layer lies in the

many possible sets of knowledge that may exist based on the perception of the stake-

holders. The learning layer below shows how (for example) the real-world physical domain

is transformed into cognitive domain knowledge through an stakeholder’s perceived view

of the domain. Each stakeholder may have a different view based on variations in context,

experience, view, and so on. Each knowledge component may represent a single stake-

holder’s knowledge or the collective knowledge of a set of stakeholders. Any examination

of the qualities of the knowledge layer must explicitly note the source of the knowledge.

The knowledge layer parallels the physical layer described above, so the individual

quality types will not be described in detail. However, one example can serve to illustrate

the layer:

The Perceived Semantic Quality (K4) of a physical representation is the correspondence

between the stakeholder’s knowledge about the domain as derived from the real-world
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domain itself and knowledge about the domain as derived from the real-world represen-

tation. For instance, a user may evaluate the validity and completeness of a conceptual

representation (e.g., an Entity-Relationship diagram that acts as a conceptual data model

for some domain within the enterprise, such as customer relationship management) by

comparing the subjective understanding of the representation (i.e., what is believed to be

represented) to the knowledge of the domain (i.e., what is believed to be in the domain, so

should be represented). This type of quality has been identified as a surrogate for semantic

quality (Krogstie et al. 2006).

4.3 The learning layer

Each element of the physical layer cornerstones has a corresponding element in the

knowledge layer cornerstones. All stakeholders using the knowledge cornerstones need to

learn them from the physical cornerstones. The learning quality layer measures how well

that learning, interpretation, and/or understanding takes place.

A common element to all of the learning quality types is perception. The stakeholder’s

first exposure to anything in the physical world begins with his/her perception of that

world’s artifacts. Context drives the stakeholder’s perceptions. It determines which things

are meaningful and which things will fade into the environment. Our only contact with the

real world is through our perceptions that filter and shape the way we see the things of the

world (Borgida et al. 1985; Wand and Weber 1988). Ideally, our perception of the world is

perfect. In practice, this is rarely the case.

Each of the quality types in the learning layer has, to a greater or lesser extent, a

grounding in perception. What is perceived, and how it is learned, depends on the quality

cornerstone. The quality types of the learning layer are described more fully below.

L1: View Quality. The stakeholder must have a complete and valid understanding of the

real-world domain as it relates to the problem at hand. Whether the real-world

physical domain exists or not, or the domain knowledge is a product of perception or

is a social construction (Wand and Weber 2002), the quality of an stakeholder’s

domain knowledge is based on the quality of his/her learning

L2: Pedagogical Quality. The stakeholder must have the proper mindset as defined by

the physical model’s paradigm (Kuhn 1970)

L3: Linguistic Quality. The stakeholder must have a mastery of the modeling language

(the vocabulary and the grammar). Linguistic quality is of primary concern to

modelers, but also users of conceptual representation need to master the basics of the

employed modeling language in order to understand the conceptual representation

L4: Pragmatic Quality. This addresses the comprehension of the final physical

representation by the stakeholders: analysts who must use the representation to

create the information system and other users who must understand what the

representation is modeling. Pragmatic quality captures the extent to which the

stakeholder completely and accurately understand the statements in the

representation that are relevant to them (Bolloju and Leung 2006)

4.4 The development layer

The elements of the physical layer have their developmental roots in the knowledge layer.

A developer’s knowledge is used to create the subsequent physical artifacts. For example, a

domain expert’s knowledge is used to create the physical model, the physical language,
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and the physical representation. A modeler’s knowledge can be used to develop the lan-

guage and the representation. The development layer’s quality types measure how well this

knowledge has been used to create the physical elements.

For example, the Entity-Relationship Model did not spring into being from nothing, but

rather from a deep understanding of the domain, the semantics of the domain to be

modeled, and the needs of the analysts for understanding the real world (Chen 1976). In

information systems development, whether the end result is a conceptual representation

such as a data flow diagram or ER diagram or a complete information system, a thorough

understanding of the domain, the model, and the language is critical. The accurate and

complete transfer of that knowledge (from Domain Knowledge to the creation of the

Physical Model, from Model Knowledge to the creation of the Physical language, and so

on) directly affects the quality of the final Physical Representation.

D1: Applied Domain—Model Appropriateness. ‘‘The meaning of modeling constructs

should be found in models of reality’’ (Wand et al. 1999, p. 494). The physical

model (ontology, mindset) being developed must be appropriate to the modeler’s

conceptual understanding of the domain. This quality type is especially relevant to,

for example, the development of domain ontologies

D2: Applied Domain—Language Appropriateness. Any modeling (or even

programming) language being developed must be appropriate to the modeler’s

knowledge of the real-world domain

D3: Applied Domain Knowledge Quality. Knowledge of the domain is fundamental to

all disciplines. The lack of domain knowledge and the lack of its correct application

results in ‘‘inelegant problem-solving strategies’’ (Khatri et al. 2006; Shaft and

Vessey 1995). The quality of the final representation is directly dependent on the

accurate communication and application of that knowledge (Evermann 2005)

D4: Applied Model—Language Appropriateness. The modeling language being

developed must be appropriate to the developer’s knowledge of the particular

mindset or ontology it will be based upon

D5: Applied Model Knowledge Quality. Knowledge of the model that underlies the

language and the domain is important to the quality of the final representation. For

example, an incomplete or incorrect understanding of the Object-Oriented Model

(misinterpreting object-oriented concepts as procedural programming concepts) can

lead to a hybrid of object and procedural code in the final representation (Nelson

et al. 2001)

D6: Applied Language Knowledge Quality. The modeler uses the modeling language,

the vocabulary and the grammar, to create the physical representation. While the

modeler’s knowledge of the language may be incomplete (he or she may not be

familiar with some of the language’s constructs), accurate knowledge of the

language and its application are critical to the quality of the physical representation

(Gemino and Wand 2003)

5 Example: quality of a conceptual representation

In this section, we present an example of the use of the Conceptual Modeling Quality

Framework. The example illustrates how the CMQF may be used by practitioners to

examine the quality of a physical representation. A physical representation is the last of a

series of transformations from the physical domain through the physical model and
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physical language, using domain knowledge, model knowledge, and language knowledge.

The representation is a primary tool for documenting and understanding the areas of

interest in the domain, and its quality will impact the effectiveness and efficiency of the use

that is made of the representation. For instance, a conceptual data model with low

empirical quality (i.e., low pragmatic quality) can easily be misunderstood by database

designers and thus lead to poor database designs. Here, we illustrate the utility of the

CMQF quality dimensions by highlighting the quality dimensions that directly affect the

conceptual representation and different techniques available for ensuring and testing

conceptual modeling quality, concentrating on the quality of conceptual models developed

using the Unified Modeling Language (UML) introduced by Jacobson et al. (1999).

Unfortunately, it is not currently possible to directly measure the quality of any of the

framework cornerstones. ‘‘While the set algebra definitions of various quality goals pro-

vide some clarity as to what the different quality levels mean, it is really only syntactic

quality (of the levels in the original framework), which has any hope of being objectively

measured, as both the problem domain and the minds of the stakeholders are unavailable

for formal inspection. This would, however, be a general challenge for any framework

trying to address model evaluation beyond the syntactic level’’ (Krogstie et al. 2006, p. 94).

UML has gone through considerable development and many modifications since its

introduction in 1995, leading to the present version: UML V2.1.2 (OMG 2007a, b). UML

is used for the illustration as it is frequently used as a modeling language for conceptual

representations and has become the focus of a great deal of conceptual modeling quality

research. The Physical Representation quality dimensions of interest are shown below in

Fig. 8. Other quality dimensions from the knowledge layer, in particular K3, K4, K6, and

K7, are also relevant to the physical representation, but entail an indirect assessment of the

physical qualities, via their knowledge counterparts. They are not used in the illustration

below.

Language
Knowledge

Model
Knowledge

Domain
Knowledge

Physical
Representation

Physical
Language

Physical
Model

Physical
Domain

Syntactic Quality

S
em

an
tic

 Q
ua

lit
y

In
te

ns
io

na
l  

Q
ua

lit
y

Empirical Quality

Fig. 8 The quality dimensions leading to the physical representation
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5.1 Syntactic quality (P3)

All of the elements in the final physical representation must be able to be derived from the
vocabulary and the grammar of the physical language. The syntactic quality (P3) of UML

diagrams can be improved through the use of controls (Unkelkar 2005). For example, UML

class diagram controls include verifying the elements allowed for a class diagram, the

annotations for each class, the annotations on all of the relations, the association of all of

the relations, that the line of each of the association relations has one (open) arrow, and that

the cardinality constraints are indicated. The application of Object-Oriented Reading

Techniques (Conradi et al. 2003) can help inspectors detect defects in UML diagrams,

improving defect detection rates to between 68% and 98% in UML diagrams. Also

automated techniques for identifying the syntactic correctness of UML diagrams may be

used (van Amstel et al. 2007).

Many UML modeling tools will flag syntactic errors; sometimes the diagram can simply

not be saved when it is not syntactically correct. Figure 9 shows an example of a UML

class diagram built using the Objecteering 6.1 tool (http://www.objecteering.com). The

diagram is intended as a conceptual representation of a real-world situation in which the

factories that a company owns each employ one or more laborers, who are employees of

the company. The Objecteering tool flags two syntactic errors: (1) the modeler has

apparently switched the minimum and maximum multiplicity constraints on the factory

worker role (i.e., minimum many, maximum one); (2) there is a cycle in the inheritance

graph (i.e., a factory laborer is a back-office worker, who is an employee, who is again a

factory laborer).

Figure 10 shows another example, this time a UML activity diagram that is a conceptual

representation of a simple order-to-cash business process. The diagram does not satisfy the

grammatical rules of UML as the decision node after the receive order action has only one

outgoing control flow arrow, so the representation does not specify what action to perform

if the guard condition [order accepted] is not fulfilled.

Fig. 9 Conceptual representation (as a UML class diagram) of factories employing laborers that are
company employees, with syntactic errors

Fig. 10 Conceptual representation (as a UML activity diagram) of an order-to-cash business process, with a
syntactic error
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5.2 Semantic quality (P4)

The final representation must accurately and completely capture the meaning of the
physical domain, within the constraints of the modeling task at hand. There has been

considerable research that focuses on validating the semantic quality (P4) of UML dia-

grams versus the application domain, particularly against requirements documents. One

method is to apply formal semantics to the many UML diagrams (Deng et al. 2005) to

arrive at a ‘‘common denominator’’ so that consistency between the diagrams and the

requirements documents may be achieved. Formal semantics may also be employed to

verify the behavioral semantic quality of UML statechart diagrams (Kong et al. 2009).

In general, knowledge of the physical domain is required to evaluate semantic quality.

Some physical domains are generally well enough understood to identify incorrectness or

incompleteness in conceptual representations. For instance, Fig. 11 shows a UML class

diagram intended as a conceptual representation of part of a library domain. There are two

clear cases of incorrectness in the diagram: (1) a library’s books must be on loan all the

time (i.e., minimum multiplicity of one of the borrower role); and (2) a book can be

borrowed by more than one library member at the same time (i.e., maximum multiplicity of

many of the borrower role). If it is the intent to further elaborate the diagram as a con-

ceptual data model for developing a computerized library system, then the alternative

diagram shown in Fig. 12 provides a better starting point. The diagram shown in Fig. 12

has higher semantic quality as it represents the library domain constraint that books can be

borrowed by at most one library member at a time, while showing that over time they can

be borrowed many times by the same or different library members.

5.3 Intensional quality (P6)

The physical representation should remain true to the mindset and the meanings defined by
the physical model. The physical model sets out the rules, the paradigm or ‘‘mindset,’’ that

defines how the world is to be viewed. For example, the Object-Oriented Model views the

world as composed of objects, their attributes, and methods. It is possible to use a modeling

Fig. 11 Conceptual representation (as a UML class diagram) of books on loan with library members that is
semantically incorrect

Fig. 12 Alternative conceptual representation of books currently on loan with library members and loan
histories
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language that was developed to support a particular mindset (such as UML supporting OO)

in a manner inconsistent with that mindset. For example, modeling guidelines based on

mappings between UML and Bunge’s (1977) ontology may be used (Evermann and Wand

2006) to keep the representation within Bunge’s ontology. One of these modeling guide-

lines prohibits the use of optional properties (i.e., relationships or attributes) in conceptual

representations, the reason being that if some property is optional for a particular instance,

then that instance represents a thing belonging to a different functional schema than the

things that are represented by the instances for which the property is mandatory (Gemino

and Wand 2005). A UML representation that remains true to the mindset defined by the

Bunge ontology would distinguish these functional schemas by using one class for the

instances that posses the property and another class for the instances that do not, where the

former class is a subclass of the latter. For instance, Fig. 13 shows that, although every

employee works in a department, not every employee needs to manage a department. This

representation is not consistent with the physical model provided by Bunge’s ontology as

the property of being the manager of a department is optional for employees. A physical

representation with higher intensional quality (assuming an ontological commitment to

Bunge’s ontology) is given in Fig. 14, which shows that managers are the subset of

employees that manage departments. To manage a department is only a property of

managers, not of employees in general.

5.4 Empirical quality (P7)

This is a measure of the readability of a conceptual representation and is a function of the
representation itself. Generally speaking, a physical representation that exhibits high

empirical quality (P7) will be more maintainable and more understandable than a similar

representation that has low empirical quality. Esthetics metrics (Kiewkanya and Mu-

enchaisri 2005) have been developed for use on UML class diagrams and sequence dia-

grams. These metrics are a good indicator of the maintainability of such diagrams.

Readability guidelines (Ambler 2005) and layout recommendations (Purchase et al. 2002)

improve the overall quality of the UML diagrams themselves.

While Fig. 15 is a syntactically correct UML activity diagram representing the same

order-to-cash process as Fig. 10 (and improves the syntactic quality (P3) of Fig. 10 as now

Fig. 13 Conceptual representation (as a UML class diagram) in which being the manager of a department is
an optional property of employees

Fig. 14 Informationally equivalent representation without optional properties
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also the complement of the [order accepted] guard is included), it is of lower empirical

quality (P7) because the consistent left-to-right control flow ordering of Fig. 10 is aban-

doned. The readability of the diagram is lower because the reader has to move in different

directions when tracing the control flow of the represented business process. Furthermore,

the shapes of the send signal action (i.e., request payment) and accept change event action

(i.e., accept payment) symbols suggest a natural left-to-right ordering (as both shapes are

based on arrows pointing to the right and the send signal action arrow fits into the accept

change event action arrow), whereas here an opposite and unnatural right-to-left ordering

was used. Empirical quality would be further reduced by replacing the verb labels of the

actions with noun labels (e.g., order received instead of receive order).

5.5 Applied domain knowledge quality (D3)

The quality of the final representation is directly dependent on the accurate communication
and application of domain knowledge. Khatri et al. (2006) demonstrate the effect of

application domain knowledge and conceptual modeling knowledge (IS domain knowl-

edge) on different types of schema understanding tasks: syntactic and semantic compre-

hension tasks and schema-based problem-solving tasks. Their research provides guidelines

for organizations that have relatively scarce resources in a particular application domain.

Gerard (2005) showed that domain-specific knowledge structures support the conceptual

modeling task. Other researchers have shown that different application domains may share

common knowledge structures, and that the reuse of models (capturing domain knowledge)

from one domain to another is feasible and beneficial (Maiden and Sutcliffe 1992). For

instance, Snoeck and Poels (2000) demonstrate this principle of analogical reuse by pre-

senting a conceptual model of product usage (also called object allocation (Lung and

Urban 1995)) that was derived from generalizing domain-specific models for libraries and

hotels, and that can be applied to domains like the car rental business or flight reservations.

Fig. 15 Conceptual representation (as a UML activity diagram) of an order-to-cash process with low
empirical quality
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Through analogical reuse, modelers apply domain knowledge contributed by many domain

experts that is ‘‘stored’’ in generic domain models or patterns.

Despite these research efforts, most conceptual modeling texts do not emphasize

domain-specific patterns nor analogical reuse, and conceptual modeling notations are

considered as general tools that must be mastered independently of the application domain.

Poels et al. (2007) and Poels (2009) showed that UML class diagrams that are used as

conceptual representations of enterprise transaction cycles (e.g., order-to-cash, procure-to-

pay, produce-to-stock, etc.) are better understood by business users, both objectively (in

terms of performance in model comprehension tasks) and subjectively (in terms of per-

ceived ease of understanding), if these diagrams are consistently constructed using

resource-event-agent patterns.

Figures 16 and 17 illustrate these effects of domain pattern use on pragmatic quality

(L4), empirical quality (P7), and perceived empirical quality (K7). Figure 16 is a con-

ceptual representation of an instance of the acquisition/payment transaction cycle that

involves the ordering, obtaining, and paying for external consulting services. The analyst

that constructed the diagram applied his knowledge of enterprise transaction cycle struc-

tures by employing three left-to-right ordered resource-event-agent constellations of

classes and associations (i.e., Consulting Service Type—Order Consulting Services—

Supervisor/Consulting Firm, Consulting Services—Get Consulting Services—Clerk/Con-

sulting Firm, and Account—Pay Consulting Services—Cashier/Consulting Firm). Fig-

ure 17 is a syntactically correct UML class diagram that is informationally equivalent to

Fig. 16 (so does not differ from Fig. 16 with respect to semantic quality (P4)), but lacks

clear signs of applied domain knowledge in the sense that the common resource-event-

agent structures that build up enterprise transaction cycles are not recognizable in the

diagram. Comparing both diagrams, one can visually appreciate the difference in read-

ability between both diagrams (i.e., higher empirical quality (K7) of Fig. 16 due to higher
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Fig. 16 Transaction cycle representation (as a UML class diagram) constructed using a domain-specific
pattern (resource-event-agent conceptual modeling structures) (based on (Poels 2009))
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applied domain knowledge quality (D3)). Furthermore, as demonstrated in (Poels, et al.,

2007), business users like accountants and auditors get a far better understanding of the

transaction cycle modeled if a diagram like Fig. 16 is used (i.e., higher pragmatic quality

(P7)). Moreover, they perceive diagrams with clear traces of applied domain knowledge as

easier to interpret (i.e., higher perceived empirical quality (K7)) (Poels 2009).

5.6 Applied model knowledge quality (D5)

Knowledge of the model, the paradigm or ‘‘mindset,’’ that underlies the language and the
domain is important to the quality of the final representation. Physical representations are

created with analysts looking through the ‘‘lens’’ of the model. That mindset or paradigm

guides the analyst in focusing on the various important parts of the domain: for example,

the objects in the Object-Oriented Model or the activities in the Procedural Model.

Training programs must be adapted to place differential emphasis on various ontological

concepts (Armstrong and Hardgrave 2007) to assist software developers who have diffi-

culty applying the appropriate ontology in their software development efforts. Where

confusion arises, the trainer can explicitly describe the differences in the application of

similar ontological concepts.

Suppose that there is a need for a conceptual representation that focuses on the control

flow aspects (e.g., sequencing of actions, alternative paths of execution, parallel paths of

execution, synchronization points, etc.) of the order-to-cash process that was also the

subject of Figs. 10 and 15. This conceptual representation could for instance serve as the

basis for designing an executable workflow model that is used by a workflow engine to
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Fig. 17 Informationally equivalent transaction cycle representation (as a UML class diagram) without
resource-event-agent structures (based on (Poels 2009))
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enact the order-to-cash process. Assume further that there is a versatile modeler trained in

various aspects of process modeling and the use of UML activity diagrams for business

process modeling. Assume also that this modeler has thoroughly analyzed the order-to-

cash process. Figure 18 is the modeling result obtained by this modeler. The diagram is a

syntactically correct (P3) and semantically valid (P4) representation of the order-to-cash

process. The empirical quality (P7) is reasonable given the left-to-right, top-down ordering

of the flows (it is surely higher than the empirical quality of Fig. 15). Both the applied

domain knowledge quality (D4) and applied language knowledge quality (D6) seem to be

fine. The problem is, however, with applied model knowledge quality (D5) as the diagram

clearly evidences a data flow/processing mindset instead of a workflow/control flow

mindset. So, the modeler has applied his data flow modeling knowledge to solve the

problem rather than his control flow modeling knowledge. As a result, a conceptual rep-

resentation is obtained that may provide a good basis for developing a database system

supporting the order-to-cash process, but is less suitable for developing a workflow system

because the control flow aspects of the order-to-cash process are not emphasized and only

implicitly present in the diagram.

5.7 Applied language knowledge quality (D6)

Accurate knowledge of the language and the ability to apply it correctly are critical to the
quality of the physical representation. Even though the analyst may have expert knowledge

of the modeling language and the physical representation may be syntactically correct,

typographical errors, inattention to detail or other errors in its application can affect the

quality of the final representation (Bolloju and Leung 2006). Knowledge of the modeling

language is critical for creating high-quality conceptual representations (Lange et al. 2006).

Figures 19 and 20 are UML class diagrams intended as conceptual representations of

marriages between men and women. Let us assume that the reality represented pertains to a

society, civilization, or legal system in which a marriage between one man and one woman

is the only possible or allowable configuration. Let us further assume that if the repre-

sentation is going to be used as a conceptual data model (e.g., for automating the popu-

lation register of a city), then the date of the wedding is a relevant property of marriage to

be included in the representation. Let us also simplify the data requirements such that there

is no need for keeping historical information on marriages (i.e., who was married to whom

in the past). The diagram in Fig. 19 is produced by a modeler that correctly understood

marriage as a mutual property of man and woman and therefore chose to represent the date

Fig. 18 Conceptual representation (as a UML activity diagram) of an order-to-cash process intended as a
workflow model, low applied model knowledge quality

Software Qual J (2012) 20:201–228 223

123



of wedding as a property of both man and woman. The diagram in Fig. 20 is produced by a

modeler that applied his knowledge of UML to represent the date of wedding as a property

of the marriage by means of an association class. Both diagrams are syntactically and

semantically correct (P3 and P4) and probably have the same empirical quality (P7) and,

from an object orientation point of view, less than optimal applied model knowledge

quality (D5) (as man and woman may be generalized to person such that person properties

can be inherited). Their intensional quality (P6) may differ depending on the chosen

mindset, e.g., in the Bunge ontology, properties (e.g., marriage) cannot have properties

(e.g., date of wedding). The solution in Fig. 20 has, however, higher applied language

knowledge quality (D6) as the modeler has chosen a specific and more appropriate lan-

guage construct to represent the date of the wedding. The representation in Fig. 20 suffers

from UML language construct overload because attributes are used to represent both

intrinsic properties (e.g., id, name, date of birth) and mutual properties (i.e., date of

wedding) (Wand and Weber 1993, 1995), which results in lower ontological clarity, and

possibly a negative impact on pragmatic quality (L4).

6 Summary and conclusions

High-quality representations are critical for producing high-quality information systems.

They are vital for understanding the user’s domain and system requirements when

developing new information systems and are a knowledge repository for future analysts

when the information system must be modified, extended, or repaired. High-quality rep-

resentations make it easier for analysts to discover and correct errors earlier in the

development process, and errors are far less expensive to correct early rather than later

when the information system development process has moved into the coding, imple-

mentation, and maintenance stages.

Fig. 19 Conceptual representation of marriage with date of wedding as an attribute of the man and woman
classes

Fig. 20 Conceptual representation of marriage with date of wedding as an attribute of the marriage
association class
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However, the use of a conceptual representation comes at the end of a long chain of

development, from the domain and its understanding, to the development of an ontological

model that codifies a view of the domain, to the language containing the grammar and

vocabulary for creating the representation, and finally to the representation itself. This

chain must also be high quality, for any errors or ambiguities in the model or language will

eventually appear in the representation.

Two frameworks, Lindland, Sindre, and Sølvberg (LSS) and Bunge–Wand–Weber

(BWW), have been developed that attempt to clarify and focus attention on various parts of

the conceptual representation development chain. Each has been fairly successful in

describing the various interrelationships between conceptual modeling elements. However,

each has missing elements and relationships that make a complete understanding difficult.

This paper describes a framework that combines the LSS and the BWW frameworks into a

single comprehensive Conceptual Modeling Quality Framework (CMQF). Our framework

contains eight quality cornerstones and four ‘‘layers’’ containing twenty-four quality types

defined as relationships between pairs of cornerstones.

Future research will examine each of the quality dimensions and quality cornerstones

individually and in combination to help improve the state of the art of conceptual mod-

eling. A significant area of future research includes the development of specific metrics on

each of the quality dimensions. These metrics will be useful to both researchers and to

practitioners to assure the quality of conceptual representations and the development of

sound models and languages.
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